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Preface

EuroForth is an annual conference on the Forth programming language, stack
machines, and related topics, and has been held since 1985. The 25th Eu-
roForth finds us in Exeter for the first time. The three previous EuroForths
were held in Cambridge, England (2006), in Schloss Dagstuhl, Germany
(2007), and in Vienna, Austria (2008). Information on earlier conferences
can be found at the EuroForth home page (http://www.euroforth.org/).

Since 1994, EuroForth has a refereed and a non-refereed track.
For the refereed track, one paper was submitted, and one was accepted

(100% acceptance rate). For more meaningful statistics, I include the num-
bers since 2006: nine submissions, five accepts, 56% acceptance rate. The
paper was sent to three program committee members for review, and they
produced three reviews. I thank the authors for their paper, and the review-
ers for their reviews.

Several papers were submitted to the non-refereed track in time to be
included in the printed proceedings. In addition, the printed proceedings
include the slides for talks that will be presented at the conference without
being accompanied by a paper.

These online proceedings also contain late presentations that were too
late to be included in the printed proceedings. Also, some of the presenta-
tions included in the printed proceedings were updated to reflect the slides
that were actually presented. Workshops and social events complement the
program.

This year’s EuroForth is organized by Peter Knaggs.

Anton Ertl

Program committee

Sergey N. Baranov, Motorola ZAO, Russia
M. Anton Ertl, TU Wien (chair)
David Gregg, University of Dublin, Trinity College
Ulrich Hoffmann, FH Wedel University of Applied Sciences
Phil Koopman, Carnegie Mellon University
Jaanus Pöial, Estonian Information Technology College, Tallinn
Bradford Rodriguez, T-Recursive Technology
Bill Stoddart, University of Teesside
Reuben Thomas, Adsensus Ltd.
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Abstract

We describe a two pass compilation technique for converting infix ex-

pressions to postfix, in which a first pass produces a type tagged tree and

a second pass provides type checking and generates Forth code.

The expression language we consider includes sets and sequences, or-

dered pairs, relations, functions, lambda expressions, strings and arith-

metic expressions. The type theory we employ in our infix expression

language is an extension of that of the B Method, which is based on the

use of power set and product operations as type constructors.

The main interest as a Forth research topic is the ease with which

the compiler can be implemented in Forth. The first pass compiler is a

set of mutually recursive functions that produce a type tagged tree. The

second pass is implemented by providing a Forth definition corresponding

to operations found at the non-terminal nodes of the parse tree, and over

which is distributed the responsibility of performing type checking and

compilation of the final executable code. Due to the close correspondence

between parse trees and postfix expressions, the parse tree can be iden-

tified with a Forth program and the execution of the second pass of the

compiler with the execution of this program.

1 Introduction

We consider the translation to postfix (Forth) of an expression language whose
terms include sets, ordered pairs, higher order functions, lambda expressions,
strings and arithmetic expressions. We use strong typing on set expressions,
so that all elements of a set must be of the same type. Set and sequence
expressions can be nested. Some forms may be represented in multiple ways,
e.g. small sets of integers can be represented as bitsets, as well as in a standard
format. Functions may be represented as executable code, or as sets of ordered
pairs with element lookup.

The translation to Forth ensures the source expression is correctly typed, and
deals with any conversions required to cope with differing data representations.

This work is part of an attempt to create a reversible high level language
with a formal semantics and with a compiler that targets a reversible version of
Forth, the “Reversible Virtual Machine” or RVM.

1
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We use a two pass compiler in which the first pass produces a type tagged
parse tree. Since there is a close correspondence between parse trees and postfix
expressions, we are able to think of the tree as a Forth program.

These ideas, in a basic form, were presented at last years Euro-Forth, but
using an expression language limited to integer and floating point arithmetic ex-
pressions. When compiling the expression 1+2.5, the output from the first pass
is “ 1” INT “ 2.5” FLOAT +_, and this is a Forth program which produces the
output from the second pass, and its type. INT and FLOAT are constants denot-
ing types. The operation +_ expects four arguments, these being two expression
strings and their types, which can be either INT or FLOAT. The operation +_

generates two stack outputs, the postfix expression, “1 FLOAT 2.5 F+” and its
type, FLOAT. The implementation technique provides the possibility of operators
which are polymorphic, providing different functions according to the type of
their arguments.

Analogously to +_ we have operations -_, *_ and so on. Each operation in
the language has a corresponding operation definition used in the second pass
compiler, whose name is formed by appending an underscore to the original op-
eration name. This is used in place of the original name in the output generated
by the first pass of the compiler, and is executed during the second pass of the
compiler.

This convention is maintained in the present paper. However, we now have
two problems that were not present in the previous discussion. Firstly, since
strings are now a part of our expression language, we need to represent string
expressions which contain string expressions. We do this by using the facility,
provided by Unicode, of using opening and closing quotes, as in:

“ “jim” 7→ 1234, “fred” 7→ 2345 ”
A second problem is that as well as the atomic types INT and FLOAT we now

have type expressions of arbitrary complexity. We represent these types by the
strings that will denote them in the final Forth code.

The remainder of the paper is structured as follows. In Section 2 we discuss
aspects of our expression language, including sets, sequences, ordered pairs, and
types. In section 3 we discuss the formal syntax of the expression language,
using the syntax definition to derive the functions used to implement the first
pass of the compiler. In Section 4 we consider lexical analysis and the first pass
of the compilation process that generates type tagged trees. In Section 5 we
discuss the second pass, showing how type information is passed up the tree
and how type checking and nested set and sequence structures are handled. In
Section 6 we conclude and discuss future work.

2 Sets and Types

We write mathematical expressions in maths font and fragments of Forth code
in teletype font. The set extension {1, 2, 3} is written in RVM Forth as
INT { 1 , 2 , 3 , }. As is usual in Forth, we adopt a programming style
in which each lexical item is a Forth operation. INT provides the type of the
set elements. The operation { opens a new set construction. The commas
within the set construction represent an operation that takes an element from
the stack and compiles it into the current set, and the operation } closes the set
construction and leaves a reference to the set on the stack.

2
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The set {{1, 2}, {4}} has elements which are sets of integers. It may be rep-
resented in RVM Forth as

INT SET { INT { 1 , 2 , } , INT { 4 , } , }

The following set of string and integer pairs:
{“Bill” 7→ 2673, “Campbell” 7→ 2680, “Frank” 7→ 2680} may be rendered in

Forth as:
STRING INT PAIR { “ Bill” 2673 7→ , “ Campbell” 2680 7→ ,

“ Frank” 2680 7→ , }.
We refer to sets of pairs as “relations”. The set of left hand elements (in this

case {“Bill”, “Campbell”, “Frank”} is the relation’s domain, and the set of right
hand elements is its range. We can apply relations as functions. If the relation
just given is applied to the argument “Bill” the result will be 2673. If the
relation is called R this would be represented in the infix expression language
as R(“Bill”) and in Forth as “ Bill” R APPLY.

If the relation is inverted and applied to the value 2680 there is a choice of re-
sults: “Frank” or “Campbell”. Such choices may be made non-deterministically
and be revised on backtracking.

Our types consist of basic sets, such as INT and STRING, together with the
constructors SET and PAIR. In this paper we are only concerned with the postfix
representation of types. If T is a type, T SET is the type whose elements are sets
of elements of type T. If U is also a type, T U PAIR is the type whose elements
are ordered pairs, with the first element of each pair belonging to T and the
second element to U.

We use sets as a general way of representing data. As well as the set opera-
tions of union and intersection, we provide operations that are more specifically
related to data updates and data queries. If R is a relation and U a relation
of the same type, R ⊕ U is the relation R updated by entries from U . This
expression is represented in Forth as R U OVERRIDE.

