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This pager describes a particular realization
of a ambda-Red 1language as a machine
language. Parts of 1t "resemble the Lanmbda
Calculas or a transposed form of it. A
constructor syntax 1is employed such that a
linearized preorder representation of the
syntax tree is the information_structure on
which the machine operates. 1Instancss of
reduction rules are recognized by
combinations of constructors "and atoas.
Reduction rules with 1, and 3 _ constructors
and/or atoms have been described.

the
There
between
structure

A4 recursive control structure forms
essential part of the implementation.

is a one to one correspondence
constructor syntax ,and control u
rather than a simulation of_ recursive
structure by von Neumann type imstruction
sequencing. Thus the systen is easily
expandable b¥ new _constructors__and_atoms.
Execution, hat is the application of
reduction rules, is subsumed under editing.
Emphasis has been on the following pragmatic
concepts: locality of action, directnes$, and
security. There are no e€rror messages, €ITOILS
appear as irreducible expressions.  There is
no_ "RUN" instruction, instead the number of
reductions to be performed is specified.
Whatever happens - it 1is restricted  to
subexpressions. The wuser has the securit

that = all his actions are limited an

predictatle.

The machine language resembles a higher level
grog;ammlng language, . but it is

vafiable-free": expréssions are named, not
boxes which contain expressions. Thzre seens
to be a concept of 1late binding. _However,
this is not made a matter of principle, but a
matter of degree. Between a general statement
of a roblem and *he result are _ many
intermediate representations, - all in the
same language _- corresponding to various
degrees of binding parameters. The user has
complete freedom in the choice of_ wvariable
names. _ There is a .sgec1a11y developped
protection system which aveoids confusion of
variables.

The efficiency of the system is 1limited by
the rate characters can be processed which is
essentially determined by the control stcre
cycletime.  Measurements will be performed as

soon. as a _simulation of the systenm is
available. Three other important subjects
namely arithmetic, the definiticen o

constants, and source sink input-output will
be reported later.

1 Introduction

become the outstanding
1 While technolog has
grov1ded ever cheaper and faster hatfdware

he methodology to construct software is ]us%
Current hardware and scftware may

Programming has
problem in computing.

emerging.
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be major obstacles, towards a solution of the
programming problem. However, there are
Sevéral  programmin languages _which are
attractive becCause o theif Simplicity and
expressive power: LISP!, TRAC2, and GPHY3.
Recently John Backus has added to this 1list
his RED-languages. "RED" stands for reduction
ard_ denoteS & special type of executiorn and
evaluation.

The above mentioned, programming languages
have a common denominator which se2ems to be
the reason for their attractiveness, nanmely,
they are "substitutive". The _concepts  on
which conventional hardware - and programming
languages, too - are built contradict the
concep substitution. Thus, implementations
of substitutive systems on _conventional
hardware are bound to be inefficient.

It is the purpose of this paper to show

1) that it is possible to
which is suitable
systens, . . . 3

2) that substitution is _an important
concept +the implementation of which
deserves further investigation, and

3) that the issu=2 of hlgher'levei language
machire architecture” arises from, the
apparent inability of conventional
hardware to support substitution
economically.

design_ hardware
for Substitution

2__Problem_Identification

The following is an opiniated discussion of

fundamental "problem areas which are believed
to be the <cause of the difficulties in
programming.

1) Long Range Fffects

Writing a program gererates a net of causes
and effects which iS not easily derivable
from the visible representation of that
grogram making it difficult to comprehend it.
he” effect Caused by an instruction is long
range: part of the

: any
involved.

system may bé
2) Indirect Access
Operands and operators

connected.
called

are seldom directly
Operands are rather referenced, or
. rames and addresses. fhis
separation permits the abstraction of
programs _ from particular  data. The
conStruction of an algorithm therefore
necessitates the construction of data access
paths, algorithms to manipulate them, and
algorithms to manage storage space. These
latter tasks often overwhelm *he construction
of the algorithm itsel€.
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3) Central Control

The control structure of a machine is that
part vhich implements the next-state function
of the system. This concept is based on _the
notion hat _a "present" state is defined at
all. Thus, large systems with a central
control resemble moTre a simulation than a
nlife" system. The many parts of such a
sz$tem_ are, merely enacted by a s;ngle agent
which is mainly occupied with finding “out
what the "present" state of the system is.

