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move.l append, a0

@O move.l car(al0),al

cmp.1l #code, car (al) ;code property

beq Q1 ;found it!

move.l cdr (a0l0),a0

cmp.l #nil, a0 ;last property?

begq un_defined ;append is undefined

bra Qo ;try next property
Q1 move.l cdr(al), a0 ;get code

jsr (a0) ;start append code

A more sophisticated approach, which avoids searching on every function
call, is to associate a code sequence with every atom, and to reorganize the
atom’s structure so that this code is always at the top:

append / tag=atom

Other
properties...
instructions
fOl' aPPend FF\ ’_‘E&

function ...

Figure 9.12 Revised layout of code property of append

Notice that if every atom has a code property in the same place, then we
do not need to identify it explicitly; we can assert that the first entry in the
atom structure is always the code for the atom:

foo\ / tag=atom
FF’\ Other properties...
ot defined

n
reporting
procedure. ..

|“f” |“°II \\onl

Figure 9.13 Layout of an undefined function’s atom
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If a given atom has no function associated with it, then it still has an
address of valid code to execute — it is simply the address of a standard
error reporting procedure.

With this structure for atoms, we are guaranteed that there is always
something to execute, even if it is only an error procedure; and that, in
turn, means that we don’t need to check for valid code. Furthermore, by
fixing the location of the defining code, we can eliminate the search
through the atom’s property list and use instead a simple indirection:

move.l append,al
move.l car(a0),a0
jsr (a0)

The indirection is essential, because we cannot be certain that append is
not going to be redefined. Redefining a function is implemented by
overwriting the car field in the top-level record in the structure of its
name atom.

When a function returns, the arguments to the function will have been
removed from the stack and the value of the function is left on the stack
in their place. Thus, just as with Pascal functions, we can use the returned
value either as the argument to yet another function application or we can
use it in a primitive operation. For example, the expression:

(car (append X Y))

would be implemented with a sequence such as:

move.l X,-(a7)

move.l 9%, -(a7)

move.l append, a0

move.l car(a0),a0

jsr (a0) ; (append X Y)
move.l (a7)+,a0

move.l car(a0),.. ;(car (append

Evaluating a function body

Once we have entered a function body then we have to consider the
treatment of variables introduced by the function and the evaluation of
the body proper. A LISP function is defined using a template such as:

(defun function-name parameters body)

The list of atoms in parameters is the list of parameters to the function.
(LISP has a separate mechanism — the prog feature — which can be used to
introduce local variables.) The way that parameters are handled in LISP is
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quite different to a Pascal procedure’s local variables and parameters. The
body of the function template is the expression to evaluate on entry to the
function and the value of this expression is also the value of the function.

LISP is a dynamically scoped language; in contrast to Pascal and other
modern variants of LISP, such as SCHEME, which are lexically scoped
languages. What this means is that, when a function is entered, the
variables introduced by its template are ‘in scope’ — i.e. they can be
referenced — for the whole of the execution of its body. In a lexically or
statically scoped language, the variables can only be referenced by
expressions which are textually within the function template itself.

For example, in the function bar below, the reference to the variable X
would be illegal in a lexically scoped language since it is not declared (or
bound) within the declaration of bar (there is a definition of X in £oo
though):

(defun foo (X Y) (bar Y))
(defun bar (Z) (times Z X))

In a dynamically scoped language, an expression such as:
(foo 2 3)

is implemented by applying foo to arguments 2 and 3, this results in the
call to bar:

(bar 3)

and this results in the call to times:
(times 3 X)

Since bar has been invoked within the dynamic scope of foo, the value
of x which is available to bar is 2; so the expression that is to be evaluated
is:

(times 3 2)

It is perfectly possible to construct programs which give one answer if a
dynamic scoping assumption is made and another if lexical scoping is
assumed.

This difference is crucial both to the programmer and to the
implementation of variables in LISP. In particular, in a dynamically
scoped language, we have to be able to refer to the names of the
parameters of a function during the execution of the function body
including any functions which are called within it. A variable reference in
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a function body cannot be implemented as an offset within a block of data
allocated with a 1ink instruction since we cannot determine the offset (or
which link register) at the time that we compile a function.

The difference between lexically scoped variables and dynamically
scoped variables was not properly understood when LISP was invented in
1957. Unfortunately, as often happens, many LISP programmers have
exploited the features of dynamic scoping and are unwilling to change,
hence even modern versions of LISP (such as Common LISP) must at least
support it.

We can implement dynamic binding of variables to values using a
technique called shallow binding. For each variable, we associate with its
name (which is an atom) a property which contains the value of the
variable.

X \
Other
roperties...
‘} prop:
not defined
reporting
procedure... Value of X

“value”
“pname”

Figure 9.14 Structure of a variable atom

Since we are likely to refer to the value of an atom more frequently than
we call its program, we can optimise access slightly by rearranging the
atom structure so that the first two entries in the property list are always
predefined (which also means that we do not need explicit property
identifiers) and that the value is the first entry in the structure and the
function code is the second:

X
Other
properties...
Value of X not defined
reporting
procedure. ..
“Pname" “x”l

Figure 9.15 Revised structure of a variable atom
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To take into account the fact that the atom’s value is now at the top of its
structure, the sequence to enter a function must have an additional edr to
step over the atom’s value.

So, as we enter a function body, our first action is to assign the
parameters to their new values; however, because a parameter atom may
already have a value associated with it (from an outer execution scope), we
must save its old value; which we can do by saving it onto the system
stack when we assign the variable.

The prologue of a function steps through each argument, saving the old
value of the parameter variable, and assigning it to its new value. The
space used on the stack for the arguments of the function is used to keep
the old value of the parameters while the function is executing:

move.l X, al ;assign parameter X
move.l car(al), a0l

move.l 8(a7),car(al) ;get parameter
move.l a0,8(a7) ;save old value

Notice that we can use the absolute addressing mode, in the 680x0
instruction which accesses X, to refer to the address of X’s atom structure.
This is because the address of an atom is fixed once it has been entered into
atom dictionary. The complete prologue sequence for append becomes:

move.l Y,al ;assign parameter Y
move.l car(al),a0

move.l 4(a7),car(al) ;get parameter
move.l a0,4(a7) ;save o0ld value of Y
move.l X,al ;assign parameter X
move.l car(al), a0

move.l 8(a7),car(al) ;get parameter
move.l al0,8(a7) ;save old value of X

Accessing a parameter’s value within the body of a function becomes an
indirection through the atom address of the parameter:

move.l X,al
move.l car(al),.. ;value of X

Once we have set up the parameters to a function we execute the body
proper. As we noted above, this consists of an expression which might be
another function application, or it may be a prog sequence or a special
form such as a conditional expression.
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9.3.3 Program sequences

Program sequences specify a list of expressions to be evaluated in sequence.
At its most simple level, a prog expression has the structure:

(prog (vary .. varp)
expi
€XPm)
where var; .. vary are variables which are declared to be in scope
during the execution of the prog, and expi, .. ,expn are the

expressions to evaluate. Some of these expressions may be atoms, in
which case they are not evaluated but are interpreted as labels.

The entry to a prog sequence is similar to the prologue for a function:
we have to save the old values of the new variables — which we can do on
the system stack. When we exit the expression these variables are restored
using the values saved on the system stack.

Two special functions, go and return are used also within prog
expressions. The return function evaluates its argument and that value
becomes the value of the whole prog - thus causing it to exit also. The
go function is the LISP equivalent of goto, it is used to jump to another
point within the prog sequence: a label is indicated by an atom in the
prog sequence as opposed to a normal function application. Jumps out of
the current prog are not permitted in LISP, which considerably simplifies
its implementation.

Clearly, implementing a prog sequence is not all that different to
implementing a single expression. We evaluate the expressions in turn,
pushing arguments to functions etc, and calling the indicated functions.
However, since the values of the expressions are disregarded - by
dropping the results from the stack as soon as the invoked functions
return - it must be the case that they ‘operate” by performing side-effects,
such as assigning a value to a variable.

9.3.4 LISP conditional expressions

The cond expression is LISP’s fundamental form of conditional
expression. This has a similar role to the Pascal if-then-else
statement; although instead of selecting one of two sets of statements to
execute, the cond expression can select from a number of expressions.
The basic form of cond is:
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(cond (Pred; Valj)
(Predy Valy)

(Predn valn) )

Each pair of items (Pred; Valj) forms an arm of the conditional. The
value of the cond expression is the value of the first of the expressions
Val; whose corresponding test expression Pred; evaluates to true,
which in LISP is any non-nil value.

The implementation of a cond expression in 680x0 instructions is
similar to the implementation of a Pascal if-then-else. Each test
predicate Pred; is evaluated, and after it returns the returned value is
compared against nil. If it is equal to nil then the next test is tried,
otherwise the value expression is evaluated and the value of that is the
value of the cond as a whole:

@i push args to Pred;
jsr Pred; ;evaluate test
cmp.1 #nil, (a7)+ ;answer=nil?
beq Ri+1 ;next pair
push args to Val;
jsr Val; ;compute valj
;exit cond

@i+l ... ;next conditional

There are a number of primitive predicate functions, for example the eq
function which compares two S-expressions for equality (strictly, eq tests
for pointer equality rather than structural equality). Just as with ordinary
function application, when the test part of a conditional arm is a primitive
predicate the compiler may insert more specific instructions to evaluate
such tests. For example, in the conditional arm:

(cond ((eq X nil) ...

We can implement the test for X being equal to nil quite cheaply:

move.l X, a0
cmp.1 #nil, car (a0)
bne .

If none of the conditional arms of a cond expression succeeds then an
error must be reported. However, a common LISP idiom is to make the
predicate in the last conditional arm the atom T (i.e. true). This ensures
that the last arm will be taken in the event of the previous conditional
arms failing, and the fact that it is constant enables us to have a slightly
better code sequence for the cond expression as a whole.  In addition,



182 Symbolic programming languages

some LISP systems use a different version of cond which is more like the
Pascal if-then-else statement.
We can now see the complete set of instructions needed to implement

the simple LISP function for append below:
(defun append

(X Y)
(cond ((eq X nil) Y)
(T (cons
(append

which in 680x0 instructions becomes:

append:

move.
move.
move.
move.
move.
move.
move.
move.
move.
cmp.1l
bne

move.
move.
bra

HFHEHHREHERRR

Sy

el move.
move.
move.
move.
move.
move.
jsr
cmp.1l
beq
move.
move.
move.
move.
move.

Qe2 move.
move.
move.
move.
move.
move.
move.

jmp

HHEHRHE

HFEHRHEHERHRERERRR

Y,al
car(al),h a0

4 (a7),car(al)
a0,4(a7)

X,al

car (al),h a0

8 (a7),car(al)
a0,8(a7)

X, al

#nil, car(al)
Q1

Y,al

car (al),~-(a7)
Q2

X,al

car (al), al
car(al),-(a7)
cdr (al),-(a7)
Y,al

car (al),-(a7)
append
#nil, a6

garbage_collect

a6,a0

cdr (aé6) , a6
(a7)+,cdr (a0)
(a7)+,car (a0)
a0, -(a7)
(a7)+,dO
(a7)+, a0

Y,al
(a7)+,car(al)
X,al
(a7)+,car (al)
do, - (a7)

(a0)

(car X)
(edr X)))))

;assign parameter Y
;get parameter

;save old value of Y
;assign parameter X
;get parameter

;save old value of X
;X=nil?

;return Y as val

;go to epilogue

; (car X)
;value of X
;save (car X)
; (edr X)

;access Y
;call append
; (cons ..

;collect pair

;result is pair
;result off stack
;return address
;undo Y

;undo X

;push return value
;exit append
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Notice that we do not have to perform any indirections in order to
perform a recursive call to append; instead we can use a jsr instruction
to a fixed label. If the append function were to be deleted (just prior to its
redefinition for example) then the recursive call would disappear also.



CHAPTER TEN

Prolog

Prolog’s heritage is a combination of predicate logic and advanced
grammars. A ‘pure’ Prolog program can be identified with a logical view
as statements (axioms or clauses) which the programmer asserts to be true
of the world. This is quite different to a Pascal program which is
essentially a machine or mechanism which is constructed to behave in a
certain way: the fact that the materials that make up a Pascal program are
abstract entities in the memory of the computer does not detract from this
basic view.

Execution in Prolog also has a logical perspective: the execution of a
Prolog query is an attempt to prove that it follows from the true
statements in the program. This mirrors, to some extent, the
mathematical basis of LISP — a ‘pure’ LISP program consists of a set of
function definitions and a LISP execution consists of evaluating an
expression.

However important logic is, of equal importance to understanding
Prolog’s history is the language processing work carried out in the late 60’s
and early 70’s — in particular the automatic compiler construction systems
or compiler-compilers that were being designed then. Work on grammar
formalisms led to systems which could use a suitable definition of a
language to automatically parse examples of the language. It is also the
case that language processing is one of Prolog’s more natural application
domains.

In 1971 the two worlds of logic and automatic parsing came together and
invented (between them) Prolog: Robert Kowalski realized that predicate
logic could be the basis of a programming language rather than simply a
problem expression language and Alain Colmereaur extended and applied
the algorithms used for automatic parsing to the problem of performing
logical inferences. This pioneering work was then followed in 1975 by
David Warren who developed the world’s first Prolog compiler and made
it a practical programming language.

184
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10.1 Prolog data structures

Prolog is, like LISP, a language which has recursive data structures. In fact
there is much in common between the two languages in terms of the
mechanisms needed to support data; however Prolog’s terms are more
complex than LISP’s S-expressions.

A Prolog term can be an atom, which has similar characteristics to a LISP
atom, it can be a variable or it can be a compound term. Prolog atoms are
written as sequences of letters or graphic characters; the first letter of an
alphanumeric atom must be lower case:

fred uPjohn $&& 'a quoted atom'

The representation of a Prolog atom is much the same as for a LISP atom.
However there is no tradition, in Prolog systems, for an atom to have
associated properties in the way that a LISP atom can have. This means
that a Prolog atom is somewhat simpler to implement than a LISP atom.

The new’ data types in Prolog, compared to LISP, are the logical variable
and the compound term. A variable is written in a similar manner to an
alphanumeric atom except that the first character must be uppercase or
underscore:

Var X _variable 1

The compound terms are the Prolog equivalent of dotted pairs; except that
we can construct arbitrary tuples not just pairs:

tree(left (nil), label(X), tree(right,20,X))

Prolog also has a list notation, which is analogous to LISP’s list notation
with a little more punctuation:

[1,2, 3] which is equivalent to (1 2 3) in LISP

[X1Y] which is equivalent to (X . Y) in LISP.

Prolog lists are just special cases of compound terms whose name is ‘.".
We could assume that they were implemented in the same way as other
compound structures, but in practice many Prolog systems optimize lists
and use structures which are similar to LISP cons pairs to represent them.

The most interesting difference between Prolog and LISP data structures
relates to the logical variable. Uniquely amongst programming languages,
a Prolog variable is a true place holder: it stands for any - as yet unknown
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- term and can be substituted for by any Prolog term. In particular, a
Prolog variable need not be instantiated, ever. So, if we have a Prolog
term such as:

foo (X, a, bar(X))

then this is a perfectly valid structure and we do not need to know more
about X: it may remain unbound or uninstantiated. It is also possible to
make two variables the same. A Prolog goal (which is analogous to the
Pascal procedure call and the LISP function call) such as:

. X=Y, ..

effectively aliases the variables X and ¥, and so all occurrences of both
variables are identified with each other. A subsequent goal might bind
one of the variables, in which case they are both bound simultaneously.
Aliased variables are very common in Prolog programs, although the
number of times we make explicit use of aliasing is rare.

In order to be able to implement an arbitrary Prolog term as a structure
in memory we have to use a mechanism similar to the LISP dotted pair;
however in the case of Prolog, with its more complex terms, we no longer
have the luxury of having the same size of record for each type of data.