Type checking for an override operation consists of checking that both ar-
guments are relations of the same type. An operation that requires a slightly
more complex type analysis is “domain restriction”, denoted by ⊳. If R is a
relation of elements between of type T and elements of type U , and if S is a
set of elements of type T , then S ⊳ R is the relation from T to U consisting of
the pairs in R whose first elements are in S . In terms of type checking with our
postfix type language, we need to check that the postfix representation of the
set S , which we wrote as S, is of type T SET for some postfix type T and that
the postfix type of R is T U PAIR SET.

Sequences, in our canonical set representations, are just sets of ordered pairs
where the domain elements run from 1 to n. The type of a sequence of elements
from T is INT T PAIR SET. Not all data of this type are sequences of course.
Since sequences are just sets, is is permissible to take the union or intersection
of two sequences, though the result will only be a sequence under certain special
conditions. As an example of where taking the union of two sequences can be
useful, suppose we are given two sequences s and t and we want to test whether
s is a prefix of t . A suitable test is s ⊆ t ∧ (s ∪ t) = t .

3
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3 Expression Grammar and Compilation Func-

tions

Our grammar is written in Hehner’s Bunch Theory. Appendix A describes this
notation. Appendix B gives the full grammar. We provide sufficient comments
in the text for a reader to follow our general approach without consulting the
appendices.

The top level rule for our grammar is:

E = E “7→” E0, E0

E is the bunch of strings in our infix expression language. Terminal symbols
are shown in quotes. The maplet symbol 7→ is an infix symbol which yields an
ordered pair; it is the lowest precedence operator in the grammar, and is left
associative. E0 is the bunch of strings from our expression language which do
not contain 7→ at the top level. In parsing an expression we first look for the
lowest precedence symbol, and since it is a left associative symbol we scan from
the right to find the rightmost occurrence of such a symbol in the expression.
Let PE be the function that takes a string which is a valid infix expressions,
and returns the string that would be generated by the first pass of the compiler,
then if e is any string from E and e0 any string from E0 we have the following
properties:

PE (e “7→” e0) = PE (e) PE (e0) “ 7→ ”
PE (e0) = PE0(e0)

These cover the two cases, where the expression to be parsed contains a
maplet symbol at the top level, and where it does not. Note that we compile
the tagged maplet symbol 7→ , which will be used in the second pass to process
type information and produce a maplet operator for the final code.

The next level of precedence contains the symbols \,∪,∩,⊕. Again these
are left associative. The associated grammar rule is:

E0 = S“\”S0, S“∪”S0, S“∩”S0 S“⊕”S0,E1

Here, S is the bunch of all set expression, S1 the bunch of strings from S

without any of \,∪,∩,⊕ at the top level, and E1 the bunch of expressions from
E0 without any of \,∪,∩,⊕ at the top level.

The rule tells us that any string from E0 is either a string from S followed
by one of \,∪,∩,⊕ followed by a string from S0, or else it is a string from E1.

Let PS , PS0 and PE1 be functions that parse strings from S , S0 and E1

respectively. Let op be one of ∪,∩,⊕, e0 a string from E0, s a string from S ,
s0 a string from S0, and e1 a string from E1. Let space be a sting containing
just a space character. Then we can characterise PE0, the function to compile
code for strings from the bunch E0, with the following equations.

PE0(s op s0) = PS (s) PS0(s0) space op“ ”
PE0(e1) = PE1(e1)

Moving to the next level of precedence we have the symbols for domain
restriction and domain subtraction, which are of necessity right associative:

4
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s ⊳ r has the same type as r and hence s1 ⊳ s2 ⊳ r must parse as s1 ⊳ (s2 ⊳ r).
The grammar rule for this level is:

E1 = S2 ⊳ S1, S2 ⊳−S1,E2

Now if e1 is a string from E1, s1 a string from S1, s2 a string from S2, op a
string from “⊳”,“⊳−” and e2 a string from E2 we can characterise the compiling
function PE1 as follows:

PE1(s2 op s1) = PS2(s2) PS1(s1) space op “ ”
PE1(e2) = PE2(e2)

Other grammar rules involving binary operators lead to compiling functions
in the same way.

Now let us see how a set extension is compiled. The grammatical form of a
set extension is:

“{” L “}”
Where L is a list of expressions, with grammatical description:
L = E , L “ ,” E

The set extension {1, 0, x + 1} will compile to:
{ “ 1” “ INT” , “ 0” “ INT” , “ x” “ INT” “ 1” “ INT” + , }
Let the function that performs parsing of set extensions be PSE and the function
that parses a list be PL. Let list be a string from L, and e a string from e.
Then we can characterise PSE and PL with these equations.

PSE (“ {” list “ }” = “ { ” PL(list) “ } ”
PL(list , e) = PL(list) “, ” PE (e)
PL(e) = PE (e)

4 Lexical Analysis and First Pass Compilation

Whereas classical lexical analysis reads and distinguishes tokens by reading left
to right, we have a bidirectional lexical analyser which finds the lowest priority
connective at each scan. This is implemented by two Forth functions. RL-LEX

scans from right to left and is used to search for left associative connectives,
and LR-LEX scans from left to right and is used to search for right associative
connectives. These words take as input parameters a string address and a
sequence of tokens to be searched for. Where tokens are multi-character and
one token may be a prefix of another, the longer token is placed first in the
sequence to prevent spurious detection of the shorter token.1 If a token is
found, the returned values are the part of the expression string that lies before
the token, the part that lies after, and the token. If no token is found, the
returned values are the expression string and two null values.

Whilst searching we only check for tokens at the “top level”. We are not at
the top level if we are currently inside some kind of bracket structure. The four
types of bracket defined in the expression language are precedence brackets (. . . ),
set brackets (. . . ), sequence brackets [. . . ], and matching string quotes “. . . ”.
Whilst performing a lexical scan, if a bracket is detected, we stop looking for the

1Where a symbol at a lower order of precedence is a prefix of a symbol with a higher order

of precedence there is a potential problem which we have not tried to solve.
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given tokens and look instead for the relevant brackets until we return to the
top level. For example if scanning right to left and a closing set bracket is found,
we then look for opening and closing set brackets until the original bracket is
matched; we ignore any sequence or structuring brackets, but we must change
mode if a quote bracket is detected, since within quotes any set brackets that
occur are part of a string literal rather than part of the expression’s structure.

The first pass compiler has a separate Forth function for each syntactic cat-
egory in the expression grammar. We obtain a collection of mutually recursive
functions. We use a uniform naming convention in which, for example, strings
from the syntactic category E are translated to postfix as described by the math-
ematical function PE , which is implemented by the Forth function PE. The top
level function PE, which can parse any expression, is the last function to be de-
fined, but is required by many of the functions that precede it, e.g by functions
that handle bracketed expressions. To handle this situation RVM-Forth has a
defining work OP used in these circumstances as:

NULL OP PE ( now we can refer to PE but not execute it)

.... (define all compiler functions)

: P ( define the functionality required of PE) ... ;

’ P to PE ( assign the functionality of P to PE)

Within the definition of P we look for the rightmost maplet symbol at the
top level:
: P ( az1 -- az2, parse an expression from E, leaving az2 the

first pass postfix translation of the expression az1. )

(: VALUE e :)

e STRING [ “7→” , ] RL-LEX

VALUE BEFORE VALUE AFTER VALUE OP-STRING

OP-STRING NULL =

IF ( e did not contain a 7→ symbol at the top level)

BEFORE PE0

ELSE

BEFORE RECURSE AFTER PE0

SPACE^ OP-STRING _^ AZ^

THEN

1LEAVE ;

Within this definition, AZ^ performs catenation of asciiz strings (the string
form used in this project), SPACE^ appends a space to a string, and _^ appends
an underscore.

