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Noteto the Reader

Thank you for your interest in the X X1CC and GalaxC research projects. This document is the official
reference and user guide for the GalaxC programming language. It assumes you have previous programming
experience. Since many GalaxC features are derived from the C programming language, it is most helpful to
have C experience but not required. Experience with object-oriented languages like C++ and Javais not
necessary. GalaxC has some features that correspond to object-oriented languages, but GalaxC uses quite
different notations and terminol ogy.

This document is somewhat unusual for a programming language book since it istrying to do several things at
once. Itisprimarily the reference for the GalaxC language, but tries to provide enough tutorial examples so
you can get started. But it also provides considerable detail of how GalaxC’'s compiler isimplemented. This
is necessary for an extensible language, since to add your own features to the language you need to
understand how the default features are described and implemented. Plus, GalaxC is not implemented like a
conventional language: many features that are built into a conventional language’ s compiler are viewed as
language extensionsin GalaxC. In principle, the entire language can be built as mutually-recursive language
extensions, though it is not currently implemented that way.

GalaxC isaresearch work in progress, and there are plenty of rough edges at thistime. These are being
addressed by the author, with priority given to those things he needs most. Users must realize that at the
present time GalaxC is still in the experimental stages and while most things work, it has never been
stress-tested or even tested by anyone other than the author. Y ou are very likely the second GalaxC
programmer. Thus GalaxC comes“asis’ with no warranty whatsover. But that doesn’t stop GalaxC from
being alot of fun.

John F. Beetem, May 2011
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Chapter 1
I ntroduction to XXICC and GalaxC

Krazy Kat: Why is*“Lenguage’, Ignatz?
Ignatz Mouse: “Language’ is, that we may understand one another.
KK (pensive): Isthat so?
IM: Yes, that’s so.
KK (suddenly agressive): Can you unda-stend a Finn, or a Leplender, or a Oshkosher, huh?
IM (cowed): No.
KK (more agressive): Can aFinn, or aLeplender, or a Oshkosher unda-stend you?
IM (more cowed): No.
KK (now relaxed): Then | say lenguage is that we may mis-unda-stend each udda
[George Herriman, Krazy Kat, 1920]

XXICC (21st Century Computing) is an attempt to bring software design into the 21st Century using an
improved programming language and a Reduced Software Complexity philososphy [JFB 11: Reducing
Software Complexity]. Itsgoal isto improve software productivity by afactor of 2-10 (or more) by making
it easier and more fun to write and maintain software. XXICC is pronounced “ Chicken Coop”, so-called
because it has so many layers.

The purpose of softwareisto tell acomputer how to perform atask. Thetask isinitially conceived of and
described using the terminology of the problem domain, which may be computer graphics, electronic CAD,
data communications, numerical analysis, business, etc. Then the task must be coded into aform that the
computer can understand, usually a standard programming language such as C, C++, or Java. If the problem
domain notations and concepts are close to the programming language -- as with Task 1 in thefigure -- thisis
relatively straightforward. On the other hand, if the problem domain is far from the language (Task 2),
coding often ends up being encryption where clean problem domain notations must be twisted to fit the
constraints of the language. The wider the gap, the harder it is to write and maintain software.

“Closg” Problem Domain

{ Program
Standard
“Far” Problem Domain Programming Language

Compl
Program,

GalaxC +
Domain-Specific
Extensions

XXICC's GalaxC programming language tries to narrow the gap between problem domain and programming
language by allowing programmers to extend GalaxC by adding problem domain notations. Instead of
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adapting Task2 to the language, you adapt GalaxC to Task2, resulting in a simpler, easier-to-maintain
program.

GalaxC programs may consist of ordinary ASCII characters and white space, like C. However, GalaxC
programs may also have executable tables, comment blocks containing formatted text and figures, variable
names in different fonts, special symbols, string literals containing formatting, mathematical formulas, and
WY SIWY G dialog boxes. This eliminates the need for separate documentation files (which are very hard to
keep synchronized with a program) as well as a separate “resource editor”.

These are all edited using the X XI1CC Object Editor (XOE), aunified program and document editor which
combines the features of a document editor, spreadsheet program, figure editor, dialog box editor, and more
into asmall, easy-to-use program with a consistent user interface. XOE isthe front end of an integrated
development environment (IDE). XOE iswritten entirely in GalaxC and is used for editing all XXICC
software and documentation. 21st Century Computing believesin the “take your own medicine” approach to
software engineering.

1.1. TheGalaxC Programming Language

GalaxC isa continuation of the Galaxy Programming Language [B&B 89, JFB 91], an experimental

extensible programming language initially used for writing electronic computer-aided design tools. To provide
the flexibility to add problem domain notations, Galaxy introduced separation of syntax from semantics. In
most computer languages, there is a one-to-one correspondence between language features and their
implementation. For example, variables are always denoted by simple identifiers: Cat , Dog,

Ver yLongVar i abl eNane, etc. Array accessis always denoted using a bracket notation, e.g., Al i, j] or
A(i,j). Structure accessis often denoted using a dot notation, e.g., z. Re and z. | m Function calls are
denoted F( x, y, z) whether or not that’s a good notation for the problem domain. This simplifieslife for the
compiler, since it can determine the kind of object by merely looking at the object’s syntax. Unfortunately,
thisis precisely why typical programming language notations are inflexible.

To avoid this restriction, Galaxy expanded the syntax of program components such as variables, types,
function calls, array access, and record accessin avery ssimple way: any of these can have of any syntax that
islegal in Galaxy. Thisgivesusavast range of possibilities for program constructs, e.g.,

variables: Y/ Y/ Yo x0

CES th

constants;  kt/q el p/e Kot ve

functions; ex Si n?x z1+z2 insert x into sorted list L

macr os. a X +ivy Re z Imz afi, jl

For example, we can define the notations “Re z” and “1 mz” to access the fields of a complex number, and

the notation “z1+z2" to call afunction which adds two complex numbers. The same notation “z1+z2" can
also be used to add two Poi nt s: Galaxy uses the types of the arguments to determine which function to call.

Galaxy's philosophy is that users teach the compiler their notations instead of encrypting their problems for
the convenience of the compiler. Galaxy’s approach does require the compiler do more work: since agiven
expression can be any kind of program construct, Galaxy must pattern match each expression against all
possible function, macro, and variable definitions. Thisis more complex than analyzing a C program, but can
be done very efficiently using an incremental compiler. Computers are now much faster than when Galaxy
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was developed and we no longer need an incremental compiler for reasonable size programs.

Galaxy’ s second important contribution is orthophrase extensibility, which is the ability to add new kinds of
constructs to the language beyond functions and macros [BBP 92]. Galaxy provides special functions which
it calls at compiletimeinstead of at run time. Special functions have access to compile-time variables and
can define how to generate code for a new construct. Galaxy defines basic constructs such as if-then-else,
function calls, and type definitions as specia functions: Galaxy is actually defined at its core as a set of
mutually-recursive special functions and primitive types. With specia functions, the programmer has -- in
principle -- the same power as the Galaxy compiler’ s writer.

GalaxC isanew language which borrows most of its concepts from Galaxy, but is closer to the syntax and
semantics of the C Programming Language [K&R 78]. Specifically, GalaxC expression and comment syntax
isamost the same as C, and code produced by GalaxC can be optimized in the same way. There are some
important differences between GalaxC and C:

1 GalaxC control structures are modeled after Pascal rather than C: it uses while-do and repeat-until in
place of while() and do-while. GalaxC loops use br eak and cont i nue the sameway asC.

2. GalaxC has a switch statement similar to C, but does not require the infuriating br eak for each clause.
Instead, it providesaf al | t hr ough statement to continue to the next case.

3. GalaxC macros are very different from C. C expands macro in a text-based pre-processor, while
GalaxC expands macros as part of the regular compilation process. This alows GalaxC macrosto
have typed arguments like GalaxC functions so that the same macro syntax can be used for different
purposes depending on the types of the arguments. |If no macro has the correct syntax, GalaxC
generates an error instead of blindly making atext substitution like the C preprocessor. C macros are
quite powerful and are an important tool for getting around limitations of the base language. GalaxC
macros are powerful in adifferent way, and are used cleverly to define the language itself. For
example, al the looping constructs are defined as macros.

4, GalaxC provides afor statement that isthe same as C. It aso has statementslike“f or i =1 upto
10 do stmt” and “f or i =20 downt o0 O by 2 do stmt”.

5. GalaxC allowslocal variables to be declared anywhere in ablock, instead of only at the beginning of
the block asin C. Some programmers use C++ instead of C only so they can use this feature.

GalaxC programs can be written entirely with ASCII text and white space, and may look very much like C
except for the differences just mentioned. Such GalaxC programs can be edited using any text editor.
However, the real power of the language becomes apparent when one adds X X1CC abjects into a GalaxC
program using XOE. Here are some examples:

1 Literal text strings can contain formatting such as bold, italic, and underline. One placethisisusedin
the X OE source code is for menu item and button text, for example, “Open...” instead of a character
sequence like “& Open” or “<u>O</u>pen”.

2. Variable names can use formatting to distinguish between variables, e.g., “a” versus“a” or “e=
2.718281828".

3. XOE supports the Latin-1 character set, so it is possible to have string literals with accented text such
as“Cui-1a" or variable/function names with accented characters such as “afio = 2009".
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4, XOE supports the Symbol font, which permits Greek variable names “ 1= 3.14159265" and
expressions with proper comparison operators “whilei < 10 do...”.

5. XOE alows subscripts and superscripts, which can then be included in GalaxC programs. Galaxy aso
had this capability.

6. At an even later point XOE, will permit complex mathematical expressions such as [quadratic
formula]. Thisisalready supported in GalaxC's parser, but requires implementation in XOE.

7. XOE has paragraph boxes containing formatted text with an optional frame.

Inserting a PARABOX is a great way to add program documentation
as alarge comment block with word wrap, text and paragraph
styles, and figures.

8. XOE tables allow formulas to be entered and calculated as spreadsheets. Unlike a stand-alone
spreadsheet, XOE tables can share variables and functions with the rest of a GalaxC program.

Here isasimple table that calculates squares of numbers:

i +1 (i +1) * (i +1)

“i " istherow, numbered from 0. A cell with a“ditto” mark uses the same formula as the cell above
it. Compiling and executing the table resultsin:

1

9
16

W[N]

9. XOE supports WY SIWY G dialog box editing so that dialogs can be incorporated into a GalaxC source
file instead of being in a separately-compiled resource file.

On peut pas
S amuser -- au
Rouge-gorge?

Qui Non

Most modern programming languages use ASCI| characters and white space. Thiswas required by the
technology available for source code entry at the time the language was invented, viz., punched cards and
teletypes. FORTRAN originally required “<” and “=" to beentered as“.LT.” and “.GE.” because the “<”
and “>" characters were not available on IBM 026 keypunches. Given that FORTRAN was created by
mathematicians to trandate formulas, doesn’t it make sense that they would have used proper mathematical
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notations such as real subscripts and superscriptsif they were available instead of “A(l,J)” and “X**3"?

GalaxC recognizes that times have changed since the 1960’ s and 1970’ s and that technology no longer
requires expressions to be encoded as ASCII strings. The fact that old languages still require it and new
languages for the most part still have teletype compatibility is (in the author’ s opinion) silly and sad .

The key to GalaxC’ s flexihility isthat XOE documents are stored internally as XXICC Object Trees, which
will be described in the next section. Since they are already in tree form, GalaxC does not have to parse the
tree structure itself, though it does need to parse textual expressions within the tree. Tables and dialogs are

treated as statements.

1.2. XXICC Object Editor (XOE)

Text-only GalaxC programs can be edited using any ASCI| text editor. However, to take full advantage of
GalaxC you must use XOE so you can create and edit tables, dialogs, and figures.

Traditionally, personal computers have a*suite” of productivity tools consisting of a document editor, a
spreadsheet program, and adrawing program. For example, Microsoft Office has Word, Excel, PowerPoint,
and Visio. The OpenOffice suite has Writer, Calc, Impress, and Draw. While there is a capability to cut and
paste from one tool to another, it's awkward and requires that documents be edited separately from drawings.
In addition, while each tool has asimilar user interface there are significant differencesin capability from one
tool to another. For example, the author was able to create accented words easily in Microsoft Word, but not
ableto do so in PowerPoint. Yes, he could have cut and pasted from Word, but that gets quite cumbersome.

It's unclear to the author why after so many years these are still separate tools. It made sense to have
separate MacWrite and MacDraw tools on a 1984 Macintosh with 128KB of RAM and floppy disk storage,
but that’s clearly no longer necessary. It aso made sense for Microsoft Word and Excel to be separate
programs originally since they were purchased from different companies. However, that was decades ago
and you would think a company with as many employees as Microsoft could have afew of them integrate
thetools. Perhapsin the case of Microsoft they want to have the flexibility to sell single tools aswell as
suites. Morelikely it’sjust that the programs have become so complex that nobody knows enough about two
of them at once to be able to integrate them.

XOE takes a different approach: all the necessary capabilities of aword processor, spreadsheet, and drawing
editor are integrated into a single tool with auniform user interface. Exactly the same commands are used to
edit formatted text in documents, tables, and figures.

The key to making this work is to reduce the complexity of the software down to the basic featuresthat are
truly needed. Over the years productivity suites have become increasingly complex, largely for no good
reason. The author’s own experience is that new versions do not add any new features he really needs, and
often screw up existing features that he does need. In many cases, it seems that the new features are there
solely so thereisareason “on paper” to upgrade to the new version. Technology magazines are complicit in
this, since they tend to celebrate the new features without considering whether they are useful or merely
“newsworthy”. The author’s own experience isthat LaTeX was quite sufficient for his own documents
except for two omissions. WY SIWY G editing and incorporation of figures. X OE solves both of these
problems.

There are some users who want all the latest features and enjoy using software that is the equivalent of flying
ajet airliner with 100,000 switches. That'sfine, there are plenty of commercial and FLOSS alternatives to
support them. XOE follows a Reduced Software Complexity philosophy [JFB 11: Reducing Software
Complexity], which targets an entirely different audience.
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The key to XOE's simplicity isthat it treats all documentsinternally as XXICC Object Trees (XOTSs), built
out of XXICC Objects (XOs). An XO may be a primitive such as TEXT or RECT, or elseis an XO Subtree
(XOST) containing X Os that may be nested XOSTs. An XOST may be alarge object such asa TABLE,

DI ALOG, PARABOX (arectangle containing formatted paragraphs), or FI GURE. Thesein turn may contain
smaller XOSTs such as horizontal and vertical stacks (H VSTACKs) which stack their components
horizontally or vertically. For example, a DI ALOG may stack a message contained within a PARABOX on top
of an HSTACK containing several BUTTONs. Each BUTTONisaspecia kind of HSTACK that includes text
(usually with an underlined character) along with an optional check box.

Here is a PARABOX containing

the message part of a DI ALOG.
Its dimensions are computed

automatically from its contents.

Here are the DI ALOG s buttons;

Button 1 Button 2

Similarly, amenu is a VSTACK of BUTTONs, each with an associated action. A complex mathematical
expression may also be an XOST. For example, aratio may be shown as a VSTACK with a horizontal
separator line between textual numerator and denominator expressions.

Basic editor operations such as select, insert, delete, copy, and paste are essentially the same whether they’re
applied to TEXT or to non-textual XOSTs such as dialog boxes and tables.

While this takes care of editing all sorts of objects, spreadsheets add the additional complexity of compiling
and executing code. XOE's approach to thisisto integrate X OE tables with the GalaxC compiler so that all
the capabilities of GalaxC, including nice mathematical formulas [some day] are available within spreadsheets.
The syntax of XOE formulasis very different from VisiCalc and its successors and takes a very different
approach to naming cells so that XOE tables integrate with the rest of a GalaxC program.

1.2.1 Decoded XXICC Objects (DXOs)

A XOE document is a sequence of XOs, i.e., an XO list. Asmentioned earlier, XOs may be primitives such
as TEXT and RECT, or may be subtrees bracketed with an XOST opcode and ENDOBJ. Except inside

FI GUREs, XO listsdo not usually contain placement information (x/y coordinates), but they do contain
formatting instructions encoded as control charactersin TEXT strings or as XOs. XOE produces a formatted
version appropriate to the output device using well-known document formatting algorithms used by any
document editor. The XO list also contains data for reversing changes using the UNDO command, i.e,, it
marks X Os that have been deleted (so they can be restored) and XOs that have been inserted (so they can be
deleted).

Formatting alarge document from scratch takes considerable computing time. It's not agood ideato
reformat each time part of a document needs to be refreshed on the screen. So XOE transforms an X O list
into a Decoded XO list (DXO list) which is easy to render on the screen. For example, a TEXT XO may
contain many lines of text with various formatting styles. Decoding this resultsin multiple DXOs, each
confined to asingle line with a uniform formatting style (font, size, color). DXOs aso have placement
coordinates so they are easily rendered.
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A large document can have a huge number of DXOs. Thereisno point in saving al of them, since only a
fraction will be visible in awindow or on asingle printed page. XOE therefore abridgesthe DXO list,
omitting DX Os that are not currently visible. However, it retains enough information so that if scrolling
exposes DX Os they can be regenerated incrementally instead of reformatting the entire document from
scratch. Abridgement follows the tree structure of the DXO list, i.e., XOE can omit the contents of a subtree
if that entire subtree is currently invisible. This approach isloosely based on outline editors with elision
capability and also on incremental processing algorithmsin general.

1.3. ThePostfix Stack Intepreter (PSI or W)

PSI isa 32-bit stack-oriented interpreter that executes PSI-code, a portable 16-bit representation similar to
Pascal p-code and Java bytecode. The GalaxC compiler generates PSI-code, which can either be interpreted
or trandated into native code using the PSI code optimizer (PSI-CO) and PSI code generator (PSI-xCG,
where x = architecture). Since PSI-code represents both code and data, it is also used as the internal
representation for XOTs by augmenting the basic PSI instruction set with instructions representing each kind
of XO. For example, the TEXT instruction forms a TEXT XO using the string operand at the top of the stack
as string data. This operand may be a string literal, or it may be the value of a string expression, e.g., the
current date or time. An XOST begins with an XOST opcode, e.g., HSTACK, and ends with the ENDOBJ
instruction. An entire document is a paragraph box beginning with PARABOX and ending with ENDOBJ.

To process a XOE document, PSI simply executes the PSI code for that document. X O opcodes are
interpreted using a vector of function pointers, with adifferent vector for each kind of processing. PS| also
has instructions to tag incremental changes to the memory copy of a X OE document so they can be reversed
using the UNDO command. These tags are cleaned out when storing a XOE document to afile. XOE
documentsin files are “dataonly”, i.e., they only contain PS| datainstructions and XO opcodes. Otherwise
it would be easy to transfer avirus as part of a XOE document.

Using a single representation for code and datais an old idea, mostly explored using LISP. The Galaxy CAD
System [JFB 92] used the executable data concept extensively for processing CAD data. A particularly nice
example was the DEC GT40 Graphics Display System [DEC 73] which represented both instructions and
graphics data as 16-bit words which were interpreted by hardware to produce vector graphics.

14. Summary

This chapter provided a brief overview of XXI1CC and what’ s different about the GalaxC language. The
remaining chapters describe the syntax and semantics of GalaxC in detail.
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Chapter 2
Tokens
Good spelling is very important. | knew a man who spent a night in a Warehouse because he
couldn’t spell.
Mark Twain

In this chapter, we define and discuss tokens, the smallest meaningful program units in the GalaxC language,
and the separators used to delimit them. Tokens include such objects as numbers, identifiers (alphanumeric
names), quoted characters, quoted strings, and specia characterssuchas*:’, ‘+', ‘<’, etc. Tokens
correspond to the words and punctuation marks in written text, and are combined to form larger structures
called expressions.

Separators prevent consecutive tokens from being erroneously merged into a single token and also to make
program text more readable. They include spaces, tabs, new-line characters, and comments. In many cases,
separators are not actually needed to delimit tokens: for example, the string a+b is considered to be three
tokensa, +, and b. A program can be viewed equivaently as a sequence of characters or as a sequence of
tokens and separators.

There are six kinds of tokens in the current version of GalaxC. These are integer numbers, identifiers,
characters, strings, floating-point numbers, and specia tokens. Numbers, characters, and strings are also
called literals. For the most part they arethe same asin C. In principle, tokens can be any length. In
practice, implementations limit token length to some reasonable value. Currently GalaxC limits tokensto 255
characters.

2.1. Numbers

Number s are unsigned integers containing one or more digits. Asfar asthe scanner is concerned, numbers
can contain any number of digits up to the maximum token length. In practice, the number of digitsislimited
by the word size of the machine. GalaxC numbers can be decimal, octal, binary or hexadecimal and mostly
use C syntax:

[fn: {X} means any number of instances of X, including zero. [X] means X isoptional. X |Y meansto use
either X or Y. (X) isused for grouping.]

digit=0]1[2|3|4|5|6|7|8]9

dec_num = digit { digit} [First decimal digit # 0].
oct_digit=0|1]2|3|4|5]|6]7

oct_num = 0 {oct_digit} [First octal digit = 0].
bin_digit=0|1

bin_num="0b’ bin_digit {bin_digit} | ‘OB’ bin_digit {bin_digit}

hex_digit=digit|A|B|C|D|E|F|a|b|c|d]|e|f
hex_num="0x" hex_digit {hex_digit} | ‘0X hex_digit { hex_digit}

number = dec_num | oct_num | bin_num | hex_num

Note that hexadecimal digits and the Ox and Ob prefixes may be upper or lower case.
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Valid examples: 0, 1234, 042 (octa), OxBeef (hexadecimal), 0001001101 (binary).

Invalid number tokens:

-4,+32 Signs are not part of number tokens.
1.5,6.023E23 Not integers.

123A7,0af b Letters not allowed in decimal and octal numbers.
0x, 0b Need at least one hexadecimal or binary digit.
0x02gh Invalid hexadecimal digits.

In addition, underscore (') characters may be used after the first digit to group digits into a more readable
form, eg.,

Oxf eed_beef,0b0110_ 1001, 123 _456_789
Underscores do not affect the value of a number and are not checked in any way.
2.2. ldentifiers
I dentifiers are used to name objects such as variables, arguments, and function names. An identifier consists
of aletter or underscore followed by zero or more letters, digits, and underscores. GalaxC is case-sensitive,
i.e., lower case and upper case letters are considered to be distinct. For example, the identifiers Cat and CAT
are different. Identifiers can have any length up to the maximum token length and al characters are

significant. The syntax of an identifier isthe same as C:

letter =A|B|..| Z]a|b]|..|z|_
identifier = letter {letter | digit}

Vaid examples: x,y, A123,Very_long_identifier,_exit

Invalid Identifier Tokens:

1ABC, $t ot al Must start with aletter or underscore.
Very | ong nane Cannot have separatorsin an identifier.
a[ 3] ‘[ " isnot avalid identifier character.

2.3. Characters

A character literal consists of 1-4 characters delimited by single quotes, e.g.,' a' or' bc' . A character may
be a printing character or a non-printable character such as CR or LF specified as a C escape sequence:

\ nnn nnn = 1-3 octal digits, for example' \ 015" isthe ASCII code CR = 13 decimadl,
and'\ 0" isNUL.
\ xnn nn = 1-2 hexadecimal digits, for example' \ x7F' isthe ASCII code DEL.

\ Xnn Same as\ xnn.

\b BS = backspace="\10" ='\x08".

\ f FF=formfeed='\114' ='\x0C .

\n LF=linefeed=newline="'\12' ="'\ x0A'.
\r CR=cariagereturn="\15" ="'\ x0D .

\ t HT = horizontal tab="\11' ="'\ x09'.
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Any other character preceded by abackslash isitself. For example,' \' ' isasinglequoteand' \\"' isthe
backslash character. Hereisthe formal syntax for a character token:

char =\ oct_digit [oct_digit] [oct_digit] | \ x hex_digit [hex_digit] | \ X hex_digit [hex_digit]
| \ any printable character | any printable character
character =' char [char] [char] [char] *

The single quotes and the backslash are considered to be part of the character token, but not its value.
Vaidexamples:*a'," b" " # ,"\"","\n" """
Invalid character tokens:

' abcde' More than four characters.
"a Closing quote missing.

Character tokens are always integer values of type char (if single character) or ul ong (if multiple). Thisis
different from a string, which is a sequence of single characters accessed through a pointer.

2.3.1 Multi-character Tokens

A character token normally has a single character and fitsin an 8-bit byte. ANSI C introduced the idea of a
multi-character token, fitting 2 charactersinashort and 3-4 charactersin al ong. Multi-character tokens
are not the same thing as strings (see next section) since they can be assigned as integers and do not have
implicit NUL termination. However, they are occasionally useful as away to pass short strings as integers
instead of worrying about allocating and deall ocating strings.

One aspect of multi-character tokens which is not well defined in C is the placement order of charactersin an
integer, i.e., should they be placed in MSB to LSB order or vice-versa, or should it depend on the byte order
of the target architecture? Since thiswas not well defined, different C compilers may implement them
differently. For example, GNU C aways generates multi-character constantsin MSB to LSB order: the last
character of the multi-byte constant is the LSB.

GalaxC matches the byte order of the target architecture: for a big-endian target (PowerPC, 68000, Coldfire)
the last character isthe LSB, whereas for alittle-endian target (Intel Architecture, most ARM
implementations) the first character isthe LSB. This puts the charactersin the same order as if they werein
astring; in fact, if the multi-character constant is stored in memory and ends with aNUL it can be treated as a
string. This always works for alittle-endian target, but with a big-endian target it’ s usually necessary to pad
the character to be exactly 2 or 4 bytes long, depending on whether it isstoredinashort or al ong.

Here is how to calculate the value x for an n character token (1 < n < 4) with |eft-to-right charactersc,, c,, c,,
and c,, assuming 8-bit bytes and unused characters are NUL.:

. For abig-endian target, X = (¢, << 8*(n-1)) + (c, << 8*(n-2)) + (c, << 8*(n-3)) + (c, << 8*(n-4)).
. For alittle-endian target, x = ¢, + (¢, << 8) + (¢, << 16) + (C, << 24).

For example, ' abc' is0x00616263 on abig-endian target and 0x00636261 on alittle-endian target.
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24. Strings

A string literal is a sequence of zero or more characters delimited by double quote characters, e.g., " cat .
Asin C, astring is stored as an array of characters terminated with NUL (not shown) and accessed using a
pointer. Strings are not the same as characters, even if the string is one character long: * a' isdifferent from
"a". Strings use the above backslash notation for special characters. Strings can have any length aslong as
the token including quotes and escape sequences fits in the maximum token length. The syntax of astring is:

string=" [{char}] "
Valid examples:

"cat","Hello, world!/\n","He said \"Hello\".",
"He said '"hello .",""

Invalid String tokens:

"He said "Hello"" Use\ " to put double quote inside a string.
"Now is the tinme

for all good nen" Use\ n to put new linein middle of a string.
"But now for... Closing quote is missing.

The double quotes and backslashes are considered to be part of the string token but not its value. When we
speak of the length of a string, we normally mean its compiled length after escape sequences have been
interpreted. For example, the string " Hi ! \ n" is4 characterslong since\ n isasingle character. String
length does not include the NUL terminator: the empty string " " is 0 characterslong.

A string literal is of typest ri ng, which isaread-only array of char . For details, see 88.4.1.
2.4.1 Sring Concatenation

Aswith ANSI C, you can break up along string into smaller strings and let the compiler combine them.
There can be separators between the individual strings, e.g., you can put them on separate lines:

"Now is the time
"for all good nen"

isthesameasthesinglestring"Now is the tinme for all good nen". C concatenates strings during
pre-processing. GalaxC concatenates them using an invisible concatenation operator during analysis and code
generation. The current version of GalaxC limits combined strings to 16K characters.

If the strings contain printable characters there are no restrictions on combining them. However, it is possible
to create strings of arbitrary binary datausing \ nnn and\ xnn. Inthis case, it can be unclear whether \ 0 is
the end of the string or a data byte of the string. This requires the following rule:

If astring containing binary dataendsin\ 0, the string must have even length to be concatenated with
the following string.
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2.5. Floating-Point Numbers

A floating-point number must have adecimal point ‘. ' to distinguish it from an integer and/or have a base
10 exponent. The exact syntax is.

signed_dec =[+|-] dec_num
exponent=(e |E|d | D) signed dec
float_num = dec_num|. dec_num] [exponent]

A dec_num by itself is a number token (an integer). The exponent characters‘e’ and ‘E’ imply a
single-precision f | oat value, while‘d’ and ‘D' imply adoubl e value.

Examples: 1. 3, 6. 023E23, 1. 602e-19,0. 4,1D6
Invalid floating-point number tokens:

.5 Must start with a digit.
1. Must have a digit after the decimal point.
1.5E  Exponent number is missing.

GalaxC floating point numbers are slightly different from C: they must begin with adigit and if thereisa
decimal point it must be followed by adigit. In addition, GalaxC allows underscore characters as with integer
number tokens.

2.6. Special Tokens

All other tokens are special tokens. Theseinclude specia characterssuchas‘+’,‘-’, ‘*’ and‘/ ’; pairs of
specia characterssuch as‘<=’, '>=’, and ‘&="; afew triples such as“<<=" and “>>="; and certain identifiers
that are reserved words. Any character that is not part of a separator or another kind of token is or is part of
aspecial token.

There are 28 special tokensthat are pairs or triples of special characters;

== = <= >= ++ -- << >> && | AN -> &? I &
+= -= * = /| = Y%F &= H#H= | = N= T = D &L= >>= ANz

There are 20 reserved wordsin GalaxC. While these look like identifiers, they are treated as special tokens
rather than normal identifiers and can never be used asidentifiers. They are:

and def else for inline repeat spclarg then until while
arg do fn if or spcl switch typedef var with

Some reserved words may not be used in the current implementation: they are for planned features.

Since GalaxC is case-sensitive only lower-case identifiers match these reserved words. Thismeans| f , And,
and FOR are not reserved words -- they are ordinary identifiers.

All other characters that are not part of another kind of token or a separator are special characters. They
include:
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( ) ~ [ ] { } < = > , : ;
In summary, the syntax for a special tokenis:

reserved word=and |arg |def |do|el se|fn|for |if |inline]|or |

repeat |spcl |spclarg|switch|then|typedef |until |var |while|w th
special pair = ‘== | 1= | <= |>= | ++ |- [ << |>> & ||| ||
> &2 t& = |2 x= )= % &= | #= | = | A= s

special_triple= <<= | >>= | M= | =

special_char = any non-identifier non-separator character

SPF = style prefix, described later

SCH = style change, described later

XO = XXICC object, described later

special = reserved_word | special_char | special_pair | special_triple | SPF | SCH | XO
2.7. Summary of Tokens

A token is either a number, an identifier, a character, a string, a floating-point number, or a special token.
The formal syntax is:

token = number | identifier | character | string | float_num | special
2.8. Separators

Separators are used to punctuate tokens that would otherwise be considered a single token and are also used
to enhance readability of program text. Separators are not needed when token distinction is clear without
them. For example, scanning the text “x+3” produces the tokens x, +, and 3 since they are clearly distinct
kinds of tokens. It isusualy correct to insert separators between tokens: “x+3”,“x + 3”,and“x + 3"
are lexically equivalent. However, it isincorrect to insert separatorsinside atoken: “cat dogbi r d” and “cat
dog bi rd” arenot lexicaly equivalent. Inafew casesinserting a separator between two distinct tokens
changes the meaning. For example, “f (x, y)” isdifferent from“f (x, y)”,and“a[i]” isdifferent from
“a [i]". Thesewill be discussed in Chapter 3.

GalaxC triesto find the longest tokens possible. It scans a number until it finds a non-digit, it scans an
identifier until it finds a non-identifier character, and it scans a string until it finds the closing quote. The
character that delimits atoken can be a separator or the first character of the next token if that is possible.

For example, scanning “10ni produces the tokens 10 and m since mis not adigit. Separators are only
strictly required when two tokens would otherwise be joined into asingle token, e.g., “i f a t hen” requires
separators between the three tokens since “i f at hen” isasingleidentifier. Inside a string, separators are
treated as normal characters.

A separator may be a space or any control character other than NUL. If GalaxC is edited using a conventional
text editor, the only control characters possible are CR, LF, and FF. However, if GalaxC is edited using XOE
then control characters may be format control (FC) characters which change the font and style of the
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following token(s). See Section 2.11.
A separator may also be acomment. GalaxC supports both kinds of ANSI C comments:

. Any sequence of characters beginning with */ ** and ending with **/’. Such a comment can span any
number of lines. They cannot be nested, i.e., insideacomment ‘/ ** and ‘/ / * areignored.

. Any sequence of characters beginning with ‘/ /’ and ending at the end of the line.

Comments edited using XOE may contain format control, e.g., italics and boldface. They have no specia
significance other than improved readability.

Hereisthe syntax for separators:

comment =/ * [any sequence of charactersexcept **/ '] */ |
/1 any sequence of characters up and including the end of theline
sep = space | control character other than NUL | comment

separator = [{sep} ]

In summary, a separator can be any number (including zero) of spaces, control characters, and commentsin
any order.

We can now define the lexical syntax of a GalaxC program simply as an alternating sequence of separators
and tokens:

program = separator token separator {token separator}
Note that a program must contain at least one token.
2.9. ExampleProgram

In this example, we take a fragment of a GalaxC program and separate it into tokens using the token syntax
described in this chapter. Hereistheinitial program text:

/1 Define construction of conplex nunbers.
float arg {x, vy},
def x +i y = (x, y): conplex;

/1 Define conplex addition.
complex arg {z1, z2},
def z1 + 22 = (Re z1 + Re z2) +i (Imzl + Imz2);

When scanned by the GalaxC compiler, the following tokens are produced:

fl oat arg { X , y } ,
def X + i y = ( X , y ) conpl ex ;
conplex arg { z1 z2 } ,
def z1 + z2 = ( Re z1 + Re z2 ) +
i ( Im z1 + Im z2 ) ;

Note that the comments and the spacing structure are lost. Scanning has converted the program text from a
string of charactersinto a sequence of tokens. Combining tokens to produce expressions will be described in
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the next chapter.
2.10. Extended Character Sets

GalaxC uses the 8-bit Windows-1252 (“ANSI”) character encoding for most fonts. [fn: http://
en.wikipedia.org/wiki/Code_page 1252] Windows-1252 includesthe ASCII character set along with the
ISO-8859-1 Latin-1 extensions to provide accented letters such asin afio, Cui-1a, and Straf3e, aswell as
additional special characters such as© and ®. Windows-1252 adds more letters such asin cauf and BeneS as
well as “high-quality” quotes and daggers.

All Windows-1252 accented letters can be used in as lettersin identifiers:

4 a a a4 a4 4 = A A A A A A E
6 & é & E E E E

i i 7 i i ] T |

6 06 6 6 8 @ e O O 060 O o6 o &
a o a0 Uy y u U U U Y Y

¢ A & 7z B & p ¢ N S Z b b

The remaining symbols are treated as special characters.

To use these characters, you must use an editor that supports them like XOE. Fonts should not be a
problem, since Microsoft has made free Web fonts available which include Windows-1252. They are also
fully supported by PDF.

GalaxC also supports the Symbol font and character set. [fn: http://en.wikipedia.org/wiki/Symbol_font]
ASCII letters are mapped more or less to their Greek equivalents and can be used as single-character GalaxC
tokens:

[ xX ™M X
NZ~NE

A

P
A
W

Zr<2Q
OWo ™
O X 3 X
o> o
oTmo ®
Mg a-s
— A<
<Ic>
N —g -
OIS

Symbol aso includes numerous mathematical symbols such as< and =. GalaxC treats them as specia
characters. Symbol includes ASCII digits 0-9, which GalaxC treats as normal digit characters. The Symbol
font is a standard PDF font and is automatically included in Windows and in many Linux distributions. In
other cases it may be necessary to purchase a copy of symbol . t t f to edit documents containing Symbol
characters.

2.11. Format Control

When used with a conventional text editor, GalaxC programs have a single font with no style. Using XOE,
GalaxC programs can have multiple fonts and styles. They can be used just for readability, or can change the
meaning of tokens, for example, you canuse‘a’ and ‘a’ to represent different variables.

GalaxC encodes character formatting using invisible format control characters inserted in the program text.
Lexically they are treated like separators, i.e., they are equivalent to inserting space or tab between tokens.
Format control characters are single control characters sometimes followed by a non-zero argument byte.
Format control characters are never O: the only NUL character isthe end of thefile.
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Here are the format control characters defined at this time:
ctl-B  Set the current color to O, which is aneutral color: black on while or white on black.

ctl-C Set the current color to the non-zero value in the next byte. The 256 possible colors are mapped into
at most 16 distinct color classesto distinguish tokens.

ctl-E Set the current font number to 0. By default, thisis amonospaced font like Cour i er .

ctl-F  Set the font number to the non-zero value in the next byte. By default, 1 = serif (e.g., Times), 2=
sans-serif (e.g., Helvetica or Arial), and 3 = Symbol. Other values may be different type faces or
different sizes of an existing type face. We have arbitrarily decided that 256 fonts (not including style)
is more than enough to make a document look like a blackmail note. The 256 possible fonts are
mapped into at most 16 distinct font families to distinguish tokens. Currently there are just four
families, corresponding to the four default fonts.

ctl-N  Set the current font style to normal.

ctl-S Set the current font style to the non-zero value in the next byte. The style bitsinclude bold, italics,
underline, overline, strike-through, subscript, and superscript.

Format control is treated as a separator, so it breaks up tokens. For example, “bird” is not a single token,
since‘bi’ and ‘rd’ are different fonts.

Except for subscripts and superscripts, GalaxC only cares about character formatting for identifiers, and then
only if acompiler option is enabled. Numbers, characters, strings, special characters, and reserved words
mean the same thing no matter what format they have. If anidentifier does not have the default style (which
is set by the first token in thefile), the GalaxC scanner inserts an invisible style prefix token (SPF) in front of
it to specify the style.

