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Abstract:

The teaching of computer programming contains aspects that are found in few other disciplines. The
mixture of syntactic and semantic knowledge required for programming is enough to overwhelm many
beginning students. An earlier attempt at addressing this problem resulted in a software system called
DYNAMOD. DYNAMOD is a library of expertly constructed Pascal programs and an interpreter that
displays the execution of these programs on a computer video terminal in a step by step fashion under
user control, effectively demonstrating the dynamics, or meaning, of a program. As a "proof of
concept" system, DYNAMOD is quite successful, but it suffers from several limitations. Zn
recognition of both the successes and limitations of DYNAMOD, it was decided to begin afresh and
design an entirely new, much more ambitious system. The basis of this system is a virtual machine
called the E-Machine which provides a very flexible structure for displaying the dynamic aspects of
algorithms without distracting the student with syntactic details. The design of the E-machine is the
primary work of this thesis. Important new features incorporated into the E-machine include, among
others, internal structures which allow forward and backward execution of instructions and simple
implementation of value and reference parameters. The E-machine will eventually form the basis of a
comprehensive hypertext system for teaching and learning programming and other fundamental
concepts of computer science.
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ABSTRACT

The teaching of computer programming contains aspects that are
found in few other disciplines. The mixture of syntactic and semantic
knowledge required for programming is enough to overwhelm many
beginning students. An earlier attempt at addressing this problem
resulted in a software system called DYNAMOD. DYNAMOD is a library of
expertly constructed Pascal programs and an interpreter that displays
the execution of these programs on a computer video terminal in a step
by step fashion under user control, effectively demonstrating the
dynamics, or meaning, of a program. As a "proof of concept” system,
DYNAMOD is quite successful, but it suffers from several limitations.
In recognition of both the successes and limitations of DYNAMOD, it
was decided to begin afresh and design an entirely new, nuch more
ambitious system. The basis of this system is a virtual machine
called ' the E-Machine which provides a very flexible structure for
displaying the dynamic aspects of algorithms without distracting the
student with syntactic details. The design of the E-machine is the
primary work of this thesis. Important new features incorporated into
the E-machine include, among others, internal structures which allow
forward and backward execution of instructions and simple
implementation of value and reference parameters. The E-machine will
eventually form the basis of a comprehensive hypertext system for
teaching and learning programming and other fundamental concepts of
computer science.



CHAPTER 1

INTRODUCTION

';'gaching most sciences j.s relatively straightfq:ward. A concep; is
introduced and then an example or experiment is pre;ented to demonstrate
the con’cept in acti_on. As a simple example, a physics instructor explains
the concept of int‘e:fererx‘xce and then does an e:‘:peri-ment in front of the
class to demonstrate in;erference. Similar‘ peflagogical techniqutes are
employed ‘:Ln mathematics, ‘enginee:ing,‘ chemistry, and other sciences.
Techn;qqes for tga;hing computer sqience, on tlj‘e‘ other haqd, are still
rglatively new and o?t;en not gffective, part_icglarly in demonstrating new

concepts in action..

. The most common method of teaching programming concepts utilizes a

blackboard or overhead projector where:
1) © An algorithm is written down by hand;

2) The names of the variables, constants, and parameters used by the

" algorithm are written down separately by hand;

3) The instructor steps through the algorithm by hand showing how the
variables and parameters éhange during program execution.

The purpose of this exercise is to teach students the dynamics, or

éemantics, of a program in action and to teach students how to do

walkthroughs to vérify their own program designs. There are, however, some

serious flaws to this methéd of teaching progiani dynaxixics:



1) This method requires the instructor to simulate a computer by hand, a

very error-prone process;

2) If the students take notes, they will generally find deciphering the
dynamic flow of the algorithm later from .their static notes
impossible, o
Another technique sometimes used for teaching program dynamics is to

give g gtugient a correct program that implgments an algoritr:hmh. The student

then _Kn‘\‘v.ts“t.lloc;ate a compruter‘ or compiz;ter terminal, type in the program,

co»mp:l.le(»t_:he program, and tben run the program. This ;net;hqd allows the
studeqt tq eptex: a_nd exe_cuf.e a correct program, Unfortqnate;y, ‘in ordgr to
benefit from thi;i ;ypg pfq assignment, the gtudgnt mp;t be a sqmgwhat
sgphisticated qp;nputer user to start witb, which i§ _cgrtainly not the case
w}:l.»th‘ many l?eginning students. In particular, ;he student must have access
to a colmpgt;er, kqow hoy to use a text editor, and know hpw to compile and run

a px;og{axr{. /Even then, the comp:l.lgd érogram will generglly not give a

dynamic ;l"isplay.otf the prograrﬁ in action, and no one is arqund to expiain go

t{!ﬁ\rervstgde‘pt what is happening.

Whgt kix_xd of. syst:.em could be developed to solve the twinr problems of
thChL_pg ;nc_:} learnipg program dynamics? Such a system should be usable by
the’ ips;ructqr to de;nonstrate a new programming concept to an entire class
in a clgkeba.r, frl__yex:l.ble, e;rorffree, gnd repeatgble manner. The same system
should be ayailable for student review at thg/student' s lgisurg and be easy
enfaugh fo’r a true n_ovice to use withqut thailed quwlgdge. 5ome_o£ the
more hnéqrggnt fe;tures of this system would be:‘

1) A cqmprehensive library of expertly constructed examples;



2) TForward and backward execution of program statements under user

control;
3) Highlighting of statements being executed;
4) A clear display of variable and parameter values;

5) A clear delineation of the variables and parameters local to various

procedures and functions.

A software system called DYNAMOD [Ross 88] was developed over a number
of years to incorporate some of these features as an aid to teaching and
learning programming. While it is still quite useful in this regard, both
in the classroom and for individual student use, extensive experience with
DYNAMOD has uncovered a number of deficiencies. It was therefore decided
that a completely new approach to this problem was in order; this thesis
represents a start on the solution. The primary contribution of this work
is the design and definition of an "Education Machine”, or E-machine. The
E-machine is an abstract computer whé:se emulation on real computers will
allow for the implementation of all of the desired features of the proposed

new software system to replace DYNAMOD,

Chapter 2 contains a description of DYNAMOD, its advantages and
limitations. Chapter 3 provides a description of the system proposed to
succeed DYNAMOD. Chapter 4 is a review of relevant literature and a
discussion of some existing systems that employ techniques similar to
those to be incorporated into the new system. Chapter 5 contains the
development and final design of the E-machine. Chapter 6 provides a number
of examples of Pascal programs and demonstrates their translation into

E-machine code. Finally, Chapter 7 describes new directions for the
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project. Chapters 1-4 contain background material essential to

understanding the original work contained in Chapters 5-7.



CHAPTER 2

DYNAMOD

DYNAMOD stands for DYNamic Algorithm MODerator. DYNAMOD is a software
system, the result of a pilot project that stud:led‘ solutions to the problem
of teaching and learning program execution dynamics. The first, primitive
version was written by a deaf student to illustrate some concepts which
were being presented in class (the student could not follow the discussions
of the program walkthroughs, because the person signing to the student
could not convey program dynamics along with the words of the lecture).
This version inspired a formal test system called LOPLE (Library Of
Programming Language Examples) [ﬁezvani 81], [Ross 81]. A grant from the .
Apple. Education !‘oundatien [Ross 80] led to the development of a ;nore'
sophisticated version called LING (Ng 82 1,82- 2] A ssbsequent grant from
the National Science !‘oundation [Ross 83] allowed LING to be completed and
ported from Apple II+ microcomputers to other computers, including an
Amdahl mainfraxﬁe computer, a VAX minicomputer, and IﬁM PC and compatibie ~
microcomputers. The current ‘version, which runs only on VAX and IBM PC and ‘

;:ompatible microcomputers, is DfNAMOD Version 2.0 Release 2 [Ross 88].

DYNAMOD is simple for an instructor or student to use. It consistsof a
library of ready-to-run programs installed by an expert from which
programs can be selected and executed under user control as many facets of
program dynamics are displayed on the screen. Instructors can use DYNAMOD

in the classroom with relatively little equipment. By utilizing a personal
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computer connected: to a liquid crystal computer output display device and
an overpegd  projector, the instructor can use DYNAMOD  to illustrate
programming concepts qlearly and easily. Students can have their own disk
containing DYNAMOD, . which they can then use at their leisure to study

concepts that are particularly difficult for them.

When DYNAMOD is started, the first thing displayed is a welcome screen,
as shown in Figure 1. Option 1 enters the example library, option 2
displays an acknowledgement screen, option 3 displays an instructional
manual, and option 4 explains the distribution system for obtaining copies
of DYNAMOD. Normally the instructor or student types a 1 to enter th?

program library.

B3

WELCOME TO
DDDDDD Y Y N N AAA M MM 00000 DDDDDD
D D Y Y NN N A A MMMM O o D D
D D YY N N N A A MMM O o D D
D D Y N N N AAAAAAA M M O o D D
D~ D Y N-- NN A A M M O &) D D
Y N NN A A M M 00000 DDDDDD

DDDDDD

Dynamic Pdscal Program Library
Version 2.0 Release 2

Copyright 1981,1987,1988
All Rights Reserved
Rockford J. Ross
Computer Science Department
Montana State University
Bozeman, Montana 59717

-y

1 --> Enter Library 2 -->Acknowledgements 3 --> Help 4 --> Distribution

Figure 1l N
DYNAMOD Welcome Screen



After a 1l is typed to enter the program library, the screen of Figure 2
is displayed. 1In this new screen, option 1 exits DYNAMOD and returns
control to the operating system. Option 2 refreshes the list of categories
shown at the top of the screen. Option 3 1lists the names of program
examples indexed by a category; there are usually several examples which
illustrate the same concept in slightly different ways. Option 4 also
lists the names of program examples indexed by a category, but in addition,

it includes a brief explanation of what each example program does.