6



17

As a second example we describe PE1, which looks for the right associative
domain restriction and domain subtraction operations.
: PE1 ( az1 -- az2, parse an expression from E1, leaving az2,

the first pass postfix translation of the expression az1. )

(: VALUE e :)

e STRING [ “⊳−, ⊳” , ] LR-LEX

VALUE BEFORE VALUE AFTER VALUE OP-STRING

OP-STRING NULL =

IF ( e did not contain ⊳− or ⊳ at the top level)

BEFORE PE2

ELSE

BEFORE PS2 AFTER PS1

SPACE^ OP-STRING _^ AZ^

THEN

1LEAVE ;

We see that these functions are very similar. They either fail to find any
symbols at the current precedence level and fall through into a function which
deals with higher precedence symbols, or they find a symbol, apply appropriate
functions to parse the text before and after the symbol, and catenate the results
followed by the operator with an appended underscore.

Where parsing functions are more complex, it is because the particular sym-
bol found reveals more about the before and after text. For example consider
the grammar rule:

E2 = S1“←”E , W1“a”W2, S1“⊲”S2, S1“−⊲”S2, S1 ↑ A, S1 ↓ A, E3

In this case, after the string belonging to E2 is split into before and after
strings by RL-LEX, the functions to be applied to the before and after text depend
on the symbol that has been found. For example if the symbol is “←” we are
appending a value to a sequence. The text before the symbol is a set expression
from S1, to be processed by PS1, and following text is an expression from E3,
to be processed by PE3. If, however, the symbol found is the catenation symbol

“a”, we are catenating two sequences or two string expressions. In that case
the before text is from W1 and the after text is from W2, and these are to be
processed by PW1 and PW2 respectively. Implementation of PE2 thus requires a
case analysis based on the symbol found.

The lexical analysers have a wider use than detecting infix symbols. For
example to parse a function application, which has syntactic form given by the
equation:

F = S2 “(”L“)”, F “(”L“)”

We start from the right of the expression, move back one character, and search
for the token “(”. The before string is then the function expression and the
after string the argument list. To parse the argument list with function PL we
search right to left for a comma. If none is found the argument list is a single
expression to be proceeded with PE, if a comma is found the following text is
an expression to be processed with PE and the before text is again an argument
list to be recursively processed by PL.

7
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The first pass compiler collects type information from numeric literals and
numeric strings and from identifiers, whose type is held in a symbol table (as-
sumed to be already in existence). The result of a first pass compilation is a
postfix expression containing a mixture of special operators and type tagged
literals and identifiers. The special operators, which will run during the second
pass, are named with the names of the corresponding operators in the original
expression, with additional underscores: 7→ ∪ ∩ and so on. We could have
re-used the existing names and written the definition of these second pass op-
erations in a separate word list. However, the present choice of names serves
to help the reader (and ourselves) to remember which pass of the compiler is
currently being discussed.

5 Second Pass Type Checking

The intermediate postfix code produced by the first pass of the compiler may be
viewed as a tree which has the literals and identifiers which appear at its leaves
tagged with type information. As the intermediate code is executed, the types
of more complex sub-expressions, such as set structures, are derived, along with
the postfix code for these sub expressions.

We illustrate the technique by considering the compilation of some set ex-
tensions, where, in additional to deriving the types of the sets concerned, the
second pass compiler must perform type checks to ensure that all sets are homo-
geneous in the sense that any set may only contain elements of one particular
type.

A simple example would be compilation of 1, 3, 5. The first pass produces
the following text:
{ “ 1” “ INT” , “ 2” “ INT” , “ 3” “ INT” }
In the following trace we see how this is translated into two strings, representing
a Forth set expression and the type of the set. In the trace, strings which are
on the stack are represented by the form they take in the Forth source code,
and the distinction is made by whether they occur in the “Forth Code” column,
or the “Stack” column. NULL, a constant with value zero representing lack of
information about the types of a set element, is shown in the same way.

Forth Code Stack

Empty

{ “ {” NULL

“ 1” “ INT” “ {” NULL “ 1” “ INT”
, “ { 1 ,” “ INT”
“ 3” “ INT” “ { 1 ,” “ INT” “ 3” “ INT”
, “ { 1 , 3 ,” “ INT”
“ 5” “ INT” “ { 1 , 3 ,” “ INT” “ 5” “ INT”
} “ INT { 1 , 3 , 5 , }” “ INT SET”

The {_ word places an initial set expression string (consisting of just an
open set brace) onto the stack followed by a NULL, signifying lack of information
about the type of the set’s elements.

The word ,_ takes four string arguments, a partial set expression, a repre-
sentation of the type of the set elements (or NULL if the type is not yet known),
an expression giving the current element, and an expression giving its type. It

8
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checks whether the type of the new element is the same as that of previous
elements, and extends the partial set expression to include the new element.

Finally, }_ takes the same four string arguments as ,_. It checks the type of
the final element, extends the set expression to include this element and adds the
closing brace, then prepends the type of the set element, returning the resulting
string as its first return value. Its second return value is the type of the set,
formed by appending “ SET” to the element type.

The use of the stack during the second pass provides for this approach to
cope seamlessly with nested set structures.

We now look at an example of a relation in which some elements are strings.
We consider the expression:

{“ joe” 7→ 90, “ Methuselah” 7→ 900}

The first pass compilation yields
{ “ “ joe”” “ 90” 7→ , “ “ Methuselah”” “ 900” 7→ }

and here we need nested quotes; we are building a calculus of partial expression
strings, and in such a partial expression string we now have a string literal.
After the second pass we obtain two stack items, the expression string:
“ STRING INT PAIR { “ joe” 90 7→ , “ Methuselah” 900 7→ , }”
and its type, which is “ STRING INT PAIR SET”.

The new second pass operation introduced by this example is 7→ This ex-
pects four string arguments: a first expression, its type, a second expression,
and its type. It produces two results: a new expression combining the previous
expressions as a pair, and the type of the pair. It checks the types are equal,
then catenates the expressions and appends a maplet symbol to obtain the new
expression. If T and U are the expression types, then the new expression has
type T U PAIR.

The second pass compiler for operations handling set and sequence descrip-
tions are shown below, omitting [_ and ]_ which are very similar to {_ and
}_.

: {_ “ { ” NULL ( NULL represents the lack of type information at

the start of a set expression construction ) ;

: ,_ ( set-exp:$ type1:$ element-exp:$ type2:$ -- exp’ type2 )

(: VALUE set-exp VALUE type1 VALUE element-exp VALUE type2 :)

type1 NULL <> IF

type1 type2 STRING= NOT

ABORT“ Non-homogeneous types in set”
THEN

set-exp element-exp AZ^ “ , ” AZ^ type2

2LEAVE ;

: \u21a6_ ( exp1:$ type1:$ exp2:$ type2:$ -- pair-exp:$ type:$ )

( \u21a6 is the maplet character )

(: VALUE exp1 VALUE type1 VALUE exp2 VALUE type2 :)

exp1 exp2 AZ^ “ \u21a6” AZ^ type1 type2 AZ^ “ PAIR” AZ^

2LEAVE ;

: }_ ( set-exp:$ type1:$ element-exp:$ type2$ -- set-exp’ set-type )

9
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(: VALUE set-exp VALUE type1 VALUE element-exp VALUE type2 :)

type1 NULL <> IF

type1 type2 STRING= NOT

ABORT“ mismatched type in final set element”
THEN

type2 SPACE^ set-exp AZ^ element-exp AZ^ “ , } ” AZ^

type2 “ SET” AZ^

2LEAVE ;

As a final example of type checking instances of the domain restriction op-
eration, i.e expressions for the form S ⊳ R. Here, S must be an expression that
represents a set, and R an expression whose domain elements are of the same
type as S . If the type of R (expressed in postfix) is T U PAIR SET then the type
of S is T SET. The second pass operator ⊳ must check that each type has the
correct form, and that the type of the elements of S is equal to the type of the
elements of the domain of R. Here arity checks, scanning right to left, provide
the key to dismantling postfix type expressions into their component parts.