Subscripts and superscripts are handled differently: if the subscript or superscript level changes, GalaxC
inserts a style change token (SCH) at each change which indicates whether subscript or superscript level
increased or decreased. They act as special kinds of parentheses during parsing.

2.12. XXICC Objects
If edited using X OE, a GalaxC program may contain XXICC Objects (XOs) such as dialogs, tables, and

mathematical formulas[future]. An XO hasinvisible tags to show the structure of the XO. For example, the
table:

a[0,0] a[0,1]
a[1,0] a1,1]

has an internal representation of the form:

TABLE
HSTACK  CELL a[0,0] ENDOBJ CELL a[0,1] ENDOBJ ENDOBJ
HSTACK  CELL a[1,0] ENDOBJ CELL a[1,1] ENDOBJ ENDOBJ
ENDOBJ

where TABLE, HSTACK (horizontal stack), CELL, and ENDOBJ are XO tags. TABLE, HSTACK, and CELL
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begin XO subtrees (XOSTs) each of which ends with ENDOBJ .

Scanning a GalaxC program with XOs simply converts XO tagsto XO tokens. Parsing XOsisaso simple
since the XOST and ENDOBJ tokens already define the X O’ s tree structure.

XOs are described in detail in [JFB 11: XXICC Objects].

2.13. Implementation Notes

Thelexical syntax described hereisfor the current GalaxC implementation. In thisversion, the lexical syntax
is fixed and cannot be changed by the programmer. In future versions of GalaxC it may be possible to

expand and modify the lexical syntax to create application-specific libraries.

Overline and strike-through have not been implemented yet.
Character color has not been implemented yet.
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Chapter 3
Expressions

In this chapter, we will see how the tokens of Chapter 2 are combined into expressions. Tokens correspond
to the words and punctuation marks of written language, i.e., they are sequences of characters. Expressions
correspond to phrases, sentences, paragraphs, etc. formed from those words, i.e., they are sequences of
tokens. Just like written language, GalaxC has rules that define what is alegal sequence of tokens.

Every GalaxC program construct is some kind of expression. Expressions are combined into larger
expressions using syntax rules which define legal combinations as well as the precedence among operators.
GalaxC syntax is both simple and general. It recognizes awide variety of notations, with the goal of allowing
users to express programs simply and clearly.

One important use of expressionsis for writing mathematical formulas. GalaxC alows C-like mathematical
expressions and adds additional notations such as:

sin x Function calls do not require parentheses.

| a- b| Absolute value, also used for vector and string length.
n! Factorial.

X + iy Construction of acomplex number.

In addition, GalaxC programs edited using X OE support subscript and superscript notations:

sin?a + cos?B
2

ax? + ax + a,

eX

In those cases where standard notation is not possible due to the absence of special characters or graphical
notations for the avail able hardware, GalaxC adopts familiar C-like notations. Future versions of GalaxC will
allow more general mathematical notation.

Expressions are also used as programming constructs. These include assignment expressions, conditional
expressions, and iterative statements. In GalaxC, a statement is just akind of expression.

There are many kinds of expressions and specific syntax rules to define which expressions can be
sub-expressions of other expressions. The syntax rules (83.3) define what is a correct GalaxC expression and
also establish the operator precedence, which is consistent with standard mathematical notation and C.

Aswe discussed in the introduction, GalaxC separates syntax from semantics. The syntax rules described in
this chapter only define how alist of tokensis parsed in the strict syntactic sense. They do not define what
the syntax means. In practice, actual implementations of GalaxC do assign semantic meanings to most basic
syntactic constructs. For example, the if-then-else expression is defined to have the expected C-like
behavior. Nevertheless, these are only default definitions: it is certainly possible, though perhapsill-advised,
to redefine such constructs to have some other behavior entirely.

This chapter defines the syntax of the current version of GalaxC. We also describe default semantics for
some of the constructsto clarify their purpose. Semanticswill be discussed in detail in later chapters.

3.1. Mathematical Expressions

Mathematical expressionsin GalaxC have arich syntax with many operators and are able to represent most
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basic mathematical notations. Operator precedence is built into the syntax and is based on standard
mathematics and C. Table 3-1 lists the types of mathematical expressions with operator precedence shown

from top to bottom.

Table 3-1: Mathematical Expressions

Expression name Examples Operators
sub f(x), a[2], a, f(),a[]
suffix nl, x"2, x? I T
prefix ~X ~, ++, - -
unary -X, | x| + -, X
concat sin x
factor I X, ?X 1, ?
term x/ly * I, %
arith X+y +, -
shift X << 3 <<, >>
relation X >3 <, >, >=, <=, >,
equality X == == 1= =%
bitand X &Yy, X#3 & #
bitxor XNy "
bitor X |y |

Mathematical expressions are formed by combining subexpressions with mathematical operators. These
include unary operators, eg., ‘+' and ‘- ', and binary operators, eg., ‘+', ‘-, ‘*", "/ ', and ‘%. Thelast
three are the C operators for multiplication, division, and remainder (used for modulo arithmetic). The
highest precedence expression is sub, which includes C-style function calls and subscripts. The second
highest is suffix, which includes superscripted expressions, factorial (n! ), and C post-increment and
post-decrement (pc++, sp- - ). Next we have expressions with unary and multiplicative operators. Binary
‘+" and ‘-’ have the lowest precedence of the arithmetic operators. Suffix and binary operators associate
from left to right; prefix and unary operators associate from right to left. Use parenthesesto establish
different precedence or associativity.

Examples:
a*-b + c*d

-a+ b +c
a+b %10

Equivalentto: (a*(-b)) +(c*d).
Equivalent to: (( - a) +b) +c.
Equivalentto: a + (b % 10).

The spaces in the above examples are unnecessary and are only present to improve readability. Except for
“al[i]” (whichisdifferent fromfrom*“a [i]”)and“f (x)” (whichisdifferent from“f (x)"), GaaxC
ignores spaces except as token separators and does not consider them when parsing expressions. only the
operator precedence matters. For example, consider the expression:

atb * c+d

Since the spaces are ignored, GalaxC parsesit as.

(a+(b*c)) +d
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To get any other result, use parentheses to circumvent the normal operator precedence, e.g.,
(at+h) * (c+d)
3.1.1 Subscripts and Superscripts
GalaxC allows expressions that contain subscripts and superscripts, such as:
X, + X, er log, N

Subscripts and superscripts have the highest operator precedence, with subscripts higher than superscripts.
This agrees with standard mathematical conventions. Here are some examples and how GalaxC parses them:

a*x? + a*x + a (((a)*(x?)) + ((a)*x) + (a)
X% ((x)? + ((x)?)
-x® - (X%)

XOE documents are normally limited to one subscript and one superscript level. [footnote: We are planning

to incorporate a general mathematical editor some day that will support arbitrary levels.] Nested sub- and
superscripts must be parenthesized explicitly, as shown in these examples:

(x), (y3)*
The syntax for a subscript or superscript expression is quite general, as shown in these examples:
X ei ot a( b, c)

1,2

GalaxC programs may be written using an editor that does not support formatted subscripts and superscripts.
In this case, the following alternative notations may be used:

subscripts: x[ 1, 2] log[2] N
superscripts: enrnx XAN2
mixed: al[ 2] *x"2 + a[ 1] *x + a[ 0]

Note that there is no space in front of bracket ‘[ ': in GalaxC“a[ i ] ” isdifferent from*“a [i]”. GaaxC
uses M for superscript because C already uses” for exclusive OR. Aswith formatted subscripts and
superscripts, the superscript operator has higher precedence than prefix and most other operators, so that
complex superscripts need to be put in parentheses. For example, e’ "'t must be entered ase”" (i * w*t) .
XOE parsese™™i *w*t as(e™i) *w*t.

3.1.2 Suffix and Prefix Operators

GalaxC superscripts, both formatted and using the A operator, are suffix expressions, as are expressions with
the C post-increment and post-decrement operators, e.g., i ++ and n- - . GalaxC also has the factorial
operator, e.g., n!  Suffix operators have higher precedence than prefix operators. Here are some examples
and how GalaxC parses them:

nt / r! (n-r)! (n)y 7 (C (rD)((n-r)1) )
I og, n! (log,) (n!)
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Suffix operators associate from left to right.

GalaxC’ s next higher operator is prefix, which includes C' s bit-wise NOT operator ‘~' aswell asits
pre-increment and pre-decrement operators, ++j and - - m They associate from right to left.

GalaxC adopts another versatile mathematical syntax: the absolute value notation, e.g., | x| . Along with its
normal use, the absolute value syntax provides afamiliar notation for vector length, complex number
magnitude, string length, type size, aswell as other metrics. Absolute values have alower precedence than
prefix or suffix operators. Here are some examples.

-1 X | x-yl I x| - 1yl It - 1yl | | x] =]yl
Since GalaxC also hasthe C ‘| " and ‘| | ' operators, you have to be careful when combining absolute value
with other operators. For example, youmustuse“| | x| - |y| |”insteadof “| | x| - |y||” because

GalaxC considers‘| | * (with no space) to be asingletoken instead of two ‘| * characters. Here are some
other potential errors:

| ]! | n| haslower precedence operator than*! ": use“(| n|)!”.
sin | x| GalaxC parses“si n | x” asabitor expression: use“sin (| x|)".
| x| |y] GalaxC parses”| x| |y” asabitor expression: use“(| x| ) (| y|)".

Ingenera, | x| conflicts with the concatenation operator (next section) and combining them usually requires
parentheses.

Absolute value is an example of a unary operator, which is lower priority than a prefix operator. Unary
operators also include C prefix operators that ook like binary operators, such asunary + and - , aswell asC
prefix operators* and & GalaxC makes this distinction because of concatenation. Since C does not have

| x| or concatenation, it can treat al prefix and unary operators the same syntactically.

3.1.3 Concatenation: Function Calls and Implied Multiplication

The next construction of interest is the concatenation (concat) expression, which consists simply of one
expression followed by another, e.g.,

ab sin x al[ 2] x~"h2

The precedence of the concat operator is approximately the same as unary. Specifically, a concatenation
may have aunary expression asitsfirst term, but the remaining terms must be prefix expressions, i.e.,
operators that do not look like binary operators. For example, “-a p++ n!” isalegal concatenation parsed
as“((-a) (p++)) (n!)” because++and! arenever binary operators. On the other hand, GalaxC
parses“a *b” asproduct “a*b”: it doesn’t care about the space. Here are some more examples:

+a b isparsedas(+a) b.

a, x? isparsedas(a,) (x?).

sin -x isparsed assi n- x (subtraction).
sin (-x) is parsed correctly.

The primary uses of the concat are function call patterns and implied multiplication. Here are some sample
function calls:
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sin? x log, N cos (w't + a) f(x,y,2)

Note that parentheses around arguments are only required when there are multiple arguments or the
expression is sufficiently complex. Parentheses can always be added to an argument: si n x can be written
si n (x). Thiscontrasts with other programming languages like C where parentheses are always required.
On the other hand, si n(x) without the space is syntactically different in GalaxC: it isacall expression rather
than the concat of si nand (x) . Thefunctioncal f (x, y, z) isasoacal: writingitas“f (x,y, z)”
would changeit to the concat of f and ( x, y, z) , whichis different syntax.

GalaxC function names can be quite general and can include subscripts and superscripts. In fact, any legal
syntax can denote afunction call, e.g., “x+y”, “e*”, and even aphraselike“draw | i ne from zl to
z2",wherez1 and z2 are Points. Hereisasample call to that function:

draw line from[100,200] to (z + [1,1])

This exampleillustrates why spaces are not optional before ‘[ " and ‘(’. GalaxC parses this expression asfive
concat expressions, with subexpressions grouped as:

((((draw line) from [100,200]) to) (z + [1,1])

If spaces were optional, GalaxC would parse“f r om [ 100, 200] ” as the subscript expression

“f ronf 100, 200] " instead of concatenated subexpressions. Similarly, GalaxC would parse“to (z +
[1,1])” asthecdl “to(z + [1,1])”. Galaxy '91 used the conventional approach of allowing separators
between al tokens. We found that this required lots of non-intuitive parentheses in situations like the one
above. GalaxC's approach improves readability, though it does require programmers to be consistent about
spaces before ‘[ and ‘(.

The concatenation notation may also be used to denote implied multiplication asin mathematics. Here are
some examples.

ab Sameasa*b.
(a+b) (c+d) Sameas(a+b) *(c+d).
ax’ + ax + a, Standard polynomial notation.

There are some minor syntactic differences between the concat and the multiplication operator. Concat has a
higher precedence than multiplication and division, so GalaxC parses“a b / ¢ d” as“(a b)/(c d)” and
parses“a*b / c*d” as“((a*b)/c)*d” since'*’ and‘/’ have the same precedence. On the other hand,
GaaxCparses“-a b” as“(-a) b” and parses“-a*b” as“(-a)*b”, whichisessentially the same. Like
multiplication, concat associates from left to right so GalaxC parses“a b c¢” as“(a b) c¢” and parses
“a*b*c” as“(a*h)*c”. Thismeansyou should write“si n cos x” as“sin (cos x)” soGaaxC
doesn't parseitas“(si n cos) x”.

A question now presentsitself: how does GalaxC tell the difference between afunction call and an implied
multiplication? Is“si n x" afunction call or the product of variblessi n and x? Asfar asparsingis
concerned, it makes no difference at all. The expression syntax here is concerned only with collecting tokens
into well formed expressions, and “si n x” is parsed the same way whether it isafunction call or
multiplication. Itisonly when GalaxC analyzes the parsed expression that it is necessary to determine which
interpretation isvalid. Thisiseasily done by checking which symbols have been defined. If si n isdefined
to be avariable, then multiplication isunderstood. If si n x isinstead defined as afunction pattern, then a
function call is performed. Thiswill be described further in Chapter 5.
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[footnote: The current version of GalaxC does not define any functions or macros for implied
multiplications, even though they are syntactically correct. Concatenation is mostly used for descriptive
function names.]

GalaxC treats the C logical NOT operator ‘! * as having alower priority than concat. Thisturns out to be very
useful for inverting GalaxC descriptive macros and functions. For example, you may defineamacro“x i s
even”, wherex isaninteger. You canthenwrite“!y i s even”, which GalaxC parsesas”“! (y i s
even)”. Giving ‘!’ alow priority eliminates many parentheses. The GalaxC ‘?’ operator has the same
syntax.

3.1.4 Relational and Logical Expressions

Like most programming languages, GalaxC has logical expressions with relational and logical operators. The
relationa operators include the C operators:

== | = < > <= >=

which correspond to equal, not equal, less than, greater than, less than or equal to, and greater than or equal
to. GalaxC adds Symbol font characters #, =, <, and = as single-character equivalentsto! =, ==, <=, and >=.
Relational operators have lower precedence than any of the operators encountered so far. Relational
operators associate from left to right, allowing compound relations to be specified syntactically. They may or
may not be defined semantically. Here are some examples of relational expressions:

a<bhb
a+b < c+d Equivdentto: (a+h) < (c+d).
a>b>c Groupedas. (a > b) > c.

The value of arelationa expression is normally defined to be Bool ean, which isasubtype of i nt with
values TRUE (1) and FALSE (0).

Like C, GalaxC has hit-wise operators ‘~' (NOT), ‘& (AND), ‘| ' (OR), and ‘*’ (exclusive OR). GalaxC adds a
bit-wise bit clear (Bl C) operator ‘#’, which isthe same as ‘& except that it complements its second operand:
“a # b” isthesameas“a & ~b”. [footnote: We are describing the usual semantics for these operators.
Snce GalaxC separates syntax from semantics, they could be defined as something else entirely.] InC, ‘#’

isapre-processor operator. Since GalaxC does not have a C-like pre-processor, we are free to re-use ‘#’ for
avery useful operation.

Bit-wise AND is often used to test the presence of a status or option bit, such as:
if (x & 0x100) !'= 0 then ...

C permits an if-then or while-do statements to have ani nt condition, which allows the more concise:
if (x & 0x100)

Since thisis a common operation, GalaxC adds a bit test (Bl T) operator ‘&?’ so that you can write:
if x &? 0x100 then ...

The expression “a &? b” isthe equivalentto“(a &b) !'=0". Similarly, GalaxC has a NOT AND (NAND)
operator ‘! & where“a! &b” istheequivalentto“(a &b) ==0". ItisthesameasC's"! (a &b)".
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Bit-wise operators combine integer values, which they treat as bit vectors. In addition, GalaxC haslogical
operators that combine Bool ean values such asrelational expressions. These include the logical NOT
operator ‘! ' which isthe same as C except that the GalaxC result isBool ean instead of i nt . “! x" is
equivalentto “x ==0". If x isBool ean, ! TRUEiSFALSE and ! FALSE is TRUE.

GalaxC hasalogical TEST operator ‘?’ which tests whether its operand is non-zero. “?x” isequivaent to “x
I =0". It'sused inif-then statementslike“i f ?x then...” whichisequivdenttoC's"if (x) ...".

GalaxC also hasthe C logical AND‘&&’ and logical OR‘| | * operators, which have Bool ean operands. Like
C, the second argument is only evaluated if necessary, for example“p ! = NULL && f (p)” only evaluates
f(p) if pisnot NULL. GalaxC provides reserved words “and” and “or ” as more readable equivalents to
‘&% and ‘| | ’. For example, the last expression can be written: “p ! = NULL and f(p)”. Theauthor
prefersto use “and” and “or ", reserving ‘& and ‘| ’ for bit-wise operations. However, thisis only a matter
of taste.

Asshown in Table 3-2, Bool ean AND (conjunction) and OR (disjunction) have lower precedence than
bit-wise AND and OR. Thisisthe sameasC. Note that thereisno Bool ean version of exclusive OR: it can
be accomplished using an inequality operator ‘! =’ or ‘#’. Similarly, Boolean equivalence can be
accomplished using ‘==" or ‘=". Note that the equality operators have lower precedence than other relational
operators. Logica binary operators associate from left to right.

Here are some more examples and how GalaxC parses them:

a<bandc>d (a <b) && (c > d).
x and 'y X && (ly).
~a & ~b (~a) & (~b).
X &Yy &z (X &y) & z.
a&b| candd ((a &b) | ¢c) && d.

GalaxC avoids confusion between the absolute value ‘| ' and the logical operator ‘| by preventing the use of
absol ute values with the concatenation operator and requiring the expression within an absolute value to be of
higher precedence than bitor.

GalaxC has two shift operators, ‘<<’ (shift left) and ‘>>’ (shift right). A shift expression hasthe form x << n
or X >> n, where x isthe value to shift and n is the number of bitsto shift left or right. A left shifts (logical
shift left) is equivaent to multiplication by a power of two. A right shift (logical shift right if x isunsigned,
arithmetic shift right if x is signed) is approximately equivalent to division by a power of two, but you haveto
be careful of rounding especialy if x is negative. Here are some examples of expressions using shifts:

X << 2 x shifted left 2 bits.
y >> 3 y shifted right 3 bits.
X << 2 &y >> 3 Bitwise AND of the above expressions.

3.2. Non-Mathematical Expressions

To produce acomplete GalaxC program it is necessary to augment the mathematical formulas with
non-mathematical expressions such as data access, data transformation, declarations, definitions, control
statements, and assignment expressions. These expressions are included in the GalaxC syntax and co-exist
with mathematical expressions. Table 3-2 lists all types of GalaxC expressions with operator precedence
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from top to bottom, along with operator associativity.

Table 3-2: GalaxC Expressions.

Expression hame Examples Operators Associativity

prim 42, a, "s", 'c', (X) O, 1, {}

sub f(x), a[2], z.Re, a f(), a[1, *.’, -> left to right
suffix n', xAN2, x2 L, ++, ==, AN left to right
prefix ~X ~ ++ --, @ right to left
unary - X, | X| + -, 0%, %, &S, # right to left
concat sin x left to right
factor I X, ?X 1, ? right to left
term x/ly 1, % left to right
arith X+y +, - left to right
shift X << 3 <<, >> left to right
relation X >3 <, >, >z, <=, >, < |eft to right
equality X ==y ==, I= = # left to right
bitand X &y, X#3 & #, &?, 1 & left to right
bitxor XNy A left to right
bitor X |y | left to right
conj X &y, x and y &&, and left to right
dig X||y, x ory ||, or left to right
cond a? b: ¢ ?:

expr X =y, i += 3, p#=b =, +=, - =, * =, elc. right to left
defin var n =0

stmt if athen b while a do b

colon i:j, ch + 4. char : right to left
comma 1, 2, 3 , right to left
semi x = 3; f(x) ; right to left

3.2.1 Data Access

GalaxC supports record-oriented data structures with named fields (structs), aswill be discussed in detail
Chapter 8. Thefields of these structs can be accessed in many different ways using the flexible GalaxC
syntax and may look quite different from conventional field access constructs. For example, suppose thereis
atype conpl ex which hasfields Re and | m Some possible field access notations include:

. Re z,Imz
. Re{x}, 1 n{z}
* ZRe'ZIm

Y ou can aso use the C-like dot notation, i.e., z. Re and z. | m The dot operator has the same precedence as
other sub operators and associates from left to right. Here are some examples and how GalaxC parses them:

z1.Re + z2. Re (z1.Re) + (z2.Re)
b.z0. Re (b.z0).Re
a. z0, (a.z0),
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Typicaly, only one form of field access notation is defined for a given struct. The variety of notations
available in GalaxC for data extraction helps to make GalaxC a very expressive language.

3.2.2 Primitive Expressions

The expressions with the highest precedence are called primitives. These include the non-special tokens
defined in Chapter 2: identifiers, numbers, character literals, string literals, and floating-point numbers. Here
are some examples:

a 123 OxA4F3 ‘c' "cat" 6. 023E23

Parenthesized expressions are also primitives: an arbitrarily complex expression can be enclosed in
parentheses and then used as a primitive. Three kinds of parenthesized expressions are available which can
be defined for different purposes:

. parentheses. ( expression )
. brackets: [ expression ]
. braces. { expression }

In Section 2.12, we saw that GalaxC converts XXI1CC Object (XO) tags like TABLE and ENDOBJ into XO
tokens. When parsing, GalaxC treats an XOST token as an opening parenthesis and ENDOBJ as aclosing
parenthesis:

. XOST expression ENDOBJ

As with other parenthesized expressions, expression can be arbitrarily complex and may contain nested
XOSTs. Since XO tags aready define the tree structure of complex XOST's, parsing them is quite smple.

In Section 2.11, we saw that GalaxC may insert a style prefix (SPF) token before a styled identifier with
non-default character formatting. GalaxC parses an SPF followed by an identifier asaprimitive. An
identifier has at most one SPF.

3.2.3 Assignment Expressions

Probably the most frequent activity in a program is assigning values to variables. Many applications seem to
do nothing but assign values. The GalaxC assignment expression (called an expr) is essentially the same as C.
Here are some examples:

a=3 a =b + c Re z=Rev + Rew

Like C, GalaxC can have compound assignments that assign the same value to multiple variables, e.g., “x =
y = 3". Thevaue of an assignment expression is the same as the value assigned, so it is possible to include
assignments as side-effects of more complex expressions, suchas: “if (p = q) !'= NULL then...”
which assigns the value of g to p and comparesit to NULL. Assignment operators associate from right to | eft.

GalaxC also has C “op=" assignments where“x op=y” isequivalentto “x = x opy”. For example, “x *=
3" isthesameas“x =x*3”. [foothote: They are not quite the same; “x * = 3" only evaluates x once,
whereas “x = x* 3" may evaluate x twice, which makes a difference if evaluating x has a side-effect.]

Note on terminology: while every syntactically-correct construct in GalaxC is an expression, we will usually
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refer to a construct with type voi d as a statement and reserve expression for those with anon-voi d types

or when we don’t known. Syntactically, an expr is an assignment expression or simpler, and may include
typevoi d statementsliker et ur n and br eak. A stmtisacontrol statement, a definition, or an expr, which
may bevoi d or non-voi d. See Section 3.3 for details.

3.24 Control Satements

This section describes the syntax of GalaxC'’s control statements. We will briefly mention the default
GalaxC semantics, but defer detailsto Chapter 7. Note that these notations can be used for other purposes.
All control statements are more complex than expr.

GalaxC hasif-then and if-then-else expressionssimilar to C i f statements:

if athen b
if athen b else c

Expression aiis expr or higher. Expressionsb and c are stmt or higher. The two forms correspond to C
statements“i f (a) b"and“if (a) b; el se c”,butthereare someimportant differences described in
Section 7.1.
In nested if expressions, el se is associated with the nearest t hen preceding it. For example, the expression:
if athenif bthen celsed
isparsed as:
if athen {if bthen c else d}
Use braces to specify the nesting explicitly:
if athen {if bthen ¢} else d
GalaxC has a switch statement similar to C, for example:

switch ch

{

case {'a', }
case {'c', 'd'}
default: printf

: printf("Found a or b\n");
: printf("Found ¢ or d\n");
("Did not find a, b, ¢, or d.\n");

}

GalaxC’ s switch does not require parentheses around the selector expression as long asit’s unary or higher.
Also, GalaxC does not require an annoying br eak at the end of most cases. See Section 7.7 for afull
description.

GalaxC has the following iter ative statements:

while ado b
repeat b until a
for (i; & u) b
for adob
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Condition ais expr or higher (comma or higher for the first for). Body b is stmt or higher (semi or higher for
repeat-until). The standard GalaxC behavior for while-do is to test the value of a and repeat evaluation of b
aslongasaisTRUE. Thisisessentially thesameasC's“while (a) b", except that GalaxC has the Pascal
do instead of C’s parentheses and a must be Bool ean. GalaxC'srepeat-until evaluates b first and then tests
the value of a, repeating evaluation of b until a becomes TRUE. ThisissimilartoC's“do b while (a)”.

GalaxC has two for statements. The first has the same syntax as C, except that a must be Bool ean.
Expressionsi (initialize) and u (update) are comma expressions. The second form is a general-purpose
template for defining Pascal-style for loops like:

for i =1 thru 10 do ...
for i = 10 downto O do ...
for i =2 thru 10 by 2 do ...

In these cases a is an expr that contains assignment and concatenation. These forms will be described further
in Section 7.5.

3.25 Definitions
The remaining statements are defin statements. These include declarations of variables and arguments, e.g.,

Bool ean var {found match, OK = FALSE}
string arg s
var #found = 5

Variable names in GalaxC can have any legal syntax, e.g., f ound mat ch and #f ound asin the above
example. They are not limited to identifierslike C. Variable declarations may or may not include
initialization. If they do, they may infer type from the initialization expression. See Section 4.4 for details.

Here are some defin statements for functions, macros, and types.

int fnn =n==0?1 n* (n-1)!

def NUL = "\0'

typedef Point = struct(z) {int z.x, int z.y}
fn|z|] =sqgrt(z.x * z.x +z.y * z.y)

Aswith variables, functions and macros can have any legal syntax, e.g., n! and| z| . See Section 3.3 for
precise defin syntax and Chapters 5 and 8 for how they are used.

3.2.6 Colon Expressions

The colon operator ‘: ' has a number of uses, including specifying subranges and typecasts, where an
expression of one typeis considered to be adifferent type. It is also available as ageneral purpose notation
for defining functions and macros. The precedence of the colon operator is between statements and the
commaoperator. Colon associates from right to left. Here are some uses of the colon operator:

s[i:j] Specifies charactersi throughj of strings.
a: long Interpret the value of variable a asal ong vaue.
0x10430010: fl oat Interpret the hexadecimal number as a floating-point value.
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In contrast, C typecasts use the notation “( type) expr” and have very high precedence. Typecasts are
discussed in detail in Chapter 4.

To reduce the need for parentheses in GalaxC expressions, colon expressions can sometimes be included in
higher-precedence expressions where they would not be ambiguous. For example, an assignment a=b
allowsbto beacolon expression, eg., “s = NULL: string”. Without thistrick, you would have to write:
“s = (NULL: string)”. Colonsarealsousedindeclarationslike“var pc = NULL: PSIptr”. See
the syntax summary for details.

3.2.7 Comma and Semi Expressions

Expressions are often combined using the comma and semicolon operators. Both operators have lower
precedence than any others, with semicolon having the lowest precedence. Both operators associate from
right to left.

Comma expressions are most frequently used to form argument lists for functions defined using C-like
syntax. For example, here is a such afunction call:

f(x,y, z) Function call with three arguments.
In this case, commais used as part of the syntax and not as an operator.

In other contexts, comma can be used as an operator. For example, with the standard GalaxC semantics the
expression “(a, b) " causes the values a and b to be pushed onto the evaluation stack in reverse order so that
they appear in memory with a first. Thisisoften used to create instances of struct types. The comma
operator will be discussed in detail in Section 4.7.

Semicolons can aso be used as a general syntactic construct. For example, “f (a; b; c) ” isperfectly valid
syntax for afunction call. However, the primary use of a semicolon is as an operator. By default, the
semicolon operator evaluates a pair of expressions, discarding the result of each expression after it is
evaluated. This has the same effect as a sequence of statementsin other programming languages. For
example:

tenp = x; x =y, y = tenp;

causesthe expressionst enp = x, x =y, andy =t enp to be evaluated in that order. Even though thisisthe
same behavior as Pascal or C, we do like to make the following distinctions. In some languages, like C,
semicolon is astatement terminator. In others, like Pascal, it is a statement separator. In GalaxC, semicolon
is an operator which evaluates its two sub-expressions, throwing each result away. In GalaxC, a statement is
just another kind of expression.

Note: GalaxC syntax allows the last statement of a sequence to have a semicolon eveniif it is not followed by
another statement. Thisisequivalent to following the last semicolon with nop (“no operation”), the GalaxC
equivaent of C'snull statement.

Comma and compound expressions can be enclosed in parentheses and inserted inside any other expression.
Thisrecursion allows all GalaxC programs to be written using the syntax just described. Finally, a GalaxC
program in atext file is defined to be a single semi expression followed by end of file. A GalaxC program
expressed as a formatted document is a single PARABOX XO.
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3.3. Syntax Summary

This section specifies the current GalaxC syntax. While this syntax is currently fixed, future releases may
allow usersto extend or modify this syntax.

XOleaf = XO leaf hode, see Chapter [xref XXICCobjects].
XOprefix = XXICC Object prefix text, see Chapter [xref XXICCobjects].

prim = identifier | number | character | string | float_num | SPF identifier | XOleaf |
‘(Csemi )’ [T semi ] | semi ‘} | XOST [XOprefix] [semi] ENDOBJ

nospace = there is ho space or other separator between two tokens.

beginsub = begin subscript SCH token (82.11).

endsub = end subscript SCH token.

sub = sub. prim|sub-> prim|subnospace‘(’ semi ‘)’ | sub nospace ‘[’ semi ‘]’ |
sub beginsub semi endsub | prim

suffop = ++|-- |!

beginsup = begin superscript SCH token.

endsup = end superscript SCH token.

suffix = suffix suffop | suffix A sub | suffix beginsup semi endsup | sub

prefop = @ ~ | ++ |- -
prefix = prefop prefix | suffix

[| bitxor| isabsolute value.]
unop = +|- |* |&[#]$
unary = unop unary | ‘]’ bitxor ‘|’ | prefix

[Only thefirst item in a concat can be unary.]
concat = unary | [concat] prefix

factop = ! | ?
factor = factop factor | concat

mulop = * |/ |%
term = [term mulop] factor

addop = + |-
arith = [arith addop] term

shiftop = << |>>
shift = [shift shiftop] arith

relop = <|<=|>|>=|<|>
relation = [relation relop] shift

eqop = ‘=="|!=|=|#
equality = [equality eqop] relation

bandop = &|#]&? |! &
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bitand = [bitand bandop] equality
bitxor = [bitxor ~] bitand
bitor = [bitor ‘| '] bitxor

andop = &&|and
conj = [conj andop] bitor

orop = ‘|| " |or
dig = [dig orop] conj

cond = dig [? cond : cond]

assop = ‘=’ [+=|-=|*= |/ = | % | M= | <<= | >o= &= |#= A= || = | = s
expr = cond [assop colon]

if expr = if exprthen stnt[el se stmt]
switch_stmt = swi t ch unary ‘{’ semi ‘}’
while_stmt = whi | e expr do stmt

repeat_stmt = repeat semi until expr

[for_stmt and defin may require the parser to undo work.]
for_stmt = for ‘(' comma; comma; comma‘)’ stmt|for expr do stmt

defop=var |arg |def |[fn|inline]|spcl |spclarg|typedef
defin = [factor] defop digj ['=" colon]

stmt = if_expr | switch_stmt | while_stmt | repeat_stmt | for_stmt | defin | expr

colon = stmt[: colon]

comma = colon [, comma]

semi = comma [; [semi]]

program = PARABOX semi ENDOBJ | semi EOF
EOF = end of file

3.4. Summary

GalaxC syntax is both simple and powerful. Many useful mathematical and other domain-specific
expressions can be coded directly in GalaxC, allowing GalaxC programs to be as close to the user’s problem
domain as possible. Remember that the syntax merely defines how tokens are grouped into syntactic
constructions under control of operator precedence -- semantic meaning has not yet been attached to these
expressions. In the following chapters, we will see what syntactic constructs mean.
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Chapter 4
Typesand Variables

All problemsin Computer Science can be solved by another level of indirection... Except for
the problem of too many layers of indirection.
David Wheeler

GaaxC isastrongly typed language. This means that every data object in a GalaxC program must have a
well-defined type to indicate how that object should be interpreted. Types let us categorize information and
ensure that expressions have valid semantic interpretations. A common criticism of strongly typed languages
isthat they are overly restrictive and do not provide adequate means to convert data between types when the
need arises. GalaxC circumvents this criticism by providing several mechanisms for well-defined conversions
between types. These include a powerful type inheritance mechanism, atypecast operator, and the concept
of aquasi-type for intermediate values that do not have explicitly defined types.

GalaxC built-in types, such asi nt and Bool ean, are defined using the same type definition mechanisms that
programmers use to define their own types. This contrasts sharply with many languages such as Pascal and

C where built-in types may have special properties not available to user-defined types. For example,
overloading of operatorsin arithmetic expressions may only be allowed for typesi nt eger andreal . In
GalaxC, the same mechanisms used to define built-in types and operations are available to application
programmers, giving them the same power as the compiler writer.

This chapter describes the type inheritance and manipulation capabilities of GalaxC, using the built-in
arithmetic types asillustration. These types are automatically available to all GalaxC programmers.
Programmer-defined types are built using the same mechanisms, and are discussed in Chapter 8.

4.1. Typelnheritance

Type inheritance is a powerful and useful concept. The best known early example of alanguage supporting
type inheritance is Smalltalk [ Smalltalk 1983], a highly dynamic object-oriented language used in artificial
intelligence and other applications. The central concept of type inheritance is that types have related
subtypes and supertypes which share operations and properties. For example, Real might be declared to be
asubtype of Conpl ex and I nt eger asubtype of Real . A subtype of agiven type t can be used in any
context that requires 1. For example, if acomplex number isrequired in an expression, you may use areal or
integer instead. Type inheritance provides a convenient way to specify automatic type conversionin
expressions.

Since languages such as Pascal and C do not support type inheritance, automatic type conversion must be
built into the compiler and is consequently only available for certain types and certain expressionsin a
predefined manner. By supporting type inheritance, GalaxC allows such conversions to be defined by
programmers and subsequently invoked transparently as required.

One possible use of subtypesin GalaxC is for numbers with units. For example, you can define new types
met er and sec assubtypesof f | oat . Then addition can be defined for two net er numbers and for two
sec numbers, so that two net er numbers produce anet er value and two sec numbers produce asec.
This allows arithmetic with physically dimensioned numbers to maintain the correct dimension. Itisstill
possible to add anmet er number to asec number; however, the result will be of typef | oat , since both
operands will then need to be converted to their common supertype. Thusit is not possibleto add net er to
sec and produce a physically meaningful result. Attempting to assign such an expression of typef | oat toa
typesec or net er variable will result in atype error.
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An entire algebra of physical arithmetic can be constructed in this manner to ensure physically correct GalaxC
programs. Dimension checking occurs at compile time and involves zero run-time overhead. Note that while
Pascal allows the programmer to create such types, it does not check for consistent physical dimensionsin
arithmetic expressions, nor are user-defined versions of arithmetic operators allowed. ADA is one of the few
other languages with dimension checking capability.

4.2. GalaxC Basic Types
4.2.1 Integer Types

We can illustrate GalaxC type inheritance at the same time we present the integer types currently defined in
GalaxC. There are seven such types, based on C integer types:

ul ong 32-bit unsigned

| ong 32-bit signed, subtype of ul ong.

i nt Alternate name for | ong assuming a 32-hit target architecture.
short 16-hit signed, subtype of | ong.

shyte 8-hit signed, subtype of short .

ushort 16-bit unsigned, subtype of | ong.

ubyt e 8-bit unsigned, subtype of ushort .

In al current GalaxC implementations signed integers are represented as 2's complement numbers.

The type inheritance structure of the integer typesis shown in Fig. 4-1.

ul ong

long = int

/ \

short ushort

/0

shyte ubyt e

Figure 4-1: Integer Type Hierarchy.

This diagram shows which types can be used in place of another. For example, an sbyt e can be used
anywhereashort, | ong,i nt, orul ong isrequired. On the other hand, whileashort canbeusedin
place of al ong, i nt, or ul ong, it cannot be substituted for aubyt e or ushort . Similarly, aushort
cannot be used asan shyt e or short. A ul ong cannot be used in place of any of the others.
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Typeul ong iscaled aroot type. Its supertypeisaspecia type called voi d with size equal to zero bytes.
In GalaxC, atype can have at most one supertype, but can have any number of subtypes. The type
hierarchy specifies which automatic or implicit type conversions are allowed. Y ou can also use explicit type
conversions. For example, you can convert aul ong value x to ubyt e using the explicit conversion
expression ubyt e( x) . You may use explicit conversionsin place of aways relying on the automatic
conversions. For example, you may convert an sbyt e valuey to | ong using the expression | ong(y) even
though this explicit conversion is not necessary to usey asal ong.