A Prolog term is built from components which differ in size: variables,
atoms and the different size compound terms. We can, however, use the
tagged pointer style of representation to represent Prolog terms. A Prolog
tagged pointer cell might be described using the Pascal declaration:

tags=(variable,atom, number, list, compound) ;

cell=record

marked:boolean; {for garbage collection}
case tag:tags of
atom: ... {atom structure}

number: (i:integer);
variable,

compound: (ptr:“cell);
end;

marked: ptr/i

tag

Figure 10.1 Structure of a Prolog cell
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A cell is sufficient to capture a scalar such as an integer or atom, but a
compound term is represented by aggregating arrays of cells together. So,
for example, the compound term:

is represented by a sequence of four contiguous cells which respectively
hold the function symbol (foo) and the three arguments. If they are scalar
arguments then they will be held directly in the cells composing the array;
if an argument is compound then the corresponding cell will effectively be
a pointer to the sub-term’s structure:

/ X is an uninstantiated

H
o
o
~
®Q

'£oo/3"' indicates “bar/1”
a compound term ‘
of 3 elements

Figure 10.2 Box diagram of foo (X, a, bar(X))

An unbound variable - i.e. one which is still uninstantiated - is
represented by the pointer in its cell pointing to itself.

The aggregations of cells which we use to represent terms are not
normal arrays in the usual sense because we allow pointers ‘into’ the
arrays, as in the case of the variable references above.

Although list pairs are logically another type of compound term, they
are sufficiently common that a special form for them is justified. This is
represented by a separate 1ist tag value. A cell of ‘type’ 1ist consists of
a pointer to two adjacent cells: the first forming to the head (or car) of the
list pair, and the second forming the tail (or edr) of the list pair.
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A ol a e T2 \[X]

Figure 10.3 Box diagram of Prolog term [a,b, a,b]

Since every variable could be bound to another variable, or to another
term, it is possible for ‘binding chains’ to develop. If, in our example term
above, we allow X to become bound to a variable ¥, we would implement
this by changing the self reference in the X cell to point to ¥:

Xisboundto Y

A~ v ~Ja \ Je ~]
/
/4R’
“foo/3" E N |V ﬂ

“bar/l"

Figure 10.4 Binding a variable to another variable

At some later point Y may become bound to gar (U) in which case both X
and Y become bound to gar (U). Since it is impractical to physically
replace each occurrence of X and ¥ by their new values, we implement this
shared binding by relying on the variable-variable bindings that we made
from X to ¥, and then the binding from Y to gar (U): we determine the
value of X indirectly via a chain of variable links. The new picture for the
term is:
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rA\V\A\|Cq

jff??ﬂ ~ar |A N |V :1
“bar/l”

Y is bound to gar (U) >

Figure 10.5 Binding a shared variable to a term

An immediate consequence of this scenario is that every time we access
any term we must check for, and dereference, any variable-variable links.
If we are looking for the value of the first argument of foo (say) which is
X, then we must dereference first of all from the first cell in the £foo
compound term to the master location for X, and then to the location for Y
and finally through Y onto the true value of X which is gar (U).

The process which does this dereferencing is crucially important to the
performance of a complete Prolog system even if most of the time not
much dereferencing is done. A standard algorithm for dereferencing,
based on the cell declaration above, could be expressed as the Pascal loop:

while (p”.tag=variable) and (p”.ptr<>p) do
P:=p”.ptr;

which, in assembler, could be implemented relatively straightforwardly:

move.l p,a0

e1 cmp.b {#variable,tag(a0)
bne Q2 ;p a variable?
cmp.l ptr(al0),a0
beq Q2 ;self reference?
move.l ptr(a0l0),al ;p:=p”.ptr
bra e1

e2 ... ;P left in a0

Although Prolog terms are more complex than LISP S-expressions, the
major difference between the languages lies in the way that data is accessed
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and manipulated in Prolog; in which, Prolog is quite different to most
other programming languages. We have already seen that a LISP S-
expression is accessed via the various selector functions: car, cdr, cadr
etc. In Prolog a different mechanism based on unification is used.

10.1.1 Unification in Prolog

Unification is a form of pattern matching where both patterns to be
matched may become instantiated. For example, in the clause head:

£foo (£(X,g(Y))) :=...

the term £ (X, g (Y)) is a template which must match the corresponding
term in a call to foo. The nature of this matching may be quite complex,
involving variables in both the head and the call being instantiated. A
typical call to £oo might be:

., foo (£(U,U)), ..

In order for these templates to match we need to bind the variable X to the
variable U - i.e. establish a variable link between them - and also to bind U
to the term g (Y) with the result that both X and U become bound to the
same term.

Unification can be used for accessing data as well as constructing it; it is
used to pass data into a procedure and to return results out of a procedure.
In this case, the variable X which is local to the clause, is bound to a
component of its incoming data and U which occurs in the call is bound to
the term g (Y). A further difference between Prolog unification and LISP
selector functions is that unification can fail: a match between terms might
not succeed as in:

bar(A,g(G)) and bar(2,h (X))

This unification fails because g (G) is not unifiable with h (X). Failure in
Prolog unification leads to the system backtracking and some earlier choice
of rule is abandoned (together with all the consequent execution) and
another rule is tried. We shall see that in order to be able to backtrack to
try another alternative rule, we need to build a data structure in which to
record sufficient information to allow the system to try the alternative.
These records are called choice points to indicate that they represent a
possible choice in the execution of the Prolog program.

All this means that the support needed to support Prolog’s data
structures is somewhat more complex than Pascal’s or LISP’s data
structures.
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Compiling unification
Normally, a Prolog compiler arranges its data management by ‘compiling’
the terms in the head of a clause into a sequence of instructions whose
function it is to unify the appropriate terms in the call.

For example, in the Prolog clause:

append([E|X], Y, [E|Z2]) :- append(X, Y, 2).

the term [E|X] is compiled into instructions which check that the first
argument of a call to append is a non-empty list. If it is, then the local
variables E and X are bound to the head and tail - i.e. the car and the cdr
— of the list pair.

The first step in this unification involves some instructions which
make sure that the first argument of the append call can be coerced into a
list pair:

move.l aryl, a0 ;access 1lst argument
Q1 cmp.b {#variable,tag(al) ;dereference it
bne @2
cmp.1l ptr(a0),a0
beq @3
move.l ptr(al),al
bra Q1
@2 cmp.b #list,tag(a0)
bne Sail ;not a dotted pair
...... ;we know its a pair
bra e4
e ... ;we know its a var
es4 ... ;continue with next

There are three possible situations that can arise here: the first argument
may (after following variable links) already be a list pair, or it may be an
unbound variable or it may a different kind of term altogether, in which
case the unification fails.

If the term is a list pair then the required action is to assign the local
variables E and X to the head and tail of the list; something which is easily
accomplished by a series of moves.

The most complex case is when the term to be unified is an unbound
variable; in this circumstance a new list pair must be created and bound to
the variable. The space for this new list pair is allocated out of a heap (just
as the LISP cons function found space for list pairs out of its heap).
However, Prolog’s heap is not organised in the same way as LISP’s heap
and a better term for it would be the constructed term stack. This stack is
not normally structured around a free-list but instead a pointer to the next
free location is maintained:
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Top of constructed
term stack e

The reason for using a stack like this is that when the system backtracks a
previous choice of clause which was made to solve a call is undone, and
all of the terms which have been constructed since then are no longer
needed and can be removed. This garbage can be removed by a simple
adjustment of the top of the constructed term stack. This is a much
simpler operation compared to a full mark and collect style garbage
collection needed to clear up discarded S-expressions in LISP. It is still the
case, however, that a garbage collector is needed to clear the constructed
term stack, and this needs to be more sophisticated than a LISP garbage
collector.

As with LISP’s free-list, we would normally dedicate an address register
(a6 say) to point to the next free location in the constructed term stack,
constructing a new list pair consists simply of incrementing the top of the
stack and assigning the old top as the address of the list pair:

move.l a6,ptr(al) ;bind wvariable
move.b #list,tag(a0l) ;list pair
add.1 #2*cell, a6 ;adjust c.t.s.

We also need to initialise the head and tail of the new list pair to unbound
variables and to bind the local variables E and X to them, just as we would
for an incoming list pair:

move.l ptr(a0l),a0

move.b #variable,tag(a0)

move.l a0l,ptr(a0) ;new unbound
move.l al,ptr(E) ;bind E
move.b #variable,tag(E)

lea cell (a0), a0 ;next cell
move.b #variable,tag(a0)

move.l al,ptr(al) ;new unbound
move.l al,ptr (X) ;bind X
move.b #variable,tag(X)

Since we have bound a variable from outside the clause in this step — by
assigning it to a list pair — we require a little further housekeeping. It may
be that the variable that we are assigning is older than - i.e. created before
— the most recent choice point. This is because the variable was in the call,
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and allowing for the possibility of variable-variable links, we cannot
predict where the variable that was bound originated.

In the case that the newly bound variable is older, we must also record
the fact that we have bound it. This allows the system to undo the binding
- by clearing the variable to unbound - should this or a later unification
fail. That in turn would allow a subsequent choice of clause, with its
attendant unification, to result in the variable having a different value.
This record of the variable being bound is maintained in a simple list of
addresses, called the trail.

The complexity of Prolog’s data management sometimes leads to a
slower performance than the equivalent LISP or Pascal program.
However, it is also the case that a Prolog program is somewhat more
succinct and high-level than a LISP or Pascal program; and this allows the
programmer to be more productive.

10.2 Controlling a Prolog execution

A Prolog execution is logically equivalent to a mathematical proof. One
immediate consequence of this is that we have the notion of success and
failure in terms of the success or failure to find a successful proof of a
hypothesis or query. The ‘proofs’ and ‘hypotheses’ that we speak of are
extremely simple — a Prolog system is not itself intelligent, it is merely a
programming language based on mathematical notions of truth and proof.

We can illustrate Prolog’s proof methods using the fallible greek
syllogism which we can express using the set of Prolog clauses:

fallible (H) : ~human (H) . R1
human (turing) . R2
human (socrates) . R3
greek (socrates) . R4

together with the standard ‘hypothesis’ or top-level query to prove that
there is a fallible greek:

:—-fallible (X) ,greek (X).

A Prolog program ‘solves’ this problem by solving, in turn, the sub-
queries:

fallible (X), ..

and, for the same X:
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..,greek (X)

In other words, after the goal £allible (X) has been called, and is
successfully completed, then the next goal greek (X) is called. If it also
succeeds, then the whole query terminates successfully.

In order to solve the first goal we attempt to reduce it into simpler sub-
goals by using one of the clauses in the Prolog program - in this case the
only clause that might work is the single fallible rule ®1. To use a
clause to reduce a goal we have to match (i.e. unify) the head clause with
the goal.

This step also involves introducing any new local variables which are
associated with the clause. In the case of unifying the head of ®1 with the
fallible goal we introduce the new variable H, and we bind it to the
variable X from the goal. As a result of using the rule, the original
problem is reduced to showing that there is a human greek:

: -[human (%) ]x;, greek (x)

The next step for the Prolog evaluator is to solve the newly introduced
human goal. There are two clauses which can potentially be used to
reduce it: ®2 and K3 (both of which happen to be atomic facts with no sub-
goals or pre-conditions associated with them).

In the face of a choice of clauses to apply, Prolog tries the first one but
records the fact that there are one or more alternatives which will be tried,
if necessary, later on. Apart from the recognizing the choice point,
reducing the human goal using R2 is essentially the same as before: we are
required to unify the goal:

.., human (X), ..

with the head of ®2:
human (turing) :-..

This time there are no local variables to introduce, though we do make a
binding: we bind X to the atom turing. Since there are no preconditions
in the ®2 clause, there are no new sub-goals introduced in this step. Using
an atomic fact is the main way that a goal is eliminated from an
evaluation as opposed to being simply replaced by other sub-goals. The
next goal to solve now is:

:-greek (turing) .



10.2 Controlling a Prolog execution 195

As before, we try to solve this goal by finding a clause in the program
which we can use to reduce it. The only clause for greek in the program
is R4; attempting to use it involves unifying

..,greek (turing), ..
with
greek (socrates) : -..

But this is impossible — because turing and socrates do not match -
and so the unification fails. At this point the Prolog system must go back
to a previous point where there was a choice and try again. Prolog always
goes back to the most recent choice point, as in when we selected the first
of two human clauses. So, the Prolog system backtracks, undoing the effect
of any steps subsequent to the choice point, and tries again.

Recall that, when we used K2 to reduce the human goal, we bound X to
turing. Since this binding was made after the choice point, i.e. after we
selected the first rule for human, the binding to X must be undone,
restoring it to unbound. Notice that, since we bound H in the head of the
fallible rule to X in the goal prior to making the choice, the binding
for H stands. If we had to backtrack again then this binding too would
disappear.

In effect, after backtracking, we are back to trying to solve the query:

: -[human (%) ]x;, greek (x)

but this time we cannot use the first clause for human. Instead we use the
second; which results in binding X to socrates and the next query is:

:-greek (socrates)

Since the second rule for human was also the last one we did not need to
record a choice point this time, and if this new query were to fail then the
whole top-level query would fail also. However, it does not fail because
this goal matches with ®4. After solving the greek sub-goal there are no
further goals to solve. The ‘answer’ socrates may then be displayed as
the proof that there is a fallible greek.

In practice, in a Prolog system, the real top-level query is one which is
not seen by the programmer and it never terminates. This query invokes
a special read-evaluate-print program whose function is to continually
read a query from the terminal, evaluate it and print out an answer if it is
true and print a message if not. After completing one query the loop
carries on for more queries.
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Although we have used the language of problems to be solved and
methods for solving them (rules and reducing goals etc.) Prolog is not a
problem solving system. Viewed as an problem solving strategy, Prolog’s
execution mechanism is rather inadequate. For example, it is quick to fall
into endless loops which a better problem solver would avoid. However,
viewed as a programming mechanism, and assuming that the
programmer is fully aware of Prolog’s procedures, it offers a powerful
built-in search mechanism that allows a rather high-level style of
programming. In particular, the pattern directed style of program
invocation is a powerful and high-level paradigm for supporting
programming.

Rules, in conjunction with a rule application mechanism, are
commonly used in expert systems for example, where they fit quite
naturally into the style of programming for cases. Each case that an expert
system has to deal with can be expressed using a set of rules whose
patterns express the situations that the rules can be applied to. Similarly,
language processing based on grammars is also a natural application
domain. The fragments of the grammar are rules which can be used to
parse fragments of the language being processed.

10.2.1 The Prolog evaluation stack

As with Pascal and LISP, a Prolog system uses an evaluation stack to record
the progress of an evaluation of a query. This stack is somewhat more
complex than a Pascal stack and it has different entries in it corresponding
to the various activities that we have seen above.

In order to record the entry of the evaluation into a sub-goal, we have a
‘call record’. This record, like the call frame for a Pascal procedure, records
the environment of the caller — the return address corresponds to the next
goal to solve, and it also points to the caller’s local variables. The call
record also has an entry for the calling or ‘parent’ call record; this is
necessary because, unlike Pascal, it is not always the case that the parent of
a procedure call is immediately above the call record.

parent

next sub-goal variables
to solve

‘parent’
sub-goal

Figure 10.6 Structure of a call record

Arguments to a Prolog goal are not normally passed via the evaluation
stack. Instead they are placed in a series of ‘argument registers’. These are
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usually fixed global locations within the memory, although some Prolog
compilers may use one or more 680x0 registers to hold Prolog arguments.
Using argument registers to pass parameters is analogous to using 680x0
machine registers to pass parameters to a Pascal procedure. However, the
principal role of an argument register is to hold the argument during
unification. Once the unification is completed then the contents of the
argument registers will have been ‘read” and either recorded in local
variables or matched against some structure in the head of the clause. In
either case the contents of the argument registers are no longer needed.
This is in contrast with Pascal arguments which can be accessed from any
point within the body of the procedure, or even from within procedures
declared locally to it.

As with the 680x0, a Prolog system usually has a fixed number of these
argument registers, setting an upper limit on the number of arguments a
goal may have. However, 32 seems to be a reasonable limit as there are
few Prolog goals with more than 32 arguments.

a1 g2 a3l Ag32

Figure 10.7 Argument registers

Each argument register is logically a cell with a tag and a value part; i.e. an
argument register can ‘hold’ any term. If the argument register is an
integer then the value part will be the integer, otherwise it will be a
pointer to some other structure. The only restriction normally imposed is
that an argument register cannot be an unbound variable: it must always
point to a location within the evaluation stack proper or on the
constructed term stack. An argument register containing an unbound
variable is represented by a variable-variable link to an unbound cell on
the evaluation stack or constructed term stack.

