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Abstract:

This thesis is part of the third phase in the development of a program animation system called
DYNALAB (DYNAmic LABoratory). DYNALAB is an interactive software system that demonstrates
programming and computer science concepts at an introductory level. The first DYNALAB
development phase was the design of a virtual computer—the E-machine (Education Machine). The
E-machine was designed by Samuel D. Patton and is presented in his Master’s thesis, The E-machine:
Supporting the Teaching of Program Execution Dynamics. In order to facilitate the support of program
animation activities, the E-machine has many unique features, notably the ability to execute in reverse.
The second phase in the development of DYNALAB was the design and implementation of an
E-machine emulator, which is presented in Michael L. Birch’s Master’s thesis, An Emulator for the
E-machine. The third, ongoing phase of the DYNALAB project is the development of compilers
generating E-Machine code, the first of which is the miniPascal compiler by Frances Goosey, described
in her Master’s thesis, A miniPascal Compiler for the E-Machine. This thesis presents the design and
implementation of the second compiler for the E-machine. The compiler’s source language is Ada/CS,
which is a slightly modified subset of Ada.

The Ada/CS compiler was developed using C++ and the Purdue Compiler Construction Tool Set
(PCCTS) parser development tool. It has successfully generated object files ready for execution on the
E-machine. This thesis focuses on the compilation aspects that are unique to Ada/CS, the E-machine
architecture, and the planned animation environment.
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ABSTRACT

S

This thesis is part of the third phase in the development of a program animation
system called DYNALAB (DYNAmic LABoratory). DYNALAB is an interactive
software system that demonstrates programming and computer science concepts at
an introductory level. The first DYNALAB development phase was the design. of
a virtual computer—the E-machine (Education Machine). The E-machine was de-
signed by Samuel D. Patton-and is presented in his Master’s thesis, The E-machine:
Supporting the Teaching of Program Ezxecution Dynamics. In order to facilitate the
support of program animation activities, the E-machine has many unique features, -
notably the ability to execute in reverse. The second phase in the development of

DYNALAB was the design and implementation of an E-machine emulator, which

is presented in Michael L. Birch’s Master’s thesis, An Emulator for the E-machine.
The third, ongoing phase of the DYNALAB project is the development of compilers
generatlng E-Machine code, the first of which is the miniPascal compiler by Frances

*Goosey, described in her Master s thesis, A miniPascal Compiler for the E-Machine.

This thesis presents the design and. 1mplementa,t10n of the second compiler for the
E-machine. The compiler’s source language is Ada/CS, which is a slightly modlﬁed

. subset of Ada.

The Ada/CS compiler was developed using C+-|— and the Purdue Compiler Con-
struction Tool Set (PCCTS) parser development tool. It has successfully generated

.. object files ready for execution on the E-machine. This thesis focuses on the com-

pilation aspects that are unique to Ada/CS, the E-machine architecture, and the
planned animation environment.




CHAPTER 1

INTRODUCTION

The DYNALAB System

.This -th,esi's is part of the third phase of the oﬁgoing DYNALAB software de-
velopment project. DYNALAB is an aéronym for DYNAmic LABomto'ry,- and its
purpose is to support fofmal ‘compﬁter science laBoratofies at the intfoductory un-
dergraduate level. Students will use DYNALAB to experiment with and explore

programs and furidamental concepts of computer science. The current objectives of

DYNALAB include:

o providing students with faci'lities' for studying the dynamics of programming
language constructs—such as iteration, selection, recursion, parameter passing
mechanisms, and so forth—in an animated and interactive fashion; '

o providing students with capabilities to validate or-empirically determine the
run time complexities of algorithms interactively in the experimental setting
of a laboratory; ‘

o extending to instructors the capability of incorporating a,nimation'into lectures

on programming and algorithm analysis.

‘In order to meet these immediate objectives,' the DYNALAB project was di-

vided into four phases. The first phase was the design of a virtual compﬁter, called




the Education Machine, or E-machine, that would support the animation activities
eﬁvisiqﬁed for DYNALAB. The two primary technical problems to overcome in the
design of the E-machine were the incorporation of features for reverse execution and
provisions for coordination with a pfo‘gram animator. Reverse execution was engi-
neered into the E-machine to allow students and instructors to repetitively animate
sections of a program that were unclear without requiring that the entire program
be restarted. Also, since the purpose of DYNALAB is to allow us;er interaction with
animated programs, the E-machine had to be designed to be driven by an animator
'systém that controls the execution of programs and displays pértinent information
dynamically in animated fashion. This first phase was completed by Samuel Pat-
ton in his Master’s thesis, The E-machine: ,Supporting-the Tea,chz'ng of Program
Erecution Dynamics '[Pa,ti-:on 89]. ‘ ' '

" The second phase of the DYNALAB project was the implementation of an em-
ulator for the E-machine. This was accomi:)lished by Michael Birch in his Master’s
thesis, An Emulator for the E—Machz’ne, [Birch 90]. As-the emulator was imple-
mented, Birch also included some modifications and extensions to the E-machine.

The third phase of the DYNALAB project is the design and implementation
of compilers for the E-machine. The first cpmpiler—miniPascal, a subsef of ISO
-Pascal——was created by Frances Goosey and -described in her Master’s thesis A
miniPascal Compiler for the E—Machéne, [Goosey 93]. During the miniPascal com-
piler development, the E-machine and its emulator were again modified as practical
considerations uncovered new. design issues.

Coﬁtinuing DYNALAB?s third phase, the Ada/CS compiler and this thesis were
&eveloped. Ada/CS is a modified subset of Ada, a large and complex programming
language d'esigned for software engineeriné and reliability. The Ada/CS compiler
was déveloped using C++, and takes ddvantage of its objéct oriented features. As

with the previous development stages, during the course of the Ada/CS compiler de--




velopment, the E-Machine and-its emulator were modified and updéted as problems "
were uncovered. . | .

The fourth phase of the DYNALAB proje_ct, currently in progréss, ié the design
and implementaﬁ;ion of prografn animators that will drive the E—.ma,chine and. dis-
play programs in dynamic, animaﬁed fashion under control of the user. Once the -
é,nima,tors are complete, the ﬁi‘st functiona,l version of DYNALAB will be ready for
use in introductory cb_mputer science Iabora’gory and lecture courses by students
and instructors alike. An animator for Unix using Motif and another for' Microsoft
Windows aré curreﬁtly under development. |

The DYNALAB project will not end at this point. Compilers for C and C++
are in the initial stages of development. Also, work will contintie on the Ada/CS
compiler to make it suitable for use in téa,éhing. Algorithm animation (as opposed to
_ program animation—see for example, [Brown 88-1, Brown 88-2]) is also a planned
extension to DYNALAB. In fact, the DYNALAB project will likely never be fin-
ished, as new ideas and pedagogical conveniences are incorporated as they become.

apparent.
Preview

" The thesis conéi'sts of eight chapteré and ;uwo appendices. Chapter 1 presents
an overview of the thesis and the DYNALAB project in general. Since a thorough
understandihg of th.e target virtual computer’s'aréhitecture and instruction.set is -
required for comi)iler development, a summary of the E-machine and its emulator is
'given in chapter 2. Much of 'the information in chapter 2 is taken Ah.from t.he Patton,
Birch, and Goosey theses. During the Ada/CS compiler development prdcess, it be-

came apparent that some new E-machine features and modifications were necessary




or desirable. These changes have been made and are so noted in chapter 2. For a
more detailed explanation of the E-machine and its emulator, the reader is referred

to the a,bove-—.rnentioned theses.

Chapter 3 provides an introduction to the 4mgdiﬁéd Ada subset Ada/CS, includ-

’ir'lg a description of the Ada features of Ada/ CS and differences in common language

features. Chapter 4 ié an introduction to the Purdue Compiler Construction Tool
Set (PCCTS), the pérser/ sca,nne’r tool used in the development of Ada/CS.. Chap- -
ter 5 describes the Ada/CS_compiler S};mbol table, Chapi;er 6 describes the Ada/ CS
type mechanisms, and Chapter.7 deseribes-Ada/ CS E-Machine code generation con-
siderations. The current status of the Ada/CS corﬁpiler is discusséd in éhapter 8.

. Since there are many E-code examples used throughout the thesis, appendices
A and B are inciuded for corﬂpleteness. Appendix A describes the E-machine in-
struction set and appeﬁdix B describes the E-machine addressing modes. Both of

these appendices are adapted from chapter 2 of Birch’s thesis. '




CHAPTER 2
THE E-MACHINE

This chapter is included to provide atdescription of the E-machine and is adapted
from chapter 5 of Patton’s thesis [Patton 89], ¢hapters 1, 2, and 3 of Birch’s thesis
[Birch 90], and chapters 2 and 3 of Goosey’s thesis [Goosey 93]. This chapter is a
sﬁmmafy aﬁd update of information from those three theses (much of the material -
is taken verbatim). New E-machine features that have been added as a result of
. this thesis are noted by a leading asterisk (*). ‘

The E—machine is a virtual computer with its own machine language, called

' 'E—code. The E-code instructions.are described in appendix A; these instructions may
reference various E-machine addressing modes, which are described in appendix B.

The E-machine’s task is to executé E-code translations of high level language pro-

gré,ms. The’miniPascal lénguage was ’_che first language to be translated into E-code;

.Ada/ CS is the secoﬁd. The. real purpose of the E-machine is to support the DY-
NALAB program animation system, as described more fully in [Ross 91], [Birch 90],

[Ross 93] and in Patton’s thesis [Patton 89}, where it was called a “dynamic display

system.”




E-machine Design Considerations

The fact that the E-machine’s sole purpose is to support program ani‘nﬁation
was central to its design. The E-machine operates as follows. After the E-machine
is loaded with a cdmpiléd E-code translation of a,. high level language prégram, it
awaits a call from a driver program (the animator). A call from the animator causes
a group of E-code instructions, called a packet, to be execﬁtéd by the E-machine. A
packet contains the E-code transiation of a sinéle high level language construct, or .
aﬁimatipn unit, that is to be highlighted by the animator. An animation unit could
be a complete high level language assignment statement, for example

A = X + 2%Y;

which is to be hi'ghlighteid,-a,s a result of a single call from the animafor; the cor- -
respohc_ling packet would be the E-code instructions. that translate tHis'assigﬁment‘
statement. A.nother animation unit C(;llld be just the conditional part of an if state-
ment; in this case the corresponding packet would be just the E-code instructions
translating the conditional expression. It is the compiler writer’s resbonsibility to
identify the animation units in the soufce program so that corresponding E-code
packets can be generated.. After the E-machine executes a packet,_control is re-
turned to the animator, which then 'performs the necessary animation activities
before repeating the process by again calling the E-machine to execute the packet
corresponding to the nex’ﬁ animation unit.. This. process will be described in inore
detail later in this. chapter.

Since the E-machine’s purpose is to enable program execution dynamics of high
level progra,mming languages to be displayed easily by a prog:ra,m a,nimat'or, it had

to incorporate the following:




o structures for easy implementation of high level programming language
constructs; ’ ' : '

o a simple method for i'rnpleme_ﬁtir.llg functions, procedures, and parameters;

o the ability to execute either forward or in reverse. .

The driving force in the design of the E-machine was the requirement for reverse
execuifibn. The-approach ta;,ken by the E—machirie to accomplish reverse execution
is to sav.e the minimal amount of information necessary to recover just the previous
E-machine state from the current state in a given reversal step. The E-machine can
then be restored to an arbitrary prior state by doing the reversal one state at a time
until the desired prior state is obtained. This (.)ne—step—a,t—a,-time' reversal means that
it is necessary only to store successive differences between the previoué state and
the current staté, instead of storing the entire state of the E—maéhine for each step
of execution. -

One other aspect of program animation substantially influenced the design of the
reversing mechanism of the E-machine. Since the animator is meant to animate high
level language programs, the E-machine actuélly has to be able to effect reversal
only through high level language animation units in one reversal step, noil',' each low
level E-machine instruction in the packet that is the translation of an animation
unit. This observation led to further efficiencies in the de.sign of the E-machine
énd the incorporati(.m of two classes of E-machine code instructions, .critical and
non-critical. An'E—mé,chir_le instruction within a packet is claséiﬁed as critical if
it destroys information essential to reversing through the corresponding high level
language animation unit; it is classified as non-critical otherwise.' For example, in
translating the animation unit corresponding to an arithmetic assignment statement,
a number of intermediate values are likely to be generated in\ the corresponding E-
code packet. These intei*mediate Values are needed in computiﬁg the value oﬁ the

right-hand side of the assignmenﬁ statement before this value can be assigned to the




" variable on the left-hand.side. However, the only value that needs to be restored
.. during reverse execution as far as the animation unit is concerned is the original value
of the variable on the left-hand side. The intermediate values computed by- various
E-code instructions are of no consequence. Hence, E-code instructions generating
intermediate'values'can be classified as non-critical and thelr effects 1gnored during
reverse execution. It is the compiler writer’s responsibility to produce the correct E—
code (mvolvmg crltlcal and non-critical 1nstruct10ns) for reverse execution. However
it should also be noted that the E machine has the flexibility to accurately execute :
E-code in reverse, 1nstruct10n by lnstructlon (rather than a packet at a time), by

simpiy designating each E-code instruction as critical.

"E-machine Architecture

.

Figure 1 shows the logical structure of the E-machine. A stack-based aplrchitecture
. was chosen for the E-machine; however, a'nufnber of ccmponents that are not found
in real stack- based computers were included.

Progmm memory contains the E-code program currently belng executed by the
E-machine. Progra;n memory is.loaded with the instruction stream found in the -
CODESECTION of the E-machine object code file, which is described later in this
chapter. The program counter contains the address in prograrm memory of the next
E-code instruction to be executed. ,Tﬁe previous progfam counter, needed for reverse -

’ executich, .contains the address in program memory of the most recently executed
E-code instruc’cion. |
Packet memory contains information about the translated E-code.packets and

their corresponding source language animation units. Packet memory, which is
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loadéd with the infprmatio.n foﬁnd in the PACKETSECTION of the E-machine ob- -
ject code ﬁie, essentially effects the. “packetization” of the E-code program found.
in source memory. Packet information includes the starting and ending line and
column numb‘e.rs of t_he.original source program animation unit (e.g, an entire as-
signment statement, or just the conditional expression in an if statemeqt) whose
translation is the packet of E-code instructions about to be executed. Other packet
* information 1ncludes the startmg and ending program memory addresses for the
E-code packet, which are used internally to determme when executlon of the packet
is complete. The packet register contalqs_the packet memory address of the packet
information corresponding to either the next.packet to be executed, or the packet -
that is currently being executed. |

Source mefnory holds an array of strings, eacﬁ of which is a copy of a line of
source code for the compiled program. Source memory is loaded from the E—machine
object file’s SOURCESECTfON_ at ruﬁ time and is referenced only by the anima’ﬁqr
for display purposes. A

The variable registers are an unbounded npmber of registers that are assigned
to source program vafiablés, const.a,nts, and parametérs during compilation of a
source prégra.m int6 E-code. Each identiﬁer_ name representing memory in the source
. prograﬁl will be assigned its own unique variable register in the E-machine. For
example, in an Ada/CS program, a variable named Result might be declared in
the current program scope and another variable—also named Result;might be
declared in another enclosing procedure scope. The compiler will assign a unique
variable register to each of these two variables. Once a variable is assigned a variable
register, the register remains associated with the variable for the duration of the
program’s compilation and subsequent execution, regardless of whether the variable

is currently active or not.
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The information held in a variable register consists of the corresponding vari-
able’s sizé (e.g., number of bytes) as well as a pointér to a corresponding variable
stack. BEach variable stack eritfy, in turn, holds a pointer .into data meniory, where |
the actual variable values are .st\ored. The variable stacks are necessary because a
particular variable may have fnul‘giple associated instances due to its being declared
m recursive procedures or functions. In such instances, thé top of a particuia,r
_ variable’s register stack points to the value of the curfent instance of the associ-
"ated variable in data memmory; the second ‘stac'k_elemlent points to the valué of the
previous instantiation of the variabie, énd SO on. Thg E-machine’s data Ihemory rep-
resents the usu.allrandom access memory found on real computers. The E-machine,
however, uses data memory only to hold data values (it does not hold any of the
program instructions). |

.The string space component of the E-machine’s architecture éqntains the values
of all string literals and enurﬁerated constant names encountered during the compi-
lation of a program. The string space is loaded with the information contained in
the STRINGSECTION of the E-machine object file. C_urréntly, this string space is
used'éﬁly by the animator when displaying string constant and enumerated constant
values. A more detailed discussion of the interaction. of the string space and variable
‘registers is found later in this chapter.

‘The label registers are another unique component of the E—mdchine reduired for
.reverse exe.cution. There are an unbour_laéd number of these régisters, and they are
used to keep'tfack of labeled E—codé instructions. Each.E—code- label instrﬁption‘ ‘
is assigned a unique label register a't compile time. The information held in a label
régister-con'sists of the program memory address of the corresponding E-code label -
‘ 1nstruct10n as well as a pomter to a label stack. A label stack essentially malnta,ms.
a history of prev1ous instructions that caused a branch to the label represented by

the label register in question. During reverse execution, the top of the label stack
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allows for correct determination of the inséruction that previously cdused the branch
to the label instruction. | |

The index register is found in real computers and serves the same I‘)u-rpose in
the E-machine. In many circumstances, the data in a Vaﬁable 1s accessed directly
through the appropriate Va,riable4 regisﬁer. However, in the translation of a high level
language data structure, such as an array or i‘écord, the address of the beginning
of the structure is in a variable register; to access an individual data value in the
strucfure, an offset—stored in the index register—is used. When necessary, the
compiler can therefore utilize the index register so that the E-machine can access
the proper meﬁory location via one of the indexed addressing modes.

The address register is 'providejd to allow: access to memory areas that are not
accessible through variable registers. For example, a pointer in Pascal is a variable
_that contains a data; address.. Data at that address can be accessed using the address
register via the appropriate E—machine.acidressing mode. - The address register can
be uséd in place of variable registers for any of the addressing modes.

As in many real compufers, the results of all arithmetic and logical operations
are maintained on the evaluation stack; the evaluation stack register keeps track of
the top of this stack. For example, in an arithmetic operation, the operands‘ are
pushed onto the evaluation stack and the appropriate operation is performed on
them. The operands are consumed by the operation and the result is, pushed onto
the top of the stack. An assignment is I;erforzﬁed by popping the top value of the
evaluation stack and placing it into the proper location in data meémory.

The return address stack (or call stack) is the E-machine’s mechanism for imple-
menting procedure and function calls. When a subroutine call is made, the program
counter plus one is pushed onto the return 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. A pointer to the top of the return
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address stack is kept in the return address stack register.

’The save stack contains information necessary for reverse execution. Whenever -
some cri.ti.cal information (as determined by the execution of a critical instruction) is
about to be destroygd, the required information is pushed onto the save stack. This
ensures that when backing up, the ingtructiop that most rqcentl}y destroyed some
critical information can be reversed By retrieving that critical information from the
save stack. The save stack register points to the top of the save stack.