4) Addressibility

As a  _consequence of points 1), 2) and 3)
there is _a néed to generate, cgmgute, and
store addresses. Téchnology wil provide
larger and_  faster memories. Because of the
limited address length of conventional
hardware it is a problem to provide
addressibility.

5) Machine Indenpendent Languages.

This notion is a misconception. Experience

has showr that _such a machine independence
cannot be achieved mainly because of “details
ard exceptions. Is machine__independence a
reasonable okbjective at all? rogram
consists of "instructions" directed” to
something real. To hide the real machire from
the user™ may cause insecurity about what
really happens.

3__Conceptual Approach _to Problem Solution

We first formulate our attempts of solving
the _ problems in rather general terms.
Experience shows that theofies enmploying

short-range interactions have more success il
explaining reality and are easier_ understood
than long-range theories. The following ideas
about _a cgmgutlng system seenm thérefore
promising with respect” to the problems listed
in section 2:

Control  is distributed to man arts
cooperating over = well defired local
interfaces. These exist only %o neighbour
parts. The restrictions and boundar

conditions which result from a realizatiorn o
the system ars an essential_ and_ determining
factor. _There are no unexplicable and opaqueée
restrictions.

Programs and data are «cohesive structures.
They _are modified and changed only locally.
Substitution is alwvays iteral” and not
simulated. The system is interactive: progran
and data may_be 1nsgected and may be changed
and modified at the discretion of the usér.
He will not be able to initialize changes _he
cannot predict or cannot oversee. There will
be no addresses or variables.

4__Reduction Languages

J. Rackus4S has described a class of
anguages which seem to bs rime candidates
foroufr considerations, We disregard for the

moment an{ particular realization of a
redaction anguaga. L reduction language
L = (,C,%) consists of a set E_ of

expressions, a_ _set C of expressions, and a
gart1a1 function ¥ from E onto C such that C
S the set of fixed points of M. 3 51mgle
€éxample of a reduction he
lanrguage of arithmetic
variables:

language 1is,
expréssion without

M((3+4)%7) = 49

Considering relizations _we first
explain M in. terms of smaller steps.

A complete (E,C,T), is a
reduction vhere T is a total
function from E info'F, and C_is the set of
ixed points of T, the transition function .
If Me ="c then there is an integer n _such
that Tme = ¢. With respect to ouf example we

have to

realization CR =
langgage,

T((3+4) #7) =
T (7%7) = 49

{(7%7)

Reduction languages constitute ~a shift of
emphasis: the @meaning is =no longer in the
states of an auntomaton taken “on while

reacting on _input signales, the meaning is in
the expfessions ard only there. But, if T is

enacted by an automaton, this automaton will
go through a sequence of states starting  at
an returning "to an ipitial state. Daring
that period e is no%* defined.

This should be contrasted with_ conventional
instruction execution: to find out the
meaning of one instruction execution the

state of the

< whole
inspected.

system has to be

John BackusS lists six interrelated informal
axiom which seenm necessar{ and sufficient to
characterize a reduction, language. Property
(5) needs special attention:

(5) The extended Church-Ross2r property.

(a) Every +e;mina;ing sequence of reductions
of an expression yields the same meaning for

it, and . .
(b) if an expression has a meaning, then
every sequence of reductions oh i

termirates. (Property (b) 'is restricted to
selected sequences in the usual form of the
Church-Rossér Theorem.)