The local variables introduced by a clause when it is used to reduce a
goal are also kept on the evaluation stack. As with Pascal, these variables
are accessed via offsets from a base pointer, usually an address register;
however, unlike Pascal, we are not able to use the simple 1ink and unlk
mechanism to allocate and deallocate space for them.

Each variable ‘slot’ is, like an argument register, a single cell and can
hold any term. Some Prolog systems initialize variables as they are
allocated to be unbound, others do not. Initializing variables reduces the
performance (since the effort to initialize the variables might be
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redundant) but it makes implementing a garbage collector somewhat
simpler.

Variables
of clause———

(A1)

s

K K K[

Figure 10.8 Local variables introduced by a clause

The third type of entry in the evaluation stack is the choice point record.
This is used when there is a choice of clause in reducing a goal. In the
choice point record are kept sufficient details to allow us to restore the
evaluation stack to the state just before the choice point record is created.
This allows us to backtrack and to make another choice as necessary.

The Prolog argument registers are also saved as part of the choice point
record. The motivation for saving them is the same as saving registers in
a Pascal procedure: they will be needed again to participate in another
unification; furthermore, the arguments are only needed again in the
event that the system backtracks.

Saved argument )

registers \
T
Top sub-goal T _/’_'

T —T ~~—7

GERE0994—— 2 Top of
constructed term
stack

Trail Next clause

to try
Figure 10.9 Structure of a choice point

The trail is used to record those variables which have been bound since a
choice point is created. This is generally kept as a separate data structure to
the main evaluation stack although logically it is part of the choice point
record’s function to record the bound variables.

It is not necessary to record every binding in the trail; we only need to
record bindings to those variables which will survive a backtrack. When
the system backtracks all the variables created after the choice point will
automatically disappear — their creation will itself be undone - therefore it
is not necessary to record the fact that such variables have been bound.
We only need to create entries in the trail for variables which are older
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than the most recent choice point, and which therefore will still be present
after backtracking albeit with possibly different values.

The final data structure is one we have already seen: the constructed
term stack. Like the LISP heap this is used to record terms which have
been dynamically created during a Prolog evaluation. However, we
organize it like a stack to facilitate backtracking. The constructed term
stack grows as new terms are created during unification, and shrinks as
part of backtracking. One of the fields in the choice point record indicates
the stack top at the point that the choice point is created.

Any terms created after the choice point are placed above this marker;
and so, when the system backtracks all the terms above the marker can be
discarded. This form of garbage collection is so powerful that it can
remove the need for many, if not most, calls to the garbage collector —
indeed early Prolog systems did not have a garbage collector. However, a
real garbage collector is still needed for those programs which do not
backtrack.

10.2.2 A sample evaluation

We can chart the progress of our fallible greek query in terms of the state
of the evaluation stack system at various points. Initially, the stacks are
empty, and the Prolog ‘moving finger’ indicates a point just before the first
goal in the query:

Prolog’s moving

gl . finger
:-fallible(X), k(X
X from top-level allible(X),greek (X)
query
fallible (H) : -human (H) .
human (turing) .
u human (socrates) .
Y5
Constructed Evaluation greek (socrates) .
Trail Term Stack Stack

Figure 10.10 /nitial state of the Prolog stacks

We have arbitrarily put the only variable so far in the system — X — in the
constructed term stack (C.T.S.) for convenience. In practice, we cannot
easily predict where this variable would be located.
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The first step that the evaluator makes is to enter the fallible
program. This involves setting the first argument register to point to X
and to create a call record indicating that there is another goal to solve
after the human goal:

Argl  eeeees
:-fallible (X) , greek (X)
fallible (H) : -human (H) .
human (turing)’.
human (socrates) .
X |V
greek (socrates) .

Figure 10.11 Create a call record

We now have to unify the head of the fallible clause with the goal.
We must also create a new local variable — H — which is introduced as a
result of using the fallible clause and which is allocated on the
evaluation stack.

As a result of unifying the head and goal we bind H to the first argument
register — which is itself bound to the top-level goal variable:

Argl  eeeeee
:-fallible (X), greek (X)
fallible (H) : -human (H) .
Qhuman(turing) .
human (socrates) .
u x*v

greek (socrates) .

Figure 10.12 Bind local variable to argument

We now enter the human procedure. Since this is the last sub-goal in the
rule for fallible we do not need to create a call record here; however,



10.2 Controlling a Prolog execution 201

since there are two clauses for human we do need to create a choice point
record (sometimes we might need both a call record and a choice point
record). In the choice point record are recorded the current goal, a pointer
to the constructed term stack, the trail and the previous choice point
record. We also record the argument registers. To avoid overly cluttering
up our diagram we only show some of these pointers emanating from the
choice point record:

Argl  eeeeee
Savedargunwnt :-fallible (X), greek (X)
register
fallible (H) : ~human (H) .
v Q
Frh 94 human (turing) .
LJ ~\\\‘_.human(socrates).
XV SN,

\\\\\\\‘—;greek(socrates).

Figure 10.13 A human choice point

Having created a choice point, we unify the head of the human clause with
the goal. This involves binding the goal variable X to the constant
turing; and an entry is created in the trail because the goal variable is
older than the choice point we have just created. After performing the
unification the next step is to attempt to solve the greek goal:

:-fallible (X), greek (X)

fallible (H) : ~human (H) .

human (turing) .

human (socrates) .

f greek (socrates) .
uring

Figure 10.14 First attempt at finding a greek
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Solving the greek goal involves using the only clause there is for
greek. As we enter the greek goal, the first argument register is loaded
with the value of X, which is turing. In this case it happens that the first
argument register has not changed much in value; however with deeper
computations we would certainly expect the argument registers to be

constantly changing:

This unification attempt - in which we try to match greek and turing
~ fails, therefore we are required to backtrack. This involves clearing the
most recent choice point, undoing any bindings done since it was created,
and resetting the various argument registers. All of which leaves us with

......

:-fallible (X), greek (X)

fallible (H) : ~human (H) .

human (turing) .
human (socrates) .

<

greek (socrates) .

uriug

Figure 10.15 Atftempt a greek solution

the stacks in the state:

......

:-fallible (X), greek (X)

K

fallible (H) : ~human (H) .

human (turing) .
v human (socrates) .

S

wreek (socrates) .

Figure 10.16 Re-attempt to solve human
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We are back in the state where we needed to solve the human goal,
although the first human clause has been tried, and therefore we must try
the second one. We can now proceed to use the second human clause,
which this time succeeds by binding X to the greek socrates:

:-fallible (X), greek (X)

fallible (H) : ~human (H) .

human (turing) . ﬁ

human (socrates) .

greek (socrates) .

socrates
Figure 10.17 Bind answer to socrates

Notice that, since there is no choice point in the way, we did not need to
create an entry in the trail when we bound X this time.

We can now move on to the final state, where the greek goal has been
entered and completed — and X is bound to the compatible socrates.
Since there are no more goals to solve, and there are no choice points
‘protecting’ the call record for £allible, most Prolog systems optimise
the stack by removing the call record from the stack:

:-fallible (X), greek (X)

fallible (H) : ~human (H) .

human (turing) .
human (socrates) .

greek (socrates) .

socrates

Figure 10.18 The final state of the fallible greek stacks
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10.3 Using a virtual machine

Recall that a small Prolog fragment which represented a list pair needed a
large number of 680x0 instructions to fully implement unification with it.
It is clear that the 680x0 is not perfectly adapted to the execution of Prolog
programs. This is not the case for Pascal, where we could justifiably argue
that the 680x0 is an almost perfect Pascal machine. Unfortunately, when it
comes to Prolog there is a large gap between the facilities offered by the
680x0 and the requirements of the language.

One consequence of this, is that compiled Prolog programs tend to be
quite large: a compiled program may be 20-50 times larger compared to the
original Prolog source. This should be compared with Pascal where it is
not uncommon for a compiled Pascal program to be smaller than its
source version.

In order to avoid having large bulky sequences of instructions to
implement a Prolog program, we often use a virtual machine as a layer
between the Prolog source and the underlying 680x0. A virtual machine is
an abstract machine that is designed to be well suited to the execution of
Prolog. A Prolog compiler would compile instructions for the virtual
machine rather than the 680x0 directly and a special purpose emulator
running on the 680x0 emulates the virtual machine instructions
generated by the Prolog compiler.

The advantage of a virtual machine is that the compiler can ‘target’ a
more suitable vehicle for the programming language than the raw
machine; resulting in more compact compiled programs. Similar
techniques have been used to implement systems for other languages: at
least one early Pascal compiler was based on the use of the virtual
machine concept: UCSD Pascal. In that case the motivation was portability
as well as compactness of compiled programs.

emulator

Prolog
program

Virtual machine

There are a number of virtual machine designs suitable for Prolog; the
most famous is the Warren Abstract Machine (WAM). In the WAM,
instead of our long instruction sequence for unifying a list pair we have
just three WAM instructions:
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get_list Argl
unify var Arg4
unify var Argl

where Argl and Arg4 refer to argument registers 1 and 4 respectively.

Of course, the emulator must still be able to implement these WAM
instructions, and to do so will require essentially the same instructions
that we saw above for unifying a list pair. We have gained a considerable
space advantage because the operation ‘unify against a list’, for example, is
implemented only once within the WAM emulator instead of for each list
pair in the program. However, there is likely to be a performance penalty
in using an emulator rather than compiling directly to 680x0 instructions.

One key overhead in the use of a virtual machine emulator is the
interpretation and decoding of WAM instructions. One simple way of
implementing such an instruction decoder could be realized in the
pseudo-Pascal fragment:

repeat
case pc”* of
get_1list: ..
unify var: ...
end;
pc:=pc+l;
until false;

We can use the same implementation technique which we saw in
Chapter 7 for case statements to implement this fragment:

dcode move.l pc a0

move.w (a0),do ;pec”t

cmp.w #min_opcode, do0

blt case_error

cmp.w #max_opcode, dO

bgt case_error ;WAM opcode 1legal?

add.w do,do
move.w @O0 (d0.w),do

jmp @0 (dO0.w)
eo dc.w get_list-@0
ac.w unify var-@O0
get_list
...... ;implement get_list
bra exit
exit ;ad.l #1, pc ;adjust virtual pc

bra dcode
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The result is a code sequence which involves executing 9 instructions in
order to simply start executing the ‘real’ code for an instruction; together
with a further two instructions to increment the virtual program counter
and to branch back to the decode cycle.

On the other hand, it may only require a small number of instructions
to implement a given virtual machine instruction; the
unify var Argl instruction, for example, can be implemented in just
three instructions:

move.b tag(7).,tag(Aamyl)
move.l ptr(7),ptr(A4rgl)
add.1l #cell, T

where Tis an internal register to the WAM. The T register is used during
unification as a pointer which follows the internal structure of lists and
compound terms. Each unify_ instruction leaves 7 pointing at the next
argument of a compound term.

Thus, for three instructions which implement the ‘meat’ of the
unify_ var virtual machine instruction, we have 12 ‘overhead’
instructions. It is quite important to try to optimize the implementation
of the decode instruction loop: in general a single extra instruction in the
decode loop can result in a performance degradation of 10-20%.

If we arrange the decoding of virtual machine instructions more
carefully, then we can optimise the decoding of instructions considerably.
For example, we can eliminate the error checking in the case statement
code: all we need to ensure is that the Prolog compiler generates correct
virtual machine instructions.

A further optimisation could be to use the scaled addressing modes
available on the 68020 and 68030. This would allow us to eliminate an
instruction from the decode cycle:

add.w do0,do

Furthermore, we can increment the virtual machine’s program counter at
the same time as accessing the opcode; and we could allocate an address
register (a4 say) to be the program counter. Together, these optimisations
give the instruction decoding sequence of:

move.w (a4)+,do0
move.w @0(d0.w*2),do0
jmp @0 (d0.w)

which, together with a jmp instruction at the end of the 680x0 instructions
used to implement each virtual machine instruction, gives us four 680x0
instructions to decode a virtual machine instruction.



10.3 Using a virtual machine 207

We can improve this still further if, instead of using arbitrary numbers
to represent virtual machine instructions, we use 680x0 addresses as the
opcodes: a virtual machine opcode is also the address of the 680x0
instructions which implement it. Each opcode now occupies 4 bytes
instead of 2, which is still far short of the space needed for the instructions.
This allows us to reduce the instruction decode and increment cycle to just
two 680x0 instructions:

move.l (ad4)+,a0
jmp (a0)

These instructions can be duplicated at the end of each implementation of
a virtual machine instruction, eliminating a jmp to a central decode loop.
The complete instructions used to implement the unify_var
instruction are now:

unify var:

move.l (a4)+,al ;acquire Argp
move.b tag(a2),tag(al);use a2 for T
move.l ptr(a2),ptr(a0l)

lea cell (a2),a2 ;7 is incremented
move.l (a4)+,a0 ;decode next ins.
jmp (a0)

In this regime, for this virtual machine instruction, the overhead for
instruction decode is reduced from 300% to 25%.

The exercise that we have just gone through of optimising a crucial
section of code, is a good example of one of the prime motivations for
programming directly in assembler. We have gained a considerable
performance benefit which it is extremely unlikely that a Pascal compiler
could generate — it simply requires too many assumptions which we, as
programmers, could make but a compiler could not.

There are many other aspects which are related to the implementation
of Prolog which we have not covered in this chapter. To fully cover the
techniques needed to implement a Prolog system would justify a book in
its own right! It has been our intention to outline some of the more
interesting aspects of implementing Prolog rather than providing a
complete guide to its implementation.



APPENDIX A

Addressing modes for the 680x0

An addressing mode is a specification of an operand to an instruction. It
specifies how the operand of the instruction is to be computed. There are
some ten addressing modes on the 68000 itself with a further eight or so
on the 68020/68030. This means that in the specification of an
instruction’s operand there may be up to 18 ways of determining the kind
of operand it is.

A.1 Register direct addressing

Register direct addressing refers to the operand being in one of the
registers. There are two versions of register direct addressing - data
register (written as dp) and address register (written as ap). If an operand
is specified using either mode then the data to be manipulated, or the
location for the result of the operation to be stored, is one of the registers.
For example, the instruction '

move.w a0,d3

uses register direct addressing for both the source and destination operand.
The effect of this instruction is to move the word length contents of
address register a0 to data register d3.

When a data register is addressed as a word length quantity, as in this
case, only the lower half of the register is involved. So, for this instruction
only the lower half of d3 would be affected, and the upper half of the
register remains intact. When a data register is addressed as a byte quantity
then only the lowest quarter of the register takes part in the instruction.

208



A. Addressing modes for the 680x0 209

Upper half is not used

move.w a0,d3

a0 uuuul003/d0 |

al | a1 _ |

a2 ___ | 2 |

a3 d3 xXXXXyyyy

laa” 7T s 7] \

a5 _|as _____| vyyyreplacedby1003
a6 | a6 |

a7 d7

Figure A.1 Register direct addressing

In contrast to the situation with data registers, whenever an address
register is the destination the whole of the register is always affected. If a
word length quantity is moved into an address register then it is sign
extended — the upper half of the address register is set to all 1s or all Os
depending on the value of the most significant bit of the lower word.

An address register cannot be manipulated as a byte quantity — only
word and long word widths are available.

A.2 Immediate addressing

Immediate addressing is used when the operand value of an instruction is
fixed. It is useful for putting constant values into registers or for
comparing variable quantities against a known value.

In the instruction

cmp.b #32,d0

the operand #32 is the source operand and it is an immediate operand
(indicated by the presence of the ‘#’ character in front of the literal
number). This instruction compares the lowest byte in register d0 with 32,
which also happens to be the code for an ASCII space character.

Immediate addressing only makes sense in the case of a source operand.
Since the data is actually part of the instruction, using immediate
addressing for the destination would amount to allowing program
instructions to modify themselves. An ability for programs to modify
themselves is important to have, on a theoretical level, but it is not
obviously useful for an addressing mode.
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A.3 Absolute addressing

In absolute addressing the operand of the instruction has built into it the
address in memory of the data/operand. Either the source or the
destination (or both in some cases) may be specified absolutely (written as
the address without a preceding ‘#’ character).

Absolute addressing is used when memory locations are referred to
specifically, for example, a memory location might represent a specific
variable or it may be necessary to jump to a specific program in a particular
place in memory.

