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57 ABSTRACT 

A computer is disclosed wherein the machine language 
thereof is a particular formal system, i.e., the "calculus of 
lambda conversion." Such machine language is the language 

INPU STORE STORE NODE UP 
UNIT NIT i AIF, SEE it 

of the "well-formed' formulas of the aforementioned lambda 
calculus whereby the theoretical properties of the lambda cal 
culus are implemented in the computer. Consequently, the 
computer is capable of computing all computable functions 
with time and space being the only limitations. The nerve 
center of the system is termed a tablet which in one implemen 
tation may essentially consist of an array of high-speed re 
gisters, each one large enough to hold a primitive term 
together with its designator. The nodes of a tree given by some 
formula corresponds to rows in the tablet and the branches ex 
tending from the nodes correspond to columns in the tablet. In 
one embodiment, the tablet has three columns for the 
branches and can have a fourth column which holds the tree 
addresses of the nodes. Associative techniques permit access 
to a row upon a match with the contents of the data or 
designator fields of one or more columns. The basic unit of in 
formation consists of the contents of a complete row of the 
tablet, such unit being termed a "message." The tablet, func 
tioning as a central communication device, communicates 
with functional units, memory units, and input-output units, 
the latter issuing and accepting messages, or merging them 
with existing ones when the units obtain access to the tablet. 
The invention contemplates either the accessing by the units 
of the whole tablet, one after another in a fixed sequence, or 
the accessing by each unit of only a subset of the tablet, all 
units simultaneously accessing discrete subsets respectively. In 
order to render all messages available to all units, all of the 
messages are circulated, i.e., shifted through the whole tablet. 

14 Claims, 133 Drawing Figures 
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REPLACE RO WITH N 
REPLACE R1 WITH B 

REPLACE THE L.H. BYTE OF 
R2 WITH UP2 

REPLACE THE FOUR R.H. BYTES OF 
R2 WITH THE FOUR R.H. BYTES OF 

REPLACE R3 WITH D 
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FG. 48B FG, 48 
BETA UNIT 
FLOW CHART 

FIG. FIG. 
48A 48B B-27 

IS THE L.H. BYTE 
OF R2 is EXPR 

YES NO 

REPLACE THE L.H. BYTE 
OF R WITH UP 

REPLACE THE L.H. BYTE 
OF R2 WITH 

REPLACE THE L.H. BYTE 
OF R3 WITH b 

REPLACE THE FOUR R.H. 
BYTES OF R3 WITH THE 
FOUR R.H. BYTES OF M 

REPLACE RO WITH N 
REPLACE THE L.H. BYTE 

OF R WITH UP 
REPLACE THE L. H. BYTE 

a- B-29, B-30, B-3 
DUMP MESSAGE O TO TABLET 

OF R2 WTH 
REPLACE R3 WITH M 

B-32, B-33 

REPLACE THE FOUR R.H. BYTES 
OF RO WITH THE SUCCESSOR 

FUNCTION OF THE FOUR 
R.H. BYTES OF N 

REPLACE R1 WITH B 
REPLACE THE L.H. BYTE 

OF R2 WTH FT 
REPLACE THE FOUR R.H. BYTES OF 
R2 WITH THE FOUR R.H. BYTES OF M 

REPLACE THE L.H. BYTE 
OF R3 WITH b 
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FIG. 49 FG, 49A 
UP UNT ge FLOW CHART 

U-78, U-79, U-80 
DUMP MESSAGE O TO TABLET 

U-1 

REPLACE W WITH CONTENTS OF R 

! - 
DOES THE FOUR R.H. BYTES OF 

RO CONTAIN A STRING OF EROS 

- - - - - - U-8 

REPLACE N WITH CONTENTS OF RO 
I U-4, U-5,U-6 

DUMP MESSAGE O TO TABLET 

REPLACE RO WITH 
PREDECESSOR FUNCTION OF N 

GO N TO ACCEPTANCE STATE 

U-10, U-11, U-12 
REPLACE R WITH TABLET MATCH RO 

NO YES 
U-14 

RE''. ET 
YES NO 

U-15,U-16 
S THE RIGHTMOST NON-ZERO DIGIT U-35, J-36, U-37 
OF THE FOUR R.H. BYTES OF Na DUMP MESSAGE O TO TABLET 
YES NO 
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F. G. 49B 

U-53 
IS THE L.H. BYTE OF O EXPR 

NO YES 

U-54 U-67 

S THE L.H. BYTE OF D V REPLACE THE L.H. BYTE 
NO YES OF R3 WITH EXPR 

U-55 
IS THE L.H. BYTE OF D = TRUTH 

AND ARE THE FOUR R.H. 
BYTES OF D in ALL ONES 

NO 

IS THE L.H. BYTE OF D TRUTH 
AND ARE THE FOUR R.H. 

BYTES OF D is ALL ZEROS 

Is THE L.H. BYTE OF D-EXPR 

U-56 

REPLACE L.H. BYTE OF R2 WTH F2 

U-63 
REPLACE R3 WITH 
CONTENTS OF D 
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U-18 U-38 

IS THE L.H. BYTE OF D EXPR ? REPLACE R3 WITH RO 

NO YES 

U-39, U-40, U-41 
REPLACE R WITH TABLET MATCH R3 

U-42 

REPLACE THE L.H. BYTE OF R2 
WITH F 7. START TIMER 

U-19 

REPLACE R2 WITH CONTENTS OF D 

U-20, U-21, U-22 
DUMP MESSAGE O TO TABLET 

U-23 

REPLACE B WITH RO U-43, U-44, U-45 
DUMP MESSAGE O TO TABLET 

REPLACE R3 WITH B U-46 
IS TIME LEFT 

NO 
U-25, U-26,U-27 

REPLACE R WITH TABLET MATCH R3 U-48 
REPLACE RO WITH N. START TIMER 

U-49,U-50,0-51 
REPLACE R WITH TABLET MATCHERO 

U-52 

IS TIME LEFT 

NO 

U-28 

REPLACE L.H. BYTE OF R WITH UP 
REPLACE L.H. BYTE OF R2 WTH 
REPLACE R3 WITH D START TIMER 

U-29, U-30,V-3 
DUMP MESSAGE O TO TABLET 

FIG. 49C 
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U-60 U-64 

IS THE RIGHTOST NON-ZERO IS THE RIGHTNOST NON-ERO 
DIGIT OF THE FOUR R.H. BYTES DIGIT OF THE FOUR R.H. BYTES 

OF N - 1,2 OR 32 OF N = 1, 2 OR 3 

REPLACE R1 WITH D REPLACE L.H. BYTE OF R WITH EXPR 

REPLACE L.H. BYTE OF R2 WITH EXPR REPLACE R2 WITH D 

U-63 U-67 
REPLACE R3 WITH D REPLACE L.H. BYTE OF R3 WITH EXPR 

-re- U-68, U-69, U-70 U-74 

DUMP MESSAGE O TO TABLET IS THE L.H. BYTE OF R1 = EXPR 
NO YES 

U-71 

Is THE L.H. BYTE OF R1 = b 2 
NO YES 

S THE L.H. BYTE OF R2s b 

NO 

IS THE L.H. BYTE OF R3 a b 
NO 

IS THE L.H. BYTE OF R2s EXPR 
NO 

IS THE H. BYTE OF R3 is EXPR 
NO 

U-77 

REPLACE L.H. BYTE OF D WITH EXPR 

F. G. 49 D 
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WHICH DETERMINE THE 

TYPE OF ARTHMETIC OR 
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TO BE PERFORMED 

ARTHMETIC LOGICAL 
OPERATION OPERATION 

PERFORM OPERATION 

GATE RESULT TO FOUR 
R.H. BYTES OF R3 

GATE "UP" TO L. H. BYTE OF R 
GATE "U" TO L.H. BYTE OF R2 

CATE "FIXED PONT" OR 
"FLOATING POINT" DESIGNATOR 

TO L.H. BYTE OF R3 

OUMP TO TABLET AND GO INTO 
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F.G. 5O 
ARTH METIC OR 
LOGICAL UNIT 
FLOW CHART 

PERFORM OPERATION 

GATE "TRUTH" DESIGNATOR TO 
L.H. BYTE OF R3 

F RESULT OF LOGICAL OPERATION 
IS TRUE, GATE ALL "ONES' TO 

R.H. FOUR BYTES OF R3 
IF RESULT OF LOGICAL OPERATION 
IS FALSE, GATE ALL "ZEROS' TO 

R.H. FOUR BYTES OF R3 
GATE "UP" TO L.H. BYTE OF R1 
GATE "." TO L.H. BYTE OF R2 

  

    

    

  



PATENTEDFEB29 1972 3,646,523 
SHEET 82 OF 83 

FG 51 START 
FIG 51 A 

s DESIGNATOR N R3 
= expr 

FG. YES NO 
5B 

PRINT CONTENTS 
OF R3 

CONTENTS OF 
ROEN 

(BACK TO ROOT) 
ACCEPT. STATE 

NO YES 

ACCEPT. STATE 
START SUBTREE 

SET K TO NUMBER 

PERFORM TABLET MATCH 
WITH RECISTER RO 

OF CURRENT SUBTREE, 
------- - at RIGHTMOST OCT N RO 

DUMP NODE BACK 
TO TABLET 

REMOVE RIGHTMOST 
DCT N RO 

DESIGNATOR N R = PREDECESSOR FUNCTION 
e. DISREGARD e 

NODES, GO TO 3 
NO YES SUBTREE 

WITH REGISTER RO 

RETRIEVE NODE 

DESIGNATOR N R 

NO YES 
------------------ -- DISREGARD e - NODES 

SET K TO ZERO 
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F.G. 51 B 

APPEND A "ONE" TO 
CONTENTS OF REGISTER RO 
(SUCCESSOR - - FUNCTION) 

START SUBTREE PRINT CONTENTS 
OF R 

- DESIGNATOR N R2 
= expr 

PRINT CONTENTS 
OF R2 

- DESIGNATOR N R3 
Fexpr 

NO 

PRINT CONTENTS 
OF R3 

RIGHT PARENTHESS 

APPEND A "TWO" TO 
CONTENTS OF REGISTER RO 
(SUCCESSOR -2- FUNCON) 

START SUBTREE 

APPEND A "THREE" TO 
CONTENTS OF REGISTER RO 

(SUCCESSOR -3- FUNCTION) 

START SUBTREE 

PRINT 

BACK TO PREDECESSOR 
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COMPUTER 

BACKGROUND OF THE INVENTION 

This invention relates to computer system organizations, 
More particularly, it relates to a novel computer arrangement 
wherein the language of a particular formal system is the 
machine language of the computer. 

In conventional computer systems, a memory, generally of 10 
the core type, is utilized as a central communication device. In 
such use, input-output operations connect the memory with 
peripheral equipment, and one or more accumulators con 
stitute the interface to the functional units of the system which 
execute instructions. Because of the dominating position of 15 
the memory, a conventional system exhibits in its operation, 
the nature of such memory, which can be characterized with 
respect to its access function as a one-dimensional array, A 
one-dimensional array is that data structure which can be 
mapped into a memory most easily while arrays with more 20 
dimensions, such as list and tree structures present increasing 
difficulties. The difficulties become even more numerous 
when it is attempted to map, i.e., compile an item of high 
order language with its nesting of terms, scopes, functions, and 
subroutines into the linear one-dimensional instruction 
sequence which is, of necessity, dictated by the data structure 
of a core memory. 
A conventional computer primarily is concerned with linear 

structures, a linear structure being a set of elements on which 
only one successor function is defined. The set of integers and 
the function "add one' is one example of a liner structure. 
The set of time intervals and the function "wait' is another 
Oc. 