If anything  equivalent to recursion, which
cannot_be rélinquished, is implementad, there
will always exist non-terminating reéugtlgn
sequences, which a _blind déterministic
enactor of the +transition function cannot
detect. Without an epactor_no expression does
anything. So, we onl¥ need a human observer
who always can force termination bi switching
off the énactor or setting a time limit. Thé
advagtage of ~a reduction, system becones
particularly evident in this “context. The
result after each reduction-step is an
expression e, which "means" something to the
observer. He_can usually decide if “further
reductions will terminate or rnot.

We ‘have to distinguish further  between
“reduction" and "evaluatior". Or first sight
these concept_seem to denote the same, thing.
However evaluation has the connotation that

each and everything has a value. This is
arother pragmatic oint suppo;tlng the case
for a reduction "systen: it eturns a

"constanrt" expression C¢ rather than an error
message if it canrnot @gply reduction rules,
and does not try to decide if this ¢ is the
result the wuseér expected or the consequence
of an error committed b the user. The
expression ¢ will be self-explanatory and
exhibit wvhy further reductions are
impossible.

S__Syntax of a Reduction Machine Language

We +talk about a_"machine language™ although
there is nothing like a conventiohal _machine
language in a  reduction machine. Instead,
thefle are character _ strings which are
transformed if  certain characters or
character combinations occur in these
strings.

In particular, we employ a constructor syntax
CS = (a,K) to define the set of expressions
E. CS is a constructor syntax if

csh There is a subset AcE the elements of
vhich are called atons.

Cs2) There is a s2t K of constructors Xk
which are functions from a subset Sk
of En into E (n20).

CS3) For every expression e€E, either €€l
or there is a unique k€K and unlgue

1,...,€n€E such that

e
k[el,...,en] = e.

These axioms reqgulate the construction of

elements of +hes Set E.




To _be more specific, we only allow two-place
(and, one-place constructors. o, far a
particular "encoding or Trepresentation for
constructor functions has not yet been given.
We <choose a _direct, explicit one. Let

k €1 e2 = e with Jjuxta position as the only
syntactic tool. The set of expressions
becomes therefore the set of inear

representations of binary trees in preorder
forms.

It is our irntention to implement a Lambda-Red
language, that is, a language _which resembles
the  lambda calculus?. “Lambda-Red languages
are closed applicative 1anguages. A reduaction
language L = (F,C,M .with™ a constructor
(A,K) 1s applicative iff:

syntax”s =
AL1) A<C
AL2) There is a tvo-flace constructor apé€k

such that for all e,f€E:
M apef =1 ap Ne Nf
For all other constructors:

M ke f =k Me Mf

AL3)

Using these three axioms
expreéssion e to a constant ~where the
constructor ap occurs only with constant
expressions: ag c d. The applicative language
is closed iff there is a function

RE [ C =[C -~ E]]

wve may reduce an

such that:

CAL1) R is total over C
CAL2) gor every c€C, Rc€[C -E] is total over

CAL3) For all c,de€C:

Mapcd =8 ap Rc d

The function R is called representation
function, A  major gart of a hardware
implementation woul _ consist of  an
implementation of this representation
function R.

The function R will be undefined for marny
elements of_ C numbers for example.  The
machine will ake care of these cases in a
manner consistent with the_reduction concept.
This means the machine will not stop with an
incomplete reduction _of the ap, _on the
contrary the machine will continue with other
reductions after restoring _the ap with its
components. This has pragmatic significance
as a direct in-place error indication.

Generally only atomic_elements of C will be
associated to meaningful mappings C - E. In
Lambda-Red languages, however, We have lambda
expressions which are "applied" to _arguments
b{ substltutlng the argument at designated
places of the lambda expressions.

5.1 Substitution

Lapnbda-Red 1lanquages resemble the lambda
calculus arnd inherit all its problems caused
by the introduction of variables.

e
i

We introduce a new class V of atoms called
variables, and a constructor lambda
represented by the character \. Variables are
represented by _strings of letters externally
and their encodlpgs interrnally. Variables are
constants, thus if v € V: Mv = v. This is_in
sharp contrast to conventioral programming
languages _where variables are in e;nallg
reptesénted by a more or less complicate

network of references to memory cells.