6 Conclusions and Future Work

We have described a two pass compilation technique applicable to fairly com-
plex expressions. We believe the technique will extend to the compilation of
full operations. The first pass of a compilation produces a parse tree, in which
literal values and identifiers, which form the leaves of the parse tree, are tagged
with type information. The operations at the nodes of the parse tree match
the operations of the expression language, but perform type analysis and com-
pilation functions. The first pass of the compiler is provided by a collection of
mutually recursive functions, each of which is designed to compile inputs taken
from a specific syntactic category, established in the grammar. The second pass
of the compiler is provided by definitions corresponding to operations appearing
at the non-leaf nodes of the parse tree.

10



21

A Bunch Notation and Grammars

Grammars are usually written in terms of “production rules”. We want to see
a grammar a a set of simultaneous equations on strings. We want, also, to
consider both non-terminal symbols, E , E0 etc. and terminal symbols “∪′′, “+′′

etc. to be collections of strings, with non terminal symbols generally denoting
a plurality of possible strings.

Mathematical descriptions of grammars rely on set theory, but this has some
disadvantages. Set theory provides two things simultaneously: collection and
packaging: the set {1, 3, 5} both collects together the elements 1,3 and 4, and
packages them up as a new element. for grammar descriptions we want the
power to collect, without being obliged to package, That is we want the ability
to deal in plurality as well as elements.

In Eric Hehner’s Bunch theory, a bunch is the contents of a set. This 1, 3, 5
is the bunch that forms the contents of the set {1, 3, 5} Collection and packaging
become orthogonal concepts. The comma is now an operation rather than
syntax. It signifies bunch union. Thus if A and B are bunches then A,B is
a bunch consisting of the elements from A and the elements from B .

In our description of grammar, we are dealing with bunches of strings. The

main operation is string catenation. We can write is as sat but we elide the cate-
nation symbol and just write s t . Where catenation is applied to bunches of more
than one element, it is lifted in an obvious way: if X = “John,Tom” and Y =
“Jones,Smith” then X Y = “JohnJones”, “JohnSmith”, “TomJones”, “TomSmith”

Relating our use of bunch notation to classical grammar descriptions, comma
can be thought of as choice, and juxtaposition as sequencing. Taking an example
line from the grammar:

A = A “ + ” A0, A “− ” A0, A0

this tells us the bunch S is made up of strings from the three bunches A “+” A0,
A “ − ” A0 and A0. The bunch A “ + ” A0, consists of strings made up of a
string from A followed by “ + ” followed by a string from A0, and so on.

B Expression Language Syntax

Symbols listed in order of precedence, low precedence symbols first, symbols of
equal precedence are enclosed in brackets.

7→ (\ ∪ ∩ ⊕) (⊳ ⊳−) (← a
⊲ ⊲− ↓ ↑) (+ −) (∗ /) ~

Most binary connectives are left associative, the exceptions being ⊳ and ⊳−
which are right associative.

Non terminal symbols for the grammar.
L a comma separated list of expressions E an expression λ a lambda expres-

sion S an expression representing a set W an expression representing a string
or a set F an expression representing a function application A an arithmetic
expression N numeric literal $ string literal I an identifier

E0 expressions from E without 7→ at the top level.
E1 expressions from E0 without \ ∪ ∩ ⊕
E2 expressions from E1 without ⊳ ⊳−

E3 expressions from E2 without ← a
⊲ ⊲− ↑ ↓

E4 expressions from E without + −
E5 expressions from E4 without ∗ /

11
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E6 expressions from E5 without ~ (unary minus)

S0 expressions from S without \ ∪ ∩ ⊕
S1 expressions from S0 without ⊳ ⊳−

S2 expressions from S1 without ← a
⊲ ⊲− ↑ ↓

W0 expressions from W without \ ∪ ∩ ⊕
W1 expressions from W0 without ⊳ ⊳−

W2 expressions from W1 without ← a
⊲ ⊲− ↑ ↓

A0 expressions from A without + −
A1 expressions from A0 without ∗ /
A2 expressions from A1 without ~ (unary minus)

B.1 Expression grammar equations

E = E“ 7→ ”E0,E0

E0 = S“ \ ”S0,S“ ∪ ”S0,S“ ∩ ”S0,S“⊕ ”S0,E1

E1 = S2“ ⊳ ”S1,S2“−⊳ ”S1,E2

E2 = S1“← ”E ,W1“ a ”W2,S1“ ⊲ ”S2,S1“⊲ ”S2,S1“ ↑ ”A,S12 ↓ “A,E3

E3 = A“ + ”A0,A“− ”A0,E4

E4 = A0“ ∗ ”A1,A0“/”A1,E5

E5 = “~”A1,E6

E6 = N , $, I ,F“(”L“)”, “”L“”, “[”L“]”, “(”E“)”, “(λ ”IE“)”

S = S“ \ ”S0,S“ ∪ ”S0,S“ ∩ ”S0,S“⊕ ”S0,S0

S0 = S1“ ⊳ ”S0,S1“ ⊳−”S0,S1

S1 = S1“← ”E ,S1“ a ”S2,S1“ ⊲ ”S2,S1“⊲ ”S2,S1“ ↑ ”A,S1“ ↓ ”A,S2

S2 = I ,F , “”L“”, “[”L“]”, “(”S“)”, λ

W = S“ \ ”S0,S“ ∪ ”S0,S“ ∩ ”S0,S“⊕ ”S0,W0

W0 = S1“ ⊳ ”S0,S1“ ⊳”S0,W1

W1 = S1“← ”E ,W1“ a ”W2,S1“ ⊲ ”S2,S1“⊲ ”S2,S1“ ↑ ”A,S1“ ↓ ”A,W2

W2 = I ,F , “”L“”, $, “(”W “)”, λ

A = A“ + ”A0,A“− ”A0,A0

A0 = A0“ ∗ ”A1,A0“/”A1,A1

A1 = “~”A1,A2

A1 = “~”A1,A2

A2 = I ,F ,N , “(”A“)”

λ = “λ ”I “ • ”E
L = E ,L“, ”E
F = S2“(”L“)”,F“(”L“)”

12
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A Look at Gforth Performance

M. Anton Ertl∗

TU Wien

Abstract

Gforth used to be an traditional threaded-code sys-
tem. In the last decade we integrated a number of
performance features into Gforth. Several of them
were evaluated individually, but an evaluation with
a more global perspective has been missing until
now. This paper fills this void: We have measured
the performance of Gforth releases from 0.5.0 to
0.7.0, on a wide variety of machines, and employ-
ing a wide variety of GCC versions for compiling
Gforth. We present that data and give explanations
for the performance differences.

1 Introduction

Up until and including gforth-0.5.0, Gforth em-
ployed quite traditional implementation techniques:
Indirect threaded code or, on some architectures,
direct threaded code.

Then we added a number of performance-
improving techniques, which were released with
Gforth 0.6 and Gforth 0.7: Primitive-centric hybrid
direct/indirect threaded code [Ert02] was mainly
an enabler for further optimizations. Dynamic
superinstructions with replication [RS96, PR98,
EG03b, EG03a] probably have the most significant
effect on performance; these were all present in
Gforth 0.6. Static superinstructions were added in
Gforth 0.6.2, and static stack caching [EG04, EG05]
in Gforth 0.7.0.

Moreover, Gforth-0.7.0 includes a number of
changes to make these and other optimizations
(in particular, explicit register allocation) more ef-
fective: Automatic build tuning, workarounds for
GCC bugs, and some architecture-specific improve-
ments.

In this paper, we take an overall look at these
changes and their performance effects on various
architectures.

Unfortunately, during the same time GCC was
also “optimized”, and that often resulted in signif-
icantly lower performance for Gforth. We found
workarounds for some of these problems, but the
question remains how effective they are across GCC

∗Correspondence Address: Institut für Computer-

sprachen, Technische Universität Wien, Argentinierstraße 8,

A-1040 Wien, Austria; anton@mips.complang.tuwien.ac.at

versions and architectures. So in this paper we also
look at how Gforth performs when compiled with
various GCC versions on various architectures.