The only way to map a computational structure onto a con- 35 
ventional computer is by means of address arithmetic, the 
latter merely being compositions of the "add one' function 
and the levels of indirectness which are introduced if ad 
dresses of memory locations rather than data are loaded into 
memory locations. 40 
Thus, for example, a program consists of a set of memory lo 

cations. The computer determines the location of the succes 
sor of some instruction either by incrementing the instruction 
counter or by taking the contents of some memory location as 
address, transfer instructions and interrupts. This process 45 
transforms the program structure which is disposed in the 
space formed by memory locations into the strictly linear 
structure of time. The program can now be considered as a 
sequence of time intervals, each labeled with an instruction, 
the computer executing this instruction in the corresponding 
time intervals. 

Because of conditional transfers, there exists for written 
programs a class of sequences in the time domain generated 
by variations in the input data. It is this class of sequences with 
which the programmer has to be concerned. Whenever the 
programmer incorporates an instruction into a program, the 
following have to be kept in mind: 

1. The state of the system just before the executing of the in 
struction, which is generally a product of all predecessors in a 60 
given time domain. 

2. There is a class of time domain sequences to be con 
sidered. 

3. The state of the system after the executing of the instruc 
tion, generally "all" of its successors (wherein "all" is, in this 65 
context, the period between power “on" and power "off"). 
Clearly, it is difficult for a computer user to always have a 
clear and complete picture of what effects result when an in 
struction or statement is incorporated into a program. 
There are some advantages which flow from the display of a 70 

program structure in the time domain. Time flows rather free 
ly and any inefficiencies in the program transform readily into 
longer run times. The space requirement for the display in the 
time domain is very modest, such requirement being readily 
satisfied by the instruction counter and the decoding register. 75 
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By contrast, the nature of time introduces many disad 

vantages. Access to a structure in the time domain can only 
occur in the relatively small interval between past and future. 
If something had had to be effected at a certain point in time, 
and the access interval had passed over that point, there is no 
way to go back to the latter point. An input channel not ob 
taining a memory cycle in time can only fail in its purpose. If 
some process requires a device immediately, other activities 
on that device have to be interrupted. If a system can handle 
several time domain sequences concurrently, the inserting of 
waiting periods is the only way to relate such sequences, i.e., 
to bring positions in different sequences to coincide at a cer 
tain point in time. 
That the above set forth difficulties are present in connec 

tion with the operation of conventional computers is clearly 
brought out by the fact of the existence of programming lan 
guages with pushdown stacks existing at run time, which per 
mit a partial display of a program structure in a linear space. 
The time domain along obviously cannot accommodate non 
trivial program structures. 
A computer whose machine language is in accordance with 

the lambda calculus displays program structures in a chosen 
space, i.e., a tree domain. 

Accordingly, it is an important object of this invention to 
provide a computer whose machine language is the "calculus 
of lambda conversion.' 

It is another object to provide a computer in accordance 
with the preceding object which is capable of processing com 
putational structures which are represented as tree structures. 

SUMMARY OF THE INVENTION 

Generally speaking and in accordance with the invention, 
there is provided a computer which comprises the following: 
An input device and input channel, which gathers the input 
entering thereinto in a character sequence and breaks it up 
into word-length strings; the input device processing these 
data, making small changes in these strings and assigning most 
of them to a location in a linear memory, the linear memory 
containing a copy of the program throughout it execution. An 
associative memory, termed a "tablet" is provided in which 
the program assumes the form of a tree, the tablet comprising 
an array of high-speed registers, the nodes of a tree given by 
some program corresponding to rows in the tablet, the 
branches extending from the nodes corresponding to columns 
in the tablet. Further included in the computer are com 
ponents which are operative as functional units. These units 
look for messages, i.e., table entries for themselves, retrieve 
them, process them, and place new messages in tablet. 
The foregoing and other objects, features, and advantages 

of the invention will be apparent from the following more par 
ticular description of preferred embodiments of the invention, 
as illustrated in the accompanying drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

In the drawings: 
FIG. 1 is a conceptual depiction of the appearance of a 

given program in the tablet of the computer according to the 
invention; 

FIG. 2 shows a summary in tabular form of the operation of 
the node assembler of the inventive computer; 
FIG.3 depicts the essential nodes representing a beta redex; 
FIG. 4 is a depiction of the general form of a "structure" in 

formal logic; 
FIG. 5 is a diagram of a tree structure having two successor 

functions: 
FIG. 6 is a diagram which illustrates the difference in the 

amount of coded information between a genuine tree-address 
system and a mapping of a tree structure into a linear structure 
by pointers, 

FIG. 7 is a depiction of machine language and shows a string 
of symbols in accordance with a given syntax; 

FIG. 8 is a tabulated depiction of the system architecture of 
the inventive computer; 
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FIGS. 9 and 10 are diagrams of a circuit which is described 
in forms of automata theory to transform a string of symbols 
according to the syntax in FIG. 7 into the arrangement of 
primitive terms in the tablet; 

FIG. 11 is a table which shows in tabular form, the informa 
tion given in FIG. 10; 
FIG. 12 is a diagram which depicts the preparation of a for 

mula for a node assembler working as a tree automation; 
F.G. 13 indicates how a tree automation labels the nodes of 

an input tree with state symbols; 
FIG. 14 shows the input tree of FIG. 12 after being 

processed by a tree automation according to the transition 
function M' in FIG. 3, 

F.G. 15 is a diagram of a conceptual embodiment of an 
input channel according to the invention; 

FIG. 16 is a block diagram of an illustrative embodiment of 
a computer constructed in accordance with the principles of 
the invention; 

FIGS. 17 A-17F, taken together as in FIG. 17, constitute a 
conceptual isometric view of the communication box, i.e., the 
tablet of the computer; 

FIG. 18 is a diagram which illustrates the basic timing in the 
computer; 

FIGS. 19A and 19B, provide a depiction of an associative 
memory plane in the tablet diagramed in FIG. 17; 

FIG. 20 shows an embodiment of the associative memory 
read/write storage element; 

FIG. 21 is a logical diagram of the associative memory 
vacancy bit storage element, 
FIG.22 is a fragmentary view of an associative memory ele 

ment and depicts the transition which occurs in the tablet 
(FIG. 17) to the associative memory read/write storage ele 
ment (FIG. 20); 
FIGS. 23A-23F, taken together as in FIG. 23, comprise a 

diagram of an embodiment of the input unit; 
FIGS. 24A and 24B, taken together as in FIG. 24, form a 

diagram of the associative memory plane for the input unit; 
FIGS. 25A-25C, taken together as in FIG. 25, comprise a 

diagram of an embodiment of the storage unit; 
FIGS. 26A-26E, taken together as in FIG. 26, constitute a 

diagram of an embodiment of the beta unit; 
FIG. 27 shows an embodiment of a tree address register for 

the beta unit; 
FIG. 28 is a diagram of the beta clock employed in carrying 

out the beta microprogram; 
FIGS. 29A-29G, taken together as in FIG. 29, constitute a 

diagram of an embodiment of the UP unit; 
FIG. 30 is an embodiment of a tree address register for the 

UP unit, 
FIGS. 31 A-31C, taken together as in FIG. 31, comprise a 

diagram of the UP clock; 
FIGS. 32A-32H, taken together as in FIG. 32, form a dia 

gram of an embodiment of a node assembler unit; 
FIG.33 is an embodiment of a tree address register for the 

node assembler unit, 
FIGS. 34A and 34B, taken together as in FIG. 34, comprise 

a diagram of the BV (bound variable) clock; 
FIGS. 35A-35G are diagrams of the clocks which control 

the (A microprogram, 
FIGS. 36A-36E are diagrams of the clocks which control 

the (FA microprogram; 
FIGS. 37A-37G are diagrams respectively of the clocks 

which control the VA microprograms, 
FIGS. 38A-38G are diagrams of clocks which respectively 

control the CA microprograms, 
FIGS. 39A-39F are diagrams of the clocks which control 

the 6A microprograms; 
FIG. 40 is a flow chart of the operations in the store unit; 
FIG. 41 shows a list of node assembler output messages; 
FIG. 42 is a flow chart of the (microprogram; 
FIG. 43 is a flow chart of the (F microprogram; 
FIG. 44 is a flow chart for the VA microprogram; 
FIG. 45 is a flow chart for the CA microprogram; 
FIGS 46A and 4.6B taken together as in FIG. 46, constitute 

a flow chart for the 6 microprograms; 
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4 
FIGS. 47A and 47B taken together as in FIG. 47, comprise a 

flow chart for the BV microprogram; 
FIGS. 48A and 48B taken together as in F.G. 48, comprise a 

flow chart showing the operation of the beta unit; 
FIGS. 49A-49D taken together as in FIG. 49, form a flow 

chart which shows the operation of the UP unit; 
FIG. 50 is a flow chart showing the operation of the 

arithmetic or logical unit; and 
FIGS. 51A and 51B taken together as in FIG. 51, constitute 

a flow chart showing the operation of the output unit. 
DESCRIPTION OF A PREFERREDEMBOOMENT 

In accordance with this invention, a computing system is 
provided whose theoretical foundation is furnished by those 
formal systems which have been constructed to formulate the 
concepts pertaining to computing. The system design accord 
ing to the invention exhibits the major departure from conven 
tional systems and concepts such as "instruction," "instruc 
tion stream," "processor,'"multiprocessing," and "multipro 
gramming,' have substantially no meaning therein although 
the system contains devices which, to some degree, resemble 
what the foregoing concepts convey. 
The design of the system according to the invention is based 

upon the "Calculus of Lambda Conversion," a formalism 
which expresses a number of concepts which are connected 
with the operation of function application. The language of 
the "well-formed' formulas of the lambda calculus is the 
machine language of the proposed system. The theoretical 
properties of the lambda calculus are implemented in the 
system and, consequently the system is capable of computing 
all computable functions with time and space being the only 
limitation. 

Prior to describing the invention, there is set forth im 
mediately hereinbelow a brief description of the lambda cal 
culus. 
The lambda calculus is a formal system, the intended in 

terpretation thereof residing in the concepts of function and 
the application of a function to its arguments. A formula of the 
calculus is any finite sequence of symbols from a finite, fixed 
alphabet and certain formulas are distinguished as well 
formed formulas. A set of conversion rules is provided which 
permits the transformation of one formula into another. 
There are actually several lambda calculi which are distin 

guished by their alphabets and/or the set of conversion rules 
they admit. 
There is first described hereinbelow a so-called "pure' 

lambda calculus which is constructed from a very limited 
alphabet and two conversion rules. 