For example, the instruction

move.l 1000,d4

moves the long word at address 1000 into data register d4 overwriting
the whole of its contents.

move.l 1000,d4

996
1000
1004

Figure A.2 Absolute addressing

Absolute addressing is also used for many program control instructions;
for example, a jmp to a specific address is a case where the address of the
operand (i.e. where to continue execution) is part of the instruction.

There are, in fact, two forms of absolute addressing: word and long
word. These forms refer to the size of the address itself rather than the
data object being addressed. The word form addresses the first 32K bytes
and the last 32K bytes of the address space. This form is useful for low
memory programs and variables. The long form can address any memory
location in the address space. Normally the correct form of an absolute
address is determined automatically by the assembler, however the
programmer can specify it by suffixing a .w or .1 in the address:
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move.w d0,1000.w
move.w dl,1234.1

;a word length address
;a long address

A.4 Address register indirect

The address register indirect addressing mode which is written

(an)

uses an address register to specify the address of the operand. The specified
register contains the address in memory of the data value for the
instruction or where to place the result. In register direct addressing the
data value to be manipulated is in a register whereas in register indirect
addressing the register contains the address of the data.

Address register indirect is often used for pointer following — where the
memory is loaded from some variable into an address register and then
dereferenced and for storing into records via a pointer.

In the instruction

move.l dO, (aé6)

the long word value of d0 (i.e. the whole of d0) is written out to the
address referred to in register a6.

move.l dO0, (a6)

a0 _ _ _ _[do 123456 ot |- - |- _

al d1i 996 |_ uu_ _bu |

a2~ ¢ d2 1000 | VvV | 123456

ENEEERE a3 | 1004 ww

laa ~ T |aa I

las T |as

a6 _ 1000 |d6 _ _ _ _

a7 a7 Memory Memory
before after

Figure A.3 Address register indirect addressing
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A.5 Address register indirect with displacement

The address register indirect with displacement addressing mode, which is
written as

O(an) or (0, an)

where the offset 0 is a 16 bit number in the range -32768...32767, is a
variation on address register indirect. In this case the address contained in
the address register is offset by means of a fixed displacement in order to
determine the final address of the operand.

The address register indirect with displacement mode is extremely
useful in accessing elements in records and in accessing local variables
within a Pascal procedure or function.

We can load the value which is addressed as being offset four bytes from
a2 into d0 with the instruction:

move.w 4 (a2),do

la0_ _____| dQ XXXXyyyy
lal _____| dl _ _ ___ ]
la2 _ _ 1000)d2 ___ _ _ |
a3 _____| d3 _____ /|
e _a;4 ________ 44_ ______
998 | | E | as
1000 |_1234 | a6 | dé |
1002 | 5678 _ a7 d7 Before
1004 | 9_013 _ move.w 4 (a2),d0
tooe | _ _ [a0______] d0 xxxx9012 ]
lal______| di _ _ ___ |
a2 _ _1000|d2 _ __ _ |
a3 _____| a3 _ _ ___ |
a4 _____| a4 |
as _____| as ]
a6 _____| |dé ____ _ |
a7 d7 After

Figure A.4 Address register indirect with offset
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A.6 Address register indirect with post-increment

This addressing mode which is written as:
(an) +

is a variation on address register indirect, except that the address register in
question is incremented after the address is calculated. The amount that
the address register is incremented depends on the size specifier of the
instruction: for a byte size transfer 1 is added, for a word size operation 2 is
added and 4 is added for a long operation.

For example, the instruction

move.w (a3)+,do

moves the word pointed at by address register a3 into the lower half of 40
and adds 2 to a3:

a0 _____| d0 XxxXXyyyy
lal _____| di _ __ __ |
la2 __1000]d2 ____ _ |
a3 _____| d3 _____
e _aL4 ________ g4 _______
998 | | a5 ] as ]
1000 |_1234 | a6 ] dé |
1002 | 5678 a7 d7 Before
1004 | 9012 move.w (a2)+,do0
1006 | _ _ _ (a0 ____ | d0 xxxx1234]
PR _a;l ________ gl _______
a2 __1002jd2 ____ |
a3 __ ___| d3 _ ____ |
a4 | a4 |
las _____| as _____ |
ab dé
Y| a7 7] After

Figure A.5 Address register indirect with post-increment

It is not permissible for the system stack to be on an odd boundary;
therefore if an instruction specifies a single byte transfer with post-
increment mode involving a7, then a byte transfer takes place but the
stack pointer in incremented by two. This avoids the system stack pointer
being on an odd byte boundary.



214 A. Addressing modes for the 680x0

The post-increment addressing mode can be used to implement block
moves and, in conjunction with the pre-decrement addressing mode, is
also used to implement expression stacks. For example, a string copy can
be implemented with this addressing mode:

loop: move.b
dbra

(a0)+, (al) +
do0, loop

;move 1 byte
;until end

A.7 Address register indirect with pre-decrement

This addressing mode is similar to the previous one, except that the
address register is first decremented by an amount depending on the size
specifier of the instruction. A pre-decrement operand is written as

-(an)
The instruction:
move.w d0,-(a7)

;push do

saves the word contents of data register d0 on the system stack:

move.w dO, - (a7)

la0_ _ ____d0__ 1234

lal _____Jdi______

a2 _____1d2______

a3 _____1d3______

jad |44 _____ 998| uu uu
las_ _____ v 1234
a6 ww
(2710003 =

Figure A.6 Address register indirect with pre-decrement
In order to pop d0 back off the stack we would use the instruction:
(a7)+,d0

move.w

Again, as with address register indirect with post-increment, if a byte sized
transfer is specified using the system stack, then the a7 register is
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decremented by two to avoid it being on an odd byte boundary. The
contents of the extra byte are undefined. However, a push of a byte-sized
quantity onto the system stack can be safely followed by a similar sized

pop-

A.8 Address register indirect with index

The address register indirect with index addressing mode combines the
use of an address register, a second register (to provide the index) and a
displacement. It is most applicable to accessing elements of arrays (the
index into the array will often be held as a data register and the array itself
in an address register).

An operand using this mode is written:

Off(ax,ry.w*s) or (Off,ax,ry.w*s)

where ay is the address register and ry is the index register - it can be
either an address register or more typically a data register — w is the width
specifier, s is an optional scale factor and O££ is a displacement or offset.

The width specifier determines how much of the index register is to be
used for the index width: it can be word or long. Typically, a programmer
might use word length integers for the index of a small array which is less
than 32 Kbytes long for example. By specifying a word length width on the
index register the programmer does not need to ensure that the upper half
of the index register has valid information in it. A long index uses the
whole of the data register for computing the index.

The scale factor is the number by which the index is multiplied before
use in the address computation. The scale factor can be 1, 2, 4 or 8. If the
scale factor is missing then a factor of 1 is implied. The scale factor makes
the implementation of certain arrays simpler: an entry in an array of long
words, for example, can be indexed with a value which corresponds to the
logical index of the entry within the array rather than its relative position
in the array expressed as a byte offset. The scale factor is not available on
the 68000/008/010 models.

The displacement is a quantity which is added to the address register
base and the index offset. As with the address register indirect with
displacement addressing mode this displacement makes access of arrays of
records simpler.

The instruction:

move.l d0,0(a2,dl.w*4)

stores the contents of d0 into the small array of long words based at a2
and indexed through di:
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Cwu | [ wu

__vv__ | | _1234 |

Lo _Ww_ | ww
Before After

900+25*4+0=1000
move.w d0,0(a2,dl.w*4)

Figure A.7 Address register indirect with index

The form of this addressing mode is somewhat restricted on the 68000
compared to the later models: the scale factor is set to 1, and the
displacement is restricted to the range -128...127 bytes.

On the 68020 it is possible to suppress one or more of the components.
In particular it is possible to suppress the address register specification; if
this is done then zero is assumed as the base address. The effect of this is
to allow a ‘data register indirect’ addressing mode even though this is not
specifically permitted.

A.9 Program counter with displacement

This addressing mode - often called program counter relative on other
machines — uses the program counter instead of an address register but
otherwise it is the same as address register indirect with displacement.

It is most often used in specifying sub-programs within a larger program
but it can also be used for data transfer. The instruction

jmp 36 (PC)

would, in effect, add 36 to the program counter and cause a jump to that
new address. The instruction

move.w *+10,d3

uses an alternative notation for this addressing mode. The effect of this
instruction would be to move the word which is 10 bytes further on from
the start of this instruction into d3. It is up to the programmer, of course,
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to ensure that this address contains something meaningful - it is quite
liable to contain program instruction words! Many assemblers generate
this addressing mode automatically in preference to absolute addressing
for variables which have been declared using the define storage directive
ds.

A.10 Program counter with index

This addressing mode is analogous to address register indirect with index,
except that the program counter is used rather than an address register. It
is written as:

Off (PC,rn.w*s), (Off,PC, rn.w*s) Or *+0ff (rn.w*s)
or just
label (rn.w*s)

As with normal indexing the width of the index is specified with the index
register and there is an optional scale factor (on the 68020).
The instruction

move.l charray(d0.w*4),dl

moves a long word from a table built into the program (at relative address
charray) into d1:

charray: dc.1l

32*4+PC+charray: dc.l 12345678

move.l charray(d0.w*4),dl

a0 _____| do gwo_ozq
lal ____ | dl 12345678
a2 _____| d2 _____ |
a3 __ | a3 __ ___ |
a4 | a4 ]
(a5 _ _ ___ | as |
(a6 _ ] a6 |
a7 d7

Figure A.8 Example of program counter with index
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As with the address register indexing mode the form of program counter
relative indexing is restricted on the 68000 compared to the 68020/68030.
In the 68000/68010 the displacement can only be short, i.e. in the range
-128...127 bytes, and the scale factor is restricted to being just 1.

A.11 Memory indirect post-indexed

The memory indirect post-indexed addressing mode is a combination of
address register indirect (with displacement) and indexing, except that the
indexing is performed after accessing a value in memory specified by the
address register.

It is written as

([Oil an] lrm'w*sIOd)

The operand address is computed by first finding out the address
[0i,an], which is obtained in the same way as address register indirect
with displacement then taking the long word which is stored at this
address, and using it with the appropriately scaled indexing register and
the outer displacement 0d.

a Memory address }
Oi [sign—extended displacement

Intermedlate address |

Dereference

1ntermed1ate value

r .Size |Sign-extended index
m

scale |Scale factor: 1,24 or 8 I—>

04 l Sign extended displacemerﬂ——*

l operand address]

Figure A.9 Memory indirect post-indexed address computation
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For example, the instruction
move.w ([6,a2],d0.w*4,0),dl

accesses the long word at 6 (a2), adds it to the contents of register d0
(scaled to be a long word index) and the final offset of zero to compute the

actual address:
/—— a2+6=804 \

1a0__ ___ do ____ 257 804l 900 _
al dl 1234 — =
_a_2_ T '19_8_ c_12 _______ <\25*1.I+900=1000

a3 _____| as ____.|]

a4 ] a4 T 4

a5 _____| as _____ ]

a6 _____| a6 __ ___ |

a7 d7

move.w ([6,a2],d0.w*4,0),dl

Figure A.10 Memory indirect post-indexed addressing

This addressing mode is not available on the 68000/008/010 models.

A.12 Memory indirect pre-indexed

This addressing mode is similar to the memory indirect post-indexed
mode except that the indexing is performed first. So, if the operand is
specified as:

([Oi,an, rm.w*s],0d)

then the final value is obtained by computing the address at
(0i,an, ry.w*s) as with the address register indirect indexing mode.
The long word at this address is then added to the outer displacement 0d
to get the final address of the operand.
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a l Memory address }

oi an-extended dlsplacement
x Size | Sign-extended mdex
scale |§ale factor: 1,24 or 8

| Intermediate address |

intermediate valu—e|

!
®

o, |§gn extended displacement

operand address

Figure A.11 Memory indirect with pre-indexing address computation

One possible application of this addressing mode is with arrays of pointers

to records. The array would be indexed though the indexing component

and the field in the record would be accessed via the memory indirection.
This addressing mode is not available on the 68000/008/010 models.

A.13 Program counter memory indirect
with post-indexing

This addressing mode is similar to memory indirect with post-indexing;
except that the program counter is used instead of an address register.
The syntax for this mode is:

([0i,PC],xrnp.w*s,0d)

This addressing mode is not available on the 68000/010/008 models.
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A.14 Program counter memory indirect
with pre-indexing

This addressing mode is similar to memory indirect with pre-indexing;
except that the program counter is used instead of an address register.

The syntax for this mode is:
([0i,PC, r,.w*s],0d)

We can use this indexing mode to implement a single instruction case

switch statement.
Assuming that the index value is in d0, and that the index table is a

table of addresses, then the instruction:
jmp ([@O,PC,d0.w*4],0)

Qo dc.1l lab;
de.1 laby

dc.1  labg,

will cause a switch to one of labels 1aby,...,1ab, depending on the value

of d0.
This addressing mode is not available on the 68000/010/008 models.



APPENDIX B

The 680x0 instructions used in
the text

Below are listed the instructions which are actually referred to in the main
text. Where appropriate, related instructions are also listed.

The exact Motorola mnemonics are given — in many cases, we can use a
generic mnemonic and allow the assembler to choose the correct one. For
example, the adda instruction is a special case of add which adds to an
address register; many assemblers automatically substitute for the correct
mnemonics as necessary.

The list is not intended as a complete reference to all the 680x0
instructions; however the main instructions that application assembler
programmers use are all covered; the omitted instructions tend to be for
special system purposes and are often not available to the application
programmer. The format of each description is:

name Title of the instruction

syntax name[.bwl] <ea>31,<ea>s instruction format

description: Description of the effects of the instruction, together with
possible restrictions to note.

note: <ea> means one of the addressing modes as described in
Appendix A. If the instruction has a size specifier associated
with it then it may be one of byte , word or long word.

cer: How each flag in the condition code register is affected.-

see: A section in the main text which uses this instruction in an
example, or explains it more fully

222



add

syntax:

description:

ccr

see:

adda

syntax:

description:

ccr:
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Add source to destination:

add[.bwl] <ea>,d,.
add[.bwl] dp, <ea>

Add the source to the destination using binary arithmetic.
The size of the operation can be byte, word or long.

N set if result negative, cleared otherwise

Z set if result zero, cleared otherwise

V set if overflow is generated, cleared otherwise
C set if carry is generated, cleared otherwise

X set as carry bit.

Section 4.2

Add to address register

adda[.wl] <ea>,ap

Add source to destination address register. Operation can be
word or long, in the case of word the entire destination is
always used.

Some assemblers automatically generate this instruction
from the add mnemonic if the destination is an address
register.

not affected
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addi

syntax:

description:

ccr:

see:

addgq

syntax:

description:

ccre

Add immediate data

addi[.bwl] #<data>,<ea>

Add immediate data to destination. This instruction is used
when immediate data is specified with the add mnemonic.

N set if result negative, cleared otherwise

Z set if result zero, cleared otherwise

V set if overflow is generated, cleared otherwise
C set if carry is generated, cleared otherwise

X set as carry bit.

Section 4.2

Add quick immediate data

addq[.bwl] #<data>,<ea>

Add immediate data to destination. Data is in the range 1 to
8. This instruction is the one actually used when immediate
data in the range 1..8 is specified with the add mnemonic.

N set if result negative, cleared otherwise

Z set if result zero, cleared otherwise

V set if overflow is generated, cleared otherwise
C set if carry is generated, cleared otherwise

X set as carry bit.



addx

syntax:

description:

ccr:

see:

and

syntax:

description:

note:

ccr:

see:
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Add binary extended

addx[.bwl] dy,dx
addx[.bwl] -(ay),-(ax)

Add source to destination along with the eXtend bit. This
instruction is used to implement multi-word arithmetic.

Note the restrictions in the allowed addressing modes: either
both operands are data registers or they are both address
register predecrement.

N set if result negative, cleared otherwise

Z set if result zero, cleared otherwise

V set if overflow is generated, cleared otherwise
C set if carry is generated, cleared otherwise

X set as carry bit.

Section 9.2

AND logical

and[.bwl] <ea>,dj
and[.bwl] dp,<ea>

Logically ‘and’ the bit pattern in the source with that of the
destination. Each bit in the destination is formed by and-ing
it with the corresponding bit of the source operand.