Some automatic conversions -- e.g., conversion from | ong to ul ong -- do not require data transformation:
they have the same internal bit representation. The automatic conversion merely tells GalaxC to consider the
valueto be an unsigned instead of asigned value. Other implicit type conversions may require data
transformations. Converting from short tol ong requires sign extension of a 16-bit number to a 32-bit
number. Converting from ushort tol ong requires zero extension of a 16-bit number to a 32-bit number.
Converting from ubyt e to ushor t requires zero extension of an 8-bit number to a 16-bit number.
Converting from sbyt e to shor t requires sign extension of an 8-bit number to a 16-bit number. To
account for these cases, each subtype must have an operation defined for it to convert to its supertype. This
conversion operation is part of the type definition.

Let us now see how the integer types are defined in GalaxC. Each type has three attributes defined for it: (1)
its supertype (voi d if aroot type), (2) itssize in bytes, and (3) a conversion operator to be invoked
automatically to convert from the type to its supertype. Most conversion operators are intrinsics, described
in Sections 5.6.1 and 6.3.1. The fiveinteger types are defined as:

typedef ul ong = roottype(4)
Defines root type ul ong with size equal to 4 bytes. Since ul ong isaroot type, its supertypeisvoi d
and GalaxC converts from ul ong to voi d by popping the ul ong value off the stack. An equivaent
definitionis: “t ypedef ul ong = subtype(void, 4, pop)”.

typedef |long = subtype(ulong, 4, intrinsic L2UL)
Definestypel ong which isasubtype of ul ong. Typel ong isthe same sizeasul ong (4 bytes) and
uses theintrinsic L2UL operator to convert from| ong toul ong. In practice, | ong and ul ong have
the same bit representation so L2UL is equivalent to NOP.

def int = long
Definesi nt to mean the same as| ong: they are equivalent types. Thisisactually amacro definition
(85.3) rather than atype definition.

typedef short = subtype(long, 2, intrinsic S2L)
Definestype shor t whichisasubtype of | ong. Typeshort is2 byteslong and usestheintrinsic
S2L operator to convert from short tol ong viasign extension.

t ypedef sbyte = subtype(short, 1, intrinsic SB2S)
Definestype sbyt e which isasubtype of short. Typesbyt e is1 bytelong and usestheintrinsic
SB2S operator to convert from sbyt e toshor t viasign extension.

t ypedef ushort = subtype(long, 2, intrinsic US2L)
Definestypeushort whichisasubtypeof | ong. Typeushort is2 byteslong and usestheintrinsic
US2L operator to convert from ushort tol ong viazero extension.
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typedef ubyte = subtype(ushort, 1, intrinsic UB2US)
Definestype ubyt e which isasubtype of ushort. Typeubyt e is 1 byte long and uses the intrinsic
UB2US operator to convert from ubyt e to ushor t viazero extension.

The above type definition constructs, along with others, can be used by programmers to create their own
types and subtypes. The complete set of type definition constructs will be described in Chapter 8.

4.2.2 Bool ean,char,andstring

In addition to integer data types for representating numbers, GalaxC has two symbolic types: Bool ean and
char , both defined as subtypes of ubyt e. Boolean is 1 byte long and has two defined values: TRUE (1) and
FALSE (0). Thesize of aBool ean is1byte. Hereisthe definition of Bool ean and its two constants:

t ypedef Bool ean = subtype(ubyte);
def TRUE 1: Bool ean;
def FALSE 0: Bool ean

Since Bool ean and ubyt e have the same bit representation, we use asimplified form of t ypedef . Itis
equivaent to “t ypedef Bool ean = subtype(ubyte, 1, intrinsic NOP)”. SinceBool ean is
defined as a subtype of ubyt e, Bool ean values can be included directly in integer expressions. However,
the converseis not true: to use an integer value where aBool ean isrequired, you must explicitly typecast it
to Bool ean asin the definitions of TRUE and FALSE, making sure the integer isindeed just O or 1, or else
useit in an expression that has a Boolean valuesuchas“x ! = 0”.

Type char represents asingle 8-bit character and is aso defined as a subtype of ubyt e:
typedef char = subtype(ubyte)

Characters can be included directly in integer expressions, but not vice-versa. For example, the expression
“ch = x” wherechischar andx isi nt isnot valid: you should write“ch = char (x)". GaaxC does
have macros to add or subtract aul ong (or a subtype) to or fromachar:

char arg ch, ulong arg v,
def {ch + y} = ch + y: char,

def {ch - y} = ch - y: char

Typestri ng isdefined as a pointer to char , whichisusually in an array of char s. Here arethe
definitions of read-only st ri ng and its read/write counterpart wst r i ng. They are macros rather than
subtypes:

def string = @const char), /1 Pointer to read-only char array.
def wstring = @har /1 Pointer to read/write char array.

Strings are described in detail in Section 8.4.1.
423 float anddoubl e

There are two floating-point types, f | oat (32 bit) and doubl e (64 bit). Typedoubl e isaroot type and
f 1 oat isitssubtype:

typedef double = roottype(8);
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typedef float = subtype(double, 4, intrinsic F2D)

Sincef | oat isasubtype of doubl e, it isautomatically converted using the intrinsic F2D operator. On the
other hand, you must convert doubl e tof | oat explicitly using f | oat (d) . Also, since integers and floating
point are separate type trees, you must convert between them explicitly using f | oat (i ), doubl e(i ), and
 ong(f),wherei isl ongorul ong,andf isfl oat or doubl e.

Floating-point arithmetic is defined for both f | oat and doubl e, with the former used whenever possible.
Floating-point may not be present in some GalaxC implementations, or may be limited to f | oat , or may be
implemented in software only.

4.2.4 Typesof Literal Tokens

Each kind of literal token -- i.e., integer numbers, floating-point numbers, characters, and strings -- hasa
corresponding built-in type, as shown in the following table:

Kind of token Examples Type(s)
integer 123, 0x42, 0b1010 i nt,ul ong
floating-point 6. 023E23, 1. 602d- 19 f1 oat, doubl e
character "k','cat' char, ul ong
string " nmouse" string = @const char)

Aninteger hastypei nt provided that it fits, i.e., isless than 0x8000_0000 in a 32-bit implementation.
Otherwiseitisul ong. (Number tokens are always non-negative: signs are handled at the expression level.)
A floating-point literal isf | oat unlessit hasan exponent of ‘d’ or ‘D’, or more than six significant digits. A
character literal with asingle character -- eg., ' k' -- hastype char . Those with multiple characters have
type ul ong.

4.3. Named Constants

In many programsit is useful -- and good programming style -- to define named constants (also known as
symbolic constants), such as i, TRUE, MAX_PATH, and MAX_ULONG. The name can then be used anywhere
the constant’ s value would be used in a program. Named constants are defined as GalaxC macros using the
syntax:

def name = value

where name and value can be any valid GalaxC expression (see Section 3.3). Like any other data object,
constants must have well-defined types. The type of a constant isimplicitly determined by the type of the
value expression. Note that value must be an expression containing only constants or literals, since it must be
evaluated at compiletime. The GalaxC definitions for the above constants are:

def 1 = 3.14159265,

def TRUE = 1: Bool ean,

def MAX_PATH = 260,

def MAX _ULONG = OxFFFF_FFFF: ul ong

The name of a constant can be an arbitrarily complex dig expression. Thisallows highly descriptive names
for constants, such as:
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kT/ g Vv buffer size

CES
These constants can then be used in arithmetic expressions, e.g.,

ekTa Vi 2 if n> buffer size then ...

Currently all constant definitions of this form must be at the top level like other macros. At some point you
will be able to put them inside functions according to the usual scoping rules (84.4.3).

44, Variables

Like most programming languages, GalaxC includes the concept of variables. Variables are named data
values which can change at run time, and can be used in place of literals or named constants in expressions.
The value of avariable is normally changed using an assignment expression, e.g., “x = 3”. Hereisashort
example:

int var {x, y}; /I Declaretwo int variables.
X = 3; /] Set x to the value 3.
y = -X; I/ Sety to thevalue - x.

Variables are declared with one of the following syntax forms:

T var name
T var {list of variables}

This declares asingle variable or alist of variables separated by commas to have thetype 1. A variable must
be declared prior to its use and its type cannot be changed.

As with named constants, variable names can have arbitrarily complex syntax (83.3) allowing names such as:

z, V., #iterations a*b a long variable nane

Y ou must be careful when using complex variable namesin a program, since GalaxC parses expressions

beforeit identifies variables. If avariable nameisincluded in an expression with operators of higher
precedence than those in the variable name, surprises may occur. For example:

. p. z[ 0] parsesas(p. z)[ 0] , which splitsvariable z[ 0] .
. -a*b parsesas( - a) *b, which splitsvariable a* b.

In both of these cases, GalaxC will not recognize the split variable as the desired variable. Such cases are
generally rare since variables are usually ssmpleidentifiers or simple subscripted or superscripted
expressions. Y ou can always use parentheses to ensure that a variable nameis parsed correctly, i.e.,

p. (z[ 0]) and- ( a*b) in the above examples. Named constants have an anal ogous situation and means of
correction.

By alowing named constants and variables to have any syntax, GalaxC gives far more expressive power to
programmers than other languages which require such symbols to be identifiers, sometimes limited to afew
charactersin length. This allows GalaxC programs to be written using symbols from programmers’ problem
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domains.

441 Local and Global Variables

GalaxC adopts block structured scoping rules for variables, a concept first popularized by Algol. Global
variables are declared at the top level of the program, i.e., they are not declared within afunction. For

example, in the program:

int var {x, vy};

int arg {a, b},
fnf(a, b) =
{

int var {p, q};
}

variablesx andy are global, while variables p and g arelocal to function f ( a, b) . GalaxC allocates global
variablesin static storage; they exist throughout the execution of a program. GalaxC allocates local variables
on the evaluation stack. They are automatically deallocated when control leaves the block in which they are
declared. Inthe above example, p and q are deallocated when functionf (a, b) returns.

4.4.2 Initialized Variables
By default, variables are not initialized. However, you can initialize a variable by declaring it with the syntax:

[T] var name = value
[t1] var {listof variables} = value
[1] var {name = value, name = value, eic}

Thefirst two forms declare asingle variable or alist of variables separated by commas to have acommon
initialization value. The last form declares alist of variablesto each haveits own value. In all cases, value
can be any legal expression.

If avariableisinitiaized, you an omit type t and let value determine the type of the variable. For example,
“var k = 1" declaresvariablek to bei nt because an integer literal hastypei nt (84.2.4). If youwant a
different type, then:

1 Specify T explicitly.
2. Use an explicit type conversion, e.g., var k = ubyte(1).
3. Use the typecast operator, e.g.,var k = *a': int.

Currently, only local variables can beinitialized. Global variables are in fact initialized to 0 when you first
compile or load a program, but if you re-run aloaded program, globals retain their previousvalues. It's
generally best to initialize globals explicitly using initialization code.

4.4.3 Blocks and Scoping Rules
Like C, you can nest local variables to any depth using braces. An expression contained within bracesis

called ablock. Any variables declared inside ablock are only defined while the block is being executed. A
variable or constant declared in an inner block hides a variable with the same name in the outer block. Here
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isan example:

{ /I Outer block.

int var {a, b}; /I Declarei nt s a and b.
a = b; /Il a and b are both visible.
{ /I Inner block.
ubyte var {b, c}; // Declare ubyt es b and c. There are now two declared
I/ variablesnamed b . Inner ubyt e b hidesouteri nt b.
a = b; Il aisdtill visible. Assignubyte btoint a.
b =c; /l Assign ubyt e c toubyt e b.
}; I/ Closeinner block. /' ubyt es b and ¢ no longer exist.
b = a; /l'i nts aandb still exist. i nt b isonceagainvisible.
} /I Close outer block. /i nt's aandb nolonger exist.

Local variables and other declarationsin ablock may appear anywhere in the block and can be used from
that point to the end of the block. Thetype of ablock isawaysvoi d.

444 Variable Attributes

A variable attribute (vattr) is a property associated with a variable which changes its behavior and/or
restricts how it may be used. They can help compilers generate better code and detect some kinds of
programming errors. Variable attributes are based on C, though the syntax is somewhat different. For
example, C vattrs are reserved words while GalaxC vattrs are identifiers.

Here are the variabl e attributes that are currently defined:

const
A const variableis defined with aninitial value and cannot be assigned a new value. An assignment
“x =y” wherex isconst causesacompiler error.

Whileaconst variableissimilar to anamed constant defined using def , the differenceisthat the
variable occupies a memory location while the named constant isjust atemporary datavalue. Itis
possible to point to aconst variable, but not to a named constant.

vol atile
A vol ati | e variable may change value at any time because the variable is a peripheral device register
or it may be changed by another task such as an interrupt serviceroutine. A vol ati | e variable must
be loaded from or stored to memory on each access instead of being copied to aregister by an
optimizing compiler. Furthermore, the compiler must access it using its defined type size. For
example, if thevol ati | e variableisubyt e, it must always be loaded as ubyt e rather than loaded as
aul ong followed by masking.

stabl e
By default, all variables are st abl e (non-volatile): declaring avariable“t var x” isthe same as
declaringit “st abl e T var x”. The compiler isallowed to optimize accessto ast abl e variable by
eliminating loads and stores that it considers unnecessary. However, this only works correctly if the
compiler can assume the variable does not change value spontaneously, as might occur if itisadevice
register or updated by another task.

It isalways possibleto treat ast abl e variable asif it werevol ati | e: al it costsis extraloads and
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stores. On the other hand, treating avol at i | e variable asst abl e isincorrect because the resulting
code does not know that the variable may spontaneously change value, resulting in different operation
depending on how the code is optimized. In many casesit isbest to assignthevol ati | e variableto
ast abl e temporary variable so there is a stable value for processing.

[ The current GalaxC compiler actually treats all variablesasvol at i | e: it does not optimize loads
and stores.]

private
A GalaxCpri vat e variableisthesameasaC st at i ¢ variable. A pri vat e variables behaveslike
aglobal variable -- i.e., its value persists as long as the program is running -- but it is private to the
source code filein which it isdefined. If it isdefined in ablock, it is private to that block, but still
persistslike aglobal variable. [ Aswith other globals, the current implementation does not allow
initialization of pri vat e variables. Thisrestriction isredundant, since it doesn’t implement
privat es inany case)]

GalaxC does not implement the Cr egi ster orrestrict vattr.

Variable attributes const , st abl e, and vol at i | e may aso be associated with types. In most cases, it
does not matter whether you consider an attribute to be part of the variable or part of its type.

For details on variable attributes and their implementation, see Appendix A.
45, Reference Types

We now take a closer look at what GalaxC means by the type of avariable. Objects may be data or
variables. A data object has avalue and can be an operand for an expression. However, it cannot be

gned to: the data object isjust avalue. A variable object contains another object, which may be data or a
pointer to another variable. A variable has an address and avalue. It is aways possible to obtain the value
contained in avariable, and you can change the value by assignment provided that the variable isnot const .

Thetype of adata object isabasetype. It may be a predefined type such asi nt, | ong, short, ul ong, or
Bool ean. It may also be a user-defined type created using t ypedef .

A variable has two associated types: its value has value type T and its address has r eference type &t1. We
say the address references or points to the value, and “ dereferencing an address’ means getting the value
referenced by the address. Programmers normally think of the variable’ svalue typet, e.g., “ani nt variable
x". The compiler normally works with avariable' s reference type &t, since the compiler needs the address
of avariable to be able to assign to it. For example, the declaration:

int var {x, vy}

really defines variables x and y to be of type & nt . If they werejusti nt, it would not be possible to assign
values to them.

GalaxC uses type inheritance to handle reference types. areference type &1 is a subtype of T and converts &t
to T by loading the value pointed to by the variable. Thisis called automatic dereferencing, and is normally
transparent to the programmer. By the usual type inheritance rules, it is aways possible to substitute a
subtype for its supertypein an expression. This alows variablesto be used in data expressions, such as:
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X+1 -X*2

Thevariable x, which has reference type & nt , isautomatically converted to typei nt by dereferencing, i.e.,
loading the value pointed to by x. In the assignment expression:

X =y

the expression on the | eft side must be a reference type (assigning to avaue is meaningless) while the right
side must be adata value of typei nt . GalaxC object code automatically convertsy from & nt toi nt by
loading the data pointed to by y. Thisvaueisthen stored at addressx. By considering all variables as
automatically-dereferenced pointers to their base types, GalaxC handles expressions and assignmentsin a
clean, general fashion. [Footnote: the concept of a reference type is equivalent to a C “ Ivalue” , which
means an expression that can be assigned to because it can be on the left side of an assignment.]

Fig. 4-2 shows the integer type hierarchy from Fig. 4-1 augmented with reference types. Note that avariable
of any of the basic types can be used in aul ong context.

ul ong
/ \
long = int &ul ong
/ \
short & ong = & nt ushort
/\ /\

sbyte  &short ubyt e &ushort

&shyt e &ubyt e

Figure 4-2: Integer Type Hierarchy with Reference Types.

Variable attributes such asconst , st abl e, and vol at i | e areindependent of GalaxC’ s type hierarchy.
See Appendix A for details.

4.6. Type Casting: the Colon Operator

GalaxC addresses the most serious criticism of strong typing: that it isimpossible or at best difficult to change
the type of an expression to some other type even if thisisintended and makes sense. For example, there are
cases where aubyt e integer should be considered to be achar or where the address of a variable should be
considered ul ong for performing address arithmetic. In Pascal, thisis difficult and requires the cumbersome
use of variant types. In GalaxC, thisis quite simple using the typecast operator ‘: *. For example, to convert
aubyt e valuetoachar value, you can write:

x: Char /I x isaubyt e.
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To convert a hexadecimal number into aul ong variable, e.g., to examine an absolute hexadecimal address,
you can write:

0x1A4C:. &ul ong /I Definesthe fixed address 0x1A4Cto be the address of aul ong value.
GalaxC' stypecase is equivalent to C' stypecast operator “( type) expr”.

Aninteresting use of thiswas with the circa 1990 Apple Macintosh, where certain system variables were
defined to be at fixed memory addresses. For example, the global variable Ti e at address 0x20C gave the
number of seconds since January 1, 1904. This can be defined as a named constant:

def Tinme = 0x20C. &ul ong
It can then be used in an assignment expression:

ul ong var Xx;
x = Tineg;

When Ti e is converted to aul ong value, the data loaded from address 0x20C is assigned to x.

Typecasts are not the same as explicit conversion expressions such assbyt e( x) or I ong(y) , since the latter
may change the bit representation of avalue. For example, if y isan sbyt e then| ong(y) must sign extend
y. Thetypecast operator does not change the bit representation of its argument: it merely tells the compiler
to interpret the value as a different type. Since typecast defeats the normal protections of a strongly-typed
language, you should use it carefully.

The typecast operator requires that the type of the expression and the new type be the same size in bytes.

Here we must consider an implementation detail: Conceptually, GalaxC uses a stack for evaluating
expressions. While data types may have any size in bytes, the stack may be constrained to handle only
certain sizes. Initsdefault 32-bit implementation, GalaxC requires that all stack entries be multiples of | ong,
i.e., multiples of 4 bytes. Therefore, each type in GalaxC has two sizes: a stor age size (the declared size of
the type) and astack size. In the default 32-bit GalaxC implementation, all integers have the same stack size
of 4 bytes.

The reason that stack sizeisimportant for the typecast operator is that the stack sizes of the expression type
and the new type must be the same. The storage sizes areirrelevant.

4.6.1 Automatic Dereferencing in Typecasts
An interesting case arises when using type casting with variables. Consider the type cast:

x: ul ong
wherex isani nt variable. Recall that avariableisreally apointer to its base type, i.e., x isof type & nt .
So, does“x:  ul ong” cast the address of x into ul ong or doesit cast the value of x into ul ong? The
answer isthe latter: in the case of areference type expression, the address is always dereferenced (perhaps
multiple times) to yield abase type. In the above typecast, the address of x is dereferenced to yield the

value of x and it isthis value that istypecast into ul ong.

Suppose that, in the above example, we wanted the address of x instead of itsvalue. For example, we may
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want the address so as to perform address arithmetic. GalaxC handles this case with the r efer ence operator
‘& which converts areference type &t to a pointer type @ without dereferencing it. [Footnote: We will
discuss pointer typesin detail in Chapter 8]. For now, a pointer type isthe same as a reference type
except that it is not automatically dereferenced.] For example, this code assigns the address of x to pointer
variabley:

y = &
Y ou can typecast the pointer produced into any type with the same size. For example,
&x: ul ong

obtains the address of x asaul ong value. Variable x is not dereferenced since &x is a pointer type rather
than areference type.

4.7. The Comma Operator and Quasi-types
We will now consider the comma expression, which has the form:
a b

where a and b are any expressions. The comma operator simply evaluates its operands, leaving the values on
the evaluation stack. [Footnote: Each value on the stack is a multiple of 4 bytes in the default GalaxC
implementation.] The expression:

1, 2

leavesi nt values 1 and 2 on the stack, with the last value 2 on top. Both operands are dereferenced. For
example, if x andy arei nt variables, the expression:

X,y

leaves the values of x and y on the stack, withy on top. To push the addresses of x and y, use the
reference operator:

&, &y

Normally, comma evaluates its operands from left to right and pushes them in that order, as described above.
However, if you enclose a comma expression in parentheses -- e.g., “(3, 4)" -- GalaxC evauates the
operands in reverse order and pushes them right to left, so that 3 isthe top of stack. This mimicstheway C
usually evaluates function arguments. By default, the GalaxC stack grows from high addresses to low
addresses, so “( 3, 4)” leavesthe values on the stack with l€eft to right operands at increasing memory
addresses.

In addition, if the comma operator isin parentheses then the default GalaxC implementation converts each
argument that is less than 4 bytes long to its 4-byte supertype if it hasone. For example, GalaxC converts an
sbyt e toal ong by sign-extending it. Thisisdone after dereferencing.

The type of acomma expression is derived by combining the types of its operands. If one of the operandsis
voi d, then the type of the comma expression is the type of the other operand. If neither typeisvoi d, then
the type of the comma expression must have a size equal to the sum of the stack sizes of the operands. In
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the above example, “x, y” produces an 8-byte result. We need to find atype that represents the size of this
expression.

Every data object in GalaxC must have atype. Usually these are named types such asi nt , &hort , and
string. However, sometimesit is desirable to create objects that have atype different from any of the
named types. In most strongly typed languages thisis not possible -- expressions must always evaluate to a
predefined, named type. GalaxC, on the other hand, introduces the concept of a quasi-type or Qtype.
Qtypes are used to give atype to an expression that does not evaluate to a declared type. For example, the
above expression “x, y” hastype Q ype(8), i.e., an 8-byte quasi-type.

Each quasi-type has a size associated with it, indicating the size in bytes of the quasi-typed expression. An
expression with no valueis of type @ ype(0) whichisaso knownasvoi d. In GalaxC, al quasi-types have
non-negative size. [footnote: Galaxy ' 91 had negative quasi-types, which were used for implementing
low-level stack operations. GalaxC uses a different approach for this, and as such does not have a use for

negative Qtypes.]

Quasi-types cannot be part of type hierarchies, i.e., they cannot be a subtype or supertype of any other type.
(Except for voi d, which is the supertype of al root types.) They cannot be used as types of variables or
arguments. However, a Qtype can be recast into another type with the same stack size using the typecast
operator. For example, hereisamacro that defines construction of conpl ex numbersgivenf | oat real and
imaginary parts.

float arg {Re, In},
def Re +i Im= (Re, Im: conplex

Theexpression “(Re, | m " hastype Q@ ype(8) assuming 4-bytef | oat numbers. Assuming type

conpl ex is8 byteslong, the expression (Re, | ) can berecast asconpl ex since both typecast operands
have the same stack size. Sincethey are in parentheses, Re and | mare pushed on the stack in reverse order,
so they appear in memory in the order Re followed by | m

Quasi-types, combined with the colon and comma operators, provide awell-defined, structured mechanism
for circumventing the restrictions of classical strongly-typed languages while maintaining the advantages.
Qtypes are an important unifying concept of GalaxC and are essential for easily implementing the compiler in
itself.
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Chapter 5
Functions and M acros

“But ‘glory’ doesn’t mean ‘a nice knock-down argument’,” Alice objected.

“When | use aword,” Humpty Dumpty said, in rather a scornful tone, “it means just what |
choose it to mean -- neither more nor less.”
Lewis Carroll, Through the Looking-Glass

One of the most powerful and useful features of GalaxC is the way functions and macros are defined.
Significantly different from other languages, programmers can define any syntactic patterns for function and
macro calls, allowing GalaxC programs to model closely the natural language and expression forms of a given
problem domain. Essentially, by defining the patterns for function and macro calls, the programmer extends
GalaxC into a special-purpose language for a particular problem domain. Coding, comprehension, debugging,
and maintenance are al improved because the notation is in the expected natural form. Other languages
require the programmer to encrypt the problem into the rigid notation of the programming language, a tedious
and error-prone process. In GalaxC, if you need a new notation or are unhappy with an existing one, it is
easy to create your own. Here are some examples of the syntactic possibilities for GalaxC functions and
macros.

ex X +iy sin X sin? x log, N ali]
draw line fromzl to z2 open file "xyz"
Functions and macros have very similar structure. A function or macro definition consists of a pattern for
defining the syntax of afunction or macro call and a body for defining the meaning of the function or macro.
A function body is ablock of code which is compiled once and can be called from many placesin the
program. A macro body defines ablock of source code which is substituted in-line and compiled for each
macro call. You typicaly use functions where there is alarge body which should be shared. Y ou use macros
when there is a small body and you want to avoid the run-time overhead of function calls.

Function and macro definitions follow this general form:

[argument declarationg]
f n function call pattern = function body

[argument declarations]
def macro call pattern = macro body

Any number of argument declarations may precede a function or macro definition -- not necessarily
immediately, as described below. The definition’s pattern and body can have any legal GalaxC syntax, so
they are very flexible. The various aspects of these definitions will be described in more detail in the
remainder of this chapter.

5.1. Arguments

Both functions and macros can have arguments, which are symbols used to pass valuesto or from a
function or macro. Arguments are declared in precisely the same way as variables and precede the
function or macro definitions that use them. Thisis obviously different from most function-oriented
languages such as Pascal and C which define argument types as part of the function definition. GalaxC's
approach prevents pattern definitions from becoming cluttered with type declarations so as to improve
readability and prevent confusion. GalaxC also alows multiple definitions to share argument declarations.
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Arguments are declared with one of the following syntax forms:

T arg name
T arg {list of arguments}

This declares asingle argument or alist of arguments separated by commas to have the typet. Hereare
some examples:

int arg {x, vy}, /I Declarestwo i nt arguments.
ubyte arg p, // Declaresaubyt e argument.
complex arg {z1, z2} // Declarestwo conpl ex arguments.

Like variables, arguments may have any syntax, though usually they are simple identifiers. Arguments,
functions, and macros must currently be declared at the global program level; they cannot be nested inside a
block.

Argument declarations, and function or macro definitions are delimited by either commas or semicolons.
The differenceis that the semicolon operator hides all preceding argument declarations so that they are not
visible to the following function and macro definitions. The comma operator retains all arguments declared
since the last global-level semicolon so that they can be shared.

For example, in the following program fragments the arguments x and y are used by both functionsf and g:

int arg {x, vy},
fn f(x, y) = bodyof f,

conplex arg z,
fn g(x, y, z) = bodyof g

Notethat f (x, y) isfollowed by ‘, ' toalow g(x, y, z) to shareargumentsx andy.

On the other hand, the*; * after thefirst “def x+y = ...” inthefollowing example hidesul ong

”

argumentsx andy from the second “def x+y = ...”:

ulong arg {x, vy}, // Declaresul ong argumentsx andy.
def x + y = body; [l Pattern x+y uses ul ong arguments.

/I x and 'y are now hidden.

int arg {x, vy}, // Declaresi nt argumentsx andy.
def x + y = body I/ Pattern x+y usesi nt arguments.

5.1.1 Variable Argument Lists
Like C, GalaxC alowsthe last argument in function call to be avariable argument list. C usesthisfor
functionslikepri nt f that have one or more fixed arguments and zero or more optional arguments. Hereis

an ANSI C definitionof pri ntf:

int printf(char* format, ...)
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The fixed argument f or mat encodes how to interpret any optional arguments, e.g.,
printf("There are % cats naned %\n", n, nane);

expects argument n to beani nt and argument nane to be astring. It isthe programmer’ s responsibility to
ensure that the argument list makes sense for the given f or mat .

In GalaxC you define a variable argument list as a single argument of typevar gl i st , e.g.:

string arg fnt, varglist arg va,
fnprintf(fnm, va) = ...

Inafunction cal, avar gl i st matches acomma expression or asingle expression. Y ou may also omit the
var gl i st entirely along with the comma beforeit, e.g.,printf (" Hell o\n"). If youuseavargli st, it
must be the last item in a comma expression.

GalaxC treatsavar gl i st argument exactly asif it were acomma expression in parentheses, i.e,, it
dereferences and pushes the arguments from right to left and converts subtypes of | ong to | ong, perhaps
sign-extending them.

Currently, you cannot define GalaxC functionswith avar gl i st argument. They are only used for calling
external C functions library functions, as described in Section 5.6.2.

5.2. Functions

Aswith most programming languages, GalaxC functions are used to reduce the overall complexity of a
program by partitioning it into small, easily understood segments. Functions also reduce the size of a program
by replacing repeated blocks of code with a single function called from many locations. GalaxC extends this
concept by allowing function calls to match the notations of the problem domain.

To define afunction, you must specify its arguments, its pattern, its body, and itstype. The general formiis:

[optional argument declarations]
T fn pattern = body

This defines a function of type 1. Pattern isany valid syntax and may include any arguments currently
defined. Itisnot necessary to use al visible arguments. If pattern is more complex than adig, place braces
around it. GalaxC ignores the outer braces of a pattern. If the pattern requires braces, put in two sets.

Body is an expression which defines the behavior of the function given its arguments. Body can have any
valid syntax, and does not require braces or parentheses unless body is more complex than colon. If you put
braces around a function body, it becomes a block.

Y ou may omit type 1 if it can be inferred from body, either because the body is a simple expression or has a
r et ur n statement, described later. If the body isablock, theinferred typeisvoi d. You must specify 1
explicitly for forward and recursive definitions, described later. Body can only see pattern if T is specified.

Hereisasimple example:



6 November 2011 -50- funmac.xoe

int arg Xx,
fn x2 = x*x

The function argument is“x”, the pattern is “x?”, and the body is“x* x”. Functions can have any number of
arguments, including none. For example, you can define afunction Ti ne which has no arguments and
returns the time of day. An argument can occur at most once in the pattern. It is not possible to have the
pattern x+x if x isan argument.

Any syntax in the pattern which is not an argument isliteral syntax, i.e., it must be matched exactly. Inthe
previous example, the superscript 2 isliteral syntax. If you forget an argument, or misspell it, or accidentally
declareit asavar instead of an ar g, the pattern may end up with unexpected literal syntax.

5.2.1 Function Calls
A function call is any expression that matches a function pattern. For example, the expressions:
a2 42 ( - 5) 2 ( - b) 2

are all function calls that match pattern x2, assuming that a and b are of typei nt or asubtypeofi nt. The
expressionsa, 4, (-5), and (- b) inthe example are called actual arguments -- their values are passed as
function argument x to function x2.

To match afunction pattern, an expression must have exactly the same literal syntax and each actual
argument must be an expression that is the same type or a subtype of the corresponding function argument.
This pattern matching concept allows function calls to take on a tremendous variety of forms. Multiple
functions can share the same syntax, asis discussed in Section 5.4.

Cadlling afunction usually consists of computing the value of each argument of the function from right to left,
leaving the results on the evaluation stack, and then calling the subroutine which is the compiled form of the
function body. When execution of the function body is complete, it pops the arguments and returns control
to the calling routine. The result of the function is returned on the stack. An actual argument that isa
subtype of afunction argument’s type is automatically converted to the supertype.

[ Footnote: While conceptually arguments are evaluated from right to left, in practice the compiler has the
option to evaluate them in any order or even in parallel, so you should not write code that depends on the
evaluation in any specific order. Also, values may be passed in registers rather than on an in-memory stack.
By default, GalaxC object code pops arguments off the stack before returning (also known asst dcal | ).
However, if the function has a variable number of arguments then the caller pops them instead (also known
ascdecl).]

5.2.2 Passing by Value and Reference

Arguments can have any defined type and use pass by value to transfer arguments from the caller to the
function, i.e., copies of the argument values are pushed on the stack. Within afunction body, an argument is
treated asif it were alocal variable that was initialized by the function’s caller. Y ou can get the address of an
argument x using &x. If an argument is not declared const , you can assign avalue to it without affecting
the actual argument in the caller. For example, here is afunction which prints a string n times:

string arg s, int arg n,
fnprint s (ntimes) = while n-- >0 do printf("%", s)
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The argument n isused as alocal variable and can be modified by the function body. Since n is passed by
value, the value of argument n was copied onto the stack when the function was called and the copy is
discarded when the function compl etes.

Modifying n in the function body does not affect the function’s caller. Thisis seen clearly with the following
incorrect function which isintended to swap argumentsx and y:

int arg {x, vy},
fn BadSwap(x, y) ={var t =x; x =y, y =1}

This only swaps the stack copiesof x andy. It has no effect on the caller’ svariables. For example, if you
call “BadSwap(i, j)" wherei andj arei nt,thereisnoeffectoni andj .

In C you can use pointers to swap the values of variables outside the function:

voi d Cswap(int *x, int *y)
{int tenp = *x; *x = *y; *y = tenp;}

Youthencall Cswap(& , & ),where& and & aretheaddressesof thevariablesi andj that we want to
swap. This approach requires dereferencing each instance of x and y explicitly using the ‘*’ operator, and
reguires using the C address operator ‘& . Since C is a system programming language, programmers may see
this as an advantage since it exposes the programmer’ s intent explicitly.

While GalaxC permits this approach using GalaxC pointer types (88.3), it's often nicer to get the effect of
pass by reference by using reference types (84.5). Instead of declaring argumentsx andy as“i nt arg
{x, y}”, declarethem as:

& nt arg {x, vy}
or itsequivalent form:
int arg {&, &y}

Thevalueof x andy isnow & nt instead of i nt, and its reference typeis now && nt -- adouble
reference. This means that argument x -- which istreated asalocal variable x -- isamemory location that
contains the address of the memory location containing thei nt datato be swapped. While thisisamost the
same asaC pointer to ani nt, thereis an important difference: GalaxC automatically dereferences reference
types, while C pointers must be explicitly dereferenced using * x.

As described in Section 4.5, areference type &t is a subtype of 1. Similarly, &&t isin turn a subtype of &t.
When x isused in a context that requiresani nt , such as“x+1", GalaxC convertsx toi nt by first loading
the & nt address p stored in variable x, and then loading thei nt valuefromp. Tousex inan & nt
context, suchas“x = y”, GalaxC just loads the & nt value stored in variable x.

We can now rewrite the Cswap function using a GalaxC reference type:
[footnote: Thisissimilar to C++ pass-by-reference notation.]

int arg {&, &y},
fn GoodSwap(x, y) ={var t = x; x =y, y =t}



6 November 2011 -52- funmac.xoe

While this looks almost exactly like BadSwap, the fact that we are passing & nt argumentsinstead of i nt s
makes all the difference. Functionally, itisidentical to Cswap: the only difference isthat GalaxC’ s automatic
dereferencing eliminates the need to dereference explicitly each use of x andy in the function body.

Cdling GoodSwap islikewisesimple: ifi andj arei nt variables, wesimply call “GoodSwap(i, j)” --
thereisno need for & or & . Thisworks because argumentsx and y expect & nt actual arguments. Since
i andj arevariables, their typeisrealy & nt, so they already match the function arguments and GalaxC
just needs to push the addresses of i andj onto the stack.

Note that while the effect is pass by reference, we are actually still using pass by value. It'sjust that the
value being passed is areference type. However, for convenience we will refer to this as “ pass by
reference”, and refer to arguments with reference types as reference arguments.

One of the most useful applications of reference argumentsis to provide additional outputs to afunction
besidesitsreturn value. In some cases, it’s nice to have these outputs be optional by passing a NULL address
for the argument. Thisiseasy todoinC:

void f(int x, int *outl, int *out2)

{

if (outl) *outl /1l Return outl if defined.
if (out2) *out2 /1l Return out2 if defined.

}

With GalaxC we have aproblem. The comparison “out 1 ! = NULL” doesn’t work, because out 1 gets
dereferenced twiceto ani nt value which does not match GalaxC’s NULL, which must be a pointer. The
comparison “&ut 1 ! = NULL” doesn’t work either, because &out 1 isthe address of argument out 1 on the
stack, not the address contained in out 1.

To handle this case, GalaxC provides amacro def r ef (out 1) which indicates whether out 1 is defined by
looking at the once-dereferenced value of out 1. Hereisthe above C example rewritten in GalaxC:

int arg {x, &outl, &out?2},
void f(x, outl, out?2)

{

if defref(outl) then outl ce /l Return out 1 if defined.
if defref(out2) then out2 ce /I Return out 2 if defined.

}

For the curious, here are the definitions of generic macro def r ef and its complement nul | r ef , whichusea
number of concepts to be explained in later chapters. First, we define generic macro r ef adx( x) , which gets
the address pointed to by reference argument x:

type arg T, &T arg X,
def refadx(x) = &: &address

Argument x is any reference type &t, including double referenceslike &&i nt . “&x” converts x to a pointer
type, which is not automatically referenced. “&x: &addr ess” convertsthe &&i nt pointer to an

&addr ess, which will get dereferenced once when used in a context that requirestype addr ess. Type
addr ess isasubtype of ul ong which treats addresses as unsigned integers.
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Now we can define def ref (x) andnul | ref (x):

type arg T, &T arg X,
def defref(x) = refadx(x) !'= 0,
def nullref(x) = refadx(x) ==

These macros simply seeif the address pointed to by x isnon-NULL or NULL. We compareto O, since
addr ess isasubtype of ul ong.