2 Setup

2.1 Gforths

We compare four versions of Gforth, with an ad-
ditional three variants produced by running these
versions with an option that turns off a new fea-
ture. The Gforth versions and variants we looked
at were:

0.5.0 Uses traditional indirect or direct-threaded
code. Direct-threaded code is only supported
on some architectures, indirect threaded code
on all of them.

0.6.1 no dynamic This variant uses primitive-
centric hybrid direct/indirect threaded
threaded code. It’s still threaded code, but
now colon definitions are compiled into a call

primitive followed by an address, variables
are compiled to lit followed by the address,
etc. I.e., all threaded-code pointers point to
primitives. Dynamic superinstructions with
replication are disabled in this version (by
running Gforth with --no-dynamic) in order
to make it as close in performance to 0.5.0 as
is easily possible, and to allow isolating the
effect of that optimization.

0.6.1 This variant enables dynamic superinstruc-
tions with replication [RS96, PR98, EG03b,
EG03a] on platforms where they are available.
This feature works as follows: for a sequence of
code without branches, the native code of the
primitives is copied to a new place, and these
native code fragments are concatenated. The
direct threaded code points to these copies of
the native code, not the originals. Most of the
NEXTs are left away. Only when there is a
branch, call or execute in the threaded code,
a NEXT is needed. This feature reduces the
number of NEXTs executed and increases the
indirect branch prediction accuracy of the re-
maining NEXTs.
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Architecture CPU Clock rate
Alpha 21264B 800MHz 8MB L2
AMD64 Opteron 270 2000MHz 1MB L2, like Athlon 64 X2

Xeon 5450 3000MHz 2 × 6MB L2, like Core 2 Quad
ARM Xscale IOP 80321 600MHz
IA32 Pentium 4 (Northwood) 2267MHz 512KB L2

Athlon MP 2000MHz 512KB L2, like Athlon XP
Opteron 270 2000MHz 1MB L2, like Athlon 64 X2
Xeon 5450 3000MHz 2 × 6MB L2, like Core 2 Quad

IA64 Itanium II 900MHz
PPC PPC7447A (G4) 1066MHz 512KB L2

PPC970 (G5) 2000MHz
PPC64 PPC970 (G5) 2000MHz

Figure 1: Machines

0.6.2 no superinst This variant has the same
performance features as 0.6.1. Static superin-
structions, the new performance feature of
0.6.2, are disabled.

0.6.2 This version adds static superinstructions, a
platform-independent feature. Static superin-
structions essentially combine a sequence of
primitives into one primitive. Unlike dynamic
superinstructions, which are created at Gforth
run-time, static superinstructions are created
beforehand and built into the Gforth engine.
Gforth 0.6.2 uses 27 and 0.7.0 uses 13 static
superinstructions.

0.7.0 simple stack caching This version tests if
the explicit register allocation option works,
and uses it if it works. Explicit register allo-
cation tells GCC what registers to use for var-
ious VM registers (stack pointers etc.). Oth-
erwise GCC often allocates the VM registers
in memory, so explicit register allocation can
provide a significant speedup on some archi-
tectures. Gforth 0.7.0 also contains several
other performance improvements that are of-
ten somewhat specialized: E.g., it supports in-
direct branch target alignment for dynamically
generated code, providing a speedup on Al-
pha; there are also performance improvements
in mixed-precision division. And a number of
architectures have better support in 0.7.0, al-
lowing them to employ dynamic superinstruc-
tions.

0.7.0 This variant adds multi-state static stack
caching: instead of keeping the number of stack
items in registers the same (usually one item
in the top-of-stack register) all of the time, the
number of stack items in registers can vary to
minimize the number of loads from and stores
to the stack memory, as well as stack pointer

updates. Most architectures have too few reg-
isters available in a way usable with GCC and
therefore can use only at most one register. On
the PPC and PPC64 architectures we use up
to three registers.

All versions of Gforth were compiled without en-
abling non-default performance features (such as
explicit register allocation on versions before Gforth
0.7.0). That is the way that Linux distributors
compile Gforth (and most Linux users get Gforth
through their distribution rather than building it
themselves). On the other hand, most Windows
users probably use the binary package built by
Bernd Paysan, and that uses non-default build op-
tions (in particular --enable-force-reg for ex-
plicit register allocation) to improve performance.
So, the presented results are not representative for
typical Windows installations.

A few other features that are not related to per-
formance and are not used for the benchmarks (e.g.,
the C library interface) were disabled in order to
help make the resulting binaries portable. We com-
piled the four Gforth variants once for each archi-
tecture and GCC version, and then ran the resulting
binaries on all machines of that architecture.

2.2 Hardware and OS

Figure 1 shows the hardware we used. Several ma-
chines were able to run binaries for two architec-
tures. All of these machines were running under
various versions of Linux, on various versions of
the Debian distribution. All machines had enough
RAM to run the benchmarks without swapping.

2.3 Benchmarks

Figure 2 shows the benchmarks we use. These are
all application benchmarks of significant size, and
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Program Author Description

bench-gc 1.0 Anton Ertl Garbage Collector

brainless 0.0.2 David Kuehling Chess

cd16sim v11 Brad Eckert CPU emulator

fcp 1.31-64 Ian Osgood Chess

lexex Gerry Jackson Scanner Generator

Figure 2: Benchmark programs used

hopefully their usage patterns are more representa-
tive of other CPU-intensive applications than some
of the smaller benchmarks that are often used (and
that have quite different behaviour from these and
other application benchmarks).

Each benchmark was run three times (on each
combination of Gforth variant, GCC version, and
machine), and the median of the three results was
used further on.

In a few graphs we show results for individual
benchmarks, but in most graphs we show an ag-
gregate of all benchmarks. We use the geometric
mean for aggregation (with each benchmark having
the same weight) [FW86].

Brainless produces different results on 32-bit and
64-bit systems, and probably would produce differ-
ent run-times even on a system that was always
equally fast in 32-bit and 64-bit mode. Therefore
we did not include brainless in the aggregate if we
compare 32-bit and 64-bit systems.

2.4 GCC versions

We tried to compile Gforth with as many GCC ver-
sions as possible. Fortunately, there is a wide vari-
ety of GCC versions available on Debian, and they
can be installed simultaneously. In addition, there
were some manually installed GCCs available on
some architectures.

2.5 Graphs

All graphs are scaled such that the highest-
performing system gets speed 1. Also, all graphs
are scaled logarithmically.

For graphs where each data point represents a
Gforth variant with no reference to a specific com-
piler, the fastest-performing variant out of those
that ran is shown. This should show what the vari-
ous versions of Gforth are capable of when not hin-
dered by GCC performance bugs.

In some graphs data points are missing, either be-
cause building that version of Gforth did not work,
or because one of the benchmarks failed (for all of
the Gforth compilations under consideration).

If a missing data point lies between two others
in a line graph, the line is drawn from the point
before to the point after, which is incorrect: It sug-
gests that the performance of the missing point is in

the middle, but actually there was no performance
at all for that point; however, trying to make these
cases more visible would probably add more confu-
sion than it would help, so we decided against it.

If a missing point is at the start or the end of the
line, it is just not shown. In some cases, there is
only one point in the line, which is then not shown.
Instead you see the label of the “line” to the right
of where the point is.

3 Results and Analysis

3.1 Overall performance

Figure 3 shows a performance summary: Each
line represents an architecture/machine combina-
tion. The points on each line show the performance
of different Gforth versions/variants, for each the
fastest gforth-fast binary that the different com-
piler versions produced.

Overall, we can see that Gforth performance has
improved significantly between 0.5.0 and 0.7.0, e.g.,
by a factor of more than 3 for IA32 Xeon 5450, and
that factor seems pretty typical.

Another overall observation we can make is that
we managed to build all Gforth versions on all ma-
chines, even on architectures that were not available
to us for testing when we released the old versions of
Gforth (like ARM or PPC64), or that were not even
released when Gforth 0.5.0 was released in 2000, like
IA64 (released in 2001) and AMD64 (2003). This
shows that Gforth achieves its goal of portability
very well.