A lambda expression \ v e may be a componernt
of an application

ap \ v e £

The reduction of this expression corresponds
to the beta-conversion rule_ of the 1lambda
calculus: f is substituted into e for free
occurrences of v.
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We have found by exgerimenting that it is
corvenient to ave several ap-type
constructors.

Firstly, every constructor has
a transposed form suck that

ap' £\ ve
is an instance of beta-conversion and

Map'* f\ve=Map\vef

The use of tran§ggsed constructors may
improve the readability of expressioms.

The other differences_  of the ap-type
constructors may be explained with reference
to axiom AL2:

Map e £ =1 ap Me Mf

This form of the axiom applies if e is not a
lambda expression, since e has to be reduced
to a constant before _the representation
function R can be employed. If, howvever, e is
a lambda expression,,6 yarious sequences of
reductions are possible since substitution
does not require constant components. The
variety of ap-constructors arises if not both
of their components are reduced to constants

before  substitution. Let g be a lambda
expression in:
AL2L) M - g f=MR2ERlg f

M . g £ =M R2 R1g Hf

M a gf=MR2R1 Mg £.
The  function R1 prepares  the_ _ lambda
expression for substitution wvhile the
two-parameter functior R2 performs it.

introduce a fourth

It is not necessar¥ to U
constructor for he case where the first
component is not a lambda expression, since
the machine is designed to detect this. So we
have if e does not Start with a \ constructor

AL2E) M -« ef=M « HNe £
M . ef=M . Me MEf
M & ef=H8 & Me f
The constructor . corresponds to the usual a

vhile the constructors - and A yield stil
other cases. The same statements hold for the
group of transposed ap-constructors, which
are -, :, and v, respectively.

The contextual dependencies of constructors
are rich enough to model all tzplcal higher
level 1language constructs. oreover, the
combinational gropert;es of the constructors
are paralleled by combinational properties of
th machine components related to thege
constructors. This yields a very economic
design for a rather rich structure.

So far we did not mention the problems with
free and bound _variables in  substituton
procedures. Our solution®, which differs from

all known ones, is not onlg effective but
also efficient, because a substitution may be
executed without an preparations. his

method protects possible free occurrences of
variables by a constructor _ lambda-bar from
being boun erroneously while subst1tut1ng.
The lambda-bar constructor is_represented Y
the character /. The usar_will find /v _where
he might have expected v alone. A lambda-bar
exgress;on can Oornly aggear as a component of
a lambda expression wi the  same variable.
The lambda-bar will automatically disappear
if this lambda expression is applied to Some
arqument.

We may now return to chapter 5.

There 1is also a constructor e corresponding
to the DQT-operator of LISP! which serves to
compose data structures.

R few other constructors are implemented for
sgec1a1 purposes. The constructors # and ~
pla the role of escape characters to denote
numbers, the «ccnstructor ¢ is a special
binding constructor and is dealt with later.

Expressions are linear representations of
blnarg trses in grgorder form. Constructor
Correspon to odes, atoms to feaves, an
subtrees to subexpressions._ Constructors may
be in a predecessor - left successor oT
predecessor - right successor relationshi
with respect to” the tree structure. 2l
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combinations are allowed with the following
tvo exceptions:
1) .% binding_constructor (\t) may only have

variables as left-successor.
2) A number constructor may only have

number
parts as successors.

toms. The system is equipped
1m1§1ve, one: character atoms
s

\arol

etters serve as variatles
leaves _everyvhere. The

S are treated as integers and
comprise the on1¥ numbers without the” number
constructors, If¥ single digits appear in
operator position, namely as "that component
) an application constructor vhich | is
subjected "to the  representation function,
they are interpreted as constant functions
which yield themselves if applied to
arbitrary arguments.

Truthvalues are represented by, . single
characters. They act in operator positions of
the constructors «rts*s =) .  as constant
functions, in operator position of the
constructors (4,v), however as selectors 1in
the conditional device.