The dyﬁamz'c scépe stack allows the a_nimaftor to determine all currently active
scopes for memory display.. The animator must be able to diéplay variable values
associated with the execution of a packei: both from within the current invocation of
a procedure (or function) and from within the calling scope(s). That is, the animator '
must have the ability to illustrate a program’s run time stack during execution. The
Static Scope Table, which is loaded into static scbpe memory from the E-machine
object file’s STATSCOPE_S_EGTION, provides theé animator with the information
relevant to the static nature of a program (e.g., information pertaining to variable -
names local to a.giv'en' proéedure). However, the specific calling sequence resulting
" in a particular invocation of a procedure (or function) is. obviously not available in
the statié sco.pe memory. |

To keep track of tile set of active scopes at any point during ﬁrpgram executioh, ,
thej ciynamic scope stack provides the dynamic chain as found in the run time stack
of activation_récords generated by m;)st conventional compilers. (Even'thoug.h the
E-machine’s return address stack could have been used to hold this information,-é
‘separate dynamic scope stack was included in-the E—machil_le architecture for.clarity_.)
At éﬁy giveﬁ i)oint during program execution, the dynamic scope stack entries reflect
tlll'g currently active scopes. Each dynamic scope stack entry—corresponding to a
program name, a procedure name, or a function name—contains the index of the '

Static Scope Table entry describing that name (i.e., a static scope name). Once these
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1nd1ces are avallable the animator can then use the Statlc Scope Table information
to determine the varlables Whose values must be displayed followmg the executlon
of a packet. The atnlmator needs access to the entire dynamic scope stack in order to
dlsplay all pertinent data memory mformatlon following the execution of any glven
packet. The dynamic scope stack register- points to the top of the dyrramr_c scope
. stack. | |

In order to handle reverse execution, a save dynamic scope stack was added to
the E—machlne architecture. This stack records the history of procedures and/ or. -
~ functions that have been called and subsequently returned from. The save dynamic
stack register points to the top of this stack.

Finally, the CPU is what executes E—Machine instructions. It is the E—Mac}rine

emulator originally programmed by Birch and is described in the next section.
. &

_ E-;machine Emulato.r

«

The E-machine emulator was designed and written by Michael Birch and is
~described in his thesis [Birch 90]. The emulator’s design essentially follows the design
of the E—machine preserlted the previous. sections of this chapter. The emulator was
written in ANSI Standard C for portability: and has been compiled on a variety '
of hardware platforms from a MS-DOS based IBM PC with a variety of C/C++
compilers, to Silicon Graphics and DEC Alpha workstations using GNU C and the

system C compilers. _
Within the complete DYNALAB env1ronment the emulator acts as a slave to
the program animator, . executlng a packet of E-code 1nstruct10ns upon each call.

During the course of Ada/ CS development, a Unix Motif animator was also belng
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developed. A pre-release version of this animator was used to test compiled Ada/CS

prograrmns.

'BE-machine Object File Sections

The E-machine emulator defines the object file format that must be generated

by a compiler. As a result of the Ada/CS compiler development, several changes

were made to the E-machine ob ject file definition and are denoted with a leading as- .

terisk (*) in the following discussion. A single E-code object file ready for execution

on the E-machine consists of eight sections, which may occur in any order. Each-

section is preceded- by an object file record containing the section’s name followed

. by .a record that contams a count of the number of records in that particular sec-

tion.

Each of these elght sectlons (whose names are shown in capital letters) holds

-~

information which is loaded into a corresponding E-machine component at run time

as follows:

e
e
)

)

*the HEADERSECTION, which is loaded into animator memory;
the CODESECTION, which is loaded into program_mérhony;
*the PACKETSECTION, which is loaded into .packet‘ memory;

the VARIABLESECTION, which is loaded 1nto the size information associated
with the variable registers; :

the LABELSECTION,.Whlch is loaded into the label program address infor-
mation associated with the label registers;
the'SOURCESECTION which is loaded into source memory; (

*the STATSCOPESECTION, which is loaded into static SCOpe MemOory;
the STRINGSECTION, which is loaded into the string space.

The file sections are described below.




16

*The HE’ADERSECTiON

The HEADERSECTION was created during. Ada/ s developrﬁent:, and is a repoé—

© itory for spﬁeciﬁc in_forma,tion about the program, s-uch as the E-Machine vers.ion
number a,n‘d. the compiler version number with which t-he. prdgra,'m was compiled,
as. well as éenerél information about the program itself (e.g. a descfiption of the
progrdm such a,'s’“this program illustrates a linked list”). The HEADERSECTION , |
is not yet fully fmplementéd and new things will find their way into this section as

time goes on.

The CODESECTION

The CODESE.CTIO'N contains the translated program—the E-code ir}sfruction stream.
Even though the instruction stream can be thought of as a sfcrea,m of pseudo as- |
- sembly language inétru.ctions, the instructions are actﬁally coﬁtained in an array of
- C structures, and are'loaded from the CODESECTION into. the E-machine’s pro-.

gram memory at run time. Each E-code -ipstruction structure contains the following
information: - . : | S

o an opera,ti‘on code (e.g., push or pop);

o the instruction mode (critical or non-critical);

o The data type of the operand (e.g., I indi..cates, INTEGER);

¢ Either a numeric data value or an addressing mode. .

*The PACKETSECTION

The PACKETSECTION consists of packet structures describing source program
animation units and their translated E-code packets. These structures are loaded

into the E-machine’s packet memory at run time. Each packet structure contains °

the following information:
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o -the packet’s starting arid ending E-code instriction addresses in program memi-
ory; ' ' '
o the starting and ending line and column numbers in the original source file of

the program animation unit corrésponding to the packet'

" o an index into the current scope block of the Static Scope Table (dlscussed later -
in this chapter); : :

.o *a varlable describing how the ammator should display mformatlon when the_
packet is executed (dlscussed later in this chapter);

o *a variable reglster number that will hold the result of the execution of a
conditional expression. )

- -

" The VARIABLESECTION

The VARIABLESECTION consists of structures descrlblng the variable reglsters
~used by the complled program. A variable reglster structure consists of a single
field that contains the size of the data represented by the register. For example, on
a DOS macﬂine where the addressable unit is a byte, a variable representing a 32-bit
integer would have a size of 4. This information is u_sed- to initialize size information '

held in the E-machine’s variable registers.

The LABELSECTION

The LABELSECTI@N consists of label structures describing the label Illum.bers.

generated by the compiled program. ‘A label structure consists of a single field that )
- contains the pfogram‘ address at which the corresponding label is defined. This
information is used tp initialize the label program address informatien held in the

E-machine’s label registers.

" The SOURCESECTION -

The SOURCESECTION contains a copy of the source program being executed.

Each record in this section corresponds to a line of original source code, and is loaded

<
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into the E-machine’s source memory at run time. Source memory is referenced only

" by the animator for display purposes. The animator references source memory

via packet memory information that describes correlations between the currently
executing E-code packet and the corresponding source program animation uﬁit.
The animator references the packet strﬁcture fields that-hold starting and ending.
line and column numbers in source memory to determine the animation unit to

highlight.

*The STATSCOPESECTION

The STATSCOPESECTION was originally named the SYMBOLSECTION in Birch’s
thesis. It contains a complex structure—the Static Scope Table (called the symbol
table in Birch’s thesis)—;which is used by the animator to determine the variable
values that should be displayed upon execution of a packet. The name was changed
to Static Scope Table in order to avoid confusion with the compiler’s symbol table.
The STATSCOPESECTION records are loaded into the E-machine’s sjt‘atic scope
memory at run time. ' _ -

The Static Scope Table i's logica;lly divided into “scope blocks,” each of which
describes identifiers declared within a single static scope of the source program. A
more complete discussion Qf‘ this section is found later in this chapter. Each Statié

Scope Table entry contains the following information:

o the name of the identifier being described (e.g., a variable name or a procedure
_ name);

o upper and lower bounds (for array variables);

o the index of the Static Scope Table entry containing the next array index
bounds (for multidimensional arrays);

o the offset value (for record fields);

o an enumerated value indicating the data type (e.g., INTEGER, RECORD, or
STRING); ' .
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o the record size (for arrays of records);
o' a pointer to this entry’s parent Static Scope Entry;

o a pointer to the child of this entry (e.g., if this static scope entry describes a
procedure, this field would hold the index of the first entry in the static scope
block describing the variables declared local to the procedure),

o a variable register number (for Variable‘names);

o a number staticaliy assigned to procedure and functions entries; this number
is used in determin’ing the 'dynamic scoping level at execution time;

"o *a value denotmg whether a varlable name is an array, and if so, whether it
is static or dynamic; ’ -

o *a value descrlblng the index type of an array variable (e.g.” integer, enumer-
ated, or character).

" The STRINGSECTION -

The STRINGSECTION contains the values of ‘s‘tring literals and enumerated con-
stant names. rI_‘-he contents of the STRINGSECTION are loaded into the E—machine’s
etring space at run time. The string space allows the animator to have dyrlamic. ac-
cess to the names of an enunrerafted type as well as the interrral numeric values

corresponding to the names. The animator can also retrieve the values of string

constants from the string space.

E-machine Compilation Counsiderations |

Many of the compilation concerns confronting. E-machine compiler writers are
the same as those faced by writers of compilers for conventional machines. There
are, however, several unique-factors that must be addressed when compiling for the

E-machine’s animation environment, including:
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o identification and translation of program animation units into E-code packets;

[»]

generation of the Static Scope Table;

providing access to names associated with enumerated type variables;

[>]

]

identifying critical and non-critical E-code instructions.

' Program Animation Units and E-code Packets

- As briefly described: earlier‘ in this chapter, the animation of a high level language
program: is .accpmplished by dividing its source code into program “chunks” called
animation units. The compil_er is responsible for isolating a source progra,m’s.a,nif

‘mation units. Each animation unit, in turn, m‘ust be translated into a éroup—or
packet—of E-code instructions along with corresponding descriptions of the anima-
tion unit and its translated E-code packet- via a packet structure.

When a high level language prograrﬁ is animated, the animator begins execution
by. displaying the first several lines of the source code and highlighting the first
a,nimatiqn _uﬁit in the. program. The animator theﬁ awaits a response from the

‘user. When the user r‘e‘sponds, the aﬁimator calls the'E-machine to execute the
currently highlighted animation unit of the-program. Actﬁally, what the E-machine
executes is the packet of instructions corrésponding to the animation unit. When
the E-machine has Icompleted execution of the instructions contained in the packet,

control is returned to the animator. The animator then performs various animation

tasks (e.g., displaying p'ertinent. data memory valuesj and then again awaits a user .
response before repeating this process by highlightiﬁg the next animation unit and so
forth. Thus, two of the challenéing tasks facing the compiier designer are identifying

‘animation units and properly translating them into E-code packets for spccessful |

animation. The following two sections present an example program to illustrate

" how the'Ada/ CS compiler accomplishes these two tasks.
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Identifying Program Animation Units

Package Body Sampl Is

1,3,K - Integer;
N : Float;

Procedure Init( X,Y : in out Integer ) Is

t : integer;

Begin
X -
Y

End;

(R
PO Oow~NOUOdWRNERERO
non
'I\IJ—

=
N

Begin
Init(11);
IT 1 < 10 Then
K = 100;
else
K = 0;
end if;
N ==K + 1*J;
end;

R e e
©O ©m~NO U MW

Figure 2. Source Code for Program Sampl

The compiler identifies individual animation units as it is parsing the high level
language source code. Consider the Ada/CS program in figure 2 (the numbers on
the left correspond to line numbers in the source program file). For this program,
the Ada/CS compiler identifies the twenty animation units shown in figure 3 (the
numbers on the left correspond to each animation unit’s associated packet struc-
ture, as discussed in the next section). These animation units will be successively
highlighted (in the original source program of figure 2) by the animator as it per-
forms the animation of the program. It should be noted that the determination

of animation units is arbitrary and can vary from one compiler to another based
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Package Body Sampl- Is

1,3,K : Integer;

N : Float;

Procedure Init( X,Y : in out Integer ) Is
t : integer;

Begin

X

Y :
End;

Begin

10 Init(l,d) ;

1 If

12 1 < 10

13 Then

14 K == 100;

15 else

16 K = 0;

17 end if;

18 N =K + 1*J;
19 end;

1
2

O©CoO~NOOAPWNERO

Figure 3: Animation Units Identified in Program Sampl

on subjective esthetics of program animation. As can be seen from this example,
an animation unit can correspond to “chunks” of source code representing a single
keyword, an entire program statement, the conditional part of an if statement, and

so forth.

Translating Program Animation Units into E-code Packets

Once the compiler has identified an animation unit, it must then translate this
unit into a corresponding packet of E-code instructions along with an associated
descriptive packet structure. Thus, compilation of the example given in figure 2
would result in the generation of twenty-three E-code packets and twenty-three
corresponding packet structures. Three of these packets have no corresponding
source and are explained later so there are twenty packets with an associated source

“chunk”. Figure 4 shows the pseudo assembly language representation of the E-code
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instructions generated for the Ada/CS program shown in figure 2.

The numbers shown on the left in figure 4 correspond to program memory ad-
dresses (instruction numbers). The individuial packets, corresponding to the anima-
_tion units of figure 3, are shown separated by blank lines in ﬁgilre 4. |

Table 1 shows the array of packet structures—called the Packet Ta,\ble—describing
the individual packets resulting from the translation of the program of figure 2. The
PacketNumber field .(column) is included fo.r clarity—it is not part of the Packet
" Table. Thej: first two fields in the Packet Table (StartAddr and EndAddr) give the
starting and ending addre'sses in p’ro'gra,m memory of thé E-code pécket. The'next
four fields (StartLine, StartCol, EndLiné, and EndCol) demark the physical location -
of the packet’s cdrresponding program animation unit in the source program array.
_. The Scopelndex field in the Packet Table is discussed in the next section of this
chapter. The' final two fields (DisplayPacket and TestResultVar)‘ provide additional
i_nforma,tion necessary for_ animating an aniﬁlation unit. |

As might be guessed by the fact that there are twenty source “chunks” and
twenty-three packets, not .every packet must correspond to a part of the source
code. There are several -different. vs}ays of displaying packets, which the animator
deteﬁnines by examining the'DisplayPkt field of the current packet. The Dis..pla,yPkt

of the packet struc.tu_re is an 8-bit field made up by combining the following several
flags together: .
o- Update variable display after execution when going forward;
| o Pause before execution of this packet when going forward;
.o Highlight the source code for this packet when going forward;
o Update variable display after execution vnvhen going backward;

Pause before execution of this packet when going backward;

[+]

[»]

Highlight the source code for this packet when going backward.
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35
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42
43

Figure 4. E-code Instructions Resulting from Compilation of Program Sampl

pushd c, 1, C13

inst c, VO

inst c, VI

push c, 1, C-2147483648
pop c, 11vO
push c, 1, C2147483647
pop c, 1,VI1

inst c, V2

inst ¢, V3

push ¢, R, C-100 000000
pop ¢, R ,vV2

push c, R, Cl100 000000
pop ¢, R,V3

inst c, V4

push c, 1, CO

pop c, 1.,v4

inst c, V5

push c, I, C65536

pop ¢, 1,V5

nop ¢

inst c, V6
inst c, V7
inst c, V8

inst c, V9

br c, LO

label c, LI
pushd ¢, 1, Cl10
inst c, VIl

pop c, 11Vl
inst c, VIO

pop c, 11VIO

inst c, V12

nop ¢

push Cc1 1, CI
pop c, 11VIO

push c, 1, C2
pop c, 11vll

label c, L3

push c, 1,VIO
push c, 1,VI1
uninst C1 VII
uninst c, V12
uninst c, VIO

popd c

a4

45

46
47
48
49
50
51
52
53

54

55
56
57
58

59

60
61

62

63

64
65

66

67
68
69
70
71
72
73

74
76
76
77
78

24

return c
label C, LO

push c, 1,V6
nop ¢

push c, 1,V7
nop ¢

call c, LI
label c, L8
pop c, 1.,V7
pop ¢, 1,V6

nop ¢
push ¢, 1.,V6
push c, I, CU
less C1 1

brf c, L9

nop c

push ¢, 11CU
pop c, 11VS

br c, LIO
label c, L9

push c, 1, CO
pop ¢, 1,v8

label C1 LIO

push C1 1,v8

push c, 1,V6
push c, 1,V7
mult c, 1
add c, 1

cast C1 I1R
pop ¢, R,V9

uninst c, V9
uninst c, V6
uninst c, V8
uninst c, V7
popd ¢



Packet Start
Number Addr

CEkbeEBwowvooabrwwn—o0

REBERBGR

0
20
23
24
25
31
32
33
35
37
44
45
46
54
55
59
60
62
63
64
66
67
74

End
Addr
19
22
23
24
30
31
32
34
36
43
44
45
53
54
58
59
61
62
63
65
66
73
78

Start
Line

20

Start
Col
0
0

— O

AU NMvMNMOOONMNOOO

oONNPEDN

25

End
Line

End Scope

Col

©HS

oLl BwRrowoorRS

10
8
14
3

Index

ADMAAPMMMMNPEAEEAMEAREARMEARPOLLOCWWDSEPMMPPWO

Display
Packet
07
07
07
00
07
07
07
07
07
07
07
01
07
07
07
07
07
07
00
07
07
07
07

Test
ResultVar
-1
-1

Table I: Packet Table Resulting from Compilation of Program Sampl
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The standard display packet would have all these flags set. Packet's without
Highlight- Forward Pause-Forward, nghhght Ba,ckward and Pause-Backward are
. effectwely ‘invisible” and are executed automatically by the animator. These “in-
visible”. packets are very useful for situations in which there is; no source code anima-
tion unit for the (_:orresPOnding e-code being executed. For example, in the packets
in figure 4 ‘for the source code in ﬁgure 2,”packets 24 and 62 are invisible. Packet
24 branches from the variable instantiations over the sﬁbrou’eines to the start of the
- program. Packet 62 is the branch over the “else” part of the if staternent. Nei-
ther of these two packets has.a corresponding animation unit in the source code.
Ada/CS uses invisible packets on occasions such as.popping return parameters after
a subroutine call and copying function return values into their destinations. '

‘TestResultVar was added during the development of the Ada/CS .compiler to
further facilitate program animation. This field is the number of a variable register
that holds the result of a conditional expression for the animator I:co display. For
example, execution of the expression

if j<5 and not k>5 or flag then
would be difﬁeult for a user to follow. The compiler would generate code to store
the result of the conditional expression evaluation in a variable register and set the

TestResultVar to that register number. The animator may use this variable re'gister

to display the result, making understanding the program simpler.