Address register direct addressing is not permitted with this
instruction.

N set to most significant bit of result.
Z set if result is zero, cleared otherwise
V always cleared

C always cleared

X not affected.

Section 6.1,6.2
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andi

syntax:

description:

note:

ccr:

andi

syntax:

description:

ccr:

AND immediate data

andi[.bwl] #data,6 <ea>

Logically ‘and’ the bit pattern in the immediate data with that
of the destination. This instruction is used with the and
instruction when the source operand is a literal value.

Address register direct addressing is not permitted with this
instruction.

N set to most significant bit of result.
Z set if result is zero, cleared otherwise
V always cleared

C always cleared

X not affected.

AND immediate to ccr

andi #data,ccr

Logically ‘and’ the bit pattern in the immediate data with the
condition code register. In effect this is used to mask out
certain flags in the ccr.

N cleared if bit 3 of data is zero, unaffected otherwise
Z cleared if bit 2 of data is zero, unaffected otherwise
V cleared if bit 1 of data is zero, unaffected otherwise
C cleared if bit 0 of data is zero, unaffected otherwise
X cleared if bit 4 of data is zero, unaffected otherwise.
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syntax:

description:

ccr:

see:
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Arithmetic shift left

asl[.bwl] dx,dy
asl[.bwl] #<data>,dx
asl <ea>

The destination is left shifted by <count> bits. The
rightmost bit is replaced by 0.

In the case of a register count, amount of shift is the contents
of the register, modulo 64.

In the case of an immediate count, range of shifts is 1 to 8.

In the case of a memory instruction the operation is limited
to word length and shifts of one bit only.

N is set to most significant bit of result

Z is set if result is zero, cleared otherwise

V is set if the most significant bit is changed at any time
during the shift operation, cleared otherwise.

C set to the last bit shifted out of the operand. Cleared for a
zero shift count.

X set to the last bit shifted out of the operand. Unaffected for
a zero shift count.

Section 5.2, 6.1
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asr

syntax:

description:

ccre

see:

Arithmetic shift right

asr[.bwl] dx,dy
asr[.bwl] fi<data>, dx
asr <ea>

The destination is right shifted by <count> bits. The
leftmost (i.e. most significant) bit is duplicated. In effect this
instruction implements a division by a power of 2.

In the case of a register count, amount of the shift is the
contents of the register, modulo 64.

In the case of an immediate count, range of shifts is 1-8.

In the case of a memory instruction the operation is limited
to word length and shifts of one bit only.

N is set to most significant bit of result

Z is set if result is zero, cleared otherwise

V is set if the most significant bit is changed at any time
during the shift operation, cleared otherwise.

C set to the last bit shifted out of the operand. Cleared for a
zero shift count.

X set to the last bit shifted out of the operand. Unaffected for
a zero shift count.

Section 6.1
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bec Branch conditionally
syntax: becl.swl] label
description: If the specified condition is met then program execution
continues at label. There are three forms of this
instruction: short (or byte), word and 1ong. (Long format is
not available on the 68000/008/010.) These refer to the length
of displacement of the instruction and therefore to the
distance of the label from the instruction. A short
displacement is +127 bytes from the instruction, a word
displacement is 32,767 bytes from the instruction and a long
displacement is +2,147,483,647 bytes.
The branch is taken if the condition . is satisfied. The
available conditions are:
| CCcamydear Syt L C
| EQ—equal/zero Z oo |NE—unequal/nonzero "2 |
MI—minus N o fPhmples N
VC—overflowdlear vV |VS—overflowset V.
| _CE—greaterorequal NeVerNewv LT —lessthan . NeVeNey
(GT—greaterthan  ~Z*NeV+-Ze-Ne-V |LE—lessorequal  ZeNeV+-NeV
i I-II-——hlgh ___________ Co-z LS — low or same C+zZ
ccr: condition codes are not affected.
note: A short branch to the immediately following instruction
cannot be formed as that code is reserved for word branch.
see: Section 7.1



230 B. The 680x0 instructions used in the text

bechg

syntax:

description:

ccr:

beclr

syntax:

description:

ccr:

see:

Test a bit and change

bechg dp, <ea>
bchg {#<data>,<ea>

A bit in the destination is tested, complemented and copied
to the Z flag in the ccr. The complemented bit is returned to
the destination. If the destination is a data register then the
numbering of the bits is modulo 32 which allows any bit in
the register to be manipulated; if the destination is memory
then the numbering is modulo 8 and it is a byte operation.

The least significant bit of the byte or long word is bit 0.

Z is set to the new value of the corresponding bit. All other
flags are unaffected.

Test a bit and clear

belr dp, <ea>
beclr #<data>,<ea>

A bit in the destination is tested and copied to the Z flag in
the ccr. The corresponding bit in the destination is then
zeroed. If the destination is a data register then the
numbering of the bits is modulo 32 which allows any bit in
the register to be manipulated; if the destination is memory
then the numbering is modulo 8 and it is a byte operation.

A 0 bit refers to the least significant bit of the byte or word.

Z is set if the old value of the corresponding bit was zero,
reset otherwise. All other flags are unaffected.

Section 6.2
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syntax:

description:

ccr:

note:
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Test bit field and change

bfchg <ea>{offset:width}

Sets the condition codes depending on the specified bit field
and then complements the bit field.

The offset indicates the number of bits from the effective
address to the start of the bit field, and the of£set is the size
of the field.

The offset to the bit field can be either given as a literal
number in the range 0..31 bits, or it can be specified as the
contents of a data register, in which case the offset range is
-231, 231 bits.

The width field can also be specified as a literal in the range
0..31, or through a data register in which case the contents of
the data register are used modulo 32, with 0 meaning 32 bits.

N is set if the most significant bit of the field is 1, cleared
otherwise; Z is set if the bit field is all 0’s and is cleared
otherwise; V and C are cleared and X is unaffected.

The address register direct, pre-decrement and post-
increment addressing modes are not available for this
instruction.

This instruction is not available on 68000/008/010 processors.
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bfclr

syntax:

description:

CCr:

note:

Clear bit field

bfclr <ea>{offset:width}

Sets the condition codes depending on the specified bit field
and then zeroes the bit field.

The offset indicates the number of bits from the effective
address to the start of the bit field, and the of£set is the size
of the field.

The offset to the bit field can be either given as a literal
number in the range 0..31 bits, or it can be specified as the
contents of a data register, in which case the offset range is
-231.231 bits.

The width field can also be specified as a literal in the range
0..31, or through a data register in which case the contents of
the data register are used modulo 32, with 0 meaning 32 bits.

N is set if the most significant bit of the field is 1, cleared
otherwise; Z is set if the bit field is all 0’s and is cleared
otherwise; V and C are cleared and X is unaffected.

The address register direct, pre-decrement and post-
increment addressing modes are not available for this
instruction.

This instruction is not available on 68000/008/010 processors.
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syntax:

description:

ccr:

note:

see:
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Signed extraction of a bit field

bfexts <ea>{offset:width},d,

Sets the condition codes depending on the specified bit field
and extracts the bit field extended to a 32 bit signed number
into the data register.

The offset indicates the number of bits from the effective
address to the start of the bit field, and the offset is the size
of the field.

The offset to the bit field can be either given as a literal
number in the range 0..31 bits, or it can be specified as the
contents of a data register, in which case the offset range is
-231.231 bits.

The width field can also be specified as a literal in the range
0..31, or through a data register in which case the contents of
the data register are used modulo 32, with 0 meaning 32 bits.

N is set if the most significant bit of the field is 1, cleared
otherwise; Z is set if the bit field is all 0’s and is cleared
otherwise; V and C are cleared and X is unaffected.

The address register direct, pre-decrement and post-
increment addressing modes are not available for this
instruction.

This instruction is not available on 68000/008/010 processors.

Section 6.1
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bfextu

syntax:

description:

Cccr:

note:

see:

Unsigned extraction of a bit field

bfextu <ea>{offset:width},dp

Sets the condition codes depending on the specified bit field
and extracts the bit field as a zero-extended 32 bit unsigned
number into the data register.

The of£set indicates the number of bits from the effective
address to the start of the bit field, and the of£set is the size
of the field. :

The offset to the bit field can be either given as a literal
number in the range 0..31 bits, or it can be specified as the
contents of a data register, in which case the offset range is
-231..231 bits.

The width field can also be specified as a literal in the range
0..31, or through a data register in which case the contents of
the data register are used modulo 32, with 0 meaning 32 bits.

N is set if the most significant bit of the field is 1, cleared
otherwise; Z is set if the bit field is all 0’s and is cleared
otherwise; V and C are cleared and X is unaffected.

The address register direct, pre-decrement and post-
increment addressing modes are not available for this
instruction.

This instruction is not available on 68000/008/010 processors.

Section 6.1
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syntax:

description:

ccr

note:
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Find first one in a bit field

bfffo <ea>{offset:width},dp,

Searches the bit field for a 1 bit. The bit offset of that bit (i.e.
the bit offset given in the instruction plus the offset within
the field) is placed into the data register. If no 1 bit is found
then the data register is loaded with the offset plus field
width. The instruction also sets the condition codes
depending on the specified bit field.

The of£set indicates the number of bits from the effective
address to the start of the bit field, and the offset is the size
of the field.

The offset to the bit field can be either given as a literal
number in the range 0..31 bits, or it can be specified as the
contents of a data register, in which case the offset range is
-231,231 bits.

The width field can also be specified as a literal in the range
0..31, or through a data register in which case the contents of
the data register are used modulo 32, with 0 meaning 32 bits.

N is set if the most significant bit of the field is 1, cleared
otherwise; Z is set if the bit field is all 0’s and is cleared
otherwise; V and C are cleared and X is unaffected.

The address register direct, pre-decrement and post-
increment addressing modes are not available for this
instruction.

This instruction is not available on 68000/008/010 processors.
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bfins

syntax:

description:

Cccr:

note:

see:

Insert a bit field

bfins d,, <ea>{offset:width}

Inserts the value contained in the bottom width bits of the
data register into the specified bit field. It also sets the
condition codes depending on the inserted value of the bit
field.

The offset indicates the number of bits from the effective
address to the start of the bit field, and the offset is the size
of the field.

The offset to the bit field can be either given as a literal
number in the range 0..31 bits, or it can be specified as the
contents of a data register, in which case the offset range is
-231.231 bits.

The width field can also be specified as a literal in the range
0..31, or through a data register in which case the contents of
the data register are used modulo 32, with 0 meaning 32 bits.

N is set if the most significant bit of the field is 1, cleared
otherwise; Z is set if the bit field is all 0’s and is cleared
otherwise; V and C are cleared and X is unaffected.

The address register direct, pre-decrement and post-
increment addressing modes are not available for this
instruction.

This instruction is not available on 68000/008/010 processors.

Section 6.1



bfset

syntax:

description:

CCr:

note:
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Set bit field

bfset <ea>{offset:width}

Sets the condition codes depending on the specified bit field
and then sets the bits in the bit field to all ones.

The offset indicates the number of bits from the effective
address to the start of the bit field, and the offset is the size
of the field.

The offset to the bit field can be either given as a literal
number in the range 0..31 bits, or it can be specified as the
contents of a data register, in which case the offset range is
-231.231 bits.

The width field can also be specified as a literal in the range
0..31, or through a data register in which case the contents of
the data register are used modulo 32, with 0 meaning 32 bits.

N is set if the most significant bit of the field was 1, cleared
otherwise; Z is set if the bit field was all 0’s and is cleared
otherwise; V and C are cleared and X is unaffected.

The address register direct, pre-decrement and post-
increment addressing modes are not available for this
instruction.

This instruction is not available on 68000/008/010 processors.
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bftst

syntax:

description:

CCr:

note:

bra

syntax:

description:

note:

see:

Test bit field

bftst <ea>{offset:width}
Sets the condition codes depending on the specified bit field.

The offset indicates the number of bits from the effective
address to the start of the bit field, and the offset is the size
of the field.

The offset to the bit field can be either given as a literal
number in the range 0..31 bits, or it can be specified as the
contents of a data register, in which case the offset range is
-231.231 bits.

The width field can also be specified as a literal in the range
0..31, or through a data register in which case the contents of
the data register are used modulo 32, with 0 meaning 32 bits.

N is set if the most significant bit of the field is 1, cleared
otherwise; Z is set if the bit field is all 0’s and is cleared
otherwise; V and C are cleared and X is unaffected.

The address register direct, pre-decrement and post-
increment addressing modes are not available for this
instruction.

This instruction is not available on 68000/008/010 processors.

Branch always

bra[.swl] <label>

Program execution continues at <label>. The offset from
the current program counter and the <label> must be
within £127 bytes for the short version of the instruction, and
132767 bytes for the long version.

A short branch to the immediately following instruction (i.e.
with offset 0) is not possible since offset 0 indicates a long
branch.

Section 7.1



bset

syntax:

description:

ccr

see:

bsr

syntax:

description:

note:
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Test a bit and set

bset dj, <ea>
bset #<data>,<ea>

A bit in the destination is tested and reflected in the state of
the Z flag in the eccr. The corresponding bit in the
destination is set to one. If the destination is a data register
then the numbering of the bits is modulo 32, if the
destination is memory then the numbering is modulo 8 and
it is a byte operation.

Z is set if the old value of the corresponding bit was zero,
reset otherwise. All other flags are unaffected.

Section 6.2

Branch to subroutine

bsr[.swl] <label>

The long word address of the immediately following
instruction is saved on the system stack (a7). Program
execution continues at <label>. The offset from the
current program counter and the <label> must be within
1127 bytes for the short version of the instruction, and +32767
bytes for the long version.

A short subroutine branch to the immediately following
instruction (i.e. with offset 0) is not possible since offset 0
indicates a long subroutine branch.
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btst

syntax:

description:

ccr:

see:

chk

syntax:

description:

ccr:

Test a bit

btst dp, <ea>
btst {#<data>,<ea>

A bit in the destination is tested and its state is reflected in the
Z flag in the ccr. If the destination is a data register then the
numbering of the bits is modulo 32, if the destination is
memory then the numbering is modulo 8 and it is a byte
operation.

Z is set if the value of the corresponding bit was zero, reset
otherwise. All other flags are unaffected.

Section 6.2

Check register against bounds

chk([.wl] <ea>,dp

Check the value of the data register dn against the operand
specified in <ea>. If dn<0, or is greater than the source
operand (i.e. <ea> ) then issue a TRAP which results in
exception processing. The comparison is signed

N is set if dp<0, cleared if dp>source, else is undefined.
Z is undefined.
V is undefined.
C is undefined.
X is unaffected.



chk2

syntax:

description:

ccr:

note:

clr

syntax:
description:

ccr:
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Check register against two bounds

chk2[.bwl] <ea>, rp

Check the value of the register rn against the bounds pair
stored at location <ea>. The lower bound is the first byte,
word or long word (depending on the size of the operation)
and the upper bound is the second location.

If the checked register is a data register, and the operation is
byte or word then the appropriate lower part of the register is
checked. If the checked register is an address register then the
bounds are sign extended to 32 bits in order to make the
comparison.

If x, is outside the bounds then issue a TRAP.

N is undefined.

Z is set if ry is equal to either bound, cleared otherwise
V is undefined.

C is set if zp is out of bounds, cleared otherwise

X is unaffected.

Not available on the 68000/008/010 processors

Clear an operand

clr[.bwl] <ea>
Clear the destination to all zeroes

Z is set, X is unaffected and all other flags are cleared.
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cmp
syntax:

description:

ccr:

see:

cmpa
syntax:

description:

ccr:

Compare

cmp[.bwl] <ea>,dj

Subtract the source from the destination, using binary
arithmetic, only setting the flags in the condition codes
register. The size of the operation can be byte, word or long.

N set if result negative, cleared otherwise

Z set if result zero, cleared otherwise

V set if overflow is generated, cleared otherwise
C set if borrow is generated, cleared otherwise

X not affected.

Sections 4.2, 7.1

Compare addresses

cmpal[.wl] <ea>,ap

Subtract the source from the destination address register,
using binary arithmetic, but just set the flags in the condition
codes register. The size of the operation can be word or long.

This instruction is often generated by the assembler for the
cmp instruction when the destination is an address register.