3.2 Gforth versions

Looking closer, the effect of different changes is dif-
ferent for different architectures:

From 0.5.0 to 0.6.1nd, the threaded code
model changed from classical direct or indirect
threaded code to primitive-centric direct threaded
code. In addition, on IA32 the top-of-stack is no
longer kept in a register (without explicit register
allocation); registers are scarce on IA32, and with-
out explicit register allocation GCC then spills the
stack pointer to memory, causing a significant slow-
down compared to not keeping the top-of-stack in
a register.

On the IA32 CPUs, switching to primitive-centric
direct-threaded code buys a speedup, because it
eliminates the cache consistency problems these
CPUs have with classical direct threaded code
(where code fragments are close to data) [Ert02,
Section 3], and which shows up in some of these
benchmarks, especially cd16sim. Interestingly, the
AMD64 versions of Gforth 0.5.0 outperform the
IA32 versions on the same machine, even though
the AMD64 versions have no architecture-specific
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IA64 Itanium II

IA32 Pentium 4 Northwood

PPC64 PPC970

IA32 Opteron 270

PPC 7447A

IA32 Xeon 5450

IA32 Athlon MP

ARM Xscale IOP80321

PPC 970

AMD64 Opteron 270

AMD64 Xeon 5450

Alpha 21264B

gforth version

speed geometric mean

0.5.0
0.6.1nd

0.6.1
0.6.2ns

0.6.2
0.7.0ssc

0.7.0
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Figure 3: Performance per cycle, geometric mean
of benchmarks (without brainless) of the best-
compiled versions on all machines

tuning at all. Classical direct threading showed a
benefit on the small benchmarks we usually use dur-
ing development, but obviously these small bench-
marks are not representative of large application
benchmarks.

Most other machines also show an improvement
from going to primitive-centric direct threaded
code, because they usually used indirect threaded
code in Gforth 0.5.0, and direct-threaded code is
faster on most architectures.

From 0.6.1nd to 0.6.1: This enables dynamic
superinstructions with replication on several ar-
chitectures (Alpha, IA32, PPC), and gives large
speedups on these machines. On architectures that
we did not have available for testing when releasing
0.6.1 (AMD64, ARM, IA64, PPC64), this feature
is not supported (it requires architecture-specific
code for maintaining cache consistency) and there-
fore there is no change between 0.6.1nd and 0.6.1
on these architectures.

From 0.6.1 to 0.6.2ns There are no new perfor-
mance features, so performance should be the same
between these variants, and it generally is; we have
no good explanation for the speedup on the Alpha
21264B machine.

From 0.6.2ns to 0.6.2 27 static superinstruc-
tions were enabled. They buy a small speedup even
on systems where dynamic superinstructions work,
because the native code for a static superinstruction
is optimized compared to the equivalent dynamic
superinstructions, which just consists of a concate-
nation of the code of its parts. Static superinstruc-
tions buy a larger speedup on systems where dy-
namic superinstructions are not supported, because
there the static superinstructions also buy a part of
the benefit that the dynamic superinstructions give
otherwise: fewer NEXTs and better branch predic-
tion. Looking at the individual benchmarks, static
superinstructions help most of the benchmarks, but
lexex is not affected.

From 0.6.2 to 0.7.0ssc there are a number of
new performance features, with different effects on
different architectures:

Several architectures (AMD64, ARM, IA64,
PPC64) became available for testing, and now
Gforth supports dynamic superinstructions with
replication on them; note how AMD64 and PPC64
now catch up to the performance of IA32 and PPC
on the same machines.

Automatic tuning: The build script automati-
cally tests whether Gforth works when built with
explicit register allocation and/or a C type for
double-cell integers, and enables these features if
they work (i.e. in the usual case). Explicit register
allocation gives significant speedups on IA32 and
AMD64.

Branch target alignment inserts padding in the
native code such that the targets of branches are
aligned to cache line boundaries. This provides a
significant speedup on the Alpha; this feature is
also implemented for IA32 and AMD64 (but with
padding limited to 1 byte), but we have seen little
effect there (we also tried more padding).

We also added workarounds for GCC perfor-
mance bugs, resulting in more GCC versions having
good performance. This does not show up much
in these graphs, which show only the binary from
the best-performing GCC, but it is responsible for
much of the speedup on PPC: For Gforth 0.6.2, the
best-performing GCC for PPC was 2.95, and it per-
forms similarly for Gforth 0.7.0, but there gcc-4.3
performs a little better.

We have also implemented faster mixed-precision
division, but we do not think that this shows up in
these benchmarks.

From 0.7.0ssc to 0.7.0, multiple-state static
stack caching is enabled. Unfortunately, on most
architectures GCC cannot use more than one regis-
ter for this purpose; so in addition to always keeping
one stack item in a register, Gforth 0.7.0 can now
also keep no stack item in a register, and switch be-
tween these two states to minimize the work needed.
In theory this improves the performance for se-
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quences like ! 5, but as we can see, for most ar-
chitectures (except PPC and PPC64) there is no
speedup in application benchmarks.

On PPC and PPC64, GCC can use enough reg-
isters for keeping up to 8 stack items in registers,
and up to 3 registers are useful [EG05], and that’s
what Gforth 0.7.0 uses on these architectures; static
stack caching provides a speedup then. We suspect
that there are also enough registers usable on IA64
and SPARC, but have not tested this.

3.3 Architectures and machines

We can also look at Fig. 3 to compare architectures
and machines.

If you look for the best-performing system for
running Gforth, the Xeon 5450 performs best per
cycle among the machines we tested. In addition,
it also has the highest clock rate, so it has the best
absolute performance.

Another interesting question is whether to use
64-bit (AMD64, PPC64) or 32-bit (IA32, PPC) bi-
naries of Gforth if you do not need 64-bit cells.
In theory there is a speed advantage on AMD64
over IA32, because AMD64 has more registers avail-
able; unfortunately GCC makes no productive use
of these registers when compiling Gforth; perfor-
mance disadvantages of the 64-bit versions are the
doubled memory requirement for all cells, including
the threaded code, resulting in more cache misses;
also, on the Xeon 5450 (and Core 2, but not on
Opteron/Athlon 64), decoding is a little slower in
64-bit mode. On PPC64, there is no register ad-
vantage and no decoding slowdown.

Looking at the results, the 32-bit versions beat
the 64-bit versions. There are some differences be-
tween the benchmarks here: cd16sim and fcp show
the same performance in both architectures on the
Opteron, but on Xeon the 32-bit architecture is a
little faster (probably due to the decoding slow-
down). For benchgc and lexex, the slowdown of the
64-bit version is significant (more than a factor of
1.2). This may be caused by the benchmarks doing
something differently depending on cell size. E.g.,
for benchgc the cell size may change when and how
often garbage collection is called. Or it could be a
result of more cache misses.

For the PPC970, there is a slowdown in the 64-
bit version even for cd16sim and fcp. One reason
for that could be that we had fewer GCC versions
available for PPC64 than for PPC; however, gcc-
4.1 performed well for PPC and was available for
PPC64, so we are not very confident that this ex-
planation is correct. Unfortunately, we don’t have
any other explanation.

Another remarkable thing is how close the per-
formance of the IA32 Opteron is to the IA32
Athlon MP; this confirms that the K8 (Opteron,
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Figure 4: Benchmarking vs. debugging engine

Athlon 64) is really mostly a 64-bit variant of the
K7 (Athlon MP, XP).

Another interesting result is that all IA32 and
AMD64 machines beat all the others in performance
per cycle in Gforth 0.7.0; even the Pentium 4, which
has a well-deserved reputation for raising the clock
rate at the cost of lower performance per cycle beats
all the other architectures.