5.2.3 The Function Body

The body of afunction is simply an expression. This expression is evaluated each time the function is called.
The body can refer to the function’ s arguments any number of times. Whenever an argument is required, its
value is obtained from the stack. [footnote: Parts of the stack may be implemented asregisters.] Arguments
are evaluated once -- when the function is called.

The value returned by afunction is normally the value of the body expression. For example, the function
x~ 2 defined earlier returns value x* x. The GoodSwap function has no value because blocks aways have
typevoi d. [footnote: Strictly speaking, it does return avalue of typevoi d. However, sincevoi d iszero
byteslong it's the same as saying it does not return avalue.]

Anaother way to specify the value of afunctionisusing ar et ur n statement, which terminates execution of
the function and optionally returns avalue. These function definitions are equivalent:

int arg Xx,
fn x? = x*x,
fn x* = return (x*x)

User et ur n when there is ho convenient way to write the function body to return the desired value
implicitly, or if afunction should terminate early and possibly return aresult, e.g.:

float arg {a, b, c},
fn x1(a, b, ¢c) =

{
var r = b? - 4*a*c;
if r <0 then return 0.O0;
return ((-b + sgrt r)/(2.0%a))
H

Any function body that isablock returnsvoi d by default and requiresar et ur n statement to return
anything else.

A r et ur n statement can have an argument expression (any type) or can be used by itself, in which
caseitsreturnsvoi d. Thevalueof ther et ur n statement itself isvoi d. Notethat r et urnisnot a
reserved word, so the expression “r et ur n x” issyntactically aconcat. If x is more complex than prefix
you must put it in parentheses.

Aswith comma and colon expressions, GalaxC dereferencesther et ur n statement’ s argument to its base
type unless the function has an explicit typet. Inthiscase, all r et ur n expressions must return T or a
subtype of 1 -- the latter are automatically converted to 1. If the function has no explicit typet, al r et ur n



6 November 2011 -54- funmac.xoe

statements must return the same type. [fn: Exception: A function that returns a pointer may also have

r et urn NULL statements. The non-NULL return values must have the same pointer types.] If the body isa
block that hasar et ur n statement anywhere that returns anon-voi d type, the body usually needs to end
with ar et ur n statement with the same type.

A function can return any type, including a quasi-type, though thisis not very useful except for voi d.
5.2.4 Recursive Functions and Forward Definitions

Most functions and macros do not need to declare their return types. Usually, type can be inferred from the
body, making explicit declaration unnecessary. However, in some casesit is necessary to specify the type of
afunction before its body can be compiled. Thisis particularly true of recursive functions, which are
defined using themselves. Consider the following definition of the factorial function:

int arg n,
fnnl =if n==0then 1 else n*(n-1)!

Whilethisis avery ssimple and elegant definition of factorial, GalaxC cannot compile the body since it
requires the type of “n! ” to be defined before“(n- 1) ! ” can be compiled. Infact, the body cannot even see
the pattern n! unless we declare the type of the function explicitly, like this:

int arg n,
int fnn =if n==0then 1 else n*(n-1)!

GalaxC functions can also be declared before they are defined, using aforward definition. Thisisuseful in
many applications, and required for mutually recur sive functions where two or more functions call each
other. For example, here are two mutually recursive functionsf and g:

/I Common arguments for functionsf and g.
int arg {x, vy},

I/ Forward reference of f .
int fn f(x, y) = forward, // Note: f or war d isnot areserved word.

I/ Definition of g.
fng(x, yvy) =if x ==0theny else f(x-1, vy),

/I Actua definition of f .

fnf(x, y) =9g(x, y-1)
Forward definition functions, like recursive functions, must have their result types declared explicitly in the
forward definition. The forward and actual definitions of a function must be in the same source codefile.
Macros cannot have forward definitions.

Forward function definitions are not implemented in the current version of GalaxC. For now, use function
pointersinstead.

5.3. Macros

The purpose of a GalaxC macr o is to define a convenient, possibly abstract notation for a program construct.
Once the notation has been defined, it can be used anywhere in the rest of the program. Good macro-defined
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notations make programs easier to write, understand, and debug by matching the familiar notations of a
problem domain, and avoiding the tedious and error-prone encryption process.

A macro is defined exactly the same way as afunction except that it uses reserved word def instead of f n:

[optional argument declarations]
T def pattern = body

For example, here is a macro definition for creating a complex number:

int arg {x, vy},
def x +i y = (x, y): conplex

This macro definesthe notation “x + i y” to mean construction of aconpl ex number, implemented by
pushing the real and imaginary parts onto the stack (in reverse order) and calling the result conpl ex.

Aswith function calls, amacro call is simply an expression that matches a macro pattern. To match a
macro pattern, all arguments must be either the same type or a subtype of the macro argument types and all
literal syntax must match exactly. Here are some macro callstothe“x + i y” macro defined above:

3+i 4 1+ 0 a+ib (3+5) + i (6+7)

To compile one of these macro cals, eg.,“3 + i 4", GalaxC binds the actual arguments 3 and 4 to the
macro arguments x and y, and then re-compiles the macro body with the actual arguments substituted for the
macro arguments. GalaxC compiles the expression “( x, y): conpl ex” with 3 substituted for x and 4
substituted for y. Thisresultsin compilation of the expression“(3, 4): conpl ex”. The macro provides
notational convenience and clarity: it is easier to understand and use the notation “x + i y” thanthe
notation“(x, y): conpl ex”.

An actual argument that is a subtype of a macro argument is automatically converted to the macro argument
type. For example, inthecal “a + i b” wherea andb arei nt variables, GalaxC automatically converts
each referencetype & nt toi nt by loading the value of a or b. Thisis done each time the argument occurs
in the body.

GalaxC macros are quite different from C macros (#def i nes). C macros are instantiated by the C
preprocessor and use string substitution. They have no knowledge of C syntax or semantics, and as such can
easily be the source of tricky bugs which are hard to track down. For example, C macros have no knowledge
of operator precedence so it is generally necessary to put lots of extra parentheses. C macro calls arelimited
to identifiers and C function call notation. Even so, C macros are quite powerful and are useful for getting
around limitiations of the C language. GalaxC macros are powerful in adifferent way, particularly for their
general syntax.

While GalaxC macro bodies are usualy very short, they can be arbitrarily complex if desired. They can
include local variables and labels for got o statements, which we usein Chapter 7 to define iteration
statements as macros. A macro body can haver et ur n statements, which have the same behavior aswith
function bodies except that in macrosr et ur n x does not automatically dereference x to its base type. This
allows a macro to return areference type &t which can then have avalue assigned to it.

A macro’ s pattern is not visible in the macro’ s body, even if the macro’stype is defined explicitly. Macros
cannot be recursive.
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5.3.1 Functions versus Macros

While functions and macros are defined in the same manner, their behavior is markedly different. A function
body is compiled once into compiled code; each call to the function involves pushing arguments onto the
stack, calling the compiled code, and popping arguments leaving the result on the stack. A macro body is not
compiled when the macro is defined. Instead, it is merely analyzed to determineiif it contains any errors and
to derive its type from the macro body. Each time the macrois called, the body is re-compiled in place with
actual arguments substituted for the macro arguments. Each call resultsin the generation of a new copy of
the macro body with customized argument substitution.

Within each call, each reference to a macro argument generates new code to evaluate that argument. If a
frequently referenced actual argument is a complicated expression, considerable extra code will be generated
unless an optimizing compiler detects these common subexpressions. Worse, if the actual argument has a
side-effect -- e.g., i ++ which increments the value of variablei -- multiple evaluations of the argument in the
macro body can result in surprising behavior. In generd, it's best to make sure each macro body only uses
its argument once, perhaps by creating local variables.

Functions and macros each have their purposes in GalaxC. Functions are most useful when the body islarge
and makes many references to function arguments. Function calls have afair anount of overhead: pushing
arguments, calling the function itself, accessing arguments, returning results, and popping the arguments.
Macros are most useful when the body is small and the overhead of function callsis prohibitive. Macros
have unacceptable overhead if the body is large (since each call creates an additional copy) or if arguments
are referenced many times (each reference creates a copy of the code to evaluate that argument).

In most cases, thereisno logica difference between macros and functions. The above complex construction
macro would be logically equivalent if defined as afunction:

int arg {x, v},
fnx +i y =(x, y): conplex

The differenceisin performance. The macroversionof “x + i y” merely requiresthe evaluation of “( x,
y): conpl ex” which consists of evaluating x and y, leaving both on the stack, and calling the Q@ ype( 8)
result conpl ex (which does not generate any code). The function version requires creating space for the
return result, evaluating x and y, performing the function call, accessing argument x from the stack, accessing
argument y from the stack, calling the result conpl ex, copying the result to the space reserved for the return
value, popping arguments x and y, and returning from the function. Thefunction versionof “x + i y”
wastes considerable time and space with additional stack manipulation. In this case the macro versionis
obviously better.

In other instances functions are preferred. The quadratic equation example shown earlier is better suited to a
function definition, since it is large and makes multiple references to arguments. Recursive macros are not
possible, so the factorial exampleis only possible as afunction. In addition, factorial refersto its argument
many times.

Later in this chapter we will look at i nl i ne functions, which are somewhere between functions and macros.

5.4. Search Order and Overloading

When GalaxC analyzes an expression, it must search the defined patterns to find which program object --
e.g., variable, argument, function, or macro -- matches the expression. To predict which definition isin fact
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matched, we need to understand GalaxC'’s search order. Given an expression to match, GalaxC searchesin
the reverse order of definition, i.e., the objects that have been defined last are matched first. For example, it
is possible to hide an existing function by creating a new function with the same syntax and argument types.
When two or more patterns have the same syntax, we say that pattern syntax is overloaded.

Overloading can be very useful to produce functions and macros that have the same pattern syntax, but
different argument types. For example, here are functions for printing different types of data:

string arg X,
fn print x = codetoprintstring;
int arg X,

fn print x = codetoprintint;

char arg x,
fn print x = codetoprintchar

The programmer only needs to remember one syntax for printing data, and lets the compiler worry about
which one to usein agiven context. GalaxC has no problem dealing with overloading since it considers
the types of arguments along with literal syntax when matching patterns.

When using overloading, one must be careful that later definitions do not unintentionally hide previous ones
because of GalaxC's search order. For example, the expression “pri nt ' a' ” correctly matchesthe“pri nt
char” function. However, if the“print i nt” and“pri nt char” functionswerereversed, “print 'a'”
would instead match “pri nt i nt ” since that would be as defined after “pri nt char” andchar isa
subtypeof i nt .

5.5. Function Pointers

GalaxC allows functions to be called indirectly using the typef npt r (function pointer). Like any other
pointer, af npt r can be assigned to a variable, passed as an argument, or returned as a function or macro
value. You canthen cal afunctionindirectly using thecal | expression. Function addresses behave the
same way as function pointersin C but require a distinct notation because, unlike C, GalaxC overloading
allows many functions to have the same name. To create af npt r value, you must specify a dummy
function call that matches the literal syntax and arguments of the function pattern.

The general form of an expression that createsaf nptr is:
fnpt r function call pattern

where function call pattern is any pattern that matches the function’s pattern. For example, the following
code createsaf npt r variablef act andinitializesit with a pointer to the factoria function:

var fact = fnptr O!
The argument 0 is adummy argument used to satisfy the need for ani nt expression in the pattern “n! ”.
Any i nt expression could be used. Thef npt r expression does not generate code to call the dummy

function -- it is present only to match the function’ s pattern.

Thetoken f npt r isnot areserved word, so the expression “f npt r pattern” is syntactically aconcat. If
pattern is more complex than prefix you must put it in braces: GalaxC always ignores the outer braces for a
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f npt r pattern.
Tocall af npt r, use one of the following forms:

call f(args 1)

call f(args)
call f 1
call f

wherefisaf nptr expression (usualy avariable), argsisalist of arguments separated by commas, and T is
the return type. Aswith direct function calls, args (if present) are evaluated and pushed right to left. They
are equivaent to a comma expression in parentheses (84.7): each argument is automatically dereferenced to
its base types and converted from a subtype of | ong tol ong. Note that thereis no separator between f and
the left parenthesis.

If Tisabsent theindirect call returnsvoi d. If both args and 1 are absent, f is called with no arguments and
returnsvoi d. Aswithfnptr,cal | isnot areserved word so f must be asub or prim: put it in parentheses
if necessary.

Hereis an example of calling the above factorial function:
var x = call fact(5; int)
Thisisequivalentto“var x = 5!".

In the current version of GalaxC, cal | does not check the types of the arguments, nor does it check the type
of theresult. All f npt r s have the sametype. Y ou must be very careful to ensure that each cal | matches
the function you assignto it. Sincecal | arguments are automatically dereferenced, you must convert
reference arguments to pointersusing ‘&' to prevent automatic dereferencing. For example, to call
GoodSwap( x, y) indirectly, use the following code:

int var {a, b};
var swap = fnptr GoodSwap(a, b);
call swap(&a, &b)

Make sure that if the function to be called returns aresult, the correct result type is specified inthecal | .
Otherwise cal | will write the result over other stack data causing undefined behavior. We plan to remedy
this some day when GalaxC has parameterized types.

Provided that the above warnings are heeded, function pointers can be a very powerful programming
construct. They allow the programmer to defer bindings to run time and make program structure dynamic.
They are an indispensible part of the GalaxC Simplified Window Manager, described in [JFB 11: G-SWIM].
In the current version of GalaxC, function pointers are the only way to implement forward function
definitions.

5.6. Inline Functions
GaaxCi nl i ne functions are somewhere between called function and macros. Like called functions, they

use the stack model where arguments are evaluated once and the result is returned on the stack. Like
macros, they make an in-line copy of body. They are often used for functions that have small bodies but
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reference arguments multiple times. Special formsof i nl i ne functions are also used for low-level code
generation.

Ani nl i ne function is defined exactly the same way as a called function except that it uses reserved word
i nl'i ne instead of f n. For example, here is adefinition of the “&=" operator withi nt arguments:

int arg {&, Yy},
infline {x & y} = (x = x &Y)

While we could have defined “x &= y” asamacro, i nl i ne issafer sinceit only evaluates argument x
once. Thisway we canwrite“*p++ &= OxFF" without remembering that i nt pointer p might get
incremented twice.

This example has some interesting syntactic and semantic considerations. First, the bracesaround “x &= y”
are needed because ani nl i ne’s pattern must be digj or simpler. GalaxC ignores the outermost set of braces
in a pattern definition. Second, the parenthesesaround “x = x & y” are optional because this expressionis
simpler than the required colon expression. However, we put them in to avoid visua confusion with the

i nl i ne definition’s equal sign.

It'simportant that we used parentheses rather than braces for the body. Like C, a GalaxC assignment
expression treats the assigned value as the value of the expression, allowing compound assignments. “op="
assignments have this property aswell. By putting“x = x & y” in parentheses the value (and type) of the
assignment is the value (and type) of thei nl i ne’sbody. If wewere to use braces instead, the body would
be ablock with voi d type and no value.

The actual GalaxC definition of “&=" is quite similar to the above example, except that it is defined generically
for all typest. See Chapter 9 for details.

Like macros, ani nl i ne function’s pattern is not visible from its body. Inline functions cannot be recursive.
5.6.1 Intrinsic Operators

By default, GalaxC generates code for a simulated stack machine called the Postfix Stack Interpreter (PSl),
described in detail in the next chapter. PSI code isin turn be optimized and/or translated into a native
instruciton set. A special form of i nl i ne links low-level GalaxC expressions to PS| operators. For example,
hereisani nl i ne that defines addition of two ul ongs:

ulong arg {x, v},
ulong inline {x + y} = intrinsic ADD

This specifies that an expression of the form “ul ong + ul ong” should push the arguments on the stack and
then generate a PSI ADD instruction, which will add the top two values on the stack leaving aul ong result.
ADD is simply an integer constant with the correct PSI opcode. Unlink most function calls, i nl i ne
arguments are pushed left to right unless the opcode is negative, in which case they are pushed right to left.
[footnote: The negative opcode only changes the order in which arguments are pushed. The PSI opcode
actually generated is the absolute value of the integer constant.]

The general form of ani nt ri nsi ¢ definitioniis:

[argument declarationg]
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T inline pattern = intrinsi c opcode

where opcode is a constant integer expression. Sincei ntri nsi ¢ isnot areserved word, opcode must be
prefix or simpler. In particular, if opcodeis negative it probably needs to be in parentheses.

One must be very careful definingi ntri nsi ¢ operators because they must match they types of arguments
and result value exactly or the stack will get totally messed up. Most GalaxC programmers won't ever need
to definei ntri nsi c operators.

5.6.2 Calling C Functions

Inline functions are also used to define calls to library functions outside GalaxC, so that it can use the
standard C library as well as graphicslibrarieslike X11 and Win32. Here are the general forms:

[argument declarations]
T inline pattern = cdecl
T inline pattern = stdcal |

In both cases, pattern must be a C-style function call “f( argument list) ”, where f is the name of afunction
(an identifier), or just f by itself. Type1 isthereturn type of the function. Here are some cdecl examples:

// Standard C st r cpy(dst, src) and st r cat (dst, src) functions.
string arg {dst, src},

string inline strcpy(dst, src)
string inline strcat(dst, src)

cdecl ,
cdecl ;

/I Standard C spr i nt f (buf, fmt, ...) with variable argument list.
string arg {buf, fnt}, varglist arg va,
int inline sprintf(buf, fnt, va) = cdecl

To call aC function, write an expression that matches pattern, e.g., spri ntf (buf, “Hello\n"). The
first time pattern is used, GalaxC searches the shared object (. so) or dynamically linked (. dI I ) librariesto
find alibrary symbol that matchesf. Each call pushes the arguments on the stack in right-to-left order and
callsthe C function. Thetwo identifierscdecl and st dcal | (not reserved words) define how to handle
function returns. A cdecl function requires the caller to pop arguments off the stack, so GalaxC does so.
Most C librariesuse cdecl sinceit allows functions with variable argument lists. A st dcal | function pops
its own arguments off the stack, so GalaxC only needs to know how much was popped. This approach saves
asmall amount of code for each function call in exchange for not being able to have variable argument lists.
It's mostly used by Microsoft Windows APIs. Currently each formislimited to 10 arguments.

5.7. Summary

This chapter has described the syntax and semantics of functions and macros. Their simplicity belies their
power and elegance. Programmers who can free their minds from the patterns engrained in them by previous
languages can use them to carry the state of program expression into new realms. The possibilities are limited
primarily by the imagination. Asasimple example, but demonstrating how old dogs can use new tricks, in
the next chapter we will see how GalaxC basic arithmetic is defined using the functions and macros described
in this chapter. Recall that typically such things must be fixed in the internal functioning of the compiler. In
GalaxC, thisimpliesthat if we wish we can easily redefine basic arithmetic without reimplementing the
compiler.
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Chapter 6
The Postfix Stack Interpreter (PSI)

By default, GalaxC generates code for a simple stack machine called the Postfix Stack I nterpreter (PSI or
W). PSI isa32-hit stack machine with 16-bit instructions. It is designed to be easy to interpret, easy to
optimize, and easy to translate into native instruction sets such as Intel Architecture, ARM, and PowerPC.
By providing asimple intermediate form, the Analysis and Code Generation (ACG) section of the GalaxC
compiler (810.1.3) can be written without worrying about the details of any particular target architecture.

Object code for PSl is called PS-code. The generic code optimizer is called PS-CO. Each code generator
for a specific target architecture is called PS-xCG where x is the target.

Given the high performance of modern computers, PS| by itself is often fast enough for many applications.
Indeed, the current version of GalaxC does not have any native code generators, though these were certainly
planned from the beginning. Code optimization and translating to a specific target have known solutions.

Using an interpretive machine is nothing new: most Java implementations use a bytecode interpreter, and the
history of programming languages has many notable examples including SmallTalk bytecode and Pascal
p-code. Stack-based programming languages have been around along time as well, most notably Forth and
Minim, the latter used to implement the first version of Galaxy '91.

One unusual feature of PSl isthat it isalso the internal representation of XXICC objects such as tables,
dialog boxes, and even entire XOE documents. Part of the PSI instruction set is reserved for representing
each kind of XO. For example, the TEXT instruction forms a TEXT XO using the string operand at the top of
the stack as string data. This operand may be a string literal, or it may be the value of a string expression,
e.g., the current date or time. An XOST beginswith an XOST opcode, e.g., HSTACK, and ends with the
ENDCBJ instruction. An entire X OE document is a paragraph box beginning with PARABOX and ending with
ENDOBJ .

To process a XOE document, PSI simply executes the PSI code for that document. X O opcodes are
interpreted using a vector of function pointers, with a different vector for each kind of processing. PSl also
has instructions to tag incremental changes to the memory copy of a X OE document so they can be reversed
using the UNDO command. These tags are cleaned out when storing a XOE document to afile. XOE
documentsin files are “dataonly”, i.e., they only contain PS| datainstructions and XO opcodes. Otherwise
it would be easy to transfer avirus as part of a XOE document.

Using a single representation for code and datais an old idea, mostly explored using LISP. The Galaxy CAD
System [JFB 92] used the executable data concept extensively for processing CAD data.

6.1. PSl Instruction Formats

PSI instructions contain opcodes and/or data, as indicated by the MSbs. In this chapter we will use “word”
to mean 16-hits, i.e., the word size of PSI instructions, and “long” to refer to 32-bit PSI stack operands,
which may be signed (I ong) or unsigned (ul ong). Like most modern computers, the PSI stack grows
towards lower memory addresses. It isaways aligned to along address.

00 14-bit number
11 14-bit number

A small integer isa16-bit 2's complement signed integer from —-16,384 to +16,383. PSI sign-extends
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the value to 32 bits and pushesiit onto the stack.

|1]0] 14-hit opcode

An opcode operates on the top long values on the stack, leaving the result on the stack. For example,
ADD adds the top two longs leaving asingle long result. It has the net effect of popping onelong. The
low 256 opcode values are reserved for XOs.

[ Improve table formatting some day.]
| 0 | 1 | 1< N <8191 (13 hits) | 1 | N-word string constant (padded) |

A string constant includes an N-word string terminated with NUL and padded to an even count if
needed. PSI pushes along pointer to the constant onto the stack. The string dataitself residesin the
PSI instruction space. Strings are limited to 16,382 bytesincluding NUL. Note that N isaword count:
you can convert to a byte count by ANDing with Ox3FFE.

A string constant can actual contain any kind of data: N determinesits length, not the NUL.

01 1< M <4095 (12 bits 0[O0 M-long stack constant (2*M words)
( )

A stack constant includes M longs of stack data, e.g., the contents of a multi-word data structure.

For example, 0x4004 followed by X isthe single-long stack constant X. PSI pushes the constant onto
the stack with the stack copy appearing exactly the same asin the PSI code. Since stacks grow
towards low memory, the first long of the constant becomes the new top of stack. Notethat M isa
long count: you can convert to a byte count by ANDing with 0x3FFE just like string constants.

| 0 | 1 | 12-bit opcodex | 1 | 0 | Long operand X (two words)

An opcodex is similar to an opcode except it has along operand X. X might represent a PS| code
space address, a pointer to an external C library, data to be pushed onto the stack, or housekeeping
information.

6.2. Compiling GalaxC Literals

GalaxC trandates literals into code that pushes constants. Integer literals -- including characters -- generate
small constant instructions when possible, otherwise stack constants. String literals generate PSI string
constants, and concatenated string are combined into a single PSI string constant with maximum length
16,382 including NUL. Floating-point literals generate 4-byte or 8-byte stack constants.

6.3. PSI Opcodes

This section lists the PSI opcodes generated by GalaxC code. Since each opcode requires implementation in
the interpreter, the code optimizer, and code generators we have tried to keep the number of instructions
limited. However, some non-primitive operations such asi ++, max, and abs are common enough that it's
worthwhile including them even if it adds more opcodes.

In many cases is doesn’'t matter whether we are dealing with signed or unsigned integers, so we will use
“long” to mean “I ong or ul ong”, “short” to mean “short orushort”, and “byte” to mean “ubyt e or

ubyt e”. If it matters, we will use the nonospaced type names.
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Here is some general PSI terminology, which follows the example of many computer architectures:

PC  The program counter pointsto the next instruction to be executed.
SP  The stack pointer points to the top of the stack, which is the lowest address of the stack that

contains avalue.
FP  Theframe pointer is a base register for accessing function arguments and local variables on the
stack.

TOS isthelong at the top of the stack, i.e., the value pointed to by SP.
NTOS isthe long next to the top of the stack, i.e., the value pointed to by SP + 1 long.

6.3.1 Basic Arithmetic
NOP  Perform no operation: |eave the stack unchanged.

ADD, SUB, MJUL, DI V, REM DI VU, REMJ
Compute NTOS + TOS, NTOS - TOS, NTOS* TOS, NTOS/ TOS, or NTOS %TOS, replacing the
two operands with the result (pops one long). DI V and REMare signed operations; DI VU and REMJ
areunsigned. MUL produces the same 32-bit product for signed and unsigned 32-bit TOS and NTOS.

SHL, SHR, ASR
Compute NTOS << TOS or NTOS >> TOS, replacing the two operands with theresult. SHRisa
logical (unsigned) right shift. ASR isan arithmetic (signed) right shift. TOSis only defined for the
values 0-31.

AND, OR, XOR
Compute NTOS & TOS, NTOS| TOS, or NTOS” TOS, replacing the two operands with the result.

EQ NE, LT, GT, LE, GE,LOH ,LCS, H S
Compute NTOS == TOS, NTOS# TOS, NTOS< TOS, NTOS > TOS, NTOS< TOS, or NTOS >
TOS, replacing the two operands with the Bool ean result TRUE (1) or FALSE (0). LT, GT, LE, and
GE, aresigned. LO, HI, LOS, and HIS are unsigned.

NEG, COM NOT, NEZ
Compute- TOS, ~TOS, ! TOS, or ?TOS, replacing the operand with the result.

SB2S, S2L, UB2US, US2L, L2UL
Convert integer at TOS to its supertype: sbyt e toshort, short tol ong, ubyt e toushort,
ushort tol ong, or | ong toul ong. Therun-time stack already represents all integers aslong and
assumes all bytes and shorts are zero-extended, so UB2US and US2L perform no operation. Similarly,
| ong and ul ong have the same bit representation so L2UL isaNOP. They areleft in place so that
higher level code does not have to know this, which allows future versions of the low-level code to
behave differently. On the other hand, SB2S and S2L must perform sign extension. SB2S only sign
extends shyt e to 16 bits because all shorts must have zero extension. S2L sign extendsshort to 32
bits.

L2US, L2UB
Convert long at TOSto ushort or ubyt e, zero-extending the short or byte so that the MSBs of the
long TOS value are set to zero. Thereisno L2S nor L2SB because PS| zero-extends all bytes and
shorts.
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M N, MAX; M NU, MAXU
Find the signed or unsigned minimum or maximum of the TOS and NTOS, replacing the two operands
with the result. While min and max can be computed using conditional branches, we fedl it is common
enough to have special instructions for them. This allows architectures such as ARM and PowerPC to
take advantage of conditional execution and improve pipelined execution.

ABS Compute the absolute value of | ong TOS, replacing the operand with the result. Like min and max,
this allows conditional execution for improved pipelined execution.

PRI NC, PRI NCS, PRI NCB
Pre-increment or pre-decrement the long, short, or byte variable pointed to by TOS by adding NTOS,
replacing the two operands with the updated value of the variable. Thisimplements expressions like
++i,--n,andx += 32. Decrements use a negated value of NTOS.

PO NC, PO NCS, PO NCB
Post-increment or post-decrement the long, short, or byte variable pointed to by TOS by adding
NTOS, replacing the two operands with the value of the variable before it was updated. This
implements expressions likei ++ and n- - . Decrements use a negated value of NTOS.

PRI NV, PRI NVS, PRI NVB, PO NV, PO NVS, PO NvB
Same as PRI NC, PRI NCS, PRI NCB, PO NC, PO NCS, PO NCB except treat the variable asvol ati | e
when optimizing code.

6.3.2 Loads, Sores, and Stack Manipulation

We will use “double”’ to mean any value that requirestwo longs. Thisincludes doubl e floating-point
numbers, but also includes (for example) acomplex number with | ong or f | oat components.

LQAD, LQOADS, LOADB, LOADD
Given an address at TOS, load along, short, byte, or double replacing the address with the value.
Loading a double has the effect of pushing one long. Zero-extend bytes and shortsto long. Signed
short and sbyt e values are sign-extended by S2L and SB2S, so thereis ho need for signed loads.

LOADN
Given an address at NTOS and a count at TOS, load TOS longs onto the stack, replacing the two
operands. The stack copy has the same byte order as memory.

LCADV, LOADVS, LOADVB, LOADVD, LOADVN
Same as LOAD, LOADS, LOADB, LOADD, LOADN except treat memory asvol at i | e when optimizing
code.

STORE, STORS, STORB, STORD
Given an address at TOS, store NTOS as along, short, byte, or double. Pop TOS but not NTOS.

STORN
Given an address at NTOS and acount at TOS, store the TOS longs on the stack below NTOS to
memory. Pop both TOS and NTOS, but not the data. The memory copy has the same byte order as
the stack.
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STORV, STORVS, STORVB, STORVD, STORVN
Same as STOR, STORS, STORB, STORD, STORN except treat memory asvol ati | e when optimizing
code.

PUSH, POP
Push or pop one long onto or off the stack. Pushed | ongs are not initialized.

POPD Pop one double off the stack.

POPN Pop TOS longs off the stack by setting SP = SP+TOS. Also pop TOS, which isincluded in the count.

If TOS < 0, leave TOS on the stack and push [TOS] longs, which are not initialized. Do not count on
TOS retaining its value.

DUP, DUPD
Duplicate the long or double at the top of the stack, pushing one or two longs.

DUPN
Duplicate TOS longs starting at NTOS, replacing TOS with the copy of NTOS, pushing TOS-1 longs.

LDPOP, LDPOPS, LDPOPB
Extract along, short, or byte field from a multi-long data structure that is on the stack. The stack
contains TOS = structure length in bytes (must be a multiple of 4), NTOS = field offset in bytes, and
the data structure itself. PSI replaces all arguments including the structure with the contents of the
field, zero-extending bytes and shortsto long.

LDPOPN
Same as LDPOP, except that TOS = field length in longs as an additional argument. Replace all
arguments (including the structure) with the contents of the multi-long field.

LONG X
Push the long value X of aglobal variable onto the stack. X isthe operand of an opcodex instruction.

6.3.3 Addresses of Variables, Functions, and Types

PSI currently supports two kinds of variables: global variables allocated in a common global space, and stack
variables which include local variables and arguments.

STAKVAR
Convert the TOS byte offset to a stack variable byte address relative to frame pointer FP which is set
by the FUN instruction at the beginning of afunction. If TOS> 0, FP + TOS is the address of the
stack copy of an argument which was passed by value. If TOS< 0, FP + TOS isthe address of a
local variable. Use LOAD, LOADS, etc. to load the value pointed to by the address.

GLOBVAR X
Push the byte address X of a global variable onto the stack. X isthe long operand of an opcodex
instruction. While thisis mostly equivalent to LONG X or pushing X as a stack constant, the GLOBVAR
tags the instruction so that GalaxC' s linker can tell the long constant is a global variable and should be
linked accordingly. Use LOAD, LOADS, etc. to load the value pointed to by the global address.

FNPTR X, DLLADX X, TYPEPTR X
Push the address X of a PSI function, an external C functioninaDLL or .so library, or GalaxC type



6 November 2011 - 66 - psi.xoe

onto the stack. Thisisthe same as GLOBVAR, but tags the instruction for GalaxC’ s linker.
6.3.4 Program Control: Gotos, Calls, and Returns

We next look at PSI instructions that affect which instruction is executed next. Aswith most computers, PS|
has a program counter (PC) which points to the next instruction to be executed. In the following text, PC
normally refersto its value after fetching the instruction.

GOrT0 X
Jump to address PC + X, where PC is the instruction after GOTOX. GOTO does hot affect the stack.

GOTRUE X, GOFALSE X
Pop TOS and seeif it equals zero. GOTRUE X jumps to address PC + X if TOS # 0; otherwise PSI
continues at PC. GOFALSE X jumps to address PC + X if TOS = 0; otherwise PSI continues at PC.
Note that PSI considers any non-zero TOS value to be TRUE: the value does not haveto be 1.

POPGOTO X
Pop TOS longs and then jump to address PC + X. Thisis equivalent to POPN followed by GOTO X.

FUN
Begin execution of afunction: push the current frame pointer FP onto the stack and set FP to point to
thenew TOS. The caller has aready pushed areturn address. PSI allows simplified functions that do
not begin with FUN: they neither save nor modify FP.

RET
Return from afunction call that began with FUN. Assume TOS isthe caller’s frame pointer and
NTOS isthe return addressto the caller. Set FP = TOS and PC = return address, popping both off
the stack.

RETN
Same as RET, but also pop N longs containing function arguments. Assume the stack contains N
followed by the caller’ s FP, the return address, and N longs containng arguments. RETN implements
st dcal | -style functions where the called function is responsible for popping arguments.

RETNF
Return from afunction that did not begin with FUN. Assume TOS is the return address to the caller.
Set PC = return address and pop it off the stack. RETNF does not affect FP.

RETV, RETVN
These return values from called functions. Save the long return value NTOS for a function by
copying it to address SP+TOS. Pop both TOS and NTOS. Stack offset TOS assumes the stack
offset has been popped but not the data. RETVN is the same except that the return value is N longs.
The additional operand N is TOS, followed by stack offset, and N longs of data, all popped. RETV
and RETVN are normally followed by RET or RETN, or else a GOTO or POPGOTOto RET or RETN.

| RES, | RESN
These are similar to RETV and RETVN but are used to return results from inline functions and macros.
Save the long result NTOS by copying it to address SP+TOS, and pop the stack to SP+TOS. Stack
offset TOS assumes the stack offset has been popped but not the data. | RESN is the same except that
theresultis N longs. The additional operand N is TOS, followed by stack offset, and N longs of data,
all popped to SP + stack offset. | RES and | RESN are normally followed by GOTO or end the inline or
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macro instantiation.

CALL X
Call the function at address X. Push PC (the instruction after CALL X) as the return address and set
PC = X. CALL does not affect FP: that is the called function’s responsibility. By default, PSI
functions pop their own arguments using RETN. Otherwise the caller must pop arguments using POPN
or LDPOP.

| CALL
Indirectly call the function pointed to by TOS. Push PC as the return address and set PC = TOS.
Thevaluein TOSisusualy set by FNPTR X. Otherwise| CALL isthe sameas CALL.

CDECL, STDCALL
Call the C library function at address TOS (popped) with NTOS arguments. TOS is hormally set with
DLLADX X. Currently, PSI assumesthe C library function returnsalong value. There are a number
of other details which are subject to change as GalaxC evolves. See the source codeif you're
interested.

HALT
Mark the end of aprogram. If PSI reaches thisinstruction the interpreter stops and returnsto its
caler, either somewhere in XXICC or to the operating system. HALT is mostly used to identify the
end of aprogram for system management.

SW TCH
Execute aGalaxC swi t ch statement. TOSisan index into ajump offset table, usually stored in
program memory as a string constant. NTOS points to the jump table, which contains longs. SW TCH
sets PC to PC + NTOS[TOS], popping both TOS and NTOS. The code generator must make sure
TOS does not access outside the jump table by using M NU and a default entry.

EXCEPT X
Create an exception value and push it onto the stack. A GalaxC exception consists of 3 longs. a saved
FP, asaved PC, and asaved SP. EXCEPT X has two operands: stack offset TOS and PC offset X.
EXCEPT first replaces TOS with SP + TOS as the saved SP, then pushes PC + X as the saved PC,
and finally pushes the current value of FP. The 3-long exception can then be stored in a global
variable to be raised as needed.

RAI SE
Raise an exception given a GalaxC exception value at TOS. Raising an exception consists of setting
the current FP, PC, and SP to the values in the exception. The exception must set SP to a higher
value than the current SP: the exception and all stack data up to the new SP are popped.

6.3.5 Floating-Point Operators

FADD, FSUB, FMJL, FDI Vv, DADD, DSUB, DMJL, DDI V
Compute NTOS + TOS, NTOS - TOS, NTOS* TOS, or NTOS/ TOS replacing the two operands
with the result (pops one or two longs). FADD, FSUB, FMJL, and FDI V aref | oat operations with
long operands. DADD, DSUB, DMUL, and DDI V are doubl e operations with double operands.

FNEG, DNEG
Compute - TOS, replacing thef | oat or doubl e operand with the result.



6 November 2011 - 68 - psi.xoe

FEQ FNE, FLT, FGT, FLE, FGE, DEQ, DNE, DLT, DGT, DLE, DGE
Compute NTOS == TOS, NTOS # TOS, NTOS< TOS, NTOS> TOS, NTOS< TOS, or NTOS =
TOS, replacing the two operands with the Bool ean result TRUE (1) or FALSE (0). FEQ-- FGE are
f | oat operationswith long operands. DEQ-- DGE are doubl e operations with double operands.

F2D, D2F
Convert f | oat at TOSto doubl e, or vice-versa

L2F, UL2F, L2D, UL2D
Convert signed or unsigned long integer at TOSto f | oat or doubl e.

F2L, D2L
Convert f | oat or doubl e at TOS to a signed long integer, truncating any fractional part.

FFLOR, FCEI L, DFLOR, DCEI L
Compute floor(TOS) or ceiling(TOS), replacing thef | oat or doubl e at TOS with a floating-point
value equal to the next integer < TOS or = TOS.

FM N, FMAX, DM N, DMAX
Find the minimum or maximum of thef | oat or doubl e operands at TOS and NTOS, replacing
them with the result.

FABS, DABS
Compute the absolute value of thef | oat or doubl e at TOS, replacing the operand with the resuilt.
While this can be done using comparisons, absolute value is often available as a (co)processor
instruction.

FSQRT, DSQRT
Compute the positive square root of thef | oat or doubl e a TOS, replacing the operand with the
result. Square root is often available as a floating-point instruction.

6.3.6 XXICC Objects and Tags

The remaining PSI opcodes are mostly for manipulating XOsin XOE and elsewhere. See [JFB 11: XXICC
Objects].