Finally, option 5 allows the user to execute an example.

arrayld array2d assert boolean bounds case
char constant div downto else elseif
for function global header if integer
loop nesting " operator '~ parameter procedure readln
real record - recursion repeat search sort
sqgrt stats summing then trailer type

: . while writeln

until : var

Select 1 of the following:

1) QUIT

2) Display categories

3) List examples in a category

4) Extended listing of examples in a category
5) Execute an example

... . Figure2 .
DYNAMOD Library Screen

For example, suppose that after reviewing the program names indexed
under category recursion the instructor or student wishes to review

program fact. Typing a 5 causes DYNAMOD to prompt for the program name, at
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\;hich point fact is typed by the user, resulting in the screen of Figure 3.
On this screen, the symbol => indicates the line currently being executed.
The Statement Count is the number of lines that have been executed so far.
Thé area on the right of the screen bordered by dashed lines will contain
the display of the prograin memory (at this point, no memory is in use since
the var statement has not yet been executed). Finally, the 5 at the bottom

left part of the screen is the input that the program will use,

?=> .- program fact; . - CaL
{inputs an integer n and computes n!}

var
n, result: integer;

fgnction factoral (n: integer): integer;
{computes n factorial recursively)

begin {factoral)
if n =0 then. -
- factoral := 1
else - » -
- factoral := n * factoral(n-1l)
end; {factoral)

begin {fact)

Statement Count = 0

e <+~ . Figure 3
DYNAMOD Program fact Screen

At this point, the user can step through the program by hittin§ the

return key. At each step, DYNAMOD moves the arrow to the next statement to
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be executed and waits for anothei: return  before executing the new
statement. As can be seen in Figure 3, the entire program rarely fits onto
the screen all at once. However, DYNAMOD keeps As much of the program on
_the screen as possible. Also, when an instructor is initially installing a
program into the DYNAMOD library, he or she can specify blocks of lines that

should be displayed together.

-

After the user has stepped through the variable declarations, the
screen will appear as shown in Figure 4. Notice that the variables n and
result now are displayed in the variable sectionon the right of the screen;
the question mark indicates that their values are currently undefined.

From this the user learns what the action of the var statement is.

: » T ee==--fact = ===----
begin {factorall} - ‘ n=2
if n = 0 then result = ?
" factoral = 1 . Pt
else T
factoral := n * factoral(n-l)
end; {factoral}

begin [fact)} e e
=> readln(n); o
if n < 0 then oo
‘writeln(’bad data, n = ’,n:l)
" else begin
" result := factoral(n); e
writeln(n:1,’ factorial = ’,result:1l)
end
end. {fact) o

Statement Count =

Figure 4
DYNAMOD Program fact Screen After Partial Execution
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Stepping further through the program will eventually give a screen
that looks like the screen of Figure 5. The user by this time has stepped
through four calls of the recursive function factoral (this odd spelling of
factorial is the result of a program restriction that limits the names of
examples to eight characters). The memory section on the right of the
screen contains new memory locations and their corresponding values
associated with each call of factoral. By this time the student should have
a clearer understanding of how recursion works in this case. Certainly,

program dynamics are demonstrated very well.

------ fact | ememme-
var ne=325
-.n, result: integer; result = ?
------ factoral=======
2=> ‘function factoral(n: integer): integer; factoral = ?
{computes n factorial recursively]) n=325
. . - emeee—— factoral---=---
begin (factoral) ' - factoral = ?
if n= 0 then n=14
factoral := 1 ~e--=-factoral-------
else factoral = ?
factoral := n * factoral(n-1) n=3
end; {factoral} ===z ==ece=- factorale====--
‘ R factoral = ?
begin {fact) n=2
readln(n);
if n < 0 then
Statement Count = 20

Figure 5
Program fact Screen After Four Calls to Function factoral
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For the instructor,‘ DYNAMOD removes ‘nearly all of the work and
frustration from doing a program walkthrough by hand in class. By using an
overhead projector equipped with a liquid crystal computer output display,
the instructor can run a degired program from the library and explain to his
or her students key features of program dynamics. Furthermore, students
can review the same program later or perform assignments rel#ted to
programs in the DYNAMOD librAary. Thus DYNAMOD addresses many of the needs
of teaching and learning programming by providing:

1) Error-free, repeatable walkthroughs of algorithms;

2) Ease of use in a classroom setting;

3) A large library of expertly constructed programs for review by

uninitiated students;
4) Effective displayof the dynamics of a program in execution.

DYNAMOD also allows an instructor or student to alter program input and
watch the effects of such changes on program execution and statement
counts. Among other things, this feature can be used to demonstrate the

notions of time and space complexity.

As a "proof .of concept” pilot project, DYNAMOD is quite successful.
However, DYNAMOD contains many limitations which must be addreésed in
order to create a truly robust, powerful system for supporting the goals of
teaching and learning programming in a hypertext [CACM 88] environment.

~ Some of the more crucial limitations are these:
1) Pascal is the only programming language supported;

2) A user canonly step forward in the program;
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3) It is not easily extensible to include complex constructs such as

records and user-defined types;
4) It does not allow general program entry or modification by users.

Consideration of these drawbacks coupled with extensive use of DYNAMOD
led to a vision of a completely new and flexible system that would better

.

addresé the needs of both teachers and students of prrogran'uning and
introdizci:oiy computer science. The propoéed system, of which this thesis

is an impértant partA, is described in the next chapter.
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 CHAPTER 3

PROPOSED SYSTEM

The eventual goal of the system, of which this thesis is a small but
critical part, is to construct a comprehensive j.ntroductory computer
science teaching and learning software package. The system will run in a
windowing environment (likely X Windows ([Pountain 89]) and ihclude such
features as an interactive textbook, a large library df expertly
constructed example programs, an editor for entering and modifying text
and programs, and a DYNAMOD-like driver for interpreting programs and

displaying their execution dynamics,

The interactive textbook will be a hypertext [CACM 88] system that will
allow the user to interact with and modify the textual information of the

book. Some of the planned features are listed below.

1) The wuser will be able to highlight text on the screen (the

highlighting will remain for future readings).

2) The user will be able to place the cursor on a footnote and hit ani

"expand” key and the entire reference will "pop” onto the sdreen.

3) The user will be able to execute program fragments and exaxnplet ‘f(.rom
the text ina dynamic, DYNAMOD-like fashion.

4) The userb ;vill be able to interact with thd iddex by hxghlighting a wdrd

and hitting the "index key which will automat:.cally dlsplay passaqes

dealing with the word.
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5) The user will be able to add or modify entries in the index in order to

create a personalized index.

The example 1library will  be "‘a comprehensive set of expertly
constructed éxaxnple programs that have been designed to illustrate
specific programming constructs. ' This library represents the major
philosophical difference between the proposed ‘system and other extant
systems. The library will exist to illustrate programming concepts to the
beginning'progr:a’m:er.: Each exémple préérax; will be quite smail cbmpared to
an actual, usefui program. However, the examples will have been carefully
const;x:uctved' by an.:'i.nst:uctonx: to com?g& ‘p’:attic.\‘z‘l‘ar p;:ogx:ainmingA concepts,
and by observing and experimenting with the examples, the user will gain
insight into aspects of program execution dynamics that‘ are not readily
apparent in other systems. By accem;.uating certain programming concepts,
this library, in conjunction with the dynamic execution module, "will
provide a programming iaboratory in which specific, simple experiments can
be carried out by the user to illust:ate. and verify the programming

concepts under study.

At bresent it is proposed that the text editor of the proposed new
system be a syntax-directed editor. The editor will allow instructors to
enter carefully designed programs into the library and also allow users to
enter and experiment with programs of their own. Syntax directed editors
have been shown to be effective in a learning environment [Scheftic 86]. A
syntax directed editor presents the user with a blank template that the
user fills in with the appropriate constructs or phrases, Additionglly,
the user can request an explanation of the structure that is currently

being used. For example, the user may be using the Pascal for statement; in
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tnis case a display similar to Figure 6 may be shown. The user would then
‘"£111 in the blanks"” for the entries in {}’s and would then have a valid for ’
structure without having to recail freni lmemori'y 'the exact syntex of a for
statement. This tyne"of editor eliminates many of the syntax errors
commonly made by users and allows them to focus on the meaning of their :

et
UL

'program rather than the many syntactic deteile of the languege.

FOR {variable) := {expression} (TOIDOWN'I‘Ol {expressionl DO
BEGIN - . . .

END;

Figure 6
for Statement Display Window in a Syntax Directed Editor

Another useful feature of syntax editors is thei;.' cepacity to -preni’cie ‘
explanations of‘ various progremming language structures. For example, a
‘wen may be able to place thev c\;u.r'rsorv on the !'Ol-!' keyiverti in the screen of
Figure 6 and press a "help” key. This would then invoke another window that
would contain an explanation of the for s‘tatementbsimila: to that shown in

»,

' Figure 7.

The combination of the "fill in the blank" format and the help windous
to tell the users the meanings of the various language const:ucts enables
users to implement programs more efficiently. In Chapter 4 some systems

PR

are described that incorporate these feetures.
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HELP WINDOW

FOR {variable} := [expression} {TO|DOWNTO} {expression} DO
BEGIN

END;

The FOR st atement is a statement for repeating a group of
statement a given number of times. The variable identifier put in
place of the (variable} location is given the value of the first
{expression}. If the variable is greater than the second
{expression) (in the case of TO) the loop is ended and the
statements following the END are executed. If the variableis
less then the second {expression} (in the case of DOWNTO) the
loop is also ended. Otherwise, the statements between the BEGIN
and END are executed. Then the variable is incremented if the TO
was chosen, or decremented if DOWNTO was chosen and the loop goes
back to the comparison above.

The variable used in the FOR statement is treated as a normal
variable in all ways except one. It cannot be used on the left
side of an assignment statement. Also, after the loop is ended,
the value of the variable becomes undefined. It does not retain
the value it had inside the loop.

Figure 7
Help Window for a Syntax Directed Editor

In summary, the new system proposed to succeed DYNAMOD will have all of
the features of DYNAMOD with some notable improvements. The most notable
enhancement to the display of program execution dynamics will be the
capacity for both forward and backward execution of program statements
under user control., As stated before, the virtual E-machine will allow
e.asy implementation of the necessary dynamic display features, especially

the forward and backward execution of programs.




1?7

As a prelude to discussing the E-machine, the next chapter is devoted
to an examination of the literature and a number of existing software
systems that appear to incorporate many of the features proposed for the

new system described in this thesis.
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CHAPTER 4

REVIEW OF LITERATURE AND f.‘.XISTING SYSTEMS

The ‘idea of a computer-based teaching aid for displaying program
execution dynamics is not new. Some such aids were surely developed for
local use only and never polished and published. Others had limited appeal
because of being restricted to expensive, specialized hardware. Early
references to such systems include [Ross 81,82] and [Hille 83]. The papers

by [Ross 81,82] describe the early work that led to the DYNAMOD system

[Ross 88].

In [Hille 83]” a system for the visible execution of Pa‘scal programsis
described. The system: accepts a Pascal program as input and processes it as
follows. Each of t:h.eoriginal statementslinb the Pascal program is passed
through unchanged. Immediately after each statement, a .new’ statement is
inserted that consists of a writeln statement along with the line number of
the statement. The new augmented program is then translated into a PL/1
program that is in turn executed step by step by a PL/1 interpreter. This
system represents a direct solution\ to ‘the problem of displaying program
execution dynamics, but it does_ not_ include, or apparently allow easy

S

inclusion of, many desired features, such as backward execution.

