Can Logic Programming Execute
as Fast as Imperative Programming?

Copyright © 1990
Peter Lodewijk Van Roy

Volume 2
Appendices



Appendix A: User manual for the Aquarius Prolog compiler .........ccceeeeeeeveeeesseceeseeenenes 175

Appendix B: Formal specification of the Berkeley Abstract Machine syntax .......c.c.cocccevvereeeen. 183
Appendix C: Formal specification of the Berkeley Abstract Machine semantics ...........cccoeuenee. 189
Appendix D: Semantics of the Berkeley Abstract Maching ..........coceveenenienenssnssnesneeeneeene 209
Appendix E: Extended DCG notation: A tool for applicative programmingin Prolog ............... 219
Appendix F: Source code of the C and Prolog benchmarks ............ccccvveveeenisceeeeseee s 227

Appendix G: Source code of the Aquarius Prolog COMPIlEr ........cccevvrirenninesrseeesesesseeens 231



175

Appendix A

User manual for the Aquarius Prolog compiler

1. Introduction

The Aquarius Prolog compiler reads clauses and directives from stdin and outputs Prolog-readable
compiled code to stdout as one fact per instruction. The output is assembly code for the Berkeley Abstract
Machine (BAM). Directives hold starting from the next predicate that is input. Clauses do not have to be
contiguous in the input stream, however, the whole stream is read before compilation starts.

This manual is organized into ten sections. Section 2 documents the compiler’s directives. Section 3
gives the compiler’'s options. Section 4 gives a short overview of the dataflow analysis done by the com-
piler. Section 5 gives the type declarations accepted by the compiler. Section 6 summarizes the differ-
ences between Aquarius Prolog and the Edinburgh standard. Section 7 gives an example showing how to
use the compiler. Section 8 describes the method used to compile specialized entry points to increase the
efficiency of built-ins. Section 9 describes the assembly language interface. Section 10 describes how to
define BAM assembly macros.

2. Directives
The directives recognized by the Aquarius compiler are given in Table 1.

3. Options

The Aquarius compiler’'s options are given in three categories: high-level (these options control
actions of the compiler at the Prolog levedfchitecture-dependent (these optians constant for a partic-
ular architecture), and low-level (mainly useful for debugging purposes). The default options are set for
the VLSI-BAM processor. The options are given in Tables 2, 3, and 4.

4. Dataflow analysis

Dataflow analysis is enabled with thanal yze option. It generates ground, nonvar, recursively
dereferenced andninitialized variable types which are merged with the programmer’s types. Both unini-
tialized memory and uninitialized register types are generated. Entry declarations (givemtayy
directives) are used to drive the analysis. Predicates of arity zero are always used as entry declarations.
The quality of the generated types is such that compilation time, execution time, and code size are all
significantly reduced. Therefore it is recommended always to compile with analysis. The whole program
is kept in memory during the analysis.

All node, entry, and op directives are executed before the analysis starts. Other directives are
executed after the analysis and before compilation. The directilefsaul t and cl ear interfere with
dataflow analysis, so they should be given only when #imal yze option is disabled.

4.1. Dataflow analysisand dynamic code

The compiler makes the distinction between static and dynamic code. Static code is completely
known at compile-time and is subject to analysis. Dynamic code is created at run-time by the built-in
predicatesassert/ 1, retract/ 1, and their cousins. Itis not analyzed. There are two cases to con-
sider:

(1) A dynamic predicate calls a static predicate. In this case, there must be an entry declaration giving
the worst-case type of the call for each static predicate that might be called by a dynamic predicate.
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Leaving out this declaration may result in incorrect compilation.

(2) A static predicate calls a dynamic predicate. The analyzer will assume worst-case types for the
dynamic predicate unless it has a type declaration.

The most common uses of dynamic code are as databases of facts, or as rules that only call a limited set of
static predicates. For these uses, there is no problem in integrating analyzed static code with dynamic code.

4.2. Dataflow analysisand the cal | / 1 built-in

The cal | / 1 built-in predicate can call any predicate in the program with any modes, and it is not
possible in general to determine these predicates and their modes at compile-time. However, most pro-
grams that usecal | / 1 will call one of a known set of predicates or will call a dynamic predicate. There
are three cases to consider:

(1) If the set of predicates that may be argumentscafl | / 1 is known by the programmer, then these
predicates should be given entry declarations with worst-case modes. (This case can be written more
efficiently by writing a new predicate that directly calls one of the set, and avoids catlaild / 1.)

(2) If the predicates that may be arguments@dl | / 1 are dynamic, then analysis is correct without
entry declarations. This is true because dynamic predicates are not analyzed.

(3) If any predicate in the program may be an argumentafl | / 1 and nothing is known about the
modes then analysis is useless and it should not be done.

5. Types

The Aquarius compiler accepts type declarations for a predicate. Using types results in a significant
improvement in code quality. Types are represented(&&ad: - For nul a) where Head contains
only variables andFor nul a is a logical conjunction. Almost any Prolog test can be used in a type for-
mula. Possible type formulas are given in Table 5. This representation for types is simple, yet powerful
enough to represent much important information in a compact way. The representation generalizes the
declarations of Dec-10 Prolog. For example, the Dec-10 declaration:

.- nmode(concat (+, +,-))

is expressed here as:

.- node((concat (A, B, O : -nonvar (A), nonvar(B),var(C))).

6. Differences with Edinburgh Prolog

Aquarius Prolog recognizes new type-checking built-ins which are not part of the Edinburgh Prolog
standard as embodied by C-Prolog. The new built-ins and their definitions in standard Prolog are given in
Table 6.

7. An example of the compiler’suse
The following example shows how the compiler is used:
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% / hpr g2/ Bam Conpi |l er/ conpiler % Run the conpiler.
% Code is entered directly.

:-mode((a(A):-nonvar (A))). % Enter the type.

a(a). % Enter a sinple two-fact predicate.
a(b).

"D % End- of -file.

% The out put follows:
% Cputime between start and finish is 1.383

procedure(a/l).
deref (r(0),r(0)).
hash(atomc,r(0),2,1(a/1,1)).
fail.

label (1 (a/1,1)).
pragma(hash_| ength(2)).
pair(a,l(a/l1,3)).
pair(b,l(a/l1,4)).

l abel (1 (a/1,3)).

l abel (1 (a/1,4)).
return.

8. Entry specialization for more efficient built-ins

The directive nodal _entry( Head, EntryTr ee) adds a discrimination tree of entry points for
the predicateHead. This directive is used by the system to implement more efficient built-ins. It is not
normally needed by programmers, although they can take advantage of it for other predicates. The com-
piler uses the discrimination tree to choose the most efficient entry point for each call of a predicate
depending on the type formula that is true at the predicate’s call. The syntax of the discrimination tree in
modal_entry is:

tree(entry(EntryHead)).
tree(nmode( Formul a, TrueTree, Fal seTree)) : -
tree(TrueTree), tree(Fal seTree).

Ent r yHead is the entry point that replaceslead and For mul a is a type formula. Compilation of a
the predicateHead proceeds by following a path down the discrimination tree. If the formula valid when
Head is called implies For mul a then the Tr ueTr ee is followed. Otherwise theFal seTr ee is fol-
lowed. Tree traversal stops when an entry poéntt r y( Ent r yHead) is encountered. At that point the
original call is replaced byEnt r yHead .

9. Interfacing with BAM assembly language routines

Prolog predicates can efficiently call routines written in BAM assembly code (the compiler’s output)
or in the target machine’s assembly language (for example, VLSI-BAM, MIPS, or MC68020 assembly
code). The interface with both low-level languages is provided through the five-argument type declaration.
This declaration has the following form:

:- node(Head, Require, Before, After, Survive).

Head is the head of the predicate.Requi r e is the required type formula, i.e. the formula made true by

the compiler. All uninitialized variable types (both uninitialized memory and uninitialized register) must
be part of the required formula. Bef ore is the type formula known to be valid before the call.

Af t er is the type formula known to be valid after the callSur vi ve is the register survive flag. If the

flag is y then the predicate must not alter the values of any argument registers (except those used to return
a result). It must save and restore any argument registers it needs. The predicate is called with a
si npl e_cal | instruction and must return with &i npl e_r et ur n instruction (or its equivalent in
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VLSI-BAM processor assembly). A simple call may not be nested. It is more efficient than a standard call
because it does not need an environment frame around it in the calling routine.

If the survive flag is n then the predicate is assumed to invalidate all argument register values. In
this case the argument registers are available as scratch registers and the calling routine will create an
environment frame.

Efficient parameter passing is implemented by using uninitialized variables. These are of two kinds:
uninitialized memory and uninitialized register variables. An uninitialized memory variable is a pointer to
an empty memory cell. Binding to it is a store to memory. An uninitialized register variable is an empty
register. Binding to itis a move to the registéMo trailing ordereferencing is needea either case.

Declaring an argument to have a uninitialized register type means that the output of the routine is
stored in the corresponding argument register. Similarly, an uninitialized memory type requires the output
to be stored to the location pointed to by the argument register. Inputs and outputs must be put in separate
registers.

10. Defining BAM assembly language macr os

It is possible to define macros in the Prolog source that are expanded into BAM assembly instruc-
tions. The advantages of macros are that they do not have call-return overhead, that unnecessary shuffling
of data between registers is avoided, and that the full range of low-level compiler optimizations is per-
formed on them. A macro definition has the following form:

:- macro((Head :- Body)).

where Head is the head of the predicate that will be expanded @&uatly is a series of BAM instruc-
tions. For example:

.- node(quad(A B), uninit _reg(B), true, deref(B), y).
;- macro((quad(A B) :- add(A A X), add(X X, B))).

The macro definition is preceded by a mode declaration telling that the second argument is the output.
Macro definitions must obey the following rules:

(1) Alllegal BAM instructions and addressing modes are allowed in the macro definition including user
instructions, except as noted below. User instructions are never generated by the compiler, but they
are recognized and optimized in macro definitions. Labels are given as ground terms or as Prolog
variables. The latter are given unique ground values by the compiler. Registers are given as user
registers (e.g.r (h) and r(t2)) or as Prolog variables (e.gX and Y). The latter are allocated
by the compiler. Do not use numbered registersQ) , r (1), ...).

(2) The macro definition must be preceded by a mode declaration. The exit modes must be valid upon
exiting the macro. All head arguments that return results must be of uninitialized register type.

(3) The macro may not alter any of the head arguments except those returning a result.

(4) The second argument of theéer ef ( X, Y) instruction must be a new variable, i.e. it must not have
a value upon entering the macro. Failing to obey this constraint will lead to incorrect behavior on
backtracking.

(5) Itis notrecommended to create choice points inside macros since it is not known how many registers
are live.
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Table 1 — Compiler directives

Directive

Action

hel p.
defaul t.

m ps.

vlisi_plm

cl ear.
option(Options).

not opti on( Opti ons).

printoption.
node( (Head: - Fornul a) ) .

entry((Head: -Formula)).

nmode(H R B, A'S).

entry(H R B,AS).

nodal _entry(H, T).

macr o( ( Head: - Body) ).
i ncl ude(Fi | eNane) .
pass( Anyt hi ng) .

ver si on.
op(A B, O.

Print a summary of these directives.
Set the default options for the VLSI-BAM processor and cleal
type declarations and modal entries.

all

Ensure compatibility with the MIPS processor. This directive

should occur only once in a file. It sets the option align(1),
ables the option split_integer, and sets all other options to

lis-
their

default values. It clears all type declarations and modal entries.

Ensure compatibility with the re-microcoded VLSI-PLM. This

directive should occur only once in a file. It sets the opti
high_reg(6) and align(1), disables the option split_integer,
sets all other options to their default values. It clears all type

ONS
and
de-

clarations and modal entries. Trail checks and shifts are ¢om-

piled differently.

Clear all type declarations and modal entries.

Add the options in Opti ons to the current options. Op-
t i ons may be a single option or a list of options.

Remove the options inOpti ons from the current options.

Opt i ons may be a single option or a list of options.

Print a list of the currently active options.

Type declaration for a predicate. The type information
remembered until new types are given for that predicate or
all type information is cleared. This declaration is not used
starting point for dataflow analysis. However, the types geng
ed by dataflow analysis are used to supplement the declarz
and an error message is given if there is a contradiction.

is
until
as a
2rat-
ation,

Type declaration for a predicate—same as above. This deglara-

tion is also used as a starting point in dataflow analysis.

Detailed type declaration for a predicate. This declaration is
ful for interfacing with assembly language. H is the head, R
the required type formula (made true by the compiler before ¢
call), B is the before type formula (assumed true before ¢
call), A is the after type formula (assumed true after each cal

use-
R is
rach
rach
D, S

is the survive flag (y/n depending on whether the call lets regis-

ters survive). The after type formula is used by dataflow ana
to improve the generated types.

Detailed type declaration for a predicate—same as above.
declaration is also used as a starting point in dataflow analysi
Optional discrimination tree of efficient entry points for t

ysis

This
S.
he

predicate H. The tree T contains type formulas used to replace

each call of the predicate by a more efficient entry point.
Macro definition. The head is expanded into a sequence of B
assembly instructions.

Insert the text of the fileFi | eNane. This directive may bg
nested up to the system limit of simultaneous open files.
Pass the input - pass( Anyt hi ng) . ” unaltered to the out-
put in Prolog-readable form.

Print the creation date of this version of the compiler.

Declare an operator in Prolog. Pass the input-*“
op( A B, ©) . " unaltered to the output in Prolog-readable for

3AM
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Table 2 —

High-level compiler options

Option

Default

Description

select limt(L)

anal yze

conpil e

f act or

conment

L=1

off

on

on

on

Perform selection for up to L arguments. Selection is done
according to the enrichment heuristic. See Chapter 4 section

6.2.

Perform dataflow analysis for all predicates in the input

stream. This option enables analysis of the entire in

put

stream, no matter where it occurs in the stream. The starting
points for analysis are the entry declarations and all predi-

cates of arity zero. The types obtained from the analysis
merged with the programmer’s types. The predicates
then compiled with the merged types.

Compile the input. When this option is disabled, the e
types generated by the dataflow analyzer for the source p
cates are output as valid Prolog-readable type declaration
Do factoring source transformation. With this transformat
similar compound terms in adjacent heads are only un
once. Often this gives faster code.

Give information about what the compiler is doing.

sanme_nunber _sol utions | on

sane_order_sol utions on

Keep the same number of solutions on backtracking as

dard Prolog. Relaxing the semantics by removing this op
results in better code in some cases.

Keep the same order of solutions on backtracking as starn
Prolog. Relaxing the semantics by removing this op
results in better code in some cases.

are
are

ntry
redi-
S.
ion
fied

stan-
tion

dard
ion

depth_limt (D) D=2 Nesting depth limit on unification goals. Unifications deeper
than this limit are transformed to remain within this limit.
This transformation is used because compilation time [and
code size for deeply nested unifications would otherwiseg in-
crease as the square of the size of the unification.

short _bl ock(S) S=6 Threshold on basic block length for shuffle optimization.

Table 3 — Architecture-dependesampiler options
Option Default Description

| ow reg(L) L=0 Lowest numbered machine register.

hi gh_reg(H) H=100 Highest numbered machine register. In the VLSI-BAM pro-
cessor, registers higher tham (15) are mapped into
memory.

| ow_pern( P) P=0 Lowest numbered permanent variable.

hash_si ze(H) H=5 Minimum size of a hash table.

al i gn(K) K=2 Align all compound terms to start on a multiple of K.

uni on Generate unify_atomic instruction to unify with an atoric
term.

split_integer on Use separate tags for negative and nonnegative integers
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Table 4 — Low-level compiler options

=2
1

",

S an

Option Default Description

systenm X) quintus | The system running the compiler (other value: cprolog).

wite on Write the object code when compilation is complete.

peep on Do peephole optimization.

stats(S) off Print timing statistics during compilation. S is one of the f
lowing atoms, or a list of themt (top level of compilation),
¢ (compilation of a single procedure) (peephole optimi-
zation), s (selection algorithm—extraction of determinisn
d (deterministic code generation).

debug off Print debugging messages during compilation.

Table 5 — Type formulas
Type Meaning
nonvar ( A) A is a nonvariable term, i.e. its main functor is instantiated. Nothing is implied
about its arguments.

ground( A) A'is a ground term, i.e. it contains no unbound variables.

var (A) A'is an unbound variable.

uni ni t (A) A is an uninitialized memory variable. At the Prolog level, this means that A i

uninit_reg(A)

deref (A)
rderef (A

unbound variable known not to be aliased to another variable. In the implementa-

tion, A is a pointer to an empty memory cell. Binding to this variable is a sin
store, withoutlereferencing otrailing.

A is an uninitialized register variable. At the Prolog level, this has the same
ing as an uninitialized memory variable. In the implementation, A is an ef
machine register. This type increases the efficiency of parameter passing
turning a value directly in a register. It is useful for interfacing with assen
language.

Ais dereferenced.

A is recursivelydereferenced, i.e. A is dereferenced atfidsubterms of A are re
cursivelydereferenced.

structure(A)

A is a structure.

list(A) Alis alist, i.e. a cons cell or nil.
cons(A) Ais a cons cell, i.e. a non-nil list.
conmpound( A) A is a structure or a cons cell.
functor (A F, N | Aisthe structure F with arity N.

at on( A) Ais an atom.

atom c(A) A is atomic, i.e. a number or an atom.
si mpl e( A) A is atomic or an unbound variable.

i nteger (A) Ais an integer.

float (A A is a floating point number.

nunber ( A) Ais an integer or a float.

negati ve(A)
nonnegati ve( A
A>0

A is a negative integer.
A is a nonnegative integer.
A is a positive integer.

A== A is the atonx.

true Nothing is known about the type.

fail This means “execution can never reach this point.”

(F1, F2) This means “F1 and F2,” where F1 and F2 are type formulas.
(F1; F2) This means “F1 or F2,” where F1 and F2 are type formulas.

not (F)

This means “not F,” where F is a type formula.

nple

nean-
npty
by re-
nbly
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Table 6 — New type-checking predicates in Aquarius Prolog

Predicate Prolog Definition
nil (A ;- nonvar (A, AF[].
cons(A) ;- nonvar (A), A=[_|_].
list(A) c- nonvar (A), (A[] ; A=[_|_1).
conmpound( A) ;- nonvar (A), \+atom c(A).
structure(A) ;- nonvar (A), \+atomic(A), \+A=[_|_].
ground(A) ;- nonvar (A), functor(A _, N), ground(N, A).
simpl e(A) :- (var(A) ; atomc(A).
negati ve(A) ;- integer(A), A<O.
nonnegati ve(A) ;- integer(A), A>=0.
is_list(A i- (var(A), ' ; AS[] ; AS[_|B], is_list(B)).
is _partial _list(A) :- (var(A), ! ; As[_|B], is_partial_list(B)).
is_proper _list(A) t- (var(A), !, fail; A=[];A=[_| B],is_proper_list(B)).

The following clauses are part of the definition:
ground(N, ) :- N=:=0.
ground(N, A) :- N=\=0, arg(N, A X), ground(X), NL is N-1, ground(Nl, A).
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Appendix B

Formal specification of the Berkeley Abstract M achine syntax

% Formal specification of the Berkel ey Abstract Machi ne (BAM syntax

% Copyright (C 1989 Peter Van Roy and Regents of the University of California
% May be used and nodi fied for non-comrercial purposes if this notice is kept.
% Witten by Peter Van Roy.

% This file is an executable Prolog programthat checks the syntactic

% correctness of BAMinstructions. The predicate instr(l) is true if | is
% a legal BAMinstruction. |In addition to instructions output by the Aquarius
% conpiler, this predicate al so accepts the user instructions of the BAM

% which allow the run-tine systemto be witten conpletely in BAM assenbly.

% *** Check correctness of a sequence of BAMinstructions ***

% Create saved state:

% Note: In C-Prolog this nmust be started up in a system

% equal to in size or larger than the one which created it.

main :- save(check, 1), pronpt(_, '’), read(Ilnstr), pipe(lnstr, 0, 0), halt.
main :- halt.

% Pi pe wor ki ng | oop:
pi pe(end _of file, M N :- I,

Tis MN,

wite(’'*** Checked '),wite(T),wite(’ instructions; '),

wite(M,wite(’ correct and '), wite(N,wite(’ incorrect.’),nl.
pi pe(Instr, M N) :-

(instr(lnstr)

-> ML is M1, N1=N

; ML=M NL is N+1,

wite(’*** Incorrect: "),wite(lnstr),nl

I, read(Newinstr), pipe(Newinstr, ML, N1l).

% *** BAM | nstructions ***

% 1. Unification support instructions:

i nstr(deref(V,W) c- var_i(V), var_i(W.

i nstr(equal (EA A L)) .- ea e(EA), arg i (A, Ibl(L).

instr(unify(VWF, GL)) - var_i(V), var _i (W, nv_flag(F),nv_flag(Q,Ibl(L).
instr(trail (V)) c- var _i (V).

i nstr(nmove(EA VI)) - ea mEA), var_i(Vl).

i nstr(push(EA R N)) .- ea p(EA), hreg(R), pos(N.

[

nstr(adda(R S, T)) ;- nunmreg(R), nunreg(S), hreg(T).
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i nstr(pad(N)) - pos(N).

instr(unify_atomc(V,1,L)) :- var_i(V), an_atomic(l), Ibl(L).
instr(fail).

% 2. Conditional control flow instructions:

instr(switch(T,V,AB,Q) c- a_tag(T), var_i(V), Ibl(A), Ibl(B), Ibl(QO.
instr(choice(l/N Rs, L)) ;- pos(l), pos(N, I=<N, Ibl(L), regs(Rs).
instr(test(Eq, T, V,L)) :- eqg_ne(Eq), var_i(V), a_tag(T), Ibl(L).
instr(jump(C A B/ L)) :- cond(C), numarg_i (A), numarg_i (B), Ibl(L).
i nstr(nmove(CH, V)) - a_var(V), choice_ptr(CH).
instr(cut(V)) - a_ var(V).

instr(hash(T,R N, L)) :- hash_type(T), reg(R), pos(N), Ibl(L).
instr(pair(E L)) - an_atomc(E), Ibl(L).

% 3. Arithnetic instructions:

i nstr(add(A B,V)) - numarg_i (A), numarg_i(B), a_var(V).
instr(sub(A B, V)) - numarg_i (A), numarg_i(B), a_var(V).
instr(ml (A B, V)) - numarg_i (A), numarg_i(B), a_var(V).
instr(div(A B, V)) - numarg_i (A), numarg_i(B), a_var(V).

i nstr(nmod(A B,V)) - numarg_i (A), numarg_i(B), a_var(V).

i nstr(and(A, B,V)) - numarg_i (A), numarg_i(B), a_var(V).
instr( or(A B, V)) - numarg_i (A), numarg_i(B), a_var(V).

i nstr(xor(A B, V)) - numarg_i (A), numarg_i(B), a_var(V).
instr(not (A V)) - numarg_i (A), a_var (V).
instr(sll (A B, V)) - numarg_i (A), numarg_i(B), a_var(V).
instr(sra(A B, V)) - numarg_i (A), numarg_i(B), a_var(V).
instr(sll). /* visi_plmonly */

instr(sra). /* visi_plmonly */

% 4. Procedural instructions:

i nstr(procedure(N A)) :- atom(N), natural (A).

nstr(all ocate(Perns))
nstr(deal | ocat e( Perns))
nstr(nop).

nat ur al ( Per s) .
nat ur al ( Per s) .

[
instr(call (NA)) :- atom(N), natural (A).
instr(return).

instr(sinmple_call (NA)) - atom(N), natural (A).
instr(sinple_return).

instr(label (L)) - Ibl(L).
instr(junp(L)) - Ibl(L).

[

[

[

% 5. Pragma information for translator and reorderer:
i nstr(pragma(P)) :- pragma(P).

% 6. Additions to BAM for the assenbly | anguage programrer:
instr(l) D -

user_instr(l).

% *** Additions to BAMfor the assenbly | anguage programmer ***

% Thi s section describes the parts of the BAM | anguage that are never out put
% by the conpiler, but only used by the BAM assenbly programrer. This is used
%to wite the run-time systemin BAM code, so that it is as portable as
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% possible. Additional instructions are junp to register address, convert

% t agged atom or integer to untagged integer (ord), its inverse (val), and
% non-trapping full-word unsigned conparison, non-trapping full-word

% arithmetic, and trailing for backtrackabl e destructive assignment.
user_instr(junmp_reg(R) - reg(R.

user_instr(junp_nt(C A B, L)) :- cond(C), numarg_i (A), numarg_i(B), Ibl(L).
user_instr(ord(A B)) :- arg(A), a_ var(B).

user_instr(val (T,A V)) c- a_tag(T), numarg_i (A), a_var(V).

user _instr(add_nt(A B,V)) - numarg_i (A), numarg_i(B), a_var(V).
user_instr(sub_nt(A B,V)) - numarg_i (A), numarg_i(B), a_var(V).
user_instr(and_nt (A B,V)) - numarg_i (A), numarg_i(B), a_var(V).
user_instr( or_nt(A B, V)) - numarg_i (A), numarg_i(B), a_var(V).

user _instr(xor_nt(A B, V)) - numarg_i (A), numarg_i(B), a_var(V).
user_instr(not_nt(A V)) ©- numarg_i (A, a_var (V).
user_instr(sll_nt(A B, V)) - numarg_i (A), numarg_i(B), a_var(V).
user_instr(sra_nt(A B, V)) - numarg_i (A), numarg_i(B), a_var(V).
user_instr(trail _bda(X)) - a_ var(X).

% Addi ti onal registers:

for

% See | mpl enent ati on Manual
_reg(r(A) :-

list of existing registers.

user atom( A) .

% *** Pragmas ***

% A variable is a multiple of N
% I nserted just before |oads in readnode unification.

pragma(align(V, N)) :- a var(V), pos(N.

% I nserted just before a sequence of pushes in witenode unification.
% (The pushes may be interleaved with non-nmenory noves.)

pragma( push(tern(Si ze))) i - pos(Size).
pragma( push(cons)).
pragma( push(structure(A))) :- pos(A).

pragma( push(vari abl e)).

% Specify the tag of a variable.

% (This is useful for processors wthout explicit tag support.)
pragma(tag(V, T)) :- avar(V), a_tag(T).

% Lengt h of a hash table.

pragma( hash_| engt h(Len)) :- pos(Len).

%*** Tags * k *

atom */

i nteger */

negative integer */
nonnegative integer */
structure */

a tag(tatm. /*
a_tag(tint). /*
a_tag(tneg). /*
a_tag(tpos). /*
a tag(tstr). /*
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a tag(tlst). /* cons cell */
a_tag(tvar). /* variable */

atomtag(tatny.

poi nter_tag(tstr).
poi nter_tag(tlst).
poi nter_tag(tvar).

% *** Addressi ng nodes ***

heap_ptr(r(h)).
choice_ptr(r(b)).

reg(r(l)) - int(l).

reg( v :- user_reg(V.

hreg(R) :- reg(R.

hreg(R) :- heap_ptr(R).
perm(p(1)) :- natural (1).
an_atomc(1) c-oint(l).

an_atomc(T A) :- atom(A), atomtag(T).
an_atomic(T (F/N)) :- atom(F), pos(N), atomtag(T).
a_var (Reg) :- reg(Reg).

a_var (Perm :- pern(Perny.

arg(Arg) :- a var(Arg).

arg(Arg) :- an_atom c(Arg).

var _i (Var) :- a_var(Var).

var _i([Var]) :- a_var(Var).

arg_i (Arg) :- var_i (ArQg).

arg_i (Arg) :- an_atom c(Arg).

nunt eg( Ar g) :- reg(Arg).

nunt eg( Ar g) c- int(Arg).

numarg_i (Arg) :- var_i (ArQg).

numarg_i (Arg) int(Arg).

var_of f([Var])
var_of f([Var+l])

a_var (Var).
a_var(Var), pos(l).

% Ef fecti ve address for equal:
ea_e(Var) :- a_var(Var).
ea_e(VarOf) :- var_off(VarOf).

% Ef fecti ve address for nove:
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ea_m(Arg) - arg(Arg).

ea_m(Var O f) - var_off(VarOf).

ea_m(Tag™ H) - pointer_tag(Tag), heap_ptr(H).

% Ef fecti ve address for push:

ea_p(Arg) :- arg_i (ArQg).

ea_p(Tag™ H) :- pointer_tag(Tag), heap_ptr(H).
ea_p(Tag” (H+D)) :- pointer_tag(Tag), pos(D), heap_ptr(H).

% *** M scel | aneous ***

eq_ne(eq). /* Equal */
eq_ne(ne). /* Not equal */

cond(lts). /* Signed less than */

cond(les). /* Signed |l ess than or equal */
cond(gts). /* Signed greater than */
cond(ges). /* Signed greater than or equal */
cond(eq). /* Equal */

cond(ne). /* Not equal */

hash_t ype(atonic).
hash_type(structure).

[ bl (fail)
[ bl (N A) :- atom(N), natural (A).
[bl (I(NNA1)) :- atom(N), natural (A), natural (I).

nv_fl ag(nonvar).
nv_flag(var).
nv_flag('?").

% A list of register nunbers:

% (May contain the value 'no’ as well)
regs([]).
regs([R Set]) :- (int(R; R=no), regs(Set).

% *** Utilities ***

ground(X) :- nonvar(X), functor(X, _, N), ground(N, X).

ground(N, ) :- N=:=0.
ground(N, X) :- N=\=0, arg(N, X, A), ground(A), Nl is N1, ground(Nl, X).

int(N) :- integer(N).
natural (N) :- integer(N, N>=0.
pos(N) :- integer(N), N>O.
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Appendix C

Formal specification of the Berkeley Abstract M achine semantics

% Formal specification of the Berkeley Abstract Machi ne (BAM senantics

% Copyright (C 1990 Peter Van Roy and Regents of the University of California
% May be used and nodi fied for non-comrercial purposes if this notice is kept.
% Witten by Peter Van Roy.

% The specification is a Prolog programthat defines the neaning of BAMin
%ternms of its execution in a sinple nenory nodel. |t runs BAM code directly
% fromthe output of the Aquarius conpiler.

% The specification does not include the user instructions of the BAM since
% t heir behavi or depends on the target nachine.

% The specification is witten in the Extended DCG notati on.

% Meani ng of registers:

% r(b) I ndex to nobst recent choice point.

% r(e) Index to current environnent.

%r(tr) Top of trail stack.

% r (h) Top of heap stack.

% r ( hb) Val ue of r(h) at last choice point creation.
% r (pc) Code address.

% r(cp) Conti nuati on pointer for code.

% r(tnmp_cp) Tenporary continuation pointer for code, used only in sinple_call.
%r(retry) Retry address for backtracking, only exists inside choice points.
%r(l) Argunent and tenporary register.

% p(1) Location on current environment.

% Types stored in registers:

% r(e) Contains values of registers {r(e),r(cp)} U {p(0), ..., p(N1)},

% where N is the size of the environnment.

% r(b) Contains values of registers {r(e),r(cp),r(tr),r(b),r(h),r(retry)} U RS,
% where RS is a subset of {r(0), r(1), 1.

%r(tr) Contai ns a natural nunber.

%r(h), r(hb) Contain words with a pointer tag.
% r(pc), r(cp) Contain natural nunbers or synbolic |abels.
% r(tnmp_cp) Contains a synbolic |abel.

%r(retry) Contains a synbolic |abel.
%r(l) Contai ns a word.

% p(1) Contai ns a word.

% Conment s:

% A word is either an integer or a structure of the form Tag™ Val ue where Val ue
%is a natural nunber except if Tag=tatm in which case Value is an atomor a
% structure (F/N where Fis an atomand N is a natural nunber.
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% A synbolic label is either the atom’'fail’, or the structure F/N, or the
% structure | (F/N,1), where Fis an atomand N and | are natural nunbers.
%r(cp) is stored in environments, allow ng nested calls.

% r(tnmp_cp) is not stored in environnments, allow ng only one | evel of call

% However, no environment is needed in a predicate containing a sinple_call.
% There are no explicit stacks for environments or choice points; registers
%r(e) and r(b) each contain a set of register val ues.

% Accunul at or decl arati ons:
% Accunul at ors:

acc_i nfo(code,
acc_i nfo(l bl map,
acc_i nfo(regs,
acc_info(trail
acc_i nf o( heap,
acc_i nfo(count,

T, In, Qut, table_command(T,In,Cut)).

T, In, Qut, table_command(T,In,Cut)).

T, In, Qut, table_command(T,In,Cut)).

T, In, Qut, table_command(T,In,Cut)).

T, In, Qut, heap_table_command(T,In,Cut)).
T, In, Qut, (Qut is T+in)).

% Predi cate decl arati ons:

% Top | evel

pred_i nfo( execute, 0, [regs, heap,trail, code, | bl map,count]).
pred_i nfo( instr_loop, O, [regs, heap,trail,code, | bl map,count]).
pred_i nfo( instr_loop_end, 1, [regs, heap,trail, code,| bl map, count]).
pred_i nfo( instr, 1, [regs, heap,trail,code, | bl map]).
pred_i nfo( nuneric_pc, 2, [|blmap]).

% Addr essi ng nodes:

pred_i nfo( heap, 3, | heap] )

pred_i nfo( reg, 3, [regs 1)

pred_i nfo( perm 3, [regs 1)

pred_i nfo( a_var, 3, [regs 1)

pred_i nfo( var i, 3, [regs, heap])

pred_i nfo( arg, 2, [regs 1).

pred_i nfo( arg i, 2, [regs, heap]).

pred_i nfo( nunreg, 2, [regs 1).

pred_i nfo( numarg, 2, [regs, heap])

pred_i nfo( var_off, 2, [regs, heap])

pred_i nfo( immtag, 2, [regs 1)

pred_i nfo( ea_e, 2, [regs, heap])

pred_i nfo( ea_m 2, [regs, heap])

pred_i nfo( ea_p, 2, [regs, heap]).

% Instruction utilities:

pred_i nfo( deref _rtn, 2, [regs, heap,trail])

pred_i nfo( deref _rtn_cont, 3, [regs, heap,trail])

pred_i nfo( equal _rtn, 3, [regs, heap,trail]).

pred_i nfo( switch_rtn, 5, [regs, heap,trail])

pred_i nfo( test _rtn, 4, [regs, heap,trail])

pred_i nfo( junp_cond_rtn, 4, [regs, heap,trail]).

pred_i nfo( hash_I ookup, 3, [regs, heap,trail,| Dbl map, code]).
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pred_i nfo( hash_I| ookup_2, 3, [regs, heap,trail,|bl map, code]).
pred_i nfo( hash_indirect, 3, [ heap 1)

pred_i nfo( save_choi ce_regs, 2, [regs, heap,trail])

pred_i nfo(restore_choice_regs, 2, [regs, heap,trail])

pred_i nfo( detrail _rtn, 2, [regs, heap,trail])

pred_i nfo( trail _rtn, 1, [regs, heap,trail])

pred_i nfo( cnp_trail, 2, [regs, heap,trail])

pred_i nfo( unify rtn, 3, [regs, heap,trail]).

pred_i nfo( unify rtn_2, 3, [regs, heap,trail]).

pred_i nfo( unify rtn_2, 5, [regs, heap,trail])

pred_i nfo( unify rtn_args_2, 6, [regs, heap,trail])

pred_i nfo( unify rtn_args_3, 7, [regs, heap,trail])

pred_i nfo( unify atm 3, [regs, heap,trail])

pred_i nfo( uni fy_end, 2, [regs, heap,trail])

pred_i nfo( uni fy varvar, 2, [regs, heap,trail])

pred_i nfo( get _size, 3, | heap 1)

pred_i nfo( arith, 4, [regs, heap 1)

pred_i nfo( wite rtn, 0, [regs, heap,trail])

pred_i nfo( wite rtn, 1, [regs, heap,trail]).

pred_i nfo( wite arg, 2, [regs, heap,trail]).

pred_i nfo( wite args, 3, [regs, heap,trail])

% | npl ement the accumnul at or conmands:

tabl e_command(ins(l,Val), In, In) :- ins(ln, I, Val).

tabl e_command(get(l,Val), In, 1In) :- get(ln, I, Val).

tabl e_command(set(l,Val), In, Qut) :- set(ln, I, Val, Qut).
% Mask of f tag before | ooking up heap entry:

heap_tabl e_conmmand(ins(_"I,Val), In, In) :- ins(In, |, Val).
heap_t abl e_conmand(get(_"I,Val), In, In) :- get(In, I, Val).
heap_t abl e_conmmand(set(_"I,Val), In, Qut) :- set(In, I, Val, Cut).

% *** Initialization and runtine options ***

: - dynami c(banspec_option/1).

main :-
save( banspec, 1),
prompt(_, "),
( copyright,
execut e
error ([’ Sorry, the executable BAM specification has failed.’])
),
hal t .
main :-
hal t .

copyright :-
write(’ Berkel ey Abstract Machi ne (BAM Executable Specification ), nl
write(’ Copyright (C) 1990 Peter Van Roy and '),
wite(’' Regents of the University of California ), nl, nl
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flag_print(l) :- banspec_option(print), !, wite(’ Executing '), wite(l), nl.
flag_print(_).

% Look up synbolic |abel to get a numeric PC
nunmeric_pc(PC, PC) -->> {integer(PC}, !.
nunmeri c_pc(PC, NPC) -->> [get(PC NPC)]: I bl map.

% Read in the instructions and create the code array and | abel map:
% The code array gives the instruction corresponding to each PC val ue.
% The | abel map gives the PC val ue corresponding to each synbolic | abel.
read_code( Code, Lbl Map) : -

read(lnstr),

read_code(lnstr, 0, Code, Lbl Map).

read_code(end_of file, _, Code, LblMap) :- !, seal (Code), seal (Lbl Map).
read_code((:-Option), PC, Code, LblMp) :- I,

assert a(banmspec_option(Option)),

read( Nextlnstr),

read_code(Nextlnstr, PC, Code, Lbl Map).
read_code(Instr, PC, Code, Lbl Map) :-

i ns(Code, PC, Instr),

i nsert | bl map(lnstr, Lbl Map, PC),

PCl is PCt1,

read( Nextlnstr),

read_code(Nextlnstr, PCl, Code, Lbl Map).

% Add an entry to the | abel map:

i nsert _| bl map(1 abel (L), Lbl Map, PC) :- !, ins(Lbl Map, L, PC).
i nsert _| bl map(procedure(P), LblMap, PC :- !, ins(Lbl Map, P, PC).
insert Iblmap(_, _, ).

% *** Top | evel execution ***

execute : -
write(’ Reading BAM code’), nl,
read_code( Code, Lbl Map),
wite(’Starting execution), nl,
execute(l eaf, Regs, leaf, _, leaf, _, Code, _, LblMap, _, 0, N),
wite(’ Executed '), wite(N), wite(’ instructions.’), nl,
print_array(Regs).

execute(File) :-
seeing(dA dFile),

see(File),

read_code( Code, Lbl Map),

seen,

see(A dFile),

execute(l eaf, Regs, leaf, _, leaf, _, Code, _, LblMap, _, 0, N,

wite(’ Executed '), wite(N), wite(’ instructions.’), nl,
print_array(Regs).
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execute -->>
[set(r(e),leaf)]:regs,
[set(r(b),leaf)]:regs,
[set(r(h),tvar”0)]:regs,
[set(r(tr),0)]:regs,
[set(r(pc),0)]:regs,
[set(r(cp), gl obal _success/0)]:regs,
instr(choice(1l/2,[], gl obal failure/0)),
i nstr_| oop.

% I nstruction execution | oop:
instr_loop -->>
[get(r(pc),PO)]:regs,
I
i nstr_| oop_end(PC).
nstr_| oop -->>
error(['Attenpt to execute beyond existing code.’]).

nstr_loop_end(wite/l) -->> 1, wite_rtn, instr(return), instr_|oop.
nstr_loop_end(nl/0) -->> 1!, nl, instr(return), instr_Ioop.
nstr_I| oop_end(gl obal _success/0) -->>1,
wite(’*** d obal success ***'), nl.
nstr_l oop_end(global _failure/0) -->>1,
wite(’*** dobal failure ***'), nl.
nstr_loop_end(fail) -->>
instr(fail),
I

i nstr_| oop.

nstr_Il oop_end(PC) -->>
nuneri c_pc(PC, NPC),
% Fet ch:
[get (NPC I nstr)]: code,
NPCl1 i s NPC+1,
[set(r(pc), NPC1)]:regs,
% Execut e:
[1]: count,
flag_print(lnstr),

instr(lnstr),
!

i nstr_| oop.
instr_l oop_end(PC) -->>
error ([’ Program counter is ', PC).

% *** BAM I nstructions ***

% 1. Unification support instructions:
instr(deref(V,W) -->>

var _i(get, V, X,

deref _rtn(X, Y),

var _i(set, W Y).
i nstr(equal (EA A'L)) -->>

ea_e(EA X)),
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arg i (A Y),

{16l (L)},

equal _rtn(X, Y, L).
instr(unify(VVWF, GL)) -->>

var _i(get, V, X,

var_i(get, W Y),

{nv_flag(F)},

{nv_flag(GQ},

{Ibl (L)},

unify rtn(X, Y, L).
instr(unify atomc(V,1,L)) -->>

var _i(get, V, X,

{an_atomc(1)},

{Ibl (L)},

unify rtn(X, I, L).
instr(trail (V) -->>

var _i(get, V, X,

trail _rtn(X).
instr(move(EA VI)) -->>

ea_m EA, X),

var _i(set, VI, X), !.
instr(push(EAL R N)) -->>

ea_p(EA X),

{hreg(R},

[get (R Y)]:regs,

[set (Y, X)]: heap,

{pos(N) },

add_word(Y, N, YN),

[set(R YN)]:regs.
instr(adda(R, S, T)) -->>

{hreg(R)},

[get (R X)]:regs,

nunreg(S, Of),

add_word(X, Of, NX),

{hreg(M},

[set(T,NX)]:regs.
instr(pad(N)) -->>

[get(r(h),H]:regs,

{pos(N) },

add_word(H, N, NewH),

[set(r(h), NewH)]:regs.

% 2. Conditional control flow instructions:

instr(choice(1/N Rs,L)) -->> {pos(N), N>1, regs(Rs),

save_choi ce_regs(Rs, NewB),

{ins(NewB, r(retry), L)},
[get(r(tr), TR ]:regs, {ins(NewB, r(tr), TR},
[get(r(e), E)]:regs, {ins(NewB, r(e), B},
[get(r(cp),CP)]:regs, {ins(NewB, r(cp), CP)},
[get(r(b), B)]:regs, {ins(NewB, r(b), B)},
[get(r(h), HY]:regs, {ins(NewB, r(h), H)},
{seal (NewB)},

[set(r(hb), H]:regs,

[set(r(b), NewB)]:regs.

I'bl (L)},
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instr(choice(l/N Rs,L)) -->> {pos(N), pos(l), 1<l, I<N, regs(Rs), Ibl (L)}, !,
[get(r(b),B)]:regs,
restore_choi ce_regs(Rs, B),
{set (B, r(retry), L, NewB)},
[set(r(b), NewB)]:regs.
instr(choice(NN Rs,L)) -->> {pos(N), regs(Rs), Ibl(L)}, !,
[get(r(b),B)]:regs,
restore_choi ce_regs(Rs, B),
{get (B, r(b), NewB)},
[set(r(b), NewB)]:regs,
{get (NewB, r(h),H},
[set(r(hb),H]:regs.
instr(fail) -->>
[get(r(b),B)]:regs,
{get(B,r(h),H},
[set(r(h),H)]:regs,
{get(B,r(e), B},
[set(r(e),E)]:regs,
{get (B, r(cp),CP)},
[set(r(cp),CP)]:regs,
[get(r(tr),CurTR)]:regs,
{get (B, r(tr), ddTR},
detrail _rtn(CurTR, A dTR),
{get (B, r(retry), L)},
[set(r(pc),L)]:regs.
instr(switch(T,V,A B, Q) -->>
{a_tag(T)},
var_i(get, V, X),
extract _tag(X, TX),
{Ibl (A, Ibl(B), Ibl(O},
switch_rtn(T, TX, A B, Q.
instr(test(Eq, T,V,L)) -->>
{a_tag(T)},
var_i(get, V, X),
extract _tag(X, TX),
{eq_ne(Eq)},
{16l (L)},
test _rtn(Eq, T, TX, L).
instr(jump(C A B/ L)) -->>
{cond(QC)},
numar g( A, XA), {extract_val ue(XA, VA), check_int(XA)},
numarg(B, XB), {extract_val ue(XB, VB), check_int(XB)},
{Ibl (L)},
junp_cond_rtn(C, VA, VB, L).
instr(move(r(b),V)) -->>
[get(r(b),B)]:regs,
a_var(set, V, B).
instr(cut(Vv)) -->>
a_var(get, V, X,
[set(r(b),X)]:regs,
{get (X, r(h), H},
[set(r(hb),H]:regs.
instr(hash(T,R N,L)) -->> hash_type(T), pos(N), Ibl(L),
reg(get, R X,
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hash_indirect (T, X YY),
[get (L, PO)]:I bl map,
hash_I ookup(PC, Y, N).
instr(pair(_,_)) -->>
{error([’ Attenpt to execute inside a hash table.’])}.

% 3. Arithnetic instructions:

[
instr(add(A B,V)) -->> arith(add, A B, V).
instr(sub(A B, V)) -->> arith(sub, A B, V).
instr(mul (A B, V)) -->> arith(mul, A B, V).
instr(div(A B, V)) -->> arith(div, A B, V).
instr(nmod(A B, V)) -->> arith(nod, A B, V).
instr(and(A B,V)) -->> arith(and, A B, V).
instr( or(A B V) -->> arith( or, A B, V).
instr(xor(A B, V)) -->> arith(xor, A B, V).
instr(not (A V)) -->> arith(not, A 0, V).
instr(slI(ABV) -->> arith(sll, A B, V).
instr(sra(A B, V)) -->> arith(sra, A B, V).

% 4. Procedural instructions:
instr(procedure(NA)) -->> {atom(N), natural (A)}.
instr(call (NNA)) -->> {atonm(N), natural (A)},

[get(r(pc),PO)]:regs,

[set(r(cp),PCO]:regs,

[set(r(pc), NA)]:regs.

instr(return) -->>
[get(r(cp),PCO]:regs,

[set(r(pc),PC)]:regs.

instr(sinple_call (NA)) -->> {aton(N), natural (A},
[get(r(pc),PO)]:regs,
[set(r(tmp_cp), PO)]:regs,
[set(r(pc), NA)]:regs.

instr(sinple_return) -->>
[get(r(tmp_cp), PO)]:regs,
[set(r(pc),PC)]:regs.

instr(label (L)) -->> {lbl(L)}.

instr(junp(L)) -->> {lbl (L)},
[set(r(pc),L)]:regs.

instr(allocate(N)) -->>
{natural (N)},
[get(r(e),E)]:regs,
{ins(Newk, r(e), B},
[get(r(cp),CP)]: regs,
{ins(Newk, r(cp), CP)},
{seal (NewE)},
[set(r(e), NewE)]:regs.

i nstr(deal |l ocate(N)) -->>
{natural (N)},
[get(r(e),E)]:regs,
{get(E r(e), Newk)},

{get (E r(cp), NewCP)},

[set(r(e), NewE)]:regs,

[set(r(cp), NewCP)]: regs.
instr(nop) -->>1].
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% 5. Pragma information for translator and reorderer:
% Pragnas are no-ops in the execution.
instr(pragma(P)) -->> {pragma(P)}, !.

% 6. Additions to BAM for the assenbly | anguage programrer:

% The neani ng of these instructions depends on the underlying architecture,
% so they are not included in this specification. See the Inplenentation
% Manual for a discussion of their use.

% *** Pragmas ***

% A variable is a multiple of N
% I nserted just before |oads in readnode unification.

pragma(align(V, N)) :- a var(V), pos(N.

% I nserted just before a sequence of pushes in witenode unification.
% (The pushes nmay be interleaved with non-nmenory noves.)

pragma( push(tern(Si ze))) i - pos(Size).
pragma( push(cons)).
pragma( push(structure(A))) :- pos(A).

pragma( push(vari abl e)).

% Specify the tag of a variable.
% (This is useful for processors wthout explicit tag support.)
pragma(tag(V, T)) :- avar(V), a_tag(T).

% Lengt h of a hash table.
pragma( hash_| engt h(Len)) :- pos(Len).

%*** Tags * k *

a tag(tatm. /* atom */

a_tag(tint). /* integer */
a_tag(tneg). /* negative integer */
a_tag(tpos). /* nonnegative integer */
a tag(tstr). /* structure */

a tag(tlst). /* cons cell */
a_tag(tvar). /* variable */

atomtag(tatny.

atom c_tag(tatm.
atom c_tag(tint).
atom c_t ag(tneg).
atom c_t ag(tpos).

poi nter_tag(tstr).
poi nter_tag(tlst).
poi nter_tag(tvar).
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% *** Addressi ng nodes ***

% Both read and wite access:

heap(get, W X) -->> {ptr_word(W}, [get(WX)]: heap.
heap(set, W X) -->> {ptr_word(W}, [set(WX)]: heap.

ptr_word(T _) :- pointer_tag(T).

reg(get, R X) -->> {reg(R}, [get(R X)]:regs.
reg(set, R X) -->> {reg(R}, [set(R X)]:regs.

reg(r(l)) - int(l), !.

hreg(R) :- reg(R, !.
hreg(r(h)).

perm(get, P, X) -->> {perm(P)}, [get(r(e),E)]:regs, {get(E P, X)}.
permset, P, X) -->> {perm(P)}, [get(r(e),E)]:regs, {set(E, P, X, NewE)},
[set(r(e), NewE)]:regs.

perm(p(l)) :- natural (I).

avar(WR, V, X) -->>reg(\WR, V, X), !.
avar(WR, V, X) -->> perm(\WR, V, X).

a_var(Reg) :- reg(Reg), '.
a var(Perm :- permPernj.

var i (\WR, [V], X) -->> a var(get, V, W, heap(WVR W X), !.
var _i (R, V, X) -->> a var(\WR, V, X).

% Read access only:

% An int is its own val ue:

int(N) :- integer(N).

% An atomic is its own val ue:

an_atomc(1) C-int(l), .

an_atomc(T A) :- atom(A), atomtag(T), !.
an_atomic(T (F/N)) :- atom(F), pos(N), atomtag(T).

arg(Arg, Arg) -->> {an_atomc(Arg)}, !.
arg(Arg, X) -->> a_var(get, Arg, X).

arg i (Arg, Arg) -->> {an_atomc(Arg)}, !.
arg_i (Arg, X) -->> var_i(get, Arg, X).

nunreg(Arg, Arg) -->> {int(Arg)}, !.
nunt eg( Ar g, X) -->> reg(get, Arg, X).
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numarg(Arg, Arg) -->> {int(Arg)}, !.
numar g( Ar g, X) -->> var_i(get, Arg, X).

var_off([Var+l], X) -->> a_var(get, Var, T), !,
{pos(l)}, add_word(T, I, T2), [get(T2,X)]: heap.
var_of f([Var], X) -->> a_var(get, Var, T), [get(T,X)]: heap.

% Creating i medi ate tagged poi nter objects:
immtag(Tag™(r(h)+D), W -->> {pointer_tag(Tag)}, !,
[get(r(h), T)]:regs,
{pos(D)}, add_word(T, D, X),
insert_tag(Tag, X, W.
immtag(Tag™r(h), W -->> {pointer_tag(Tag)}, !,
[get(r(h),X)]:regs,
insert_tag(Tag, X, W.

% Ef fecti ve address for equal:
ea_e( Var, X) -->> a var(get, Vvar, X), !.
ea_e(VarOf, X) -->> var_off(VarOf, X).

% Ef fective address for nove:

ea_m(Arg, X) -->> arg(Arg, X), !.
ea_mVarOf, X) -->> var_off(VarOf, X), !.
ea_ mTr(h), X) -->>imtag(T r(h), X).

% Ef fecti ve address for push:

ea_p(Arg, X) -->> arg_i (Arg, X), !.
ea_p(TY, X) --> immtag(TyY, X).

% *** M scel | aneous ***

eq_ne(eq). /* Equal */
eq_ne(ne). /* Not equal */

cond(lts). /* Signed less than */

cond(les). /* Signed |less than or equal */
cond(gts). /* Signed greater than */
cond(ges). /* Signed greater than or equal */
cond(eq). /* Equal */

cond(ne). /* Not equal */

hash_t ype(atoni c).
hash_type(structure).

[ bl (fail).
[ bl (N A) :- atom(N), natural (A).
[bl (I(NNA1)) :- atom(N), natural (A), natural (I).

nv_fl ag(nonvar).
nv_flag(var).
nv_flag('?").
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% A list of register nunbers:

% (May contain the value 'no' as well)
regs([]).
regs([R Set]) :- (int(R; R=no), !, regs(Set).

% Dereference utilities:

deref _rtn(X, X) -->> {nonvartag(X)}, !.
deref _rtn(X Y) -->>

[get (X, X2)]: heap,

deref _rtn_cont(X, X2, Y).

deref _rtn_cont(X, X, Y) -->> 1, {Y=X}.
deref _rtn_cont(_, X Y) -->> deref _rtn(X, V).

% Equal routine:

equal _rtn(X, X, ) -->>1.
equal _rtn(_, _, L) -->> [set(r(pc),L)]:regs.

% Swi tch and test routines:

switch rtn(_, tvar, A _, ) -->> 1, [set(r(pc),A)]:regs.
switch_rtn(T, X, _,B,_) -->>{equivalent_tag(T,TX)},!, [set(r(pc),B)]:regs.

switch rtn(_, = QG -->> [set(r(pc),Q]:regs.
test_rtn(Eq, T, TX, L) -->> {test_true(Eq, T, TX)}, !, [set(r(pc),L)]:regs.
test_rtn( _, _, _, ) -->1]].

test _true(eq, T, TX) :- equivalent_tag(T, TX).
test _true(ne, T, TX) :- \+equivalent _tag(T, TX).

% Arithmetic utilities:

arith(Op, A B, V) -->>
numar g( A, XA), {extract_val ue(XA, VA), check_int(XA)},
numarg(B, XB), {extract_value(XB, VB), check_int(XB)},
arith_operation(Qp, VA VB, VO,
a_var(set, V, VO).

arith_operation(add, VA, VB, VC) :- VCis VA+VB.
arith_operation(sub, VA VB, VO :- VCis VA-VB
arith_operation(mul, VA VB, VO :- VCis VA*VB.
arith_operation(div, VA VB, VO :- VCis VA/VB.
arith_operation(nod, VA, VB, VC) :- VCis VA nod VB.
arith_operation(and, VA, VB, VC) :- VCis VA/\ VB



arith_operation( or, VA
arith_operation(xor, VA
arith_operation(not, VA
arith_operation(sll, VA
arith_operation(sra, VA
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is VA\/ VB.

is (VA/\ \(VB)) \/ (VB /\ \(VA).
is \(VA.

i s VA<<VB.

is VA>>VB.

% Condi tional junp:

junp_cond_rtn(C, VA, VB,
junp_cond_rtn(_, _, _,

junp_true(lts, VA VB) :-
junp_true(gts, VA VB) :-
junp_true(les, VA VB) :-
junp_true(ges, VA VB) :-
junp_true( eq, VA VB) :-
junp_true( ne, VA VB) :-

L) -->> {jump_true(C, VA VB)}, !, [set(r(pc),L)]:regs.

O o> [l

VA@:VB.
VA@VB.
VA@:<VB.

% Hash table utilities:

hash_I| ookup(PC, X, N -->>

{PCL i s PC#1},

[ get (PCL, pragma( hash_l ength(N)))]: code,

{PC2 is PCl+1},
{PCN i s PCL+N},

hash_I ookup_2(PC2, PCN, X).

hash_| ookup_2(PC, PCN, )
hash_| ookup_2(PC, PCN, X)

i
t’set(r(pc), L)]:regs.
hash_I| ookup_2(PC, PCN, X)

{PCl is PC+1},

-->> {PCPCN}, !.
-->> { PC=<PCN},
[get (PC, pair(E, L))]: code,

-->> { PC=<PCN},

hash_I ookup_2(PC1, PCN, X).

% I ndirection needed for structures because main functor is in nenory:
hash_i ndi rect (at om c,
hash_i ndi rect (structure,

X X)) -->>1].

X, Y) -->> [get(XY)]: heap.

% Choi ce point and fail utilities:

save_choice_regs([], ) -->>1].

save_choi ce_regs([ no| Rs],

B -->>1,

save_choi ce_regs(Rs, B).

save_choi ce_regs([I| Rs],
[get(r(l),R]:regs,

B) -->>
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{ins(B, r(l), R},
save_choi ce_regs(Rs, B).

restore_choice_regs([], ) -->>1].
restore_choice_regs([no|Rs], B) -->>1,
restore_choi ce_regs(Rs, B).
restore_choice_regs([I|Rs], B) -->>
{get(B, r(1), R},
[set(r(l),R]:regs,
restore_choi ce_regs(Rs, B).

% Trailing and detrailing:

trail_rtn(X) -->>
[get(r(hb),HB)]:regs,
cnp_trail (X, HB).

cnp_trail (X, HB) -->> {less_trail (X, HB}, !,
[get(r(tr), TR ]:regs,
[set (TR, X)]:trail,
{TRL is TR+1},
[set(r(tr), TR1)]:regs.
cnp_trail(_, ) -->>1].

less_trail ("X, _Y) :- X<V.

% Restore to unbound the variables on the trail between A dTR and Cur TR
detrail _rtn(CurTR, A dTR) -->> {Cur TR=<A dTR}, !.
detrail _rtn(CurTR, A dTR) -->> {Cur TR>A dTR},

{CurTRL is CurTR- 1},

[get (CurTRL, V)]:trail,

[set(V,V)]: heap,

detrail _rtn(CurTRL, AdTR).

% Ceneral unification routine:

uni fy rtn(wW, W2, L) -->>
unify rtn_2(W, W2, Flag),
uni fy_end(Flag, L).

uni fy_end(success, _) -->>[].
% For later: detrailing if L\fail.
uni fy_end(fail, L) -->> [set(r(pc),L)]:regs.

unify rtn_2(W, W2, Flag) -->>
{extract_tag value(W, Ti, V1)},
{extract_tag value(W, T2, V2)},
unify rtn_2(T1, V1, T2, V2, Flag).

unify_rtn_2(tvar, V1, NTag, V2, success) -->> {NTlag\==tvar}, !,
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trail _rtn(tvar~V1),
{make_word(NTag, V2, Wrd)},
[set(tvar” Vi, Wrd)]: heap.
uni fy_rtn_2(NTag, V2, tvar, V1, success) -->> {NTlag\==tvar}, !
trail _rtn(tvar~V1),
{make_word(NTag, V2, Wrd)},
[set(tvar” Vi, Wrd)]: heap.
unify rtn_2(tvar, V1, tvar, V2, success) -->> 1,
uni fy_varvar(V1i, V2).
% Mat chi ng atonic tags:
uni fy rtn_2(ATag, V1, BTag, V2, Flag) -->>
{atom c_t ag( ATag) },
{atom c_t ag(BTag) },
{equi val ent _t ag( ATag, BTag)},
I
uni fy atm( Vi, V2, Flag).
% Non- mat chi ng nonvari abl e tags:
unify rtn_2(ATag, _, BTag, _, fail) -->>
{ATag\ ==t var, BTag\==tvar},
{\ +equi val ent _t ag( ATag, BTag)},
I

% Mat chi ng pointer tags (recursive case):
uni fy rtn_2(ATag, V1, ATag, V2, Flag) -->>
{poi nter_tag(ATag)},
get _size(ATag, Vi, Sz),
unify rtn_args_2(0, Sz, ATag, V1, V2, Flag).

% The ternms Size is the maxi mum of fset needed to traverse the termin nenory.
get _size(tlst, _, 1) -->>[].
get _size(tstr, V, N -->>

[get(tstr”V, Func)]: heap,

{Func=(tatnmi(_/N))}.

unify rtn_args_2(N, Sz, _, _, _, success) -->> {N>Sz}, !.
unify rtn_args 2(N, Sz, T, V, W Flag) -->> {N=<Sz}, !,
{WNis V+N},
{WN is WHN},

[get (T VN, VX)]: heap, deref _rtn(VX, DVX),
[get (T"WN, WK) ] : heap, deref _rtn(WK, DWK),
unify rtn_2(DVX, DWK, F),

{NL is N+1},

unify rtn_args_3(F, N1, Sz, T, V, W Flag).

% Continue with other arguments if argument unification succeeded:
unify rtn_args_3(fail, _, ., _, _, _, fail) -->>1]].

uni fy rtn_args_3(success, Kll,_Sz, T, V, W Flag) -->>
unify rtn_args_2(N1l, Sz, T, V, W Flag).

% Uni fying value parts of two atomic terns with equival ent tag:
uni fy atm'V, V, success) -->> 1.
unify atm(_, _, fail) -->>1].

% Uni fying two variabl es: bind youngest to ol dest, trail youngest.
uni fy varvar(V1i, V2) -->> {Vi>V2}, !,
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trail _rtn(tvar~V1),
[set(tvar” V1, tvar”V2)]: heap.

uni fy varvar(V1i, V2) -->> {V1=<V2}, I,
trail _rtn(tvar”V2),
[set(tvar”™V2,tvar”V1)]: heap.

% Sinmple type utilities:
ground(X) :- nonvar(X), functor(X, _, N), ground(N, X).

ground(N, ) :- N=:=0, !.
ground(N, X) :- N=\=0, arg(N, X, A), ground(A), Nl is N1, ground(Nl, X).

natural (N) :- integer(N, N>=0.
pos(N) :- integer(N, N>O.

% Word, tag, and value manipulation utilities:

% This takes into account the rel ationship between tpos, tneg and tint.
% For integers it extracts tpos or tneg tags and the absol ute val ue

% of the integer. It creates the correct integer, given the tpos, tneg
% or tint tags.

equi val ent _tag(T, T - 1.
equi valent _tag(tint, tpos) :- I.
equi val ent _tag(tint, tneg).

extract _tag(N, tpos) :- integer(N, N>=0, !.
extract _tag(N, tneg) :- integer(N, N<O, !.
extract _tag(T _, T).

extract _val ue(N, N) :- int(N), N>=0, !.

extract _val ue(N, M - int(N), NO, !, Mis -N

extract _value(_"V, V).

extract _tag value(W T, V) :-
extract _tag(W T),
extract _val ue(W V).

nonvartag(l) :- int(l), !.
nonvartag(T _) :- \+T=tvar.

% Only used for pointer tags:
insert_tag(T, "V, TV).

)
) - L.
) - !, I is -N

make word(tint, I, |
make_ word(tpos, I, |
make word(tneg, N, |
make word(T, V, T V).
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add_ word(T I, J, TK) :- Kis I+J.

% Eventual Iy, print out value of PC
check_int(l) :- int(l), !.
check_int(_) :-
error ([’ Operand of conditional is not an integer.’']).

% Tabl e utilities:
% Thi s code inmplenents a nmutable array, represented as a binary tree.
% lnsert a value in logarithmc time and constant space:

% This predicate is used in this programonly to create the array,
% al t hough it can also be used to access array el enents.

ins(T, I, V) :- hash(l, H, ins_2(T, H V).
ins_2(node(NWL,R, I, V) :- ins_ 2(N W L, R I, V).
ins_ 2(N, VvV, _, _, 1, V) - 1I=N 1.
ins 2(N, , L, R I, V) :-

conpare(COrder, I, N,

ins_2(Order, I, V, L, R.
ins_2(<, I, V, L, ) - ins_2(L, I, V).
ins 2(> I, V, , R - ins 2(R I, V).

% Access a value in logarithmic time and constant space:
% Thi s predicate cannot be used to create the array increnmentally,
% but it is faster than ins/3.

get(T, I, V) :- hash(l, H, get 2(T, H V).
get _2(node(N WL, R, I, V) :-
conpare(COrder, |, N,
get_3(Order, I, V, W L, R.
get _3( <| I ’ Vl ] I—; _) L= get _2( L, I , \/) .
get _3( = Vv, W o _) - V=W
get 3(> I, V, ., , R - get_ 2(R I, V).
% Update an array in logarithmc tine and space:
set(T, I, V, U :- hash(l, H), set_2(T, H V, U.
set _2(| eaf, I, V, node(l,V,leaf,leaf)).
set_2(node(NNWL,R, I, V, node(N, NWNL, NR)) : -
conpare(COrder, |, N,
set_3(Oder, I, V\ W L, R NW N, NR.
set_3(<, I, V, WL R WN, R :- set_2(L, I, V, N).
set_3(=, _, V, ., L, R V, L R.
set_3(> I, VV WL R WL NR :- set 2(R I, V, NR.

% Prevent any further insertions in the array:



206

seal (| eaf).
seal (node(_, ,L,R)) :- seal(L), seal (R.

% Print values of array in sorted order:
print_array(Tern) :-
flat_array(Term 2, Flat),
print_list(Flat).

print_list([]).

print_list([(A->B)|L]) :-
wite(A), put(9), wite('’="), wite(B), nl,
print_list(L).

flat_array(Term N, Sort) :-
N>0, N1 is N1,
flat_array(Term N1, Flat, []), !,
sort(Flat, Sort).

flat_array(l eaf, N, [1) :- N=:=0, !.
flat_array(node(_, , , ), N "...") - N=:=0, !.
flat_array(Term _, Term.

flat_array(leaf, ) -->1]].
flat_array(node(H T,L,R, N -->
flat_array(L, N,

{hash(H, 1)},
{flat_array(T, N, F)},
[(1->F)],

flat_array(R N).

% I nvertible hash function:

% Bit inversion of the integer components of a ground term Qher parts are
% unchanged. This one inverts the low 16 bits. It can be changed by changi ng
% the |ast argument of bit_invert/3.

hash(l, H :- integer(l), !, bit_invert(l, H 16).

hash(T, H) :- functor(T, Na, Ar), functor(H Na, Ar), hash_2(Ar, T, H).

hash_2(0,
hash_2(N,
arg(N,
arg(N, H,
hash(X, Y),
Nl is N1,
hash_2(N1, T, H).

-
- N0,

— |
IXIL

I -

bit_invert(0, 0, ) :- !.
bit_invert(N, I, B) :- N>O,
L is N>>1,
Ris N\1,
Bl is B-1,
bit_invert(L, LI, B1),
| is RF(1<<B) + LI.
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% Error handling:

error(L) :-
wite(’*** Error: '),
error _| oop(L),
wite(’ ***'), nl.

error_loop([])-
error _| oop(]

ML]) :- wite(M, error_loop(L).

% Primtive version of wite:

wite rtn -->>

[get(r(0),X)]:regs,
wite rtn(X).

wite rtn(tvar™V) -->> 1 {wite(’_'), wite(V)}.
wite rtn(l) -->>{int(l1)}, !, {wite(l)}.
wite rtn(tatni(F/N)) -->> 1, {wite(""""), wite(F/N, wite('""")}.
wite rtn(tatnfA) -->> 1, {wite(A}.
wite_rtn(tlst”™V) -->>1,

{Wis V+1},

[get(tlst™V, Head)]: heap,
[get(tlst"WTail)]: heap,

deref _rtn(Head, DHead),

deref _rtn(Tail, Drail),

{wite("[")},

write_rtn(DHead),

{wite("|")},

wite rtn(Drail),

{wite("]")}.

te_rtn(tstr°V) -->>1,
[get(tstr™V,tatnmi (F/N))]: heap,
{wite(F), wite(' (")},

wite arg(V, 1),

wite args(2, N V),

{wite(’)")}.

wite args(l, N ) -->> {I>N}, !.
wite_args(l, N V) -->> {I=<N}, I,
{11 is |+1},
{wite(’,")},
wite_arg(V, 1),
wite args(l1, N, V).

wr

2

ite_arg(V, 1) -->>
{Wis V+l},
[get(tstr"WX)]: heap,
deref _rtn(X, DX),
wite rtn(DX).
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Appendix D

Semantics of the Berkeley Abstract Machine

1. Introduction

This appendix gives an English-language description of the semantics of the Berkeley Abstract
Machine (BAM) as comments attached to a Prolog specification of its syntax. The BAM is intended to
operate on the same data structures as the Warren Abstract Machine (WAM), therefore some familiarity
with the WAM is an advantage. The semantics are represented by short descriptions supplemented by
pseudo-code and examples where necessary.

The BAM is designed to be simple and easily translated to most general-purpose processors. Many
of its optimizations apply to any processor, for example the streamlined choice point management and the
use of write-once permanent variables to simplify trailing. Although the first target is the VLSI-BAM pro-
cessor, we have built trandators for other processors including the MIPS and the MC68020. Pragmeas give
information that is used to obtain the best trandation for different processors.

The instruction set is divided in six categories, each in a different section. Each section starts with a
box giving the syntax of the instructions presented in that section. Thisis followed by a description of the
instructions’ actions. Section 2 gives the unification instructions. Section 3 gives the conditional control
flow instructions. Section 4 gives the arithmetic instructions. Section 5 gives the procedural control flow
instructions. Section 6 gives the pragmas, which contain information that allows better translation. Section
7 gives the user instructions, additions to the BAM that are never output by the compiler but are intended
for the BAM assembly programmer. The last section defines the syntax and semantics of the addressing
modes used in the instructions.

In explaining the semantics, a few assumptions are made about the data representation. An infinite
number of registers is assumed; the trandator should map registers of sufficiently large index to memory.
A tagged architecture is assumed; i.e. each word contains a tag and a value field which are treated as
separate entities in some instructions and as a unit in other instructions. A load-store architecture is
assumed; almost any architecture has a subset of instructions that satisfy this assumption. The actual
details of the trandation to the target architecture are not given since they depend on the characteristics of
the architecture. These characteristics include the number of registers, the addressing modes, hardware
support for certain features (tagging, dereferencing, trailing, etc.), the precise format of choice points and
environments, and so forth.
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2. Unification instructions

Unification syntax

nstr(pad(N)) :
nstr(unify atomc(V,1,L)):
nstr(fail).

- pos(N).
var i (V), an_atomc(l), Ibl(L).

instr(deref(V,W) c- ovar _i(V), var_i(W.

instr(equal (EA A L)) .- ea_e(EA), arg i (A, Ibl(L).

instr(unify(VWF, GL)) - var_i(V),var_i(W,nv_flag(F),nv_flag(G,Ibl(L).
instr(trail (V)) c- var _i (V).

i nstr(nmove(EA, VI)) - ea_mEA), var_i (V).

i nstr(push(EA R N)) ;- ea_p(EA), hreg(R), pos(N).

instr(adda(R, S, T)) ;- nunreg(R), nunreg(S), hreg(T).

i

i

i

deref (V, W Dereference the argument V and store the result in W. The argument
V is unchanged. This is the only instruction which dereferences its
argument. All other instructions assume that their arguments are
dereferenced. Giving the dereference instruction two arguments
simplifies the implementation of write-once permanent variables and
makes afast implementation of trailing possible.

equal (X Y, L) Compare X to Y and branch to L if they are not equal. The comparison
isafull word operation, equivalent to *‘eq’’ in Lisp. It isassumed that
X and Y are dereferenced.

uni fy(X Y, T, U L) Perform a general unification of X and Y, and branch to L if it fails.
Always binds oldest variables to the youngest. In the failure case all
bindings are undone. It isassumed that X and Y are dereferenced. The
two parameters T and U are added as an optimization, and may be
safely ignored. They are flags (with values * ?’, var, or nonvar)
that say whether it is known if X and Y are variables or nonvariables.
With this information a better translation to the target processor can be
done.

trail (X) Push the address of X on the trail stack if the trail condition X<r ( hb)
is satisfied. It is assumed that X is a dereferenced unbound variable,
i.e.ithasa tvar tag. Only one comparison is necessary for the trail
check. The state register r ( hb) points to the heap location which
was the top of the heap when the most recent choice point was created.

move( X, Y) Move X to Y. Depending on the addressing mode, thisinstruction does
aload or store or creates atagged value.

push(X, R N) Push X on the stack with stack pointer R, then increment R by N. This
instruction is used for write mode unification.

adda( X, Y, R Add X and Y into R. Thisis afull word operation which never traps,
unlike the arithmetic instructions in section 4. This instruction is used
to allocate space for uninitialized variables. The second argument Y is
an offset which is scaled properly by the trandator (i.e. it is unchanged
for the VLSI-BAM since it is word-addressed, and it is multiplied by 4
for the MIPS, sinceit is byte-addressed).
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pad(N) Add N words to the heap pointer r ( h). Thisisafull word operation
which never traps, unlike the arithmetic instructions in section 4. 1t is
used to ensure the correct alignment of compound terms. The space
reserved by pad will never be stored to. If the increment is a multiple
of the alignment then the pad disappears. The increment is scaled
properly by the trandlator (see previous description of adda).

uni fy_atom c(X, Y, L) Unifythevariable X with the atomic term Y, and branch to L if it fails.
It is assumed that X is dereferenced. The uni fy_at om ¢ instruc-
tion is a special case of general unification that is added to reduce code
sizein the VLSI-BAM processor. There is a compiler option to enable
or disable the generation of thisinstruction.

fail Untrail al variable bindings and jump to the retry address. Do not
restore argument registers. Argument registers are restored by the
choice point management instructions.

. Conditional control flow instructions

Clause selection syntax
nstr(switch(T,V,A B, C) :- atag(T), var_i(V), Ibl(A,Ibl(B),Ibl(C.
nstr(choice(l/N Rs, L)) .- pos(l), pos(N), I=<N, Ibl(L), regs(Rs).
nstr(test(Eq, T,V,L)) .- eqg_ne(Eq), var_i(V), a_tag(T), Ibl(L).
nstr(junmp(C, A B, L)) ;- cond(C), numarg_i (A), numarg_i (B), bl (L).
nstr(nove(CH, V)) .- a var(V), choice_ptr(CH).
nstr(cut(V)) c- a var(V).
nstr(hash(T, R N, L)) :- hash_type(T), reg(R), pos(N), Ibl(L).
nstr(pair(E L)) .- an_atomc(E), Ibl(L).

switch(T,R A B, O A three-way branch: branch to the label A, B, C depending on whether
thetag of Ris tvar, T, or any other value. Thelabel fail isnot
an address, but denotes a branch to the global failure routine. It is
assumed that R is dereferenced.

choice(l/N RS, L) The choice point management instruction for choosing clause | out of
N clauses. Choice points are of variable size. The semantics of choice
dependson | asfollows:

=1 Create a choice point with retry address L. Save in it the
registerslisted in RS.

1<I<N  Restore the registers mentioned in RS from the choice point,
ignoring no terms. The no terms make it possible to
know the position of the registers in the choice point without
an explicit size field in the choice point. Update the retry
addressto L.

I=N Restore the registers mentioned in RS, ignoring no terms.
Remove the choice point. (L will dways be fail when
I=N.)
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The above notation is consistent with three possible implementations
(in order of decreasing efficiency): (1) The implementation given
above, in which only those registers listed in RS are saved and restored,
and the choice point does not have a size field. Restoring registers is
done by the choice instructions, not by the fail instruction. The com-
piler does an effort to minimize the set of registers mentioned in RS.
(2) Saving all registers up to the maximum register listed in RS. In this
case the choice points are of variable size, and the no termsin RS are
ignored. The notation is consistent with choice points containing a size
field. (3) Always saving and restoring all registers. In this case the
choice points are of fixed size, the RS argument is ignored, and the fail
instruction restores the registers. In this case the semantics correspond
to thetry, retry, and trust instructions of the WAM.

test(E T, X L) Branch to label L if the tag of X is equal/not equal to T.
Equality/nonequality is selected by the value of E. Thelabel fail is
not an address, but denotes a branch to the global failure routine. It is
assumed that X is dereferenced.

jump(C, X Y, L) Compare X and Y and jump to L if the comparison istrue. The kind of
comparison is given by C. This instruction traps if either argument is
not an integer. The label fail is not an address, but denotes a
branch to the global failure routine.

cut (X) Implement the cut operation. Move X into the r(b) register; also
move the value of r (h) in thischoice point into the r ( hb) regis-
ter. The latter move is an optimization that reduces the number of
trailed variables, but is not needed for correctness. The compiler
ensures that X contains a pointer to the choice point which was most
recent when the current predicate was entered.

hash(T, R N, L) Look up register R in a hash table located at label L. The hash table
contains atomic terms (when T=at omi c¢) or the main functors of
structures (when T=st ruct ure). If Ris not in the hash table, then
execution falls through to the next instruction. Otherwise execution
continues at the label contained in the hash table. When
T=structure the compiler guarantees that R points to a structure.
The following is an example of hash table code:

hash(Type, Reg, N, Lbl). ; Hash Reg into table at Lbl
; Fall through if not present

| abel (Lbl). ; The hash table
hash_I engt h(N). ; Length of the hash table
pai r (E1, L1). ; Nentries
pai r (E2, L2).
pair(E,Li). ; Junmp to Li if Reg = Ei
pai r (EN, LN).

pair(E, L) A hash table entry. E is either an atom or the main functor of a struc-

ture. The label L is the address where execution continues if the sup-
plied value matches E.
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nstr (add
nstr(sub
nstr ( nul
nstr(div
nstr (and
nstr( or
nstr(xor
nstr(not
nstr(sll
nstr(sra
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Arithmetic syntax

;- numarg_ i (A), numarg i (B),
;- numarg_ i (A), numarg i (B),
;- numarg_ i (A), numarg i (B),
;- numarg_ i (A), numarg i (B),
;- numarg_ i (A), numarg i (B),
;- numarg_i (A), numarg_ i (B),
;- numarg_i (A), numarg i (B),
;- numarg_i (A,

;- numarg_i (A), numarg i (B),
;- numarg_i (A), numarg i (B),

a_var (
a_var (
a_var (
a_var (

a_var (V).
a var (V).
a_var (V).
a var (V).
a_var (V).
a_var (V).

V)
V).
V).
V)
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All arithmetic instructions assume that their operands are dereferenced and destructively overwrite
the result register. All perform operations on integers with correct tag and return a result with correct tag,
trapping if either operand or the result is not ainteger. Arithmetic semantics are:

add( X, Y, 2)
sub( X, Y, 2)
mul (X, Y, Z)
div(XY, 2
and( X Y, 2)
or(XY,2)
xor (X, Y, Z2)
sl (XY, 2)
sra( XY, 2)
not ( X, 2)

Z — X+Y

Z — XY

Z — X*Y

Z — XIY

Z — XandY (bitwise and)

Z — XorY (bitwiseor)

Z — X xorY (bitwise exclusive or)

Z — X <<Y (logica shift of X left Y places)

Z — X >>Y (arithmetic shift of X right Y places)
Z — not X (bitwiseinvert X into Z)

5. Procedural control flow instructions

Procedural syntax

nstr(procedure(N A)) L -
nstr(call (N A)) L -
nstr(return).
nstr(sinple_call (NA)) L -
nstr(sinple_return).
nstr(label (L)) D -
nstr(junmp(L)) D -
nstr(all ocate(Perns)) D -
nstr(deal | ocat e( Perns)) D -

atom(N),
atom(N),

atom(N),

[ bl (L).
[ bl (L).
nat ur al ( Per s) .
nat ur al ( Per s) .

natural (A).
natural (A).

natural (A).

procedure(P)
call (N A)

return

The entry point of procedure P.

Call the procedure N/ A, assuming a fixed location for the arguments.
The arguments of N A are sequentially loaded into argument regis-
ters. By default the registers used are numbered from zero, i.e. r (0),

r(l), ..

This call is used for al user-defined predicates. It may be

nested, but must be surrounded by an allocate-deallocate pair when

used in the body of a predicate.

Return from acall.
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sinmple_call (N A)

sinmple_return
| abel (L)

jump(L)

al l ocate(N)

deal | ocat e(N)

Simple call of the procedure N/ A, assuming the same argument pass-
ingas cal | (N A). Thisisaone-level cal; it may not be nested. It
does not require a surrounding allocate-deallocate pair. It can be
implemented by saving the return address in a fixed register. This
instruction is useful for interfacing with assembly routines.

Return from asimple call.

Denotes a branch destination. The label fai |l isnot an address, but
denotes a branch to the global failure routine.

Jump unconditionally to label L. The label may be to the first instruc-
tion of another procedure N/ A or it may be internal to the current pro-
cedure. Thelabel fail isnotan address, but denotes a branch to the
global failure routine.

Create an environment of size N on the local stack, i.e. anew set of N
permanent variables which are denoted by p(1). Typicaly, the only
state registers stored in the environment are r(e) and r(cp). The
environment must NOT containthe r ( b) register.

Remove the top-most environment (which is of size N) from the local
stack.

hash_| engt h(N)
push(term'S))

push( cons)

push(structure(A))

push(vari abl e)

hash_| engt h(N)

. Pragmas
Pragma syntax
i nstr(pragna(Pragm)) :- pragnma(Pragna).
pragma(align(V,N)) - a_var(V), pos(N.
pragma( push(tern(Si ze))) - pos(Size).
pragma( push(cons)).
pragma( push(structure(A))) :- pos(A).
pragma( push(vari abl e)).
pragma(tag(V, T)) c- a_var(V), a_tag(T).
pragma( hash_| engt h(Len)) .- pos(Len).
align(V,N At this point the contents of register or permanent V are a multiple of

N. This information helps the reordering stage to generate double-
word load instructions for the VLSI-BAM processor.

N isthe length of the hash table starting at this point.

At this point a block of push instructions is about to create a term of
size S on the heap.

At this point a cons cell (of size two words) is about to be created on
the heap. This information helps the reordering stage to generate
double-word push instructions for the VLSI-BAM processor.

At this point a structure of arity A is about to be created on the heap.
This information helps the reordering stage to generate double-word
push instructions for the BAM processor.

At this point an unbound, initialized variable is about to be created on
the heap.

Thisisthe start of a hash table of length N.
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tag(Vv, T) The contents of variable V have tag T. This pragma precedes a load or
astore with address V. It is used to make loads and stores efficient for
processors which do not have explicit tag support.

7. User instructions

This section describes the parts of the BAM language that are never output by the compiler, but only
used by the BAM assembly programmer. Thisis used to write the run-time system in BAM code, so that it
is as portable as possible. Additional instructions are jump to register address, creating and decomposing
tagged words, non-trapping full-word arithmetic, non-trapping full-word unsigned comparison, and trailing
for backtrackable destructive assignment. Additional registers are used in implementing the run-time sys-
tem, and can be mapped to memory locations.

Additional instructions

instr(l) :- user_instr(l).
user_instr(junmp_reg(R) - reg(R.
user_instr(jump_nt(C A B,L)):- cond(C),numarg_i (A),numarg_i(B), bl (L).
user_instr(ord(A B)) ;- arg(A), a var(B).
user_instr(val (T, A V)) c- a_tag(m, numarg i (A), a var(V).
user_instr(add_nt(A B,V)) - numarg_i (A), numarg_i(B), a_var(V).
user_instr(sub_nt(A B,V)) - numarg_i (A), numarg_i(B), a_var(V).
user_instr(and_nt(A B,V)) - numarg_i (A), numarg_i(B), a_var(V).
user_i nstr( or_nt(A B, V)) :- numarg_i (A), numarg_i(B), a_var(V).
user_instr(xor_nt(A B,V)) - numarg_i (A), numarg_i(B), a_var(V).
user_instr(not_nt(A V)) :- numarg_i (A, a var (V).
user_instr(sll_nt(A B,V)) :- numarg_i (A), numarg_i(B), a_var(V).
user_instr(sra nt(A B,V)) :- numarg_i (A), numarg_i(B), a_var(V).
user_i nstr(trail _bda(X)) c- a var(X).
user_reg(r(A)) c- atom(A).
junp_reg(R Jump unconditionally to the address stored in register R.
junp_nt(C A B, L) Compare A and B and jump to L if the comparison istrue. The kind of
comparison is given by C. This instruction does a full word com-
parison and never traps. The label fail is not an address, but
denotes a branch to the global failure routine.
ord( A, B) Store in B the machine integer that corresponds to the atom or integer
in A. This function strips the tag from A, and therefore depends on the
target machine and the program that is compiled. It is used to convert
atoms and integersinto table indices.
val (T, A V) Create a tagged word in B by combining the tag T and the machine

integer in A. This function is the inverse of ord(A, B): In the
sequence ord(Al, B), val(T,B, A2) the argument A2 will
receive an identical valueto Al if T isthetagof Al.
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A
A
A
or_nt (A
A
A
A

8. Instruction arguments

These arithmetic instructions destructively overwrite the result register
All perform operations on full words, return a full word, and never
trap. See the previous section on arithmetic for a description of the
operations performed.

Push the address and value of X on the trail stack if the trail condition
X<r (hb) is satisfied. It is assumed that X is dereferenced. When
detrailing, the old value of X is restored. This is used to implement
backtrackable destructive assignment. Only one comparison is neces-
sary for the trail check. The state register r ( hb) points to the heap
location which was the top of the heap when the most recent choice
point was created.

This section defines the syntax of the instructions’ arguments.

Addressing modes for equal, move and push

ea_e(Var)
ea_e(VarOf)

% Ef f ecti ve address

% Ef fective address for nove:

ea_m(ArQ) :- arg(Arg).

ea_mVar O f) :- var_off(VarOf).

ea_m(Tag™ H) .- pointer_tag(Tag), heap_ptr(H).

% Ef fecti ve address for push:

ea_p(Arg) c- arg_i (Arg).

ea_p(Tag™ H .- pointer_tag(Tag), heap_ptr(H).
ea_p(Tag"(H+D)) :- pointer_tag(Tag), pos(D), heap_ptr(H).

for equal:
:- a_var(Var).
i- var_off(VarOf).




Other addressing modes

heap_ptr(r(h)).
choice ptr(r(b)).

reg(r(l))
reg(T)

hreg(R)
hreg(R)

pern(p(l))

an_atomc(l)
an_atomc(T A
an_atomc(T (F/ N))

a_var (Reg)
a_var(Perm

arg(Arg)
arg(Arg)

var _i (Var)
var _i([Var])

arg_i (Arg)
arg_i (Arg)

nunt eg( Ar g)
nunt eg( Ar g)

numarg_i (Arg)
numarg_i (Arg)

var_off([Var])
var_of f ([ Var+l])

int(1).

;- user_reg(T).

.- reg(R).
;- heap _ptr(R).

;- natural (1).
c-int(l).

.- atom(A), atomtag(T).
;- atom(F), pos(N), atomtag(T).

.- reg(Reg).
;- perm(Pern.

;- a var(Arg).
.- an_atomic(Arg).

;- a_var(Var).
;- a_var(Var).

;- var_i(ArQg).
.- an_atomic(Arg).

:- reg(Arg).
c- int(Arg).

;- var_i(ArQg).
c- int(Arg).

;- a_var(Var).
;- a_var(Var), pos(l).

Tag syntax
a tag(tatm. /* atom*/
a tag(tint). /* integer */

a_tag(tneg).
a_tag(tpos).
a tag(tstr).
a tag(tlst).
a tag(tvar).

/* negative integer */
/* nonnegative integer */
/* structure */

/* cons cell */

/* variable */

atomtag(tatny.

poi nter_tag(tstr).
poi nter_tag(tlst).
poi nter_tag(tvar).
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Conditionals syntax

eq_ne(eq).
eq_ne(ne).

cond(eq). /* Equal */

cond(ne). [/* Not equal */

cond(lts). /* Signed less than */

cond(les). /* Signed less than or equal */
cond(gts). /* Signed greater than */
cond(ges). /* Signed greater than or equal */

Miscellaneous syntax
hash_t ype(atonic).
hash_type(structure).

I bl (fail).
I bl (N A) ;- atom(N), natural (A).
bl (I (NNA1)) :- atonm(N), natural (A), int(l).

nv_flag(nonvar).
nv_flag(var).
nv flag('?").

% A |ist of register nunbers:
% (May contain the value 'no’ as well)

regs([]).
regs([R Set]) :- (int(R); R=no), regs(Set).

Utility predicates

ground(X) :- nonvar(X), functor(X, _, N), ground(N, X).

ground(N, ) :- N=:=0.
ground(N, X) :- N=\=0, arg(N, X, A), ground(A), N1 is N1, ground(Ni, X).

int(N) .- integer(N).
natural (N) :- integer(N), N>=0.
pos(N) :- integer(N), N>0.
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Appendix E

Extended DCG notation:
A tool for applicative programming in Prolog

1. Introduction

This appendix describes a preprocessor that simplifies purely applicative programming in Prolog.
The preprocessor generalizes Prolog's Definite Clause Grammar (DCG) notation to allow programming
with multiple accumulators. It has been an indispensable tool in the development of the Aquarius Prolog
compiler. Itsuseis transparent in versions of Prolog that conform to the Edinburgh standard. The prepro-
cessor and a user manual are available by anonymous ftp to arpa.berkeley.edu.

It is desirable to program in a purely applicative style, i.e. within the pure logical subset of Prolog.
In that case a predicate’ s meaning depends only on its definition, and not on any outside information. This
has two important advantages. First, it greatly simplifies verifying correctness. Simple inspection is often
sufficient. Second, since al information is passed locally, it makes the program more amenable to parallel
execution. However, in practice the number of arguments of predicates written in this style is large, which
makes writing and maintaining them difficult. Two ways of getting around this problem are (1) to encapsu-
late information in compound structures which are passed in single arguments, and (2) to use global instead
of local information. Both of these techniques are commonly used in imperative languages such as C, but
neither is a satisfying way to program in Prolog, for the following reasons:

° Because Prolog is a single-assignment language, modifying encapsulated information requires a
time-consuming copy of the entire structure. Sophisticated optimizations could make this efficient,
but compilers implementing them do not yet exist.