6.4. Defining GalaxC Operators
In most languages, operations on built-in types are buried somewhere deep in the compiler. In GalaxC, they
are fully exposed as extensions to the language. This makes the GalaxC compiler easier to understand,

maintain, and extend.

Most GalaxC operators are defined asi nt r i nsi ¢ operators, described earlier in Section 5.6.1. The actua
codeisingxcli b. gal , which defines most of GalaxC’ s operators and constants, some of its data types,
and cdecl i nlines fromthe standard C library. Inthistext wewill usually refer to gxcl i b. gal as
“gxcl i b” and copy examples from it liberally.

6.4.1 Integer Unary Operators

Let’s begin by defining the integer unary operators +x, - X, ! x, and | x| :
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ul ong arg x,

ul ong inline {+x}
ulong inline {-x}
Bool ean inline {!x}
Bool ean inline {?x}

ntrinsic NOP,
ntrinsic NEG
ntrinsic NOT,
ntrinsic NEZ

int arg x,

int inline {+x}
int inline {-x}
int inline |Xx|

intrinsic NOP,
intrinsic NEG
intrinsic ABS;

These specify that each unary expresion should be compiled by generating PSI code to evaluate argument x
on the stack, automatically converting subtypesto ul ong or i nt , and then generate PSI opcode NOP, NEG,
NOT, or ABS. Even though thereis aPSI NOP instruction, the NOP generated for +x is actually discarded by
the code generator.

Note that there are two sets of definitions, one for unsigned ul ongs and onefor signedi nt s (equivalent to

| ongs). Thisis because GalaxC wants an expression containing integers to have typei nt whenever
possible: it should only becomes ul ong if asubexpressionisul ong. Sincei nt isasubtype of ul ong, an

i nt value of x matchesthe ul ong version of theintrinsics. Thusthei nt versions must be defined after the
| ong versions, since GalaxC searches for patternsin reverse order (85.4). In al cases, the type of the result
appears beforei nl i ne.

The NOT operator ! y has aBool ean result so there is no need for separate signed and unsigned versions.
Similarly, ABS isonly defined for asigned operand, so there isno need for al ong version.

There are no short or byte versions of these operators. GalaxC and PSI perform al integer arithmetic aslongs
(with afew exceptions).

Except for | x| , we have shown each pattern in braces. Thisisoptional for all these patterns since they are
simpler than dig. Including braces may help prevent visual confusion between the pattern and the rest of the
definition.

Anintrinsic definition normally specifiesits opcode using a PSI mnemonic, asin the above example.
However, the current version gxcl i b uses hard-coded numberssince gxcl i b is currently the only GalaxC
file that references most of the PSI opcodes. In the C files that make up the lowest levels of the current
GalaxC compiler, each PSI opcode is prefixed with “PSI _" -- e.g., PSI _NOT -- to prevent collision with
other symbolic constants. Our plan isto introduce a*“ private enumeration” type that allows symbolic
constants like NOT and NEGto be visible only in contexts where they are expected. Thiswill be used when
we will replace the current C files with a GalaxC-only version of the GalaxC compiler.

6.4.2 Integer Arithmetic

Next we have the integer arithmetic operators. Aswith the unary operators, we have separate intrinsic
definitionsfor ul ong andi nt :

ulong arg {x, v},

ulong inline {x + y}
ulong inline {x - y}
ulong inline {x * y}

intrinsic ADD,
intrinsic SUB,
intrinsic MIL,
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ulong inline {x / y} = intrinsic D VU, // unsigned
ulong inline {x %y} = intrinsic REMJ /[ unsigned
int arg {x, y},
int inline {x + vy} = intrinsic ADD
int inline {x - vy} = intrinsic SUB
int inline {x * y} = intrinsic MIL,
int inline {x / vy} = intrinsic DV, I/ signed
int inline {x %y} = intrinsic REM I signed

GalaxC compiles each binary expresion by generating PSI code to evaluate and push arguments x andy onto
the stack, in that order, and then generate PSI opcode ADD, SUB, MUL, etc. ADD, SUB, and MUL use the same
PSI opcode for ul ong and i nt operands; DI V and REMhave different opcodes.

6.4.3 Integer Relational Operators

Here are the definitions of the relational operators:

ulong arg {x, vy},

Bool ean inli
Bool ean inli
Bool ean inli
Bool ean inli
Bool ean inli
Bool ean inli
int arg {Xx,

Bool ean inli
Bool ean inli
Bool ean inli
Bool ean inli

ne
ne
ne
ne
ne
ne

y}
ne

ne
ne
ne

{x
{x
{x
{x
{x
{x

{x
{x
{x
{x

== y}
=y}
<y}
>y}
<=y}
>= y}
<y}
>y}
<=y}
>= y}

ntri
ntri
ntri
ntri
ntri
ntri

ntri
ntri
ntri
ntri

nsi
nsi
nsi
nsi
nsi
nsi

nsi
nsi
nsi
nsi

O 0O 0O 0O 00

O O 0O 0

EQ
NE,

LG,
H
LGS,
H S;

LT,
Gr,
LE,
GE;

// unsigned
// unsigned
// unsigned
// unsigned

/I signed
/Il signed
/l signed
/I signed

Therelational operators leave aBool ean TRUE or FALSE vaue on the stack. We can defineasingle
intrinsic for EQ and NE because the result will be the same Bool ean whether the arguments are ul ong or
i nt. Onthe other hand, we do need separate instrinsics for LT, LO, and others because unsigned relational

operators are different from signed ones.

6.4.4 Shift Operators

Shift operators are a little different:

ulong arg {Xx,
ulong inline {x <<y}
ulong inline {x >> y}

i nt
i nt
i nt

y},

arg x, ulong arg v,
inline {x << vy}
inline {x >> vy}

intrinsic SHL,
intrinsic SHR

intrinsic SHL,
intrinsic ASR

// unsigned

/I signed

The type of a shift expression matches the shifted data x and does not depend on the shift amount y, so we
declarey to be ul ong for maximum flexibility. Both signed and unsigned left shift use PSI’s SHL. Right
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shifts use SHR for ul ong and ASRfor i nt .
6.4.5 Bitwise Logical Operators
Here are the bitwise logical operators:

ulong arg {x, v},
ul ong inline {~x}
ulong inline {x & y}
ulong inline {x | vy}
ulong inline {x " vy}

intrinsic COM /] On€e' s complement.
intrinsic AND,

intrinsic OR,

intrinsic XOR,

def {x #y} =x & ~y, /I Bit Clear (BI C)

def {x & y} = ?2(x &vy), // Bit Test (Bl T): X intersectsy
def {x '& y} = I(x &VY); // NAND: x does not intersect y
int arg {x, vy},

intrinsic COM /I On€e's complement.
i ntrinsic AND,

int inline {~x}
int inline {x &y}
int inline {x | vy} intrinsic OR
int inline {x " vy} intrinsic XOR
def {x # y} = x & ~y; /I Bit clear

Aswith other integer operators, we have separate operators for ul ong andi nt to preserve whether an
expression issigned or unsigned. We have defined the bit clear operator # as a macro since it does not have
(or need) a PSI operator.

6.4.6 Boolean Operators
The Bool ean and and or operators use lazy evaluation so that the second argument is only evaluated if the
first argument does not determine the expression’ s value. GalaxC implements them as macros containing

if-then-else expressions:

Bool ean arg {a, b},

def a & b = if a then b el se FALSE,
def a || b =if a then TRUE el se b;
Bool ean arg {a, b},
def a and b = a & b,
def aor b =a|]| b;

6.4.7 Miscellaneous Operators
Here are afew miscellaneous operators to compl ete integer arithmetic:

ulong arg {x, vy},

ulong inline mn(x, y) =intrinsic MNU, /[ unsigned
ulong inline max(x, y) = intrinsic MAXU, // unsigned
def x is even = (x & 1) == 0,
def x isodd = (x &1) !'=0;

int arg {x, Yy},
int inline mn(x, y)

intrinsic MN, /Il signed
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int inline max(x, vy) = intrinsic MAX; I signed

Thex i s even andx i s odd macros are simple examples of descriptive macro names. Y ou can use them
towrite expressionslike: “i f x is odd then ...”

Finally, hereis GalaxC' s nop expression, which is often used like a C null statement:
void inline nop = intrinsic NOP;

The nop expression simply generates a PSI NOP which is then discarded, producing no code. It has type
voi d.

6.4.8 Integer Type Conversions

Conversions between integer types may be automatic or explicit. Automatic type conversions are included in
type definitions and are described at the GalaxC level in Section 4.2.1. Let’s review those conversions now
that we know more about PSI operators:

typedef ul ong
typedef | ong

typedef short
typedef shyte
typedef ushort
typedef ubyte

roottype(4);
subtype(ulong, 4, intrinsic L2UL);
subt ype(l ong, 2, intrinsic S2L);
subtype(short, 1, intrinsic SB2S);
2,
11

subt ype(l ong, intrinsic US2L);
subt ype(ushort, intrinsic UB2US);

Eachi ntri nsi c isone of the PS| type conversion operators defined in Section 6.3.1. They define which
PSI operator to generate for each subtype-to-supertype conversion. For example, if b isan sbyt e, the
expression b+1 requiresb to be convertedto | ong (sameasi nt). Converting b to| ong consists of
evaluating b on the stack, followed by SB2S and S2L operations.

Since shorts and bytes are aready zero-extended on the PSI stack, the UB2US and US2L operators are
treated as NOPs and do not generate any code.

Explicit type conversions are of theform ushort (x) . They are needed to go from awider typeto a
narrower type -- e.g., if x isul ong -- but can be used even if not needed -- e.g., if x isubyt e.

Hereis how GalaxC defines explicit type conversionsin gxcl i b. Asisaways the case, we must define
patterns for supertypes before their subtypes so that overloaded patterns are matched in the correct reverse
order. First we define conversionsfor ul ong, which also apply to | ong:

ulong arg x, /[ x isul ong, | ong, ushort,short,ubyte,or sbhyte.
ulong inline ulong(x) = intrinsic NOP, // No change except automatic.
| ong inline | ong(x) = intrinsic NOP, /I No change except automatic.
i nt inline int(x) = intrinsic NOP, // No change except automatic.
ushort inline ushort(x) = intrinsic L2US, Il Zero-extend short.
short inline short(x) = intrinsic L2US, Il Zero-extend short.
ubyte inline ubyte(x) = intrinsic L2UB, Il Zero-extend byte.
sbyte inline sbyte(x) = intrinsic L2UB, Il Zero-extend byte.

If x isasubtype of ul ong, first GalaxC convertsit to ul ong using automatic type conversions. ul ong( x),
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 ong(x),andint (x) donothing because x isalready a 32-bit number. However, ushort (x) and
short (x) must clear thetwo MSBs of TOS since PSI shorts must be zero-extended on the stack.
Similarly, ubyt e( x) and sbyt e(x) must clear the three MSBs of TOS.

These are actually enough to define explicit conversions completely, but they can generate lots of
unnecessary operations. For example, ubyt e( b) whereb isan sbyt e requires converting b to ul ong
(SB2S followed by S2L) and then converting the ul ong down to ubyt e with L2UB, atotal of 3 operations.
In fact, in this case we don’t need any operation because PS| bytes on the stack are zero-extended whether
they are signed or unsigned.

While these redundant operators could be removed by a code optimizer, it’s quite simple to define some
additional conversionsto prevent them from occuring in the first place. They must appear after the ul ong
versions so they have priority.

ushort arg x, /I x isushort orubyte.
ushort inline ushort(x) = intrinsic NOP,
short inline short(x) i ntrinsic NOP,

short arg x, /I Xisshort orsbyte.
ushort inline ushort(x) i ntrinsic NOP,
short inline short(x) i ntrinsic NOP;

Converting a short to another short does not change the PS| stack representation, so all of these are NOPs. |If
x isan sbyt e thereis still the SB2S conversion. We didn’t bother to define any short to byte conversions
such asubyt e(short) sincethey areless common and the ul ong versions do not add much overhead.

Similarly, converting a byte to another byte does not change the PSI stack representation, so all of these are
NOPs aswell:

ubyte arg x, /[ x isubyt e.
ubyte inline ubyte(x) = intrinsic NOP,
sbyte inline sbyte(x) = intrinsic NOP,

sbyte arg x, /[ x isshyt e.
ubyte inline ubyte(x) = intrinsic NOP,
sbyte inline sbyte(x) = intrinsic NOP

gxcl i b aso definestwo operatorssi gned x and unsi gned x which treat their integer argument x as the
signed or unsigned integer of the same size. Notethat si gned x isa concat expression which does not
require parentheses. If x isacomplex expression, you may put it in parentheses but you must put in a space,
eg., si gned (x +y) rather thansi gned(x +y). Herearethei nl i nes that definesi gned and

unsi gned:

ulong arg x, /[ x isul ong, | ong, ushort,short,ubyte,or sbhyte.
ulong inline unsigned x = intrinsic NOP, /1 Treat x asul ong.
| ong inline signed x = intrinsic NOP; /1 Treatx asl ong.
ushort arg x, /[ x isushort orubyte.

ushort inline unsigned x = intrinsic NOP,

short inline signed x intrinsic NOP;
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short arg x, / Xisshort orsbyte.

ushort inline unsigned x = intrinsic NOP,
short inline signed x = intrinsic NOP
ubyte arg x, Il x isubyt e.
ubyte inline unsigned x
sbyte inline signed x

intrinsic NOP,
intrinsic NOP;

sbyte arg x, I x issbyt e.
ubyte inline unsigned x
sbyte inline signed x

intrinsic NOP,
intrinsic NOP;

6.4.9 Loading Variables

Loading the value of avariable is actually handled as part of automatic type conversion deep in the GalaxC
compiler. Basically, each type definition includes the type sizein bytes. Whenever it is necessary to
dereference a variable with address type &t, GalaxC callsinternal function GenLoad( n, vol ) wheren isthe
type' s storage size in bytes. GenLoad then generates the appropriate PSI opcode: LOAD, LOADS, LOADB,
LOADD, or LOADN. If vol isTRUE, generate avol ati | e load: LOADV, LOADVS, LOADVB, LOADVD, or
LOADVN.

6.4.10 Assignment Expressions

Anassignment “x = y” evaluates expressiony, convertsit to the value type of x, and stores TOS in variable
x. The converted value remains on TOS as the value of the assignment expression.

Most assignments are performed by a generic macro, a concept which we will examine in detail in alater
chapter. However, the assignment macro is simple enough that we can explain most of it here.

type arg T, &T arg x, T arg v,
T def {x =y} = Assign(x:T, y);

The pattern “x = y” ismatched by any expression where x has referencetype &T and y is of the sametype T
or asubtype. T can be any type, which is aso the type of the expression. The body simply calsinterna
GalaxC special function Assi gn which first pushesy, converting it to T, then pushes the address of variable
X, and finally generates STORE, STORS, STORB, STORD, or STORN depending on the storage sizeof T. The
STORE instruction pops x and leaves the converted y on the stack as the assignment expression’s value.

If Tisvol ati | e, Assi gn generates STORV, STORVS, STORVB, STORVD, or STORVN.

The generic assignment macro handles assigning a subtype to a supertype, e.g., assigningx ="' a' wherex is
al ong. However, it does not handle assigning a supertype to a subtype, e.g., b = 123456 whereb isa
ubyt e. To handlethese, we define some additional assignment macros that assign aul ong (or subtype) to
each kind of integer:

& ong arg x, ulong arg v,

def {x =y} = Assign(x: long, long(y)),
&ushort arg x,
def {x = y} = Assign(x: ushort, ushort(y)),

&short arg x,
def {x =y} = Assign(x: short, short(y)),
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&ubyte arg X,
def {x =y} = Assign(x: ubyte, ubyte(y)),
&shyte arg X,
def {x = y} = Assign(x: sbyte, sbyte(y));

As with the generic macro, each body calls Assi gn to generate the PSI code for the assignment. In each
case, we use an explicit type conversion to convert ul ong y to the value type of x. This may generate some
redundant L2US or L2UB, but in this case we will |et the code optimizer take care of them. The type of the
Assi gn function is the type specified after the colon.

6.4.11 Integer Variable Increment and Decrement

Incrementing and decrementing integer variablesusingi ++, m-,--j,--n,p+=5,q-=7, €fc,, iss0
common in GalaxC programs that PSI has special operators for them -- PRI NC, PO NC, etc. -- so that it
doesn’t have to generate long sequences of stack operations. Here are the generic macros that generate those

operators:

type arg T, &T arg x, ulong arg v,

def {x += vy} = Increment(x, T, +y, preinc),
def {x -=y} = Increment(x, T, -y, predec),
def {++x} = Increnment (x, T, +1, preinc),
def {--x} = Increment(x, T, -1, predec),
def {x++} = Increnment(x, T, +1, postinc),
def {x--} = Increment(x, T, -1, postdec);

Increnent (x, T, y, dir) isaninterna GalaxC special function which generates PSI code to increment
an integer x of type T (long, short, or byte) by | ong offsety. “di r” isan identifier which specifies whether
PSI should increment or decrement, and whether the value of the expression isthe variable’ s value before or
after it isupdated. | ncr ement evaluates and pushesy, then pushes the address of x, and then generates

one of the PRI NC-style opcodes. If Tisvol ati | e, | ncrement usesone of the PRI NV opcodes. For
example, “x += 3” wherex isaglobal ushort variablecals| ncrenent (x, ushort, 3, preinc)
which generatesthe code: “3 GLOBVAR x PRI NCS". The generated code leaves the perhaps updated value
of x on the stack, and the expression hastype T.

gxcl i b handles decrement by negating argument y before calling | ncr ement . The pr edec and post dec
indentifiers are used for error messages.

T can also be a pointer type, described in Chapter 8. It behaves the same as an integer, except that
I ncrement multiples all offsets by the storage size of the referenced type.
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Chapter 7
Control Statements

This chapter describes the semantics of the default GalaxC control statements, which include the usual
structured language control constructs -- if-then-else, while-do, repeat-until -- along with switch, various for
statements, goto, and exceptions. GalaxC statements are based on Algol-W, Pascal, and C. Their syntax
was described in detail earlier in Section 3.2.4.

Aswith everything else in GalaxC, control statements are actually language extensions. They may be
superceded and/or augmented by alternate programmer-defined extensions. In practice, these control
expressions have become a natural means of expressing algorithms and as such tend to be treated as an
integral part of GalaxC.

7.1. If Expressionsand Statements
If expressions and statements provide GalaxC with conditional execution capability. They have two forms:

if athen b
if athen b else c

Expression a is called the condition, expression b is the consequent, and expression c isthe alternative. To
evaluate an if expression, first GalaxC evaluates a, which must be aBool ean expression. If theresult is
TRUE then GalaxC evaluates b, which becomes the value of the entire if expression. If the result is FALSE
then GalaxC evaluates c, which becomes the value of the if expression. Note that a is always evaluated, and
either b or cis evaluated.

These correspond to C statements:

if (a b
if () belsec

but there are some important differences:

1 Like Algol and Pascal, GalaxC requires the reserved word t hen. This means that GalaxC does not
need parentheses around a like C.

2. Cuses‘; ' toconvert an expression into astatement so it is perfectly fine to have it appear before
else,eq,“if (x == 2) y =12; else z = 13;". GaaxCtreats*; ' asan operator that
appears between two statements, terminating the first statement. 1n GalaxC (asin Pascal), it is always
incorrect to put *; * before el se since el se never begins a statement.

3. C if statements do not have values. GalaxC if expressions do have values, so you can write: “x =
(if athen b else c)”. Expressionsb and ¢ must have compatible types, perhapsvoi d, which
isthetype of theif expression. Thisis described in detail below.

C has a conditional expression of theform “a? b: c¢” which does produce avalue. GalaxC also has
cond expressions:. they have exactly the samemeaningas“i f a then b el se ¢’ except that the
type of the expression must not be voi d.

4, In C, aisan integer or pointer and C checks whether it is 0 (false) or non-zero (true). This permits
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some compact notations, suchas“i f (*s++ = *t++) ...", butit'seasy to mistake assignment
‘=" for equality “==", one of the most common C errors for both beginners and experienced
programmers. GalaxC requires ato be Bool ean, soyou must write“i f (*s++ = *t++) |=
"\0' then ...” Whileit'swordier, it's safer and can generate exactly the same object code.

The if-then statement is the same, except that if a is FALSE then the aternative behavior is “no operation”.
Hereis how if-then isdefined in gxcl i b asamacro:

spclarg {a, b},
def {if a then b} = if a then (b; nop) else nop,

Arguments a and b are declared as special arguments, which means that they can take on any type. This
will be described in detail in Chapter 10. The expression “(; nop) " isneeded to for conditional
compilation.

Expressions b and ¢ must have compatible types, i.e., they must be subtypes of the same supertype. When it
compiles an if-then-else, GalaxC determines the lowest common supertype 1 of b and ¢ and generates code to
convert b and c to that T, which isthe type of the if expression. Here are some examples:

. if athen 3 else ' @: sincechar isasubtypeof i nt, the common supertypeisi nt .

. if athen x else 5 wherexisanint variable: x isrealy of type & nt so GalaxC convertsit
to common supertypei nt by dereferencing it.

. if athen x else y,wherex andy arebothi nt variables: x andy arereally of type & nt so
the common supertypeis & nt . GalaxC does not dereference b and c soisis possible to write;

(if p==qthen x elsey) =z

We can also write it asacond expression: (p == g? x: y) = z. Sinceacondissimpler than
expr, it is possible to write this without parentheses if desired.

. if athen x else ch,wherex is& nt andch is&char: inthiscasethelowest common
supertypeisi nt, so GalaxC needs to dereference both x and ch. It isnot possible to write the
assignment as in the last example because the common supertype is not a reference type.

In GalaxC, all types are subtypes of voi d, so b and ¢ always have a common supertype even if it’sjust
voi d. To convert an expression to voi d we simply pop it from the stack, so if the only common supertype
isvoi d, GalaxC pops both b and ¢ and the if expression hastype voi d, making it a statement like C.

Except for the non-voi d restriction, choosing if or cond expressionsis purely a matter of taste, for example,
here are two equivaent versions of the factorial function:

int arg n,
int fnn =if n==0then 1 else n*(n-1)!

int arg n,
int fnn =n==0? 1. n*(n-1)!

The top one looks more like a math text, the bottom one more like C. Generally, as conditional expressions
get more complicated the if-then-else version starts to get cumbersome and a?b:c is preferred, asin these
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equivalent versions of the signum (sign) function:

int arg Xx,
fn sgn(x)

if x <0then -1 elseif x == 0then 0 else 1

int arg Xx,
fnsgn(x) =x <0?-1: x ==0?0: 1

However, consider this aternate version:

int arg Xx,
fnsgn(x) =x <0? -1: x!=0

Inthiscaseweuse“x != 0" tosimplify “x == 0? 0: 1". It hasaBool ean value, which gets converted
to thecommon i nt supertype. We can even go one step further and eliminate the cond entirely:

int arg Xx,
fn sgn(x) = (x >0) - (x <0)

Here we use the the fact that Bool ean isasubtype of i nt sowe canusei nt subtraction.

Anif-then statement isalways hasavoi d value. Hereis an example of its use as part of inorder tree
traversal:

Tree arg p,
void fn Inorder(p) =
{
if p == NULL then return;
| norder (p. Left); Il Traverse |eft subtree.
Visit(p); // Do something to the root of the tree.
| norder (p. Ri ght); Il Traverse right subtree.

}

7.1.1 Conditional Compilation

If the condition ain an expression“i f at hen bel se ¢’ isaconstant at compile time, GalaxC just
generates the code for b (if ais TRUE) or ¢ (if aisFALSE) . This gives the same effect as conditional
compilationin C (#i f ) , except that C performs conditional compilation in the pre-processor and requires
that conditionally compiled code begin and end at source code line boundaries. GalaxC conditional
compilation can occur anywhere in a GalaxC program, both within function/macro bodies and at the global
level.

The conditionally compiled code in b and ¢ must be syntactically correct, but only the expression that is
selected needs to be semantically correct. The other oneis not analyzed at al, so it can have undefined
variables and other errors. Thisisimportant because some variables may only be defined if compile-time
constant a is TRUE, so we should not try to generate code if o is FALSE.

[ At the present time we have not used conditional compilation much, so there may be unexpected bugs.]
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7.2. While-Do Statements

The while-do statement is the first iterative control statement in GalaxC. The statement reévaluates an
expression as long as a condition remains TRUE. It has the form:

while a do b

Expression ais called the condition and is aBool ean expression. Expression b is called the body and can be
any type. To evaluate awhile-do statement, first GalaxC evaluates a. If itsvalue is FALSE, then evaluation
of the while-do is complete and itsvalueisvoi d. If ais TRUE, then GalaxC evaluates body b, popping and
discarding any result. This sequence repeats until the condition becomes FAL SE.

If ais FALSE upon initial evaluation, then b is not evaluated at all. If aisaways TRUE, then the while-do
statement may be an infinite loop. Expression b should, in most cases, include an expression that changes the
value of a.

The while-do expression has many applications in programming. For example, hereisafunction which
searches an integer array A for avalue x, returning theindex if found, or - 1 if not found. GalaxC usesthe
notation @A to declare A asapointer to an array of i nt . ThisisequivalenttoC's“i nt *A".

int arg {@, x, n}, I/l A= pointer to array of i nt .

fnfind x in A(n) = // n = Number of defined elementsin A.

{ Il x =find this value.
var {i = 0, found = Fal se};
while i < n and !found do if A[i] == x then found = TRUE el se i ++;
return (found? i: -1);

}

We have used Bool ean variable f ound to terminate iteration of the loop prior to scanning all elements of
thearray. Thisfunction can be simplified by using ther et ur n statement (85.2.3) to terminate the loop,
eliminating variable f ound:

int arg {@ X, n}, /I A= pointer to array of i nt .
fnfind x in A(n) = /I n = Number of defined elementsin A.
{ Il x =find thisvalue.

var i = 0;

while i <ndoif Ali] == x then return i else i++;

return (-1);

}

7.3. Repeat-Until Statements

The second GalaxC iterative statement is repeat-until, which reéval uates an expression until a condition
becomes TRUE. It hasthe form:

repeat b until a

Like while-do, aisthe Bool ean condition and b is the body, which can be a semi expression sinceit is
terminated by reserved word unt i | . The behavior of repeat-until is dightly different from while-do: first,
body b is evaluated and discarded, then condition a is evaluated. If ais TRUE, then evaluation of repeat-until
iscomplete and it valueisvoi d. If ais FALSE, then the repeat statement is executed again.
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The body is always evaluated at least once. If aisaways FALSE, then the repeat expression may be an
infinite loop. The body should, in most cases, include an expression that changes the value of the condition.

The above search function can be rewritten using repeat-until. Note that this requiresthat n > 1:

int arg {@ X, n}, /I A =pointer to array of i nt .
fnfind x in A(n) = /I n = Number of defined elementsin A, > 1.
{ Il x =find this value.

var i = 0;

repeat if Ali] == x then return i else i++ until i >= n;

return (-1);

}
We can simplify the repeat-until slightly by moving i ++ into the condition:

repeat if Ali] == x then return i until ++i >= n;
Also, since the body isasemi we can put a semicolon after it:

repeat if Ali] == x then return i; until ++i >= n;
7.4. Break and Conti nue

In many cases it is advantageous to terminate aloop prior to normal completion. We did thisin the previous
examplesusing r et ur n statements. Unfortunately, r et ur n is somewhat drastic as it not only terminates the
loop; it aso terminates the function. For those situations where it is desirable to exit aloop without returning
from the function, GalaxC providesthe C br eak statement, which causes the innermost loop containing it to
terminate. All GalaxC interative statements can include br eak. Asan example, hereisyet another version
of search:

int arg {@, x, n}, /I A =pointer to array of i nt .
fnfind x in A(n) = /l n = Number of defined elementsin A, = 1.
{ Il x =find thisvalue.
var i = 0;
repeat if Ali] == x then break until ++i >= n;
return (i <n?i: -1);
}

Anather application of br eak is aloop where we want the termination condition in the middle of the loop
instead of at its beginning or end. Such loops have the form:

r epeat whil e TRUE do
b; { b;
if a then break; if a then break;
C, C,

until FALSE }

These two loops are equivalent. Expression b is always executed at least once. The condition a determines
when the loop terminates. Note that the expressions“r epeat b unti | FALSE” and “whi | e TRUEdo b”
would both be infinite loops except for the br eak expressionsin the middle of the loops.
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Anather useful loop control capahility istermination of an individual loop iteration without termination of the
entireloop. In GalaxC, thisisdone using the C cont i nue statement. Although cont i nue isused less
frequently than br eak, it isvery useful in those situations when it applies. A loop withacont i nue
statement has one of the following forms:

r epeat while a do
b; { b;
if d then continue; if d then continue;
C; C;

until a }

Thecont i nue statement -- if executed -- skips the rest of the current evaluation of the loop body, avoiding
the evaluation of ¢, and proceeds directly to testing the loop termination condition. The condition istested to
see whether additional iterations of the loop are required.

A loop can always be written without using br eak, cont i nue, orr et ur n. However, the program may be
more efficient and readable using these early termination expressions.

Syntax note: br eak, cont i nue, and r et ur n are not reserved words.
7.5. For Statements
GalaxC’ s third kind of iteration is the for statement, which has two forms;

for (i; & u) b
for ado b

Thefirst formislike C, except that a must be Bool ean. To evaluate a C-style for statement, GalaxC first
evaluates init expression i (discarding any result) which initializes the loop. Then it evaluates condition a. If
aisFALSE, evauation of the for is complete and itsvalueisvoi d. If ais TRUE, then GalaxC evauates
body b, discarding any result. Then it evalute update expression u, also discarding the result. Then it goes
back to evaluating a and the sequence repeats until a becomes FALSE.

A C-stylefor is essentially the same as evaluating i, followed by awhile-do. Infact, it's tempting to write it
as the following macro:

spclarg {a, b, i, u},
def {for (i; a; u) b} ={i; while a do {b; u}}

Thiswould be correct except for onething: acont i nue statement in afor loop must perform the update u.
WEe Il seethe actual definition of this for later in the chapter.

The for statement gives us a nice way to write our search function:

int arg {@, x, n}, /I A= pointer to array of i nt .
fnfind x in A(n) = // n = Number of defined elementsin A.
{ /I x =find thisvalue.

int var i;

for (i =0; i <n; i++) if Ali] == x then break;
return (i <n?i: -1);
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}

Theinit and update expressions can be arbitrarily complex, for example a series of initializations or updates
separated by commas:

int var {i, j};

for (i =1, j =2; i <=10; i +=1, j +=2) printf("%d, %\ n", i, j)
Each of these comma expression leaves multiple values on the stack, but they all get popped and discarded so
it doesn’'t matter. Since these comma expressions are not in parentheses, they are evaluated left to right. Init
and update can also be semi expressions, but they must be in braces.

Theinit, update, and body must all be be some kind of expression even if it'sjust nop. Thisisdifferent
from C, which alows null statements. Hereis an example:

for (var i =1; i <= 10; nop) printf("%l\n", i++)
This example also declares alocal variablei which isonly defined inside the for statement.

GalaxC’ s second for statement has the syntax: “f or ado b”. This serves asatemplate for a collection of
Pascal-style for loops, e.q,:

for i =1 thru 10 do ...
for i = 10 downto O do ..
for i =2 thru 10 by 2 do ...

In all of these cases ais an expr that contains assignment and concatenation. All of the Pascal-style for 1oops
are defined as macros:

spclarg {i, a, b, c, body},

def {for i = a upto b do body} =for (i = a, i < b; i++) body,
def {for i = a thru b do body} =for (i = a; i <= b; i++) body,
def {for i = a through b do body} =for (i =a; i <= b; i++) body,
def {for i = a upto b by ¢ do body} =for (i = a;, i < b; i +=c¢) body,
def {for i = a thru b by ¢ do body} =for (i = a; i <=b; i += c¢) body,
def {for i = a through b by ¢ do body} = for (i = a; i <=Db; i += c¢) body,
def {for i = a dowmto b do body} =for (i = a;, i > b; i--) body,
def {for i = a downthru b do body} =for (i = a; i > b; i--) body,
def {for i = a downthrough b do body} = for (i =a; i >=Db; i--) body,
def {for i = a dowmmto b by ¢ do body} = for (i = a; i >b; i -=c) body,
def {for i = a dowmthru b by c do body} =

for (i =a;, i > b; i -=c) body,
def {for i = a downthrough b by ¢ do body} =

for (i =a; i >=b; i -=c¢) body;

These macros simply provide an aternative syntax for the same function. For example, now we can re-write
the for statement in our search function as:

for i = 0 upto ndo if Ali] == x then break;
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One advantage of this for statement is that the word upt o explicitly indicates the intent that values of i areto
go from 0 up to but not including n. It'svery easy in C to write ‘<=" in place of ‘<’ accidently and get a
“fencepost” error.

In the above macros, upt o, t hr u, and t hr ough (for people who like to type) indicate increasing values of
index variablei . Decreasing values are indicated by downt o, downt hr u, and downt hr ough. The macros
increment or decrement i by 1 unlessa“by ¢’ clause indicates a different amount, which should always be
positive.

Note that the expression ais always of theform “i = concat”. Since upt o, downt o, and the other
identifiers are not reserved wordslike f or and do, you must be careful that a is unary or simpler and that b
and ¢ are prefix or simpler. Put them in parentheses if necessary. Also, sincei isused multipletimesin the
definition of a Pascal-style for, it should be a simple variable and not an expression (and certainly never an
expression with side-effects).

We have not said anything about thetype of i . Thisisbecause sinceit isdeclared asaspcl arg,i canbe
any type. However, when GalaxC expands the macro, it must find a match for each expression in the
corresponding C-style for. For example, “for i = a upto b do body” requiresthat “i ++” be defined
for whatever typei is. Thisusually limitsi to aninteger or pointer type.

Ontheother hand, “for i = a upto b by ¢ do body” only requiresthat the comparisonand “i +=
c” bedefined. Thisalowsi to befar more types, such asfloating point: “for x = 1.0 upto 10.0 by
0.25 do body”.

The great thing about “f or ado b” isthat it can be customized to all sorts of iterations and types. The
Pascal-style for statements are just afew examples of what is possible.

7.6. Cot o Statements

Like C, GalaxC haslabels and got o statements. Structured programming purists claim that got os are
always bad and always result in hard-do-debug spaghetti code. While they can be abused -- like any
programming construct -- there are occasions where awell-named got o simplifies structure, e.g., handling
error conditions. The purpose of structured programming is to make software easier to understand and
maintain, so complexity added to solely to avoid agot o may be worse than using agot o.

Besides, all major computer architectures have conditional and unconditional jump instructions. When these
are replaced by while-do and other structured control constructs, then it may be time to rethink having
got os in high-level languages.

A got o statement must have alabel, which may be defined before or after the got 0. To define alabel, use
the statement:

| abel name
The label’ s name can have any syntax, but it is usually an identifier sincel abel and got o are not reserved
words. The label isonly defined within ablock, and cannot be jumped to from outside the block. It'sfineto

jump out of an inner block to alabel defined in an outer block, but not to cross function boundaries.

To jump to alabel, use the statement:
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got o name

If nameis already defined, GalaxC can immediately generate code to jump toit. If nameis not yet defined,
GalaxC assumes that it will become defined at some point and prepares alist of forward references. When
name becomes defined using “1 abel name”, GalaxC updates the forward got o chain with the label’s
address. If GalaxC reaches the end of afunction before name is defined, GalaxC reports an error.

For example, hereis yet another way to write our search function:

int arg {@ X, n}, /I A= pointer to array of i nt .
fnfind x in A(n) = /I 'n = Number of defined elementsin A.
{ /I x = find this value.
int var i;
for (i =0; i <n; i++) if Ali] == x then goto found;
return (-1); // Did not find x.
| abel found:
return i; // Did find x.
}
In C, alabel isan identifier followed by ‘: *. In contrast, GalaxC treats “| abel name’ asjust another kind
of statement and treats‘: * as an operator that behavesin this context thesameas*; ’. Infact, you can use

either *:’ or *; ’ to separate “| abel name” from the following expression.

Internally, alabel has two attributes: its address (where to jump to) and its stack level for local variables.
GalaxC implements got o using the PSI POPGOTOinstruction which first pops the stack to the proper level
and then jumps to the label’ s address.

7.6.1 Implementation of Iterative Statements

In most languages al the basic control statements are built into the compiler. In contrast, GalaxC uses| abel
and got o to implement while-do, repeat-until, and for as macros. Here are their definitions from gxcl i b:

spclarg {a, b, i, u},

def {while a do b} =

{I abel 1 oopl abel:
if a then {b; label contlabel: goto Ioopl abel};
| abel breakl abel

},

def {repeat b until a} =

{I abel | oopl abel:
{b; 1abel contlabel};
if 'a then goto | ooplabel;
| abel breakl abel

}1
def {for (i; a; u) b} =
{i; label |ooplabel:

if athen {b; |abel contlabel: u; goto |ooplabel};
| abel breakl abel

};
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Each macro defines three local labels:
. | oopl abel isthebeginning of the loop after any initializationi .

. cont | abel iswherecont i nue should go, i.e., the end of loop body b. While-do and repeat-until
immediately go to the condition test; for evaluates update expresssion u.

. br eakl abel iswherebr eak should go, i.e., the end of the entire loop expression.

Since labels are defined only within blocks, cont | abel isonly defined in the block containing b and the
other two are only defined within the iteration statement.

Given these local labels, we can now define br eak and cont i nue asgot os:

def break = goto breakl abel;
def continue = goto contl abel;

In short, all the behavior of iterative statements is defined using macros instead of being buried in the
compiler.

7.6.2 Exceptions

By default, labels and got os arelocal to the function in in which they are defined. However, there are times
when it isuseful to jump across function boundaries. A good example of thisis when afatal error occursin a
deeply-nested series of function calls. Without special exception handling, each intermediate function must
return a status code that is checked after each function call. It may be preferable to jump directly to
exception handling code.