In such calculus, the symbols that are permitted in a formula 
are: 

M, (,), variables 
where the variables are character strings formed according to 
suitable conventions. Thus, if F. A., M., and N are considered 
to be intuitive (not belonging to the system) variables which 
denote formulas, then a well-formed formula is defined by the 
following conditions: 

1. If a symbol x is a variable, it is a well-formed formula and 
the occurrence of x in this formula is free. 

2. If F and A are well formed, (FA) is well formed. The pro 
perties of variables being free or bound in F or A are 
preserved in (FA). 

3. If M is well formed and contains at least one free occur 
rence of x, then (**M) is well formed and x is bound in (- 
MM). 

If the expression (N/x M stands for the formula which 
results by substitution of N for r throughout M, this formula is 
well formed except in the case that x is bound in M and N is 
not a variable. 
There is introduced the following two conversion rules on 

well-formed formulas: 
a. M - y/x M 
a. x is not free in M, 
b. y does not occur in M. 
(3. (AxM) N at Nix M 
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a. (AxM) N is well formed; the bound variables of M are 
distinct from 

b. x, and 
c. the free variables of N. 
The alpha conversion set forth hereinabove formalizes, for 

example, the irrelevance of the symbol used to denote the 
summation index in a summation formula. The beta conver 
sion is the formal correlate to the operation of applying the 
function (MixM) to an argument N. 

In the following hereinbelow, the portion preceding the 
arrow of a conversion rule is termed a redex and the portion 
following the arrow is termed its contraction. A formula is 
considered to be in beta normal form if it does not contain any 
beta redex. A basic theorem (Church-Rosser) states that the 
normal form of a formula is unique up to applications of alpha 
conversion if it exists at all. The obtaining of the normal form 
of a formula by applying conversion rules reflects the intuitive 
concept of function evaluation. 
As so far developed, arithmetic functions can be defined. 

Thus, if the integers are represented by the formulas 
1 : Aab(ab) 
2 : MaMb(a(ab)) 
3 : Aab (a (a(ab))) 

then integer exponentiation, n", for example, is defined by the 
formula 

AxMy(y) 
in the sense that, where n n stand for the formulas which 
represent the integers n and m respectively, 

((Alx((My(y,x))))n) 
converts to the formula representing the integer n". In this 
foregoing sense, every partial recursive function of positive in 
tegers is "lambda definable." 
The calculus of lambda conversion thus constructed pos 

sesses the "completeness' property. However, in this form, it 
is too cumbersome to serve as a model for a practical com 
puter design. The formalism out of which it is constructed, 
while facilitating arguments about the system, gives rise to 
lengthy and opaque computations in the system. Accordingly, 
if it is to provide the basis for the design of an efficient com 
puting machine, the formalism has to be extended. 
Such extensions are accomplished in several ways. In a first 

way, there are enlarged the set of primitive terms, i.e., those 
containing only variables in the pure calculus, to include 
primitive constants. These constants are to be considered as 
constant names for particular formulas. Additional conversion 
rules effect the evaluations of formulas constructed from such 
names. These additional conversion rules provide the formal 
equivalent of the applying of alpha and beta conversion to for 
mulas in which the names have been replaced by what they 
stand for. 
Thus, for example, there are introduced as primitives, nota 

tions for the integers as well as for the usual arithmetic func 
tions on integers to integers, viz addition, subtraction, mul 
tiplication, and division. Also, with the introduction of these 
constants, the set of conversion rules are extended to include the following: 

for all integers n,nt, 
(('+'n)'m) - "(n+m) 
(('-'n)'m) -- (n-m) 
(('*'n)'n) - '(nm) 
(('f'n)'m) - '(n/n) 

where '+, '-, *, '1, are the primitive constants which 
represent the arithmetic functions addition, subtraction, mul 
tiplication, and (integer) division, and 'n is the primitive con 
stant which represents the integer n. 

In the extension of the calculus of lambda conversion set 
forth above, the primitive constants take on a role that is 
similar to one taken in the pure calculus by the well-formed 
formulas in normal form with no free variables. 

In a second variation, the system is enhanced to include 
definitions. The import of a "definition" is that a symbol, the 
"definiendum,"is the abbreviation of or represents a more 
complex formula, the "definiens." As a first consequence, the 
set of primitive terms, now consisting of variables and con 

6 
stants, is enlarged to include definiendum symbols. These 

1 O 

15 

20 

25 

30 

35 

40 

45 

50 

55 

60 

65 

70 

75 

symbols are similar to constants but, while the meaning of a 
constant is implicit, a definiendum symbol requires an explicit 
explanation by a formula, i.e., the definiens. It is only required 
that the definiens be well formed, a well-formed formula still 
being considered as well formed if any well-formed portion of 
it is replaced by a definiendum symbol. In this sense, recursive 
definitions are permitted, i.e., a formula appearing as 
definiens may contain any definiendum symbol including its 
OW 

At this point, the stating of a problem, which heretofore 
could only have been accomplished by a single formula, can 
now be effected by an additional list of definitions. The 
evaluation of the formula proceeds as before. However, only if 
a definiendum is to be an active or passive part of substitution 
procedure, which may be required while applying certain con 
version rules, the definiendum symbol has to be replaced by a 
copy of its definiens from the list of definitions. Such type of 
sequencing is necessary since recursion is permitted, which 
signifies that a procedure which replaces all definiendum sym 
bols first cannot be expected to terminate. 
A set of functions, such that the definiendum symbol 

becomes the name of the function, may contain any subset of 
mutually recursive functions if it is so desired. This scheme of 
definitions facilitates the use of mutual recursiveness. 
The language of the well-formed formula of the lambda cal 

culus becomes the machine language of the system according 
to the invention in the following sense. 

In the system, a bit string corresponds to every primitive 
term of a formula. The bit strings corresponds to the states of 
physical devices (memory cells). A physical device internally 
represents an empty space on paper in which to write a sym 
bol. In the system, a particular memory cell is selected and 
gained access to indirectly, Depending upon the physical na 
ture of the memory, the system interprets for this purpose a bit 
string (address, label, location) which is physically related to 
this memory cell. 

Consequently, in the machine language, there are distin 
guished four classes of symbols, viz: (1) variable, (2) definien 
dum, (3) constant and (4) location. Since the knowledge of 
the class of a symbol includes to some degree the knowledge 
of the function of a symbol, one of the design features of the 
inventive system is the attaching to every word (bit string) in 
the system, a designator (another bit string) to designate the 
class of the symbol encoded in the word. The internal 
representation of a formula comprises a collection of such 
machine words of all four classes. To obtain such collection of 
machine words from a formula, there is provided an "assem 
bly" procedure in hardware which translates language 
generated by the following skeleton grammar: 
s -s (s) 
S - (ss) 
s V (sss) 
s - (primitive term) 

The set of primitive terms is for this grammar the set of ter 
minal symbols. It is also the set of all well-formed words with 
respect to a grammar which governs the construction of varia 
ble, constant, location, and definiendum symbols. This gram 
mar is implemented in the assembling which parses the input 
character string in primitive terms and represents them in 
machine language by one machine word for each token. The 
arrangement of these words in the memory resembles the 
structure of the original formula. The machine evaluates the 
formula by the manipulating of the corresponding machine 
words rather than by the executing of a program. 
As an example, a beta redex may be formed from the primi 

tive terms Mix,y,-,3 according to the skeleton grammar in the 
following manner: 

It has been mentioned hereinabove that known memories 
can be characterized with respect to their access function as 
one-dimensional arrays. In accordance with the invention, 
there is provided a memory device capable of accommodating 
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nontrivial data structures. This memory device is hereinafter 
referred to as a "tablet.' A set of memory units of conven 
tional size, speed, and access operation back up the tablet. 

Input enters into the system in the form of a character 
sequence. The character sequence is converted into a "token' 
sequence, the term "token" denoting an member in the set 
consisting of primitive terms and delimiters. This token 
sequence, because of its linear character, is found in the core 
memory. 

In the following demonstrative formula, primitive terms are 
denoted by the letters of the alphabet. The formula is in the 
language defined by the skeleton grammar as follows: 

((a(b,c,d) (ef)) (g(h,n))) 
A sequence of machine words in consecutive memory loca 
tions corresponds one by one to the sequence of symbols in 
the formula. 
The balanced parentheses in the formula establishes a tree 

structure. There is, for example, a node branching to a, 
(b,c,d), and (ef), and the semantics are that a is considered to 
be an operator applied to what (b,c,d), and (ef) evaluate, 
Consequently, to accommodate tree structures, the table 
memory is accordingly constructed with its access functions. 
The table essentially consists of an array of high-speed re 
gisters, each one large enough to hold a primitive term 
together with its designator. The nodes of a tree given by some 
formula correspond to rows in the tablet, and the branches ex 
tending from the nodes correspond to columns in the table. 
According to the skeleton grammar, the table has three 
columns for the branches and can have one fourth column 
which holds the tree addresses of the nodes. Associative 
techniques permit access to a row upon a match with the con 
tents of the data or designator fields of one or more columns. 
The basic unit of information consists of the contents of a 

complete row of the tablet, such unit being conveniently 
termed a "message." The tablet, functioning as a central com 
munication device, communicates with functional units, 
memory units, and input-output units. The latter units issue 
and accept messages, or merge them with existing ones, when 
the units obtain access to the tablet. Messages are keyed to the 
units such that a unit gains access only to pertinent messages. 
The system contemplates either the accessing by the units of 
the whole tablet, one after another, in a fixed sequence, or the 
accessing by each unit of only a subset of the tablet in the 
latter situation, all units simultaneously accessing discrete sub 
sets respectively. In order to render all messages available to 
all units, all of the messages are circulated, i.e., shifted, 
through the whole tablet. 
With regard to the functional units, a first of them operates 

in a manner which resembles that of a conventional instruc 
tion counter and accomplishes the transmission of a sequence 
of machine words from a memory, such as core memory, into 
the rows of the tablet. The other functional units correspond 
ing to the implementations of the conversion rules of the un 
derlying formal system and its extensions. 
A tree addressing arrangement operates to manipulate the 

rows to the table analogous to the mapping of the relations 
among the contents of the cells in a linearly structured 
memory by address computations by integer arithmetic. 

In considering the above, it is to be realized that a linear 
structure can be characterized as a set N of elements and one 
successor functions, which yields, if applied to an element of 
N, its successor. An example of N is the set of natural numbers 
which may form the addresses of cells in a linearly structured 
core memory, while integer address arithmetic is definable by 
the functions. 