Generation of the Static Scope Table

The compiler writer must also provide information describing all of the data memory
variables that the animator must disple,y This information is provided in the Static
Scope Table, a linear array Wthh is, in turn, loglcally divided into numerous scope
blocks. Each scope block descrlbes the identifiers (e g., variable names and procedure

names) declared in a single static scope in a program. Even though this information
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is obtained from the compiler’s symbol table, the generation of the Static Scope

Table is not a straightforward task due to scope nesting characteristics of many

high level languages.

Table 2 shows the Static Scope Table that is generated as a result of compiling

the Ada/CS program given in figure 2. The Entry (entry number) column, or field,

is included for clarity—it is not part of the Static Scope Table. This Static Scope

Table consists of three scope blocks—a block describing the identifiers declared

within the scope of procedure Init (entries 0-4), a block describing the identifiers

declared within the scope of program Sampl (entries 5-11), and a “bootstrap” block

describing the main program entry (entries 12-14).

En Id
try Name

Lwr  Nxt
Bnd ldx

Array
Type
Scope block describing procedure Imt
0

| X

Upr
Bnd

2 Y

3 t

4 -

Scope block describing program Sampl
5

6 1

7 J

8 K

9 N

10 Init

11 .
Bootstrap scope block
12

13 Sampl

14

Off Type Rec Par Ch Var
set Siz ent ild Reg

HEADER - 5 -

INTEGER . : - 5

INTEGER - - - 4

INTEGER - - - 6
END

HEADER - 12
INTEGER
INTEGER
INTEGER
REAL
PROCEDURE - - 0
END

WO =N

HEADER
PROGRAM - . 5
END

Index
Type

Proc
Num

Table 2: Static Scope Table Resulting from Compilation of Program Sampl
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The 'boo.tstrap block contains three entriesi tlle l{EADER and END entries tliat
delimit the scope block and a PROGRAM entry.containing information about, the
. program itself. There are two fields of interest in the PROGRAM entry; these are the
eliild pointer field (Child) and the procedtire number field (ProeNlirrr). The Child
field contains the index of the first entry of the scope block describing the identifiers
declared in tlie program. The ProcNum field contains a eompiler—generated nun'iber,
that is used in conJunction w1th dynamic scoping. |

The entries in the scope block describing the identifiers declared in the pro- -
gram scope consist of the HEADER and END delimiter entries as well as entries
describing each of the scope’s identifiers. The Parent field of the HEADER entry in. |
this scope block contains the index of the first entry-of the bootstrap scope block.
This scope block’s PROCEDURE entry—_deseribing procedure Init—uses the Child
field, which contains the index of the first entry of the vs'cope block describing the
identifiers declared in procedure’ Init.‘ The ProcNum field is also used in the PRO-
CEDURE entry; it contains a compiler-generated number to be used in conjunction
with dynamic scoping. -

The entries in the scope block describing the identifiers declared in procedure Init
consist of the HEADER and END delimiter entries as well as entries describing each
identiﬁer declared in the scope, in this case the -procedure’s Iaarameters. The Parent’
field of the HEAl)ERentry of this scope block contains the index of the first entry
of tlie scope block centaining the procedure’s declaration. '

Simple variables such as integer, float, and boolean, may be s1mply described
in the static scope table by a name, type and variable register Aggregate types,
such as arrays and records, need more description. Consider, for example, the array
declaration

type matrix is array( 1..10 ) of integer;
a : matrlx,

In order for the ammator to correctly display the elements of thlS array, 1t would s
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have to know about the element type of the array and its I;anges. The same may be
said for records—the animator needs to know the names and types of the record’s
elements. Separate scope blocks are made to describe records and arrays greater
than one dimension.

A static scope block for the above array could be as shown in table 3.

En | Id Array | Upr { Lwr | Nxt { Off | Type | Rec | Par | Ch | Var | Proc | Index
try Name ‘Type | Bnd | Bnd | Idx | set Siz | ent | ild | Reg | Num | Type
0 | ProcName - - - - - | HEADER - - - - 1 -

1 a staric | 1007 1 - - | wTeGER - - - 3 - INTEGER
2 - - - - - - END - - - - -

Table 3: Static Scope Block for One Dimensional Array

The array variable “a” at position 1 defines the element type of the array (IN-
- TEGER), its constant upper and lower bounds, and the index type of the array
(INTEGER).

The IndexType of the array uses the same type elements that appear in the
“type” field of the static scope structure. High level languages such as Pascal ar/ld
Ada allow arrays to be indexed by integers, enumerated names, characters, so the
IndexType may be INTEGER, ENUMINT, CHARACTER, or BOOLEAN.

A two-dimensional array is more complex. Because there is only one set of fields
for each dimension, further dimensions must be piaced in their own scope blocks.
Suppose we had the following array declaration, whose static scope table is shown
in table 4.

type Matrix is array ( 1..10, FALSE..TRUE ) of integer;
a : Matrix;

The first dimension is described by the variable “a” in position 4 and the second

dimension’s static scope position is the NextIndex field of the structure, which is 0.
The second dimension, which is indexed by a boolean type range, is described in
the static scope block from 0 to 2. The array bounds are the integer representation

of the boolean range.




| En Id Array | Upr | Lwr | Nxt | Off [ Type | Rec | Par | Ch | Var | Proc | ‘Index
try Name Type | Bnd | Bnd | Idx | set ) Siz | ent | ild | Reg | Num Type
0 Matrix - | - - - - HEADER - - - - - -
1 - |sramic{ 1 | 0 -] - - - - - - | - BOOLEAN
2 - - - - - - 'l EmnD - - - - - -
3 | ProcName - - - - - | HEADER - | - - - 1 -
4 a staTic | 10 | 1 0 - | wTEGER - - - 3 1 - INTEGER
5 - - - - - - END | - - - -1 - -

Table 4: Static Scope Block for Two Dimensional Array

In the case of an array using an enumerated type as the index, the upper and
lower ranges will be the indices into the string section (described later in this chap-
ter).

As implemented, Ada/CS arrays are handled differently due to their dynamic
nature—array bounds may be specified by variables that cannot be determined until
run time..To this end, ArrayType would be DYNAMIC which causes the animator
to interpret the upper and lower bounds as registers that contain the ranges.

- Record static scope blocks and their variables are handled a bit differently. Static
scope entries for record variables have their child field set to the static scope table
position of their type. By following these child indices, the animator can find all

necessary record type information. For example, suppose we have the record

type complex is record
real_part : float;
imag_part : float;
end record;
cl, c2 : complex; :
The static scope table for the record and its variables is shown in table 5. The
record variables in entries 5 and 6 contain the record size and a child index set to
the static scope block that describes their record type. Entry 0 is the start of the
block describing record “Complex”. Each record member has its offset set to the .

byte offset from the start of the record.

-~




En 1d Array | Upr | Lwr | Nxt | Off Type Rec | Par | Ch | Var | Proc | Index

try Narme Type | Bnd | Bnd | Idx | set Siz | ent | ild | Reg | Num } Type
0 Complex - - - - - HEADER N _ - z _ T
1 real_part - - - - 0 REAL - - | - - - _
2 imag_part, - - -] - 4 REAL .| - - - - - _
3 - - - - - - END - - - - - -
4 | ProcName - - - - - HEADER - - - _ 1 -
5 cl - - - - - | RECORD | 8 - 0 7 - -
6 c2 - - - - | - | RECORD | 8 - 0 8 - -
7 - |l - - - - - END - - - - - -

Table 5: Scope Block of Record Cofnpl‘ex

The ProcNum Field

As each program, procedure, and function name identifier is ericountered during
compilation, it is assigned a unique “procedure number.” The identifier names are
referred to as static scope names in thé following discussion. The procedure number
is produced by a counter variable in the compiler’s semantic analysis module. Thus,
the procedure number assigned to an Ada/CS program name is always 0. The next
static scope name declaration encountered in the program would be assigned the
procedure number 1, and so on. A static scope name’s procedure number, is stored
as one of its symbol ‘table attributes. This number is then placed in the ProcNum
field of the Static Scope Table entry describing the static scope name.

The animator uses the ProcNum field in conjunction with the dynamic scope
stack when determining the dynamics of program execution. The use of this field is
best explained by an example. The program shown in figure 5' contains a recursively
called function (function. Fact). That Fact is recursive implieé that for any given

call to function Fact, the animator must be able to determine the “depth” of the

‘pertinént data merﬁory values associated with the variables declared in function

Fact, as well as the depths of any variables in the calling (program) scope. These
values are retrieved by querying the appropriate variable stacks, as discussed earlier

in this chapter. Thus, upon the final recursive call to function Fact, the animator




32

should be able to display data memory values as shown in figure 6.

Package Body Ftrl Is
num, nfact : Integer;

Function Fact(n:Integer) Return Integer Is
Begin
If n = 0 Then
Return 1I;
Else
Return n * Fact(n-1);
End IT;
End;

Begin

num := 3;

nfact := Fact(n);
End;

Figure 5: Source Code for Program Ftrl

Package Body Ftrl Is Program Ftrl
num = 3
num, nfact : Integer; nfact is undefined
- Fact -—-————-—-
Function Fact(n:Integer) Return Integer Is n=3
Begin
IF n = 0 Then - Fact -———————-
Return 1 n=2
Else
Return n * Fact(n-1) - Fact ——————-
End IT; n=1

Begin Fact--—--——-
num := 3; n==~0
nfact := Fact(num);

End;

Figure 6: Animation Display After Final Recursive Call of Function Fact

After the E-machine has been loaded with the E-code translation of a source

program, the animator queries the E-machine to determine the total number of
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static “procedure” scopes that are described in the Static Scope Table. The Static
Scope Table for the example in figure 5 is shown in table 6. The animator then
dynamically allocates a procedure count array that contains an entry corresponding
to each of these scopes. Thus, for the program shown in figure 5, this array has
two entries. Entry O corresponds to the program scope and entry | corresponds
to function Fact. During program animation, the animator sets the values of the
procedure count array entries to reflect the current number of active calls to the
corresponding procedure or function. (This means that the animator reinitializes
the values in the procedure count array every time control is passed to the animator.)
At the same time, the E-machine’s dynamic scope stack contains a history of active
scopes, with the Static Scope Table entry number of the most current scope being

the value at the top of this stack.

En Id Array Upr Lwr Nxt Off Type Rec Par Ch Var Proc Index
try Name Type Bnd Bnd ldx set Siz ent ild Reg Num Type
Scope block describing function Fact

0 . - E . - HEADER - 4

l n - - - - - INTEGER - - - 2

2 Fact - - - - - INTEGER - - - 3

3 - - - - - END

Scope block describing program Ftrl

4 - E - - - HEADER . 9

5 num - - - - - INTEGER - - - |

6 nfact - . . - - INTEGER - - - 0

7 Fact - - . - - FUNCTION - - 0 - |

8 . END

Bootstrap scope block

9 - - - - - HEADER

10 Ftrl - - - - - PROGRAM - - 4 - 0

11 . . . . . END

Table 6: Static Scope Table Resulting from Compilation of Program Ftrl

Now, consider the animation of the current example. Suppose the program has
executed to the point that it is in the third recursive call to function Fact. When the

animator begins displaying data memory variables after the execution of the packet
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translating the animation unit Fact :=1, the procedure count array and the dynamic
scope stack are in the state shown in figure 7. The values in the procedure count
array indicate that the program Ftrl has one active “call” and that function Fact has
four active calls. In this example, the animator begins its retrieval of data memory
values by examining the value at the bottom of the dynamic scope stack. The bottom
stack value is 10, which means that the animator now examines the tenth entry in
the Static Scope Table. This entry is a PROGRAM entry describing Ftrl. The
ProcNum field in the PROGRAM entry has the value 0. Next, the animator will
examine entry 0 in the procedure count array to determine the depth of the variables
to be displayed for this invocation of the program scope. Since the program scope
cannot be called recursively, this value will always be 1. Thus, when the animator
retrieves the values of the variables described in the program’s child scope block, it
will instruct the E-machine to retrieve the data memory values associated with the
top of the appropriate variable stacks. After these values have been displayed, the

animator decrements the value in entry 0 of the procedure count array.

Procedure Dynamic
Count Scope
Array Stack
(Program Ftrl) 0 | 0 10 (bottom)
(Function Fact) | 4 1 7
2 1
3 7
4 7 (top)

Figure 7. Procedure Count Array and Dynamic Scope Stack
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Next, the animator examines the value in entry 1 in the dynamic scope stack.
This value is' 7, corresponding to the séventh éntry in the Static Scope Table. This’
entry, whose ProcN um.ﬁeld has the va,lué 1, describes function Fact. The animator .
then examines entry 1 in the procedure count array. The current value in this entry -
is 4, indicating that the animator should instruct .the E—ﬁachine to retrieve data
memory valiles @ss’ociai:ed with the fourth level of the appropriate variable stacks
when displaying variable values described in the function’s child scope block. These
values reﬂeét the function’s variable values resulting from its initial call from the
program scope. The animator then decrements the value in entry 1 of the procedure
co‘unt array so that the next iteration will result in displayiné the values assoéiated
With the first recursive call to fﬁnétion Fact. 'I“he animator continues this process ‘.

until the dynamic scope stack is exhausted, resulting in the display shown in figure 6.

The Scopelndex

There must also be some way to relate a high level language program’s dynamic
nature to the static informiation fo_und in the Static Scope Table. That is, the
animator must be able to determine all of the activé'scdpes at any given point during
execution of the program. The animator can then display the data memofy values
pertinent to the most current scope as well as the data mémory values associated
with the scopes in the calling sequence leading to the most current scope. .

The animator retrieves dynamic scoping ilnformation from the E-machine’s dy-
namic scope stack. For instance, suppose that the animator has just highlighted the
animatidn unit | | |

‘ X :=1;
in procedure Init of ﬁgufe 8. After receiving a response from th;e user, the animator
then calls fhe E-machine to e_xéc1ite the E-code packet corresponding to this ani-

mation unit. When the E-machine returns control to the animator, the animator
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must then determine the relevant data memory values to be displayed following
any changes that resulted from execution of the packet. This task is accomplished
by querying the E-machine’s dynamic scope stack, which contains a history of the
active scopes. In this example, the dynamic scope stack currently consists of two
entries, each containing an index into the Static Scope Table shown in Table I.
The top entry contains the value 10 and the bottom entry contains the value 13.
These values indicate to the animator that procedure Init (Static Scope Table entry
number 10) is the most current active scope and that program Sampl (entry num-
ber 13) is the calling scope. By using the child pointers associated with these two
Static Scope fable entries, the animator can now determine the appropriate data
memory values to be displayed, kigure 8 shows a possible animation resulting from
the execution of this animation unit. The arrow (==>) pointing to the instruction

Y := 2; indicates where animation proceeds.

Package Body Seunpl is Program Seunpl
I is undefined
1,J,K - Integer; J is undefined
N = Integer; K is undefined
N is undefined
Procedure Init(X,Y :in out Integer) Is
Begin Procedure Init
X =1; X =1
=>Y = 2; Y is undefined
End;
Begin
Init(11);
If 1 < 10 Then
K := 100;
Else
K = 0;
End IF;
N ==K + 1t
End;

Figure 8: Animation Display After Execution of X = 1;
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The Sg:dpeIndex field of the packet structure can now Be explained. Supposé
that the E—I.na:chi‘ne has completed execution of the packet coprespbnding to th-e
animation unit

I,J,K:INTEGER; ' o !
and has returned control to the animator. The animator, via a query of the dynamic
scope stack, now determines that only the values of the variableé contained in the
outer ﬁrogram scbpe should be displayed. The variables listed in the block describing
this scope’s variables are I,‘J , K, and N However, at this point in f_he program’s
" execution, variable I has not yet been declared, and thus should not.b.e dispiaye;d..
- The Scopelndex field of the packet structure associated with the abové animation
unit contains the value 3. This value indicates to the animator that it should only
display data memory values for entries numbered 0, 1, 2, and 3 in the \;vindow
associated with the most current active scope block which in this case starts-at
scope ‘table index 5. Hence,‘the animator will display thé values of the variables I,
J, and K (0 stands for the HEADER entry). In this case, all of these variables would
have the value “undefined,” as they ha,\}é only just been declared and have not yet

had values assigned to them.

Translating Enumerated Type Variables

Ordinarily, only the internal numeric value of an enumerated type variable is re-
quired in translated object code. It is desirable, hovvever; for program animation
purposes to have the animator displgy the enumerated cons'ta1_1t name rat;her than
just fhe internal numeric value of a variable of an enumerated type. Thus, .When
‘translating an énumera,ted type variable, the compiler must provide a way for the
a,nirﬁator to felate the variable’s internal numeric value to its corresponding 'consta,nt
name. This task is facilitated by the string épace component of thé E-machine. The

string space holds the enumerated constant names (as well as string literals) defined
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in an Ada/CS program.

The String Section consists of a statically allocated character array containing
all of the enumerated constant names defined in an Ada/CS program, as well as the
values of any string literals declered in the source program (which mayl also need
to Be displayed by the animator). When the compiler encounters. the definition of
a string literal or an enumerated constant name, it stores that name in the string
section. |

When a program is animated, the String Section portien of the E—code'ﬁle is
loaded into the E-machine’s string space. The string space is then accessed.'by
the-animator for displaying string constants and enumerated variable values. For
example, upon completion of execution of the program in figure 9, the-animator can
display the enumerated type yaria.ble values as shown in figure 10.

Figure 11 illustrates the relationship of the E-machine’s string space with the
variable registers and data memory. This illustratio'ﬁ assumes that a variable register
a_ss,ocia‘ted with an enumerated type variable represents 32-bits of data memory. The
16 high-order bits of this data Imemory location contain the dynamica_lly determined
" internal numeric value of the enumerated_const'ant associated with this variable; |
the 16 low-order bits contain an index info the string.space where the associated
enumerated constant name ean be found. As can bé seen in ﬁgﬁre 11, the index
into the string space is always that of the first constant name of the enumerated
type. This is due to the fact that the compller can statically generate code to
- increment or decrement the numeric value of an enumerated type variable (é.g., for
an enumerated type control variable in a for loop). The compiler _cennot, h'oyve‘ver7
. statically determine in advance the absolute string space index of the enumerated
constant name associated with an enumerated type variable at e,ny‘ given time.
Instead, the animator has the edpability‘.te retrieve the variable’s numeric value and

the starting string space index. The animator can then step sequentially through
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the string space until the name corresponding to the numeric value is found; the

names are null-terminated, thus allowing such a search.

