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Abstract.RAFTS is a framework for applying

state of the art compiler technology to the com-

pilation of Forth. The heart of RAFTS is a sim-

ple method for transforming Forth programs into

data 
ow graphs and static single assignment form.

Standard code generation and optimization tech-

niques can be applied to programs in these forms.

Speci�cally, RAFTS uses interprocedural register

allocation to eliminate nearly all stack accesses. It

also removes nearly all stack pointer updates. Inli-

ning and tail call optimization reduce the call over-

head. RAFTS compiles all of Forth, including dif-

�cult cases like unknown stack heights, PICK, ROLL

and EXECUTE. And last, but not least, RAFTS is

designed for interactive Forth systems; it is not re-

stricted to batch compilers.

1 Introduction

Traditionally, Forth is implemented using a threa-

ded code interpreter [Tin81]. This keeps the com-

piler extremely simple: A word is compiled by ap-

pending its address to the current de�nition. Per-

formance bottlenecks are removed by manually re-

coding the critical pieces of code in assembly lan-

guage. While this may be appropriate in embedded

systems programming, it does not meet the porta-

bility requirements for general-purpose computing.

Another popular avenue to e�ciency is the

creation of special hardware, which has led to

many research-prototype and several commercially

available CPUs that are designed to run Forth

e�ciently [Koo89, HFWZ87]. The code for these

stack machines is generated by simple, peephole-

optimizing compilers.

Recent research [Ung87, CU89, KB92] proves

that unconventional languages can be implemented

e�ciently on mainstreamhardware using aggressive

compiler techniques and that the gains of speciali-

zed architectures are usually o�set by the better

device technology available to widely-used RISCs.

The special needs of Forth are fast stack mani-

pulation and fast procedure calls. Optimizing stack

manipulation is especially important for RISC pro-

cessors, where stack accesses cannot be hidden in

autoincrement/decrement addressing modes, and

usually require two instructions. It turns out that

the special requirements of Forth are easier to map

into conventional hardware than the requirements

of other unconventional languages. However, spe-

cial attention has to be paid to preserve the inter-

activeness of Forth.

RAFTS is a framework for applying state of

the art compiler technology to Forth compila-

tion, namely interprocedural register allocation

(Section 3.5), inlining, tail call optimization (Sec-

tion 3.3), instruction selection and scheduling (Sec-

tion 3.1). Several new techniques are introduced

that address Forth's special needs: simple methods

for transforming Forth programs into data 
ow

graph (Section 3.1) and static single assignment

form (Section 3.2), stack pointer update minimi-

zation (Section 3.4), treatment of unknown stack

heights (Section 3.6), PICK and ROLL (Section 3.8).

2 Related Work

Parsers can be used transform post�x code into

trees, i.e. data 
ow graphs. But parsers cannot pro-

cess stack manipulation words and multiple stacks,

they cannot produce DAGs and the method of Sec-

tion 3.1 is simpler.

Stack-based languages have been used as in-

termediate code for compilers. During code gene-

ration, these compilers face problems similar to

Forth native code generation

1

. The code genera-

tor of the Amsterdam Compiler Kit (ACK) resem-

bles RAFTS in its use of the stack, but it per-

forms all tasks of code generation at the same time

[TvSKS83]. Everything else in ACK is di�erent: In

contrast to RAFTS, which does not do anything at

the Forth level, ACK optimizes as much as possible

at the post�x code level, because its main goal is

machine-independence.

1

However, they usually don't have to handle things

like SWAP and they put a much higher emphasis on

(local) variables.
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Fig. 1. Building the data 
ow graph (three snapshots)

There are several Forth compilers that produce

machine code [Ros86, Alm86]. Usually they start

by generating subroutine-threaded code, then they

inline small subroutines, and peephole-optimize

the resulting code to remove redundant pushes

and pops. Yet much stack manipulation overhead

remains. Rose reports that \the resulting machine

code is a factor of two or three slower than the

equivalent code written in machine language, due

mainly to the use of the stack rather than regi-

sters."