Other related systems for displaying program dynamics focus on the

representation of data structures and the manipulation of data by an

algorithm rather than the overall view of program dynamcs. A recent, good

paper on th:Ls aspect of programm:mg pedagogy is [Brown 88]. 'rhis paper



19
describes the Balsa-II system. Balsa-II is a system for displaying the
variables and data structures used in a program in an intuitive fashion,
rather than by their literal meanings. For example, the data in an array
that is being sorted could be displayed in a meaningful manner by
interpreting the value in a location of the array as a vertical line with
height based on the value in the location. Then a sorting routine could
run, and gradually the lines would be sorted into ascending order by
height. The user could see the sorting happening by watching the random
collection of lines of various heights form into a triangular shape (the
lines being arranged from smallest to largest in height). When the
triangle beqomes’ smooth, the values will all have been sorted. This system
lshows stgong promise of becoming an effective pedagogical tool in the
teaf::hing and learning of algorithms. Its features cpuld become part of a
new system similar to the one described in this thesis. Alone, ho_wever, it

does not encompass the needs addressed by this thesis.

- Interactive program debuggers also contain elements of the dynamic
display system proposed here. Many, if not most, good program development

environments incorporate a debugger. A good debugger has such features as:

1) ' Line at a time program execution;
2) Adisplay of variable values during execution;

3) ' The capabilitymfor specifying "break” points” that teinporarily halt

‘progra'm execution;
4) A provision for changing the values of variables during execution.

An example of an excellent interactive program debugger is the Turbo

Debugger that comes with Turbo Assembler, produced by Bor;and [Turbo 88].
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It incorporates all of "the above features along with other special
features, including the ability to examine the state of the microprocessor
and machine registers. It allows the user to easily specify which
variables to display and when to display them. It also allows the user to
specify break points either by line number or by a condition, such ae when a
variable changes value. These features make this a valuable tool for the
produetion programmer. Similar features are planned for the new system

described in this thesis.. ..

However, it should be clearly noted at this point that in spite of
apparent similarities between the dynamic display system proposed here and
high—quality» debuggers ‘available on the market, there are some crucial
differences that arise from the entirely different philosophies behind the
proposed dynamic display and existing .debuggers. | 'rhe purpose of a
debugger, as the name implies, is to allow the user to debug a program., The
purpose of the dynamic display is eo show the user the dynamic ehanges in a
program’d\iring executien. A debugger helps a ’person who elready knows how
te write a prdgram uncover and fix errors. in fact, a ‘user must be quite a
so‘phisric'ated pregrammer to ebtain the true benefit\ of;a debugger. The
proposed dynamic display‘ sysrem, bon the'o‘ther hand, is meant to let a
beginner see how various brogram construct)s function. Because of‘this, the
prdﬁosed dynamic dieplay must show much more and different informatiorx
than a debugger and do this in a clearer fashion. It must also accomplish
this in a manner that is useful to the utter novice. This naturally will
make the dynamicv display slower and larger than a debugger, which is not a
disadvantage in the setting in which the dynamic display is meant to be

used. A debugger is meant to be used in a production environment where
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speed and the production of sophisticated,. useful programs is all-
important.. The dynamic display is meant .to be used in a learning
environment where understanding ‘is the rkey, and small programs: for

presenting educational concepts is the overriding concern.

There are other systems on the market that incorporate many bof the
features of debuggers and the proposed dynamic display, but which are aimed
more specifically towards education. One such system is ALICE [ALICE 89].
ALICE is a syntax directed editor and interpreter for Pascal that was

specifically designed for student use.:  Some of ALICE’s features are:
1) Templates for "fill in the blank" style program entry;
2) A cornprehensive help system (over 600 help‘ screens) ;

3) 2An interactive interpreter that allo\:vs the user to step through the
execution of his or her program one statement at a time’;
4) Breakooint‘ setting capability, in the manner of a debugger.
nnother system desig;ed with the student in mind is Dr Pascal by
Visible Softuare [Visible 89]. This- system nas many educational features.
Dr. Pascal consists of an editor and a display system for showing program
execution. The editor is a standard text editor (not a syntax directed

editor) that allows users to enter and modify programs. The display system

of Dr. Pascal is quite good.

In Dr. Pascal each procedure is placed on the screen as it is
executing. If the procedure is too large to fit on the screen, the display

is adjusted so that the currently executing line is always on the screen.
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As new procedures or instances of procedures are invoked, the old proceduré
calls are scrolled off the top of the screen. This gives the user a good

intuitive feel for how recursive calls to a function or procedure execute.

' One of the main disadvantageé to standard debuggers for student use is
that they give little indication of depth of recursion or even the fact that
a recursive call h;s happened at all. Dr. Pascal still falls short of what
is required in this regard in several ways. When a reference parameter is
passed to a procedure, there is no indication of where the parameter's(
reference actuallyr is. Also, the variable display does not show the values
of variables which are not in the current scope, even thoughitheir values

are being changed as a result of being passéd as reference parameters.

To summarize, while fhe debuggers .ihcluded in production prograzﬁming
systems Qimilai tov Turbo | Pascal bj Borland are of :I.mménse help to
experiém;:ed prc;giamers atterﬁpting tc; ferret out errors in proérams, Vthey
are too limitéd and compiex for the beginning program.er'an»d‘ cannot be
audapted easily to f.he teaching and learning environment énvisioned here.
ALICE and Dr. Pascal are more ‘'suited to the teachihg and learning
environment, but they still are oriented towards the productibon side ov‘f
prog‘ramninyg. That is, their primary intent is to aid a studént in walking
through a program of his or her creation in search of errors. -Neither' of
these systems ‘incorporates a library of expertly construcég_d programs for’
perusal by students whb do not yét have enough knowledge to wriée a program
on their own. Also missing are facilities for stepping backwards through
execution, explaining new programming concepts, and progr;m frﬁgment

execution, which are all features of the system proposed in this thesis.
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There have been many articles written about using virtual machines in
computer science. applications : (see, for example, [Elsworth 78}). The
earliest is probably [Share 58]. In all cases cited in the literature the
purpose of - the virtual machine is to reduce the effort needed in
constructing compilers. See, for example [Kornerup 80].: Just one compiler
is needed to translate a programming language, say FORTRAN, into the
language of a virtual machine. Then the problem remains of either
emulating the virtual machine on each real computer or further translating
the virtual machine code into the machine language of each real computer.
The emulation approach has prov-en unsatisfactory in real life, because an
emulation program is invariably slow. However, this approach was used
successfully with the P-machine and P-code of Pascal during the time when
Pascal was viewed as an academic language ([Ellsworth 78) attributes the
design of the P-machine to Nori et al and cites [Nori 74]). As Pascal has

become production oriented, this emulation approach has been dropped for

efficiency reasons,

In spite of the efficiency problems encountered by others, the
abstract machine (the E-machine) approach incorporating an emulator is the
most attractive for the new system proposed here. The entire purpose of
this new system is academic, involving the teaching and learning of
programming rather than the development of production programs. Speed of
program execution will never be a primary concern. The E-machine and its
emulator will require just one E-machine emulator program and then one
compiler for each targeted programming language. As long as the compilers
and the emulator are written in a standard, portable, high level language

they will run with only minor modifications on virtually any computer.
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In the next chapter, the E~machine’s design and implementation will be
covered. A complete specification is not given, because the E-machine is
intended to have an open-ended des:l.gvﬁ that allows later incorporation of
new features that are deemed important and interesting. The specification

is, however, sufficient for the design of an emulator and compilers for the

E-machine.
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CHAPTER 5

THE E-MACHINE

The proposed dynamic display system will consist of various major
parts. The Edu.cation Machine, or E-machine, will be one of the primary
components., It will be a virtual machine (i.e., computer) with its own
machinek]-.anguage, ca_lled 5—code, and it; will be responsible for execgtipg
the E-code translations of high level language (e.g., Pascal) programs. In
ad?ition to ‘the 'E-machine there will be a user interface for user
interaction with the system. There will also be a display interface that
updatea the screen displays. »These two interfaces together can be thought
of as ax; "operating system” with the E-machine as the ”hardware". This

chapter focuses on the design of the E-machine,

Deaign Consideratiens

- The part pla&ed by the E-machine in the proposed system is central to
its design. The E-machine will operate as follows. It will first be loaded
with a compiled gfeode translation of a particula: high level language
source program. The E-machine will then wait for the user interface to
signal it to execute a step, either forvard or backward. Once this signal
has been received, the E-machine will execute the segment of E-code that
corresponds to the current statement in the high level language source
;;rogram“ and tl;men eetuen centro'l‘tv:o‘the user ineerface. Following this, the

display interface will note the changes that have occurred in the
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E-machine’s state and update the displays accordingly. Note that the
- E-machine does not interact directly v;ith the user. All input to and output
from the E-machine is handled through the user and display interfaces. The
E-machine acts as if it were a dedicated microprocessor whose only purpose
is to wa;t for a signal from "outside" and then execute its program based

upon that signal. This definition of how the E-machine is to be used allows

constraints to be placed upon its design that make the design process

somewhat simpler.

As already noted, the E-machine is a virtual machine. The concept of a
virtual machine, discussed in the last chapter, is central to many computer
science applications. Compilers and interpreters are the most common
examples of systems designed around a virtual machine. The design of a
virtual machine must take into account the purpose of the application.
This helps to define and give structure and logic to the virtual ma'chine.'
In the case of the E-machine, the purpose of the machine is to»enal::»le
program execution dynamics-of high level programming languages to be
displayed easily by the dynamic display interface. This goal places some

considerations upon the. E-machine’s design. Most importantly, the

E-machine must:

*

1) Have structures for easy implementation of high level programming

language constructs;

2) Incorporate a simple method for implementing functions, procedures,

and parameters;

3)  Be able to execute either forward or backward.
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The driving force in the design of the E-machine is the requirement for
backward, or reverse, execution. What does it mean for a machine to run
backwards? What does it mean for a high level language program to execute
backwards? As will be seen, these two questions have very similar and

related answers, but they are not the same.,

- In a machine (virtual or real), the program counter, registers, main
memory and other status information can all be thought of as variables that
change 'as the machine executes instructions. These variables can be
collectively thought of as the "state" of the machine. If one knows the
current state of a machine, one knows everything necessary for properly
carrying out the next instruction to achieve the proper next state. In most
machines, however, the current state does not contain enough information
to reset the machine to a prior state. That is, most machines do not keep
track of their history of execution. However, the machine’s history is
precisely what must be accessed in order to execute backwards. Howcan this
information be retained? The previous states must be r.ecoverable. That
i;, given the present state of the machine, there must be a mechanism for

changing this state to an arbitrary past state.