Package Body Payroll Is

type Days = (MON,TUES,WED,THURS,FRI);
type Frequency = (WEEK,MONTH);

OffDay, PayDay : Days;
PayFreq : Frequency;

Begin
OffDay := WED;
PayDay := FRI;
PayFreq := WEEK;
End Payroll;

Figure 9: Source Code for Program Payroll |

Package Body Payroll Is Payroll
type Days is (MON,TUES,WED,THURS,FRI); Offday = WED
type Frequency is (WEEK,MONTH); PayDay = FRI

PayFreq = WEEK
OffDay, PayDay : Days;
PayFreq : Frequency;

Begin
OffDay := WED;
PayDay := FRI;

PayFreq := WEEK;
=>End Payroll;

Figure 10: Animation Display After Execution of Program Payroll |
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PayDay
OffDay
PayFreq
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Figure 11. String Space’s Relationship with Variable Registers and Data Memory
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Paékage Body Payroll2 is

Type Days is (Mon,Tues,Wed,Thurs,Fri);
Type Daylist is Array (Mon..Fri) Of Integer;

DayCode : Daylist:

Day : Days;
Begin _
. For Day in Mon ,. Fri loop
DayCode[Dayl := 0;
End Loop;

End Payroll2; -

Figure 12: Source Code for Program Payroll2 |

The animator also accesses the string space when displaying enumerated type

array indices. In this case, the animator retrieves the values of the enumerated type

indices through information stored in the Static Scope Table. In this ex'almple, the

Static Scope Table entry for the variable DayCode in figure 12 contains the folllowing~ '

infdrmation;
o Identifier IN_a.me: DayCode
o Upper a;;‘ray bound: 19
o Lower array bound: 0 .
Type: INTEGER
Irlldex type: ENUMINT
Variable Reg: 0 -

'€ o

[+]

Type INTEGER and index type ENUMINT mean that the variable Da;bede is

an array with integer elements and an enumerated index type. This indicates to

. the animator that the array bounds are indices into the string space rather than

absolute numbers.
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Identifying Critical and Non-critical E-code Instructions

The final fnajor E-machine compilation co;lcern is that of idenfifyin_g the E-code
instructions that would 'déstroy information that is needed (i.e., critical) for suc-
cessful reverse execution. Since the immediate concern for the Ada/CS compiler
was to produce a usable compiler, the current version of the compiler treats all
E-code instructions as critical. For e;ca,mple, the anim.ation unit
N := K + IxJ; |

il figure 2 corresponds to the packet of E-code instructions numbered 67 throﬁgh
' '7'3 in ﬁ'guie 4. All of these instructions are marked critical via the “c” operand.
Only instruction number 73 is actually critical; howéver, as only it results in critical
information being destroyed. That.is, the old value of N is being destroyed by
popping & new value into it in instruction 73; for reverse execution, this old value-
of N must be gaved‘. Thus, the packet ;)f. E-code instructions cérrespondjng to' this

animation unit eould be generated as shown in figure 13, where the operand “n”

indicates a non-critical instruction.

67 pushn, I, V8
68 push n, I, V6
{ 69 push n, I, V7
70 mult c, I
71 add «c, I
72 cast c, I, R
R, V9 - . B

73 pop c,

Figure 13: E-code Instructions Translating N := K + I*J
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CHAPTER 3

INTRODUCTION TO Ada/CS

Ada/CS is'a language originally described in [Fischer 88] as a modified Ada subset
used for compiler construction. -The text’s code was written. in Ada/CS to take
advantage of Ada’s high readability. In the texf”s next edition, [Fischer 91], the
sample code 'vs'ras C, but the compiled language in the text was Ada/ CS. "
The E—Machlne Ada/CS compileris a one—pass comp1ler using -a recursive descent

L_L(l) parser. The compller itself is written in C++ and developed successwely on

a Dos IBM PC with Borland’s Turbo C++ 3.0, a Silicon Graphics workstation with
. GNU C++, and la,stly,.a PC running the FreeBSD Unix system, also with GNU

C++. During the' course of this compiler’é development, a Unix Motif anir'natbr_ '

was also being developed by Craig Pratt, which was used for actual generated code

. testing. This animator will be discussed in an upcoming thesis. l

‘Differences between Ada/CS and Ada

Adais éﬁch a vast and complicated language that describing all the Ada fea,turés
. : ¢ : '
not included in Ada/CS would be a monumental task. There are a few of Ada’s

advanced features that Ada/CS does support, such as packages, that it deﬁnes in
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different ways. For the purposes of this fhesis, the Ada 83 standard is assumed.as‘
defined in [USDOD 93], although certain restrictions of Ada 83 that Ada/CS does
not share ha\{e been loosened with the new Ada 9X draft standard.

Ada/CS Types

Ada/CS types are more like Pascal than Ada. Ada/CS has 31mple mteger and
float built-in types and doesn’t support the extenswe set of Ada types. Ada/CS

_ supports arrays (1nclud1ng unconstrained arrays and array subtypes), records (111—

cluding variant records), access types (i.e., pointers), and enumerated’ types and

subtypes. Ada/CS does not support derived types or type renammg Enumerated

name overloading is not supported

Ada/ cs Packages

There are a few extensions to Ada used by Ada/CS, the greatest of which is in the
package mechanism. Ada/ CS packages are like Ada packages with a few additional

features. While Ada packages require the package specification and package body to

be in separate files and further require only one specification or ,body‘per. file, both
Ada 9X and Ada/CS allow specification and body within one file and éven multiple
packages within a file.

Ada- packages may be brought into scope by the with and use statements. The

wzth brings the package name into scope, as shown in ﬁgure 14.
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with text_io;

begln
text.io. put line( "hello, world" );
end;

Figure 14: The Ada with Statement-

[

The use statement makes using the package name redundant, as shown in figure 15.

with text_io;
use text_io;

begin . .
put_line( "hello world" );
end; -

Figure 15: The Ada use Statement

Ada/CS only has the use statement, which performs both functions of Ada’s with
and use. Using the:package name as part of a name expression, as in figure 14, is

allowed but not necessary.

Ada/CS Exceptions : _ ' .

Ada supports five predeﬁned exceptions:

o CONSTRAINT_ERROR: Raised when array bounds Or numeric ranges are
violated, or an invalid pointer is used.

o NUMERIC_ERROR: Raised when a numeric expression cannot dehver a cor-
rect value due to-various conditions.

o PROGRAM_ERROR: Raised in a number of cases if the execution of the
program is in error (attempt to call an unelaborated subprogram, the end of
a function is reached with no return statement, etc.)
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o TASKING_.ERROR: Raised when exceptlons arise dunng mtertask communi-

cations.

o STORAGE_ERROR: Raised when dynamic storage avallable to the program

is exhausted.

These are predefined exceptions, meaning they are always part of every Ada pro-

gram. Other exceptions are defined within Ada packages, such as package Seqﬁen—

- tial IO’s STATUS_ERROR and NAME_ERROR, which are raised during I/O errors.

Ada/CS supports three of the above exceptions and three others. Of the standard

_five, TASKING_ERROR is not supported (and would have no meaning in any case
‘since Ada/CS doesn’t support tasking). PROGRAM_ERROR also is not supported.

The three new exceptions are:
o TIME_LIMIT. Raised if an execution time limit is reached.
o EOF_ERROR. Raised by an attempt to read past end of file.

o INVALID.INPUT. Raised by an attempt to read an i_nvalici‘ input item.

Changes to Ada/ CS for this Project

Certain pérts of thé Ada/CS language as described in [Fischer 91] are breaks
with Ada and as such é,re,contra,ry to one of the goals of the E-Machine project:
to allow, with minimal modification, any simple Ada source t_d bé compiled. “The
differences in some areaé are so great that extensions to Ada/CS are necessary to

make it closer to Ada.

o planned implementation of with/use as in Ada. The lack of the with statement
is an unnecessary impediment. :

o planned addition of character type and 1mp1ementat10n of the string type as
a standard array of characters.
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o no multiple packages within a file. In the currently implcmented Ada/ CS
grammar, multiple packages within a file are not allowed simply as a conve-
nience.

- Ada/CS has no predefined I/0; therefore I/O will be 1mplemented as close to
the Ada standard as possible (Wlthout using generic packages).
Wherever there was an ambiguity or confusion in the definition of Ada/CS, the -

- definition of Ada was used.

Ada/CS Exceptions

As discussed previously, there are six predefined exceptions irl'Ada/ CS. Of those, sik,
only CQNSTRAINT_ERROR has been partiatly irrlplemented. EOF_ERROR and
INVALID_INPUT would more properly be defined in the 10 packages. TIME_LIMIT .
is not supported. NUMERIC_ERROR is oniypartially supported due to limitations
with the E—Maehine which intercepts riurxleric’problems such as divide by zero and
has no way for a program to assume control in the event of such an-error.
STORAGE_ERROR is supported in the case of dynamic memory, but other
cases, such as recursron consuming all available E-Machine ‘varlab.le memory, are
-héndled by the E-Machine.. As with numeric errors,-there is no way for a program -
to assume control in'such cases. |
Forcing the Ada/CS program to clean up the E-Machine run—time.environment
would be a mouumental task and unnecessary for the scope of this project. Ada is
a language designed for reliability and needs to be able to recover from such run-
time disasters. On the other hand the E-Machine is de31gned for education. If a

catastrophlc error occurs, all it must do is inform the user about the error then

cleanly die.
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C‘urrehtly Unimplemented Ada/CS Features

"~ The following features of Ada/CS have not been implemented in this compiler.

o separate compilation (packages), including: :

— private package members;

— 2 “biﬁd’f program.
) inpflit /output through standard packages t‘ex‘t_i(), integer_io, and ﬂoa,i:_io;
© arrays;
o exceptions;

o default/named subroutine arguments;

K function return type overloading. Currently, overloading is allowed for sub-
. routines that differ by type and number of parameters only. Function return
type overloading is nontrivial in a one-pass compiler.

o case statement;
o local blocks;

o unnamed types. Variable declarations such as “vector : array(1..10)” are not
yet supported T

o access types and dynamic memory.

Overviéw of the Ada/ CS Compiler

As this compiler was written in C++, it makes sense to discuss its overall
structure in terms of the C+-+ classes used. There are currently twenty-three classes
within the compiler: three for syrhbol table management (described in Chapter 5),

ten for the type management (described in Chapter 6), eight for code generation
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(described in Chaptes 7), and two miscellaneous classes: id list management and an -
error message builder. | |

The parser and scanner 'were created using a tool called the Purdue Compiler
C_onstruction.Tool ‘Set (PCCTS), which is.described in detail in Chapter 4. The
pa,rser and scanner are not classes themselves, being generated C code. However, a
new version (1.20) of PCCTS does ereate C++ parser/scanner classes. This project
vyas'done using version 1.10 of PCCTS.

The symbol table is managed by three classes:

o class NameTable which manages all names in each scope;

o class TypeTable which manages the Ada/ CS and user types;

o class SymbolTable which manages and provides a program interface to the
+ first two.

Ada/CS type management is done by a set of elasses, one for each intrinsic type |,
in the language. When' the user defines a record; for example, a RecordType class
is instantiated and all information about that record type'stored'within it. If the
parser needs information concerning that record type, it-queries the type class. Each

type in the system is represented by an instantiation of one of the following classes:

o IntegerType which ma,ne,ges integer types and subtypeS'

o FloatType which manages float types (float types cannot have subtypes so
there is only one 1nstant1at10n of the FloatType class); 2

0 ArrayType Wthh manages array types and subtypes;

° EnumeratedType which manages enumerated types and subtypes (boolean is
implemented as an enumerated type) '

o RecordType Wthh manages records;
o AccessType Wthh manages access (p01nte1) types;

o ProcedureType and FunctlonType, which manages pfocedures and functions,
are not truly types, but are part of the type system.
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Code generation functions are done by the seven classes named for the E-code
sections they create. These classes are:

o LabelSection;

o SourceSection;

o VariableSection;

[+]

StatScopeSection;

PacketSection;

]

o

CodeSection.

Control of compilation is centered in the C- routines of the parser which controls

the various G-+ classes throughout ’ghé compiler.

Error Detection and Recovéry

Like the miniPascal compiler, fhepe are no ptovisions for error recovery in the
Ada/CS compiler. Wheﬁ the compiler detects an error, a descriptive message is
_displayed, and t_he compiler is halted. 'However, unlike Yacc, the PCCTS parser
generates very descriptive efror messages and has excellent error recovery. There’

are provisions in the symbol table for error recovery, but no use is yet made of them.

Optimization

.
Originally, it was felt that there was no real need for E-Code optimization. However,
new developments in the E-Machine, such as an input/output system, generate

tremendous amounts of code. While Ada/CS exceptions are not fully implemiented,

compiling exceptions will produce large code files due to the need to generate E-code

to perform exception tests. Such executablé files will have such large and complex - '

packets that their run-time speed will suffer. An intelligent optimizer would rediice

)

that bu'rden:
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CHAPTER 4

PARSING Ada/CS

Ada/ CS was developed using a fairly new tool called the Purdue Compiler Con-
struction Tool Set (PCCTS), which was develeped by Terrence Parr and Gary Cohen
[Parr 93]. PCCTS generates an integrated scanner and parser from an Extended
BNF specification (lescribirlg the Ada/CS tokens and grammar. Unlike other con-
ternporary l)ottom up cempiler tools, such as yacc [Mason 90|, the PCCTS parser
is an LL(k) recursive descent parser; which allows increased flexibility in the devel-
' opment of Ada/ CS. |

"Unlike yacc, PCCTS 1sn’t yet a standard tool under an operating system but is
freely available with no r‘estrictio_ns. It is written in’ANSI C and has been used under
numerous platforms, such as BSD and SysV Unix, Des, and OS/2. The generated
code is compilable as C++ (Ada/CS was written entirely in C++).
| Slnce PCCTS is a fairly new tool and doesn’t yet have tlle assumed familiarity |
of yacc, the next few sections w1ll describe in part using PCCTS to scan and parse
Ada/ CS: A few items of note: PCCTS doesn’t use two spe01ﬁcat10n files—one for
' scanner and one for parser——as doeslex/ yacc. Both spec1ﬁcat10ns are within one .
file, although PCCTS does use two separate programs to generate the scanner and

the parser. Because the parser generated is recursive descent, for.a large grarnrnar
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(such as for Ada/CS), the resulting code will be large, much larger than an LR

parser generated by yaéc, for example.

- The PCCTS Scanner

Unlike lex, a popular scanner tool, the PCCTS scanner specification is an integrated
part of the parser speciﬁcation: Fufther unlike-lex, if a case insensitive sc‘a,nnelzr is
needed, P'CCTS will dQ the work, which reduces the size of the scanner speciﬁéation;

To describe a lexical element, C preprocéésorflike definitions are used, as shown -

in figure 16.

#token Package "paékage"
#token Procedure "procedure"

. Figure 16: Example PCCTS \Reserv,ed Word Scanner —Speciﬁcatidn

Both Packet and Procedure will act as terminals within the parser’s gram-nia,r.
More complex lexical elexﬁents are deécri-bed. usiﬁg regular expressions, such as the
" definition for Ada’s integer numbérs described in figure 17.. (Ada 'integer-constanﬁs.
aré. jusf like Pascal and C integers except that, for readability, underscores may
be plaééd'between the digits; no leading or trailing underscores and no ‘adjacent

. underscores are allowed.)
#token Uint o n([o-91{_1)* [0-9]"-

Figure 17: PCCTS -Séanner Specification for the Ada/CS Integer
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"rule_1l : rule_2 Terminal ;

Figure 18: A General PCCTS parser rule

Lexclasses

An interesting feature of the PCCTS scanner are the lexclasses. With separate

lexclasses, under different 01rcumstances the scanner will have entirely different be-

havior, as if there were multlple scanners that trade control.

g

Two lexclasses .are used in Ada/CS—one for scanning all parts of a program

except for comments and another for scanning comments. Ada uses line comments—

-everything from a —— token to the end of line is 1gnored When the language lexclass

finds a start of comment token, it switches control to the comment lexclass, Wthh
ignores all input characters until it encounters an end of line token, whereupon it

switches back to the scanner lexclass. In this manner, instead of a parser handling

. the comments, they’ may bé eliminated directly in the scanner.

The PCCTS Parser

PCCTS uses 'extended_BNF' rules to generate a parser to ‘recegnize ‘a language. A.
general form of a PCCTS rule is shown in figure 18. By convention, terminals are .

capitalized, nonterminals are all lowercase. Tokens can.be directly inserted into the

- parser speciﬁcation without having to create a separate named scanner token.

As an example, the rule spe01ﬁcat10ns to recognize a variable declaratlon and an
1dent1ﬁer list are shown in figure 19. .

In ﬁgure 19, characters in"double quotes are unnamed tokens. Being able to place

“tokens directly into the parser speaﬁcatlon makes the speaﬁcatlon more readable.
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‘variable_dec : id_list "\:" ‘
Id { { Constant } "\:\=" expression } "\;" ;

id list.: Id ( "\," Id )* ;

“

Figure 19: PCCTS Rule for Ada/CS Variable Declaration
id_list : << printf( "just entered rule id;lis{:\n" )y >
| Id
<< printf( "found an id!'\n" ); >>
(' II’H Id

<< printf( "found another idt\n" ); >>
) |

<< printf( "leaving rule id_list\n" ); >>

Figuie 20: PCCTS Grammar Rule with Actions

Id and Constant are named tokens, and ekpression is a nonterminal that is described

- in-an excruciating set of rules later in the specification.

" Grammar Actions and Token Attributes

 What use would: a parser be if there was 1o way to perform a,_'r-ule action? Just
as yacc uses {} to denote actions, PCCTS uses <<>>. Some simplé actions are
shown in figure 20, which involves generating actions during the parse of id.list of

figure 19.




19 ST | fad IS TR JRLE R S

variable_dec : << IdList var_list;

>>

id list[var_list] "\:" Id . :
<< ~symbol_table.add_variable( var_list, $3.text );
>> ’ ' :

{ { Constant } "\£\=" express‘ioﬁ }og

.
)

id_list[ IdList& new_list ] : Id << new_list.add($1.text); >>
‘ >> . ’

( u\’u Id )

<< new_list.add($2.text); >>

Figure 21: PCCTS Grammar Rule with Pafqmeters

Actions may appear anywhere within a rule (evén before the first rule element).
_An action” may even appear outside a rule, where it is inserted directly into the
* generated source code.: In that case, the action’s code would be at the mercy of the

| compiler.