The C library provides| ongj np for to handle exceptions. GalaxC provides a simular mechanism using the
built-inexcept i on datatype. A variable of type except i on contains al the information needed to set the
proper execution state so as to resume execution correctly at the exeception handling code. For PSI, this
consists of the program counter (PC), the stack pointer (SP), and the frame pointer (FP).

GalaxC exceptions are a generalization of labels and got os. Hereishow to define and use an exception:

1 Create aglobal variable of type except i on:

exception var Error;

2. In an outer function that “catches’ the exception, make the global except i on variable point to alocal
label in that function by performing the assignment:

Error = exception error_| abel

whereerror _| abel isalocal label at the beginning of the exception handling code. The expression
“exception error_| abel " generates a PSI EXCEPT instruction which calculates and pushes PC,
SP, and FP onto the stack. The assignment copies the three addresses to variable Er r or . Likea

got o, the label may be defined before or after “excepti on error_| abel ”.

3. When a function discovers a problem that requires raising exception Er r or , it executesar ai se
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statement:
raise Error
This pushes the three addresses in variable Er r or onto the stack and generates a PSI RAI SE
instruction which assigns these three values to PC, SP, and FP. This causes the computer to jump
immediately to the “catching” function’s exception handling code.
Here is a more complete example:

exception var Error; /I Global excepti on variable.

int arg {a, b},

fn g(a, b) = /I Inner function.

{ C /I Execute this code unconditionally.
if a==0 then raise Error; // Raise exception Er r or .

I/l Execute this codeif a # 0.

b

int arg {x, vy},

fnf(x, y) = /I Outer function.

{
Error = exception error_| abel; // Set global exception to local label.
a(x, y); /I Cdll functiong(x, y) .

/[ 1f error occursing(x, y),thengotoerror_| abel .

ce I/l Execute this codeif no error ing( x, y) .

| abel error_|abel:
/I Execute this codeif (but not only if) erroring( x, y) .

b

Inf,weset global Error tothe value of local 1abel er r or _I abel priortocalingg. If anerror occursing,
then“rai se Error” jumpsdirectly toerror _| abel , popping the execution stack automatically.

GalaxC except i on values can be treated like any other data type: they can be assigned from variable to
variable, passed as function arguments, returned as function values, etc. It'svery important to treat the
contents of an except i on variable carefully, because raising a corrupted except i on can jump to amost
anywhere, with disasterous consequences. Still, with care they are a powerful way to handle exceptional
conditions and are an important part of XXICC software.

7.7. Swi t ch Statements

GalaxC hasaswi t ch statement similar to C for selecting between multiple alternatives using an integer
selector. For example, the sequence of if expressions:

/I Assumex isani nt variable.

i f == 1 then printf("one") else

i f == 2 then printf("tw") else

i f == 3 then printf("three") else

i f == 4 then printf("four") else printf("out of range")

X X X X

can be replaced with the single swi t ch statement:
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sw tch x
{ case 1 printf("one");

case 2: printf("tw");

case 3: printf("three");

case 4: printf("four");
default: printf("out of range");

}

Theswi t ch statement is generally more efficient than a sequence of if statements since it uses ajump table
in place of a sequence of compares.

Hereisthe C equivaent of the above swi t ch:

switch (x)

{ case 1: printf("one"); br eak;
case 2: printf("tw"); br eak;
case 3: printf("three"); break;
case 4: printf("four"); break;
default: printf("out of range");

}

C requires that the selector be in parentheses. In GalaxC, the parentheses are optional if x isunary or
simpler. C aso requiresthat each statement ends with br eak, otherwise C falls through to the next case. In
practice, falling through to the next statement is quite rare so most br eak statements just add visual clutter
and forgetting one can result in a bug that can be quite hard to track down. In C, it's good programming style
to put in acomment like/ * fal | t hrough */ toindicate when abr eak isabsent so a*helpful”
programmer maintaining the code doesn’'t add one by mistake.

In contrast, GalaxC assumes aC br eak at the end of each alternative and providesaf al | t hr u statement
to fall through to the next aternative.

A GaaxC swi t ch statement has the form:
switch a { body }

The selector aisani nt (or subtype) expression. Body isalist of alternative statements separated by
semicolons. Each alternativeis one of:

case C X

case {c d}: x

case {c, C, ..}: X

default: x // def aul t must be the last alternative.

wherecisani nt constant, c: disarange of i nt constants, and c,, C,, €tc, arei nt constants or ranges.

They can all be subtypesof i nt aswell. Each case constant can appear only once.

If selector a matches any of case’s constants, we execute action x, which is one or more statements
separated by semicolons. Any variables or labels declared in an action are local to that action, i.e., each
action behaves like a block whether or not it isin braces.
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Each alternative has only one case expression: multiple constants must be contained in a single set of braces.
In C, each case isasingle constant so you have to write:

case 1: case 3. case 5. printf("x is odd"); break;
case 2: case 4. case 6: printf("x is even"); break;

Thereisan implied “fall through” between adjacent case expressions. Hereisthe same code in GalaxC:

case {1, 3, 5}: printf("x is odd");
case {2, 4, 6}: printf("x is even");

Likel abel , case can befollowed either by “: " or *; ’. This has syntax ramifications, since“case ¢ X’
isacolonwhile“case c¢; X' isasemi. Thisdoes not make any difference in practice.

In GalaxC, it is possible to write:

case 1: case 3. case 5: printf("x is odd");
but it means:

case 1: nop; case 3. nop; case 5 printf("x is odd");
so cases 1 and 3 don’t do anything. Thisisthe opposite of C.

As mentioned earlier, each aternative automatically jumps to the end of the swi t ch unlessyou putin a
fal | thru statement oritsequivaentfal | t hrough. Afall thru canbeanywhereinan action and
simply jumps to the beginning of the next alternative’' s action.

Occasionally, you may want to leave aswi t ch statement from the middle of an action. GalaxC does this
using al eave statement, whichislike aC br eak statement. GalaxC defines the new statement | eave so
that if aswi t ch isin aniterative loop you can choose whether you wish to terminate the swi t ch (with

| eave) or terminate the loop (with br eak).

Syntax note: case, def aul t, and | eave are not reserved words, though swi t ch is.

GalaxC compilesaswi t ch intwo passes. First it examines al the case expressions and finds the minimum
and maximum i nt constants. The differenceislimited to 4000. On the second pass, GalaxC alocates a
jump table with up to 4001 entries, the last one for def aul t . GalaxC generates code to compile selector a
and index the jump table using the PSI SW TCH instruction. It generates a PSI MAXU operation to make sure
al out-of-range values of a gotothedef aul t statement. Next GalaxC compiles body as a series of semi
expressions.

Each time GalaxC encounters acase expression, it completes the previous action, generating a forward
got o totheend of theswi t ch. Thenit setsjump table entries for al the case’s constants to the current
program counter (PC), and checks for conflicting case constants. If thelast action had af al | t hr u,
GalaxC makesits forward got o jump to the current PC aswell. GalaxC aso discards any local variables
created by the previous action.

The statements in an action are compiled as ordinary statements. Variable declarations create local variables;
fall thruandl eave generate forward got os.
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Thedef aul t aternativeishandled just like acase, except that it sets all empty entries in the jump table to
the def aul t ’saction.

When GalaxC is done compiling body, it generates anull def aul t if necessary. Then it resolvesall the
forward got os to the end of theswi t ch, i.e, ends of alternativesand | eave statements.
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Chapter 8
Programmer-Defined Types

In Chapter 4, we discussed the built-in GalaxC types. In this chapter, we will see how to add new,
programmer-defined types to GalaxC, including scalar, structure, and pointer types. An unusual feature of
the GalaxC implementation is that these type creation constructs were used to create the GalaxC

“built-in” typessuch as| ong, shor t, and addr ess.

8.1. Scalar Types

Scalar types have no internal structure, i.e., they represent a single number rather than arecord or array.
They have two properties, a size and a supertype. Root types have type voi d astheir common supertype
(84.7). To create aroot scalar type, use the construct:

typedef 1 = roottype(n)

where 1 isthe name of the type being created and n is the storage size of the typein bytes (§84.6). 1 can have
any syntax, but is usually an identifier for convenience. In the current implementation, nislimited to 16,384.
Note that there is no space betweenr oot t ype and ‘(.

To obtain the storage size of type T, use the notation | 1| , which returns n. Thisisthe same as

“si zeof (1) 7 in C. [footnote: In C one can adso usesi zeof to get the size of any expression. This does
not work in GalaxC, where | x| matches whatever function or macro is defined for the type of x.] Since
types are defined at compiletime, | T| isacompile-time constant.

8.1.1 Subtypes

Most programmer-defined types are defined to be subtypes of existing types. The simplest way to create a
type 1 that is a subtype of Sisto write:

typedef 1 = subtype(S)

Typet isdeclared to be the same size as S and has the same binary representation. Any expression of type T
can be used in a context that requirestype S. Currently S must be abasetype. Thereis no space between
subt ype and ‘(.

Let'slook at an example of using subtypes to define scientific arithmetic with units. First, we create two
types representing meters and seconds:

typedef neter
typedef sec

subtype(fl oat);
subt ype(fl oat);

Both et er and sec are defined to be subtypes of f | oat . They canusedl f | oat operations, e.g.,
addition, subtraction, multiplication, and division. For example, if x and y are of type met er , you can
write the expression “x+y” which yieldsaf | oat result. You canalsowrite“r = x”, wherer isaf | oat
variable, sinceit ispossibleto assign anet er valueto af | oat variable: a subtype value can always be
assigned to a supertype variable.

However, the converse is not true: you cannot assign of af | oat valueto anet er or sec variable. For
example, the expression:
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meter var Xx;
Xx = 1.0;

is not allowed by the compiler. This makes sense, because 1. 0 does not have any dimensions. One can
forcethevalue 1. 0 to have anet er value using atypecast:

X = 1.0: neter;

While thiswill work, it is cumbersome and alittle dangerous since the typecast accepts any type that is the
samesizeasnet er .

A better way isto write macrosthat convert f | oat valuesinto net er and sec values:
float arg x,
def x nmeter = x: neter,
def x sec = X: secC
Y ou can then write the assignment:
x = 1.0 neter;
Next we look at arithmetic. Unless defined otherwise, the expression “x+y”, wherex andy arenet er,
yieldsaf | oat result. Asshown above, we cannot assign the expression directly to anet er variable. Using

the above et er macro, we could write;

meter var {x, y, z};
zZ = (x +y) neter;

However, thisis ugly since we must write met er in each such expression. Worse, there is no protection
from mistakenly adding adistance x to atimet -- this code compilesfine:

meter var {x, y}; sec var t;
y = (x +1t) meter;

The expression “x+t ” yieldsaf | oat expression -- it haslost its dimensions.

A safe way to implement dimensioned arithmetic is to write dimensioned macros. Here are the macros for
addition and subtraction:

meter arg {x, vV},

def x +y =x +y: neter,
def x -y = x - y: meter;
sec arg {x, vy},

def x + y = x + y: sec,
def x - y = x - y: sec;

Macros cannot be recursive, so amacro’s pattern isinvisible when compiling its body. The expression “x +
y” in the above macro bodies match “f | oat +f | oat .

These macros define addition and subtraction of two met er or two sec valuesto produce anet er or sec
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result. Adding anet er toasec till producesaf | oat result which cannot be directly assigned to anet er
or sec variable. Multiplication of net er or sec values should result in other definable types such assec?,
met er 2, and nmet er sec. Division can aso be defined, using macros similar to the above.

8.1.2 Automatic Type Conversion

We now look at the general form of subtype definition, which explicitly defines how to convert subtype 1 to
supertype S:

typedef 1 = subtype(S, n, conversion)

This defines T to be a subtype of Swith | 1] =nbytes. Currently S must be abasetype. Thereis no space
between subt ype and ‘(’. Conversion is an expression which converts avalue of typet into type S. For
example,

typedef ushort = subtype(long, 2, intrinsic US2L)

definesushort to be a2-byte subtype of | ong using intrinsic operator US2L to convert from ushort to
| ong. Conversion has one of three possible forms:

pop
Pop the n-byte value off the stack. This convertstypet tovoi d by discarding the value. Itisthe
usual conversion for root types.

i ntrinsic opcode
Apply intrinsic operator opcode to convert fromtto S. It assumes avalue of type t is aready on the
stack. Thisisused to convert integer typesto their supertypes as in the above definition of ushort .

expression
Evaluate expression as if it were the body of an inline function, and assume there is a hidden
self-reference argument sel f of typet. If expression does not include self, assumethereis already a
1 value on the stack and treat the value as the first member of acomma expression. Since expression

isarbitrary, thisisavery powerful feature.

You can changesel f to adifferent name if desired using the statement: “sel f r ef name’.

[ This feature has not been implemented yet. It may change significantly when it comes time to do
s0.]

Ther oot t ype definition described earlier is actually a macro:

spcl arg name, long arg n,
def {typedef name = roottype(n)} = (typedef name = subtype(void, n, pop))

This defines root type nane to be subtype of voi d using pop conversion. The nane argument is declared
asaspcl ar g, which isan unevaluated parse tree that is passed to a special function at compiletime.
Specia functionsand spcl ar gs are described in Chapter 10.

Similarly, we can in principle define the ssimple subt ype definition as the macro:
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spcl arg name, type arg super,

def {typedef name = subtype(super)} =
(typedef name = subtype(super, |super|, intrinsic NOP))

This defines nane to be subtype of super with the same bit representation. The conversion operation is
NOP which leaves the top-of-stack value unchanged. [At the present time the simple subt ype type
definition isimplemented as a special function and the above macro does not work.]

8.2. Structures

Structures are multi-byte values composed of a number of named fields. For example, the structure
conpl ex hastwo fields, Re and | m which contain f | oat values. GalaxC structures are similar to C
structures and Pascal records, but allow any syntax to access the fields.

Thetype for astructure is defined using ast r uct definition, which has the form:
typedef 1 = struct(x) {ftype, name, ftype, {name, name}, ...}

This defines new root typet to be st ruct with multiple fields. Each field isavariable with afield type and
afield name, both of which can have any legal syntax. Y ou can declare multiple field names with asingle
field type using braces. Each field nameis an expression which includes argument x denoting an object of
typet. For example,

typedef conplex = struct(z) {float {Re z, Imz}}

defines our conpl ex typewith f | oat real and imaginary partsnamed “Re z” and“I m z”, wherez isa
conpl ex value. Hereisthe equivalent Ct ypedef :

typedef struct {float Re; float In} conpl ex;

C requires fields to be accessed using the notation z. Re and z. | m while GalaxC alows any syntax. Also, C
separates fields using semicolon instead of comma.

When GalaxC definesast r uct , it defines field-access macros that access the fields of the st r uct using
the field name expressions. By default, GalaxC defines two forms of field accessfor agiven typet. The
first extracts afield from avalue of type t. Thisrequiresthat al the other bytes of the value be discarded,
leaving the desired field on the stack. For example, the expression“Re (3.0 + i 4. 0)” pushesthe
conpl ex value“3. 0 + i 4. 0" onto the stack and then discards the imaginary part, leaving 3. 0 on the
stack. It usesthe PSI LDPOP instructions defined in Section 6.3.2.

The second form accesses afield given avariable (or function argument) of type 1. Inthis case, reference
type &t is converted to reference type &ftype by adding the offset to field i. The resulting reference treats

the field as avariable, the value of which can be read or written. For example, given avariable z of type
conpl ex, the expression “Re z"” addressesthe real part of z and is of type & | oat . You can read its value
(x =Re z) or writeit (Re z = 6. 0). You cannot writeto afield of aconpl ex value: “Re (3.0 + i

4.0) = 5.0"isillega. The second form also works for pointers (§8.3.4).

The fields of a structure appear sequentially in memory, with additional bytes inserted when necessary to
achieve the proper byte alignment. Inthe conpl ex case, thereal field is at offset 0 and the imaginary field
isat offsat 4. GalaxC automatically defines field-access macros for aconpl ex variable to be the equivalent
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of:

conpl ex arg &z,
def Re z address(&z): &fl oat,
def Imz address(&z) + 4: &fl oat

Aswe will discussin detail later in the chapter, addr ess( &z) obtainsthe address of variable z and treats it
asaul ong number. The expression “addr ess(&z): &f | oat” convertsthat addressinto areferenceto a
f1 oat value soyou can read or write Re z. The definition of | mz isthe same, except that we add 4 bytes
to get to the | mfield.

Pushing entire st r uct values onto the stack isonly useful for very small structures such asconpl ex.
Larger structures should only be accessed as variables. To enforce this, definethe st r uct with ‘& before
the argument x, i.e.,

typedef 1 = struct(&) {ftype name, ftype, { name, namej}, ...}

Thistells GalaxC only to generate the field-access macros for variables or pointers of typer.
8.2.1 Constructing st ruct Values

GalaxC provides an easy way to construct ast r uct value for asmall structure like conpl ex. Basicaly, we
simply push the fields onto the stack in reverse order (since stacks grow down) and define the result to be
thest ruct . For thetype conpl ex, thishasthe form: [footnote: Recall that the comma operator pushesits
arguments onto the stack in reverse order if in parentheses.]

float arg {x, vy},
def x +i y = (x, y): conpl ex

Thisdefinesthenotation“x + i y”,wherex andy arefl oat andi isliteral syntax, to mean creation of a
conpl ex value on the stack. We can aso define the aternate notation:

float arg {x, v},
def x - i y = (x, -y): conplex

toalow writing“3.0 - i 4.0" insteadof “3.0 + i (-4.0)".

Once a structure has been defined, we can define operators. Here are function definitions for conpl ex add
and subtract:

conplex arg {zl, z2},
fnzl+2z2 =(Re z1 + Re z2) +i (Imzl + 1mz2),
fnzl- z2 =(Re z1 - Re z2) +i (Imzl - Imz2)

These definitions are the same as those in most mathematics textbooks. Note that we do need a space
betweeni and ‘(' soitisnot parsed asacall expression.

Complex add and subtract can be defined as macros instead of functions, but this would probably be a bad
idea. Sincethey arefunctions, z1 and z2 are treated as variables during the evaluation of the bodies,
allowing the more efficient variable form of field access. If they were defined as macros, then the value form
of field extraction would be needed, requiring complete conpl ex valuesto be pushed onto the stack.
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Furthermore, if the arguments are complicated expressions, then these must be reévaluated each time they are
used in the macro. Function arguments are only evaluated once. Implementing them asi nl i ne is better
than macro, and may be better than f n depending on how efficient function calls are on a given machine
architecture.

8.2.2 SQubtypes of Sructures

In GalaxC’ s type hierarchy, it is aways possible to convert a subtype to its supertype and the type definition
specifies how to do this. While this does not have to be the case, the integer and floating-point subtypes are
always smaller than their supertypes and converting from the subtype to the supertype never loses
information. A structure can have a subtype, but in this case the subtype is larger than the supertype:
specificically, it has additional fields appended to the supertype. We convert from sub-structure to
super-structure by discarding the additional fields.

Thisis somewhat confusing terminology. Y ou would think that a sub-structure would mean a subset of the
fields of alarger structure. However, what sub-structure meansin the type hierarchy sense isthat the
subtype is more specific than the supertype, and having additional fields (and thus additional properties)
makes the sub-structure more specific.

In GalaxC we use sub-structures for a specific version of a supertype. For example, the GalaxC Simplified
Window Manager (G-SWIM) defines structure Gai nSt r uct which stores the generic properties of a
window, such asits size and title. XOE defines a subtype of Gai nSt r uct called XOEst r uct , which
supplements Gni nSt r uct with additional fields for document editing, such as the total size of the document,
its scroll position, and the current cursor location.

A sub-structureis defined using asubst r uct definition, which has the form:
typedef 1 = substruct(S, x) {ftype, name, ftype, {name, name}, ...}

Thisisthe sameasast r uct definition except for supertype S. Infact, thest r uct definition can be
defined as amacro with S =voi d:

spclarg {nane, x, fields},
def {typedef name = struct(x) {fields}} = [ Thismacro has
(typedef name = substruct(void, x) {fields}) not been tested.]

Asasimple example, hereare st r uct s for two- and three-dimensional points with coordinates named p. x,
p.y,andp. z. Poi nt 3Disdefined as a substruct of Poi nt 2D:

typedef Point2D = struct(p) {int p.x, int p.y};
t ypedef Poi nt 3D = substruct (Point2D, p) {int p.z};

Poi nt 3D can also be defined as:
typedef Point3D = struct(p) {int p.x, int p.y, int p.z};

This has the same bit representation asthe subst r uct version. The only difference isthat you cannot
directly assign aPoi nt 3D valueto aPoi nt 2D variable, which you can do if oneis a subtype (substruct) of
the other.
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8.3. Pointer Types

GalaxC pointers are essentially the same as C pointers. A pointer p is simply the memory address of a datum
of any typet. Thetype of p ispointer type @. Pointers have anumber of important usesin GalaxC,
including:

Linked data structures such astrees and linked lists.
Accessing elements of arrays.

Strings and files.

Function pointers, described earlier in Section 5.5.

EN O

Internally, pointer types are basically the same as reference types (Section 4.5) with an important difference:
you must explicitly dereference a pointer whereas reference types automatically dereference themselves as
part of subtype-to-supertype conversion. Pointer types give the programmer full control over when pointers
are dereferenced. Reference types, on the other hand, are a mechanism for implementing the behavior of
variables and arguments using GalaxC’ stype hierarchy. Aswe will seein this section, pointers and
references work together to provide a clean way to implement both pointers and variables.

There is no need to define a pointer type: like reference types, any type t can become a pointer type using the
notation @. For example, to declare two pointer variables p and g with type @ nt write;

@nt var {p, q}

or its equivalent notation:

int var {@®, @}

Thevauetypesof p andqis@ nt. Their reference types are &@ nt . All pointer and reference types have
the same storage size, 4 bytesin the current implementation.

GalaxC considers pointer types to be root types: there is no automatic conversion between a pointer type @
and its base type 1, and the supertype of @ isvoi d. However, you can convert between pointers and
references but in most cases you need an explicit operator as described below.

Hereis apointer version of the GoodSwap function from Section 5.2.2:

int arg {@&, @},
fn Pswap(x, y) = {var tenp = *x; *x = *y; *y = tenp}

Each reference to the values of x and y requires an explicit dereference, just as with the Cswap function in
Section 5.2.2.

Here are some examplesto clarify normal variables, reference variables, and pointer variables:

. A normal variable has reference type &t so it can be automatically dereferenced once to obtain its type
1 value. Thefollowing code assigns the value of variabley to variable x:

int var {x, y}; /I x and y have reference type & nt .
X = V; /I Dereferencey to getitsi nt value. Do not dereference x.
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. A reference variable has reference type &&t so it can be automatically dereferenced once or twiceto
obtain &t or 1, asneeded. The following code assigns the value of thei nt referenced by variabley to
thei nt referenced by variable x:

int arg {&, &y}, /I x andy have reference types &&i nt .
X =y; I/l Dereferencey twiceto geti nt value.
I/l Dereference x onceto get & nt variableto assign to.

. A pointer variable has reference type &@ so it can be automatically dereferenced onceto obtain @. A
second explicit dereference getsthe t value:

int var {@&, @}; /I x and y have reference types &@ nt .
X = V; /I Dereferencey to get its @ nt value. Do not dereference x.
*X o=ty /l Dereferencey twiceto geti nt value.

// Dereference x onceto get & nt variableto assign to.

Thefirst assignment “x = y” assignsthe @ nt pointer in variabley to variable x. The second
assignment “*x = *y” assignsthei nt pointed to by variabley to thei nt pointed to by variable x.
Thisisequivaent to “x = y” with reference variables. the only difference is that the pointer variables
must be dereferenced explicitly while the reference variables dereference themselves automatically.
Pointers let you choose whether you want to manipulate the @ nt pointersinx andy or thei nt
values they point to.

Pointers are alot more powerful than references. Pointers can be defined with arbitrary levels of indirection,
whereas references generally have just one or two. A pointer’s value can be changed to point to a different
location, whereas references aways point to the same location. GalaxC also has pointer arithmetic, which is
not available for references. The flexibility of pointers requires more explicit notations, since sometimes one
wants the pointer itself and other times the value pointed to. References are much more limited, soit is
possible to simplify notations.

8.3.1 Converting between Pointers and References

GalaxC provides the dereference * p and reference & operators to convert between pointers and references.
The GalaxC ‘*’ and ‘& operators are very similar to C, but not exactly the same. In most cases they have
the same effect, but not necessarily for the same reason.

*p  Thedereference operator ‘*’ first performs any automatic dereferencing of p to convertittoan @
pointer. Then it convertsthe @ pointer to reference type &1 so that it can be automatically
dereferenced once more to load or storeat value. In essence, * p changes pointer p into a variable of
type 1 so that its value can be obtained or updated. If p isavariable with reference type &@, GalaxC
loads the @ pointer value and changesit to reference type &t. If p isapointer-valued expression
rather than a variable, then there is no extraload since the value is already of type @. In other words,
* p does not by itself load a value of type 1, but aload or store usually occurs due to automatic
dereferencing of &x.

&  Thereference operator ‘& converts avariable v with reference type &t to a pointer type @, which
prevents any further dereferencing. For example, “p = &” assigns the address of variable v (of
reference type &1) to pointer p (with value type @). Even though &v produces a pointer rather than a
reference, GalaxC uses the notation because it is consistent with C and is generally used in exactly the
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same way.

GalaxC does not need an operator when passing a pointer to a function’s reference argument or assigning an
initial value to areference variable. These are handled implicitly in the compiler functions that match
patterns, pass arguments, and declare variables. For example, in the variable declaration:

var & = p

expression p can have type @, and in acall to function GoodSwap( x, y) thevaluespassedto & nt
argumentsx andy can be & nt (variables of typei nt) or @ nt (pointer values or expressions). Macros are
handled alittle differently: see Section 8.3.5.

For the curious, let’s see how GalaxC implements* p and &v. First, hereisthe‘*’ operator, defined as a
generic macro:

type arg T, @ arg p,
def *p = p: &T

A generic macro (Chapter 9) is defined for an arbitrary type T, which may or may not appear in the macro
pattern. The* p macro matches any argument p provided that it is a pointer type @ or a subtype of a
pointer type, e.g., avariable with reference type &@. The body of the macro istrivia: it simply leavesp on
the top of the stack and givesit the type &T, so that now p isareference instead of a pointer and can be
treated as avariable of type T. Inthe body, T iswhatever type was matched by @, with @stripped off.

When calling * p, GalaxC automatically converts the actual argument to type @. Consider this example:

int var {@&, @};

*X = *y’

Intheassignment “*x = *y”, GalaxC calls macro * p twice. Variablesx andy have reference types &@ nt ,
so when calling * p, GalaxC automatically loads the @ nt values stored in x andy. The dereference operator
simply tells GalaxC to treat the @ nt pointersas & nt references, and the assignment loads the value pointed
to by y into the variable pointed to by x.

It would be tempting to define the reference operator &v the same way:

typearg T, &T arg v,
def {&} = v: @

However, this does not work because *: * automatically dereferencesv which is exactly what we don’t want.
The reference operator isinstead defined as a specia function, described in Section 10.2.6.

GalaxC has a special construct for obtaining a pointer to areference argument. Aswe saw in Section 5.2.2,
&v for areference argument v gives us the address of argument v on the stack, not the variable pointed to by
v. Instead, user ef pt r (v) which converts areference argument of type &&t to pointer type @. Itis
defined as a generic macro:

& &T arg v,
def refptr(v) = refadx(v): @,

The body of the macro extracts the address pointed to by v (which may be NULL) and makes it a pointer.
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r ef adx isdefined in Section 5.2.2.
8.3.2 pecial Types

GalaxC provides some special types needed by pointers. They have special properties and are built into the
compiler.

nul | type
All pointers may have the value NULL, implemented asthe ul ong value 0. NULL isaspecia case
since it can be assigned to any type of pointer or reference variable or argument. NULL has special
typenul | t ype, which istreated as a subtype of all pointer types @ and reference types &t. Hereis
the definition of NULL from gxcl i b:

def NULL = O: nulltype

Whilenul | t ype ismostly used for implementing NULL, it can be used for other values aswell. For
example, gxcl i b defines MAX_ADDRESS to be the largest possible 32-bit address:

def MAX_ADDRESS = OxFFFF_FFFF: nulltype
Like NULL, MAX_ADDRESS can be used with any pointer or reference.

In Section 5.2.3, we stated that if afunction returnsavalue using ar et ur n statement, then all

r et ur n statements must return the same type, which is determined by thefirst r et ur n statement
found in the body. However, if the function returns a pointer type, the body’ s type is determined by
thefirst r et ur n statement that does not return nul | t ype. You may haver et ur n statements
before it that return nul | t ype values, e.g., returning NULL if certain conditions are met.

unknown
GalaxC uses type unknown to declare objects whose types are determined later. For example, if you
omit the type in a function or macro definition, thisis equivalent to declaring the object astype
unknown which is replaced by the body’ s type when the latter is compiled. GalaxC defines untyped
definitions as macros:

spclarg pattern, spclarg body,

def {fn pattern = body} = (unknown fn pattern = body),
def {def pattern = body} = (unknown def pattern = body),
def {inline pattern = body} = (unknown def pattern = body)

Type unknown is mostly used within GalaxC and is not used by most programmers. We will see
some interesting uses of unknown in Section 9.3 and Chapter 10.

@mnknown
Type @inknown isthe universal pointer type, used by functions that need to pass a value by reference
but do not know what typeit is until runtime. @nknown isequivalent tovoi d* in C, but hasa
more intuitive name. All references and pointers are treated as subtypes of @nknown.

A number of C library functions have @nknown arguments and return values. For example, the C
nenctopy and menmove functions copy bytes without knowing what type those bytes represent.
gxcl i b definesthem as::
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@mnknown arg {src, dst}, int arg n,
@mnknown inline nmencpy(dst, src, n)
@mnknown inline memmove(dst, src, n)

cdecl ,
cdecl

They both return dst asan @nknown.

Similarly, mal | oc allocatessi ze bytes of memory in dynamic storage and returns an @nknown
pointer to it:

int arg size,
@inknown inline malloc(size) = cdecl

The returned pointer is usually typecast into a defined pointer type. Use @inknown with extreme
caution as it bypasses GalaxC' s protection mechanisms.

Currently you cannot define atype T to be a subtype of a pointer type @. One place thiswould be
very useful is defining a subtype of @nknown to represent a pointer to a structure you know nothing
about, such pointer to afile descriptor returned by C library function f open. However, sincethisis
not available at the present time, we need to use atrick. Hereishow typefi | e iscurrently defined in
gxcli b:

typedef anorphFile = roottype(0);
def file = @norphFile;

Type anor phFi | e (short for amorphous file) is defined as aroot type with size 0. Wereally don't
carewhat size it is because we will never dereference a pointer to it. Thenfi | e isdefined to be
equivalent to apointer to @nor phFi | e, i.e, itisan amorphous pointer. Oncefi | e isdefined, we
can useit to define C library file accesscdecl s:

string arg {nanme, node},
file inline fopen(nane, node) = cdecl,

unknown arg @uf, int arg {size, n}, file arg f,

int inline fread(buf, size, n, f) = cdecl,

const unknown arg @uf, /1 fwrite doesn't change contents of buf .
int inline fwite(buf, size, n, f) = cdecl;

int inline fclose(f) = cdecl

We could have just madef i | e equivalent to @nknown, but then every pointer could be passed to
fread,fwite,fclose,etc. instead of just pointers of typefi | e.

At some point we will alow fi | e and ather types to be defined as subtypes of @inknown.
8.3.3 Painter Arithmetic

Unlike reference types, pointers have arich set of pointer arithmetic. For the most part, GalaxC pointer
arithmetic isthe same as C and is defined using a small collection of generic macrosin gxcl i b.

When performing pointer arithmetic, GalaxC treats pointers as ul ong values. Specificaly, it convertsthem
to asubtype of ul ong caled addr ess:



6 November 2011 -102- ptypes.xoe

typedef address = subtype(ul ong)

To convert apointer to addr ess, we use the generic macro:

type arg T, @ arg p,
def address(p) = p: address,

The pattern addr ess( p) matchesany p that is of type @ or asubtype of @. Calling addr ess(q)
converts q to its pointer (super)type @, dereferencing q if it isavariable. The macro body simply typecasts
the @ valueinto addr ess so it can betreated asul ong.

We can test whether a pointer is even or odd using the following generic macros that test whether
addr ess(p) isan even or odd integer:

type arg T, @ arg p,
def p is even = address(p) is even,

def p is odd = address(p) is odd,

The macro bodiesusethe“x i s even” and “x i s odd” macrosthat are defined for ul ong values of x in
Section 6.4.7.

Adding and subtracting pointersis more interesting. Aswith C, adding 1 to aGalaxC @ pointer adds| 1| to
the pointer’s address, i.e,, it points to the following T in memory. Adding nadds n*| 1| . Thisallows C and
GalaxC to treat ablock of memory pointed to by an @ pointer as an array of typet values. (Arrayswill be
treated in detail later in the chapter.) GalaxC implements adding an integer to a pointer using the following
generic macros:

type arg T, @ arg p, ulong arg n,
def p + n = address(p) + n*|T|: @,

def p - n = address(p) - n*|T|: @

Given apointer p of any pointer type @, the expression “p + n” isthe @ pointer you get by skipping
forward n*| T| bytes of memory (backward if i nt (n) <0). Similarly, “p - n” isthe @ pointer you get by
skipping backward n*| T| bytes of memory (forward if i nt (n) <0). The product n*| T| isthe same
whether n is signed or unsigned: if you multiply two 32-hit integers and only keep the low 32 hits of the
product, the result is the same for both unsigned and 2's complement integers.

Asdescribed in Section 6.4.11, you can use the C-style increment and decrement operators for pointers: p++,
p--,++p,--p,p +=n,andp - = n. They automatically multiply the increment/decrement offset by | T| .

Aswith C, the difference“p - q” between two pointers p and q is the number of type T values between
them. It's only defined if they point into the same array. Calculating “p - q” requires dividing the difference
of the addressesby | T| :

type arg T, @ arg {p, aq},
def p- g = ((p: long) - (q: long))/|T| I/ Signed arithmetic.

Pointers p and g must be the same pointer type @ and we must use signed division to calculate the correct
resultif p < q.
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It does not make sense to add two pointers, so “p + q” is not defined.
GalaxC provides mi n and max operators for pointers, defined as:

type arg T, @ arg {p, q},
def mn(p, Q) m n(address(p), address(q)): @,
def max(p, Q) max(address(p), address(q)): @

Aswith“p - g”, pointers p and g must be the same pointer type @'. The bodies match the ul ong versions
of m n and max.

GalaxC also has a set of relational operators for pointers. Pointers p and g must be the same pointer type @ :

type arg T, @ arg {p, a},

def p g = address(p) == address(qQ),
def p != q = address(p) != address(q),
def p < q = address(p) < address(q),
def p > q = address(p) > address(q),
def p <= q = address(p) <= address(q),
def p >= q = address(p) >= address(q)

The bodies all match ul ong relational operators.
Y ou can aso compare pointers for equality to NULL or any other nul | t ype value:

type arg T, @ arg p, hulltype arg q,
def p == address(p) == (g: address),
def p!'=g¢ address(p) != (qg: address)

Thenul | t ype value must be on the right hand side of ‘=="or ‘! =’.

GalaxC aso allows the C language notation “! p” to compare p to NULL, aswell as GalaxC's“?p”. They are
defined by the macros:

type arg T, @ arg p,
def !p I'address(p), /1l Equivalent to "p == NULL".
def ?p = ?address(p) /1 Equivalent to "p !'= NULL".

8.3.4 Paintersto Sructures

A particularly important use of pointersis dynamically-linked data structures, such as linked lists and binary
trees. For example, here is the definition of a binary tree node that hasan i nt data value and two pointersto
other tree nodes:

typedef TreeNode = struct (&p)

{
i nt p. dat a, // Data stored in the node.
@r eeNode p.left, [/l Pointer to left subtree.
@reeNode p.right // Pointer to right subtree.
|

def Tree = @reeNode;
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We have used Pascal/C notation for the threefieldsp. dat a, p. | ef t , and p. ri ght ; we could have used
any legal notation. The field argument p is defined using &p which means that fiel ds-access macros are only
defined for &Tr eeNode variables and @' eeNode pointers, not Tr eeNode values. We will not have
occasion to push an entire Tr eeNode onto the stack.

Fieldsp. | ef t and p. ri ght are @r eeNode pointers. Thisrecursionisfine aslong asthefields are
pointers or references. It would be incorrect to have afield “Tr eeNode p. bad” sinceit would imply an
infinitely nested data structure. The @r eeNode pointers have the usual address size = 4 bytes each.

After defining Tr eeNode, we use amacro to define Tr ee to be equivalent to @' eeNode since we expect to
be using pointersto Tr eeNode much more often than nodes. The size of type Tr eeNode is 12 bytes. The
size of type Tr ee is 4 bytes, like any other pointer type.

Tr eeNode isasimplerecursion, whereast r uct hasfields which are pointers to the same type of st ruct .
Complex data structures may have severa st r uct typeswhich are mutually recursive. Inthis case, it may
be necessary to declare aforward type, e.g.,

typedef Node = @ orward
This has not been implemented yet and the notation may change when we do.

Defining Tr eeNode creates field-access macros equivalent to:

Tree arg p,

def p.data = address(p): & nt,
def p.left = address(p) + 4: &Tree,
def p.right = address(p) + 8: &Tree

Each macro takesa Tr ee pointer p, adds a fixed offset to the named field, and then treatsit as a variable by
casting it into a reference type so that the field can be read or written.