The brute force épproach to solving this problem is to store each
current state of the machine just before each new instruction is‘e:‘:ecuted
(all instructions change the state of a machine) . Then, when the machine is
to be restored to some prior state, all that has to be done is to load the
machine with that state and the operation is done. With this method, the

machine can be restored to an arbitrary prior state in one step.
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The brute force method is unnecessarily éowerful and also very
inefficient. For example, this appréach would require that all of main
memory be ‘stored with each state, even though at most one memory location
would have changed from state to state as single instructions were
executed. A better approach would be to have the machine save the minimal
amount of information necessary to recover just the previous state from the
current state in a given reversal step. The machine could then be restored
to an arbitrary prior state by doing the reversal one state at a time until
the desired prior state were obtained. For the purpose of the E-machine,

this approach is sufficient.

Backing up one state at a time is a much simpler proposition than
backing up to an arbitrary state in one step. Rather than storing the
entire state of the machine at each step, it is only ne‘cessary to store the
differenée between the pfevious state and the current state. For example,

suppose the instruction
load 4,A

loads the value 4 into the register A, No other registers would have been
changed by executing this instruction, so the only changes to the state of
the machine (in most computer models) would be to the value in A, the
program counter, and perhaps some status information. Saving these
changes rather than the entire state of the machine takes much less memory,
and in a real computer, memory is a valuable commodity. Therefore the

E-machine was designed with this method of backing up in mind.

A natural question to ask at this point is whether it is possible to do

even better: could the previous state be constructed directly from the




29
current state without relying on some saved portion of the execution
history? The answer is no, because of one class of instructions:
assignment instructions. An assignment instruction destroys the value in
the register or memory location receiving the assignment; the value being

destroyed must therefore be saved in order for backup to be possible.

One other aspect of the proposed dynamic display interface influenced
the design of the E-machine. The dynamic display is meant to work with high
level language programs. This led to an important observation: the
E-machine actually has to be able to reverse only high level language
statements in one reversal step, not each individual low level E-code
instruction involved: in the translation of some high level 1language
statement. In particular, the state of the E-machine has to be resf.ored to
the :state it was in prior to the execution of the group of E-code
instructions that are the translation of the corresponding high level

language statement.

This observation led to further efficiencies in tl;e design of the
E-machine and to the incorporation of two classes of E-machine code
instructions, critical and noncritical. As will be explained further
later, an E-machine instruction is classified as critical if itr-destroys
information essential to backing up through a high level language
statement; it is classified as noncritical otherwise. In the translation
of a high level language statement into E-code, a number of E-machine
instructions will be used only for dealing with intermediate values. For
example, in a high level language arithmetic assignment statement, a
number of intermediate values are likely to be needed in computing the

arithmetic value on the right side of the assignment ‘stateinent before this
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valuev can be assigned to the variable on the left. However, the only value
that n‘eeds to be restored as far as the high level programming language is
concerned \;pc;n baé_:king up through this assignment statement is the
origina]: value 6f the variable on the left. The intermediate values
computed by various E~-code instructions are of no consequence, Hencé, such

instructions can be classified as noncritical and their effects ignored

for backup purposes.

A particular E-code instruction can be classified as either critical
or noncritical in different circumstances. Differ;ent high level languages
will often have quite different statement sets, and what needs to be
remembered for backup purposes may differ substantially from one language
to another. .It will be the responsibility of the compilers for each high

level language to produce the correct E-code {(involving critical and

noncritical in‘st:ucti‘ons) for allowing backup.

E-machine System Overview

With these consider;tions for backing up in mind it is now i:ossible to
describe the a:chitecture of the E-machine in more detail. Figure 8
depicts the logical structure of the E-machine. After some deliberation, a
stack-based architecture was chosen over other possibilities for its
inherent'simplicity. As can be seen, however, there are a number of

components not found in real stack-based computers.
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Program memory will contain the E-code program currently being
executed by the !:-machine. The program counter will contain the address in
program memory of the current E-code instruction to be executed. The
previous program counter, needed for backvup purposes, will contain the
address in program memory of the most recentiy executed E-code
instr{uctionr. 'i‘he 41.ine number register wiil contain the line number of the
" high level lqanguage program statement cor‘responding to the group of E-code
instructions: currentlybeing executed., The line number will be needed by

the dynamic display interface to highlight the current high level source

program line being executed.

The variable registers are an unbounded number of registers that will
be assigned to source program yariables, constants, and parameters during
compilation 'from the source program into !:-code. Each identifier name
representing memory in the source program uill be assigned one variable
register in the E-machine.‘v As one can see in !'igure 8, the variable
registers only contain pointers to individual var.iab.le stacks, which in
turn contain pointers into data memory; there the actual variable values

are stored The reason for this complex arrangement will become clearer as

variables are discussed more thoroughly below. ’

'1_‘he A.Iab‘el registers iare another unique component of the( E-machine
required for backup. There are also an unbounded number of these registers
and, )as described later,w they are used to: keep qtrack of E-code label
instructions in an E;code program for backup purposes. Each ‘E-code label
statement will be assigned a unique label register at compile time. A label

register, in turn, points to a label stack that essentially maintains a

history of previous instructions that caused a branch to this label
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The index rebgister is found in real computers andvser\‘res the same
purpose in the E-machine. Under normal circumstances, the data in a
variable is accessed through the appropriate variahle;register, However,
in Vthe case of high level data structures, ‘such as arrays and records, the
address of an individual data value is not at the memory location directly
~ accessible through a variable register. Rather, it is stored at a location
offset from this memory location. When necessary, an offset value can be
placed in the inder register and the E-machine can then access the proper

memory location as required (by an addressing mode called register-

indexed) .

The evaluation stackl pointer is also found in. real computers. The
evaluation stack pointer keeps track of the top of the evaluation stack.
The evaluation stack is vhere the results of all arithmetic and logical
operations and assignments are‘maintained For example, in an arithmetic
operation, the operands are pushed onto the stack and the operation is then
performed on them. The operands are consumed by the operation and the
result is pushed onto the top of the stack. Assignments are performed by
popping the top value of the evaluation stack and placing it into a
variable. The advantages of a stack architecture are well known; several

popular computers use this design.

The return address stack pointer is a mechanism for implementing
procedure and function calls. When a call is ”made to an E-machine
subroutine, the program counter pPlus one is pushed onto the ret.urn address
stack. Then, when the E-machine executes a return from subroutine

instruction, all it has to do is load the program counter with the top of

the return address stack.
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: The save stack pointer is used to store information required for
backup, which would otherwise be lost. Whenever some critical information
(as determined by <the ekeéution of a ctitiéﬁl insttuction) is about to be
devstroyed, the iequited information is pushed onto the save stack. This
ensures that when backing up, the instruction that most recently destroyed
some criticai information .can b'ev rew.retsed by retrieving that critical

information from the tép‘o'f the save stack.

!‘inally,v data memory represents the usual random access memory found
on real computers, but in thg E-machine it is only used for holding data
values, In real machines, a similar situation exist; in some systems which
»lprovide for separate code and data »segments in memory. On the E-machine,
there‘ is no bound to fhe a'vailablevmemory (or any of the' stack memory);
Implementations on real computers will naturally enforce séme bounds, but
for the academic (small program) environment envisioned for this system,

no practical pkx:voblems are expécted to be encountered due to limited memory.

E-machine Instruction Set

The E-machine’s instruction set is a q{xite small but coinplete set of
instructions; these instructions allow an E-code program to access data
easily and simplf. All arithmetic, loéicai, and assignment operations
occﬁr on thelevaluation Qtack. Data is stored and recalléd using th§
variable registers. All operations for backing up occur with a minimum of
information from the E~code prograxﬁ in question (in general, all the E-code
program has to do .is use the correct form of the instruction--critical or

noncritical--to ensure that backing up can occur correctly).
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Addressing Modes -

In this section, the various addressing modes available to the

E-machine instruction set are given.

variable mode - V# :

(variable register # |— [top of variable stack |- [data]

This mode accesses the data at the memory location given in the top
element of the variable stack pointed to by variable register #.

éonétant mode = # :

K2

This mode is often called the immediate mode in other architectures; #
is itself the integer, real, boolean, character, or address constant
operand required in the instruction. Also, there are some defined
constants. INTEGER, REAL, BOOLEAN, CHARACTER, and ADDRESS are the

size in bytes of an integer, real, boolean, character, and address
variable, respectively. S

register mode - R# :

(variable register # |- [top of variable stack]

This mode accesses the address at the top of the variable stack pointed
to by variable register #. This address is the location in data memory
of the current instance of variable #,

register indirect -‘R#+IR :

(variable register # |- [top of variable stack + IR |— [data]

This mode accesses the data at the memory location at the top of the
variable stack pointed to by the variable register # plus the offset
stored in the index register. This is the addressing method used to

access array elements, record items, and elements of other high level
data structures. ’

variable indirect - V#+IR :

(variable register # |- |top of variable stack |-
[memory location + IR | - [data

This mode accesses the data at the memory location stored at the memory
location at the top of the variable stack pointed to by variable
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register # plus the offset stored in the index register. This is the
method used to implement high level language pointer variables.

Index Register - IR :

This mbde accesses the'value inlthe index register di:vrectly.‘ This is
the only register which acts like a standard, normal machines. It

should only be used in conjunction with the indirect addressing modes
above,

Instruction Set

- This section lists all of the instructions in the in_struction set of
the E-machine. The argument ADDR refers to any addressing mode listed in
the last jseet;.orrx.‘ The srg\;ment T‘ZPE. refers“ to sny of the data‘ty‘;p;es
integer,‘ reel, bodlean,v »char, and address; most instructions require that
the type of dataﬁ being opereted updn be specified. The '# refers to an
integer constant. This differs from the constant mode described above in
that this # is used only to specify the number of an E-code label or an B--
machine variable register. The MODE argument determines whether the
instruction is to be treated as critical or noncritical. The exact method
for replacing the ADDR, TYPE, and MODE designa_tors is unspecified and will
be left up to the _designer of the E—mach;ne emulator. Backing up through a
noncritical instruction ofted still req{:ires that sdmething be pushed onto
the evaluation stack to keep the stack of the proper size; in such cases an

arbitrary dummy value is used:

push ADDR, TYPE :

Forward : = . :
Pushes the value in ADDR onto the evaluation stack.
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add

sub
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Backward :
Pops the top value of the evaluation stack and stores it in ADDR.

MODE, ADDR, TYPE :

Férwafd-Crit jcal :

Pushes the value in ADDR onto the save stack and then pops the top
value of the evaluation and stores it in ADDR.

Forward-Noncritical :

Pops the top value of the evaluation stack and stores it in ADDR.
Backward-Critical : . :

Pushes the value in ADDR onto the evaluation stack and then PopPSs

the top value of the save stack and places it in ADDR.
Backward-Noncritical :

Pushes the value in ADDR onto the evaluation stack.