Semantic Stack and Rule Paraméters-

Communication between ruléé is’ performed in two ways—a traditional semantic
stack and & ‘ﬁew method: rule parameters. Because P-C'CTS generates recursivé
descent compilers, each rule is a C subrdutine, and PCCTS allows the user to add
C/C++ parameters to the}rules; as shown in figure 21. Processing of the variable.dec
rule in turn requires processing of tﬁe id list rule, which has a C++ pa_,ss—by—reference
paiameter of var_lisf, which is an instadntiation of a class that _manaées a list of Ids.\

PCCTS also mé,iﬁtains a semantic stack, which behaves as yacc’s does. However,

_because of the EBNF rules of PCCTS, there are a few more complicated stack access
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simple_expression : { Cm\=1 ] e ) 3 << {) expression is $1 >>
o term << this is $2 >>
(
C "\+" | "\=" | "\g" ) << this is $1 or $3.1 >>-

term ~ << this is. $2 or $3.2 >>
Y* << inside the ()’s is $3 >>

Figure 22: PCCTS Semantic Stack -

expréssioné. Consider, for exa;m.p.le, the grammar fragment shown in figure 22. The
unary operators within the {} expreséi(.)n.are represented by $1; the first “term”
nonterminal by $2, and the ()* expression by $3. However, inside tfle ()* expression,
$1 Woﬁld be the binary additive operator expression. Suppose access to thg first
term expression is desired inside that expression.. In that case, $1.2 would. be the
semantic attribute of that nonterminal; the $1 is fhe first semantic stack block (the
very outermost), and the .2 represents the second element. The grammar ekpressions
thus act like sc'opes, with the 'o.utermost visible scope being $1, the next inner visible
scope bqing $2, etc. Continuing this idea further, if the grammar is complex enough,'
. expressioﬁs such as $1.3.5 and $1.2.1.3 are possible. |

The elements of the semantic stack are a user defined structure called Attrib..
The Ada/CS Attrib structure conta,ins‘ information about the element name, type‘
position, va,riable, whether or not it is a constant, and (most useful of all), the start
and end line and column of the token, which is used to create p.ackets. :

'For~exa,mple, the variable_dec rule in figure 23 has an action that creates a new
packet from the attributes of its rules. $1l.start_line and $1.start_col refer to the
starting line and .column of the id.list rule and $5.eﬁ’d_line, $5.end.col refer to the

ending line and column of the “” token.
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variable_dec :
<< IdList var_list; >>
id_list[var_list] "\:" Id :
<< symbol_table.add_variable( var_list, $3 text );>>
{ { Constant } "\:\=" expression } "\;"
<< PacketS.new_packet ( startAddress, endAddress,
$1.start_line, $5.end_line,
$1.start_col, $5.end_col );
>>

.
.

id_list[ IdList& new:.list ] :
1d << new_list.add($1. text)
(n\ n Id
<< new_list.add($2.text); >>
)*
<< $0.start_line
$0.start_col
$0.end_line
$0.end_col
D> ’

$1.start_line;
$1.start_col;
$2.end_line;
$2.end_col;

LI}

Figure 23: PCCTS. Rule for Variable Declatation with Semantic Stack Actions

The id_list rule also has an action that demonstrates setting the semantic stack
structure members. $0, like yacc, is the semantic structure that will be returned
“on the stack. Nonterminals must have their $0 members set by terminals’ semantic

structures.




58

CHAPTER 5

THE Ada/CS SYMBOL TABLE

Ada,/CS-,- as a subset of Ada, shares some of its parent’s hompiex symbol
structures—subtypes, subroutine ahd operator overloading, unconstrained arrays,
and packages, to name a few. The symbol table (;f Ada/CS thus had to be flexible
enough to allow for these stfuctﬁres and yet strong enough to support Ada’s firm
type checking.

All the structures of the the symbol table were buﬂt around the desire to sim—
~ plify the Ada/CS separate compilation paclcage mecha,msm As such, almost all
‘the structures used are arrays whose size can grow through the C hbrary routme_
realloc(). The overall structure of the symbol table contains three elemeits—the
- name table, the type table, and the symbol table itself, which contal_ns and manages
the first two. _ o |

" The name table contains> all the active names currently in a particular scope
. (variables, types, subroutines, 'etc.). The names are held as a chained hash table."
The syhlbol table maintains a linked list of name tableé, one table for each scope.
_-Smce the symbol table needs so much control over how scopes are searched it was
de01ded that instead of makmg one name table that would manage all scopes, the
symbol table would manage a scope list of name tables. The type table contains

information describing all active typés. There is only one€ type table during the run of
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the compiler.’ Type information is stored in a linear array so that type comparisons

are simply a check to see if type table positions match. |

The .Name Table -

At its heart, the name table is a chained hash table of nameEntry structures

(shown in' figure 24), one node per name. -

struct nameEntry { ' \
_id_name name; ’
int entryType;
int typePointer;
int varreg;
‘int ssChild;
int ssPushd;
int position;
int passMode;
boolean constant;

—

struct nameEntry *next;

+;

Figure 924: The nameEntry Structure

The elements of the nameEntry are as follows:

o name: An array of characters storing the name of the symbol.
o entryType: The “type’; of the name. The name may be one of

~ VARIABLE NAME;: The name of a variable.

- TYPE_:NAME: The name of a type.

— ENUMERATED.NAME: The name of an enumerated type’s element.
— SUBPROG_NAME: A procedurLe.or function name. -
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— PACKAGE_NAME: A package name brought into scope by the “with”

statement.

o typePointer: Index into the type table array of the type of this name.

o varreg-: The variable register that holds the data for that name. This field
isn’t used for package or type names. For subroutines, the field holds the label
register of the subroutine.

o ssChild: Used only with subroutines as part of the building of the static scope
table entry for the subroutine. The static scope table contains an entry for
the subroutine name whose child is set to this field so that the mformatlon on
the internals of the subroutme may be found. '

o ssPushd: Used only with subroutines. When a subroutine is entered, it must-
inform the E-Machine of the starting position of the static scope table block °
that contains the subroutine’s variables (which is done through the pushd
instruction).- After the subroutine is completely parsed and its scope is col-
lapsed, the starting position of its static scope table entryis obtained (through
‘a StatScopeSection method—described later) and stored in this field. When
the scope containing the subroutine name is collapsed, as part of saving the
‘subroutine the “pushd” for the subroutine is modified to push this field.

o position: For animation purposes, variables must be added to the static scope
table in the order in which they were declared. When a scope is collapsed and
before the name table information is saved to the static scope table, all the
nameEntry structures are stored in a linear array and sorted by this field.

o passMode: This field is only used for subroutine parameter name entries indi-
cating the mode of the parameter (in only, out only, or in out). Certain rules
apply to the use of Ada subroutine parameters. In-only parameters may not
appear on the left hand side of an expression; out-only parameters may not
appear on the right. Further, special code generation considerations must be
taken for each of the three Ada parameter modes.

o constant Ada constants may not appear on the left hand side of an expression
nor may they be passed in-out or out-only to a subroutine. This boolean field
indicates whether or not the variable name is a constant.

o next: Ifa hash collision has occurred during the adding of a.new name, chained -
" resolution is used. This is a pointer to the next element in the chain, if any.

Access to the name data is managed by the nameTable class shown in figure 25.
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class nameTable {

protected:
id_name scope_name;

int num_symbols;
-int name_count;
nameEntry *table;

void save_sscope_type( nameEntry. save_me );
void save sscope _var( nameEntry save_me )

'_ public:

int Scopelndex;

nameTable( );
. nameTable( int size );
" “nameTable();

void-add( nameEntry *new_entry; int hash_pos );
void add( nameEntry *new_entry ) {...}

nameEntry& find( char *name,

: int hash_pos, boolean *found )
nameEntry& flnd( char *name, boolean *found ) {.,
int size(void) { return num;symbols; Yoo
void Print( TypeTable *ttable )

void pop_scope( void );

v01d set_ss data( AdacsType atype,
int chlld_pos, int pushd pos )

void save( FILE'*i_file ;3

- Figure 25: The nameTable Cflass. '

-
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The members of the nameTablc class are as follows:

scope_name: Name of this scope.

nurri-symbols: Size of the hash table. Unlike other data structures in this
compiler, this size is fixed so the hash function has a constant modulus for
each scope.

name_count: Number of names in the current scope.
table: Array of nameEntry structures as a chained hash table.

Scopelndex: A special consideration for E-Machine animation. During the
course of animation, the animator needs to know how deep into the current
scope table to display variables (since all variables are not declared at once).

save_sscope_type, save sscope var: These methods save the name table types
and variables to the static scope table and are fully explained in the section
on collapsing a name table scope.

nameTable: There are two constructors, one of which (the parameterless one)
is not used and is only included because, as the default constructor, it is
required by some compilers. The constructor is responsible for creating its
hash table.

AnameTable: The nameTable destructor. This is not used during the run of
the compiler since no nameTable is ever deleted. After a new nameTable is
created (by a stack overflow) and a scope is collapsed, the nameTable persists
and is reused. The destructor is called upon program termination.

add: There are two methods for adding names to the nameTable. This routine
is responsible for maintaining the hash chains (if necessary).»

find: Finds a method in the nameTable, returning a reference to a nameEntry
structure. A boolean parameter is set to indicate whether the name is found
or not.

size: Returns the current number of names within the table.

Print: This is a debugging routine that prints the nameEntry contents of the
name table.

pop_scope: Because nameTables are not deleted when a scope is collapsed,
they must be cleared and their allocated chain memory deleted. When the
symbol table pops a scope, this method is called to perform the clean up.
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e set ss-data: This is an unusual method created to help build the static scope
table. The method is called by the parser after a subroutine call has been
completely parsed and its scope collapsed to set the ssPushd and ssChild
nameEntry members.

e save: For future compiler development. This method will save the contents of
the name table to a package file.

Adding a New Name

Adding a name to the table is done through one method, even though there are two
“add” methods. The second add method, add(nameEntry *new.entry) isa C++
class inline call to the first, add(nameEntry *new-entry, int hasEpos) with a call to
the hashing routine to get the hash_pos parameter.

Two methods are used to avoid hashing a name as much as possible. During the
add process, the name is first hashed and then looked up in the table. If the search
is successful, a duplicate name exits and an error is reported. If the search is not
successful, the add routine is called with the hash value, thus avoiding rehashing
the name. The inline routine is used as a convenience (it doesn’t require the explicit
calling of the hash function) and is used on the rare occasion when an added name
is guaranteed not to encounter a collision. One such occasion is during the parse of
a subroutine; the parameter names have already been checked for uniqueness and
must be added to the new scope’s symbol table.

The add method checks the table position at the hash location, and if the slot
is currently filled, adds the new name at the end of the chain. At this time, the

position field of the nameEntry structure is filled with the name.count counter.

Finding a Name

Like the methods for adding a name, there are two methods for finding names. The

second of these two functions is simply an inline call to the first, with a call to the
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hash routine to get the hash value of the name.

Calling the first find method is only done when adding a new symbol to the

 table. First the name is hashed and that value is used both with-the ﬁ_nd' and the

subsequent add. If the name is found, the “found” parameter is set to TRUE and
the nameEntry data is returned; otherwise, “found” is set to FALSE and the return

value is undeﬁned.

Creating a New Scope

“The name table is essentially a scope-ignorant data structure—it knows nothing of-

other scopes. When a new scope is being created,.the name of the new scope is
set through the call to the method new_scope( char *name ); no further actions are

taken.

Popping a Scope- ,

Unlike creating a new scope, the process of collapsing a scope has a large number
of responsibilfties. The routine to collapse a name table scope is pop_scope( void ).

In spite of its name, the pop_scope() routine doesn’t pop anything—the name was

. used to maintain name similarity across the symbol management classes (both the

symbol table and type table classes alsouse pop_scope() to collapse scopes and both -
actually pop'someth-ing). - '

" When a variable is declared, an inst instruction is generated to instantiate it.
Inside pop-scope(), an uninst instruction is generated to destroy the variable. As the’
hash table is t.raversed to generate the uninst instructions; each namekntry structure:
is saved in a linear array for later sorting. -Also; the hash table is tr'a’\rerseci, chains

are deleted, and each slot of the hash table is set to empty. The table itself is never

H - actually deleted. If the scope again increases, the hash table will be empty an/d ,
ready to be filled. ' -
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After the traversal of the hash ‘Eable, the nameEmntry array is sorted.,by the order
in which the names were added to the table. The animator: must display variable
.values only after the declaration has been animated. By using an offset from the.
. start of the current static scope block, the animator will ‘only: display those variables
that have already been 1nstant1ated So, the compiler is responsible to put the’
‘variables into the static scope table in the order in which they were declared; this
ordel_‘ing is saved in the “position” field of the nameEntry structure. .
Next, the variable and type elements of the name table are saved to the static
scope table. The types are added first through the method save.sscope “type( nameEn-
try save_me). The types are saved first because certain static scope members
(records, arrays, and subroutmes) will need to know the loca,tlon of thelr types in the
static scope table. The variables are added next through the method save_sscope_var(
nameEniry save_me). The reSponsibility'of creating the static scope entries rests
- with the.StatScopeSection code generafien class (described in Chapter 7). The
save_sscope_type() and sa,ve_sscope_ve_mr()' routines call methods of the.StatScope—

EN

Section class.

The Type Table

The tyﬁe table is a stack of Ada/CS type descriptor structures-called AdacsType.
Like the name -table, the type table is hidden from the rest of the program and is
accessed through methods in the syzﬁbol table. Unlike the name tabie, there is only
one type table per compilation.

Ada/CS is a strongly typed language,-so much attention must be paid towards
~ good, fast, type checks. Smce each type currently in scope has a unique position
in  the type table, it was natural to use that position as the basis for the type

comparison.
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The type table stack manages the C++ classes that describe all the Ada/CS.
types—integer, float, record, array, and so forth. Each type has its owﬁ particular

class. The type table actually stacks AdacsType structures, as shown in figure 26.

struct -AdacsType {’
id_name type_namé;
-int typeDf;
int flags;
void *element;

Figure 26: The AdacsType Structure

The structure members of AdacsType are as follows:
o type_name: The name of the type.

o typeOf: In order to allow ALL possible type Classes to be held in the type stack
even though they are of different types, the AdacsType uses a void pointer,
which of course mtroduces the problem of how to tell what the pointer actually
points to.

—~ ADACS_DUMMY: Originally planned as a type for use with error recov-
~ery. If a variable was declared of a nonexistent type, the type would be
- set to ADACS.DUMMY and compilation would continue. As yet, unused.

— ADACS_INTEGER: Built in 1nteger type or subtype. Type Class is AIn—

tegerType.
— ADACS_FLOAT: Bullt in float type or subtype Type Class is AFloat—
' Type '
" — ADACS “ENUMERATED: Enumerated type or subtype Type class is '
Enumerated Type.

— ADACS_BOOLEAN: Built in boolean type or subtype. Type class is
implemented as an instantiation of EnumeratedType. ‘ -

— ADACS_ARRAY: Array type or subtype. Type class is ArrayType.
— ADACS.ACCESS: Pointer type whose type.class is AccessType.
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— ADACS_PROCEDURE, ADACS _FUNCTION: class is ProcedureType
and FunctionType. Technlcally, procedures and functions are not types
and in Ada/CS cannot be used as such (unlike Pascal) their information
(type and number of parameters, Iocatlon etc) is stored in the type
class.

- ADACS_RECORD: Record type whose type class is RecordType.

— ADACS_INCOMPLETE: Incomplete type declaration (also known as for-
ward declarations). The type is added to the table as an incomplete type
and the details filled in later during the compile. No variables may be
declared of this type. ' :

~ ADACS_PRIVATE: Both Ada'and Ada/ CS support prlvate package mem-
bers, type declarations whose name is known but. whose structure is hid-
den. Since packages are as yet unimplemented, this is unused. -

— ADACS_PACKAGE: When a package is brought into scope with the
“with” statement, information about the package (file system location,

" etc.) would have been stored within this type class. Packages are cur-
rently unimplemented '

o flags: There are a few certain speaal cases in the Ada/CS type system that -
require slightly different symbol table behavior. The type flags indicate when
_such a situation is in effect. The flags are as follows:

— FORWARD_DEC: Indicates this type entry is a forward declaration and
the type descriptor has no real type information. No variables may be
declared of this type. . '

— PRIVATE_DEC: This flag is for future development of Ada/CS packages.

" . Private types are types whose internal description are not known outside
the package in Wthh the type is declared. Variables can be declared of
private types but, since the type’s internal structure is not known, no
access to part of the type can be performed.

o element. A void pointer which points to. the type class for the particular type
indicated by the typeOf member. '

The type table is essentially a container class. It does no actual work upon the

AdacsType structures it contains. The type management responsibility is part of

the Symbol Table class.
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‘Adding a New Type

7

Adding "a new - type is very easy and is done through the methcd '
add( AdacsType &new_type ). When a type declaration is found, the parser builds
an AdacsType structure describing the new type, including creating a class instan—
tiation for that type (RecordType for records, ArrayType for arrays, and so forth)
‘The type classes are described in Chapter 7. The structure is passed to the symboll |
table routine, which performs some checkmg described later in this chapter, then
passes it to the type table. The type structure is put onto the stack (which is

enlarged if necessary) and the'top of stack index is increased.

Creatin'g. a New Scope '

The method used to track scopes in the ty;;e table is completely different than the
separate data stru'cture per scope method used with the type table. The "I"_ypeTable
class contains a stack of integer indices into the table. When a new scope is created,
the.type stack top is pushed outo this stack. When'the scop.e. is ';;opped, the type
table elements from the top of the type stack are pop'ped down to this marker. |

Popping a Scope

As described in the previous section, popping a scope is simply a matter of running
~ from the top of the type stack down to the highest saved .marker. One of the.
functions performed during this method is the destructlon of the type classes. The
‘type stack is a structure that contains pointers to the type classes; when a type is no
longer needed the memory must be freed On occasion, the type classes? destructors
have certain necessaly functlonahty For. example the RecordType class must set
its variables’ static scope table structure child indices to its own static scope table

entry: (The animator needs to know the. type description of record variables to
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display them correctly. The child index of a record variable’s static scope table

entry is a scope block describing the record type. The RecordType class knows its

scope block position and that of its variables.)

~

The Symbol Table

The symbol table class is the most complex class in the Ada/CS compiler and is

shown in figure 27.

The members of the symbol table class:ere as follows:

(]

curr_scope: Top of the name table stack All operatlons upon the symbol table
start at this name table array posﬂuon and work downward toward zero.

num-scopes: Ma,X1mum size of the array of name tables.

scope: Array of pointers to nameTable classes, one element per scope, created
during SymbolTable class construction.

types: Pointer to the type table class 1nstant1at10n created durmg Symbol-
Table class construction. :

SymbolTable: Symbol table constructor which allocates memory for the name
table stack and creates a type table instantiation.” Because the symbol table
remains for the entirety of the compiler’s run, no destructor is necessary.