N set if result negative, cleared otherwise

Z set if result zero, cleared otherwise

V set if overflow is generated, cleared otherwise
C set if borrow is generated, cleared otherwise

X not affected.



cmpi
syntax:

description:

ccr:

cmpm
syntax:

description:

ccr:
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Compare immediate

cmpi[.bwl] #data, <ea>

Subtract the immediate data from the destination using
binary arithmetic. Just set the flags in the condition codes
register. The size of the operation can be byte, word or long.

. This instruction is often generated by the assembler for the

cmp instruction when the source is immediate data. Note
that this can be used to compare any destination, compared to
just registers for cmp and cmpa.

N set if result negative, cleared otherwise

Z set if result zero, cleared otherwise

V set if overflow is generated, cleared otherwise
C set if borrow is generated, cleared otherwise

X not affected.

Compare memory
cmpm|[ .bwl] | (Ay)+, (Ax) +

Subtract the memory location addressed by Ay from the
memory location addressed by Ax - incrementing both
registers as for post-increment addressing — using binary
arithmetic. Just set the flags in the condition codes register.
The size of the operation can be byte, word or long.

This instruction is often used, as part of a loop, when
performing a string comparison.

N set if result negative, cleared otherwise

Z set if result zero, cleared otherwise

V set if overflow is generated, cleared otherwise
C set if borrow is generated, cleared otherwise

X not affected.
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cmp2
syntax:

description:

ccr:

note:

see:

Compare register against bounds

cmp2[.bwl] <ea>,rp

Compare the register rp (it can be a data or address register)
against the values stored successively at <ea>. The size of
these bounding values depends on the size of the operation
of the instruction: a word bounds check requires two word
values. The first location contains the lower bound, and the
second contains the upper bound.

The condition codes are set by this comparison as follows:

N Undefined

Z set if ry, is equal to either bound, cleared otherwise
V Undefined

C set if rp is out of bounds, cleared otherwise

X not affected.

Not available on the 68000/008/010 processors

Section 4.2
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db.. Test condition, decrement and branch

syntax: dbce dn, label

description: If the condition o is satisfied then continue with the next
instruction; otherwise decrement the register d, (lower half
only) and if the register is # -1 then branch to the label else
continue.

The condition ¢¢ can be any of

CC—carryclear < | Ccamryset c
_EQ—equal/zero . Z . ___|NE—unequal/monzero ~Z
MI—minus N | PL=plus N
VC—overflowclear v |VS—overflowset Vo
_GE —greaterorequal NeV+-Ne-V | LT—lessthan Ne-V+-NeV
| GT —greaterthan TZoNeVi-Ze-Ne-V | LE—lessorequal Z+NeV+-NeV
HI— high ~Ce-Z LS — low or same C+Z
ccr: Not affected
see: Sections 5.1, 7.1.3
dbra Decrement and branch
syntax: dbra dn, label

description: Decrement the register (as a word value) and if the register is
# -1 then branch to the label.

ccr: Not affected

see: Sections 5.1, 7.1
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divs

syntax:

description:

1)

2)

3)

4)

ccr:

see:

Signed division

divs.w <ea>,dp 32/16—-16r:16q
divs.l <ea>,dq 32/32—-»32¢q

divs.l <ea>,dr:dgq 64/32—32r:32q
divsl.l <ea>,dry:dq 32/32—-»32r:32q

Divide the destination data register(s) by the source. There
are several forms of this instruction:

Signed divide of a 32 bit data register by a 16 bit source, giving
the quotient as a 16 bit quantity in the lower part of the result
data register, and the remainder in the upper 16 bits. This is
the only form available on the 68000/008/010.

Signed divide of a 32 bit destination by a 32 bit source. The
remainder is discarded and the destination replaced by the
quotient.

Signed divide of a 64 bit number — represented by two data
registers dr/dq — by a 32 bit source. The 32 bit quotient is
placed in dg and the 32 bit remainder in dy.

Signed divide of a 32 bit number in dr by a 32 bit source; the
quotient is left in dg and the remainder in d..

If a division by zero is attempted then a trap occurs, otherwise
the condition codes are set by this comparison as follows:

N set if quotient is negative, cleared otherwise. Undefined if
divide by zero or overflow.

Z set if quotient is zero, cleared otherwise. Undefined if
divide by zero or overflow.

V set if overflow occurred and/or the quotient is > 16/32 bits.
C always cleared

X not affected.

Section 4.2



divu

syntax:

description:

1)

2)

3)

4)

ccr:
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Unsigned division

divu.w <ea>,dp 32/16—>16r:16q
divu.l <ea>, dq 32/32-32q

divu.l <ea>,dy:dq 64/32—»32r:32q
divul <ea>,dr:dq 32/32—532r:32q

Divide the destination data register(s) by the source. There
are several forms of this instruction:

Unsigned divide 32 bit data register by a 16 bit source, giving
the quotient as a 16 bit quantity in the lower part of the result
data register, and the remainder in the upper 16 bits.

This is the only form available on the 68000.

Unsigned divide of a 32 bit destination by a 32 bit source. The
remainder is discarded and the destination replaced by the
quotient.

Unsigned divide of a 64 bit number - represented by two data
registers dr/dq — by a 32 bit source. The quotient is placed in
dq and the remainder in d,.

Unsigned divide of a 32 bit number in dr by a 32 bit source;
the quotient is left in dg and the remainder in dr.

If a division by zero is attempted then a trap occurs, otherwise
the condition codes are set by this comparison as follows:

N set if quotient is negative, cleared otherwise. Undefined if
divide by zero or overflow.

Z set if quotient is zero, cleared otherwise. Undefined if
divide by zero or overflow.

V set if overflow occurred and/or the quotient is > 16/32 bits.
C always cleared

X not affected.
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eor

syntax:

description:

Note:

Cccr:

eori

syntax:

description:

Cccr:

Exclusive OR

eor[.bwl] dj,<ea>

Logically ‘exclusive or’ the bit pattern in the source with that
of the destination. Each bit in the destination is formed by
exclusive or-ing it with the corresponding bit of the source
data register.

The source of the instruction must be a data register. Address
register direct addressing is not permitted with this
instruction.

N set to most significant bit of result.
Z set if result is zero, cleared otherwise
V always cleared

C always cleared

X not affected.

Exclusive OR immediate data

eori[.bwl] #data, <ea>

Logically ‘exclusive or’ the bit pattern in the immediate data
with that of the destination. This instruction is used in place
of the eor mnemonic when the source operand is a literal
value.

N set to most significant bit of result.
Z set if result is zero, cleared otherwise
V always cleared

C always cleared

X not affected.



eori

syntax:

description:

ccr:

exqg
syntax:

description:

ccr:
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Exclusive OR to condition codes register

eori #$#data,ccr

Logically ‘exclusive or’ the bit pattern in the immediate data
with the condition code register. In effect this is used to
complement certain flags in the cer.

N changed if bit 3 of data is one, unaffected otherwise
Z changed if bit 2 of data is one, unaffected otherwise
V changed if bit 1 of data is one, unaffected otherwise
C changed if bit 0 of data is one, unaffected otherwise
X changed if bit 4 of data is one, unaffected otherwise.

Exchange registers
exg rx, Xy

Exchange the 32 bit registers rx and ry (which can be either
address or data).

Not affected.



250 B. The 680x0 instructions used in the text

ext

syntax:

description:

ccr:

see:

jmp
syntax:
description:
note:

ccr:

see:

Sign extend data register
ext[.wl] dp
extb.l dp

Sign extend the lower byte (or word) in the data register to a
valid word (or long word) quantity. This involves replicating
the most significant bit in the byte (or word) throughout the
upper byte (or word) of the register.

The extb. 1 instruction extends a byte quantity into a long
word quantity.

N set if result is negative, cleared otherwise.
Z set if result is zero, cleared otherwise

V always cleared v

C always cleared

X not affected.

Section 4.2

Jump

jmp <ea>

Program execution address continues at <ea>

Only memory addressing is allowed for this instruction.
Not affected.

Section 7.2



jsr
syntax:

description:

note:
ccr:

see:

lea

syntax:

description:

note:
ccr:

see:

link
syntax:

description:

ccre

see:
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Jump to sub-routine

jsr <ea>

Call sub-routine located at <ea>; this involves pushing the
address of the following instruction and subsequent program
execution address continues at <ea>.

Only memory addressing modes are allowed for <ea>.

Not affected.

Chapter 8

Load effective address

lea <ea>,ap

Load the memory address specified by <ea> into address
register ap. This in contrast with the move instruction
which would move the contents of the memory location.

Only memory addressing modes are valid for <ea>.
Not affected.

Section 5.1, 5.2

Link and allocate

link ap, #data

Allocate space on the system stack and link address register
an to it. This involves pushing the old value of an onto the
stack, setting ap to point to its old value on the stack, and
adding #data to the system stack. (Data is normally
negative.)

Not affected.

Section 8.1
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1sl

syntax:

description:

ccr:

Logical shift left

1s1[.bwl] dy, dy
1sl[.bwl] #<data>,dy
1lsl <ea>

The destination is left shifted by count bits where count is either
#data or the least significant 6 bits of dx. The rightmost bits
are replaced by 0, and the leftmost bit shifted out is placed
into the eXtend and Carry flags.

In the case of a register count, amount of shift is modulo 64.
In the case of an immediate count, range of shifts is 1-8.

In the case of a memory instruction the operation is limited
to word length and shifts of one bit only.

N is set to most significant bit of result

Z is set if result is zero, cleared otherwise

V is set if the most significant bit is changed at any time
during the shift operation, cleared otherwise.

C set to the last bit shifted out of the operand. Cleared for a
zero shift count.

X set to the last bit shifted out of the operand. Unaffected for
a zero shift count.



lsr

syntax:

description:

ccr:
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Logical shift right

l1sr[.bwl] dx,dy
l1sr[.bwl] #<data>,dx
lsr <ea>

The destination is right shifted by count bits where count is
either #data or the least significant 6 bits of dx. The
leftmost bits are replaced by 0, and the rightmost bit shifted
out is placed into the eXtend and Carry flags.

In the case of a register count, amount of shift is modulo 64.
In the case of an immediate count, range of shifts is 1-8.

In the case of a memory instruction the operation is limited
to word length and shifts of one bit only.

N is set to most significant bit of result

Z is set if result is zero, cleared otherwise

V is set if the most significant bit is changed at any time
during the shift operation, cleared otherwise.

C set to the last bit shifted out of the operand. Cleared for a
zero shift count.

X set to the last bit shifted out of the operand. Unaffected for
a zero shift count.
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move

syntax:

description:

ccr:

movea
syntax:

description:

ccr:

move
syntax:
description:

ccr:

Move data

move[.bwl] <ea>;1,<ea>y

Move the quantity indicated by <ea>; to the address
indicated by <ea>». If the destination is a data register or
memory then the condition codes are set accordingly; if the
destination is an address register then they are not affected.

N set if result is negative, cleared otherwise.
Z set if result is zero, cleared otherwise

V always cleared

C always cleared

X not affected.

Move data to address register

move[.wl] <ea>,ap

Move the quantity indicated by <ea> to the address register.
This instruction is normally automatically generated by the
assembler in place of a move instruction where the
destination is an address register.

Not affected.

Move from ccr

move ccr,<ea>
Moves the ccr (zero extended to 16 bits) to <ea>.

Not affected.



move

syntax:
description:

ccr:

movem

syntax:

description:

ccr:

see:

moveq

syntax:

description:

ccr:
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Move to ccr

move <ea>,ccr
Moves the least significant byte at <ea> to the cer.

N set to bit 3 of data in <ea>
Z set to bit 2 of data in <ea>
V set to bit 1 of data in <ea>
C set to bit 0 of data in <ea>
X set to bit 4 of data in <ea>.

Move multiple registers to/from memory

movem|[.wl] <ea>,register 1list

movem|[.wl] register 1list,<ea>

Move the registers in the list to memory or from memory.
The <ea> specifies the starting address in memory for the
transfer of the registers.

Not affected.

Section 8.2

Move quick immediate data

moveq #<data>,dp

Moves a long immediate data to destination. <data> is in
the range 1 to 8. This instruction is the one actually used
when immediate data in the range 1..8 is specified with the
move mnemonic.

N set if result negative, cleared otherwise
Z set if result zero, cleared otherwise

V always cleared

C always cleared

X not affected

X set as carry bit.
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muls Signed multiply

syntax: muls.w <ea>,dp 16x16—32
muls.l <ea>,d, 32%x32—»32
muls.l <ea>,dp:d; 32x32-64

description: Multiply two signed quantities, giving a signed result. There
are three forms of this instruction:

1) A 16 bit multiplication, giving a 32 bit result. This is the only
form on the 68000.

2) A 32 bit multiplication, giving a 32 bit result.

3) A 32 bit multiplication — <ea>xd; - giving a 64 bit result in
dn and dj.

ccr: N set if result is negative, cleared otherwise.

Z set if result is zero, cleared otherwise
V always cleared

C always cleared

X not affected.

see: Section 4.2



mulu

syntax:

description:

1)

2)

3)

ccr:

neg
syntax:

description:

ccr:
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Unsigned multiply

mulu.w <ea>,dp 16xX16—>32
mulu.l <ea>,dp 32x32—5>32
mulu.l <ea>,dnp:d; 32x32—->64

Multiply two unsigned quantities, giving an unsigned result.
There are three forms of this instruction:

A 16 bit multiplication, giving a 32 bit result. This is the only
form on the 68000.

A 32 bit multiplication, giving a 32 bit result.

A 32 bit multiplication — <ea>xd; - giving a 64 bit result.

N set if result is negative, cleared otherwise.
Z set if result is zero, cleared otherwise

V always cleared

C always cleared

X not affected.

Negate operand

neg[.bwl] <ea>

Negate the operand specified in <ea>. This is the 2’s
complement of the number; equivalent to subtracting it from
0.

N set if result is negative, cleared otherwise.
Z set if result is zero, cleared otherwise

V always cleared

C always cleared

X not affected.
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negx
syntax:

description:

ccre

not
syntax:

description:

ccr:

Negate operand with eXtend

negx|[.bwl] <ea>

Negate the operand specified in <ea>. This involves
subtracting it from 0 and also subtracting the eXtend flag
value.

N set if result is negative, cleared otherwise.
Z set if result is zero, cleared otherwise

V always cleared

C always cleared

X not affected.

Complement operand

not[.bwl] <ea>

Complement the operand specified in <ea>. This involves
complementing each bit in <ea>.

N set if result is negative, cleared otherwise.
Z set if result is zero, cleared otherwise

V always cleared

C always cleared

X not affected.



or

syntax:

description:

Note:

ccr:

see:

ori

syntax:

description:

ccr:
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Inclusive OR

or[.bwl] <ea>,dp
or[.bwl] dp, <ea>

Logically OR the bit pattern in the source with that of the
destination. Each bit in the destination is formed by or-ing it
with the corresponding bit of the source operand.

Address register direct addressing is not permitted with this
instruction.

N set to most significant bit of result.
Z set if result is zero, cleared otherwise
V always cleared

C always cleared

X not affected.

Section 6.1, 6.2

Inclusive OR with immediate data

ori[.bwl] #data,6<ea>

Logically OR the bit pattern in the immediate data with that
of the destination. This instruction is used with the or
instruction when the source operand is a literal value.

N set to most significant bit of result.
Z set if result is zero, cleared otherwise
V always cleared

C always cleared

X not affected.
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ori

syntax:

description:

ccr:

pea

syntax:

description:

ccr

see:

Inclusive OR immediate to ccr

ori #data,ccr

Logically OR the bit pattern in the immediate data with the
condition code register. In effect this is used to set certain
flags in the ccr.

N set if bit 3 of data is one, unaffected otherwise
Z set if bit 2 of data is one, unaffected otherwise
V set if bit 1 of data is one, unaffected otherwise
C set if bit 0 of data is one, unaffected otherwise
X set if bit 4 of data is one, unaffected otherwise.

Push effective address

pea <ea>

Push the memory address specified by <ea> onto the system
stack. This in contrast with the lea instruction which would
load the address into a address register.

Not affected.

Section 8.1



rol

syntax:

description:

CcCr:
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Rotate left

rol[.bwl] dx,dy
rol[.bwl] #i<data>, dy

rol <ea>

The destination is rotated left by by count bits where count is
either #data or the least significant 6 bits of dx. The
leftmost bits are inserted into the rightmost bit positions, and
the leftmost Dbit shifted out is placed into the carry flag.