We have the NIL atom represented p¥ the right
bracket e which acts as the identity function
in operator position.

Hembers of the  set of _ number-related
operators and logical connectives are treated
as  constants i they appear in operand
position. In operator position, however, the
representation function is invoked according
to their usual nmeaning.
There

are three

h decomposition operators
{ 0 > < ) which delete the construactor, the
eft subtree, or the right sub{ree,
respectively.

Compound Atoms. Variables are formed by a
sequeénce of Tatters terminated by any
non-letter. (The set of non-letters contains
the blank). <Compound numbers_start with _the

onstructor #. Arithmetic will be handled as
n the programming larguage TRAC2.

Expressions. We are now in a position to
form arbitTary binary tree structures from
constructors as nodes and primitive and

compound atoms as leaves. The machine accepts

the” preorder 1linear representatiorn of such
tree structures. The machine will reject any
- Character

strln% which is not a binary tree
or can be augmented by the machine to  such
inary tree using NIL atoms.

6__Use_of_the Reduction_Machine
Before we outline a possible implementation
-0f the proposed reduction machine we  will
- exhibit_the representation of familiar higher
evel language,K constructs. We believe'the
gtoposeg realization represents a rather
lose fit to the common usage of programmlng
languages, such that the usér does not really
have fo learn a pew language.__Although the
fules are more stringent, we believe that a
written in"the proposed realizatiomn

reduction language is more transparent
comprehendable, too.
Infix Expressions. The input of the
- machIne, acceng Tfu parenthgsized infix
,tlfre551ons. The printout appears also in
'bh s form, The internal representatior,
_ ovever, 1is a binary tree with twg
\,~§2nsttuctors cgrresgondln% to the left and
‘Tight parenthesis and the fwo terms and the
- Operator as leaves.
external {e + f)
internal ) e + £
- . s e ¢+ f
The pare s
enthesis ( ) and constructors . : ,
fgggec§1ve1¥, are made synonyms for the
ihonCtlon processor. The printout processor

Ver, uses

Te S
.‘grgsentatlon.

them ¢to restore the exterpai
The examplifying plus sign
e replaced by any expression.

e
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The Polish prefix notation for arithmetic
expression - which should not be confused
with +the Ereorder linear representation for
program structures - has +he followving
representation:

e . +tef

We are_already in a position to implement the
logical connectives without resortin to
actual hardware. The concepts of constant and
identity function are sufficient if we let
the primitive constants (AV TlL) Slay their
various roles  in operator an operand
ositions. In Figure 6.1 we have exhibited
he evaluation of (AN B) employlng four
reduction rules. Corresponding "redgction
rules for the OR function_are M: L v = 1 and
M: Tv =T. The transposed forms of all these
reduction rules are provided, too.

Conditional.

The constructor a indicates
a complete

reduaction of the operator
component before the reduction process
continues. This _ property allows us to
construct a conditional

2 } IIE._
A A £ £
aa  £f£g g
In general a predicate expression, that is an
eggression which reduces to a truth _valusg,
will be constructed as operator of the
constructors (a VE. The truth value acts then
as selector. Finally, the reduction of £ or
takes lace. . The "conditional ¢ be use
correspondingly to, mode either, _ the
conditional “expression or the conditiornal
statement of conventional programming
languages.

Lists. The constructor e corresponds *o
he DDT operator, . < and . » correspond to
AR_(headf and cBrR’ (tail), respectively. To
acilitate listprocessing, the characters e,
, and , are made synonyasS for the reduction
rocessor such that’a tree structure like

oeofogoh]
may be typed in and printed out as
[ e £, g, b ]
The reason for encoding the NIL-atom by a
c1051ngsbracket is now "o¢bvious. The 1list

element may be any permissible expressions
including lists represented in this way.

Call by_value. The constrauctors . and :
correspond _to a call b{ value since the
operand is first reduced, then inserted, and

finally the function is reduced.