° Using global information destroys the advantages of programming in an applicative style, such asthe
ease of mathematical analysis and the suitability for parallel execution.

A third approach with neither of the above disadvantages is extending Prolog to allow an arbitrary number
of arguments without increasing the size of the source code. The extended Prolog is trandated into stan-
dard Prolog by a preprocessor. This report describes an extension to Prolog’s Definite Clause Grammar
notation that implements this idea.

2. Definite Clause Grammar (DCG) notation

DCG notation was developed as the result of research in natural language parsing and understanding
[Pereira & Warren 1980]. It allows the specification of a class of attributed unification grammars with
semantic actions. These grammars are strictly more powerful than context-free grammars. Prologs that
conform to the Edinburgh standard [Clocksin & Meéllish 1981] provide a built-in preprocessor that
tranglates clauses written in DCG notation into standard Prolog.

An important Prolog programming technique is the accumulator [Sterling & Shapiro 1986]. The
DCG notation implements asingle implicit accumulator. For example, the DCG clause:

term(S) --> factor(A), [+], factor(B), {S is A+B}.
istrandated internaly into the Prolog clause:
ternm(S, X1, X4) :- factor (A X1, X2), X2=[+| X3], factor(B, X3,X4), Sis A+B.

Each predicate is given two additional arguments. Chaining together these arguments implements the
accumulator.
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3. Extending the DCG notation

The DCG notation is a concise and clear way to express the use of a single accumulator. However,
in the development of large Prolog programs | have found it useful to carry more than one accumulator. |f
written explicitly, each accumulator requires two additional arguments, and these arguments must be
chained together. This requires the invention of many arbitrary variable names, and the chance of intro-
ducing errorsis large. Modifying or extending this code, for example to add another accumulator, is tedi-
ous.

One way to solve this problem is to extend the DCG notation. The extension described here allows
for an unlimited number of named accumulators, and handles all the tedium of parameter passing. Each
accumulator requires a single Prolog fact as its declaration. The bulk of the program source does not
depend on the number of accumulators, so maintaining and extending it is simplified. For single accumula-
tors the notation defaults to the standard DCG notation.

Other extensions to the DCG notation have been proposed, for example Extraposition Grammars
[Pereira 1981] and Definite Clause Trandation Grammars [Abramson 1984]. The motivation for these
extensions is natural-language analysis, and they are not directly useful as aids in program construction.

4. An example

To illustrate the extended notation, consider the following Prolog predicate which converts infix
expressions containing identifiers, integers, and addition (+) into machine code for a simple stack machine,
and also calculates the size of the code:

expr_code(A+B, S1, 4, C1L, C4) :-
expr_code(A, S1, S2, Cl, C2),
expr_code(B, S2, S3, C2, C3),

C3=[ pl us| 4], /* Explicitly accumul ate ' plus’ */

S4 is S3+1. /* Explicitly add 1 to the size */
expr_code(l, S1, S2, C1, C2) :-

atomc(l),

Cl=[push(l)|C2],

S2 is Sl1+1.

This predicate has two accumulators. the machine code and its sizee A sample cal is
expr _code(a+3+b, 0, Si ze, Code, []) , which returns the result:

Size =5
Code = [push(a), push(3), plus, push(b), pl us]

With DCG notation it is possible to hide the code accumulator, although the size is still calculated expli-
citly:

expr_code( A+B, Sl1, S4) -->
expr_code(A, S1, S2),
expr_code(B, S2, S3),
[ plus], /* Accumul ate 'plus’ in a hidden accumul ator */
{S4 is S3+1}. /* Explicitly add 1 to the size */
expr_code(l, S1, S2) -->
{atomic(I1)},
[push(1)],
{S2 is S1+1}.

The extended notation hides both accumul ators:
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expr_code(A+B) -->>
expr_code(A),
expr _code(B),

[ pl us]: code, /* Accurul ate 'plus’ in the code accunul ator */

[1]:size. /* Accurmulate 1 in the size accunul ator */
expr_code(l) -->>

{atomic(1)},

[ push(1)]: code,

[1] : si ze.

The trandation of this version isidentical to the original definition. The preprocessor needs the following
declarations:

acc_info(code, T, Qut, In, (Qut=[T|In]))./* Accunmul ator declarations */
acc_info(size, T, In, Qut, (Qut is In+T)).

pred_i nfo(expr_code, 1, [size,code]). /* Predicate declaration */

For each accumulator this declares the accumulating function, and for each predicate this declares the
name, arity (number of arguments), and accumulators it uses. The order of the I n and Qut arguments
determines whether accumulation proceeds in the forward direction (see si ze) or in the reverse direction
(see code). Choosing the proper direction isimportant if the accumulating function requires some of its
arguments to be instantiated.

5. Concluding remarks

An extension to Prolog’s DCG notation that implements an unlimited number of named accumula-
tors was developed to simplify purely applicative Prolog programming. Comments and suggestions for
improvements are welcome.
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Extended DCG notation:
A tool for applicative programming in Prolog

User Manual

1. Introduction

This manual describes a preprocessor for Prolog that adds an arbitrary number of arguments to a
predicate without increasing the size of the source code. The hidden arguments are of two kinds:

() Accumulators, useful for results that are calculated incrementally in many predicates. An accumula-
tor expands into two additional arguments per predicate.

(2) Passed arguments, used to pass global information to many predicates. A passed argument expands
into a single additional argument per predicate.

The preprocessor has been tested under C-Prolog and Quintus Prolog. It isbeing used by the author in pro-
gram development, and is believed to be relatively bug-free. However, it is still being refined and
extended. The most recent version is available by anonymous ftp to arpa.berkeley.edu or by contacting the
author. Please let me know if you find any bugs. Comments and suggestions for improvements are wel-
come.

2. Using the preprocessor

The preprocessor isimplemented in the file accunul at or . pl . It must be consulted or compiled
before the programs that use it. In Prologs that conform to the Edinburgh standard, such as C-Prolog or
Quintus Prolog, the user-defined predicate t er m expansi on/ 2 iscaled when consulting or compiling
each clause that isread. With this hook the use of the preprocessor is transparent.

Clauses to be expanded are of the form ( Head- - >>Body) where Head and Body are the
head and body of the clause. The head is always expanded with al of its hidden arguments. Table 1 sum-
marizes the expansion rules for body goals. Inthetable, Goal denotesany goal in a clause body, Acc
denotes an accumulator, Pass denotes a passed argument, and Ar g denotes either an accumulator or a
passed argument. Hidden arguments of body goals that are not in the head have default values which can
be overridden. For compatibility with DCG notation the accumulator dcg is available by default. If-
then-elseis not handled in this version.

The preprocessor assumes the existence of a database of information about the hidden parameters
and the predicates to be expanded. Three relations are recognized: a declaration for each predicate, each
accumulator, and each passed argument. These relations can be put at the beginning of each file (in which
case their scope isthefile) or stored in a separate file that is consulted first (in which case their scopeisthe
whole program).

A short example gives aflavor of what the preprocessor does:

% Decl are the accunmul ator 'castor’:
acc_info(castor, _, _, _, true).

% Decl are the passed argunent ’'pollux’:
pass_i nfo(pol | ux).

% Decl are three predicates using these hidden argunents:
pred_info(p, 1, [castor, pollux]).
pred_info(q, 1, [castor, pollux]).
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Table 1 — Expansion rules for the preprocessor

Body goal Action

{ Goal } Don't expand any hidden arguments of Goal .

Goal Expand all of the hidden parameters of Goal that are also in the
head. Those hidden parameters not in the head are given default
values.

CGoal : L If Goal has no hidden arguments then force the expansion of all

arguments in L in the order given. If Goal has hidden argu-
ments then expand all of them, using the contents of L to override
the expansion. L is ether a teem of the form Acc,
Acc(Left, Right), Pass, Pass(Val ue), or alist of such
terms. When present, the arguments Left, Ri ght,and Val ue
override the default values of arguments not in the head.

Li st: Acc Accumulate alist of termsin the accumulator Acc.

Li st Accumulate alist of termsin the accumulator dcg.

X/ Arg Unify X with the left term for the accumulator or passed argument
Arg.

Acc/ X Unify X with the right term for accumulator Acc.

Xl AcclY Unify X withtheleftand Y with the right term for the accumula-
tor Acc.

i nsert (X Y):Acc Insertthearguments X and Y into the chain implementing the ac-
cumulator Acc. Thisis useful when the value of the accumulator
changes radically because X and Y may be the arguments of an
arbitrary relation.

insert(XY) Insert the arguments X and Y into the chain implementing the ac-
cumulator dcg . Thisinserts the difference list X- Y into the ac-
cumulated list.

pred_info(r, 1, [castor, pollux]).
% The program
p(X) -->> Y is X+1, q(V), r(V).

This example declares one accumulator, one passed argument, and three predicates using them. The pro-
gram consists of asingle clause. The preprocessor is used as follows: (bold-face denotes user input)

% cprol og

C-Prolog version 1.5

| ?- ['accunulator.pl’].

accumul ator. pl consulted 9780 bytes 1.7 sec.

yes

| ?- ['exanple.pl’].
exanpl e. pl consulted 668 bytes 0.25 sec.

yes
| -

Now the predicate p( X) has been expanded. We can see what it looks like with the | i sting com-
mand:

| ?- listing(p).
p(X, S1, S3, P) :- Yis X+1, q(VY, S1, S2, P), r(Y, S2, S3, P).

(Variable names have been changed for clarity.) The arguments S1, S2, and S3, which implement the
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accumulator cast or, are chained together. The argument P implements the passed argument. It is
added as an extra argument to each predicate.

In object-oriented terminology the declarations of hidden parameters correspond to classes with a
single method defined for each. Declarations of predicates specify the inheritance of the predicate from
multiple classes, namely each hidden parameter.

3. Declarations

3.1. Declaration of the predicates
Predicates are declared with facts of the following form:

pred_i nfo(Name, Arity, List)

The predicate Narne/ Arity hasthe hidden parameters givenin Li st . The parameters are added in the
order given by Li st and their names must be atoms.

3.2. Declaration of the accumulators
Accumulators are declared with facts in one of two forms. The short form is:

acc_info(Acc, Term Left, Right, Joiner)
Thelong formis:
acc_info(Acc, Term Left, Right, Joiner, LStart, RStart)

In most cases the short form gives sufficient information. It declares the accumulator Acc, which must be
an atom, along with the accumulating function, Joi ner, and its arguments Ter m the term to be accu-
mulated, and Left & Ri ght, thevariables used in chaining.

Thelong form of acc_i nf o isuseful in more complex programs. It contains two additional argu-
ments, LStart and RSt art, that are used to give default starting values for an accumulator occurring
in a body goal that does not occur in the head. The starting values are given to the unused accumulator to
ensure that it will execute correctly even though its value is not used. Care is needed to give correct values
for LStart and RStart. For DCG-like list accumulation both may remain unbound.

Two conventions are used for the two variables used in chaining depending on which direction the
accumulation is done. For forward accumulation, Left isthe input and Ri ght is the output. For
reverse accumulation, Ri ght istheinputand Left isthe output.

To see how these declarations work, consider the following program:

% Exanple illustrating the difference between
% forward and reverse accunul ati on:

% Decl are t he accumul at ors:
acc_info(fwd, T, In, Qut, Qut=[T|In]). % Forward accurmul at or.
acc_info(rev, T, Qut, In, Qut=[T|In]). % Rever se accunul at or.

% Decl are the predicates using them
pred_info(flist, 1, [fwd]).
pred_info(rlist, 1, [rev]).

%flist(N, [], List) creates the list [1, 2, ..., N
flist(0) -->>[].
flist(N -->> N>0, [N:fwd, NL is N1, flist(N1l).

%rlist(N, List, []) creates the list [N, ..., 2, 1]
rlist(0) -->>1[].
rlist(N) -->> N>0, [NJ:rev, Nl is N1, rlist(Nl).

This defines two accumulators f wd and r ev that both accumulate lists, but in different directions. The
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joiner of both accumulators is the unification Qut =[ T| I n] , which adds T to the head of thelist I n
and creates the list Qut . Inaccumulator fwd theoutput Qut isthe left argument and theinput | n is
the right argument. This builds the list in ascending order. Switching the arguments, as in the accumulator
r ev, buildsthelist in reverse. A sample execution gives these results:

| 2- flist(10, [], List).

List =[1,2,3,4,5,6,7,8,9,10]
yes

| 2- rlist(10, List, []).
List =[10,9,8,7,6,5,4,3,2, 1]
yes

| ?-
If the joining function is not reversible then the accumulator can only be used in one direction. For exam-
ple, the accumulator add with declaration:;

acc_info(add, I, In, Qut, Qut is I+In).

It can only be used as aforward accumulator. Attempting to useit in reverse resultsin an error because the
argument | n of the joiner is uninstantiated. The reason for this is that the predicate i s/ 2 is not pure
logic: it requires the expression in its right-hand side to be ground.

3.3. Declaration of the passed arguments
Passed arguments are declared as facts in one of two forms. The short form is:
pass_i nf o( Pass)
Thelong formis:
pass_i nfo(Pass, PStart)
In most cases the short form is sufficient. It declares a passed argument Pass, that must be an atom. The

long form also contains the starting value PSt art that is used to give a default value for a passed argu-
ment in abody goal that does not occur in the head. Most of the time this situation does not occur.

4. Tipsand techniques

Usually there will be one clause of pred_i nf o for each predicate in the program. If the program
becomes very large, the number of clauses of pred_i nf o grows accordingly and can become difficult
to keep consistent. In that case it is useful to remember that asingle pred_i nf o clause can summarize
many facts. For example, the following declaration:

pred_info(_, _, List).

gives al predicates the hidden parameters in Li st. This keeps programming simple regardless of the
number of hidden parameters.
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Appendix F

Sour ce code of the C and Prolog benchmarks

/* C version of tak benchmark */

#i ncl ude <stdi o. h>

int tak(x,y, z)

int x, vy, z;

{
int al, a2, a3;
if (x <=y) return z;
al tak(x-1,y,2);
a2 tak(y-1, z, x);
a3 tak(z-1,x,y);
return tak(al, a2, a3);

}

mai n()

{
printf("%l\n", tak(24, 16, 8));

/* Prolog version of tak benchmark */

main :- tak(24,16,8,X), wite(X), nl

tak(X,Y,Z, A :- X=<Y, Z=A
tak(X, Y,z A :- X >V,
X1 is X - 1, tak(XL,Y,Z Al),

YL is Y- 1, tak(Yl, Z X, A2),
Zlis Z - 1, tak(Zl, X Y, A3),
tak( AL, A2, A3, A).

/* Cversion of fib benchmark */
#i ncl ude <stdi o. h>

int fib(x)
int x;
{
if (x <= 1) return 1;
return (fib(x-1)+fib(x-2));
}
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mai n()
{

printf("%l\n", fib(30));
}

/* Prolog version of fib benchmark */
main :- fib(30,N), wite(N), nl.

fib(NNF) :- N=<1, F = 1.
fib(NNF) :- N> 1,
NL is N- 1, fib(NL, F1),
N2 is N- 2, fib(N2,F2),
Fis F1 + F2.

/* C version of hanoi benchmark */

#i ncl ude <stdi o. h>

han(n, a, b, c)

{
int nl;
if (n<=0) return;
nl = n-1;
han(nl, a, c, b);
han(nl,c, b, a);
}
mai n()
{
han( 20, 1, 2, 3);
}

/* Prolog version of hanoi benchmark */

main :- han(20,1,2,3).

han(N, , , ) :- N=<0.
han(N, A, B,C) :- N0,
Nl is N- 1,

han(NL1, A C, B),
han(N1, C B, A) .

/* C version of quicksort benchmark */
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#i ncl ude <stdi 0. h>

int ilist[50] = {27,74, 17, 33,94, 18, 46, 83, 65, 2,
32, 53, 28, 85, 99, 47, 28,82, 6,11
55, 29, 39, 81, 90, 37, 10, O, 66,51
7,21, 85,27, 31, 63,75, 4,95,99,
11, 28, 61, 74, 18, 92, 40, 53,59, 8};

int list[50];
gsort(l, r)
int I, r;
{
int v, t, i, j;
if (I<r) {
valist[Il]; i=l; j=r+l
do {
do i++; while (list[i]<v);
do j--; while (list[j]>v);
t=list[j]; list[jl=list[i]; list[i]=t;
} while (j>i);
list[i]=list[j]; list[j]=list[l]; list[l]=t;
gsort(l,j-1);
gsort(j+1,r);
}
}
mai n()
{
int i, ]
for(j=0; j<10000; j++) {
for(i=0;i<50;i++) list[i]=ilist[i];
gsort (0, 49);
}
for(i=0; i<50; i++) printf("% ",list[i]);
printf("\n");
}

/* Prolog version of quicksort benchmark */

main :- range(1,1,9999), qsort(_), fail
main :- gsort(S), wite(S), nl.

range(L, L, H).
range(L,l,H) :- L<H, L1 is L+1, range(L1,1,H).

gsort(S) :- qgsort([27,74,17,33,94, 18, 46, 83, 65, 2,
32,53, 28, 85,99, 47, 28,82, 6,11
55, 29, 39, 81, 90, 37, 10, O, 66, 51
7,21, 85, 27, 31, 63,75, 4,95, 99,
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11, 28, 61, 74, 18, 92, 40, 53,59, 8],S,[]).

gsort ([ X/ L], R RO) :-
partition(L, X L1,L2),
gsort (L2, Rl, RO),
gsort (L1, R [X R1]).
asort([1,RR).

partlthﬂ([Yl L],X,[Yl Ll]’LZ) _ Y:<X, partition(L, X, Ll, LZ)
partition([Y| L], X L1, [YIL2]) :- Y>X, partition(L, X,L1,L2).
partition([],_,[],[])-




Appendix G

Sour ce code of the Aquarius Prolog compiler

“A dissertation is 1% ink and 99% pulp.”
— D. von Tischtiegel

Files in the compiler

File Description Page
accunul at or . pl ExtendedDCG preprocessor 228
accunul at or _cl eanup. pl Cleanugfile neededor preprocessor 234
anal yze. pl Dataflowanalyzer 235
cl ause_code. pl Clausecompiler 263
condi tions. pl Formulamanipulationutilities 284
conpi l er. pl Top level of compiler,includestypeenrichment 305
expressi on. pl Compilearithmeticexpressions 322
factor. pl Factoringtransformation 324
flatten. pl Flatteningtransformation 334
i nline.pl Inline replacement 337
mut ex. pl Mutual exclusionandimplicationof formulas 339
peephol e. pl BAM transformationgexceptsynonym) 357
pr eanbl e. pl Partof standardorm transformation 374
proc_code. pl Predicatecompiler 379
regal | oc. pl Registerallocator 387
segment . pl Head-bodysegmentatiomndgoalreordering 395
sel ecti on. pl Determinismextraction 401
st andar d. pl Standardorm transformation 411
synonym pl Synonymoptimization 417
tabl es. pl Compilationtables 424
testset. pl List of testsets 434
transformcut. pl Cut transformation 440
uni fy. pl Unificationcompiler 443
utility. pl Utility predicates 460

231
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accunul at or . pl

% Copyright (C 1989 Peter Van Roy and Regents of the Un
% Al rights reserved. This programmy be freely used and nodified for

% non- comer ci al purposes provided this copyright notice is kept unchanged.
% Witten by Peter Van Roy

% Mul ti pl e hidden paraneters: an extension to Prolog’ s DCG notation.
% Version: July 16, 1989

% Conmment s, suggestions, flanes, manifestos, and bug reports are nost wel cone.
% Pl ease send to:

% Peter Van Roy

% 508-10 Evans Hall

% University of California

% Berkel ey, CA 94720

% E-mai | : vanroy@rni e. ber kel ey. edu

.- op(1200, xfx, ['-->>"]). % Sanme as ':-'.
.- op( 850, xfx, [":']). % Slightly tighter than ',’ and "\ +'.

% The predicate termexpansion/2 inplenments the extended translation.
% |1f loaded into Prolog along with the appropriate acc_info, pass_info,
% and pred info facts it will be used automatically when consulting prograns.

term expansion((H->>B), (TH -FTB)) :-

functor(H, Na, Ar),

" _has_hidden’ (H, HList),

" new goal ' (H, HList, HArity, TH),
_create_acc_pass’ (HList, HArity, TH, Acc, Pass),
" flat_conj’ (B, FB),

' _expand_body’ (FB, TB, Na/Ar, HList, Acc, Pass),
" flat_conj’ (TB, FTB), !.

_expand_body’ (true, true, _, _, Acc, ) :- ' _finish_acc’ (Acc).
' _expand_body’' ((G B), (TG TB), NaAr, HList, Acc, Pass) :-

" _expand_goal ' (G TG NaAr, HList, Acc, NewAcc, Pass),

' _expand_body’ (B, TB, NaAr, HList, NewAcc, Pass).

% Expand a single goal:

' _expand_goal’' ({G, G _, _, Acc, Acc, ) :- !,
" _expand_goal ' (insert (X Y), LeftA=X, _, _, Acc, NewAcc, ) :-

" replace_acc’ (dcg, LeftA, R ghtA Y, RightA Acc, NewAcc), !.
' _expand_goal ' (insert(X Y):A LeftA=X, _, _, Acc, NewAcc, ) :-

" replace_acc’ (A, LeftA RightA Y, R ghtA Acc, NewAcc), !.
% Force hidden argunents in L to be appended to G
' _expand_goal ' ((G A, TG _, HList, Acc, NewAcc, Pass) :-

\+ list’' (G,

" _has_hidden’ (G []), !,

" _make_list’ (A, AList),

" new goal’' (G AList, GArity, TG,
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' _use_acc_pass’ (AList, GArity, TG Acc, NewAcc, Pass).
% Use G s regul ar hidden argunents & override defaults for those argunents
% not in the head:
' _expand_goal ' ((G A, TG _, HList, Acc, NewAcc, Pass) :-

\+ _list’' (G,

" _has_hidden’ (G GList), Gist\==[], !,

" _make_list’ (A L),

' _new goal’' (G QGist, GArity, TG,

" _replace_defaults’ (GList, NGist, L),

' _use_acc_pass’ (NGList, GArity, TG Acc, NewAcc, Pass).

' _expand_goal ' ((L: A), Joiner, NaAr, _, Acc, NewAcc, _) :-
"_list’ (L), !,
" _joiner’ (L, A NaAr, Joiner, Acc, NewAcc).

' _expand_goal ' (L, Joiner, NaAr, _, Acc, NewAcc, _) :-
"_list’ (L), !,
" _joiner’ (L, dcg, NaAr, Joiner, Acc, NewAcc).

' _expand_goal ' ((X/A), true, _, _, Acc, Acc, ) :-

var (X), nonvar (A),
" _menmber’ (acc(A X, ), Acc), !.
_expand_goal’ ((X/A), true, _, _, Acc, Acc, Pass) :-
var (X), nonvar (A),
" _nmenber’ (pass(A X), Pass), !.

' _expand_goal ' ((A/X), true, _, _, Acc, Acc, ) :-
var (X), nonvar (A),

" _menmber’ (acc(A _, X), Acc), !.

' _expand_goal ' ((X'AY), true, _, _, Acc, Acc, ) :-
var(X), var(Y), nonvar(A),

" _menmber’ (acc(A X, Y), Acc), !.

' _expand_goal ' ((X/'Y), true, NaAr, _, Acc, Acc, ) :-
wite(’*** Warning: in '),wite(NaAr),wite(’ the term’), wite(X'Y),
wite(’ uses a non-existent hidden paraneter.’),nl.

% Defaul ty cases:

' _expand_goal ' (G TG HList, _, Acc, NewAcc, Pass) :-

" _has_hidden’ (G Gist), !,
' _new goal’' (G QGist, GArity, TG,
' _use_acc_pass’ (Gist, GArity, TG Acc, NewAcc, Pass).

% Operations on the Acc and Pass data structures:

% Create the Acc and Pass data structures:

% Acc contains ternms of the formacc(A LeftA RightA) where A is the nanme of an
% accunul ator, and RightA and LeftA are the accunul ati ng paraneters.

% Pass contains terns of the form pass(A Arg) where A is the nane of a passed
% argunent, and Arg is the argument.

' _create_acc_pass’' ([1, _, _, [1, [1).
' _create_acc_pass’ ([AlAList], Index, TGoal, [acc(A LeftA RightA)|Acc], Pass) :-
' _is_acc’' (A, !,

I ndex1 is | ndex+1,

arg(l ndexl, TGoal, LeftA),

I ndex2 is | ndex+2,

arg(l ndex2, TCGoal, RightA),

' _create_acc_pass’ (AList, Index2, TGoal, Acc, Pass).



234

_create_acc_pass’ ([ Al AList], Index, TGoal, Acc, [pass(A Arg)|Pass]) :-

' _is_pass' (A, !,

I ndex1l is | ndex+1,

arg(l ndexl, TCoal, Arg),

' _create_acc_pass’ (AList, Indexl, TGoal, Acc, Pass).
_create_acc_pass’ ([ Al AList], Index, TGoal, Acc, Pass) :-

\+' _is_acc’ (A,

\+' _is_pass’' (A,

wite('*** Error: "),wite(A),

wite(’ is not a hidden paranmeter.’),nl.

% Use the Acc and Pass data structures to create the argunments of a body goal :
% Add t he hidden paraneters nanmed in Gist to the goal.
' _use_acc_pass’ ([], _, _, Acc, Acc, ).
% la. The accunulator Ais used in the head:
' _use_acc_pass’ ([Al GList], Index, TCGoal, Acc, NewAcc, Pass) :-
" _replace_acc’ (A, LeftA R ghtA, MdA RightA Acc, MdAcc), !,
I ndex1l is | ndex+1,
arg(l ndexl, TGoal, LeftA),
I ndex2 is | ndex+2,
arg(l ndex2, TGoal, M dA),
' _use_acc_pass’ (GList, Index2, TCGoal, M dAcc, NewAcc, Pass).
% 1b. The accunulator Ais not used in the head:
' _use_acc_pass’ ([Al GList], Index, TCGoal, Acc, NewAcc, Pass) :-
' _acc_info' (A LStart, RStart), !,
I ndex1 is | ndex+1,
arg(l ndexl, TCGoal, LStart),
I ndex2 is | ndex+2,
arg(l ndex2, TCGoal, RStart),
' _use_acc_pass’ (Gist, Index2, TGoal, Acc, NewAcc, Pass).
% 2a. The passed argument A is used in the head:
' _use_acc_pass’ ([Al GList], Index, TCGoal, Acc, NewAcc, Pass) :-
' _is_pass’ (A,
" _menber’ (pass(A Arg), Pass), !,
I ndex1 is | ndex+1,
arg(l ndexl, TCoal, Arg),
' _use_acc_pass’ (Gist, Indexl, TGoal, Acc, NewAcc, Pass).
% 2b. The passed argument A is not used in the head:
' _use_acc_pass’ ([Al GList], Index, TCGoal, Acc, NewAcc, Pass) :-
' _pass_info' (A AStart), !,
I ndex1 is | ndex+1,
arg(l ndexl, TCGoal, AStart),
' _use_acc_pass’ (Gist, Indexl, TGoal, Acc, NewAcc, Pass).
% 3. Defaulty case when A does not exist:
' _use_acc_pass’ ([Al GList], Index, TCGoal, Acc, Acc, Pass) :-
wite(’*** Error: the hidden parameter '), wite(A),
wite(’ does not exist.’),nl.

% Fi ni sh the Acc data structure:

% Link its Left and Right accunul ation variables together in pairs:
" finish_acc’ ([]).

" _finish_acc’ ([acc(_, Link,Link)|Acc]) :- ' _finish_acc’ (Acc).

% Repl ace el ements in the Acc data structure:
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% Succeeds i ff replacenent is successful.
" replace_acc’ (A, L1, R1, L2, R2, Acc, NewAcc) :-
" _menber’ (acc(A L1, Rl), Acc), !,
_replace’ (acc(A, _, ), acc(A L2,R2), Acc, NewAcc).

% Speci alized utilities:

% G ven a goal CGoal and a list of hidden paraneters GLi st
% create a new goal TGoal with the correct nunber of arguments.
% Al so return the arity of the original goal.
" _new goal ' (Goal, Gist, GArity, TGoal) :-
functor (Goal, Nane, GArity),
" _nunmber _args’ (GList, GArity, TArity),
functor (TGoal, Name, TArity),
" _match’ (1, GArity, Goal, TCoal).

% Add t he nunber of argunents needed for the hi dden paraneters:
" _number _args’ ([], N, N).
" _number _args’ ([AlList], N M :-
' _is_acc’' (A, !,
N2 is N+2,
" _nunmber _args’ (List, N2, M.
" _number _args’ ([AlList], N M :-
' _is_pass' (A, !,
N1 is N+1,
" _nunmber _args’ (List, N1, M.

% Gve alist of Gs hidden paraneters:
" _has_hidden’ (G GList) :-

functor (G GNane, GArity),

pred_i nfo(GName, GArity, Gist).
" _has_hidden' (G []) :-

functor (G GNane, GArity),

\ +pred_i nfo(GNane, GArity, ).

% Succeeds if Ais an accunul ator:

" is_acc’ (A :- atomic(A), !, '_acc_info’ (A _, _, _, _, _, ).

" _is_acc’(A) :- functor(A N 2), !, '_acc_info'(N _, _, _, _, _, ).
% Succeeds if Ais a passed argunent:

' is_pass’'(A) :- atomic(A), !, '_pass_info (A ).

' _is_pass’'(A) :- functor(A N 1), !, ' _pass_info (N, _).

% Get initial values for the accumul ator:
' _acc_info’ (AccParanms, LStart, RStart) :-
funct or (AccParams, Acc, 2),
' _is_acc’ (Acc), !,
arg(1l, AccParanms, LStart),
arg(2, AccParanms, RStart).
_acc_info (Acc, LStart, RStart) :-
' _acc_info' (Acc, _, _, _, _, LStart, RStart).
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% | solate the internal database fromthe user database:
" _acc_info (Acc, Term Left, Right, Joiner, LStart, RStart) :-
acc_info(Acc, Term Left, Right, Joiner, LStart, RStart).

' _acc_info' (Acc, Term Left, Right, Joiner, _, ) :-
acc_info(Acc, Term Left, Right, Joiner).
' _acc_info' (dcg, Term Left, Right, Left=[Term Right], _, []).

% Get initial value for the passed argumnent:
% Al so, isolate the internal database fromthe user database.
' _pass_info' (PassParam PStart) :-
funct or (PassParam Pass, 1),
' _is_pass’ (Pass), !,
arg(l, PassParam PStart).
' _pass_info' (Pass, PStart) :-
pass_i nfo(Pass, PStart).
' _pass_info' (Pass, ) :-
pass_i nf o( Pass).

% Cal cul ate the joiner for an accumul ator A

" joiner'([], _, _, true, Acc, Acc).

" joiner’ ([Term List], A, NaAr, (Joiner,LJoiner), Acc, NewAcc) :-
" _replace_acc’ (A, LeftA R ghtA, MdA RightA Acc, MdAcc),
"_acc_info' (A Term LeftA, MdA, Joiner, _, ), !,

" _joiner’ (List, A NaAr, LJoiner, MdAcc, NewAcc).

% Def aul ty case:

" _joiner’ ([Term List], A NaAr, Joiner, Acc, NewAcc) :-
wite('*** Warning: in ’),wite(NaAr),
wite(’ the accunulator '), wite(A),
wite(’ does not exist.’),nl,

" _joiner’ (List, A NaAr, Joiner, Acc, NewAcc).

% Repl ace hi dden paranmeters with ones containing initial values:
" _replace_defaults’ ([]1, [1, _)-.
" _replace_defaults’ ([A Gist], [NA NG&ist], AList) :-

" _replace_default’ (A NA, AList),

" _replace_defaults’ (GList, NGist, AList).

" _replace_default’ (A, NewA, AList) :- %New initial values for accunul ator.
functor (NewA, A, 2),
" _menber’ (NewA, AList), !.

" _replace_default’ (A, NewA, AList) :- %New initial values for passed argunent.
functor (NewA, A, 1),
" _menber’ (NewA, AList), !.

" _replace_default’ (A, NewA ) :- % Use default initial values.

% Ceneric utilities:

% Mat ch arguments L, L+1, ., Hof the predicates P and Q

" _match’ (L, H _, ) :- L>H !.

" _match’ (L, H P, Q :- L=<H !
arg(L, P, A,
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arg(L, Q A,
L1 is L+1,
' match’ (L1, H P, Q.

% Flatten a conjunction and terminate it with "true’:
" flat_conj’ (Conj, FConj) :- ' _flat_conj’ (Conj, FConj, true).

" flat_conj’ (true, X X).

" flat_conj’ ((A B), X1, X3) :-
" flat_conj’ (A X1, X2),
" flat_conj’ (B, X2, X3).

" flat_conj’' (G (GX), X) :-
\ +G=true,
\V+G=(_, ).

"_member’ (X, [X_]).
[_IL])

" _menmber’ (X i- ' _nmenmber’ (X, L).

" list’ (L) :- nonvar(L), L=[_|_], !.
"_list’(L) :- L==[], !.

' _append’ ([], L, L).
' _append’ ([ X| L1], L2, [X L3]) :- ' _append’ (L1, L2, L3).

" _make_list’ (A [A) - \+ _list’' (A, !.
" _make_list’ (L, L) :- " list’ (L), !.

% repl ace(El em RepEl em List, RepList)
_replace’ (_, _, []1. []).
" replace’ (A, B, [AL], [BIR) :- !,
" _replace’ (A, B, L, R.
_replace’ (A, B, [CL], [R) :-
\+C=A, I,
" _replace’ (A, B, L, R.
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accunul at or _cl eanup. pl

% For Quintus Prolog only:
% Used to clean up declarations between conpilations of files using
% t he extended DCG preprocessor.

.- abolish([pass_info/1l,pass_info/2, acc_info/5,acc_info/7,pred_info/3]).
- nultifile pass_info/l.

- nultifile pass_info/?2.

- nultifile acc_infol/b5.

- nultifile acc_info/7.

- nultifile pred_info/3.

% Dunmry cl auses so the conpiler won't conplain of nonexistence:
pass_info(’ _dumy’).

pass_info(’ _dumy’, ).

acc_info(’ _dumy’, _, _, _, ).

acc_info(’ _dummy’, _, ., _, _, _, ).

pred_info(’ _dumy’, 0, _, _, ).
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anal yze. pl

% Dat af | ow anal ysis version 4

% Thi s nodul e does a flow analysis, deriving 'uninit’, 'ground , 'nonvar’, and
% 'rderef’ nodes by doing an abstract interpretation of the source code.

%It traverses the call tree and keeps track of entry and exit nodes.

%It iterates and propagates nodes until the |least fixed point is reached.

% The nodule is a transformati on pass in the Aquarius conpiler.

% The entry node lattice is (for each argunment of all predicates):

% any

% / \

% nonvar rder ef

% / \ / \

% ground non+drf uninit
% \ / /

% gnd+dr f /

% \ /

% unknown

% The exit node lattice is identical (there is no 'uninit’ elenment for non-unify
% goals). The rderef lattice elenment corresponds to the node rderef(X) which

% nmeans that all subterns of X are dereferenced. It propagates just |ike

% ground(X). It is useful to reduce the |arge anount of dereferencing which is

% goi ng on (usually between 10% and 20% of the execution tinme with analyzer 2!).

% These sinple lattices are easily inplenented for four reasons: (1) neither

% uninits nor grounds are affected by aliasing, and (2) uninit, grounds, and
% rderefs all propagate indefinitely into explicit unifications with conpound
%terms, (3) nonvars and grounds, once true, do not becone false again, and

% (4) there is no explicit representation for aliasing--nodes are cal cul ated
% only for unaliased variables (e.g. uninit and rderef) and for cases where

% al i asi ng has no effect (e.g. ground and nonvar).

% Not es:

% 1. A set of entry points nust exist to do the anal ysis.

% 2. In each pass, this algorithmtraverses the call tree starting fromthose
% predi cat es whose entry nodes have changed or which contain a goal whose

% exit nodes have changed. The algorithmdiffers from O Keefe's in the

% data structures used.

% 3. Only nodes "generated" within the strees given are propagated. Except for
% the entry nodes, all npdes "already existing" are ignored. This allows

% the conpiler to correct progranmer’s errors.

% 4. Predicates of arity zero are always used as entry points in the analysis.
% 5. To get better results for exit nodes, this al gorithm back-propagates

% the results at the end of the clause to the beginning, through the

% unifications in the clause. For exanple, partl(A B) :- A=[X L], B=[ X L1],
% part2(L,L1). Let A be ground at entry. |If L1 returns ground frompart2
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% then B should return ground frompartl as well.

% For |ater:
% 1. Back propagate univ, i.e. in A=..[X]Y], if X &Y are ground then Ais too.

% Can use existing unify(_, , ) data structure. GCeneralize?
% 2. The node rlist(X) (recursive list) propagates simlarly to ground(X) also.
% It should be added to the exit node anal yzer too.

% 3. This version does not use cuts to get better nopdes.

% Accunul at or decl arati ons:

pass_i nfo(pred).
pass_i nf o(dup).

acc_i nfo(gnd,
acc_i nfo(nonvar,
acc_info(uninit,
acc_i nfo(rderef,
acc_info(sf,
acc_i nfo(uni
acc_i nfo(set,

In, Qut, set_command(T,In,Qut), []

In, Qut, set_command(T,In,Qut), []

In, Qut, set_command(T,In,Qut), [], _).
[
[

In, Qut, set_command(T,In, Qut),
In, Qut, unionv(S,In,Qut),

Qut, In, Qut=[UIn], L)
In, Qut, set_command(T,In,Qut), [], _).

4cpomA4-44

acc_i nfo(count,
acc_i nfo(change,
acc_info(occurs,

[, In, Qut, (Qut is In+l)).

I, In, Qut, set_command(l, In, CQut)

T, In, Qut, table_command(T,In, CQut)
acc_info(entry, T, In, Qut, table_comuand(T,In, Qut)
acc_info(exit, T, In, Qut, table_command(T,In, CQut)
acc_i nfo(defs, T, In, Qut, table_command(T,In, CQut)
acc_i nf o(spec, T, In, Qut, table_command(T,In, CQut)
acc_info(uregs, T, In, Qut, table_comuand(T,In, Qut)
acc_i nfo(fast, T, In, Qut, table_command(T,In, CQut)
acc_info(preds, P, Qut, In, Qut=[P]In]).

N N N N N N N N

% Predi cate decl arati ons:

% *** |nitialization:

pred_i nfo( init_strees, 1, [entry,exit,defs, occurs]).
pred_i nfo( init_disj, 1, [entry,exit,defs,occurs, pred]).
pred_i nfo( init_conj, 1, [entry,exit,defs,occurs,pred]).
pred_i nfo( init_goal, 1, [entry,exit,defs,occurs, pred]).
pred_i nfo( entry init, 1, [entry]).

pred_info( entry_init_one, 1, [entry]).

% *** Top | evel analysis:
pred_i nfo(anal yze _cl osure, 1, [entry,exit, defs, spec, occurs]).

pred_i nfo( trav_preds, 1, [entry,exit, defs, spec, change]).
% *** Traversal of call tree
pred_i nfo( trav_pred, 4,

[entry, exit, defs, spec, change, gnd, nonvar, uni nit, rderef,sf]).
pred_i nfo( trav_disj, 8,

[entry, exit, defs, spec, change, gnd, nonvar, uni nit, rderef,sf]).
pred_i nfo( trav_conj, 5,

[entry, exit, defs, spec, change, gnd, nonvar, uni nit, rderef, sf,uni, dup]).
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nf o(

trav_goal

61
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[entry, exit, defs, spec, change, gnd, nonvar, uni nit, rderef, sf,uni, dup]).

pred_i

nf o(

trav_call

61

[entry, exit, defs, spec, change, gnd, nonvar, uni nit, rderef,sf]).

pred_i

nf o(

trav_def,

71

[entry, exit, defs, spec, change, gnd, nonvar, uni nit, rderef,sf]).
node tabl es:

% *** Update of entry & exit

pred_i
pred_i
pred_i
pred_i
%***

pred_i
pred_i
pred_i
pred_i
pred_i
pred_i
pred_i
pred_i
pred_i
pred_i
pred_i
pred_i
pred_i
pred_i
pred_i
pred_i
pred_i
pred_i
pred_i
pred_i
pred_i
pred_i
pred_i
pred_i
pred_i
pred_i
pred_i
pred_i
pred_i
pred_i
pred_i
pred_i
%***

pred_i
pred_i
pred_i
pred_i
pred_i
pred_i
pred_i
pred_i

nf o( update_entry, 3,
nf o( update_entry, 4,
nf o( update_exit, 1
nf o( update_exit, 3,
Uilities:

nf o( trav_goal n, 2,
nf o( trav_non, 2
nf o( trav_goal _u, 3,
nf o( trav_unif, 4,
nf o( trav_goal _d, 4,
nf o( trav_drfl, 4,
nf o( trav_drf2, 5,
nf o( new dref, 2,
nf o( add_dref, 1,
nf o( new drf_gnd, 4,
nf o( new drf_set, 2,
nf o( calc_exit, 2,
nf o( calc_entry, 2,
nfo( back_propagate, 1
nfo( back_prop_g cl, 1
nfo( back_prop_g cl, 2,
nf o( back_prop_g, 2,
nfo( back_prop_d cl, 1
nfo( back_prop_d cl, 2,
nf o( back_prop_d, 2,
nfo( back_prop_n_cl, 1
nfo( back_prop_n_cl, 2,
nf o( back_prop_n, 2,
nf o( make uni, 3,
nfo( dref_prop_flag, 2,
nf o( new preds, 1
nf o( new sets, 2,
nf o( save_sets, 1
nf o( restore_sets, 1
nf o( spec_goal, 5
nf o( spec_goal 2, 6,
nf o( spec_update, 7,
Used in conversion of un
nf o( convert _cl osure,
nf o( conv_preds,
nf o( cal c_convert _set,
nf o( | ast _goal _ureg,
nf o( updat e_f ast _goal
nf o( updat e_ur eg,

nfo(init_convert_strees,
enter fast,

nf o(

[entry, change, gnd, nonvar, uninit, rderef,sf]).
[entry, change] ).

[exit, change, gnd, nonvar, rderef,sf]).

[exit, change] ).

[ nonvar]).

[ nonvar]).

[gnd, uninit, rderef,sf]).

[gnd, uninit, rderef,sf]).

[gnd, uninit, rderef,sf]).

[gnd, uninit, rderef,sf]).

[gnd, uninit, rderef,sf]).

[ uninit, rderef,sf]).

[ uninit, rderef,sf]).

[ gnd, nonvar, uni nit, rderef,sf]).
[ gnd, uninit, rderef,sf]).
[ gnd, nonvar, rderef]).

[ gnd, nonvar, uni nit, rderef,sf]).
[ gnd, nonvar, rderef]).

[gnd]).

[gnd]).

[gnd, count]).

[rderef]).

[rderef]).

[rderef,count]).

[ nonvar]).

[ nonvar]).

[ nonvar, count]).
[uninit,sf,uni,dup]).
[uninit,sf,uni,dup]).

[ occurs, change]) .

[ gnd, nonvar, uni nit, rderef,sf]).
[ gnd, nonvar, uni nit, rderef,sf]).
[ gnd, nonvar, uni nit, rderef,sf]).
[ gnd, nonvar, uni nit, rderef, sf, spec]).
[ gnd, nonvar, uni nit, rderef, sf, spec]).
[ gnd, nonvar, uni nit, rderef, sf, spec]).
nit to uninit_reg:

1, [defs,occurs, fast,uregs]).

1, [defs, fast, uregs, change]).

3, [defs, fast, uregs, change, set]).
3, [defs, fast, uregs, change, set]).
3, [defs, fast, uregs, change]).

3, [ uregs, change]).

1, [entry, preds, fast,uregs]).

2, [fast]).
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% | npl ement the accumnul at or conmands:

set _conmand(sub(X), In, Qut) :- excludev(X, In, Qut). %diffv(ln, [X], Qut).

set _conmmand(add(X), In, Qut) :- includev(X, In, Qut).
set _conmmand(sub_set(X), In, Qut) :- diffv(ln, X Qut).
set _conmand(add_set(X), In, Qut) :- unionv(X, In, Qut).
tabl e_command(get(l,Val), In, In) :- get(ln, I, Val).
tabl e_command(fget(l,Val),In, In) :- fget(ln, I, Val).
tabl e_command(set(l,Val), In, Qut) :- fset(ln, I, Val, Cut).
tabl e_command(add(l,X), In, Qut) :-
get(In, I, Sl),
i ncludev(X, S1, S),
fset(ln, I, S Qut), !.

% *** Add the derived nbdes to the strees and to the stored npdes:

% Thi s adds information to pre-existing nodes of the strees.
create_node_strees(Ss, ASs, Entry, Exit, UReg) :-
create_node_strees(Ss, ASs, Entry, Exit, UReg, top).

create_node_strees([], [1, _, _, _, _) - '.

create_node_strees([S| Ss], [AS| ASs], Entry, Exit, UReg, F) :-
create_node_stree(S, AS, Entry, Exit, UReg, F),
create_node_strees(Ss, ASs, Entry, Exit, UReg, F).

create_node_stree(stree(NaAr, HD, (H: - A dF), OH, DLi st, SD),
stree(NaAr, HD, (H - NewF), OH, ADLi st, SD), Entry,Exit,UReg,F):- !,

lattice_nodes_tabl e(NaAr, Entry, H Flow),

lattice_npdes_tabl e(NaAr, Exit, H, ExFlow),

new formul a(H, Flow, ExFlow, HD, UReg, NewReq, NewBef, NewAft),

add_node_opti on(anal yze_nmode( H, NewReq, NewBef , NewAf t) ),

flat_conj (( NewReq, NewBef ), NewF),

wite nmode(F, H),

create_node_strees(DList, ADList, Entry, Exit, UReg, nontop).
create_node_stree(D, D, _, _, _, _) :- directive(D).

% Cal cul at e new Reg+Bef +Aft nmpodes according to the foll owi ng schema:

% A dReq A dBef A dAft
% | I
% |\ (split) |
% \ |
% I
% I
% I
% subsumne | update
|
I
I
I

I

| \-unbound-\

I

I

I
% | Flow

I

I

I

I

\'| (conbi ne)
updat e
ExFl ow
%
%
%
%

/
/-uninit--/

I
I
I
I
I
I
I
I
I
I
I
/ I
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% |/ (conbine) | |
% | I I
% NewReq NewBef NewAf t

new formul a(H, Flow, ExFlow, HD, UReg, NewReq, NewBef, NewAft) :-
require(H d dReq),
before(H, O dBef),
split_unbound(d dReq, 4 dU, d dReq2),
conbi ne_formul a(A dU, d dBef, d dBef2),
updat e_node(Fl ow, O dBef2, H, O dBef3),
squeeze_conj (A dBef 3, d dBef4),
convert _uninit(HD, UReg, O dBef4, O dBefb),
split_uninit(d dBef5, NewlJ, NewBef),
| ogi cal _subsunme(Fl ow, O dReg2, 4 dReq3),
conbi ne_f ormul a( New, 4 dReq3, NewReq),
after(H, 4 dAft),
updat e_node( ExFl ow, O dAft, H, d dAft?2),
squeeze_conj (A dAft2, NewAft).

% Add the derived formula to an existing forml a:
updat e_node(NewF, true, _, NewF) :- I.
update_node(true, AdF, _, AQdF) :- I.
updat e_node((Goal , Conj), A dF, Head, NewF) :- I,
updat e_one(CGoal, d dF, Head, M dF),
updat e_node(Conj, M dF, Head, NewF).

updat e_one(ground(X), O dF, Head, Newr) :- inplies(ddF, unbound(X)), !,

i ncorrect_node(X, Head, ground(X), O dF, NewF).
updat e_one(nonvar (X), O dF, Head, Newr) :- inplies(ddF, unbound(X)), !,

i ncorrect_node(X, Head, nonvar(X), O dF, NewF).
update_one(uninit(X), A dF, Head, NewF) :- inplies(ddF, nonvar(X)), !,

i ncorrect_node(X, Head, uninit(X), O dF, NewF).
update_one(uninit_reg(X), A dF, Head, NewF) :- inplies(ddF, nonvar(X)), !,

i ncorrect_node(X, Head, uninit_reg(X), 4 dF, NewF).
update_one(ground(X), A dF, _, AdF) :- pred_exists(ground(X), AdF), !.
updat e_one(nonvar(X), A dF, _, AdF) :- pred_exists(nonvar(X), AdF), !.
update_one(uninit(X), AddF, _, AdF) :- pred_exists(uninit(X), AdF), !.
update_one(uninit_reg(X), AdF, _, AdF) :- pred_exists(uninit_reg(X), AdF), !.
update_one(rderef(X), AdF, _, AdF) :- pred_exists(rderef(X), AdF), !.

update_one(uninit(X), O dF, Head, Newr) :- pred_exists(var(X), AdF), !,
NewF = (uninit(X),MdF),
split_fromformula(X, AdF, MdF, BadF),
squeeze_conj ( BadF, SquF),
war ni ng(Head, [’ Mbde ', SquF,’ of ', Head,’ replaced by ",uninit(X)]).
update_one(uninit_reg(X), A dF, Head, NewF) :- pred_exists(var(X), AddF), !,
NewF = (uninit_reg(X), MdF),
split_fromformula(X, AdF, MdF, BadF),
squeeze_conj (BadF, SquF),
war ni ng(Head, [’ Mbde ', SquF,’ of ', Head,’ replaced by ',uninit_reg(X]).

updat e_one(ground(X), A dF, _, (ground(X),ddF)) :- !.
updat e_one(nonvar (X), A dF, _, (nonvar(X),ddF)) :- !.
update_one(uninit(X), AdF, _, (uninit(X),ddF)) :- !.
update_one(uninit_reg(X), AdF, _, (uninit_reg(X),ddF)) :- !.

update_one(rderef(X), AdF, _, (rderef(X),AdF)) :- !.
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i ncorrect_node(X, Head, CGoodF, A dF, (GoodF, MdF)) :-
split_fromformula(X, AdF, MdF, BadF),
squeeze_conj ( BadF, SquF),
war ni ng(Head, [’ Mbde ', SquF,’ of ’',Head,’ is incorrect.’,nl,
" Compi l ation continued with corrected node ', GoodF]).

% Wite the node:
%I1f it is a top-level node and no conpile, then output it in
% Prol og-readable form O herwi se, output it as a conment.

wite node(top, Head) :- \+conpile_option(compile), !,
requi re(Head, R), before(Head, B), after(Head, A), survive(Head, S),
w':- "),inst_witeq(node(Head, R, B,A'S)), wn('.").

wite nmode(_, Head) :- \+conpile_option(conpile), !,

requi re(Head, R), before(Head, B), after(Head, A), survive(Head, S),
W'% '),inst_witeq(node(Head, R B,A'S)),nl.

wite nmode(_, Head) :- conpile_option(compile), !,
requi re(Head, R), before(Head, B), after(Head, A), survive(Head, S),
W'%'),inst_witeq(mde(Head, R B, A S)), nl.

% *** Convert uninit(X) nodes into uninit_reg(X) nodes:

% This is done only for uninitialized variables which occur up to once in the
% | ast non-survive goal or the survive goals beyond it, and do not occur before
% that in the body of each cl ause.

% The | ast non-survive goal, if it exists, nmust have an uninit_reg node in the
% sanme argunent position as those uninit. vars, otherwi se no tail recursion

% optim zation can be done. A closure calculation is done to guarantee this &
% not to | ose optim zation opportunities.

% (An easy approximation is to allow the conversion only for recursive calls,

% but this |loses the optimzation for predicates with cuts and factoring.)

% There are two entry points to this transformation:
% convert _uninit: uses the pre-cal cul ated URegTabl e to convert one predicate.
% convert _uninit_strees: closure cal culation which gives URegTabl e.

% *** Convert the allowed argunents of a single predicate to uninit_reg.
% Relies on the information gathered by convert_uninit_strees.
convert _uninit((Head:-Disj), URegTable, InF, QutF) :-
conpil e_option(anal yze_uninit_reg), !,
functor (Head, Na, Ar),
get (URegTabl e, Na/Ar, ConvSet),
convert _form(lnF, QutF, ConvSet).
convert _uninit(_, _, InF, InF).

convert _form( (A B), (CA CB), ConvSet) :- !,

convert _form( A, CA, ConvSet),

convert _formB, CB, ConvSet).
convert _form(uninit(X), uninit_reg(X), ConvSet) :- inv(X, ConvSet), !.
convert _form(T, T, _).

% *** Cal cul ate for each predicate the set of argunents that nay be uninit_reg.



% The results are returned in Qut UReg.
convert _uninit_strees(Strees, Entry, Defs, Cccurs, QutUReg) :-
conpil e_option(anal yze_uninit_reg), !,

stats(a, 1),

init_convert(Strees, Entry, Preds, Fast, InUReg),

stats(a, 2),

convert _cl osure(Preds, Defs, _, Cccurs, _, Fast, _, InUReg, QutUReg).
convert _uninit_strees(Strees, _, _, _, QutUReg) :-

seal (Qut UReg) .

convert _closure([]) -->>[].
convert _cl osure(PropPreds) -->> {cons(PropPreds)}, !,
{stats(a, 3)},
conv_preds(PropPreds): change([], ChgSet),
{stats(a, 4)},
{length(ChgSet, N},
{comrent ([ Uninit(reg) conversion pass--changed ',N,’ predicates.’])},
new_preds(ChgSet): change([], NewPr eds),
convert _cl osur e( NewPr eds) .

conv_preds([]) -->>[].
conv_preds([ NaAr| Preds]) -->>
[ fget (NaAr, UReg)]: uregs,
[fget (NaAr, (Head: -Disj))]: defs,
{stats(a, datad4(NaAr))},
cal c_convert_set(Disj, Head, NaAr):set(UReg, NewUReg),
{stats(a,b5)},
updat e_ur eg(NaAr, UReg, NewUReg),
{stats(a, 6)},
conv_preds(Preds).

% Find the set of uninit(men) variables that satisfy the condition to be
% converted to uninit(reg) variabl es:
cal c_convert_set(fail, _, ) -->>1.
cal c_convert_set((Conj;Disj), Head, NaAr) -->>
S/ set, {cons(S)},
{split_conj_begi n_end(Conj, Begin, End)},
{last _conj (End, Goal)},
I

{varset (Begin, Bvars)},

[ sub_set (Bvars)]: set,

{term dupset (End, EDups)},

% For later: can relax this Dups condition slightly:

[ sub_set (EDups)]: set,

{stats(a,data7(NaAr))},

| ast _goal _ureg(Goal, Head, NaAr),

{stats(a, 8)},

% Renoving this goal slows chat_parser by 1%

updat e_fast _goal (Goal, Head, NaAr),

{stats(a, 9)},

cal c_convert_set(Disj, Head, NaAr).
calc_convert _set((_; ), _, ) -->11.

% Last _goal _ureg is used in the calculation of Head’s set of uninit. regs.

245
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%I1f the last goal in the clause is a non-survive goal, then the head's
% uninitialized register argunents nust be uninitialized register arguments
% of the last goal and in the sane argument position. This guarantees no
% ext raneous nmove instructions destroying the possibility for TROin the
% cl ause.
%I1f the last goal in the clause is a survive goal, then there are no extra
% conditions on the uninitialized register arguments since no TRO is possible
% anyway.
% I1f the last goal is not defined in the program being anal yzed, then no
% uninitialized register arguments are possible.
| ast _goal _ureg(Goal, ., ) -->> {survive(CGoal )}, !.
| ast _goal _ureg(Goal, Head, _[/Ar) -->>
S/ set, {cons(S)},
{functor(Goal, N, A},
[fget (NN A UR)]: uregs,
[fget(NA (G-_))]:defs,
I
% Renane UR s variables to those of Coal:
{stats(a,datal0O(N A G Goal,UR))},
{map_args(G UR, Goal, URSet)},
{stats(a, 11)},
{stats(a,datal2(URSet))},
i ntersectv(URSet): set,
{stats(a, 13)},
{m n_integer(A Ar, Mn)},
{stats(a,datald(A Ar,Mn))},
mat ch_correspondi ng_args(1, Mn, Head, Goal): set,
{stats(a, 15)}.
| ast_goal ureg(_, _, ) -->>insert(_,[]):set.

% Addi tional optimzation in the calculation of Goal's set of uninit. regs.
% (This predicate can be renoved w thout affecting correctness.)
%I1f the last goal is "fast" (i.e. it calls only builtins & survive goals) then
% update uregs for its definition too, by renoving those ureg argunents whose
% position doesn’t match the head. This avoids having to do nove instructions
% AFTER the | ast goal returns. Doing such noves is bad, in particular:
% 1. It renoves the last call optimzation (LCO for that goal.
% 2. It may increase the nunber of environnents created.
%I1f the last goal is not fast then it is not effective to keep LCQ
% si nce execution time of the last goal can becone very large, so the few
% cycl es gained by LCO aren’t an advant age.
% Note that uninit(nem variables are better than uninit(reg)’'s if an argunent
%is moved. This is because they can be passed I NTO a predicate,
% whereas uninit(reg) variables nust always be passed OUT OF a predicate.
% The string/1 predicate in chat_parser is an exanple of this, because it is
% factored. It creates an environment when $fac_string/6 uses uninit(reg) args.
update_fast _goal (Goal, Head, /[Ar) -->>

{\ +survive(CGoal )},

{functor(Goal, N, A},

[fget (N A, )]:fast,

[fget (N A UR)]: uregs,

[fget(NA (G-_))]:defs,

I

{’mip_args((i UR, Goal, URSet)},
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{m n_integer(A Ar, Mn)},
{match_correspondi ng_args(1, Mn, Head, Goal, URSet, NewURSet)},
{map_args(Goal, NewURSet, G NUR)},
update_ureg(N A, UR NUR).
update_fast _goal (_, _, ) -->>1]].

% Return the argunents of Set which are in the same position in Head and Coal .
mat ch_corresponding_args(NN M _, ., _, []) :- \>M !.
mat ch_correspondi ng_args(N, M Head, CGoal, Set, Qut) :- N=<M
arg(N, Head, X), inv(X, Set),
arg(N, Goal, Y), X==Y,
I
Qut = [X] Next],

N1 is N+1,

mat ch_correspondi ng_args(Nl, M Head, Goal, Set, Next).
mat ch_correspondi ng_args(N, M Head, CGoal, Set, Qut) :- N=<M

N1 is N+1,

mat ch_correspondi ng_args(Nl, M Head, Goal, Set, Qut).

% Split a conjunction into two parts, where the second part is the |argest
% conj unction of which all goals but the first don’t kill argument registers.
split_conj _begin_end(true, true, true).
split_conj _begin_end((Goal, Conj), true, (CGoal,Conj)) :- all_survive(Conj), !.
split_conj_begin_end((Goal, Conj), (Goal, Begin), End) :-

split_conj _begi n_end(Conj, Begin, End).

all _survive(true).
all _survive((Coal,Conj)) :- survive(Goal), all_survive(Conj).

updat e_ureg(NaAr, UReg, NewUReg) -->> {UReg\==NewUReg}, !,
[ set (NaAr, NewUReg) ] : ur egs,
[add(exit(NaAr))]: change.

update ureg(_, _, ) -->>1]].

% Create the initial values of Preds and URegTabl e:

init_convert(Strees, Entry, Preds, Fast, URegTable) :-
init_convert_strees(Strees, Entry, _, Preds, [], _, Fast, _, URegTable),
seal (Fast),
seal (URegTabl e) .

init_convert_strees([]) -->> [].
init_convert_strees([S| Ss]) -->>
{S=stree(NaAr, (Head:-Disj), _,_,DList, )}, !,

[ NaAr]: preds,

enter_fast(NaAr, D sj),

[fget (NaAr,Entry)]:entry,

{get _set(uninit, Head, Entry, UReg)},

[ get (NaAr, X)]: uregs,

{enter _ureg(X, UReg)},
init_convert_strees(DList),
init_convert_strees(Ss).

init_convert_strees([D Ss]) -->>
{directive(D}, !,
init_convert_strees(Ss).
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enter _fast(NaAr, Disj) -->> {fast_routine(Disj)}, !, [get(NaAr,dumy)]:fast.
enter _fast(_, ) -->>1].

enter_ureg(X, UReg) :- var(X), !, X=UReg.

enter_ureg(X, _) :- nonvar(X).

% Succeeds for the definition of a "fast" routine, i.e. the routine calls only

% builtins and survive goals so that its execution tine is al nbst independent
% of its arguments.

fast _routine((A;B)) :- !, fast_routine(A), fast_routine(B).
fast _routine((A B)) :- !, fast_routine(A), fast_routine(B).
fast _routine(CGoal) :- survive(Goal), !.
fast _routine(CGoal) :- builtin(Goal), !.

%lnitialize entry and exit node tables, a table of predicate definitions,
% and a table of predicates in which each predicate occurs.
% (Coul d create only one table as initial value for both entry & exit nodes)

init_tables(Strees, Entry, Exit, Defs, Cccurs) :-
init_strees(Strees, _, Entry, _, Exit, _, Defs, _, Cccurs),
seal (Entry),
seal (Exit),
seal (Defs),

seal (Qccurs),
I,

init_strees([]) -->>[].
init_strees([S]Ss]) -->>
{S=stree(NaAr, (Head: -Disj), ,_,DList, )}, !,
{bottom cal | (NaAr, B)},
[get (NaAr,B)]:entry,
[get (NaAr,B)]:exit,
[ get (NaAr, Def)]: defs,
{enter_def(Def, (Head:-Disj), NaAr)},
init_disj(Disj):pred(NaAr),
init_strees(DList),
init_strees(Ss).
nit strees([D| Ss]) -->>
{directive(D}, !,
init_strees(Ss).

nit _disj(fail) -->>1].
nit_disj((Conj;Disj)) -->>init_conj(Conj), init_disj(Dsj).

nit_conj(true) -->>[].
nit_conj((Goal,Conj)) -->> init_goal (Goal), init_conj(Conj).

nit_goal (Goal) -->> {call _p(Goal)}, !,
{functor(Goal, Na, Ar)},
{bottomcall (Na/ Ar, B)},
[get(Na/Ar,B)]:entry,
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[get (Na/Ar,B)]:exit,
Pr ed/ pr ed,
[add(Na/ Ar, Pred)]: occurs.
init_goal (Goal) -->> {unify p(CGoal)}, !.

% Enter definition in table & give warning for multiple definitions:
enter _def (Def, NewDef, ) :- var(Def), !, NewDef=Def.
ent er _def (Def, _, NaAr) :- nonvar(Def), !,
warni ng([' The predicate ', NaAr,’ has nultiple definitions.’,nl,
"Only the first definition will be used.’]).

% *** Create and traverse entry point data structures:

% Through the entry points’ nodes the analysis is kept consistent with
% external calls.

entry data(Strees, Defs, EntData, SortPreds) :-
(bagof (E, entry_data(E), Bag) -> true ; Bag=[]),
filter_defs(Bag, EntData, EntDecl, Defs),
entry zero(Strees, EntPreds, EntDecl),
sort (Ent Preds, SortPreds). % Renove duplicates.

% Get all definitions of arity zero. They are always entry points.
entry _zero([]) -->[].

entry zero([stree(Na/O, , , ,DL, )|Ss]) -->!, [Na/O],
entry zero(Ss), entry_zero(DL).
entry zero([stree(_/N, _, , ,DL, )|Ss]) --> {N=0}, !,

entry zero(Ss), entry_zero(DL).
entry_zero([_|Ss]) --> entry_zero(Ss).

% Cal cul ate the variable sets corresponding to the entry point’s forml a:
entry _data(entry(Head, Vars, Grd, Non, Uni ,Drf)) :-

conpi |l e_option(entry(Head, Formul a)),

var set (Head, Vars),

ground_set (Formul a, Gnd),

nonvar _set (Formul a, Non),

uninit_set(Formula, Uni),

rderef _set(Formula, Drf).

% Keep only entries which are definitions:

filter_defs([], [], []1, ).

filter_defs([E|In], [E/Qut], [Na/Ar|Preds], Defs) :-
E=entry(Head, _, , _,_, ),

functor (Head, Na, Ar),
get (Defs, Na/Ar, ),
I

filter_defs(ln, Qut, Preds, Defs).
filter_defs([_|In], Qut, Preds, Defs) :-
filter_defs(ln, Qut, Preds, Defs).

% Do one anal ysis pass over all entry points:
% lnitialize tables for all entry points:
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entry_ init([]) -->>[].
entry init([E EntData]) -->> entry_init_one(E), entry_init(EntData).

entry init_one(entry(Head,V,G N U D)) -->>
update_entry(Head, _, )
:[gnd(G _),nonvar (N, ),uninit(U, ), rderef(D,_),sf(V,_),change([],_)].

% *** Top |level of analysis:

anal yze_strees(Strees, AStrees) :- conpile_option(analyze), !,
comrent ([’ Starting datafl ow analysis’']),
anal yze(Strees, AStrees).

anal yze_strees(Strees, Strees).

% During traversal of call tree update the entry & exit nopde tables and
% keep track of the predicates whose entry and exit nodes are changed.
% Repeat traversal step with the predicates that need propagating (i.e. those
% whose entry node is changed & those which contain a goal whose exit node
% is changed) until there are no nore changes.
anal yze(Strees, CStrees) :-

stats(an, 1),

init_tables(Strees, Ent, Ex, Defs, Cccurs),

entry data(Strees, Defs, EntData, EntPreds),

cons(Ent Preds), !,

entry init(EntData, Ent, M dEnt),

stats(an, 2),

anal yze_cl osure(Ent Preds, M dEnt, CQutEnt, Ex, QutEx, Defs, _,

_, Spec, Cccurs, ),

stats(an, 3),

% Repl ace goals by their nost specialized equival ents:

seal ( Spec),

spec_strees(Strees, AStrees, Spec),

stats(an, 4),

% Cal cul at e whi ch nodes can be converted to uninit_reg:

convert _uninit_strees(AStrees, QutEnt, Defs, Cccurs, QutUReg),

stats(an,5),

% Updat e t he nodes:

wn(’' % Modes generated: '),

create_node_strees(AStrees, BStrees, QutEnt, QutEx, QutUReg),

stats(an, 6),

% Re-unravel the heads with the new nodes (gives better selection):

re_unr_strees(BStrees, CStrees),

stats(an, 7).
anal yze(Strees, Strees) :-

war ni ng([' There are no usable entry points, so no flow analysis was done.’]).

% ChgSet is the set of all predicates whose entry or exit nbdes have changed.
anal yze_cl osure([]) -->>1!.
anal yze_cl osure(Ent Preds) -->> cons(EntPreds), !,

trav_preds(Ent Preds): change([], ChgSet),

{stats(an, 2.5)},

{length(ChgSet, N},
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{comrent ([’ Anal ysi s pass--changed ', N,’ entry and exit nodes.’])},
new_preds(ChgSet): change([], NewPr eds),
anal yze_cl osur e( NewPr eds) .

% Cal cul ate from ChgSet the set of predicates that need further traversal:
% (This predicate also used in convert_uninit_strees)
new preds([]) -->>1!.
new preds([entry(NaAr)| ChgSet]) -->>1,
[ add( NaAr)]: change,
new_preds(ChgSet) .
new_preds([exit(NaAr)| ChgSet]) -->> [fget(NaAr, Cccurs)]:occurs, !,
[ add_set (Cccurs)]: change,
new_preds(ChgSet) .
new preds([_| ChgSet]) -->>
new_preds(ChgSet) .

% Top level call: Traverse predicates & update exit nmode for each predicate:
trav_preds([]) -->>!.
trav_preds([ NaAr| Preds]) -->>

[fget (NaAr, Entry)]:entry,

[fget (NaAr, Def)]:defs, !,

{copy(Def, (Head:-Disj))},

{stats(trav_pred, NaAr)},

trav_pred(Disj, Head, Entry, NaAr),

trav_preds(Preds).
% The predicate is not defined here (it is probably a builtin):
trav_preds([_| Preds]) -->>

trav_preds(Preds).

% Traversal of the call tree:

% Traverse a single predicate & its subtree of the call tree:
trav_pred(Di sj, Head, Entry, NaAr) -->>

new sets(Head, Entry),

A dDr f/rderef,

a dGnd/ gnd,

trav_disj(Disj, Head, NaAr, 1, [], QutGrd, QutNon, QutDrf),

[ add_set (CQut Ghd) ] : gnd,

[ add_set (Qut Non) ] : nonvar,

{intersectv(AdDrf, A dGnd, D1)},

{unionv(D1, QutDrf, D)},

insert(_,QutDrf):rderef,

updat e_exi t (Head) .

% G ve each choice the same gnd, rderef, sf, and uninit val ues.
% Return the set of argunents ground at the output.
trav_disj(fail, Head, _, _, _, AIl, AIl, Al) -->>1,
{varset (Head, All)}.
% Don’t redo an active clause: (unless current entry worse than stored?)
trav_disj((Conj;Disj), Head, NaAr, Num CallList, QutG1d, QutNon, QutDrf) -->>
{menber (cal | er (NaAr, Nun), CallList)}, !,
{Nuntl is Numt+1},
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trav_disj (D sj, Head, NaAr, Nunl, CalllList, QutGdud, QutNon, QutDrf).
trav_disj((Conj;Disj), Head, NaAr, Num CallList, QutG1d, QutNon, QutDrf) -->>
save_sets(X),
{term dupset (Conj, Dups)},
{stats(trav_conj,d(NaAr, Num)},
trav_conj (Conj, NaAr, Num 1, [caller(NaAr, Num)| CallList])
:[uni (Unis,[]), dup(Dups)],
back_propagate(Uni s),
NewGnd/ gnd,
NewNon/ nonvar ,
NewDr f / r der ef ,
restore_sets(X),
{Nuntl is Numt+1},
trav_disj (D sj, Head, NaAr, Numl, CallList, NewGnhd2, NewNon2, NewDrf?2),
{intersectv(NewGnd, NewGnd2, QutGnd)},
{intersectv(NewNon, NewNon2, QutNon)},
{intersectv(NewDrf, NewDrf2, QutDrf)}.

% Back propagate gnd, rderef, and nonvar sets at end of clause to the head:
% Do closure on the clause’s unifications at the end of the clause
%to find any additional arguments that exit as gnd or rderef terms.
% This routine is not needed for correctness, but it inproves results.
back_propagate(Unis) -->>

back_prop_d_cl (Unis),

back_prop_g cl (Unis),

Gnd/ gnd, [add_set(Gnd)]: nonvar,

back_prop_n_cl (Unis).

% Cl osure on rderef back propagation:

back_prop_d_cl (I nUnis) -->>
back_prop_d(InUnis, M dUnis):count(0,N),
back_prop_d_cl (N, M dunis).

back_prop_d_cl (0, _) -->>1.
back_prop_d cl (N, Unis) -->> {N>0}, !, back _prop_d_ cl(Unis).

back_prop_d([], []) -->>1!.

back_prop_d([unify(yes, X, Y, YVars)|lnUnis], QutUnis) -->>
Drf/rderef, {subsetv(YVars, Drf)}, !,
[add(X)]: rderef,

[1]: count,
back_prop_d(InUnis, QutUnis).
back_prop_d([unify(no, _, _, )|!lnUnis], QutUnis) -->>1,

back_prop_d(InUnis, QutUnis).
back_prop_d([U InUnis], [U QutUnis]) -->> back_prop_d(lInUnis, QutUnis).

% Cl osure on gnd back propagation:

back_prop_g cl (InUnis) -->>
back_prop_g(InUnis, M dUnis):count(0,N),
back_prop_g cl (N, M duUnis).

back_prop_g_cl (0, _) -->>1.
back_prop_g cl (N, Unis) -->> {N>0}, !, back _prop_g cl(Unis).
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back_prop_g([unify(_, X Y, YVars)|lnUnis], QutUnis) -->>

{nonvar (YY)}, Gnd/gnd, {subsetv(Yvars, Gid)}, !,
[add(X)]: gnd,
[1]: count,
back_prop_g(InUnis, QutUnis).
back_prop_g([unify(_, X Y, YVars)|lnUnis], QutUnis) -->>
Gnd/ gnd, {inv(X Gd)}, !,
[ add_set (Yvars)]:gnd,
[1]: count,
back_prop_g(InUnis, QutUnis).
back_prop_g([U InUnis], [U QutUnis]) -->> back_prop_g(lnUnis, QutUnis).

% Cl osure on nonvar back propagati on:

back_prop_n_cl (InUnis) -->>
back_prop_n(InUnis, M dUnis):count(0,N),
back_prop_n_cl (N, M dunis).

back_prop_n_cl (0, _) -->>1.
back_prop_n_cl (N, Unis) -->> {N>0}, !, back _prop_n_cl(Unis).

back_prop_n([], []) -->>1!.
back_prop_n([unify(_, X Y, )|InUnis], QutUnis) -->>
{var (X), var(Y)},
Non/ nonvar, {inv(Y, Non)}, !,
[add(X)]: nonvar,
[1]: count,
back_prop_n(InUnis, QutUnis).
back_prop_n([U InUnis], [U QutUnis]) -->> back_prop_n(lnUnis, QutUnis).

trav_conj (true, _, _, _, ) -->>1,
% Any uninits remaining are initialized & thus becone dereffed:
Uni/uninit, [add_set(Uni)]:rderef.

trav_conj ((Goal, Conj), NaAr, I, J, CalllList) -->>
{varset (Goal , Vars)},

{stats(trav_goal ,d(NaAr,I1,J))},

trav_goal (Goal, NaAr, 1, J, CalllList, Vars),

{J1 is J+1},

trav_conj (Conj, NaAr, 1, J1, CalllList).
trav_goal (Goal, NaAr, 1, J, CalllList, Vars) -->>

{call _p(Goal)}, !,

trav_call (Goal, NaAr, I, J, CalllList, Vars),

[sub_set(Vars)]:uninit,

[ Vars]: sf.

% Handl i ng unify goals is done in three sections:
% trav_goal _n and trav_non (which updates the nonvar set),
%trav_goal _d and trav_drfl & trav_drf2 (which updates the rderef set),
%trav_goal _u and trav_unif (which updates the uninit and gnd sets).
% Each of these sections tries to get the best possible result. This
% is inplemented using backtracking to switch the unify arguments.
trav_goal (A=B, _, _, _, _, Vars) -->>

make_uni (A, B, _),

make_uni (B, A, _),
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{term dupset (A=B, Dups)},

trav_goal d(A, B, Vars, Dups),

trav_goal u(A, B, Vars),

Gnd/ gnd, [add_set(Gnd)]: nonvar,

trav_goal _n(A, B),

% How do duplicate variables affect the Deref set? Not at all.
% How do circular terns affect the Deref set?

[ sub_set (Dups)]:uninit,

Uni/uninit, [add_set(Uni)]:rderef,

[ Vars]: sf.

% Col l ect the unify goals in unify/3 data structures:
make_uni (X, Y, YVs) -->>{var(X)}, !,

dref _prop_flag(X, Flag),

{varset (Y, YVs)}, [unify(Flag, X Y, YVs)]:uni.
make_uni (X, Y, ) -->>]].

%I1f (Xis notin sf or Xis uninit) and (X occurs only once in the body)
% then we can propagate rderef exit nodes to X in back_propagate:

dref _prop_flag(X, no) -->> Dups/dup, {inv(X Dups)}, !.

dref _prop_flag(X vyes) -->> SF/sf, {\+inv(X SF)}, !.

dref _prop_flag(X, yes) -->> Uni/uninit, {inv(X Uni)}, !.

dref _prop_flag(_, no) -->>1]].

% 1. Backtracking between split_unify_ v and trav_non:
trav_goal _n(A, B) -->>
{split_unify v(A B, X T},
trav_non(X, T),
I
% Def aul t case:
trav_goal _n(_, ) -->>1].

% Updat e t he nonvar set:
% Thi s handl es only the cases that are not taken care of in the gnd set.
trav_non(X, T) -->>

{nonvar (T)},

I

[add(X)]: nonvar.
trav_non(X, T) -->>

{var(T)},

Non/ nonvar ,

{inv(T, Non)},

I

t ;idd( X)]: nonvar.

% 2. Backtracking between split_unify v and trav_drfl & trav_drf2:
trav_goal d(A, B, Vars, Dups) -->>

{split_unify v(A B, X T},

{varset (T, TVars)},

trav_drf1(X, T, Tvars, Vars),

I

trav_goal d(A, B, Vars, Dups) -->>
{split_unify v(A B, X T)},
{varset (T, TVars)},
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trav_drf2(X, T, Tvars, Vars, Dups),
I

% Def aul t case:
trav_goal d(A, B, Vars, Dups) -->>
I

Gnd/ gnd,
i ntersectv(Gnd):rderef.

% Traverse a unify goal to get new Deref set:
% Try to find a successful clause in trav_drfl before trav_drf2, because
%trav_drfl gives a nore powerful result.
% Relies on the fact that bindings always go fromnew variables to ol d.
trav_drf1(X, T, TVars, Vars) -->>

SF/ sf,

{\+inv(X, SF)},

I

new dref (X, TVars),
add_dref (TVars).
trav_drf1(X, T, TVars, Vars) -->>
Uni /uninit,
{inv(X, Uni)},
I

new dref (X, TVars),
add_dref (TVars).

trav_drf2(X, T, Tvars, _, ) -->>
Drf/rderef,
{inv(X, Drf)},
Gnd/ gnd,
{inv(X, Gnd)},
I

add_dref (TVars).
trav_drf2(X, T, TVars, _, Dups) -->>
{Dups=[]},
Drf/rderef,
{inv(X, Drf)},
SF/ sf,
{intersectv(SF, Tvars, dd)},
Uni /uninit,
{subsetv(dd, Uni)},
I

add_dref (TVars),
[sub(X)]:rderef.

%I1f X is new (uninit or notin sf) then add it to rderef
%if all its argunents are rderef (i.e. (TVars n SF) ¢ (Drf u Uni)).
new dref (X, TVars) -->>

SF/ sf,

{intersectv(TVars, SF, TSF)},

Drf/rderef,

Uni /uninit,

{unionv(Drf, Uni, DU)},

{subsetv(TSF, DU)},

I
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[add(X)]:rderef.
new dref (X, TVars) -->>[].

%I1f (1) Xis new (uninit or notin sf), or (2) X is ground and rderef,
%or (3) Xis rderef and (SF n Tvars) ¢ Uni and there are no duplicate
% variables in {X} u TVars (because duplicate vars can create extra |inks),
% then can add TVars-(SF-Uni) to rderef:
add_dref (TVars) -->>

SF/ sf,

Uni /uninit,

{diffv(SF, Uni, ND)},

{diffv(Tvars, ND, D)},

[add_set (D)]:rderef.

% 3. Backtracking between split_unify v and trav_unif:
trav_goal u(A, B, Vars) -->>

{split_unify v(A B, X T},

{varset (T, TVars)},

trav_uni f(X, T, TVars, Vars),

I

% Def aul t case:
trav_goal u(A, B, Vars) -->>
[sub_set(Vars)]:uninit.

% Traverse a unify goal to get new Ghd and Uni sets:
% The mani pul ati ons done with the argunents of unify goals are the heart
% of the analysis. The order of clauses in this predicate is inportant!
% This predicate fails if no conditions are satisfied.
trav_uni f(X, T, TVars, Vars) -->>

Gnd/ gnd, {subsetv(TVars, Gad)},

I

[add(X)]: gnd,
[sub(X)]:uninit.

trav_uni f(X, T, TVars, Vars) -->>
Uni/uninit, {inv(X Uni)},
I
SK/ sf, {diffv(Vvars, SF, V1)},
[add_set (V1)]:uninit,
[sub(X)]:uninit,
{intersectv(Vars, SF, V3)},
[sub_set(V3)]:uninit.

% Added Aug. 24, 1990:

trav_uni f(X, T, TVars, Vars) -->>
SK/ sf, {\+inv(X SF)},
I
{diffv(Vars, SF, V1)},
[add_set (V1)]:uninit,
[sub(X)]:uninit,
{intersectv(Vars, SF, V3)},
[sub_set(V3)]:uninit.

trav_uni f(X, T, TVars, Vars) -->>
Gnd/ gnd, {inv(X G1d)},
I

t add_set (Vars)]:gnd,
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[sub_set(Vars)]:uninit.

% Traverse a non-unify goal to get new Gnd set:
% 1. CGoal has a definition:
trav_call(Goal, _, _, _, CallList, Vars) -->>
{functor(Goal, N, A},
[fget (N A, Def)]: defs,
I

update_entry(Goal, Newentry, Flag),
trav_def(Goal, N A, Def, CallList, Newentry, Flag, Vars).
% 2. CGoal has no definition:
% Find the nost efficient entry point for Goal with the nodal _entry tree.
% Then update Gnd with the after nodes of this entry.
% After nodes exist for builtins and if node decl arati ons were given,
% even if no nore efficient entry was found.
% Not e: update_entry in trav_goal is irrelevant for this clause.
trav_call (Goal, NaAr, I, J, _, ) -->>
spec_goal (NaAr, 1|, J, Goal, ECoal),
{after(ECGoal, After)},
% Update rderef set to be in accord with the builtin’s exit node:
{bi ndset (EGoal , BS)},
@ gnd,
{diffv(BS, G ND)},
[ sub_set (ND)]: rderef,
{rderef _set(After, Drf)},
[add_set (Drf)]:rderef,
% Update gnd set to be in accord with the builtin’s exit node:
{ground_set (After, Gnd)},
[ add_set (Gnd)]: gnd,
% Updat e nonvar set to be in accord with the builtin's exit node:
{nonvar _set (After, Non)},
[ add_set (Non)]: nonvar,
updat e_exit (ECGoal ).

% Traverse a goal that has a definition:
% 1. Stored entry node of CGoal is equal or worse and Goal is not in call list.
% In this case, just update exit nmode with no traversal.
% This step needed to avoid having to traverse the whole call tree, which
% has a worst-case size exponential in the programsize.
trav_def(Goal, NNA _, CalllList, Entry, no, Vars) -->>
{conpi |l e_option(nomem },
I
[fget(NNA Exit)]:exit,
{get _set(rderef, Goal, Exit, ExitDrf)},
{get _set(ground, Goal, Exit, ExitGnd)},
{get _set(nonvar, Goal, Exit, ExitNon)},
new drf_gnd(ExitDrf, ExitGdhd, ExitNon, Vars).
trav_def(Goal, NNA _, CallList, Entry, no, Vars) -->>
{\ +conpi | e_option(nomenj},
{\ +nenmber (caller(N A, ), CallList)},
I

[fget(NNA Exit)]:exit,
{get _set(rderef, Goal, Exit, ExitDrf)},
{get _set(ground, Goal, Exit, ExitGnd)},
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{get _set (nonvar, Goal, Exit, ExitNon)},

new drf_gnd(ExitDrf, ExitGdhd, ExitNon, Vars).
% 2. Stored entry node of CGoal is better or Goal is in the call Iist
% & a definition exists: traverse to get new exit node.
trav_def(Goal, N A, Def, CallList, Entry, Flag, Vars) -->>

{copy(Def, (Head:-Disj))},

% 1. Set up correct state for the call:

save_sets(X),

new sets(Head, Entry),

% 2. Do the call:

{stats(trav_disj,NA},

trav_disj(Disj, Head, NVA 1, CallList, QutGidH QutNonH, QutDrfH),

% 3. Restore state of caller:

restore_sets(X),

% 4. Cal cul ate new exit node:

{map_argvars(Head, QutDrfH, Coal, QutDfG},

{map_argvars(Head, QutGnhdH, Coal, QutGidG},

{map_args(Head, QutNonH, Goal, QutNonG},

new drf_gnd(QutDrf G Qut GhdG CQut NonG Vars),

update_exit (CGoal ).

% Cal cul ate new rderef & gnd sets fromthe exit sets of a predicate:
% New rderef set = (Drf n Ghd) u (ExitDrf n (Uni u Drf u (Vars-SF)))
% New gnd set = (Ghd u ExitGnd)
% New nonvar set = (Non u ExitNon)
new drf_gnd(ExitDrf, ExitGnd, ExitNon, Vars) -->>

new drf_set(ExitDrf, Vars),

[ add_set (Exi tGnhd) ] : gnd,

[ add_set (Exi t Non)]: nonvar.

new drf_set([], ) -->>1,
Gnd/ gnd,
i ntersectv(Gnd):rderef.

new drf_set(ExitDrf, Vars) -->> cons(ExitDrf), !,
i nsert(Drf, NewDrf):rderef,
Gnd/ gnd,
Uni /uninit,
SF/ sf,
{unionv(Uni, Drf, D1)},
{diffv(Vars, SF, NV)},
{unionv(Nv, D1, D2)},
{intersectv(ExitDrf, D2, D3)},
{intersectv(Grd, Drf, D4)},
{unionv(D3, D4, NewDrf)}.

% *** Support for specialized entries:

% The call to a goal is replaced by the nbpst specific entry possible,

% depending on its input node. This is useful to speed up builtins,

% al t hough it can be used for any predicate that is in the nodal _entry tree
% (for exanple, this can be used to speed up any library).

%1t is inplemented with the accumul ator ’'spec’, which holds the nost
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% speci alized entry for each call that has a nodal _entry. The index of spec
% i s index(NaAr, d auseNum Goal Nunm), which uniquely identifies each goal in
% t he program

% For later: better interaction between required/ needed uninit nemreg?

% During analysis, replace Goal by the nore specialized ECoal,
%if that is possible:
spec_goal (NaAr, C Num GNum Goal, ECGoal) -->>

{nodal _entry(Goal, )},

I

{I'ndex = index(NaAr, d Num GNum },

[ get (1 ndex, Val )] : spec,

functor(CGoal, N, A,

calc_entry(CGoal, Entry),

spec_goal 2(Goal , N A, Index, Val, Entry, ECoal).
spec_goal (_, _, _, Goal, Goal) -->>1]].

% Get the previous specialization:

spec_goal 2(Goal, NA, Index, Val, Entry, EGoal) -->> {var(Val)}, !,
{lattice_npdes_entry(NA, Entry, Goal, F)},
{efficient_entry(Goal, EGoal, F)},
Val = val ue(Goal, Entry, EGoal ).

spec_goal 2(Goal, NA, Index, Val, Entry, ECGoal) -->> {nonvar(Val)}, !,
{copy(Vval, value(Goal,LEntry, LGoal))},
spec_updat e(Goal, NA, Index, LEntry, LGoal, Entry, EGoal).

% Update the specialization & its entry lattice:

spec_updat e(Goal , NA, Index, LEntry, LGoal, Entry, ECGoal) -->>
{LEntry\ ==Entry},
I

{lattice_npdes_entry(NA, Entry, Goal, F)},
{efficient_entry(Goal, EGoal, F)},
[ set (I ndex, val ue(Goal , Entry, EGoal ))]: spec.

spec_updat e(Goal , NA, Index, LEntry, LGoal, LEntry, LGoal) -->>[].

% After anal ysis, convert all calls to their specialized equival ent:
% (The traversal code is a bit tedious, it would be nice to have a preprocessor
% here to do the traversing!)
spec_strees([], []1, ).
spec_strees([ S| Strees], [SS| SStrees], Spec) :-
spec_stree(S, SS, Spec),
spec_strees(Strees, SStrees, Spec).

spec_stree(stree(NaAr, (Head:-Disj), MOH, DL, SD),
stree(NaAr, (Head: -SDisj), M OH, SDL, SD), Spec) :- I,
spec_disj(Disj, SDisj, NaAr, 1, Spec),
spec_strees(DL, SDL, Spec).

spec_stree(D, D, ) :- directive(D).

spec_disj(fail, fail, _, _, ).

spec_disj((Conj;Disj), (SConj;SDhisj), NaAr, |, Spec) :-
spec_conj (Conj, SConj, NaAr, |, 1, Spec),

1 is |+1,
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spec_disj(Disj, SDisj, NaAr, 11, Spec).

spec_conj (true, true, _, _, _, ).

spec_conj ((Goal , Conj), (SGoal,SConj), NaAr, I, J, Spec) :-
spec_goal (Goal, SGoal, NaAr, I, J, Spec),
J1 is J+1,
spec_conj (Conj, SConj, NaAr, |, J1, Spec).

spec_goal (CGoal, SGoal, NaAr, I, J, Spec) :-

get (Spec, index(NaAr,1,J), Vval), !,
copy(Vval, value(CGoal,_, SCoal)).
spec_goal (Goal , Goal, _, _, _, ).

% Hi gh-1evel utilities to cal culate, propagate, and update nodes:

save_sets(state(GN UD, S)) -->>
@ gnd,
N nonvar ,
U unini t,
D/ r der ef
S/ sf.

restore_sets(state(GN U, D, S)) -->>
insert(_,Q:gnd,
i nsert(_, N): nonvar,
insert(_,U:uninit,
insert(_,D):rderef,
insert(_,S):sf.

% Assunes that Head contains only vari abl es.

% (If not, get_set(nonvar) is incorrect because nonvar is non-recursive.)

new set s(Head, Entry) -->>
insert(_,Q:gnd,
i nsert(_, N): nonvar,
insert(_,U:uninit,
insert(_,D):rderef,
insert(_,S):sf,
{get _set(ground, Head, Entry, G}
{get _set (nonvar, Head, Entry, N)},
{get _set(uninit, Head, Entry, U)}
{get _set(rderef, Head, Entry, D)}
{varset (Head, S)}.