MODE, TYPE :

Forward-Critical :

Pops the top two values of the evaluation stack, pushes them onto
the save stack "and then pushes their sum onto the evaluation

stack.

Forward-Noncritical :
Pops the top two values of the evaluation stack and pushes their
sum onto the evaluation stack.

Backward-Critical :

Pops the top value of the evaluation stack and discards the value.
Pops the top two elements of the save stack and pushes them onto
the evaluation stack.

Backward-Noncritical :
Pushes a 0 onto the evaluation stack.

MODE, TYPE :

Forward-Critical :
Pops the top two values of the evaluation stack, pushes the two
values onto the save stack, and then pushes the bottom value minus
the top value onto the evaluation stack.

Forward-Noncritical :
Pops the top two values of the evaluation stack, and pushes the
bottom value minus the top value onto the evaluation stack.

Backward-Critical :
Pops the top value of the evaluation stack and discards it. Pops
the top two values of the save stack and pushes them onto the
evaluation stack. - ~

Backward-Noncritical : .
Pushes a 0 onto the evaluation stack.
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mult MODE, TYPE :

div

neg

mod

Forward=-Critical :
Pops the top two values of the evaluation stack, pushes the two
values onto the save stack, and then pushes their product onto the
evaluation stack.

Forward-Noncritical :

Pops the top two values of the evaluation stack and pushes their
product onto the evaluation stack.

Backward-Critical :
Pops the top value of the evaluation stack and discards it. Pops
the top two values of the save stack and pushes them onto the
evaluation stack.

Backward-Noncritical :
Pushes a 0 onto the evaluation stack.

MODE, TYPE :

Forward-Critical :

Pops the top two values of the evaluation stack, pushes the two
values onto the save stack, and pushes the bottom value divided by
the top value onto the evaluation stack.

Forward-Noncritical :

Pops the top two values of the evaluation stack and pushes the
bottom value divided by the top value onto the evaluation stack.
Backward-Critical :
Pops the top value of the evaluation stack and discards it. Pops
the top two values of the save stack and pushes them onto the
evaluation stack. .
Backward-Noncritical :
Pushes a 0 onto the evaluation stack.

TYPE :

Forward :

Pops the top of the evaluation stack and pushes the negation of
that value onto the evaluation stack.

Backward :

Pops the top of the evaluation stack and pushes the negation of
that value onto the evaluation stack.

MODE, TYPE :

Forward-Critical :
Pops the top two values of the evaluation stack, pushes the two

values onto the save stack, and then pushes the bottom value modulo
the top value onto the evaluation stack.
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Forward-Noncritical :

Pops the top two values of the evaluation stack and pushes the
bottom value modulo the top value onto the evaluation stack.

Backward-Critical :

Pops the top value of the evaluation stack and discards it. Pops

the top two values of the save stack and pushes them onto the
evaluation stack.

Backward-Noncritical : ‘
Pushs a 0 onto the evaluation stack.

line #:

Forward : Poe ’ : - K

Loads the line number register with #, then the machine returns
control to the dynamic interface and enters a wait state,

Backward :

Loads the line number register with #, then the machine returns
control to the dynamic interface and enters a wait state,

cast TYPE, TYPE :

Forward :

Pops the top value of the evaluation stack, transforms the value
from the first TYPE to the second, then pushes the value onto the
evaluation stack.

- Backward

Pops the iop va].\'.\e of the evaluation stack, transforms the value

from the second TYPE to the first, then pushes the value onto the
evaluation stack.

cmp MODE, TYPE :

Forward-Critical :
Pops the top two values of the evaluation stack, pushes the two
values onto the save stack, compares the bottom value with the top
value and then pushes the result of the comparison onto the

.. .evaluation stack (i.e., one of LESS, EQ, and GREATER is pushed).

Forward-Noncritical: = . : . : C .
Pops the top two values of the evaluation stack, compares the
 bottom value with the top value and then pushes the result of the
‘compariaonr onto the evaluation stack (i.e., one of LESS, EQ, and
GREATER is pushed).

Backward-Critical :

Pops the top value of the evaluation stack and discards it. Pops

the top two values of the save stack and pushes them onto the
evaluation stack.
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Backward-Noncritical :

Pops the top value of the evaluation stack and discards it. Pushes
two 0’ s onto the evaluation stack.

label MODE, #:

Forward-Critical :

Pushes the previous program counter onto the stack pointed to by
label register #.

© Forward-Noncritical :
No operation.
Backward-Critical :

Pops the top value of the stack pointed to by label register # and
places it in the program counter.

Backward-Noncritical :
No operation.

br #:
Forward :
Load the 'prog:am counter with the address of the label #
instruction.
Backward

No operation.
beql, bneql,' bléss, bleql, bgtr, bgeql MODE, #:

ro:ward-C:’it ical: ‘
Pops the top value of the evaluation stack and pushes it onto the

save stack., If the value satisfies the conditional on the branch,

lcad the program counte: with the address of the label #
instruction.

Forward-Noncritical :

Pops the top value of the evaluation stack. If the value satisfies

the conditional on the branch, loads the program counter with the
address of the label # instruction.

Backward-Critical :

Pops the top value of the save stack and pushes it onto the
evaluation stack.

Backward-Noncritical : .
Pushes EQUAL onto the evaluation stack.
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call #:

Forward :

Pushes the curre'nt program counter onto the return address stack,

then loads the address of the label # instruction into the program
~ counter.

Backward :
No operation.: :

return @

Forward :

Pops the top value of the ;:eturn address stack and loads it into
the program counter.

Backward
No operation.

alloc #:

‘. Forward-Critical :

Pops the top value of the evaluation stack, pushes the value onto
the save stack, pushes the address of a chunk of free memory of
that size onto the variable stack pointed to by variable register

- #c . ) ' i SRS
~Forward-Noncritical :

Pops the top value of the evaluation stack, pushes the address of a
chunk of free memory of that size onto the variable stack pointed
to by variable register #.

Backward-Critical :

Pops the top value of the variable stack pointéd to by variable
register # and frees the memory allocated, pops the top value of
the save stack and pushes it onto the evaluation stack.

Backward-Noncritical :

Pops the top value of the variable stack pointed to by variable
register # and frees the memory allocated. Pushes a 0 onto the
evaluation stack.

link #:

Forward :

Pops the top vaiue of the évaluation stack and phshes it onto the
variable stack pointed to by variable register #.

Backward :

Pops the top value of the variable stack pointed to by variable
register # and pushes it onto the evaluation stack.
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unlink #:

" Forward

. Pops the top value of the variable stack pointed to by variable
register # and pushes it onto the save stack.

Backward :

Pops the top value of the save stack and pushes it onto the
variable stack pointed to by variable register #.

~ Source Program Variable Representation
in E-machine Code

Understanding hcw the E-machine provides for the implementation of
high level source language variables is vital to understanding the
operation of the E-machine, especially in backing up. (In this conte:.:t,'
the term variable refers to any identifier in the source program that
requires meinory, such as variables, constants, and parameters.) First, a
compiier that ‘generates E-code:‘translations of, say, Pascal programs
assigns each .-variable in the P.ascal program a unique E-machine variable
register. This is done statically at compile time, so that every variable
is associated with a unique variable register for the duration of program
execution, regardless of wnether that variable is currently active or not.
The variable register for a variable does not contain the value of the
variable, Rather, it contains a pointer to a unique variable stack for that
variable (look at Figure 8 again). Since each variable register is really
only a pointer, it will be the same size regardless of whether the variable

is a simple variable or, for example, an array.

3

The variable stack pointed to by a variable register also does not

contain the value of the variable, In this case, each element of the
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variable stack is itself a pointer to the actual variable value in data
memory. The stack is nécessary because a particular variable may have
multiple associated instances. Consider the case of a variable A that is
local to a recursive Pascal procedure. Each new recursive call to that
procedure would require that a new data memory location be set aside for new
instance of A. A’s variable register would point to A’s variable stack, and
the top of A’s variable stack would point to the value of the current
instance of A in data memory. The second stack element would point to the
previous instance of A in data memory, and so on. Most variables are not in
recursive procedures and thus ;vill only have at most one instance during
program execution. In such cases, the variable register would point to a
variable stack that is just one element deep. The case for a variable A
with just a single instanée is illustrated in Figure 9. Figure 10 shows the

situation of a variable A having three instance as the result of three

recursive calls to a procedure.

variable variable data
registers stack memory

[ 1+—317

A Al's Als
stack data
Figure 9

E-machine Global Variable Implementation
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Whenever a procedure or function exits, the compiled E-code will
ensure that local variable instances are properly removed from data memory
by simply causing the top of the variable stacks to be popped for each
affected variable. If a variable is totally deactivated as a result, its

variable register will simply point to an empty variable stack.

variable variable data
registers stack memory

[ 3

g

fﬁ

‘A A’s Als
stack data
Figure 10

E-machine Recursive Variable Implementation

Notice that arrays and records can be handled in the usual fashion,
using offsets (in the index register) from the first location for the

variable in data memory to arrive at individual elements.

The Save Stack

To see how backing up is accomplished with this method of representing

variables, the role of the save stack must be explained. The first thing to
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consider is the kinds of information associated with a variable. There are
two kinds: the location of the variable’s memory and the data in the
variable’s memory location. Both are subject to destruction or loss during
normal 'progran} execution. It is easier to see how the second type of
information, the data, can be destroyed. Whenever an assignment is made
into a variable, the old data in the variable’s memory location is
destroyed. Therefore, in order to restore the E-machine’s state to the
state prior to the assignment, it i; necess;ry to save the o0ld data. This is
done on the save stack. Upon backing up, ihe old variable value can then be

restored by retrieving it froni the Sa(re stack.l

Now consider the case of a memory location. Recall that the data
memory location of a variable is kept in the stack corresponding to that
variable. In the case, say, of a Pascal global variable, the single stack
element for that variable continues to point to the proper data memory
location for that variable throughout the execution of the program. In the
case of a variable (again, this refers to both local variables and
parameters) in a procedure or function, however, the data memory location,
and hence the pointer to this location on the variable stack, may change
with each call. That is, each time a call to the procedure or function is
made, a different data memory location may be allocated for the value of the
variable and pushed onto the top of that variable’s stack; upon return from
the procedure or function, that address will be popped off the variable’s
stack as the variable is deallocated. At this point, information critical

to backup would be lost if the address popped off were not saved in some

way -
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This is where the save stack comes in. Whenever any information is
about to be lost in one of the above fashions, the information instead is
pushed onto the save stack. Figure 11 shows the initial variable register,

variable stack, and data memory location for a variable X. Also included is

the save stack.

variable variable data save
registers stack memory stack

[ F—1 [J

X X's X's
stack data
Figure 11

Variable and Save Stack for a Variable X

Notice that the save stack is empty now. (Technically; this situation
¢ould not arise. si‘n~ce X has a valt;lé at this point, and the:gfo:e at some
point in the past must have had an assignment statement performed”upon i.t
which would »have required the old value to be pushed onto the save str_ackf
For purposes of this e:gamplg, we will ignore this fact.) Now, let’s perform

an assignment operation:

X=27

The effect this will have upon the E—machinefs structures is shown in
Figure 12. Notice that the top of the save stack now contains the old value

of X and that the new value of X is stored in the old memory location. 1In
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this case, the information which would have been destroyed was the data,

not the memory location.

variable variable = data save
registers stack nemory stack

X X's X's
stack data
Figure 12

Variable and Save Stack After Assignment to X

In ofdex: to back up at this point, all that would be necessary would be
to pop the top of the save stack and place the porped value into the memory
location pointed to by the top of X’s variable stack. This procedure allows

any assignment to be reversed.