Call by name. Similarly, the constructors
- and_. -, pertorm call % name, since the
operand is first_ inserted, and then the
function is reduced.
It should be noted, however, that because of
the lack of any side-effects whatsoaver the
result will be in either case the same, only
the number of reductions might differ.

Functions. PFunctions will be constant
expreésSsions__in _general. _Several parameters
are simply listed with a 1lambda constructor
each.

\vI\v2 == \vn £ v1l,¢e.,yn € V

Arguments follow in the same sequence as the

afameter variables, the corresponding
owever, in opposite direction:

apn =-- ap2 apl \vi\v2 -- \vn f el -~ en

The constructors apt,...,apr may be selected
from the set (. = a). Constructor apl and its
components are the first to be reduced,
because it is the only one which has a lambda
expression as operator component.

After _all ag's have been reduced f has been
changed such that_all parameter variables are
replaced by actual parameters. The reduction

ap's,




of this expression results in a constant
expression, that is, the value return2d by
the function.

Infix expressions are a special case of the
application of two parameter functiomns.
Constructors nay be nixed with _their
transposed versions such that the same £

(el £ e2) = ..f el 22
may be used ir either context.

Since we do not have box-like variables in
the reduction machine, it is not possible to
£111 a box the name of which  has been
transmitted to an expression by reducing this
ex¥r9551on. However, the ap constructors
offer a large variety in sequencing
reductions._ Oné sequencing method résembles
procedural language.

PROCEDURAL Reduction. Assignment
statements  _ _of conventional grogrammlgg
languages fill a box. The effec of this

action. extends up to _the next filling. R
reduction machine resembles this process by
reducing one expression and substituting the
result in an_ other expresseion. The
constructor : allows as to writa this down as
an expression g

g = v1
\ v2
e3 \ v3
en \ vn

RTRY)
o
N

rhee

This clearl rasembles  a  sequence of
assignment statements. The expression £,
however, is not a GOTO !

The sequence of reductions is top-down
because 6f the constructor :. The reductions
affect only expression g. The results of the
computations in g are either available as a
podified £ which ma; be a subexgre551on of
another expression. OF, the expression f may
be a function call. Using the constructor . a
function call has a pattérn like

« -« « V €4 e5 eb
The reduction ¢
1

constant e€xpress
the arguments of

to a
with results_deposited in
function call f¢.

f this call

f=:e6 : e5 : et v

f g would then change £
on
the
The trarsposed form o

{ields a pragmatically better pattern for g:
here 1is a computation part, a memory part,

and a connector part.

Further reductions become possible if a
furction gets substituted for v

: €6 : 25 : el \ vd4 \ v5 \ v6 e

The memory part keeps el4, e5, e6 queued up
fer transmission to e.

To construct _something which resembles a
biock or procedure we btind the connector v
which getS the apgroprlate variable name END.
The  block can e inserted in a seqguence of
"assignment" reductions:

:e?7 N\ v7 "assignment™
reduction

A\ END equivalent to begin
: el N\ v1 A
- computation part
: en \ vn
: eé
: e5 memory part
: el
END connector
\ vi
§ vg argument for block
v
: e8 \ v8
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The sequencing properties of the  constructor
a4 effécts the complete reduction of _the
computation and memory part before the block
is "applied to the ~argument (surroundin
block follgwlng the EIND variable., Note tha
the object in the reduction language which
resembles a block must have an “explicit
interface for its output.

Becursion_and_Iteration. These constructs
can be effected by _using the binding
corstructor t, which is_ similar to the Lambda
constructor \. There is a reduction rule

associated with this constructor
t ves=<\Vvet ve

which reproduces an expression within jtself.
This is sufficient to construct recursion and
iteration.

7__Implementation by Hardware

2 reduction lanquage machine may be realized
in various differéent ways. 1In our first
attempt, we will choose "the conventional
separation _of an active component operating
on information stored in a mehory component.
In a next step one would try to combine these
two components in one., The reduction concept
seems particularly suited for a _"processing
in memQry". But, for the time being
appropriate hardware concepts are not
available.