However, a tree structure is characterized as a set T of ele 
ments and two or more successor functions, ri, r, ..., 7, 
thereby yielding several successors for each element of the set 
T. There exists an order among the elements of a set which is 
defined for every pair of elements a, b of the set such that 
a follows base if repetitive applications of the successor 

function leads from b to a. 
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8 
The foregoing definition yields a linear order for the set N and 
a partial order for the set T. This signifies that exactly one of 
the following statements concerning order relation is true for 
any two elements a, b e T: 

... a follows b 
2. b follows a 
3. neither a follows b nor b follows a 
4. a is the same element as b 

For example, the nodes of a tree graph form a set T, while the 
number of branches extending from each node corresponds to 
the number of successor functions. 
An arrangement is provided to construct labels (bit strings) 

for the rows in the tablet to reflect that they are associated 
with the nodes of a computational tree. Address computations 
are performed by functions in terms of the successor functions 
r1, ..., r, rather than by integer arithmetic. 
To obtain the correspondence to a tree structure, the node 

labels are constructed as follows: First, the branches originat 
ing from a node or from the root are numbered from left to 
right. Such direction is uniquely determined by the direction 
of writing with respect to the original formula. Next, there is 
obtained a label for a node by concatenating the numbers of 
those branches which form the path from the root of the tree 
to this node. However, this results in the root in the empty 
string-W-. Therefore, every node label is prefixed by a 
decimal point. At this point, a string consisting of the decimal 
point alone represents the empty string. It is to be noted that 
these symbol strings are not to be confused with numbers. 
Since the tablet may most easily be envisaged as an associa 
tive, content-addressable memory, the tree labels are located 
in the fourth column thereof, as described hereinabove, 
whereby they are the main mechanism for accessing a row in 
the table. 
Tree labels are manipulated, for example, to obtain the 

label of an immediate predecessor node or to determine par 
tial order relations. Such manipulation corresponds to the ad 
dress computations performed in a conventional computer 
such as, for example, the incrementing of the instruction 
counter to obtain the location of the next instruction. To this 
end, there are introduced a set of primitive functions which 
are either predicates or can be defined in terms of the basic 
successor functions. These functions are: 

(root, x) : predicate 
where x represents a tree label. The function returns the truth 
value "true" for x- -A- and "false" otherwise. 

(ry) : predicate 
where x and y stand for tree labels. The function returns the 
truth value "true," if the strings x and y consist of the same 
characters in the same sequence, and otherwise the "false' 
value. 

{s, k, M) successor functions 
(P, F) predecessor function 
(b, n) branch fiction 

where n is a tree label and k is an element of the set {1,2,3,...,i} 
. The functions appends the digit k to the tree label n, and the 
function b yields this last digit if applied to n. The functions b 
and p may be defined in terms of the successor function by the 
equation 

(s, (b,n), (p,n))=Fn 
As an example, there is composed from these primitives a 
function "pred," which yields, if applied to the label of some 
node, the label of the first predecessor for which some 
predicate prabout this node is true. 

pred::= (Ar(cond 
(if (root, r) then undefined) 
else (pred2 (p,u)))) 

pred2 ::= (Ay(cond 
(if prtheny) 
else (predy))) 

The predicate prodenotes the contents of the other columns in 
the row of the tablet labeled by y. 
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In F.G. 1, there is shown the following example in the 

machine language: 
((a(b,c,d) (ef))(g(h,n))) 

The pointers indicate the original tree structure which is now 
preserved in the tree labels in column 0. At the margin of the 
tablet (which is not a part thereof) there is indicated an exam 
ple as to how the label of the corresponding node may be ex 
pressed in terms of predecessor and successor nodes using the 
functions s and p. 
A node assembler effects the transmission of a formula from 

the (linear) core memory to the tablet. This unit resembles 
somewhat the known arrangements for bringing instruction 
word after instruction word into the decoding register. A close 
correspondence exists for primitive constants and variables, 
i.e., they cause the node assembler to issue a memory request 
for the next consecutive location. However, a formula consists 
of definiendum symbols and parentheses also. These symbols 
are replaced during a preprocessing scan by location symbols. 
As an approximate description, it may be stated that a 
definiendum symbol is translated into a pointer to its definiens 
and that a left-hand parenthesis is translated to a pointer to the 
symbol immediately following the matching right-hand 
parenthesis. 
A pointer may cause the node assembler to issue more than 

one or no memory request at all. In this connection, let it be 
assumed, for example, that there is a left parenthesis at loca 
tion i. Since matching parentheses enclose text which 
represents a subtree, the address i-1 may be interpreted as a 
branch to this subtree while the pointer to the symbol after the 
matching right-hand parenthesis points to the next element of 
the current node. The address i-1 may be called a branch 
mode address and the next element of the current mode may 
be called a normal mode address. The node assembler, in 
structed by the designator of the location symbol, issues 
memory requests for both addresses. 
A formal description of these actions can be given in terms 

of messages. The contents of an input message for the node as 
sembler consists of: 
0 - n, the current node label 
1 - k, the branch number 
2 - m, a core memory address 
3 - c(n), the contents of the cell addressed by m 

in the four columns of a row in the tablet. The node assembler 
processes such a message according to what the designator of 
c(n) denotes. 

If c(n) is a primitive constant, the node assembler first is 
sues an output message: 
0 - n: 
1 - if k=1 - c(n) else R 
2 - if k=2 - c(n) else R 
3 - if k=3 - c(n) else R 

which brings c(m) in column k of the row labeled n (in column 
0) and reproduces (R), the contents of the other columns in 
this row. Secondly, the node assembler issues a memory 
request, i.e., an input message for a memory unit. The latter 
input message has the form: 
0 - n: 

k-- 
2 - n 
3 - block 

This action closely resembles that of a conventional instruc 
tion counter and is the reason why the unit is called a node as 
sembler, since a node consisting only of primitive constants is 
assembled in a row of the tablet. 

If c(n) is a variable, the output message can have the same 
form as above. However, as is further explained hereinbelow, 
the variable is not brought into location determined by n and 
K. Instead, a message and new mode with the label (sk,n) is 
created. The functions performs the successor function sk 
upon ra. 
0 - (s, k, n) 
1 - c(n) 
2 - block 
3 * block 
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10 
If c(n) is a location symbol, there has to be distinguished 

among several possibilities. An input message with a location 
symbol generally is chosen to contain two integers, m and 
c(n), from which new addresses such as n-c(n) can be con 
structed. 

If c(n) is the internal representation of a right-hand 
parenthesis, the input message is destroyed. This signifies that 
no output message is generated, and the node assembler 
returns to its accepting state. 

If c(n) is the internal representation of a left-hand 
parenthesis, c(n) gives the location following its matching 
right-hand parenthesis, either absolute or relative, as an incre 
ment. The branch mode output message corresponding to the 
subtree contains a new node label which is the successor node 
according to the branch number, an incremented core 
memory address, and the branch number reset to l. 
0 - (s, k, n) 
1 - 1 
2 - -- 
3 - block 

The normal mode output message corresponding to the other 
branches originating from the current node contains the cur 
rent node label, the pointer to the first location following the 
text which belongs to the subtree, and an incremented branch 
number. 
O - 

- k-1 
2 - f(c(n), n) 
3 block 
lf c(n) is the internal representation of a definiendum sym 

bol, c(n) gives the location of the definiens. The output 
messages are in this case: 
branch mode: 
0 - (s, k, n) 
- 1 

2 - c(n) 
3 - block 
normal mode: 
0 - rt 
1 - k-1 
2 - r 
3 - block 
This arrangement for definitions virtually incorporates the 

definiens in a formula for any occurrence of the definiendum 
symbol in this formula. 
The table depicted in FIG. 2 summarizes the operation of 

the node assembler in tabular form. If it is assumed that any 
relocation of text in a linearly structured memory updates the 
pointers, then there can be had absolute pointers in the linear 
memory and a full adder is not required in the node assembler. 
Thus, according to the designator field of the contents c(n) 

of column 3, the processing of a message can be composed 
from five basic operations: 

l. inserting blocks, 
2. inserting R's, 
3. moving column to column, 
4. linear successor function: plus one, 
5. tree successor functions: (s, k, n), 

and all fields of the output messages can be processed simul taneously. 
From the foregoing, it is appreciated that the node assem 

bler unit can be characterized as a generalized "instruction 
counter." The assembler transforms fully parenthesized linear 
text into tree structures by transmitting data from a linearly 
structured memory into a content-addressable memory. The 
assembler allocates register space for the tree nodes and 
generates the appropriate tree labels to enable access to the 
nodes. 
Once a formula is in the tablet, "evaluation' of the tree 

structure may start. By the term "evaluation' there is meant 
the bringing of a formula into "normal" form. A formula is 
considered to be in normal form, if no conversion rule exists 
which could be applied. If the table is in the corresponding 
physical state, message exchanging no longer takes place. 
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The evaluation begins with the substitution of values for 
variables. This procedure is regulated by the beta conversion 
rule of the lambda calculus. The beta conversion in the inven 
tion is performed by a unit suitably termed the "beta' unit. 

In the description of the beta unit, a formula of the type (( 
AxM)N), which calls for the beta reduction (conversion) is 
termed a beta redex. In FIG. 3, there are shown the essential 
nodes representing a simple beta redex. The term "block" in a 
field indicates that this field is not used. The prefix A makes a 
variable a bound variable, which is internally indicated by the 
designator of the corresponding word. The particular arrange 
ment of nodes has been chosen to make it compatible with the 
notion that (Av,M) is a function applied to an argument N, 
such that (f, N) where f is bound to (Av, M) somewhere else. 
In the formula M, i.e., among the successor nodes of node n'1, 
where n' denotes some node in a larger tree structure, there may 
be found nodes of a certain type which the node assembler 
generates when it encounters variables. Thus, there can be as 
surned the existence of the tablet row 
0 - n, where n'l precedes in 
- 

2 - block 
3 block 

Accordingly, there is thereby formed the input message for 
the beta unit, which replaces it by one or more output 
messages to accomplish the substitution of the argument N for 
the variable v. In order to obtain the information for the 
messages, the unit would retain a copy of the node label n for 
the output messages and try to find by repetitive application of 
the predecessor function p to n that predecessor node which 
contains the bound variable Av in column 1. As indicated in 
FIG. 3, this node appears in the form: 
0 - n'l 
- Xy 

2 - blank 
3 - block 

To facilitate a first approximate description of the procedure, 
let it be assumed that the argument formula N has already 
been evaluated to a primitive constant. In the simple case now 
being considered, this primitive constant is found in column 2 
of the row designated (p,n'l Fin'. Employing the term C(x,k) 
to denote the contents of the column k in the tablet row 
designated , the general form of the output message 
generated by the beta unit for the simple case being con 
sidered is as follows: 
0 - (p,n) 

2 - if (b.n)=2, then C((p.n't),2), else R 
3 * if (b.n)=3, then C((p,n'l),2), else R 

The message inserts the value of the variable into the node 
determined by the input message, i.e., effects the substitution 
according to beta conversion. 