Preparing for the reverse execution of statements that lose location
information is somewhat more involved. To understand this task bett;.er,
recall from the previous section how the E-machine architecture provides
for the implementation of high level language variables (remember, too,
that the term variable is used here to stand for any high level language
identifier requiring memor;(, such as actual variables, parameters, and
constants). Each variable has a permanently assigned variable regivster.

Each variable register points to a unique, associated variable stack.
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Each element of the variable stack is a pointer to an instance of the
variable value in data memory; the top of the variable stack points to the

current, active instance of the variable,

. Thus, since the location of a variable’s assigned variable register
remains constant throughout program execution, and this varjable register
always points to the current top element of the associated variable stack,
the only location information that can be iost during normal forward
execution is the location of a variable’s value in data memory as a
procedure or function is exited (i.e., the value on top of the variable
stack for the variable). Thus, upon exit of a procedure or function, when
the values of local variables (including parameters and constants) and
their locations in databmemory are normalljrlo:st, the locations of these .
variables, must be saved on the save stack. When backing up through a
procedure or function call, (i.e. executing the procedure or function in
reverse), the original locationa of the local variables in data memory can

be restored to the top of their respective variable stacks from the save

stack.

' How can one be certain that the original variable values will be in the
restoyred locations upon backing ub? Consider how a value in data nlemory is
changed The only way this can happen is through an assignment operation.
But earlier in this chapter, a mechanism was introduced that allowed an
vassignment instruction to be reversed 'i‘herefore, even though a memory
location may have been aasigned numerous different valuesﬂ since the
procedure ei:ited, as backing ui: occurs,‘ that men\oryﬁ location uill have been

reset to the required value by the time the orocedure is encountered in

reverse,
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Consider the example Pascal program fragment in Figure 13. It consists
of a header definition for procedure something with one value parameter;
there are three calls to that procedure from another routine. The lines
labeled 0,1,2, and 3 havé corresponding sections in Figure 14. Figure 14
contains the variable structurés ;and the save stack that correspond to each
of the procedure calls in Figure 13, The section labeled 0 in Figure 14
refers to the state of the structures before any procedure call has been
executed. Notice that the save stack is empty, and notice too that the

variable stack for P is also empty.

Procedure something'(P ¢ integer);:

something(7) ;
something (5) ;
something(~16) ;-

wWwNHEOo

!'iguré 13
A Pascal Procedure Fragment something

Now let’s examine. line 1 in Figure 13. This is'the first call to
procedure something. Notice that during the call, P’s stack in section lof
Figure 14 now has a value, 1, which is a loclathion in daﬁal mehory. "Notice
also that the data memory location which this points to (data memory
location 1) contains the value of the parameter which was passed to-
something. During this call, any references to P are feferrihg to the data

memory location that is pointed by the top of P’s variable stack.
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" Variable structures Save stack after

During Procedure Call Procedure call
variable variable data save
registers  stack memory stack

s [ (T +—>{T1s 3
7
- - L ] L ] - - 1
P Prs: '~ prg save
stack data stack

Figure 14
Variable and Save Stack During Successive Calls to Procedure something

The save stack in section 1 of !‘igure 14 shows the state of the stack
after procedure somet}ung finishes executing for the first t:.me. Notice
that it now has the value 1 on top. This is because when the procedure

exited, the d_ata memory location to which P was pointing would have been
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~lost, so it was saved by the E-machine on the top of the save stack.

Consider now the second call to something in line 2 of Figure 13 and compare

. it with section 2 in Figure 14,

' The top of P’s variable stack now contains the value 7, which points to
data memory location 7, which contains a 5. Now any references to‘P will
refer to memory location 7 (i.e., to the value S5) . When procedure something
is exited this time,,the top of the variable stack would again be lost if it
- were not saved. Thus, the 7 on top of the variable stack for p is pushed
onto the save stack by the E-machine, resulting in the save stack

configuration of section 2 in Figure 14,

‘The third call to procedure something follows in exactly the same
manner. When the Procedure is executing, the variable P refers to the data
memory location contained on the top of P’s variable stack, and when the

procedure ends, that data memory address is pushed onto the save stack.

Reversino through.theﬂse procedure calls simply consists of popping the
addresses off the save stack and pushing them onto P’s variable stack when
reversing through the procedure’s exit, and popping the top of P’s variable

stack when reversing through the procedure’s entrance.

E—

The Label Registers

<oy

Execution in a program is not a simple, linear affair. There are
branches, calls to subroutines, returns from subroutines, and other non-
sequential types of instructions that add complexity to the problem of

backing up. We have seen how to reverse many !:-machine instructions by



52
utilizing the save stack. What we haven’t yet determined is how to reset
the .current program counter so that it points to the proper previous
instruction. If the current instruction was arrived at from some
instruction other than the immediately preceding instru‘ction (e.g., via a
bianch instruction) there must be some inethod availablle for recoveriﬁg the

line number of the instruction branched frbm.

For example, Figure 15 gives a simple E-code program (for clarity,
variables are referred to by name rather than their variable registers, and
addressing modes, data types, and crit:_lcal and noncritical designators
havg lbeen omitted) . The program does the following: I’s value is pushed
onto ‘the evaluation stack followed by J’s value. The cmp instruction of
iine 3 then compares the top two stack values, consuming these values, and
pushing t.-.he result of the comparison onto the stack. Notice line 4; if the .
top of stack value denotes "equal”, a branch must be made to the label 1 -
ingtruction, which is in line 7 (that is, the current program counter must
be set to 7). Otherwise execution proceeds sequentially through lines 5

and 6 until line 7 is reached.

The label instruction of line 7 is the interesting instruction in this
case. As seen, depending on the values of I and J, the instruction executed
Just previous to line 7 could have been either line 4 or 6. How can it be

determined for backing up which one really did precede line 77

The brute force method of solving this problem is simple but very
inefficient. If, at each step, the current program counter is stored on a
stack, all that is needed to restore the current program counter upon

backing up is to replace its value with the top of stack value. This method

.
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push I
push J
cmp C
breq 1
push I
pop J
label 1
halt

OO eWN W

Figure 15
Simple E-code Program With a Branch

will work, but it is inefficient for the following: reason. Most
instructions in a program have only one possible previous instruction, the
one that directly precedes it in the program, In the example of Figure 18,
only line 7 has more than one possible previous 1nst:u_ction. All of the
other instructions have only one. A more elegant and efficient method to
solving this problem, then, is to identify the instructions with more than
one possible previous instruction (referred to hereinafter as “"branch
points”) and only save the previous program counter when one of these
instructions is executed in the forward direction. In order to do this,

branch point instructions must be identifiable. .

How can branch points be identified by the E-machine as it executes an
E-code program? - The characteristics of a branch point are easy to
categorize. A branch point is any instruction that can be executed in some
order other than sequentially from the instruction immediately preceding
it. Most such instructions can be readily identified: since both branch
and call instructions require a label as one of their arguments, any
instruction that is a branch point because of a branch or call must be an
E-code label instruction. This leaves one class of branch points still

unidentified, those arrived at by a return from a procedure or function.
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The return instruction does not--and indeed cannot--have a label as an
argument; instead, control must be returned to the instruction immediately
following the call that invoked the procedure or function (the utilityof a
procedure or function lies in the fact that it can be called from anywhere
‘ and, after execution, will return to the instruction immediately afﬁer the

call).

From the above discussion, ‘it is clear that each E-code instruction
* that immediately follows a procedure or function call is a branch point,
However, examining an arbitrary E-code instruction in isclation does not
allow one to determine whether the previocus instruction was a call. Thus,
some sort of mechanism must be employed to mark such an instruction as a
_branch point at compile time, Since all branch points except those arrived
.at bya re'turn are E-code label instructions in any case, the same technique
can be employed to branch points arrived at by a return. The compiler can
simply be designed to genérate an E-code label instruction immediately

following each procedure or function call.

This technique ensures that all branch points are E-code label
instructions. Thus, for successful backup, when the E-machine executes a
label instruction in the forward direction, it must save the previous
program counter value in some fashion. Recall that in the E-machine, the
previous program counter is always maintained in the register by that name,

. Every time the current program counter is changed, its old value is first

- placed into the previous program counter. (Notice that this structure is

.not a stack. Only one value is stored at any one time in the previous

program counter.)
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In order to save the p;evious program counter for successfql backup,
then, whenever an E-code label instruction is executed, the E-machine
employs its label stacks gnd label registers (see Figure 8). Ea_ch‘ label
instruction is to be assigned a label register at compile time, where each
labeli register is a pointér to a unique label stack (the reason for the
stack is given later). Thus whenever a label instruction is encountered by
the E-machine, the value in the previous program counter is pushed onto the

stack referenced by that label’s register.

Now, look at the example prog;am give>n in Figure 16. There are two
branch points in this program: linell and ‘lineqll. This program contains a
loop in which lines 1 through 10 are executed until I and J are equal.
Obviously, this loop could iterate4a large number of times, and each time
the label instruction of line 1 is executed, it appears that the previous
program counter should be pushed éx;to t’.heAlabel‘ st#ckiéf label 1. However,
except for the very first time line 1 is executed, the previous program
counter will always contain 10. "I"lﬁiere shoul& 'bel ;‘ﬁay to take advantage of

this repetition and save some space.

The E-machine does this in fhe follo;ving w;y. Each element of the
label stack associated with each branch point has two parts, one for
holdihg the value of the previous program counter and one for holding a
count, as shown in Figure 17. Rather than juét pushing the previous prog;'am
counter onto the label stack when a label instruction is execuﬁed by the
E-machine, the E-machine first compares the previous program counter to
the number stored in the top element of the label stack.. If these two
values are equal, the #ssociated counter on  the stack is simply

incremented, thus recording the number of times this label instruction was :
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reached from the siﬁe prebioﬁs instruction. Thus, rather than storing n
identical prévious program counter values, where n is the number of times

the loop is iteratéd, only one copy of the iepeated previous pfbgram

counter value is saved alongwithn, a trem'ehdous éavings.