% Map a set of variables between two goal s:
% Maps from Gl's argunment to GQ's argunment only if the latter is a variable.
map_args(Gl, Setl, &, Set2) :-

functor(GL, Na, Ar),

map_args(1, Ar, Gl, Setl, &, Bag2, []),

sort (Bag2, Set?2).

map_args(l, Ar, Gl, Setl, &) -->
{l=<Ar, arg(l, G, A, inv(A Setl)},
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{arg(l, &, X), var(X)},
r,

[X],

(11 is 1+1},

map_args(l1, Ar, Gl, Setl, &).
map_args(l, Ar, Gl, Setl, &) --> {I=<Ar}, I,

{11 is |+1},
map_args(l1, Ar, Gl, Setl, &).
map_args(l, Ar, _, _, ) -->{I>Ar}, !.

% Map a set of variables between two goal s:
% Maps from each argurment of Gl to all variables in &' s correspondi ng argunent.
map_argvars(Gl, Setl, &, Set2) :-
functor(GL, Na, Ar),
map_argvars(l, Ar, Gl, Setl, &, Bag2, []),
sort (Bag2, Set?2).

map_argvars(l, Ar, Gl, Setl, &) --> {l=<Ar, arg(l, GL, A, inv(A Setl)}, !,
{arg(l, &, X},
var bag( X),
{11 is |+1},
map_argvars(l1l, Ar, Gl, Setl, &X).
map_argvars(l, Ar, Gl, Setl, &) --> {l=<Ar}, !,

{11 is |+1},
map_argvars(l1l, Ar, Gl, Setl, &X).
map_argvars(l, A, _, , ) -->{I>Ar}, !.

% CGet the set of head arguments corresponding to the lattice val ue Type:
get _set (Type, Head, Mdde, TypeSet) : -

functor (Head, Na, Ar),

get _bag(1, Ar, Type, Head, Mdde, Bag, []),

sort(Bag, TypeSet).

get _bag(l, Ar, T, Head, Mdde) -->
{l=<Ar, arg(l, Mde, T1), greater_eq(T, T1)},
I
{arg(l, Head, X},
var bag( X),
{11 is |+1},
get _bag(l1, Ar, T, Head, Mdde).
get _bag(l, Ar, T, Head, Mde) --> {I=<Ar}, !,

{11 is |+1},
get _bag(l1, Ar, T, Head, Mdde).
get _bag(l, Ar, _, _, ) -->{I>Ar}, !.

% Update the entry node & return the nost general entry node.
% (Does NOT nodify gnd or uninit sets)
update_entry(Goal, NeweEntry, Flag) -->>

calc_entry(CGoal, Entry),

{functor(Goal, Na, Ar)},

[fget(Na/Ar, A dEntry)]:entry,

{lub_call (A dEntry, Entry, NewEkntry)},

update_entry(Na/Ar, A dEntry, Newkentry, Flag).
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update_entry(NaAr, O dEntry, NewEntry,

{A dEnt ry\ ==NewEnt ry}, !,

[ set (NaAr, NeweEntry)]:entry,

[add(entry(NaAr))]: change.
update_entry(_, _, _, no) -->>1]]

yes) -->>

% Update the exit node & return the nost general

update_exit(CGoal) -->>
{functor(Goal, Na, Ar)},
[fget(Na/Ar,ddExit)]:exit,
I

cal c_exit(CGoal, Exit),

{lub_call (O dExit, Exit, NewExit)},

update_exit(Na/Ar, OdExit, Newkxit).

update exit(_) -->>[].

update_exit (NaAr, O dExit, NewExit)

{A dExi t\ ==NewExit}, !,

[ set (NaAr, NewExit)]:exit,

[add(exit(NaAr))]: change.
update exit(_, _, ) -->>1]].

-->>

exit node.

% Cal cul ate the exit nmode corresponding to the current values of the sets:

calc_exit(Goal, Exit) -->>
{functor(Goal, Na, Ar)},
{functor(Exit, Na, Ar)},
Gnd/ gnd,
Non/ nonvar,
Drf/rderef,
{calc_exit_2(1, Ar, Gnd, Non,

calc_exit_2(1, A, _, _, _, _, )

arg(l, Goal, X,

arg(l, Exit, Y),

varset (X, Xvars),

subset _flag(Xvars, Gd, &),
subset _flag(Xvars, Drf, Df),
calc_exit_arg(&, Df, Y1),
fix_nonvar (X, Non, Y1, Y),

1 is |+1,

calc_exit_2(11, Ar, Gid, Non,

% Get an exit node lattice val ue:
% Fl ags: Gnd Drf

cal c_exit_arg(yes, yes, gnddrf)
cal c_exit_arg(yes, no, ground)
calc_exit_arg( no, yes, rderef)

Drf,

Drf,

calc_exit_arg( no, no, any) :- I.

Goal, Exit)}.

T | >Ar, .
calc_exit_2(1, Ar, G1d, Non, Drf, Coal, Exit)

| =<Ar,

Goal, Exit).

% Ar gumrent
% Ar gumrent
% Ar gunment
% Ar gunment

known
known
known
coul d

to be ground & rderef.
to be ground.
to be rderef.
be anyt hi ng.

% Cal cul ate the entry node corresponding to the current values of the sets:

calc_entry(CGoal, Entry) -->>
{term dupset (CGoal , Dups)},
Gnd/ gnd,
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Non/ nonvar,

Uni /uninit,

Drf/rderef,

SF/ sf,

{functor(Goal, Na, Ar)},

{functor(Entry, Na, Ar)},

{calc_entry_2(1, Ar, G1d, Non, Dups, Uni, Drf, SF, Goal, Entry)}.

% Cal cul ate the entry node, given nore information:
calc_entry 2(1, Ar, _, ., ., ., ., _, _, ) - 1>Ar, I.
calc_entry 2(1, Ar, Gid, Non, Dups, Uni, Drf, SF, CGoal, Entry) :- I=<Ar,!,
arg(l, Goal, X,
arg(l, Entry, Y),
varset (X, Xvars),
subset _flag(Xvars, Gd, &),
var_flag(X, W),
di ffv(SF, Uni, T1),
uni onv(T1l, Dups, 4Ad),
menbership_flag(X, Ad, O),
i ntersectv(Xvars, SF, XvarsSF),
subset _flag(XvarsSF, Drf, Df),
calc_entry arg(&, Vvf, O, Df, Y1),
fix_nonvar (X, Non, Y1, Y),
1 is |+1,
calc_entry 2(11, Ar, Gd, Non, Dups, Uni, Drf, SF, Goal, Entry).

% Get an entry node argunent |attice val ue:

% Fl ags: Gnd, Var, Ad, Drf.

calc_entry_arg(yes, ., _, yes, gnddrf) :- !. % Gound & rderef.
calc_entry_arg(yes, ., _, ho, ground) :- !. % Ground argumnent.
calc_entry_arg( no, no, _, yes, rderef) :- 1. % Non-var is rderef.
calc_entry_arg( no, no, _, ho, any) :- !. %Non-var is not rderef.
calc_entry_arg( no, yes, no, _, uninit) :- !'. % Non-dup uninit.
calc_entry_arg( no, yes, yes, yes, rderef) :- 1. %Init rderef.
calc_entry _arg( no, yes, yes, no, any) :- !. %lnitialized.

% Fi x up the node to add the nonvar information:
fix_nonvar(X, _, Y1, Y) :- nonvar(X), !,
add_nonvar _i nfo(yes, Y1, Y).
fix_nonvar (X, Non, Y1, Y) :- var(X), !,
menber shi p_flag(X, Non, N),
add_nonvar _i nfo(Nf, Y1, Y).

add_nonvar _i nfo( no, Y, Y) - 1.
add_nonvar _i nfo(yes, rderef, nondrf) :- I.
add_nonvar _i nfo(yes, any, nonvar) :- !.
add_nonvar _i nfo(yes, Y, Y) - 1.

% Lattice utilities:

% Cal cul ate the | east upper bound of two argunents on the argunent lattice:
[ ub(unknown, X, X) - 1.
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[ ub( X, unknown, X) -
[ ub( any, ., any) -
[ ub( ., any, any) -
[ ub( X, X, X) -

I
I
I
!
[ ub( nonvar, ground, nonvar) :- !
[ ub( ground, nonvar, nonvar) :- !
[ ub( nonvar, nondrf, nonvar) :- !
[ ub( nondrf, nonvar, nonvar) :- !
[ ub( nonvar, gnddrf, nonvar) :- !
[ ub( gnddrf, nonvar, nonvar) :- |
[ ub( ground, nondrf, nonvar) :- !
[ ub( nondrf, ground, nonvar) :- !
[ ub( ground, gnddrf, ground) :- !
[ ub( gnddrf, ground, ground) :- !
[ ub( nondrf, gnddrf, nondrf) :- !
[ub( gnddrf, nondrf, nondrf) :- I.
lub( rderef, nondrf, rderef) :- I.
[ ub( nondrf, rderef, rderef) :- |
lub( rderef, gnddrf, rderef) :- |
[ ub( gnddrf, rderef, rderef) :- |
lub( rderef, uninit, rderef) :- |
[ub( uninit, rderef, rderef) :- |
[ub( uninit, gnddrf, rderef) :- |
[ ub( gnddrf, uninit, rderef) :- |
[ub( uninit, nondrf, rderef) :- |
[ ub( nondrf, uninit, rderef) :- |
I
I
I
I
I
I
I
I

[ ub( nonvar, rderef, any) -
| ub( rderef, nonvar, any) -
[ ub( nonvar, uninit, any) -
[ub( uninit, nonvar, any) -
[ ub( ground, rderef, any) -
| ub( rderef, ground, any) -
[ ub( ground, uninit, any) -
[ub( uninit, ground, any) -

| ub(A B, any) :- error(['Bug in lub with ', lub(A B, )]).

% Greater than or equal function on lattice:
greater_eq(ground, gnddrf) :- !
greater_eq(rderef, gnddrf) :- !
greater_eq(rderef, nondrf) :- I.
greater_eq(nonvar, gnddrf) :- I.

greater _eq(nonvar, nondrf) :- |

greater _eq(nonvar, ground) :- !

greater_eq( T, T) -

% Bottom el ement of the argument lattice:
bot t on{ unknown) .

% Cal cul ate the | east upper bound of two nmodes on the call lattice:
lub_call (Calll, Call2, Lub) :-

functor(Call 1, Na, Ar),

functor(Call 2, Na, Ar),

functor (Lub, Na, Ar),

lub_call (1, Ar, Calll, Call2, Lub).



265

lub_call (I, A, _, _, ) - I>Ar, !.
lub_call (I, Ar, Calll, Call2, Lub) :- I=<Ar, !,

arg(l, Call1, X1),

arg(l, Call2, X2),

arg(l, Lub, X),

[ub(X1, X2, X),

1 is |+1,

lub_call (11, Ar, Calll, Call2, Lub).

% Create a bottomcall lattice val ue:

bottom cal | (Na/ Ar, Bottom) :-
functor(Bottom Na, Ar),
bottomcall (1, Ar, Bottom.

bottomcall (I, Ar, Bottom) :- |>Ar, I.
bottomcall (I, Ar, Bottom :- I=<Ar, !,
bott on( B),
arg(l, Bottom B),
1 is |+1,

bottomcal I (11, Ar, Botton.

% Create nodes for a predicate fromthe final table:
% Gven a table of lattice entries:
lattice_nodes_tabl e(Na/ Ar, Table, Head, Formula) :-
functor (Head, Na, Ar),
get (Tabl e, Na/Ar, Entry),
lattice_nmodes_call (1, Ar, Entry, Head, mem Formul a, true).

% G ven the lattice entry itself: (this is used in specialization)
lattice_nodes_entry(Na/Ar, Entry, Head, Formula) :-
lattice_nmodes_call (1, Ar, Entry, Head, either, Formula, true).

lattice_nmodes_call (I, A, _, , ) -->{I>Ar}, !.
lattice_nodes_call (1, Ar, Value, Head, UT) --> {I=<Ar}, !,
{arg(l, Value, T)},
{arg(l, Head, X},
lattice_nmodes_arg(T, UT, X),
{11 is |+1},
lattice_nmodes_call (11, Ar, Value, Head, UT).

lattice_nmpodes_arg(uninit, mem X) --> 1, co(uninit(X)).
lattice_nmodes_arg(uninit, T, X) -->1, co(uninit(T,X)).

| atti ce_modes_arg(ground, ., X) -->1, co(ground(X)).
lattice_nodes_arg(rderef, ., X)) -->1, co(rderef(X)).

| atti ce_nodes_arg(gnddrf, . X) -->1, co(ground(X)), co(rderef(X)).
| atti ce_nodes_ar g(nonvar, ., X) -->1, co(nonvar(X)).

| atti ce_nmodes_arg(nondrf, ., X) -->1, co(nonvar (X)), co(rderef(X)).
lattice_nmodes_arg( O her, LX) -->1].

% Ceneral utilities:
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% Return a flag to show set menbership:

menber shi p_flag(X, Set, yes) :- inv(X Set), !.

menber shi p_f 1 ag(X, _, ho).

% Return a flag to show if an argument’s variables are in the set:
subset _flag(Vars, Set, yes) :- subsetv(Vars, Set), !.

subset _flag(_, _, ho).

% Return a flat to showif an argument’s variables are disjoint fromthe set:
di sjoint_flag(Vars, Set, yes) :- disjointv(Vars, Set), !.
di sjoi nt_flag(X _, ho).

% Return a flag to show if an argument is a variable:
var_flag(X, yes) :- var(X), !.
var_flag(X, no) :- nonvar(X), !.

% Cal cul ate the set of head argunents that are vari abl es:
var _args(Goal, Set) :-

Goal =. . [ _| RawBag] ,

filter_vars(RawBag, Bag),

sort(Bag, Set).

% Cal cul ate the set of variables in CGoal that occur nore than once:
% Al so cal cul ate the set or bag of variables in Goal.
% (Al so used in clause_code. pl)
term dupset (Goal , DupSet) :-
term dupset _varbag(Goal, DupSet, ).

term dupset _varset (Goal, DupSet, VarSet) :-
term dupset _var bag(Goal, DupSet, VarBag),
sort (VarBag, VarSet).

term dupset _var bag(Goal, DupSet, VarBag) :-
var bag( Goal , VarBag),
filter_dups(VarBag, DupSet).
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cl ause_code. pl

% Cl ause code generation:

% Thi s nodul e takes care of calls to predicates which may require
% uninitialized variables. The code to do this is conplex.

% Thi s nodul e does a case anal ysis to generate code for uninitialized

% variables. There are 4 x 3 possibilities: The predicate requires an init,
% an uninit(reg), or an uninit(menm variable. It also is given one of these
%t hree.

% Oiginally, all new variables in unified terns were created as uninit

% in var node. Better is only to create as uninit those variabl es which

% are required by a goal to be uninitialized. This is done through the

% passed argument aun, the set of required uninitialized variables

% for all argunents in a body, which is passed frombody into goal and unify.
% Meani ng: aun = variables that are allowed to be uninitialized.

% Only variables in this set are allowed to be created as uninit, since they
% can be fruitfully used as uninit.

% Not es:

% 1. Any variable X that is var(X) which is passed to a user-defined predicate
% nust have the var(X) fornmula renoved after the predicate, since we don’t
% know if the predicate instantiates any arguments. Al other tests remain
% true, because they start with an instantiated variable which can’'t change.
% 2. Steps 1,2,3 could be interleaved: pre - call_nove - post for each

% argunent. |f done, this nust be signaled to regalloc.

% 3. In conbination with procedure sel ection code generation, this nodul e

% could use nore infornmati on on which registers contain which argunents.

% Presently it assumes that procedure sel ection changes no argunent

% registers.

% 4. This nodul e does not instantiate any variables in the input clause.

%5. The calls to "univ’ can be rewitten in a nore verbose style using

% i ndexi ng. Transfornmation should be able to take care of this.

% *** Entry 1: Accepts a list of clauses in body((H: -B),Entries) form
% These clauses are given labels to identify them
% This routine accepts the |ist of bodies created by segnent.pl.
% For each body, there is a list of entries with a | abel and a node fornul a
%valid at the entry.
% Smal | bl ocks of code are created for each entry to initialize the uninits
%that need it, i.e. those that aren't required uninit for the body or else
% that don’'t occur in sone other entry.
clause code list([], ) -->1!.
% The body has been called at |east once:
clause _code |ist([body((H -B),Entries)|Bodies], DList) -->
{nonvar (Entries)}, !,
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{entry_comment (H, B, Entries)},
{split_uninit_list(Entries, UVBSets, URSets, UForns, |Forns)},

% Calculate & initialize the extra uninits:

% {uninit_allowset (B, DList, UReq)},

% {intersectv_list([UReq|USets], Un)},
{intersectv_list(Uvets, UMn)},

{intersectv_list(URSets, URIn)},

{functor(H N, A},

insert_uninit(Uvsets, H UMn, Entries, NA),

% Ilnit. of uninit(reg) is not necessary as long as their use
%is restricted to returning last call argunents.

% Cal cul ate the new formula for the body:

{intersect fornmula_list(lForms, Finit)},
{uninit_origins(UrForms, Origins)},
{make_uninit_memformula(UMn, Oigins, MdF, Finit)},
{make_uninit_reg_formul a(URI n, NewF, M dF)},

[l abel (N AT,
cl ause_code((H -B), DList, return, NewF),
cl ause_code_| i st (Bodies, DList).
% The body has not been called at all,
% therefore it is not necessary to conpile it:
cl ause_code_list([body((H: -B), Entries)|Bodi es], DList) -->
{var(Entries)}, !,
cl ause_code_| i st (Bodies, DList).

entry comment (H, B, Entries) :- conpile_option(entry coment), !,
length(Entries, ),
comrent(H, ['(’,B,’) is called with ' ,Entries]).

entry comment(_, _, _) :- \+conpile_option(entry_conment), !.

% Fromthe entries, extract: (1) sets of uninit vars, (2) uninit formulas, and
% (3) remaining fornul as.
split_uninit_list([], [1, [1, [1, []
split_uninit_list([entry(_,F)|Fs], [
[ITFITFs]) :-
split_uninit(F, UF 1F),
uninit_set_type(mem UF, UWS),
uninit_set_type(reg, UF, URVs),
split_uninit_list(Fs, UMSets, URSets, UFs, |IFs).

)
UWSs| UMSet s], [URVs| URSets], [UF| UFs],

% I nsert code for each entry to initialize the correct uninit variables,
% and then junp to the body.
insert_uninit([], _, _, [1, ) -->11.
insert_uninit([Us|USets], Head, Un, [entry(Lbl, )|Es], NaAr) -->
{diffv(Us, Un, Xs)},
[l abel (Lbl)T,
i nit_code_bl ock(Xs, Head),
[junp(NaAr) T,
insert_uninit(USets, Head, U n, Es, NaAr).

init_code_block([], ) -->11].
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init_code_bl ock([ X|] Xs], Head) -->
{find_arg(N, Head, X)}, !,
{low reg(L), Ris L+N 1},
pragma_tag(R, var),
[move(R [R])],
i nit_code_bl ock(Xs, Head).
init_code_bl ock([ X|] Xs], Head) -->
error(Head, ['Variable ', X, ' is not initialized.']),
i nit_code_bl ock(Xs, Head).

% Make a new fornula containing the right uninit nodes:
make _uninit_memformula([], ) -->1].
make_uninit_memformula([ X|] Vars], Oigins) -->

{menber _origin(X-Set, Oigins)}, !,

co(uninit(mem X Set)),

make_uninit_nmemformul a(Vars, Oigins).
make_uninit_memformula([ X|] Vars], Oigins) -->

co(uninit(X)),

make_uninit_nmemformul a(Vars, Origins).

make uninit_reg_formula([]) -->[].
make uninit_reg_formula([ X Vars]) -->
co(uninit(reg, X)),
make _uninit_reg_formula(Vars).

menber _origin(X-Set, [Y-S| _]) :- X==Y, !, Set=S.
menber_origin(X-Set, [_|Oigins]) :- menber_origin(X-Set, Oigins).

% Cal cul ate the origin sets (the argunents of the unifications where they
% coul d have been created) for all uninitialized variables:
% This i s necessary because each entry to the body may have created the sane
% uninitialized variable in a different unification. Wenever a variable is
% passed as an argunent then all uninits containing it in their origin sets
% have to be initialized.
uninit_origins(Fs, Oigins) :-

origin_fragments(Fs, Fragnents, []),

keysort (Fragnents, Sort),

origin_nerge(Sort, Origins).

% List all known origin sets of uninitialized variabl es:
origin_fragnents([]) -->[].
origin_fragments([F|Fs]) --> origin_formula(F), origin_fragnents(Fs).

origin_formula((A B)) -->1!, origin_formula(A), origin_formula(B).
origin_fornula(uninit(nemX Set)) -->1, [X-Set].
origin_formula(Goal) -->[].

% Merge origin set fragments together:

origin_nmerge([], [1)-

origin_nerge([X-Set|Frags], Oigins) :-
origin_nerge(Frags, X, S, Oigins, []).

origin_nerge([], X S) -->[X9].
origin_nerge([Y-T|Frags], X, S) --> {X==Y}, !,
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{append(T, S, Sp)},

ori gi n_nerge(Frags, X, Sp).
origin_nerge([Y-T|Frags], X, S) --> {X\==Y}, !,

[X-8],

origin_nerge(Frags, Y, T).

% *** Entry 2: Accepts a single clause in any form
% Return Fl ag:
% RFlag = return: return to caller after execution.
% RFlag = junp(L): junp to L after execution.
cl ause_code(C ause, DList, RFlag, InF) -->

cl ause_code(C ause, DList, RFlag, InF, QutF).

cl ause_code(C ause, DList, RFlag, InF, QutF) -->
{standard_form d ause, Head, Body)},
cl ause_code_3((Head: -Body), DList, RFlag, InF, QutF).

% Cenerate code and do register allocation for a clause in standard form
cl ause_code_3(d, DList, RFlag, fail, fail) -->1, [fail].
cl ause_code_3(d, DList, RFlag, InF, QutF) -->

{\+InF=fail},

[Al,

{copy([C | InF], [Copyd | CopylnF])},

cl ause(Copyd, DList, NG, CopylnF, CopyCutF),

%E;)py([COPyGICOPyOJtF], [A[QutF])},

return_junmp(RFl ag),

{clause_al | ocat e(NCl, EnvNeeded, NunPernmns)},

{envi ronnment (EnvNeeded, NumPerms, A, D)}, !.

% Handl e di stinction dumy/nodumy cl auses:
return_junmp(return) --> [return].

return_jump(junmp(Lbl)) --> [junmp(Lbl)].

% I nsertion of environnent instructions:
envi ronnent (no, _, nop, nhop).
environnent (yes, N, allocate(N), deallocate(N)).

% Decl arations for clause code generation:

acc_info( sf, X, In, Qut, includev(X In,Qut)).

acc_info( wvl, V, Qut, In, Qut=[V]In]).

acc_info(code, 1, Qut, In, Qut=[1]1In]).

acc_info(init, 1, Qut, In, Qut=[1]1In]).

acc_info(form F, InF, QutF, update formula(F,InF QutF)).

acc_info(fixp, _, In, Qut, In=CQut). % FixPerns for wite-once pernanents.

acc_info(repp, _, In, Qut, In=Qut). % Repl acePerns for them

acc_info(fixi, Vs, In, Qut, unionv(ln,Vs,Qut)). % Fixlnit for uninit memvars.
acc_info(repi, Vs, In, Qut, unionv(ln,Vs,Qut)). % Replacenents for them
acc_info(umem X, Qut, In, Qut=[XIn]). % Vars previously uninit nmem



% Cal cul at e gl obal perns:

acc_info(vars, Vs, In, Qut, unionv(ln,Vs,CQut)).
acc_info(half, Vs, In, Qut, unionv(ln,Vs,CQut)).
acc_info(perns, Vs, In, Qut, unionv(ln,Vs,CQut)).
% Cal cul ate allowed uninit vars:
acc_info(varbag, X, Qut, In, Qut=[XlIn]).
acc_info(uvars, Vs, In, Qut, unionv(Vs,In,Cut)).
acc_info(dlist_acc, _, In, Qut, In=Qut).

pass_info(dlist).
pass_i nf o( gper ns) .

% Vari abl es
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% Hal f - per manent s

% Per manent s

pass_i nfo(aun). % Set of vars allowed to be created as uninitialized.

pred_i nfo( body, 2, [gperms, aun,dlist,fixp,repp,fixi,repi, sf,

% For write-once permanents:

pred_i nfo(permc, 2, [gpermns, fixp,repp,fixi,repi, sf,

pred_info( perm?2, [gperms, fixp,repp
pred_i nfo( update_mapping, 3, [fixp,repp]).

sf,

pred_info(init_extra_vars, 3, | vl , sf,
pred_info( init_extra_var, 3, | vl , sf,
% For goal compil ation:

pred_i nfo( goal _c, 5, [aun,dlist,umemfixi,repi, sf,
pred_i nfo( goal, 5, [aun,dlist,umemfixi, sf,
pred_i nfo(x_call _noves_post_c2, 2, | fixi,repi

pred_i nfo( the call, 5, | dlist,

pred_info(call _instruction,?2, | dlist,

pred_i nf o( paraneter_setup, 3, | vl , sf,
pred_i nfo( args_pre, 3, | umrem vl , sf,
pred_i nfo( one_arg_pre, 4, | umrem vl , sf,
pred_i nfo( args_post_c2, 2, [ fixi,repi, sf,
pred_i nfo( args_post, 3, | vl , sf,
pred_i nfo( one_arg_post, 4, [ vl , sf,
pred_i nfo( init_uninit, 1, [ vl , sf,
pred_info(init_uninit_set, 2, | vl , sf,
pred_i nfo( init_uninit, 2, [ vl , sf,

% Cal cul at e gl obal perns:

pred_i nfo(gpernvars, 1, [vars, half, perms]).
pred_i nfo(gpernmstep, 1, [vars, half, perms]).
pred_i nfo(gpernmsurv, 1, [vars, half 1).

% Cal cul ate all owed uninit vars:

pred_i nfo(uninit_allowbag, 1, [dlist_acc, varbag,
pred_i nfo( uni fy vars, 1, |

pred_info( wunify collect, 1, | var bag,
pred_i nfo( req_uninit, 1, | var bag

% External: (defined in unify.pl)

pred_i nfo(new var_nf, 1, | sf, vl, code]).
pred_i nfo( new var, 1, | sf,vl, formcode]).
pred_i nfo( new var, 2, | sf,vl, formcode]).
pred_info(create_arg, 2, | sf,vl, formcode]).

uvars]).
uvars]).
uvars]).

1)

formcode]).

formcode]).
formcode]).

formcode]).
formcode]).

formcode]).
formcode]).
code]).
formcode]).
code]).
formcode]).
formcode]).
formcode]).
formcode]).
formcode]).
formcode]).
formcode]).
form code]).
code,init]).
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pred_i nfo( unify_ g, 2, [aun,sf, formcode, fixi]).
pred_i nfo(uni fy_goal, 2, [aun,sf, formcode]).
pred_i nfo(pragma_tag, 2, [code]).

% External : (defined in conditions.pl)

pred_i nfo( renove_vars, 0, [form).
pred_i nfo(remove_all _uninit, 0, [forn]).
pred_i nfo( renove_uninit, 1, [form).
pred_i nfo( renove_uninit, 2, [form).

% Cenerate code for a cl ause:
% The cl ause must be in standard form

cl ause( (Head: - Body), DList, (Head:-NewBody), InF, QutF) -->
{uninit_set_type(reg, InF, URegs)},
head_noves_pre(Head, URegs, SF, HVI),
{find_gperns((Head: - Body), Ps)},
{uninit_all owset (Body, DList, Aun)}, % A lowed to be uninit.
body(Body, NBody, Ps, Aun, DList,
[1, -, [1, _, [], Fixl, [], Repl, SF, QutSF, InF, QutF),
head_noves_post _c(Head, URegs, RV, Fixl, Repl),
{flat_conj ((’ $varlist’ (HVI ), NBody, $varlist’ (RVI)), NewBody)}.

% Cal cul ate the set of variables that are allowed to be created
% as uninit. These include the required uninit variables in:
% (1) goals in $body,
% (2) goals in strees in the dlist + required nodes of the stree itself.
% Do NOT include vars in a unify goal’s termthat are also in a |l ater goal.
uninit_all owset (Body, DList, Set) :-
uninit_al l owbag(Body, DList, _, Bag, [], [], _),
sort(Bag, Set).

un
un
un
un

nit_allowbag((A B)) -->> 1, uninit_allowbag(A), uninit_allowbag(B).
nit_allowbag((A; B)) -->> 1, uninit_allowbag(A), uninit_allowbag(B).
nit_al |l owbag(’ $body’ ((_:-Body), , )) -->> 1!, uninit_all owbag(Body).
nit_all owbag(Goal) -->>

{functor(Goal, N, A},

DList/dlist_acc,

{menber (stree(N A (Head:-Disj),(H-F),_,DL,SD), DList)},

I

{copy((H -F),(CGoal:-Form)},
uni ni t _bag( Form : var bag,
{copy((Head: -Disj), (Coal:-Body))},
% An exanple of a different use of an accumul ator:
insert(_, DL):dlist_acc,
uni nit _al | owbag( Body),
insert(_, DList):dlist_acc.
uninit_al | owbag(Goal ) -->>
{require(Goal, Req)}, uninit_bag(Req): varbag.

% *** CGenerate code for the body:
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% Quad encapsul ation with split_fornula, efficient_entry, map_terns,
% and goal _c to ensure:
% (1) I ndependence of formula manipul ation,
% (2) Inmplenentation of efficient entry point choice (usu. for builtins).
% (3) Inmplenentation of wite-once pernmanents,
% (4) Reduction of new var dereference chain length (fl ow anal ysis consi stency).
% Later: for init. vars too?
body(_, fail) -->> InF/form {InF=fail}, !,
[fail]: code.
body(true, '$varlist’ (M)) -->>1,
init_uninit([]):vi(M,[]).
body( (Goal , Body), (VGoal, NGoal , XCGoal , AGoal , NBody)) -->>
{stats(goal, Goal )},
%*******************
% 1. Keep the node fornula for the goal as sinple as possible, since
% ot herwi se execution time goes up by a large factor. Al so, split off
%irrelevant 'var’ goals to keep them from being renoved in goal.
insert(InF, AdjlInCoal F):form
SoFar/ sf,
{split_formula(_, SoFar, Goal, InF, InGoalF, RestF)},
{stats(x,8)},
{l ast _goal _adj ust (Body, InCGoal F, RestF, AdjlnGoalF, AdjRestF)},
{stats(x,9)},
%***************
% 2. Handl e choice of nore efficient entry point:
efficient_entry(CGoal, EGoal):[formsf],
{stats(x, 10)},
%***************
% 3. Handl e write-once permanent vari abl es:
% (Deref chain mapping done in permc/2, which calls perm 2.)
perm c( EGoal , VGoal),
{stats(x, 11)},
F/fixp, R repp,
{map_terms(F, R ECGoal, PGoal)},
{stats(x, 12)},
map_terns(F, R :form
{stats(x, 13)},
%***********
% 4. Reduce length of deref. chain for new vars:
% This is necessary to be consistent with fl ow anal ysi s.
% (Deref chain mappi ng done in goal _c/5, which calls goal/5.)
Form form
{uninit_bag_type(mem Form Ul)},
{stats(x, 14)},
0/8:*******
% 5. Conpile the goal:
goal _c(PCGoal, NGoal, Datal, Data2, After):unmem U2, Ul),
0/8:*******
{sort (U2, USet)},
make_i ndirect (USet, Ind),
append(USet): fixi,
append( I nd):repi,
x_call _noves_post _c2(Datal, XGoal),
args_post _c2(Data2, ACoal),
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[After]:form 9% Must be done after args_post. WHY?

% Seens to lead to deref bug of Cin test71.pl.
% [USet]:fixi,
% [Ind]:repi,

%***********

map_terns(R, F):form
%***************
i nsert(QutGoal F, QutF):form
{conbi ne_fornul a(Qut Goal F, Adj RestF, QutF)},

%*******************

body( Body, NBody).

% Add all remaining uninit goals to the |last goal’'s formla:
% This ensures all uninits are init before the last goal, for tail call opt.
| ast _goal _adjust(true, InCGoalF, RestF, AdjlnGoalF, AdjRestF) :- I,
split_uninit(RestF, UnF, AdjRestF),
conbi ne_formul a(UnF, |nGoal F, AdjlnGoal F).
| ast _goal _adj ust (Body, InCGoal F, RestF, InCGoalF, RestF) :- \+Body=true, !.

% Der ef erence chain transfornmation:

% Bypass the extra link in the dereference chain caused by the binding of

% new variables (incl. uninit nen). Every occurrence X of a new variable

% that has been initialized is replaced by [X] (an extra indirection).

% Thi s speeds up | ater dereferencing of that value & al so guarant ees

% that all variables considered dereferenced by flow analysis are really so.
% For correctness, 'pref’ allocation is not done for variables that get an
% extra indirection.

% For each goal in the clause:
goal _c(PCGoal, NewNGoal, Datal, Data2, After) -->>
I/fixi, {cons(l)}, !,
R repi,
goal (PGoal , NGoal, Datal, Data2, After):[code(Code,[])],
% Repl ace variable by an extra indirection:
map_instr_list(Code, |, R):code,
{map_varlist(NGoal, NewNGoal, 1)}.
goal _c(PCGoal, NGoal, Datal, Data2, After) -->>
goal (PGoal , NGoal, Datal, Data2, After).

% head_noves_post generates code, so it too nmust do mapping:

head_noves_post _c(Head, URegs, Newl, I, R -->
{cons(1)}, !,
{head_noves_post (Head, URegs, VL, Code, [])},
map_instr_list(Code, I, R,
{map_varlist_list(VL, NewvL, 1)}.
head_noves_post_c(Head, URegs, VL, , ) -->

head_noves_post (Head, URegs, VL).

% perm 2 generates code too, so it nust also do indirection mapping:
permc(Goal, NewGoal) -->>
I/fixi, {cons(l)}, !,
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R repi,
per m(Goal , VGoal):[code(Code, [])],
map_instr_list(Code, |, R):code,

{map_varlist(VGoal, NewGoal, 1)}.
permc(Goal, VCGoal) -->>
per m( Goal , VCoal).

% x_cal | _noves_post/ 6 generates code after the call, so it nust also do mappi ng:
% Must do this in two steps since it nust use the UPDATED fixi and repi.

% 1. Save the argunments in goal/4:

x_cal |l _moves_post _c1(CGoal, URegs, data(CGoal, URegs)).

% 2. Do x_call _noves_post/6 with updated fixi & repi in body/2:
x_call _nmoves_post _c2(data(Goal, URegs), VCGoal) -->>
I/fixi, {cons(l)}, !,

R repi,
x_call _noves_post (CGoal, URegs):[vl (VI ,[]),code(Code,[]1)],
map_instr_I|ist(Code, |, R):code,

{map_varlist_goal (M, VCGoal, I)}.

x_cal | _moves_post _c2(data(CGoal, URegs), '$varlist’(V)) -->>1,
x_call _nmoves_post (Goal, URegs):[vl(VI,[]), code].

x_cal |l _moves_post _c2(none, '$varlist’([])) -->> [].

% args_post/ 3 generates code after the call, so it nust also do mappi ng:
% Must do this in two steps since it nust use the UPDATED fixi and repi.
% 1. Save the argunments in goal/4:

args_post_c1(Fl ags, Args, NArgs, data(Fl ags, Args, NArgs)).

% 2. Do args_post with updated fixi & repi in body/2:
args_post _c2(dat a( Fl ags, Args, NArgs), VGoal) -->>
I/fixi, {cons(l)}, !,

R repi,
args_post (Fl ags, Args, NArgs):[vlI(M,[]),code(Code,[])],
map_instr_list(Code, |, R):code,

{map_varlist_goal (M, VCGoal, I)}.
args_post _c2(dat a(Fl ags, Args, NArgs), '$varlist’(Vl)) -->> 1,
args_post (Fl ags, Args, NArgs):vl(M,[]).
args_post_c2(none, '$varlist’([])) -->> [].

make_indirect([], [1).
make_indirect ([ X USet], [[X]|Ind]) :- make_indirect(USet, Ind).

% Renpove 'pref’ annotation if one of the preferred variables is an indirection:
% Create a new varlist to replace the old one.
map_varli st (Body, Varlist, |) :-

bodyl i st (Body, VL, []),

map_varlist_goal (VL, Varlist, I).

map_varlist_goal (VL, ’'$varlist’ (Newl, Link), |) :-
map_varlist_list(VL, I, NewvlL, Link).

map_varlist_list(VL, NewvL, I) :-
map_varlist_list(VL, I, Newwl, []).
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map_varlist _list([], ) -->11.
map_varlist_list([X Y,Z W], 1) -->
{X==pref},
{(menmberv(Y, 1) ; menberv(Z, 1))},
I

[y, 7],

map_varlist_list(VL, 1).
map_varlist_list([X VL], ) -->[X],

map_varlist_list(VL, 1).

% *** CGenerate code for goals where each argunent has 3x3 possibilities:
% Met hod:
% 0. get required nodes of the goal fromtables.
% 1. call one_arg pre for all Arg-NewArg pairs.
% 2. generate code for the call itself.
% 3. add pred's "after" nodes to current fornula.
% 4. call one_arg _post for all Arg-NewArg pairs.
% W apped calls (' $body’ calls created by segnent. pl)
% need m ni mal support (i.e. only passing argunents):
goal (G 'S$varlist’(V1), Data, none, true) -->>

{call _p(G},

{unw ap_goal (G Goal, yes)}, !,

{var bag(Goal , Varbag)},

init_uninit(Varbag):vl (V1 V2),

{functor(Goal, N, A},

{gensym("$e_", N A Np)},

unwap form(G Np/A):form

Form form

{uninit_set_type(reg, Form URegs)},

x_call _nmoves_pre(Goal, URegs, V2, V3):code,

{fence_if_die(Goal, V3, [])},

[cal |l (Np/ A)]: code,

{x_call _noves_post_c1(Goal, URegs, Data)},

uni onv( URegs) : sf,

renmove_vars,

renmove_all _uninit.
% St andard calls need |ots of support:
goal (G VarlList, none, Data, After) -->>

{call _p(G},

{unw ap_goal (G Goal, no)}, !,

{functor(Goal, N, A},

{Goal =..[ N Args] },

{VarList=("$varlist’ (Vpre), VT, $varlist’ (Vm, VGoal )},

par amet er _setup(Goal, Flags, IReq):vl(Vpre, vnl),

{stats(x, 15)},

args_pre(Flags, Args, NArgs):vl(vm,J[]),

MyF/ f orm

{stats(x,datal6(ireq(lReq), forn(MF)))},

{NCGoal =. . [ N| NArgs] },

rtests_m(lReq, VT):[form code],

{stats(x, 17)},

warn_fail (G:form
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{append(Args, NArgs, Al Args)},
init_uninit(AllArgs):vli(VmI]]),
{stats(x, 18)},
the_cal |l (Goal, NGoal, VCGoal, Flags, NArgs),
remove_all _uninit,
{after(CGoal, After)},
{map_vars(Args, NArgs, After, NAfter)},
% Use logical _sinplify here?
[NAfter]:form
{args_post _c1(Flags, Args, NArgs, Data)}.
% ar gs_post (Fl ags, Args, NArgs):vl (Vpost,[]).
% Uni fication goal:
goal (X=T, '$varlist’(Vist), none, none, true) -->>
% {unify p(X=T)}, !,
% unify handles all explicit variables in X=T:
{varbag(X=T, Varbag)},
init_uninit(Varbag):vl(Vlist,Vmd),
uni fy_g(X=T, Vmd).

% Ensure that there are no double indirections in unify code:
% Thi s ensures correctness; maybe nmore efficient code would result if
% sone of the cases are handled in the wite-once pernmanent transformation.
uni fy g(X=T, Vm -->> {var(X), compound(T)},
I/fixi, {menberv(X, 1)}, %X will have an extra indirection.

F/form {\+inplies(F, unbound(X))}, % X needs read-node unification.
I

uni fy_goal ((X=2, Z=T), Vm.

uni fy g(T=X, Vm -->> {var(X), compound(T)},
I/fixi, {menberv(X, 1)}, %X will have an extra indirection.
F/form {\+inplies(F, unbound(X))}, % X needs read-node unification.
I
uni fy_goal ((X=2, Z=T), Vm.

uni fy g(X=T, Vm -->> unify_goal (X=T, Vn).

% When the npde formul a becones fail:

warn_fail (G InF, InF) :- InF=fail, !,
war ni ng([’' Bad require nodes--the goal ', G’ can never be reached.’]).
warn_fail (_, InF, InF).

% Unwr ap t he possi bl e wrapping done in segnent.pl:
unwr ap_goal (' $body’ ((CGoal :-_),_,_), Coal, yes) :- !.
unw ap_goal (Goal , Goal, no).

% Attach the nmode formula to the end of the Forns |ist:
unwr ap_forn(’ $body’ ((CGoal :-_), _,Entries), NpAr, F, F) :- I
end_of list(Entries, E), Es[entry(NpAr,F)|_].

unwap_form(_, _, F, F).
end_of list(L, E) :- var(L), !, L=E.
end_of _list(L, E) :- nonvar(L), !, L=[_|T], end_of list(T, E).

% lnitialize all uninitialized variables in a fornula which are not in
%the list L. The variables in L are assuned to be taken care of el sewhere.
% For calls L is (Args U NArgs), which are handl ed by args_pre and args_post.
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% For unifications L is all of the variables in the unification.
init_uninit(L) -->> InF/form

init_uninit(L, InF):init(Init,[]),

renove_uninit(lnit).

init_uninit(L, (AB)) -->> 1!, init_uninit(L, A, init_uninit(L, B).

init_uninit(L, Goal) -->> {an_uninit_node(CGoal,nmemYV), \+menberv(V,L)}, !,
pragma_tag(V, var),
[V:init, [V]:vl, [V]:sf, [move(V,[V])]: code.

init_uninit(L, Goal) -->> {an_uninit_node(Coal,reqg, V), \+menberv(V,L)}, !,
[V]:init, new var_nf(V).

init_uninit(L, Goal) -->>1]].

% lInitialize a set of uninit variables:

init_uninit_set([], ) -->>1.

init_uninit_set([V|]Vars], UMset) -->> {inv(V,UVset)}, !,
pragma_tag(V, var),
[V]:vl, [V]:sf, [move(V,[V])]: code,
init_uninit_set(Vars, UMSet).

init_uninit_set([V|]Vars], UMset) -->> {\+inv(V,UVSet)}, !,
new var_nf(V),
init_uninit_set(Vars, UMSet).

macr o_expand(Head, Code, Link, Varlist, Varlink, InSF, QutSF) :-
macr o( Head, Code, Link, Varlist, Varlink, Vars),
sort(Vars, Vs),
uni onv(Vs, |nSF, CQutSF).

% *** The call itself:
% Conpile the call itself & return the nodified goal needed for regalloc.
% A call that is expanded: (usually a built-in)
% (It is assumed the expanded call will do no unification.)
the_call (Goal, NGoal, VGoal, _, NArgs) -->>
expand( Goal , NGoal, VCGoal):[formcode], !.
the_call(_, NGoal, '$varlist’ (Vi V3), _, ) -->>

macr o_expand( NCGoal ) : [ code, vl (V1, V2),sf], !,
{fence_if_die(NGoal, V2, V3)}.
% A call with fixed registers that is not expandabl e:
the_call (_, NGoal, '$varlist’(V1l), Flags, NArgs) -->>
{\ +anyregs(NGoal )}, !,
{low reg(L)},
call _nmoves_pre(L, Flags, NArgs, V1, V2):code,
{fence_if_die(NGoal, V2, V3)},
{functor(NCGoal, N, A},
{stats(x, 19)},
call _instruction(N A, NGoal),
call _nmoves_post (L, Flags, NArgs, V3, []):code,
remove_vars.
% A call with any registers that is not expandabl e:
the call(_, NGoal, NGoal, _, ) -->>
{anyregs(NCGoal )}, !,
[cal | (NGoal )]: code,
{functor(NCGoal, _, A},
remove_vars.



% Choose between standard call (needing allocate),

% one | evel sinple_call (which doesn't need allocate),

% and inline conpilation of a dunmy stree:

call _instruction(NaAr, ) -->> DList/dlist,
{S=stree(NaAr, , , , , )},
{menber (S, DList)}, !,
conpil e_stree(S, nopeep, junp(_), noheader, nowite): code.

call _instruction(NaAr, Goal) -->> {survive(Goal)}, !, [sinple_call(NaAr)]:
call _instruction(NaAr, Goal) -->> {\+survive(Goal)}, !, [call(NaAr)]: code.

% *** Preanble to goal paraneter passing:
% Calcul ate flags; initialize the uninit vars that need it;
% and return the required initialized nodes.
par armet er _setup(Goal, Flags, IReq) -->>
{functor(Goal, N, A},
{Goal =..[ N Args]},

% lnitialize duplicate argunents that are uninitialized,
%i.e. first occurrences and given uninitialized vari abl es.
Forml/f orm

SF1/ sf,

{uninit_set(Forml, USet)},

{uninit_set_type(nmem Forml, UMSet)},

{term dupset varset(Goal, DSet, VSet)},

{diffv(VSet, SF1, New)},

{uni onv(New, USet, X)},

{intersectv(DSet, X, InitSet)},

{warn_dup_uninit(Goal, InitSet)},
init_uninit_set(lnitSet, UVset),

renove_uninit(lnitSet),

% Get flags of given argunents:

Form2/f orm

SF2/ sf,

{uninit_set_type(reg, Fornm2, GRSet)},
{uninit_set_type(nmem Forn2, G\VSet)},

{get _given_flags(GRSet, Gvbet, SF2, Args, Flags)},

% Get flags of required argunents:
{require(Goal, Req)},

{split_uninit(Req, UReq, |IReq)},
{uninit_set_type(reg, UReq, RRSet)},
{uninit_set_type(mem UReq, RMSet)},

{get _reqg_flags(RRSet, RMSet, Args, Flags)},

%Warning if arequired uninit is given an init:
{warn_req_uninit(1l, Goal, Flags, NA}.

warn_dup_uninit(_, []) :- !.
warn_dup_uninit(Goal, [X]) :- !,

comrent (Goal , [’ Argunent ', X' of ',Goal,’ is duplicated.’']).
warn_dup_uninit(Goal, S) :- cons(S), !,

comrent (Goal , [’ Argunents ',S,’ of ', Coal,’” are duplicated.’]).
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warn_req_uninit(_, _, [], ) - !'.
warn_req_uninit(l, Goal, [flag(ini,men|Flags], NaAr) :- I,
arg(l, Goal, X,
war ni ng( Goal , [’ Argunment ', X,’ of ', Coal,
" is given an init but requires an uninit.’']),
1 is |+1,
warn_req_uninit(l1, CGoal, Flags, NaAr).
warn_req_uninit(l, Goal, [_|Flags], NaAr) :-
1 is |+1,
warn_req_uninit(l1, CGoal, Flags, NaAr).

% Type of argunent a predicate is given:

get _given_flags(_, _, _, [1, []) :- !'.

get _given_flags(CGRSet, Gvbet, InSF, [Al Args], [flag(F, )|Flags]) :-
get _given_one(GRSet, Gvbet, InSF, A F),
get _given_fl ags(CRSet, Gvbet, InSF, Args, Flags).

% Order is inportant here:

% I n particular, an uninit(nem variable may or may not be an el ement of SF.
% The argument of reg(_) gives the origin of an uninit reg argunment: either
% it comes froman uninit nmode, or it is sinply because the arg it notin SF.
%In the first case, need to pass result out fromregister.

% In the second case, allowed initialize the variable first.

% (Study this difference nore.)

get _given_one(&R, GV SF, A ini) :- nonvar(A), !.

get _given_one(G&R, GV SF, A nmenm :- var(A), inv(A GV, !.

get _given_one(G&R, GV SF, A ini) :- var(A), inv(A SF), !.

get _given_one(G&R, GV SF, A reg(sf)) :- var(A, \+inv(A SF), !.
get _given_one(G&R, GV SF, A, reg(uni)) :- var(A), inv(A &, !.

% Type of argunent a predicate is required to have:

get _req_flags(_, _, [1, []) :- !'.

get _req_flags(RRSet, RwvbBet, [A|lArgs], [flag(_,F)|Flags]) :-
get _req_one(RRSet, RMset, A F),
get _req_flags(RRSet, RMset, Args, Flags).

% Order is inportant here:

get _req_one(RR, RM A, nen) :- inv(A R™M, !.
get _req_one(RR, RM A, reg) :- inv(A RR, !.
get _req_one(RR, RM A, ini). %Defaulty case.

% *** Set up the arguments for the call:
args_pre([]., [], []) -->>1.
args_pre([flag(F1, F2)| Fl ags], [A Args], [B|NArgs]) -->>
one_arg_pre(F1, F2, A B),
args_pre(Flags, Args, NArgs).

% *** Fix up argunents after the call:

args_post([], [], []) -->>1.

args_post ([flag(F1, F2)| Fl ags], [A Args], [B| NArgs]) -->>
one_arg_post(Fl1, F2, A B),
args_post (Fl ags, Args, NArgs).
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% | nformati on about the arguments for one_arg_pre and one_arg_post:

%1t is inportant to remenber that the sf values are updated in

% args_pre and args_post; it is not done in call_noves_pre or call_npves_post.
% The given type reg(T) gives the source of the uninit-ness: T in {uni, sf}.

% Reg(uni) arguments are handl ed differently fromreg(sf) arguments; both ways
% are correct, but sonetines one is nore efficient than the other.

% The use of new var(A B) with two argunments reduces the nunber of references
%to the environnent (e.g. in (main:-a(X),a(Y),b(XY))).

% First argumnent:
% reg(T) argument A is given uninit(reg,A) OR (var(A) & A notin InSF) (1st occ).
% mem argument A is given uninit(memA).

% i ni argunent A is given an initialized argunment (default).

% Second ar gumrent :

%reg predicate requires uninit(reg,A).

% mem predicate requires uninit(memA).

% i ni predicate requires an initialized argunent (default).

% Before the call operation:
% (Uninit nodes are renoved in goal, not here.)
% (Urem vars are those with an extra link.)
one_arg_pre(reg(_),reg, AA -->>1.
one_arg_pre(nemreg, A B) -->> 1,
[ A]: unem
one_arg_pre(ini,reg, A B) -->>1.
one_arg_pre(reg(uni),meem AB) -->> 1, [B]:sf,
[ B] : unem
[B, B]:vl,
{tag(var, Tvar)},
{align(K), Kl is K-1},
[ move(Tvar“r(h),B),adda(r(h),1,r(h)), pad(K1l)]: code.
one_arg_pre(reg(sf), mem AB) -->>1, [A B]:sf,
[A B]:unmem
[A pref, A B,B]:vl,
{tag(var, Tvar)},
{align(K), Kl is K-1},
[ move(Tvar“r(h), A, move(Tvar“r(h), B),adda(r(h),1,r(h)), pad(K1l)]: code.
one_arg_pre(nemmem A A -->> 1,
[ A]: unem
one_arg_pre(ini,mem AB) -->>1, [B]:sf,
[ B] : unem
[B, B]:vl,
{tag(var, Tvar)},
{align(K), Kl is K-1},
[ move(Tvar“r(h), B),adda(r(h),1,r(h)), pad(Kl)]: code,
conbi ne_formul a(uninit(B)):form
one_arg_pre(reg(uni),ini, AB) -->>1,
[ B] : unem
new var ( B).
one_arg_pre(reg(sf), ini, AB) -->>1,
[A B]:unmem
new var (A, B).
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one_arg_pre(memini, A B) -->>1, [B]:sf,
[A B]:unmem
[A pref, A B]:vl,
pragma_tag(A, var),
[ move(A [A]), nove(A B)]: code,
conbi ne_formul a((deref(A),var(A), A==B)):form
one_arg_pre(ini,ini, AB) -->>1,
{varset (A, Avars)},
SK/ sf, {diffv(Avars, SF, New)},
di fflist(New):unem
create_arg(A B).

% After the call operation:

one_arg_post(reg(_),reg, A A -->> 1, [A]:sf.

% After the call Ais still an uninit nem

one_arg_post(memreg, A B) -->> 1, [B]:sf, [B,A:vl, [nove(B, A)]:code.
one_arg_post(ini,reg, A B) -->> 1, [B]:sf, unify(B=A):[sf,vl,formcode].
one_arg_post(reg(uni),nmem AB) -->> 1, [Al:sf, [B A :vl, [nove(B,A]: code.
one_arg_post(reg(sf), mem _,_) -->>1.

one_arg_post(memnem _, ) -->> 1.

one_arg_post(ini,nmem A B) -->> 1, unify(B=A):[sf,vl,formcode].
one_arg_post(reg(uni),ini, AB) --> 1 [Al:sf, [B A:vl, [nove(B,A]:code.

one_arg_post(reg(sf), ini, _,_) -->>1.
one_arg_post(memini, _, ) -->>1.
one_arg_post(ini,ini, _,_ ) -->>1.

% Uilities for noving argunents to and fromregisters & vari abl es
% for the head & for body goal s.
% Not e the special handling of uninitialized register argunents.

% Cenerate a sequence of nobves to successive argunment registers:
call _moves(_, []) -->1!.
call _moves(l, [X] NArgs]) -->1,

[move(X, r(1))],

{11 is |+1},

call _nmoves(l1, NArgs).

% Cenerate code for head:
% Cenerate a sequence of moves fromregisters to non-uninit(reg) variables:
% Return QutSF and Varlist (uninit(reg) arguments are not in thenj.
head_noves_pre(Head, URegs, QutSF, VL) -->
{Head=..[H Args]},
{low reg(L)},
head_noves_pre_ 2(Args, L, URegs, VL),
{sort(Args, ArgVars)},
{diffv(ArgVars, URegs, CQutSF)}.

head_rnoves_pre_2([], _, _, []) -->1!.
head_noves_pre_2([ X NArgs], |, URegs, VL) --> {inv(X URegs)}, !,
{11 is |+1},

head_noves_pre_2(NArgs, |11, URegs, VL).
head_noves_pre 2([ X| NArgs], |, URegs, [pref,r(l),X VL]) -->
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[move(r(1),X)],
{11 is |+1},
head_noves_pre_2(NArgs, |11, URegs, VL).

% Cenerate a sequence of moves fromuninit(reg) variables to the registers
% that must contain their val ues:
head_noves_post (Head, URegs, VL) -->

head_noves_post _2(URegs, Head, VL).

head_noves_post _2([], _, []) -->[].

head_noves_post _2([ X| URegs], Head, [pref, X R VL]) -->
{head_reg(Head, X, R},
[move( X, R ],
head_noves_post _2(URegs, Head, VL).

% CGenerate a sequence of nmoves to fromvars to non-uninit(reg) arg. registers:
% This is done BEFORE the call instruction.
x_call _moves_pre(Head, URegs, VL, L) -->

{varset (Head, HVars)},

{diffv(Hvars, URegs, Call Set)},

x_call _mnoves_pre_2(Call Set, Head, VL, L).

x_call _moves_pre 2([], _, WL, VL) -->1]].

x_call _moves_pre_ 2([ X| Set], Head, [pref,X R W], L) -->
{head_reg(Head, X, R},
[move( X, R ],
x_call _noves_pre_2(Set, Head, VL, L).

% Cenerate a sequence of moves fromuninit(reg) argument registers to vars:
% This is done AFTER the call instruction.
x_cal |l _nmoves_post (Head, URegs, VL, L) -->

x_call _nmoves_post _2(URegs, Head, VL, L).

x_call _moves_post _2([], _, VL, VL) -->1]].

x_cal |l _nmoves_post _2([ X|] URegs], Head, [pref,R X VL], L) -->
{head_reg(Head, X, R},
[move(R X)],
x_call _nmoves_post _2(URegs, Head, VL, L).

% Cenerate a sequence of moves to non-uninit(reg) argument registers:
% This is done BEFORE the call instruction.
call _moves_pre(_, [], [], WL, VL) -->1.
call _moves_pre(l, [flag(_,reg)|Flags], [_|NArgs], WL, L) -->1,
{11 is |+1},
call _nmoves_pre(l1, Flags, NArgs, VL, L).
call _moves_pre(l, [_|Flags], [X NArgs], [pref,X r(l)]|VL], L) -->
[move(X, r(1))],
{11 is |+1},
call _nmoves_pre(l1, Flags, NArgs, VL, L).

% Cenerate a sequence of nmoves fromuninit(reg) argument registers:

% This is done AFTER the call instruction.

call _moves_post(_, [], [], VL, WL) -->1.

call _moves_post(l, [flag(_,reg)]|Flags], [X NArgs], [pref,r(l),X VL], L) -->1,
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[move(r(1),X)],
{11 is |+1},
call _nmoves_post (11, Flags, NArgs, VL, L).
call _moves_post(l, [_|Flags], [_| NArgs], VL, L) -->
{11 is |+1},
call _nmoves_post (11, Flags, NArgs, VL, L).

% Ext ensi on of clause_code to handle wite-once pernmanent vari abl es.

% Two routines are defined in this section: perm 2 and find_gperns/2.
% Perm 2 ensures that gl obal pernmanent variables in a goal are

% renaned if binding to themcould take place. dd permanent

% vari abl es are dereferenced into the extra vari abl es.

% Not es:

% 1. The permanents that should be renamed are the initialized gl obal perms
% that are in:

% 1. If survive(Goal) then (vars to be dereffed) U (bindset)

% 2. If \+survive(CGoal) then (vars to be dereffed)

% wher e:

% (vars to be dereffed) = (required dereffed) - (already dereffed)

% Justification: binding of a survive goal arg changes the value in the
% current environnent, so it requires a new permanent. Binding of a

% \ +survive goal arg doesn’t change the value in the current environment,
% so it doesn’'t need to be renaned in the current environment.

% 2. During execution of body/2, accunulators form and goal are kept with

% their original variables & only mapped for goal/2. Accunulators vl, sf,
% and code al ways use extra vari abl es.

% 3. The instruction deref(p(l)) should never be generated when the option
% wite once exists. |If it is then there is a bug in the clause conpiler.
% 4. Initialization of global permanent variables is not done here, which

% shoul d be ok, since this code only initializes the variables which it

% Creates, i.e. extra variables.

% Renane the permanent variables in a goal if necessary &
% generate a nmove(Pi,Ei) or deref(Pi,E ) for them
% The mapping Q@ >Q fromold permanents to new permanents
%is represented as a pair of lists Q and Qp.
% Mapping is done efficiently by continuing to use the original Perns
% set instead of continually updating it for each goal.
perm(CGoal , '$varlist’ (VList)) -->>

{write_once}, !,

Form form

{vars_to_renanme(CGoal, Form Vs)},

Per ns/ gper ns,

{intersectv(Vs, Perns, W)},

SoFar/ sf,

{intersectv(Ws, SoFar, Q},

{copy(Q X), sort(X Qo)},

updat e_mappi ng(Q @, Qold),

init_extra_vars(Q Q, Qld):vl(VList,[]).
perm(CGoal, '$varlist’' ([])) -->>



285

{\+write_once}, !.

% The pernmanents that should be renaned are
%the initialized global pernms that are in:
% 1. If survive(CGoal) then (vars to be dereffed) U (bindset)
% 2. If \+survive(CGoal) then (vars to be dereffed)
% wher e:
% (vars to be dereffed) = (required dereffed) - (already dereffed)
vars_to_rename(CGoal, Form Vs) :-
survive(CGoal ), !,
vars_to_be dereffed(CGoal, Form Ds),
bi ndset (Goal, Form Bs),
uni onv(Ds, Bs, Vs).
vars_to_rename(CGoal, Form Vs) :-
\ +survive(CGoal ), !,
vars_to_be dereffed(CGoal, Form Vs).

vars_to_be dereffed(CGoal, Form Ds) :-
requi re(Goal, Req),
split_deref(Req, DReq),
var set (DReq, Rs),
not _deref(Rs, Form Ds).

not _deref([], _, []) :- !'.
not _deref ([ X Xs], F, [XINs]) :- \+inmplies(F, deref(X)), !, not_deref(Xs, F, Ns).
not _deref([_| Xs], F, Ns) :- not_deref(Xs, F, Ns).

% Update the mapping f1l:IF->IRto f2: OF->OR with a new mappi ng f3: Q >Qp.
%l.e. if X maps to Xold in f1, and f3 maps X to Xp,
%then f2 will also map X to Xp.
% Al so returns the mapping f4: Q >Qol d.
update_mappi ng(Q @, Qld, IF, OF, IR OR :-
map_terns(lF, IR Q Qld),
map_terns(Qld, @, IR M),
diffv(Q IF, QOUT),
map_terms(Q Qo, QOUT, QQUTp),
append(QOUTp, MR OR),
append( QQUT, IF, OF).

% I nsert a nove or deref instruction to initialize the extra vars:
init_extra_vars([], []1, []) -->>1!.
init_extra_vars([X Q, [Xp|] @], [Xold| Qld]) -->>
init_extra_var(X, Xp, Xold),
init_extra_vars(Q Q, Qld).

init_extra_var(X, Xp, Xold) -->>
Form form
{implies(Form deref(X))}, !,
[ Xp] : sf,
[ pref, Xol d, Xp] : vl,
[ move( Xol d, Xp)]: code.
init_extra_var(X, Xp, Xold) -->>
[ Xp] : sf,
[ pref, Xol d, Xp] : vl,
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[ der ef ( Xol d, Xp)]: code,
[deref (X)]:form

% Find all the gl obal permanent vari abl es:

% (Note that this work is repeated in a nore refined way by cl ause_al | ocate
% which will in addition find the |ocal permanents and the extra vars which
% ar e pernanent.)

find_gpernms(Cl, Perns) :-
split(d, Head, Body),
var set (Head, Hvars),
gper nvar s(Body, Hvars, Vars, [], Half, [], Perns).

gpernvars(true) -->> 1.
gper nvar s(( Goal , Body)) -->>
gper nst ep( Goal ),
gper nsur v( Goal ),
gper nvar s( Body) .

% Step over a single goal in the permanent variable cal cul ation:
gpernstep(Goal ) -->>
{varset (Goal, Gvars)},

Hal f/ hal f,
{intersectv(Gvars, Half, P)},
[ P]: perns,

[ Gvars]:vars.

gper nsurv(Goal ) -->> {survive(Goal)}, !.
gpernsurv(Goal ) -->> {\+survive(CGoal)}, !, Vars/vars, [Vars]:half.

% Repl ace a call by a nore efficient version of the call:

% The nodal _entry/2 predicate is entered as a conpiler directive.
%1t defines a tree of specialized entry points for any goal.

% This is used to replace calls to builtins by faster versions,
% dependi ng on the input node.

% Used in clause_code:
% This entry point adds uninit nodes to Form
efficient_entry(CGoal, EGoal, Form Form SF, SF) :-

nodal _entry(CGoal, Tree),

firstuse uninit(Goal, SF, Form NewF),

tree_trav_entry(Tree, Newr, EGoal),

I

coment ([’ Repl aced ', Goal ,” by ', ECGoal]),

coment (Goal , [’ The node fornula at this point is ', Newr]).
efficient_entry(CGoal, Goal, Form Form SF, SF).

% Used in flow anal yzer:
% This entry point assumes that Formis as general as possible.
efficient_entry(CGoal, EGoal, Form :-



287

nodal _entry(CGoal, Tree),
tree_trav_entry(Tree, Form EGoal),
!!
comrent ([’ During analysis, replaced ', Goal,’ by ',EGoal]),
comment (Goal , [’ The node fornula at this point is ', Form).
efficient_entry(CGoal, Goal, _).

tree_trav_entry(entry(ECGoal), _, ECoal).
tree_trav_entry(node(F, True, Fal se), Form EGoal) :-
(inplies(Form F)
-> tree_trav_entry(True, Form ECoal)
; tree_trav_entry(Fal se, Form ECoal)

).

% Convert the first-use singleton variables in a goal to uninit(either,X) nodes
% and add themto the node fornmula. The existing uninit nodes are unchanged.
% This gives better discrimnation. An uninit(either,X) node inplies both
% uni nit(men) and uninit(reg).
firstuse uninit(Goal, SF, InF, QutF) :-

var _args(CGoal, Set),

term dupset (Goal , Dups),

di ffv(Set, Dups, Ul),

di ffv(UL, SF, Unil),

uninit_set(lnF, Uni?2),

diffv(Unil, Uni2, Uni),

make_uninit(Uni, UnF),

uni on_forml a(UnF, |InF, MdF),

squeeze_conj (M dF, CQutF).

make uninit([], true).
make _uninit([ X Uni], (uninit(either,X),UnF)) :- make_uninit(Uni, UnF).
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condi ti ons. pl

% Medi um | evel routines to do formula mani pul ations:
% Uses definitions fromutility.pl and mutex.pl as primtives.

% CGeneral type checking:
% Routines for run-tinme and conpile-tine type checking.

% *** For testset selection:
% det _test(Test, Ra, InF, FalselLbl) -->rtest _in(Test, Ra, InF, _, Falselbl).

% *** Conpile-tinme checks:

% ctest (Test, InFornula, Link, Link)

% Check that Test is satisfied at conpile-tine.

% Fails if it is not.

% Argunent s:

% Test = a test that must be satisfied.

% InFormula = the nbdes that hold just before the check.

ctest(Test, Formula) --> {ctest(Test, Fornula)}.
ctest(Test, Formula, Formula) :- ctest(Test, Fornula).
ctest(Test, Formula) :- prolog_inplies(Formla, Test).

% Test that V will always be variable or nonvariable at run-tine:
nonvartest (V, Fornula) :- ctest(nonvar(V), Fornula).
vartest (V, Formula) :- ctest(var(V), For nmul a) .

% *** Run-time checks:
%rtest _in(Test, Ra, InF, InF, FaillLbl, Code, Link) No output fornula
% rtest _1(Test, FaillLbl, InF, QutF) One arg. tests only

% rtest(Test, Ra, InF, QutF, FaillLbl, Code, Link) Wth output formula
%rtest _in_deref(X, Ra, Rb, InF, |InF, Code, Link) No output fornula
% rtest _deref(X, Ra, Rb, InF, QutF, Code, Link) Wth output formula

%rtest _m Test, Varlist, InF, QutF) Do multiple argument tests
% GCenerate code to ensure that Test is satisfied at run-tine.
% The code will junp to FaillLbl at run-tine if it is not.

% Argunent s:

% Test = a test that nust be satisfied.

% Ra = the register the argunent is in.

% I nF = the nodes that hold just before the check.
% Qut F = the nodes that hold after the check.

% FaillLbl = label to junp to if check fails.

% Varlist = variable usage goal.

% Check that an argument satisfies a condition.

% I1f it does not, insert operations that will ensure it at run-tine.

% The nore node information, the |ess that nmust be checked at run-tinme.

% The argunent of the Test nust be a variable for checking code to be inserted.



rtest_in(Test, Ra, InF, FaillLbl) --> rtest_in(Test,
rtest_in(Test, Ra, InF, InF, Faillbl) -->
core_rtest(Test, Ra, FaillLbl, InF, _, no_update).

rtests_in(T, Ra, InF, InF, FaillLbl) --> {\+T=(_, )},
rtest _in(T, Ra, InF, FaillLbl).

rtests_in((T,Ts), Ra, InF, InF, FaillLbl) -->1,
rtest _in(T, Ra, InF, Faillbl),
rtests_in(Ts, Ra, InF, _, Faillbl).

rtest(Test, Ra, InF, QutF, Faillbl) -->
core_rtest(Test, Ra, FaillLbl, InF, QutF, update).

rtest _in_deref(X Y, [pref,X Y|L], L, InF InF) -->
{write_once},
{var(X), \+prolog_inplies(lnF, deref(X))}, !,
[deref (X Y)].

rtest _in_deref(X, X, [XL], L, InF InF) -->
{\+write_once}, !,
[deref (X)].

rtest _in_deref(X, X L, L, InF, InF) -->1]].

rtest _deref (X, Y, [pref,X Y|L], L, InF, QutF) -->
{write_once},
{var(X), \+prolog_inplies(lnF, deref(X))}, !,
[deref (X V)],
{update_fornul a(deref(Y), InF, QutF)}.

rtest _deref (X, X, [XIL], L, InF, QutF) -->
{\+write_once}, !,
[deref (X)],
{update_fornul a(deref(X), InF, QutF)}.

rtest _deref (X, X, L, L, InF, InF) -->1].

rtests(T, Ra, InF, QutF, FaillLbl) --> {\+T=(_, )}, !
rtest(T, Ra, InF, QutF, FaillLbl).

rtests((T,Ts), Ra, InF, QutF, Faillbl) -->1,
rtest(T, Ra, InF, MdF, Faillbl),
rtests(Ts, Ra, MdF, QutF, FaillLbl).

% One argunent tests only (and 'true’):
rtest_1(true, _, InF, InF) -->1.
rtest_1(Test, Faillbl, InF, QutF) -->
{arg(1, Test, A},
rtest(Test, A InF, QutF, FaillLbl).

rtests_1(T, FaillLbl, InF, QutF) --> {\+T=(_,_ )}, !,
rtest _1(T, Faillbl, InF, CQutF).

rtests 1((T,Ts), FaillLbl, InF, QutF) -->1,
rtest _1(T, Faillbl, InF, MdF),
rtests_1(Ts, FaillLbl, MdF, QutF).

Ra|

I nF,

Fai | Lbl).

% Note: this routine nust insert NOTH NG for uninitialized vari abl es.

core_rtest(Test, Ra, FaillLbl, InF, QutF, UFlag) -->
{\+prolog_inplies(lnF, Test)},
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expand_test(Test, A Ra, InF, Faillbl),

{var(A}, !,

{updat e_choi ce(UFl ag, Test, InF, QutF)}.
core rtest(Test, Ra, Faillbl, F, F, ) -->1].

% This routine handles multiple argunment tests, when the test’s registers
% are the same as its argunents:
rtest_mTest, Varlist, InF, QutF) -->

rtest_mnf(Test, Varlist, InF),

{update_fornul a(Test, InF, QutF)}.

rtests_m(Tests, Varlist, InF, QutF) -->
rtests_mnf(Tests, Varlist, InF),
{update_fornul a(Tests, InF, QutF)}.

% Sane as above, but do not update the node formla:
rtest_mnf(Test, '"$varlist’'([]), fail) -->1, [fail].
rtest_mnf(Test, Varlist, |InF) --> expand(Test, Test, Varlist, InF, _).

rtests_mnf((T, Tests), (V,Varlist), InF) -->1,
rtest_mnf(T, V, InF),
rtests_mnf(Tests, Varlist, InF).

rtests_ mnf (T, Varlist, InF) -->
rtest_mnf (T, Varlist, InF).

update_choi ce(no_update, _, InF, InF) :- 1.
updat e_choi ce( update, T, InF, QutF) :- update_formula(T, InF, CQutF).

% *** Ensure validity of the test at run-tine by inserting appropriate action:

% Cenerates no code if test is already inplied:
expand_test(Test, Ra, InF) --> expand_test(Test, Ra, InF, fail).

expand_test(Test, Ra, InF, Lbl) --> {prolog_inplies(lnF, Test)}, !.

expand_test(Test, Ra, InF, Lbl) --> {prolog_inmplies(InF, not(Test))}, !,
[junp(Lbl)T.

expand_test(Test, Ra, InF, Lbl) --> expand_test(Test, A Ra, InF, Lbl).

% expand_t est (Test, Arg, Reg, InF, FaillLbl, Code, Link)

% Test is a test of one argunent, Arg is the argunent of the test,

% and Reg is the register holding the arg. InF is the formula that holds

% on input.

% Only expands tests that do no binding at run-tine.

expand_test(deref(A), A Ra, _, Lbl) -->1, [deref(Ra,Ra)].
expand_test(trail (A, A Ra, _, Lbl) -->1, [trail(Ra)].
expand_test(trail _if_var(A), A Ra, _, Lbl) -->
{vlsi_plnm, !,
[trail (Ra)].
expand_test(trail _if_var(A), A Ra, _, Lbl) -->
{\+vlsi_pln, !,

{tag(var, Tvar)},
[test(ne, Tvar,Ra, L)],
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[trail (Ra)],

[l abel (L)].
expand_test(nil (A, A Ra, _, Lbl) -->1,

[equal (Ra, Tatni[],Lbl)], {tag(atom Tatn)}.
expand_test(A=-=B, A, Ra, _, Lbl) --> {atomic(B)}, !,

{atom c_word(B, W},
[ equal (Ra, WLbl)].
expand_test(B==A, A, Ra, _, Lbl) --> {atomc(B)}, !,
{atom c_word(B, W},
[ equal (Ra, WLbl)].
% These are handl ed by the default case:
% expand_test(list(A), A Ra, _, Lbl) -->1]
% [test(eq,TIst,Ra,L)], {tag(cons, Tlst)},
% [equal (Ra, Tatnmi[],Lbl)], {tag(atom Tatm},
% [label (L)].
% expand_t est (compound(A), A, Ra, _, Lbl) -->1,
% [test(eq,Tstr,Ra,Ll)], {tag(structure, Tstr)},
% [test(ne, TIst,Ra,Lbl)], {tag(cons, Tlst)},
% [label (L)].
% expand_t est (nunmber (A), A, Ra, _, Lbl) --> {split_integer}, !,
% [test(eq, Tpos, Ra,Ll)], {tag(nonnegative, Tpos)},
% [test(ne, Tneg, Ra, Lbl)], {tag(negative, Tneqg)},
% [label (L)].
% expand_test(integer(A), A Ra, _, Lbl) --> {split_integer}, !,
% [test(eq, Tpos, Ra,Ll)], {tag(nonnegative, Tpos)},
% [test(ne, Tneg, Ra, Lbl)], {tag(negative, Tneqg)},
% [label (L)].
expand_t est (negative(A), A Ra, _, Lbl) --> {\+split_integer}, !,
{arith_test(X>=Y, Ces)},
[jump(Ces, Ra, 0,Lbl)].
% [ cnpi (Lts, Ra, 0),junp(fal se, Lbl)].
expand_t est (nonnegative(A), A Ra, _, Lbl) --> {\+split_integer}, !,
{arith_test(X<Y, Lts)},
[jump(Lts, Ra, 0,Lbl)].
% [cnpi (Lts,Ra, 0),junp(true, Lbl)].

expand_t est (nunber(A), A Ra, _, Lbl) --> {\+split_integer}, !,
[test(ne, Tint,Ra, Lbl)], {tag(integer,Tint)}.

expand_test(Test, A, Ra, _, Lbl) --> {test _tag(Test,A Tag)}, !,
[test(ne, Tag, Ra, Lbl)].

expand_t est (nonvar (A), A Ra, _, Lbl) -->1,

[test(eq, Tvar, Ra, Lbl)], {tag(var, Tvar)}.
expand_test (functor(A F,N, A Ra, InF, Lbl) -->

{atonm(F), integer(N), F==".", N==2},

ctest (nonvar(A), InF), !,

[test(ne, TIst,Ra,Lbl)], {tag(cons, Tlst)}.
expand_test (functor(A F,N, A Ra, InF, Lbl) -->

{atom(F), integer(N, N0, (F\=="."; N==2)},

ctest (nonvar(A), InF), !,

tag(atom Tatm,

test _one_tag(structure(A), Ra, InF, Lbl),

{tag(structure, Tstr)},

[ pragma(tag(Ra, Tstr))],

{align(K)},

[pragma(align(Ra, K))],
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[equal ([Ra], Tatnf (F/N), Lbl)].

expand_test (functor(A F,N, A Ra, InF, Lbl) -->
{atom(F), integer(N), N==0},
ctest (nonvar(A), InF), !,
tag(atom Tatm,
[equal (Ra, Tatni F, Lbl)].

expand_test (functor(A F,N, A Ra, InF, Lbl) -->
{nunber (F), integer(N, N==0},
ctest (nonvar(A), InF), !,
[ equal (Ra, F, Lbl)].

expand_test(’ $nane_arity’ (AF, N, A Ra, InF, Lbl) -->
{atom(F), integer(N, F==.", N==2}, I,

[test(ne, TIst,Ra,Lbl)], {tag(cons, Tlst)}.
expand_test(’ $nane_arity’ (AAF, N, A Ra, InF, Lbl) -->
{atom(F), integer(N, N>O, (F\=="."; N==2)}, !,

tag(atom Tatm,
test _one_tag(structure(A), Ra, InF, Lbl),
{tag(structure, Tstr)},
[ pragma(tag(Ra, Tstr))],
{align(K)},
[pragma(align(Ra, K))],
[equal ([Ra], Tatni (F/N), Lbl)].
expand_test(’ $nane_arity’ (AAF, N, A Ra, InF, Lbl) -->
{atom(F), integer(N), N==0}, !,
tag(atom Tatm,
[equal (Ra, Tatni F, Lbl)].
expand_test(’ $nane_arity’ (AAF, N, A Ra, InF, Lbl) -->
{nunber (F), integer(N), N==0}, !,
[ equal (Ra, F, Lbl)].
expand_test(float(A), A Ra, InF, Lbl) -->1,
[jump(Lbl)]. % There are no floats--it always fails.
expand_test(Test, A Ra, InF, Lbl) -->
{test to_disj(Test, A Disj)},
expand_test _disj(Disj, Ra, InF, Lbl).

% Expand a di sjunction of tests:

expand_test _disj(Disj, Ra, InF, Lbl) --> expand_test _disj(Dsj, Ra, InF, _

expand_test _disj(fail, _, _, End, Lbl) -->
[junp(Lbl)T,
[l abel (End)].

expand_test _disj((T;Disj), Ra, InF, End, Lbl) -->
expand_test(T, Ra, InF, L),
[junp(End)],
[l abel (L)],
expand_test _disj(Disj, Ra, InF, End, Lbl).

test _one_tag(Test, Ra, InF, Lbl) --> test_one_tag(ne, Test, Ra, InF, Lbl).

test _one_tag(Eq, Test, Ra, InF, Lbl) -->
tag(Test, Tag),
{\+ctest(Test, InF)}, !,
[test (Eq, Tag, Ra, Lbl)].

test _one_tag(Eq, Test, Ra, InF, Lbl) -->1].

Lbl ).
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% *** Expansi on of some calls to inline instructions:

% expand( SGoal , OGoal, VGoal, InF, QutF, Code, Link)

% +SCGoal = source version of goal.

% +0Goal = object version of goal. Has registers & atom c values as args.
% -VGoal = varlist version of goal. Used in register allocation.

% +InF = node fornula used as input.

% - Code, +Link = code generat ed.

% Consi stency of this predicate with info in tables.pl rmust be maintained.

acc_info(code, 1, Qut, I n,
acc_info(form F, InF, QutF,

Qut=[I]In]).

update_fornul a(F, I nF, Qut F)).

pred_i nfo(expand, 3, [formcode]).

expand(true, true, true) -->>[].

% Arithmetic comparisons:

expand( STest, Orlest, '$varlist’([A B])) -->>
{arith_test(Olest, A B, Cond)}, !,
arith_conparison(Cond, A B, A B,

% Conparison of two atom c terns:

expand(G, '$equal’ (A B), '$equal’ (A B)) -->> [equal (A B,fail)]:code.

% Type checki ng goal :

false, fail):code.

expand( STest, OTest, '$varlist’([Ra])) -->>
{arg(1, OTest, Ra)},
I nF/ form

expand_t est (STest, Ra, InF):code, !.
expand(repeat, repeat, '$varlist’([])) -->> [choice(1/2,[],L),label (L)]: code.
% These don’t need to dereference (because of the way cut is inplenented).
expand( _, "$cut _load (X), "$varlist’' ([X])) -->> [nove(r(b), X)]: code.
expand( _, "$cut _deep’ (X), "S$varlist’' ([X])) -->> [cut(X)]:code.
"$varlist' ([X])) -->> [cut(X)]: code.

expand(_, "’ $cut _shal l ow (X),
% Arithmetic instructions:
expand( G, "$add’ (A B, O, "$add’ (A, B,C)) -->> [add(A B, O]: code.
expand( G "$sub’ (A B, O, "$sub’ (A, B,C)) -->> [sub(A B, O]: code.
expand( G "$mod’ (A B, O, "$nod’ (A, B,C) -->> [nod(A B, C]:code.
expand( G "$mul’ (A B, O, "$mul ' (A, B,C) -->> [mul (A B, O]:code.
expand( G "$div' (A B, O, "$div' (A/B,C) -->> [div(A B O]:code.
expand( G "$and’ (A B, O, "$and’ (A, B,C)) -->> [and(A B, O]: code.
expand( G "$or’ (A B, O, "$or’' (A/B,Q) -->> [or(A B, C]:code.
expand( G "$xor’ (A B, O, "$xor’ (A B,C) -->> [xor(A B, O]:code.
expand( G "$sl1’ (A B, O, $sl1" (A B, C) -->> [slI(A B, OQ]:code.
expand( G "$sra’ (A B, O, $sra’ (A, B,C)) -->> [sra(A B, OQ]: code.
expand( G "$not’ (A O, "$not’ (A, Q) -->> [not(A O]: code.
expand( G fail, fail) -->> [fail]: code.
expand( A==B, Ra==Rb, ’'$varlist’([Ra,Rb])) -->> InF/form
{implies(InF, (sinple(A);sinple(B)))}, !,

[ equal (Ra, Rb, fail)]: code.
expand( A\ ==B,

{imlies(lnF,

[equal (Ra, Ro, L), fail,

Ra\ ==Rb,

"$varlist’

(sinple(A);sinple(B)))}, !,
| abel (L)]: code.

([Ra, Rb])) -->> InF/form
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% *** CGenerating code for arithmetic conparisons:
arith_conparison(Cond, A B, Ra, Rb, True) -->
arith_conparison(Cond, A B, Ra, Rb, true, True).

arith_conparison(Cond, A B, Ra, Rb, true, TorFLbl) -->1,
[j ump(Cond, Ra, Rb, Tor FLbl )] .

arith_conparison(Cond, A B, Ra, Rb, false, TorFLbl) -->1,
{cond( Cond, Opp) },
[j ump(Opp, Ra, Rb, Tor FLbl ) ].

% CGoal subsunpti on:

% Two entry points are defined:

% subsume(P, G SG

% This entry is used for subsunption of Prolog source code.

% Gven a logical formula P and a goal sequence G sinplify G assuming Pis
% true. Al goals inplied by P and left mutex with P are renoved.

% Prol og semantics are followed: if G does any "work’ then it is not renoved.
% This predicate is currently too sl ow when P or G are | ong sequences, it
% shoul d be max Q(n"2).

% | ogi cal _subsume(P, G SGQ

% This entry is used for subsunption of a |ogical formula.

% Gven two logical formulas P and G sinplify G assuming P is true.

% Logi cal semantics are followed: 'work’ has no neani ng here.

% Just the logical neaning of a termis inportant.

% Al goals inplied by P and after mutex with P are renoved.

% Not e:
% 0. This routine is slow.
% 1. Later this routine will be extended to handl e user-defined goals and goal s

% with side effects. These goals may only be renoved if they don’'t do any
% work that is not done already by P.

% Currently, the only case that is handled is bindings with unify goals.

% 2. By 'work’ | nean bindings and side-effects. This definition nust be nade
% nore precise.

subsunme(true, G SGQ :- I, sinplify(G SG.
subsume( P, G SG :- sub(P, G X prolog), sinmplify(X SG.

| ogi cal _subsune(true, G SG :- !, logical _sinmplify(G SG.
| ogi cal _subsune( P, G SG :- sub(P, G X logical), logical_sinplify(X SG.

subsurme_list(_, [], [])-

subsurme_list(P, [A|dSs], [(H-SB)|SAs]) :-
split(d, H B),
subsune(P, B, SB),
subsume_list(P, ds, SASs).

% Subsume, but keep disjunction structure and don't sinplify:
subdisj (P, G DG :-
sub(P, G X, prolog), simplify(X, Y), (disj_p(Y) -> D&Y, DG=(Y;fail)).
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sub(P, ’'$case’ (N I, B), "$case’ (N, 1,9), L) :- !, sub(P, B, S, L).
sub(P, '$test’ (DR T,A _), '"$test’' (DR T,Afail), prolog) :-

mutex(P, T, left, prolog), !.
sub(P, '$test’ (DR T,A _), "$test’' (DR T,Afail), logical) :-

mutex(P, T, after, logical), !.

sub(P, '$test’ (DR T,A B), "$test’ (DR T,AS), L) :- !, sub(P, B, S, L).
sub(P, ’'%$else’ (R A B), "$else’ (R AS), L) :- !, sub(P, B, S, L).
sub(P, (A/B), (SA ' SB), L) :- !, sub(P, A SA L), sub(P, B, SB, L).
sub(P, (AB), (SA;SB), L) :- 1!, sub(P, A SA L), sub(P, B, SB, L).
sub(P, (A->B), (SA->SB), L) :- !, sub(P, A SA L), sub(P, B, SB, L).
sub(P, (A=>B), (SA=>SB), L) :- !, sub(P, A SA L), sub(P, B, SB, L).
sub(P, \+(A), \+(SA), L) :- !, sub(P, A SA L).

sub(P, not (A), not(SA), L) :- !, sub(P, A SA L).

sub(P, G SG L) :- sub_goal (P, G SG, L).

% Subsunmpti on of a single goal:
% Need t he bindbag test because we don’'t want to renove Gif it does work.

sub_goal (P, G fail, prolog) :- mutex(P, G left, prolog), !.

sub_goal (P, G fail, logical) :- mutex(P, G after, logical), !.

sub_goal (P, G true, prolog) :- prolog subsune_work(P, G left),
bi ndbag(G P, []), !.

sub_goal (P, G true, logical) :- subsume_work(P, G after), !.

sub_goal (P, G G ).

% Succeeds if the work P does subsunes the work the goal G does:

% (This predicate will be extended later.)
subsume_work(P, G _) :- P==G !.
subsume_work(P, G Time) :- implies(P, G Tine).

==G, !.
me) :- prolog_inplies(P, G Tinme).

prol og_subsume_work(P, G _
prol og_subsume_work(P, G T

—_— N

% El se goals: else(P, G EQ

% Keep the goals that are not nutex with not(P):
% Used in calculating the remaining goals for the el se part of
% a deterministic case statenent.

el se(P, G SG :-
sinmplify(not(P), NP),
subsume(NP, G SG .

% Si mplification of formulas:

% Two entry points are defined:

% sinmplify(ln, Qut)

% Sinplifies a Prolog formula, keeping with the semantics allowed by the
% conpil er options (default = standard sequential Prolog). This takes
% i nto account the nunmber of solutions, binding, and side effects.
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% Keep predicate unchanged if to could lead to run-tinme error.

% Nunber of solutions can be rel axed through a conpiler option.

% | ogical _simplify(ln, CQut)

% Sinplifies a logical formula, to keep the same | ogical meaning. Does not
% foll ow Prol og semanti cs.

% Bot h predicates recognize built-ins that can be evaluated at compile-tine.

% *** Main definitions:

simplify(A, SA :- sinp_upv(A, SA prolog), !.

| ogical _sinplify(A SA) :- sinmp_upv(A, SA, logical), !.
Ywite(’Simplifying '), wite(A,wite(’ to '), wite(SA), nl,!.

% *** Sinplify and keep disjunction structure:
si npdi sj (A, DSA) :- sinplify(A SA), (disj_p(SA) -> DSA=SA; DSA=(SA fail)).

si mp_upv( X, SX, L) :- nonvar(X), !, simp_up(X SX, L).
simp_upv(X, call(X), ) :- var(X), !.
si np_up(’ $case’ (N, 1, O, S,L):- 1!,

si mp_upv(C, B, L), si np_one(’ $case’ (N, 1,B), S, L).
simp_up(’ $test’ (D,P, T,A O,S,L):- !,

simp_upv(C, B, L), sinp_one(’ $test’ (D, P, T,A B),S,L).
si np_up(’ $el se’ (P, A O, S,L):- 1!,

si mp_upv(C, B, L), si np_one(’ $el se' (P,A B),S,L).
simp_up( (A/B), S L) :- 1,

si mp_upv(A SA L), sinmp_upv(B, SB, L), sinp_one((SA SB), S, L).
simp_up( (A;B), S, L) :- I,

si mp_upv(A SA L), sinmp_upv(B, SB, L), sinp_one((SA; SB), S, L).
simp_up((A->B), S, L) :- I,

si mp_upv(A SA L), simp_upv(B, SB, L), sinp_one((SA->SB), S, L).
simp_up((A=>B), S, L) :- !,

si mp_upv(A SA L), sinmp_upv(B, SB, L), si np_one((SA=>SB), S, L).
simp_up( \+(A), S, L) :- 1,

simp_upv(A SA L),sinmp_one( \+(SA),S,L).
simp_up(not(A), S, L) :- 1,

si mp_upv(A SA L), sinmp_one(not (SA), S, L).

si mp_up( A S, L) :- sinmp_one(A S, L).
det _control (* $case’ (_, _,_)).

det _control (" $test’ (_, , , , )).

det _control (" $else’ (_,_,_)).

diff_sol :- \+sane_nunber.