Scopelndex: Inline method that returns the current se0pe’s name table’s scope
index and ‘used by the parser as it builds packets.

add_object add_objects: Adds variables to the symbol table These are fully
discussed later in this sectlon :

add_nameless_type: Adds a nameless type to the type table If, for example,
the parser encounters “a : array(1..10) of integer”, the array: definition will be
added to the type table, even though’ the definition can be used in no other
place in the source.

add_type:"Add as type to the symbol table First, the routine checks whether

the name is already defined in the current scope. If not, it adds the name to
the current scope’s name table, then adds the AdacsType structure descr1b1ng
the type to the type table. '
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class SymbolTable {
private:
int curr_scope, num_scopes;
nameTable **scope;
TypeTable +types;
public:
SymbolTable( );
int Scopelndex(void);
void add_objects( IdList *name_list, char *type_name, boolean is_const,
boolean expr, Attrib expr_attrib );
void add_objects( ldList *name_list, int ttable_pos );
void add_object( nameEntry *new_name, int inc_by );

int add_type( AdacsTypeft new_type );
void replace_type( AdacsType new_type, int type_pos )
int add_nameless_type( AdacsTypeft new_type );

int add_procedure( AdacsTypeft new_type );

ncuneEntryft find_procedure( char +name, int num_params, Attrib +params );

nameEntryft find_function( char +name, int num_params, Attrib +params,
int return_type );

boolean match_procedure( AdacsType find_me, AdacsTypeft atype );
boolean match_procedure( AdacsType find_me, int num_params, Attrib +params );
boolean match_function( AdacsType find_me, AdacsTypeft atype );
boolean match_function( AdacsType find_me, int num_params,
Attrib +params, int return_type );

void new_scope( char *scope_naune );
void pop_scope( void );

nameEntryft find_name( char +name, boolean +found );
AdacsTypeft get_type( int pos ) < return types->get(pos); }

void set_ss_data( AdacsType atype, int child_pos, int pushd_pos ) {...>
void save( char *pack_name, int source_type, FILE *i_file );

void Print( void );
void print_ttable( void ) { types->Print(); >

Figure 27: The Symbol Table Class
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* replace_type: This method replaces a type table element with a new descriptor.
This is necessary for filling out the details of forward types when they are fully
described.

» add_procedure: Adds a subroutine to the symbol table. Since the functionality
of adding a procedure and adding a function is so close, it made sense to con-
solidate both into one method. The full details, including overload resolution,
are discussed further in this section.

« find_procedure, find_function: Attempt to resolve a subroutine name and pa-
rameter list into a subroutine reference. These methods handle Ada/CS’s
overloading by calling the match-procedure and match-function methods.

* match-procedure, match-function: Compare two symbol table descriptions of
a procedure or function and return a boolean value denoting whether the two
represent an overload match.

* new_scope: Creates a new scope (discussed in detail later in this section).

» pop-scope: Collapses a scope (also discussed in further detail later in this
section).

» find_name: Finds a name in the symbol table (discussed later in this section).

e get_type: Variables reference their type by an integer index into the type
table. If it becomes necessary to perform some function based upon detailed
information about the type, get-type is an inline call to the type table that
returns the type descriptor at that table position.

» set_ss data: This method is simply an inline call to the current scope s name
table’s set_ss _data method. See the section on the Name Table for further
detail.

» save: Method to save the current symbol table to a package file. This method
has not been completely implemented.

» Print: Debugging routine that prints the contents of the symbol table.

» print_ttable: Debugging routine that asks the type table to print itself.

Adding a Variable

There are a number of methods for adding variables to the symbol table. The symbol

table add routine is responsible for confirming name uniqueness within the current
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scope, confirming that a variable’s type exists, adding a variable to the n;ame taBle,
-and generating code to instantiate and, if necessary, initialize the variable. |

There are several fOI‘]:’IlS of Ada/CS variable declaration, the simplesi: of which
are the standard, Pascal-like déclarations, such as “a;,. b, c : integer”. The parser
adds the variable names to an instantiation of the IdentifierList class and’ passes
that list and the type name to the symbol table variable add routine add_objects.

Initialization of variables at declaration time is a feature of Ada/CS that allows
code such as “a, b, ¢ : integer := 0”. The symbol table add_objects is passed a
parser Attrib structure that describes the expression on the right hand side of the
assignment. The a.dd routine confirms that the expression result and the variable
declaration are of compatible types and generates initialization code as well as the
variable instantiation code, so that when the correspbnding declaration packet is
animated, a, b, and ¢ will not be undefined, but zero.

Ada/CS allows variables to be declalred of an unné,med type description such as
“a., b, ¢ : array(1..10) of integer”. The array type has no formal type declaration so
the compiler has a dual responsibility. It first builds an identifier list of a, b, and
¢, and then builds a type descﬁptor describing the array. A different add method,
add_nameless_type, is used to add the type to the symbol table. This method accepts
an id list and a type descriptor. The type descriptor is added to the typgltable a,nd
its type table position is saved to the name table structures of its variaBles. Because
such a type descriptor has no name in the name table, it cannot be directly found
by any means other than through its variables’s type pbsitiqn.

The final variable adding method is a result of the development of the for loop.
The loop variable need not be declared, and in such an event, it will be implicitly
declared as the type of the loop’s range. As the parser goes through a for loop, it
builds a Iia,meEntry structure for the loop variable. The add_object method‘will

accept that structure and add it to the name table.
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Addihg a Type

Adding a type to the symBol table is a svimple matter. The parser builds an
AdacsType structure and an instantiatioﬁ of a type class fully describing the new '
type. The eymbol table type add roﬁtine checks whether the name is unique within
the-scope and if so, adds the name to the name table and the tybe to the type table
(through the methods of the type table). ,
Ada/CS sepports forward type references. For example, the type declaration

shown in figure 28 sets up a record and record pointer suitable for a linked list.

-0 type data_rec;
1 type rec_ptr is access data_rec;
2 type data_rec is record
- 3 .. name : string(10); -
4 next_rec.: rec_ptr;
5 end record;

o Figure 28: Example of a Forward Declaration

Line 0 is a forward declaration, which is ﬁecessary due to tﬂe circular reference
" of the access type rec_ptr (which poinits to the record type data_rec) and the recerd
declaratlon (which contains a variable of type rec_ptr)

Forward declarations are added to the symbol table with the same method as
full type declarations. The difference is that the type descriptor for the forward -
type has its type field set to FQRWARD_TYPE. When the record declaration on
line 2 is pafsed'and tyﬁe data_rec is ready to be added, the symbol table checke :
to make sure the ‘neme is unique and finds the brevieusly added ﬁame. A further "
check is done to find that data_recis a forwerd type and already has a descriptor in
the type table. A new descriptor cannot be added to the top of the type table since

the current type descriptor’s table position might. already be used as a reference (as
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in figure 28 where rec_ptr on line 1 uses the type table positi(.)n‘ of forward declared
data rec). So the type - descrlptor in the table is. replaced by a full descrlptlon of
the type with the symbol table method replace_type, Wthh is simply an 1nhne call
to the type table’s own replace_type method. '
Unnamed types "'aré added to the symbol table through the variable deéla,_ration

methods, as was described earlier.

. .Creating a New Scope

When t}re parser detects a-new scope (starts parsing a subroutine or a.local block) , 16
" informs the symboi table. The symbol table increases the current name table scope.
-index and creates a new NameTable class if necessary. The type table is informed
of the new scope so it can place the marker enabling it to return to the state.i_t Wavs

during the previous scope.

~ Popping a Scope

‘The symbol.ta,bl'e is informed about the end of a scopé by the parser. The type table
is informed and the disappearing sgppe’s name table 1s also informed. The symbol
table does not delete the top name table when it pops a scope; inétead, the table is
sayed for possible future use. .The name table pop_sr:ope method reinitializes itself

to an ‘empty scope.

Subroutine Overloading

Ada/CS supporfs Ada’s subroutine name overloading. When a procedure or func-’
tion call is discovered, the'parser builds a complete description of the call with the
name of the subroutine and type and number of parameters. (.Thé return type of a .

function should also be part of this information, but is currently unimplemented.) -
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The parser then calls upon the symbol table to return it a reference to the subroutine

that matches the description.
The symbol table first searches by name. When it discovers the sought after
name, it calls the match_procedure or matchfunction'mqthod to confirm the type

and number of parameters. If this check fails, the. name seqrch will continue until

the end of the outermost scope.
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. CHAPTER 6

THE Ada/CS TYPE SYSTEM

Like its parent language, Ada,/ CS has a rich type system, repleat' with subtypes;
“variant records, unconstrained arra,ys,_a,nd' enumerated types. Because of the com-
‘plexity of Ada/CS types, a simple symbol table-management routine did-not suffice

and the type system was instead implemented as its own C++ class hierarchy. .

The Ada/CS Type Classes

- Every Ada/CS type is represented by an 1nstant1at10n of a C++ class which’
* describes the type and its basic operations.. Whenever a new type or subtype is
defined, a new type class is created with information about the type and the class

added to the type stack.

Base Class BasicT'yp,e

Baschype is the base class of the h1erarchy, all type classes used descend dlrectly ,
from it. Common ‘functionality among all the types was put into this base type
Data such as type size, subtype ancestors and methods to access them, are palt of

BasicType since all the types share (at least most.of) this basic functionality. -
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Ada/CS Subtypes

Like Ada, Ada/CS supports subtypes upon ordinal tyi:)es (integer, enumerated, and -
array typesj. Also like Ada, these subtypes might have to be determined at run
time. Consider the code fragment in ﬁgure 29. The compiler cannot assume it . '
knows the size of “x”, since “x” could be a value input from the user at some

point. Since Ada/CS also shares Ada’s strong type checking, the full range of the

x_integer subtype would have to be known so that code for a range check could

be created to cause evaluation of an expression such as num:=x+1 to generate a

" CONSTRAINT_ERROR exception.

0 ,procedure something( x : integer ) is

L

2 subtype x_integer is integer range -X..X;
3 num : x_integer;

‘Figure 29: Ada/CS Run Time Subtype

Another interesting problem with Ada/CS subtypes concerns their range expres- -

sions. For example, refer to figure 30.

subtype short is integer range 1..1000;
subtype short is range 1..1000;

subtype shorter is short range 100..200;
subtype shorterer is shorter range 150..175;
subtype shortest is shorter range 160..170;

~No ad WN = O

subtype regetni is integer;

- Figure 30: Ada/CS Subtyp,e Declarations
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The first two declarations are equivalent. The compiler must determine the base
type of the subtype fr(;m the fype of the range élements, which in this case is integer’.‘
Line 7 is an unranged subtype, which is a simple renaming of a typé..

Lines 3, 4, and 5 illustrate a symbol table challenge. Because the range of a i
subtype must be less than or equal to.that of the pa;re’nt ty;;e, run-time range checks
must be generated by the compil;ar. For this reason,.subtype information not 6nly
needs to contain the range of the subty'pe, but also thé range of its immediate parenf
(transitivity will assure that the ranges of all children are no greater that the ranges
of their ancestors).. Another consideration is type compatibility. All subtypes are
assignment compatible with thei'r parent .types. The compiler must therefore have
some way of checking for compatibility beyond the usual method of comparing type
table positions. ‘ .

The BasicType base class has two intege;‘ fields, parent and root. Parent is i;,he '
type table position of a subtype’s immediate pa,fent;"root is the root of th-e subtype
'hieré,rchy (which may get extremely complex) and is used for compile time type
compatibility checks. For example, again using the subtypes in figure 30, the parent
and roof. of subtype “short” would be fhe type table position. of integer; the parent
of subtype “shorter” would bé the position of subtype “shqrt” and its root would
1t')e_integer; the parent of “shortereé” would be “shortef” and its root would ag_lai'n'
be integer. .

Even though only integer, enumerated, and array types can be subtyped, all
types share the parent/root data eiements because they are members of BasicType.
A better object oriented-method would be to make another descendant of BasicType
with the parent/root elements and descend the Integer, Enumerated, and Array
classes from that type. This will probably becoime part of a future version of the

Ada/CS compiler.
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Arfay Types

Arrays have been handled earlier in the Pascal compiler for the E-Machine. However,
Ada/CS arrays are much more flexible than Pascal arrays and therefore required-
changes to the E-Machine and specml compilation con51derat10ns Pascal arrays
are created at comipile time since all information concernlng the array is known
at compile tlrne “Ada/CS array types are similar to Ada arrays in that they can

be dynamically sized. For example, suppose we had the code fragment shown in

figure 31.
0 .procedure somethlng( x : integer ) is -
1 type vector is array( 1..x ) of integer;
2 v1l, v2, v3 : vector;
3

"4 for i in 1..x loop
5 vi(i) =1
6

end loop;

Figure 31: Ada/CS Array Declaration

Until Ada/CS, the E—Machine required that all information about arrays be-
generated at compile time. For arrays such as in figure 31, the Ada/CS compiler
has no idea how much space to set aside for vI, v2, and v3 since the. variable x will
not have a value assigned to it until run time. For this reason, the ArrayType field -
was added to the eta,tic scope table for the E-Machine object code file.. This ﬁeld .
\can be NONARRAY, DYNAMIC_ARRAY or STATIC.ARRAY. A variable of type
STATIC ARRAY is the traditional E- Machlne array in which the variable size is
known at compile time and is listed in the varlable section of the E-Machine object
code file. Variables of type DYNAMIC_ARRAY are those whose size is unknown

and is created at run-time. In this case, the array is translated into an E-Machine
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variable that is merely a pointer_ to a block of memory. The third type,~NONARRAY;
is used in those special cases where the up.per and low'er beunds of the array are
equal (i.e., for arrays of just one element-j. E—Machine considerations aside, the
compiler must still generate run tivrrre array offset calculations for references similar
to those on line 5 of figure 31, instead of being able to calculate thern at compile
time. '

Things get even more complicated. Like AQa, Ada/CS generates run-time ar-
©ray bounds checking. If the for loop in figure 31 attempted to access vi(x+1), a
CONSTRAINT_ERROR exception would have to be raised. So all the ranges of the

. array must be known in order that bounds checks be performed

Unconstrained arrays are another concern. Con51der the program fragment in
| figure 32. Urlconstralned arrays have no size until a variable of that type is actually
declared. The Ada/CS -compﬂer must take this into a,cceunt.

[

type vector.is array( integer range <> ) of integer; -

procedure -something( x : in‘l:eger) is
vi : vector(x); '

v2 : vector(x+10);

v3 : vector(x+20);

for i in 1..x loop
“vi(i) =i
end loop;

N o G WN = O

Figure 32: Ada/CS Urlconstra,ined Array

As a result of these aspects of Ada/ CS there are now several pieces of array
information that must be determmed at run time. For offset calculations, the total

‘size of each dimension of an array must be known since it is possible to declare an
. .
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? The upper and lower range

array as complex as “array( l..x, -x..x, -2*¥x.x+1 ).
values of each array dimension must also be computed and stored so run time bounds
checking can be performed. In the E-Machine, these values are stored in separate
integer registers that can .be initialized to the'proper‘ values at run time. When
the parser needs to generate code to allocate space or generate code to do a.n offsét

calculation, it can query the type class for the appropriate registers.

An Ada/CS E-Machine array is actually a pointer to a block of memory created

“'with the e-code instruction alloc. Ada/CS array entries in the Static Scepe table look

much like Pascal array entries except that the ArrayType is DYN AMIC_ARRAY,
and the array ranges do not represent actual bounds, but registers that contain the
bounds. _ | |

Having the ArrayType class manage a set of regiéters for dynamic dimension
bounds is fine for régular arrays, but unconstrained arrays present a further. p'roblem.
With regular a,n;a,ys, the class instantiation for some array type can know and use the
registérs that will contaiﬁ the. ranges and array size. Notice, however, the situation
bresented in figure 32. There are three variables 6f 'a,rra,y type “vector”, each of a
different size. The “set of registers” techniqﬁe fails in this case since e.ach variable
of that type may be of a different size. »

The solution is to allow the ArrayType class to know its’va,ri‘able's, something no
other type class may do. Wheriever an array variable is added to the symbol table,
the variable is also added to its f)articula,r type.class. The responsibility of offset
calculations and memory allocation ;emnd freeing then falls on the AljrayTyi)e class.
For example, when the parser encounters something like line 6 of figure 32, it finds
the type of v1 and asks that type class to generate an offset cé,lculation of i into _

that array.
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Enumerated Types

Ada/CS engmerated types are exactly like Pascal enumerated types. }Idwever they -
are slightly different than Ada subtypes, which allo‘;v name overloa.ding (a name may
be used in more than one enumgrated type in which case the fype name must be used
to resolve conflicts). Except for subroutines, Ada/CS allows no name ov'erloading'.
. The EnumerafedType class .re(.:eives.,a, liét of identifiers and is responsible for
adding those identifiers to the StringSection of the objéct code file and the current '
scope’s name table. It is further fesponsible to return the StringSection loca'tic;n of
aﬁy- of its members, as would be necessary for the .code generation of the Ada/CS

successor and predecessor type attributes.

Record Types

Ada/CS recbi‘d_s are just like Pascal records and also include provisions f;)r variant
records (although these are not yet implemented in thé currén’t compiler). ‘When the
. ‘parser encounters a record declaration, it creates an instaﬁtiation-of a RecordType
‘ class. As the ISarse continues, each set of varif;a,ble declaratioﬁs is bundled up and
sent to the type class where it is checked for validity (name uniqueness, existence of
the type, etc.) and added to a list. The membefs of a record type are stored in an
array of structurées that holds each elément’s name, its type’s type taBle position,
and its offset position in the record. As the static scope table element for the record
is built, the offset position is stored in the “offset” field. The animator uses this
field to find record members. | | '
There is a special consideration foi‘ éompiling récords for the E-Machine. The
static scope table requires tha;t-each' variablé have an associated deécfiption of its
type. Integers, floats, and booleans are all base types and need no furtfler descrip-

tion. Record and array variables, however, need to have some description of their |
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type for the animator. For this purpose, records and arrays use the child field of
the static scope table structure as an'integer index into the static scope table where
their descriptive types are stored. The name table section of Chapter 5 describes in

detail how this field is managed. .

Access Types

Ada/CS access types (pointers) have not yet been implemented. The AccessType -

class therefore has no functionality as of yet.

Procedures and Functions

E_vén. though p‘rocedures: and functions are not types, per se, their data class is
part of the type table simply because placing them there works well in practice.
Procedure and Function type classes manage the parameter lists and, in the cas'e of
functions, the return type.l

When a subroutine is encountered; the parser bu_ilds a list of parameter names,
types,.and pass modés;' and passes this list to the type class, which checks the list
for \'Jalidity (variable name uniqueness, whether the type name actually exists, etc.). . .
When the subroutiné code is generated, the ProcedureType class directly adds its
variables to the name table. Because the variable list has already be verified to be
correct (o duplicate names, types exist, 'etc.), bypassing the checks done by the
symbol table saves time. Since thg procedure/ function type class is a C-++ friend of
the symbol table class, it has direct access to the symbol table data elements (i.e.,
the name table). . ' . | R

As far as.t_he symboi table is concerﬁgd, procedures and functions share many of
the same pr'operties.' In fact, the only difference between the two is that functions
return a value and so the return typé must be known. Taking advantage of C++,-

" FunctionType is actually a descendant of ProcedureType, adding one method for the
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return type, and inheriting the parameter list management from the ProcedureType.

class.




CHAPTER 7

E-MACHINE CODE GENERATION

" The Code Generation Classes

Translation of a.source program for the E-machine requires the generatlon of the
elght components of the E- machme ob Ject code file—the header section, the source
section, the static scope sectlon, the label section, the variable section, the packet
section, the code: se.cfidn, and the string section.' In the Ada/CS compiler, code
generation is handled by seven classes, one f.or each code file section (with the

exceptlon of the Header Section). Each class is respon51b1e to save the structures”

it generates in the proper section of the E-code object file. Beyond that, there are

very few similarities between the classes. Part of the E-machine is a set of support -
routines that write the various E-code sections. These routines are used by the
section classes to save their data to the E-code file.. Like the symbol table and type

table classes, there is only one instantiation of each of these section classes.