0 e L

1 label 1

2 push I

3 push J

4 cmp

5 breq 2

6 push I

7 push 1

8 add

9 pop I

10 br 1

11 label 2

12 halt - -
Figure 16 - CoeE

Simple E-code Program with a Loop

Address | Counter Sl e
Address | Counter
Address | Counter
Address | Counter

Figure 17
General lLabel Stack

Look again at Figure 16 and consider what will happen to the:label
stack for the branch point instruction at line 1 as the E-machine
executes the instructions. Assume that I equals 3 and J equals 5,

The E-machine will step sequentially through the instructions starting
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at 0. When the label 1 instruction at line 1 is executed for the
first time, the address of the the instruction executed just prior to
it (at this ;;oint, instruction 0) 4is pushed onto label 1’s label

stack, resulting in the label Stack of Figure 18.

Figure 18
Label Stack After 0 Loop Iterations

As the E-machine continues executing, I and J will be compared, they
will be found to be not equal and so the E-machine will continue executing
sequentially, incrementing I in the process, until line 10 is reached. At
that point, a branch to the label 1 instruction is e;:ecuted, which loads 1
into the program counter. When the label 1 instruction is executed, the
address of the instruction that was executed just prior to this is pushed
onto label 1’s stack. Since that instruction was the branch instruction at

line 10, a 10 must be pushed as shown in Figure 19.

At this point in the execution, the loop has executed once, I equals 4,
J equals 5, and the E-machine has just executed line 1. Proceeding
sequentially with the execution of the program results in I and J being
compared. Once again, I does not equal J and the E-machine executes
sequentially, again incrementing I, until line 10 is reached. At this
point, the branch to label 1 is executed. The execution of label 1 causes

the address of the instruction executed just prior to the label 1, 10, tobe
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pushed onto label 1’s stack. This results in the label stack of Figure 20.
Notice that no new address was actually pushed onto the stack. Since the
top of the stack had the same.value as the value that was to be pushed, the

counter of the top of the stack was simply incremented (from1l to 2). If the
address had been different than the value of the top of the stack, a new

value and counter would have been pushed onto the top of the stack.

10 1
.0 1
Figure 19

Label Stack After 1 Loop Iteration

10 2
0 1
Figure 20

Label Stack After 2 Loop Iterations

How to reverse through a label instruction should now be clear, The
address on top of that label’s stack is simply placed in the program
counter. If the corresponding count is one, the label stack is also popped,

otherwise the count is just decremented.
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Critical vs. Noncritical Instructions

Early on in the chapter, it was mentioned that a-machine running
backwards and' a high 1level 1language program executing backwards
represented similar but not identical processes. The reason this is so is
that one high level language statement will, in general, correspond to many
machine language instrgctions. For example, the éascal assignment

statement
Yi=X+Y~-17 *Z * 2;

will be translated into at least ten machine language instructions, as
‘ghown in Figure 21, only one of which has any effect on the values of the
variables in this statement (the final pop instruction). Since the intent
of the proposed system is to display the execution dynamics of high level
language programs, it is unnecessary to be concerned about precisely
backing up the E-code instructions that only calculate intermediate
values. This observation led naturally to a classification System for
E-machine instructions that reflects .this situation. If an E-—machipe
instruction destroys information necessary for backup in the high level
language program, it is classified as critical by the compiler; if it does

not, it is classified as noncritical.

This identification of E-code instructions as either critical or
noncritical allows the E-machine to save for backup purposes only that
information necessary to reverse statements in the high level language
program. Since the vast majority of compiled E-code instructions wi.ll be

noncritical, a large savings in storage space and time is realized.
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However, it should be noted that the flexibility is present to accurately

back up E-machine code line by line by simply designating each instruction

as critical.

push X
push Y
push 17
push 2
mult
push 2
rmult

sub

add

pop Y
Figure 21

E~code Translationof X :mX +Y =17 %7 % z,-'
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CHAPTER 6

COMPILING TO E-CODE

The actual design of a compiler for translating some high level
programming 1$nguage (e.g., Pascal). into E-code; as well as other
applications for the E-machine, is left for others. However, this chapter
is included as a starting point to assist those who will be developing
compilers for the F-machine. The following description is only a guide to
the most important considerations facing a compiler writer and is not meant

tobe complete. '

Recall that the purpose of the E-machine is to allow high level
programming language execution dynamics to be displayed dynamically as an
aid to teaching and learning programming. Therefore, when the dynamic
display interface is to show a high level language program executing, both
the high level language source program and the compiled E~-code program must
both be available. Only the E-code program will be execut ing. However, to
the user it must appear as if the high level language program were
executing. This can be accomplished using two E-machine components: the

line number register and the variable registers.

Recall from Chapter 5 that the line number register contains the line
number of the source program statement that was translated into ;he E~code
instruction group that is currently executing. The dynamic display
interface will use the information in this register to indicate to the user

which source prégram statement in his or her program is executing.
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Generating E-code instructions that correctly update the line number

register is one of the most important parts of an E-code compiler.

'i'he variable registe'r:ls are the second component of the E-machine that
will bé used by the dynamié display interface in showing source program
execution. Recall that each variable (thdt is, each varfable, parameter,-'
and constant) of the source program will be assigned a unique <vari:ab1e
register at compile time. Since it will be necessary for the dynamic
display interface to update the values of any variables that have changed
with each statement execution in thg source program, it is essential that
the dynamic display interface have access to a symbol table that associates
each variable in the soixrce program 'with its unique variable register. The
symbol. will allow ﬁhe dynamié displéy‘ in{:erfacé to a‘scertain the value of
each variable and update the display of variable values. The creation of

this symbol table is another important task of an E-code compiler,

Recall from Chapter .;5 t«hat many E-code instructions have two modes:
critical an.d noncritical. An E-code compiler must d-ecide during
translation whether a- QAive4n !:-.code“ ixiétruction should —be‘ used in critical
or in noncritical m;)de . This decision will perhaps be the most compiles
part of desiéning ah E-code compiler. Llater in this chapter, an ad hoc

method for dding this'is presented.

First, let’s look at one possible method of building the symbol table,
a straightforward task. Consider ti1e Pascal program in Figure 22, A simple
way to generate a symbol table fqrvthis program is just to start at the
beginning of the program and scan one line at a time. Each time a variable
declaration is encountergd (again, th:l_.s is‘the'extended definition of

variable), assign the next available E-machine variable register to that



variable. When the last line of the program is reached, each program
variable will have been assigned a variable register. This would take only
a single pass through the source program. The symbol table in Figur; 23 was
generated in this way from the Pascal program in Figure 22. Notice in
Figure 23 the method used for tagging parameters with the procedure or

function to which they belong. This same method could be used to tag local

variables,

OO b WM
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program recurse (input,output);

var
ct,n,sum : integer;

function factorial(n : integer) : integer;.

begin
if n= 0
then
factorial := 1
else
factorial := n * factorial(n-1)
end;

procedure increment (var x : integer);

begin
x 1= x + 1

end;

begin .
sum = 0;
n = 1;

while n < 4 do
if sum < 10
then begin
sum := sum + factorial(n):;
increment (n)
end
end.

Figure 22
Example Pascal Program
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Generating E-code instructions to update the line number register
and deciding whether an instruction is critical or not can both be
handled with the same technique. This technique is called
packetizing. Packetizing is a method fo£ dividing the source program
into a ;et of packets, where eﬁch packet represents the smallest unit
of a source program to be highlighted by the dynamic display interface
as execution progresses. Until now, it ﬁas been assgmedmthat ﬁhe
dynamic display interface would simply highlight tbe current source
program statement being executed. However, in typical high 1level
languages, a statement can be quite complex (e.g., an if statement!.
A packet will represent smaller components of the source progra@»that
will need to be highlighted by the dynamic display interfaqg. The
compiler writer must use his or her knowledge of the high level
programming language £o decide how to packetize tha; language. Then it
must be determined in the E~code where,c;it;cal instructions are to
occur in translation of packets and £he types of critical instructioq;
to employ. Figure 24 is a diagram showing how Pasqal can be
packetized. Following the example of Figure 24, a packet is defined
as the smallest element a user of the dynamic display interf;ce would
find interesting. This is a very ad hoc definition, but it should
help direct the efforts of a compiler writer, who obviously must work

in close collaboration with the designer of the dynamic display

interface.
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Name Register
ct
n

sum
factorial:n
increment:x

NlejWwWlNn] e

: Figure 23
Symbol Table For Pascal Program

The packetizing mgthod illustrated in Frigure 24 can be used in
compilation as follows. Take each packet in the diagram and write out
if and where critical instructions may occur in the translation of the
packet, Figure 25 shdws the result of this process applied to the
diagram in Figure 24. Notice that the only critical E-code
instructions are alioc, link, pop, and label. Since this is the case,
a usable heuristic for identifyihg critical instructions is to make
every instance of those instructions critical. This will ensure that
proper backup will ogqu:, but not necessari;y in the most efficient
fashion. If some of these.lingtrgctions were designated critical,
when, in fact, they cbuld have been designated noncritical, this would
mean some information f.hat is ‘:v;mnecessar:'yv for backing up is being
stored. TFinding an optimal way to generate code for backing up is

beyond the scope of thiéuthesis, hbwever,vand will be left for others.
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{program name (input,output, files) ;)

[const])
[const declaration]

(type]
[type declaration]

[var]
(variable declaration]

[assignment statement])
(begin]

(end]

[procedurg call]

[if (boolean expression)]
[then]
then clause
[else])
else clause

[case (expression) of]
[const : ] case body:
[end}

[repeat])
loop body
(until (boolean expression)]

[while (boolean expression) do]}
loop body

[for VAR := EXPR todownto EXPR do]
loop body

(procedure name]
((parameter declaration);]
procedure body

(function name)
[ (parameter declaration) :type;]
function body C

Figure 24
Ad Hoc Packetizing Method for Pascal
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There is still one unusual area of code generation that should be
mentioned: how to gueneratethe» ;!:-code inatructions necessary to update the
{source program) line number register. This cau be done easily once the
Source program has been packetized. Whenever the compiler encounters a

left packet symbol, in this case, [, it can generate the command

line #

where # is the line number in the source program of the line that contains
this packet. 'I'he line command generated by the left packet symbol can be
considered to be an E-machine interrupt: it can have the effect of causing
control to be returned to the dynamic display interface Jjust following the
execution of the E-machine code corresponding bto' the ‘cu‘rrent source
program packet being‘executed, and just prior to the execution of the next
. packet. When the dynamic display interface sends a signal to the E-machine
to resume, the E-code corresponding to the next packet of inatructions can

be executed by the E-machine, and so.