% Single step of sinplification:

% Not e how standard Prol og semantics is kept through the utilities

% diff_sol, determnistic, no_side effects, no_bind, succeeds, fails, errs.
sinmp_one(not(not(Q), G ).

si mp_one(not (A=B), A\ =B, logical).

sinmp_one( \+(A=B), A\ =B, logical).

sinmp_one(not (G, NG _) :- opposite(G NG.

simp_one( \+(Q§, NG _) :- opposite(G NG.

sinmp_one((A; B), A prolog) :- A==B, diff_sol, no_side_effects(A).
sinmp_one((A; B), A logical) :- A==B.
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sinmp_one((A B), A prolog) :- A==B, determnistic(A), no_side_effects(A).
sinmp_one((A B), A prolog) :- A==B, diff_sol, no_side_effects(A).
simp_one((A B), A logical) :- A==B.

sinmp_one((true,A), A ).

sinmp_one( (A true), A ).

sinmp_one((true;A), true, prolog) :- diff_sol, no_side_effects(A), no_bind(A).
sinmp_one((true; A), true, logical).

sinmp_one((A;true), true, prolog) :- diff_sol, no_side_effects(A), no_bind(A).
sinmp_one((A;true), true, logical).

sinmp_one((A fail), fail, prolog) :- no_side_effects(A).
sinmp_one((A fail), fail, logical).
sinmp_one((fail,_ ), fail, ).

sinmp_one((fail;A), A ).
sinmp_one((A;fail), A )

si mp_one((’ $cut_shal | ow ,B; ), (’$cut_shallow (X),B), prolog).
B

X)

si mp_one( (" $cut _deep’ (X),B; ), (" $cut _deep’ (X), B), prolog).
X); ), (' S$cut_shallow (X)), prolog).

si np_one( (" $cut _deep’ (X);_), (" $cut _deep’ (X)), prolog).

(
(
si mp_one( (' $cut _shal | ow (
(
I

% Must never confuse inplies with prolog_inplies for this to be correct:
simp_one(’ $cut _shallow (_), true, logical).

si mp_one( "$cut _deep’ (_), true, logical).

sinp_one((true -> A, ), A ).

sinp_one((fail -> ;B), B, ).

simp_one((A -> true;B), A, prolog) :- determnistic(A), succeeds(A).
simp_one((A -> true;B), A, logical) :- succeeds(A).

sinmp_one((A -> fail;B), fail, prolog) :- no_side_effects(A), succeeds(A).
sinmp_one((A -> fail;B), fail, logical) :- succeeds(A).

sinmp_one((A -> fail;B), B, prolog) :- no_side effects(A), fails(A).
simp_one((A -> fail;B), B, logical) :- fails(A).

sinp_one((true => A, ), A ).

sinp_one((fail => ;B), B, ).

sinmp_one((true => A), A ).

sinp_one((fail => ), true, _).

simp_one((true => fail), fail, ).

sinmp_one(not ((A;B)), (not(A),not(B)), ).
sinmp_one(Goal, fail, prolog) :- fails(Goal), no_side_effects(Goal).

sinmp_one(Goal, fail, logical) :- fails(Coal).

sinmp_one(A, true, prolog) :- diff_sol,succeeds(A), no_side_effects(A), no_bind(A).
sinmp_one(A, true, logical) :- succeeds(A).

sinmp_one(A, true, prolog) :- determnistic(A), succeeds(A), no_bind(A).
sinmp_one(A, true, logical) :- succeeds(A).

simp_one(deref(X), true, _) :- nonvar(X).

simp_one(’ $case’ (_, _,true), true, _).

simp_one(’ $case’ (_, _,fail), fail, _).

simp_one(’ $test’ (_,_,_,_,fail), fail, _).

sinp_one( A==Atm ’'$nane_arity’ (A,AtmO0), prolog) :- var(A), atom c(Atn).
simp_one( At nr=A, '$nane_arity’' (A AtmO0), prolog) :- var(A), atom c(Atnm.
simp_one(functor (A Na, Ar), (A=Na), prolog) :- atomi c(Na), integer(Ar), Ar=:=0.
simp_one(functor (A Na, Ar), (A=Str), prolog) :- aton(Na), integer(Ar), Ar>=0,
conpile_option(functor_Iimt(N), Ar=<N, !,
functor(Str, Na, Ar).
sinmp_one(T1, T2, ) :- bitmap_sinplify(T1, T2).
sinmp_one(A=B, true, ) :- A==B.
simp_one(G G _). % Need an 'else’ notation for default case.
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% | ncorrect or ambi guous transformations:

% sinmp_one( \+((A;B)), (\+(A), \+(B))) :- Only if it gets sinpler.
% Only true for the | ast choice:

% sinp_one((true -> A, A.

% Not true; -> renpves other choices:

% sinp_one((A -> B), (A B)) :- determnistic(A).

%ls "true’ instead of 'fail’ for a purely logical inplication:

% sinp_one((A -> ), fail) :- fails(A).

% si np_one((not (A),not(B)), not((A B))).

% Succeeds if the Prolog formula fails at run-tine:

fails(fail).
fails((A B)) :- fails(A).
fails((A B)) :- no_side_effects(A), fails(B).
fails((A;B)) :- fails(A), fails(B).
fails(Test) :-
encode_test(Test, F1, _, A,
type_flags(A F2, ),
0 is F1/\F2,
\ +errs(Test).
fails(Rel) :-

encode_relop(Rel, A Od, B),
negate_rel op(Od, QopOd),
test _rel op(A OCppOrd, B),
\+errs(Rel).

% Succeeds if the predicate succeeds at run-time:
% Assunes NO bi ndi ngs done by the tests.
succeeds(true).

succeeds((A B)) :- succeeds(A), succeeds(B).
succeeds((A; B)) :- succeeds(A).
succeeds((A; B)) :- succeeds(B).

succeeds(functor(F, N, A)) :-
nonvar (F), nonvar(N), nonvar(A),
\+errs(functor(F, N A)), functor(F, N, A).
succeeds(’ $nane_arity’ (F, N, A)) :-
nonvar (F), nonvar(N), nonvar(A),
\+errs(functor(F, N A)), functor(F, N, A).

succeeds( nonvar (A)) :- nonvar (A).
succeeds(ground(A)) :- ground(A).
succeeds(aton(A)) i- atom(A).
succeeds(nil (A)) - nil (A).
succeeds(i nteger(A)) :- integer(A).
succeeds(negative(A)) :- negative(A).
succeeds(nonnegative(A)) :- nonnegative(A).
succeeds( nunber (A)) :- nunber (A).
succeeds(atoni c(A)) :- atomc(A).
succeeds(list(A)) - list(A).
succeeds(cons(A)) :- cons(A).
succeeds(structure(A)) :- structure(A).
succeeds(conpound(A)) 1 - conpound(A) .
succeeds(conposite(A)) 1 - conpound(A) .

succeeds(si npl e(A)) :- nonvar (A), sinple(A).
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succeeds(Rel) D -
encode_relop(Rel, A Od, B),
test _relop(A Od, B),
\+errs(Rel).

% Succeeds if the Prolog formula could give an error at run-time:
errs(Test) :-

encode_relop(Test, A _, B, arith),
( aton(A) ; atom(B) ; compound(A) ; conmpound(B) ).
errs(functor(_, _,X)) :-

( atom(X) ; compound(X) ).
errs(arg(X, _, )) :-

( atom(X) ; compound(X) ).

opposite(X, Y) :- opp(X Y), !.
opposite(X, Y) :- opp(Y, X, !.
opposite(X, Y) :- exact_bitmap(X), not_test(X, Y).

% 1 f adding any tests that bind here then nust change sinp_one:
opp(true, fail).

opp( A<B, A>=B).

opp(A>B, A=<B).

opp(A=: =B, A=\=B).

opp( A@&B, A@=B).

opp( A@B, A@<B).

opp(A==B, A\ ==B).

opp(var (A), nonvar(A)).

% Succeeds if the fornula has no side-effects and has no cut:
% (Only for conbinations of tests now, |later for user-def preds
% when flow anal ysis determines it.)

no_side_effects(true) :- I.

no_side effects(fail) :- I.

no_side effects((A B)) :- !, no_side_effects(A), no_side effects(B).
no_side_effects((A;B)) :- !, no_side_effects(A), no_side effects(B).
no_side_effects(A) :- test(A).

% Succeeds if the fornula is deternministic, i.e. it has zero or one

% sol uti ons, no nore:

% (Only for conbinations of tests now, |later for user-def preds
% when flow anal ysis determines it.)

determnistic(true) :- !.

deterministic((AB)) :- !, determnistic(A), determnistic(B).
determnistic(A) :- test(A).

% Succeeds if the formula does not bind any vari abl es:
no_bind(true) :- I.

no_bind((A B)) :- !, no_bind(A), no_bind(B).
no_bind((A;B)) :- !, no_bind(A), no_bind(B).

no_bi nd(A) :- \+binds(A).

% Mode formul a abstract data type:
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% (See al so the conjunction handling routines in utility.pl)

% *** Add a goal to the node fornula:

% Attenpts to keep size of node fornulas small.

% Nonronot oni ¢ reasoni ng: Renoves var(X) if the added goal inplies nonvar(X).
% (Somewhat defaulty. Let’s see if the conpiler can handle this too!)

% Note: if the goal being added is independent of the goals existing in the
% nmode formula, then use conbine formula(G InF, QutF) instead. It is faster
% and it will not change the existing formula.

% | nprovenents for |ater:

% - When traversing a conjunction to be added, SoFar should be updated

% if it exists.

% - updating with a mxture of var and uninit needs | ooking at.

update formula(G |InF, QutF) --> {update_formula(G |InF, QutF)}.

% CGeneri c update_formul a:

% (Flag is connected with aliasing; see split_formula)

% For later: Also convert a test to bitmap representation if possible
% update_formula(G InF, QutF) :-

% exact_bitmap(Q, !,

% bitmap_test(G GB),

% xupdate_formula(GB, InF, yes, , QutF).
update_formula(G InF, QutF) :-
xupdate_formul a(G prolog, InF, yes, _, QutF).

| ogi cal _update formula(G InF, QutF) :-
xupdate_formul a(G logical, InF, yes, _, QutF).

% | f SoFar is passed too:
update_fornul a(G SoFar, InF, QutF) :-

xupdate_formul a(G prolog, InF, _, SoFar, CQutF).
xupdate_formul a(fail, _, _, _, _, fail) :- 1.
xupdate formula(_, _, fail, _, _, fail) :- 1.
xupdate_formula(G _, true, , , G :- I.
xupdate_formul a(true, , G _, , G :- !.
xupdate_formul a(var(X), _, InF, _, _, fail) :- inplies(lnF, nonvar(X)), !.
xupdate_formul a(var(X), _, InF, _, _, (var(X),InF)) :- I.
xupdate _formula(G _, InF, _, _, InF) :- menberv_conj(G InF), !I.
xupdate_formul a(deref(X), _, InF, _, _, InF) :- nenberv_conj(rderef(X), InF), !.
xupdate_formul a(deref(X), _, InF, _, _, (deref(X),InF)) :- !I.
xupdate_fornmul a(rderef (X), _, InF, _, _, (rderef(X),MdF)) :- !,
renove_fornul a(deref(X), InF, MdF).
xupdate_formula((A B), T, InF, Fl, _, QutF) :-
nonvar (FI'), I,
xupdate_formula(A, T, InF, FI, _, MdF),
xupdate_formula(B, T, MdF, Fl, _, QutF).
xupdate_formula((A B), T, InF, Fl, SF, QutF) :-
var(Fl), !,
xupdate_formul a(A, T, InF, _, SF, MdF),
xupdate_formula(B, T, MdF, _, SF, QutF).

xupdate_formula(G T, InF, Flag, SoFar, QutF) :-
( T=l ogi cal ->
( mutex(G InF, after) ->
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Qut F=f ai |
; (bitmap_conbine(G InF, QutF) ->true ; QutF=(G InF))
)
; T=prolog ->
( var(Flag) -> extended_bi ndset(G |nF, SoFar, Bs)
; nonvar (Fl ag) -> extended_bi ndset(G |nF, Bs)

),
( Bs=[] ->
( mutex(G InF, left, prolog) ->
Qut F=f ai |
; (bitmap_conbine(G InF, QutF) ->true ; QutF=(G InF))
)

; cons(Bs) ->
split_formul a(Fl ag, SoFar, Bs, InF, SplitF, RestF),
renove_vars(SplitF, MdF),
( mutex(G MdF, left, prolog) ->
Qut F=f ai |
; conmbine_formula((G MdF), RestF, QutF)
)
; Bs=all ->
renove_vars(InF, MdF),
( mutex(G MdF, left, prolog) ->
Qut F=f ai |
; QutF=(G M dF)
)
)
).

% *** Handling of variable binding and ali asing:

% Because of possible aliasing, nust remove ALL var(X) goal s when vari abl es
% are bound. The design of split_formula, below reduces the severity of
% this operation sonewhat.

% Iln the future, anti-aliasing information fromfl ow anal ysis can reduce

% the severity of this operation even nore.

% Renove all var(X) goals and sone deref(X) goals froma formla.
% 1. Rderef(X) is removed only if it’'s not known that X is ground.
% 2. Deref(X) is renoved only if it’s not known that X is nonvari abl e.
% 3. Rderef(X) is changed to deref(X) if X is known nonvar & not known ground.
% 4. Uninit nodes are NOT affected by aliasing. They are guaranteed not to be
% al i ased to anything.
renove_vars(InF, QutF) :-
renove_all _vars(lnF, MdF),
not nonvar _ground_fornul a(l nF, Not NV, Not Gnd),
renove_al |l _derefs(MdF, M dF2, NotNV, NotGnd),
squeeze_conj (M dF2, QutF), !.

renove_all _vars((A B), (RARB)) :- I,
renove_all _vars(A, RA),
renove_all _vars(B, RB).
renove_all _vars(var(V), true) :- var(V), !.
renove_all _vars( Goal, Goal).

renove_al |l _derefs((A B), (RA RB), NNV, NGd) :- !,
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renove_al |l _derefs(A, RA NNV, NGd),
renove_al |l _derefs(B, RB, NNV, NGnd).
renove_al |l derefs( deref(V), true, NNV, ) - var(V), inv(V, NNV), !I.
renove_al |l _derefs(rderef(V), Goal, NNV, N&d) :- var(V), inv(V, N&d), !,
( inv(V, NNV) -> CGoal =true ; Coal =deref (V) ).
renove_al | _deref s( Coal, Goal, L, ).

% *** Rermove a goal from a node fornula:
renove_formul a(U, InF, QutF) :-
an_uni nit_node(U, Type, X), !,
renove_uninit(Type, [X], InF, CQutF).
renove_formula(T, InF, QutF) :-
pred_exists(T, InF), !,
renove_fornm(T, InF, MdF),
flat_conj(MdF, QutF).
renove_formul a(T, InF, InF).

renove_form(T, (A B), (RARB)) :- ! remove form(T, A RA),renmove form T, B, RB).
renove_fornm(T, U, true) :- T==U, !.
renove_fornm(T, U, U - 1.

% *** Split all goals containing X froma node fornul a:

split_fromformula(X, (A B), (RARB), (SA SB)) :- I,
split_fromformula(X, A RA SA),
split_fromformula(X, B, RB, SB).

split_fromfornula(X, G true, G :- varbag(G Bag), nemberv(X, Bag), !.
split_fromfornula(X G G true) :- !.

% *** Succeeds if predicate T exists in a fornula:

pred_exists(T, (A B)) :- pred_exists(T, A, !.

pred_exists(T, (A B)) :- pred_exists(T, B), !.

pred_exists(T, U :- T==U, !.

% *** Conbi ne two node fornul as:

% See the definition of unionv_conj:

conbi ne_formul a(F1, F2, QutF) :- unionv_conj(Fl, F2, QutF).

% conbi ne_formul a(F1, F2, QutF) :- sinplify((F1,F2), F), flat_conj(F, CQutF).

% *** Intersecting two node formul as:
% Note: this routine does not know that uninit nodes have different forms.
intersect_formula(F1, F2, QutF) :- intersect_formula(Fl, F2, QutF, true).

intersect_formula((Cl,C2), Conj) -->1,

i ntersect_fornmul a(Cl, Conj),

i ntersect_fornmul a(C2, Conj).
intersect_fornula(A, Conj) --> {menberv_conj (A, Conj)}, !, co(A).
i ntersect_formula(A, Conj) -->1].

% *** Intersect a list of fornulas:

intersect formula_ list([F], F) :- !.

intersect _formula_ list([F1]Fs], F) :- cons(Fs), !,
intersect _fornula_list(Fs, F2),
i ntersect_formula(F1, F2, F).
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% *** Union of two node fornul as:
uni on_formul a(F1, F2, QutF) :- unionv_conj(Fl, F2, QutF).

% *** Split the deref(X) nodes froma formula:
split_deref( (A B), (AD,BD)) :- !, split_deref(A AD), split_deref(B, BD).
split_deref( deref(X), deref(X)) :- I.
split_deref(rderef(X), rderef(X)) :- I.
split_deref( G true).

split_deref( (A B), (AD, BD), (AGBG) :- !,
split_deref(A AD AG,
split_deref(B, BD, BG.
split_deref( deref(X), deref(X), true) :- !.
split_deref(rderef(X), rderef(X), true) :- !.
split_deref( G true, G .

% *** Trimthe node formula according to a term (NEEDS A FI X)

% Renpove all nodes which do not have at | east one variable in conmon
%wth a given term Exception: keep 'fail’ if it’s there.

% This should trimthe required & before nodes too, or else it should be
% done el sewhere, when those nodes are stored in the database.

% For correctness, nust keep only those uninits that are in the head

% and renmove all others:

trimnmode((H:-F), (H-NF)) :- keep_uninit(H F, NF).
% This version is far too strong; it renoves useful nodes!
%trimnmode((H-M, (H-TM) :- split_formula(yes, ., H M T™™M ).

% *** Split a node fornula into two parts: One which contains all predicates
% relevant to the variables in Term and the rest.

% Need to follow unification terns, hence the '"vars_in_unify' predicate

% and its inplementation through graph closure. The inportant variables

% are those which have been initialized (in SF) AND are related textually

% (through unification terms).

% Sonething like this for later?

% split_formul a_goal (Fl ag, SoFar, CGoal, InF, QutF, RestF) :-
% varset(CGoal, Vars),

% ground_set (I nF, Gnd),

% uninit_set((RegF, I nF), Uni),

% diffv(Vars, Gd, VG,

% diffv(vG Uni, VA,

% split_formul a(Flag, SoFar, VQ&UJ, InF, QutF, RestF).

split_fornul a(SoFar, Term InF, QutF, RestF) :-
split_formula(_, SoFar, Term InF, QutF, RestF).

split_fornmul a(Fl ag, SoFar, Term InF, QutF, RestF) :-
% varset (Term Vars),
% intersectv(Vars, SoFar, AVars),
% vars_in_unify(Avars, InF, RelVars),
vars_in_uni fy(Term |nF, RelVars),
stats(x, data(Fl ag, Term),
( var(Flag) ->
uninit_set(lnF, Uni),
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di ffv(SoFar, Uni, AliVars),
aliasing flag(AliVars, RelVars, Flag)
; true
),
not nonvar _ground_fornul a(l nF, Not NV, Not Gnd),
st at s(x, dat a( not nv( Not NV) , not gnd( Not Gnd) ) ),

split_formvars(Flag, NotNV, NotGhd, RelVars, InF, F1, SF1),

stats(x,data(f1(F1),sf1(SF1))),
| ogi cal _sinplify(Fl, F2),
stats(x,data(f2(F2))),
flat_conj (F2, F3),
stats(x,data(f3(F3))),
squeeze_conj (F3, QutF),
stats(x,6),

flat_conj (SF1l, RestF),
stats(x,7),

I

split_formvars(Flag, NN, NG RelVars, (Al, A2), (B1,B2), (C1,C2))

split_formvars(Flag, NN, NG RelVvars, Al, Bl, Cl),

split_formvars(Flag, NN, NG RelVars, A2, B2, ).
split_formvars(Flag, NN, NG RelVvars, A B O :-

split_one(Flag, NN, NG RelVvars, A B, O.

% Si ngl e-goal split:

% - Var(X) is only relevant if there is possible aliasing.

% - Rderef(X) is relevant if X is not inplied to be ground.
% - Deref(X) is relevant if X is not inplied to be nonvar.

% If Xis inplied to be nonvar, then if it’'s dereferenced
% it stays that way, so it doesn’t have to be split off.

% It is split off anyway, so that its truth will be known for
% both output fornmulas. This is useful in the use of split_formula

% in flatten.
% - Else if a goal has no variables in common with Vs,

% then it is not relevant (which is true independent of aliasing).

split_one(_, L, true, true, true) :- I.
split_one(_, L, fail, fail, true) :- 1.
split_one(yes, _, _, _, var ( X), var(X), true) :- I.
split_one(yes, NN, _, _, deref(X), deref(X), true) :- inv(X, NN), !.

split_one(yes, NN, _, deref(X), deref(X), deref(X))

split_one(yes, _, NG _, rderef(X), rderef(X), true) :- inv(X NG,
split_one(yes, _, NG _, rderef(X), rderef(X), rderef(X)) :- I.
split_one(_, ., Vs, A, true, A -

varset (A, VA), disjointv(VA Vs), I.
split_one(_, L, A, A true).

% Get set of all vars NOT inplied nonvar:
not nonvar _formul a(Form Vars) : -

varset (Form VS),

nonvar _set (Form NVSet),

di ffv(VS, NvSet, Vars).

% CGet set of all vars NOT inplied nonvar & NOT inplied ground:

not nonvar _ground_fornmul a(Form Not NV, NotGid) : -



varset (Form VS),
nonvar _set (Form NV),
ground_set (Form Gnd),
di ffv(VS, Nv, NotNvV),
di ffv(VSs, Gnd, NotGnd).

% CGet all

Xin a forrmula that are inplied to be nonvar:
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% nonvar _formula((A B)) --> 1!, nonvar_formula(A), nonvar_formul a(B).

% nonvar _formul a(Goal ) -->{test_varbag(CGoal , TV)},!,inplies_nonvar_list(TV, Goal).
% nonvar _formula(Goal) -->[].

% inplies_nonvar_list([], Goal) -->1.

% i nmplies_nonvar_list([X TV], Goal) --> {inplies(Goal, nonvar(X))}, !, [X],

% inplies_nonvar_list(TV, Goal).

% i nmplies_nonvar _list([_|TV], Goal) --> inplies_nonvar_list(TV, Coal).

% Al i asi ng fl ag:

% Aliasing is possible if VarslnitSoFar and Rel evantVars have at | east

% one variable in conmon.

% al i asi ng_fl ag(SoFar, Rel, F) :- intersectv(SoFar, Rel, X), cons(X), !, F=yes.
aliasing flag(Alivars, Rel, F) :- disjointv(AliVars, Rel), !, F=no.

aliasing flag(AliVars, Rel, yes).

% Utilities for

% Define the notation for

uninitialized vari abl es:

uninitialized vari abl es:

an_uninit_mode(U) :- an_uninit_nmode(U, _, ).

an_uni nit_nmode(uninit(V), mem V).
an_uninit_node(uninit_reg(V), reg, V).
an_uninit_mode(uninit(T,V), T, V) :- nmemreg(T).
an_uninit_mode(uninit(T,V,_), T, V) :- nmemreg(T).

mem reg(nmenj.
mem reg(regqg).

% *** Split a formula into uninit
split_uninit((A B), (AU BU),
split_uninit(A AU Al),
split_uninit(B, BU, BI).
split_uninit(G G true) :-
split_uninit(G true, Q.

nodes & ot hers:
(AI,Bl)) -1,

an_uninit_mnmode(Q, !.

% *** Split a formula into uninit & deref nodes & others:

% Uninit & deref are require nodes for external

split_uninit_deref((A B), (AU BUY, (A ,Bl)) :- I,
split_uninit_deref (A AU Al),
split_uninit_deref (B, BU BI).
split_uninit_deref(deref(X), deref(X), true) :- !.
split_uninit_deref( G G true) :- an_uninit_node(Q,
split_uninit_deref( G true, G.

node i nput.
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% *** Split a formula into var + uninit nodes, and ot hers:
split_unbound((A B), (AV,BVY), (AQBO) :- I,
split_unbound(A, AV, AQO,
split_unbound(B, BV, BO.
split_unbound(var(X), var(X), true) :- !.
split_unbound( G G true) :- an_uninit_nmode(Q, !.
split_unbound( G true, G .

% *** Gather uninitialized variables froma conjunction:

uninit_set(Conj, Set) :- uninit_bag(Conj, Bag), sort(Bag, Set).

uni nit_bag(Conj, Bag) :- uninit_bag(Conj, Bag, []).

uninit_set_type(T, Conj, Set) :- uninit_bag type(T, Conj, Bag), sort(Bag, Set).
uninit_bag_type(T, Conj, Bag) :- uninit_bag type(T, Conj, Bag, []).
uninit_bag((A B)) --> 1!, uninit_bag(A), uninit_bag(B).

uninit_bag(@ --> {an_uninit_mode(G _, WV}, !, [V].

uninit_bag(Q -->1[].

un
un
un

nit_bag_ type(T, (A/B)) -->1!, uninit_bag type(T, A, uninit_bag type(T, B).
nit_bag type(T, G --> {an_uninit_node(G T, WV}, !, [V].
nit_bag_type(T, @ -->1]].

% *** Gat her unbound variables froma conjuncti on:
unbound_set (Conj, Set) :- unbound_bag(Conj, Bag), sort(Bag, Set).
unbound_bag( Conj, Bag) :- unbound_bag(Conj, Bag, []).

unbound_bag((A, B)) --> 1, unbound_bag(A), unbound_bag(B).
unbound_bag(var(V)) -->1, [V].

unbound_bag(Q --> {an_uninit_mde(G _, WV}, !, [V].
unbound_bag(Qg --> [].

% *** Remove those uninitialized variables froma fornula that are in
%the set Init (i.e. those that have been initialized):
renove_uninit(lnit, InF, QutF) :-

renove_uninit(lnit, InF, MdF, true),

flat_conj(MdF, QutF).

renove_uninit(lnit, (AB)) -->1,
renove_uninit(lnit, A),
renove_uninit(lnit, B).
renove_uninit(lnit, g -->
{an_uninit_node(G _, V)},
{var(V), nmenberv(V, Init)}, !.
renove_uninit(lnit, g -->
co(Q.

% Sanme as above, of a given type only:

renove_uni nit(Type, Init, InF, QutF) :-
renove_uni nit(Type, Init, InF, MdF, true),
flat_conj(MdF, QutF).

remove_uninit(Type, Init, (A B)) -->1,
renove_uninit(Type, Init, A),
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renove_uni nit(Type, Init, B).
renove_uninit(Type, Init, G -->
{an_uninit_node(G Type, V), nenmberv(V, Init)}, !.
renove_uninit(Type, Init, G -->
co(Q.

% *** Keep only the uninitialized variables froma fornula
%that are in the term i.e. renmove the ones that are not
%relevant to the term
keep_uninit(Term InF, QutF) :-

var bag(Term Vars),

keep_uninit(Vars, InF, MdF, true),

squeeze_conj (M dF, CQutF).

keep_uninit(Vars, (AB)) -->1,
keep_uninit(Vars, A,
keep_uninit(Vars, B).
keep_uninit(Vars, G -->
{an_uninit_node(G _, V)},
{var(V), \+nenmberv(V, Vars)}, !.
keep_uninit(Vars, G -->
co(Q.

% *** Remove all uninitialized variables froma formul a:
renove_all _uninit(InF, QutF) :-

uninit_set(lnF, UnVars),

renove_uni nit(UnVars, InF, CQutF).

% *** Determne all variables that nmay be bound to a nonvariable by the
% predicate, given a nmode formula. This version knows about possible aliasing,
% and will return "all’ instead of a set if other variables in the clause may
% be aliased to the bound variables in the goal. This version also handles
% speci al cases of unify goals.
ext ended_bi ndset ( X=Y, InF, SF, Set) :-
uninit_set(lnF, Uni),
e _bindset(X, Y, Uni, SF, Set), !.
ext ended_bi ndset (Goal , InF, SF, Set) :-
bi ndset (Goal , B),
grounds_in_form(InF, Gnd), diffv(B, Gid, Set),
di sjointv(Set, SF), !.
ext ended_bi ndset (Goal, InF, SF, all).

% *** \Weaker version when SF set is not avail abl e:
ext ended_bi ndset ( X=Y, InF, Set) :-
uninit_set(lnF, Uni),
e bindset(X, Y, Uni, Set), !.
ext ended_bi ndset (Goal, InF, Set) :-
bi ndset (Goal , B),
grounds_in_form(InF, Gnd), diffv(B, Gid, Set),
Set=[], !.
ext ended_bi ndset (Goal , InF, all).



308

e bindset(X, Y, U SF, BS) :- is_new(X U SF), is newY, U SF), !, BST].
e bindset(X, Y, U SF, BS) :- is_new(X, U SF), !, BST[X].

e bindset(X, Y, U SF, BS) :- is_newY, U SF), !, BST[Y].

e bindset(X, Y, U BS) :- inv(X U, inv(Y, U, !, BST].

e bindset(X, Y, U BS) :- inv(X U, !, BST[X].

e bindset(X, Y, U BS) :- inv(Y, U, !, BST[Y].

% Succeeds if variable is unbound & unaliased:

i s_new X ., SF) - var(X), \+inv(X, SF), !.

is_.newm(X, Uni, ) :- inv(X Uni), !.

% *** Determne all variables in a predicate that may be bound to a nonvari abl e
% by the predicate, given a node formula.
% This only returns the variables in the goal that may be bound. It does not
% know about ot her variables (that may be aliased to the goal’s variables),
% that may al so be bound.
% 1t uses the predicate bindbag(Goal, Bag) defined in tables.pl.
bi ndset ( X=Y, InF, BS) :- uninit_set(lnF, U,
(inv(X U, !, BSS[X] ; inv(Y, U, !, BS=[VY]).
bi ndset (Goal , InF, BS) :-
bi ndset (Goal , B), nonvar_set(lnF, NV), diffv(B, NV, BS).

bi ndbag( Goal , I nF, BBag) :- bindset(Goal, |InF, BBag).

% *** A nmore discrimnating bindset that al so uses the set of existing

% vari abl es: Returns those variables in the goal that are not known not to be
% bound to a nonvariable. Does not return any variables which are either not
% bound or remain unbound (i.e. being bound to another unbound variable is ok).
bi ndset ( X=Y, ., SF, BS) :- var(X), \+inv(X, SF), !, BS=[X].

bi ndset ( X=Y, ., SF, BS) :- var(Y), \+inv(Y, SF), !, BS=[Y].

bi ndset (Goal, InF, _, BS) :- bindset(Goal, InF, BS).
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conpi |l er. pl

copyright(1,’ Aquarius Prolog conpiler’).
copyright(2,’ Copyright (C 1989 Peter Van Roy and Regents of the’).
copyright(3,’ University of California. Al rights reserved.’).

% This program nmay be freely used and nodified for non-comercial purposes
% provided this notice is kept unchanged and proper credit is given.
% Witten by Peter Van Roy in the Aquarius Project.

conpil er _version(’Mon Nov 12 14:58:53 PST 1990').

% Top | evel of the Aquarius conpiler

% See the files _|I NFORVATI ON, _GLOBAL_CHANGES, and _LOCAL CHANGES for

% information and details about the internal structure of the conpiler.

% The file output | anguage. pl contains an executable Prolog specification
% of the conpiler output’s syntax.

% Qper at or decl arati ons:
.- op( 700, xfx, ['\=1).
;- op(1050, xfx, ['=>"1).
.- op( 500, yfx, [and, or,xor]).

% The dynami c predicates: (needed for Quintus only)

% :- dynami c(conpile _cputime/3). % See stats in 'utility’.

% :- dynanmi c(gensym.i nteger/1). % See gensymin "utility’.
;- dynam c(include_stack/1).

.- dynam c(conpile option/1l).

: - dynam c(node_option/5).

.- dynam c(nodal _entry/2).

.- dynam c(save_cl ause/ 2). % For pi ped conpiler.
.- dynam c(nacro/6).
.- dynam c(sel ect _option/2). % For eval uation of determ nism sel ection.

% Default conpiler options for piped conpiler under Quintus Prol og:
% (These defaults are appropriate for the BAM processor)

default_option(flat). % Flatten switch(unify) (for piped versions).
default_option(wite). % Wite out the conpil ed code.

defaul t _option(source). % Wite source (for exanples & interactive).
defaul t _option(comrent). % Wite comments (just sone information).

defaul t _option(peep). % Do peephol e optin zati on.

default_option(low reg(0)). % Nunber of |owest register.

default _option(high reg(1000)). % Nunber of highest register (nmapped to nem.
default_option(l ow pern{0)). % Nunber of | owest pernanent vari abl e.

default _option(align(2)). % Al i gn conmpound terns to this val ue.

default _option(conpile). % Conpil e the input.

default_option(factor). % Do factoring source transformation.
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defaul t _option(uni). % Generate unify_atomic instruction.
default_option(select limt(1l)). %Depth limt on argument selection.
defaul t _option(hash_size(5)). % M ni mum si ze of hash table.

default _option(functor_limt(5)). %Arity limt for translation of functor.
default_option(include Iinmt(8)). % Nesting linmt for file inclusion.

default _option(depth_limt(2)). % Nesting limt for unification goals.
defaul t _option(short_bl ock(6)). % Threshol d on basic block length for shuffle.
defaul t _option(wite_once). % Use write-once pernanent vari abl es.

defaul t _option(sane_nunber_solutions). % Retain the sane nunber of sol utions.
defaul t _option(sane_order_solutions). % Retain the sane order of solutions.
default _option(split_integer). % Separate tags for pos and neg (as in BAM.
defaul t _option(systen(quintus)). % For Quintus Prol og.

defaul t _option(user_test_size(1,2)). % For segnenting; see segnent.pl.

defaul t _option(analyze uninit_reg). % Analyze may generate uninit_reg nodes.

% Ot her conpil er options:

% m ps Qutput is for MPS processor. This changes testset sel ection
% slightly. This option is enabled by the "m ps’ directive.
% anal yze Performsinple flow analysis for the input file, giving

% uninit, uninit_reg, ground, rderef & nonvar nodes.

% debug Wite debuggi ng nessages.

% mer ge_add Peephol e optinization: Merge adda and pad into push.

% For best results this should be done in the reorderer.

% cont i guous Predi cates must be contiguous (disabl ed).

% stats([t,c,p,s,d]) Stats in top, conp, peephol e, sel ecti on, proc_code.

% syst em(cpr ol 0g) Runni ng under C- Prol og

% Ensure that the defaults hold if an option is deleted erroneously:

| ow_reg(N) :- conpile_option(low reg(M), !, N=M

| ow_reg(N) :- default_option(low reg(M), !, N=M

hi gh_reg(N) :- conpile_option(high_reg(M), !, N=M

hi gh_reg(N) :- default_option(high_reg(M), !, N=M

| ow_pern(N) :- conpile_option(low perm(M), !, N=M

| ow_pern(N) :- default_option(low perm(M), !, N=M
align(N) :- conpile_option(align(M), !, N=M
align(N) :- default_option(align(M), !, N=M

t he_systen(S) :- conpile_option(system(M), !, S=M

t he_systen(S) :- default_option(system(M), !, S=M
select _limt(L) :- conmpile_option(select_limt(M), !, L=M
select _limt(L) :- default_option(select_Ilimt(M), !, L=M
depth_limt(L) :- conpile_option(depth limt(M), !, L=M
depth_limt(L) :- default_option(depth_ limt(M), !, L=M
split_integer :- conpile_option(split_integer), !.

nmer ge_add :- conpile_option(nerge_add), !.

write_once :- conpile_option(wite_once), !.
same_numnber :- conpile_option(same_nunber _sol utions), !.
same_or der :- conpile_option(same_order_sol utions), !.
nm ps :- conpile_option(mps), !.

vl si_plm :- conpile_option(vlsi_plm, !.

% Wite a pragna to informthe translator about the wite_once option:
pragma_wite_once(wite_once) -, W(:-(wite_once))), wn('."), nl.
pragma_wite_once(_).
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pragma_no_wite once(wite_once) :- !, w((:-(no_wite_once))), w( .’), nl.
pragma_no_wite_once(_).

% Pi ped conpiler:

% Create saved state: (Quintus)
gmain :- qmain(conpiler).

gmai n(C) :- qdefault, creator(C).

% Create saved state: (C Prolog)

% Note: this must be started up in a systemequal in size or larger than
% the one which created it.

cmain(C) :- cdefault, creator(CQ).

creator(C) :-
save(C, 1),
( pipe
; error('Sorry old chap, the conpiler has failed.’)
)!

hal t .
creator(_) :-
hal t .

% Pi ped conpil er working | oop:
pipe :- prompt(_, '’), print_version, read_expand(C), pipe_loop(d).

pi pe_| oop(end_of file) :-
pop_i ncl _stack(F), !, seen, see(F),
read_expand(d ), pipe_loop(d).
pi pe_| oop(end_of file) :- I.
pi pe_loop(C) :- pipe_loop_one(C, NextC), asserta(save clause(Nextd)), fail.
pi pe_loop(_) :- retract(save_clause(Nextd)), pipe_loop(NextdC).

pi pe_| oop_one(d, Nextd) :-
collect_clauses(d, Nextd, ds),
i nternal _comp(ds), !.

% Col lect all the clauses to be conpiled:
% Al the way to the end of the file, that is.
col l ect _clauses(end_of _file, Nextd, ds) :-
pop_incl _stack(F), !, seen, see(F),
read_expand(d),
collect _clauses(d, Nextd, ds).
col l ect _cl auses(end_of _file, end_of _file, []) :- !.
coll ect _clauses(C, Nextd, ds) :-
one_step(d, Mdd, ds, Md),
coll ect _clauses(Mdd, Nextd, Md).

% Handl e a single directive or predicate:
% Sonme directives are collected to be executed |ater.
one_step((:-D), Nextd, [(:-D)|Link], Link) :- after_collect(D), !,
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read_expand(Nextd ).

one_step((:-D)y, Nextd, Link, Link) :- 1,
handl e_dir (D),
read_expand(Nextd ).

one_step(d, Nextd, [d]|ds], Link) :-
get name(d , NaAr),
read_cl auses(NaAr, Nextd, ds, Link).

% Read a single predicate frominput:
read_cl auses(NaAr, Nextd, ds, Link) :-
read_expand(d ause),
get name( d ause, NA),
( NA=NaAr
-> O s=[d ause| Rest ],
read_cl auses(NaAr, Nextd , Rest, Link)
d s=Li nk,
Next Cl =C ause
), L.

% Handl e grammar rul es:
read_expand(C ause) :- read(d), expand_term(C, d ause).

get name(d ause, Name/Arity) :-
split(d ause, Head, ),
functor (Head, Nane, Arity), !.

% Handl e a single directive:

handl e_di r (D) :- var(D), !, warning(’ Variable directive ignored’).
handl e_dir((A B)) :- !, handle_dir(A), handl e _dir(B).

handl e_di r (D) :- add_node_option(D), !.

handl e_di r (D) :- add_entry_option(D), !.

handl e_di r (D) :- add_nodal _entry(D), !.

handl e_di r (D) :- add_macro_def (D), !.

handl e_di r (D) :- D=..[DNJDA], handle_dir(DN, DA), !.

handl e_di r (D) :- warning([’ Non-existent directive '’ ,D,’"" ignored]).
handl e_di r ( gc, []) :- gc.

handl e_di r ( nogc, []) :- nogc.

handl e_di r ( default, []) :- default.

handl e_di r ( mps, []) :- mips_options.

handl e_di r ( visi_plm []) :- vlsi_plmoptions.

handl e_di r ( clear, []) :- clr_node, clr_nodal _entry, clr_entry.
handl e_di r ( version, []) :- print_version.

handl e_di r ( help, []) :- print_help.

handl e_dir(printoption, []) :- po.

handl e_di r ( po, []) :- po.

handl e_di r ( option, L) :- cox_list(L).

handl e_di r ( o, L) :- cox_list(L).

handl e_dir( notoption, L) :- nox_list(L).

handl e_di r ( no, L) :- nox_list(L).

handl e_dir( statistics, []) :- w('/*"), statistics, wn('*/").



313

handl e_di r ( ex, [X]) :- ground(X), ex(X).

handl e_di r ( include, [F]) :- atom(F), seeing(Q, push_incl_stack(@, see(F).
handl e_di r ( comment, [X]) - W("% "), wn(X).

handl e_di r ( pass, [X]) :- wg((:-pass(X))), w(’'.").

handl e_di r ( op, [ABC) :- op(ABQO, w((:-0p(AB,C)), wa('.").

handl e_di r ( call, [X]) :- nonvar(X), call(X), wn(X).

% Al directives listed here are executed after all source transformation
% and dat afl ow anal ysis. They are executed interleaved with conpile_stree.
% Al directives not listed here are executed i medi ately upon readi ng t hem

% Note that 'include', "op’, 'entry’, and ’'node’ nust be executed imediately,
% as well as 'option(analyze)’', 'notoption(analyze)’.
after_collect((AB)) :- !, after_collect(A), after_collect(B)

after_collect(D :-
nonvar (D), D=..[DN| DA],
after_coll ect (DN, DA).

% after_coll ect ( visi_plm [1).
after_collect(printoption, []).

after_coll ect( po, [1).

after_coll ect( option, L) :- \'+ do_it_now(L).
after_coll ect( o, L) :- \'+ do_it_now(L).
after_collect( notoption, L) :- \'+ do_it_now(L).
after_coll ect( no, L) :- \'+ do_it_now(L).
after_collect( statistics, [])

after_coll ect( comment, [_])

after_coll ect( pass, [_])

after_coll ect( call, [_])

% Options in this list are done imredi atel y:
do_it_now(L) :- now_list(NL), menmber(X, NL), nmenber(X, L).
do_it_now([L]) :- now list(NL), menmber(X, NL), menber(X, L).

now_ | i st([nomem stats(_), anal yze, anal yze_uni nit_reg, conpi | e, conmrent , uni
factor,test,test_unify,test_arith,test_typecheck,firstarg]).

% Set correct options for the MPS processor
nm ps_options : -

def aul t,

cox_list([mps,align(1)]),

nox list([split_integer]).

% Set correct options for the VLSI-PLM
vlsi_plmoptions :-
def aul t,
cox_list([vlsi_plmhigh_reg(6),align(1)]),
nox list([split_integer]).

% Print version
print_version :- nl, print_copyright, print_date, nl

print_copyright :- copyright(_,0, WM('%’'), w(C, fail.
print_copyright.
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print_date :- compiler_version(V), !, wW(’'% Creation date '), wn(V).
print_date.

% Print help information:

print_help :-
nl,
wn(’' % List of valid directives:’),
wn( ' % def aul t Set default options and clear all else.’),
wn(’ % m ps Set default options for the MPS."),
wn(’' % vlsi_plm Set default options for the VLSI-PLM'),
wn(’ % cl ear Clear all nmpdes, nodal entries, and entries.’),
wn(’ % opti on( Opt Li st) Add the |isted options.’),
wn(’ % not opt i on( Opt Li st) Renove the listed options.’),
wn(’' % printoption Print the current options.’),
wn(’ % node( (Head: - Fornul a)) Mdde information for a predicate.’),
wn(’ % nodal _entry(H, Tree) Discrimnation tree for efficient builtins.’),
wn(’' % entry((Head: -Formula)) An entry point for flow analysis.’),
wn(’ % i ncl ude(F) Insert the contents of file F."),
wn( ' % pass(X) Pass :-pass(X). unaltered to the output.’),
wn(’ % ver si on Print the creation date of this version.’),
wn(’' % statistics Print conpiler execution statistics.’),
wn(’ % op( A B, © Qperator declaration. Passed to the output.’),
nl .

% Handl e the include stack:
push_incl _stack(File) :-
i ncl ude_stack(Files),
my_retractall (include_stack(_)),
F=[File|Files],
asserta(include_stack(F)),
(length(F, N, conpile option(include_limt(M), N>M
-> warni ng([’' The inclusion stack ', F,
nl, 'has exceeded the linmt of ',M’ nested includes.’])
; true

).

pop_incl _stack(File) :-
i ncl ude_stack([File|Files]),
my_retractall (include_stack(_)),
asserta(include_stack(Files)).

i ncl ude_stack([]).

% I nteractive conpiler:

% Conpile to a file:

cf(F, Rawds) :- cf(F, Rawds, []).

cf(F, RawCs, M :- tell(F), comp(RawCls, M, !, told.
cf(_, _, ) :- told.

% Conpile to the screen:
% (Mbdes are added to the gl obal database)
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conmp(RawCl s) :- comp(Rawdl's, []).

conp(RawCl s, Modes) : -
make |ist(Mddes, M),
conp(RawCl s, M., Code),
wite source(RawCls, M),
write_code(Code).

conp( Rawdl s, Modeli st, Code) : -
cl r_node,
add_node_opti ons( ModelLi st),
i nternal _comp(RawCl s, Code).

% Conpi l e an exanple predicate to the screen:
ex(Ex) :- ex(Ex, Code, Mddes), !, conp(Code, Mbdes).

% Conpile a list of exanple predicates to a file:
conpex( Exanmpl eList, File) :- tell(File), conpex(ExanplelList), told.

conpex([]
conpex([ X| Exampl es]) :- ex(X), fail.
[

conpex([ _| Exanpl es]) :- conpex(Exanpl es).

% I nternal conpiler:

% Conpi l ation of a set of raw input clauses.
% The cl auses may contai n non-conti guous procedures.

% Wite the conpil ed output.
internal _comp(RawCl s) :- internal_conp(wite, Rawds, ).

% Return the conpiler output; don't wite it.
i nternal _comp(RawCl s, Code) :- internal _conmp(nowite, RawCls, Code).

internal _comp(_, [], [1]) :- !.
i nternal _comp(WFl ag, RawCl s, Code) :- cons(Rawd s), !,
init_stats,
cont_cls(RawCl's, ds),
cls to ptrees(ds, Ptrees),
conp_steps(Wl ag, Ptrees, Code).

conp_steps(Wl ag) -->
{stats(t, 1)},
transformcut _ptrees,
{stats(t,2)},
factor_ptrees,
{stats(t,3)},
ptrees_to_strees,
{stats(t,4)},
flatten_strees,
{stats(t,5)},
i nline_strees,
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{stats(t,6)},
anal yze_strees,
{stats(t,7)},

conpi | e_strees( Wl ag),

{done_stats}, !.

% Conpil ati on of a set of Strees.
conpi |l e_strees(Wl ag, Ss, Code) :-
conpi l e_strees(Ss, peep, return, header, Wl ag, Code, []).

conpile_strees([], PF, RF, HF, W) --> 1.
conpile_strees([ S| Ss], PF, RF, HF, WF) --> {S=stree(NaAr, , , , , )},
{conpi | e_conment (NaAr) },

{print_stree(S)},

{init_gensyn},
conpi l e_stree(S,

PF, RF, HF, W),

conpi l e_strees(Ss, PF, RF, HF, W).
conpile_strees([(:-D)| Ss], PF, RF, HF, W) --> 1,

{handl e_dir (D)},

conpi l e_strees(Ss, PF, RF, HF, W).

print_stree(S) :- conpile_option(print_stree), !,
wite(’% '), g_inst_witeq(S), w('.").

print_stree(_).

conpi | e_conment ( NaAr

) :- compile_option(conpile), !,

nl, coment ([’ Compiling ', NaAr,’ ..."]).

conpil e_comment ().

% Conpil ation of a single procedure in flattened Stree fornat.
% Fl ags governing the conpil ation:

% Peephol e fl ag:

% PFl ag peep

% PFl ag nopeep
% Return fl ag:

% RFlag = return
% RFlag = junp(L)
% Header fl ag:

% HFl ag = header
% HFl ag = noheader
% Wite flag:

% Wlag = wite

% Wlag = nowite
conpil e_stree(Stree,

full peephole optimzation is done.
no peephol e optim zation is done.

conpile return instructi on when code conpl etes.
conpile junp to end of code when code conpl etes.

prepend a procedure header to the code.
generate no header.

wite the code; return nothing.
return the code; don't wite it.
PFl ag, RFl ag, HFl ag, Wl ag, Code, Link) :-

conpile_stree(Stree, PFlag, RFlag, HFlag, O,

(W ag = wite
-> wite_code(Q),

Code=Li nk

- difflist(C, Code, Link)

).

conpil e_stree(Stree,

PFl ag, RFl ag, HFl ag, Code) :-

conpi l e_option(conpile), !,
cal c_sel ect _depth(Stree),

stat s(x, 20),



builtin_warning(Stree),

stats(c, 1),

trimstree(Stree, Trinftree),

stats(c, 2),

% Run-time selection wthout nodes:
select_stree(Trinttree, Sel Stree, BList),

Sel Stree = stree(NaAr, (Head: -Di sj), Mbde, _, DLi st, ),
proc_header (HFl ag, NaAr, Code, PCode),

% Procedure conpil ation:

stats(c, 3),

segnment _di sj (Head, Disj, Seghisj, Mde, Bodylist, BList),
stats(c, 4),

sel ection_di sj (Head, SegDisj, Mde, SelDsj),

stats(c, 5),

proc_code(Head, Sel Disj, Mde, DList, RFlag, UnoptCode, C2)
% Cl ause conpil ation:

stats(c, 6),

cl ause_code_Ii st (BodyList, DList, C2, C3),

% Handl e RFl ag’ s desti nation:
end_l abel (RFlag, C3, []),

% Peephol e optini zation:

stats(c,7),
peephol e( NaAr, Unopt Code, PCode, PFl ag),
stats(c, 8),
I
conpile_stree(_, _, _, _, [1).
% Cal cul ate sel ection depth:
% cal c_sel ect _depth(stree(_,(_:-D),_,_,_,SD1)) :-
% var (SD1),
% select _limt(SD), SD<2,
% length disj(D, N, N==2, I,
% SD1 = 2.
cal c_sel ect _depth(stree(_, , ,_,_,SD)) :-
var(SD), !,
select _|limt(SD).
cal c_sel ect _depth(stree(_, , ,_,_,SD)) :-

nonvar ( SD) .

% Gve a warning if the predicate being conpiled is a builtin:

builtin_warning(stree(NA _, , , ,)) :-
functor(G N, A,
(builtin(Q
-> warning([’' The predicate ' ,NA ' is a builtin.’])
; true
).

% Tri mthe node of an stree:
trimstree(stree(NA HD, M OH, DL, SD), stree(NA HD, TM OH, DL, SD))
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% Handl e HFIl ag:
pr oc_header ( noheader, ) --> 1.
pr oc_header ( header, NaAr) --> [procedure(NaAr)].

% Handl e RFl ag:

% Dunmmi es have a junp to this | abel instead of a return.
% end_| abel (return) -->1].

end_| abel (return) --> [return].

end_| abel (junp(Lbl)) --> [l abel (Lbl)].

% ' Heuristic’ run-tinme selection:
% When the node is weak (e.g. flow analysis isn't always able to do a good j ob)
%this routine 'enriches’ an stree by adding a choice between var(X) and
% nonvar (X). The numnber of |evels of enrichment is given by select _limt.
% A heuristic that generalizes the WAM s first argument selection is used to
% choose which argunent will be enriched. A select limt of 1 already inproves
% on WAM sel ecti on.
% Conpilation tinme of an stree goes up rapidly with the selection limt.
% Each choice is routed to a duplicate of the original code. To do this
% wi t hout duplicating the whole predicate the stree’s disjunction is first
% naively split into heads and bodies. Only the heads are duplicated.
% Not es for inmprovenent:
% - Only put in TestDisj those tests that can be used.
sel ect _stree(Stree, Sel Stree, BodyList) :-
Stree = stree(Na/Ar, (H:-Disj), (H-F), OH DL, SD),
SD>0, % Select only if depth [imt not reached
Ar >0, % Select only if arity>0
length _disj(Disj, N), N1, % Select only if >1 clauses

% Find the set of argunents that it’s good to select with,

%i.e. that are argunents of a unification not known to succeed,

%i.e. in the unification neither argunent is known to be unbound.
segnent _all _disj(Disj, H F, TestD sj, BodyList, GoodVars),

% Make sure that the nunmber of good variables inplied nonvar
%is less than the depth limt & return the other good variabl es.
% I1f analysis didn't create enough nonvar nodes, then selection
%wll create nore up to the selection linit.

% I1f argunent 1 is in NotNV, then it is used in selection, even
%if that makes the total number of nonvars greater than SL.
not _nonvar (GoodVvars, F, Not NV, NV),

select _limt(SL),

( Nv<SL

; arg(l, H Al), inv(Al, NotNV)

),

% Use the | owest nunmbered good vari abl e that

%is not inplied nonvar or unbound:

range_option(1, I, Ar),

arg(l, H X,

menber v( X, Not NV),

I

comment ([’ Doi ng sel ection on argunent ',1,’ of ',Na/Ar]),
asserta(sel ect_option(H, 1)),
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subsume(var ( X), TestDisj, VDisj), standard_disj (VD sj, VarbDisj),
subsume(nonvar (X), TestDisj, NDisj), standard_disj(NDisj, NonDisj),
new_head("$v_", H, [], H1), functor(Hl, Nal, Arl),

new_head("$nv_", H [], H2), functor(H2, Na2, Ar2),
% DL is needed in three strees, since each can have calls to nested
% strees. This leads to sone code duplication, which is reduced by
% peep_unig. Alas, the increase in conpilation time remains.
SD1 is SD-1,
after(var(X), VarF),
after (nonvar (X), NonvarF),
conbi ne_formul a(VarF, F, VF),
conbi ne_f ormul a(NonvarF, F, NF),
VarStr = stree(Nal/Arl, (Hl:-VarDisj), (Hl:-VF), [], DL, SD1),
NonStr = stree(Na2/Ar2, (H2:-NonDisj), (H2:-NF),[], DL, SD1),
add_node_option(H, Hl, true, VarF, yes),
add_node_option(H, H2, true, NonvarF, yes),
standard_di sj ((var (X), H1; nonvar ( X), H2), NewDi sj),
Sel Stree = stree(Na/Ar, (H -NewDi sj),(H-F),[],[VarStr,NonStr|DL], SD),
I
% Default if no selection done:
sel ect _stree(Stree, Stree, []).

% Cal cul ate the subset of the good variables not inplied nonvar
% and t he nunber of good variables inplied nonvar:
not _nonvar (GoodVars, Form NotNV, NV) :-

not _nonvar (GoodVars, Form NotNV, 0, NV).

not _nonvar([], _, []1, NN N).

not _nonvar ([ X|] Vars], Form NotNV, I, N) :- inplies(Form nonvar(X)), !,
1 is |+1,
not _nonvar(Vars, Form NotNV, |11, N).

not _nonvar ([ X] Vars], Form [X NotNV], I, N) :-
not _nonvar(Vars, Form NotNV, |, N).

% For eval uation of determ nism sel ection:

% Al l ow all argunents, or allowonly first argument:
range_option(_, I, _) :- conpile_option(firstarg), !, I=1.
range_option(L, I, H :- range(L, I, H).

% Handl e conpil er options:

% Add a nmodal _entry, which contains a discrimnation tree of entry points for
% predicates (usually builtins). This allows nore efficient conpilation of
% builtins by replacing the expensive general case by a cheaper alternative.
add_nodal _entry(nodal _entry(Head, Tree)) :- check_nodal entry(Head, Tree), !,
my_retractall (nodal _entry(Head, )),
asserta(nodal _entry(Head, Tree)).
add_nodal _entry(nodal _entry(_, )).

clr_nodal _entry :- my_retractall (nodal _entry(_, )).

check_nodal _entry(H, T) :-
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nonvar (H), nonvar(T), check tree_entry(T), !.
check_nmodal _entry(H, ) :-
error ([’ Modal entry ',H ' has incorrect syntax.']), fail.

check _tree_entry(entry(E)) :- nonvar(E).
check _tree_entry(node(F, True, Fal se)) :-
nonvar (F), nonvar(True), nonvar(Fal se),
check_tree_entry(True),
check _tree_entry(Fal se).

% Add an external entry point and its node to the gl obal data base:
% An entry is a node declaration with the additional task of being
% a starting point for flow analysis.
add_entry_option(entry(H R B, A'S)) :-

add_node_option(node(H R B, A'S)),

nox(entry(H, )),

translate((R B), TB),

flat_conj (TB, FB),

| ogi cal _sinplify(FB, SB),

asserta(conpile_option(entry(H, SB))).
add_entry_option(entry((H:-B))) :-

add_node_option(node((H:-B))),

nox(entry(H, )),

transl ate(B, TB),

flat_conj (TB, FB),

| ogi cal _sinplify(FB, SB),

asserta(conpile_option(entry(H, SB))).
add_entry_option(entry(Nane/ Arity)) :-

at om( Nane), nonnegative(Arity),

functor(H, Name, Arity),

add_node_option(node((H:-true))),

nox(entry(H, )),

asserta(conpile_option(entry(Htrue))).

clr_entry :- my_retractall (conpile_option(entry(_, ))).

% Add/ cl ear nmode options in global data base:
% Par anet ers: node(Head, Requi re, Before, After, Survive).
add_node_option(node(true)) :- !.
% Both uninit & deref are required nodes for external input:
add_node_option(node((H:-F))) :- check_non_builtin(H), !,
my_retractall (nmode_option(H, _, , , )),
make req_bef(F, Req, Bef),
keep_uninit(H Req, KReq),
asserta(node_option(H, KReq, Bef ,true, n)).
add_node_opti on(node(_)).
% Ent er nmodes generated by fl ow anal ysi s:
% Only uninit nodes are required nodes for flow anal ysis.
add_node_option(anal yze_node(H, R B, A)) :- check_non_builtin(H, !,
survive(H, 9),
my_retractall (nmode_option(H, _, , , )),
keep_uninit(H R KR),
keep_uninit(H, B, KB),
translate(KR, TR), flat_conj (TR FR), logical_sinplify(FR SReq),
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translate(KB, TB), flat_conj(TB, FB), |ogical_sinplify(FB, SBef),
translate(A, TA), flat_conj(TA FA), logical _sinmplify(FA SAft),
asserta(node_option(H, SReq, SBef , SAft, S)).
add_node_option(anal yze_node(_, , ,_)).
% Enter require & before nodes generated for internal dunmy predicates:
% Requi re dereference node beconmes a Before dereference node.
% (This is done in flatten & factor)
add_node_opti on(dummy_node(H, R, B)) :- check_non_builtin(H), !,
survive(H, 9),
after(H, SAft),
my_retractall (nmode_option(H, _, , , )),
keep_uninit(H R KR), split_deref(KR D R2),
keep_uninit(H, B, KB),
transl at e( R2, TR), flat_conj (TR, FR), logical _sinmplify(FR SReq),
translate((D, KB), TB), flat_conj(TB, FB), |ogical _sinmplify(FB, SBef),
asserta(node_option(H, SReq, SBef , SAft, S)).

add_node_opt i on(dunmmy_node(_, , )).
add_node_option(node(H R B, A ' S)) :- check_non_builtin(H, !,
nmy_retractal | (node_option(H, _, _, _,_)),

keep_uninit(H R KR), translate(KR TR), logical _sinplify(TR STR),
keep_uninit(H, B, KB), translate(KB, TB), logical_sinplify(TB, STB),
translate(A, TA), logical _sinmlify(TA STA),
asserta(node_option(H, STR, STB, STA, S)) .
add_node_option(rmode( _, , _, _,_)).
% Create a new node by suppl enenting an old one with an extra forml a:
% Needs to be used whenever a new stree is created by source transformation.
% Requi re dereference node beconmes a Before dereference node.
% AFl ag (yes/ no) deterni nes whether the After node is copied too.
add_node_opti on( A dHead, NewHead, Req, Bef, AFlag) :-
node_option(d dHead, R B,A'S), !,
split_deref(R D R2),
split_deref(Req, Deref, Reqg2),
flat_conj ((Reg2, R2), NewR),
flat_conj ((Deref, D, Bef, B), NewB),
make_after (AFl ag, A, NewA),
add_node_opt i on( mode( NewHead, NewR, NewB, NewA, S)) .
add_node_option(_, NewHead, Req, Bef, ) :-
split_deref(Req, Deref, NewR),
flat_conj ((Deref,Bef), NewB),
add_node_opt i on( mode( NewHead, NewR, NewB, t rue, n)).

make after(yes, After, After).
make_after( no, _, true).

make req_bef (Form SReq, SBef) :-
transl ate(Form TForm,
flat_conj (TForm FForm,
split_uninit_deref (FForm Req, Bef),
| ogi cal _sinplify(Req, SReq),
| ogi cal _sinplify(Bef, SBef).

add_node_options([]) :- !.
add_node_options([(H:-B)|M]) :- !,
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add_node_option(node((H:-B))),
add_node_options(M.).
add_node_options([true| M]) :- !,
add_node_options(M.).
add_node_options([M M]) :-
add_node_option(M,
add_node_options(M.).

clr_node :- ny_retractall (nmode_option(_, , , , )).
% Make sure that no nodes are added for builtins (they would override
% the nopdes in the tables):
check_non_buil ti n(Head) : -

nonvar ( Head) ,

functor (Head, N, A),

check_nb( Head,

["Attenpt to give nodes for builtin ', NA ' is ignored.’]).

check_nb(Head, L) :- builtin(Head), !, warning(L), fail
check_nb(_, ).

% Add/ remove a conpil er option:

o(Option) :- nonvar(Option), cox(Option, ), po, !.

no(Option) :- nonvar(Option), nox(Option, ), po, !.

co(Option) :- nonvar(Option), cox(Option, true), po, !

po :- pox(Opts), wite(’% Options ="'), wite(Opts), nl, pnodes, !

prodes :- node_option(A B,C D E), W({'%’'), inst_witeq(nmde(A B, C D E)),nl,fail
prodes :- nodal _entry(A B), W('%"’), inst_witeq(nodal _entry(A B)), nl, fail
prodes.

% Add an opti on:
ox(Option) :- ox(Option, ).

ox(Option, true) :-
conpil e_option(Option), !.
ox(Option, false) :-
\ +conpi |l e_option(Option),
pragma_wite_once(Option),
asserta(conpile_option(Option)).

% Renpve an option

nox(Option) :- nox(Option, _).

nox(Option, true) :-
copy(Qption, Op),
conpi l e_option(Qp), !,
pragma_no_wite_once(Option),
my_retractall (conpil e_option(Option)).
nox(Option, false) :-
\ +conpi |l e_option(Option).

nox_list([]) :- !.

nox_list([Opt|Opts]) :- !, nox_list(Opt), nox_ list(Opts).
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nox list(Opt) :- \+list(Opt), !, nox(Opt).

nmy_retractall (C :-
copy(C, D),
retract(D), !,
my_retractall (C).

nmy_retractall ().

% Change/ add an opti on:
% Add if it doesn't exist, change if it does.
cox(Option) :- cox(Option, true).
cox(Option, true) :-
atom c(Option),
conpil e_option(Option), !.
cox(Option, Exists) :-
functor(Option, N, A,
functor (Dumy, N, A),
nox(Dumy, Exists), !,
ox(Option, _).
cox(Option, ) :-
ox(Option).

cox_list([]) :- !'.
cox_list([Opt|Opts]) :- !, cox_list(Opt), cox_list(Opts).
cox_list(Opt) :- \+list(Opt), !, cox(Opt).

% Make a list of all options:
pox(Opts) :- setof (Opt, conpile_option(Opt), Opts).

% Set default options:
% Does the correct thing for each system

default :- conpile_option(system(cprolog)), !, cdefault.
default :- conpile_option(systemquintus)), !, gdefault.
% For pi ped use under Quintus Prol og:
gdefaul t : -

my_retractall (compile_option(_)),

my_retractall (node_option(_, , , , )),

my_retractall (modal _entry(_, )),
defaul t _option(X),
asserta(comnpil e_option(X)),
fail.

gdefaul t.

% For pi ped use under C-Prol og:
cdefault :-
gdef aul t,

cox(systen{cprol og)).

% For interactive use:
i nteractive_default(cprolog) :- cdefault, nox(flat), po.
i nteractive_default(quintus) :- gdefault, nox(flat), po.
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% Handl e macro definitions:
% Macros give the expansion of a call into BAM assenbly instructions.
% An attenpt to give a macro definition to a built-in predicate is ignored.

add_nacro_def (macro((H -B))) :- check_nacro_def(H), !,

my_retractall (macro(H, _, , ,_, )),

conjlist(B, BL, []),

renove_doubl e_i ndirect (H, NewH, NewBL, BL),

var set (NewBL, Vars),

di fflist(NewBL, Code, Link),

macro_varlist(NewBL, Varlist, Varlink),

assert a(macr o( NewH, Code, Li nk, Varlist, Varlink, Vars)).
add_nacro_def (macro(_)) .

% Add nove instructions for all arguments except outputs.
% These move instructions catch the indirections created by the dereference
% chain transformation, thus elimnating any possibility of double indirections
%in the resulting code. |If there are no indirections, then preferred register
% al | ocation renoves the noves.
renove_doubl e_indirect (A dH, NewH) -->
{functor(d dH, Na, Ar)},
{functor(NewH, Na, Ar)},
{require(d dH, Req)},
{uninit_set_type(reg, Req, Set)},
mat ch_heads(1, Ar, O dH NewH Set).

mat ch_heads(I, A, _, , ) -->{I>Ar}, !.
mat ch_heads(l, Ar, O dH NewH Set) --> {I=<Ar},

{arg(l, ddH X},
{inv(X, Set)},
I

{arg(l, NewH X},

{11 is |+1},

mat ch_heads(11, Ar, A dH NewH Set).

mat ch_heads(l, Ar, O dH NewH Set) --> {I=<Ar},

{arg(l, NewH X)},

{arg(l, AdH Y)},

[move( X, V)],

{11 is |+1},

mat ch_heads(11, Ar, A dH NewH Set).

check_macro_def (Head) : -
nonvar ( Head) ,
functor (Head, N, A),
check_nb( Head,
["Attenpt to give macro definition for builtin ', NA ' is ignored.']).

% Correctness of this varlist generation depends on the fact that for all
% instructions the output is witten rightrmost. This neans that a varbag
% t hat keeps the order is correct.
macro_varlist([nove(A B)|List]) --> {var(A),var(B)}, !,

[ pref, A B],

macro_varlist(List).



macro_varlist([label (_)]|List])
macro_varlist(List).

macro_varlist([I]|List])
{varbag(l, Vars)},

{di ffbag(Vars, Lbls, Ls)},
difflist(Ls),
macro_varlist(List).
macro_varlist([I|List]) -->
var bag(l),
macro_varlist(List).
macro_varlist([]) -->[].

% Di fference of two bags,

diffbag([]1, _, []).
di f fbag([ X| BL], B2, B) :-
di ffbag([ X| B1], B2, [X B]) :-

menberv(X, B2), !
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-->

--> {branch(l, Lbls)}, !,

keepi ng the order of the first:

di f f bag(B1, B2, B).

di f f bag(B1, B2, B).
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expression. pl

% Conpiling arithnmetic expressions into basic arithmetic:

% At sone point, get rid of is/2 in conpilation of functor & arg.

% Top | evel goal (X is Expr):
top_expr(Expr, X) --> {arith_eval (Expr, EExpr)}, xtop_expr(EExpr, X).

% Used for an expression in an argunent:
expr ( Expr, S) --> {arith_eval (Expr, EExpr)}, xexpr(EExpr, S).

% Top | evel goal:

xtop_expr (Expr, X) --> {nunber(Expr)},
xtop_expr(Expr, X) --> {var(Expr)},
xtop_expr (Expr, X) --> {aton(Expr)},
xtop_expr (Expr, X) --> {conmpound( Expr)},

I, co((X = Expr)).
I, co((Xis Expr)).
I, co((Xis Expr)).
I, xexpr(Expr, X).
% Convert arithnmetic expression into primtive operations:
xexpr (I Expr, |Expr) --> {var(lExpr)}, !.
xexpr (I Expr, | Expr) --> {nunber(IExpr)}, !.
xexpr ([ Expr], OExpr) --> 1!, xexpr(lExpr, OExpr).
xexpr (| Expr, OExpr) -->
{arith_operation(lExpr, Es, Ss, Oexpr, Pred, Link)}, !,
xexpr_list(Es, Ss), insert(Pred, Link).
xexpr (I Expr, OExpr) --> co((OExpr is |Expr)).

xexpr_lList([], []1) -->11.
xexpr _list([El Es], [S|Ss]) --> xexpr(E, S), xexpr_list(Es, Ss).

arith_operation( E1+E2, [El,E2], [S1,S2], D) --> co(’'$add' (S1,S2,D)).
arith_operation( El-E2, [El,E2], [S1,S2], D) --> co('$sub’'(S1,S2,D)).
arith_operation( E1*E2, [El,E2], [S1,S2], D) --> co('$mul’(S1,S2,D).
arith_operation( El//E2, [E1,E2], [S1,S2], D --> co('$div'(S1,S2,D)).

arith_operation((El nmod E2), [EL1l,E2], [S1,S2], D) --> co(’ $nod’ (S1,S2,D)).

arith_operation( (E1 /\ E2), [El,E2], [S1,S2], D) --> co(’ $and’ (S1,S2,D)).

arith _operation((El and E2), [El,E2], [S1,S2], D) --> co('$and (S1,S2,D)).

arith operation( (E1 \/ E2), [El, E2], [S1,S2], D) --> co( '"$or’'(S1,S2,D)).

arith _operation( (E1 or E2), [El,E2], [S1,S2], D) --> co( '"$or’'(S1,S2,D)).

arith _operation((El xor E2), [El,E2], [S1,S2], D) --> co(’' $xor’'(S1,S2,D)).

arith_operation( -(E1), [ELl], [S1], D --> co( '$sub’(0,S1,D)).

arith_operation( \(E1), [ELl], [S1], D --> cof "$not’ (S1,D)).

arith _operation( (E1 << E2), [El,E2], [S1,S2], D) --> {\+vlsi _pln}, !,
co('$sll’'(S1,S2,D)).

arith _operation( (E1 > E2), [El,E2], [S1,S2], D) --> {\+vlsi _pln}, !,
co('$sra’' (S1,S2,D)).

arith operation( (E1 << E2), [El,E2], [S1,S2], S1) --> {vlsi_pln, !,
co(’$sll'(S1,S52)).

arith _operation( (E1 >> E2), [El,E2], [S1,S2], S1) --> {vlsi_pln, !,
co(’$sra’ (S1,S2)).
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% Eval uate as nuch of an arithnetic expression as possible at compile-tine:

:- var(Expr), !.

nonvar (Expr), !,

arith_eval (Expr, Expr)

arith_eval (Expr, Res)
functor (Expr, Op, Arity),
functor (EExpr, Op, Arity),

eval _args(1l, Arity, Expr, EExpr),
arith_one( EExpr, Res).
eval _args(l, N, _, _ - I >N,
eval _args(l, N, Expr, EExpr) | =<N, !,
arg(l, Expr, E),
arg(l, EExpr, EE),
arith_eval (E, EE),
1 is |+1,
eval _args(11, N, Expr, EExpr).

arith_one(Op, Res)
arith_one(Op, Op).

arith_one_tab(
arith_one_tab(
arith_one_tab(
arith_one_tab(
arith_one_tab(
arith_one_tab((A nod
arith_one_tab( (A /\
arith_one_tab((A and
arith_one_tab( (A \/
arith_one_tab( (A or
arith_one_tab((A xor

%Ris (A/\ \(B)) \/
-(A),
\(A),

arith_one_tab(
arith_one_tab(

arith_one_tab(Op, Res), !.

LAl
A+B,
A-B,
A*B,
A B,

B),
B),
B),
B),
B),
B),

arith_one_tab( (A << B),
arith_one_tab( (A >> B),

xor(A, B, R :-

A .

R :-
R :-
R :-
R :-
R :-
R :-
R :-
R :-
R :-
R :-
(B /\
R :-
R :-
R :-
R :-

nt eger (A),
nt eger (A),
nt eger (A),
nt eger (A),
nt eger (A),
nt eger (A),
nt eger (A),
nt eger (A),
nt eger (A),
nt eger (A),
\(A).

i nteger(A),
i nteger(A),
i nteger(A),
i nteger(A),

i nteger(B),
i nteger(B),
i nteger(B),
i nteger(B),
i nteger(B),
i nteger(B),
i nteger(B),
i nteger(B),
i nteger(B),
i nteger(B),
Ris -(A.

Ris \(A.

i nteger(B),
i nteger(B),

Ris (A/\ \(B)) \/ (B/\ \(A).

A+B.
A-B.

A*B.

A B.

(A mod B).
(A/\ B).
(A/\ B).
(A\/ B).
(A\/ B).
A B, R.

AV DVIOODIOD

Xor

~0O O nnnnonuon

Ris (A << B).
Ris (A >> B).
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factor. pl

% Ol ause head factoring:

% Col | ect groups of clauses whose heads can be conbined in nontrivial
% fashion (with nost-specific-generalization). Then create dunmmy procedures
% for those groups and sinplify the definition of the original predicate.

% For exanpl e, consider the predicate:
% h([x|Y]).

% h([y|Y]).
% h([]).

% This factorizes to:
% h([AB]) :- h (B, A.

% h([]).
%

% h' (B, x).
% h (B, y).

% Thi s nodul e i npl enents the followi ng heuristic:
% Only factor a given argurment of a predicate if no non-adjacent clauses have
% a non-trivial MBG  This ensures that no extra choice points will be created.

% The transfornmation will not cause solutions to be reordered on backtracking
% if the conpiler option sane_order_solutions is active. |If this optionis
% di sabl ed, then nore aggressive factoring is done which will change the

% ordering of solutions on backtracking. |In that case, the above heuristic
% has no effect.

% Thi s nodul e uses the data type 'ptree(NaneArity, d s, Mode, DunmyList)’ to

% represent a tree of dummy predicates, where Mdyde=(Head: - Fornul a).

% This al gorithmexecutes in QA NIog N time where A = arity and N = nunber
% of cl auses.

% Thi s nodul e nay need other heuristics to avoi d superfluous choi ce point

% creati on which may sl ow down execution in sonme cases. For exanple, the

% savings of multiple structure creation (how many structures are saved)

% can be wei ghed agai nst the cost of creating and using the extra choice point.
% What's inside the MSG s can al so be taken into account. |If they're all

% variabl es then deterninistic selection nmay not be able to do nuch, but if
%they' re all different nonvariable terms then much can be done.

% Gt her heuristics for future consideration:

% 1. Atons are not factored out because it gives no perfornance inprovenent.
% X. Factor only if there are nodes. |If there are no nodes, then default

% sel ection has sonmething to work on. FAULTY HEURI STIC! Factoring | eaves
% exactly what is required to work on.

% Possi ble: don't factor if there is a nonvar nbde & some nonvar terms in that
% argunent. See verb formfor an exanple where this m ght help.

% Possi bl e heuristic: factor those args with structure variables which are in
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% tests beyond the MSG  Then sone determ nismselection will work

% for them

% Possi ble heuristic: don't factor if it’'s not needed to get determ nism

% How to approximte this in practice?

% Possi bl e heuristic: don't factor if there are 'enough’ tests in the cl auses.

% Not es:

% 1. The call graph of this nmodule is highly cyclic, but clean. Term nation
% i s somewhat subtle to show.

% 2. The "match_...’ predicates are al so used el sewhere. They may be better
% off as utilities.

% 3. The transfer of nmodes froma predicate to its dunmes is done in a naive
% way: the sane formula is used. A later version should | ook inside

% structures and lists and infer nodes about them

% 4. Atom c head argunments are NOT factored out, since this does NOI speed
% up execution.

% 4. This nodul e shoul d be used before standardi zati on i s done.

% 5. Can do dereference factoring: know that arguments are dereferenced.

% Convention that all args upon entry are always dereferenced.

% 6. This nodul e i ncreases the average arity of predicates.

% *** Entry Point:
% Factor a set of Ptrees:
factor_ptrees(Ps, Ps) :- \+conpile_option(factor), !.
factor_ptrees([], []) :- conpile_option(factor), !.
factor_ptrees([D/ Ps], [D FPs]) :- conpile_option(factor),
directive(D), !,
factor_ptrees(Ps, FPs).
factor_ptrees([P|Ps], [FP|FPs]) :- conpile_option(factor), !,
factor_dlist(P, DP),
get _factor_args(P, Args),
factor_args_ptree(Args, DP, FP),
factor_ptrees(Ps, FPs).

factor_dlist(ptree(NaAr,d s, M D), ptree(NaAr,Cds, MND)) :-
factor_ptrees(D, ND).

% G ven the argunents, factor out all Args of a Ptree, and get a new Ptree:

% The DLi st is unchanged.

factor_args_ptree([], P, P).

factor_args_ptree([N Args], ptree(NaAr,Cd s, M D), ptree(NaAr,NC s, MND)) :-
factor_arg cls(NaAr, N, ds, NCs, M Ptrees, []),
factor_args_ptrees(Args, Ptrees, ND, D).

% G ven the argunents, factor a set of Ptrees, and get a set of new Ptrees:
factor_args_ptrees(_, [], Link, Link).
factor_args_ptrees(Args, [P|Ptrees], [NP|NPtrees], Link) :-
factor_args_ptree(Args, P, NP),
factor_args_ptrees(Args, Ptrees, NPtrees, Link).

% Fact or argument N of a procedure: (no recursive factoring)
factor_arg cls(NaAr, N, ds, Newds, Mde, Ptrees, Link) :-
check_arity(ds, N),
get _arg(ds, N, Args),
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sol uti on_order(Args, OderArgs),

coll ect i nfo(NaAr, OrderArgs, Info, MsgList),
cons( 1 nfo),

check_heuri stic(MsglLi st),

I

transform(Cs, 1, N, Info, NewC's, DumyProcs),
keysort ( DunmyProcs, SortProcs),
collect _ptrees(SortProcs, N, Mde, Ptrees, Link).
factor_arg cls(NaAr, N, ds, ds, Mde, Link, Link).
%\ +check_arity(ds, N, !.

solution_order(Args, Args) :- sane_order, !.
solution_order(Args, Sort) :- \+same_order, !, keysort(Args, Sort).

% Succeed (& then factor the argunment) only if no non-adjacent heads have
% a non-trivial MG
check_heuristic(MsgList) :-

keysort (MsgLi st, Sort),

\ +adj acent _nontrivial (Sort).

adjacent _nontrivial ([ X-_,Y-_|_]) :- meg(X, Y, Z), compound(Z).
adj acent _nontrivial ([_|L]) :- adjacent_nontrivial (L).

% CGet argunents for factoring:

% Succeeds with list of possible argunent nunbers for factoring:
get _factor_args(ptree(_,ds,(_:-Form,_), Args) :-

% \ +For n¥t r ue,

a_head(ds, H), functor(H _, Arity),

bagof (N, (range(1, N, Arity),test_arg(N, ds)), Args), !.
get _factor_args(_, [])-

% Succeeds if argument N has two sinilar conpound val ues:
% Can’t use setof/3 here because it conbines identical elenents.
test _arg(N, Cs) :-
bagof (X-nop, H (a_head(d s, H),arg(N, H X), conpound(X)), SetArgs),
keysort (Set Args, SortArgs),
simlar_args(SortArgs), !.

a_head(Cs, H :- menber(d, ds), split(d, H _).
% Succeeds if there are two sinilar argunents:

simlar_args([X-nop, Y-nop| Set]) :- simlar(XY), !.
simlar_args([_|Set]) :- sinmlar_args(Set).

% Succeeds if A and B are simlar in structure:
simlar(A B) :-

functor (A, Name, Arity),

functor (B, Name, Arity).
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% Check if argument nunber N =< arity of a procedure:
check _arity([d|ds], N :-

split(d, Head, ),

functor (Head, _, Ar),

N=<Ar .

% Col | ect set of ArgN-1 where
% ArgN = Nth argunent and | = nunber of head containing the argunent.
get _arg(d auses, N, Args) :-

get _arg(d auses, N, Args, 1).

get_arg([]., _, []. ).

get _arg([d|ds], N [Arg-I|Args], I) :-
head_arg(N, d, Arg),
1 is |+1,
get _arg(ds, N, Args, I1).

head_arg(N, d, Arg) :-
(A =(H-B)
-> arg(N, H Arg)
; arg(N, d, Arg)

% This predicate collects the informati on necessary for the transformation:

% First collect adjacent argunments into a list Msgs with terms Mg-C auseNuns
% while the msg is not a variable or atomic. Expand this list into clause order
% again and attach a dummy nanme to each clause index. This name will be used
% for the dummy procedures to be generated. Each elenent in Info is of the
% form

% d auseNum i nf o( Msg, Dunmy, Var num Rank)

% wher e:

% Msg = the nost-specific-generalization common to the Cl auseNuns

% Dummy = the nanme to be used for the dummy predicate

% Varnum = the nunber of variables in the Mg

% Rank = 'first’ for only one C auseNum el emrent of a given Mg

collect _info(NaAr, Args, Info, MsgList) :-
col l ect _nmsg(Args, MsgList),
renove_si ngl e(MsgLi st, Msgs),
list_clauses(Msgs, NaAr, Unorder, []),
keysort (Unorder, Info).

collect_msg([], [])-
collect_msg([Arg-1]|Args], Collect) :-
collect_nsg(Args, Arg, [I], Collect).

collect _msg([], CurMsg, Curls, [CurMsg-Curls]) :- conpound( Cur Msg), !.
collect _msg([], CurMsg, Curls, [1) :- \+compound(CurMsg), !.
col I ect _nmsg( Args, Cur Msg, Curls, Collect) :-

\ +compound( Cur Msg), !,
col l ect _nmsg(Args, Collect).
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collect _msg([Arg-1]|Args], CurMsg, Curls, Collect) :-

conmpound( Cur Msg) ,

msg(Arg, CurMsg, Msg),

( nonvar (MsQ)

-> collect _msg(Args, Msg, [l]|Curls], Collect)
Col l ect = [CurMsg-Curls| NewCol | ],
collect _msg(Args, Arg, [I], NewColl)

).

% Renpbve singletons fromlist of clause sets with comon nsg’s:
renove_single([], [1).
renove_singl e([M | Msgs], RMsgs) :-
M=(_-[_1), !,
renove_si ngl e(Msgs, RMsgs).
renove_single([M | Msgs], [M|RMsgs]) :-
VH(M=(_-[_1)). !,
renove_si ngl e(Msgs, RMsgs).

% Go from Msg-indexed list to ClauseNumindexed |ist:
list_clauses([], ) -->1].
[ist_clauses([Msg-1s|Msgs], NaAr) -->
{gensym("$fac_", NaAr, Dummy)},
{varset (Msg, VS), length(VS,V)},
expand_cl auses(ls, Msg, Dumy, V, first),
list_clauses(Msgs, NaAr).

expand_cl auses([], _, _, _, ) -->11.

expand_cl auses([I|1s], Msg, Dummry, Varnum Rank) -->
{copy(Msg, Copy)},
[1-info(Copy, Dunmy, Var num Rank)],
expand_cl auses(ls, Mg, Dummy, Varnum notfirst).

% Thi s predi cate does the actual transformation:

% Pi cture of the transformation:

% Ori gi nal cl ause:

% h(--alpha--,[x|y],--beta--) :- Body

% Tr ansf orned cl ause:

% nhead(--varsl--,[Al B],--vars2--) :- dheadl(--varsl--,B,--vars2--,A).
% (only one for all original clauses matching the pattern)

% One cl ause of dummy procedure:

% dhead2(--al pha--,y,--beta--,x) :- Body.

% (one for each original clause matching the pattern)

transform{(ds, _, _, [], Os, []) :- !.
transform([C|Cs], I, N [J-QInfo], NOs, [X Procs]) :-
l=:=3, I,

split(d, Head, Body),

=i nf o( Msg, Dummy, Var num Rank) ,
functor (Head, Nane, Arity),

funct or (NHead, Name, Arity),

cal c_darity(Head, Varnum DArity),
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funct or (DHeadl, Dummy, DArity),

funct or (DHead2, Dummy, DArity),

mnimum(Arity, DArity, MnArity),

match_nost (1, N, MnArity, Head, DHead?2?),

match_nost (1, N, MnArity, NHead, DHeadl),

match_rest (N, Arity, Head, NHead, DHeadl, DHead2, MsgQ),
X=(Dumy/ DAri ty-info2(Msg, Varnum ( DHead2: - Body) ) ),

(Rank=first

-> NC s=[ (NHead: - DHeadl) | NCl s2]

; NG s=NCl s2

),

1 is |+1,

transform(ds, 11, N, Info, NOs2, Procs).
transform([C|Cs], I, N [J-QInfo], [C|NCOs], Procs) :-

I<J, !,

1 is |+1,

transform(Cs, 11, N, [J-QInfo], NCs, Procs).
transform([C|Cs], I, N [J-QInfo], [C|NCOs], Procs) :-

1>J, !,

1 is |+1,

transform(ds, 11, N, Info, NOs, Procs).

% Cal cul ate the arity of the dummy procedure:
cal c_darity(Head, Varnum DArity) :-

functor (Head, _, Arity),

DAr is (Arity+Varnum 1),

maxi mum( DAr, Arity, DArity). % Just in case M5G is an atom
% Uni fy argunments 1 to A of two structures except argunment N
match_most (1, N, A _, ) - I>A !.
match_most (1, N, A Head, DHead) :- I=\=N, |I=<A I,

arg(l, Head, Arg),
arg(l, DHead, Arg),

1 is |+1,

match_nost (11, N, A Head, DHead).
match_most (1, N, A Head, DHead) :- I=:=N, |=<A I,

1 is |+1,

match_nost (11, N, A Head, DHead).

% Alternate definition:

% mat ch_most (I, N, A Head, DHead) :-
% N is N1,

% Nr is N+1,

% mtch_all (I, N, Head, DHead),

% mtch_all (N, A Head, DHead).

% Unify all argunments fromL to H of two structures:
match_all (L, R _, ) :- L>R I.
match_all (L, R Head, DHead) :- L=<R, !,

arg(L, Head, Arg),

arg(L, DHead, Arg),

L1 is L+1,

match_al | (L1, R, Head, DHead).
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% Unify all argunents fromL to H of first structure with argunments
% starting at argument F of second structure:
match_offset(L, R _, _, ) :- L>R I.
match_of fset (L, R Head, F, DHead) :- L=<R !,
arg(L, Head, Arg),
arg(F, DHead, Arg),
L1 is L+1,
F1 is F+1,
match_of fset (L1, R, Head, F1, DHead).

% Create the argunent corresponding to the MSG
%in the right way. This is slightly tricky because
% the MS5G can be a nested structure.
match_rest (N, A Head, NHead, DHeadl, DHead2, Msg) :- N>A I.
match_rest (N, A Head, NHead, DHeadl, DHead2, Msg) :- Ne=<A, !,
arg(N, NHead, Msg),
arg(N, Head, Term,
correspondi ng_vars(Msg, Term Msgvars, Termargs),
(cons(Msgvars)
-> NA is A+l
arg(N, DHead2, A2), Termargs=[A2| ET],
end_fill_args(ET, DHead2, NA),
arg(N, DHeadl, A1), Msgvars=[Al|EM,
end _fill_args(EM DHeadl, NA)
; true

).

% Unify a list with the |ast argunments of a pred synbol:
end_fill _args([], _, ) :- I.
end fill _args([X L], Pred, 1) :-

arg(l, Pred, X),

1 is |+1,

end_fill_args(L, Pred, 11).

% Traverse Msg and Term for each variable encountered in Mg
% create an entry in Msgvars and put the corresponding termin Ternargs.
% The first argunment of Msgvars is the argunent of the rightnost
% nost - deepl y-nested structure. It replaces the argunent in the head
% of the factorized predicate.
correspondi ng_vars(Msg, Term Msgvars, Termargs) :-
corr_vars(Msg, Term [], Msgvars, [], Termargs).

corr_vars(Msg, Term 1V, OV, IT, OI) :- nonvar(Mg), !,
functor(Msg, N, Arity),
functor(Term N, Arity),
corr_args(1l, Arity, Msg, Term 1V, OV, IT, OI).
corr_vars(Msg, Term 1V, [Msg|IV], IT, [Term{IT]) :- var(MsQ).

corr_args(l, A _, _, IV, IV, IT, IT) - I>A !.
corr_args(l, A Mg, Term IV, OV, IT, OI) :- I=<A I,
arg(l, Mg, M,
arg(l, Term TA),
corr_vars(MA, TA, 1V, W, IT, M),
1 is |+1,
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corr_args(l1, A Mg, Term W, OV, M, OI).

% ldentical to corr_vars, but only creates the list of variables of Mg:
msg_vars(Msg, Msgvars) :- nsg_vars(Msg, [], Msgvars).

msg_vars(Msg, IV, OV) :- nonvar(Mg), !,
functor (Mg, _, Arity),
msg_args(1, Arity, Mg, IV, OV).
msg_vars(Msg, |V, [Mg|IV]) :- var(Msg).

msg_args(l, A _, IV, 1V) - I>A .
msg_args(l, A Mg, IV, OV) - I=<A I,
arg(l, Msg, MY,
msg_vars(MA, 1V, W),
1 is |+1,
msg_args(l1l, A Mg, W, OV).

% Col | ect adj acent procedures:
collect_ptrees([], _, ) -->11].
col l ect _ptrees([ NaAr-1nfo2| Keyd s], N, Mde) -->
{1 nfo2=i nfo2(Msg, Varnum C )},
{Mode=(H - _)},
{require(H, Req)},
{before(H, Bef)},
{make_df ormul a( (H: - Req), NaAr, Mg, N, Varnum (DH -DReq))},
{make_df orrmul a((H: -Bef), NaAr, Mg, N, Varnum (DH: -DBef))}
{flat_conj((DReq, DBef), DForm},
[ptree(NaAr,[C | Proc], (DH -DForm,[])]1,
{add_node_opti on(dunmy_node( DH, DReq, DBef) )},
{coll ect_proc(KeyC's, NaAr, NextC's, Proc)},
collect_ptrees(Nextd s, N, Mbode).

collect _proc([], _, [1, [1)-
collect_proc([X As], NaAr, [XICOSs], []) :-
X=(NNaAr-info2(_,_,d)),
I nfo2=info2(_, ,d),
NaAr\ ==NNaAr, !.
collect_proc([ X Cs], NaAr, NewCls, [C]|Proc]) :-
X=(NaAr-info2(_,_,d)),
collect_proc(Cs, NaAr, NewCl's, Proc).