In the case of a register count, amount of shift is modulo 64.
In the case of an immediate count, range of shifts is 1-8.

In the case of a memory instruction the operation is limited
to word length and shifts of one bit only.

N is set to most significant bit of result

Z is set if result is zero, cleared otherwise

V always cleared.

C set to the last bit shifted out of the operand. Cleared for a
zero shift count.

X not affected
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ror

syntax:

description:

ccr:

Rotate right

ror[.bwl] dx,dy
ror[.bwl] #<data>, dy

ror <ea>

The destination is rotated to the right by by count bits where
count is either #data or the least significant 6 bits of dx. The
rightmost bits are inserted into the leftmost bit positions, and
the rightmost bit shifted out is placed into the Carry flag.

In the case of a register count, amount of shift is modulo 64.
In the case of an immediate count, range of shifts is 1-8.

In the case of a memory instruction the operation is limited
to word length and shifts of one bit only.

N is set to most significant bit of result

Z is set if result is zero, cleared otherwise

V always cleared.

C set to the last bit shifted out of the operand. Cleared for a
zero shift count.

X not affected
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syntax:

description:

ccre
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Rotate left with eXtend

roxl|[.bwl] dx,dy
roxl[.bwl] #<data>,dy
roxl <ea>

The destination is rotated left by count bits, where count is
either #data or the least significant 6 bits of dx, through the
extend flag. As each bit is rotated, the extend flag is shifted
into the rightmost bit of the destination, and the leftmost bit
is shifted into the eXtend flag. The last bit shifted out is
placed into the Carry flag.

In the case of a register count, amount of shift is modulo 64.
In the case of an immediate count, range of shifts is 1-8.

In the case of a memory instruction the operation is limited
to word length and shifts of one bit only.

N is set to most significant bit of result

Z is set if result is zero, cleared otherwise

V always cleared.

C set to the last bit rotated out of the operand. Set to the
value of the eXtend flag for a zero shift count.

X Set according to the last bit rotated out of the operand; not
affected for a zero rotate count.
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roxr

syntax:

description:

Cccr:

rtd

syntax:

description:

ccr:
Note:

see:

Rotate right with eXtend

roxr|[.bwl] dx,dy
roxr[.bwl] #<data>,dy
roxr <ea>

The destination is rotated right by count bits, where count is
either #data or the least significant 6 bits of dyx, through the
extend flag. As each bit is rotated, the extend flag is shifted
into the leftmost bit of the destination, and the rightmost bit
is shifted into the extend flag. The last bit shifted out is
placed into the carry flag. :

In the case of a register count, amount of shift is modulo 64.
In the case of an immediate count, range of shifts is 1-8.

In the case of a memory instruction the operation is limited
to word length and shifts of one bit only.

N is set to most significant bit of result

Z is set if result is zero, cleared otherwise

V always cleared.

C set to the last bit rotated out of the operand. Set to the
value of the eXtend flag for a zero shift count.

X Set according to the last bit rotated out of the operand; not
affected for a zero rotate count:

Return and deallocate parameters

rtd #displacement

Return from subroutine and adjust system stack, by adding
displacement to the a7 register after popping the return
address, to deallocate parameters.

Not affected.
Not available on the 68000/008/010 processors.

Section 8.1
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rts Return from sub-routine

syntax: rts

description: Return from subroutine.

ccr: Not affected.

see: Section 8.1

Sce Set according to condition
syntax: Sce <ea>

description: If the condition is satisfied then set byte value at <ea> to true:
all ones; otherwise set byte at <ea> to false: all zeroes.

The condition ¢ can be any of

CC — carry clear -C CS — carry set C
BQequal/zero z | NE wequalinonn 2.
MI — minus N PL — plus -N
‘VC—overflowclear -V [VS—overflowset v
| GE—greaterorequal NeV4-Ne-V ~ |LT—lessthan Ne-V+-NeV
'GT —greater than ~ZeNeV+-Zs-Ne-V |LE—lessorequal Z+Ne-V+-NeV |
‘HI—high ~Ce-z " [LS—loworsame cz ]
ccr: Not affected

see: Section 6.2, 7.1
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sub Subtract source from destination

syntax: sub[.bwl] <ea>,d,
sub[.bwl] dp,<ea>

description: Subtract the source from the destination using binary
arithmetic. The size of the operation can be byte, word or
long.

cer: N set if result negative, cleared otherwise
Z set if result zero, cleared otherwise
V set if overflow is generated, cleared otherwise
C set if borrow is generated, cleared otherwise

X set as carry bit.
see: Section 4.2
suba Subtract from address register
syntax: suba[.wl] <ea>,ap

description: Subtract source from a destination address register. The
operation can be word or long; in the case of word, the source
operand is sign extended to 32 bits prior to subtracting from
the destination register.

Some assemblers automatically generate this instruction
from the sub mnemonic if the destination is an address
register.

ccr: not affected
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syntax:

description:

ccre

subg

syntax:

description:

ccr:
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Subtract immediate data

subi[.bwl] #<data>,<ea>

Subtract immediate data from destination. This instruction
is the one actually used when immediate data is specified
with the sub mnemonic.

N set if result negative, cleared otherwise

Z set if result zero, cleared otherwise

V set if overflow is generated, cleared otherwise
C set if borrow is generated, cleared otherwise

X set as carry bit.

Subtract quick immediate data

subg[.bwl] {#<data>,<ea>

Sub immediate data from destination. data is in the range 1
to 8. This instruction is the one actually used when
immediate data in the range 1..8 is specified with the sub
mnemonic.

N set if result negative, cleared otherwise

Z set if result zero, cleared otherwise

V set if overflow is generated, cleared otherwise
C set if borrow is generated, cleared otherwise

X set as carry bit.
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subx

syntax:

description:

ccr

swap

syntax:
description:

ccr:

tst

syntax:
description:

Cccr:

Subtract with extend

subx[.bwl] dy,dx
subx[.bwl] - (ay),-(ax)

Sub source from destination along with the eXtend bit. This
instruction is used to implement multi-word arithmetic.

Note the restrictions in the allowed addressing modes: either
both operands are data registers or they are both address
register predecrement.

N set if result negative, cleared otherwise

Z set if result zero, cleared otherwise

V set if overflow is generated, cleared otherwise
C set if borrow is generated, cleared otherwise

X set as carry bit.

Swap register halves
swap dn
Swap upper half of data register d, with its lower half.

N set if result negative, cleared otherwise
Z set if result zero, cleared otherwise

V always cleared

C always cleared

X not affected.

Test an operand

tst <ea>
Test the operand and set condition codes accordingly

N set if result negative, cleared otherwise
Z set if result zero, cleared otherwise

V always cleared

C always cleared

X not affected.
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unlk Deallocate

syntax: unlk an

description: Unlink address register an and deallocate space from stack.
This involves setting the system stack pointer to ap and
popping into it its old value of the register from the stack.

ccr: Not affected.

see: Section 8.2



APPENDIX C
Answers to selected exercises

Exercises 2.2.4

1. a) 1000 = 1*512+1*256+1*128+1*64+1*32+1*8

= 1*29+1*28+1%27+1%26+1*25+0*24+1*23+0*22+0*21+0*20

b)

-1000‘65536 = 65536-1000 = 64536

2. There are 7 numbers in the range 20...26. The fewest number of bits
that can represent 7 numbers is 3 bits (which can represent up to 8
numbers).

3. Let M=2m be the modulus, a power of 2. The binary expansion of M is:
M = 12m40*2m-1402m-24  +0*20
= 1 2m-14702m24 | 47%20 + 1
Let A, an arbitrary number in the range 0...2M-1, be represented by the
expansion:

A = am-1"2M 14 a0 2M24 | 4+2¢*20

where each aj is either 0 or 1. If we subtract A from M we get:

270
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M-A  =102mlppom2y | +1%20 41 - (am-1*2™ 1+amp*2m-2+,, +ag*20)
= (1-am-1)*2M 14+ (1-am.2)* 22+, +(1-ag)*20 + 1

Where each term of the form (1-a;) is actually the complement of a;: if
a;=0 then (1-aj)=1, and if aj=1 then (1-aj)=0. Finally the +1 term at the
end signifies that we must add 1 after complementing the individual
terms in the expansion.

Our solution is written as a Pascal program; although considering the
extent of bit manipulations involved an assembler program might be
clearer! mult is a recursive function with declaration:

function mult(a,b,n:integer):integer;
var aol0,b0,al,bl,temp,alb0,albl,n0,n2:integer;

The base case of the recursion involves multiplying two 1 bit
numbers, which is the same as ‘and”:

0x0=0 0x1=0

1x0=0 1x1=1

This can be expressed as the Pascal code fragment:

if n=1 then
mult := a & b
else

otherwise, for the recursive case we have to split our two numbers,
recurse and then recombine. Splitting can be done by a mask and shift
operation. In standard Pascal this appears to be quite expensive since
it involves a multiplication in its own right; however if we
temporarily borrow some ‘C’ notation we can express it more directly:
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begin
n2 :=n/2; mask = (1l<<n2)-1
a0 := (a & mask); al := a >> n2;
b0 := (b & mask); bl := b >> n2;
a0bo = mult(a0,b0,n2);
albl = mult (al,bl,n2);
temp := mult(al0+al,b0+bl,n2)
-a0b0-albl;
mult:=a0b0+ (temp<<n2)+ (albl<<n);
end;

Actually, there are some extra complications regarding the generation
of carries in the partial additions a0+al and b0+b1; therefore a more

correct program is

begin
if odd(n) then { make sure n is even }
n :=n + 1;
n2 := n>>1;
mask := (1l<<n2) - 1;
a0 := a & mask; al := a>>n2;
b0 := b & mask; bl := b>>n2;
a0b0 := mult(al0, b0, n2);
albl := mult(al, bl, n2);

if ((a0 + al) & mask) <> alO+al) or
((b0O+bl) & mask) <> bO+bl) then

n0 := n2+2
else
n0 := n2; { adjust for carry }
temp := mult(al0+al,b0+bl,n0) -
a0b0 - albl;

mult := aOb0 + temp<<n2 + albl<<n;
end;

In each pass of this algorithm there are three recursive calls to mult.
On the other hand, the size of the subsidiary problems is half the
number of bits. Therefore, the average depth of recursion will be
logoN for an N-bit multiplication. The complexity of this algorithm
is, then, O(NlogzN) which is less than O(N2) for the conventional
multiplication algorithm. However, this algorithm is considerably
more complex to implement and it would require very careful coding
or implementation in silicon to achieve a speed-up.
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Exercises 2.3.4

1. In a binary system, 0.5 would be represented as
0.1000000000000000B. The sequence of squares that we get in
binary are:

0.10000000000000002 0.0100000000000000

0.01000000000000002 0.0001000000000000

0.00010000000000002 0.0000000100000000

0.0000000000000000

0.00000001000000002

Therefore, we have lost the significant digit by the fourth successive
square.
In a floating point system, the sequence would be represented as

(0.1000... x 20)2 = 0.1000...x21
(0.1000... x 2-1)2 = 0.1000...x23
(0.1000... x 2-3)2 = . 0.1000...x27

The sequence would only end when we could no longer represent a
sufficiently small exponent. If we had 9 bits to represent the exponent
then the smallest power of 2 would be:

0.1000... x 2-255

We would get to this number in two further steps. Continuing the
squaring after this would lead to the same degeneration of the result
as with a fixed point number.
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2. If we are to divide two fixed point numbers, 2 and 6 (say) with a fixed
point at £ bits, then we can express the numbers as:

a= 2K
and
b= B2k

Dividing aby 5 gives us:

a+b = (2*2-K)+(B*2-K)
= ((4+B)+2-R*2-k

Thus we can divide the integer part of a by the integer part of 4, and
divide that by 2-K to give us the correct result with a fixed binary point
at £, Dividing a number by 2-Kamounts to a left shift of k bits:

a+b = ((2+B)<<R*X.
As with fixed point multiplication, this left shift may lose significant
bits from the answer. In this case however, any bits that we lose are

liable to be the most significant bits rather than the least significant
bits that we lose in multiplication.

3. We can ‘convert’ the problem of representing a number of the form
2% into one of representing numbers of the form 5 as follows:

27X = 10*x2-*x10-%

= (10%/2X)x10%

= 5%x10-%
Clearly, 5% is representable finitely in decimal numbers and a
multiplication by 10~ is simply a ‘right shift’ of the decimal number
by x places.

(This solution was suggested to the author by K.Broda and G.
Ringwood in private communications.)
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Exercises 3.3.3

2. The decimal number 100000 is 186A0 in hexadecimal, whereas
200000 is 30040 in hexadecimal. The third move instruction only
moves the least significant 16 bits of d0 into the least significant 16
bits of d1, the remaining bits of d1 are untouched. Therefore, d1 is
left with $386A0 in it, which is 231072.

3. We shall use d2 as the third register:
o \0
move.l d0,d2
move.l *dl,d0
move.l d2,dl
19 -t_g'

4. The key observation here is that exclusive or is its own inverse, i.e.
that

X090 xXx = o

So, we can swap X and 9 as follows:

X=X®y X=Xo®9
=Xy Y= Xe®Y)DPYo = Xo
X=Xx® X = (Xo®Y)Xo = %o

The instructions to do this are:

eor.1 do,dl
eor.1l dl,do
eor.1l do, d1l

The execution time for these three instructions is the same as for the
three move instructions in the previous exercise.
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Exercises 4.2.3

1. u-v-w+x-y

o By d-w e x-y

= UV -W-|+x -y

=>'uv-w-x+|-y

=>|uv-w-x+y-|

The instructions which implement this sequence are:

move.w u,-(a7)
move.w v,d0

sub.w do, (a7) ;subtract v from u
move.w w,dO0
sub.w do, (a7) ;subtract w from u-v
move.w x,dO
add.w do, (a7) ;add x to u-v-w
move.w y,d0
sub.w do, (a7) ;subtract vy

2. a) (u+v) / (u-15)

= |u v +/lu 15 -]

=>\uv+u15-/|
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b) Instructions implementing the expression using the system stack:

move.w u,-(a7)

move.w v,dO0

add.w do0, (a7)

bov overflow_error
move.w u,-(a7)

move.w #15,d0

sub.w dO0, (a7)

bov overflow_error
beqg divide zero_error
move.w (a7)+,dl
move.w (a7)+,d0

ext.1l do
divs.w d1,dO0
bov overflow_error

move.w dO0,-(a7)

¢ Instructions using data registers to simulate a stack:

move.w u,d7

add.w v,d7

bov overflow_error
move.w u,dé6

sub.w #15,d6

bov overflow error
beq divide_zero_error
ext.1 da7

divs.w d6,d7

bov overflow_error

3. The expression converted into reverse polish form is:

[u32*uv/+w**|

We shall use registers d7, d6 and d5 to simulate an expression stack.
The basic code, without error checking is:
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Q1

@2

move.
move.

muls

move.
. W

move

selected exercises

w
w

w

ext.1l

divs

add.w

move
move

.b
.1

cmp.b
beqg.s

muls

sub.w
bne.s

move

.1

u,d7

#32,de6

dé,d7 ;u 32 *

u,dé

v, d5

dé ;extend dividend
d5,deé ju v/

deée,d7 ;u 32 * u v / +

w,dé ;start exponentiation
#1,d0 ;compute exp. into dO
#0,dé6 ;end of loop

Q2

d7,do0 ;multiply

#1,de6

Q1

do,d?7 ;store final answer

With error checking, the code is somewhat longer:

@1

Q2

move.
. W

move
muls
bov

move.
move.

w

w
w

ext.1l

beq
divs
bov

add.w

bov
move

move

.b
.1

cmp.b
beq.s

muls
bov

sub.w
bne.s

move

.1

u,d7

#32,d6

dé6,d7 ;u 32 *
overflow_error

u,dé

v,d5

deé ;extend dividend
zero_divide

d5, dé6 a v/

overflow_error

de6,d7 ;u 32 * u v / +
overflow_error

w,dé ;start exponentiation
#1,d0 ;compute exp. into dO
#0,d6 ;end of loop

Q2

d7,do0 ;multiply
overflow_error

#1,de6

@1

d0,d7 ;store final answer
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Exercises 5.1.4

1. We can implement

fbp*.foop:=fbp*.foop”.foop;

in three instructions:
move.l fbp, a0

move.l foop(al),al
move.l foop(al), foop(al)

2. The first record:

d_entry = record
mark:boolean; { 1 byte }
t:(a_tag,b_tag); { 1 byte }
n:*d_entry; { 4 bytes }
end;

requires 6 bytes, but the second record requires up to two filler bytes:

e_entry = record
mark:boolean; { 1 byte }
{ filler }
n:”*e_entry; { 4 bytes }
t: (a_tag,b_tag): { 1 byte }
- { filler }
end; { 8 bytes }

Whether the compiler should automatically substitute one for the
other is mostly a philosophical point. By performing the replacement
a 25% saving in space can be achieved; furthermore, since the
compiler is left to allocate space as it pleases (unlike a packed record),
it may be assumed that the compiler could optimise the
representation if it saw the opportunity. Certainly, a substitution of a
code sequence by an equivalent optimized code sequence would be
perfectly permissible.
However, if this record is used in the definition of a file, as in:

f:file of d_entry;
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then the data in the record file may be accessible from outside the
system: the program containing this definition may access data from
other programs or even other operating systems.
programs may be compiled using compilers which did not make the
same optimizations, therefore the program may not operate correctly

over the data file.