This is probably due to the indirect branch pre-
dictors of these CPUs rather than the architec-
ture itself; and these branch predictors benefit from
dynamic superinstructions with replication. Even
though dynamic superinstructions reduce the num-
ber of executed NEXTs (and thus the number of ex-
ecuted indirect branches) by a factor of more than 3,
there are still a lot of indirect branches executed,
and they cost a lot unless correctly predicted.

You can see this effect especially well by look-
ing at the PPC7447A line and comparing it to
the IA32 lines. In Gforth 0.5.0 and 0.6.1nd,
it is the runner-up machine (after the Xeon) in
performance-per-cycle, but with the enabling of dy-
namic superinstruction and replication, it is passed
by the Opteron and Athlon MP, and the Pentium 4
also comes close. Finally, it is passed by the Pen-
tium 4 with the enabling of explicit register allo-
cation in Gforth 0.7.0 (PPC has enough registers
that GCC performs good register allocation even
without explicit register allocation).
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Figure 5: Benchmarking vs. debugging engine
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Figure 6: Benchmarking vs. debugging engine

3.4 Gforth-fast vs. gforth

Gforth comes with two engines: the debug-
ging engine gforth and the benchmarking engine
gforth-fast. The debugging engine performs
some actions that cost performance, and it disables
various performance features to allow better error
reporting. How much does this cost, and has it
changed over time, and why?

Figure 4 shows the graph for the PPC7447A.
Already in Gforth 0.5.0, the debugging engine is
slower, because it maintains a copy of the IP and
RP virtual machine registers in memory (to allow
better error reporting on invalid memory accesses
etc.).

Both benefit to a similar amount from switching
from indirect-threaded code to primitive-centric di-
rect threaded code in 0.6.1nd; there is also a change
in the way that IP is maintained that has no obvi-
ously visible effect on the PPC7447A, and is there-
fore explained later for a machine where the effect
is visible.

Gforth-fast benefits a little more from dynamic
superinstructions with replication in 0.6.1, proba-
bly because before it stalled longer waiting for the
branches to resolve (whereas gforth was still busy
maintaining IP and RP). There is no change in
0.6.2ns, as expected.

In 0.6.2, gforth-fast gains static superinstructions
and a corresponding speedup, whereas the debug-
ging engine does not enable static superinstructions
in order to be able to report at which primitive an
exception occured.

Both engines benefit from improvements in
0.7.0ssc (for this machine probably from GCC per-
formance bug workarounds). On this machine
gforth-fast profits from the more sophisticated stack
caching in 0.7.0, whereas this stack caching is dis-
abled in the debugging engine to support better re-
porting of stack underflows.

While the graphs for most other machines can be
explained in a similar way, there are a few interest-
ing deviations:

Figure 5 shows the graph of the IA32 Xeon. For
gforth-0.5.0, IP is maintained in memory by using
a global variable for it, which requires loading it at
every access. Starting from gforth 0.6, IP is kept in
a register, but is stored to memory on every instruc-
tion boundary. This eliminates the loads and also
guarantees that the in-memory IP always points to
a primitive. Apparently the stores alone are very
cheap1, resulting in performance for the debugging
engine from 0.6.1nd to 0.6.2ns that is very close to
the performance of gforth-fast. On other IA32 ma-
chines the performance of the debugging engine is
actually slightly higher for these versions, but we

1Loads alone are also relatively cheap, but round trips

through memory are usually expensive.
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have no explanation for that.
Gforth 0.7.0 does not automatically tune the de-

bugging engine to use explicit register allocation (to
make building Gforth more robust and faster), so in
the step from 0.6.2 to 0.7.0ssc we see the speedup
from explicit register allocation in gforth-fast, but
no speedup in gforth.

The slowdown for the debugging engine from
0.6.2 to 0.7.0ssc is due to workarounds for GCC per-
formance bugs. These workarounds do have a cost;
they pay for themselves on many compiler versions,
but on the ones that don’t need them they still cost.

Figure 6 shows the graph of the AMD64 Xeon.
Unlike IA32, we have no classical direct thread-
ing with its cache consistency problems and also no
spilling of SP, so the performance changes very little
from 0.5.0 to 0.6.1nd. In addition, GCC manages
to avoid loading IP from memory in 0.5.0 (resulting
in code like for 0.6.1nd).

Dynamic superinstructions with replication are
disabled in Gforth 0.6 on AMD64, so we see no
speedup from that, and a flat line for the debug-
ging engine until 0.6.2. In 0.7.0ssc one would ex-
pect dynamic superinstructions with replication to
take effect, and they do for gforth-fast, but not for
the debugging engine. The reason is that the debug-
ging engine accesses a global variable (the saved IP)
in every primitive, and on AMD64 global variables
are referenced in a PC-relative way. This makes
each primitive non-relocatable, effectively disabling
dynamic superinstructions with replication for the
debugging engine on AMD64.

3.5 GCC versions

All the graphs until now only showed the perfor-
mance with the best-performing GCC version. Here
we look at how well the different gforth-fast versions
perform on different GCC versions on a few differ-
ent architectures.

Figure 7 shows the graph for the PPC7447A.
Gforth 0.5.0 and 0.6.1nd do not perform any op-
timizations that are broken by newer GCC ver-
sions, so their lines are relatively flat. Gforth 0.6.1–
0.6.2 gain performance by using dynamic superin-
structions with replication and work around GCC
performance bugs up to gcc-3.3, but gcc-3.4 (re-
leased in 2004, i.e., after Gforth 0.6.2) and later
introduced new performance bugs that disable dy-
namic superinstructions in these versions. Gforth-
0.7.0 works around these performance bugs success-
fully, but in doing so apparently falls pray to a gcc-
3.2 performance bug that disables dynamic superin-
structions with replication. The GCC version that
works best across all Gforth versions is gcc-2.95.

Figure 8 shows the graph for the IA32 Xeon.
Again, gcc-2.95 shows the best performance across
the board, and is the only compiler that builds
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Figure 7: Gforth versions on different GCC versions
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Figure 8: Gforth versions on different GCC versions
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Figure 9: Gforth versions on different GCC versions

Gforth 0.5.0. Gcc-3.3 gratuitiously changed the
code order, breaking gforth-0.6.1 as a result. We
worked around this problem in 0.6.2.

The workarounds in Gforth-0.6.2 for GCC per-
formance bugs work up to gcc-3.3 and then fail.
Gcc-3.4 is particularly bad in sharing one indirect
branch for all the NEXTs, completely disabling the
branch predictor of the CPU (GCC PR15242); that
bug also causes the slowdown of 0.6.1nd on gcc-3.4.
Gcc-4.0–4.2 fixed this bug, restoring at least a part
of the performance, but the PR15242 problem is
back in gcc-4.4.0, giving us bad performance again.

Gforth 0.7.0 successfully works around the per-
formance bugs having to do with code ordering and
indirect branches in GCC ≤ 4.3, but gcc-4.0 and 4.1
spill important virtual machine registers, hurting
performance. In addition to resurrecting PR15242,
gcc-4.4.0 (released after Gforth-0.7.0) features a
new (or worsening) performance bug that makes
NEXT longer and slower, resulting in the slowdown
shown in the graph. This performance bug uncov-
ered a bug in the implementation of static stack
caching in Gforth 0.7.0 (and that bug is responsible
for there being no result for 0.7.0 with static stack
caching and gcc-4.4.0).

Figure 9 shows the graph for the AMD64 Xeon.
Unfortunately, gcc-2.95 is not available for AMD64.
Gforth ≤ 0.6.2 does not use dynamic superinstruc-
tions with replication on AMD64 anyway, so the
lines for these Gforth versions run mostly in par-
allel, reflecting the presence of PR15242 in gcc-3.4

and 4.4.0, and their absence in the other version,
with one exception: gcc-4.3 exhibits the PR15242
problem for gforth-0.5.0, but not for gforth-0.6.x.

Gforth-0.7.0 successfully works around the GCC
bugs that disable dynamic superinstructions with
replication. The cause for the performance varia-
tions between the gcc-4.x versions seems to be a
performance bug that makes NEXT longer (and
slower) in varying amounts between these versions.