% Cal cul at e nodes of the dummy procedure:
% Thi s propagat es nodes whi ch can be propagated fromthe MSG and know edge of
% the original predicate’s nodes. Currently the nodes uninit(X), ground(X),
% rderef(X), and var(X) fromthe original predicate.
% (Later this can be extended to propagate recursively defined types as well.)
% Note that this predicate takes care to order the new argunents in exactly
% the same was as transformdoes it, by using nmsg vars and end _fill _args.
make_ df ormul a( (Head: - Form), DN DA, Msg, Argnum Varnum (DHead: - NewForn)) :-
functor (Head, N, A),
funct or (DHead, DN, DA),
m ni mum( A, DA, M n),
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mat ch_nost (1, Argnum M n, Head, DHead),
arg(Argnum Head, X),
msg_vars(Msg, Msgvars),
(cons(Msgvars)
-> Msgvars=[Hd| Tl ],
arg( Argnum DHead, Hd),
NA is At+l,
end_fill_args(Tl, DHead, NA)
; true
),
(type_propagate(Form X, Type)
-> node_propagat e( Msgvars, Type, NewrForm Form
; NewFor m=For m
).

% Cal cul ate type to be propagat ed:
% Need to extend this to propagate uninit, var, rderef only for new vari abl es
% (and rderef only if the argunent is ground).

% type_propagate(Form X, uninit) :- inmplies(Form wuninit(X)), !.
% t ype_propagat e( Form X, var) :- implies(Form var(X)), !.
type_propagate(Form X, ground) :- inplies(Form ground(X)), !.

% type_propagate(Form X, rderef) :- inplies(Form rderef(X)), !.

% Propagate the type to all variables in Msgvars:
node_propagate([], Type) -->!.
node_propagat e([ V| Msgvars], Type) -->
one_propagate(V, Type),
node_propagat e( Msgvars, Type).

one_propagate(V, uninit) --> co(uninit(Vv)), !.
one_propagat e(V, var) --> co(var(V)), !.

one_propagate(V, ground) --> co(ground(V)), !.
one_propagate(V, rderef) --> co(rderef(V)), !.

% Most specific generalization:

% Useful for factorizing clause heads into conmmon parts
% for selection into nested structures.

% For exanple, msg([x|VY], [y|Y], 2 gives Z =[_Y].

msg(A, B, QG :-
nonvar (A), nonvar(B), !,
(functor (A, Na, Ar),
functor (B, Na, Ar)
-> A=..[Na| AArgs],
B=..[ Na| BArgs],
msg_ar gs(AArgs, BArgs, GArgs),
G=..[ Na| GAr gs]
; true
).
msg(A, B, A :- A==B, !.
msg(A, B, ) :- \+(A==B), !.
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[1)-

(1.

meg_args([],

[§ GArgs]) :-

GAr gs) .

[ Bl BArgs],

msg_ar gs([ Al AArgs],

msg(A, B, G,

BAr gs,

nmsg_ar gs( AAr gs,
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flatten. pl

% Fl att eni ng transformation.
% Renove all disjunctions froma predicate.

% Not es:

% 1. Modi fy new head generation to mnimze nunber of noves.

% 2. Flatten passes node information into the dunmy predicates.

% 3. Flatten provides additional Mde information for the dumy procedures
% it creates. This is inplenented by

% collecting all the goals traversed in the disjunction and addi ng them
% to the nmodes fornul a.

% Question: is this really needed? |n clause_code,

% a formula will be given that subsunes this, right?

% 4. Depending on the style of transformation, a single clause could result in
% multiple clauses. This is an inprovenent for |ater.

% a:-(b;c),d results in nultiple clauses, a:-d, (b;c) does not.

% Convert an stree into a flattened stree, i.e. all disjunctions are renoved
% fromthe component procedures and dummy strees are created for them

% All output strees are in standard formw th i ndependent vari abl es.

% The input must be an stree in standard form

% Flatten an stree. This version does not worry about cut.
flatten_stree(stree(NaAr, (Head:- Disj), Mdes, OH, DList, SD),
stree(NaAr, (Head: - FDi sj), (Head: - Fornul a), OH, FDLi st, SD)) :- !,
% Must do copy before varset, else subtle bug exists: (!)
copy( Modes, (Head:-Fornula)),
var set (Head, Hvars),
requi re(Head, RF),
bef ore(Head, BF),
flatten_disj(NaAr, Disj, FDisj, RF, BF, Hvars, [], SD, FDList, L),
flatten_strees(DList, L).
flatten _stree(D, D) :- directive(D), !.

flatten_strees([], [1).

flatten_strees([S| Strees], [FS|FStrees]) :-
flatten_stree(S, FS),
flatten_strees(Strees, FStrees).

% Renove all disjunctions frominside a disjunction:
% This gives a |list of strees.
flatten_disj(NaAr, (C Cs), (NC NCs), RF, BF, Bef, QutsideAft, SD -->
{disj_inside(QO}, !,
flatten(NaAr, C, NC, RF, BF, Bef, _, QutsideAft, SD),
flatten_disj(NaAr, Cs, NCs, RF, BF, Bef, QutsideAft, SD).
flatten_disj(NaAr, (C Cs), (C NCs), RF, BF, Bef, QutsideAft, SD) -->
{\+disj_inside(QO}, !,
flatten_disj(NaAr, Cs, NCs, RF, BF, Bef, QutsideAft, SD).
flatten_disj (NaAr, fail, fail, _, _, _, _, ) -->11].
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% Succeed if there’s a disjunction inside:
disj_inside((A B)) :- disj_inside(A), !.
disj_inside((A B)) :- disj_inside(B), !.
di sj_inside((A; B)).

% Bef = vars existing before D.

% Aft = vars existing after D, in Body and beyond it.

% Qut si deAft = vars existing beyond Body.

flatten(NaAr, (D, Body), (Head, NewBody), RF, BF, Bef, NewAft, QutsideAft,SD) -->
{strong_disj_p(D}, !,
{varset (D, VD)},
{uni onv(VD, Bef, NewBef)},
% Keep only those required nodes that aren’t used in D:
{split_formul a2(Bef, D, RF, BF, RF2)},
{renove_vars(BF, BF2)},
flatten(NaAr, Body, NewBody, RF2, BF2, NewBef, Aft, QutsideAft, SD),
{unionv(VD, Aft, NewAft)},
dunmmy_proc(NaAr, D, VD, RF, BF, Bef, Aft, Head, SD).

flatten(NaAr, (D, Body), (D, NewBody), RF, BF, Bef, NewAft, QutsideAft, SD) -->
{\+strong_disj_p(D}, !,
{varset (D, VD)},
{uni onv(VD, Bef, NewBef)},
{after (D, DAfter)},
% Keep only those required nodes that aren’t used in D
{split_formul a2(Bef, D, RF, BF, RF2)},
{update_fornul a(DAfter, Bef, BF, BF2)},
flatten(NaAr, Body, NewBody, RF2, BF2, NewBef, Aft, QutsideAft, SD),
{unionv(VD, Aft, NewAft)}.

flatten(NaAr, true, true, _, _, _, QutsideAft, QutsideAft, ) -->1]].

% Convert a single disjunction into a new dummy procedure (represented as Stree)
% (Calls flatten recursively for nested disjunctions.)
dunmy_proc(NaAr, D, VD, RF, BF, Bef, Aft, Head, SD, [Stree|Link], Link) :-
% strong_disj_p(D, !,
flatten_disj(NaAr, D, ND, RF, BF, Bef, Aft, SD, SL, []),
uni onv(Bef, Aft, CQutside),
i ntersectv(VD, Qutside, DArgs),
gensyn("$fla_", NaAr, Nane),
Head=. . [ Nane| DAr gs],
funct or (Head, Nane, Arity),
% Sel ection depth is NOT copied along: (see calc_sel ect_depth)
flat_conj ((RF, BF), Formula),
tri mnmode((Head: - Formul a), HeadForm,
copy(stree(Name/ Arity, (Head: - ND), HeadForm [], SL, ), Stree),
add_node_opti on(dumy_node( Head, RF, BF)).

% Make sure that split_forrmula has all the information it needs
% so that it is not overly conservative:
split_fornul a2( SoFar, D, RF, BF, RF2) :-

uni onv_conj (RF, BF, AllF),

split_formul a(yes, SoFar, D, AllF, _, AIlF2),

intersectv_conj (Al F2, RF, RF2).
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list:

di sj _exists(L)).

% Succeed if there is a disjunction in the goal

di sj _exists((G L))

(disj_p(Q -> true;
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i nline.pl

% Repl ace in-line those predicates whose definition is a single clause
% contai ning no cuts or dummy predicates. This nodule nust cone after
% transformcut, and should cone before analyze for best results.

% Repl acenent is done if (1) the inline predicate’ s definition consists
% of at mobst 2 calls, and (2) the caller does only tests
% before the inline predicate is call ed.

inline_strees(Ss, Rs) :-

conpile option(inline), !,

gat her _singl e(Ss, SA),

inline_ replace_strees(Ss, Rs, SA).
inline_ strees(Ss, Ss) :-

\ +conpile_option(inline), !.

% *** Magi ¢ nunber:
% Gat her into an array the non-builtin predicates defined by
% a single clause containing no cuts or dumy predicates.
% (Due to transformcut, if the DList is enpty then there are no cuts.)
gat her_single([], SA) :- seal (SA).
gat her _single([stree(NA (H-(Cfail)), , ,[]1,.)]Ss]l, SA :-
| ength_test _user(C, NT, NU,
% NT=<2, NU=<2,
N is NT+NU, N=<2,
\+builtin(H, !,
get (SA, NA X)),
enter_def (X, info((H:-C,NT,NUJ, NA),
gat her _singl e(Ss, SA).
gat her_single([_| Ss], SA) :- gather_single(Ss, SA.

% Repl ace inline the one-clause predicates in the program
% (Coul d do closure as long as an inline predicate contains another,
% but for conciseness will only do a single step now.)
inline_replace_strees([], [1, ).
inline_replace_strees([stree(NA (H. -D),M OH, DL, SD) | Ss],
[stree(NA (H -RD), M OH RDL, SD) | RSs], SA) :-

inline_replace _disj(D, RD SA,

inline replace_strees(DL, RDL, SA),

inline replace_strees(Ss, RSs, SA).

inline_replace disj(fail, fail, ).

inline replace _disj((C D, (FCRD, SA :-
inline_replace conj(C, RC, SA,
flat_conj (RC, FO),
inline_replace _disj(D, RD SA.

% Only replace in a conjunction if it has only tests before:
inline_replace conj(true, true, ).
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inline_replace_conj((GC, (GRC, SA

test(Q, !,

inline_replace_conj(C, RC SA.
inline_replace_conj((GC, (RGRQO,

functor(G N, A),

fget(SA, NA info(Def,NT,NU)), !

copy(Def, (G-RQ),

(NU=: =0

-> inline_replace_conj(C, RC, SA)

; C=RC
).

SA)

inline_replace_conj((GCQ, (GQ, SA.

% inline_replace_conj(C, RC SA.
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% | nplication:

% G ven goal sequences A and B, if inplies(A B) succeeds then
% A inplies Bis true. But the predicate will fail in sone cases
% where an inplication does exist.

% Logi cal inplication
implies(A B) :- logical _sinplify(not(B), NB), nutex(A, NB, left), !I.
inmplies(A B, Tinme) :- logical _sinplify(not(B), NB), nmutex(A, NB, Tine), !.

% Prol og inplication:

% (A and B are Prol og fornul as)

prolog inmplies(A B) :- sinplify(not(B), NB), prolog nmutex(A, NB, left), !.
prolog inmplies(A B, Tine) :- sinplify(not(B), NB), prolog nutex(A NB, Tine),!.

% Logi cal mutual exclusion: mutex(A B, Tinme)
% Prol og nutual exclusion: prolog mutex(A, B, Tine)

% Det er mi ne whet her two goal sequences are mutually excl usive:
% Success is sufficient but not necessary for nutual exclusion.

% (Test new definitions incorporating nodes.)

% ( Check backtracki ng behavior invariance.)

% not/1 and =>/2 are logically correct negation and inplication
%\+/1 and ->/2 are the Prolog by-failure versions.

% | f Ti me=before:

% 1 f the goal nutex(Sl, S2) succeeds then there does not exist an

% assi gnment of values to variables which causes both S1 and S2

%to succeed separately. The values after S1 and after S2 do not have
%to be consistent.

% (problemwi th encode relop and (A=B) & (A is B) which both bind)

% I f Time=after:

% |1 f the goal nutex(Sl, S2) succeeds then there does not exist an

% assi gnment of values to variables which exists after both S1 and S2
% have succeeded.

% Ti me=l ef t:
% There does not exist an assignnent of values to variables which exists
% after (S1,S2) has successfully execut ed.

% Ti me=ri ght:
% There does not exist an assignnent of values to variables which exists
% after (S2,S1) has successfully execut ed.
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% Because this predicate will be used many tines in the conpilation of a

% procedure | have sacrificed its conpl eteness for execution efficiency.

% For exanple, (A==B,var(A)) and nonvar(B) are mutually exclusive, yet this
% predicate will not be able to determine it.

% The bit arrays used give a partitioning of all possible val ues of

% a variable into several disjoint sets. This allows fast deternination
% when two such sets are nmutually exclusive. |If the arrays overlap

% then a nore conplex cal cul ation could be done.

% Not es:

% 1. Two inportant definitions related to uninitialized variables which are
% recogni zed here:

% unbound( X) == (uninit(mem X) ; uninit(reg, X) ; var(X) )

% uninit(any,X) == ( uninit(nmemX) ; uninit(reg, X) )

% uninit(either,X) --> uninit(memX)
% uninit(either,X) --> uninit(reg, X

% 2.
% 3.
%
%
% 4.
%
%
%
%
% 5.
%

Mitex is defined as a determi nate version of mnmutex2, which does the work.
For best results the input to mutex should sonetines be sinplified before
the call. I.e. var(x(_)) wll sinmplify to fail, which is nutex to
anyt hi ng.

Rel ati onal operators as tests could be assumed to require

nuneric operands, even if they are negated. not(A<3) neans A>=3, so

A must be a nunmber for success. (This point is not conpletely clear:

not (A<3) could al so succeed for nonnumeric A. Also, A could be

eval uated before doing the test, which is what C Prol og does.)

Mut ual excl usi on can exi st even between predicates that do binding,

e.g. A=a and A=b are mutually excl usive.

% Possi bl e ext ensi ons:

% 1. Incorporation of user-defined predicates by nmeans of a predicate/?2
% clause, i.e. predicate(P, Def) succeeds if P is a predicate and Def
% its definition (considered as a disjunction). Watch out for infinite
% | oops and bi ndi ng!
% 2. For tests, nore info such as values of small ints or arities of strucs
% can be kept in the bit map to nake nutex nore powerful .
% A whol e data structure can be attached to the bit nap to keep
% sets of possible values around for even nore power. |Is this a useful
% thing to do? 1In general, a data structure can subsume the
% present distinction between rel ational operators and tests.
mut ex(A, B) :- conpile_option(mutex _coment), !, coment ([ mutex(A B)]),

nmut ex2(A, B, before), !.
mut ex(A, B) :- \+conpile_option(mutex_coment), !,

nmut ex2(A, B, before), !.

mut ex(A, B, T) :- nmutex(A, B, T, logical).
prolog mutex(A, B, T) :- mutex(A, B, T, prolog).
mutex(A, B, T, L) :- conpile_option(nutex_conment), !,

comrent ([mutex(A, B T,L)]),
mut ex2(A, B, T, L), !.

mutex(A, B, T, L) :- \+conpile_option(mutex_coment), !,
mut ex2(A, B, T, L), !.
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% 1. Mutual exclusion with failure:

mut ex2(fail, _, _, ).

mutex2(_, fail, _, ).

mutex2(’' $test’' (_,0), _, _, ).

mutex2(_, '$test’'(_,0), _, ).

% 2. Mutual exclusion of if-then-else (=> and ->):

mitex2((A->B; G, D, T, L) :- mutex2((AB),D T, L), mutex2((\+(A),QO,D, T, L).
mutex2(A, (B->C D), T, L) :- mutex2(A (B,Q, T, L), nmutex2(A (\+(B),D), T, L).
mutex2((A->), C T, L) :- mutex2(A C, T, L).

mutex2((_->B), C, T, L) :- mutex2(B, C, T, L).

mut ex2(A, (B->), T, L) :- mutex2(A B, T, L).

mut ex2(A, (_->C, T, L) :- mutex2(A C, T, L).

mut ex2((A=>B;C), D, T, L) :- mutex2((A B),D, T, L), mutex2((not(A),C,D T, L).
mut ex2(A, (B=>C, D), T, L) :- mutex2(A (B,C, T, L), nmutex2(A (not(B),D, T, L).
mut ex2( (A=>_), C T, L) :- nmutex2(A C T, L).

nmut ex2( (_=>B), C T, L) :- nmutex2(B, C T, L).

mut ex2( A, (B=>1), T, L) :- mutex2(A B, T, L).

mut ex2( A, (_=>0Q, T, L) :- mutex2(A C, T, L).

% 3. Mutual exclusion of conjunctions and disjunctions:
% A mutex2 (B and C) <=> (A nmutex2 B) or (A mutex2 O
% A mutex2 (B or ) <=> (A mutex2 B) and (A nutex2 Q)

mutex2((A, ), C T, L) :- mutex2(A C T, L).
mutex2((_,B), C T, L) :- mutex2(B, C, T, L).
mut ex2(A, (B,_), T, L) :- mutex2(A B, T, L).
mut ex2(A, (_,0, T, L) :- mutex2(A C T, L).
mutex2((A; B), C, T, L) :- nutex2(A C T, L), mutex2(B, C, T, L).
mut ex2(A, (B;C, T, L) :- nutex2(A B, T, L), mutex2(A C, T, L).

% 4. Mutual exclusion of negation (not and \+):
mut ex2(A, B, T, logical) :-
| ogi cal _sinplify(A, SA), logical _sinmplify(B, SB),
(SA==not (SB); SB==not (SA)).
mut ex2(A, B, T, prolog) :-
simplify(A SA), simplify(B, SB),
(SA==not (SB); SB==not (SA)).

mut ex2(not ((A; )), C T, L) :- nutex2(not(A), C T, L).

mut ex2(not((_;B)), C, T, L) :- nutex2(not(B), C T, L).

mut ex2(A, not((B;_)), T, L) :- nutex2(A not(B), T, L).

mut ex2(A, not((_;C), T, L) :- nutex2(A not(C, T, L).

mut ex2(not ((A,B)), C T, L) :- nutex2(not(A), C T, L), mutex2(not(B), C, T, L).
mut ex2(A, not((B,C), T, L) :- nutex2(A not(B), T, L), mutex2(A, not(C, T, L).
mutex2(\+((A; 1)), C T, L) :- mutex2(\+(A), C T, L).

mutex2(\+((_;B)), C T, L) :- mutex2(\+B), C, T, L).

mut ex2(A, \+((B;_)), T, L) :- mutex2(A \+(B), T, L).

mut ex2(A, \+((_;Q), T, L) :- mutex2(A \+(Q, T, L).

mutex2(\+((A,B)), C T, L) :- mutex2(\+(A), C T, L), mutex2(\+(B), C, T, L).
mut ex2(A, \+((B,Q), T, L) :- mutex2(A \+(B), T, L), mutex2(A \+(Q, T, L).
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% 5. Mutual exclusion of predicates related to uninitialized vari abl es:

mut ex2(A, not(B), _, ) :- u_match(A B).
mut ex2(A, not(B), _, ) :- u_match(B, A).
mut ex2(A, not(B), _, ) :- u_inplies(A, B).
mut ex2(not (A), B, _, ) :- u_match(A B).
mut ex2(not (A), B, _, ) :- u_match(B, A).
mut ex2(not(A), B, _, ) :- u_inplies(B, A.

% 6. Mutual exclusion of relational operations:
mut ex2(Rel 1, Rel2, T, L) :-

encode_relop(Rel 1, A F1,B),

encode_rel op(Rel 2, C F2,D),

check_rel ops(A F1,B, C F2,D).

% 7. Miutual exclusion of tests:
mut ex2( Test1, Test2, Tine, _) :-
encode_test(Test1, S1, F1, A Bindsl),
encode_test(Test2, S2, F2, B, Binds2),
::B,
\ +can_overlap(Tinme, S1, F1, S2, F2, Bindsl, Binds2).

% 8. Mutual exclusion of conpound termns:

mut ex2( Test 1, Test2, T, ) :-
encode_nane_arity(Testl, A Na, Aa, Fa),
encode_nane_arity(Test2, B, Nb, Ab, Fb),
::B,
check_nane_arity(Fa, Fb, Na, Aa, Nb, Ab).

% Equi val ences & Inplications related to uninitialized variabl es:

u_match(trail (X), trail _if_var(Y)) :- X==V.
u_match(uninit(V), uninit(nmemWw) :- V==W
u_match(uninit(V), uninit(memW_)) :- V==W
u match(uninit(nmemV), uninit(memW _)) :- V==W
u_match(uninit(reg, V), uninit_reg(W) :- V=W
u_inplies(var(V), unbound(W) :- V==W
u_implies(rderef(V), deref (W) :- V==W
u_inmplies(uninit(either,V), Uninit) :-

an_uninit_mnmode(Uninit, _, W,

==W

u_inmplies(Uninit, Goal) :-

an_uninit_nmode(Uninit, _, V),

u_inplies_goal (Goal, W,

==W

u_i mpl i es_goal (unbound(W, wW.
u_inmplies_goal (uninit(any, W, wW.
u_inplies_goal (deref (W, wW.
u_implies_goal (rderef (W, wW.
u_inmplies_goal (trail (W, wW.
u_inmplies_goal (trail _if_var(W, W.

% Check that a predicate is a (built-in?) test:
test(T) :- encode_relop(T, _, _, ), !.
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test(T) :- encode_test(T, _, _, ), !'.

test(T) :- encode_name_arity(T, _, _, _, ), !.

% From a test, get the variables that are tested:
test _varset(T, V) :- test_varbag(T, B), sort(B, V).
test _varbag(T, V) :- test_varbag(T, V, []).

% test_varbag(X=Y) --> {var(X), var(Y)}, !.

test _varbag(T) --> {encode_relop(T, X, _, Y, )}, filter_vars([X VY]), !
test _varbag(T) --> {encode_test(T, _, _, X )}, filter_vars([X]), !
test _varbag(T) --> {encode_nanme_arity(T, X, _, _, )}, filter_vars([X]), !

% Rel ati onal test with nunbers:
relational test(T, X, Y) :- encode_relop(T, X, _, Y, arith), !.

%I1f Xis inplied to be atonmic in a formla,
% return its value if possible. Fail otherw se.

atom c_val ue((A B), X, Value) :- atonic_value(A X Value).
atom c_val ue((A B), X, Value) :- atonic_value(B, X, Value).
atom c_val ue( Test, X, Value) :-

encode_nane_arity(Test, Y, Na, Ar, true),

==Y,
Ar =0,
at omi c(Na),
Val ue=Na.

% Returns the operands and a three-bit array of flags telling
% what conparison is being done. The three-bit array consists
% of flags <l ess, equal, greater>.

% Three ki nds of conparison are distinguished:

% arith: arithnetic, numeric conparison. The test traps if the argunents
% are not nunbers.

% stand: standard term ordering.

% uni fy: unification of terns.

standard_order(Test) :- encode_relop(Test, _, _, _, stand).
encode_rel op(A B, C, D :- encode_relop(A B, C D K).

encode_rel op(’ $name_arity’ (A F, N, A 2'010, F, unify) :- atomc(F), N==0.
% encode_rel op(’ $nane_arity’ (A F, N, A 2’010, F, stand) :- atom(F), N==0.

encode_rel op(functor(A F, Ny, A 2’010, F, unify) :- nunber(F), N==0.
encode_rel op(functor(A F,N), A 2'010, F, unify) :- atom F), N==0.

encode_rel op(functor(A F,N), A 2010, F, unify) :- var(F), N==0.

encode_rel op(functor(A F,N), N, 2'010, K, unify) :- nonvar(A), functor(A _, K).
encode_rel op(functor(A F, Ny, F, 2'010, K, unify) :- nonvar(A),functor(A K, ).
encode_r el op( A>B, A, 2'001, B, arith). %arithmetic conparison

encode_rel op(A@B, A, 2'001, B, stand). % standard ordering
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encode_rel op(A=:=B, A 2'010, B, arith). %arithnmetic conparison
encode_rel op(A==B, A, 2’010, B, stand). % standard ordering
encode_r el op( A=B, A, 2'010, B, unify). %unification
encode_relop(Ais B,A 2010, B, arith). %arithnmetic eval uation
encode_rel op(A>=B, A, 2'011, B, arith). %arithnmetic conparison
encode_rel op(A@=B, A, 2011, B, stand). % standard ordering
encode_r el op( A<B, A, 2100, B, arith). %arithmetic conparison
encode_rel op(A@B, A, 2100, B, stand). % standard ordering
encode_rel op(A=\=B, A, 2101, B, arith). %arithnmetic conparison
encode_rel op(A ==B, A 2101, B, stand). % standard ordering
encode_rel op(A =B, A, 2'101, B, unify). %unification (never binds)
encode_rel op(A=<B, A, 2’110, B, arith). %arithnmetic conparison
encode_rel op(A@<B, A, 2’110, B, stand). % standard ordering

encode_rel op(not (Rel Op), A F, B, Kind) :-
nonvar ( Rel Op),
encode_rel op(Rel Op, A, Flags, B, Kind),
negate_rel op(Fl ags, F).

encode_rel op(\+(Rel Op), A F, B, Kind) :-
nonvar ( Rel Op),
encode_rel op(Rel Op, A, Flags, B, Kind),
negate_rel op(Fl ags, F).

% Check that the two relations (Afl B) and (C f2 D)
% are nutual |y exclusive.
check_rel ops(A F1,B, C F2,D) :-
==D,
flip(F2, 12),
get _relop(F1, 12, R,
test _relop(B, R O.
check_rel ops(A F1,B, C, F2,D)
==C,
get _relop(Fl1, F2, R,
test _relop(B, R D).
check_rel ops(A F1,B, C, F2,D)

==D,
f1ip(FL,11),
f1ip(F2,12),

get _relop(ll, 12, R,
test _relop(A R O.
check_rel ops(A F1,B, C, F2,D)
==C,
flip(F1,11),
get _relop(ll, F2, R,
test _relop(A, R D).

% Bit reversal:
flip(N, 1) :- 1 is (N\2'001)<<2 \/ (N\2'010) \/ (N\2' 100)>>2.

% Qpposite condition:
negate_rel op(Order, OppOrder) :- OppOrder is \(Oder) /\ 2" 111.

% get _relop(F1, F2, Rel)
% Get the relational operator Rel such that if (N1 Rel N2)
% holds then (A F1 N1) and (A F2 N2) are mutex.



% The table of 36 entries was obtained by iterating

% bagof _get _relop. It is based on this table of
% ni ne entries:

% f2

% OpTabl e | < = >

% -------- e

% < | never =< =<

% f1 = | >= = =<

% > | >= >= never

get _relop(2 001, 2’001, 2’'000).
get _relop(2 001, 2’010, 2'011).
get _relop(2 001, 2’011, 2’'000).
get _relop(2 001, 2’100, 2’'011).
get _relop(2 001, 2’101, 2’'000).
get _relop(2 001, 2’110, 2’'011).
get _relop(2 010, 2’001, 2'110).
get _relop(2 010, 2’010, 2'101).
get _relop(2 010, 2’011, 2’'100).
get _relop(2 010, 2’100, 2’'011).
get _relop(2 010, 2’101, 2’'010).
get _relop(2 010, 2’110, 2'001).
get _relop(2 011, 2’001, 2’'000).
get _relop(2 011, 2’010, 2’'001).
get _relop(2 011, 2’011, 2’'000).
get _relop(2 011, 2’100, 2’'011).
get _relop(2 011, 2’101, 2’'000).
get _relop(2 011, 2’110, 2’'001).
get _relop(2 100, 2’001, 2’'110).
get _relop(2 100, 2’010, 2'110).
get _relop(2 100, 2’011, 2’'110).
get _relop(2 100, 2’100, 2’'000).
get _relop(2 100, 2’101, 2’'000).
get _relop(2 100, 2’110, 2’'000).
get _relop(2 101, 2’001, 2’'000).
get _relop(2 101, 2’010, 2’'010).
get _relop(2 101, 2’011, 2’'000).
get _relop(2 101, 2’100, 2’'000).
get _relop(2 101, 2’101, 2’'000).
get _relop(2 101, 2’110, 2’'000).
get _relop(2 110, 2’001, 2’'110).
get _relop(2 110, 2’010, 2’'100).
get _relop(2 110, 2’011, 2’'100).
get _relop(2 110, 2’100, 2’'000).
get _relop(2 110, 2’101, 2’'000).
get _relop(2 110, 2’110, 2’'000).

bagof get _relop(F1, F2, Rel) :-
% Get all possibilities:
bagof (X, op_table(F1, F2, X), OpBag), !
% AND t hem t oget her:
and_list(OpBag, 2'111, Rel).
bagof get _rel op(F1, F2, 2’ 000).
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op_table(Opl, Op2, 2’ 000)
op_table(Opl, Op2, 2’'110) [t(Opl), eq(Op2).
op_tabl e(Opl, Op2, 2’'110) [t(Opl), gt(Op2).
op_table(Opl, Op2, 2'011) :- eq(Opl), It(0Op2).
op_table(Opl, Op2, 2'101) :- eq(Opl), eq(Op2).
op_table(Opl, Op2, 2'110) :- eq(Opl), gt(0Op2).
op_table(Opl, Op2, 2'011) :- gt(Opl), It(0Op2).
op_table(Opl, Op2, 2'011) :- gt(Opl), eq(Op2).
op_table(Opl, Op2, 2'000) :- gt(Opl), gt(0Op2).

lt(Op) :- 2°100 is 2100 /\ Op.
eq(Op) :- 2°010 is 2010 /\ Op.
gt(Op) :- 2001 is 2' 001 /\ Op.

l't(Opl), 1t(Op2).

and_list([], N, N.
and_list([X L], I, NJ :- 11is X/\ I, and_list(L, 11, N).

% Test that two terns will satisfy a given order at run-tinme:
% Succeeds i ff Order subsumes StrongOrder.
test _relop(X, Oder, Y) :-

strong_conpare(X, StrongOrder, Y),

Ois (\(Order) /\ 2'111 /\ StrongOrder).

% Cal cul ate the Strong Conparison between two ternms A and B:
% Return the set of possible orders that A and B can have at run-tine,
% given their current (partial) instantiation.
strong_conpare(A, 2’010, B) :- A==B, !.
strong_conpare(A, 2’111, B) :- A ==B, var(A), !.
strong_conpare(A, 2’111, B) :- A ==B, var(B), !.
strong_conpare(A, Oder, B) :-
A\ ==B, nonvar (A), nonvar(B), !,
functor (A, An, Aa),
functor (B, Bn, Ba),
weak conpare(Aa/ An, Ord, Ba/Bn), % Note: Arity conparison done FIRST.

(Ord=2' 010
-> strong_conpare_args(1l, Aa, A Oder, B)
; Order=Ord
).
strong_conpare_args(l, Aa, A 2010, B) :- I>Aa, !.
strong_conpare_args(l, Aa, A Oder, B) :- I=<Aa, !,

arg(l, A A),
arg(l, B, Bi),
strong_conpare(Ai, Od, Bi),
(Ord=2"111 % Unordered
-> Order=Ord
(Ord=2’010 % Equal
-> 11 is |+1,
strong_conpare_args(l1, Aa, A Oder, B)
O der=Ord
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% Cal cul ate the Wak Conparison between two terms A and B:

% Return the order that A and B presently have.

% 1f A ==B the order can change at run-time due to further instantiation.
weak conpare(A, 2’100, B) :- A@B.

weak conpare(A, 2'010, B) :- A==B.

weak conpare(A, 2'001, B) :- A@B.

% *** Cal cul ati ons using bitmap tests:

% Get the bitmap test or bitmap type of a variable inplied by a node formul a:
get _type_test(InF, X, ’'$test’' (X B)) :- get_type(lnF, X, 2'11111111, B).

% Get the tag of X inmplied by a node fornula. Fail if there is none such.
get _tag(lnF, X, Tag) :-

get _type(lnF, X 2'11111111, B),

bi t map_type(B, Type),

tag(Type, Tag).

get _type((T1,T2), X) -->1, get_type(Tl, X), get_type(T2, X).
get _type(T, X) --> {encode_test(T, Bits, _, Y, ), X==Y}, !, and_bits(Bits).

get _type(_, _) -->[].
and_bits(A B, C :- Cis A/\ B

%! Watch out: often, converting froma regular test into a bitmp test

% broadens the set of values that can succeed. The bitmap test is a necessary
% but not sufficient replacement for the regular test.

conj _test(Tl, T2, '$test’ (X B)) :-

encode_test(T1, B1, _, X, ),
encode_test (T2, B2, _, Y, ),
==Y, |,

Bis BL /\ B2.
disj test(Tl, T2, '$test’' (X B)) :-

encode_test(T1, Bl, _, X, ),

encode_test (T2, B2, _, Y, ),

::Y, | ,

Bis Bl \/ B2.
not _test(Tl, '$test’ (X B)) :- encode_test(T1l, _, B, X _), !.
bitmap_test(T1, '$test’ (X B)) :- encode_test(T1, B, _, X _), !.

% Create a single bitmap test froma sequence of conjunctions, disjunctions,
% and nots. The bitmap test neans exactly the sanme as this sequence.
nerge_test(T, "$test’' (X, B)) :- exact_bitmap(T, X, B), !.

nmerge_test((A B), CI) :- merge_test(A AT), nerge_test(B, BT), !,
conj _test (AT, BT, CIT).

nmerge_test((A;B), DI) :- merge_test(A AT), nerge_test(B, BT), !,
di sj _test (AT, BT, DT).

nmerge_test(\+(A), BT) :- merge_test(A AT), !, not_test (AT, BT).

% Sinplify a bitmap test:
bi t map_si nplify(’ $test’ (X 2' 00000000), fail).
bi tmap_sinplify(’ $test’ (X 2'11111111), true).
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% Merge bitmap test into a formul a:

% Fail if it is not possible.
bi t map_conbi ne(’ $test’ (X, B), InF, QutF) :- bitmap_conbine(lnF, X B, QutF).
bi t map_conbi ne(’ $test’ (Y,Bl), X, B2, '$test’'(Y,B)) :- X==Y, !, Bis Bl/\B2.

bi t map_conbi ne((T1,T2), X, B, (TB1,T2)) :- bitmap_conbine(T1, X, B, TBl), !.
bi t map_conbi ne((T1,T2), X, B, (T1,TB2)) :- bitmap_conbine(T2, X, B, TB2), !.

bi t map_nanme_arity(2' 00000010, _, '.’, 2) :- !.
bi t map_name_arity(2' 00100000, _, [], 0) :- !.
bi t map_name_arity(B, X, X, 0) :- B=\=0, B/\ 210000111 =:= 0.

% Convert a test to a disjunction of tests that are easy
%to inplement. This for bitmap tests and others as well.
test _to_ disj('$test’ (X, B), X, Disj) :- !, bitmap_to_disj(X, B, Disj).
test to_disj(Test, X, Disj) :-
exact _bitmap(Test, X, B),
bitmap to disj(X, B, Dsj).

bitmap_to disj(X, B, Disj) :- bitmp_to disj(B, B, X, Dsj, fail).

bitmap_to _disj(0, _, ) -->1.
bitmap_to_disj (B, AIB, X) --> {B=\=0},
{exact _bitmap(Test, X, Bl)},
{\ +conpl ex_bi tmap(Test)}, % Check that Test is easy to inplenent.

{0 === (B1L/\ \(AIIB))}, % Check that Bl is a subset of the original B.
{NewB is B /\ \(Bl)}, % Subtract the bits Bl fromthe current B.
{NewB =\= B}, % Check that it had sonme effect.
I
di (Test),
bitmap_to_disj(NewB, AIB, X).
bitmap _to disj (B, _, X) -->
{error([’ Could not convert bitmap "'’ ,B,’"’ to a disjunction.’,nl,

"Replacing by fail. ])}.

% Tests that mean exactly the sane as their bitmap:
% (In particular, they also do no binding)
exact _bi t map( Test) :- exact_bitmap(Test, _, ).

exact _bitmap(Test, B) :- exact_bitmap(Test, _, B).

exact _bi t mp(nonvar ( A),
exact _bi t map(at om( A),
exact _bi t map(var (A),

exact _bi t map(cons(A),
exact _bitmap(structure(A),
exact _bitmap(nil (A),

exact _bi t map( A==B,

exact _bi t map( B==A,

exact _bi t map(negative(A),
exact _bi t map(nonnegative(A),
exact _bi t map(fl oat (A),
exact _bi t map(si npl e(A),
exact _bi t map(conpound(A),

2 01111111) .
2’ 01100000) .
2’ 10000000) .
2’ 00000010) .
2’ 00000001) .
2’ 00100000) .
2’ 00100000) :- B==[].
2’ 00100000) :- B==[].
2’ 00001000) .
2’ 00010000) .
2’ 00000100) .
2 11111100) .
2’ 00000011) .

> PP r>2>>>>



exact _bitmap(list(A),
exact _bi tmap(atom c(A),
exact _bi t mp( nunber ( A),
exact _bi tmap(i nteger(A),

2 00100010) .
2’ 01111100).
2 00011100).
2 00011000) .

>>>>

% These require nultiple tests to inplement in BAM code:

conpl ex_bitmap(sinple(_)).
conpl ex_bi t map(conpound(_)).
conplex_bitmap(list(_)).
conpl ex_bitmap(atomc(_)).
conpl ex_bi t map(nunber (_))
conpl ex_bitmap(integer(_)) :- split_integer.

conpl ex_bitmap(negative(_)) :- \+split_integer.
conpl ex_bi t map(nonnegative(_)) :- \+split_integer.

:- split_integer.

bi t map_t ype(2’' 10000000, var).

bi t map_t ype(2’' 00000010, cons).

bi t map_t ype(2’ 00000001, structure).

bi t map_type(2’' 01100000, atom.

bi t map_t ype(2’' 00100000, atom.

bi t map_t ype(2’' 01000000, atom.

bi t map_t ype(2’ 00001000, negative) :- split_integer.
bi t map_t ype(2’ 00010000, nonnegative) :- split_integer.
bi t map_type(2’' 00011000, integer) :- \+split_integer.
bi t map_t ype(2’ 00001000, integer) :- \+split_integer.
bi t map_t ype(2’ 00010000, integer) :- \+split_integer.
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% *** Gathering information froma node fornul a:

% Get the set of ground argunments inplied by a node formla:
ground_set (Form GndSet) : -
ground_bag(Form Bag, []),

sort (Bag, GSet),
filter_vars(GSet, GndSet).

ground_bag((A; B)) -->1,
{ground_set (A, NA)},
{ground_set (B, NB)},
{intersectv(NA, NB, N},
difflist(N).

ground_bag((A,B)) --> 1, ground_bag(A), ground_bag(B).
ground_bag(Test) --> {encode_relop(Test, X, _, Y, arith)}, !, [XY].
ground_bag(Test) --> {encode_test(Test, F, _, X _), 0=:=F/\2"10000011}, !, [X].

ground_bag(ground(X)) -->!

ground_bag(_) -->1[].

[N

% Get the set of nonvar arguments inplied by a node formla:
nonvar _set (Form NonSet) : -
nonvar _bag(Form Bag, []),

sort(Bag, NSet),
filter_vars(NSet, NonSet).
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nonvar _bag((A;B)) -->1,
{nonvar _set (A, NA)},
{nonvar _set (B, NB)},
{intersectv(NA, NB, N},

difflist(N).
nonvar _bag((A B)) --> !, nonvar_bag(A), nonvar_bag(B).
nonvar _bag(Test) --> {encode_test(Test, F, _, X _), 0=:=F/\2 10000000}, !, [X].

nonvar _bag(_) -->[].

% CGet the set of dereferenced arguments inplied by a node fornul a:
% (Only top level is dereferenced)
deref _set(Form DrfSet) :-

deref _bag(Form Bag, []),

sort(Bag, DSet),

filter_vars(DSet, DrfSet).

deref _bag((A;B)) -->1,
{deref_set (A NA)},
{deref_set (B, NB)},
{intersectv(NA, NB, N},
difflist(N).
deref _bag((A B)) --> 1!, deref_bag(A), deref_bag(B).
deref bag(rderef (X)) -->1, [X].
deref bag(deref (X)) -->1!, [X].
deref _bag(_) -->[].

% Get the set of full recursively dereferenced argunents inplied by a node
% formula. This includes rderef nodes & sinple nbodes which are dereferenced.
rderef _set(Form RDrfSet) :-

rderef _bag(Form Bag, []),

sort(Bag, RSet),

filter_vars(RSet, RFSet),

simpl e_set (Form ASet),

deref _set(Form DSet),

i ntersectv(ASet, DSet, ADSet),

uni onv( ADSet, RFSet, RDrfSet).

rderef _bag((A;B)) -->1,
{rderef_set(A NA},
{rderef _set(B, NB)},
{intersectv(NA, NB, N},
difflist(N).
rderef _bag((A B)) --> 1!, rderef_bag(A), rderef_bag(B).
rderef _bag(rderef(X)) -->1, [X].
rderef _bag(_) -->[].

% Get the set of atomic argunments inplied by a node formla:
atom c_set (Form Atnfet) :-

atom c_bag(Form Bag, []),

sort(Bag, ASet),

filter_vars(ASet, Atnbet).

atom c_bag((A; B)) -->1,
{atom c_set (A NA},
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{atom c_set (B, NB)},
{intersectv(NA, NB, N)},

difflist(N).
atom c_bag((A,B)) -->1, atom c_bag(A), atom c_bag(B).
atom c_bag(T) --> {encode_relop(T, X, _, Y, arith)}, I, [X V].
atom c_bag(T) --> {encode_test(T, F, _, X, _), 0 == F/\ 2°10000011}, !, [X].

atomc_bag(_) -->1].

% Get the set of sinple argunments inplied by a node formla:
si mpl e_set (Form SmpSet) : -

si mpl e_bag(Form Bag, []),

sort(Bag, SSet),

filter_vars(SSet, SnpSet).

simple_bag((A; B)) -->1,
{sinple_set(A NA},
{sinple_set(B, NB)},
{intersectv(NA, NB, N},

difflist(N).
simple_bag((A B)) -->1, sinple_bag(A), sinmple_bag(B).
simple_bag(T) --> {encode_relop(T, X, _, Y, arith)}, !, [XY].
simpl e_bag(T) --> {encode_test(T, F, _, X, ), 0 ==F /\ 200000011}, !, [X].

simple_bag(_) -->1].

% *** Returns the subset of all possible ternms that a term has AFTER
% a successful test, and the subset of terns that |lead to failure.

% Returns a flag (y or n) indicating whether the test binds its argunent
%if it's a variable.

% The subset is encoded as an array of fl ags:

% <var, nonni |l _const,nil, nonneg_int,neg_int,float,|ist,struc> fl ags.
% This array of flags represents a partition of all possible terns.
% Each flag represents a set of terns.

% The success and failure arrays do not have to be conpl ements

% of each ot her.

% Not es:

% 1. The _freeze versions delay execution until A is nonvari able.

% They have a | ogi cal meaning. The others have no | ogical

% nmeani ng since they depend on the var/nonvar instantiation

% of a term

% 2. Should a float(A) test be distinguished from noninteger_real ?

% Currently it is not.

% 3. This predicate assunes that the success of arithnetic relational
% operations inplies that the operands are integers.

encode_test (A B, C D) :- encode_test(A B, C D, ).
% CGoal inmplies Test: (Is this correct?)

% (This predicate uses backtracking to try the tests
% defined due to the tag definitions)
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subsum ng_test(CGoal, Test, Type, true) :-

encode_test(Goal, F1, _, A n),
type_test(Type, A Test),
encode_test(Test, F2, _, A n),
0 === \(F2) /\ FL

subsum ng_test(CGoal, not(Test), Type, false)
encode_test(Goal, F1, _, A n),
type_test(Type, A Test),
encode_test(Test, _, F2, A n),
0 === \(F2) /\ FL

encode_test(’ $test’ (X Bitmap), Bi t map,

Neg is \(Bitmap) /\ 2'11111111.

encode_test(’ $nane_arity’ (A F, N, 2’ 01000000,
atom(F), F\==[], N==0.

encode_test(’ $nane_arity’ (A F, N, 2’ 00100000,
F==[], N==0.

encode_test(’ $nane_arity’ (A, F, N, 200010000,
nonnegati ve(F), N==0.

encode_test(’ $nane_arity’ (A F, N, 2’ 00001000,
negati ve(F), N==0.

encode_test(’ $nane_arity’ (A F, N, 2’ 00000100,
nunber (F), \+integer(F), N==0.

encode_test(’ $nane_arity’ (A F, N, 200000010,
atom(F), integer(N), F=".", N=:=2.

encode_test(’ $nane_arity’ (A F, N, 2’ 00000001,
atom(F), integer(N), N0, (R\=="."; N=\=2).

encode_test(functor(A F, N, 2’ 01000000,
atom(F), F\==[], N==0.

encode_test(functor(A F, N, 2’ 00100000,
F==[], N==0.

encode_test(functor(A F, N, 2’ 00010000,
nonnegati ve(F), N==0.

encode_test(functor(A F, N, 2’ 00001000,
negative(F), N==0.

encode_test(functor(A F, N, 2’ 00000100,
nunber (F), \+integer(F), N==0.

encode_test(functor(A F, N, 2’ 00000010,
atom(F), integer(N), F=".", N=:=2.

encode_test(functor(A F, N, 2’ 00000001,
atom(F), integer(N), N0, (R\=="."; N=\=2).

encode_test(functor(A F, N, 2’ 00010000,
atom c(A).

encode_test(functor(A F, N, 2’ 00010000,
conpound( A) .

encode_test(functor(A F, N, 2’ 01000000,
atom(A), A ==[].

encode_test(functor(A F, N, 2’ 00100000,
A==[].

encode_test(functor(A F, N, 2’ 00010000,
nonnegati ve(A).

encode_test(functor(A F, N, 2’ 00001000,

negati ve(A).
encode_test(functor(A F, N, 2’ 01100000,

Neg,
2’ 11111111,
2’ 11011111,
2’ 11111111,
2’ 11111111,
2’ 11111111,
2’ 11111101,
2’ 11111111,
2’ 10111111,
2’ 11011111,
2’ 11101111,
2’ 11110111,
2’ 11111011,
2’ 11111101,
2’ 11111111,
2’ 11101111,
2’ 11101111,
2’ 10111111,
2’ 11011111,
2’ 11101111,
2’ 11110111,

2’ 10011111,

X

> x> > > > > P



conpound( A) .

encode_test(functor(_, A ),

encode_test(functor(_, _,
encode_test (A=.. X,
encode_test (X=..A,
encode_test (var(A),
encode_t est (nonvar (A),
encode_t est (ground(A),
encode_t est (at om A),
encode_test(nil (A,
encode_test (integer(A),
encode_t est (negati ve(A),

A,

encode_t est (nonnegati ve(A),

encode_t est ( nunber (A),
encode_test(float(A),
encode_t est (atom c(A),
encode_test(list(A),
encode_t est (cons(A),
encode_test (structure(A),
encode_t est (conmpound( A),

% encode_t est (conposi te(A),

encode_t est (si npl e(A),
encode_test (var_freeze(A),

encode_t est (nonvar _freeze(A),
encode_test (ground_freeze(A),
encode_test(atom freeze(A),

encode_test(nil _freeze(A),

encode_test(integer_freeze(A),

encode_t est (negati ve_freeze(A),
encode_t est (nonnegati ve_freeze(A),
encode_t est (nunber _freeze(A),
encode_test(atonm c_freeze(A),
encode_test(list_freeze(A),
encode_test(cons_freeze(A),
encode_test(structure_freeze(A),
encode_t est (conmpound_freeze(A),
encode_t est (conposite_freeze(A),
encode_test(sinple_freeze(A),

encode_test(Ais _, 200011100,
encode_t est (Rel , S I, A n
encode_t est (Rel , 2’ 00011000,
\+sign_flags(Rel, _, _, ),
encode_t est (Rel , 2’ 00011000,
\+sign_flags(Rel, _, _, ),
encode_t est ( A=X, T, I, A Yy
encode_t est ( X=A, T, I, A Yy
encode_test (A =X, S, F, A n)
encode_test(X\=A, S, F, A n)
encode_test (A==X, S, F, A n)
encode_test(X==A, S, F, A n)
encode_test (A ==X, T, I, A n)
encode_test(X\==A, T, I, A n)
encode_test(not(Q, S, 1, A T)
encode_test( \+(Q, S, I, A n)

2’ 01111100, 2'11111111, A V).
2’ 00010000, 2'11111111, A V).
2’01111111, 2'11111111, A V).
2’ 00000010, 2'11111111, A V).
210000000, 2’'01111111, A n).
2’ 01111111, 2’ 10000000, A, n).
2’ 01111111, 2’'10000011, A, n).
2’ 01100000, 2'10011111, A, n).
2’ 00100000, 2'11011111, A n).
2’ 00011000, 2'11100111, A n).
2’ 00001000, 2'11110111, A n).
2’ 00010000, 2'11101111, A n).
2’ 00011100, 2'11100011, A, n).
2’ 00000100, 2'11111011, A n).
2’ 01111100, 2’'10000011, A, n).
2’ 00100010, 2'11011101, A n).
2’ 00000010, 2'11111101, A n).
2’ 00000001, 2'11111110, A n).
2’ 00000011, 2'11111100, A, n).
2’ 00000011, 2'11111100, A, n).
2'11111100, 2’ 00000011, A, n).
2’ 00000000, 2’'01111111, A n).
2’ 01111111, 2’ 00000000, A, n).
2’ 01111111, 2’ 00000011, A, n).
2’ 01100000, 2’ 00011111, A, n).
2’ 00100000, 2’' 01011111, A n).
2’ 00011000, 2’' 01100111, A n).
2’ 00001000, 2’'01110111, A n).
2’ 00010000, 2’' 01101111, A n).
2’ 00011100, 2’ 01100011, A, n).
2’ 01111100, 2’ 00000011, A, n).
2’ 00100010, 2’ 01011101, A n).
2’ 00000010, 2’'01111101, A n).
2’ 00000001, 2’'01111110, A n).
2’ 00000011, 2’'01111100, A, n).
2’ 00000011, 2’'01111100, A, n).
2'11111100, 2’ 00000011, A, n).

2’ 01111111, A vy).
:- sign_flags(Rel, S, 1, A.
2’ 00011000, A n) :-
arith_test(Rel, A ).
2’ 00011000, A n) :-
arith _test(Rel, _, A.

:- type_flags(X, S, 1), T is 2" 00000000\/S.
:- type_flags(X, S, 1), T is 2" 00000000\/S.
- type flags(X, I, S), Fis 2"10000000\/I.
- type flags(X, I, S), Fis 2"10000000\/I.
- type flags(X, S, ), Fis 2°10000000\/I.
- type flags(X, S, ), Fis 2°10000000\/I.
- type flags(X, I, S), T is 2"10000000\/S.
- type flags(X, I, S), T is 2"10000000\/S.
- nonvar (G, encode_test(G I, S A T).

- nonvar (G, encode_test(G I, S, A ).
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% Fl ags and inverses fromequality tests:
% Fails if Xis a variable,
% Does not take variable flag into account.

type_flags(X
type_flags(X
type_flags(X
type_flags(X
type_flags(X
type_flags(X
type_flags(X

% When the sign of a relational

2’ 01000000,

2’ 00100000,
2’ 00010000,
2’ 00001000,
2’ 00000100,
2’ 00000010,
2’ 00000001,

since X can be any type at

2’ 01111111) -
2’ 01011111) :-
2’ 01111111) -
2’ 01111111) -
2’ 01111111) -
2’ 01111111) -
2’ 01111111) -

oper at or

run-tine.

atom(X), X\ =
nil (X).

nonnegati ve( X) .
negative(X).

nunber ( X), \+integer(X).
cons(X) .

structure(X).

=[]

sign_flags( A>N,
sign_fl ags(A>=N,
sign_flags( N<A,
si gn_fl ags( N=<A,
sign_flags( N>A,
si gn_fl ags(N>=A,
sign_flags( A<N,
si gn_fl ags( A=<N,

2’ 00010000,
2’ 00010000,
2’ 00010000,
2’ 00010000,
2’ 00001000,
2’ 00001000,
2’ 00001000,
2’ 00001000,

2’ 00001000,
2’ 00001000,
2’ 00001000,
2’ 00001000,
2’ 00010000,
2’ 00010000,
2’ 00010000,
2’ 00010000,

can be deterni ned:
A) :- nonnegative(N).
A) :- nonnegative(N).
A) :- nonnegative(N).
A) - nonnegative(N).
A) - nonpositive(N).
A) - negative(N).
A) - nonpositive(N).
A) - negative(N).

% can_overlap(Time, S1, F1, S2, F2, Bindsl, Binds2)
% Succeeds if Testl and Test2 can succeed together:
% This takes into account the possibility of binding by one of the tests.

% 1t does NOT take into account the trappi ng behavior of relational tests.
can_over |l ap( ., s, ., 82, ., ., ) - 0=\=81/\ s2.

can_overlap( left, S1, Fl1, S2, F2, _, y) :- 0 =\= 2'10000000 /\ S1.
can_overlap( right, S1, Fl1, S2, F2, y, ) :- 0 =\= 2'10000000 /\ S2.
can_overl ap(before, S1, F1, S2, F2, _, y) :- 0 =\= 210000000 /\ S1.
can_overl ap(before, S1, F1, S2, F2, y, ) :- 0 =\= 210000000 /\ S2.

% Conpl i cated version that’s not right:

% This happens if afterl /\ before2 =\= 0 or beforel /\ after2 =\= 0.

% This takes into account the execution order and the possibility
% of bi ndi ng happening by either Testl or Test2 or both.

% can_over | ap( ., s, ., 082, ., ., ) - 0=\=81/\ s2.
% can_overlap( left, S1, F1, S2, F2, _, ) :- left_overlap(Sl, F1, S2, F2).
% can_overlap( left, S1, F1, S2, F2, _, y) :- 0 =\= 210000000 /\ F1.
% can_overlap( right, S1, Fl1, S2, F2, _, ) :- right_overlap(S1, Fl, S2, F2).
% can_overlap( right, S1, Fl1, S2, F2, y, ) :- 0 =\= 210000000 /\ F2.
% % can_overl ap( after, S1, F1, S2, F2, _, ) :- left_overlap(Sl, F1l, S2, F2).
% % can_overl ap( after, S1, F1, S2, F2, _, ) :- right_overlap(Sl, F1, S2, F2).
% % can_overl ap(before, S1, F1, S2, F2, _, ) :- left_overlap(Sl, F1l, S2, F2).
% % can_overl ap(before, S1, F1, S2, F2, _, ) :- right_overlap(Sl, F1, S2, F2).
% can_over | ap(before, S1, Fl1, S2, F2, _, y) :- 0 =\= 210000000 /\ F1.

0

% can_over | ap(before, S1, Fl1, S2, F2, vy, ) :- =\= 210000000 /\ F2.
% These fornul as take into account what happens when the predicates

% can abort on a type not listed in the success & fail flags:

% (This occurs for relational operations)

left_overlap(S1, F1, S2, F2) :- 0 =\=S1 /\ (S2 \/ \(S2 \/ F2)).
right _overlap(Sl, F1, S2, F2) :- 0 =\=S2 /\ (S1 \/ \(S1\/ F1)).
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% Returns the functor and arity of a variable at run-time, if it can be found.
% Thi s predicate gives nore precise information about conpound terns

% than encode_test’s flag bits. It tells whether the nane and arity are

% equal or not equal to a given variable or atom

% What is represented by F & A
% Fl ag true: F AND A
% Fl ag false: F OR A (F & A being negative ternms here).

encode_nane_arity(’ $test’ (X, B), Y, F, A true) :-
bi t map_nane_arity(B, Y, F, A.

encode_nane_arity(X=..Y, Y, '.", 2, true).

encode_nane_arity( X=Y, X, F, A true) :- nonvar(Y), functor(Y, F, A).
encode_nane_arity( X=Y, Y, F, A true) :- nonvar(X), functor(X, F, A).
encode_nane_arity( X==Y, X, F, A true) :- nonvar(Y), functor(Y, F, A).
encode_nane_arity( X==Y, Y, F, A true) :- nonvar(X), functor(X, F, A).
encode_nane_arity(X=:=Y, X, F, A true) :- integer(Y), functor(Y, F, A.
encode_nane_arity(X=:=Y, Y, F, A true) :- integer(X), functor(X, F, A).

% These are wrong:

% encode_nane_arity( X\=Y, X, F, A false) :- nonvar(Y), functor(Y, F, A.

% encode_nane_arity( X\=Y, Y, F, A false) :- nonvar(X), functor(X, F, A).
encode_nane_arity(X=\=Y, X, not(F), not(A), false) :- integer(Y),functor(Y,F, A.
encode_nane_arity(X=\=Y, Y, not(F), not(A), false) :- integer(X),functor(X F, A).
encode_nane_arity(functor(X, F, A, X, F, A true).

encode_nane_arity(functor(X, F,A), F, F, 0, true) :- var(X).
encode_nane_arity(functor(X, F,A), F, G 0, true) :- nonvar(X), functor(X, G _).
encode_nane_arity(functor(X, F,A), A A 0, true) :- var(X).
encode_nane_arity(functor(X, F,A), A B, 0, true) :- nonvar(X), functor(X, _, B).

encode_nane_arity(' $nane_arity’' (X, F,A), X F, A true).
encode_nane_arity(atom X), X, X, 0, true).
encode_nane_arity(nil (X), X, [], 0, true).
encode_nane_arity(integer(X), X, X 0, true).
encode_nane_arity(negative(X), X, X, 0, true).
encode_nane_arity(nonnegative(X), X, X, 0, true).
encode_nane_arity(nunber(X), X, X 0, true).
encode_nane_arity(atomc(X), X, X, 0, true).

encode_nane_arity(cons(X), X, '.’, 2, true).
encode_nane_arity(not(P), X, NotF, NotA, NotJ) :-
nonvar ( P),

\ +i nval i d_negation(P),
encode_nane_arity(P, X, F, A J),
negate(F, NotF),

negate(A, NotA),

negat e_bool ean(J, NotJ).

% Negati ng these predi cates does not inply anything about the main functor
% since the failure could be due to an argunent.

i nval i d_negation(X=..Y).

i nval i d_negati on( X=Y).

i nval i d_negati on( X\ =Y).

i nval i d_negati on( X==Y).

i nval i d_negation( X\ ==Y).
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negat e( N, X) :- nonvar(N), N=not(X), !
negate(N, not(N)) :- var(N), !.
negate(N, not(N)) :- \+N=not(_), !

% G ven the nane & arity information of two predicates,
% and whet her the known values are logically positive or negative,
% succeeds for two tests that are mutually excl usive:
check_name_arity(true, true, Na, Aa, No, Ab) :-
( check_different(Na, Nb)
; check_different (Aa, Ab)
), L.
check_nanme_arity(true, false, Na, Aa, Nbo, Ab) :-
check_different(Na, Nb),
check_different(Aa, Ab).
check_nanme_arity(false, true, Na, Aa, No, Ab) :-
check_different(Na, Nb),
check_different(Aa, Ab).

% Succeeds for two atons or variables that are guaranteed to be different at
% run-time.

% (i.e. variables don't match agai nst atomnms since they could be the sane,

% but X and not(X) are different for all X))

check _different(X, Y) :- atomic(X), atomc(Y), X\ ==Y.

check different(X, Y) :- nonvar(X), X=not(Zz2), atomc(Z2), Z==V.

check _different(X, Y) :- nonvar(Y), Y=not(Z2), atomc(Z2), X==Z.

% CGet opposite | ogical conbiner:
negat e_bool ean(true, false).
negat e_bool ean(fal se, true).
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peephol e. pl

% Low | evel optim zations:

% Not es:
% 1. Atransitive closure is done on all the internedi ate peephol e steps.
% 2. The sequence nmove(r(1),r(7)) ... move(r(7),r(2)) can be optimzed in two

% steps: (1) replace second r(7) by r(1) as above, (2) see that r(7) is

% never read, so renmove it. This second part requires a backward pass.

% 3. Order of the peephole optimzations is inportant. For exanple,

% peep_i nst nust be done before instantiation of variabl es.

% 4. Don’t repeat dereferences, i.e. remenber when sonething has been derefed.
% This is simlar to synonym

% 5. Propagate instruction sequences that are conmon between all destinations
% of a branch to before the branch if they don't affect the branch outcone.
% Do this BEFORE dead code elinination.

% For a choi ce-bl ock nust ook at ALL choi ces.

% 6. Propagate instruction sequences that are only used in one direction of a
% branch to inside the branch. This occurs fairly often in if-then-elses.
% 7. Coal esce identical basic blocks. How often are basic blocks slightly

% different in form but identical in senmantics?

% 8. Even if the gain is very small, patterns that achieve it should be put in.
% Phi | osophy: add patterns that |’'ve seen in real code.

peephol e(NaAr, Code, Code, nopeep) :- !.
peephol e(NaAr, Code, |Code, peep) :-
\ +conpi | e_option(peep), !,
peep_fl at (Code, FCode),
i nst_| abl (NaAr, FCode, | Code).
peephol e(NaAr, Code, PCode, peep) :-
conpi |l e_option(peep), !,
write debug(’ Before peephole optimzation:’), nl_debug,
xpeephol e(NaAr, Code, PCode),
(conmpil e_option(debug) -> wite code(Code), nl; true),
write debug(’ After peephole optimzation:’).

xpeephol e( NaAr) -->
write _debug(’ peephole started'),

stats(p, 1),

peep_fl at, % Renove nesting of switch(unify)

stats(p, 2),

i nst_I| abl (NaAr), % I nstanti ate | abel s.

stats(p, 3), % At this point the code is ground.

peep_si np, % First optimzation (to reduce code size).

% Doi ng this reduces the nunber of duplicate basic blocks in prover.pl:
% peep_i nst(nocal l),

stats(p, 4),

peep_cl osure(NaAr), % Closure on all peephol e optini zations.

stats(p, 5),

|
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peep_cl osure(NaAr, Code, CutCode) : -
peep_seq(NaAr, Code, SCode),
peep_end_cl osure(NaAr, Code, SCode, QutCode).

% Repeat as long as there is a change:
peep_end_cl osure(NaAr, Code, SCode, PCode) :- Code=SCode, !, PCode=Code.
peep_end_cl osure(NaAr, _, SCode, PCode) :- peep_cl osure(NaAr, SCode, PCode).

%1ls there an optimal ordering anong these steps?
% For best results:
% 1. No peep_inst before peep_uniqg (otherw se fewer duplicate bl ocks).
% 2. No peep_inst before peep_junp_closure (fewer inline calls possible).
% 3. Peep_dead just after peep_uniq to renmpove basic blocks that aren’t
% junped to any nore--this avoids Re-inserting short duplicate basic bl ocks
% t hat have just been replaced by junmps. This gives a significant codesize
% reduction (>10% for chat).
peep_seq(NaAr) -->

stats(pl, 1),

peep_uni g,

stats(pl, 2),

peep_dead,

stats(pl, 3),

peep_j unp_cl osure( NaAr),

stats(pl, 4),

peep_I abl,

stats(pl,5),

synonym

stats(pl, 6),

peep_inst(call),

stats(pl,7),

I

% Ilnstantiate all |abels in the code to nunbered structures:
i nst_I| abl (NaAr, Code, Code) :- varset(Code, Vars), inst_labl _list(Vars, NaAr).

v
(NA I)]Vvars], NA) :- gennun(l), inst_labl _list(Vars, NA).

inst_labl _list([]
inst_labl _list([lI

% Renpve duplicate basic blocks: an optinization to reduce code size.

% Repl ace all duplicate basic bl ocks except the |ast one by a junp
%to the last one. This respects the rule that all junps go forward.

% Coul d inprove this by inproving the conparison of two basic bl ocks.
% 1f they both contain local |abels, then the | ocal |abels don't have
%to be the sane, as long as they correspond.

peep_uni g( Code, UCode) : -
make | arge_bl ocks(Code, Bl ocks),
reverse(Bl ocks, Rev),
make_uni que_array(Rev, UA, 0, F),
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% Only map blocks if there exists a duplicate:

(F>0

-> comment ([ ' Nunber of duplicate blocks ="',F]),
map_bl ocks(Code, UA, UCode)

;  Code=UCode

).

% Make an array indexed by basic block that contains one entry per
% uni que bl ock. The last blocks are inserted first. Also count the
% nunber of duplicated basic bl ocks.
make_uni que_array([], UA, InF, InF) :- seal (UA).
make_uni que_array([L-B| Bl ocks], UA, InF, QutF) :-
get(UA, B, X), !
(var(X) -> X=L, MdF=InF;, MdF is |InF+1),
make_uni que_array(Bl ocks, UA, MdF, QutF).
make_uni que_array([_| Bl ocks], UA, InF, QutF) :-
make_uni que_array(Bl ocks, UA, InF, CQutF).

% Repl ace all duplicated blocks in the code by junps to the |ast occurrence.
% No ot her change is done.
map_bl ocks([], _, [1)-
map_bl ocks([ 1 abel (L1)]| Code], UA, UCode) :-
first_bl ock(Code, B, Rest),
fget (UA, B, L2),
L1\ ==L2, I,
UCode=[| abel (L1),junmp(L2)| UC],
map_bl ocks(Rest, UA, UC).
map_bl ocks([ Branch| Code], UA, UCode) :-
branch(Branch), \+di stant_branch(Branch),
\ +Code=[ | abel ()| _],
first_bl ock(Code, B, Rest),
fget(UA, B, L), I,
comrent ([ Able to renove a block after ', Branch]),
UCode=[ Branch, j unp(L) | UC],
map_bl ocks(Rest, UA, UC).
map_bl ocks([I]| Code], UA, [I]|UCode]) :-
map_bl ocks(Code, UA, UCode).

% Col l ect all blocks that are | arge enough to make it worthwhile to renove
% t he duplicates:

% Don’t collect any bl ocks that have labels in them they will alnmost surely
% not have any duplicates worth collecting. Also, collecting these bl ocks
% w Il make the size of stuff that bagof collects go up as O codesize 2) for

% | ong stretches of nonbranching code with many | abels. This causes bagof
%to choke if there are 100's of instructions.
make | arge_bl ocks([], [])-
make | arge_bl ocks([ | abel (L) | Code], [L-Block|Blocks]) :-
first_bl ock(Code, Bl ock),
\ +has_|I abel (Bl ock),
\ +snmal | _bl ock( Bl ock),
I
make | arge_bl ocks(Code, Bl ocks).
make | arge_bl ocks([ _| Code], Bl ocks) :- nake_l arge_bl ocks(Code, Bl ocks).
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% Bagof uses (Q(codesize"2) nenory in this version:
% make_| arge_bl ocks(Code, Bl ocks) : -
% bagof (Lbl - Bl ock,

% Bl ockEntry”

% (basi c_bl ock(Code, [ | abel (Lbl)| Bl ockEntry]),
% first_bl ock(Bl ockEntry, Bl ock),

% \ +has_I abel (Bl ock),

% \ +smal | _bl ock( Bl ock)

% ),

% Bl ocks), !.

% make_| arge_bl ocks(Code, []).

smal | _bl ock([jump(_)]).
smal | _bl ock([return]).
smal | _bl ock([fail]).

has_| abel ([l abel ()] _1).
has_| abel ([ _| Code]) :- has_| abel (Code).

>

% count | abel ([label ()|, M N :- I, M is M1, cou
% count _| abel ([ _| Code], M N) :- count_| abel (Code, M

t _label (C, M, N).

% Junp & basic bl ock optinization:

% Rearrange basic blocks so that the nunmber of junps is ninimzed.
% When basic blocks are copied, the labels in themare renanmed so
% there are no duplicate |abels.

% Current inplementation takes Q(n log n) tinme.

% Peep_j unp must be done before peep_inst(call), and it nust do a cl osure.
% This is because peep_inst(call) does the transformation

% (cal |, deal | ocate,return -> deal |l ocate, junp) which makes basic bl ock

% rearrangenent nore difficult, in fact the current inplenmentation of

% peep_j unp woul d be incorrect because of it. (is this true?)

% Definition of basic block: any block of code starting with a |abel and
% ending with a distant branch and that contains no distant branches except
% for the last instruction.

% Not es:
% 1. What about junps that go nowhere (as in unify optimzation)?

peep_j unp_cl osure(NA, Code, CQutCode) : -
peep_j unp(NA, Code, SCode),
peep_j unp_end_cl osure(NA, Code, SCode, QutCode).

% Repeat as long as there is a change:
peep_j unp_end_cl osure(NA, Code, SCode, PCode) :- Code=SCode, !, PCode=Code.
peep_j unp_end_cl osur e(NA, _, SCode, PCode) :- peep_junp_cl osure(NA, SCode, PCode).

peep_j unp(NA, Code, JCode) :-
make bl ock_array(Code, BArray),
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non_enpty_array(BArray), !,

get _uni g_| abel s(Code, UArray),

rearr _junp(Code, NA, UArray, BArray, JCode).
peep_j unp(_, Code, Code).

% *** Get all labels that are only junped to once:
get _uni g_| abel s(Code, UArray) :-
get | abel _bag(Code, LblBag, []),
filter_uniq(Lbl Bag, UnigSet),
l ength(UnigSet, N),
comrent ([’ Nunber of unique labels =", N),
create_array(Uni gSet, UArray).

get | abel _bag([]) -->!.
get | abel _bag([B| Code]) --> branch(B), !, get_I abel bag(Code).
get | abel _bag([_| Code]) --> get_| abel bag(Code).

get | abel _set (Code, LSet) :- get_I| abel bag(Code, LBag, []), sort(LBag, LSet).

% *** The heart of peep_j unp:
% 1. replace a junp by its basic block if the block is only junped to once.
% 2. replace a junp by its basic block if the block is short.
% 3. replace a call by the predicate called if that’s straightline code.
% 4. replace a cond. branch to a cond. branch by a new cond. branch.
% 5. replace the | abel of any branch to a junp or to fail by the destination.
rearr_jump([], _, _, _, []).
rearr _junp([junmp(J)]| Code], NA, UArray, BArray, RCode) :-
\ +Code=[ | abel (J) | _],
fget (BArray, J, BlockEntry), \+no_opt_bl ock(Bl ockEntry),
first_bl ock(Bl ockEntry, Bl ock),
(fget(UArray, J, _) ; short_bl ock(Bl ock)),
% Bl ock should not end in the junmp itself, otherw se an endl ess series
% of | oop unrolling may result:

\ +l ast (Bl ock, j unmp(J)),
I

i nsert _bl ock(Bl ock, NA, RCode, RQO),
rearr _junmp(Code, NA, UArray, BArray, RO).
rearr_junp([call (J)| Code], NA UArray, BArray, RCode) :-
\ +Code=[return,label (J)| ],
fget (BArray, J, BlockEntry),
first_bl ock(Bl ockEntry, Bl ock),

returns_or_fail s(Block, Bl),
I

i nsert_bl ock(Bl, NA RCode, RO,
rearr _junmp(Code, NA, UArray, BArray, RO).
% Repl aci ng next two clauses by this causes drop into query node on verb_form 4.
%o rearr_junp([Branch| Code], NA, UArray, BArray, RCode) :-
%% map_branch(Branch, L1, NewBranch, L2),
%0 fget (BArray, L1, Bl ock),
%6 ( Bl ock=[junp(L2)], RCode=[ NewBranch| RC]
%0 ; Block=[fail], L2=fail, RCode=[ NewBranch| RC]
%% ; merge_branch(Branch, Block, Lbls, RCode, RQO),
%o inst_labl _list(Lbls, NA)
Wo ), !,
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%0 rearr_junp(Code, NA, UArray, BArray, RC).
rearr_junp([Branch| Code], NA, UArray, BArray, RCode) :-
branch(Branch, [L]), fget(BArray, L, BlockEntry),

nmer ge_branch(Branch, Bl ockEntry, Lbls, RCode, RC), !,

inst_labl _list(Lbls, NA),

rearr _junp(Code, NA, UArray, BArray, RO).
rearr_junp([Branch| Code], NA, UArray, BArray, RCode) :-

map_branch(Branch, L1, NewBranch, L2),

fget (BArray, L1, Bl ockEntry),

( BlockEntry=[junmp(L2)]|_]

; BlockEntry=[fail|_], L2=fail

), !,

RCode=[ NewBr anch| RC] ,

rearr _junmp(Code, NA, UArray, BArray, RO).
rearr_junp([!]| Code], NA, UArray, BArray, [I|RC) :-

rearr _junmp(Code, NA, UArray, BArray, RO).

% *** Optimze sone branches to branches:

% Repl ace a branch to a bl ock beginning with a branch by anot her branch.

% mer ge_branch(Branch, DestBl ock, NewLabel s, ReplaceBranch, Link)

nmer ge_branch(test(ne, Tvar,R L), [switch(T,R fail,L2,L3)]|_], [L1]) -->
[switch(T, R L1,L2,L3),label (L1)], {tag(var, Tvar)}.

% merge_branch(B1, [B2|_], ) -->

% {branch(Bl), branch(B2)},

% {conmment ([’ Branch ' ,Bl,’ junps to ',B2])},

% {fail}.

% *** The block is part of witenbpde structure creation:
no_opt _bl ock([ pragma(push(cons))| _1).

no_opt _bl ock([ pragma(push(structure(_)))|_1).

% The bl ock is part of unification with an atom

no_opt _block([unify_ atomc(_, ,fail)|_]).

% *** Create an array of basic bl ocks:

make bl ock_array(Code, BArray) :-
make_ bl ocks(Code, Bl ocks),
create_array(Bl ocks, BArray).

% *** Make a list of all basic blocks’ entry points:
make bl ocks([], [])-
make_ bl ocks([ I abel (L) | Code], [L-Code|Blocks]) :- I,
make_ bl ocks(Code, Bl ocks).
make_ bl ocks([ _| Code], Bl ocks) :- nmake_bl ocks(Code, Bl ocks).

% Bagof uses (Q(codesize"2) nenory in this version:

% make_bl ocks( Code, Bl ocks) : -

% bagof (Lbl - Bl ockEntry,

% Lbl * (basi c_bl ock( Code, [ | abel (Lbl)| Bl ockEntry])),
% Bl ocks), !.

% make_bl ocks( Code, []).

% *** Return all basic blocks’ entry points on backtracking:
% This routine returns the basic block’s entry point in the code,
% not the basic block itself. This is inportant for the bagofs
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% which call this routine because otherw se the size of the data
%that is collected is O codesize 2) which blows up for long stretches
% of nonbranching code (100's of instructions) with many | abels.

% basi c_bl ock([| abel (L)| Code], [l abel (L)| Code]).

basi c_bl ock( Bl ock, Bl ock) :- Block=[label ()| _].

basi c_bl ock([ _| Code], Bl ock) :- basic_bl ock(Code, Bl ock).

% Return the basic block starting the code:
first_bl ock(Code, Block) :- first_block(Code, Block, _).

first_block([I], [I], []) :- !.

first_block([I]|Code], [I|Block], Rest) :- \+end_block(l), !
first_bl ock(Code, Block, Rest).

first_block([lI|Rest], [I], Rest) :- end_block(l), !

% Mark the | ast instruction of a basic block
end_bl ock( End) :- distant_branch(End).

% *** Copy a basic block and renanme the | ocal | abels:
i nsert _bl ock(Bl ock, NA, Code, Link) :-

get | abel s(Block, Lbls, []),

assoc_| abel s(Lbls, ALblS),

inst_labl _Iist(ALbls, NA),

repl ace_| abel s(Bl ock, Lbls, ALbls, Code, Link).

get _labels([]) -->!
get | abel s([l abel (L)|Block]) --> 1!, [L], get_label s(Bl ock).
get | abel s([_| Block]) --> get_| abel s(Bl ock).

assoc_l abel s([], []) :- !'.
assoc_label s([_| L], [_|A]) :- assoc_Ilabel s(L, A).

repl ace_Il abel s([], _, ) -->!

repl ace_| abel s([1]| Bl ock], Lbls, AlLbls) -->
repl ace_I| abel s_one(l, Lbls, ALbls),
repl ace_I| abel s(Bl ock, Lbls, ALbls).

repl ace_I| abel s_one(l abel (L), Lbls, ALbls, [label (A)|Link], Link) :-
menberv2(L, Lbls, A AlLbls), !.

repl ace_I| abel s_one(l, Lbls, ALbls, [J]|Link], Link) :-
map_branches(l, ILbls, J, JLbls), !,
map_terns(Lbls, ALbls, ILbls, JLbls).

repl ace_ | abel s_one(l, _, _, [I]|Link], Link).

% *** Succeeds if the block returns or fails and remmins straight-line code.
% (It removes the return, but keeps the fail.)

returns_or_fails(Block, Bl) :- returns_or_fails(Block, Bl, []).
returns_or_fails([fail]) -->1, [fail].

returns_or_fails([return]) -->1

returns_or_fails([call (A)|Block]) -->1!, [call(A)], returns_or_fail s(Bl ock).
returns_or_fails([l]|Block]) --> {\+branch(1)}, !, [I], returns_or_fails(Bl ock).

returns_or_fails([l]|Block]) --> {pure_branch(l,Lbls), all_fails(Lbls)}, !,
(1,
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returns_or_fail s(Bl ock).

% Succeeds if the block is short enough
short bl ock(List) :- conpile_option(short_block(N)), shorter_than(List, N).

% Dead code elimnation

% Not es:

% 1. This code needs to know all the instructions that can branch

% 2. This version does not renmove any code inside of a switch instruction
% generated by unification code. This is OK since such a switch is

% sel f - cont ai ned.

% 3. Speed = ( (nunber of labels) * (code size) ). This can be reduced
% to | og(nunber of labels) if profiling shows it to be necessary.

peep_dead( Code, DCode) : -
gat her _cl osur e( Code, Lbls),
peep_dead( Code, Lbls, DCode).

peep_dead([], _, []).

peep_dead([ I nstr]| Code], Lbls, [Instr|DCode]) :- distant_branch(lnstr), !,
to_next | abel (Code, Lbls, MCode),
peep_dead( MCode, Lbls, DCode).

peep_dead([ I nstr| Code], Lbls, [Instr|DCode]) :-
peep_dead( Code, Lbls, DCode).

% Do closure calculation to find all |abels that are reached through any
% nunber of junps in succession
gat her _cl osure(Code, Lbls) :- gather_closure(Code, [], Lbls).

gat her _cl osure(Code, InL, QutL) :-
gat her _I abel s(Code, InL, MdL),
sort(MdL, Setl),
gat her _end_cl osure(Code, InL, SetL, Qutl).

% Repeat as long as there is a change:
gat her _end_cl osure(Code, InL, MdL, QutL) :- InL=MdL, !, QutL=MdL
gat her _end_cl osure(Code, InL, MdL, QutL) :- gather_closure(Code, MdL, QutL).

% Fol |l ow | abel s in one pass to find reached junps:
gat her _l abel s([], L, L).
gat her _| abel s([Instr| Code], InL, QutL) :- branch(lnstr, MdL, InL), !
next _code(lnstr, Code, NCode, MdL),
gat her _I abel s(NCode, MdL, CQutl).
gat her _| abel s([I abel (L) | Code], InL, QutL) :- menmber(L, InL), !,
gat her _| abel s(Code, InL, QutlL).
gat her _| abel s([_| Code], InL, QutL) :-
gat her _I abel s(Code, InL, QutlL).

next code(lnstr, Code, NCode, LblSF) :- distant_branch(lnstr), !,
to_next | abel (Code, Lbl SF, NCode).
next code(_, Code, Code, ).



369

% Renpve all instructions up to a label that is a junp destination
to_next _label ([1, _, [])-
to_next | abel ([I nstr]| Code], Lbl SF, DCode) : -

(I'nstr=l abel (L), menber(L, Lbl SF)

-> DCode=[ | nst r| Code]

; to_next_ | abel (Code, Lbl SF, DCode)

% Renpve unused | abel s:

% This algorithmis O code_size*l og(nhum | abels) ).

peep_I abl (Code, LCode) : -
branch_dest bag(Code, Labels),
list_to_key(Labels, KeylLabels),
create_array(KeyLabel s, LArray),
renove_| abel _i nst (Code, LArray, LCode).

renove_| abel _inst([], _, [])-
renove_| abel _inst([Instr| Code], LArray, LCode) :-
((I'nstr=l abel (Lbl), \+fget(LArray, Lbl, ))
-> LCode=MCode
; LCode=[ I nstr| MCode]
),
renove_| abel _i nst (Code, LArray, MCode).

branch_dest _bag([], [])-
branch_dest _bag([ I nstr| Code], Labels) :-
(branch(lnstr, Labels, L)
-> branch_dest _bag(Code, L)
; branch_dest bag(Code, Labels)

).

branch_dest _set(Code, Set) :- branch_dest_bag(Code, Bag), sort(Bag, Set).

% Si npl e instruction | evel peephole optim zation

% Optimzed to do transitive closure in one pass.

% Possi bl e i mprovenent: | ook at 'relevant’ instructions instead of
% adj acent instructions, skipping "irrelevant’ instructions.

% Thi s i ncreases the power of the optinization.

% Added basic block array to make it possible to follow junps & calls.
% This is a first step towards nore conpl ex propagation optim zations.

% Cal | Fl ag
% Cal | Fl ag

call: convert call instructions to junps wherever possible.
nocal I : do not convert call instructions to junps.
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peep_inst (Cal | Fl ag, Code, PCode) : -
make bl ock_array(Code, BArray),
peep_i nst (Code, BArray, CallFlag, PCode, []).

% Si npl e peephol e optini zation:

peep_si mp([], []).
peep_sinp([!| Code], PCode) :- peep_sinmp(l, Code, PCode).

peep_si np(nove(R R), Code, PCode) :- !, peep_sinp(Code, PCode).
peep_si np(nop, Code, PCode) :- !, peep_sinp(Code, PCode).
peep_sinp(l, Code, [I]|PCode]) :- peep_sinmp(Code, PCode).

peep_inst([], _, ) -->1[].

% Renove choice(1/N) if is followed by a cut:

peep_inst([choice(l/N, _, )| Code], BA F) -->
{success_to_cut (Code, BA)}, !,
peep_i nst (Code, BA, F).

% Repl ace choice(l/N) (1<I<N) by choice(NN) if is followed by a cut:

% (A nmore conplete opt. would go back & redo all register sets)

peep_inst([choice(l/N R _)|Code], BA F) --> {1<l, I<N},
{success_to_cut (Code, BA)}, !,
peep_inst([choice(N N R fail)]| Code], BA F).

peep_inst([call (X)]| Code], BA, call) --> {rearr_dealloc(Code, X, O}, !,
peep_inst(C, BA, call).

peep_inst ([junp(L)]| Code], BA, F) --> {lbl(L), contains_|abel (Code, L)}, !,
peep_i nst (Code, BA, F).

peep_inst([I,J, K Code], BA, call) --> {cpeep3(l, J, K, C, Code)}, !,
peep_inst(C, BA, call).

peep_inst([H1,J, K Code], BA F) --> {peep3r(l, J, K C, Code)}, !,
peep_inst([H C, BA F).

peep_inst([I,J, K Code], BA, F) --> {peep3r(l, J, K, C, Code)}, !,
peep_inst(C, BA F).

peep_inst([I,J, K Code], BA F) --> {peep3(l, J, K, C, Code)}, !,
peep_inst(C, BA F).

peep_inst([H1,J| Code], BA, F) --> {peep2r(l, J, C, Code)}, !,
peep_inst([H C, BA F).

peep_inst([I,J] Code], BA, F) --> {peep2r(l, J, C Code)}, !,
peep_inst(C, BA F).

peep_inst([I,J] Code], BA, F) --> {peep2(l, J, C, Code)}, !,
peep_inst(C, BA F).

peep_inst([H || Code], BA F) --> peeplr(l), !,
peep_inst ([ H Code], BA, F).

peep_inst([1| Code], BA, F) --> peeplr(l), !,
peep_i nst (Code, BA, F).

peep_inst([1| Code], BA, F) --> peepl(l), !,
peep_i nst (Code, BA, F).

peep_inst([1| Code], BA, F) --> % Default case.
(11,
peep_i nst (Code, BA, F).

% Code starts with a sequence of pseudo-instructions and the | abel L:
contains_|abel ([label (L)|_], L) :- I.

contains_| abel ([l abel (_)| Code], L) :- contains_|abel (Code, L).

contai ns_| abel ([ pragma(_)| Code], L) :- contains_| abel (Code, L).
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% Optim zati ons which convert calls to junps:
% All such are done only with 'call’ flag.

% Tail-call optimzation of a call followed by deall ocate(s) and return:

% (cal | +deal | ocate(s) +treturn) --> (deall ocate(s)+j unp)

rearr_deal | oc([deal | ocate(N)| Code], X, [deallocate(N)|RCode]) :- !,
rearr_deal | oc(Code, X, RCode).

rearr_deal l oc([return| Code], X, [junmp(X)]| Code]).

% cpeep2r(call (A), return) --> [junp(A)].

% cpeep3r(call (A), nop, return) --> [jump(A].
% cpeep3r(call (A), deallocate(N), return) --> [deallocate(N),jum(A].

cpeep3(call (A), label (B), return) --> [junp(A), | abel (B),return].

% Single instruction & reduce:

peeplr ( nop) --> [].

peeplr ( cut(r(b))) -->117.

peeplr ( nove( X, X)) -->[].

peeplr( unify(X X _, ,)) -->11.

peeplr ( equal (X, X, 1)) -->1].

% Can’t do this because pointer offsets nay depend on the pad:
% peeplr( pad(M) --> 1], {align(A), 0is Mnod A}.
peeplr ( pad(0)) -->[].

peeplr (pragma(align(_,1))) -->

[
peeplr ( jump(ne, R R 1)) -->]
peeplr( junp_nt(ne, R R )) --> |
peeplr ( move( _,r(void))) --> [
peeplr( deref(_,r(void))) --> [

— e

% Single instruction:
peepl(sinple_call ("$sl1'/2)) --> {vlsi_pIn}, [slI].
peepl(sinple_call ('$sra’'/2)) --> {vlsi_pln}, [sra].
peepl(deref (X X)) --> {\+wite_once}, [deref(X)].
peepl(rmove(X Y)) -->
{X\::Y},
{s_oper (X, PX), s_oper(Y, PY)},
[ move(PX PY)].
peepl(equal (X Y,L)) -->
{s_oper (X, PX), s_oper(Y, PY)},
[ equal (PX, PY,L)].
peepl(uni fy(XY, Tx, Ty,L)) -->
{s_oper (X, PX), s_oper(Y, PY)},
[uni fy(PX PY, Tx, Ty, L)].
peepl(switch(unify, T,A L1, L2, F)) -->
{peep_inst (L1, Pl), peep_inst(L2, P2)},
[switch(unify, T, A P1, P2, F)].
peepl(junmp(fail)) -->
[fail].
peepl(switch(_, ,fail,fail,fail)) -->
[fail].
peepl(switch(_, ,L,L,L)) --> {L\==fail},
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[jump(L)].
peepl(switch(_,R fail,L, L)) -->
[test(ne, Tvar, R L),fail], {tag(var, Tvar)}.
peepl(switch(_,R L,fail,fail)) -->
[test(eq, Tvar, R L),fail], {tag(var, Tvar)}.
peepl(switch(T,R fail,L,fail)) -->
[test(eq, T,R L), fail].
peepl(switch(T,R L,fail,L)) -->
[test(ne, T,R L), fail].
peepl(pad(M) --> {align(A), Kis Mnod A, K<M K=\=0}, [pad(K)].
peepl(junp(eq, R R fail)) --> [fail].
peepl(junmp_nt(eq, R R fail)) -->[fail].
% Need to extend this eventually to handl e overfl ows:
peepl(add(l,J,R)) --> {integer(l), integer(J), Kis I+J}, [move(K R].

peepl(sub(l,J,R)) --> {integer(l), integer(J), Kis I-J}, [move(K R].
peepl(mul (1,J,R)) --> {integer(l), integer(J), Kis I1*J}, [mve(K R].
peepl(div(l,J,R)) --> {integer(l), integer(J), Kis I//J}, [nmove(K R].
peepl(and(l,J,R)) --> {integer(l), integer(J), Kis I /\ J}, [nove(K R].
peepl( or(l1,J,R)) --> {integer(l), integer(J), Kis I \/ J}, [nove(K R].

peepl(xor(l1,J,R)) --> {integer(l), integer(J), xor(l, J, K}, [move(K R].
% peepl( not(l,R)) --> {integer(l), integer(J), Kis \(1)}, [mve(K R].
peepl(slI(1,J,R) --> {integer(l), integer(J), Kis I<<J}, [nove(K R].
peepl(sra(l,J,R)) --> {integer(l), integer(J), Kis I>>J}, [nove(K R].

% User instructions: (for macro definitions)

peepl(add_nt(1,J,R)) --> {integer(l), integer(J), Kis I+J}, [nove(K R].

peepl(sub_nt(1,J,R)) --> {integer(l), integer(J), Kis I-J3}, [nove(K R].
peepl(and_nt(1,J,R)) --> {integer(l), integer(J), Kis I /\ J}, [nove(K R].
peepl( or_nt(l1,J,R)) --> {integer(l), integer(J), Kis I \/ J}, [nove(K R].
peepl(xor_nt(l1,J,R)) --> {integer(l), integer(J), xor(l, J, K}, [move(K R].
peepl(sll_nt(1,J,R)) --> {integer(l), integer(J), Kis I<<J}, [move(K R].
peepl(sra_nt(l,J,R)) --> {integer(l), integer(J), Kis I>>J}, [move(K R].