However, some compilers are pretty sophisticated

at reducing stack manipulation overhead. JForth

V3.0 can keep up to �ve values in registers and

optimizes words like SWAP and ROT completely away.

This optimization is only performed on sequences

of certain primitives. In contrast, RAFTS usually

keeps stack items always in registers. Almy's non-

interactive (i.e. batch) CFORTH compiler keeps up

to two values in registers and reduces stack pointer

manipulations [Alm86]. It keeps values in registers

across basic block boundaries. However, the lack

of global register allocation in his compiler would

result in a lot of register shu�ing, if more than two

registers were available.

3 RAFTS

3.1 Basic Blocks.

Data 
ow graphs. Basic Blocks consist only of

primitives like + and ! (store), of literals, constants

and variables, and of stack manipulation words like

SWAP and R@.

Stack manipulation words are compiled by sim-

ply executing them. When one of the other words

is compiled, the compiler pops and pushes as many

items as the word would during execution. But the

word is not executed. Instead, the compiler builds

a record, which contains the word (to indicate the

kind of node) and the operands taken from the

stack. A pointer to this data structure is pushed

on the stack instead of the result. In this way, the

compiler builds a data 
ow graph

2

(see Fig. 1). This

data structure is widely used in compiler construc-

tion, so well-known techniques can be used for fur-

ther compilation.

Further processing. The other three steps of the

conversion of a basic block from Forth to native

code are instruction selection, instruction schedu-

ling and register allocation. They have been descri-

bed extensively in the literature, so here they will

not be explained in-depth.

Instruction selection combines the operators

in the data 
ow graph into legal instructions of the

target machine, transforming the operator DAG

into an instruction DAG (see Fig. 2). The state of

the art of instruction selection for CISCs is tree

parsing automata generated from tree grammars by

tools like Burg [FHP91]. For RISCs a much simp-

ler approach su�ces: Walking down the data 
ow

graph and combining on the way as many operators

as possible is optimal on most RISCs.

All referenced stack items now reside in pseudo-

registers (px in Fig. 2), of which an unlimited num-

ber can be used

3

; all stack accesses within a basic

block have been eliminated. Register allocation

2

For basic blocks the graph is a directed acyclic graph

(DAG); compiler textbooks refer to it simply as DAG

and draw it up-side-down.

3

Indeed, in order to make conversion to static single
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Fig. 2. Instruction selection and scheduling (for the MC88100)

replaces the pseudo-registers with real registers and

spills excess pseudo-registers to memory. RAFTS

uses interprocedural register allocation, which will

be discussed in Section 3.5. In the meantime, the

important thing to keep in mind is: Pointers in

the instruction DAG correspond directly to pseudo-

registers; speci�cally, at basic block boundaries

the pointers on the stacks correspond to pseudo-

registers (already before instruction selection).

Instruction scheduling orders the nodes of the

instruction DAG, i.e. it transforms the DAG into a

list (see Fig. 2). On RISCs the goal of scheduling

is to avoid pipeline stalls. The standard algorithm

for RISC instruction scheduling is list scheduling

[GM86]. On CISCs instructions are scheduled to

minimize register pressure. This is usually perfor-

med during local register allocation [ASU86].

The nodes of the data 
ow graph are parti-

ally ordered through its edges. But the edges, that

RAFTS introduces, are not su�cient, because they

re
ect only dependences through the stack, but not

through memory.Therefore the compiler also keeps

track of memory accesses and introduces additional

edges between memory accesses and stores.

Details. I left out a few details of data 
ow graph

construction: If the code has input arguments on

the stack(s), the compiler will try to access them.

Therefore, the compiler must provide a su�cient

number of items on the stack. These items stand

for the registers where the run-time stack items will

reside when the basic block is entered.

Some primitives have several results, which does

assignment form trivial, it is essential that no pseudo-

register is reused.

not �t the data 
ow graph model well. These words

can be divided into two classes: words that really

have several results, e.g. /MOD, and words with a

double precision result. The former can be split into

two operations, the latter are handled by pushing

pointers to two points in the same record.

There are also a few zero-result primitives, e.g. !.