4 Future work

This work uncovered some performance issues (in
particular the unnecessarily long NEXT) that we
plan to work around.

In addition, there are some performance ideas
that we plan implement, in particular inlining
[GE04].

Finally, this performance evaluation should be
enhanced by comparing Gforth with other Forth
systems. One challenge here is finding a large
enough set of application benchmarks that run on
all Forth systems.

5 Related work

Instead of working around GCC bugs as we do,
one could also fix GCC. Prokopski and Verbrugge
[PV08] propose a good method for letting GCC
preserve the order of basic blocks and similar as-
sumptions that are helpful for implementing code-
copying optimizations like dynamic superinstruc-
tions. They don’t just disable or restrict optimiza-
tions; they record the basic block order at the start
and then restore it at the end (if possible), or report
an error (if not).

6 Conclusion

The performance of default-compiled Gforth has
improved a lot between Gforth 0.5.0 (2000) and
0.7.0 (2008), typically by a factor of 3.

The most significant factor for that performance
improvement is the introduction of dynamic su-
perinstructions with replication. While that was
relatively easy to implement as a prototype, mak-
ing it work on a wide range of architectures and
GCC versions is a larger effort: First, it requires
a small amount of architecture-specific code; more
significantly, new GCC versions often break this fea-
ture, requiring programming workarounds for these
performance bugs. So while this feature was in-
troduced in Gforth 0.6.x, in many practical cases
(e.g., various Debian packages) it was disabled in
these versions. Gforth 0.7.0 includes a lot of work
to make this feature more widely available.
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There are also many other performance features,
but they often only have a small effect (e.g., static
superinstructions) or only on one or a few archi-
tectures (e.g., automatic tuning to enable explicit
register allocation, which helps a lot on IA32). The
combined effect of all these optimizations is quite
significant, though.

Another interesting result is that Gforth has
proven to be very portable, with even the very old
Gforth 0.5.0 running on architectures and being
compiled with compilers that did not exist when
it was released.
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  Declaring Types

  much like in the current standard

 \T Execution: (u −− x n) \
 \T Compilation: (x −− ) Runtime: ( −− x)

 \T Assume: Execution: (x −− x)

 \T Cast: Execution: (n −− ) (F: −− r)

−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

   Standard Types

             xd                           __  x _______________________
             /\                          /   / \   \    \     \    \   \
            /  \                         |   | |    |    \     \    \   \
           ud   d                        xt  u n   flag   wid  ior  fam fileid
            \  /                            /\ /     |
             \/                            /  +n   state
             +d                           /   |
                                       c−addr   char
                                         |
                                   __ a−addr ___
                                  /     |       \
                                  |     |       |
                               f−addr  sf−addr  df−addr

colon−sys   do−sys

case−sys    of−sys

orig        dest

−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

     Finer types for loops

          loop−sys
          /      \
   loop−sys−u    loop−sys−n

−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−



62

    Exit as Forward Connection

nest−sys  like−nest−sys

−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

    How to empty the Stack

 i*x   j*x   k*x     empty

−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

          Special Types

        state    recurse

−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

        Reserved for future use

         obj   class    frame

−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

Full Declaration prevents internal shifting

Compilation: ( −− ) Runtime: ( x −− x )

is NOT equal to
                    Runtime: ( x −− x )

−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
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Delay type check for one token

RESTRICT
IMMEDIATE
IMMEDIATERESTRICT

−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

Example 1

: bad1 \ T ( u −− u)
   −1 +
;  \ end of bad1

: bad1b \T ( u −− u)
   −1 +
;  \ end of bad1b

: good1 \T ( n −− n)
   −1 +
;  \ end of good1

−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

Example 2

Constant as a simple constraint

: good2 \T ( −− n)
    4
; \ end of good2

: good2b \T ( −− 4)
    4
; \ end of good2b

−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
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Example 3

IF ELSE THEN   and   dependent types

: bad3 \T (x true −− x x) | (x false −− char.addr)
    IF
      DUP DUP
    ELSE
      PAD
    THEN
; \ end of bad3

: bad3b \T (x true −− x x x) | (x false −− char.addr)
    IF
      DUP DUP
    ELSE
      PAD
    THEN
; \ end of bad3b

: good3 \T (x true −− x x x) | (false −− char.addr)
    IF
      DUP DUP
    ELSE
      PAD
    THEN
; \ end of good3

: good3b \T (x_{1} true −− x_{1} x_{1} x_{1}) | (false −− char.addr)
    IF
      DUP DUP
    ELSE
      PAD
    THEN
; \ end of good3b

−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

Example 4

   Casting Types

: FLOATSTACK?  \T ( −− flag)
    S" FLOATING−STACK" environment?
    \T Cast: (false −− false) | (i*x true −− n true)
    if 0<>
    else false
    then
;

−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
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Example 5

Floating Point Stack

: float1 [ floatstack? ]   [IF] \T (F: r r −− r)
                         [ELSE] \T    (r r −− r)
                         [THEN]
      F+
; \ end of float1

−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

  : local1  \T Cast: ( n n −− n n) ; DOKU warum cast vor local−def
          { m n −− }  \T  ( n n −− n  n)

          n  dup m *  dup n *
  ; \ end of local1
  
  : local2   \T Cast: (n n −− n n)
           { v1 v2 | l1 l2 −− } \T  ( n n −− )

          v1 . v2 . cr
          v1 v2 + −> l1
          l1 . l2 . cr
  ; \ end of local2
 

−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

: exit1 \T (false −− +n) | (true −− +n +n)
IF

1
THEN
2

; \ end of exit1

: exit2 \T (false −− +n) | (true −− +n)
IF

1 EXIT
THEN

        2
; \ end of exit2

−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
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Example with ABORT and CASE

: POSTPONE  \T ( −− ) ; CORE 6.1.2033
        bl word find
        CASE
                0 OF ." Postpone could not find " count type cr ABORT ENDOF
                1 OF compile, ENDOF \ immediate
                −1 OF (compile) ENDOF \ normal
        ENDCASE
; immediaterestrict

−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

Problem with matching types

: abort2   \T (+n −− n)
    CASE
      1 OF 1 ENDOF
      2 OF 2 2 ENDOF
    ENDCASE
; \ end of abort2

: abort3 \T   ( empty −−   ) (R: empty −− ) \
         \T | ( k*x −− −1) (R: k*x −− )
        −1 throw
; \ end of abort3

−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

RECURSE in action

: rec1 \T (n −− n)
    DUP 2 > IF
          DUP 1 − * RECURSE
    THEN
; \ end of rec1

−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
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Using CREATE and DOES>

  : 2VARIABLE  \T ( −− )  nameExecution: ( −− d.a−addr ) ; DOUBLE 8.6.1.0440
          create 0 , 0 ,  \T AllowRebind: (−− d.a−addr)
  ; \ end of 2variable
  
  
  : CONSTANT  \T (x_{1} −− ) nameExecution: (−− x_{1}) ; CORE 6.1.0950 
              \ XXX im ANS fehlt der index 1
          CREATE , \T AllowRebind: (x −− )
          DOES>    \T ( x_{1}.a−addr −− x_{1} )
            @
          ; \ end of constant
 
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

: loop1 \T (n −−)
   5 do cr loop
; \ end of loop1

: loop2 \T (n −−)
   5 do J 4 = if LEAVE then loop
; \ end of loop2

−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

Dirty Failures

: dirtyloop \T (n −−)
   5 do if LEAVE then loop
; \ end of dirtyloop

: dirty  \T ( −− )
    R> DROP
; \ end of dirty

: ?EXIT  \T   Compilation: ( −− ) Runtime: (x −−) Runtime: (R: nest−sys −−) \
         \T | Compilation: ( −− ) Runtime: (x −− )
    postpone IF  postpone EXIT postpone THEN
; immediate

−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
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