% Two i nstructions & reduce:

peep2r (pragma(X), pragma(X)) --> [pragnma(X)].

peep2r (pragma(tag(R T)), move(X Y)) --> {\+ind(X),\+ind(Y)}, [nove(X Y)].
peep2r (pragma(tag(R T)), deref(X Y)) --> {\+ind(X),\+ind(Y)}, [deref(X Y)].
peep2r(all ocate(N), deallocate(N)) -->[].

peep2r (deal | ocate(N), allocate(N)) -->[].

% peep2r( junp(L), label(L)) --> [label(L)].

% peep2r (jump(_, L), label(L)) --> [label(L)].

% What about trappi ng behavior?

% peep2r (jump(_, _, _, L), label (L)) --> [label (L)].

peep2r (jump_nt(_, , ,L), label (L)) --> [label (L)].

% peep2r( | abel (L), jump(L)) --> [junp(L)].

peep?2r ( Br, ) --> {distant_branch(Br), \+l=label ()}, [Br].
% peep2r( jump(L), ) -->{\+l=label ()}, [junp(L)].

peep2r( label (L), label(L)) --> [label(L)].

peep2r (move( X, Y), move(Y,X)) --> {\+is_in(Y,X)}, [move(X Y)].
peep2r(nmove(_,Y), move(Z Y)) --> {\+is_in(Y,2)}, [move(Z Y)].
peep2r (move(X, Y), move(X Y)) --> {\+is_in(Y,X)}, [move(X Y)].

peep?2r ( return, return) --> [return].
% Can’t do this unless Ris not an uninit_reg to be returned:
% peep2r (nove(_, R, return) --> {reg(R}, [return].

peep2r(move(_,R), jump(NA)) --> {reg(R 1), lowreg(L), |>=A+L},
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{functor(F, N, A), \+survive(F)},
[jump(NA)].

peep2r(move(_,R), call (NA)) -->{reg(R 1), lowreg(L), |I>=A+tL},
{functor(F, N, A), \+survive(F)},

[cal (N AT.
peep?2r ( I, fail) --> {local _instr(l), \+l=cut(_)}, [fail].
peep?2r ( I, fail) --> {pure_branch(l,Lbls), all_fails(Lbls)}, [fail].
peep2r (pragma(_), fail) -->[fail].
peep?2r ( fail, fail) -->[fail].
peep?2r ( fail, [) --> {\+l=label ()}, [fail].
peep2r (pair (A B), [) -->{\+l=pair(_,_ ), \+tl=label ()}, [pair(A B)].

% peep2r(cnp(ne, R R), junp(false,fail)) -->[fail].
% peep2r(cnmp(eq, R R, junp(true, fail)) --> [fail].

% peep2r(cnp(eq, R R), junp(false,_)) -->[cmp(eq, RR].

% peep2r(cnp(ne, R R), junmp(true, _)) -->[cmp(ne, R R].

peep2r (choice(1/N, _, ), cut(R)) -->Jcut(R].

peep2r (choice(l/N, _, L), fail) --> [jump(L)], {1>1, I<N}.
peep2r(test(ne, T,R L), equal (R TAL)) -->{tag(atom T)}, [equal (RTAL)].
peep2r(test(_,_,_,L), label (L)) --> [label (L)].

peep2r(equal (_, _,L), label(L)) --> [label(L)].
peep2r (push(X, R, N), adda(R MR)) --> {merge_add}, [push(X, R K)], {Kis N+M.

peep2r (push( X, r(h), N, pad(M) --> {nerge_add}, [push(X,r(h),K],{Kis NM.
peep2r (adda(R N, R), adda(R MR)) --> {merge_add}, [adda(R K, R ], {Kis N+M.
peep2r ( pad(N), pad(M) --> [pad(K)], {Kis N+M.

% Shows up in ex(n5):
peep2r(test(eq, T,R L), switch(UR _,A B)) --> {tag(var,T)},
[switch(U R L,A B)].
peep2r(test(eq, T,R L), switch(T,R A _,B)) -->
[switch(T,R AL, B].
peep2r(test(eq, T,R L), switch(U R A B, L)) --> {tag(var,V), T\==V, T\==U},
[switch(U R A B, L)].
peep2r(test(E T, R L), | abel (L)) --> [label (L)], {L\==fail}.
peep2r (pragma(tag(R, _)), move(X r(void))) -->{is_in(R X)}.
peep2r (pragma(tag(R, _)), deref(X r(void))) --> {is_in(R X)}.
peep2r (move(C, R), deref(RR) -->
{reg(R), (integer(Q) ; C=(T_),tag(var,V), T\==V)},
[move(C R)].

% Two instructions:

peep2(test(Eq, T,R fail), jump(L)) --> {Ibl (L)},
[test(Ne, T,R L), fail], {eq_ne(Eq, Ne)}.

peep2(move( A B), move(B,C) --> {permB), reg(Q},
[ move( A O, move(C B)].

peep2(deref (A B), nove(B,C) --> {permB), reg(O},
[deref (A O, move(C, B)].

peep2(deref (A B), deref(B,C) -->
[deref (A B), move(B,Q].

peep2(move(C, P), mve(C R)) --> {reg(R, perm(P), \+reg(C, \+is_in(P, O},
[move(C, R), move(R P)].

peep2(move(C, 1), mve(C R) --> {reg(R, ind(l), \+reg(Q, \+is_in(R1)},
[move(C, R, move(R 1)].

peep2(move(R 1), move(l,C) --> {reg(R), \+reg(Q, ind(l)},
[move(R 1), mve(R O] .

peep2(junmp(Cond, R, S,fail), junmp(L)) --> {cond(Cond,Inv), Ibl(L)},



374

[jump(lnv,R S /L), fail].

peep2(junmp_nt(Cond, R S, fail), jump(L)) --> {cond(Cond, Inv), Ibl(L)},
[jump_nt(Inv,R S, L), fail].

% peep2(junmp(TF,fail), jump(L)) --> {tf _ft(TF FT)},

% [jump(FT,L),fail].

peep2(switch(T,R fail,L, L), | abel (L)) -->
[test(eq, Tvar,R fail),label (L)], {tag(var, Tvar)}.

peep2(switch(T,R L,fail,fail),label (L)) -->
[test(ne, Tvar,R fail),label (L)], {tag(var, Tvar)}.

peep2(switch(T,R fail,L,fail),label (L)) -->
[test(ne, T,R fail),label (L)].

peep2(switch(T,R L,fail,L), | abel (L)) -->
[test(eq, T,R fail),label (L)].

peep2(switch(T, R L1,L2,L1), |I|abel(Ll)) -->
[test(eq, T, R L2),label (L1)].

peep2(switch(T, R L1,L2,L1), |I|abel(L2)) -->
[test(ne, T, R L1), Il abel (L2)].

peep2(switch(T, R L1,L2,L2), |abel(L1)) -->
[test(ne, Tvar, R L2), | abel (L1)], {tag(var, Tvar)}.

peep2(switch(T, R L1,L2,L2), |abel(L2)) -->
[test(eq, Tvar, R L1), | abel (L2)], {tag(var, Tvar)}.

peep2(l, adda(R MR)) --> {nmerge_add}, [adda(R MR),J], {inc_reg(l,RMJ)}.

peep2(l, pad(M) --> [pad(M,J], {inc_reg(l,r(h),MJ)}.

% Three instructions & reduce:

peep3r (Br, |abel (L), Br) --> {distant_branch(Br)}, [label (L), Br].

peep3r (jump(Cond, R, S, L1), junp(L2), label(L1)) --> {cond(Cond,Inv), Ibl(L2)},
[jump(lnv, R S, L2), Il abel (L1)].

peep3r (junmp_nt (Cond, R, S, L1), junp(L2), l|abel(L1)) --> {cond(Cond,Inv), |bl(L2)},
[jump_nt(Inv,R S, L2),1abel (L1)].

peep3r (jump(Cond, R S, L1), fail, label(L1)) --> {cond(Cond,Inv)},
[jump(lnv,R S,fail),label (L1)].

peep3r (jump_nt (Cond, R S, L1), fail, label(L1)) --> {cond(Cond,|nv)},
[jump_nt(Inv,R S,fail),label (L1)].

peep3r (test (EgqNe, A B, L), fail, label (L)) --> {eq_ne(EqNe, NeEq)},

[test (NeEq, A B, fail),label (L)].
peep3r (test (EgNe, A B, L1), junp(L2), label(L1)) --> {eq_ne(EqNe, NeEq), |bl(L2)},
[test (NeEq, A B, L2), 1 abel (L1)].
% peep3r (junp(T,L), fail,label (L)) --> [junp(F,fail),label (L)],{tf _ft(T,F)}
% peep3r (junmp(T, L1),junp(L2), | abel (L1)) --> [junmp(F, L2),label (L1)],{tf _ft(T,F)}.
peep3r(move(T R, R), adda(R1, N, Rl), nove(R [R)) -->
[move(T R, R), push(R R1, N,
{tag(T),integer(N),reg(R),reg(Rl), R ==R1}.
peep3r (move(C, R), nmove(R P), move(X,R)) --> {reg(R),\+is_in(RP),\+is_in(R X},
[ move(C, P), move(X, R ].
peep3r (pragma(tag(R, _)), pragma(align(R _)), nmove(Xr(void))) -->{is_in(R X)}.
peep3r (pragma(tag(R, _)), pragma(align(R _)), deref(X r(void))) --> {is_in(R X)}.

% Three instructions:

peep3(l, label (L), fail) --> {local _instr(l), \+l=cut(_), \+l=fail},
[fail,label (L), fail].

peep3(pragma(tag(lR T)), move(C 1), nove(CR) -->
{reg(R), ind(l, IR, avar(lR, \+reg(Q, \+is_in(R 1)},
[move(C, R), pragna(tag(IR T)), move(R 1)].
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peep3(move(P, R), pragma(tag(P,T)), nmove(R[R])) -->
{perm(P), reg(R)},
[move(P, R), pragma(tag(R T)), mve(R[R])].
peep3(move(T r(h), R, push(Rr(h),N), deref(RS)) -->
{reg(R), a var(S), tag(T)},
[move(T r(h),R), push(Rr(h), N, mve(R S)].
% G ves error in witenode unification:
% peep3(move(T r(h), R, adda(r(h),N r(h)), pad(M) -->
% [pad(M,nove(T r(h),R),adda(r(h),Nr(h))],
% {tag(T),integer(N),integer(M,a var(R,R==r(h)}.

% *** Up to a cut there are only instructions that always succeed &
%there is no nove to the b register (this nmove marks the point to cut to).
% This routine follows the execution path as far as it can. It follows

% junps and calls. It could be extended to follow all branches.

% Proc_code has a higher-level version of this predicate.
success_to_cut([cut(_)]_], ) :- '.

success_to_cut([move(_,r(b))| 1, ) :- ', fail.

success_to_cut([junmp(L)|_], BA) :- fget(BA L, Blk), !, success_to_cut(Blk, BA).
success_to_cut([call(L)|_], BA) :- fget(BA L, Blk), !, success_to_cut(Blk, BA).
success_to_cut([I]| Code], BA) :- local _instr(l), !, success_to_cut(Code, BA).

all _fails([]).

all _fails([XIL]) :- nonvar(X), X=fail, all_fails(L).

eq_ne(eq, ne).
eq_ne(ne, eq).

tf _ft(true, false).
tf _ft(false, true).

% Updat e an instructi on when an adda noves across it:

% (Fails when it shouldn’t be done)

inc_reg(move(S, D), R |, move(Sn,Dn)) :- add_ea(S, R 1,Sn), add_ea(D R I, Dn).
inc_reg(pragma(P), _, _, pragma(P)).

add_ea(Tag™ X, Reg, Inc, Tag" V) :- pointer_tag(Tag), add_reg(X, Reg, Inc, Y).
add_ea( [X], Reg, Inc, [Y]) :- add_reg(X, Reg, Inc, Y).

add_ea( X, Reg, Inc, Y) :- add_reg(X, Reg, Inc, Y).

add_ea( El se, ., _, FEl'se). % An addressing node not containing Reg.

add_reg(RtN, R, M RK) :- reg(R), integer(N, Kis NM mke reg(R K RK).
add_reg(RRN, R, M RK) :- reg(R), integer(N, Kis -NM make reg(R, K RK).

add_reg(R R M RK) :- reg(R, Kis -M nmake_reg(R K, RK).
make reg(R K, R+K) :- K>0, !.

make reg(R, K R i- K=:=0, !.

make reg(R, K, RN :- KO, I, Nis -K

% Renpve nesting of switch:

peep_fl at (Code, FCode) :- conpile_option(flat), !, peep_flat(Code, FCode, []).
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peep_fl at (Code, Code) :- \+conpile_option(flat).

peep_flat([]) -->[]-
peep_flat([I]| Code]) --> peep_flat(l, Code).

peep_flat(switch(unify, T,R VC SC F), Code) -->1,
[switch(T,R VL, SL,F)],
[l abel (VL)],
peep_flat (VO),
[junp(End)],
[l abel (SL)],
peep_flat (SC),
[jump(End)], %!! For best code, this nust be kept as is.
% This is because junps delinit basic bl ocks.
[l abel (End)],
peep_fl at (Code).
peep_flat(Instr, Code) -->
{\+Instr=switch(unify, , , , , )},
[Instr],
peep_fl at (Code).

% Addr essing nmode utilities:
% These utilities are derived fromthe addressi ng nodes given in bam syntax. pl.

% Label :

[ bl (fail).

[ bl (N A) :- atonm(N), integer(A), A>=0.

[bl (I(NNA1)) :- atom(N), integer(A), A>=0, integer(l).

% Regi ster:
% (This includes r(h) and r(b))

reg(r(l)) :- atomc(l).

reg(r(l), 1) :- integer(l).

perm(p(l)) :- integer(l).

a var(R :- reg(R.

a var(R :- permR).

an_aton(lnt) i- integer(Int).
an_atom( T A) :- atom(A), tag(atom T).
an_atom(T°(F/N)) :- atomF), positive(N), tag(atom T).
ind([_]).

ind([I], 1).

complex(_"~_).

complex([_]).
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% Utilities:

% Si npl i fy an operand:

s_oper(X, S) :- (s_o(X, S ->true ; X=9).

% Tabl e of operand sinplifications:

s_of X+0, X) - 1.

s_of X-0, X) - 1.

s_o( [X+0], [X]) - !.

s_o( [X0], [X]) :- !.

s_of X+N, X-1) :- neg_abs(N, I), !.

s_of X-N, X+l) :- neg_abs(N, I), !.

s_o( [X+N], [X-1]) :- neg_abs(N, 1), !I.

s o [XN, [ X+1]) neg abs(N, 1)y, !.
s_o(T (r(h)+0), Tr(h)) :

s o(T (r(h)-0), Tr(h)) :- '

s o(T(r(h)y+N), T°(r(h)-1)) :- neg_abs(N, 1)y, !.
s o(T(r(h)y-N), T (r(h)+l)) :- neg_abs(N, 1), !.
neg _abs(N, 1) :- integer(N), N<O, | is -N

%Atermis i nsi de anot her.

, Tag" (A+))) :-
, Tag (A )) :-

. A
s_in(A,
s_in(A,
s_in(A,
s_in(A,
s_in(A,
, Tag"A) :-

A+_).

A ).

[A]).

[A+_]).

[A-_]).

poi nter_tag(Tag).

poi nter_tag(Tag).
poi nter_tag(Tag).
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pr eanbl e. pl

% Convert a raw list of input Prolog clauses into a list of ptrees ready for
% further conpilation.

% This file contains routines for two conversions:
% 1. Bringing together non-contiguous clauses.
% 2. Converting contiguous clauses into ptrees.

% Bring together non-contiguous clauses so that they are contiguous.

% This is done while enforcing two constraints:

% 1. Directives stay in front of the predicate they are originally in front of.
% 2. The first predicate renmains first. This is for conpatibility with

% the sinulator, which executes the first predicate.

% Al so random zes the order of predicates (except the first). This ensures

% logarithmic tine for the array handling done in the anal ysis nodul e.

% *** Accunul at or decl arati ons:
acc_info( cls, V, Qut In, Qut=[V|]In]).
acc_info(dirs, V, Qut In, Qut=[V|]In]).

pred_info(extract_nerge, 3, [dirs,cls]).

% *** Main entry point:
cont _cls(ds, ds) :-
conpi |l e_option(contiguous), !.
cont_cls(ds, COs) :-
stats(cc, 1),
keylist _cls(ds, Keylist),
stats(cc, 2),
keysort (Keylist, Sort),
stats(cc, 3),
nmerge _cls(Sort, Cds),
stats(cc, 4).

% Convert clauses to keylist suitable for keysort.

% Key is of the formkey(R H, NA) where

% 1. Ris the rank:

% R=1 for directives up to & including the first clause

% and all clauses with the sane nane/arity.
% R=2 for directives & clauses up to & including the |ast clause
% except those with the sanme nane/arity as the first clause.

% R=3 for directives beyond the |ast clause.
% 2. His a hash of the nanme & arity. This ensures that the predicates are
% arranged pseudo-randomy, so that array handling has no problens |ater.
% 3. NAis the nane & arity of the next clause in the |ist.
keylist cls(ds, KAs) :-

extract _directives(ds, ds2, D L),
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first_namearity(d s2, NA1l),
keylist_cls(ds2, Kads, D L, NA1l).

first_nanmearity([C]|_], NA :- 1, split(d, Head, ), functor(Head, N, A).
first_nanearity(_, _).

keylist_cls([], Ks, D, L, ) :-
(D==L -> Ks=[] ; Ks=[key(3, ,end)-pair(DL,L1L1)]).
keylist _cls([A|ds], [K-pair(D/L,[C]L1],L1)|KAS], D L, NA1) :-
split(d, Head, ),
functor (Head, N, A),
hash_nane(N, A H),
(NA=NAL -> R=1 ; R=2),
K= key(RHNA),
extract _directives(Os, ds2, D2, L2),
keylist_cls(ds2, KOs, D2, L2, NAl).

hash_nane(N, A H :-
X is A*10,
nane(N, NL),
di ff_sun(NL, X V),
random step(Y, 2),
random step(Z, H).

di ff_sum([]) -->1[1].
diff_sun([A]) --> add(A).
di ff_sum([A B|L]) --> add(A), sub(B), diff_sum(L).

merge_cls([], []).

nerge_cls(Kds, Qutds) :-
extract _nmerge(KCOs, , QutKOs, Qutds, Mdds, Mdds, Endds),
nmerge_cl s(QutKdA s, Endd s).

extract _merge([], _, []) -->> 1.

extract _merge([key(_, _,NA)-pair(D,/L,C L2)|KAs], NA QutKOs) -->>1,
insert(D, L):dirs, insert(C, L2):cls,
extract _nmerge(KC s, NA, CQutKd s).

extract _merge([K-Pair|KCQs], NA [K-Pair|KAs]) -->>1.

extract _directives([], []) -->[].

extract _directives([D ds], Es) --> {directive(D)}, !, [D,
extract _directives(ds, Es).

extract _directives([C|ds], [A]ds]) -->[].

% Separate the procedures into lists of clauses and convert to Ptrees:
cls to ptrees(ds, Ptrees) :-

expand_cl auses(C's, Ed s),

transl ate_cl auses(ECls, Td s),

cls_ to_ptrees_loop(TC's, Ptrees),

add_nodes(Ptrees), !.

cls to ptrees loop(ds, Ptrees) :-
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(next _name(Cd's, C2, NaAr, Ptrees, P2),
cls_to_proc(C2, C3, NaAr, P)
-> P2=[ptree(NaAr, P, ,[])]|P3],
cls_to_ptrees_| oop(C3, P3)
; Ptrees=C's

).

next _nane([ D/ Cs], Restds, NaAr) --> {directive(D}, !,
[Dl, next_nanme(Cs, Restds, NaAr).

next _nane([C|ds], [A|ds], NA) -->
{split(d, Head, _), functor(Head, N, A)}.

% Handl e DCG expansi on:

expand_cl auses([], []1)-

expand_cl auses([C|Cs], [EIECS]) :-
expand_term C, E),
expand_cl auses(Cl's, Ed s).

% Add npdes to the ptrees fromthe gl obal database:
add_nodes([]).
add_nodes([D| Ptrees]) :- directive(D), !,
add_nodes(Ptrees).
add_nodes([ptree(Na/ Ar, ,(Head:-Fornula), )|Ptrees]) :-
functor (Head, Na, Ar),
( require(Head, Req), before(Head, Bef),
conbi ne_formul a(Req, Bef, Formula)
; Formul a=true
), !,

add_nodes(Ptrees).

% Split one procedure froma list of clauses, and return the remai nder:
cls_to_proc([], []., _, []).
cls to proc([CA|dAs], Restds, NaAr, Proc) :-
split(d, Head, ),
functor(Head, N, A), NaAr=NA, !,
Proc=[C | P],
cls to proc(C's, Restds, NaAr, P).
cls to proc([CA|ds], [A|]dAs], NaAr, []).

% Tabl e of generic transl ations done before the main conpil ation:

% Not es:

% 1. This translation nust be done after the DCG expansion.

% 2. Macro expansion coul d be done here.

% 3. This can becone a cog in a nore general programtransformation schene
% for later.

% 4. This distinguishes between Quintus and G- Prolog for the c/3 predicate.
% 5. This adds a body to ALL clauses so that |ater uses of split can be

% renoved, which should be done later in a cleanup phase.

translate_cl auses([], [1])-
translate_clauses([D/ds], [DTAs]) :- directive(D), !,
transl ate_cl auses(ds, TdSs).



translate_clauses([C]Os], [(H-SB)| TAs]) :-
split(C, H B),
transl ate(B, TB),
simplify(TB, SB),
transl ate_cl auses(ds, TdSs).

% *** The gist of the translation:
% These two cl auses for DCG s:

transl at e( c(A B, C, A[BIC]) :- compile_option(systenm(cprolog)),
translate( 'C (A, B,C, A=[B|C]) :- conpile_option(systemquintus)),

% Arithmetic expressions:

translate((A is Expr), Conj) :- number(A), !,
top_expr (Expr, X, Conj, X=:=A).

translate((A is Expr), Conj) :- var(A), !,
top_expr (Expr, X, Conj, X=A).

translate(\+(A is Expr), Conj) :- number(A), !,

top_expr (Expr, X, Conj, X=\=A).
%translate(\+(Ais Expr), Conj) :- var(A), !,
% top_expr(Expr, X, Conj, (integer(A), X=\=A)).
% Built-ins containing arithmetic expressions at comnpile-tinmne:

transl at e( put (E), Conj) :- I,
expr(E, NE, Conj, put(NE)).
translate( ArithTest, Conj) :-

arith_test(ArithTest, A B, Cond), !,
expr (A, NA Conj, ),
expr (B, NB, C2, NewTest),
arith_test(NewTest, NA NB, Cond).
% Can’'t do this until the inverse transformation is there too:

% t ransl at e( Conpl exTest, Test) :- nerge_test(Conpl exTest, Test),

% Don’ t support expressions in functor and arg:
% transl ate(functor(A B, C, Conj) :- I,

% expr(C, NC, Conj, functor(A B, NQ).

% transl ate( arg(A B, O, Conj) :- I,

% expr(A, NA Conj, arg(NA B Q).

% Uni fication:

transl at e( X=Y, Conj) :- I, translate_unify(X, Y, Conj).

% *** Control predicates are unchanged:

translate( (A, B), (TA TB)) :- !, translate(A TA), translate(B,
translate( (A;B), (TA; TB)) :- !, translate(A TA), translate(B,
translate((A->B), (TA->TB)) :- !, translate(A TA), translate(B,
translate(not(A), not(TA)) :- !, translate(A TA).
translate( \+(A), \+(TA)) :- !, translate(A TA).
translate((A=>B), (TA=>TB)) :- !, translate(A TA), translate(B,
% *** Defaul t:

translate(G Q.

% *** Unification of two nonvari abl es:
% Unravel it into a conjunction of unifications of the form X=Y
% where X is a variable.
translate_unify(X, Y, Conj) :- nonvar(X), nonvar(Y),
functor (X, Na, Ar), functor(Y, Na, Ar), !,
translate unify(X, Y, 1, Ar, Conj).

TB).
TB).
TB).

TB).
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translate_unify(X, Y, fail) :- nonvar(X), nonvar(Y), !.
translate_unify(X, Y, X=Y) :- var(X), !.
translate_unify(X, Y, Y=X) :- var(Y), !.
translate_unify(X, Y, I, Ar, true) :- I>Ar, !.
translate_unify(X, Y, I, A, (C Conj)) :- I=<Ar, !,

arg(l, X, Xi),

arg(l, Y, Yi),

translate_unify(Xi, Yi, Q,

1 is |+1,
translate_unify(X Y, 11, Ar, Conj).
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proc_code. pl

% Procedure code generation:

% CGenerates conpil ed code for procedure sel ection.
% Thi s nodul e uses cl ause conpilation as a prinmtive operation.

% (Assunes that all head vars exist--this may not remain true; it will depend
% on the Modes).
proc_code(Head, Disj, Mdes, DList, RFlag) -->

{copy(Mdes, (Head:-1nF))},

code(Head, InF, DList, RFlag, Disj), !.

% Thr ee cases:
% 1. Cenerate determ nistic selection:
code(Head, InF, DList, RFlag, '$case’ (Nane,|dent,Case)) --> 1,
{stats(d, det _code)},
det _code(Head, InF, DList, RFlag, Nane, |dent, Case).
% 2. Cenerate a choi ce-bl ock:
code(Head, InF, DList, RFlag, Disj) -->
{disj _p(Disj)}, !,
{stats(d, choice_block)},
choi ce_bl ock(Head, InF, DList, RFlag, D sj).
% 3. A single clause:
code(Head, InF, DList, RFlag, Goal) -->
{\ +di sj p(Coal)},
{\ +CGoal =" $case' (_, _, )}, !,
{flat_conj(Goal, SCoal)},
{stats(d, clause_code)},
cl ause_code((Head: - SGoal ), DList, RFlag, InF).

% Managenent of choice points:

% This code cal cul ates the mninmal sets of registers that nust be saved by the
% first choice and restored by the foll owi ng choices. The mninal set to be
% saved is all argunent variables used in choices after the first
% and all argunent variables that are uninit nemvars, mnus all argunent
% vars that are uninit reg vars.
% The mninmal set to be restored by a clause is all argunent vari abl es
% used in the clause and all argunment variables that are uninit nens, mnus all
% argunent vars that are uninit reg vars.
% Al so inserts dereferencing instructions for those predicates in Disj which
% need them (i.e. those requiring deref argunents). This avoids
% super fl uous dereferenci ng on backt racki ng.
choi ce_bl ock(Head, InF, DList, RFlag, Disj) -->

{require_derefs(Disj, InF, Dvars)},

i nsert_derefs(Head, DvVars, |nF, MdF),

{split _disj(Dsj, _, Rest)},
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{varset _disj (Rest,
{uninit_set_type(nem
{uninit_set_type(reg,
{uni onv(Uvset, DisjVars, SV)},
{diffv(SV, URSet, SaveVars)},

{varset _nunset (Head, SaveVars,
choi ce_bl ock(Head, MdF, All,

Di sj Vars)},

choi ce_bl ock( Head, F,
choi ce_bl ock( Head, F,
choi ce_bl ock( Head, F,
{1 is I1+1},
[l abel (EntryLbl)],
{functor(Head, _, Ari
cp_instr(A U R D,
{stats(d, 1)},
code(Head, F, DL, RFI
choi ce_bl ock( Head, F,
choi ce_bl ock(Head, F, A
{\ +disj_p(Coal)}, !,
choi ce_bl ock( Head, F,

u—l
u—l
DL

A0

>> >

ccc

ty)},
Head,

I )

ag, D),
A UR
U R DL,

A UR

cp_instr( _, _, _, _, ,
cp_instr(ALl, _, _, _, R
[choice(l/N Al,Lbl)].
cp_instr(Al, U R D Head,
{varset _conj (D, Dvars)},

{unionv(U, Dvars, RV)},
{diffv(RV, R RestoreVars)},

{varset _nunset (Head, RestoreVars,
DNunms, Nums)},

{format _nunset (Al I,
[choi ce(l/ N, Nurs, Lbl)].

, fail, )

Nl —

I nF, UMSet)},
InF, URSet)},

AT},

UVBet , URSet, DList, RFlag, Disj, _, 0, N).

[fail].
[].

-->

RFl ag,
RFl ag,
RFl ag,

fail, .,
fail, fail,
(D;Disj),

N, N
N, N
EntryLbl ,

--> {N=0}, !,
--> {N>0}, !,
11, N

N, Disj, RetrylLbl),

DL, RFlag, Disj, RetrylLbl,
RFl ag, Goal, EntryLbl, I,

I,
N)

EntryLbl ,

N) .

-->

DL, RFlag, (Coal;fail), I, N).
) --> 1
_, Lbl) -->{I==1}, I,

Lbl) --> {1>1}, !,

DNuns) },

% G ven a head containing variable argunents and a set of variables this

% predicate constructs a set of

regi sters numbers corresponding to the

% variables in the head that are part of the variable set.

varset _nunset (Head, VarSet, NunSet) : -

functor (Head, _, Arity),

| ow_reg(Low),

varset _nunset (1, Arity, Head, VarSet, Low, NunbSet).
varset _numset(l, Arity, Head, VarSet, Low, []) :- I>Arity, !.
varset _numset(l, Arity, Head, VarSet, Low, NunBSet) :- I=<Arity, !,

arg(l, Head, A,

Nis Lowt(Il-1),

incl _if_inv(A VarSet, N, NunfSet, Nunfet?2),

1 is |+1,

varset _numset (11, Arity, Head, VarSet, Low, Nunftet2).
incl _if_inv(A VarSet, N) --> {inv(A VarSet)}, !, [N.
incl _if_inv(A VarSet, N --> {\+inv(A VarSet)}, !.

% Cal cul ate the set of variables needed by a disjunction:

varset _disj(Disj, Set)

:- varbag _disj (Disj,

Bag, []), sort(Bag, Set).
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varbag disj((A;B)) --> 1, varbag _disj(A), varbag disj(B).
var bag_di sj (Conj) --> varbag_conj (Conj).

% Cal cul ate the set of variables needed by a conjunction:
% Recogni ze that ' $body’ goals need different handling.
varset _conj (Conj, Set) :- varbag_conj(Conj, Bag, []), sort(Bag, Set).

varbag _conj ((A, B)) --> 1, varbag _conj(A), varbag conj (B).
varbag_conj (' $body’' (_,Vars, )) --> 1!, difflist(Vars).
varbag_conj (Goal ) --> varbag(Goal).

% Format the set of register nunmbers to be restored so that
% they correspond positionally to the set that was saved. This is used to tell
% choi ces after the first what part of the choice point they need to | oad
%in. Oherw se they don't know what to restore froma choice point.
format _nunmset ([N Try], [N Nums], [N Qut]) :- I,

format _nunmset (Try, Nuns, Qut).

format _nunmset ([N Try], [M Nums], [no|]Qut]) :- N<M !,
format _nunset (Try, [M Nuns], Cut).
format _nunmset ([N Try], [], [nojQut]) :- !, format_numset(Try, [], Qut).

format _nunset ([], [], [1)-

% *** Could be a little sharper by keeping track of SoFar variables too ***
% Gat her all required dereferencing instructions in a forml a:
% Stop gathering at a unification goal that may be aliased, since any
% der ef erenci ng done before that has to be repeated anyway. Continue
% gat heri ng when encountering other goals, including unification goals
% that are not aliased (i.e. which have an uninit argunent).
requi re_derefs(Disj, Form RegDeref) :-
get _kind_d(Disj, Form deref, DBag, []),
sort (DBag, ReqgDeref).

% Traverse the disjunction:
get_kind d((A;B), F, Kf -->1, get_kind c(A F, K), get_kind_ d_stop(A B, F, K).
get _kind _d(A F, Ky --> get_kind c(A F, K.

% Thi s predicate can be renmoved if register lifetine analysis is done in peep:
% Don’t continue to later conj’s if this one stops with an al ways-executed cut.
get _kind_d_stop(A _, _, _) --> {success_to_cut(A}, !.
get _kind_d stop(_, B, F, K} -->

get _kind_d(B, F, K).

% Peephol e has a | ower-1evel version of this:

success_to_cut (’ $cut _shallow (_)).

success_to_cut (' $cut_deep’ (_)).

success_to_cut ((’ $cut _shallow (), _)).

success_to_cut ((’ $cut _deep’ (_),_)).

success_to_cut((G Conj)) :- succeeds(G, success_to_cut(Conj).

% Traverse a conjunction:
get_kind c((A B), F, K -->1, get_kind_g(A K), get_kind c_stop(A B, F, K).
get_kind_c(A _, K --> get_kind_g(A K.
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% Don’t continue to later goals if the unification goal is a non-trivial one.
get _kind_c_stop(X=Y, _, F, ) -->

{\+implies(F, (uninit(any,X);uninit(any,Y)))}, !.
get_kind_c_stop(_, B, F, K} -->

get _kind_c(B, F, K).

get _kind_g(Goal, K) --> {require(Goal, Req)}, filter_kind(Req, K).
% Extract all arguments of dereference nodes:

filter_kind((A B), K -->1, filter_kind(A K), filter_kind(B, K).
filter_kind((A;B), K -->1, filter_kind(A K), filter_kind(B, K).

filter_kind(deref(X), deref) -->{var(X)}, !, [X].
filter_kind(rderef(X), deref) --> {var(X)}, !, [X].
% filter_kind(Uninit, uninit) --> {an_uninit_node(Uninit,memX), var(X)}, !,[X].

filter_kind(_, ) -->11.

% I nsert dereferencing instructions:

i nsert_derefs(Head, Dvars, InF, QutF) -->
{varset (Head, HVars)},
{intersectv(DVars, HVars, HDVars)},
i nsert_derefs_| oop(Head, HDVars, InF, CQutF).

i nsert_derefs_| oop(Head, InF, InF) -->1.

[1,
i nsert_derefs_| oop(Head, [X| Vvars], InF, QutF) -->
{head_reg(Head, X, Rx)},
rtest(deref(X), Rx, InF, MdF, fail),
i nsert_derefs_| oop(Head, Vars, MdF, QutF).

% Cenerate deternmnistic code for a test-set:

% This predicate is testset-dependent.
% G ven: Nane, ldent of test-set, and Case into test+body.
det _code(Head, InF, DList, RFlag, Type, v(A), Case) -->
{type(Type)}, !,
{stats(d, Type)},
{head_reg(Head, A Ra)},
rtest(deref(A), Ra, InF, MdF, fail),
{type_test(Type, A, Test)},
rtest _in(Test, Ra, MdF, _, False),
{sinplify(not(Test), NotT)},
choi ce(true, Head, Test, MdF, DList, RFlag, Case, True),
choi ce(fal se, Head, NotT, M dF, DList, RFlag, Case, False).
det _code(Head, InF, DList, RFlag, conparison(Cond,arith), v(A B), Case) -->1,
{stats(d, comparison(Cond,arith))},
{head_reg(Head, A Ra)},
{head_reg(Head, B, Rb)},
rtest(deref(A), Ra, InF, MdF, fail),
rtest(deref(B), Ro, MdF, QutF, fail),
arith_conparison(Cond, A B, Ra, Rb, True),
{arith_test(Test, A B, Cond)},
{sinplify(not(Test), NotT)},
choi ce(fal se, Head, NotT, QutF, DList, RFlag, Case, False),
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choi ce(true, Head, Test, QutF, DList, RFlag, Case, True).
det _code(Head, InF, DList, RFlag, hash(Type), v(A), Case) -->1,

{stats(d, hash(Type))},

{head_reg(Head, A Ra)},

rtest(deref(A), Ra, InF, MdF, fail),

{type_test(Type, A, Test)},

rtest _if_structure(Type, Test, Ra, MdF, QutF, SkipLbl),

[ hash(Type, Ra, Len, Lbl )],

[ abel (Ski pLbl)],

i nsert (El seCode, ELi nk),

[l abel (Lbl)T,

[ pragma( hash_I engt h(Len))],

i nsert (HTabl e, HLi nk),

hash_t abl e(Head, QutF, DList, RFlag, Case, Else, 0, Len, HTable, HLink),

% The test does not hold beyond the hash table:

{code(Head, M dF, DList, RFlag, Else, ElseCode, ELink)}.
det _code(Head, InF, DList, RFlag, switch(Type), v(A), Case) -->

{tag(Type, Tag)}, !,

{stats(d, switch(Type))},

{head_reg(Head, A Ra)},

rtest(deref(A), Ra, InF, QutF, fail),

[ swi tch(Tag, Ra, Var Lbl , TypeLbl , &t her)],

{type_test(Type, A, Test)},

{disj_test(var(A), Test, VorT), not_test(VorT, NVorT)},

% Thi s order avoids an extraneous junp in VLSI-BAMtransl ation:

choi ce(ot her, Head, NVorT, CQutF, DList, RFlag, Case, Oher),

choi ce(var, Head, var(A), QutF, DList, RFlag, Case,VarlLbl),

choi ce( Type, Head, Test, QutF, DList, RFlag, Case, TypelLbl).
det _code(Head, InF, DList, RFlag, equal, v(A B), Case) -->1,

{stats(d, equal)},

{head_reg(Head, A Ra)},

{head_reg(Head, B, Rb)},

rtest(deref(A), Ra, InF, MdF, fail),

rtest(deref(B), Rb, MdF, MdF2, fail),

[ equal (Ra, Rb, Fal se)],

choi ce(true, Head, A==B, M dF2, DList, RFlag, Case, True),

choi ce(fal se, Head, A\ ==B, M dF2, DList, RFlag, Case, False).
det _code(Head, InF, DList, RFlag, equal (atom c,Atomc), v(A), Case) -->1,

{stats(d, equal (atom c, Atomic))},

{head_reg(Head, A Ra)},

rtest(deref(A), Ra, InF, MdF, fail),

{atom c_word(Atomc, W},

[ equal (Ra, W Fal se)],

choi ce(true, Head, A=Atomic, MdF, DList, RFlag, Case, True),

choi ce(fal se, Head, A\ =Atonic, MdF, DList, RFlag, Case, False).
det _code(Head, InF, DList, RFlag, equal (structure,Na/Ar), v(A), Case) -->1,

{stats(d, equal (structure, Na/Ar))},

{head_reg(Head, A Ra)},

rtests((deref (A),structure(A)), Ra, InF, MdF, fail),

{tag(atom Tatn)},

pragma_tag(Ra, structure),

{align(K)},

[pragma(align(Ra, K))],

[equal ([ Ra], Tatni (Na/ Ar), Fal se)],
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choi ce(true, Head, "$nanme_arity’ (A Na, Ar), MdF, DList, RFlag,
Case, True),

choi ce(fal se, Head, not(’ $name_arity’ (A Na, Ar)), MdF, DList, RFlag,
Case, False).

% The hash table type test is only needed for structures:
rtest if_structure(structure, Test, Ra, InF, QutF, Lbl) -->1,
rtest(Test, Ra, InF, QutF, Lbl).

rtest _if_structure( O her, Test, Ra, InF, InF, Lbl) -->1.
% add_align --> {align(K), K>1}, !, [align(K)].

% add_align -->[].

at om c_wor d( N, N) :- nunber(N), !.

atom c_word(A, TatnmiA) :- atom(A), !, termtag(atom Tatm.

% I nsert the code for one choice of a nultiway branch.
% Label = branch label (= 'fail’ if choice and el se case don't exist)

% First clause used in conpilation of arg builtin:
choice(Direc, Head, Test, InF, DList, RFlag, Case, fail) -->
{mutex(Test, InF, left)}, I,
{coment (Head, [’ Mutex of ', Test,’” and ',InF,’ in choice'])},
{stats(d, Direc/ Test-mutex_fail)},
[fail].
% Direc exists--use T instead of Test:
choice(Direc, Head, Test, InF, DList, RFlag, Case, Label) -->
{choice(’ $test’ (Direc, Preanbl e, T, Bi ndvars, Code), Case)}, !,
[l abel (Label )],
updat e_head(Bi ndvars, T, InF, QutF, DList, RFlag,
Head, NewHead),
{subsune(T, Code, SCode)},
{stats(d, Direc/ Test)},
code( NewHead, QutF, DList, RFlag, SCode).
choice(Direc, Head, Test, InF, DList, RFlag, Case, fail) -->
{\ +choi ce(’ $test’ (Direc, Preanbl e, T, Bindvars, _), Case)},
{choice(’ $else’(_,_,fail), Case)}, !,
{stats(d, Direc/Test-else fail)},
[fail].

% In this case T doesn’t exist so Test is used instead:
choice(Direc, Head, Test, InF, DList, RFlag, Case, Label) -->
{\ +choi ce(’ $test’ (Direc, Preanbl e, T, Bindvars, _), Case)},

{choi ce(’ $el se’ (EPreanbl e, EBi ndvar s, Code), Case)},

{\ +(Code=fail)}, !,

[l abel (Label )],

updat e_head( EBi ndvars, Test, InF, QutF, DList, RFlag,
Head, NewHead),

{subsune(Test, Code, SCode)},

{stats(d, Direc/ Test)},

code( NewHead, QutF, DList, RFlag, SCode).

choi ce( Choi ce, Choice) :- \+Choice=(_; ).
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choi ce( Choi ce, Choice) :- \+Choice=(_; ).
choi ce(Choice, (_;Disj)) :- choice(Choice, Dsj).
choi ce(Choice, (Disj;_)) :- choice(Choice, Dsj).

% Hash table is a collection of pairs:
hash_t abl e(Head, InF, DList, RFlag,
"$el se’ (_, _,Else), Else, Len, Len,
HLi nk, HLink) --> 1.
hash_t abl e(Head, InF, DList, RFlag,
(" $test’ (X, _, Test, Bi ndvar s, Code) ; Case), Else, In, CQut,
[pai r(E, Lbl)|HT], HLink) -->1,
{make_hash_entry(X E)},
{Inl is In+1},
[l abel (Lbl)T,
updat e_head(Bi ndvars, Test, InF, QutF, DList, RFlag, Head, NewHead),
% { subsune(l nF, Code, SCode)},
code( NewHead, QutF, DList, RFlag, Code),
hash_t abl e(Head, InF, DList, RFlag, Case, Else, Inl, Qut, HT, HLink).

make hash_entry( Int, Int) :- integer(Int), !.
make hash_entry( A TatmA) :- aton(A), !, tag(atom Tatm.
make hash_entry((N A), Tatni (N A)) :- tag(atom Tatm.

% Handl e tests that bind:

% Thi s code is unfinished, as the schene for binding tests has not yet been

% desi gned satisfactorily. Currently it just updates the nopdes.

% For tests that bind, insert code that does the binding necessary.

% Bi nding may create new vari ables. These are added to the clause head

% that is passed to further code generation.

% For tests that do not bind, do nothing.

update_head([], Test, InF, QutF, DList, RFlag, Head, Head) -->1!,
{update_fornul a(Test, InF, QutF)}.

updat e_head(Bi ndvars, Test, InF, QutF, DList, RFlag, Head, Head) -->
{\ +Bi ndvars=[]}, !,
{update_fornul a(Test, InF, QutF)}.

% Determi ne the register corresponding to the given variable s position
% in the head:
head_reg(Head, Arg, Reg) :- var(Arg), !,

functor (Head, _, Arity),

head_reg(1, Arity, Head, Arg, WhichReg),
| ow reg(L),

R is Wi chReg+L- 1,

Reg=r (R).

head_reg(Head, Arg, (TatnfArg)) :- atom(Arg), !,
termtag(Arg, Tatn).
head_reg(Head, Arg, Arg) :- nunber(Arg), !.
head_reg(Head, Arg, r(complex_type_error)) :- conmpound(Arg), !.

head_reg(l, Mx, Head, Var, \WichReg) :- I>Max, !, WhichReg=r(arity_error).
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head_reg(l, Mx, Head, Var, \WichReg) :- |=<Max,
arg(l, Head, Arg),
Arg==Var, !,
Whi chReg=I.

head_reg(l, Mx, Head, Var, \WichReg) :- |=<Max,
arg(l, Head, Arg),
Arg\ ==Var, !,
1 is |+1,

head_reg(l1l, Max, Head, Var, Wi chReg).
% Determne the set of registers in a head corresponding to a set of argunents:
head_regs(Head, Args, Regs) :-

head_regs(Head, Args, Regs, []).

head_regs(Head, Args, Regs, Link) :-

functor (Head, _, Arity),
l ow reg(L),
head_regs(Arity, Head, L, Args, Regs, Link).
head _regs(l, _, _, ) -->{l=<0}, !.
head _regs(l, Head, L, Args) --> {1>0, arg(l,Head, X), inv(X Args)}, !,
[r(R1,
{I1is I-1},
{Ris I+L-1},

head_regs(11, Head, L, Args).
head_regs(l, Head, L, Args) --> {1>0}, !,

{I1is I-1},

head_regs(11, Head, L, Args).




391

regal | oc. pl

% Regi ster allocation:

% Not es:

% 1. Previously, nested usages had to be done fromthe inside out for

% correctness. (Partially overlapping usages are not a problem)

% Presently, alloc_tenps/2 has been changed to correct this problem

% O herwise the registers allocated in the outer usages are not seen by

% the i nner usages. The arrangenent of arguments in a usage structure

% together with the call to sort in usage solve this. This is yet another
% mani festation of the variable-instantiation-order problemthat could be
% solved by a variant of constraint progranm ng.

% 2. This nodule is an exanple of general duality: to create structures

% inmplicitly using backtracking or to create structures explicitly on the
% heap. The sane tine order in linear algorithns, but first nethod uses no
% heap space. What are the true differences? Execution tinme order?

% 3. Overflows tenporaries into pernanents if there are not enough registers
% avai |l abl e.

% Tenporary and pernanent regi ster allocation in a clause:

% Returns nunber of permanents and a flag (yes/no) telling whether
% an environnment i s necessary.

% The varlist is the key to the operation of the whole caboodle.

% Needs 'AllocC’, a nodified clause generated by clause_code

% whi ch gives the variable use information necessary for allocation:

% 1. It contains terns of the form’$varlist’(List) where List is a

% list of variables used in the order in which they are used.

% 2. The head and body goals do not contain structures in their arguments.
% These structures have been unravel ed by cl ause_code.
clause_allocate(Allocd) :- clause_allocate(Alocd, , ).

cl ause_al l ocate(Al |l ocd, EnvNeeded, NunPerns) :-
stats(reg, 1),
varlist(Alocd, Varlist),
stats(reg, 2),
usage(Varlist, Usage),
stats(reg, 3),
al l oc_voi ds(Usage),
stats(reg, 4),
find _pernms(Varlist, Perns),
stats(reg, 5),
split_tenps(Usage, Perns, TenpUsage),
al l oc_tenps(TenpUsage, Varlist),
stats(reg, 6),
split_perns(Usage, Pernisage),
al I oc_perns(PerniJsage, Varlist),
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stats(reg,7),

num per ns( Per niJsage, NunPer ns),
env_needed(Varlist, NunPerns, EnvNeeded),
stats(reg, 8),

I

cl ause_al l ocate(Allocd, _, ) :-
error ([’ Register allocation could not be done for the clause:’, nl,
Al'locd, nl,

"because of a bug in the register allocation routine.’]).

% Variable |list of a clause:

% Very useful for register allocation.

% | ncl udes argument registers for head and body goal s.

% The varlist is calculated fromthe nodified clause given by cl ause_code
% whi ch contains goals tailored to give variable lists.

% The varlist contains the followi ng possible entries:

% V (unal | ocat ed) variabl e

% r(l) tenporary register

% pref, V, W preferably allocate variables V and Wto the sanme reg.
% fence tenmporary variables don’t survive beyond this.

% Note: pref and fence are created both here and in unify.pl.
% Not e: bodylist is used also in clause _code (in map_varlist).
varlist(d, Varlist) :- varlist(d, Varlist, []).

varlist((Head: -Body)) --> /* headlist(Head), */ bodylist(Body), !.

% headl i st (Head) --> {Head=..[H Args], lowreg(L)}, headlist(L, Args).
% headlist(l, []1) -->11.
% headlist(l, [AlArgs]) --> [pref,r(1),A, {I1is I+1}, headlist(l1l, Args).

bodyl i st ((Goal , Body)) --> !, bodylist(Goal), bodylist(Body).
bodyl i st (Goal) --> goallist(Goal).

% Uni fy goal has been replaced by a list of its variables:
goal list( $varlist’(VarList)) -->1, difflist(VarList).
goal list(’$varlist’(VarList,Link)) --> 1!, insert(Varlist,Link).
% For later: this clause needs nodification for uninit_reg nodes.
goal list(Goal) -->{ anyregs(Goal)}, !,
var bag(CGoal ), fence_if _die(CGoal).
goal l i st (Goal) --> {\+anyregs(Goal )}, !,
{Goal=..[G Args], lowreg(L)}, goallist(L, Args), fence_if_die(Goal).

goal list(l, []) -->11-
goal list(l, [A Args]) --> {var(A)}, !,

[pref, Ar(1)], {11 is I+1}, goallist(ll, Args).
goal list(l, [AlArgs]) --> {nonvar(A}, !,

[r(1)], {11 is I+1}, goallist(l1l, Args).

fence_ if_die(Goal) -->{ survive(Goal)}, !.
fence_if_die(CGoal) --> {\+survive(CGoal)}, !, [fence].
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% Return flag (yes/no) if an environment is needed :

% An environnment is needed if there are pernanent variables or
%if there is a fence that is followed by non-trivial code.

env_needed(_, NPerms, yes) :- NPerns>0, !.
env_needed(Varlist, _, yes) :- env_needed(Varlist), !.
env_needed(Varlist, _, no).

env_needed([V|Vs]) :- V==fence, \+trivial_noves(Vs).
env_needed([_| Vs]) :- env_needed(Vs).

trivial _rmoves([]).
trivial _moves([pref, RR Vs]) :- trivial_noves(Vs).

% Extract the usages of tenporary/permanent vari abl es:

split_tenmps([], _, [1) :- !.
split_temps([ Ul Usage], Perns, [Ul TenpUsage]) : -
get __usage(VU, V, _, ), \+inv(V, Perns), !,

split_tenps(Usage, Perns, TenpUsage).
split_tenmps([_| Usage], Perms, TenpUsage) :-
split_tenps(Usage, Perns, TenpUsage).

% All variables not yet allocated are permanents.
% (For correctness, must be done after temporary variable allocation.)
split_perms([], []).
split_pernms([ Ul Usage], [U| PermJsage]) :-
get __usage(U, V, _, ), var(V), !,
split_perns(Usage, PerniJsage).
split_pernms([_| Usage], Permlsage) : -
split_perns(Usage, PerniJsage).

% CGet usage ranges of all variables in a varlist:
% Use of reverse so stack space needed stays proport. to len(Varlist).
usage(Varlist, Usage) :-

varset (Varlist, Varset),

i nit_usage(Varset, Usage),

first_usage(Varlist, 1, Usage),

length(Vvarlist, N,

reverse(Varlist, Reverse),

| ast _usage(Reverse, N, Usage).

init_usage([], []) :- !'.
init_usage([V|Varset], [var(L,F,V)|Usage]) :-
i nit_usage(Varset, Usage).

% These two routines are sonewhat of a hack, al as:
first_usage([], _, ) :- !'.
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first_usage([ X Varlist], I, Usage) :-
var(X), !,
1 is |+1,
find_usage(X, Usage, First, ),
fix_it(l, First),
first_usage(Varlist, |1, Usage).
first_usage([X| Varlist], I, Usage) :-
nonvar (X), !,
1 is |+1,
first_usage(Varlist, |1, Usage).

| ast _usage([], _, _) :- '.

| ast _usage([ X| Reverse], |, Usage) :-
var(X), !,
1is I-1,
find_usage(X, Usage, _, Last),

fix_it(l, Last),
| ast _usage(Reverse, |1, Usage).
| ast _usage([ X| Reverse], |, Usage) :-
nonvar (X), !,
1is I-1,
| ast _usage(Reverse, |1, Usage).

find_usage(X, [var(L,F,V)|Set], First, Last) :-
( ==V
-> First=F, Last=L
; find_usage(X, Set, First, Last)
).

fix_it(l, X) :- (var(X) -> 1=X; true).

get usage(var(L,F, V), V, F, L).

% Fi nd permanent vari abl es:
% (This is an exanple of the use of several accunul ators)

acc_info(vars, V, 1In, Qut, includev(V,In,Qut)). % Variabl es
acc_info(half, Vs, In, Qut, unionv(ln,Vs,Qut)). % Half-permanents
acc_info(perns, V, 1In, Qut, includev(V,In,Qut)). % Permanents

pred_i nfo(pernvars, 1, [vars, half, permns]).
pred_i nfo(pernmstep, 1, [ hal f, perns]).

find_perms(Varlist, Pernms) :- permvars(Varlist, [], Vars, [], Half, [], Perms).

% Handl e the list of variables used in unification:

% Encounter of 'fence’ doesn't allow registers to survive.

permvars([]) -->> 1.

permvars([V|Vs]) -->> {var(V)}, I, [V]:vars, permstep(V), permvars(Vs).
permvars([V|Vs]) -->> {V==fence}, !, Vars/vars, [Vars]:half, permars(Vs).
permvars([V|Vs]) -->> {nonvar(V), W==fence}, !, pernvars(Vs).
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% Step over a single variable in the permanent variable cal cul ation:
permstep(V) -->> Half/half, {inv(V, Half)}, !, [V]:pernms.
permstep(V) -->> 1.

% Al | ocat e pernmanent vari abl es:

% Use a naive allocation for wite-once permanents, and a nore sophisticated
% al | ocation for standard permanents.

al l oc_perns( _, Varlist) :- wite once, !, naive_alloc_permnms(Varlist).

all oc_perns(PernmJsage, ) :- \+wite_once, !, soph_all oc_perns(Pernisage).

% *** Naive allocation that's needed for wite-once permanent vari abl es:
nai ve_al l oc_perns(Varlist) :-

reverse(Varlist, Reverse),

| ow_pern{L),

nai ve_al | oc_perns(Reverse, L, ).

nai ve_al l oc_perns([]) -->!.
nai ve_all oc_perns([V|Vs]) --> alloc_if_var(V), naive_alloc_perns(Vs).

alloc_if _var(V, I, I1) :- (var(V) ->11is I+1, V=p(l); I11=1).

% *** More sophisticated allocation that can’t be used with wite-once perns:
% Vari abl es not yet allocated are allocated to pernmanents.
% Non- over | appi ng variables are allocated to the same register.
% Sort +reverse ensures that permanents are allocated last-first.
soph_al | oc_per ns( Per mJsage) : -
sort (PermJsage, SUsage),
reverse(SUsage, RUsage),
soph_al I oc_perms( RUsage, RUsage).

soph_al l oc_pernms([], _) :- !.
soph_al |l oc_perns([ X| Usage], All Usage) :-
get _usage(X, V, First, Last),

| ow perm(L), max_int(H, range(L, I, H, R=p(l),
\ +usage_overl ap(First, Last, AllUsage, R,
V=R,

soph_al | oc_perns(Usage, All Usage).

% *** Cal cul ate nunber of permanent vari abl es:
num per ns( Per mJsage, NunPerns) : -

low perm(P), P1 is P-1,

num per ns( Per niJsage, P1, NP),

NurmPerms i s NP-PL.

numperns([], N, N).

num perns([ U PermJsage], I, N) :-
get _usage(U, p(J), _, ),
max(l, J, K),
num per ns( PermJsage, K, N).
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% Al | ocate tenporary vari abl es:

% This algorithmis Q' v'2 * n) where v = nunber of variables in clause
% and n = nunber of occurrences of variables in the clause.

% Later clean up & nake nore efficient.

% Not e: using generators and backtracking to allocate instead of creating
% structures on the heap and doing deterministic mani pul ati ons has the
% sanme tinme order, but uses much | ess heap space.

% Fut ure speed i nprovenent:

% Precal cul ate for each variable the list of preferred variables.

% When variables get allocated, the preferred |list becones nore instanti ated.
% Precal cul ate also for each variable the Iist of variables in whose rhs

% it occurs (the "inversion" of the above list). This gives the dependency
% necessary for propagating variable allocations.

all oc_tenps(Usage, Varlist) :-
pref_closure(Usage, Varlist), % Al locate preferred registers.
rest_tenps(Usage, Varlist, Usage). % Allocate other registers.

% Al | ocate preferred registers & repeat until no nore are all ocated:
pref_cl osure(Usage, Varlist) :-

pref_tenps(Usage, Varlist, Usage, 0, NewN),

pref_cl osure(Usage, Varlist, NewN).

pref_cl osure(Usage, Varlist, NewN) :- NewN>0, !, pref_closure(Usage, Varlist).
pref_cl osure(Usage, Varlist, NewN) :- NewN=0, !.

% (This routine counts the nunmber of newy allocated variables.)
pref _tenps([], _, _, InN, InN) :- !.
pref _tenps([ X| Usage], Varlist, AllUsage, InN, QutN) :-
get _usage(X, V, First, Last),
( var(V), pref_allocate(V, Varlist, AllUsage, First, Last)
-> MdN is | nN+1
; MdN = InN
),
pref_tenps(Usage, Varlist, AlUsage, MdN, CQutN).

% Al l ocate a preferred register without conflicts, if it exists.
pref_allocate(V, Varlist, AllUsage, First, Last) :-

Fi rst=: =Last,

prefer(V, Varlist, R, V=R
pref_allocate(V, Varlist, AllUsage, First, Last) :-

Fi rst=\=Last,

prefer(V, Varlist, R,

\ +al ready_used(V, R First, Last, Varlist, Al Usage),

V=R

rest_tenps([], _, _) :- '.

rest_tenps([ X Usage], Varlist, AllUsage) :-
get _usage(X, V, First, Last),
( var(V), rest_allocate(V, Varlist, AllUsage, First, Last)
-> % Optimzation: interleave rest & pref calculation:



pref_cl osure(All Usage,

; true

).

rest _tenps(Usage,

% Al l ocate a register starting fromthe | owest regi ster up:
% (It would be just as correct to do it
rest_allocate(V, Varlist,
low reg(L), high_reg(H),
\ +al ready_used(V, R First,

V=R

al ready_used(V, R First,
usage_overl ap(First,

al ready_used(V, R First,
reg overlap(Vv, R 1,

% Succeeds if register
% in between First and Last
% (Try conpiling this one!)

reg_overlap(Vv, R
1 is |+1,
reg_overl ap(V,

reg_overlap(Vv, R
no_conflict(V,
1 is |+1,
reg_overl ap(V,

reg_overlap(Vv, R
R==R2.

no_conflict(V, R

Varli st,

Last,
Last,

Last,
First,

Varli st)

Al | Usage) .

range(L, I, H, Rer(l),

Last, Varlist, AllUsage),

Varlist, Usage) :-
Usage, R, !.
Varlist, Usage) :-
Last, Varlist), !.

in the other direction)
Al |l Usage, First, Last) :-

R is already used for another variable

in Varlist.

I, First, Last, [_|Varlist]) :- I=<First,

R 11, First, Last, Varlist).

I, First, Last, Varlist) :- First<l, I<Last,

R, Varlist, Newl),

R 11, First, Last, NewVlL).

I, First, Last, [R2|Varlist]) :- First<l, I<Last,
%Ilt'’s ok if Ris used in a pref-pair with V:

[P, X Y| VL], VL) :- pref(P), (V==X R==Y; V==Y,

[PIVL], VL) :- R==P, I.

no_conflict(V, R

% Succeeds if register
% (i.e. there exists an allocated X such that

R is already used by another variable in Usage:
R and X s usages overlap.)

% (This routine is also used for
Last,
get _usage(X, V, F, L),
% The usages of R and X overl ap:
F. L),
%V and R use the sane register:

usage_overl ap(Fir

over |l ap(First,

V=R, !.

st,

Last,

usage_over !l ap(First,

usage_overl ap(First,

Last,

Last,

per manent vari abl e all ocation.)

[ X] Usage], R :-
nonvar (V) ,

[ | Usage], R :-
Usage, R).

% The intervals [A B] and [C D] overl ap:

% (! Try conpiling this one)

overlap(A B, C
overlap(A, B, C
overlap(A, B, C
overlap(A B, C

% Ris a preferred register

D)
D)
D)
D)

A<C,
A<D,
A<C,
C<A,

C<B. % Left edge overl aps.
D<B. % Ri ght edge overl aps.
D<B. % I nsi de.

B<D. % CQut si de.

for V:

R==X) ,

397
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prefer(V, [P, X, R Varlist], R :-
pref(P),
V==X, tenp_register(R).
prefer(V, [P,R X Varlist], R :-

pref(P),

V==X, tenp_register(R).
prefer(V, [_|Varlist], R :- prefer(V, Varlist, R).
pref(P) :- P==pref.
temp_register(R) :- nonvar(R), R=r(1), integer(l).

% Al | ocate void vari abl es:

% This method is weak because the varlist is nerged for the read and wite
% branches of wunification. However, for pure read or wite nmode it works
Y% quite well.

% This allocates all registers that occur only once to r(void).
% Peephol e optim zati on renmoves the instructions |oading r(void).

alloc_voids([]).

al l oc_voids([ Ul Usage]) :-
get _usage(U, V, F, L),
(F=L -> V=r(void) ; true),
al I oc_voi ds(Usage) .
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segnent . pl

% Split a procedure in standard forminto segnents which are used in
% det erm ni smextraction. Changes the order of goals when that better
% exposes the determinism Care is taken not to change the senmantics
% when goal s are reordered.

% Returns a list of bodies and a disjunction which incorporates the goals
% whi ch are useful for procedural clause selection.

% Format as foll ows:

% A segnent head = Tests, $body(($b_nane(Args.. NewArgs): -Body), BodyVars, Entri es)
% A segnment body = body(($b_nanme(Args..NewArgs):-Body), Entri es)

% The $body structure is conpiled as a call. Useful information is wapped
%into the $body structure for other parts of the conpiler:

% 1. The body call $b_nanme(...), which is conpiled as a call.

% Currently, this call inposes an order on the argunents. Later, better
% i nteraction between the caller & callee (using preferred registers)

% could get around this problem

% 2. The Body itself, which is very useful for gathering infornmation about
% what comes AFTER this call (see choice_block in proc_code.pl and

% req_uninit_varset in clause code.pl). It is used to | ook BEYOND this

% call, even though the $body goal is conpiled as a single call.

% 3. BodyVars - The set of all variables in the body.

% 4. Entries - a list of entry(NaAr,Form, i.e. entry labels and fornmulas with
% whi ch $body is called. In clause_code.pl the correct code is generated

% for each entry.

% Not es:

% 1. Only those tests all of whose variables are in the head and are not

% bound are split off.

% Thi s makes point 2 bel ow superfluous since the heads don’t change.

% "1l keep 2's code around for now.

% 2. For each choice in the disjunction, add argunents to nmake a $body head.
% The extra argunents are those that are commopn between the tests and

% t he body of the choice:

% BodyHead = Head U ((TestVars /\ BodyVars) - HeadVars)

% The argunments already in the head are not dupli cated.

% The extra argunents |ink together the selection code and the

% cl ause body code so that register allocation will be consistent.

% Exi sting head argunents are kept so that there won't be any superfl uous
% nove operations.

% 3. Create_bodies does a lot of effort to sinplify the bodies and to give them
% as many nodes as possible. This effort speeds up test set selection.
% Shoul d check to see that this effort isn't duplicated el sewhere.

% 4. Later inprovenents will also segnment user-defined tests.

%5. An effort is done to arrange goals as foll ows: non-binding tests,

% var nodes, others (incl. uninit nodes). Var nobdes are affected by

% aliasing, uninit nodes are not. Conpare conpilation of ex(ncon) and
% ex(11).
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% Entry point: a single procedure in standard form

segnent _di sj (Head, Disj, SegDisj, Mdes) -->
{ Modes=(Head: - Formul a) },
{varset (Head, Hvar)},
create_bodies(Disj, SDisj, LinkHeads, TVars, BVars, Hvar, Fornula),
{create_heads(Li nkHeads, Head, Hvar, TVars, BVars)},
{standard_disj(SDisj, SegDsj)}.

% CommpnV is the set of variables in conmbn between the Head+Test and

% the Body. |If CommonV is [] then no argunents need be passed to the
% cl ause body code.
create_heads([], _, _, [1I, [1)-

creat e_heads([LH Li nkHeads], Head, HV, [TV|TVars], [BV|BVars]) :-
i ntersectv(TV, BV, AIlExtraArgs),
di ffv(Al | ExtraArgs, HV, ExtraArgs),
unionv(TV, HV, AlV),
i ntersectv(A IV, BV, ConmonV),
new_head( CommonV, "$b_", Head, ExtraArgs, LH),
creat e_heads(Li nkHeads, Head, HV, Tvars, BVars).

new_head( CommonV, Prefix, Head, ExtraArgs, NewHead) :-
cons(ConmonV), !,
new_head(Prefix, Head, ExtraArgs, NewHead).
new_head( CommonV, Prefix, Head, ExtraArgs, NewHead) :-
ni | (ComonVv), !,
functor (Head, Nanme, Arity),
gensym(Prefix, Nane/Arity, NewHead).

new_head(Prefix, Head, ExtraArgs, NewHead) : -
funct or (Head, Nane, Arity),
Head=. . [ Nane| Ar gs],
append( Args, ExtraArgs, NewArgs),
gensym(Prefix, Nane/Arity, NewNane),
NewHead=. . [ NewNane| NewAr gs] .

create_bodies(fail, fail, [], [1, [], _, _, Link, Link) :- 1.
create_bodies((D;Disj), (SD;Segbhisj), LHs, TVs, BVs, Hvar, InF, Bs, Link) :-
segment _test(D, SBody, Tests, Hvar, |nF),
% Use InF to sinplify Tests or vice-versa?
( length_test _user(SBody, N, Nu),
conpi l e_option(user_test_size(Su, St)),
Nu=<Su, Nt =<St
-> flat_conj ((Tests, SBody), SD),
Bs=Bs2,
LHs=LHs2,
TVs=TVs2,
BVs=BVs2
; flat_conj (SBody, FBody),
varset (Tests, TV),
var set ( FBody, BV),
SD=(Test s, ' $body’ ((LH: - FBody), BV, Entries)),
Bs=[ body( (LH: - FBody), Entri es)| Bs2],
LHs=[ LH LHs2],
TVs=[ TV| TVs2],
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BVs=[ BV| BVs2]

)!
create_bodies(Disj, SegDhsj, LHs2, TVs2, BVs2, Hvar, InF, Bs2, Link).

% New i mpl enent ati on of segnentati on:

% Not es:

% 1. Big disadvantage of current selection scheme: A test may not create

% new vari abl es.

% 2. The node fornmula is only updated for goals that remain in the '"test’
% accumul at or .

% 3. The 'testvars’ accunulator is only updated for var and uninit nodes

% that are pushed to the end.

% 4. Eventually could | ook beyond ' $body’, but what about the body in the list?
% WIIl it just not be called, and therefore not conpiled? WII there be
% code duplication?

% 5. For later: A block of unify goals may be rearranged in any way

% wi t hout changing the semantics. Wuld it be useful to have a separate
% segnent routine just for unify goals? Problem HONto rearrange?

% 6. Related question: in (A=T1, B=T2) the node var(B) is known. Should the
% var node unification conme first or last? How to decide?

% testvars = variables that may not occur in a test, since their value
%is given by a var or uninit node unification which has been reordered.
% sf = variables with a val ue.

acc_info(uninit, T, Qut, In, (Qut=(T,In)), _, ).
acc_info(test, T, Qut, In, (Qut=(T,In))).

acc_info(var, T, Qut, In, (Qut=(T,In))).
acc_info(testvars, X, In, Qut, includev(XIn,CQut)).
acc_info(form F, InF, QutF, update formula(F,InF QutF)).
acc_info(sf, Vs, In, Qut, unionv(Vs,In,Qut)).

pred_i nfo(segnent _1, 2, [test,var,uninit,testvars,sf,form).
pred_i nfo(add_name_arity, 1, [test,form).

% For debuggi ng:
st (I nBody, Head, InF) :-
var set (Head, Hvar),
segment _test(lnBody, QutB, Ts, Hvar, InF),
wn( Ts),
wn( Qut B) .

% Keep all tests that bind only first-occurrence vari abl es.

% Col l ect all var-node and uninit-nmode unifications & put

% t hem af t erwar ds.

% Stop at a standard order test, since it depends on the result of
% uni fication.

segnent _test (I nBody, CQutBody, Ts, Hvar, InF) :-

Te=true,
Qut Body=Vs, Ve=Us, Ue=Rest,
segment _1(1 nBody, Rest, Ts,Te, Vs,Ve, Us,Ue, [], _, Hvar, _, InF, ).

% This is one way to cal cul ate output node, if it’s needed:
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% update_fornula(Ts, InF, QutF).

segnent _1(true, true) -->> 1.
segnent _1(B, Rest) -->> {next_goal (B, Goal, Body), split_unify(Goal, X, Term},
{var(X),atom c(Term},
F/form {inmplies(F, nonvar(X))}, !,
["$name_arity’ (X, Term0)]:test,
["$name_arity’ (X, Term0)]:form
segment _1( Body, Rest).
segnent _1(B, Rest) -->> {next_goal (B, Goal, Body), test(Goal)},
{\ +st andar d_or der (CGoal )},
{varset (Goal , Vs)},
TV/ testvars,
{intersectv(Vs, TV, [])},
SF/ sf,
{subsetv(Vs, SF)},
F/ form
{bindset(Goal, F, [])}, !,
add_nane_arity(Goal),
[ Goal ]:test,
[ Goal ]:form
segment _1(Body, Rest).
segnent _1(B, Rest) -->> {next_goal (B, Goal, Body), split_unify(Goal, X, Term},
{var (X), conpound( Term},
F/form {inplies(F, nonvar(X))},
SF/ sf, {varset(Term Vs)}, {intersectv(Vs, SF, [])}, !,
{functor(Term Na, Ar)},
["$name_arity’ (X Na, Ar)]:test,
[ Goal ]:test,
insert(InF, MdF):form {update_formula(CGoal, SF, InF, MdF)},
[[X], Vs]:sf,
segment _1(Body, Rest).
segnent _1(B, B) -->> {next_goal (B, CGoal, Body), split_unify(Goal, X, Term},
{var (X), conpound( Term},
F/form {inmplies(F, nonvar(X))}, !,
{functor(Term Na, Ar)},
["$name_arity’ (X Na, Ar)]:test,
[*$name_arity’ (X, Na,Ar)]:form
segnent _1(B, Rest) -->> {next_goal (B, Goal, Body), split_unify(Goal, X, Term},
{var(X)},
F/form {implies(F, var(X))}, !,
[ Goal ]:var,
[ X]:testvars,
segment _1( Body, Rest).
segnent _1(B, Rest) -->> {next_goal (B, Goal, Body), split_unify(Goal, X, Term},
{var(X)},
F/form {inplies(F, uninit(any, X))}, !,
[Goal ]:uninit,
[ X]:testvars,
segment _1(Body, Rest).
segnent _1(Rest, Rest) -->> 1.

% This could be extended to | ook inside '$body’ goals:
next _goal ((CGoal , Body), Goal, Body) :- !.
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next goal (Goal, Goal, true).

% Add ' $name_arity’ for a unify goal when the argunment is inplied nonvar:
add_nanme_arity(Goal) -->>

{split_unify(Goal, X, Term},

{var (X), nonvar(Tern)},

Formform {inplies(Form nonvar(X))}, !,

{functor(Term Na, Ar)},

["$name_arity’ (X Na, Ar)]:test,

[*$name_arity’ (X, Na,Ar)]:form
add_nanme_arity(Goal) -->>[].

% ' Nai ve’ segmenting for argunment selection w thout nodes:
% Al tests are collected, whether they bind or not.
% Al so gets the set of args that are args of some unification that is
% not known to succeed (i.e. neither arg is known to be unbound).
% (The format of body-linkage is conpatible with that done in the nore
% di scrimnating segnenti ng done above)
% Note that the nore discrimnating segrmenting must be conpil ed before
% the naive one, to instantiate the naive one’'s input formula, or else
% the compiler will think the naive one is not being call ed.
segnent _all _disj(Disj, Head, Form TestDisj, BodylList, GoodVars) :-
var set (Head, HVs),
unbound_set (Form UVs),
segrment _all _disj (D sj, Head, Hvs, Uvs, TestDisj, VBag, [], BodylList),
% Make sure that variable X is an argunent of a unification
% whi ch does not have an arg known to be unbound.
% (Bei ng an argunment of another test is not useful, since other
%tests don't need the var/nonvar distinction)
sort (VBag, VSet),
i ntersectv(VSet, HvVs, GoodVars).

segnent _all _disj(fail, H _, _, fail, Link, Link, []).
segnent _all _disj((D;Disj), H Hvs, Uvs, (T;TDi sj), Vs, Link, BodyList) :-
segnent _all _conj (D, Tests, Body, Uvs, Vs, Md),
varset (Tests, TVs),
( length_test _user(Body, Nt, Nu),
conpi l e_option(user_test_size(Su, St)),
Nu=<Su, Nt =<St
-> T = (Tests, Body),
BodyLi st = Newli st
; varset (Body, BVs),
i ntersectv(TVs, BVs, X),
di ffv(X, HVs, ExtraArgs),
new_head("$s_", H, ExtraArgs, LH),
T = (Tests,’ $body’ ((LH -Body), BVs, Entries)),
BodyLi st = [body((LH: -Body), Entri es)| NewLi st]
),
segnent _all _disj(Disj, H Hvs, Uvs, TDisj, Md, Link, New.ist).

segnent _all _conj(true, true, true, UVs) --> 1.
segnent _all _conj ((T,B), (T,Ts), Body, Uvs) --> {T=(X=Y)},
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{filter_vars([X Y], UBag)},
{sort(UBag, USet)},
{disjointv(USet, Uvs)}, I,
i nsert (USet),
segnent _all _conj (B, Ts, Body, UVs).
segnent _all _conj ((T,B), (T,Ts), Body, Uvs) --> {test(T)}, !,
segnent _all _conj (B, Ts, Body, UVs).
segnent _all _conj ((T,B), true, (T,B), Ws) --> {\+test(T)}, !.
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sel ection. pl

% Determi ni smextraction froma predicate.
% Convert a predicate in standard forminto a formthat exposes the
% i nherent determ nism

% Fi |l es needed: conditions, standardize, utility

% Not es:

% 1. It is necessary to retain ordering of tests because of data dependenci es,
% e.g. in (h(A) :- As[X], X<3) the unification nmust be done before the test.
% Factoring takes care of sone cases of this. |In other cases a fundanental

% probl emrenmains: (A=[ X], X<10) and (A=[Y], Y>=10) are not recogni zed as

% nut ex because X and Y are different variables! The algorithm

% given here is too sinplistic. The witten notes contain one possible

% solution to the problemusing the notion of the 'origin’ of a variable.
% The currently inplenented solution is to do a head factorization first,
% and to allow segnenting to take place only for tests all of whose vars
% are in the head. Variables with the sane origin are considered identical.
% 2. Even for rather sinple predicates and a sinple collection of test-sets,
% a large nunber of npbstly useless test-sets is generated in find testset.
% This can lead to nenory problens with [arge predicates. One solution is
% to allow the measure of goodness paraneter of each test-set to influence
% find testset to gather only test-sets that are sufficiently good.

% 4. Nested testing in code_testset: new nodes are (Test, Formula), new prev.vars
% are (Tvars U Hvars). Selection is called recursively.

% 5. The output has the form $case(Nane, | dent, Case)

% where Nane & Ident identify the particular test-set,

% Case = ($test(Direc, Pre, Test, BV, Code) ; $test(..);...; $el se(Pre, BV, Code))
% Direc = the direction of each test.

% This formall ows straightforward code generation.

% 6. Gving lots of nobdes will slow down selection significantly. Need to

% optim ze the speed of mutex?

% Possi bl e ext ensi ons:

% 1. instead of disj only as data struc, better is disj+prev vars

% where prev vars = set of vars existing before the disj.

% Flattening takes care of this at pred. level, but need to consider
% nested case sel ection.

% 2. internal testset predicate: user-defined tests can have different
% arg. variables in different clauses - the actual testset depends

% on nodes, possibly on def. of the predicate. Unraveling renoves

% sone of the correspondence between clauses - can worsen results.

% This will be solved |ater using idea of variable origins.

% At the sane tinme, can renove the use of Prolog variables to represent
% variables in the source code. These are really neta-variables, and
% it may be better to represent themas constants or conpound terns.
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% *** Debug hook

% Assune predicate is a single clause, not in standard form
s((Head: - Body), Mbdes, (Head:-Mddes, Code)) :-

standard_di sj (Body, StdDi sj),

sel ecti on((Head: - Mbdes, StdDi sj), (Head:-Mbdes, Code)).

% Cenerate determnistic code froma predicate:

% Entry point 1: Assume predicate is in standard form
% The result is not sinplified.
sel ection_disj(Head, Disj, Mdes, CaseDisj) :-
copy( Modes, (Head:-Fornmula)),
var set (Head, Hvars),
subsume(Formul a, Disj, SDisj),
selection_3(SDi sj, Head, [], Hvars, Formula, CaseDisj), !.

% Entry point 2: Assume source i s a conjunction,

% or a disjunction of conjunctions.

% The result is not sinplified.

sel ection(Source, Head, PrevKeys, PrevVars, Formula, Code) :-
simplify(Source, SinpSource),
sel ecti on_3(Si npSource, Head, PrevKeys, PrevVars, Fornula, Code), !.

% Entry point 3: Assune predicate is a sinplified disjunction and the
% previously existing variables are known.
% The result is not sinplified.
% There nust be nore than one choice for any selection to be done.
selection_3(Di sj, Head, PrevKeys, PrevVars, Formula, Code) :-
length_disj(Disj, N, N1,
stats(s, 1),
find testset(Disj, Head, PrevKeys, PrevVars, Fornula, Tests, TestSets),
stats(s, 2),
pi ck_testset(TestSets, Tests, TestSet), !,
stats(s, 3),
thin_testset(TestSet, ThinTestSet),
stats(s, 4),
code_t estset (Thi nTest Set, Head, PrevKeys, PrevVars, Formula, Disj, Code),
stats(s,5),
(compi | e_opti on(debug)
-> wite(’ Selection code:”), nl,
write(Code), nl
; true
), L.

selection_3(Disj, _, PrevKeys, PrevVars, Formula, D sj).

% Col l ect the test-sets of all tests in a predicate.

% A predicate is represented as (Head:-Disj), and only the disjunction
% is given as an argument here.

% A test may be in several test-sets. This code recognizes that fact.
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% An test-set nenber is represented here as the structure

% (key/2 is used only to gather like test-sets efficiently with keysort)
% key(Nane, | dent) -val (CGoal , Test, O auseNum Goal Num Di r ec, Cl auseBody)

% wi t h meani ng:

% key(Nane,ldent) Uniquely identifies the testset. (Nane is ground and

% I dent contains the variables needed by the test-set.)

% Goal The source goal that caused selection of this testset.

% Test The test that can be done by the testset. Test does

% part of the work of Goal, i.e. Goal inplies Test.

% O auseNum Nunber of the clause containing Goal (starting from1l).
% Goal Num Nunber of the goal in the clause (starting from1).

% Direc Direction of the branch.

% C auseBody The body of the clause containing CGoal.

% A returned testset is a list of val (Goal, Test, C auseNum Goal Num Di rec) .

% Execution tine of this module is Qc +t log t) where ¢ = nunber of clauses,
%t = total nunber of tests in all clauses.

% Needed: testset/6 predicate which depends on the | SP.

find testset(Disj, Head, PrevKeys, PrevVars, Fornula, UnorderTests, TestSets) :-
unbound_set ( For nul a, US),
pred_gat her (Di sj, Head, PrevKeys, PrevVars, US, Fornula, 1,
Unor der Tests, []),
keysort (Unor der Tests, Odered),
part_testset(Ordered, TestSets).

% *** Gather all test-set menbers in a predicate:
pred_gather ((Conj;Di sj), Head, PrevKeys, PrevVars, US, Formula, Nc) -->1,
{flat_conj(Conj, Flat)},
cl ause_gat her (Fl at, Head, Conj, PrevKeys, PrevVars, US, Fornula, Nc, 1, ),
{Ncl is Nc+1},
pred_gat her (Di sj, Head, PrevKeys, PrevVars, US, Formula, Ncl).
pred_gat her (Conj, Head, PrevKeys, PrevVars, US, Formula, Nc) -->
{flat_conj(Conj, Flat)},
cl ause_gat her (Fl at, Head, Conj, PrevKeys, PrevVars, US, Fornula, Nc, 1, ).

% Gather all test-set nenbers in a clause.

% Constraints:

% Don’t pick a test-set when:

% 1. It has been used already, or

% 2. Forrmula => Test, i.e. no extra information is obtained from
% picking it since it is already known.

% 3. For an arithnmetic relation, only pick testsets with
% t he sane trapping behavior.

% 4. It needs an environnment (\+survive).

% 5. It has argunents known from Formula to be unbound.
% 6. Stop traversing the clause when encountering a cut.

% Still to do: conpound terns as argunents of tests.

cl ause_gather(true, _, _, , _, _, _, _, No, No) -->1].

cl ause_gat her((Goal ,Body), _, _, _, _, _, _, _, No, o) -->
{cut_p(Goal)}, ', {No=0b}.

cl ause_gat her (( Goal , Body), Head, C, PrevKeys, PrevVars, US, Form Nc,Nb, Q) -->

one_cl ause_gat her (Goal , Head, d, PrevKeys, PrevVars, US, Form Nc, Nb, Md),
I

cl ause_gat her (Body, Head, O, PrevKeys, PrevVars, US, Form Nc, M, o).
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% Def aul t cl ause:

cl ause_gat her ((_, Body), Head, d, PrevKeys, PrevVars, US, Form Nc, Nb, Ob) -->
{Mo is Nb+1},
cl ause_gat her (Body, Head, O, PrevKeys, PrevVars, US, Form Nc, M, ).

one_cl ause_gat her (Goal , Head, O, PrevKeys, PrevVars, US, Form Nc, Nb, Ob) -->

{Ob is No+1},
{ bagof (key( Nane, | dent) - val (Goal , Test, Nc, No, Direc, ),

valid_testset(CGoal, Head, Form Nane, ldent, Direc, Test,

PrevKeys, PrevVars, US),

Bag)}, !,
{make_correct(Goal, O, Bag)},
difflist(Bag).

% The conditions upon which it is valid to pick a test-set:
valid_testset(CGoal, Head, Form Nane, ldent, Direc, Test,
PrevKeys, PrevVvars, US) :-

i nternal _testset(CGoal, Form Nane, | dent,Direc, T),

| ogi cal _sinplify(T, Test),

rel ati onal _check( Goal , For m Nane),

\ +menber v(key( Nane, | dent ), PrevKeys),

\ +i npl i es(Form Test),

survive(Test),

var set (Goal , Vs), subsetv(Vs, PrevVars),

varset (ldent,Is), disjointv(ls,US),

val i d_option(Goal, Head, Vs).

% For eval uation of determ nism sel ection:
val i d_option(Goal, Head, Vs) :-
firstarg_option(Head, Goal, Vs),
goal _type(Head, Coal, Type),
test _option(Type), !.

% For eval uation of determ nism sel ection:
% Al l ow only tests containing the first argument
firstarg_option(Head, Goal, Vs) :-
conpile_option(firstarg),
\ +uni fy_p(CGoal),
I
arg(1, Head, X),
menberv(X, Vs).
firstarg_option(Head, Goal, Vs) :-
conpile_option(firstarg),
uni fy_ p(Goal),
I
split_unify(Goal, X, YY),
arg(l, Head, 2),
==7.
firstarg _option(_, _, ).

% For eval uation of determ nism sel ection:

% Al l ow only tests of a given type:

test _option(unify) :- conpile_option(test), conpile_option(test_unify), !.
test _option(arith) :- conpile_option(test), conpile_option(test_arith), !.
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test _option(typecheck) :- conpile_option(test), conmpile_option(test_typecheck),!.
test _option(_) :- \+ conpile_option(test).

% For eval uati on of determ ni sm sel ection:
% CGet type of test:

goal _type(_, CGoal, unify) :- split_unify v_nv(Goal, _, ), !.

goal _type(H, var(_), unify) :- select_option(H _), !.

goal _type(H, nonvar(_), unify) :- select_option(H, _), !.

goal _type(_, '$name_arity' (_,_,_ ), unify) :- I.

goal _type(_, CGoal, arith) :- encode_relop(Goal, _, _, _, arith), !.
goal _type(_, CGoal , typecheck).

% Link to external testset/4 predicate:
% Not e: When unification binds then it’s usually not a test, because it
% wusually succeeds. Therefore unification is only accepted here when it
% binds nothing. This is a heuristic incorporated to take care of
% predicates such as max/3 when node anal ysis doesn’t say that one of
% the argunents is a variable.
% (Ceneralize later to: a goal that always succeeds is not a test.)
% Note: The predicate valid after the testset is returned in Test. For unify
% goals, only the top level is returned (as a 'functor’ goal), since the
% tests of a testset do not currently | ook
% inside of compound terms.
i nternal testset(CGoal, Formula, Nanme, Ident, Direc, Test) :-
bi ndbag( Goal , Formula, []),
testset (Goal, Test, Nane, ldent, Direc).
internal testset(A=B, Formula, equal, v(A B), true, '$equal’ (A B)) :-
i nplies(Formula, (atomc(A),atonmic(B))), !.
% Take only tests that don’t bind:
i nternal testset(CGoal, Formula, Nanme, Ident, Direc, Test) :-
\ +uni fy_p(CGoal),
bi ndbag( Goal, Formula, []),
testset (Goal, Test, Nane, ldent, Direc).

% Check whether a particular testset is allowed for a particular goal:
% This is used to guarantee that a rel ational operator that needs
% i ntegers, but has sone trappi ng behavior on non-integers, will choose
% a testset that has the sane behavi or on non-integers.
rel ati onal _check(Goal, Fornula, Nane) :-
\+relational test(Goal, X, Y), !I.
rel ati onal _check(Goal, Formula, Nane) :-
rel ational _test(Goal, X YY),
rel ati onal _testset(Nanme), !.
rel ati onal _check(Goal, Formula, Nane) :-
rel ational _test(Goal, X YY),
\ +rel ational _testset(Nane),
| ogi cal _sinplify((integer(X),integer(Y)), Ints),
i mplies(Formula, Ints), !.

% Ensure that variables in Bag are instantiated correctly:

% Note that logically this predicate is superfl uous.

%1t is needed because bagof generates new sets of vari abl es.

make correct(G d, [_-val(G _,_,_ , ,d)|Bag]) :- !, make correct(G O, Bag).
make correct(_, _, []).
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% *** Partition all contiguous matching keys into separate test-sets:
part_testset(List, [Key-[Val|C]| TestSets]) :-

Li st =[ Key- Val | Rest], !,

one_testset(Key, Val, Rest, C, New.ist),

part_testset(Newlist, TestSets).
part_testset([], [])-

% Gat her all contiguous keys matching Key into a single test-set:
% Take only one value of a series of contiguous identical ones.
one_testset(Key, Val, [K-V|List], TestSet, NewList) :-

Key==K, Val ==V, !,

one_testset(Key, V, List, TestSet, NewList).
one_testset(Key, Val, [K-V|List], [V|] TestSet], Newlist) :-

Key==K, Val\==Vv, !,

one_testset(Key, V, List, TestSet, NewList).
one_testset(Key, Val, [K-V|List], [], [K-V|]List]) :-

Key\ ==K, !.
one_testset(_, _, [1, [1, [1)-

% Pi ck the best test-set.

% Met hods:

% For |ater:

% Calcul ate information (in #bits) for each test-set, pick maxi mum

% This is done by seeing how nany cl auses are nmutex with each memnber

% of the test-set, and using the info theoretic fornmula sum(Pi |og Pi)

% to get a bit value. This may be sl ow.

% Now:

% 1. Pick the test-set with |argest val ue of goodness function. This is sinple,
% but it doesn’t always give good results. Speed ((t) where t = total nunber
% of tests. The goodness function is architecture-dependent and is therefore
% defined in testset.pl.

% 2. If the first test in the predicate is a relational operator then pick the
% best of the relational testsets. |If the first test is not a relational

% operator, then pick the best of the non-relational testsets. This is for
% correct handling of the trapping behavior of relational tests.

% However, it’'s not conplete yet.

% Met hod 2:

pi ck_testset(TestSets, Tests, KCBest) :-
first_test(Tests, FK-FV),
comrent (['First test is ', FK-FV]),
rel _flag(FK, Flag),
pi ck_eq(none-[], 0, TestSets, KCBest, GBest, Flag),
% Check that one was chosen:
GBest >0, !.

pi ck_eq(KC, G [K2-C2| TestSets], KCBest, GBest, Flag) :- !,
((rel _flag(K2, F), F=Flag,
goodness_t estset (K2, C2, Goodness), Goodness>QG
-> pick_eq(K2-C2, Goodness, Test Sets, KCBest, GBest, Flag)
; pick_eq(KC, G TestSets, KCBest, GBest, Flag)
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).
pi ck_eq(KC, G [], KC G _).