The expressions in the foregoing sections are
linear representations _of binary trees. Re
store expressions as character "strings in

memory compornents which operate as stacks
that 1is, they act on push and pop signals and
do not need addresses as input. _An attempt?o®
to directly represent trees was discarded.

We mneed an active component which_ scans
expressions _to find instances of reduction
rules. It is not appropriate to perform this
scan like an instruction counter scans  an
instruction stream, because_ the exgress1ons
are structured in _subexpressions. he scan
has to work forward and backward. An economic
solution consists of enerating in a stack
called A _the transpose of an expréssion in a
stack called E.

Fk el e2 | E
A A k' €2' =1
befores | after

The transpose of an atomic expressions is
usually the atom itself. Compound atoms may
require special rules. The correspondence to
a Conventional von Neumann control structure
is as follows: the constructors and atoms are
the operation-codes, the expressions are the
operands. There is a major difference
however. The control structuré to be desi ng&
effects the transpose of an expression. his
is asked for 6 twice within this control
structure. This cannot be transformed into a
loop structure. The control structure_  is
therefore fitted with a system stack called
MU which serves to hold return points. The
systam stack has the same hardware gropertles
as the other stacks 1in the system and is
potentially infinite, too. We cannot tolerate
a bound on” the depth of expressions.

We will give a description of the control
structuré in the form of flowdiagrams.

Figure 7.1  shows the flow diagram for the
transgose algorithm FA. Orly one  branch of
each type is exhibited.

The basic pattern of control flow shows a
¢haracter popped by stack E_and "sorted" into
its proger.branch. This will be  abbreviated

Y a, horizontal 1line and solid triangles
denoting the exit down for  the arnotated
charactér. Pushing something into a stack_ is
indicated by a” solid triangle ointin

upward. Stack markers _ are “usually no

annotated to the corresgondln triangles. The
correspondence is establishe by eometry.
The particular choice of stack_markers is’a
matter of the next lower desigr level.

The following concepts have proven useful in
this _context: A ¥es-ex;t consumates the
tested character, ‘there is no need _to store
the character, conveyed information is now in




e g B 0 |

. chart of fhe processor

the locus of control in the diagram. Ornce
something is pushed into a stack, the contrel
structuré loses information and control is
directed to a neutral point.

There _is also_ a _transpose algorithm AF.
Execution _of algorithm AE after algorithm EA
restores all staCks to the original state.

The basic hardware to realize these
algorithms consists of a processor component
p "and three memory _components acting as
stracks F, A and MU. Figure 7.2 shows a State
.comporent. There 1is
one. control store which translates stack
marker_encodings into  countrol words. These
control words™ contain _in this simple basic
model either a transposed constructor to be
ushed into stack and a signal to pop MU
or_a stack marker to be pushed into stac nh
and a sigpal +*o pop E. The other control
store transSlates expression characters. Its
control words contain either_ atoms to ke
pushed into stack A and a sigral to pop MU
or  a stackmarker to be Eus.ed into stack M0
and a signal to pop stac E. One-character
atoms ét simpl moved from stack E to A
compound atoms will have special start an

stop symbols around thenm. The _transpose
processor component  may _be, realized as
separate component interfacing with memory
components, or as special sState of the
reduction processor.

sections that
rule  can_ be
combinrations

We have seen in the preceding

an instance_ of a reductiodrn
characterized by constructor
with constructors or atoms.  Although  an
expression is undefined while | belng
transposed its copponents are displaye
during that process it the stacks E, B and MU
in a’way which is convenient for recognizing
instances of  reduction _rules. Wé have
represented, in | Figure 7.3 an arbitrary
expression in a mixed form. Some parts cf thé
expression are given as subexpressions el to
e7, some_ partS as tree structure where wve
have to visualize the nodes as constructors.
It also represents the state of the
expression while_ being transposed. Stack 2
contains | ‘top-down the transposed
subexpressions et e3, e2, e1l, stack E
contains top-down the expressions €5, e6, 7.