We can use the above definition of Tr ee to implement a sorted binary tree search algorithm. Thetreeis
created such that for each subtree, all values lessthan or equal to theroot’sdat a areinthel ef t subtree
and all values greater than the root dataareintheri ght subtree. Hereisthe search algorithm:

// Find the value x in treep.
I 1f present, return a pointer to the node that matches x.
I/l 1f not present, return NULL.
int arg x, Tree arg p,
Tree fn find x inp =
/l'f tree p isNULL, then x is not found.
if p == NULL then return NULL el se
/'l root data equals x, then we have found a matching node.
if x == p.data then return p else
Il'1f x isless than root, then search left subtree.
if x < p.data then return (find x in p.left)
/I Otherwise search right subtree.
el se return (find x in p.right)

Like all recursive functions, we must explicitly declare“fi nd x i n p” toreturntype Tr ee. Wedid not
need to cast NULL to type Tr ee explicitly sincenul | t ype isasubtype of every pointer type.
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C programmers will note that we use the notation p. | ef t rather than p- >l ef t . In GalaxC, you only define
one notation to access a given field access and it is used whether p isapointer, avariable, or ast r uct value
on the stack. The author finds it annoying that you have to use different notationsfor st r uct pointers and
variablesin C, asif the compiler couldn’t figure it out for itself.

The“find x in p” function can be rewritten in a much more compact form using conditional expressions:

int arg x, Tree arg p,
Tree fn find x inp =
p == NULL or x == p.data? p:
find x in (x < p.data? p.left: p.right)

Next, we consider the tree insertion function. In this case, x pointsto anew Tr ee node that we want to
insert into sorted Tr ee p. Note that we pass p by reference so that it can be modified if it'sNULL:

Tree arg {x, &p},
void fn insert x intop =
if p == NULL then
{ I/ Replace p with x.
p =x; x.left = x.right = NULL;
} else
if x.data <= p.data then insert x into p.left
el se insert x into p.right

Once we have created a sorted tree, we can print it in increasing order by performing an inorder traversal:

Tree arg p,
void fn print p =

{
if p == NULL then return;
print p.left;
printf("%\n", p.data); // Print each node on anew line.
print p.right;
}

Indenting the printout to show tree structure is quite ssimple:

Tree arg p, int arg indent,
void fn print p (indent) =

{
if p == NULL then return;
/I Print O to 20 spaces by starting at offset 20-indent into a string of 20 spaces.
printf(" " + max(20-indent, 0));
print p.left (indent+2);
printf("%d\n", p.data); // Print each node on anew line.
print p.right (indent+2);

}

Cdll this function with the statement: “pri nt root (0)” wherer oot pointsto the root node of the tree.
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8.3.5 Variant Fields

In some cases, it is useful to use the same st r uct for multiple purposes without having to redefine it from
scratch. For example, we might want to reuse Tr ee nodesfor f | oat or st ri ng data. Thiscan be done by
defining variant fields, such as:

Tree arg p,
def p.fdata
def p.sdata

&p. data: &fl oat, // Usep. dat a to storeaf | oat value.
&p.data: &string // Usep. dat a to storeast ri ng pointer.

Thisallows notations p. f dat a and p. sdat a totreat p. dat a asaf| oat or stri ng variable. Notethe
useof ‘& inthe example: “&p. dat a” preventsreference p. dat a from being automatically dereferenced by
the colon operator. &f | oat and &st ri ng treat the reference p. dat a asaf | oat or stri ng variable so
you can read or assign to it.

Thep. f dat a and p. sdat a macrosrequire aTr ee argument, which is equivalent to @' eeNode. They do
not allow you to read or write the fields of a Tr eeNode variable. For example, it isincorrect to write:

Tr eeNode var tn;
tn.fdata = 1. 4;

Now we could rewrite the above macros as;

TreeNode arg &p,
def p.fdata = &p.data: &float, /I Usep. dat atostoreaf | oat value.
def p.sdata = &p.data: &string /[ Usep. dat a to storeast ri ng pointer.

Thiswould alow usto access the fields of aTr eeNode variable, but not anode pointedto by aTree. To
get both, define the macros as.

TreeNode arg *p, /I p can be &Tr eeNode or @'r eeNode.
def p.fdata = &p.data: &fl oat, /I Usep. dat a to storeaf | oat vaue.
def p.sdata = &p.data: &string /[ Usep. dat atostoreast ri ng pointer.

Thisalowsp to be either aTr eeNode variable (&Tr eeNode) or aTr eeNode value (@' eeNode). The
field-access macros defined automatically by t ypedef st ruct andt ypedef substruct alow both forms
of access.

Variant fields are similar to C unions and Pascal variant records. Aswith both of those, you must be very
careful defining and using variant fields since they evade the protections of strong typing. At some point, we
would like to add a generic structure capability to GalaxC so that you can define structures that have all
fields the same except for some generic fields that can be any type 1, and aso add generic functions where
find x in p,insert x into p,andprint p couldbedefined for ageneric type T instead of only for
typei nt. Currently GalaxC limits generic definitions to macros and inline functions (Chapter 9) and special
functions (Chapter 10), which have been more than adequate for our needs so far.

8.4. Arrays

GalaxC arrays are based on C. Currently they can only be defined with a single dimension, though it always
possible to treat a one-dimensional array as two-dimensional or more by defining suitable macros. Infact, it's
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hard to come up with the “right” definition of atwo-dimensional array since its efficient implementation may
depend on alot of factors, such as symmetry and sparseness. One-dimensional arrays have worked out fine
so far.

GaaxC arrays are normally defined in avar declaration. For example:
float var v[200]

definesan array of 200 f | oat values. The array sizeinavar declaration must be a compile-time constant
and has an implementation-defined maximum. At the present time you cannot initialize an array as part of its
declaration.

To access an element of an array, use the notation v[ i ], whereindexi isani nt valuefrom 0 up to but
not including the size of the array. Like C, GalaxC does not check array limits, so it is possible for incorrect
code to go past the beginning or end of an array.

Like C, GalaxC arrays are closely coupled to pointers. Infact, a pointer to type t can always be thought of
as pointing to element 0 of at array, and the type of an array variableis @. For example, variable v defined
above hastype @ | oat . The concepts of value type and reference type do not apply to array variables since
they are not automatically dereferenced.

gxcl i b defines the standard array access notation as a generic macro:

type arg T, @ arg p, ulong arg n,
def p[n] = address(p) + n*|T|: &T

Thisisthe same as the definition of “p + n” (88.3.3) except that the calculated address of the array element is
cast into reference type &T so that p[ n] istreated asatype T variable. You can easily define alternate
notations for accessing array elements, for example using formatted subscripts.

You can aso declare arraysas st r uct fields, e.g.,

typedef Node = struct (&p)

{
@ode  p. next, // Pointer to next node in linked list.

i nt p. dat a[ 20] /I Data stored in the node.
|

At the present time you cannot have an array argument: you must always pass arrays as pointers, which
amounts to the same thing.

8.4.1 Srings

One of the most common use of arraysin GalaxC ischar arrays, also knownasstrings. Astringis
equivaent to achar pointer and is defined as:

def string
def wstring

= @const char),

= @har

A st ri ng isread-only: you can read the characters, but not write to them. A wst ri ng isread/write. A
literal character string like" cat " isaread-only st ri ng, not awritablewst ri ng.
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Y ou can define global or local storagefor ast ri ng or wst ri ng by declaringachar array:
char var buf[200] /1 buf isawstring=@har.

and then use buf [ i ] to accessthei th character of the string (counting from 0). You can also initialize a
stringorwstringvariables to point to buf , e.g.,

var s = buf /| s isthe sametypeasbuf .

Sincebuf isachar array, itstypeis @har sothetypeof s isalso @har oritsequivalentwstri ng. We
can now fill buf withtheletters‘a’ through‘z’:

char var ch;
for ch ='a thru 'z' do *s++ = ch

Note that we cannot write:
for ch ='a thru 'z do *buf++ = ch

Thisisbecause buf isawstri ng, butit'snotawstri ng variablelikes. You cannot assign avalueto
buf , only to itselements. On the other hand, you can write this;

for ch ="a thru 'z' do buf[ch - "a'] = ch
You can create alocal st ri ng variable that isinitialized with a pointer to a string litera, e.g.,

var s = "Peter Rice eats fish"
In this case, GalaxC allocates a character array containing “Pet er Ri ce eats fi sh” somewhereand
providesast ri ng pointer to it, which becomestheinitial value of s. GalaxC treats the character array
pointed to by s as a constant, so you cannot write:

s[6] ='M
However, afiendish programmer could cast s into awst ri ng and write:

(s: wstring)[6] ="M
which changesthe stringto “Pet er M ce eats fish”. Thisiscaled“clobbering the constant” and can
produce difficult-to-unravel bugs, or may cause an access violation if string constant storage is protected by
the operating system.

You can aso allocate large strings using nal | oc, e.g.:

var s = malloc(n): wstring; // mal | oc returns @inknown: typecast it intowst ri ng.
if s == NULL then ... /[ Make suremal | oc succeeded.
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8.4.2 Sring Operations

Since GalaxC strings are implemented the same as C strings, GalaxC can use string functions from the C
library. For example, gxcl i b definescdecl callstothe Clibrary functions st r cpy (string copy), st r cat
(string concatenation), st r | en (string length), st r cnp (string compare), and st r casecnp (string compare
ignoring upper/lower case).

wstring arg dst, string arg src,
wstring inline strcpy(dst, src)
wstring inline strcat(dst, src)

cdecl ,
cdecl ;

string arg {s, t},

int inline strlen(s) = cdecl

int inline strcnp(s, t) = cdecl,
int inline strcasecnp(s, t) = cdecl

GalaxC programs can use these asis, but since GalaxC has flexible syntax we can do clever things like use
| s| for string length:

string arg s,
def |s| = strlen(s)

We can also define alternate notations for st r cpy and st r cat that make it clear which argument is dst
and whichissrc:

wstring arg dst, string arg src,
def {dst = copy src} = strcpy(dst, src),
def {dst = append src} = strcat(dst, src)

Comparing stringsisapainin C. Theintuitive notations“s ==t”,“s <t”,"“s >=t", etc., compare the
pointers to the strings, not their contents. For comparing the contents, you must call function st r cnp( s,

t ) which compares the contents lexicographically and returns- 1 if s <t,0ifs =t,and+1if s >t. This
resultsin C code like:

if (!strcnp(s, t)) ... /[Do. .. if s andt havethe same contents.
“I'strcenp(s, t)”"isequivalentto“strcnp(s, t) == 0" whichistrueif s andt havethe same
contents, which seems backwards. gxcl i b hides this from the programmer by providing intuitive macros

for comparing string contents:

string arg {s, t},

def {s ==t (check)} = strcnp(s, t) == 0,
def {s !'=t (check)} = strcnp(s, t) !'=0,
def {s < t (check)} = strcnp(s, t) < O,
def {s <=t (check)} = strcnp(s, t) <=0,
def {s > t (check)} = strcnp(s, t) > O,
def {s >=t (check)} = strcnp(s, t) >= 0

In GalaxC you can write:

if s ==1t (check) then ... /[Do. .. if s andt havethe same contents.
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“(check) " islitera syntax that in this case meansto use st r cnp, which distinguishes upper and lower case
letters. gxcl i b also defines versions that ignore case:

string

def
def
def
def
def
def

Thesecall st r casecnp, which does not distinguish between upper and lower case.

{s
{s
{s
{s
{s
{s

arg {
=t
< t
<=t
>t
>=

s, t},

(ignore)}
(ignore)}
(ignore)}
(ignore)}
(ignore)}
(ignore)}

strcasecnp(s,
strcasecnp(s,
strcasecnp(s,
strcasecnp(s,
strcasecnp(s,
strcasecnp(s,

)
)
t)
t)
)
)
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Chapter 9
Generic Macros and Inline Functions

In previous chapters we have shown examples of generic macros without describing them in detail. In this
chapter we will look closely at how GalaxC generic macros and inline functions work.

9.1. Generic Macros

Most GalaxC operations, whether defined as functions or macros, are defined for arguments of specific types.
Indeed, one of the strongest features of GalaxC is that it allows the reusing the same syntax with different
types of arguments, atechnique called overloading (85.4). However, there are cases where we would liketo
define an operation in essentially the same way for many types. For example, the assignment expression “x =
y” aways does the same thing no matter what type x is. GalaxC evaluates expression y on the stack,
convertsit to the value type 1 of variable x, and then stores the top of stack valuein x. It would besilly to
have to repeat this for each defined type, when the only difference between themis| 1] .

GalaxC therefore implements assignment using a generic macr o, which adaptsitself to the types of the
arguments. Hereisits definition from gxcl i b:

type arg T, &T arg x, T arg vy,
T def {x =y} = Assign(x:T, y);

T isatype argument, i.e., an argument of built-in typet ype. Argumentsx andy are generic arguments:
their types are based on type argument T. Notethat x is declared to be areferenceto T (&T) whiley isa
value of the sametype T.

The generic macro pattern “x = y” matches any assignment expression where x is areference type &T (or a
subtype such as &&T) and y isthe sametype T or asubtype (e.g., &T or &&T). Notethat T is not explicitly
shown in the pattern: it isa hidden argument which is set to the type associated with argument x. Consider
the code:

int var i;
i = 3;

The expression “x = y” matches the assignment pattern with T bound toi nt . When it comestimeto call the
macro, GalaxC callsAssi gn(x: T, y) withT=int,x=i,andy =3,i.e,Assign(i:int, 3).

Assi gn isaspecial function that creates the code to push 3, convertittoi nt if it werenot already i nt , and
store the top of stack valuetoi asad4-bytel ong. This behavior was described in detail in Section 6.4.10.

We have explicitly declared the type of the macroto be T. Thisisnot strictly necessary, since Assi gn has
type T. However, it allows the compiler to see that the macro has type T without having to call Assi gn,
which improves performance.

We have aready looked at most of the generic macros defined in gxcl i b in previous chapters. Because
generic macros are so powerful, we do not need many of them to define the standard GalaxC operators.

9.1.1 Pattern Matching

Let'stake acloser look at how GalaxC matches patterns. All patterns, whether they are variables,
arguments, macros, or functions are matched the same way: indeed, GalaxC does not know what an
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expression means until it has found a matching pattern. To match an expression E, GalaxC looks searches
through all the patterns that could possibly match in reverse order (so that later patterns have priority over
earlier ones) until it finds a matching pattern.

For each pattern P, GalaxC first seesif the syntax of P matches the syntax of E. Thisiseasy to do, since
both are in the form of parsetrees. For the syntax to match, all the syntax rules must match (e.g., if P
expects a bitand then E must also be a bitand) and all literal syntax must match. If P has arguments, they
match whatever parse subtrees arein E at those points. The subtrees can be arbitrarily complex.

If the entire pattern syntax matches E, then GalaxC seesif the arguments match by analyzing the subtree Sin
E associated with each argument and seeing if the type of S matches the argument’stype. Normal arguments
have afixed type 1, so al we need to do is seeif the type of Sist or asubtype of 1. If T isareference &T
and Sisapointer @ then they match if the pattern is a function or the argument was declared with* T
(88.3.5). If tis @nknown, then every pointer is considered to be a subtype. If T isapointer or reference,
then every Sof typenul | t ype isasubtype.

Generic arguments are more fun: If x isthe first generic argument in the pattern, GalaxC tries to match the
type of Sto the form of x’stype, taking into consideration whether x’ s typeis a pointer and/or reference.

For the assignment macro, the type of Smust be of the form &T or a subtype such as &&T. The pattern
matcher automatically dereferences the type of Suntil it matches the generic type. If the match fails, the
entire pattern match fails and GalaxC goes on to the next pattern. If the match succeeds, GalaxC temporarily
binds T to the possibly-dereferenced type of S.

If an argument y is not the first generic argument of type argument T, then the type of Smust match the
argument’ s type using the value of T set by the first generic argument. Once the entire pattern has matched,
T’ shinding isrestored to its previous value.

Analyzing each subexpression requires recursion. In some cases we need to analyze subexpressions multiple
times, which iswhy we check that the syntax matches before analyzing any subexpressions needlessly.

Once we have found a pattern that successfully matches, we can tell whether E is avariable, an argument, a
macro call, afunction call, or something else. We can then generate code for it as described in Section
10.1.3.

9.1.2 Macros with Unknown Arguments

The“x =y” assignment macro shown earlier uses atype argument so that x and y are based on the same
type. Sometimes the type relationship between the arguments doesn’t matter. For example, here are the
gxcl i b macrosthat define relational operators =, #, <, and =:

spclarg {a, b},

def a =b = a == b, /1l Symbol =is equivalent to '==".
def a #b = a != b, /'l Symbol # is equivalent to '!=".
def a < b = a <= b, /1l Synmbol < is equivalent to '<=".
def a =2 b = a >= b; /1 Symbol = is equivalent to '>=".

Sincea and b are defined asspcl ar g, the macros do not care what types arguments a and b have: GalaxC
defers type matching to when it analyzes “a = b” and the others with actual expressionsfor a and b. If the
arguments are ul ong or a subtype, GalaxC expands the macro into an integer compare. If the arguments are
floating-point, GalaxC expands the macrointo af | oat or doubl e compare. We will describespcl arg in
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more detail in the next section and §10.2.
9.2. Genericlnline Functions

Inline functions can also have generic arguments. The most important use of them is assignment expressions
of theform“a op= b” suchas“x &= OxFF". gxcli b definesthem as:

type arg T, &T arg X, spclarg vy,
inline {x +=y} =(x =x +vy: T),
inline {x - =y} =(x=x-y: T,
inline {x *=y} = (x=x*y: T,
inline {x /=y} =(x=x11vy: T,
inline {x % y} =(x =X %y: T),
inline {x & y} =(x =x &y: T),
inline {x #=y} = (x =x #y: T),
inline {x |=y} =(x=x]vy: T,
inline {x "=y} =(x=x"y: T
inline {x <<=y} = (x = x <<y: T),
inline {x >>=y} = (x = x > y: T,
inline {x M=y} =(x =x "M y:. T

Let'stake acloser look at one of them, e.g., “x &= y”. The pattern matches any expression “a &= b”
where a is areference type &T -- or asubtype. Sincey isaspecia argument (spcl ar g), b can have any
type and is treated like a macro argument. We will take a closer look at spcl ar gs in Section 10.2.

We next consider thebody “x = x & y: T". Sincex andy are generic, GalaxC cannot properly match the
expression “x & y” when it test-compiles the body of the macro. Instead, it must re-match it each time the
macro iscaled. Thisisthe point at which spcl ar g y isactually analyzed and we seeif thereisin fact a
pattern that matches“x & y”. The body includes an assignment, so thetypeof “x & y” mustbeT or a
subtype of T or else the macro call fails with acompiler error. The successful behavior isto compute “x &
y”, leaving the result on the stack, automatically convert it to T if necessary, and assign the result to variable
x. We then explicitly cast the assignment to T: Section 9.3 will explain why.

While we could have declared these as macros, i nl i nes are safer because x is used multiple timesin the
body. Notethat x isareference argument of eachi nl i ne sinceit is declared as &T.

Now let’ stake a closer look at:

type arg T, &T arg x, spclarg vy,
inline {x +=y} = (x =x +y: T,
inline {x -=y} =(x=x-1y: T

These are generic forms of adding an offset to a variable, and are implemented by generating the normal code
for the body. If x isan integer or pointer andy is an integer, we can generate better code by using the
I ncr enent versions of these operators which we saw earlier in Section 6.4.11.

type arg T, &T arg x, ulong arg v,
def {x += vy} Increnment(x, T, y, preinc),
def {x -= vy} Increnent (x, T, y, predec),

These macros are defined in gxcl i b after thei nl i ne versions so they have priority. While the macros are
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also generic, they argument islimited to ul ong. If an expression has a non-integer y, it matches the
i nl i neversion. For example, hereisaf | oat increment:

float var f;
f += 5.0;

Thismatchesi nl i ne “x +=y” withT =f | oat and generatesthecode: “f = f + 5.0".
A more interesting example isincrementing a conpl ex number as defined in Section 8.2

conpl ex var z;
z += 3 + i 4

Theinline expandsto“z = z + (3 + i 4)” and automatically generatesa call to the conpl ex add
function“z1 + z2”. The marvelous thing about the generici nl i ne isthat it gives you the op=
assignments for a new type without having to do any additional work once x+y, x- y, etc. have been defined.
However, GalaxC allows you to implement the op= assignmentsin a different way if you wish.

9.3. Templates

When GalaxC processes amacro or i nl i ne definition it always compiles the body to make sureitis
semantically correct, and then discards any code created by doing so. Thisisan important feature since it
exposes errors when the macro or i nl i ne is defined, where they are generally much easier to fix than when
themacroori nli ne iscaled. Since GalaxC parses the entire program before performing any semantic
analysis, macro and i nl i ne definitions are always syntactically correct when they are processed, so we are
only concerned with semantic errors like an expression that does not match any defined pattern.

In contrast, C macro definitions do not have any semantic (or even syntactic) checking, so errors only show
up when the macro is called. These are often challenging to figure out.

Test-compiling ageneric macro or i nl i ne body isabit of aposer since when GalaxC processes the
definition the type argument is unbound and therefore equal to special type unknown (88.3.2). All the
generic arguments are unknown aswell. Still, GalaxC must somehow know that basic expression like “x+y”
arelegal even for unknown x andy.

GalaxC provides a special kind of macro called atemplate to handle this situation. For example, hereisa
template for “x+y”:

unknown arg {u, v},
def {u + v} = tenplate

Thetemplate indicates that “unknown + unknown” is semantically legal. If notypeis specified to the left
of def then the resulting expression isaso unknown. Type unknown hastype size 0 and no codeis
generated for the template.

Let’s see how GalaxC test-compiles the body of thei nl i ne definition of “x +=y":

type arg T, &T arg x, spclarg vy,
inline {x +=y} =(x=x+vy: T

When GalaxC test-compiles“x +y”, x and y are both of type unknown. Therefore they match the template
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for “unknown + unknown”, which produces an unknown result. Thisisthen assigned to x using the
standard assignment macro, which produces an unknown result aswell. At this point we need to typecast
theunknown valueof “x = x + y” to T using the colon operator so that the body has a type other than
unknown. The typecast works because T is considered unknown while test-compiling the body and thus has
the same type size 0 as the assignment expression.

In some cases, we actually want to specify atype for the unknown expression, e.g.,

unknown arg u,
Bool ean def {!u} = tenplate

The NOT operator should always produce a Bool ean result, even if the argument is temporarily unknown.
This turns out to be important for implementing repeat-until as a macro (87.6.1):

spclarg {a, b},

def {repeat b until a} =

{I abel | oopl abel :
{b; 1 abel contlabel};
if 'a then goto | ooplabel;
| abel breakl abel

}

Inthiscase, a and b are declared asunknown spcl ar gs, so when GalaxC test-compiles the body it must
deal with unknown values of a and b. Defining aBool ean template for ! u helps GalaxC compile“i f !a
t hen goto | oopl abel ".

Here are the templates defined in gxcl i b:

unknown arg {u, v},
Bool ean def {!u} = tenplate,

def {u + v} = tenplate,
def {u - v} = tenplate,
def {u * v} = tenplate,
def {u/ v} = tenplate,
def {u %v} = tenplate,
def {u & v} = tenplate,
def {u # v} = tenplate,
def {u | v} = tenplate,
def {u ™~ v} = tenplate,
def {u << v} = tenplate,
def {u >> v} = tenplate,
def {u " v} = tenpl ate,
Bool ean def {u == v} = tenplate,
Bool ean def {u != v} = tenpl ate,
Bool ean def {u < v} = tenplate,
Bool ean def {u > v} = tenplate,
Bool ean def {u <= v} = tenplate,
Bool ean def {u >= v} = tenpl ate,
def {u =v} = tenplate,
def {u += v} = tenpl ate,
def {u -= v} = tenplate,
def {u *= v} = tenplate,
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def {u /= v} = tenplate,
def {u % v} = tenplate,
def {u &= v} = tenplate,
def {u #= v} = tenpl ate,
def {u |= v} = tenplate,
def {u = v} = tenplate,
def {u <<= v} = tenplate,
def {u >>= v} = tenplate,
def {u "= v} = tenplate,
def {++u} = tenpl ate,
def {--u} = tenpl ate,
def {u++} = tenpl ate,
def {u--} = tenpl ate;

Note that relational operatorslike“u ! = v” are defined as Bool ean. Thetemplates are (and must be)
defined before any generic macros and before any control statements that need them.

Also note that type unknown isnot at all the sameasaspcl ar g that matches any type. The unknown
arguments u and v in the above templates only match subtrees whose type is special type unknown, usually
because the subtree is a generic argument of unknown type or because the subtree is an expression that
combines unknown subexpressions.

Templates were created solely to support generic macros and inlines so that alarge part of GalaxC can be
defined using gxcl i b, and were not originally intended for general-purpose use. They have worked out well
for gxcl i b. They may require extending to be of general use.
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Chapter 10
Introduction to Special Functions

A special function or spcl isanove programming technique created for Galaxy '91. All the programming
constructs we have seen so far, such as functions and macros, only allow you to write programs that combine
those constructs. Special functions go one step further: they allow you to define completely new constructs
by telling GalaxC how to generate code for a parse tree.

For example, in Section 7.6.1 we saw how the while-do, repeat-until, and for statements are implemented as
gxcl i b macros. However, those macros use | abel and got o statements, which must be implemented as
spcl s sothey can create patterns in GalaxC'’ s pattern table and directly generate PSI code.

The principle behind aspcl isvery simple. An ordinary function call evaluates its arguments, pushing them
onto the stack, and then jumps to the function body to process the argumentsin some way. All of thisis
doneat runtime. Incontrast, aspcl call pushesits arguments as uneval uated parse trees and jumpsto the
spcl body at compiletime. Thespcl body has accessto all the GalaxC compiler’s functions and global
variables -- such as the pattern table -- and thus has full control over how code is generated. Since the
arguments are uneval uated, they can be used to define patterns and macro or i nl i ne bodies.

10.1. A Brief Tour of the GalaxC Compiler

Before writing spcl s, one must have a clear understanding of how the GalaxC compiler is constructed. This
section gives a brief overview of each section of the compiler.

10.1.1 Incremental Scan and Parse (ISP)

Since the GalaxC language separates syntax from semantics, it is natural that its compiler separates syntactic
analysis from semantic analysis. |1SP takes GalaxC source code and convertsit into a parse tree by following
the token and expression rulesin Chapters 2 and 3. 1SP has no knowledge of semantic concepts such as
variables and functions. In principle, GalaxC’ s parser isincremental, i.e., it only needs to re-parse source
code that has changed since the last compilation. Thiswas required for Galaxy '91, since it was developed
on computers that were two orders of magnitude slower than current machines. In practice, GalaxC does not
use incremental capabilities at this time and does not provide | SP with the source change information it needs
to scan and parse incrementally. However, ISP capability is present if we ever need to change GalaxC's
compiler from fast to lighting fast.

GalaxC uses a compact, in-line representation for the parse trees that represent expressions and patterns
which avoids the need for pointers between parse tree nodes. For details, seefilei sp. h and [B&B 91].

10.1.2 Postfix Sack Interpreter (PS)

GalaxC initially generates code for asimple stack machine called the Postfix Stack Interpreter, which may be
interpreted or optimized and trandated into a native instruction set. In Chapter 6 we described the PS|
instruction set and how gxcl i b uses PSI to implement GalaxC operations like x+y and x- y.

PSI also performs a small amount of optimization -- in particular, constant evaluation. PS| evaluates any
expression that consists entirely of numeric constants at compile time. The expression cannot contain strings,
loads, stores, or function calls. Whilethisisuseful in general, it is mandatory for GalaxC constructs that
require a compile-time constant such as type sizes and arrays declared using var . PSI has a constant
evaluation stack (CES) for performing this function. Asisusua with PSI, CES has 32-bit long values which



6 November 2011 - 118 - spcls.xoe

can beinterpreted as| ong, ul ong, or f | oat by PSI instructions.

PSI includes a number of utility functions which the GalaxC compiler uses to generate code. These functions
are usually called from spcl s or functionsthat are called by spcl s. Here are some of the most important
ones:

GenWor d( x)
Generate a 16-bit word of PSI object code. See Section 6.1 for the format of PS| instructions for
opcodes and data.

GenConst ( x)

GenBi gConst (v, n)
GenConst (x) pushesthelong value x onto CES and increments PS| variable CESn to keep track of
how many longs are on CES.

GenBi gConst (v, n) pushesn longs starting at address v (declared as @nknown) onto CES,
incrementing CESn by n.

Fl ushCES
Flush all CESn longs off CES and generate PSI code to push the values on the normal stack. If they
are small integers, generate 16-bit PS| instructions for them using GenWor d. Otherwise generate a
single PSI stack constant that pushes them as 32-bit values.

GenOpcode(op)
Generate a 16-bit instruction with opcode op. If op isalowed to combine constants and CES has
enough longs, PSI executes this instruction immediately using the operands at the top of CES, leaving
the result at the top of CES. It may push or pop one or more longs, and always discards the generated
op instruction.

If GenOpcode(op) cannot combine CES constantsit calls Fl ushCES and then generates the 16-bit
op instruction, which is equivalent to GenWor d(op + 0x8000).

Get | nt Const (v)

Get Const Val ue(v, n)
Check CESn to seeif CES contains at least n longs (n = 1 for Get | nt Const ). If so, pop thetopn
longs from CES storing them in reference variable v and return TRUE. Otherwise leave CES
unchanged and return FALSE.

GenString(pc, n)
The GalaxC compiler calls GenSt r i ng twice to generate an n-byte PSI string constant. First it calls
GenStri ng withpc = NULL, which makes sure there is enough space in PSI object code for an
n-byte string. If thereis, GenSt ri ng returns the current PS| program counter PSI pc as the address
of the string constant, otherwise it generates a compiler error. The caller then fillsin the characters of
the string including its terminal NUL and pad byte, after which it calls GenSt r i ng a second time with
the pc returned from thefirst call. GenStri ng fillsin the first word of the PSI string constant and
updates PSI pc to the address after the n-byte string constant. The second call is alowed to have a
smaller value of n than the first call.

GenPop(n)
Generate code to pop n longs off the stack, starting with any longsin CES. If n is negative, flush CES
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and push | n| longs. Generate PSI POP, POPD, POPN, or PUSH instructions. One use of GenPop is
converting a base or pointer type to its supertype voi d.

CGenLoad(n, vol)
Generate code to load n bytes onto the stack given a TOS address (popped). GenLoad generates
opcode LOAD, LOADS, LOADB, LOADD, or LOADN. If vol , generatevol at i | e opcode LOADV,
LOADVS, LOADVB, LOADVD, or LOADVN. The most common use of GenlLoad is dereferencing
pointers.

GenStore(n, vol)
Generate code to store n bytes given a TOS address (popped). Do not pop the n bytes of data.
GenSt or e generates opcode STORE, STORS, STORB, STORD, or STORN. If vol , generate
vol ati | e opcode STORV, STORVS, STORVB, STORVD, or STORVN. The main use of GenSt or e is
special function Assi gn(x: T, y),whichiscalled by the assignment macro.

GenPopGot o( opcode, target, tsp)
Generate a GOTO, POPGOTO, or EXCEPT instruction givent ar get =PCtojumpto,tsp = SPat
t ar get , and which opcode to generate. GalaxC uses thisfor compiling got o statements and
except i on expressions where the label is already defined.

For war dGot o( opcode, prev)
Thisissimilar to GenPopGot o, except in this case the target PC and SP are not yet known.
For war dGot o generates a POPGOTO or EXCEPT instruction with incorrect target PC and SP values
and makes it the end of aforward reference chain (FRC). Argument pr ev pointsto the previous
FRC end (NULL if FRC was empty) and For war dGot o returns the new FRC end.

Resol veFor war dRef er ences(| ast)
Resolve all forward referencesin the FRC that endswith | ast so that they point to the current
PSI pc and PSI sp. GalaxC calsthiswhen al abel statement definesalabel that hasalist of
unresolved forward references.

Resol vel f Got os(j npl, jnp2)
Resolve forward GOFALSE, GOTRUE, or GOTOwhen creating an if-then-el se statement or expression.
See Section 10.2.8.

Seepsi . ¢ for source code and additional PS| utility functions.
10.1.3 Analysis and Code Generation (ACG)

ACG isthe heart of the GalaxC compiler. Itsjob isto take syntactically-correct parse trees generated by ISP,
analyze each subexpression to seeif it'savariable, function/macro call, etc., and then call PSI to generate
code for the kind of construct matched. It is highly recursive, but for the most part simple and modular.

In the present phase of the XXICC project, ISP, PSI, and ACG are currently written in C. Thisis because
the first version of GalaxC had to be written in something that already had a compiler available. [footnote:
Smilarly, C was actually first implemented in an inter pretive language called B, which wasin turn
implemented in an assembler called A] Now that GalaxC’s compiler is running, at some point we will
rewriteit initself. Thisis quite easy to do, because the basic computing models of GalaxC and C are very
similar, and the resulting GalaxC code will probably end up looking quite a bit like the C version.
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However, currently we do not have any native code generators for PSI so running a GalaxC version of the
GalaxC compiler interpretively would be rather slow. So we might as well wait on trandlating the GalaxC
compiler to GalaxC until we have good native code generators. We know it can be done: the Galaxy '91
compiler was written in itself.

GalaxC analyzes an expression x by calling function:
Anal yze(x, T, caller)

where x isaof typef or mul a, abuilt-in GalaxC type that pointsto a parsetree, and cal | er identifiesthe
caller for debugging. On success, Anal yze returns a pointer to the pattern matched by expression x after
setting reference argument T to the type of expression x. Anal yze returns NULL on failure.

Anal yze first seesif x isalitera token such as a number, character, or string. If so, it returns a predefined
literal pattern and sets T to the literal token’stype (84.2.4).

Otherwise Anal yze performs the pattern matching process described in Section 9.1.1 where it compares x
to each pattern that might match to seeif literal syntax matches and subexpressions of x match argument
types. If thissucceeds, Anal yze returns a pointer to the matched pattern pat and sets T to the evaluated
type of expression x. Thisisnormally the same as pat ’stype, but if pat isageneric macro/i nl i ne or
spcl then T may depend on the type of subexpression(s) within x, in which case Anal yze returnsthe
specific type of T determined by the pattern matching process.

Anal yze savesthe matched pattern with x so that if it needs to re-analyze x then it already knows which
pattern it matches and does not have to repeat pattern matching. In some casesit, such as the body of a
generic macro, it must repeat the pattern match on each analysis.

Each pattern hasa Pat t er nSt r uct which definesits syntax, type, and value for generating code. Hereis
the GalaxC version of Pat t er nStr uct :

typedef PatternStruct = struct(p)

{
@PatternStruct p.next, /I Next pattern in linked list.
ubyte p. ki nd, // Kind of pattern.
ubyt e p.flags, Il Flags.
short p. Mhum / Module number (used internaly by GalaxC).
Pat Synt ax p. synt ax, // Pointer to pattern syntax.
type p.type, /[ Pattern type.
ul ong p. val ue, /I Kind-specific value.
ul ong p. aux, /I Kind-specific auxiliary value.
ushort p.size, /] Type size or kind-specific value.
ushort p. depth /I Type depth or kind-specific value.
} .

def Pattern = @atternStruct;

The synt ax field pointsto avariable-length parse tree that encodes syntax rules, literals, and arguments.
Each argument has an offset to another Pat t er nSt r uct that defines the argument’ s type and other
properties.

Each kind of pattern usestheval ue, aux, si ze, and dept h fields differently. Variablesuseval ue asthe
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stack offset of alocal variable or the address of aglobal variable. Functions useval ue to store the code
address of the function. Intrinsici nl i nes useval ue for the PSl opcode of the operator. Macrosand
ordinary i nl i ne useval ue to point to the parse tree for the macro/i nl i ne body. Seeacg. h for details.

GalaxC generates code by calling:
Conpi | e(x, typeOnly)

where x isaparsetree of typef or nul a. Conpi | e calsAnal yze(x, T) tofind apattern pat that
matches x. If it fails, Conpi | e produces the compiler error “Cannot find match for formula’.

If x matches successfully, Conpi | e checks Bool ean argument t ypeOnl y: if TRUE, just return type T
instead of generating code. T isnormally pat . t ype, but if pat . t ype isunknown then Conpi | e calls
Get UnknownType( pat, x) tocomputeT.

If t ypeOnl y isFALSE, Conpi | e generates the code that is appropriate for each kind of pattern by calling
additional functions:

Local or global var :
Call Conpi | evar ( pat) to generate PSI STAKVAR or GLOBVAR instruction to push the address of a
local or globa var . GalaxC normally follows this with LOAD or STORE instructions. Function bodies
treat arguments as local variables and use Conpi | eVar (pat) .

Ordinary function, intrinsici nl i ne, cdecl , or st dcal | :
Call Conpi | eFunctionCal | (pat, x) togenerate afunction call. Usepat . synt ax to find where
the actual argument subexpressions are in x, and generate code to evaluate them and push them onto
the stack in left-to-right (if intrinsic with positive opcode) or right-to-left order (all others), converting
subtypes to supertypes as appropriate. By “evaluate”, we mean to call Conpi | e recursively for each
subexpression.

Once the arguments are al pushed, Conpi | eFuncti onCal | calsPSI function GenOpcode to
compileanintrinsici nl i ne, GenCal | to generate anormal function call, GenCDecl| for acdecl , or
GenStdCal | forastdcal | . ThePSl functions all take care of stack housekeeping. For cdecl
andst dcal |, Conpi | eFunctionCal | callsDLLf nptr togetthe DLL or shared object address of
the target function and assigns it to pat . val ue.

Literas:
Call Conpi | eLi teral (x) toconvert literal token x into anumeric value and call GenConst or
GenBi gConst to pushit onto CES. If x isastring, Conpi | eLi teral calsGenString.

Macros, and inlines not mentioned above:
Call Conpi | eMacroCal | (pat, x, T) toinstantiateamacroori nl i ne body. For macros,
Conpi | eMacr oCal | binds subexpressions of x as parse subtrees to their corresponding argumentsin
pat . synt ax, saving the previous bindings on a stack. For inlines, Conpi | eMacr oCal | treats most
subexpressions of x as function arguments. It generates code to evaluate and push them from left to
right, along with any sub-to-supertype conversions. However, it treatsunknown spcl ar gs like
macros arguments.