Base Class Section

All the code generation classes descend from the base class Section. The Section

~

class currently has no responsibilities and only serves as an abstract base class.
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Class StringSection

The StringSection class manages the list of strings that are éncountered in the
-source program by the compiler: enumerated names, string literals, rin-time error
messages (like “unhandled exception”), and so forth. This is a v,erj simple class

whose o_ﬁly'responsibility is to accept and store string literals.

Class SourceSection

The SourceSectiOI_l.claSS'has no responsibility beyond reading the program source
file and saving it to the source section of the E-machine object file. Unlike the
other section classés, the SourceSection instantiation lies'dormant until the end of
program compilation when the “save” methods of all the section classes are called.
At that point, t}ﬁ_s class reads the source file into a string array and cails upon the

E-machine library to write the source program into the source section.

Class LaBeISection

The LabelSection class manages program labels and their addresses. When the
compiler needs to generate a label during compilation, it must request one'from
the LabelSection in one of two ways. The first label allocation _methodlac,cepts
an address, associates a label with that addtess, and returns the new label. The
second method is a little more complex. On occasion, the cempiler needs a label, but
doesn’t yet know the associated address of the label. For" example, in pztrsing an “if”
statement the compller needs to genelate a destination label for creating a branch
: around the else part to the end of the if. However the destination address cannot be
determined until later, when the else part is completely parsed. The parser requests
a label through the method alloc_label and when it eventually determines the address
of the destination (when it has finished parsing the else part, for example), it tells
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the DaBelSecti_on to set that label number to that known address.

Class VariableSection

The VariableSection cla:ss manages the list of variable registers used by %he compiler.i
_Whenever the compiler needs a new register, it tells the VariableSecti'on the -size
and type of the variable it needs. The size becomes part, of the E-code file-variable
section. The type, however, is an éxténsiqn used by the CodeSection’s methods.
- Most E-machine instructions require a type (integer, real, boollean,‘ étq.). By making -
the type a part of each variable, the CodeSection need érily query ‘the type from the |

VariableSection when necessary.

Class CodeSection

The CodeSection class generates the E-machine instructions and 'has a ‘method for
each instruction of the E-machine, as weli 'as.a, few general purpose methods. The
CodeSection class is responsible for the éébootstrap” code, the pﬁshd instruction
. at the start of the executable code that pushes.onto the dynamic scope stack the
locatlon in'static scope table of the outerrnost scope. The CodeSec’mon class is also
responsible. for -adjusting out- only subroutme parameters (dlscussed in detail later

in this chapter).

Class PacketSection

The Pa,cketSecti;)n class is responsible for the executable packets defined by the
.compiler. Thié cla,ss‘ has one Workhorse method called new;packet. The new_packet
method is straightforward. It accepts as parameters thé starting and ending line
and column numbers of the new packét; the scope index,‘and the flags telling how
" the packet should be diéplaye‘d. It then generateé the proper .pa,cket information for

the packet section.
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Class StatScopeSection

. The StatScopeSection cla;ss,. which creates the E-machine Static Scope section, is
probably the most complex of the code generation classes because of the parent/child
rele,tionships. Record variables must have their child indéx set to the static scope
block of their record type. Like record varia,bles; the child index of a subroutine static
scope structure would point to a static scope block describing all hhe variables and
types in that subreufine.' One—dimensional arrays are described in-the variahle’s
own static scope structure, but two or more dimensions require a static scope. block
for each dimension. These new scope blocks are indexed by the child of the prev1ous
dimension. For mstance, con31der a three dimensional array variable. The first array
" dimension would be described by the variable’s own static’ scope structure and the
child index of tha,fc structure would point to a s’l‘;e,tic scope block that describes the
second dimension. The second dimension’s child index would poihf toa sf;a,;cic scope
block that describes the third dimension. o
When a scope is collapsed, the name table method pop_scope first saves all the
user defined types-'to the sta,tlc scope table - through calls to its method '
save_sscope_type. There are two types that rethre special static scope table consid-
eration: records and arrays. Arrays are not yet fully implemented and save_secope_tyhe
has no array functionality. However, records are fully 1mp1emented
A record static scope block contams its members and looks much like a sub—,
routine static scope block with one exception. The “offset” static scope strhcture '
member is used to indicate the byte offset of each record member from the start of
the record. Because of this difference, the StatScopeSection class has separate rﬁethf
ods to save record members rather than use the methods which save variables. The
save_sscope_type loops through the members of a record type and calls the appro-

priate static scope table member to save the variable. Srecinteger creates an integer
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record member static scope structure, Srecfloat creates a float record, Srecboolean
creates a boolean record, and so forth.

After saving the user defined types, the name table saves all the variables in the
collapsing scope through calls to StatScopeSection methods named for the types

they save. The methods are as follows:

 Sinteger, Sfloat, Sboolean: These methods save variables of the built in E-
machine types.

» Senumerated: This method saves a variable of an enumerated type to the
static scope table.

» Sprocedure, Sfunction: Saves a procedure or function name to a static scope
entry. The name of the subroutine is stored in its enclosing scope. For exam-
ple, if procedure print-data is defined within function test-record, print-data’s
name will be in test.record’s static scope block. The child index of print-data’s
static scope structure will point to a scope block describing the variables, types,
and subroutines in print-data.

» Srecord, Sarray: Creates a record and array variable static scope entry, re-
spectively. Both of these methods return the table location where the record
or array was added. This value is stored in the type class for later use when
the variable’s child indices are set to their type’s static scope block.e

» Sprogram: Creates the “bootstrap” block at the end of the static scope table.
The bootstrap static scope block contains one entry, the program name.

Another responsibility of the StatScopeSection class concerns the pushd instruc-
tion. When the compiler encounters a subroutine, it generates a pushd instruction
which pushes the static scope table position of a new subroutine onto the static
scope stack. However, this index is not known until the subroutine is saved to the
static scope table so the pushd instruction cannot be completed yet. After the parser
completes the subroutine and the scope is collapsed (so that the subroutine is now
in the static scope table), the parser queries the StatScopeSection class to get the
location of the newly added subroutine. This position is saved to the symbol table
entry of the subroutine in the enclosing scope and is used by the StatScopeSection

methods Sprocedure and Sfunction to complete their pushd instructions.
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Special Ada/CS' Code Generation Considerations

Ada/CS, even though a small subset of Ada, shares some of its parent’s complex -
code generation challenges. Other 6ha11enges atise in the code generation because

of the special needs of the E-machine.

Out-Only Subroutine Parameters

Out-only subroutine parameters are an interesting feature of Ada and are sup-
ported by Ada/CS. Out-only subroutine parameters are only allowed on the left ‘_
hand side of an assignment statement and cannot be used in an expression. An
implementation difficulty comes from the fact that the E-machine doesn’t appre-
ciate an attempt to push a,n undefined variable onto the stack and sets an UN-
DEFINED_DATA fault if a proéram attempts to do so. However, it is entirely
valid to ﬁass an undefined Va,rié,ble to an out only parameter (passing an unde-
fined. variable through an in-only or in-out parameter would correctly cause an
UNDEFINED_DATA fault). The compiler would only know & parameter is out-
only after-it has been parsed and r:;, push instruction has already been generatéd.

A clean solution to this problem would have required that a complex set of specié,l

cases be handled through the expression grammar; therefore, a dirty solution was

implemen_ted-. When the compiler discovers it has pushed a value it shouldn’t have,
it looks back at the instrucfipns generated (which are saved in an érray until the.
entire soui‘cé program 1is compiled) and modifies the instructions in such a way that
a constant is pushed instead. Since a number of push instructions could have been
generated (such as in passing 3+5), a marker instru'ction (a nop) is placed after each

subroutine parameter. The compiler then searches for the appropriate instruction
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by counting nop instructions and replaces the instiuction as necessary. To avoid

s.,tack'corruption, upon subroutine entry the bogus Vvalue that has been pushed is

popped into a garhage variable and forgotten.

Functions Returning Records or Arrays

‘The usual way to return a value from a function is to push the return value onto

the stack The E-machine has eight addressing modes, none of Wthh allow the pro-
g1am to access elements on the stack Further, since only E—machme base elements .
(integer, float, etc.) may be pushed onto the stack, records cannot be pushed onto
the stack anyway. Thls poses a problem in parsmg Ada/ CS functlons Wthh can
return records Or arrays.

As per the Ada definition, passing records and arrays as paraineters is done by
\

. pointer (and copied to a local if an in-only parameter). However, functions returning

aggregate data structures are a little more complex to implemeht The solution was
to allocate a record or array for the return value in the- functlon and return a single
pomter to this va,lue The code that uses the returned record or array (perhaps an
assignment statement or a record reference such as funct(10).a) is responsible for

retrieving what it needs from the returned structure and then freeing the memory.

The For Loop o -

The for loop, while a simple construct, presented some difficulty With‘respect to
the E-machine. In both Ada and Ada/ CS, the loop variable need not be explicitly”
declared .a,nd,- in such a case, must be implicitly declared to be the eame‘ type as the
loop’s range. But variables must be in the static eeope table for animation purposes.-

How can a loop variable be placed into the static scope table?
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Since the loop variable is only valid within the scope of the loop body, it cannot
be added to the end of the current static scope table. Considef the code shown in

figure 33.

package body prog is

" begin
for i in 1..10 loop
null;
end loop; -

for j in true..false loop
null;
end loop;
end

Figure 33: For Loop

. The animator determines Wiljch variables of the étatic scope table to display
'through two indices. The first index tells the position in the static scope table of the
subroutine infofmation currently in scope and is set through the E-code instruction
pushd. The second index is an offset from the ﬁrét index and is one of the members
- of the packet table structure (scope indei). .The animator will start at the top of
static scope block set by the pushd instruction and di.splayfche number of variables
‘indicated By the scope index. The animatqr oniy knows an offset. If the scope index
is 5, the animator cannot ignore the 3rd variable in the li.st;: it mﬁst display all five.
To display a certain variable in the static scope table, the a,nimatof must display
all the variables before that variable in the static scope block. Now, assume that
i is added to the end of the current static scope table entry. This means that the
loop variable’s .scope index must be incremented by one so the animator will reach .

deep enough into the static scope entry to display it. However, when the compiler
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reaches the second loop, j would be need to be added in a similar fashion after i
at the end of the static scope table entry. In order for the animator to display j’s
values, the scope index will have to be increased by one again, thus also displaying
I’s values, even though it is no longer in scope.

A solution to this problem was to create an entire new static scope entry for each
loop, making the loops look like small one variable subroutines. A pushd would push
the static scope entry position of the loop onto the dynamic scope stack, and a popd
pops this entry after the completions of the loop. A static scope entry for figure 33

is shown in figure 7.

En Id Array Upr Lwr Nxt Off Type Rec Par Ch Var Proc Index
try Name Type Bnd Bnd ldx set Siz ent ild Reg Num Type
Scope block describing loop i

0 loop i HEADER - 6 . -

1 i - . . - - INTEGER - - - 2 6

2 - - - - - END

Scope block describing loop j

3 loop j HEADER - 6 - -

4 j . INTEGER - - - 2 10

5 - - - E END

Scope block describing program Prog

6 Prog HEADER 10

7 loop | FUNCTION -

8 loop j FUNCTION

9 . END

Bootstrap scope block

10 HEADER -

11 Prog PROGRAM 0

12 END

Table 7:

Static Scope Table for a For Loop
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CHAPTER 8

CONCLUSIONS AND FUTURE
- ENHANCEMENTS

- Conclusions

- An Ada/CS cpnipiler for the E-machine has been designed and partially imple-

o “mented. The Ada/ CS compiler is a one-pass compiler written in C++ and was de-

* veloped using the parser development tool PCCTS 1.10 (Purdue Compiler Construc-’ .
tion Tool Set) [Parr 93]. PCCTS generates an integrated recursive descent LL(k)
parser and DFSA based scanner. Develc_)pment été,rted under MS-DOS, moved to
| 0S/2 when the compiler became £60 large for 16-bit DOS, then to a Silicon Graphics -
' workstqtion, and was finally cofnpl'et;ed on an IBM-PC clone running the FreeBSD -
© Unix. A nﬁmber of Ada/CS programs have been successfully compiled and animated

with the preliminary U.ﬁix Motif animator.




95

Future Enhancements

There are several standard Ada/CS features that are not yet finished. Imple-

mentation of arrays, pointers; and exceptions (reversal through exceptions will be.

. an interesting challenge) is necessary to make this compiler meet the needs of the

Dyﬁalab project. rJ.T‘he Ada/‘CS compiler‘ iust match as closely as possible the fun-

" damental features of Ada.so that simple A(ia programs will be readily compilable

by Ada/CS and students using Ada/CS will have no difficulty making a transition
to full Ada. '

In order to emphasize the‘a,dva,ntages_ of Ada, the Ada/CS compiler will need to

support separate compilation (packages), which has yet never been attempted in an

E—Maéhine .compiler. The “bind” ';')rogran'l would have to take into account the E- .

Machine code file sections aﬁd be able to correctly merge those sections. ‘Further, the
“hind” would have to take into account that the source for certain library packages
éhould not be animated (I/O will be implemented as a package; animatin_g through
put_line would be unnecessary).

Additional features beyond those of 'Ada,/ CS are needed to make the language

more closely match Ada. For instance, the addition of a character type (strangely

le'f‘g.o'ut of Ada/CS) and implementation of a with statement would make Ada/CS

more closely. match Ada.
This compiler was written in C-++ and takes advantage of several object oriented

features. By the time the compiler development was moved to the Unix based

- platforms, it had grown complex eﬁough that another C++ feai:u’re, templates,

would have been extremely useful. However, as of this writing, the GNU C++

compiler used on those platforms does not fully support templates. Templates are a
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feature of C+-+ much like generics in Ada. They allow the programmer to describe a,
general set of code to perform on an unknown data type. For instance, the template

declaration in figure 34 defines a generic stack class.

template <class Type>
.class Stack {

private:
Type *stk; // array
int max_size; // current maximum size of stack array
int top; // top of stack

// next push location.is top+1

" public: .
- Stack( int size );

Type& pop( void );

void push( const Type& elem )

-Type& operator []( int pos );
oo '

Figure 34: C-++ Stack Templaté

Whereyer “Type” ‘appears in the deﬁuition, a real type is Substituted. when
the template class is instautiated A class declaration would look something‘ like
Stack<int>, Stack<struct AdacsType>, or Stack<NameTable> for a stack of in-
tegers, AdacsType structures and NameTables; respectlvely ThlS template was
created using Borland C++ “under OS /2, but was never made a full part of Ada/CS -
because of' GNU C+-+'s lack of template support (although full template support is
expected shortly) . ‘

PCCTS is stlll under development and periodically has updates and new features
The newest version (1.20) released during the final stages of this prOJect, genera.tes

C++ parser classes which would fit in well wit'h the object oriented ua,tu‘re of this
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cémpiler. Another fgature of PCCTS is its ab-ility'to' generate Abstract Syntax
'Trees (ASTs), which would be useful if this compiler were ‘conveln"ced "toa two-pé,ss
'compiler». In that case, the Ada/CS source program would be compﬂed into an AST.
and a second pass could reéolve certain difficult préblems (such as function re‘turﬁ
type ov‘érloa,ding).

'The PCCTS parser has veffy good error réportling and recovéry. However, the
compiler does not take advantage of the parser’s recovery features although pre-
. liminary steps are included. A future improvement . would be better error recovery .
so that the student will receive Iﬁore than one_'error message before the compiler

terminates.
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APPENDIX A
THE E-MACHINE INSTRUCTION SET

This apf)endix, which is adapted from chapter 2 of Birch’s thesis and appendilx4
A of Goosey’s thesis lists all of the instructions in the instruction set.of the E-
machine. A pseudo assembly language format is used to descrlbe the instructions,
however the instruction stream 1tse1f is actually an array of structures loaded from
the CODESECTION portion of the E-machine object file at rin time. The object
file is describéd in detail in chapter 2 of this thesis.

Each instruction is composed ch four fields (or arguments):

o an ;)pcode mnemonic. (e.g., push, pop, add);

o a flag marking the instruction critical or noncritical (CFLAG)'

0 a field denotlng the data type to be.used in the instruction (TYPE);

o a field containing cither a number- (#) or an addressing mode (ADDR)

Addressing modes and their formats are.described in appendix B.

.T'he mnemonic field is separated from the g;thers by one or more spaces, and the-_ '
Temaining fields are separatéd by commas. Tha CFLAG field must be either c or n
to designate whether the instruction.is :to_\be'treated as critiaal'(c) or noncritical (n).
- The TYPE field holds a single éapital letter, I, R, B, C, or A_, referring to the data .

types integer, real, boolean, cﬁamcter, or address, respectively. The # refers to a
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constant specifyiné the number of an E-code label, a constant numeric value, or an
E-machine varié,ble register number. If the ADDR argument is used for the fourth
field, it reft;rs to any of thé addressing modes described in appendix B.

In the following description.of the instruction set, the effects of executlng an
1nstruct10n both forward -and in reverse are given. The actlons taken in each case
Wlll be different, depending on whether the instruction has been designated critical
or noncritical. Some instructions have 1o criticai/nbncritical flag, b.eca,use' their
execution (either forward or in revefse) would be the same in either case. Reversing
through a noncritical instruction sometimes requires that something be pushed 6nto.’
the evaluation stack to keep the sta,ck of the proper size; in such cases an arbitrary

value, called DUMMY is used.

add CFLAG TYPE
Adds the top two values on the evaluation stack and places the result onto the evaluation
stack.

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. ] . )

Reverse-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.

Reverse-Noncritical: Pusheés DUMMY onto the evaluation stack.

alloc CFLAG, ADDR .
Allocates a block of memory of posmve mteger size.

Forward: Attempts to allocate the amount of computer words of storage referenced by
ADDR. If successful, the address of the first word of data memory that was allocated
is pushed onto the évaluation stack. Otherw1se, a NULL address is pushed onto the,
evaluation stack. - _

Reverse: Pops the top value off the evaluation stack, which should be a data address, and
frees # words of data memory starting at that address. :

and CFLAG, TYPE
Bitwise and’s the top two values of the evaluatlon stack . and places the result onto the
evaluation stack
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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 b1tw1se and’ed w1th the top
value onto the evaluation stack. "

. Forward-Noncritical: Pops the top two values of the evaluation stack and pushes the
" bottom value bitwise and’ed with the top value onto the evaluation stack.

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

Reverse-Noncritical: Pushes' DUMMY onto the evaluation stack.

br CFLAG, #
Uncondltlonally branches to label #

Forward: Loads the program (_:ounter with the address of the label # instruction.