A oacketized uersion of th:e‘orogram of Figure 22 ia given in rigure 26,
Figure 27 presents a possible in-line translation of the program of !'igure
26. The mode designator c is used for critical instructions and n for
noncritical instructions. Comments are included to help expiaj;n the
translation.“ "In the comments, PC refers to orogram counter and PPC to
previous orograni_ counter. Figure 27 should also be viewed in conjunction

with !‘igure 23, the associated'symbol table for the dynamic display

interface.
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Critical Instructions

(program name(input,output,files):]

[const]
[const declaration]

[type]
[type declaration]

[{var]
(variable declaration])

[assignment statement]
[begin])
[end])
[procedu:e call]
[if (boolean expression) ]
(then]
then clause

[else) .
else clause

[case (exp:easion) of]
fconst : ] case body;
[end)

[repeat]
loop body

funtil (boolean expreasion)]

[while (boolean expreasion) do]

loop body

<

[for VAR := EXPR to downto EXPR do]

loop body

]

[pProcedure name]
([ (parameter declaration) ]
procedure body

[function name ]

[ (parameter declaration) :type;)

function body

Figure 25

none

none
none

none
none

none
alloc #

pop V#
none
none
none

none
none
label #
label # (after the entire
if statement)
none

label #
label #

label #

none
label # (after the entire
repeat-until statement)

label #

label # (after the entire
o - while statement)
label #

label # (after the entire

for statement)

none
alloc #/1ink #

alloc #/1ink #

Packetizing and Determination of Critical Instructions
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[program recurse (input,output);]

[var]

(ct),[n], [sum] : [integer;]

[function factorial) ([n : integer]) : (integer;]

[begin]
[if n = Q) -
[(then]
[factorial := 1]
(else]
[(factorial := n * factorial(n-1)]
(end;]

[procedure increment] ([var x : integer]);

(begin]
[x := x + 1)
(end;])
(begin]
[sum := 0;)
[n :=1;])

(while n < 4 do)
(if sum < 10])
(then begin]
(sum := sum + factorial(n);]
(increment (n)]
[end)
(end.)
Figure 26
Example Packetized Pascal Program



70

1 [program recurse (input,output) ;] :
line 1 {display should highlight line 1)
2 (no E-code generated) o
3 [(var] o . f' : BN T
line 3 = -  ({display should highlight .line 3]}
4 (ct], [n), [sum] : integer;] - - : e .
line 4 © {display should highlight line 4) . ey
push INTEGER, integer [push INTEGER onto evaluation stack)
alloc ¢,1 {allocate top-of-stack bytes to variable 1}
line ¢ (display should . highlight line 4}
push INTEGER,integer {push INTEGER onto evaluation stack)
alloc ¢,2 {allocate top-of-stack bytes to variable 2}
line 4 (display should highlight line 4}
push INTEGER, integer {push INTEGER onto evaluation stack}
alloc ¢,3 " {allocate top-of-stack bytes to variable 3}
S ! [
6 [function factorial({n ! integer]) :-integer;])
label ¢,1 {push PPC onto label 1’'s stack}
line 6 (display should highlight line 6)
line 6 . {display should highlight line 6)
push . INTEGER, integer (push INTEGER onto evaluation stack])
alloc c,4 {allocate top-of-stack bytes to variable 4)
pop c,V4 {pop the top of the stack into variable 4)
8 [(begin] , . oL C
" line 8 {display should highlight line 8}
9 [if n = 0]
line 9 {display should highlight line 9}
push V4,integer (push value in V4 onto the evaluation stack)
- push 0,integer ' ({push 0 onto the evaluation stack]}
cmp n,integer {compare top of stack to next lowest,)
o - {push result) :
bneq n,2 - {branch to label 2 if the condition is met})
10 (then] oo . o
line 10 {display should highlight ‘line 10} ~
11 . [factorial := 1)
line 11 {display should highlight 1line 11)
push - 1, integer {push 1 onto the evaluation stack}
br 3 {branch to label 3} .. oy s
12 [else] .
- label ¢, 2 {push PPC onto label 2’s stack}
line 12 (display should highlight line 12}
Figure 27 - . ) :

Example In-Line E-code Translation of a Packetized Pascal Program
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15
16

17
18

19

20

21
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[factorial := n * factorial(n-1)] .
line 13 {display should highlight line
label ¢,3 {(push PPC onto label 3’s stack}

push V4,integer (push v4 onto the evaluation stack)
push V4,integer {push v4 onto the evaluation stack}

push 1,integer
sub n,integer

{push 1 onto the evaluation stack}
{subtract top of stack from next down, }
{push result} .

call 1 ‘v {call label associated with factorial)
. label c,4 {push PPC onto label 4’s stack}

mult n,integer

{multiply the top two values of the stack}

{push result}

[end;] : . , :
line 14 {display should highlight line 14}
‘unlink 4 {pop the top of 4’s variable stack}
‘ {deactivate 4}
return  {pop top of the return address sta

.. {program counter}

<

[p:ocedure inctement([var x‘: integer]);]

label ¢,5 {push PPC onto label 5’s stack}
line 16 . {display should highlight line 16}
line 16 {display should highlight line 16}
link ¢,5 {pop address from top of stack)
- {push onto label 5's stack}
[begin] . - » o
line 18 {display should highlight line 18}

L Ix = x + 1]

line 19 = (display should highlight line 19)
push V5,integer {push V5 onto the evaluation stack}

push 1,integer
add n,integer

[end; ]

-{push 1 onto the evaluation stack]}
{add top two values of stack}
{push the result}

pop . ¢,V5,integer{pop the top the the evaluation stack into V5)

line 20 (display should highlight line 20}

unlink 5 = (pop address off 5's label stack}

return " (pop top of the return address into the PC)
[begin] , ; S

line 22 {display should highlight line 22}

[sum := 0;]

line 23 (display should highlight line 23}

push 0,integer

{push 0 onto the evaluation stack}

pop ¢,V3,integer|{pop the top of the stack into V3}

Figure 27 (éontinued)“

ck into the)
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24 [n 2= 1;] )
line 24 - {display should highlight line 24}
push 1,integer{push 1 onto the evaluation stack]
pop ¢,V2,integer {pop the top of the stack into v2)

25 [while n < 4 do]
label 6 (push PPC onto label 6’s stack}
line 25 {display should highlight line 25}

push V2,integer (push VZ onto the evaluation stack])
push 4, integer {push 4 onto the evaluation stack]}
cmp n, integer {compare the top two values of the stack)
bgeq n,7 {if the top of the stack matches the}
{condition, branch to label 7}
26 [if sum < 10]
line 26 {display should highlight line
push V3,integer {push V3 onto the evaluation stack]}
push 10,integer ({push 10 onto the evaluation stack])
cmp n, integer {compare top of stack to next down}
bgeq n,8 {branch if the top of stack matches}
{the condition}

27 [then begin]
line 27 {display should highlight line
28 _ [sum := sum + factorial(n);]
line 28 {display should highlight line 27}

push V3,integer {push V3 onto the evaluation stack])
push V2,integer {push V2 onto the evaluation stack])

call 1 {call subroutine at label 1}

label ¢, 9 {push PPC onto label 9’s stack]

add n,integer {add top two values of the evaluation stack)
29 [increment (n) ;]

line 29 {display should highlight line 29}

push R2,address {push V2’s address onto the stack}

call § {call procedure increment}
30 (end]

label ¢,8 {push PPC onto label 8’s stack]

line 30 {display should highlight line 30}

br 6 {branch to label 6}

label ¢,7 {push address of PPC onto label 7’s stack)
31  [end.] )

line 31 {display should highlight line 31)

halt - {stop executing}

Figure 27 {continued)

The translation in Figure 27 provides the intuition for the way that
compiling a Pascal program to E-code should proceed. A more rigorous

definition is beyond the scope of this thesis, The next chapter contains a



73

recap of some of the main points of this thesis and some new directions that

this project could take.
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CHAPTER 7

CONCLUSIONS AND NEW DIRECTIONS

The .goal of this thesis was the design of a virtual machine
architecture to support research and development in the realm of dynamic
teaching aids for introductory computer science courses, primarily’
beginning programming courses. Thus this virtual machine architecture was
to support the execution of high' level language programs in a fashion that .
'made the display of all facets of program execution dynamics feasible and
flexible. The most important specification for the virtual machine
architectufe was the requirement - for reverse execution. This
specification arose from experience with DYNAMOD; a common request from
students viewing DYNAMOD examples in the classroom was for the instructor
to back up and repeat certain statements. Thus was born the E-machine, a.

virtual machine that appears to meet the goals of the thesis quite well,

Much remains to be done to realize the ultimate goal of a comprehensive
teaching and learning tool for intrbductory computer science. An emulator
for the E-machine mﬁst be written, a dynamic display interface must be
designed and implemented, and a user interface ﬁust be‘ developed.
Furthermore, at least one compiler, for -example, a Pascal to E-code.
compiler, mu;t be written. It is proposed that the emulator, - all
compilers, and both interfaces be implemented in C in order to ensurg the

system’s portability to virtually all computer types likely to be used by
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students. Once this has been accomplished, the entire package can be

incorporated into a hypertext environment built around an online textbook.

If this looks like a never-ending project, it is! Unlike a commercial
system that must support the production people who develop applications
with that system, and therefore cannot later incorpox}ate racbflic:a.lx changés
without disrupting the continued effective use of th‘e system, the project
envisioned here will suffer no suqh constraints. As a purely academic
system, it can be chénged at will to incorporate pedagogical innovations

that support the mission.

Consider the‘!:-machine itself. As it stands, it should support .the
execution of Pascal programs quite well, with one exception: no provision
has been made for handlinrg‘in;‘)ut and output. This was a conscious omission
that leaves this portion of the design to those implementing the dynamic
display interfaée.‘ If it turns out that input and output is best handled by
the display interface, that will be fine. However, if it becomes c;ear that
new instructions need to be added to the E-machine instruction set to
support input and output , ﬁhat will be fine, too. Other high level
px":ogramming languages, if incorporated into this sysﬁ‘em, may also reqﬁire
that new instructions be added to the instruction set of the E-machine, A
good example of this would be the bit-ievel operations of C. The E-machine

was intended to be an opén-ended project from the start.

In conclusion, it is hoped that the E-machine will not just sit on a
shelf and gather dust, but that it wiyll" soon be implemented and become a
part of the envisioned dynamic teaching and learning system. There is

every reason to believe that this will be the case.
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