Next, Conpi | eMacr oCal | compiles the macro or inline body by calling Conpi | e( pat . val ue)
recursively. For each macro argument (or unknown spcl ar g) inthe body, call Conpi | e recursively
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to compile a copy of the subexpression of x bound earlier, and then perform any sub-to-supertype
conversion. Inline arguments other than unknown spcl ar g are handled like ordinary function
arguments, i.e., as stack variables.

When we are done compiling the body, restore any argument bindings saved earlier.

The actual codeinconpi | e. ¢ ismore complicated because it also handles generic arguments and
variable argument lists.

Specia function:
Call Conpi | eSpcl (pat, x) tocompilepat asaspcl . Usepat . synt ax to find where the actual
argument subexpressions arein x. For each t ype argument, evaluate the subexpression as a
compile-time constant and push it on the stack. All other arguments must be spcl ar gs: for each
one, push af or mul a that points to the parse subtree for the subexpression. Conpi | eSpcl does not
perform any sub-to-supertype conversion: it just passes the parse subtree as an uneval uated
expression. Conpi | eSpcl then callsthespcl pointed to by pat . val ue at compiletime. The
called special function generates code and/or creates patterns, and when it is done it returns a new
valueof T.

When Conpi | e isfinished it returnstype T. Thisis usually the type returned by Anal yze, but may get
changed by amacro or spcl .

In many cases, if Conpi | e returns areference type we would like to automatically dereference it to a base
type. Wedo thisby calling Der ef er ence(x, typeOnl y):

fornula arg x, Boolean arg typeOnly,
fn Dereference(x, typeOnly) =

{
T = Compi l e(x, typeOnly);
/I'f t ypeOnl y, find the base type of reference type T by finding its supertype.
if typeOnly then while T is reftype do T = supertype(T)
/1T typeOnl y, perform the sub-to-supertype conversions.
else while T is reftype do T = Convert ToSuper(T);
return T,

}

Aswith Conpi | e(x, typeOnly),ift ypeOnl y then we just want the base type of expression x.
Otherwise, we compile x, leaving the result on the stack, and then perform sub-to-supertype conversions to
convert reference type T to its base type.

That pretty well covers how GalaxC compiles aparse tree. The details are embedded in special functions.

10.1.4 gxclib. gal

The GalaxC library gxcl i b. gal (normally called gxcl i b) defines defines most of GalaxC's operators and
constants, as well as some of its datatypes. Basically, anything that doesn’t require a specia function is
definedin gxyl i b. Thisincludes basic arithmetic operators (86.3.1), pointer arithmetic (88.3.3), assignment
expressions (86.4.10), iterative control expressions (87.6.1), aswell as standard functions from the standard
Clibrary (85.6.2). Seegxcli b. gal itself for details.
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10.2. Examplesof Special Functions

The easiest way to explain special functionsisto look at how the most important ones are defined in GalaxC.
These will beillustrated with GalaxC source code. The C versions actually in use in the current version are in
spcl s. ¢ and other sourcefiles.

Since specia functions are called at compile time, their arguments must be defined at compiletime. As
mentioned earlier, al argumentsto spcl s must bet ypes (which are always defined at compile time, at |east
currently) or spcl ar gs, which are unevaluated parse trees. A spcl ar g may have atype, in which case
Anal yze analyzes the subexpression associated with it to make sure the type matches, or it may be
unknown in which case Anal yze doesnot anayzeit at al.

If aspcl ar g isdeclared without atype, it is considered to have type unknown. Thisisdefinedingxcli b
with the macro:

unknown spcl arg nane,
def {spclarg nanme} = unknown spcl arg nane

Within the body of aspcl , al spcl ar gs aretreated as local variables of typef or nul a (810.1.3). This
means that the body treats all spcl ar gs asif they areunknown. Conpi | eSpcl does not perform any
dereferencing or other sub-to-supertype conversion when passing a subexpression asaf or nul a. That must
be done by the spcl "sbody. [footnote: Macrostreat all their argumentslike spcl ar gs: they are passed as
parse subtrees and are re-compiled using Conpi | e( x) wherever they appear in the macro body.]

10.2.1 Colon Expressions

A colon expression “x: T” dereferences x and typecastsit to type T. The stack sizes of dereferenced x and
T must be equal. Hereisitsdefinition asaspcl :

spclarg x, type arg T,
spcl {x: T} =

if typeOnly then return T,;
var Tx = Dereference(x, FALSE);

i f stacksize(Tx) != stacksize(T)
then ACGerror("Types nust be the sane size");
return T;

}

Argument x isan unknown spcl ar g and can thus be any type. Thespcl itself isdeclared astype
unknown, so Anal yze must call it to determine the type of a colon expression “x: T”. In addition to its
declared type, each spcl aso returns asits function value the type of whatever code it has generated (or will
generate, if t ypeOnl y). Thisisthe same asits declared type 1 unlesst isunknown, in which case it will
most likely be something else.

In some cases, GalaxC sets global variablet ypeOnl y beforeit calsaspcl . Thismeansthat it just wants to
know the type of an expression and doesn’t want the spcl wasting time generating code that will need to be
discarded. Get UnknownType( pat, x) usesthisfeature. Global variablet ypeOnl y is not the same as
Conpi | e'st ypeOnl y argument, though they are used similarly.

In the case of the colon spcl , if t ypeOnl y wejust return T as the type of the colon expression. We will
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check whether T iscorrect later. 1f ! t ypeOnl y, we call Der ef er ence(x, FALSE) which calls

Conpi | e(x, FALSE) and if necessary generates code to convert x to its base type. Der ef er ence returns
the base type of x, which we assign to Tx. Next, we check that the stack sizes of T and Tx are equal and
generate acompiler error if they are not. At this point we are done: the colon operator does not change the
value of x: it just tells the compiler that itstypeisnow T by returning T as the value of the spcl .

10.2.2 Parentheses

In most languages, parentheses are merely a syntactic construct for changing operator precedence. In
GalaxC, they are alittle more involved since a comma expression in parentheses is compiled differently, viz.,
its arguments are evaluated right to left instead of Ieft to right. This requires parentheses to be implemented
asaspcl :

spclarg x,
spcl (x) =
X is Cnode( COVWA RULE) ? Compi |l eCommaRev(x): Conpile(x, typeOnly)

The expression“x i s Cnode( COMMA_RULE) " seesif parse tree x hasa COMWA rule asitsroot. If so, we
call Conpi | eCommaRev( x) which compiles acomma expression in reverse order and returns the type of the
comma expression (see next section). Otherwise, we just call Conpi | e to compile x, with Conpi | e’s

t ypeOnl y argument set to global variablet ypeOnl y. Conpi | e does not dereference x.

10.2.3 Comma Expressions

If it is not in parentheses, acommaexpression “a, b” pushesa and b onto the stack in that order,
dereferencing any variables. If one of the expressions hastype voi d, then the other determines the type of
the comma expression. Otherwise the typeis a quasi-type whose size is the sum of the stack sizes of the two
expressions. Hereisitsdefinition asaspcl :

spclarg {a, b},
spcl {a, b} =
{

if typeOnly then return unknown;
var Ta = Dereference(a, FALSE);
var Tb = Dereference(b, FALSE);
return (Ta == void? Tb: Tb == voi d? Ta:
Q ype(stacksi ze(Ta) + Stacksize(Th))
}

If t ypeOnl y, we adways return unknown. Thisis needed for a subtle reason if a isadefinition and b uses
that definition. 1f !t ypeOnl y, we compile expressions a and b in that order, dereferencing each to its base
type. We then check the resulting types Ta and Tb and return either Ta, Tb, or a quasi-type as the type of
thespcl .

10.2.4 Semicolon Expressions

A semicolon expression “a; b” evauates multiple statements, discarding any values left on the stack by
converting each statement’svalueto voi d. Thisisdifferent from C where*; ' is used to convert an
expression to a statement, but has the same overall effect. In addition, *; ’ hides any arguments declared
beforeit. Thetype of a semicolon expression isalwaysvoi d. Hereishow it isdefined asaspcl :
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spclarg {a, b},
void spcl {a; b} =

{
conpile a to void;
unl i nk args;
conmpile b to void;
return void;

}

“conmpile x to T" compilesf or mul a x and then generates code to convert it to supertype T unlessit is
already T. Thisisan easy way to pop the value of expressionsa and b in the above spcl since every typeis
asubtype of voi d and can be converted to voi d by popping the stack.

“unl i nk ar gs” hidesall arguments that are currently defined in the pattern table. They are not removed,
since they may still be used by earlier patterns, but they will not be recognized by patterns defined after *; °.

10.2.5 Blocks

A block is one or more statements contained in a set of braces“{ }” and usually separated by semicolons.
Patterns defined within ablock are local to that block. Thespcl for ablock isvery simple:

spclarg x,
voi d spcl {{x}}
{

create bl ock x;
return void;

}

Note that we need a second set of braces around pattern “{ x} ', which GalaxC automatically discards. All
the real work is performed by function “cr eat e bl ock x” which saves the state of the pattern table,
compilesf or mul a x, and then restores the pattern table, discarding any locals defined with block x.
However, if x has any unresolved forward labels, GalaxC retains their pattern table entries.

The last semicolon in a block does not have to be followed by a statement. gxcl i b takes care of that with a
macro:

spclarg b,
def {b;} = (b; nop)

10.2.6 The Reference Operator: &x

The reference operator &« converts variable x of type &t to a pointer of type @ without dereferencing it.
Aswe saw in Section 8.3.1, the reference operator &v cannot be defined as a macro. However, it is easily
defined asaspcl :

spcl arg x,
spcl {&} =
{

var Tx = Conpile(x, typeOnly);
if !'Tx is reference then ACGerror (" Qperand nmust be reference type");
return Ref2Ptr (Tx);
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Thefunction“Tx i s ref er ence” seesif type Tx isareference type so &x can generate an error message if
x isnot avariable. The function Ref 2Pt r converts reference type Tx to a pointer type by changing abit in
an internal GalaxC structure.

10.2.7 Assign
Hereisthe“Assi gn(x: T, y)” spcl used by assignment expressions“x =y” where x is of type &T:

type arg T, spclarg {x, vy},
spcl Assign(x: T, y) =
{

if typeOnly then return T;
compile y to T; conpile x to RefTo(T);
GenStore(|T|, x is volatile); return T;

}

Assi gn hast ype argument T, which is aso the type returned by the spcl if t ypeOnl y. Otherwise

Assi gn compilesy and if necessary convertsit to x’s value type T, leaving the result on the stack. Then it
compiles x to &T, leaving the variable’' s address on the stack. Next it calls GenSt or e to create the PS| code
to storey at address x, popping x off the stack but leavingy. Assi gn returnstypeT.

Thisisasimplified version of Assi gn which doesn’'t consider variable attributes (Appendix A).
10.2.8 If Expressions

Aswe discussed in Section 7.1, GalaxC has if expressions of theform“i f athenb el se c¢” and“a? b:
c”. Inboth cases, the if expression produces as its value either b or ¢, and the type of theif isthe lowest
common supertype of b and c. For example, inthe expression“i f at hen x el se 5” wherex isani nt
variable, the common supertypeisi nt and we must convert x from & nt toi nt by dereferencingit. There
is always a common supertype, though it may betypevoi d. The“a? b: ¢” form cannot haveavoi d
common supertype.

GalaxC compilesif expressions by calling Compi | el f (a, b, ¢, check),wherea,b,andc are
f or nul as for the condition, consequent, and aternative. If Bool ean argument check is TRUE, check
whether the common supertype of “a? b: ¢” isvoi d. Except for thisthetwo spcl s areidentical:

spclarg {a, b, c},
spcl {if a then b else c} = Conpilelf(a, b, ¢, FALSE),
spcl {a? b: c} = Conpilelf(a, b, ¢, TRUE)

Hereisasimplified version of Conpi | el f. For all the details, seespcl s. c.

// Condition a, consequent b, and alternative c aref or mul as. a must be Bool ean.
/[ 1f check, make sure the common supertypeisnot voi d. Thisisused fora? b: c.
fornmula arg {a, b, c}, Boolean arg check,
fn Conpilelf(a, b, ¢, check) =
{ // Compile condition a, dereferencing to its base type, and check that it is Bool ean.
var Ta = Dereference(a, FALSE);
if Ta !'= Bool ean then ACGerror("Condition nmust be Bool ean");
/I'If a isknown at compile time, just compile b or c. Thisimplements conditional compilation.
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}

Conpi | el f

/I The other clauseis neither analyzed nor compiled.

| ong var va; /I Place to store the value of a.

i f GetlntConst(va)

then return (va? Conpile(b, typeOnly): Conpile(c, typeOnly));
/I aisnot known at compile time: find the common supertype of b and c.

var Tsup = CommonSupertype(Conpil e(b, TRUE), Conpile(c, TRUE));
/I An expression a? b: ¢ must have anon-voi d common supertype.

if check and Tsup == void

then ACCGerror("Alternatives nust have a conmon supertype");
/l'ftypeOnl y, return Tsup.

if typeOnly then

{

Discard any code generated for evaluating a;

return Tsup;
1
I/l Generate conditional code using GOFALSE and GOTO. a is aready on the stack.
var jmpl = Get PC {// jmpl = current PSI pc.
GenQpcodeX( GOFALSE, 0); /I'If a isFALSE, go to alternative.
var sp = GCet SP; /I Consequent: get current PSI sp.
Conpi | eToType(b, Tsup); /I Generate code for b.
j mp2 = Resol vel f Got os(j mpl, 0); /I Gotoend of if; resolvej npl.
Set SP(sp) ; /I Alternative: restore PSI sp.
Conpi | eToType(c, Tsup); I/l Generate codefor c.
Resol vel f Got os(j mpl, jnp2); /l End of if: resolvej np2.

return Tsup;

first compiles condition a, dereferencing because a might be aBool ean variable rather than a

value. If thevaueisknown at compiletime, Conpi | el f performs conditional compilation (§87.1.1) and only
compilesb or ¢, leaving the other one unanalyzed.

Otherwise Conpi | el f callsConpi | e(b, TRUE) and Conpi | e(c, TRUE) to find thetypesof f or mul as
b and ¢, and finds their common supertype Tsup by caling CormonSuper Type. If we are compiling “a?
b: c”, the common supertype must not bevoi d.

Ift ypeOnl y, Conpi | el f discardsthe code generated for a and returns Tsup. Unlike most spcl s,

Conpi |l el f

has to do quite a bit of work to figure out what type to return for t ypeOnl y. However, thisis

not a performance issue in practice for various reasons.

Therest of Conpi | el f generates code of the form:

j mpl:

j mp2:
| abl:
| ab2:

Compi |l el f
Resol vel f

a Il Test condition a, leaving a Bool ean result on the stack.
GOFALSE | abl /['f aisFALSE, gotol abl.

b // Evaluate consequent b and convert to Tsup.

GOTO | ab2 // Gotol ab2.

c [/l Evaluate alternative ¢ and convert to Tsup.

// End of if expression.

calls PSI function GenOpcodeX( GOFALSE, 0) to create aGOFALSE at j npl and calls
Got os toresolvethe GOFALSE at j npl and the GOTOat j np2.
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Resol vel f Got os optimizes the GOTOstructureif b or ¢ isanop. For example, the statement “i f at hen
b” isequivaentto“i f athenb el se nop”. Inthiscasec isempty and Resol vel f Got os generates
simpler code by removing GOTOI ab2:

a /I Test condition a, leaving aBool ean result on the stack.
jmpl:  GOFALSE | abl /l'f aisSFALSE, gotol ab1l.

b // Evaluate consegquent b and convert to Tsup.
| abl: /I Evaluate aternative ¢ = nop.
| ab2: /I End of if expression.

If a isacomplicated logical expression, it is sometimes clearer towrite“i f a then nop el se c”. Inthis
case b isempty and Resol vel f Got os generates simpler code by changing GOFAL SE to GOTRUE and
removing GOTO! ab2:

a /l Test condition a, leaving a Bool ean result on the stack.
j mpl: GOTRUE | ab2 /I'f aisTRUE, gotol ab2.
| abil: c /l Evaluate alternative ¢ and convert to Tsup.
| ab2: // End of if expression.

In both of the simplified forms, Tsup isvoi d because nop hastypevoi d.
10.2.9 Declaring Variables and Arguments

We saw how to declare variables and arguments using various syntax formsin Sections 4.4 and 5.1.
Declaring them always requires special functions because we need uneval uated parse trees for the the
variables' and arguments’ patterns. Thespcl s for the various forms are very similar:

type arg T, spclarg {nanme, init},
void spcl {T var nane} = DefineArgVar(LOCAL KIND, T, nane, NULLformula),
void spcl {T var nane = init} = DefineArgVar(LOCAL_KIND, T, nane, init),

void spcl {T arg nane} =

Defi neArgVar (T == type? TYPEARG KIND: ARG KIND, T, name, NULLfornula),
void spcl {T spclarg name} =

Def i neAr gVar (SPCLARG KI ND, T, name, NULLformul a)

All of these spcl s call Def i neAr gVar (ki nd, T, nane, init) which creates one or more ki nd patterns
fromf or mul a argument nane by calling ACG function Cr eat ePat t er n. T isthetype of the variable or
argument, and may be unknown for initialized variables or arguments. “nane” defines one or more variable
or argument names, the latter in braces. Each name may be prefixed with* @, ‘&, or **’ to indicate pointer
and reference types, and each variable name may have an array dimension “[ n] ” or initiaization “= val ue”.
Alternatively, name may have acommon initiaizationf or mul ai ni t unlessitisNULLf or mul a.
Arguments always havei ni t = NULLf or mul a. Defi neAr gVar generatesi ni t code using Conpi | e.

Theki nd argument isis set to LOCAL_KI NDfor var definitions; Def i neAr gVar turnsit into
GLOBAL_KI NDif var isat thetop level of the program. For arguments, ki nd is SPCLARG_KI ND for special
arguments, TYPEARG_KI ND for type arguments, and ARG_KI ND for everything else.



6 November 2011 - 129 - spcls.xoe

10.2.10 Defining Functions and Macros
Thespcl s for defining functions and macros are also very similar to each other:

type arg T, spclarg {pattern, body},
void spcl {T fn pattern = body} =

Def i neFnMac(FN_KIND, T, pattern, body),
void spcl {T def pattern = body} =

Defi neFnMac(DEF_KI ND, T, pattern, body),
void spcl {T inline pattern = body} =

Defi neFnMac( I NLI NE_KI ND, T, pattern, body),
void spcl {T spcl pattern = body} =

Def i neFnMac(SPCL_KIND, T, pattern, body),

i nt spclarg opcode,
void spcl {T inline pattern = intrinsic opcode} =
Defi neFnMac( | NLI NE_KI ND, T, pattern, opcode),
void spcl {T inline pattern = cdecl} =
Def i neFnMac( CDECL_KIND, T, pattern, NULLformula),
void spcl {T inline pattern = stdcall} =
Def i neFnMac( STDCALL_KIND, T, pattern, NULLformul a)

Def i neFnMac(ki nd, T, pattern, body) createsaki nd pattern from f or nul a argument pat t er n by
calling ACG function Cr eat ePat t er n. Def i neFnMac then calls| nsert Pat t er nAr gs to insert any
visible arguments into the pattern, and calls Conpi | e( body) to analyzef or mul a argument body. The
details of this depend on ki nd: for functions, Conpi | e( body) generates ablock of code that is called by
each function call. For macrosandi nl i nes, Conpi | e( body) makes sure that body is semantically
correct and then saves a copy of body as aparse tree to be instantiated by each macro ori nl i ne call. The
intrinsic,cdecl,andstdcall inlines donothavebodies. Foranintrinsic, Defi neFnMac just
checksthat opcode isacompile-time constanti nt. For cdecl and st dcal | , Def i neFnMac makes sure
that pat t er n isintheform of aC function call nane( ar gs) sothat it can use nane to find the function in
ashared object library or DLL. Notethat thei ntri nsic,cdecl,andstdcal | formsofi nli ne are
defined after the generic form so that they are matched first.

T isthe type of the function or macro. If T isunknown, Def i neFnMac set the pattern type to the type
returned by Conpi | e( body) . Otherwise, Def i neFnMac makes sure T is consistent with the
Conpi | e(body) .

10.3. Summary
This chapter is only intended to give a brief overview of special functions and how GalaxC generates code so

that the interested reader has good starting point for examining the GalaxC’ s source code. At the present time
spcl s must be added at the C level and as such are not quite ready for general use.
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Appendix A
Implementation of Variable Attributes

This appendix details how GalaxC implements variable attributes (vattrs). Vattrsconst , st abl e, and
vol ati | e aretype variable attributes (TVAs, pronounced Tee'-vuz) and are associated with avariable's
type. They can also apply to the types of arguments and structure fields. Vattrspri vat e, publ i ¢, and
ext er n are storage variable attributes and are only associated with variables and structure fields.

TV As constrain how programs can use variables and how GalaxC generates code. Here arethethree TVAS,
first introduced in 84.4.4:

const
A const variableis defined with aninitial value and cannot be assigned a new value. An assignment
“x =y” wherex isconst causesacompiler error.

vol atile
A vol ati | e variable may change value at any time because the variable is a peripheral device register
or it may be changed by another task such as an interrupt serviceroutine. A vol at i | e variable must
be loaded from or stored to memory on each access instead of being copied to aregister by an
optimizing compiler.

stabl e
By default, al variables are st abl e (non-volatile). The compiler may optimize accessto ast abl e
variable by eliminating loads and stores that it considers unnecessary. However, this only works
correctly if the compiler can assume the variable does not change value spontaneously, so treating a
vol ati | e variable asst abl e may cause errors.

On the other hand, it isaways possible to treat ast abl e variable asif it werevol ati | e: dl it costs
is extraloads and stores.

In C, vattrs are reserved words. In GalaxC, they are ordinary identifiers.
TVAsare normally defined in variable declarations, e.g.,
const var x =5

declaresconst i nt variablex withvalue5. The actual type of x is&(const i nt),i.e, x isthe address of
ani nt which cannot be assigned anew value. TVA const changestypei nt intoconst i nt.

Since every type hasa TVA -- by default st abl e -- avalue by itself hasa TVA aswell. For example, “42”
hastypest abl e i nt. However, GalaxC ignoresthe TVA of avalue since TVA only matters when loading
or storing avariable.

An array or pointer has ameaningful TVA. For example, astring literal hastype @ const char) rather
than @har whichis @ st abl e char) . This prevents accidentally overwriting a string literal’svalue, i.e.,
“clobbering the constant”.

A pointer or reference variable may have severa levelsof TVA. For example, avariable that is a pointer to
an @ nt pointer hastype &@@ nt , and each level may havea TVA. In most cases only the deepest TVA is
const orvol atile.
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A.l. Special Functionsand TVAs
Automatic dereferencing and special functions implement some TV A behavior explicitly:

1 GalaxC loads the values of variables using automatic dereferencing in Conver t ToSuper (t ypes. c)
whichinturn calls GenLoad( psi . ¢c) . GalaxC loads st abl e and const variablesusing LOADx. It
loadsvol at i | e variables using LOADVx. PSI-CO can optimize them differently.

2. GalaxC implements assignment by calling special function Assi gn(x: T, y) (spcl s. c). Assign
seesif itsx argument isconst and if so generatesan error. Assi gn calls GenSt or e( psi . ¢) which
generates STORx for st abl e and STORVx for vol ati | e.

If x isapointer or reference variable, Assi gn makes surey has compatible TVAs. That is, x must
be at least asrestrictive asy or else x could improperly access data pointedto by y.

Assi gn leavesavalue of type T on the stack, where &T is the type of argument x. However, T's
vattrs are fromy: this allows x to be more restrictive than y without restricting the Assi gn’sresult.

3. GalaxC implements pre- and post-increment operatorslike“x += 3" and “- - y” by calling specia
function | ncr enent (spcl s. c). | ncrenment seesif itsargument isconst and if so generates an
error. |1 ncr enent generates PRI NCx and PO NCx for st abl e, and PRI Nvx and POl Nvx for
vol atil e.

A.2. Function Argumentsand TVAs

A function body treats function arguments as surrogate local variables. Each local hasthe same TVAsasits
associated argument. Function argument TV Asrestrict how the arguments are treated within the body. For
example, aconst argument isinitialized once (when the function is called) and cannot be assigned a new
valueinthe body. TVAsalso restrict what can be passed to the function as reference and pointer arguments.

When matching patterns, GalaxC ignores TVAS. That is, you cannot have one version of afunction with a
st abl e argument and another version with the same pattern except for avol ati | e argument. However,
GalaxC does check that variables and pointers passed as actual arguments are consistent with the function
arguments’ TVAs. Herearetherules:

1 A value -- not avariable or pointer -- can be passed to any function argument. The value is pushed
onto the stack and the function treats that memory location as a variable or optimizesit into aregister.

2. A variable or pointer with agiven TVA can be passed to areference or pointer argument with the
same TVA.

3. A const variable or pointer must not change value, so it can only be passed to aconst reference or
pointer argument. Otherwise the called function could change the const .

4, A vol ati | e variable or pointer tovol at i | e datacan only be passedto avol ati | e reference or
pointer argument. Otherwise the called function might optimize out loads and stores and miss the fact
the variable is changing value.

5. A st abl e variable or pointer to st abl e data can be passed to any function argument. The caller
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doesn’t careif the function body restricts its use of the variable. For example, you can passast abl e
variableto avol ati | e argument. The function may make unnecessary loads and stores, but that
doesn't affect results.

If there are conflicts, you can always typecast the caller’ s variable as long as you are careful about the
implications of doing so.

We have stated these rulesfor asingle TVA level. They generalize to multiple TVA levels.

A.3. MacroArgumentsand TVAs

Function arguments are fussy about TV As because afunction compilesinto asingle version of its body. In
constrast, since GalaxC instantiates a macro body each timeit is called, GalaxC has the flexibility to generate
code differently for each call according to the actual arguments' TVAs.

Macro arguments may have TVAs, but GalaxC replaces them with the actual arguments' TVAswhen
instantiating the macro. Thisalowsany TVA to be passed to a macro, though macro instantiations may be
different:

. A vol ati | e actual argument may generate additional loads and stores.

. GalaxC generates an error if the instantiation tries to do something forbidden, like trying to change the
value of aconst or passavariable with the wrong TV A to afunction called within the macro.

When defining a macro, GalaxC does a“test compil€” to ensure the macro body is semantically correct. The
test compile uses macro arguments' TVAs. Type arguments cannot have TVAS.

A.4. InlineFunction Argumentsand TVAs

Ani nl i ne function with abody expression is handled like amacro. Since the body isinstantiated on each
call, the instantiation can be different depending on TVA combinations.

A'i nl i ne function without a body expression, e.g.,i ntri nsi c,cdecl andstdcal | requiresthe actual
arguments to match like afunction call. Thisisrarely important fori nt ri nsi cs, since they seldom have
reference or pointer arguments. On the other hand, cdecl and st dcal | generally call C library functions
and it's important that the TV As are consistent.
A.5. TVA Declarations
Asdescribed in 84.4, the standard form of avariable declaration is:

T var name
You can add aTVA prefix tot:

TVA 1 var name
The TVA modifiestypet into type “TVA 1”. Multiple TVAsare not generally useful: GalaxC simply uses

the leftmost one, e.g., “vol ati |l e const i nt” isthesameas“vol atil eint”. Early versions of GalaxC
may consider multiple TVAsto be an error.
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Here are some variable declaration examples:

int var x X is& nt =&(stable int).

const int var y y is&(const int).

volatile int var z zis& volatile int).

int var @ pis&@nt =&(stable @stable int)).
volatile int var @ gis&@vol atile int).

@volatile int) var ¢ gis&@vol atile int).

(volatile @nt) var r ris&volatile @nt).

Note that a variable declaration defines the type of name to be &1 so that it is automatically dereferenced.
The TVA isnested within ‘& as shown with variablesx, y, and z. The TVA modifiestypeT.

Declaring a pointer variableis moreinteresting. ‘p’ is@ nt , plus‘& for automatic dereferencing. Each
reference or pointer isst abl e by default, so“&@ nt " isrealy “&(st abl e @ stableint))”. If you
declare avariable to be a pointer by prefixing its name with * @ asin the first declaration of g, then const ,
vol ati | e, or st abl e isnested within * @ and appliesto the t value rather than the @ pointer.
Alternatively, you can include * @ with the type, which lets you control whether the TV A appliesto the value
(asin the second declaration of q) or the pointer (asin the declaration of r ). Normally you want the TVA
associated with the value as with either declaration of g.

You can use asimplified form of var declaration if you assign an initial value:

const var name = init
vol atil e var name = init
st abl e var name = init

In this case the type 1 is deduced from the init expression but its TVA is set by the prefix.

Argument declarations are similar to var declarations. For function arguments, the TV As apply to the
surrogate local variables within the function. For macrosand i nl i nes with bodies, GalaxC uses the
arguments’ TVAswhen test-compiling the macro or i nl i ne body.

You can aso use TVAsfor field definitionswithin ast ruct . Top-level field TVAsare only important if
you accessast r uct variable, i.e, through areference or pointer. Top-level TVAsareignored for a
struct value

We have seen TV As used as prefixes to modify types. You can also use them to typecast a variable or
pointer, for exampleif you need to passaconst stringtoastabl e stri ng argument. Given avariable
or pointer v, you can change it to a different TV A using the notation:

const v
volatile v
stable v

This changes the degpest TVA. If you want something different, use atypecast “expr: 1”. You should be
very careful changing TV As because they are usually present for agood reason. |n many cases, you are
better off assigning the value to avariable with a different TVA. For example, if you want to treat a

vol ati | e variable as st abl e, you should copy tovol ati | e valueto anew variable as a*“ snapshot”.
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A.6. Generic TVA Macros

A function always returns the same type. This can be a bother when working with st ri ngs. For example,
here is afunction that finds the first occurrence of char chinstrings:

char arg ch, string arg s,
fnfind chins =

{
char var x;
while (x = *s++) !'="\0" and x !'= ch do nop;
return (s-1);

}

Sinces isastring =@ const char), wecan passawritablewst ri ng = @har . The caller doesn’t care
if the function restrictsits own use of s. However, since“fi nd chi n s” adwaysreturnsastri ng the
caller cannot write new characters at the returned address unless the caller explicitly changesst ri ng to

wst ri ng. For example, hereis some code which copiesthe string “Pet t he cat ” toachar buffer and
then replaces the word “cat ” with “dog”:

char var buf[200];

buf = copy "Pet the cat"; /1 Copy "Pet the cat" to buf.
find 'c' in buf = copy "dog"; /1 This does not work.
stable (find 'c¢' in buf) = copy "dog"; // This does work.

Thethird line fails because function “f i nd ch i n s” returnsst r i ng and we cannot copy toast ri ng
becauseitisconst . Thefourth linetypecasts“fi nd chins” towstri ng usingthest abl e operator.
Now copy works.

gxcl i b usesa GaaxC generic macro to work around this problem:

char arg ch, string arg s,
def find ch ins = vattr(s) (find ch in s)

If you call macro “fi nd chins” withastring vauefor s, the macro returnstypest ri ng. If you call it
with awst ri ng value, the macro returnstypewst r i ng. With this macro, the third line in the example
works correctly. Note that we use the same syntax for both the macro and the function. Since macros are
not recursive, the body matches the function and there is no ambiguity.

Thisform of generic macro does not work al thetimein version 0.0c. Inversion 0.0c, if amacro’'stypeis
based on atype argument -- e.g., T or @ -- GalaxC recomputes the type of the expression each time it
encountersit. Thisisused for generic macroslikep + n, where p isapointer @. However, if the macro’s
typeisanything else -- e.g., st ri ng -- in some cases it may use the defined type (st ri ng) instead of
recomputing the macro to get amodified type (wst ri ng). For example, this expression does not work:

find 'c' in buf + 1 = copy "dog"

Thisisbecause p + n bindsits hidden type argument T to const char instead of recomputing the type of
“findchins”togetchar.

Fixing thisis alittle tricky so we' ve decided to fix it in a future version, most likely 0.0d. For now, callers
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may sometimes need to specify vattr explicitly.
A.7. Internal TVA Representation

GalaxC representstype 1's TVAs as an Attribute Bit Vector (ABV) of the form:

Lr 1 lalefvlale|w [aleglyvy]

This allows up to three reference levels, each with itsown TVA. Ther bit isreserved for possible future
implementation of r egi st er. Each a, isan automatic dereferencing flag which indicates whether level i is

areference (a = 1) or apointer (g = 0). Eachc and v, indicate whether level i isconst and/or vol ati | e.

Except for r, an ABV isvariable-length, with start bit *1’ preceding the left-most a, or cv.. Here are the other
possible ABVs:

r 0 1 C, v, a, C, A a, C, A
r 0 0 0 1 a, C, V, a, C, A
r 0 0 0 0 1 C, V, a, C, A
r 0 0 0 0 0 0 1 a, C, A
r 0 0 0 0 0 0 0 1 C, A
r 0 0 0 0 0 0 0 0 0 1

ABVsfor variables, arguments, and fields must begin with an a bit, i.e., they are 0, 3, 6, or 9 bitslong, plusa
start bit. Type ABVs can be any of the above lengths.

gxcl i b definesst abl e, vol ati | e, and const asconstant values of typevat t r, which isdefined asa
subtype of | ong. vat t r constantsinclude the above ABV representation. Hereis how they are defined:

typedef vattr = subtype(long);

def stable = 0Ox11: vattr, // vattr = 1.00.01
def volatile = 0x15: vattr, /] vattr = 1.01.01
def const = 0x19: vattr; /] vattr = 1.10.01

A.8. StorageVattrs

In addition to TVAS, there are storage vattrs (SVASs) such aspri vat e, publ i ¢, and ext er n. Detailsare
TBA, but here are some notes:

1. Likest abl e, vol ati | e, and const , SVAs areidentifiers rather than reserved words.

2. We can represent SVAs by prefixing additional bitsto the front of the ABV described in the last
section.

3. We need a vattr concatenation operator for expressions like pri vat e const . The operator must
produce a constant expression at compile time, so we need a new PS|I CATVA opcode like SI ZECF,
REFPTR and TYPEVA.

4, The additional SV A bits should only be used for declarations. The colon operator “x: 1" should not
alow t to have any SVAS.
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A.9. register Variables

The C programming language hasther egi st er variable attribute, which encourages the compiler to
implement alocal variable asaregister. A regi st er variableisread/write so you can assign anew value
withusing“x = y” wherex isar egi st er. However, on most computer architectures a register does not
have an address so you cannot point to it, and trying to do so -- e.g., by writing “&x” or passing x to a
reference argument -- causes a compiler error. Other than this, ar egi st er actslikeast abl e variable.

We have decided not to includer egi st er in GalaxC. The main reason for thisis that the author has never
actually used r egi st er inthelarge amount of C he haswritten. Modern compilers generally do afinejob
of assigning variables to registers, and don’t need ther egi st er attribute to help them. If the author needs
to passalocal variable by reference, he generally has a good reason for doing so -- e.g., returning multiple
values from afunction. Declaring every other local variabler egi st er would only clutter up the code. The
author has rarely found that he accidentally passed alocal variable by reference without meaning to, so the
compiler check for r egi st er would have rarely been useful.

We also found that implementing r egi st er would add alarge amount of complexity to GalaxC's compiler
for afeature that is seldom used. The Reduced Software Complexity philosophy thus rulesit out.

In case we decide to includer egi st er in afuture version of GalaxC, here are some important
considerations.

1 Global variables are never r egi st er .

2. A regi st er variable has areference type &t. This seems counter-intuitive, but is necessary because
without alevel of referencing thereisno way to assign avalueto ar egi st er x. When generating
PSI code, GalaxC treatsr egi st er variables as stack variables, so the address of x is defined. If a
native code generator assignsther egi st er variable to a CPU register, it generates code that assigns
values directly to registers instead of using STORE instructions. While you can assign to x using
specia function Assi gn, you cannot change itstypeto @ using the reference operator &x.

3. PSI implementsr egi st er s on the stack asif they were normal variables. If PSI-CO detectsthat a
variable’' s addressis never used in an expression or passed to afunction then it can assignitto a
register. GalaxC ensuresthat r egi st er variables have this property.

4, GalaxC implements reference operator &x as special function Ref Op( spcl s. ¢) . Ref Op would need
toseeif itsargument isr egi st er and if so generate an error.

5. When calling afunction, ar egi st er variable cannot be passed to areference argument. This
requires passing the address of ther egi st er , which does not exist. We would need to check actual
arguments and seeif they arer egi st er.

6. ItisOK to passar egi st er variableto amacro argument, but we would need to check for proper
regi st er useinthe macro body.

7. ItisOK topassar egi st er variabletoani nl i ne function. While aregister cannot be passed to
function’ s reference argument, it can be passed to ani nl i ne’sreference argument since a code
optimizer can combinethei nl i ne’sargument with the caller’sr egi st er.
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8. r egi st er variable declarations are a bit different from the examplesin A.5. For example,
register int var w wis&(register int).
register int var @ sis&(register @nt).

Since you cannot point to ar egi st er, it never makes senseto have &@ r egi st er 1) and you
cannot have &&( r egi st er 1) . Instead, r egi st er isat thetop level of ‘&'

9. You cannot have ar egi st er fieldinastruct.

10. Theconditiona expression “a? b: ¢’ has someinteresting r egi st er issues. Normally, “a? b: c”
can be on the left side of an assignment or passed as areference argument. However, if b and/or cis
aregi st er variable, then“a? b: ¢” isnot avalid reference expression because neither b nor ¢ has
an address. Instead, we must dereference b and/or ¢, which then means we cannot assign to it or pass
it as areference argument. For assignments, aclever compiler can rewrite“a? b: c=d” as“if a
thenb=del sec= d” inwhichcaser egi st er band/or c can be assigned to. However, this
creates ACG complexity for afeature that the author has never used. In the author’s opinion, it's
better to omit ther egi st er attribute and let the PSI-CO work out these details.

11.  Future popular computer architectures may allow registers to have addresses, which would make
regi st er restrictions counter-productive.

At some point GalaxC may implement restricted variables, which support acompiler optimization.
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