However, in the general case, the value to be inserted may 
itself be a tree structure. In this situation, the substitution 
procedure involves the copying of nodes of a subtree while the 
node levels are changed appropriately. Accordingly, there has 
to be considered the case where no value can be obtained 
since the formula is of the type (...(Ax,M)). Here, the formula 
(Mix,M) is a "functional argument' which is going to be sub 
stituted for fin the formula of the form (f, A). Further compli 
cations arise if lists of bound variables and subscripted varia 
bles are provided for. 
To comply with the rules of the Lambda Calculus, it is ab 

solutely necessary to copy subtrees when they are substituted 
for variables. However, there arises the problem of so-called 
"clashing" variables, if a formula containing free variables is 
substituted into another formula where these free variables 
become bound erroneously. An effective way to cope with "- 
clashing variables" is to avoid the substitution of any formulas 
containing free variables. This is accomplished as follows. If a 
variable, which is not marked, is encountered during the copy 
ing of a subtree, copying is discontinued until a value arrives 
for the encountered variable or it gets marked. In so doing, a 
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2 
particular sequencing is introduced but this procedure is 
justified by the existence of a basic theorem to the effect that 
the normal form of a formula, if it exists at all, no matter in 
what sequence the conversion rules are applied. 
As has been explained hereinabove, certain standard well 

formed formulas, such as, for example, arithmetic constants 
are represented by primitive constants. In general, there is 
provided for each primitive operator, a functional unit which 
performs the equivalent of evaluating the formulas named by 
the primitive constants. The input message for these units, 
which are suitably hereinafter termed f-units, has the general 
form 
0 - n 
l properator 
2 operand 
3 - operand 

where pr represents the designator for primitive constants. 
Usually, the operands will also be primitive constants but for 
mulas as operands are permitted. 
The f-unit is keyed to its pertinent input message by the pr 

operator and designator of the operands. Such an input 
message is not complete until the operands have arrived. 
The f-unit produces as a result either a formula or a primi 

tive constant. In the latter case, the output message inserts the 
result into the immediate predecessor node, i.e., 
0 - (p,n) 

if (b.,n)=1, then result, else R 
2 - if (b,n}=2, then result, else R 
3 if (b.,n)-3, then result, else R 

The predecessor node may now become an input message for 
another f-unit. It is thus seen that a maximum of simultaneous 
actions in the tree structure can occur while the necessary 
sequencing is maintained. 
The arrangement described hereinabove can also operate 

within a binary tree structure corresponding to a tablet with 
three columns. In the system, arithmetic units become f-units. 
In general, any conventional instruction which produces a new 
bit string from one or more given bit strings can be imple 
mented in this fashion. 
To be able to write the assembling procedure as a formula in 

terms of system operators, a set of primitive operators have to 
be implemented. Such set may suitably be the five basic "lisp'' 
functions, viz cons, car, ccdr, eq, and atom which take strings 
of words in the linear memory as operands. 
As has been mentioned hereinabove, beta conversion may 

require the substitution of a formula for a variable. With re 
gard to the tree structures that involved, this is equivalent to 
the attaching of a subtree to a node determined by the varia 
ble. The general problem consists of moving the subtree n, 
(source), i.e., the set of nodes containing n, and all its succes 
sors to the node n (target). 
The algorithm to effect this action is stated in terms of the 

contents of the rows in the tablet. An approximate recursive 
formulation is as follows. Let is be assumed that in the tablet, 
there is a subtree labeled n, and a target node n. There is then 
inserted into the tablet a copy of the row labeled n, wherein n, 
is replaced by n. The procedure is then applied to the subtrees 
labeled (s, k, n) and to the nodes (s, k, n) for all k such that 
C(n, k) = blank. 
The procedure is now described in terms of input and out 

put messages. The unit performing the copying of subtrees 
takes as an input message a row having the form, as follows: 
0 - n, 
1 - copy 
2 - n, 
3 block 

The information which is supplied causes the unit to destruc 
tively read from the tablet the node n, The unit generates a 
copy of this row labeled n, and writes back both rows, i.e., the 
original and the copy. Information has been retained about 
blank and nonblank columns in the row. The unit generates 
the following output message for every blank column k: 
0 - (s, k, n) 

copy 

- 



3,646,523 
13 

2 * (5, k, n) 
3 block 
Since the latter output messages are input message for the 

units, the following modification may be introduced, i.e., the 
output message with the largest k becomes internally an input 
message to the unit without interaction with the tablet. The 
remaining output messages are picked up later after the unit 
copied a tip node with no blanks in it. If, however, several 
units are available, several copy messages can be processed 
simultaneously to result in a gain in copying speed. 
The rules of beta conversion require that certain variable 

nodes corresponding to "free variables' in the sense of the 
Lambda Calculus interrupt copying until a value has arrived. 
Thus, the copy unit merely returns such variable nodes to the 
tablet and goes into a waiting state. A similar action results if a 
copy unit tries to read a node which is currently not in the 
tablet. 
Within a chosen design of the tablet, it is possible to simul 

taneously clear all the nodes of a subtree, i.e., the set of all 
nodes having labels with a common prefix. Otherwise, the 
copy unit can be converted by another small modification to a 
delete unit. Omitting the target label in the "copy' message in 
column 3 causes the unit to suppress the writing of both the 
original and the copy of the node and thereby deletes it. 
The "pure' lambda calculus does not provide conditional 

devices. To accommodate existing programming languages in 
the inventive system, there can be implemented therein the 
elementary conditional form as disclosed in the publication ti 
tled "A Basis for a Mathematical Theory of Computation,' by 
J. McCarthy, on pages 33–70 of "Computer Programming and 
Formal Systems," edited by P. Braffort and D. Hirschberg, 
North Holland, Amsterdam, 962. The formal properties of 
conditional forms are given in this publication. The implemen 
tation would require f-units corresponding to conversion rules 
of the form: 

(true MN) - M 
(false MN) - N 

where 'true" and "false" are truth values-classified as primi 
tive constants, and M, N are intuitive variables standing for 
well-formed formulas. An elementary conditional redex ap 
pears in the tablet as the root of three subtrees which develop 
simultaneously in the tablet. The first subtree should evaluate 
to a truth value. As soon as this value appears in the redex, the 
unnecessary subtree can be removed by associative access to 
the elements of the first subtree in the tablet. 

It is possible to manipulate trees in connection with addi 
tional truth values such as "undefined' and "don't care." 
A set of primitive functions, suitably termed "predicates,' 

which return truth values, can be implemented to classify and 
relate the symbols in the system. 
The inventive system permits many generalizations and ex 

tensions. Thus, considering the difference in the speeds of 
operation between the backup store and the tablet, more than 
one node assembler can be provided to utilize the tablet to its 
full extent and thereby permit the simultaneous processing of 
several programs. Depending on the structure of the pro 
grams, there can be controlled the computational speed by ad 
ding more arithmetic and functional units without changes in 
the structure of the system. 

In reviewing the above, it can be stated that the tablet is the 
general communication device among the resources of the 
system. input-output channels, backing store units, functional 
units, arithmetic units, and the program and node assembler 
comprise the resources of the system, while the tablet per 
forms the interlocking, sequencing, and communication 
among the resources. 
The system enables the use of faster and smaller compilers 

because the machine language itself is a relatively high-level 
language. This means that many facilities offered by pro 
gramming languages are already implemented in hardware 
and do not have to be composed from primitive instructions. 

In order to provide a high flexibility of associative access 
and to avoid masking, four-valued logic circuitry can be ad 
vantageously employed in the tablet. Thus, in addition to the 
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14 
binary "1" and '0' values, there could also be the additional 
logic values, viz "don't care" and "undefined," to obtain a 
match for either "i" or '0' and to avoid any match at all, respectively, 

In considering the foregoing, and the advantages of a com 
puter according to the invention, reference is made to FIGS. 
4-14. 

FIG. 4 shows the general form of a 'structure" in formal 
logic. A linear structure corresponds to the natural numbers 
and integer arithmetic which is the theoretical base for the ad 
dress system in conventional computers. 

FIG. S illustrates the first nontrivial case of a generalized 
arithmetic, i.e., a tree structure with two successor functions. 
In this connection, if f= (0, 1} is the alphabet, the domain 
T=t", i.e., the set of all binary words. These words may serve 
as addresses of the nodes in a binary tree as indicated in the 
FIG. 5. Shown therein is an intuitive correspondence of the 
tree structure to an arithmetic expression. 

In FIG. 6, there is illustrated the difference in the amount of 
coded information between a genuine tree-address system and 
a mapping of a tree structure into a linear structure by poin 
ters. A tree-address system permits the computation of ad 
dresses of all predecessor nodes from a given node. To provide 
the same information for a linear address system, pointers are 
required to all predecessor nodes available at a given node. An 
implementation with three forward and one backward pointer 
only yields access to immediate predecessors and, thus, 
requires additional time-consuming memory cycles. 

In FIG. 7, there is conceptually shown the machine lan 
guage of the inventive computer. The language is a string of 
symbols according to a given syntax. The primitive terms have 
the conventional interpretation. Thus, for example, AA in 
dicates a bound variable. Bit strings (words) in the computer 
are classified by designators (another bit string) according to 
the list of primitive terms. 

In FIG. 8, there is systematically shown the system architec 
ture, i.e., the tablet and the functional units. The formula 
shown in FIG. 7 appears as indicated from the arrangement of 
parentheses in the original formula. 

In FIGS. 9 and 10 there are shown a circuit set forth in 
forms of automata theory to transform a string of symbols ac 
cording to the syntax in FIG. 7 into the arrangement of primi 
tive terms in the tablet, when the (infinite) automaton reads a 
primitive term, it goes into a state of the form n.k. which is in 
terpreted as an address in the tablet with n as node label and k 
as column. 

In FIG. 11, the information given in FIG. 10 is repeated in 
tabular form, 

In considering the depiction of FIG. 12, it is realized that in 
FIGS. 9, 10, and 11, the node assembler is described as an au 
tomaton working on an input tape. In FIG. 12, there is de 
picted the preparation of a formula for a node assembler 
working as a tree automaton. A tree automaton takes a tree as 
input. To obtain the input tree from a sequence of symbols, a 
processing scan inserts into every word corresponding a left 
parenthesis, a pointer to the word after the matching right parenthesis. 

In FIG. 13, there is shown how a tree automaton labels the 
nodes of an input tree with state symbols. The transition func 
tion, M' maps a pair "state'."input symbol' into a pair of 
states. Every such mapping corresponds to a split of control in 
terms of multiprocessing. Consequently, there results an in 
crease in speed for this node assembler compared to the one 
shown in FIGS. 10, 1, and 12. 

in FIG. 14, there is shown the input tree of FIG. 13 after 
being processed by a tree automaton according to the transi 
tion function M' in FIG. 3. 

In considering the foregoing, it is realized that the computer 
described therein can be employed as it comes without requir 
ing extreme modifications, attachments, and adjustments. The 
goals that such computer attains are: 

1. Explicit, hardware-supported binding of variable (names 
or labels for data in presently known computers) to values. 
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2. Nonlinear program structure (handled directly by hard 
ware). 

3. Distributed decoding. 
To understand these achievements, they have to be set in 

the perspective of known computer architecture. Thus given 
the basic mechanism to execute a linear sequence of orders 
one by one, the first argument arises as to which set of orders 
are to be implemented. For example, it is clear that arithmetic 
instructions form units which are almost unquestionably 
desirable. However, a most dangerous action in a computer is 
to rewrite the contents of a memory location. In this connec 
tion, almost every instruction, in this sense, changes the en 
vironment in which its successor instruction is executed. Con 
sequently, the effect of an instruction becomes intricately de 
pendent upon all of its predecessors. This makes machine lan 
guage error prone and difficult to change because of loops and 
conditional transfers. High-level programming languages and 
assembly languages have as one of their purposes, the support 
ing of the programmer in explicitly controlling the environ 
ment in which some statement is evaluated or in controlling 
the values to which the names (tables, variables) in that state 
ment refer. 

It is important at this point to understand the difference 
between a functional programming language and a procedural 
programming language. A functional language has function 
definition and function composition as the basic tools with 
which to construct algorithms. A procedural language em 
ploys the proceeding from statement to statement as another 
tool to construct algorithms. 