Stack MU however contains stack markers
instead of construcﬁors. The stack, 6 markers
contain also the information of being left-
or right-successor., ~The  position” shown
corresponds to the point % in Figure 7.1.
Bein at that position encodes_ the
constructo k, which is not explicitly

represented otherwise, Thus the expression is
completely regresenteg _by the contents of
stacks _and he positionh of control. By
1nspect1ng_the top_elements of the stacks, w2
may determine the left- and rightsuccessor of
and 1its predecessor, from which we also
whether k is 'a leftsuccessor _or

learn
Tightsyccessor. Instances of reduction rules

are singled out in this manner while
transposing an expression.

Execution of a_ reduction _rule means a
rearrangement of the top ends of the stacks.

For example, the tog element of stack MU is a
marker indicating the left-successor_of some
constructor k2.  The expression below k2 is
now

k2 k el e5 eé6

If we replace the marker by the corresggndigg
2, the

ohe ind;cating the right-successor of
expression below k2 has been changed to
k2 el k e5 e6

Another simple case is the identity function.
Let the atom ] be deleted from stack F _and
the locus o control in the correspondln%
branch of the control structure._ Now we tes

the top element of MU for a leftsuccessor
marker of the constructor . . This stack
marker is automatically deleted if the test
Iesult is yes. We can see from Figure 7.3
that 'the 'resulting tree ~ structdre now
Contains e5 instead of . ] eS.

Generally, one or more auxiliary stacks might
e nhecessary to execute more complicated
g;dgctzons. . A tsubse;t o§ bthed lambda_  and

-type constructors is exhibite in Fiqure
EPRAL TR only complicated operation is9%te
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transposition
occurrences of a designated
expression by
Theé control C
reduced or_unreduced argdment expression. The

RI1EB, vhich replaces_ free
1 variable in an
a_special one-character marker.

flow brings into stack A the

operation R2ABE is a “simple ransposition
from B to E, except that the source is
switched to A 1f the special  one-character

marker mentioned_above appears in B. Actuall
BE is identical to R2A since the specia
marker appears onl{ in this context. The
recursion constructor ¢ uses R1EB and R2ABE
with the only difference that the Tecursion
constructor ' together with its two _components
has been copied’and transposed by EA to stack
A. _ . The copying rocess effects the
duplication necessary for recursion.

The examples demonstrate, the tasic design
methods for a reduction machine. New
reduction rules can be added ea511¥ as lon
as there are enough codes for distinct stac
markers available.

8__Interactive Computing

The most interesting property of a_  reduction
language ir the Context of interactive
computing 3is the return to the set E of
expressions after each elementary reduction
step. There is _nothing to learn beyond the
corstruction of elements’of set F and_ the
reduction rules, rditing is essentially

g9519ned to walk the tree represented by_the
input. Ary editing operation can be _applied
to any sibtree, 1nc1udlng. the order to
perform reductions. Any inite number of

reductiins,may.be sgeciﬁled for a, £ subtree.
This_ solution”insureés that the machine always
terminates at well defined points.
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Fig. 6.1. The evaluation of ( A A B)
= .: A A B employing four reduction

rules.
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atom k &—— characters from stack E
- E
multi-way distributor
Start EA
y Y A
controlpath collector
r— MU 10
mL N\ mR m &—— stackmarkers trom stack MU
L.
i My multi-way distributor
End EA A
controlpath collector
o — A
atom k* €—— transposed characters

Fig. 7.1. Recursive control structure
for the transposing algorithm EA
using a system stack MU.

to stack A

controlstore controlstore
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characters stackmarkers
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Iy 10
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stack E T stack A " stack MU

Fig. 7.2. State chart and dataflow
graph for algorithm EA.
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Fig. 7.3. Rearranging of tree
structures by manipulating stack tops.
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Fig. 7.4. Part of the reduction
processor control structure for the
constructors A , ., and -,