These other

Perhaps an appropriate solution would be for the Pascal compiler to
inform the programmer that a small reorganization of the record
would yield the improvement: this leaves the actual decision to the

programmer.

Exercises 5.2.3

1. The assignment:
jip~I=x].jar[yl:=jjn;
involves two array accesses.

move.w x,dO0

cmp.w  #1,d0 ;1<x?

blt array_error

cmp.w #5,d0 ;5>x?

bgt array_error

move.l jjp, a0

sub.w #1,d0 ;cant use offset
mulu #42,d0 ;size of a jamjar
lea jar(a0,d0.w), a0l

move.w y,d0

cmp.w #1,d0 ;l<y?

blt array_error

cmp.w #10,d0 ;10>y?

bgt array_error

add.w dO0,do ;*2

move.w jjn,-2(a0,d0.w)
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The shift'n add style of multiplying by a constant depends on the
breakdown of a number into its binary expansion. So if we want to
multiply an unknown # by a known I, then we examine the binary
expansion for I

I= 1520 + 1#21 4+ [,*22 4 . + [,*2n

assuming that / is a positive number number less then 2n+1. To
multiply M by I results in the expansion:

KM= Mg+ (M<<1)*I; + ... + (M<<n)*I,

There is a significant term in this expansion for every non-zero bit in
the binary expansion for I. So, to determine the effectiveness of using
the shift'n add style, we have to count the number of bits in 1. For
each non-zero bit in I, there is a shift and an add instruction; so the
total cost of the multiplication sequence is

6*B;

where 3B; is the number of non-zero bits in I. For the code to be faster
than the general purpose mulu instruction, this must be less than 29,
i.e.:

B<29+6 or B1<4.8333333333

If there are more than four significant bits in 7 then we are better to
use the mulu instruction. Note that this restriction does not refer to
the size of I; if we are multiplying by 32 then there is only one non-
zero bit in J, but if we want to multiply by 31 then there are five non-
zero bits in 7 and it would be better to use mulu.

Suppose that we wanted to access the two-dimensional array:

bi:array[0..20,1..10] of integer;

using this technique. We would have a table of offsets to rows in the
array bi defined somewhere within our program. In fact each entry
in the offset table would consist of the length of the array so far:
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bioff dc.w 0 ;first row at offset 0
dc.w 20 ;each row is 20 bytes
dc.w 20*2 ;larger arrays might

;need long offsets
dc.w  20%20 jthe 21st row

Access to the element of the array involves accessing this table as well
as the array itself.

0

/ length of bi [0]

20*length of bi [0]

base address of bi

table of offsets to rows within bi

bi[l]
— :
[T 1T T . I‘l\...Ll
/ / \\ bi[20,1]
bi[1l,10]
bi[0,1] bi[20,10]

bi[l,1]
bi[0,10]

To implement bi[x,y] :=bi[y,x]; we would use the sequence:

lea bioff,al ;table of row offsets
move.w y,d0 ;bily, x].. -

move.w 0(al,d0.w*2),dO0 ;68020 code
lea bi, a0 ;base of bi

lea 0(a0,d0.w), a0 ;add row offset
move.w x,dO0 ;column x

move.w -2(a0,d0.w*2),6d1 ;dl= bily,x]
move.w x,dO0 ;start bil[x,y]
move.w 0(al,d0.w*2),d0 ;offset to bi[x,]
lea bi, a0

lea 0(a0,d0.w) ,a0 ;add row offset .
move.w y,d0 ;column y

move.w dl,-2(a0,d0.w*2) ;.:=bily, x]
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Exercises 6.2.3

1.

Suppose that we wanted to implement the assignment:
i_set:=i_set+[I];

then we could use the bfset instruction directly, without needing to
calculate byte offsets, because the bit field offset can be specified in a
data register:

move.w [,d0

ext.1l do ;convert to long
bfset i_set{d0:1}

This sets a bit field - of width 1 — to 1’s. We need to convert the word
length index I to a long value because the bfset instruction uses a
long value to specify the bit field’s offset. We can also set a sub-range
of the set in one instruction also:

i_set:=i_set+[I..I+4];
becomes
move.w [,dO

ext.l doO ;convert to long
bfset i _set{d0:5}

A subset test, such as JoI can be re-expressed as follows:

ol & InJ=I

So, in 68000 instructions, when testing a large set such as i_set, each
segment of the test becomes:

move.l (a0),do ;I fragment
and.1l (al),doO ;I N J

cmp .1l (a0),do ;=7
bne not_subset
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and the complete test is implemented using a loop:

lea i set,a0l
lea j_set,al
move.w #31,dl

Q1 move.l (a0),do ;I fragment
and.1 (al)+,d0 ;I N J
cmp.1l (al0)+,doO ;=7
bne not subset

dbra d1,@1
...... ;yes, 1i_set<=j_set

3. i) The expression can be converted to reverse polish form as
follows:
x* (y+1)

i) z:=z+[x*(y+1)];
using a7 as an expression stack:

move.w y,-(a7)

move.w #1,-(a7)
move.w (a7)+,do0
add.w (a7)+,dO

bov overflow_line xxx

muls x,do -

bov overflow_line xxx

cmp.w  #0,d0 ;range check

blt range_ error_Xxx

cmp.w #1023,d0

bgt range_error_ Xxx

move.w d0,dl

l1sr.w #3,d1 ;compute byte offset

bset d0,0(al,dl)
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Exercises 7.1.5

1. The instructions needed to implement this while loop are:

bra e4 ;go round body
Qo move.w i,d0

add.w do,do ;2%3i

cmp.w j,d0 ;2%i>3?

bgt el ;yes, early exit

cmp . w #10,; ;3>10°

ble e2
Q1 lea ai, a0

move.w 1i,dO
add.w do,do
move.w j,-2(a0,d0.w)
bra @3
Q2 lea ai, a0
move.w j,dO
add.w do,do
move.w i,-2(a0,d0.w)

@3 sub.w  #1,1i.

Q4 move.w 1i,dO
cmp.w  j,d0 ;i>jg?
bgt Qo

2. To implement conditional expressions is simply a matter of
evaluating the conditional part of the expression within a normal
expression calculation as opposed to within a conditional or loop
construct. The branches of the conditional are expressions rather than
statements, but otherwise their implementation is the same as
conditionals.



286 C. Answers to selected exercises

bra el
Qo lea ai, a0
move.w i,d0

add.w do,do
move.w -2(a0,d0.w),i

el move.w i,d0
cmp.w j,d0 ;i<j?
blt Q2
move.w ;,d0

e2 add.w do0,do ;d0 =
lea ai, a0

cmp . w #10,-2(a0,d0.w)
blt QO

i or j
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12 hour clock 11
2's complement arithmetic 14
absolute addressing mode 179, 210
add instruction 42, 58, 84, 164, 165,
223
adda instruction 84, 222, 223
addi instruction 224
addgq instruction 224
address 40
address boundaries 41
address range 41 .
address register 36, 39, 41, 58, 70, 76,
79, 82, 83, 84, 209
address register indirect 67, 211
with displacement 77, 212, 215
with index 87, 104, 215, 217
with post-increment 67, 213
with pre-decrement 66, 214
addx instruction 165, 225
and instruction 225
andi instruction 226
append
atom 174
clauses 191
code 179, 182
function 173, 174
arbitrary precision arithmetic 163
argument registers 196
arithmetic error 72
ASCII 57
asl instruction 92, 227
asr instruction 99, 228
assembler directive 49
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assignment

record 78

scalar 58
atom 161, 185
backtracking 190, 195
bec instruction 110, 229
bchg instruction 230
belr instruction 104, 230
bfchg instruction 231
bfclr instruction 232
bfexts instruction 101, 233
bfextu instruction 101, 234
bfffo instruction 235
bfins instruction 101, 102, 108, 236
bfset instruction 108, 237, 283
bftst instruction 238
big num 12, 163
binary expansion 11, 13, 14, 15, 20, 55,

104, 163, 164

binary fractions 25
binding chains 188
bit pattern 8 '
bne instruction 69
bounds checking 70
box diagrams 158
bra instruction 112, 238
branch conditional 39
bset instruction 104, 239
bsr instruction 239
btst instruction 104, 240
byte 8
C1,4,93,9
call record 196



288 Index

call-by-reference 132, 133
call-by-value 132
calling sequence 134
CAR & CDR 157, 158
Carry flag 38, 73, 164, 165, 252, 253,
261, 262, 263, 264
case selection table 122, 125
case statement 122
chk instruction 240
chk2 instruction 241
choice point 190
record 198
clr instruction 241
cmp instruction 49, 50, 111, 242
cmp?2 instruction 73, 88, 244
cmpa instruction 111, 242
cmpi instruction 243
cmpm instruction 243
complex expressions 59
compound term 185
cond expression 180
condition codes register 36, 38
conditional branch 111
conditional conjunction 114
conditional disjunction 114
conditional expression 126
conditions 39
conjunctions and disjunctions 113
CONS 157, 166
constructed term stack 191, 199
control variable 118, 120
data register indirect 216
data registers 36, 70, 145, 152, 165
dbcc instruction 120, 245
dbge instruction 121
dbra instruction 79, 107, 120, 121,
245
directive 50 ]
define constant 50, 124
define storage 50, 113
equate 50, 83
with 83
division
binary 20
long 18
divs instruction 69, 246
divu instruction 247

dotted 161
dotted pair 157
downto keyword 119
downwards growing stack 70
else statement 115
emulator 204
eor instruction 248
eori instruction 248, 249
error checking 71
exg instruction 249
exponent 28
exponentiation 69
expressions 58

evaluation 150

stacks 62, 65
ext instruction 69, 250
eXtend flag 39, 165
filler byte 76
fixed point

arithmetic 26

numbers 25
for loop 115, 118, 119, 120, 145
Fortran 58, 96
free list 166
function symbol 187
garbage collector 156, 167

collect phase 169

mark phase 168
global variable 142
go function 180
goto statement 109, 150, 151
grammar formalisms 184
guard digits 32
heap

LISP 166

Prolog 199
hexadecimal notation 33
if-then-else statement 110, 125
immediate addressing 209
immediate operand 49
incremental programming 174
input and output 53
instruction

decoding 205

encoding 48

set 35

words 46
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jmp instruction 124, 125, 150, 151,
206, 210, 250
jsr instruction 130, 131, 140, 174,
251
label subtraction 124
lea instruction 86, 152, 251
link instruction 5, 136, 137, 139,
143, 150, 152, 178, 197, 251
link register 139
LISP 38, 154
atom 157
execution 171
expression 171
heap 166
list pair 157
numbers 162
prog feature 176
LISP function
application 173
entry 174
parameters 176
local label 69
local variables 136, 142, 197
locus of control 109
logical variable 185
long word 9
1s1l instruction 90, 99, 252
1sr instruction 99, 253
mantissa 28
marking algorithm 169
memory 35
memory architecture 41
memory indirect
post-indexed 218
pre-indexed 219
memory management unit 112
meta-language 170
mnemonic 45
modulo arithmetic 11
move instruction 5, 42, 48, 67, 73, 78,
90, 113, 124, 135, 191, 254, 255,
275
movea instruction 254
movem instruction 145, 255
moveq instruction 255
muls instruction 42, 68, 256
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multi-precision arithmetic 164
multi-way branch 122
multiplication
binary 15
fixed point 27
floating point 31
instruction 68
mulu instruction 90, 94, 257, 281
neg instruction 257
Negative flag 39
negative numbers 12
negx instruction 258
nil 157, 159, 162
non-scalar parameter 133
not instruction 258
number 9
numeral 10
object-level 170
OBLIST 162
or instruction 259
ordinals 56
ori instruction 259, 260
overflow 14
error 72
oVerflow flag 38
packed data structure 57, 95
parameter passing 132
Pascal function 130, 148
Pascal record 75
Pascal set 102
pea instruction 133, 260
pointer 40
exchange 80
following 80
positional notation 10
predicate logic 184
primitive predicate functions 181
procedure 5, 130
epilogue 139
prog sequence 179
program counter 36, 109
indirect with index 123
memory indirect post-indexing 220
memory indirect pre-indexing 221
relative 112, 216
with displacement 216
with index 217
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Prolog 38
execution 193
properties 160
property list 174
range error 72
record declaration 83
recursion 131, 290
recursive data structures 154, 185
register allocation 144
register direct addressing 49, 208
registers 35
repeat loop 115, 116, 117
replaca 173
return from subroutine 131
return function 180
reverse polish form 60
rol instruction 261
ror instruction 262
roxl instruction 263
roxr instruction 264
rtd instruction 5, 141, 264
rts instruction 52, 131, 140, 265
S-expression notation 158
scalar expression 132
scalar types 55
scalar value 55
scale factor 215
S¢c instruction 105, 265
scoped procedures 142
set difference 107
set intersection 107
set union 106
shadow register 37
shallow binding 178
sign bit 12
sign extended 209
size specifier 45, 59
sne instruction 105, 113
stack adjustment 140
statement
case 122
conditional statement 110
for loop 118
procedure 130
repeat 115
separator 110
while 116

strength reduction 129
string 96
comparison 120
sub instruction 266
suba instruction 266
subi instruction 267
subq instruction 267
subx instruction 165, 268
swap instruction 268
symbol 157
dictionary 162
symbolic labels 51
syntax 50
system stack 66, 131
system stack pointer 37
tag 159
tagged pointer 160, 186
tagged record 160
top-level query 193, 195
trail 193, 198
tst instruction 268
unification 190
unlk instruction 5, 136, 139, 140, 152,
197, 269
upwards growing stack 70
value parameter 134
var parameter 133, 135, 141, 142
variable 55, 185
variable-variable binding 188
variables
allocation of 59
dynamically scoped 177
lexically scoped 177
virtual machine 204
Warren Abstract Machine 204
while clause 121
while loop 115, 116, 150
with directive 83
with statement 145
word 9
Zero flag 39
zero operand instruction 45
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High-Level Programmer’s Guide to the 68000

is an introduction to assembler programming, in particular for the
68000 series of processors including the more advanced 68020.and
68030 models. '

Most people learn programming initially using a high-level
language such as Pascal; indeed many may never use assembler for
large applications. However, this can result in a certain uneasiness:
without an understanding of how a computer performs the tasks
specified in high-level languages it can be difficult to adequately
assess the relative merits of different techniques, algorithms and
even programming languages.

This book aims to dispel that uneasiness by showing how
high-level languages such as Pascal are mapped to the machine.
Thus, assembler programming is approached from the view of
already known techniques that are appropriate for high-level
languages and seeing how they apply when programming in the
computer’s own language.

Since Pascal cannot represent all the possibilities in programming
languages, this book also looks at LISP and Prolog. These three
languages represent completely different programming paradigms
and effectively cover many of the program styles that an application
programmer is likely to encounter.

Included for easy reference is a description of the 68000’s
addressing modes and instructions that are commonly used in
assembler programming.

Francis McCabe is a lecturer in Computing at Imperial College,
London. He has been involved in programming language design and
computer architecture since 1978. In particular he has implemented
many Prolog language systems, several of them in assembler.
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