If the nodes of the data 
ow graph were only re-

achable from the stack, these operations and their

predecessors would be lost. While such dead code

elimination is desired in cases like DROP, stores have

to be preserved. Therefore, the compiler remembers

them in a special array.

If the compiler is written in Forth, its private use

of the stacks must not collide with the use for com-

pilation. This is easy to achieve by using di�erent

stacks for di�erent purposes.

3.2 Control structures

Control structures connect basic blocks. This poses

the problem of matching the basic blocks.

Control 
ow splits (IF, WHILE and UNTIL) are

easy: The values can stay in the registers they were

in. Control 
ow joins (ENDIF and BEGIN) are a little

harder

4

: The corresponding stack items of the joi-

ning basic blocks usually do not reside in the same

register.

The compiler now inserts �-functions after the

join (see Fig. 3). The �-functions do not corre-

spond to real code (indeed they are removed later);

they indicate which values reach the join. The pro-

gram is now in static single assignment (SSA) form

4

Alternatively, we could choose to make joins easy and

splits harder by stating that values stay in the same

registers during joins.
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[CFR

+

91], which is an excellent representation for

analysis and optimization purposes. Optimizations

have been treated extensively in the literature and

will not be discussed here.

After performing the optimizations, the SSA

form can be converted into a more executable form

easily: Every �-function is replaced by moves in the

parent basic blocks (see Fig. 3). If one of the joining

basic blocks has several successors (i.e. it ends with

a control 
ow split), the moves have to be inserted

into a new, empty basic block. Many of the inserted

moves will be removed by register allocation.

3.3 Calls

Words and their calls are treated like other control

structures: A word's entry point is a control 
ow

join, so a consistent state has to be reached. This is

again represented by �-functions at the entry point,

this time with as many arguments as there are call

sites. Later they will be converted into moves at the

call sites. Like other control 
ow splits, the EXITs

pose no problem, unless there are several of them.

If a word has several EXITs, they have to be treated

like a control 
ow join just before exiting.

Inlining has been the starting point of most

Forth native code compilers. In the framework of

RAFTS, it can eliminate calling and returning over-

head and stack pointer updates, it can improve regi-

ster allocation and reveal opportunities for further

optimization. The important decision in inlining is

what to inline [CMCH92].

If the last useful (i.e. non-stack-manipulation)

word is a call, tail call optimization can be ap-

plied: The call is converted into a jump and the

called word returns directly to its callers caller. Of

course, this optimization must not be performed if

the called word does nasty things to its return ad-

dress (e.g. throwing it away).

3.4 Stack pointer updates

Nearly all stack pointer updates can be optimized

away: The compiler just remembers by how much

the physical stack pointers di�er from the logical

stack pointers and updates this o�set at compile-

time. There are only a few situations when physical

stack pointer updates have to be generated: A word

may be called from several sites which usually have

di�erent o�sets. The compiler sets the word's entry

o�sets to the o�sets of one call site. At the other

call sites, the stack pointers have to be updated

before the call. This may result in di�erent o�sets

at control 
ow joins. So before such a join another

round of pointer updates has to be generated to

make the o�sets equal.

3.5 Register allocation

Given the high frequency of calls (12% of the exe-

cuted primitives [Koo89]), interprocedural register

allocation is necessary to make e�ective use of the

register set. Otherwise most of the time would be

spent saving and restoring registers at procedure

entries and exits, and around calls.

There are a number of good register allocation

algorithms, but it is not yet clear which one is the

most appropriate: It should perform good global

and interprocedural allocation, but, in order to pre-

serve the interactive feeling, it must not take a long

time.

Graph coloring register allocation [Cha82, CH90,

Bri92], currently the standard approach, needs a

lot of time and space. Hierarchical graph colo-

ring [CK91] looks better. Other alternatives are

coagulation [Mor91] and interprocedural allocators

[Cho88].



Where to spill. In the unlikely

5

event that more

registers are needed than provided by the proces-

sor, some pseudo-registers have to be spilled to me-

mory. In conventional compilers they are spilled to

their home locations on the stack. But, in Forth,

this home location can be changed by stack opera-

tions. Nevertheless, a pseudo-register can be spilled

to any free location on any of the stacks. All locati-

ons belonging to register allocated stack items and

locations beyond the logical stack pointers are free.