Reverse: No operation.

brt, brf CFLAG, #
Conditionally branches depending on whether the top of the evaluatlon stack is TRUE or
FALSE. )

" Forward-Critical: Pops the top value off the evaluatlon stack and pushes it onto the save
stack. If the value satisfies the conditional on the branch (TRUE for brt, FALSE for
brf), the program counter is loaded with the address of the label # instruction.

Forward-Noncritical: Pops the top value off the evaluation stack. If the value agrees with
the conditional branch (TRUE for brt, FALSE for brf), the program counter is loaded
with the address of the label # instruction. .

Reverse-Critical: Pops the top value of the save stack and pushes it onto the evaluation
stack. :

Reverse-Noncritical: Arbitrarily pushes DUMMY onto the evaluation stack.

| call CFLAG, #.
- Branches to label # saving the program address which follows the call 1nstruct10n so that.
execution will continue there upon-execution of a return instruction.

‘ Forward: Pushes the current program counter onto the return address stack, then loads
the address of the label # instruction into the program counter.

'Reverse: Pops the top \./alue_' from the return address stack.

cast CFLAG, TYPE, TYPE
Changes the top value of the evaluation stack from the first TYPE to the second.

Forward-Critical: Pops the top value of the evalua,tlon stack and pushes it onto the save
stack, then transforms the.value from the first TYPE to the second. The result is
pushed onto the evaluation stack.




105

Forward-Noncritical: Pops the top value of the evaluation stack, then transforms the value
from the first TYPE to the second. The result is pushed onto the evaluation stack.

Reverse-Critical: Pops the top value of the evaluation stack. The pops the top value of
the save stack and pushes it onto the evaluation stack.

Reverse-Noncritical Nothing happens.

div CFLAG, TYPE
Divides the second value from the top of the evaluation stack by the ﬁrst and places the
result onto the evaluation stack.

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 N
bottom value divided by the top value onto the evaluation stack.

Reverse-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.

Reverse-Noncritical: Pushes. DUMMY onto the evaluation stack.’

" eql, neql, less, leql, gtr, geql CFLAG, TYPE

" If the second value from the top of the evaluation stack compares favorably with the first,
then TRUE is pushed onto the evaluation stack. Otherwise FALSE is pushed onto the
evaluation stack.

Forward-Critical: Pops the top two values off the evaluation stack, pushes the two values
onto the save stack, comparés the bottom value with the top. If the result of the
comparison matches the comparison operation performed, a boolean TRUE is pushed
onto the evaluation stack, otherw1se, a boolean FALSE is pushed onto the evaluation

stack.

Forward-Noncritical: Pops the top two values off the evaluation stack and compares the
bottom value with the top value. If the result matches the comparison operation
performed, a boolean TRUE is pushed onto the evaluation stack, otherw1se a boolean
FALSE is pushed onto the evaluation stack.

Reverse-Critical: Pops the top value of the evaluation stack and discards it, then pops the
top two values off the save stack and pushes them onto the evaluation stack. ’

Reverse-Noncritical: Pushes DUMMY onto the evaluation stack.

inst CFLAG, #

Creates an instance of the variable reglster #.

Forward-Critical: Allocates enough data memory for the variable i'epresented by the vari-
able register #. The address of the allocated memory is then pushed onto the variable
register’s stack. )
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- .Forward-Noncritical: Allocates enough data memory for the variable represented by the
variable register #. The size of the variable is stored in the variable register. . The
address of the allocated memory is then pushed onto.the variable register’s stack.

Reverse-Critical: The data memory occupied by the variable reg1ste1‘ is-freed and the top
value is popped: off the variable reglster s stack. .

Reverse-Noncritical: Frees the space ‘taken up by the variable in data memo'ry and pops
the top value off the variable register’s stack.

label CFLAG, # .
Marks the location to which a branch may be made.

Forward: Pushes the prevrous-program counter onto the stack pointed to by label register
#. . :

Reverse Pops the top value of the stack pomted to by label register # and places it in,
the program counter. ) .

link CFLAG, #

- Associates one variable register with the value of another.

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

‘Reverse: Pops the top value of the variable stack pointed to by variable reg1ster # and
pushes it onto the evaluation stack.

" loadar CFLAG ADDR

Places the addréss ADDR in the address reg1ster

Forward—Crz'tz'cal: The' contents of the address register are pushed onto the save stack.
Then the address computed for the addressing mode is placed in the address register.
" Important note: it is the addréss that is computed by the addressing mode that is
~ used, not the contents of that address. :
. Forward-Noncritical: The address computed for the addressing ‘mode is placed in the
address register. Same note for Forward-Critical applies here.

Reverse-Critical: The address on top of the save stack is popped oﬁ' and placed in ‘the
. address register.

Reverse-Noncritical: Nothing happens.

loadir CFLAG, # v

. Places the # into the index register.

Forward-Critical: The contents of the index regrster are pushed onto the save stack. Then
# is placed in the address register. '

FonwardsNoncrztzcal: #is placed in the index register..
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Reverse-Critical: The value on top of the save stack is popped off and placed in the index
register. .

Reverse-Noncritical: Nothing happens.

mod CFLAG, TYPE

Finds the remainder of the division of the second value from the top of the evaluation stack
by the first and places the result onto the evaluation stack.

v

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.

Forward-Noncritical Pops the top two values of the evaluatlon stack and pushes the bottom
value modulo the top value onto the evaluation stack. '

. Reverse-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.

Reverse-Noncritical: Pushes DUMMY onto the evaluation stack.

mult CFLAG, TYPE

Multiplies the top two values on the evaluation stack and places the result onto the evalu-
ation stack.

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.

Reverse-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.

Reverse-Noneritical: Pushes DUMMY onto the evaluation stack.

neg CFLAG TYPE
Negates the top value on the evaluation stack.

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

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

.nop CFLAG :

This instruction is the standard no-operation instruction. It can be used to create packets
for hlgh level program text for which no E-machine instructions are generated but which.
nonetheless need to be highlighted for animation purposes. An example of this is the begin
keyword in Pascal. In illustrating the flow of control during program animation, a begin
keyword may need to be.highlighted (and thus have its own underlying E-machine packet
of instructions). The nop instruction can be used in these cases.
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not CFLAG, TYPE

Bltwise complements the top value of the evaluation stack.

‘Forward: Pops the top of the evaluation stack and pushes the bitwise not of that value
onto the evaluation stack.

Reverse: Pops the top of the evaluation stack and pushes the b1tw1se not ‘of that value
onto the evaluation stack.

or CFLAG, TYPE ' .

Bitwise or’s the top two values of the evaluation stack and places the result onto the evalu-
" ation stack. -

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 b1tw1se or ed with the top value
onto the evaluation stack.

Forward-Noncritical: Pops the top two values of the evaluation stack and pushes the
‘bottom value bitwise or’ed with the top value onto the evaluation stack.

Reverse-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.

Reverse-Noncritical: Pushes DUMMY onto the evaluatlen stack.

pop CFLAG, TYPE, ADDR
Pops the top value of the evaluation stack and‘places it in ADDR.

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

Forward-Noncritical: Pops the top value of thé evaluation stack and stores it in ADDR."

Reverse-Critical: Pushes the value in ADDR onto the evaluation stack and then pops the
top value of the save stack and places it in ADDR. ‘

Reverse Noncritical: Pushes the value in ADDR.onto the evaluat1on stack

popar CFLAG
Pops the address on top of the evaluat1on stack and-places it in the address register.

Forward— Critical: The contents of the address register are pushed onto the save stack. The
address on top of the evaluation stack is popped and placed in the address register.

Forward-Noncritical: The address on top of the evaluation stack is popped off and placed
in the address reglster

Reverse- Crritical: The contents of the address register are pushed onto the evaluation stack.
_Then the address on top of the save stack is popped off and placed in the address
register. )

Reverse-Noncritical: The contents of the address register are pushed onto the evaluation .
stack.
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popd CFLAG
Pops the top value from the dynamic scope stack

~ Forward: Pops the top value from the dynamlc scope stack and pushes it onto the save
dynamic scope stack.

Reverse: Pops the top value from the save dynamrc scope stack and pushes it onto the
dynamic scope stack.

)

popir CFLAG
Pops the mteger on top of the evaluation stack and places it in the index reglster

Forward-Critical: The contents of the index register are pushed ‘onto the save stack. Then
the integer on top of the evaluation stack is popped off and placed in the index register.

Forward-Noncritical: The integer on.top of the evaluation stack is popped off and placed
in the index register.

Reverse-Critical: The contents of the index register are pushed onto the evaluation stack.
Then the integer on top of the save stack is popped off and placed in the index register.

Reverse-Noncritical: The contents of the index reg1ster are pushed onto the evaluatlon
stack. -

push CFLAG, TYPE, ADDR
Pushes the value in ADDR onto the evaluat1on stack

Forward: Pushes the value in ADDR onto the evaluation stack.’

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

: pusha CFLAG, ADDR
Pushes the calculated address of ADDR onto the evaluation stack. This instruction 1s

-intended to be used for pushing the addresses of parameters passed by reference.
Fol"ward: Pushes the calculated address of ADDR onto the evaluation stack.

~ Reverse: Pops and discards the address on top of the evaluation stack.

pushd CFLAG, # )
Pushes the # onto the dynamic scope stack (where # is the index of a program procedure,

or function entry in the Static Scope Table)
Forward: Pushes # onto the dyhamic scope stack.

Reverse: Pops the top value from the dynamic scope stack.

read . CFLAG, TYPE, ADDR
Reads a value from the user.. The first TYPE is the type of the data to read. The ADDR
field is the integer ﬁle handle to read from
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Forward: A user interface function is called to get input from the user. The input is
converted from a string to the appropriate type and pushed onto the evaluation stack.

Reverse: The top value is popped off the evaluation stack.
- -

return CFLAG
Returns ‘to the ‘appropriate program address followmg a call instruction.

Forward: . Pops the. top value of the return, address stack and loads it into the p.ro.gram
counter. N

Reverse: Pushes the previous program counter onto the return address stack.

shl CFLAG, TYPE, #
Shifts the value on top of the evaluation stack # bits to the left filling on the right with 0’s.

Forward-Critical: Pops the top value of the evaluation stack, pushes it onto the save stack,
then shift it # bits to.the left and pushes the result back onto the evaluation stack.

Forward-Noncritical: Pops the top value of the evaluation stack, shifts it left # bits, then
pushes the result back onto the evaluation stack. .
Reverse-Critical: Pops the top value of the evaluation stack. Then pbps the top value of

the. save stack and pushes it onto the evaluation stack.

Reverse-Noncritical: Nothing happens.

“shr CFLAG, TYPE, #
Shifts the value on top of the evaluation stack # bits to theright filling on the left with 0’s.

Forward-Critical: Pops the top value of the evaluation stack, pushes it onto the save stack,
then shift it # bits to the right and pushes the result back onto the evaluation stack. -

Forward-Noncritical: Pops the top value of -the evaluation stack, shifts it right # bits,
then pushes the result back onto the evaluation stack.

Reverse-Critical: Pops the top value of the evaluation stack. Then pops the top va.lue of
the save stack and pushes it onto the evaluation stack.

Reverse-Noncritical: Nothing happens.

sub CFLAG TYPE
Subtracts the value on the top of the evaluation stack from the second value from the top
and placés the result onto the evaluation stack.

Foriuarcl— 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. - '




111

Reverse-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.

Reverse-Noncritical: Pushes DUMMY onto the evaluatron stack.

unalloc CFLAG #-

Deallocates a block of memory of # size beginning at the data address atop the evaluation .
stack: - o

Forward-Critical: Pops the top.value off the evaluation stack, which should be a data
'address, copies # words of data memory startlng at that address to.the save stack,
then flees the data memory. '

Forward—Noncrztzcal Pops the top value off the evaluation stack, which should be a data
address, and frees # words of data memory starting at that address.

Reverse-Critical: Pops the ‘top value off the save stack, which ‘should be a data address, -
pushes it onto the evaluation stack and allocates # words of data memaory starting at
that location. # words are then moved from the save stack to this data memory.

Reverse-Noncritical: Allocates # words of data memory and pushes the address of the
first word of allocated memory onto the evaluation stack.

uninst CFLAG, #
‘Dispose of an'instance of variable reglster #

Forward—Crztzcal Frees the memory occupied by the variable then pops the. top data
memory address off the variable register’s stack and-pushes. it onto the save stack.

Forward-Noncritical: Frees the memory occupied by the varrable then pops- the top address
off the variable register’s stack.

Reverse-Critical: Pops the address off the save stack and pushes it onto the variable
register’s stack then reallocates enough data memory for the variable # startlng at
" that address.

Reverse-Noncritical: ! Reallocates enough data memory for the variable # and pushes the
address of the data memory allocated onto the variable register’s stack

“unlink CFLAG, #
Dlsassomates a variable reglster from another.

Forward: Pops the top value of the variable stack pointed to by variable reglster # and
‘pushes it onto the save stack.

Reverse: Pops the top value of the save stack and pushes it onto the varlable stack pointed
to by variable regrster 4.

write. CFLAG, TYPE, ADDR
Displays a value for the user. The first TYPE i is the type of data to write. The ADDR ﬁeld
is an 1nteger file handle to write to.
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Forward-Critical: The top of the evaluation stack is popped and the value pushed onto the
save stack. This value is then converted into a string and passed: to a user interface
function which takes appropriate action to display the value.

" Forward-Noncritical: The top of the evaluation stack is popped and is converted into a
string and passed to a user interface function to be displayed. .

Reverse-Critical: The value on top of the save stack is popped and pushed onto the,
evaluation stack. Then a user interface function is called to handle undisplaying of
the last value displayed. - ’

Reverse-Noncritical: DUMMY is pushed onto the evaluation stack and then a user inter--
face function is called to handle undisplaying of the last value displayed.

xor ‘CFLAG, TYPE

Bitwise. exclusive-or’s the top two values of the evaluation stack and places the result onto
the evaluation stack.

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 bitwise exclusive or’ed with
the top value onto the evaluation stack.

Forward-Noneritical: Pops the top two values of the evaluation stack and pushes the
bottom value bitwise exclusive or’ed with the top value onto the evaluation stack.

Reverse-Critical: Pops the top value of the evaluation stack a,nd discards it. Pops the top ,
‘two values of the save stack and pushes them onto the evaluation stack.

'Reversé-'Noncritz'c'al: Pushes DUMMY onto the evaluation stack.




113

APPENDIX B
- THE E-MACHINE ADDRESSING MODES

This appendix, which is adapted from chaptér 2 of Birch’s thesis and appendix B
of Goosey’s thesis, describes the various addressing modes allowed.in E—machine :
.inst'r_uctions.' Quite a few modes are defined in order to accommodate standard high
level language data structures mor.e conveniently. Note that each addressing mode
refers to. either the data at the computed address or the computed address itself,
deperllc.iing on the instruct'ioﬁ. That is, for those instrﬁctioﬁs .that" need a data value,
sﬁch as push, the data value at the address c;ompu-ted from the addressing mode
is gsed. For insj:rﬁctionis that need an addfess, such as pop, the address that was
computed from the addressing mode is uéed.

For each addressing mode listed below, an exar'nple.of .its“intended usé is given.
Each’ example is given in pééudo assembly laﬁguage form for clé,rify; it is importar%t :
to remember that no assembler (and hence n(‘)Aassgmbly language) has yet been
developed for the E-machine. However, the pseudo assembly language e>£a;m,ples

should be easily understod.
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constant mode - C#

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.

Example:
A =15
could be translated into:

push It,CIl.5 ; push 15
pop Cltivi ;assign to A

variable mode - V#:

variable register # —>top of variable stack — Pdata memory

This mode accesses the data memory location given in the top element of the variable stack
that is pointed to by variable register #. This mode is intended to address source program
variables that are of one of the basic E-machine types.

Example:
B :=I;
could be translated into:

push 1,Cl ;push |
pop (o AV ; assign to B

variable indirect - (V#):

variable register # — Ptop of variable stack — >data memory — > data memory

This mode accesses the data in data memory whose location is stored at another data
memory location, which is pointed to by the top of the variable stack pointed to by variable
register #. This mode is intended for accessing the contents of a high level language pointer
variables. It would be particularly useful for handling parameters in C which are passed as
pointers for the intention of passing by reference.

Example:
int foo( C)
int *C
{
*C=1
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could be translated into:

label c¢5 procedure entry

hist c,V3 create new instance of C
pop c,AV3 assign argument passed to *c
push I,Cl push |

pop c,1,(V3) assign to *c

iminst ¢,V3 destroy instance of C

return return from call

variable offset mode - V#{offset}:

variable register # — >top of variable stack + IR — > data memory

This mode accesses the data pointed to by the top of the variable register # stack plus
a byte offset which was previously loaded into the index register. This mode is useful for
accessing fields in a structured data type such as a Pascal record or C struct.

Example:

A := D.Field2

could be translated into:

push 12 ; D is at offset of 2 in structure
popir ¢ ; put offset into index register
push  R,\V4{IR} ; push D.Field2

pop c,R,VI ;assign to A

address indirect - (A):

address register — >data memory

This mode provides access to data located at the data address in the address register. The
address register must be loaded with a data memory address which points to data memory.
This mode is useful for multiple indirection.

Example:

¢ = *(*0);

could be translated into:

loadar c,V7 ; load addr reg with addr of g
loadar c,(A) ; load addr reg with addr of *g
push  1YA) ; push *(*g)

pop c,l,vV3 ;assign to ¢
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address offset mode - A{offset}:

address register + IR — >data memory

This mode provides access to structured data through the address register. The index
register is added to the address register to provide an address to the data to be accessed.
This mode is useful for indirection with structured data, such as pointers to records in
Pascal.

Example:

| := Hf.Data

could be translated into:

push AVS8 push Ht (address value of H)
popar ¢ load ar with Hf

push  1,C2 Data has offset of 2 in record
popir ¢ load ir with offset

push LA{IR} push Hf Data

pop c,,V9 assign to |

variable indexed mode - V#[index]:

variable register # — >top of variable stack + IR * data size — >data memory

This address mode uses the top of the variable register # stack as a base address and adds
the index register, which must be previously loaded, multiplied by the number of bytes
occupied by the data type, which is a basic E-machine data type. The resulting address
points to the data item. This mode is useful for accessing an array whose elements are of a
basic E-machine data type.

Example:
B :=L[3];

could be translated into:

push nl3 ; put index of 3 into
popir ¢ ; the index register
push  LVIZ[IR] ; push L[3]

pop c,l,\v2 ; assign to B

address indexed mode - A[index]:

address register + IR * data size —>data memory

This mode provides the same function as variable indexed mode, except instead of a variable
register providing the base address, the address register is loaded with the base address.
This mode could be used for accessing elements of an array which is pointed to by a variable.



Example:

B := StM;

could be translated into:

push
popar
push
popir
push

pop

AV19
C
14

[

LA[IR]
c,l,V2
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put address of array into
address register

put index of 4 into

the index register

push Sf[4]

assign to B