In the computer according to the invention, there is imple 
mented in hardware, the binding mechanism as it is formalized 
in the Lambda Calculus. 

Relative to achieving the direct handling by the computer of 
nonlinear program structure, it is to be borne in mind that 
presently known computers deal primarily with linear struc 
tures, a program with its strict sequencing of instructions con 
stituting the most obvious example of this approach. Various 
attempts have been made to increase the speed of program ex 
ecution by breaking into the strict sequencing, examples of 
such attempts being look ahead, multiple instruction counters, 
and multiple functional units. However, since the source of in 
formation remains a sequence of instructions, elaborate inter 
locking schemes are necessary to preserve the information in 
herent in the instruction sequence. Particularly, in the case of 
multiple instruction counter schemes, where instruction 
streams fork out into branches and reform again, it is difficult 
to determine which environment is valid for which branch and 
as to how the branch environments at a joining point of con 
trol are to be consolidated. 
A linear structure may be abstractly characterized by the 

property that all of its component elements have only one suc 
cessor. This abstract characterization, when generalized, lens 
itself to three structures, i.e., a binary tree structure is charac 
terized by having two successors for each element, and an n 
ary tree has, at most, n successors for each element. 
The mapping of a computational structure into a tree struc 

ture presents many advantages. Thus, a tree can be easily par 
titioned into subtrees; there is a direction inherent in a tree 
since all of the elements except one have one precessor, but 
perhaps a number of successors; and, in a tree it is easy to sub 
stitute for leaves. Thus, to achieve the direct handling by the 
computer of nonlinear structures, a tree address system is 
suplemented which provides for the mapping of computa 
tional structures onto tree structures. The tree is developed by 
starting from the root and proceeding to the leaves. Results 
move from the leaves to the root thereby collapsing the tree. 
To facilitate loops and recursions, leaves are replaced by sub 
trees. 
To effect distributed decoding, there is to be realized the 

great importance in presently known computers of the decod 
ing register and the instruction counter. Usually, the only way 
to execute an instruction is to bring it into the decoding re 
gister. Consequently, if it becomes necessary in a conventional 
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computer to carry out a step which is not determined by the 
current instruction stream, there have to be employed inter 
rupt and trap features, i.e., in order to free the decoding 
facilitates for another program, the current instruction stream 
has to be halted, and the environment and/or the state of the 
computer has to be saved. 

In accordance with the invention, the computer comprises 
several functional units which are usually in an "acceptance 
state," i.e., according to their particular nature, they accept 
messages one at a time, process them, issue messages for other 
units, and revert back to the acceptance state, where the units 
are not tied or connected to any program whatsoever. The 
message is self-contained and, to this end, carries an explicit 
code for its environment along with it. More than one program 
can share the same set of functional units. Control programs 
for administering the instruction decoding mechanism are not 
necessary. 
As a particular design example, the basic structure of the 

computer, according to the invention, is chosen to be a five 
byte word. The first byte of a word is used to describe the kind 
of data the word contains and is termed the descriptor byte. 
Thus, different data types are distinguished by their descrip 
tors and not by the functions applied to them. The basic com 
ponents of the computer are the following: 

1. An input device and channel which gathers the input en 
tering thereinto in a character sequence and breaks it up into 
word-length meaningful strings which are termed "tokens." 
The input device processes these data, making small changes 
in the tokens and assigns a location to most of them in the 
linear memory, 

2. A linear memory which is a large conventional memory 
of which, each accessible part is a word long. A copy of the 
program is in the linear memory throughout its execution. 

3. An associative memory which is the basic feature of the 
computer and which is termed the tablet. Only those portions 
of the program that are in the tablet can be executed. In the 
tablet, the program assumes the form of an n-ary (in this em 
bodiment, a ternary) tree. Such form can be achieved because 
programs used in the computer are fully parenthesized expres 
sions such as 

(a (bcd) (ef) ) 
where a pair of parentheses must enclose two or three sub 
expressions. Such expressions inherently correspond to trees. 
For example, the above expression corresponds to the tree 

1. 
all--- 

12 13 

e131 fl32 B121 c122 Yiza 

The tablet consists of an array of high-speed registers, each 
one word long. The nodes of a tree given by some program 
correspond to rows in the tablet, and the branches extending 
from the nodes correspond to columns in the tablet. A tablet 
entry or row consists of four words (according to the illustra 
tive embodiment). The first holds the node label of the tree 
node which is the entry for. The second, third, and fourth 
words contain the primitive tokens under the node, for those 
that are immediate subexpressions. For example, for node 12 
above, there would be the tablet entry 

(121) (122) (123) 
N 12 b d 

Where N is the node label descriptor. If one of the points 
under the node is itself a branch point, no token input occurs 
in its place and a row must be provided for it. For example, in 
accordance with the tree example shown above, the row for 
node has the form 

(11) (13) 
N 

(12) 
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and entries for nodes 2 and 13 must occur in the tablet. As 
sociative techniques permit access to a row upon a match with 
the contents of the data or descriptor fields of one or more 
columns. A row is always the basic unit of information when 
the tablet is involved. A row need not represent a tree node , 
i.e., the descriptor of the first word need not be N). For exam 
ple, the input channel creates tablet entries that are then 
picked up by a storage device which places one of the words of 
the tablet entry in the location in linear memory indicated by 
one of the other words in the entry. Because of this, there is 
employed herein the term “message' to describe a tablet 
entry with the basic function of the tablet being that of the 
central communication device between all of the functional 
units. 

4. The remaining components of the system are all suitably 
termed functional units. These units look for messages, i.e., 
tablet entries for themselves, retrieve them, process them, and 
place new messages in the tablet. 

For example, an adder would retrieve a message having the 
form 

N nk -- 3 5 

add the 3 and 5, and place a message in the tablet indicative to 
another unit that it should place the answer, 8, in the kth 
column of the entry with node label n. The latter unit would 
retrieve the message, compute the label n of the predecessor 
of node nk, retrieve the node in entry, modify it, and then place 
it back in the tablet. 
The language accepted as input by the inventive computer 

is now described. The input consists of strings of symbols 
broken up into logical groups and termed 'tokens." Each 
token consists of three parts, viz (1) a descriptor which in 
dicates the type of token, (2) the body of the token, and (3) a 
delimiter which indicates the end of the token. For example, 
in the token 12345h, l is a descriptor which indicates that the 
token is an integer, 12345 is the body of the token, and a 
symbol which denotes a blank is the delimiter used to indicate 
the end of the token. The parentheses tokens (, (F, and ) serve 
as descriptors, bodies, and delimiters simultaneously, while 
other tokens require separate descriptors, bodies and 
delimiters. The blank is used as a delimiter for all tokens other 
than parentheses tokens. 
There are now described the different types of descriptors, 

and, thus, the different types of tokens. The notations em 
ployed for a token is the type enclosed in brackets herein 
below: 

l. Integers, floating point numbers, octal numbers (i), (t), 
o). 
2. Truth values (tr. The body of such tokens is T or F. The 

notation T(F) is used to denote the truth value token with 
body T(F) respectively. 

3. Function Constants P). The function constants fall into 
three different categories: (1) functions from numbers to 
numbers, such as addition, multiplication, subtraction, sign 
change, quotient, remainder, raising to a power (which are 
denoted by +, , -, OT, R, PR respectively); (2) functions 
from numbers to truth values such as 'equals," "is less than,' 
"is less than or equals, * is greater than,' 'is greater than or 
equals' (which are denoted by F, <, < , >, > , respectively); 
(3) functions from truth values such as 'not,' 'and,' 'or,' 
“implies,' is equivalent to, respectively denoted by the 
symbols, &, OR, D, S. 

4. Output device names (OD). Each output device has a dif 
ferent name, which forms the body of the token 

5. Variable Names y) 
6. Binding Variables (A') 
7. Definition labels Deff) 
8. Defined Expression Names 8f) 
9. Conditional Indicator (F). In addition to indicating a 

conditional statement, these token functions as a left 
parenthesis 

i0. Left Parenthesis () 
ll. Right Parenthesis ()) 
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The notation n is used to indicate any of the i,t, or o (i.e., 

number) tokens. Tokens of type 1 and 2 are termed basic con 
stants and are denoted collectively by c. Tokens of the type 
1-3 are termed constants and are denoted collectively by the 
term c. When v and My are written in the same context, it is as 
sumed that the tokens have the same bodies. The same is true 
of Deffand 8f. There are used to denote ( and (F collective 
ly. 
The “well-formed expressions"-wife-of the language are 

defined as follows: 
a. Any basic constant, variable, or defined expression is a 

wife. 
b. life is a function constant or wife and e, and ea are wife's, 

then (ee) and (ele, ea) are wife's. 
c. If A is a binding variable and e is a wfe, then (A ve) is a 

wife. 
d. Ife, e, and e are wife's, then (Feele) is a wife. 
e. The only wife's are those given by rules (a)-(d). 
There is now indicated how a wife can be looked at as a ter 

nary tree, i.e., a tree with at most three branchings at a node. 
Thus considering an expression of the form 

((ab(cd)) (ef)) 
2 3 322 21 

where a, b, c, d, and e are nonparentheses tokens. Such an ex 
pression corresponds to a tree 

The level of a node or point on the tree can be defined as the 
distance from the node to the top of the tree, the distance 
between any two points being a unit. Hereinabove, in the de 
piction of the tree of this example, the levels are numerical 
notations to the right thereof. It is to be noted that parentheses 
can be numbered in a manner such (a left parenthesis is as 
signed one plus the number of the last unmatched left 
parenthesis, a right parenthesis, the number of the last un 
matched left parenthesis) that that a left parenthesis num 
bered in opens an expression of elements at level n, and a right 
parenthesis numbered n indicates the end of a group of ex 
pressions of level n, all under the same node on the tree. 
A program element is a string of the form Deff, e, or of the 

form 
ODe 

where Def f, is a definition label (e., is the definition of wife 
designated f) and OD is the name of an output device. 
A program is a string of program elements within 

parentheses, such as: 
(Def f el Deffe. ... Deffe ODe) 

where all of the fare distinct, i.e., the bodies of the tokens Def 
fi are distinct. An OD element must occur last and the wife e 
has to be given by either b, c, or d above. The tree of the pro 
gram is the ternary tree corresponding to wife e. 
A program is to be thought of as the following: An expres 

sion of the form ( (Avel) e ) is interpreted to mean "the result 
which is obtained when e, a function of v, is applied to e." 
This is obtained by substituting e. (or the result obtained by 
completely evaluating it) for any occurrence of v in the ex 
pression e1. An expression of the form (Feele) is interpreted 
to mean "e, if the result upon evaluatinge is T, e, if the result 
upon evaluating e is F, and e' otherwise, where e' is the result 
of evaluatinge." When a name for a defined expression 8f, is 
found within an expression, it is replaced by its “definition," 
which is labeled by Deff. Thus a program evaluation involves 
trying to obtain the value of the expressione, using the defini 
tions &f...,8f, The result is passed to the output device 
specified when no more evaluation can be done. 