3.6 Unknown stack height

The stack height of a piece of code is unknown,

if it cannot be determined at compile time. Un-

known stack heights are rare (except ?DUP), but

they occur. The compiler can detect them by com-

paring the logical stack pointers at control 
ow

joins. If they are di�erent, the stack height beco-

mes unknown

6

.

RAFTS compiles unknown stack heights by for-

cing the stack heights of the joining basic blocks to

become the equal: One of the joining basic blocks is

chosen as the standard and the other one is adap-

ted to �t the standard by inserting code for stack

pointer adjustment and the respective load(s) or

store(s). If a loop is involved, the adjustment code

has to be inserted into the loop. Since the ad-

justment changes the position of the spilled values

(with respect to the logical stack pointer), they may

have to be moved in order to make the state consi-

stent at the control 
ow join.

The only common variable stack e�ect word is

?DUP in contexts like ?DUP 0= IF, where the IF has

a variable stack e�ect, too. However, the combined

stack e�ect is usually �xed. The compiler can reco-

gnize and handle this situation with ad-hoc logic.

3.7 EXECUTE

When compiling EXECUTE, the compiler does not

know what word will be called and therefore cannot

perform interprocedural register allocation. Even

worse, the stack e�ect of the executed word is un-

known.

Therefore, when compiling EXECUTE, the state is

adapted to a calling convention: A number of items

from each stack has to reside in certain registers.

The rest is stored in the appropriate places on the

stacks; the physical stack pointers have to be up-

dated to re
ect their logical values. It will have to

be determined empirically, how many items of each

stack should reside in registers.

5

see [HFWZ87, Koo89] for an empirical stack usage

analysis

6

The compiler could warn the user, since unknown

stack heights are often caused by programming errors

[Tev89].

When the address of a word is taken, a special

version of the word is generated that conforms to

the calling convention.

3.8 PICK and ROLL

Compiling PICK and ROLL with constant top-of-

stack (e.g. 4 PICK) poses no problem. They can be

executed during compilation like other stack mani-

pulation words. But if the top-of-stack value cannot

be determined at compile time, this is not possible.

There are two solutions:

{ The registers are dumped on the stack and the

operation is performed. In case of ROLL, the

compiler also has to invalidate the registers

and reload the stack items on demand.

{ They are translated into something like

CASE

0 OF 0 PICK ENDOF

1 OF 1 PICK ENDOF

...

DUP PICK SWAP

ENDCASE

with one OF for every stack item that resides

in a register.

3.9 How it �ts together

During the processing of the input text, the compi-

ler builds the data 
ow graphs for the basic blocks

and control 
ow graphs for words. Only the words

lower in the call graph have been built yet; the-

refore, not enough interprocedural information is

available and the compiler leaves the rest of the

work for a later stage.

The rest of compilation is started by the �rst

call to an uncompiled word. Then this word and

all words that it calls are compiled: Unknown stack

heights, EXECUTE, PICK and ROLL are resolved, stack

pointer updates are inserted, and the code is con-

verted to SSA form. After the optimizations, the

code is converted back from SSA form. Then in-

struction selection is performed. Instruction sche-

duling and register allocation may be performed

in any order. Finally, the code represented by the

data structures of the compiler is translated into

real code and the word is executed.

4 Further Work

The proof of the pudding is in its eating. RAFTS

has to be implemented and evaluated through mea-

surements. To make the resulting system a real,

complete Forth system decompiling and debugging

facilities must be developed.



Can the techniques presented here be applied to

Postscript? How pro�table are they? Since Post-

script performs run-time type-checking, a Post-

script compiler would also need techniques for re-

ducing that overhead, e.g. those developed by the

Self group [CU89].

The surprising ease, with which convenient re-

presentation like data 
ow graph and SSA form can

be produced from Forth code, inspires the question,

what other nice properties stack languages in gene-

ral and Forth in particular may have.
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