% *** Find the first goal in the list of tests:
first _test(Tests, First) :-

Tests=[T| Ts],

= -val(_, _,Nc,Nb, , ),

first _test(Ts, Nc, No, T, First).

first _test([], _, _, InT, InT).
first _test([T|Ts], lc, Ib, InT, QutT) :-
T=-val (_, _,Nc,Npb, , ),
(Nc<lc; Nc=:=lc, No<lb), !,
first _test(Ts, Nc, No, T, QutT).
first _test([T|Ts], lc, Ib, InT, QutT) :-
first _test(Ts, lc, Ib, InT, QutT).

rel _flag(key(Nane, ), yes) :- rel ati onal _testset(Nane), !.
rel _flag(key(Nane, ), no) :- \+relational _testset(Nane), !.

% Make sure a test-set contains no redundant information.
% Such information results in redundant code and increased conpilation tine.

thin_testset(Key-TestSet, Key-Thin) :-
show_t est s( Test Set, ShowTs),
keysort ( ShowTs, SortTs),
make_thin(SortTs, Thin), !. % Renove duplicate tests.

% Expose the clause nunber for keysort:

show cl nunm([], []).

show _cl nun([val (A T,B,C D E)|Ts], [B-val (A T,B,C D E)|Ks]) :-
show_cl num(Ts, Ks).

% Expose the Test+Direc for keysort:

show tests([], [])-

show tests([val (A T,B,C, D, E)|Ts], [[D T]-val (A T,B,C D E)|Ks]):-
show tests(Ts, Ks).

% Keep only one uni que copy of each [D| T]:
make thin([T| Ts], Thin) :- make_thin(T, Ts, Thin).

make_thin(K-V, [1, [V]).
make_t hi n( K1-V1, [K2-V2|Ts], Thin) :- Kl==K2,!, nmake_thin(K2-V2, Ts, Thin).
make t hi n(K1-V1, [K2-V2|Ts], [V1] Thin]) :- Kl\==K2,!, make_thin(K2-V2, Ts, Thin).

% Cenerate case sel ection code using an test-set:

% Bugs:
% 1. Must keep order of tests unchanged, i.e. variables in a test nmay get
% their values froma previous unification, and that unification nust
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% preceed the test.

% Not es:

% 1. This version handles tests that bind, although such tests are not presently

% used.

% 2. For each test, collect the clauses that are not nutually exclusive with it.

% Format: $test(Direc, Preanbl e, Test, Bi ndVars, Di sj)

% wher e:

% Direc = direction of branch

% Preanble = saves and restores needed for tests that bind vars.

% Test = the test

% BindVars = the vars that may be bound in the test

% Disj = the code to be executed if the test succeeds

% Al'so collect an ’$el se’ case of clauses selectable if none of the tests
% succeed.

% Format: $el se(Preanbl e, BindVars, Di sj)

% 3. Needs Fornul a paranmeter to do correct binding code generation. Note that
% present alg. does not | ook at body for determ ning which vars are to be
% saved & restored. A nore accurate alg. would set

% BTvars = BTVars /\ (Vars in SDisj).

% 4. The predicates extract_else_disj and nerge_disj_list are needed to reduce
% execution tine from Q(test_clauses ~ 2) to Q(test_clauses * other_cl auses).

% This shows up in the conpilation of |arge databases of facts.

% 5. Note that the '$else’ case is what needs to be executed if all others fail.

% It may be that the others cannot all fail at the same tinme. In that
% situation, the '$else’ case may be ignored.

code_t est set (Key- Test Set, Head, PrevKeys, Hvars, Formula, Disj,
' $case’ (Nane, | dent, Code)) : -
Key=key( Nane, | dent ),
% ski m testset(Test Set, Skintet),
get _cl ause_nuns(Test Set, Nuns, []),
sort (Nunms, SNums),
extract _el se_disj(SNunms, 1, Disj, ED sj, EList),
% conment ([ Cl nuns: ', SNuns,’ EDisj: ',EDisj,’ EList: ',EList]),
full _testset(Nanme, Ident, TestSet, NewTest Set),
code_t est set (NewTest Set, Head, [Key|PrevKeys], Hvars, Formula, [],
ELi st, EDi sj, EDisj, Code).

code_testset([val (_, Test,Nc, ,Direc,C )| TestSet],
Head, PK, HV, F, BVars, EList, ED sj, Else,
(' $test’ (D rec, Preanbl e, Test, BTVars, Code) ; Case)) : -
needset (Test, HV, TVars),
bi ndset (Test, F, BTVars),
restore_bl ock(Tvars, BVars, Preanble, T),
save_bl ock(BTVars, T, true),
uni onv(BVars, BTVars, BVars2),
nmerge_disj _list(EList, Nc, EDisj, O, Misj),
% conment ([’ Merge: ', EList, Nc, EDisj, O, Misj]),
subsume(Test, Mdisj, SDisj),
% conment ([’ Subsune: ', Test, SDisj]),
el se(Test, Else, Newkl se),
% conment ([’ El se: ', El se, Newkl se]),
% Nested det. extraction of SDisj is done here:
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%I1f SDisj is not sinplified then do not continue recursion.
% (comrented out since for ex(al3) this is not the right condition)
( fail /* Disj==SDhisj */ ->
Code=SDi sj
; unionv(TVars, HV, PrevVars),
%\/ The follow ng should be replaced by a non-nonotonic update_formnul a
| ogi cal _subsune(Test, F, SF),
| ogi cal _sinplify((Test,SF), NewF),
sel ection(SDi sj, Head, PK, PrevVars, NewF, Code)
),
code_testset(TestSet, Head, PK, HV, F, BVars2, EList, ED sj, NewEkl se,
Case), !.
code_testset([], Head, PK, HV, F, Bvars, EList, ED sj, Else,
' $el se’ (Preanbl e, BVars, Code)) : -
restore_bl ock(Bvars, BVars, Preanble, true),
sel ection(El se, Head, PK, HV, F, Code).

get _clause_nums([]) -->[].
get _clause_nums([val (_, ,Nc, , , )|TS]) -->[Nc], get_clause_nuns(TS).

% *** Renpve all cl auses whose nunber is in the set Nuns.
% Retain the other clauses & their nunbers.

extract _else_disj ([N Nunms], I, (Conj;Disj), (Conj;ED sj), [I|EList]) :-
I<N, !,
1 is |+1,
extract _else_disj ([N Nunms], 11, Disj, ED sj, EList).
extract _else disj([I|Nums], I, (_;Disj), EDsj, EList) :- I,
1 is |+1,
extract _else_disj(Nums, |1, Disj, ED sj, EList).
extract _else_disj([I], I, ., fail, [1).
extract _else_disj([], I, Dsj, Dsj, EList) :-
nunber _disj(Disj, |, EList).

nunber _di sj (fail, [1) :-1

nunber_disj((_;Disj_), I, [I|List]) :- ', 11 is I+1, nunmber_disj(Disj, 11, List).
nunber _disj(_, I, [1]).
% *** Merge the current clause into the other (non-testset) clauses:
nmerge_disj_list(_, none, EDisj, _, EDsj) :- !.
nmerge_disj _list([I|EList], Nc, (Conj;EDisj), O, (Conj;Mdisj)) :-

| <Nc, !,

nmerge_disj _list(EList, Nc, EDisj, O, Misj).
merge _disj _list(_, _, EDsj, d, (d;EDSsj)).

% *** Determ ne the variables that Test needs:
needset (Test, Hvars, TVars) :- varset(Test, TV), intersectv(Hvars, TV, TVars).

% *** Cenerate bl ocks of save and restore goals.

% Do save(BT) for all BT in BTs.

% Assunes ordered lists as sets.

save_bl ock([ BT| BTs]) --> co(save(BT)), save_bl ock(BTs).
save_block([]) -->[].

% Do restore(T) if T in Ts/\Bs.
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% Assunes ordered lists as sets.

restore_block([T|Ts], [B|Bs]) --> {T@B}, restore_block(Ts, [B|Bs]).
restore_block([T|Ts], [B|Bs]) --> {T==B}, co(restore(T)), restore_block(Ts, Bs).
restore_block([T|Ts], [B|Bs]) --> {T@B}, restore_block([T|Ts], Bs).
restore_block(_, []) -->[].

restore_block([], ) -->11].
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st andar d. pl

% St andard form
% Wilities for converting Prolog clauses into kernel Prol og.

% Not es:

% 1. In an stree, Head in nmode formula and Head of disjunction are the sane.

% 2. CGoals that are variables nust be surrounded by call () and reported.

% 3. The standard formall ows easy ’'cdring down’ conjunctions and disjunctions.
% 4. Standard formof a procedure is (Head:-Disj) where Disj is a disjunction
% whose choices are all in standard formand all the variables of Head

% are distinct.

% Top | evel call:
ptrees to strees([], []).
ptrees to strees([P|Ps], [S]|Ss]) :-
ptree to stree(P, 9,
ptrees to _strees(Ps, Ss).

% Convert a ptree to an stree:
% (Selection limt is calculated in conpil e_strees)
ptree to_stree(ptree(Nane, d s, Mode, PDumy),
stree(Nane, (Head: -Di sj), (Head: - For m, A dHeads, Sbunmy, )) :- !,
standard cls(O's, Mde, Head, O dHeads, Disj),
copy(Mode, (Head:-Form),
ptrees_to_strees(PDunmry, SDunmy).
ptree to stree(D, D) :- directive(D), !.

% Convert a procedure Cls (a list of raw i nput cl auses)
%into a Head and a single disjunction in standard form
% (Al so returns the old clause heads so that they can be unravel ed
% again in analyze with the informati on gl eaned there.)
standard _cls([], _, _, [], fail).
standard_cls([C/ O s], Mde, Head, [d dHead| OHs], (Body;Disj)) :-
expand_term(C, E),
copy(E 4),
standard forn(d, Mde, O dHead, Head, Body),
standard _cls(Os, Mde, Head, OHs, Disj).

% Convert a clause to standard form

% St andard form of a clause =

% 1. Conjunctions and disjunctions are reorgani zed to be right associative.

% 2. Conjunctions have no internal true and are terninated by true.

% 3. Disjunctions have no internal fail and are terninated by fail.

% 4. Single goals inside disjunctions are considered as conjuncti ons.

% 5. Single goals inside conjunctions are just single goals (except -> see 9)
% 6. The head is unravel ed, body goals are unchanged.
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% 7. \+ is converted to ->.

% 8. Argunents of -> are in standard conjunctive form i.e. termnated by true.
% 9. (A->B) as a goal in a conjunction is termnated by fail |ike a disjunction.
% 10. Unify goals are witten as X=T where if T is var then X is var.

% Not e:
% 1. The single asynmretry between conjunctions and di sjunctions exists
% to make renovi ng di sjunctions from cl auses easi er.

% Assunes that clause head has distinct variables:
standard_form Cl ause, Head, SBody) :-

split(d ause, Head, Body),

si mpl i fy(Body, SinpBody),

st andard_conj ( Si npBody, SBody).

% Any input clause is acceptable:
% This version will also unravel the clause’s head, using the node information
%to create the resulting unifications to aid determ nismextraction.
standard_form Cl ause, Mdde, Head, SHead, SBody) : -

split(d ause, Head, Body),

si mpl i fy(Body, SinpBody),

unr _head(Head, Mde, SHead, SBody, B),

st andard_conj ( Si npBody, B).

st andar d_conj ( Body, SBody) :- conj(Body, SBody, true).
standard_di sj (Body, SBody) :- disj(Body, SBody, fail).

conj((A B)) -->1, conj(A), conj(B).
conj(true) -->1.
conj(@ --> {\+conj_p(Q}, inside_conj(Q.

disj((AB) -->1, disj(A), disj(B).
disj(fail) -->1.
disj(@ --> {\+disj_p(Q}, inside_disj(Q.

% Not e: C-Prol og does not recognize if-then-else inside DCG s.
inside_disj((A->B)) -->{!, conj(A Ctrue), conj(B,Dtrue)}, di((C>D)).
nside disj(Q --> {conj_p(Q, !, conj(GCC true)}, di(CO.

nside disj(@ --> {\+conj_p(Q, !, co(GCCtrue)}, di(CO.

nside_conj (\+(A)) -->{!, sinplify(\+(A),B)}, negation_as_failure(B).
nside_conj ((A->B)) --> {!, conj(A Ctrue), conj(B,D true)}, co(((C>D);fail)).

nside_conj(Q --> {disj_p(Q, !, disj(GG&Dfail)}, co(CD).

nside_conj (@ --> {\+disj_p(Q, \+anyregs(Q}, !, co(Q.

nside_conj (Q --> {\+disj_p(Q, anyregs(Q1}, !, unr_goal (G.
negation_as failure(Qg --> {\+(G(\+(_)))}, !, conj(Q.

negation_as failure(\+(Q) --> {conj (G GC,true)}, co((GC->fail,true;true;fail)).

% Uilities for unraveling a goal into a new goal and a series of unifications:

% Unraveling of the head is done in tw steps. First, those argunments that
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% are known to be nonvar or unbound at run-tine are split off fromthe others.
% The nonvars are put last & the unbounds are put first in the argument |ist.
% Second, this list is traversed & explicit unify goals are created for args
% that are identical. Since the nonvars are |last, they are unified together
% (if they are identical). Since the unbounds are first, their argunents are
% repl aced before the others, which nmeans that any other tests in the cl ause
% DON' T get unbound argunents.

% The nonvar unifications are put first, followed by the other unifications
% and finally the unbound unifications, which always succeed.

% The nonvar unify goals are put before the other unify goals, and the

% unbound unify goals are put |ast.

% CGoal s which are not unbound (i.e. nonvar & other) are replaced first at the
% hi ghest argunent nunmber, and the result is reversed so that unifications

% of | ow argument numnbers come first.

% This transformati on encourages better determ ni smextraction.

acc_i nfo(unbound, X, Qut, In, (Qut=[XIn])).
acc_info( other, X, Qut, In, (Qut=[XIn])).
acc_info( nonvar, X, Qut, In, (Qut=[XIn])).
acc_info( nonvar_goal, G Qut, In, (Qut=(GlIn))).
acc_info( other_goal, G Qut, In, (Qut=(GlIn))).
acc_i nfo(unbound_goal, G Qut, In, (Qut=(GlIn))).

pred_i nfo(split_nonvars, 5, [unbound, other, nonvar]).
pred_i nfo( mat ch_unr, 5, [nonvar_goal, ot her _goal , unbound_goal]) .
pred_i nfo( conj _unr, 4, [nonvar_goal, ot her _goal , unbound_goal ]).

unr _head(Head, (_:-true), NewHead, Conj, Link) :- I,
functor (Head, _, A,
downrange_list(A, 1, ArgNums),
mat ch_unr (ArgNuns, [], [], Head, NewHead, Conj, Link).
unr _head(Head, (FHead:-Fornula), NewHead, Conj, Link) :-
functor (Head, _, A,
split_nonvars(1, Fornula, FHead, Head, A, Unb,[], Oher,[], Nonvar,[]),
reverse(a her, RO her),
reverse(Nonvar, RNonvar),
append(Unb, RO her, RNonvar, ArgNumns),
mat ch_unr (ArgNuns, Nonvar, Unb, Head, NewHead, Conj, Link).

mat ch_unr (ArgNuns, Nonvar, Unb, Head, NewHead, Conj, Link) :-
functor (Head, N, A),
funct or (NewHead, N, A),
mat ch_unr (ArgNuns, Nonvar, Unb, Head, NewHead, NC, true, OC true, UC Link),
reverse_conj (NC, RNC),
reverse_conj (OC, ROC),
append_conj (RNC, ROC, UC, Conj).

% Split argunments into those inplied to be nonvar, those inplied to be unbound,
% and others. Note that FHead and Head nust be kept separate, because Head's
% ar gunents can be anyt hing--unifying themtogether ruins the formof FHead.
split_nonvars(l, Formula, FHead, Head, A) -->> {I>A}, !.
split_nonvars(l, Formula, FHead, Head, A) -->> {I=<A},

{arg(l, FHead, Y), inmplies(Formula, nonvar(Y))}, !,

[1]:nonvar,
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{11 is |+1},

split_nonvars(l1, Formula, FHead, Head, A).
split_nonvars(l, Formula, FHead, Head, A) -->> {I=<A},

{arg(l, FHead, Y), inmplies(Formula, unbound(Y))}, !,

[1]:unbound,

{11 is |+1},

split_nonvars(l1, Formula, FHead, Head, A).
split_nonvars(l, Formula, FHead, Head, A) -->> {I=<A}, !,

[1]:other,

{11 is |+1},

split_nonvars(l1, Formula, FHead, Head, A).

% Unravel head so that all its argunents becone different variables:
% Nonvar & unbound are handl ed correctly due to the order of ArgNuns.
match_unr([], _, _, _, _) -->>1.
match_unr ([ 1| ArgNuns], Nonvar, Unb, Head, NewHead) -->>

{arg(l, Head, X), var(X)},

{menber (J, ArgNuns), arg(J, Head, X2), X==X2}, I,

{arg(l, NewHead, Var)},

conj _unr(Var=X, |, Nonvar, Unb),

mat ch_unr (ArgNuns, Nonvar, Unb, Head, NewHead).
mat ch_unr ([ 1| ArgNuns], Nonvar, Unb, Head, NewHead) -->>

{arg(l, Head, X), var(X)}, !,

{arg(l, NewHead, X)},

mat ch_unr (ArgNuns, Nonvar, Unb, Head, NewHead).
mat ch_unr ([ 1| ArgNuns], Nonvar, Unb, Head, NewHead) -->>

{arg(l, Head, X), nonvar(X)}, !,

{arg(l, NewHead, Var)},

conj _unr(Var=X, |, Nonvar, Unb),

mat ch_unr (ArgNuns, Nonvar, Unb, Head, NewHead).

conj _unr(Goal, I, Nonvar, _) -->> {nmenber(l,Nonvar)}, !, [Goal]:nonvar_goal.
conj _unr(Goal, I, _, Unb) -->> {menber(1,Unb)}, !, [Goal]:unbound_goal.
conj _unr(Coal, I, _, ) -->> [Goal]:other_goal.

% *** Unravel ing a body goal:

% Unifications are put in the right order.

% Non-uni fication goals are unravel ed.

unr _goal (Goal ) --> unr_goal (Goal, NGoal), co(NGoal).

unr _goal (A=B, fail) --> {\+(A=B)}, !.

unr _goal (A=B, A=B) --> {var(A)}, {\+(\+(A=B))}, !.

unr _goal (A=B, B=A) --> {var(B)}, {\+(\+(A=B))}, !.

unr _goal (A=B, A=B) --> {nonvar(A), nonvar(B)}, !.

unr_goal (Goal, NGoal) --> {\+unify_p(Goal)}, !,
unr_str(Goal, NGoal).

% Unravel terminto single-word item

unr_sng(Sng, Sng) --> {single word(Sng)}, !.

unr_sng(Mul, Var) --> {\+single word(Mil)}, !, co(Var=Ml).

% True iff X can be stored in a single word:
single_word(X) :- var(X), !.
single_word(X) :- atomc(X), !.
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% Unravel terminto structure:
% (Possible later optimnmization: use arg instead of univ.)
unr_str(Str, NStr) -->

{Str=..[Nane| Args]},

unr _args(Args, NArgs),

{NStr=..[ Nane| NArgs] }.

_ 1. [1) -->11].
unr_args([ Al Args], [NA NArgs]) --> unr_sng(A, NA), unr_args(Args, NArgs).

% Unravel the old heads with new node information:

% This is an optinization pass done after flow analysis, to increase the
% opportunities for determ nismextraction. This pass is not needed for
% correct ness.

% Thi s code assunes that running unr_head again with the new node infornmation
% gi ves the sane nunber of unification goals that it did before.
re_unr_strees(Ss, NSs) :-

conpi l e_option(conpile), !,

re_unr_strees_2(Ss, NSs).
re_unr_strees(Ss, Ss) :-

\ +conpi |l e_option(conpile), !.

re_unr_strees_2([], [1)-

re_unr_strees_2([ S| Ss], [NS| NSs]) :-
re_unr_stree(S, NS),
re_unr_strees_2(Ss, NSs).

re_unr_stree(stree(NaAr, (Head: - Di sj ), Mode, A dHeads, DL, SD),
stree(NaAr, (Head: - NewDi sj ), Mode, A dHeads, NDL, SD)) : -
cons(d dHeads),
non_trivial (Mde), !,
re_unr_disj (40 dHeads, Head, Disj, NewD sj, Mbde),
re_unr_strees(DL, NDL).
% There are no old heads to unravel, or the node is trivial:
re_unr_stree(stree(NaAr, HeadDi sj, Mbde, d dHeads, DL, SD),
stree(NaAr, HeadDi sj, Mode, A dHeads, NDL, SD)) :- !,
re_unr_strees(DL, NDL).
re_unr_stree(D, D) :- directive(D), !.

re_unr_disj([], _, fail, fail, _).

re_unr_disj([OH OHs], Head, (Conj;Disj), (NewConj;NewDisj), Mde) :-
% Copy the old head & the conj to retain variable structure:
copy((OH: -Conj), (COH -CConj)),
% Unravel the old head with the new node i nfornmation:
unr _head(COH, Mbdde, Head, RepConj, true),
repl ace_start_conj (RepConj, CConj, NewConj),
re_unr_disj(OHs, Head, Disj, NewD sj, Mbde).

non_trivial ((_:-Formula)) :- \+Fornul a=true.
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synonym pl

% Synonym Opti ni zati on:

% This nodul e perforns a strength reduction of instruction argunents,
% by renmenbering which addressi ng nodes have the sane val ue.

% Not es:

% 1. This nodul e i npl enents an abstract data type representing a partitioning
% of all possible argunents of the nove instruction. The internal

% representation is as a set of equival ence classes, denoted by a list of
% lists. An equival ence class contains all argunents with identical contents.
% Classes of size 1 are not stored. This inplementation is sufficient

% because there will al nost always be a snall nunmber of snmall equival ence
% cl asses.

% 2. For best results, this nodul e should be done AFTER superfl uous | abel

% elimnation. The reason is that the synonymset is enptied when a

% | abel is encountered.

% 3. Snmall inprovenent possible with call: only renpove the registers fromthe
% synonym set, and keep the environnent vari abl es.

% 4. |Inprovenment with all conditional branches: continue down the fall-

% t hrough case. Don't have to change the SynSet in any way, but doing it
% woul d be an extra optimzation. For exanple, junp(ne, A B, L)

% i s an equal _maker.

% Al gorithmin procedural form

% Performthe followi ng actions while traversing the instructions:
% nmove( A B) or equal (A/B,_) or unify(AB, , , ) =>

% if A and B in sane equival ence class then renove the instruction.
% else

% if A's equival ence class has a cheaper entry than A
% then replace A by the cheaper entry.

% el se

% if nmove(_, ) then renove B fromits equival ence cl ass.
% add an equi val ence class [A B].

% a distant branch, a call w th non-survive argunent or a |abel =>
% enpty the partition.

%a switch unify =>

% call recursively on its arguments.

% then enpty the partition.

% destructive instruction =>

% renmove destroyed elenents fromall equival ence cl asses.

% ot her instruction =>

% replace argunents by their cheapest equival ents.

% keep the partition.

% Wor st case speed is ((code_size)"2) because the abstract data type

% operations can take (code_size). Usually, however, these operations
% w Il be constant tinme, since the nunber and size of equival ence cl asses
%is limted.
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synonyn{ Code, NCode) :- synonyn(Code, NCode, []), !.

synonyn([], []., _).
synonyn{[ 1| Code], NCode, SynSet) :- synonym(l, Code, NCode, SynSet).

synonyn{ Oper, Code, NCode, SynSet) :-
equal _maker (Oper, A, B), !,
make_set (A, B, 9),
equal _synonyn(Oper, A B, S, SynSet, CQutSyn, NCode, L),
synonym( Code, L, QutSyn).
synonyn{ | abel (Lbl), Code, [I|abel (Lbl)|NCode], SynSet) :- !,
synonym( Code, NCode, []).
% Add | ater:
% synonym(cal |l (NN A), Code, [call (N A)| NCode], SynSet) :-
% functor(G N, A),
% survive(@, !,
% Renove args r(L)...r(L+A-1).
% r enpve_non_per manent s( SynSet, NewSynSet),
% synonym( Code, NCode, NewSynSet).
% This is only right if L is a unique |abel:
% synonym( Branch, [l abel (L)| Code], NCode, SynSet) :-
% branch(Branch, Lbls),
% nenmber (L, Lbls), !,
% synonym st ep(Branch, SynSet, NewSynSet, NCode, [I|abel (L)]| NLink]),
% synonym( Code, NLink, NewSynSet).
synonyn{ Oper, Code, NCode, SynSet) :-
synonym step(QOper, SynSet, NewSynSet, NCode, NLink),
synonym( Code, NLi nk, NewSynSet).

synonym st ep( Oper, SynSet, NewSynSet, Code, Link) :-
synonym st epl(Oper, SynSet, Code, Link),
synonym st ep2( Oper, SynSet, NewSynSet).

synonym st epl(Oper, SynSet, [DOper|L], L) :-
map_i nstructi on(Oper, List, DOper, DList), !,
cheapest |ist(List, SynSet, DList).

synonym st epl(Qper, _, [Oper|L], L).

synonym st ep2( Oper, SynSet, NewSynSet) : -
destr _instruction(Qper, Els), !,
renove_al |l (SynSet, Els, NewSynSet).

synonym st ep2( Oper, SynSet, SynSet).

% Handl e the case that A and B are synonyns:
% Al so update the synonymset if A & B are not known yet as synonyns.
equal _synonyn{ Oper, A, B, S, InSyn, QutSyn, [DOper]|Link], Link) :-
not _i ndependent (Qper), !,
map_equal _naker (Qper, List, DOper, DList),
cheapest _|ist(List, InSyn, DList),
renove_i f_nove(Oper, 1nSyn, B, QutSyn).
equal _synonyn{ Oper, A, B, S, InSyn, QutSyn, [DOper]|Link], Link) :-
\+is_syn(S, InSyn), !,
map_equal _naker (Qper, List, DOper, DList),
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cheapest _|ist(List, InSyn, DList),
renove_i f_nove(Oper, 1nSyn, B, MdSyn),
add_set (M dSyn, S, QutSyn).
equal _synonynm(Oper, A, B, S, InSyn, InSyn, Link, Link).

% I nstructions that result in their argunents becom ng equal:

equal _maker ( nove(A B), A B).

equal _maker ( equal (A/B, ), A B).

equal _maker (unify(A'B, , , ), A B).

% The instruction’s argunents are not independent, i.e.
% doi ng the instruction does not make them equal :

not _i ndependent (move(A, B)) :- ind(A), is_in(B, A.

% Map NON-destructive parts of the equal - makers:
% Note that the destination of a nove can partake of the advantages of
% repl acenent by the cheapest element only if it is an indirection.

map_equal _nmaker ( move(A, [B]), [A B], move(S,[T]), [S T]) - !.
map_equal _nmaker ( move( A X), [A], move(S, X), [S]) :- \+X=[ ], !.
map_equal _nmaker ( equal (A, B,/ L), [A B], equal (S, T,L), [S,T]) :- !.

map_equal _maker (unify(A B, X, Y,2), [AB], unify(S, T,XY,2), [ST]) :- !.

% Map the NON-destructive argunents of an instruction to new arguments:

map_i nstructi on( pragma(tag(R 1)), [R], pragma(tag(S, T)), [9]).
map_i nstructi on( pragma(align(R N)), [R], pragma(align(S,N)), [9]).
map_i nstructi on( cut (R, [R, cut(s), [9]).
map_i nstructi on( trail (R, [R, trail (S), [9]).
map_i nstructi on( trail _if_var(R), [R], trail _if_var(S), [9]).
map_i nstructi on( unify atomc(A I,L), [A], unify atomc(S,1,L), [9]).
map_i nstructi on( test(Cond, Tag, R Lbl), [R], test(Cond, Tag, S, Lbl), [9]).
map_i nstructi on( junp(Cond, R1,R2, L), [R1,R2], junp(Cond,S1,S2,L), [S1,S2]).
map_i nstructi on(hash(Type, R Length,Lbl), [R, hash(Type, S, Length,Lbl), [S]).
map_i nstruction( switch(Tag, R V1,S1,F1), [R], swtch(Tag,S, V1, S1,F1), [9]).
map_i nstructi on( add(A, B, O, [A B], add(S, 7,0, [S T]).
map_i nstructi on( sub(A B, C, [A B], sub(S, T,Q, [S T]).
map_i nstructi on( mul (A, B, O, [A B], mul (S, T,0Q, [S T]).
map_i nstructi on( div(A B, O, [AB], div(S, 17,0, [ST]).
map_i nstructi on( and(A, B, O, [AB], and(S, 7,0, [S T]).
map_i nstructi on( or(A B, O, [AB], or(S, 17,0, [ST]).
map_i nstructi on( xor (A, B, Q, [A B], xor(S, T,Q, [S T]).
map_i nstructi on( not (A, O, [A], not (S, 0, [9]).
map_i nstructi on( sl (A B C, [AB], sl1 (S, T,Q, [ST]).
map_i nstructi on( sra(A B, Q, [A B], sra(S, T,Q, [S T]).
map_i nstructi on( push(A B, N, [A B], push(S, T,N, [S T]).
% User instructions: (for macro definitions)

map_i nstructi on( ord(A O, [A, ord(S,Q, [9]).
map_i nstructi on( val (T,A O, [A], val (T,S5, 0, [9]).
map_i nstructi on( jump_nt(C RL,R2, L), [R1,R2], jump_nt(C S1,S2,L), [S1,S2])
map_i nstructi on( add_nt (A, B, C, [A B], add_nt(S, T,Q, [ST]).
map_i nstructi on( sub_nt(A B, C, [AB], sub_nt(S, T,0, [ST]).
map_i nstructi on( and_nt (A, B, C, [A B], and_nt (S, T,Q, [ST]).
map_i nstructi on( or_nt(ABOQ, [ADB], or_ nt(S,T,0, [ST]).
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map_i nstruction( xor_nt(A B, C, [AB], xor_nt(S,T,0, [ST]).
map_i nstruction( not_nt(A O, [A], not_ nt(S, 0, [9]).
map_i nstructi on( sl _nt(A B, C, [AB], sl _nt(S,T,0, [ST]).
map_i nstructi on( sra_nt(A B, C, [AB], sra nt(S,T,0, [ST]).
map_i nstructi on( trail _bda(R), [R], trail _bda(S), [9]).

% G ve list of argunents destroyed
% I1f there are none, then fail.
% Si mpl e_cal |
% uni nit(reg, X).
destr _instruction(sinple_call(NA),
functor (Head, N, A),
requi re(Head, Req),

uninit_set_type(reg, Req, Set),
head_regs(Head, Set, Rs),
cons(Rs).
destr _instruction( cut (Q,
destr _instruction( deref (Q),
destr _instruction( deref (_, O,
destr _instruction( add(_, , 0O,
destr _instruction( adda(_, _, O,
destr _instruction( sub(_, ,Q),
destr _instruction( mul (_, ,0O,
destr _instruction( div(_, ,0,
destr _instruction( and(_, , 0O,
destr _instruction( or(_, ,0O,
destr _instruction( xor(_, ,Q),
destr _instruction( not (_, O,
destr _instruction( sl (_,_,0,
destr _instruction( sra(_, _,Q),
destr _instruction( push(_,R N),
destr _instruction( pad(N),
destr _instruction(choice(l/N, _, ),
destr _instruction(choice(l/N'S, ),
1<l, I<N, regset_to regs(S, Rs),
destr _instruction(choice(NN S, ),
destr _instruction( call (),
destr _instruction( al l ocate(_),
destr _instruction( deallocate( ),
% User instructions: (for macro def
destr _instruction( ord(_, O,
destr _instruction( val (_, , O,
destr _instruction( add_nt(_, ,QO,
destr _instruction( sub_nt(_, ,0Q,
destr _instruction( and_nt(_, ,QO,
destr _instruction( or nt(_, ,0,
destr _instruction( xor_nt(_, ,Q,
destr _instruction( not _nt(_, Q,
destr _instruction( sll_nt(_, ,0O,
destr _instruction( sra_nt(_, ,0QO,
regset _to_regs([], [])-
regset _to_regs([N Set], [r(N]|Rs])
regset _to_regs([no| Set], Rs) :-

regset _to_regs(Set,

by an instruction.

destroys exactly those arguments which are decl ared as

Rs) :-

b)]) :- \+C=r(b).

L 2200000000000007

3.0

- NE\=0. % Increnments R
) - N=\=0. % Increnents r(h).
)

L R B e e B e N e e B B e B e B e B |
O O N

[ —

)]
)]
cons(Rs).

[r(b)|Rs]) :- regset_to_regs(S, Rs).
[r(b),r(h),r()]). % Changes r(b),r(h),tenps.
[r(e),p()]). % Changes r(e) and all pernmns.
[r(e),p()]). % Changes r(e) and all pernmns.

i nitions)

[(q).

[(q).

[(q).

[(q).

[(q).

[(q).

[(q).

[(q).

[(q).

[(d).

&

regset _to_regs(Set,
Rs) .

:- integer(N), !, Rs) .
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% Synonym | i st abstract data type:
% Used to inplement the synonym optim zer.

% This source code is witten to take full advantage of red cuts.
% The conpiler should still be able to generate efficient object
% code for it.

% Data structure: SynSet, a list of |lists which represents a set of
% sets of registers which are synonyns. The sets can be consi dered
% to be equival ence cl asses.

% Qper ati ons:
% make_set, add_set, is_syn, intersect_syn, renmpove_all, less_p, cheapest_list

% *** Make a pair of elenments into a set:
make set (A B, S :- A@&B, !, S=[A B].
make set (A B, S :- A@=B, !, S=[B,A].

% *** Add an equi val ence class to the synonym set:
add_set (SynSet, [], SynSet) :- !.
add_set (SynSet, [_], SynSet) :- I.
add_set ([ S1| SynSet], S, [NS| SynSet]) :-
not _disjoint(S, S1), !,
%intersect(S, S1, S2), \+(S2=[]), !,
union(S, S1, NS).
add_set ([ S1| SynSet], S, [S1| NewSyn]) :-
add_set (SynSet, S, NewSyn).
add_set ([], S, [9]).

% *** Intersect two synonym sets:
i ntersect_syn([S| Synl], Syn2, [ST|Result]) :-
menber (T, Syn2),
intersect(S, T, ST),
\+(ST=[]), !,
diff(Syn2, [T], NSyn),
i ntersect_syn(Synl, Syn2, Result).
i ntersect_syn([_]| Synl], Syn2, Result) :-
i ntersect_syn(Synl, Syn2, Result).
intersect_syn([], _, []).

% *** Test if a set is conmposed of synonynmns:
is_syn(S, [Sl]SynSet]) :- subset(S, S1), !.
is_syn(S, [_|SynSet]) :- is_syn(S, SynSet).

% Renpbve an el ement froma synonymset if the instruction is a nove:

% This is needed because anong equal, unify, and nove, only the nove is
% destructive. The others do not alter existing synonyms.

renove_i f_nove(nove(_, ), S, El, NS) :- !, renmove_all (S, [El], NS).
renove_i f_nove(Oper, S, El, S) :- \+Oper=nmove(_, ).

% *** Remove all synonyns that use an element in the set Els
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% froma synonymset (i.e. [h+2] uses h):
renove_all ([], El's, []).
renove_all ([ S| SynSet], El's, NewSyn) :-
renove_one(S, Els, NS),
(Ns=[_]
-> NewSyn=NSyn
; NewSyn=[ NS| NSyn]

renove_al |l (SynSet, Els, NSyn).

% Renpve all synonyns that use an elenent in the set Els

% froma single set:

renove_one([], E's, []).

renove_one([ X S], Els, NS) :- uses_el (X, Els), !, remove_one(S, Els, NS).
renove_one([ XS], Els, [XINS]) :- renpve_one(S, Els, NS).

% Succeeds for an addressing node that uses an el enent of Els:

% Assunes p(V) (with var(V)) represents ALL permanent vari abl es,

%and simlarly r(V) (with var(V)) represents ALL tenporary vari abl es.
% Assunes [ (with Q anything) represents ALL indirections (because of
% possi bl e aliasing, when a menory location is changed then all nmenory
% | ocati ons must be assuned changed al so).

uses_el ([ X], Els) :- uses_el (X, Els).

uses_el (( XtN), Els) :- uses_el (X, Els).

uses_el (Tag™ X, Els) :- pointer_tag(Tag), uses_el (X, Els).
uses_el (p(1), Els) :- menber(p(X), Els), var(X), !.
uses_el (r(_), Els) :- menber(r(X), Els), var(X), !.
uses_el ([_], Els) :- !, menber([_], ElSs).

uses_el (El, Els) :- menberv(El, ElSs).

% *** Order relation for elenments:
| ess_p(El, E2) :-

cost _syn(El, N1),

cost _syn(E2, N2),

N1@xN2.

% *** Replace all elements of a list by their cheapest equival ents:
cheapest _list([], _, [])-
cheapest list([El|Els], SynSet, [Ch|Chs]) :-

cheapest (El, SynSet, Ch),

cheapest list(El's, SynSet, Chs).

% Repl ace an el ement by its cheapest equival ent:
cheapest (EI, SynSet, Ch) :-

map_ea(El, R Ch, S),

menber (Syn, SynSet),

menber (R, Syn), !,

m ni mum el (Syn, S).
cheapest (El, SynSet, El).

map_ea( R R S, 9.
map_ea( [R, R [S], 9.
map_ea( [R+N, R [StN], 9).
map_ea( TR R TS, S) :- pointer_tag(T).
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map_ea(T (R+tD), R T (StD), S) :- pointer_tag(T).

mnimmel ([E/EIS], M :- minimumel (Els, E, M.

mnimmel ([], M M.

mnimmel ([EI|EIs], M, M :- less p(El, M), !, mninumel (Els, E, M.
mnimmel ([EI|EIs], M, M :- minimumel (Els, M, M.

% Cost function of addressi ng nodes.

% The cost is represented as a conmpound term Relative cost is given by
% position in the standard order of terms.

% This cost function is designed for the VLSI-BAM processor.

% Appr oxi mate VLSI - BAM cost = (2*cycles + delay slots).

cost _syn( r(b), a(0)) :- !. %A lows create & renove of cut(b).

cost _syn( r(h)y, b(0)) :- I. % Directly usable.

cost _syn( r(l), b(l)) :- integer(l), !. % Directly usable (0 cycles).
cost _syn( A, c(0)) :- an_atom(A), !. % Needs I di (1 cycle).

cost _syn( T X, ¢(0)) :- pointer_tag(T), !. % Needs lea (1 cycle).

cost _syn( r(A), d(0)) :- aton(A), !. % Needs |Id (1 cycle + 1 slot)
cost _syn( p(l), d(1)) :- integer(l), !. % Needs Id (1 cycle + 1 slot).
cost_syn([r(1)], d(1)) :- integer(l), !'. % Needs Id (1 cycle + 1 slot).
cost_syn([r(l)+N], d(l)) :- integer(l), !. % Needs Id (1 cycle + 1 slot).
cost_syn([r(A)], e(0)) :- atonm(A), !. % Needs 2 Id's (2 cycles + 2 slots).
cost_syn([r(A)+N], e(0)) :- atom(A), !. % Needs 2 Id' s (2 cycles + 2 slots).
cost _syn([p(1)], e(l)) :- 1. %Needs 2 1d s (2 cycles + 2 slots).
cost_syn([p(l)+N], e(l)) :- !'. % Needs 2 Id's (2 cycles + 2 slots).

cost_syn( r(void), f(0)) :- !. % NOT changed here, but in peep_inst.
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t abl es. pl

% Tabl es of infornation about predicates:

% The information that this table provides is given through predicates

% t hat nmake user-defined procedures and builtins indistinguishable. Mdes
% of user-defined predicates are used to obtain the information where this
% is possible.

% This table contains four flags for each predicate:

% 1. Whether the predicate lets registers survive across it;

% 2. Whether the predicate can use any regi sters as argunents

% (as opposed to only specific ones);

% 3. Whether the predicate is a built-in, i.e. it is not defined by the
% pr ogr anmer.

% 4. Whether the predicate nay be expanded into sinple instructions

% i nstead of being conpiled as a call.

% Later inprovenents to this table:
% 1. Use sets of registers instead of yes-no fl ags.

%It is presently assuned that all non-builtin predicates (1) do not |et
% registers survive and (2) have to be called with fixed argunent registers.
% Al builtins currently have deref required nodes for all their argunents.

% The unify goal A=B is handl ed specially in the conpiler; the entry given here
% only scratches the surface of what is done with it. The special handling

% is necessary because A=B kills its tenporary registers only when a call to the
% general unifier is necessary. Look at clause code.pl, unify.pl, and

% regalloc.pl to see how unify goals are handl ed.

survive(Goal, vy) :- survive(Goal), !.
survive(Goal, n) :- \+survive(CGoal), !.
anyregs(Goal, vy) :- anyregs(Coal ), !.

anyregs(Goal, n) :- \+anyregs(Coal), !.

builtin(Goal, y) :- builtin(Goal), !.
builtin(Goal, n) :- \+builtin(Goal), !.

expanded(Goal , y) :- expanded( Goal ), !.
expanded(Goal, n) :- \+expanded(Goal), !.

fixregs(Goal) :- \+anyregs(Goal).
fixregs(Goal) :- \+builtin(Goal).

survive(Goal) :- info(Goal, vy, _, _, ), !.
survive(not(Goal)) :- info(Goal, vy, _, _, ), !.

anyregs(Goal) :- info(Goal, _, vy, _, ), !.
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builtin(Goal) :- info(Goal, _, _, vy, ), !.
expanded(Goal) :- info(Goal, _, _, _, vy), !.
conpnodes(Goal ,F) :- info(CGoal, _, _, _, ., _, _, F), '

% Thi s routine does not take the node formula into account, so it

% gi ves a conservative answer.

% 1ln conditions.pl is a generalization of this routine which does take
% the node fornula into account.

bi ndset (Goal, S) :- bindbag(Goal, B), sort(B, S).

bi ndbag(Goal, B) :- info(&oal, _, _, _, _, BArgs, _, ), !, varbag(BArgs, B).

bi ndbag( Goal, B) :- varbag(CGoal, B), !. % No node informati on known.

bi nds(CGoal ) :- bindbag(Goal, S), cons(S).

requi re( Goal , S) :- info(Goal, , , , , ,Req,_), !, logical _sinmplify(Req, S).
require(Goal, true) :- \+info(CGoal), !.

after (CGoal , S) :- info(Goal, , , , ,_ , ,Aft), !, logical _sinplify(Aft, S).
after (CGoal , S) :- \+info(Goal), test(CGoal), !, logical _sinplify(Goal, S).

after(CGoal, true) :- \+info(Goal), \+test(Coal), !.

% Only for user-defined predicates:
before(Goal, S) :- node_option(Goal, ,Bef, , ), !, logical _sinplify(Bef, S).
bef ore(Goal, true) :- \+node_option(Goal, , , , ), !.

% The master table:

% Predicate Survive? AnyRegs? Builtin? Expanded? Bindbag Require After

% Survive =y iff tenmporaries live across it.

% AnyRegs =y iff any registers can be argunents.

%Builtin =y iff not user-defined, i.e. part of the standard system
% Expanded =y iff it nay be expanded instead of conpiled as a call.
% Bi ndbag = list of argunents that may be bound by the goal.

% Must use varset, not sort, to convert this into a set.

% Require = nmode formula required for correct execution.

% After = node formula true after execution (usually nost of Require remains
% true as well; After only gives the additional truths.)

info(P) :- info(P, _, _, _, ).

info(P, S, A, B, E) :- info(P, S, A, B, E, _, _, ).

% User - def i ned predicates:

i nfo(UserPred, Surv, n, n, n, Bindbag, Require, After) :-
node_opti on(User Pred, Requi re, Before, After, Surv), !,
User Pred=. . [ _| Bi ndbag] .

% Built-in predi cates handl ed specially:

i nfo( "$cut _load (X), v, v, ¥V, y, [X], uninit_reg(X), true).

i nfo( "$cut _deep’ (), VvV, V¥, V¥, V¥, [], true, true).

info(’ $cut_shallow (), v, v, v, vy, [], true, true).

i nfo( "$add’ (AB, O, v, Vv, vV, Vv, [, Re, Af) :- ar_mlA B, C Re, Af).
i nfo( "$sub’ (A/B, O, vy, vy, vV, Vv, [, Re, Af) :- ar_mlA B, C Re, Af).
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i nfo( "$mul’ (AB, O, vy, Y, vV, Vv, [, Re, Af) :- ar_mlA B, C Re, Af).
i nfo( "$div' (AB O, v, vy, vV, Vv, [, Re, Af) :- ar_mlA B, C Re, Af).
i nfo( "$mod’ (AB, O, vy, Y, vV, Vv, [, Re, Af) :- ar_m(A B, C Re, Af).
i nfo( "$and’ (AB, O, v, v, vV, Vv, [, Re, Af) :- ar_mlA B, C Re, Af).
i nfo( "$or’ (AB,O, v, vy, vV, v, [C, Re, Af) :- ar_mA B, C Re, Af).
i nfo( "$xor’ (A/B, O, vy, vy, VvV, Vv, [, Re, Af) :- ar_m(A B, C Re, Af).
i nfo( "$sl1’(AB,O, v, Vv, vV, Vv, [, Re, Af) :- ar_mlA B, C Re, Af).
i nfo( "$sra’ (AAB, O, v, Vv, vV, Vv, [, Re, Af) :- ar_m(A B, C Re, Af).
i nfo( "$sl1’(AB), v, n, y, vy, [], R, Af) :- sh_mA B, Re, Af).
i nfo( "$sra’ (AB), v, n, vy, vy, [], Re, Af) :- sh_mA B, Re, Af).
i nfo( "$not’ (AO, v, ¥V, vV, V¥V, [C, Re, Af) :- ar_mA C, Re, Af).
i nfo( A@&B, n, n, y, n, [], Re, A@:B) - d_mM[A B, Re).
i nfo( A@B, n, n, y, n, [], Re, A@B) :- d_m[A B], Re).
i nfo( A@<B, n, n, y, n, [], Re, A@<B) :- d_m[A B], Re).
i nfo( A@=B, n, n, y, n, [], R, A@=B) :- d_nm[A B], Re).
i nfo( A==B, n, n, v, v, [], Re, A==B) :- d_m([A B], Re).
i nfo( A==B, n, n, y, vy, [], R, A==B) d m[A B, Re).
i nfo( A<B, v, v, Vv, Vv, [], Re, ( Af, A<B)) - rel _mA B, Re,
i nfo( A>B, vy, v, Vv, Vv, [], Re, (Af,A>B)) :- rel_mA, B, Re,
i nfo( A=<B, v, v, Vv, V¥V, [], Re, (Af,A=<B)) :- rel_nm(A B, Re,
i nfo( A>=B, v, v, v, VvV, [], Re, (Af,A>=B)) :- rel_nmA B, Re,
i nfo( A=\=B, v, v, Vv, Vv, []l, Re, (Af,A=\=B)) :- rel _mA, B, Re,
i nfo( A=: =B, y, Y, vV, V¥, [], Re, (Af,A=:=B)) :- rel_mA, B, Re,
% The followi ng two goals’ survive flags must agree:
% This entry’s Re entry used in choice_bl ock:
i nfo( A=B, v, v, Vv, V¥, [AB], R, (A==B)) :- d_m[A B], Re).
% This entry’s Survive entry used in general unify for register allocation:
info(’$unify (AB),y, v, v, n, [AB, Re, (A==B)) :- d_m[A B], Re).
i nfo( A=B, n, n vy, vy, [], Re A=B) :- dmM[AB], Re).
info('$test’ (AB), v, v, v, Vv, []1, Re, ("$test’' (A B),Re)) :- d_m[A, Re).
info(’ $equal’ (AB), v, v, v, Vv, []1, Re, (A==B,Af)) :- rd rr([A B], Re, Af).
i nfo( var(A), v, v, Y, ¥, [], Re, (var(A), Af)) rd m[A], Re,
i nfo( nonvar(A), v, V¥, ¥, vV, [], Re, (nonvar(A),Re)) :- d_mM[A], Re).
i nfo( atom(A), v, VvV, VvV, V¥, [], Re, (atom(A),Af)) - rdmM[A, Re,
i nfo( atomc(A), v, vV, vV, V, [], Re, (atomic(A),Af)) - rdmM[A, Re,
i nfo( nil(A, v, v, vV, VY, [], Re (nil (A),A)) - rd_m[A], Re,
i nfo( cons(A), v, Vv, VvV, V¥, [], Re, (cons(A),Re)) :- d_mM[A], Re).
i nfo( list(A, v, vV, VvV, Vv, [1, Re, (list(A,Re)) :- d_mM[A], Re).
info(structure(A), v, Vv, VvV, V¥, [l1, Re, (structure(A),Re)) :- d_m[A], Re).
i nfo( compound(A), v, Vv, VvV, V¥, [1, Re, (compound(A),Re)) :- d_m[A], Re).
i nfo( simple(A), v, v, Vv, V¥, [], Re, (simple(A),Af)) - rdmM[A, Re,
i nfo( ground(A), n, n, v, v, [], Re, (ground(A),Re)) :- d_mM[A], Re).
i nfo( nunber (A, v, Vv, vV, vV, [], Re, (number (A), Af)) - rd_m[A], Re,
info( integer(A, v, Vv, VvV, VYV, [], Re (integer(A),Af)) - rd_mM[A, Re,
info( negative(A), v, Vv, VvV, VY, [1, Re, (negative(A),Af)) :- rdmM[A, Re,
i nfo(nonnegative(A), vy, V¥, VY, V,[],Re, (nonnegative(A), Af)) rd m[A], Re,
info(functor(A B, C, n, n, v, v, [AB(, Re

("$name_arity’ (A B,C,atomc(B),integer(Q)) :- d_m[A B C, Re).
info(’$nane_arity’' (AB, O, v, v, v, V¥V, [], Re,

(’ $nane_arity (A/B,O),Re)) :- d_m([A], Re).

info( arg(AB,C, n, n, vy, vy, [ABC(, Re
(i nteger(A),nonvar(B))) :- d_mM[A B, C, Re).
% i nf o( c(AB O, v, v, vy, true). %<- Handled in preanble.
i nfo( Ais B n, n, y, vy, [A, (deref(A),deref(B)), integer(A)).

AF).
AF).
AF).
AF).
AF).
AF).

AF).

AF).
AF).
AF).

AF).

AF).
AF).
AF).
AF).
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i nfo( A=..B, n, n, y, n, [AB], (deref(A),deref(B)), (nonvar(A),cons(B))).
i nfo( Ly, v, ¥V, V¥, [], true, true).
i nfo( true, v, v, Vv, V¥, [], true, true).
i nfo( fail, v, v, v, vy, [], true, fail).

% St andard builtins:
info(copy_ternm(A B), n, n, y, n, [B], (deref(A),deref(B)), true).
i nfo( call (P), n, n, y, n, [P], deref(P), nonvar(P)).
info(length(L,N, n, n, y, n, [L,N, (deref(L),deref(N), (list(L),integer(N))).
i nfo(conpare(C, X,Y), n, n, y, n, [C], (deref(C),deref(X),deref(Y)), atom Q).
i nfo(expand_term(T,X), n, n, y, n, [X], (deref(T),deref (X)),
(nonvar (T), nonvar (X))).
i nfo( sort(L,S), n, n, y, n, [S], (deref(L),deref(S)), (list(L),list(S))).
i nfo(keysort(L,S), n, n, y, n, [S], (deref(L),deref(S)), (list(L),list(S))).
i nfo( nanme(A, L), n, n, y, n, [AL], (deref(A),deref(L)),
(atomic(A),list(L))).
i nfo(atom chars(A, L), n, n, y, n, [AL], (deref(A),deref(L)),
(atom(A),list(L))).
i nfo(nunber_chars(A, L), n, n, y, n, [AL], (deref(A),deref (L)),
(number (A),list(L))).
i nfo( repeat, n, n, y, n, [], true, true).
% expanded_exprs

% Recursive |ist predicates:

i nfo( is_ list(A), n, n, y, n, [], deref(A), (var(A);list(A))).
info( is_proper_list(A), n, n, y, n, [], deref(A), list(A)).
info(is_partial _list(A), n, n, y, n, [], deref(A), (var(A);cons(A))).
% Pr ogr am dat abase builtins:
i nfo(abolish(F,N), n, n, y, n, [], (deref(F),deref(N)), (atom c(F),integer(N))).
i nfo( assert(C, n, n, y, n, [], deref(C, nonvar(Q)).
info( asserta(C, n, n, y, n, [], deref(C, nonvar(Q).
info( assertz(C, n, n, y, n, [], deref(C, nonvar(Q).
info( retract(C, n, n, y, n, [C], deref(C, nonvar(Q)).
i nfo(bagof (X,P,B), n, n, y, n, [B], (deref(X), deref(P),deref(B)), true).
info(setof (X,P,B), n, n, y, n, [B], (deref(X), deref(P),deref(B)), true).
info( clause(P,Q, n, n, y, n, [P,Q, (deref(P),deref(Q),

(nonvar (P), nonvar )).

% System & debuggi ng support:

i nfo( abort, n, n, y, n, [], true, true).

i nfo( break, n, n, y, n, [], true, true).

i nfo( halt, n, n, y, n, [], true, true).

i nfo( trace, n, n, y, n, [], true, true).

i nfo( nodebug, n, n, y, n, [], true, true).

i nfo( debug, n, n, y, n, [], true, true).

i nfo( leash(M, n, n, y, n, [], deref(M, true).

i nfo( debugging, n, n, y, n, [], true, true).

info(nofileerrors, n, n, y, n, [], true, true).

info( fileerrors, n, n, y, n, [], true, true).

i nfo( nospy(P), n, n, y, n, [], deref(P), nonvar(P)).

i nfo( spy(P), n, n, y, n, [], deref(P), nonvar(P)).

i nfo( op(P, T,A, n, n, y, n, [], (deref(P),deref(T),deref(A)), true).
info( prompt(A B), n, n, y, n, [A]l, (deref(A),deref(B)), atomB)).
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info( statistics, n, n, y, n, [], true, true).
i nfo( sh, n, n, y, n, [], true, true).
i nfo( system(S), n, n, y, n, [], deref(S), ground(S)).
i nfo( listing, n, n, y, n, [], true, true).
info( listing(P), n, n, y, n, [], deref(P), ground(P)).
info(current_atomA), n, n, y, n, [A], deref(A), aton(A)).
info(current_functor(A T), n, n, y, n, [AT], (deref(A),deref(T)),
(atom c(A),nonvar(T))).
info(current_predicate(A P), n, n, y, n, [AP], (deref(A),deref(P)),
(atom c(A), nonvar(P))).
info(current_op(A B, C, n, n, y, n, [AB(C, (deref(A),deref(B),deref(Q),
(integer(A),atomB),aton(C))).
% Program fil es:
i nfo( [FIRl, n, n, vy, vy, [], (deref(F),deref(R)), (ground(F),ground(R))).
info( consult(F), n, n, y, n, [], deref(F), atomc(F)).
i nfo( close(F), n, n, y, n, [], deref(F), atomc(F)).
i nfo( exists(F), n, n, y, n, [], deref(F), atomc(F)).
info(reconsult(F), n, n, y, n, [], deref(F), atomc(F)).
info( renane(F, G, n, n, y, n, [], (deref(F),deref(Q), (atomc(F),atonic(Q)).
i nfo( save(F), n, n, y, n, [], deref(F), atomc(F)).
i nfo( see(A), n, n, y, n, [], deref(A), atomc(A)).
i nfo( seeing(A), n, n, y, n, [A], deref(A), atomc(A)).
i nfo( seen, n, n, y, n, [], true, true).
i nfo( tell (A, n, n, y, n, [], deref(A), atonmc(A)).
info( telling(A), n, n, y, n, [A]l, deref(A), atomc(A)).
i nfo( told, n, n, y, n, [], true, true).
% Character 1/QO
i nfo( get(Q, n, n, y, n, [C], deref(C, integer(Q).
i nfo( get0(C, n, n, y, n, [C, deref(C, integer(Q)).
i nfo( skip(©Q, n, n, y, n, [], deref(C, integer(Q)).
info( display(T), n, n, y, n, [], deref(T), true).
i nfo( print(T), n, n, y, n, [], deref(T), true).
i nfo( tab(N), n, n, y, n, [], deref(N), integer(N)).
i nfo( nl, n, n, y, n, [], true, true).
i nfo( put(Q, n, n, y, n, [], deref(C), integer(Q)).
i nfo( read(A), n, n, y, n, [A], deref(A), true).
i nfo( wite(A), n, n, y, n, [], deref(A), true).
i nfo( witeq(A), n, n, y, n, [], deref(A), true).
% I nternal database:
info(recorda(K, T,R), n, n, y, n, [T,R, (deref(K),deref(T),deref(R)), nonvar(R)).
info(recordz(K, T,R), n, n, y, n, [T,R, (deref(K),deref(T),deref(R)), nonvar(R)).
i nfo(recorded(K, T,R,n, n, y, n,[K T R], (deref (K), deref (T),deref (R)), nonvar(R)).
info(erase(R), n, n, y, n, [], der ef( R), nonvar(R)).
info(current_key(N, T), n, n, y, n, [NT], (deref(N),deref(T)),

(atom c(N), nonvar(T))).

% The following two predicates for the BAM

% Modes for arithnetic predicates:
ar_m A B, C Require, After) :-
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Requi re=(deref (A), deref (B),uninit_reg(Q),

After=(integer(A),integer(B),integer(C,rderef(A),rderef(B),rderef(Q).
ar_m A C, Require, After) :-

Requi re=(deref (A),uninit_reg(QC),

After=(integer(A),integer(C),rderef(A),rderef(Q).

% Modes for rel ational predicates:

rel _m A B, Require, After) :-
Requi re=(deref (A), deref(B)),
After=(integer(A),integer(B),rderef(A),rderef(B)).

% Modes for vlsi_plmshifts (which have two argunents):
sh_m A B, Require, After) :-
Requi re=(deref (A), deref(B)),
After=(integer(A),integer(B),rderef(A),rderef(B)).

% Variables in the list are all dereferenced:
d m([A], deref(A)).
d m([A L], (deref(A),DL)) :- d_n(L, DL).

% Variables in the list are all recursively dereferenced:
rd_m[A], deref(A), rderef(A)).
rd m[A L], (deref(A),DL), (rderef(A),RDL)) :- rd_m(L, DL, RDL).

/-k

% The same two predicates for a processor that doesn't have

% type-checking built into its arithmetic:

% (But: Must TRAP if not integer...)

ar_m A B, C Require, After) :-
Requi re=(deref (A), deref (B),i nteger(A),integer(B),uninit_reg(QC),
After=(integer(C),rderef(Q)).

ar_m A C, Require, After) :-
Requi re=(deref (A),integer(A),uninit_reg(Q),
After=(integer(C),rderef(Q)).

rel _m A, B, Require, After) :-
Requi re=(deref (A),integer (A, deref(B),integer(B)),
Af ter=true.

% Control flow

control ( (_, _
control ( (_;_
control ((_-
control ((_=
control ( \+
control (not

% Branch operation utilities:



434

% Used i n peephol e optim zati on by dead code elimnation and
% super fl uous branch elimnation.

% Succeeds for branches:

branch(Branch) :- branch(Branch, _, ).
branch(Branch, Lbls) :- branch(Branch, Lbls, []).
% G ve the destinations of any branch:

branch( fail) --> 1]

branch( return) -->[].

branch( jump(Lbl)) --> [Lbl].
branch( jump(_, , _,Lbl)) -->[Lbl].
branch( jump_nt(_, , ,Lbl)) -->[Lbl].
branch( call (Lbl)) --> [Lbl].
branch( test(_, ,_,Lbl)) -->[Lbl].
branch( equal (_, ,Lbl)) -->[Lbl].
branch( unify(_, ,_,_,Lbl)) -->[Lbl].
branch( unify_atomc(_,_,Lbl)) -->[Lbl].
branch( choice(_, _,Lbl)) -->[Lbl].
branch( hash(_, , ,Lbl)) -->[Lbl].
branch( pair(_,Lbl)) -->[Lbl].
branch( switch(_, ,L1,L2,L3)) --> [L1,L2,L3].
branch(swi tch(unify, , , , ,L3)) --> [L3].

% For basic bl ock rearrangenent in peephole:
% Duplicate a branch instruction with another destination.
% (later do it for switch al so)

map_br anch( junp(L1), L1, junp(L2), L2).
map_br anch( jump(X, Y, Z,L1), L1, junp(X, Y, Z,L2), L2).
map_br anch( junp_nt(X Y, Z, L1), L1, junp_nt (X, Y, Z,L2), L2).
map_br anch( call (L1), L1, call (L2), L2).
map_br anch( test(A B, C L1), L1, test(A B, C L2), L2).
map_br anch( equal (A B, L1), L1, equal (A B, L2), L2).
map_br anch( uni fy(A B, C D, L1), L1, uni fy(A B, C D, L2), L2).
map_branch(uni fy_atom c(A, B, L1), L1, unify_atom c(A B,L2), L2).
map_br anch( choi ce(A B, L1), L1, choi ce(A B, L2), L2).
map_br anch( hash(A, B, C, L1), L1, hash(A, B, C L2), L2).
map_br anch( pair (A L1), L1, pair (A L2), L2).

map_branch( swtch(A B,L1,C D), L1, switch(A B, L2,C D), L2).
map_branch( swtch(A B,C L1, D), L1, switch(A B, C L2,D), L2).
map_branch( switch(A B,C D, L1), L1, switch(A B, C D, L2), L2).

map_br anches( jump(L), [L], jump(R), [R).
map_br anches( jump(X, Y, Z, L), [L], jump(X, Y, Z, R, [R).
map_br anches( junp_nt (X, Y,Z L), [L], jump_nt(X, Y,Z, R, [R).
map_br anches( call (L), [L], call (R, [R).
map_br anches( test(A B, C L), [L], test(AB,C R, [R).
map_br anches( equal (A B, L), [L], equal (A/B,R, [R]).
map_br anches( uni fy(A B, C D L), [L], unify(A/B,C DR, [R).
map_branches(uni fy_atom c(A B, L), [L], unify atomic(A B R, [R).
map_br anches( choice(A B, L), [L], choice(A B,R, [R]).
map_br anches( hash(A, B, C L), [L], hash(A,B,C R, [R).
map_br anches( pair(A L), [L], pair(AR, [R).

map_branches( switch(A B,L,MN, [L,MN, switch(ABRST), [RST]).



% Succeeds for

% (i.e

pure branches:

si mpl e branches with no call
pure_branch(Branch) : -
pure_branch(Branch, Lbls) :-

pur e_branch(Branch,
pure_branch(Branch, Lbls,
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or choi ce point complexity)

- -
(-

pure_branch( jump(Lbl)) --> [Lbl].
pure_branch( jump(_, , _,Lbl)) -->[Lbl].
pure_branch( jump_nt(_, , ,Lbl)) -->[Lbl].
pure_branch( test(_, ,_,Lbl)) -->[Lbl].
pure_branch( equal (_, ,Lbl)) -->[Lbl].
pure_branch( unify(_, ,_,_,Lbl)) -->[Lbl].
pure_branch( switch(_, ,L1,L2,L3)) --> [L1,L2,L3].
pure_branch(swi tch(unify, , , , ,L3)) --> [L3].
pure_branch( unify atomc(_, _,Lbl)) -->[Lbl].

% Branches that don't fall
% (unl ess a | abel

t hrough to the
happens to be there)

next operation:

di st ant
di st ant
di st ant
di st ant

% An instruction that always succeeds and

_branch(fail).
_branch(return).

_branch(j unp( ))
_branch(sw tch( s

has a purely local effect:

% No choi ce point creation done.

| ocal

% G ves source operands (This |ist

_instr(1)

.- local

_instr(I,

- -

is currently NOT USED):

[ ocal _instr( pragma(_)) -->[].

[ ocal _instr( deref(A) -->[A].

[ ocal _instr( deref (A, B)) --> [A].

[ ocal _instr( trail (A) -->[A].

[ ocal _instr( nove(A 1)) -->[A].
local _instr( push(AB,_)) -->[AB].
local _instr( adda(A/B,_)) -->[AB].
[ ocal _instr( pad(_)) -->[r(h)].
local _instr( allocate(_)) -->1].

| ocal _instr(deallocate(_)) -->1[].

[ ocal _instr( add(A, B, 1)) -->[A B].
[ ocal _instr( sub(A'B, )) -->[A B].
[ ocal _instr( mul (A, B, 1)) -->[A B].
[ ocal _instr( div(A B 1)) -->[AB].
[ ocal _instr( and(A B, 1)) -->[A B].
[ ocal _instr( or(AB 1)) -->[ADB].
[ ocal _instr( xor(A'B,_)) -->[A B].
[ ocal _instr( sl (A/B,_)) -->[A B].
[ ocal _instr( sra(A/B,_)) -->[A B].
[ ocal _instr( not (A 1)) -->[A].

% User instructions: (for macro definitions)
[ ocal _instr( ord(A, ) -->[A.

[ ocal _instr( val (_,A 1)) -->[A.
local _instr(add_nt(A/B,_)) -->[A B].
local _instr(sub_nt(AB,_)) -->[AB].
local _instr(and_nt(AB,_)) -->[AB].
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local _instr( or_nt(AB,_)) -->[A B]
[ ocal _instr(xor_nt(AB,_)) -->[A B]
local _instr(sll_nt(AB,_)) -->[A B]
local _instr(sra_nt(A/B,_)) -->[A B]
local _instr( not_nt(A _)) -->[A].
local _instr( trail_bda(A)) -->[A].

% Tag database and utilities:

% The tag names and tests for the basic types are given here.
% Program transformati on should be able to renove all of the overhead
% of using these predicates instead of using inline constants.

% Cor r espondence between tags, types, and tests:

tag_type_ test(tint, i nteger, X integer(X)). /* :- \+split_integer. */
tag_type_test(tpos, nonnegative, X, nonnegative(X)) :- split_integer.
tag_type_test(tneg, negative, X, negative(X)) :- split_integer.
tag_type test(tlst, cons, X, cons(X)).

tag_type test(tstr, structure, X structure(X))

tag_type_ test(tatm atom X at om( X))

tag_type_ test(tvar, var, X var ( X))

% The tag corresponding to a term s type:

termtag(Term tint) :- integer(Ternj, \ +split_integer.
termtag(Term tpos) :- nonnegative(Term, split_integer.
termtag(Term tneg) :- negative(Term, split_integer.
termtag(Term tlst) :- cons(Ternj.

termtag(Term tstr) :- structure(Term.

termtag(Term tatm :- aton(Ternj.

% Tags that are pointers:
poi nter_tag(tstr).
poi nter_tag(tlst).
poi nter_tag(tvar).

% Uilities built with the above tag dat abase:

tag(Tag) --> {tag(Tag)}.

tag(Tag) :- tag type_ test(Tag, _, _, ), !.

tag(Type, Tag) --> {tag_type_test(Tag, Type, _, )}.
tag(Test, Tag) --> {tag type_test(Tag, _, _, Test)}.
tag(Type, Tag) :- tag_type_test(Tag, Type, _, _).
tag(Test, Tag) :- tag_ type test(Tag, _, _, Test).

test _tag(Test, Tag) :- tag type_test(Tag, _, _, Test).
test _tag(Test, X, Tag) :- tag_type test(Tag, _, X, Test).

termtag(Term Tag) --> {termtag(Term Tag)}.
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simple_type(Type) :- tag_type test(Tag, Type, _, _), \+pointer_tag(Tag), !.
simpl e_type(atomc).

tag_type(Type) :- tag_type_test(_, Type, _, ).

type(Type) :- type_test(Type, _, ).

type_test(Type, X, Test) :- tag type_test(_, Type, X, Test), !.
type_test(atomc, X, atomc(X)).

type_test(sinmple, X, sinmple(X)).
type_test(compound, X, compound(X)).

% Get the type of a term
termtype(Term Type) :- termtag(Term Tag), tag type_test(Tag, Type, _, _).

% Get a test (with argument X) that checks for the term s type:
termtest(Term X, Test) --> {termtest(Term X, Test)}.
termtest(Term X, Test) :- termtag(Term Tag), tag type_test(Tag, _, X, Test).

% Arithmetic comparisons:

arith _test(Test) :- arith_test(Test, _).
arith_test(Test, Cond) :- arith test(Test, _, _, Cond).
arith _test(Test, X, Y) :- arith_test(Test, X Y, ).
arith _test(A=:=B, A, B, eq).

arith_test(A=\=B, A, B, ne).

% Si gned arithnetic:

arith_test(A<B, A B, Its).

arith_test(A=<B, A, B, les).

arith_test(A>=B, A, B, ges).

arith_test(A>B, A B, gts).

% To break the symmetry when finding testsets:
speci al _cond(eq).

speci al _cond(Its).

speci al _cond(gts).

cond(X) :- cond(X, _).

% Condi tions and their opposites:

cond(lts, ges). /* Signed |less than */

cond(les, gts). /* Signed |l ess than or equal */
cond(gts, les). /* Signed greater than */
cond(ges, Its). /* Signed greater than or equal */
cond( eq, ne). [* Equal */

cond( ne, eq).
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testset. pl

% Architecture-dependent part of determnistic code generation:
% Determning the test-set a test bel ongs to.

% Succeed i f Goal generates sone testset:
testset (Goal) :-
testset(Goal, ., ., ., _, ).
testset (Goal, Test, Nane, ldent, Direc) :-
testset (Goal, Test, Nane, ldent, Direc, ).

% testset(CGoal, Test, Nane, ldent, Direc, OppDirec)

%wth: Goal = any goal.

% Test = the predicate that is true if this direction is taken.
% The goal inplies(Goal,Test) is always true, i.e. Test does
% part of the work of Goal.

% Test may be different fromGoal; this allows test-sets to be
% recogni zed that are only inplicitly defined by a cl ause.

% Nanme = nane for the particular kind test-set.

% Ident = a structure containing all the variables in the test,

% whi ch serves as a further identification of the test-set.

% Nanme and |dent together uniquely identify the test-set.
% Direc = nanme of the direction the branch will take. Code generation
% uses this to put the conditional code in the correct sense.

% To calculate all test-sets in less than Q((c*t)"2) time it is necessary

% for single decisions to affect |arge groups of tests. This is not possible
%if the selection predicate can only do an equality test; it nust be able
%to do an (ordered) relational test. Therefore instead of a

% predicate with two paranmeters which succeeds/fails dependi ng on whet her they
% are equivalent it is better to map test-sets onto

% an ordered set. A test-set is uniquely identified by its nane and

% by the set of argunments occurring in a test of the test-set.

% Not es:

% 1. Atest may be in zero to several test-sets. It is up to the

% hi gher | evel selection code to take advantage of this.

% 2. What about user-defined goals? Gve themall their own nunber?

% Only take goals froma clause up to the first one that fails sane/1?

% 3. Is it reasonable to generalize test sets to the non-nmutual exclusive case?
% Probably not, since the mutual exclusivity allows a straightforward code
% generati on.

% 4. Modes are used el sewhere to see which variables in the tests nay be bound.
% They are not needed here.

% 5. Negation is handl ed through the Direc output. A special output is given
% to distinguish positive and negative tests. |'mnot sure howto

% di stinguish not(..) from\+(..) here.
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% *** BAM speci fic goodness function ***

% Goodness function for testsets.
% The number of directions is weighted highest; for same nunber the goodness
% of the key is the tie-breaker.
% Two argunents: key(Nane,ldent) and list of val (CGoal, Test, O Num Goal Num Dir, d)
% Returns: a goodness neasure of the testset.
goodness_t estset (key(Key, ), Values, CGoodness) :-

nunber _of _direcs(Val ues, N,

goodness_key(Key, O,

( Key=hash(_), conpile_option(hash_size(H)), N<H

-> Goodness = 0

; CGoodness is 1000*N+C

), !,

conmment ([’ Goodness of ', Key,’' is ', Goodness]).

% W' % Goodness of '),wKey), W’ is '),wn(CGoodness).

% Ranki ng according to efficiency of inplenmentation:

% This ranking is optinized for the BAM architecture, but it can be nodified

% for other architectures (e.g. see the 'mps’ option).

% 0. Equal (atomic,[]) is very fast in the MPS architecture, using the bne and
% beq instructions and because [] is in a register.

% 1. Switch(\=atom) (i.e. swt) first because it gives nore information for

% its cost (i.e. it is three-way; it tells when something is a variable too.
% 2. Switch(atom) is slightly worse because it penalizes the recursive branch
% (the "other’ branch) of a procedure--that branch needs an extra type check.
% 3. switch(integer) is penalized slightly because it’'s a bit awkward in

% the BAM due to its separate tpos and tneg tags.

% 3. Fast two way branches (btgeq, btgne).

% 4. Two-instruction two-way tests (cnp + branch).

% 5. Negative and nonnegative are fast in the BAM but maybe not so fast in

% other architectures. Integer is slower than themfor the BAM but faster
% for other architectures.

% 6. Atom c and conmpound need two tag checks, with speed simlar to integer.

% 7. Equality conparison of a structure’s name & arity needs a nmenory reference,
% so it is slow

%8. Sinmple is pretty slow, it needs lots of tag checks.

% 9. Hashing is the slowest. Hashing of atomic ternms is slightly faster

% because hashing of structures needs to fetch the main functor from nenory.

% ? Should switch(integer) be worse than equal (atomic,Int)? Try the
% program (a(A):-A=:=23,d).
%? Is this a total order, or only a pairw se partial order?

goodness_key(equal (atomc,[]), 132) :- mps.
goodness_key(swi tch(negative), 130).
goodness_key(swi t ch(nonnegati ve), 130).
goodness_key(swi tch(aton), 130).
goodness_key(swi tch(integer), 129).
goodness_key(swi tch(X), 131).
goodness_key(var, 120).
goodness_key(atom 120).

goodness_key(cons, 120).
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goodness_key(structure, 120).
goodness_key(negati ve, 120) :- split_integer
goodness_key(nonnegati ve, 120) :- split_integer
goodness_key(equal , 85) .
goodness_key(equal (atom c, ), 80) .
goodness_key(conparison(_, ), 80) .

goodness_key(i nt eger, 79) .

goodness_key(at om c, 79) .
goodness_key(conpound, 79) .
goodness_key(negati ve, 78) :- \+split_integer
goodness_key(nonnegati ve, 78) :- \+split_integer
goodness_key(equal (structure, ), 60) .

goodness_key(si npl e, 50).
goodness_key(hash(atom c), 41).
goodness_key(hash(structure), 40).

% The number of different directions in the list of val ues:
nunber _of direcs(Values, N :-

get _direcs(Val ues, Direcs),

sort(Direcs, Sort),

l ength(Sort, N).

get _direcs([], [1)-
get _direcs([val(_, ,_, ,D _)|Values], [DDirecs]) :- get_direcs(Values, Direcs).

% *** The testsets which may be used when the test is a relational predicate.
% This is necessary to maintain proper trapping behavior for arithnetic
% conpari sons.

rel ati onal _testset(conparison(_,arith)).

% Expand a testset to have a choice for each possible direction.

% Currently only switch(_) is expanded since it really needs **three**
% directions, a condition which is not often satisfied in selection.pl.
% Call: full _testset(Name, Ident, O dTestSet, NewTest Set)

full _testset(switch(Kind), v(X), TS, NewlS) :- I,
switch_testset list(Kind, X, TL),
update_testset (TS, TL, TS, NewTS).

full _testset(_, _, TS, T9S).
update_testset([val(_, , ,_,Drec, )|TS], TL, AdTS, NewTS) :-
delete(TL, val(_, _,_, ,Drec,_), NewTll),

update_testset (TS, NewTL, A dTS, NewTS).
update_testset([], TL, A dTS, NewTlS) :- append(d dTS, TL, NewTS).

switch_testset list(Kind, X
[val (_,var(X),none, , wvar,Errd),
val (_, Test,none,_, Kind, Errc),
val (_, Oflest, none, _,other,Errcl)]) :-
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Errd = (' $sel _error’,true),
type_test(Kind, X Test),
disj_test(var(X), Test, NI),
not _test(NT, Orlest).

% *** BAMspecific testsets ***

% *** Equality to a given atom

testset(CGoal, ’'$name_arity’ (A Na,0), equal (atomc,Na), v(A), true, false) :-
test _type_name_arity(Goal, A, Type, Na, 0),
si mpl e_type(Type).

testset(Goal, not(’ $nanme_arity’ (A Na,0)), equal (atomic,Na), v(A), false, true):-
| ogi cal _sinplify(not(Goal), NotQ,
test _type_name_arity(NotG A, Type, Na, 0),
si mpl e_type(Type).

% *** Equality to a given structure:

testset(Goal, ’'$name_arity’ (A Na, Ar), equal (structure,Na/Ar), v(A),true,false):-
test _type_name_arity(Goal, A, structure, Na, Ar).

testset(Goal, not(’ $name_arity’ (A Na, Ar)), equal (structure, Na/Ar), v(A),false,true):-
| ogi cal _sinplify(not(Goal), NotQ,
test _type_name_arity(NotG A, structure, Na, Ar).

% *** Hashi ng:
% Assunes the exi stence of a hashing instruction (simlar to WAM
testset(CGoal, ’'$name_arity’ (A Na, Ar), hash(Type), v(A), Direc, not(Direc)) :-
test _type_name_arity(CGoal, A T, Na, Ar),
T\ ==cons,
% I ntegers are hashed the same as atons:
(simple_type(T) -> Type=atomic; Type=structure),
(Ar>0 -> Direc=(Na/Ar); Direc=Na).

% *** Two-way rel ational branches:
% Assunes the existence of conditional branches, i.e.
% A<B, A>=B, B>A, and B=<A are in a single test-set
% since a single branch can distingui sh between them
testset (Goal, Goal, conparison(d ass,Kind), v(A B), Direc, NotD) :-
Ki nd=ari th,
encode_rel op(CGoal, A J, B, Kind),
A@<B,
map_rel op(Goal, Cass, Direc, NotD).
testset (Goal, Goal, conparison(d ass,Kind), v(A B), Direc, NotD) :-

Ki nd=ari th,

encode_rel op(CGoal, B, J, A Kind),
A@<B,

flip(Jd, 1),

encode_relop(Flip, A I, B, Kind),

map_rel op(Flip, Cass, Direc, NotD).

% *** Two-way Type/ Not Type branches:
testset (Goal, Test, Type, Vv(A), True, False) :-
many_way( Goal , Test, A, Type, True, False).
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% *** Three-way branches (also used in unify):

testset (Goal, Test, switch(Tl), v(A), Direc, not(Direc)) :-
many_way( Goal , Test, A, T2, true, false),
tag_type(T1), T1\==var,
map_three(T1, T2, Direc).

% Local utilities:

% CGoal inplies that A has structure Na/Ar:
test _type_name_arity(CGoal, A Type, Na, Ar) :-
encode_nane_arity(Goal, A Na, Ar, true),

nane_arity_type(Na, Ar, Type).

nane_arity_type(Na, Ar, atom :-
atom(Na), integer(Ar), Ar=:=0.

nane_arity_type(Na, Ar, integer) :-
i nteger(Na), integer(Ar), Ar=:=0.

nane_arity_type(Na, Ar, negative) :- split_integer,
negative(Na), integer(Ar), Ar=:=0.
nane_arity_type(Na, Ar, nonnegative) :- split_integer,

negative(Na), integer(Ar), Ar=:=0.
nane_arity_type(Na, Ar, structure) :-
nonvar (Na), integer(Ar), Ar>0, \+((Na=".’', Ar=:=2)).
nane_arity_type(Na, Ar, cons) :-
==".", integer(Ar), Ar=:=2

% Map a relational test into a branch condition, a branch direction
% and the opposite direction.
map_rel op(Test, Cond, true, false) :-
arith_test(Test, Cond),
speci al _cond( Cond) .
map_rel op(Test, Cond, false, true) :-
opposi te(Test, NotT),
arith_test(NotT, Cond),
speci al _cond( Cond) .

% Find & return a test that a goal satisfies:
% (use mutex to make this nore powerful and sl ower?)
many_way(Test, Test, X, Type, true, false) :- type_test(Type, X Test).
many_way( Goal , Test, A, Type, true, false) :-
test _type_name_arity(CGoal, A, Type, Na, Ar),
type_test(Type, A Test).
many_way(Not, NotT, A, Type, True, False) :-
negati on(Not, Coal),
many_way( Goal , Test, A, Type, False, True),
out _negation(Test, NotT).
many_way( Goal , nonvar(X), X, var, false, true) :-
test _varbag(Goal, Vs),
menber (X, Vs),
i mpl i es(Goal, nonvar(X)).
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% Negat i on:

negation(\ +(CGoal ), CGoal) :- I.
negation(not(Goal), Goal) :- !.

% negat i on(nonvar (A), var(A)) :- !.

out _negation(not(Goal), CGoal) :- !.
out _negation(CGoal, not(Goal)) :- !.

% Map nultiple choices onto the ones possible with a three-way branch:
map_t hree( Type, var, var).

map_t hree( Type, Type, Type).

% map_t hree(Type, | nType, other) :- InType\==var, |InType\==Type.




444

transform cut. pl

% Transform away cut and if-then-el se.

% Source transformati on of a predicate containing cuts and/or if-then-elses
% into an internal representation based on specialized builtin predicates.
% These predicates are expanded into nove instructions to and from B,

% t hereby inplenenting the renmoval of choice points.

% Thi s nodul e handles input in standard form It handles if-then-else

% as well as cut by appropriately loading and restoring the B register.

% Semantics of cut inside an if-then-else: the cut propagates all the way
%to the top level. Note that this is different from C Prol og.

% The three special builtins:

% $cut _| oad( X) expands to nove(b, X)
% $cut _shal | ow( X) expands to nove(X, b)
% $cut _deep(X) expands to nove(X, b)

% Al cuts are replaced by $cut_shall ow or $cut_deep. The value nust have
% been | oaded into X by $cut_l|oad. This neans that an extra argunent is
% needed to pass X down.

% Not es:
% 1. This nodul e i ncreases the average arity of predicates.

cut _p(’ $cut_deep’ ()).
cut_p(’ $cut_shallow (_)).

transformcut _ptrees([], []).

transformcut _ptrees([P|Ps], [TP| TPs]) :-
transformcut _ptree(P, TP),
transformcut_ptrees(Ps, TPs).

transformcut _ptree(P, TP) :-
P=ptree(NaAr,ds, ML), !,
transformcut _cls(COs, COs, DCL, DF, AF),
CP=ptree(NaAr,CC s, M TL),
transformcut _ptrees(L, TL),
transform 2(AF, DCL, CP, TP).
transformcut _ptree(D, D :-
directive(D), !.

transform2(false, , P, P) :- I,
transform2(true, DCL, P, TP) :-
P=ptree(Nane/ Arity,ds, (H -Fornul a), DL),
gensym("S$cut _", Nanme/Arity, NewNane),
NewArity is Arity+1,
dup_head(H, NewNane, NewArity, X, M),
TP=ptree(Nanme/ Arity,[(H -"$cut _load (X),M)], (H -Formula), [ M]),
dup_head(H, NewNane, NewArity, DCL, NH),
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repl ace_heads(C s, NOs, NewNarme, NewArity, DCL),
MP=pt r ee( NewNanme/ NewArity, NCl s, (NH: - Fornul a), DL) ,
add_node_option(H, NH, true, true, yes).

% Repl ace all heads in a procedure by new heads with one extra argumnent,
% keepi ng the sane body.
repl ace_heads([], [1, _, _. _).
repl ace_heads([d | O s], [(NH -B)|NCl s], NewName, NewArity, ExtraArg) :-
split(d, H B),
dup_head(H, NewNane, NewArity, ExtraArg, NH),
repl ace_heads(C's, NOs, NewName, NewArity, ExtraArg).

% Duplicate a head & add one argunment to the end:
dup_head(Head, NewNane, NewArity, LastArg, NewHead) :-
functor (Head, _, Arity),
funct or (NewHead, NewNane, NewArity),
match_all (1, Arity, Head, NewHead),
arg(NewArity, NewHead, LastArg).

% *** transformcut_cls(ds, COs, DCL, DF, AF)
% Transform all occurrences of "I’ to deep or shallow cuts.
% DCL is a |l abel bound to the arguments of all deep cuts.
% DF (Deep Flag) = output true iff there is a deep cut in D sj.
% AF (Any Flag) = output true iff there is ANY cut in Disj.
% Nei t her of these flags takes if-then-else’'s into account, because
% t hey have no effect on what happens at the top |evel.
% This predicate is identical to the one below, except that it handl es
% a list of clauses instead of a disjunction that nmay contain if-then-else.
transformcut_cls([], [], _, false, false).
transformcut_cls([A/ds], [(H-CB)|Cds], DCL, DF, AF) :-
split(A H B),
standard_conj (B, SB),
transformcut_conj (SB, CB, true, DCL, DF1l, AF1l, true, ),
transformcut_cls(ds, Cds, DCL, DF2, AF2),
or (DF1, DF2, DF),
or (AFl, AF2, AF).

% *** transformcut_disj(Disj, Chsj, DCLbl, DF, AF, TF)
transformcut_disj(Dsj, ('$cut_load (IfLbl),CDisj), DCLbl, DF, AF, TF) :-

contains_if(Disj), !,

transformcut _disj(Disj, CDisj, DCLbl, IfLbl, DF, AF, TF).
transformcut _disj(Di sj, CDsj, DCLbl, DF, AF, TF) :-

transformcut _disj(Dsj, CDsj, DCLbl, _, DF, AF, TF).

transformcut _disj(fail, fail, _, _, false, false, ).
transformcut_disj((A->B;Disj), (CA CDisj), DCLbl, IfLbl, DF, AF, TF) :-
transformcut_conj (A, CA, CA2, DCLbl, DF1, AF1, TF, MdTF),
insert_cut(MdTF, IfLbl, CA2, CA3),
transformcut_conj (B, CA3, true, DCLbl, DF2, AF2, MdTF, ),
transformcut_disj(D sj, CDisj, DCLbl, IfLbl, DF3, AF3, TF),
or (DF1, DF2, DF3, DF),
or (AF1l, AF2, AF3, AF).
transformcut_disj((A;Dsj), (CA CDisj), DCLbl, IfLbl, DF, AF, TF) :-
transformcut_conj (A, CA true, DCLbl, DF1, AF1, TF, ),
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transformcut_disj(Di sj, CDisj, DCLbl, IfLbl, DF2, AF2, TF),
or (DF1, DF2, DF),
or (AFl, AF2, AF).

% *** transformcut_conj (Conj, CConj, CLink, DCL, DF, AF, InTF, QutTF)

% DF, AF are outputs, true if there exists a deep cut or any cut, false
% otherwise. TF is an input, a running flag that remains true

% as long as only tests are encountered. A disjunction nakes TF fal se.

transformcut_conj(true, L, L, _, false, false, TF, TF).
transformcut_conj ((G Conj), (G CConj), L, DCL, DF, AF, InTF, QutTF) :-
test(Q, !,

transform cut_conj (Conj, CConj, L, DCL, DF, AF, InTF, QutTF).
transformcut_conj ((G Conj), (CG CConj), L, DCL, DF, AF, InTF, QutTF) :-
disj_p(Q, !,
transformcut _disj(G CG DCL, DF1l, AFl, false),
transformcut_conj (Conj, CConj, L, DCL, DF2, AF2, false, QutTF),
or (DF1, DF2, DF),
or (AFl, AF2, AF).
transformcut_conj((!, Conj), CConj, L, DCL,true,true, I nTF, QutTF) :-
insert_cut(lnTF, DCL, CConj, C2),
transformcut_conj (Conj, C2, L, DCL, _, _, InTF, CQutTF).
transformcut_conj ((G Conj), (G CConj), L, DCL, DF, AF, _, QutTF) :-
\+disj_p(Q, \+test(Q§, \+GI,
transform cut_conj (Conj, CConj, L, DCL, DrF, AF, false, QutTF).

insert_cut( true, Lbl, (’$cut_shallow (Lbl),Link), Link).
i nsert_cut(fal se, Lbl, (' $cut _deep’ (Lbl), Link), Link).

contains_if(((A->B);_)) :- !.
contains_if((_;D)) :- contains_if(D).




447

% Code generation for unification.
% by Peter Van Roy

% Unification with a termis unraveled into a tree of explicit code.
% For clarity and ease of developnment this code is witten using the
% Ext ended DCG not ati on.

% Thi s code can be sped up sonewhat by getting the type of an argunent X
% first and then doing a sinple case selection on it, instead of redoing
% the ctest selections everywhere.

% Thi s nodul e reuses code for wite node unification of the |last argunent.

% Thi s reduces nested code size fromQ(N*N) to Q(N) when there is deep

% recursion in the |ast argunent of nested conpound ternms. This is especially
% useful for long immediate |ists.

% Modes are taken into account to reduce the nunber of noves, trails, derefs,
% and nultiway branches. A node is given as a logical fornmula F.

% Unitialized variables are taken into account. They are given as nodes
%uninit(reg,V,[]) and uninit(memV,[]) in F.

% Argunent | SF contains the variables that have al ready

% been initialized upon entry of this code (except for the uninit variables).
% The others are initialized by this code when first encountered. For exanpl e,
%in a head unification I SF contains the set of head argunents.

% Ext ended DCG not ati on decl arati ons:

% *** Description of accunul ators:
% sf = set of variables that are currently initialized (i.e. NOT including um.

% vl = 1list of variables used in order of occurrence. For register allocation.
% form= logical node formula that currently hol ds.
% code = |list of instructions generated.

% of fset = offset into block of witenpde code bei ng generat ed.

% gnd = the set of all variables inplied to be ground by the formnula.

% *** Description of passed argunents:

% fail = the failure address.

% type = the type of the conpound termbeing unified in read-nobde unification.
% um = the set of uninitialized nenory vari abl es.