For example 
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( ( Mb ( -- 3b) ) 7 ) 
are expressions (with values F and 10 respectively). (OD(FT 
3 0)) is a program which will cause 3 to be given as output on 
the device OD. 

PRELIMINARY PROCESSING OF THE INPUT 

The input program receives a preliminary processing in the 
input channel before it is placed in the linear memory. The 
end result of this operation is that, essentially, the input tokens 
appear in linear memory in consecutive memory words. How 
ever, the following changes appear 

l. The definition label tokens Def F have disappeared. In 
the place of each one of there, there is an entry in the tablet of 
the form 

f 6 fi T 

It is to be noted in this case that the descriptor is changed to a 
defined expression name descriptor. The number n is the 
starting location of the definitione off in the linear memory. 
The notation u is employed to represent a so-called "unused" 
word. The latter type of word has a particular descriptor. The 
notation u is also utilized to represent the body of a word that 
is not used. 

2. A token other than a right parenthesis that is followed by 
a right parenthesis is marked with a "prime' to indicate that it 
ends a wife (a group of expressions at the same level). A bit 
switch in the descriptor of the token's word in linear memory 
is used for this purpose. 

3. Right parentheses are eliminated. 
4. A left parenthesis or conditional indicator has stored with 

it the location in the linear memory of the token that followed 
its matching right parenthesis, if there is such a token and it is 
not a right parenthesis. Thus, no location is stored for the first 
left parenthesis in 

( ( a b ) c ), 
but the location of c is stored with the second left parenthesis. 
This operation accomplishes the following. The expressions ( 
ah) and c are both expressions at the same level; together, 
they form a wife when they are enclosed in parentheses. The 
location stored with the left parenthesis starting the first wife of 
the pair indicates where the second element of the pair starts. 
A bit switch is turned off in the left parenthesis descriptor 
when it has such an address associated with it. If there is no 
such address, the parenthesis or conditional indicator is "- 
primed and ( " or (F" is written. The OD taken does not occur 
in linear memory. There is however, an entry in the tablet of 
the form 

N OD 74 

the first word is the “empty' node label descriptor. Here, the 
first word is the "empty' node label which is denoted by the 
symbol-A-. The number m is the address of the beginning of 
the program expression in linear memory. 
There is now set forth a brief description of the preliminary 

input processing. This processing consists of three operations, 
viz: (1) The input channel gathers input characters and forms 
them into tokens; (2) The input channel then processes each 
token, the result being an entry in the tablet, and (3) the 
storage unit retrieves tablet entries of the form 

token ST in 

and stores the token found in the fourth word of the entry in 
location m of the linear memory. 
The input device may be provided with a keyboard with spe 

cial keys for the descriptor and delimiters. The remaining keys 
(essentially alphabetic and numeric) are employed to form 
bodies of tokens. There are also suitably provided special 
start, reset, and dump keys, the start keys being used to clear 
the machine before beginning the input of a program, the reset 
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which an error has been made, and the dump keys being util 
ized to force output during the execution phase. 

In FIG. 15 there are shown the essential components of the 
input channel. The basic functions of these components are as 
follows: 
An input token enters into register X one character at a 

time when the delimiter is encountered, the keyboard is 
locked until the token is processed. The section X of register 
X contains the address in linear memory to which the token is 
to go. This address is incremented after the processing of any 
token that takes up a location in linear memory. Tokens other 
than ( and (F, after being processed, go to the register S 
together with the address in the linear memory to which they 
are to go, the address being in section X. ln register S, the 
tokens receive a prime if the next token is a right parenthesis. 
The ST descriptor, which is the message to the storage unit to 
store the token in linear memory, is used in register S for Deff 
and OD tokens for which the NOP (no operation for storage 
unit) descriptor is used, thereby causing the tablet entries for 
these tokens to be ignored by the storage unit. The Deffen 
tries remain in the tablet as a table of definition locations and 
the OD entry remains in the tablet as the top node of the pro 
gram tree. The tablet communication register TR is the tablet 
entry register where a tablet entry is formed from S or L. The 
pushdown stack is employed to hold ( and (F tokens until the 
location of the nonright parenthesis following their matching 
right parenthesis, if any, is known. Words go to and leave from 
the pushdown stack only through register 2. 

Section L of register S holds the information for the last ( 
or (F' token for which the matching right parenthesis was 
found. When the token following that right parenthesis is en 
countered, if it is not a right parenthesis, its address (X) is 
placed into section L of register S and the "prime" bit is 
turned off in the descriptor, the second word of L. When the 
next right parenthesis is encountered, L is used to form a 
tablet entry of the form 

where m is the location for the left parenthesis (in linear 
memory) and n' is the address of the (nonright parenthesis) 
token occurring after its matching right parenthesis. The n' is 
missing when there is no nonparenthesis token following the 
right parenthesis matching the left parenthesis. For example, 
this would be true for all of the left parentheses in 

(a ( b c ) ). 
The switch q is used to indicate when the previous entry 

which was matched was a right parenthesis. 
The following is a more detailed description of the opera 

tion of the input channel. The term Z in this description 
refers to nth byte of Z, etc. 

in this operation, when the start button is pushed, S, X, L, 
L., and Z are made blank and the address 0 is put into X. The 
keyboard is then freed and input is begun to be read into X. 
When a delimiter is encountered, the keyboard is locked and 
the input channel begins to process the token in X. This 
proceeds as follows: 

A. Test if X is . If not, test B. Otherwise: 
l. Push Z down one in stack 
2. Put X and the descriptor of X", i.e., X-Xs in Z. 
3. If q Fq., put X in L, reset "prime' bit off in L and make 

q equal to go. 
4. Increment X by one. 
5. Free keyboard. 
These four steps accomplish the following. Steps (1) and 

(2) place the new left parenthesis-type token with its linear 
memory location in the pushdown stack. If the immediate 
previous token of the input was a right parenthesis (q=q), the 
address of the current token is put in L, which holds the in 
formation about the left parenthesis that matched this right 

keys being employed to wipe out a partly formed token in 75 parenthesis. The right parenthesis switch is turned off (q - 
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q). With step (4), the linear memory location counter is in 
cremented. 

B.Test if X is ). If not, proceed to test C., otherwise: 
1. Put L9, L in tablet communication register TR at 
TR-TR -TR, respectively. Transfer contents of 
register TR to tablet if register TR does not contain all 
blanks. 

2. Test whether the rest of the pushdown stack is empty but 
that Z is not blank. If the test does in fact find these states 
(end condition), proceed to step (3) outlined herein 
below. If the end condition does not exist, the following 
steps are gone through. 
a. Place Z in L. 
b. Place contents at top of pushdown stack into Z. 
c. Make q equal to q 
d. Place "prime' in S (descriptor byte of S) 
e. Free keyboard. 

These five steps under (2) immediately hereinabove 
achieve the following. Step (1) had caused to be placed into 20 
the tablet, the information for the left parenthesis that 
matched the previous right parenthesis. Now by step (a), of 
(2), the information about the left parenthesis matching the 
right parenthesis is put into L. Step (b) causes the current 
contents of the top of the pushdown stack to be placed into Z. 
Step (c) results in the turning on of the switch q to indicate 
that the token just encountered was a right parenthesis. Step 
(d) causes the last nonparenthesis character in register S to be 
marked with a "prime' to indicate that it was followed by a 
right parenthesis. 

3. For the end condition: 
a. Insert S and S in section TR-TR and TR-TR, of re 

gister TR. Transfer the contents of register TR to the 
tablet provided that these contents are not all blanks. 

b. insert N 1 into S'. Place L, in S-S of register S. 
Make SA' the first byte of St. 

c. Repeat step (a). 
In the above, step (a) effects the putting out of the last pro 

gram token. Step (b) forms the tablet entry which initiates 
program execution. In this situation, N is the node label 
descriptor, SA" is a message to the storage unit, which is 
further explained hereinbelow, and the Li section contains the 
location of the first program token which is required to be a 
left parenthesis. 
C. Test whether X is Deff. If it is not, proceed to test D. If 

this test shows that X is Deff, the following steps are gone 
through: 

1. The placing of S and S in locations TR-TR, and 
TR-TR, respectively and the transferring of the 
contents of register TR to the tablet provided that 
these contents are not all blanks, 

2. The placing of X in location S-S of register S. Then, the 
making of the first byte of register San NOP, the making 
of the sixth byte of register S a defined expression name 
descriptor; and the making of S equal to 00 ("zero zero' 
which stands for two half-bytes or zeros). 

3. Make 9=90. 
4. The freeing of the keyboard. 
In these steps as explained above, step (1) puts out the last 

program token. The NOP and 00 in step (2) form the tablet 
entry for the definition off. It is to be noted that X is not in 
cremented whereby the definition et going with f will start in 
the linear memory location given in the table entry. 

D. The testing as to whether X is OD. If the test finds that it 
is not, the proceeding to E. If the test finds that it is OD, the 
following steps are performed: 

1. The placing of S and S in locations TR-TR, and 
TR-TR, respectively of register TR. The transfer 
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The immediately foregoing steps put out the information for 

the token in register S (step 1) and then, in the top node in the 
tree (steps 2,3) as has been previously described. 

E. If the test in D above found that X is not OD, the follow 
ing steps are performed. 

1. The placing of S and S in locations TR-TR, and 
TR-TR, of register TR. The contents of register TR 
are transferred to the tablet provided that these contents 
are not all blanks. 

2. The putting of X to S, to S'. 
3. If q=q, the putting of X in the last four bytes of L and 

the making of qaq. 
4. The incrementing of X. by one. 
5. The freeing of the keyboard. 
The immediately foregoing steps effect the handling of the 

remaining tokens, viz, constants, variables, and binding varia 
bles. Their function and operation are the same as like opera 
tions already hereinabove explained. 

EXECUTION 

After all of the program has received its initial processing 
and has been placed in the linear memory the execution phase 
begins. During this time, all of the functional units keep 

25 checking the tablet for a message indicating something for 
them to do. The storage unit reaches for messages having the 
form 

N BP SOC in 

where SOC is an operation code for the storage unit, m is an 
address in linear memory, and N is a node label. The term BP 
represents a “back pointer," the significance of which is ex 
plained hereinbelow. 
Upon the encountering of a message, the storage unit 

destructively reads it from the tablet, retrieves the contents of 
location n of the linear memory, and inserts a message into the 
tablet having the form 

N BP NOC in C(ml) 

In this message N, BP, and n are provided from the original 
message, the term NOC represents an operation code for the 
node assembler unit and is obtained by changing the first four 
bits of the operation code SOC. 

Further, hereinbelow, there are places where a node assem 
bler operation code is denoted by . In such case, the storage 
unit operation code that differs from it only in the first four 

50 bits is denoted by x'. The term SA represents a storage unit 
operation code corresponding to a "stop allocation' node as 
sembler operation code. 

In the following descriptions, for convenience of explana 
tion, it is assumed that the first descriptor byte in a message 

55 for the node assembler or storage unit is a node label descrip 
to. 

The node assembler's main function is to build the program 
tree, i.e., assemble the nodes of the tree in the tablet. 