%top = the variable X during the witenode unification of X=Term

% aun = allowed uninit, vars allowed to be created uninit (see clause_code.pl).

% *** Accunul at ors:
acc_info( sf, V, InSF, QutSF, includev(V,InSF, QutSF)).
acc_info( gnd, X, InGnd, QutGnd, includev(X |InGnud, QutGad)).
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acc_i nfo( drf, D
acc_i nfo( vl, V, Qut,
acc_info( form F
acc_info( code, |

S

acc_info(offset, S, InOf,
acc_i nfo(newar, V, Qut,
acc_info( conj, C Qut,
% *** Passed argunents:
pass_info(fail).

pass_i nfo(type).

pass_i nfo(aun, []).

pass_i nfo(um []).

pass_i nfo(top, none).

% *** Predicates:

pred_i nfo( unify, 1
pred_i nfo( unify 2, 2
pred_i nfo( unify 3, 2
pred_i nfo(unify_3 conj, 1
pred_i nfo(uni fy_nonvar, 2
pred_i nfo(uni fy_nonvar, 4
pred_i nfo( unify var, 2
pred_i nfo( unify rm 5
pred_i nfo( unify rm 8
pred_i nfo( unify wm 4
pred_i nfo( unify wm 8
pred_info( wunify args, 5
pred_info( wunify args, 6
pred_i nfo( unify_ arg, 7
pred_info( init_unify, 4
pred_info( xinit_unify, 4
pred_i nfo(uninit_unify, 4
pred_info( unify var_i, 2
pred_info( unify_var_i, 4
pred_i nfo( unify_var_u, 2
% Witenode routines:
pred_i nfo( create_arg,
pred_i nfo( new var _nf,
pred_i nfo( new var _nf,
pred_i nf o( new_unemvar _nf,
pred_i nfo( new_var,
pred_i nfo( new_var,
pred_i nfo( new vars,
pred_i nfo( new var_list,
pred_i nfo( writ enpde,
pred_i nfo( writ enpde,
pred_i nfo( b _writenode,
pred_i nfo( b witeargs,
pred_i nfo( fill _slots,
pred_info(initialize_var,

pred_i

nfo( push_if_init,

, I nDrf,

, I nF,
1 O"Itl

[drf,gnd,
[drf,gnd,
[drf,gnd,
[drf,gnd,
[drf,gnd,
[drf,gnd,
[drf,gnd,
[drf,gnd, um aun, sf, vl
um aun, sf, vl ,formfail, code]).

fail 1).

um aun, sf, vl ,formfail, code, type]).
um aun, sf, vl ,formfail, code, type]).
um aun, sf, vl ,formfail, code, type]).
um aun, sf, vl ,formfail, code]).

um aun, sf, vl ,formfail, code]).

[drf,gnd,

[drf,gnd,
[drf,gnd,
[drf,gnd,
[drf,gnd,
[drf,gnd,
[drf,gnd,
[drf,gnd,
[drf,gnd,
[drf, gnd, um

NNNAEANOOFRPDNENEFEPERPNEDN

i ncl udev(D, I nDrf,QutDrf)).

update_fornul a(F, I nF, QutF)).

Qut=[V|In]).
Qut=[I]In]).
(QutFf is InOFf+9)).
Qut=[V|In]).
Qut=(C, 1n)).

aun, sf,vl,formfail, code]).

[drf, gnd, um vl,
um aun, sf,vl,form
sf,vl,form

sf,vl,form
sf,vl,
sf,vl,
sf,vl,
sf,vl,form
sf,vl,form
sf,vl,form
sf,vl,form
sf,vl,
um aun, sf, vl , form
um aun, sf, vl , form
um aun, sf, vl , form
um aun, sf, vl , form
um aun, sf, vl , form
um aun, sf, vl , form

um aun, sf, vl ,formfail, code]).
um aun, sf, vl ,formfail, code]).
um aun, sf, vl ,formfail, code]).
um aun, sf, vl ,formfail, code]).
um aun, sf, vl ,formfail, code]).
um aun, sf, vl ,formfail, code]).
um aun, sf, vl ,formfail, code]).
fail 1).

code]).

um aun, sf, vl ,formfail, code]).
um aun, sf, vl ,formfail, code]).

code]).

code]).

code]).

code]).

code]).

code]).

code]).

code]).

code]).

code]).

code]).
code, top, of fset]).
code, top, of fset]).
code, top]) .

code, top]) .

code, top]) .
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pred_info( is_uninit_mem 1, | um sf, form 1).

% Smal | utilities:

pred_i nfo( nmove_arg, 5, [drf,gnd,sf,vl,formcode,type]).
pred_i nfo( nmove_arg, 3, [drf,gnd,sf,vl,formcode,type]).
pred_i nfo( gnd_drf _update, 2, [drf,gnd, form).

pred_i nfo( drf_update, 2, [drf, form).

pred_i nfo( pragma_align, 2, [code]).

pred_i nfo( pragma_tag, 2, [code]).

pred_i nfo( cond_pragna_tag, 2, [code]).

pred_i nfo( pragma_tag_form 1, [form code]).

pred_i nfo( align_pad, 1, [code]).

pred_i nfo( uninit_dest, 3, [un]).

pred_i nfo( cond_pref, 1, [vl]).

pred_i nfo( uninit_bind, 2, [umvl,formcode]).

pred_i nfo( uninit_nove, 2, [um form code]).

pred_i nfo( termformula, 2, [form).

pred_i nfo(fence_if_nosurvive, 0, [vl]).

pred_i nfo( uni fy depth_2, 3, [conj,newar]).

pred_i nfo( uni fy depth_2, 5, [conj,newar]).

% These routines are defined externally:
pred_info( renmove_uninit, 1, [form).

pred_info( renpove_uninit, 2, [form).

pred_i nfo( ct_u, 1, [formgnd]).

pred_i nfo( ctest, 1, [form).

pred_i nfo( rtest, 2, [ formfail,code]).
pred_i nfo( rtest _in, 2, [ formfail,code]).
pred_i nfo( rtest_deref, 2, [vl,form code]).
pred_info(rtest_in_deref, 2, [vl,form code]).
pred_i nfo( rt_d, 2, [vl,form code, drf]).
pred_i nfo( rt_in_d, 2, [vl,form code, drf]).

% Versions of ctest, rtest _deref, rtest _in _deref that use local informtion:
% This one is better able to see if an argunent is nonvar:

ct _u(nonvar (X)) -->> Gnd/gnd, {inv(X, Gud)}, !.

ct _u(Test) -->> ctest(Test).

% These are better able to see if an argunment is deref:
rt_d(X, X) -->> Df/drf, {inv(X Drf)}, !.
rt_d(X, T) -->>rtest_deref(X, T).

rt_in_d(X, X) -->> Drf/drf, {inv(X Drf)}, !.
rt_in_d(X, T) -->>rtest_in_deref(X T).

% *** Debuggi ng hooks ***
u(T) - u(X=T, [X]).
u(X=T, ISF) :- u(X=T, ISF, true).

U(X=T, ISF, F) :- u(X=T, ISF, _, _, F).
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u(X=T, ISF, OSF, VList, F) :- u(X=T, ISF, OSF, fail, VList, F).
ul (List, ISF, OSF, F) :- ul(List, ISF, OSF, F).
ul (List, ISF, OSF, VList, F) :- ul(List, ISF, OSF, fail, VList, F).

% Print the unification of a variable with a term assum ng
% all variables in ISF are initialized.
u(X=T, ISF, OSF, Fail, VList, F) :-

ul ((X=T,true), ISF, OSF, Fail, VList, F).

ul (List, ISF, OSF, Fail, VList, F) :-
unify list(List, ISF, OSF, Fail, VList, [], F, Code, []),
write_code(Code).

% Cenerate code for a list of unifications:
unify list(true, ISF, ISF, Fail, VI, VM, IF) -->1.
unify list((X=T,List), ISF, OSF, Fail, Vs, M, IF) -->
uni fy(X=T, ISF, MSF, Vs, Vt, IF, M, Fail),
unify list(List, MSF, OSF, Fail, Vt, M, M).

% *** Main Entry Points ***

% G ven:

% |SF set of variables that occurred before execution (In So Far).

% This also contains the uninit variables. However, the internal
% SF contains only initialized variables, NO uninit variabl es.

% |F the node fornula true before execution (In Fornula).
% Faillabel to junp to on failure.
% Cal cul at es:
% UM set of uninit nemvariables in IF
% Returns code for the unification X=Y, along wth:
% OSF set of variables after execution that have occurred before
% execution (Qut So Far), including uninits in the unification.
% VLi st list of all variables’ usages, for register allocation.
% OF the updated IF, with uninit goals removed (CQut Formula).
% A variable is only uninit once, after that it becones init.
uni fy(X=Y, ISF, OSF, IF) --> unify(X=Y, ISF, OSF, _, IF).
uni fy(X=Y, ISF, OSF, WList, IF) -->
uni fy(X=Y, WList, ISF, OSF, IF, _).
uni fy(X=Y, VList, ISF, OSF, IF, OF) -->
uni fy(Xx=Y, ISF, OSF, VList, [], IF, OF).
uni fy(X=Y, ISF, OSF, Vs, M, IF, OF) -->
{varset (X=Y, Aun)},
uni fy(X=Y, Aun, ISF, OSF, Vs, VI, IF, OF fail).

% Call from cl ause_code. pl :
% Aun = set of variables allowed to be created as uninit.
uni fy_goal (Unify, VList, Aun, ISF, OSF, IF, OF) -->

uni fy(Unify, Aun, ISF, OSF, VList, [], IF, OF fail).

% *** Interface between the unification compiler & rest of conpiler ***
% This top level call interfaces between the formof SF needed in unification



% conpi l ati on (which contains only inits) and in the rest of the compiler

% (which contains all variables with a value, init and uninit).
% Al so calculates Ghd & UM and updates the node forml a.
uni fy(X=Y) -->>

% Internal InSF contains only initialized variabl es:

i nsert (ExtInSF, IntlnSF):sf,

| F/form
{uninit_set(lF, UnAll)},
{diffv(ExtInSF, UnAll, IntlnSF)},

% Call to the internal unification conpiler:
{grounds_in_form(IF, Gnd)},
{rderef_set(lF, Drf)},
{intersectv(Drf, G1d, StayDrf)},
{uninit_set_type(mem IF, UM},
unify 2(X, Y):[drf(StayDrf, ), gnd(Grd, ),um UM],
% External QutSF contains both init and uninit variables:
i nsert (I ntQutSF, ExtQutSF):sf,
{varset (X=Y, Vars), unionv(IntQutSF, Vars, ExtQutSF)},
% Updat e the node formul a:
{intersectv(UnAll, IntQutSF, Qutlnit)},
renove_uninit(Qutlnit),
updat e_fornul a( X=Y, ExtInSF):form
uni fy((UL, U2)) -->> unify(Ul), unify(U2).

% *** | nternal Routines ***

% This starts with two stub routines, followed by

% uni fy_var, uninit_unify and init_unify, which do the main work.
% Al so includes unify_rmand unify_wm which do the read and

% wite mode conpilation, and witenpde, which creates the

% bl ock of nobves for wite node creation of conmpound terns.

% Take care of the order of terms X and Y and of unifying two nonvars:

unify 2(X, Y) -->>{ var ( X), var(Y)}, !, unify_ var(X, Y).

unify 2(X, Y) -->>{ var(X), nonvar(Y)}, !, unify _3(X V).

uni fy_2(X, Y) -->> {nonvar (X), var(Y)}, !, unify_3(Y, X).
L,

unify 2(X, Y) -->> {nonvar(X), nonvar(Y)}, uni fy_nonvar (X, Y).

% Uni fyi ng two nonvari abl es toget her:

uni fy nonvar (X, Y) -->> {functor(X, N, A), functor(Y, N A}, !,
uni fy nonvar(X, Y, 1, A.

uni fy nonvar(X, Y) -->> [fail]:code, [fail]:form

uni fy nonvar(X, Y, I, A -->> {I>A}, !.
uni fy nonvar(X, Y, I, A -->> {l=<A}, I,
{arg(l, X, Xi)},
{arg(l, Y, Yi)},
unify 2(Xi, Yi),
{11 is |+1},
uni fy nonvar(X, Y, 11, A.

% Take care of distinction that Xis initialized vs. uninitialized
% and do the depth limting transformation for the unification
% of an initialized variable that is not known to be ground.

451
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unify 3(X, Y) -->> SK/ sf, {\+inv(X SF)}, !,
uninit_unify(X, Y, nonlast, _),
[ X]:sf.

unify 3(X, Y) -->> Gnd/gnd, {inv(X Gd)}, !,
init_unify(X, Y, nonlast, _).

uni fy_3(X Y) -->>
{unify _depth(X, Y, NewY, _Vars, Conj)},
init_unify(X, NewY, nonlast, ),
uni fy_3 _conj (Conj).

% The added unifications take advantage of a full unify_2

% (which is effectively unify_var or uninit_unify):

unify_3 conj(true) -->>1].

uni fy 3 conj ((X=Y,Conj)) -->> unify 2(X, Y), unify_3 conj(Conj).

% *** Uni fying two variabl es together:
uni fy var(X, Y) -->> SoFar/sf, {inv(X SoFar), inv(Y, SoFar)}, !,
uni fy var i (X Y).
uni fy var(X, Y) -->> SoFar/sf, {inv(X SoFar), \+inv(Y, SoFar)}, !,
uninit_dest (Y, YDest, Flag),
cond_pref (Fl ag),
[ X Y]:vl,
map_formula(X, Y):form
cond_pragnma_tag(Fl ag, Y),
[ move( X, YDest)]: code,
[Y]:sf.
uni fy var(X, Y) -->> SoFar/sf, {\+inv(X SoFar), inv(Y, SoFar)}, !,
uninit_dest (X, XDest, Flag),
cond_pref (Fl ag),
[Y, X]:vl,
map_formula(yY, X):form
cond_pragnma_tag(Fl ag, X),
[ move(Y, XDest)]: code,
[ X]:sf.
uni fy var(X, Y) -->> SoFar/sf, {\+inv(X SoFar), \+inv(Y, SoFar)}, !,
uni fy var_u(X Y).

% Condi tional preference: if Flag is yes, then create a 'pref’ flag
%in the varlist. This is a suggestion to regalloc for inproving

% register allocation. It does not affect correctness.
cond_pref(yes) -->>1, [pref]:vl.
cond_pref( no) -->>1, [].

% Condi tional tag pragma: insert a variable tag pragma if it’'s a store.
cond_pragne_tag(yes, _) -->>1[].
cond_pragma_tag(no, X) -->> pragna_tag(X, var).

% Location of an uninit X s val ue depends on whether it is in
% menory or not:

uninit_dest (X, X, yes) -->> UMum \+inv(X UM, !.
uninit_dest(X, [X], no) -->> UM um inv(X, UM, !.

% Create a new formula containing terns for both X and Y by mappi ng
% the existing formula. Relies on the fact that Y renains dereferenced
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%if X is dereferenced, even if Y is uninit(menm). This condition is
% enforced by cl ause_code.
map_formula(X, Y, InF, QutF) :-

map_terns([X], [Y], InF, InFY),
uni on_formul a(l nF, 1 nFY, QutF).

% Both variables are initialized:
% There are many speci al cases handled here which result in better code.
% This routine is careful to make sure that the ol dest variable is always
% bound to the youngest.
unify var_i (X, Y) -->> Forniform {atom c_value(Form X, A}, !,
unify 2(Y, A.
unify var_i (X, Y) -->> Forniform {atom c_value(Form Y, A}, !,
unify 2(X, A.
unify var i (X, Y) -->> ctest(atomic(X)), ctest(atomc(Y)), !,
rtest _in_deref(X T),
rtest _in_deref(Y, U,
[T, U :vl,
Fail/fail,
[equal (T, U, Fail)]: code.
unify_var_i(X, Y) -->>
Form form
{unify flag(Form X, Xf)},
{unify flag(Form Y, Yf)},
unify var_i(Xf, Yf, X V).

uni fy _var _i(var, nonvar, X Y) -->>1,
rtest _in_deref(X T),
rtest_in(trail(T), T),
LY, T]:vl,
pragma_tag form(T),
[move(Y,[T])]: code.

uni fy_var_i (nonvar, var, X Y) -->>1,
rtest _in_deref(Y, T),
rtest_in(trail(T), T),
[X, T]:vl,
pragma_tag form(T),
[move( X, [T])]: code.

uni fy var _i(Xf, Yf, X Y) -->>
rtest _in_deref(X T),
rtest_in_deref(Y, U,

[pref, T, U:vl,
fence_if_nosurvive,
Fail/fail,
[unify(T,U Xf,Yf,Fail)]:code, %*** Call to general unify ***
renove_vars:form % Because bi ndi ng has many effects.

% lnsert 'fence' if general unification kills all registers:

% This is needed for register allocation. See regalloc.
fence_if_nosurvive -->>{ survive('$unify' (_, ))}, !.

fence_i f_nosurvive -->> {\+survive('$unify’' (_, ))}, !, [fence]:vl.

% Fl ag whether X is known to be variable, nonvariable or not:
% (This allows sone optimzation in the translator.)
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unify flag(Form X, nonvar) :- inplies(Form nonvar(X)), !.
uni fy flag(Form X var) :- implies(Form var(X)), !.
uni fy flag(Form X ).

% Both variables are uninitialized:
unify var_u(X, Y) -->> UMum {inv(X, UM, inv(Y, UM}, !,
[ X, VY] :sf,
[deref (X), deref(Y),var(X),var(Y)]:form
[ X, pref, X Y]:vl,
pragma_tag(X, var),
[move( X, [ X])]: code,
pragma_tag(yY, var),
[move( X, [Y])]: code.
unify var_u(X, Y) -->> UMum {inv(X, UM, \+inv(Y, UM}, !,
[ X, VY] :sf,
[deref (X), deref(Y),var(X),var(Y)]:form
[ X, pref, X Y]:vl,
pragma_tag(X, var),
[move( X, [ X])]: code,
[ move( X, Y)]: code.
unify var_u(X, Y) -->> UMum {\+inv(X, UM, inv(Y, UM}, !,
[ X, VY] :sf,
[deref (X), deref(Y),var(X),var(Y)]:form
[pref,Y, X X :vl,
[ move(Y, X)]: code,
pragma_tag(X, var),
[move( X, [ X])]: code.
unify var_u(X, Y) -->> UMum {\+inv(X, UM, \+inv(Y, UM}, !,
new var_nf (X, Y).

% *** Uninit_unify assumes X has not yet been initialized:
uninit_unify(X, Term Last, [Lbl]|LLbls]) -->> {conpound(Term}, !,
uninit_bind(X, Ternm,
writenode(Last, X, Term Lbl, LLbls).
uninit_unify(X, Term Last, LLbls) -->> {atomic(Term}, !,
uninit_bind(X, Tern).
uninit_uni fy(X, Var, Last, LLbls) -->> {var(Var)}, !,
uni fy var (X, Var).

% Bind X to a nonvari abl e and update the node formul a:
uninit_bind(X, Tern) -->>

[ X]:vl,

{make_word(Term Word)},

uninit_nove(Wrd, X),

termformula(X, Tern).

% Move to an uninit variable:
% Recogni zes that the destination of an uninit_memvariable is in nenory.
uninit_nmve(Wrd, X) -->> UMum {\+inv(X, UM}, !,
[deref (X)]:form
[ move(Word, X)]: code.
uninit_nove(Wrd, X) -->> UM um {inv(X, UM}, !,
pragma_tag(X, var),
[ move(Word, [ X])]: code.
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% Update the formula for X assuming it is unified with Term
termformula(X, Term) -->> {nonvar(Term}, !,
{functor(Term Na, Ar)},
[*$name_arity’ (X, Na,Ar)]:form
termformula(X, Term) -->> {var(Term}, !.

% *** Init_unify assumes X has al ready been initialized:

% Hook to trimnode formula for speed:

init_unify(X, T, L, LL) -->>
insert(InF, InlnitF):form
SoFar/ sf,
{split_formula(_, SoFar, X=T, InF, InlnitF, RestF)},
xinit_unify(X, T, L, LL),
insert(QutlnitF, QutF):form
{conbine_formula(QutlnitF, RestF, QutF)}.

xinit_unify(X, Term Last, [Lbl|LLbls]) -->> {atomic(Term}, ct_u(nonvar(X)),!,
rtest_deref (X, T),
unify rm(T, Term Last, LLbls, no).
xinit_unify(X, Term Last, [Lbl]|LLbls]) -->>{conmpound(Term}, ct_u(nonvar(X)),!,
rtest_deref (X, T),
{termtest(Term T, Test)},
rtest(Test, T),
unify rm(T, Term Last, LLbls, no).
xinit_unify(X, Term Last, [Lbl|LLbls]) -->> {nonvar(Term}, ctest(var(X)), !,
rtest_deref (X, T),
uni fy wn(T, Term Last, LLbls).
xinit_unify(X, Term Last, [Lbl]|LLbls])-->>{conpile_option(uni),atomc(Term},!,
rtest_deref (X, T),
rtest_in(trail _if_var(T), T),
{termtag(Term Tag)},
{make_word(Term _, Word)},
Fail/fail,
[T]:vl,
[unify atom c(T,Wrd, Fail)]: code.
% Thi s cl ause nerges the output fornmulas fromunify_rmand unify_wm
xinit_unify(X, Term Last, [Lbl]|LLbls]) -->> {nonvar(Term}, !,
rtest_deref (X, T),
{termtag(Term Tag)},
{termtest(Term T, Test)},
Fail/fail,
[T]:vl,
[switch(unify, Tag, T, Wite, Read, Fail)]: code,
insert(Form QutF):form
{update_formul a(var(T), Form Worm},
SoFar/ sf,
unify wn(T, Term Last, LLbls, SoFar, Wrorm QutFW Wite),
{update_fornul a(Test, Form RFornj},
unify rm(T, Term Last, LLbls, yes, RrForm QutFR Read),
{intersect fornmula(QutFW CQutFR, QutF)}.
xinit_unify(X, Term Last, [Lbl|LLbls]) -->> {var(Term}, !,
uni fy var(X, Term.
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% wm hook: Ignore output of sf. Return vl, code list and output of form
%1t is assumed that using aun=[] guarantees that wnmand rminitialize
% t he sanme vari abl es.
uni fy wm(X, T, Last, LLbls, SF, IF, OF Code) -->>
uni fy wn( X T, Last, LLbls):[aun([]),form(IF, OF),sf(SF, _),code(Code,[])].

% rm hook: Return sf, vl, code list, and output of form
unify rm(X, T, Last, LLbls, Opt, IF, OF, Code) -->>
unify rm(X, T, Last, LLbls, Opt):[form(IF, OF), code(Code,[])].

% *** Unify_rmassunes X is a dereferenced nonvariable at run-tine and Termis

% a nonvariable at compile-tine.
% Mat chi ng between X and Ternis tags is assunmed to be done el sewhere.
unify rm(X, Term Last, LLbls, Opt) -->> {structure(Term}, !,

[ X]:vl,

{functor(Term N, A), Term=..[N Args]},
rtest_in('$name_arity’' (X, N A, X,
uni fy_args(Args, 1, X, LLbls, Opt):type(structure).
unify rm(X, Term Last, LLbls, Opt) -->> {cons(Term}, !,
[ X]:vl,
{Terme[Hd| TI], Args=[Hd, TI]},
uni fy args(Args, 0, X, LLbls, Opt):type(cons).
unify rm(X, Term Last, LLbls, Opt) -->> {atom(Term}, !,
[ X]:vl,
rtest_in('$nanme_arity’' (X TermO0), X).
unify rm(X, Term Last, LLbls, Opt) -->> {nunber(Term}, !,
[ X]:vl,
rtest_in('$nanme_arity’' (X TermO0), X).

% *** Unify_wmassunes X is initialized, unbound, and dereferenced at run-tine
% and Termis a nonvariable at compile-tine.
uni fy wr(X, Term Last, [Lbl|LLbls]) -->>
{conpound(Term}, !,
[ X]:vl,
rtest_in(trail (X), X),
{termtag(Term Tag)},
pragma_tag(X, var),
[move(Tag™r(h),[X])]: code,
writenode(Last, X, Term Lbl, LLbls).
uni fy wm( X, Term Last, LLbls) -->>
{atom(Term}, !,
[ X]:vl,
{termtag(Term Tatn)},
rtest_in(trail (X), X),
pragma_tag(X, var),
[move(Tatm Term [ X])]: code.
uni fy wm( X, Term Last, LLbls) -->>
{nunber (Term}, !,
[ X]:vl,
rtest_in(trail (X), X),
pragma_tag(X, var),
[move(Term [ X])]: code.
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% Uni fication of the argunents of a structure.

% Two optim zations are done:

% 1. Use single nove instruction when an argunent is a first-occurrence

% variable. (Wwy doesn’'t preferred all ocation make this unnecessary?)

% 2. GGoup pairs of nmoves together to facilitate creating double word | oads.

% InV gi ves argunments whose noves have al ready been created.
unify args(Args, |, X LLbls, Opt) -->> unify_args([], Args, |, X LLbls, Opt).
unify args( [], T[], I, X LLbls, Opt) -->>1.
uni fy _args(lnV, [Al, I, X LLbls, no) -->>1,
unify arg(lnVv, _, A 1, X, nonlast, LLbls).
uni fy args(lnV, [Al, I, X, LLbls, yes) -->>1,
unify arg(lnVv, _, A 1, X last, LLbls).
unify args( [], [A BlArgs], I, X, LLbls, Opt) -->>
{align(2), O0is | mod 2}, I,
move_arg(X, I, Y1),
{11 is |+1},
move_arg(X, 11, Y2),
uni fy_args([Y1,Y2], [A BlArgs], I, X LLbls, Opt).
uni fy_args(lnV, [A BlAgs], I, X, LLbls, Opt) -->>1,
unify arg(lnVv, QutVv, A 1, X nonlast, ),
{11 is |+1},

unify args(QutV, [B|Args], |11, X, LLbls, Opt).

% Uni fication of one structure argunent:
% Optim ze the case when Ais a first-occurrence vari abl e.
% (Note that sf may becone unsorted because of this, requiring a sort.)
unify arg(lnVv, QutVv, A 1, X Last, LLbls) -->> {var(A)},
SoFar/sf, {\+inv(A, SoFar)},
UM um {\+inv(A UM}, !,

move_arg(lnv, QutVv, X I, A,
sort:sf.

uni fy_arg(lnVv, QutVv, A 1, X Last, LLbls) -->>
move_arg(lnv, QutVv, X I, V),

init_unify(Y, A Last, LLbls).

% Get argunment only if it hasn’'t been done earlier:

nmove_arg([YlVs], Vs, X, I, Y) -->>][].
move_arg([], [1, X 1, Y) -->> nmove_arg(X, I, V).
% Get argument | of a structure:
move_arg(X, |, Y) -->>
Type/ type,

pragma_tag(X, Type),
pragma_align(X, 1),

[ move([ X+1],Y)]: code,
[ X Y]:vl,

[Y]:sf,

gnd_drf _update(Y, X).

pragma_tag(X, Type) -->>

{tag(Type, Tag)},
[ pragma(tag( X, Tag))]: code.
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% lnsert tag pragma fromnode formula if the tag i s known:

pragma_tag_form X) -->> F/form {get_tag(F, X Tag)}, !,
[ pragma(tag( X, Tag))]: code.

pragma_tag_form(_) -->>[].

pragma_align(X, 1) -->>
{align(K), 0is | md K}, !,
[ pragma(al i gn( X, K))]: code.

pragma_align(X, 1) -->>[].

% Update gnd and drf sets and the node forml a:

gnd_drf _update(Y, X) -->> Gnd/gnd, {inv(X Gdid)}, !, [Y]:gnd,
conbi ne_formul a(ground(Y)):form
drf_update(Y, X).

gnd_drf_update(_, ) -->>1]].

% Only add Y to rderef set if X is ground:

drf_update(Y, X) -->> Drf/drf, {inv(X, Drf)}, !, [Y]:drf,
conbi ne_formul a(rderef(Y)):form

drf_update(_, ) -->>1].

% CGenerate a mni mal sequence of nmoves to the global heap to
% create the structure Term (this is wite node unification),
% given that all initialized variables are in |SF.

% *** Create the termand return an argunent for it:
create_arg(Var, Var) -->> {var(Var)}, SoFar/sf, {inv(Var, SoFar)}, !.
create_arg(Var, Var2) -->> {var(Var)}, SoFar/sf, {\+inv(Var, SoFar)}, !,
new var_nf(Var, Var?2).
create_arg(Term Wbord) -->> {atomic(Term}, !, {make_word(Term Word)}.
create_arg(Term X) -->> {conpound(Term}, !,
termformula(X, Tern),
conbi ne_formul a(deref (X)):form
[ X]:vl,
[ X]:sf, % Added Jan. 11
{make_word(Term Word)},
[ move(Word, X)]: code,
writenode(Tern.

% Create an unbound vari abl e:
% (Does not update formnul a)
new var_nf(X) -->>
[ X]:sf,
[ X X]:vl,
{tag(var, Tvar)},
[ move(Tvar“r(h), X)]: code,
[ pragma( push(vari abl e))]: code,
[ push(X,r(h),1)]: code,
{align_calc(1l, _, Pad)},
al i gn_pad( Pad) .

% Create two identical unbound vari abl es:



% (Does not update formnul a)

new var_nf (X, Y) -->>
{X\==VY}, I,
[ X, VY] :sf,
[ X, pref, X Y,Y]:vl,
{tag(var, Tvar)},
[ move(Tvar“r(h), X)]: code,
[ move(Tvar“r(h),Y)]: code,
[ pragma( push(vari abl e))]: code,
[ push(Y,r(h),1)]: code,
{align_calc(1l, _, Pad)},
al i gn_pad( Pad) .

new var_nf (X, Y) -->>
{X::Y}, I,

new var _nf (X).

% Create an unbound vari abl e:

% (Al so updat es fornul a)

new var (X) -->>
conbi ne_formul a((deref (X),var(X))):form
new var _nf (X).

% Create two identical unbound vari abl es:
% (Al so updat es fornul a)
new var (X, Y) -->>
{X\==VY}, I,
conbi ne_formul a((deref (X),var(X),deref(Y),var(Y))):form
new var_nf (X, Y).
new var (X, Y) -->>
{ ::Y}, !,

new var ( X) .

% Create an uninit nmem vari abl e:
% (Does not update formnul a)
new_unenmvar _nf (X) -->>

[ X]:sf,

[ X X]:vl,

{tag(var, Tvar)},

[ move(Tvar“r(h), X)]: code,

[adda(r(h),1,r(h))]: code,

{align_calc(1l, _, Pad)},

al i gn_pad( Pad) .

% Creat e unbound vari ables for those variables in VarBag that do not
% vyet exist. Both initialized and uninitialized variables are created
% dependi ng on what is in the formula. It is assuned that SF contains
% al | variables that have a value, including both inits and uninits.
new var s(VarBag) -->>

{sort(VvarBag, Vars)},

SK/ sf, {diffv(Vars, SF, Newars)},

F/ form

{uninit_set_type(nmem F, UMenvars)},

{uninit_set_type(reg, F, URegVars)},

{di ffv(Newars, URegVars, |Vars)},

459
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new var _list(lVars, UMenVars).

new var _list([], ) -->1].

new var_list([V|Vars], UMenVars) -->> {inv(V, Uvenvars)}, !,
new_unenmvar _nf (V),
new var _|ist(Vars, UMenvars).

new var _list([V|]Vars], Uvemvars) -->> {\+inv(V, UvenVars)}, !,
new var (V),
new var _|ist(Vars, UMenvars).

% *** Create a termon the heap:
witenode(Tern) -->> witenode(nonlast, none, Term _, ):[form(true, )].

% *** Most general routine, used as part of unify above:
% Last fl ag:

% Last = last: witenpde is a junmp to Lbl.

% Last = nonlast: witenode is a full block; it creates LLbls, a list of
% | abel s for nested |ast arguments to junp to.

% Ilnit flag:

% Init =init: initialize all new variables in the code.

% Init = uninit: the new variables are uninit(mem.

witenode(last, X, Term Lbl, ) -->>1,
[jump(Lbl)]: code.

writenode(nonlast, X, Term _, LLbls) -->>1,
[ pragma(push(term(Size)))]: code,
b witenode(Term LLbls):[offset (0, Size),top(X)].

% Create the Block of noves:
b witenode(Str, LLbls) -->> {structure(Str)}, !,
tag(atom Tatm,
{functor(Str, F, A},
[ pragma(push(structure(A)))]: code,
[ push(Tatm (F/ A),r(h),1)]: code,
{Str=..[F| Args]},
{Sis A+1},
{align_calc(S, Size, Pad)},
O fset/of fset,
{T is Ofset+1},
[ Size]: of fset,
fill _slots(Args, Ofsets),
al i gn_pad( Pad) ,
b witeargs(Args, T, Ofsets, LLbls).
b_witenode(Cons, LLbls) -->> {cons(Cons)}, !,
{Cons=[Hd| TI], Args=[Hd, TI]},
{align_calc(2, Size, Pad)},
O fset/of fset,
{Tis Ofset},
[ Size]: of fset,
[ pragma(push(cons))]: code,
fill _slots(Args, Ofsets),
al i gn_pad( Pad) ,
b witeargs(Args, T, Ofsets, LLbls).
b witenode(Atom []) -->> {atomic(Atom}, !.
b witenode(Var, []) -->> {var(Var)}, !.
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b witeargs([], _,
b witeargs([A], S,
O fset/of fset,

{I0is Ofset-S},
[l abel (Lbl)]: code,
b writenode(A, LLbls).
b witeargs([A B|JArgs], S, [IgOfsets], LLbls) -->>1,
O fset/of fset,
{I0is Ofset-S},
{S1 is St+1},
b witenode(A ),
b witeargs([B| Args], S1, Ofsets, LLbls).

(1, [1) -->>1.
[10, [Lbl|LLblsS]) -->>1,

fill_slots([], []) -->>1!.

fill _slots([Al Args], [Of]|Ofsets]) -->>1,
{make_word(A, Of, Wrd)},
initialize_var(A Wrd),
fill _slots(Args, Ofsets).

make word(C, Of, (Tconmi(r(h)+Of))) compound(C), termtag(C, Tcom, !.

make word(A, Of, (TatniA)) :- atom(A), termtag(A Tatm, !.
make word(N, Of, N) :- nunmber(N), !.

make word(V, Of, (V)) - var(Vv), !.

make _word(C, (Tcomir(h))) :- conpound(C), termtag(C, Tconj), !.
make_word(A, (TatniA)) :- atom(A), termtag(A Tatm, !.
make_word(N, N) :- nunber(N), !.

make _word(V, (V)) - var(Vv), !.

% lInitialize first-tine variables in wite node:
initialize var(V, Wrd) -->>is_uninit_memV), !,
renove_uninit(mem [V]),
conbi ne_formul a(var(V)):form
[V, V]:vl,
[V]:sf,
pragma_tag(V, var),
[move(V,[V])]: code,
[ push(Word, r(h),1)]: code.
initialize_var(V, Wrd) -->> {var(V)}, SoFar/sf, {\+inv(V, SoFar)}, !,
{tag(var, Tvar)},
[V, V]:vl,
[ move(Tvar“r(h),V)]: code,
push_if_init(V, Wrd).
initialize_var(V, Wrd) -->> {var(V)}, SoFar/sf, { inv(V, SoFar)}, !,
[V]:vl,
[ push(Word, r(h),1)]: code.
initialize_var(V, Wrd) -->> {nonvar(V)}, !,
[ push(Word, r(h),1)]: code.

is_uninit_memV) -->> {var(V)}, UMum SF/ sf, {inv(V,UM, \+inv(V,SF)}, !.
is_uninit_nmemV) -->> {var(V)}, ctest(uninit(memV)), !.

% Create an uninit(nem) OR an init. var on the heap:
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push_if _init(V, Wrd) -->> Us/aun, inv(V, Us), !,
[adda(r(h),1,r(h))]: code,
X/t op,
conbi ne_formul a(uninit(memV,[X])):form
push_if _init(V, Wrd) -->> Us/aun, \+inv(V, Us), !,
[ push(Word, r(h),1)]: code,
[V]:sf,
conbi ne_formul a((var(V), deref(V))):form

% ** Predicates used for conpound term alignment:

% Cal cul ate al i gnment val ue:
% Size is least integer >= S and multiple of alignnment constant K
% Pad is the difference between Size and S.
align_calc(S, Size, Pad) :-
al i gn(K),
Size is (S+K-1)//K*K
Pad is Size-S.

% CGenerate pad instruction:
align_pad(0) -->>1.
align_pad(P) -->> {P=\=0}, !, [pad(P)]:code.

% *** Depth limting in unification: (assumes X is always a vari abl e)
% Ensures that unifications are only nested up to the global depth limt.
% This is done because conpilation tine and code size for deeply nested
% uni fications goes as the square of the size of the term
% A subtermY at the depth limt is replaced by a variable Z and
% the goals V=Y, V=Z after the original unification goal.
% Then V=Y is done in witenode and V=Z is done with general unification.
% Al so returns the set of the variables Z
uni fy depth(X, Y, NewY, VSet, Flat) :-

uni fy_depth_2(0, Y, NewY, Conj, true, VBag, []),

sort (VBag, VSet),

flat_conj(Conj, Flat).

unify depth_2(_, Y, 2) -->> {sinple(Y)}, I, {Z=Y}.
uni fy depth_2(D, Y, Z2) -->> {depth_limt(L), D>=L}, !, [V=Y]:conj, [V=Z]:conj,
[ Z] : newar,
{comrent ([’ Found structure ',Y,’ at depth ',D])}.
uni fy depth_2(D, Y, 2) -->>
{functor(Y, Na, Ar)},
{functor(Z, Na, Ar)},
{D1 is D+1},
uni fy depth_2(1, Ar, D1, Y, 2).

uni fy_depth_2(1, Ar, D Y, 2Z2) -->> {I>Ar}, .
uni fy_depth_2(I, Ar, D Y, 2Z2) -->> {I=<Ar}, !,
{arg(l, Y, Yi)},
{arg(l, Z, Zi)},
uni fy depth_2(D, Yi, Z),
{11 is |+1},
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D, Y, 2).

Ar ’

uni fy_depth_2(11,
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utility. pl

% M scel | aneous utility predicates

;- dynam c(conpile_cputine/3).
.- dynam c(gensym.integer/1).

% Nuneri c paraneters:
max_int(32767).
mn_int(-32768).

% Split a clause into its head and body:
split(C ause, Head, Body) :-
(d ause=(Head: - Body)
-> true
; Cl ause=Head, Body=true
).

directive((:-)).

% Find the first argument nunber containing the given term
% Fai | ot herw se.
% Argunents have sane order as arg/3, but different instantiation pattern.
find _arg(N, Head, Arg) :-
functor(Head, _, Arity),
find arg(l, Arity, N, Head, Arg).

find arg(l, Arity, N, Head, A) :- I=<Arity, arg(l, Head, Arg), Arg==A, !, N=I.
find arg(l, Arity, N, Head, A) :- I=<Arity, arg(l, Head, Arg), Arg\==A !,
11 is I+1,

find arg(l1, Arity, N, Head, A).

outfilenane(InFile, Suffix, QutFile) :-
nane(lnFile, InList),

(append(InPre, ".", InSuf, InList) ->
append(InPre, ".", Suffix, QutList);
append(InList, ".", Suffix, QutList)),

nane(Qut Fil e, QutList).

newfilename(InFile, Suffix, QutFile) :-
nane(lnFile, InList),
append( I nList, Suffix, QutlList),
nane(Qut Fil e, QutList).

% Transitive graph closure utilities:
% Wilities based on Warshall’s algorithm from O Keefe, page 89.
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% *** Find the set of all ground variables inplied by a formula.
% This starts with explicit ground nodes and follows unifications.
grounds_in_form(InF, AlG) :-

ground_set (I nF, BaseGnd),

vars_in_uni fy(BaseGhd, InF, Al Gnd).

% *** Find the set of all variables related to a Term
% This follows unifications, i.e. if Xis in Term and X=Tern? occurs,
%then the vars in Tern2 are al so rel at ed.
vars_in_unify(Term |InF, Vars) :-
make_graph((X=Term | nF), Gaph, []),
war shal | (Graph, C osure),
menber _w( X-Vars, Cosure).

% Warshall’s algorithmfrom O Keefe, page 89:
war shal | (Graph, C osure) :-
war shal | (Graph, Graph, dosure).

warshall ([], dosure, Closure) :- I.
warshall ([V-_| G, E, Cosure) :-
menber _wW(V-Y, E),
warshal | (E, V, Y, Newg),
warshal | (G Newk, C osure).

warshal I ([], _, _, [1) :- !.
warshal | ([ X-Nei bs| G, V, Y, [X-NewNei bs| Newd) : -
inv(V, Neibs), !,

uni onv( Nei bs, Y, NewNei bs),

warshall (G V, Y, NewG.
warshal | ([ X-Neibs| G, V, Y, [X-Neibs|Newd) :-

warshall (G V, Y, NewG.

menber _ w(V-Y, [WY]_]) - V==W I.
menber wW(V-Y, [_|E]) :- menber_w(V-Y, E).

% Convert a conjunction of X=Term goals and others into a graph:
make_graph((A B)) --> 1!, make_graph(A), make_graph(B).
nmake_graph(Goal ) --> graph_node(Goal).

graph_node(X=Term --> 1!, {varset(Term Vars)}, [X-Vars].
graph_node( X==Tern) --> 1!, {varset(Term Vars)}, [X-Vars].
graph_node(CGoal ) -->[].

% Set operations:

% I npl ementation inspired by R O Keefe, Practical Prolog.

% Sets must be represented as sorted lists w thout duplicates.

% Predicates with "v' suffix work with sets containing uninstantiated vars.

% *** |ntersection
intersectv([], _, [1)-
intersectv([A S1], S2, S) :- intersectv_2(S2, A S1, S).
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ntersectv_2([], _, _, [])-

ntersectv_2([B| S2], A S1, S) :-
conpare(COrder, A B),
intersectv_3(Order, A Sl1, B, S2, S).

intersectv_3(<, _, S1, B, S2, S) :- intersectv_2(Sl, B, S2, 9.
intersectv_3(=, A S1, _, S2, [AIS]) :- intersectv(Sl, S2, S).
intersectv_3(> A S1, _, S2, S) :- intersectv_2(S2, A S1, 9S).

ntersectv_list([], []).
ntersectv_list([InS] Sets], QutS) :- intersectv_list(Sets, InS, QutS).

ntersectv_list([]) -->[].
ntersectv_list([S| Sets]) --> intersectv(S), intersectv_list(Sets).

% ** Disjoint sets
disjointv([], _).
disjointv([Al S1], S2) :- disjointv_2(S2, A S1).

disjointv_2([], _, _).

disjointv_2([B| S2], A S1) :-
conmpare(COrder, A, B),
disjointv_3(Order, A Sl1, B, S2).

disjointv_3(<, _, S1, B, S2) :- disjointv_2(S1, B, S2).
disjointv_3(> A S1, _, S2) :- disjointv_2(S2, A S1).

% *** Difference

diffv([], _, [1).
diffv([AS1], S2, S) :- diffv_2(S2, A S1, S).

diffv_2([], A S1, [AS1]).

diffv_2([B|S2], A S1, S :-
conpare(COrder, A B),
diffv_3(Order, A S1, B, S2, 9).

diffv_3(<, A S1, B, S2, [AlS]) :- diffv(Sl, [B[S2], S).
diffv_3(=, A S1, _, S2, S) :- diffv(Sl, S2, S).

diffv_3(> A S1, _, S2, S) :- diffv_2(S2, A S1, S).
% *** Uni on

unionv([], S2, S2).

unionv([ A S1], S2, S) :- unionv_2(S2, A S1, S).

unionv_2([], A S1, [A S1]).
unionv_2([B|S2], A S1, S) :-
conpare(COrder, A B),
uni onv_3(Order, A S1, B, S2, 9).

unionv_3(<, A Sl1, B, S2, [A9])
unionv_3(=, A S1, , S2, [AY])
unionv_3(> A Sl1, B, S2, [B]9])

unionv_2(Sl1, B, S2, 9).
uni onv(Sl, S2, S).
unionv_2(S2, A S1, 9S).
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% *** El ement inclusion
i ncludev(A, S1, S) :- includev_2(Sl1, A 9S).

includev_2([], A [A]).

i ncludev_2([B|S1], A S) :-
conpare(COrder, A B),
i ncludev_3(Order, A B, S1, 9S).

i ncludev_3(<, A B, Sl1, [A B|S1]).
i ncludev_3(=, _, B, SI, [B] S11) .
i ncludev_3(>, A B, SI, [B[S]) :- includev_2(S1, A 9).

% *** El enent excl usion
% Modi fied not to use extra heap space
excludev(A, S1, S) :- excludev_2(S1, A S, S1).

excludev_2([]1, _, [1., ).

excludev_2([B| S1], A S, BS1) :-
conmpare(COrder, A B),
excludev_3(Order, A B, Sl1, S, BSl).

excludev_3(<, _, _, _, BS1, BS1).
excludev_3(=, _, _, S1, S1, ).
excludev_3(>, A B, S1, [B|Y], ) :- excludev_2(S1, A S, S1).

% *** Subset

subsetv([], _).

subsetv([ Al S1], [B| S2]) :-
conpare(COrder, A B),
subsetv_2(Order, A S1, S2).

subsetv_2(=, _, S1, S2) :- subsetv(S1l, S2).
subsetv_2(>, A Sl1, S2) :- subsetv([Al S1], S2).

% For unordered |ists Sl:
smal | _subsetv([], _).
smal | _subsetv([ Al S1], S2) :- inv(A, S2), small_subsetv(Sl, S2).

% *** Menber ship

inv(A [BlS]) :-
conpare(COrder, A B),
inv_2(Order, A S).

inv_2(= _, _).
inv_2(> A S :- inv(A 9.

% *** Renmove adj acent identical elenents:

uniqvar([], [1)-
uni gvar ([ Al List], Uniq) :- uniqvar(A, List, Uniqg, []).

uni qvar (A, []) -->1!, [A].
uni gvar (A, [B|List]) -->
one_uni gvar (A, B),
uni gvar (B, List).
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one_uni gvar (A, B) --> {A==B}, !.
one_unigvar(A B) --> {A =B}, [A], !.

% *** Filter all nonvariables froma list, keeping only the variabl es:

filter_vars(L, Vs) :- filter_vars(L, Vs, []).
filter_vars([]) -->1[].

filter_vars([V|L]) -->{var(V)}, !, [V], filter_vars(L).
filter_vars([V|L]) --> {nonvar(V)}, !, filter_vars(L).

% Filter all vars & carry along correspondi ng el ements of second list:
filter_vars([], [1, []1, [1)-
filter_vars([ X L1], [YIL2], [X V1], [Y|V2]) :-
var(X), !,
filter_vars(Ll, L2, Vi, V2).
filter_vars([ X L1], [_|L2], Vi, V2) :-
nonvar (X), !,
filter_vars(Ll, L2, Vi, V2).

% *** Gather all variables used in a term (in a set or a bag)
varset(Term VarSet) :- varbag(Term VB), sort(VB, VarSet).
varbag(Term VarBag) :- varbag(Term VarBag, []).

var bag(Vvar) --> {var(Vvar)}, !, [Var].
varbag(Str) --> {nonvar(Str), !, functor(Str, ,Arity)}, varbag(Str, 1, Arity).

varbag(_Str, N, Arity) --> {N>Arity}, !.
varbag(Str, N, Arity) --> {N=<Arity}, !,
{arg(N, Str, Arg)}, varbag(Arg),
{NL is N+1},
varbag(Str, N1, Arity).

% Logi cal set operations:

union([ A S1], [B|S2], [AS]) :- A@&B, !, union(Sl, [Bl S2], S).
union([ A S1], [B|S2], [AS]) - A=B, !, union(Sl, S2, S).
union([ A S1], [B|S2], [B]|S]) - B@A, !, union([A S1], S2, S).

union([], S, S) :- !.
union(Ss, [], S).

intersect([Al S1], [B|S2], S) - A@&B, !, intersect(S1, [Bl S2], S).
intersect([A S1], [B|S2], [AIS]) :- A=B, !, intersect(S1, S2, S).
intersect([Al S1], [B|S2], S) - B@&A, !, intersect([Al S1], S2, S).

intersect([], _, -

(1)
intersect(_, [], [1)-

diff([AS1], [B|S2], [AlS]) - A@B, !, diff(S1, [B|S2], S).
diff([A S1], [B|S2], S) - A=B, !, diff(S1, s2, S).
diff([A S1], [B|S2], S) - B@A !, diff([ASl], S2, S).
diff([], _, []) :- !.

diff(s, [], 9.



469

n(A [A _]) :- I.
n(A [B[S]) :- A@B, in(A 9S).

ncl ude(A, [B|S], [A Bl S]) A@&B, !.
nclude(A, [B|S], [B|9]) :- A==B, !.

nclude(A, [B|S], [B]|S1]) - A@B, !, include(A S, S1).
nclude(A, [1, [A]).

subset ([ Al S1], [B| S2]) :- A=B, !, subset(S], S2).

subset ([ Al S1], [B|S2]) :- A@B, !, subset([A S1], S2).

subset ([], _).

not _disjoint([Al S1], [AS2]) :- !.

not _disjoint([A S1], [B|S2]) :- A@B, !, not_disjoint([A S1], S2).
not _disjoint([A S1], [B|S2]) :- A@B, !, not_disjoint(Sl, [B|S2]).

% Uni que and duplicate elenment utilities:

% Return the set of entries that have duplicates:
filter_dups(Bag, Dups) :-

list_to_key(Bag, KeyBag),

keysort (KeyBag, KeySet),

filter_dups(KeySet, Dups, []).

filter_dups([]) -->".
filter_dups([V1-_,V2-_,V3- | KeySet]) --> {V1==V2,V2==V3}, I,
filter_dups([V2-_,V3-_| KeySet]).
filter_dups([V1-_,V2-_| KeySet]) --> {V1==V2}, !,
[V1], filter_dups(KeySet).
filter_dups([V1l-_| KeySet]) -->1,
filter_dups(KeySet).

% Return the set of entries that are unique:
% This code is used in peephole to get the unique |abels.
filter_uniqg(Bag, Uniqg) :-
list_to_key(Bag, KeyBag),
keysort (KeyBag, KeySet),
filter_unig(none, none, none, KeySet, Uniqg, []).

filter_unig(none, none, none, []) -->!.
filter_uniq( A A B, KS) -->1,
{get _next (KS, C, KS2)},
filter_unig(A B, C KS2).
filter_uniq( A B, B, KS) -->1,
{get _next (KS, C, KS2)},
{get _next (KS2, D, KS3)},
filter_uniq(B, C, D, KS3).
filter_uniq( A B, C KS) -->{B=e(X)}, [X,
{get _next (KS, D, KS2)},
filter_uniq(B, C, D, KS2).
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get _next([], none, []).
get _next ([ A-_| KeySet], e(A), KeySet).

% Convert a list into a keylist, ready for keysort:

list_to_key([], [])-
list_to_key([V|Bag], [V-V|KeyBag]) :- list_to_key(Bag, KeyBag).

% Tabl e utilities:
% Thi s code inmplenents a nmutable array, represented as a binary tree.

% Access a value in logarithmic time and constant space:
% Thi s predicate can be used to create the array incrementally.

get (node(NWL,R, I, V) :- get(N W L, R I, V).
get(N, Vv, _, _, I, V) :- I=N .
get(N, , L, R I, V) :-
conmpare(Order, I, N,
get(Order, I, V, L, R.
get(<, I, V, L, ) :- get(L, I, V).
get(> 1, V, , R :- get(R |, V).

% Access a val ue:
% Thi s predicate cannot be used to create the array incrementally,
% but it is faster than get/3.

fget (node(N WL, R, I, V) :-
conmpare(Order, I, N,
fget _2(Order, 1, V, W L, R.
fget _2(<, I, V, _, L, ) :- fget(L, I, V).
fget_2(= _, V, W _, ) :- V=W
fget 2(> I, V, ., ., R :- fget(R I, V).
% Update an array in logarithmc tine and space:
set (node(N, ,LT,RT), I, V, node(N, V,LT,RT)) :- I=N, !.
set (node(N, VL, LT, RT), 1, V, node(N, VL, LNew, RT)) :- I @N, !, set(LT, I, V, LNew).
set (node(N, VL, LT, RT), 1, V, node(N, VL,LT,RNew)) :- I @N, !, set(RT, I, V, RNew).
set (| eaf, I, V, node(l,V,leaf,leaf)).

% Update an array in logarithmc tine and space:
% This is faster than set/4.

fset(Ieaf, I, V, node(l,V,leaf,leaf)).
fset(node(NWL,R, I, V, node(N,NWNL,NR)) :-
conmpare(COrder, 1, N,
fset_2(Oder, I, V, W L, R N\W NL, NR).
fset _2(<, I, V\ WL R WN, R :- fset(L, I, V, NL).
fset_2(= I, V, _, L, R V, L, R.
fset 2(> I, V\ WL R WL NR :- fset(R I, V, NR.

% Prevent any further insertions in the array:
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seal (leaf) :- I.
seal (node(_, ,L,R)) :- seal(L), seal (R.

% Create a sealed array froma list with entries Node-Val ue
% or froma list of Nodes (in which case the values are the
% sane as the nodes):
create_array(List, Tree) :-

(key_list(List)

-> KeylLi st =Li st

; list_to_key(List, KeyList)

),

random per nut e( KeyLi st, Random,

list_to_ tree(Random Tree).

list to tree([], T) :- seal(T).

list_ to tree([Node-Val|L], T) :- get(T, Node, Val), list _to tree(L, T).
key list([])-.

key_ list([_-_|_1).

% Succeeds for a non-enpty array:
non_enpty_array(node(_, , , )).

% CGeneration of unique atons:

% This predicate is dynam c:
gensym i nteger(1).

init_gensym: -
abol i sh(gensym i nt eger, 1),
asserta(gensym.integer(1)).

% Create a uni que atom
gensyn(Aton) :- gensyn("$internal _sym", Aton).

% Create a unique atomw th given prefix:
gensym Pre, Atom) :-

gennun( N) ,

nane(N, NL),

append(Pre, NL, AL),

nane(A, AL), !,

At onFA.

% Create a unique atomwi th given prefix and with *Nane/Arity’ enbedded:
gensym Pre, Name/Arity, Atom :-

at om c( Nane) ,

atomc(Arity), !,

nane( Nane, L1),

nane(Arity, L2),

append(Pre, L1, "/", L2, "_", Pre2),

gensym Pre2, Atom.
gensym Pre, AnAtom Atom :-
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atom c(AnAtonmy, !,
nane( AnAtom L),
append(Pre, L, Pre2),
gensym Pre2, Atom.
gensym Pre, Qther, Aton) :-
war ni ng([ ' Erroneous second argunent to gensym 3: ', Qther]),
gensym Pre, Aton).

% Create a term NewHead which is Head with new name and extra argunents:
new_head(Prefix, Head, ExtraArgs, NewHead) : -

funct or (Head, Name, Arity),

Head=. . [ Nane| Args],

append( Args, ExtraArgs, NewArgs),

gensym Prefix, Nane/Arity, NewNane),

NewHead=. . [ NewNane| NewAr gs] .

% Return the next integer:
gennunm N) : -
gensym i nt eger (N),
abol i sh(gensym i nteger, 1),
NL is N+1,
asserta(gensym.i nteger(N1)).

% Instantiation of variables in a termto letters:

% This creates the atons A B, ..., Z, Al, B1, ..., Z1, A2, B2, etc
% for the different variables, making the term nmuch easier to read
% f or peopl e.

% |l nstantiate all variables in a termand create a new term
% The old termis unchanged.
inst_vars(Term Inst) :- copy(Term Inst), inst_vars(lnst).

% |l nstantiate all variables in a term
inst_vars(Term :-
varset(Term Vars),
inst_vars_list(0, Vars).

% Witeqg of an elenment or a list of elements as separate Prol og terns:
inst_witeqgs(X) :- cons(X), !, inst_witeq_list(X).
inst_witeqs(X) :- \+cons(X), !, inst_witeq(X), w('.").

inst_witeqg_list([]).
inst_witeqg list([X L]) :- inst_ witeg(X), wn(’."), inst_witeqg_list(L).

% Witeqg of a term Quintus version:
g_inst_witeq(Tern) :-
conpi |l e_option(systen(quintus)), !,
copy(Term Copy),
nunber var s( Copy, 0, _),
writeq(Copy).
g_inst_witeq(Tern) :-
inst_witeq(Term.
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% Witeqg of a term
% Thi s version does not handl e operator priorities, but the output is
% ot herwi se nicer:
inst_witeq(Tern) :-
% Copy ensures al phabetic order of variable nanes:
copy(Term Copy),
var set (Copy, Vars),
inst_vars_nanmes_list(0, Vars, Names),
inst_writeq(Copy, Vars, Nanes).

inst_witeq(Term Vars, Nanes) :- var(Term, !,
menberv2(Term Vars, Nane, Names),
write(Nane).
inst_witeq(Term Vars, Nanes) :- atomic(Ternm), !, witeq(Term.
inst_witeq(Term Vars, Nanes) :- cons(Term, !,
wite('["),
inst_witeqg listterm(Term Vars, Nanmes).
inst_ witeq(Term Vars, Nanes) :- binary op(Term A, Op, B), paren_op(Op), !,

list_op(Term Op, List, []),

| engt h(List, N),

(N>1 -> write(’('); true),
inst_witeq_oplist(List, Op, Vars, Names),
(N>1 -> write(’)’); true).

inst_witeq(Term Vars, Nanes) :- binary_op(Term A Op, B), !,
inst_witeq(A Vars, Nanes),
wite(Op),
inst_witeq(B, Vars, Nanes).

inst_witeq(Term Vars, Nanes) :- structure(Term, !,

functor(Term Na, Ar),

witeq(Na), wite(' ('),
inst_witeq(l, Ar, Term Vars, Nanmes),
wite(')').

nst_witeq_listterm X, Vars, Nanes) :- \+list(X), !,
wite('|"),
inst_witeq(X, Vars, Nanes),

wite(']").
inst_witeq_ listterm[], Vars, Nanmes) :- I,
wite(']").
inst_witeq_ listterm[Head| Tail], Vars, Nanes) :- cons(Tail), !,

inst_writeq(Head, Vars, Nanes),

wite(',"),

inst_witeq listterm(Tail, Vars, Nanmes).
nst_witeq_listtern([Head| Tail], Vars, Nanmes) :- \+cons(Tail), !,

inst_writeq(Head, Vars, Nanes),

inst_witeq listterm(Tail, Vars, Nanmes).

nst_witeq_oplist([], _, _, _).
nst_witeq_oplist([Head| Tail], Op, Vars, Nanes) :- cons(Tail), !,
inst_writeq(Head, Vars, Nanes),
wite(Op),
inst_witeq oplist(Tail, Op, Vars, Names).
nst_witeq_oplist([Head| Tail], Op, Vars, Nanes) :- nil(Tail), !,
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inst_writeq(Head, Vars, Nanes).

list_op(Term Op) --> {nonvar(Term},
{binary_op(Term A Op, B}, !,
list_op(A ),
list_op(B, ).

list_op(Term _) -->[Term.

paren_op(’,")
paren_op(’' ;")
paren_op((:-)).

bi nary_op((A B), A ", B).
binary_op((A; B), A ", B).
bi nary_op((A"B), A "7, B).
bi nary_op((A=B), A =", B).
bi nary_op((A=B), A ’'\=, B).
binary op((A:-B), A (:-), B).
bi nary_op((A->B), A (->), B).
bi nary_op((A=..B), A '=.', B).
bi nary_op((A@&B), A @&, B).
bi nary_op((A@<B), A ’'@<', B).
bi nary_op((A@B), A '@, B).
bi nary_op((A@=B), A '@=', B).
bi nary_op((A<B), A, "<, B).
bi nary_op((A=<B), A, '=<', B).
bi nary_op((A>B), A ">, B).
bi nary_op((A>=B), A, '>=', B).
bi nary_op((A=:=B), A ’'=:=", B).
bi nary_op((A=\=B), A ’'=\=", B).
bi nary_op((A==B), A ’'\==", B).
bi nary_op((A==B), A '==", B).
bi nary_op((A+B), A, "+, B).
bi nary_op((A-B), A -, B).
bi nary op((A/B), A "1, B).
bi nary_op((A*B), A "*', B).
binary op((A//B), A '//', B).
binary op((A/\B), A '/\', B).
binary op((A/B), A '\/', B).

bi nary_op((A nod B), A ' nod ', B).

bi nary_op((Ais B), A ' is’', B).
inst_witeq(l, A, _, _, ) - I>Ar, I.
inst_witeq(l, Ar, Term Vars, Nanes) :- |=:=Ar,

arg(l, Term X),
inst_witeq(X, Vars, Nanes).

inst_witeq(l, Ar, Term Vars, Nanes) :- |<Ar,

arg(l, Term X),

inst_witeq(X, Vars, Nanes),
wite(',"),

1 is |+1,

inst_witeq(ll, Ar, Term Vars, Names).

inst_vars_ list(_, []) :- !.
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inst_vars_list(l, [V|]Vars]) :- !,
var_nane(l, V),
1 is |+1,
inst_vars list(l1, Vars).

inst_vars_names_list(_, [], []) :- !'.
inst_vars_names_list(l, [V|Vars], [WNanes]) :- !,
var_nanme(l, W,
1 is |+1,
inst_vars_names_list(l11, Vars, Nanmes).

% Get a uni que variable name from an integer:
var_nanme(lnt, Atom :- O=<Int, Int<26, !,
Ascii is Int+"A",
nane( Atom [Ascii]).
var_nanme(lnt, Atom :- Int>=26, !,
Letter is (Int nod 26) + "A",
Number is (Int // 26),
nane( Nunber, List),
nane( Atom [Letter|List]).

% Copy a term keeping the structure but using fresh vari abl es:

% Ti m ng notes:

% 1. Copyl is by far the fastest; for a noderately sized structure

% takes "67nms, whereas copy2 takes 2000 ms. (Quintus V1.6 conp. on Sun-3/50).
% 2. Copy2 and copy3 are alnost identical in speed. Copy2 wins if there

% are many shared vari abl es, otherw se copy3 wi ns.

% 3. Timng conparisons:

% (Time in ms on rigel, a slow Sun 3/50, with Quintus 2.0 and C- Prolog 1.5)

% Routine Si npl e Conpl ex

% Qui ntus G Prol og Quintus C- Prol og

% copyB 4.2 20. 58 200
% copyl 8.5 3.3 65 180
% copy?2 5.1 74. 985 15000
% copy3 4.2 59. 750 11200
%

% Sinple structure: a(A A a,a(A))

% Conpl ex structure: |, where:

% A=a( X, Y),B=b(A A), C=c(B, B),D=d(C, O, E=e(D, D),
% F=f(E,E), G=g(F, F),H=h(G G, =i (H H

% Thi s causes large virtual mem usage, because it is used

% i nsi de of code which asserts/retracts conpile_option/1: (?)

% copy(T1, T2) :- compile_option(systenm(quintus)), !, copy_termT1, T2).
copy(T1, T2) :- copyB(T1, T2).

% | npl ement ati on B: using bagof.
copyB(Terntl, TernR) :-
bagof (Terml, true, [Tern?]).

% | npl ementation 1: using assert/abolish.
copyl(Ternl, TernR) :-
assert (gl obal _copy(Ternt)),
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gl obal _copy(X),
abol i sh(gl obal _copy, 1), !,
X=Ter n2.

% | npl ementation 2: using a synbol table.
copy2(Ternl, TernR) :-
varset (Ternml, Set), make_sym(Set, Sym,
copy2(Ternl, TernR, Sym), !.

% | npl ementation 3: using varbag synbol table.
copy3(Ternl, TernR) :-
var bag(Ternl, Bag), make_sym(Bag, Sym,
copy2(Ternl, TernR, Sym), !.

copy2(V1l, V2, Sym :- var(Vl), !, retrieve_symVl, Sym V2).
copy2( X1, X2, Sym :- nonvar(X1), !,

funct or (X1, Nanme, Arity),

funct or (X2, Name, Arity),

copy2( X1, X2, Sym 1, Arity).

copy2(_X1, X2, _Sym N, Arity) :- NArity, !.
copy2( X1, X2, Sym N, Arity) :- N=<Arity, !,
arg(N, X1, Argl),
arg(N, X2, Arg2),
copy2(Argl, Arg2, Sym,
N1 is N+1,
copy2( X1, X2, Sym N1, Arity).

retrieve_symV, [p(WX)|_Sym, X) :- V==wW I.
retrieve_symV, [_|Synl, X) :- retrieve_symV, Sym X).

meke_sym([], []).
make_syn([ V| L], [p(V,_)|9])

make_sym(L, S).

% Ter m mappi ng operations:
% I1f the size of the Args lists beconmes |arge then they should be stored
% in trees or in hash tables.

map_vars(L1l, L2, T1, T2) :-
filter_vars(Ll1, L2, Vi, V2),
map_terns(V1i, V2, T1, T2).

% Perform the mappi ng AArgs->XArgs on the term AT to get XT.
%1.e. replace all occurrences in AT of ternms in AArgs by
% the corresponding ternms of XArgs to get XT.

map_terns( AArgs, XArgs, AT, XT) :- menberv2(AT, AArgs, XT, XArgs), !.
map_terns( AArgs, XArgs, AT, XT) :- var(AT), !, XT=AT.
map_terns(AArgs, XArgs, AT, XT) :- nonvar(AT), !,

functor (AT, Name, Arity),
functor (XT, Nane, Arity),
map_terms_seq(l, Arity, AArgs, XArgs, AT, XT).
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% For sequenci ng down a structure:
map_terns_seq(l, Arity, _, _, _, ) - I>Arity, !.
map_terns_seq(l, Arity, AArgs, XArgs, AT, XT) :- I=<Arity, !,
arg(l, AT, ArgA),
arg(l, XT, Argx,
map_terns(AArgs, XArgs, ArgA ArgX),
1 is |+1,
map_terns_seq(ll, Arity, AArgs, XArgs, AT, XT).

% Sane as above and collect the list of AArgs menbers that were found in AT:
map_terns( AArgs, XArgs, AT, XT) --> {menberv2(AT, AArgs, XT, XArgs)}, !, [AT].
map_terns( AArgs, XArgs, AT, XT) --> {var(AT)}, !, {XT=AT}.
map_terns( AArgs, XArgs, AT, XT) --> {nonvar(AT)}, !,

{functor (AT, Name, Arity)},

{functor (XT, Name, Arity)},

map_terns_seq(l, Arity, AArgs, XArgs, AT, XT).

map_terns_seq(l, Arity, _, _, _, ) -->{I>Arity}, !.
map_terns_seq(l, Arity, AArgs, XArgs, AT, XT) --> {I=<Arity}, !,
{arg(l, AT, ArgA},
{arg(l, XT, ArgX},
map_terns(AArgs, XArgs, ArgA ArgX),
{11 is |+1},
map_terns_seq(ll, Arity, AArgs, XArgs, AT, XT).

% Map a list of instructions and get a difference |ist back:
% Al so add tag pragnmas before the instructions.
% This is used in clause_code to inplenent dereference chain | ength reduction.

map_instr_list([], _, ) -->1].
map_instr_list([I|AT], AArgs, XArgs) -->
{map_terns(AArgs, XArgs, |, J, MapBag, [])}.

pragma_tag_list(MapBag),

[J],
map_instr_Iist(AT, AArgs, XArgs).

pragma_tag_list([]) -->[].
pragma_tag_list([ X Bag]) --> pragma_tag(X, var), pragme_tag_|ist(Bag).

% Li st operations:
append(A, B, O :- difflist(A C, B).

append([], B, C, D) :- append(B, C, D).
append([ X|A], B, C, [XID) :- append(A B, C D).

append([], B, C, D, E) :- append(B, C, D E).
append([ X|A], B, C, D, [XE]) :- append(A B, C, D E).

append([], B, C, D, E, F) :- append(B, C, D, E, F).
append([ X|A], B, C, D, E, [XF]) :- append(A B, C D E F).

c_append(true, C, Q).
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c_append((X, Cl), C2, (X C3)) :- c_append(Cl, C2, C3).

d_append(fail, D, D).
d_append((X;D1), D2, (X;D3)) :- d_append(D1, D2, D3).

% Converting lists to difference lists:
% (Al so usable for DCG s.)

difflist([]) -->1].

difflist([XL]) -->[X, difflist(L).

% Converting conjunctions to difference lists:
conjlist((A Q) -->1, conjlist(A), conjlist(Q).
conjlist(A) -->T1A].

% Insert a list:
insert(L) -->difflist(L).
insertlist(L) --> difflist(L).

% Ilnsert a difference |ist:
i nsert(Head, Tail, Head, Tail).

% Inline additi on & subtraction:
add(A, B, © :- Cis B+A
sub(A, B, C :- Cis B-A

% Del ete an elenment froma list:

delete([], _, [1]).

delete([ X L], X, D :- !, delete(L, X D).
delete([YIL], X [VY|D) :- delete(L, X, D).

reverse(A, B) :- reverse(A [], B).

reverse([ X|A], L, B) :- reverse(A [X L], B).
reverse([], B, B).

last([X], X).
last([_|L], X) :- last(L, X).

X _1)-
_|L]) :- member(X, L).
menberv(X, [Y|L]) :-
( ==Y
-> true
menberv(X, L)
).

menberv2(A, [B|_], X [X _]) :- A==B, !.
menberv2(A, [_|L], X [_|Y]) :- menmberv2(A L, X Y).

% List of integers fromL to H (low to high):
range_list(l, J, [1) :- 1>3, !,
range_list(l, J, [J]1) - 1=3, !.
range_list(l, J, [I|L]) :- I<3, ', 11 is I+1, range list(l11, J, L).
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% List of integers fromHto L (high to |ow:

downrange_list(l, J, [1) :- 1<3, !,

downrange_list(l, J, [J1) - 1=3, !.

downrange list(l, J, [I|L]) :- 1>J, !, 11 is I-1, dowrange_list(l1, J, L).

% Pseudo-random pernutation of a list in Q' n log n) tine:
random pernute(List, Perm :-

ran_keys(List, 23141, RanKeys),

keysort ( RanKeys, KeylList),

key to_list(KeyList, Perm.

ran_keys([], _, [1)-

ran_keys([I|List], K [K-I|Ran]) :-
random st ep(K, Kp),
ran_keys(List, Kp, Ran).

random step(K, Kp) :- Kp is (K*1237+2116) nod 44449.
% These nunbers are too big for G Prol og:
% random step(K, Kp) :- Kp is (K*123456+66390) nmod 314159.

key_to_list([], [])-
key to_ list([_-X KeyList], [X List]) :- key_to_list(KeyList, List).

% Conj uncti on and di sjunction operations:

menber _conj ( X
menber _conj ( X
menber _conj (X, X).

(C )
(_,9)

:- menber_conj (X, ©, !.
:- menber_conj (X, ©, !.

menberv_conj (X, (C,_)) :- nenberv_conj(X, O, !.
menberv_conj (X, (_,C) :- nenberv_conj(X, O, !.

menberv_conj (X, Y) \+Y=(_, ), X==Y, !I.
reverse_conj (A, B) :- reverse_conj (A true, B).
reverse_conj ((X, A, L, B) :- reverse_conj(A (XL), B).

reverse_conj(true, B, B).

append_conj (true, L, L).
append_conj ((X,L1), L2, (X L3)) :- append_conj (L1, L2, L3).

append_conj (true, B, C, D) :- append_conj(B, C, D).
append_conj ((X,A), B, C (X,D)) :- append_conj(A B, C D).

append_conj (true, B, C, D, E) :- append_conj(B, C D, FE).
append_conj ((X,A), B, C, D, (X E)) :- append_conj(A B, C D FE).

last_conj((L,C, L) :- all_true(Q, !.
last_conj((_,0, L) :- last_conj(C, L).

% | ntersecting two conjunctions:
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intersectv_conj (A B, C :- intersectv_conj(A B, C, true).

i ntersectv_conj ((CL,C2), Conj) -->1,
i ntersectv_conj (C1, Conj),
i ntersectv_conj (C2, Conj).
i ntersectv_conj (A, Conj) --> {\+A=(_, )
i ntersectv_conj (A, Conj) --> {\+A=(_, )

, menmberv_conj (A, Conj)}, !, co(A).
bl

% Conbi ni ng two conjunctions wi thout redundancy:

% Don’t ever use this to update a nmode fornula unless there are

% no predicates like var(X) which may beconme fal se. Such an update nust
% recogni ze these predicates.

uni onv_conj (Conj 1, _, fail) :- nenberv_conj(fail, Conjl), !.
uni onv_conj (_, Conj2, fail) :- nenberv_conj(fail, Conj2), !.
uni onv_conj (Conj 1, Conj2, Conb) :- unionv_conj(Conjl, Conj2, Comb, Conj?2).

uni onv_conj ((A B), Conj) --> 1!, unionv_conj (A, Conj), unionv_conj(B, Conj).

uni onv_conj (true, Conj) --> 1.

uni onv_conj (Goal, Conj) --> {succeeds(Coal)}, !.

uni onv_conj (Goal, Conj) --> {\+succeeds(CGoal), \+Goal=(_,_ ), \+Coal =true}, !,
conj _i f_nomenber (Goal, Conj).

conj _i f _nonenber (Goal, Conj) --> {nenberv_conj(Goal, Conj)}, !, [].
conj _i f_nomenber (Goal, Conj) --> {\+menberv_conj(Goal, Conj)}, !, co(Goal).

% Flatten a conjunction and terminate it with 'true’:
flat_conj(Conj, FConj) :- flat_conj(Conj, FConj, true).

flat_conj(true) -->1.
flat_conj((A B)) -->1, flat_conj(A), flat_conj(B).
flat_conj(A) --> co(A).

% Squeeze a conjunction as small as possible:

squeeze_conj ((A,B),S) :- \+all _true(B),!,squeeze_conj (B, X), flat_conj (A S,
squeeze_conj ((A,B),S) :- \+all _true(A),!,squeeze_conj(A X), flat_conj (B, S
squeeze_conj (A, true) :- all _true(A), !.

squeeze_conj (A, A).

X) .
X) .

all _true(true).
all _true((AB)) :- all_true(A), all_true(B).

% Repl ace the begi nning of Conj with RepConj:

repl ace_start_conj(true, Conj, Conj).

repl ace_start_conj ((G RepConj), (_,Conj), (G NewConj)) :-
repl ace_start_conj (RepConj, Conj, NewConj).

% Split a disjunction into first choice and other choices:
split_disj((First;Rest), First, Rest) :- I.
split_disj( First, First, fail).

% Sonme new type-checki ng predicates:



% Succeed if argunent is ground:

% Coul d use map(ground, L).
:- nonvar (A), functor(A _, N,

ground( A)

ground(0, ) :- I.
ground(N, A) :- N0, !,
arg(N, A X,

ground( X),
Nl is N1,

ground( N1, A).

nil(X) :- atomX), X=[].

cons(X) :- nonvar(X), X=[_]|
list(X) :- (nil(X); cons(X)).

\ +at om c(X),

structure(X) :- nonvar(X),

compound(X) :- nonvar(X),

simple(X) :- var(X), !.
simple(X) :- atomic(X), !.

negati ve( X)
nonnegat i ve( X)
posi tive(X)
nonposi tive(X)

full _list([]).
full _list([_|L])

make list(A [A])

_l.

\ +at om c(X) .

- integer(X), X<O.
- integer(X), X>=0.
- integer(X), X>0.
i- integer(X), X=<0.

- full _list(L).

S \+Hist(A), !.

make |ist (A, A - list(A), !.

conj _p(X)
disj _p(X)
strong_di sj _p(X)

conj_p((A B), A B).
disj_p((A B), A B).

co(G (GR, R.
di(G (GR, R.

unify p(_=).

call _p(Q :- \+unify p(GQ.
% Split a unification goal
split_unify(X=Y, X, Y).
split_unify(Y=X, X, Y).

split_unify(X, Y, X Y).
split_unify(X, Y, Y, X.

:- nonvar (X), (X=(_,_); X=true),
:- nonvar (X), (X=(_;_); X=fail),

- nonvar (X), X=(_;_ ).

into its parts:

ground(N, A).

\V+X=[_| _].

481
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split_unify v(X=Y, X Y) :- var(X).
split_unify v(X=Y, Y, X) :- var(Y).

split_unify v(X, Y, X Y) :- var(X).
split_unify v(X, Y, Y, X) :- var(Y).

split_unify v_nv(X=Y, X, Y) :- var(X), nonvar(Y).
split_unify v_nv(X=Y, Y, X) :- var(Y), nonvar(X).

split_unify v_nv(X, Y, X Y) :- var(X), nonvar
split_unify v_nv(X, Y, Y, X) :- var(Y), nonvar(

Y).
X) .

% Nuneric utilities:

range(L, L, H).
range(L,l,H) :- L<H, L1 is L+1, range(L1,1,H).

downr ange(L, H, H).
downrange(L,I,H) :- L<H, Hl is H 1, downrange(L,I,Hl).

% This version needs QNlog N) time and (1l og N) stack space for C- Prol og
% A d range needs Q(N*N) tine and Q(N) |local stack space on C- Prol og.
crange(L, L, L).
crange(L,I,H :-

L<H,

Mis (L+H)//2,

crange(L,I, M.
crange(L,I,H :-

L<H,

Mis (L+H)//2+1,

crange(M I, H).

gen_integer(l) :- range(1, |, 10000).

% The followi ng definitions of maxi rum and m ni mum can be used as a test of
% the compiler. |If the actual call uses integers then the predicates should
% be compiled with integer conparisons instead of general term conparisons.
% Maxi mum of two terns:

max(A, B, A :- A@=B, !.

max(A, B, B) :- B@A.

maxi mum(A, B, C :- max(A B, Q.

% M ni mum of two terns:

mn(A B, A - A@<B, !.

mn(A B, B) :- B@A

mnimum A B, C :- mn(A B O.

mn_integer(A B, A :- A<B, !.
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mn_integer(A B, B) :- A>=B, !.

% Maxi mum of a |ist of nunbers:
maxlist([M]|L], M :- maxlist(L, M, M, !.

maxlist([], M M.
maxlist([M]|L], M, M - max(M, M, M), maxlist(L, M3, M.

% M nimumof a |list of nunbers:
mnlist([M]|L], M :- mnlist(L, M, M, !.

mnlist([], M M.
mnlist([M|L], M, M :- min(M, M, M), mnlist(L, M3, M.

% List length utilities:

shorter_than([], N) :- N>O.

shorter _than([_|L], N :- N>O, Nl is N1, shorter_than(L, N1).
longer _than([_|_], N :- N=<O.

longer _than([_|L], N :- N>0, Nl is N1, longer_than(L, N1).
% Nunmber of non-fail choices in a disjunction:
length_disj(Disj, N) :- length_disj(Dsj, 0, N.
length_disj(fail) -->1.

length _disj((AB)) -->1, length_disj(A), length_disj(B).
length disj(Q --> {\+disj_p(GQ}, !, add(1l).

% Nunmber of non-true and non-cut goals in a conjunction:

l ength_conj (Conj, N) :- length_conj(Conj, 0, N).

[ ength_conj (true) -->1.

l ength_conj ((A B)) -->1, length_conj(A), |ength_conj(B).

l ength_conj(Cut) --> {cut_p(Cut)}, !.

[ ength_conj(Q --> {\+conj_p(GQ}, !, add(l).

% Nunmber of user-defined goals & tests in a conjunction:
% Count all tests up to the first non-test, then count all the rest,
% excluding the cuts. Cuts are nuch |less inportant for code size.
| ength_test _user(Conj, T, U :-
| ength_test(Conj, Rest, 0, T),
| engt h_conj (Rest, U).

length_test( true, true) -->1.

length _test((T,B), Body) --> {test(T)}, !, add(1l), length_test(B, Body).
| engt h_test( T, true) --> {test(T)}, !, add(1l).

| engt h_test( Body, Body) -->[].

% Logical utilities:
or( true, true, true).

or( true, false, true).
or(false, true, true).
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or(false, false, false).
or(A, B, C D :- or(A B, X), or(X, C D).

and( true, true, true).
and( true, false, false).
and(fal se, true, false).
and(fal se, false, false).

and(A, B, C D) :- and(A B, X), and(X, C, D).

% Timng utilities for Quintus and C- Prol og:

% 1. Sinple utilities:
t(A) :- Ais cputine.

t(A,B) :- Bis cputinme-A

ct(A) :- Ais cputine.

ct(A,B) :- Bis cputime-A

gt :- statistics(runtine, ).

gt (Time) :- statistics(runtinme,[_, Tinme]).
gt(_, Tine) :- statistics(runtine,[_, Tine]).

% 2. Mbre sophisticated nethod that

% conpensates for the tine taken by an enpty | oop.
% Met hod of use:

% | ?- tinme(1000), Query, fail.

% Tinme = 221.65 ns

% *** Quintus timng:
gtime(N) :- qtime(N, ).

gtime(N, Tinme) :-

gtime_enpty(N, Enpty),
gtime_l oop(N, Enpty, Tine).

me_empty(N, ) :-

statistics(runtinme, ), range(l, ,N, fail.
me_enpty(_, Enpty) :-

statistics(runtinme, [_, Enpty]).

qt

qt

me_l oop(N, _, _) :-
statistics(runtinme, _), range(l, ,N).
me_| oop(N, Enpty, Tine) :-
statistics(runtinme, [_,Delta]),

Time is (Delta-Enpty)/N,

qt

qt

read(_),
w('Time per query = '), WTinme),w' ns'),
(Ti me<10. 0

->wW' (0.0 - 0.05 ns too high)')
true
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), nl.

% *** C-Prolog timng:
ctime(N) :-
Tl is cputine,
ctime_enpty(N),
T2 is cputine,
ctime_l oop(N, T1, T2).

ctime_enpty(N) :- crange(l, ,N, fail.
ctime_enpty(_).

ctime_loop(N, _, _) :- crange(l, ,N.
ctime_l oop(N, T1, T2) :-

T3 is cputine,

Delta is T3-T2,

Empty is T2-T1,

Time is (Delta-Enpty)*1000/ N,

w(' Tine per query = "), WTime),w’ nms’),

(Ti me<100. 0

->wW' (0.0 - 0.5 ms too high)")
true

), nl.

% Witing conpil ed code in human-readabl e or Prol og-readable form

wite code([]) :- !.
wite code(L) :- \+conpile option(wite), !.
wite_code(L) :-
conpile_option(wite),
\ +conpil e_option(flat), !,
wite_code(L, 4).
wite_code(L) :-
conpile_option(wite),
conpile_option(flat), !,
write_output(L).

wite code([], _).
wite code([I|L], N) :- wite_code(l, L, N).

% Wite in human-readable form

wite _code(switch(unify, Type, V,Wr,Ror,Fail), L, N :- !,
NL is N+4,
tab(N), w(’switch(’), w(V),wn(") {"),
tab(N), tag(var, Tvar), w(Tvar), wn(':"),
wite _code(Wr, N1),
tab(N), w(Type),wn(’:"),
wite code(Rbr, N1),
tab(N), w('else: "), wn(Fail),
tab(N), wn("}"),
wite_code(L, N).

wite_code(label (Lbl), L, N) :-
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Nl is N4,
tab(N1), wg(Lbl), wn(’:"),
wite_code(L, N).
write_code(procedure(Nane), L, N) :-
Nl is N4,
tab(N1), nl, wgn(procedure(Nane)), nl,
wite_code(L, N).
wite code(lnstr, L, N) :-
\ +(I nstr=l abel (Lbl)),
\+(Instr=procedure(_)),
\+(Instr=switch(unify, Type, V, Wr, Rbr, Fail)),
tab(N), wgn(lnstr),
wite_code(L, N).

% Wite in Prolog-readable form

wite output([]).

wite output([1]| Code]) :-
nl _if_procedure(l),
tab_if_nonlbl (1), wq(l), wn('."),
write_out put (Code).

tab_if_nonlbl (label (1)) :- !.
tab_if_nonl bl (procedure(_)) :- !.
tab_if_nonlbl (1) :-

\ +l =l abel (_),

\ +l =procedure(_), !,

put (9).

nl _if_procedure(procedure(_)) :- !, nl.
nl _if_procedure(_ ).

% Wite the source code if "source’ option is active:
wite source(S, M :- \+conpile_option(source), !.
wite source(S, M :- conpile_option(source),

i nst_vars(M Modes),

xwrite_nodes(Mdes),

i nst_vars(S, Source),

Xwrite_source(Source).

xwrite_nmodes([]) :- !.
xwrite_nmodes(Mdes) :- cons(Mdes), !,
nl,
wite(’ % Mddes:’), nl,
xwrite_clauses(Mdes), nl,
wite(’ % Source:’).
xwrite_nmodes(Mde) :- \+cons(Mde), !,
xwrite_nodes([ Mobde]).

xwrite_source([]) :- !.
Xwrite_source(Source) :- cons(Source),
nl,
xwrite_clauses(Source).

xwrite_clauses([]).
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xwrite clauses([C|ds]) :-
wite(' % ,wite(d),wite(’.’), nl,
xwrite_clauses(ds).

% Witing utilities:

wW( X) -owrite(X) .
wg(X) - witeq(X).
wn(X) - wite(X), nl.
wgn(X) :- witeq(X), nl.

% Printing nessages (there are four |levels of information):

% comment: for information only

% aesthetic: remark on internal conpiler structure

% war ni ng: possi bl e problem but conpiled correctly.

% error: possible problem not necessarily conpiled correctly.

conment (L) :- conpile_option(coment), !,
make_nmsg(L, Msg), cm msg_list(Msg, cm.
conment (L) :- \+conpile_option(coment), !.
aesthetic(L) :- make_msg(L, Msg), ae, nsg_list(Mg, ae).
war ni ng(L) :- make_nsg(L, Msg), w mnsg list(Msg, Ww.
error (L) :- make_nsg(L, Msg), e, meg list(Msg, e).
% Print messages, using variables nunbered according to the head :
conment ( Head, L) :- conpile_option(coment), !,
make nsg(Head, L, Msg), cm nsg_list(Mg, cm.
conment ( Head, L) :- \+conpil e_option(coment), !.
aesthetic(Head, L) :- nake_nsg(Head, L, Msg), ae, msg_list(Mg, ae).
war ni ng( Head, L) :- nmake_nsg(Head, L, Msg), w, msg_list(Msg, w).
error (Head, L) :- nmake_nsg(Head, L, Msg), e, msg_list(Msg, e).
make nsg(Head, L, Msg) :- inst_vars(s(Head,L), s(_,Q), make_ list(C, Msg).
make nsg(L, Msg) :- inst_vars(L, C, make list(C, MsQ).
msg_list([], ) :- ', nl.
msg_list([X Msg], K :- meg _one(X, K), nsg_list(Mg, K).
msg_one(tab, ) :- !, put(9).
msg_one(nl, cn) :- !, nl, cmns.
msg_one(nl, ae) :- !, nl, aes.
msg_one(nl, w :- !, nl, ws.
msg_one(nl, e) :- !, nl, es.
nmsg_one( X, ) -t wWX) .
cm - W' %*** ).
cme - W% **F* ).
ae - W'%*** Aesthetic: ).
aes - W' % *** ).
w o - W' %*** Warning: ).
ws - W(' Ofp *** ' )
e - W% *** Error: 7).

es - W' % *r** ).
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f D-own(’ FERT ),

% Debug nmessages:
wd(Msg) --> {wd(Msg)}.

wd(Msg) :- conpile_option(debug), !, w Mg).
wd(Msg) :- \+conpile_option(debug).

write_debug(Msg) --> {wite_debug(Msg)}.
write_debug(Msg) :- wd(Msg), nl_debug.

nl _debug : -
(compi | e_opti on(debug)
-> nl
; true
).
wite list([]).
wite list([XL]) :- w(X), nl, wite_ list(L).

% Check of correctness:
not _used(Here) :- w(Here), wn(’- not used!’).
not _used(Here) --> {not_used(Here)}.

% Statistics option:

init_stats :-

abol i sh(compi |l e_cputi e, 3),

get _cputine(U, !,

assert (conpile_cputine(start, none, U)).
init_stats.

done_stats : -
get _cputine(Ss), !,
retract(conpile_cputinme(d dPl ace, A dN, d dU)),
nl,w’' % Cputinme between '), wd dPl ace),wite_nun(d dN),
w(' and finishis '),
Time is S-AdUy,
wn( Ti ne),
ttyfl ush_quintus.
done_stats.

stats(A, B) --> {stats(A B)}.

stats(Place, N :-
get _cputine(S),
conpil e_option(stats(L)),
(menber (Pl ace, L); L=Place),
I
retract(conpile_cputinme(d dPl ace, A dN, d dU)),
wW(' % Cputine between '), wd dPl ace),wite_nun(d dN),



w(' and '),wPlace),wite_num(N),

W’ ois "),

Time is S-AdUy,

wn( Ti ne),

ttyfl ush_quintus,

get _cputine(UV),

assert (conpile_cputine(Place, N U)), !.
stats(_, ).

ttyflush_quintus :- the_system(quintus), !, ttyflush.
ttyfl ush_quintus.

write_nun{none) :- !.

wite num(N) - w('-"), W(N).

get _cputine(Time) :- the_systen{cprolog), !,
Time is cputine.
get _cputine(Time) :- the_systen{quintus), !,

statistics(runtinme,[T,_]), %First arg is absol ute,
Time is T/1000. 0.

get _cputine(Time) :- \+the_system( ),
wn(’'% 1 do not know how to get the cputinme in this system’),
Time is O.
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second is relative.
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