In a simple case, the result of the operation of the node as 
60 sembler is a message having the following form: 

N P C1 C 

where P is a function constant, and C and C, are two con 
65 stants appropriate to the function. For example, the case 

might exist where P-, C=3, C-127.5. A message of this 
form is a message for the specific functional unit associated 
with P. This unit would retrieve the message from the tablet 
evaluate Pfor C1, C2 and insert back into the tablet, a message ring of the contents of register TR to the tablet provided 70 having the form 

that these contents are not all blanks. 
2. The placing of N in S9 and the NOP code in the first byte 
of register S. 

3. The repeating of step (1). 
4. The freeing of the keyboard. 

N 7. UP 2, R 

where R="P(CC)" is the result of evaluating P for argument 
75 C, C. 
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The latter is a message for the UP unit. If n is not l, then n is 
of the form nk, where n is an integer and k is a digit. In such 
case, the UP unit retrieves the tablet entry which has the form 

N () (2) (3) 

with the first word the node number n. Here, the numbers 1, 2, 
and 3 mark the columns of the entry. The UP unit returns a 
message to the tablet that is the same as the node in message 
except that the kth column word is replaced by R="P(CC)." 

If n is , “P(CC)" is the final result of the program and the 
UP unit places a message in the tablet for an output unit. This 
message has the following form 

N A OD 

where the R is what was the fourth word in the message in the 
UP unit in the example 'P(CC)." 

In the execution phase of operation of the computer accord 
ing to the invention, in addition to the node assembler and UP 
unit, there is also employed the beta unit, the function of the 
latter unit being to effect the replacement of variables by their 
values. For example, in the execution of the program which 
evaluates the polynomial 5y+30y at 25, viz: 

( ( Ay(--(*5( * yy)) (* 30 y) ))25) 
the beta unit effects the substitution of 25 for y in the above 
expression. Then, the functional units for -- and *, together 
with the UP unit, complete the evaluation of the expression. 
The interaction of the node assembler, UP unit and beta unit 
are discussed in further detail immediately hereinbelow. 
The Node Assembler 

In considering the operation of the node assembler, it is re 
called that the message that the input channel places in the 
tablet to indicate that it has processed all of the input data has 
the form 

N 1 . SA in 

where N is the node label descriptor, SA is a storage unit 
descriptor, m is an address in the linear memory, and the u's 
indicate 'unused words. 
The latter message is one that causes the storage unit to pick 

up the contents C(m) of location m in the linear memory, this 
being the location of the first token of the program which is 
required to be a left parenthesis. It also causes the storage unit 
to place a message in the tablet for the node assembler which 
has the form 

N ti SA in C(in) 

The storage unit does this as long as there are messages for it. 
In the general form of a message for the node assembler, the 

first word of the message is the node label to which the token 
C(m) corresponds. Node labels in general are strings formed 
from the digits i, 2, and 3 and correspond to the place of a 
token or expression in the program tree. The program, which 
itself is an expression, has the node number 1. 
A node of the program tree is an entry in the tablet having 

the form 

N X X: Xa 

In this message, n is the node 1 label, and X1, X2, Xa cor 
respond to the nodes n1, m2, and n3, respectively. If all of the 
X are constants, they occur in the node n. Otherwise, if X is a 
complex expression whereby it must be enclosed in 
parentheses or a variable the ith column of n usually holds a "- 
blank” descriptor and the address of the first token of X in 
linear memory to reexecute X in another part of the tree and 
to enable retry procedures. An entry with the node label ni is 
created for the components of X. The node assembler creates 
such new node at the point when the beginning of its first sub 
component is being handled. Thus if the program were to be ( 
+ ( - 3.5) 7), the first program node would be the entry 

N -- 

O 

5 

25 

35 

40 

45 

SO 

55 

60 

65 

70 

75 
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The node 12 would be created when the node assembler 
receives the following message from the storage unit 

N 121 it R 

The message is a node assembler operation code that indicates 
that a row must be allocated. This code is created after the 
handling of the left parenthesis by the node assembler which 
indicates the beginning of a subexpression. 
There are suitably two main operation codes for the node 

assembler which are suitably denoted R and D. The code R 
signifies that no node (tablet entry) exists for this token just 
retrieved from linear memory, whereby the node assembler 
must now create a row. The code D signifies that a node al 
ready exists in the tablet with a column for the token picked 
up, and the data of the token may be placed in that column. 
When either of codes R and D are encountered with a 

retrieved input symbol, the node assembler (a) starts the as 
sembling of the next expression in the same group at the same 
level and (b) sends up a "blank" descriptor if the expression 
being read is complex or a variable. 
When the node assembler retrieves a token having a node 

assembler code, i.e., the node assembler has picked up a 
message such as 

N f BP NOC or C(m) 

where n is a node label, BP is blank or a "back pointer," n is 
the address in linear memory where the token C(m) was 
found, and NOC (node assembler operation code) is D or R. 

If n is a string of digits ending in i, n could be denoted by ri 
and could be employed to denote n with its last digit omitted. 
1. The descriptor of C(n) is (, 

a. If C(m) is not primed, thereby indicating that there is a 
token following the right parenthesis matching this left 
parenthesis so that C(n) has the address of this token, n' in 
its last four bytes, the node assembler creates the message 

N r(i.--) BP ID' in 

and places it in the tablet. This latter message causes the node 
assembler to handle the next expression at the same level as n. 
For example, the expression ( -- (-37) 5), when the second 
( is read as the message in question, causes the 5 to be read, 
the D' indicating that a tablet entry already exists for the data. 

b. In addition to the message generated by step (a), the 
node assembler places the following message in the tablet 

N BP R al in-1 u. 

This message causes the token following the left parenthesis to 
be read and indicates that a row must be allocated for its data. 

c. In addition, if the node assembler code is R, the following 
message creating a row is placed in the tablet 

N m-- i. 

The b ml word signifies that the first component of the ex 
pression with label n is a complex and, as yet unevaluated ex 
pression that starts at address n+1 in the linear memory. The 
u's indicate blanks, i.e., zeros. This step reflects the peculiarity 
in associative memories of providing some initial content in a 
word to render it accessible. 

d. In addition, if the node assembler code is D, the following 
message is placed in the tablet 

N f UP in 

This is a message for the UP unit which is further explained 
hereinbelow. The effect of this message is that the UP unit 
puts the n+1 word in the column of the x node to indicate 
that the expression for that place is complex and, as yet, 
unevaluated. 
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2. The descriptor of C(m) is (F 
a. As described in (la) immediately above. 
b. As described in (1b) immediately above with the dif 

ference that the storage unit operation code in the third word 
of the message is IFC', the "if-code." 

c. As described in (lc) immediately above. 
d. As described in (ld) immediately above. 

3. The descriptor of C(m) is a variable descriptor 
a. If C(m) is not primed indicating that the variable was not 

followed by a right parenthesis and thus does not end a group 
of expressions at the same level, the following message is 
placed into the tablet 

N a (i-1) BP D’ m+1 u, 

This is similar to the messages of (1a) and (2a) hereinabove 
with the difference that the appropriate next token in the 
group at level x if n is xi is found at address m+l 

b. In addition to the message of (a), the node assembler 
places in the tablet the following message 

N T 2 f BP 

In this message, y is the body of C(m), i.e., the variable itself, 
the symbol is a descriptor indicating that the value of the 
variable must be looked up, n is the location in linear memory 
in which the variable was found and BP is the back pointer 
passed through the node assembler message. 

c. The same as described in (lc) above. 
d. The same as described in (id) above. 
It is to be noted that a variable, v, although a one-token ex 

pression, is treated like a complex expression and not like a 
Constant. 
4. C(m) is a constant C 

a. The same as described in (3a) above. 
b. If the code is R, then the following message is put in the 

tablet 

N 2. C 

The i in i has to be for the code R to have been used. This 
entry creates the node labeled x with C(m) in its first column. 

c. If the code is D, the following message is placed in the 
tablet 

N UP C 

This causes the UP unit to replace the ith column of the tablet 
entry with the node labelx by the constant C. 
5. C(m) is a defined expression name 8f 

a. The same as described in case (3a). 
b. If the code is R, a row is created in the tablet with the fol 

lowing message: 

N 7-H1 at , 

c. A match is made in the tablet to retrieve the tablet entry 
of the form. 

s m f 

Here m' is the location where the definition off begins a copy 
of the message is returned to the tablet. 

d. If the code is R, the following message is placed in the 
tablet 

N 72 BP SA in 

This causes the definition off to be read without sending up a 
blank (since message (5b) already has one) if it is complex, 
and without attempting to assemble the next adjacent expres 
sion of the same level. 

e. If the code is D, the following message is placed in the 
tablet 

N BP TC 

5 

O 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

70 

75 
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Again, this operation causes the definition off to be assembled 
without any attempts to assemble the next adjacent expression 
of the same level. However, blanks are set up. 
6. C(m) is a binding variable Aw 

If the binding variable is in an operator position, which 
would be in an expression having the form ( (Av e )e'), in 
dicated by the fact that n ends in two 1's, the node assembler 
produces a node of the following form 

BP 

where the second column is reserved fore', the value of v, and 
the third column contains the back pointer BP. It then starts 
readinge with the node label n3 using a new back pointern. 

If the binding variable is not in the operator position, it 
creates a node having the following form 

fier BP 

and starts to read the e in ( Ave) for n2 but with a new back 
pointern. 
The purpose of this approach is to permit the computer to 

use the back pointers to trace back through the appropriate 
binding variable nodes to find out whether a variable has a 
value. The e-nodes essentially reduce a reducible expression ( 
(Ave) e') as soon as it is ascertained that it is reducible. In this 
connection, the code n can be considered as 

where n is merely an information node, nodes n and n2 carry 
ing the information, and the body of the program tree is con 
tinued in n3. 

In the test as to whether a binding variable is in operator 
position, it is to be realized that the Av in the expression (((Aw 
(Ave)) e )e, ) is also in operator position after the reduction 
for the Mw is effected. Thus, the 3's present as a result of the 
operation of e-nodes that may separate the two l’s indicating 
that the binding variable is in operating position also have to 
looked back through. 
The information node for the variable is always one for 

which the second column corresponds to the value of the vari 
able. Thus, the tree for the above expression goes through the 
transformations shown in the sketch hereinbelow. In this 
sketch, the portions below the broken lines are not in the 
tablet: 

e 

ed e. N 
at e e 

Here, the back pointer stranded through to e will point to the 
ev node and the back pointer in that node will point to the ew 
node. 
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The flow diagram set forth immediately hereinbelow can be 
followed to understand the steps taken relative to binding vari 
able. 

1 R - p(n) 
2 YES 

b (R) = 2 
3 YES 

b (R) = 1 
4 - p(R) 
5, YES 

b (R) = 2 
6 retrieve Iode R. 
7 put copy of node R back in tablet 

YES 
8 node R = e-node 
9 put in the tablet the messages: 

10 N p(n) at m BP 

11 N. p(n)2 p(n) Dm+1 u, 
13 R - p(R) 
1. retrieve node R 
5 V - body of 2nd word of node R 
6 S - 3rd word of node R 
7 put in the tablet the messages: 

8 R v} is BP 

In the example shown in the flow chart, there are employed 
two functions p and b such that if n is xi, p(n)=x, and b(n)-i. 
In the chart, tests are indicated by question marks and an 
arrow is used to denote the putting of information to a tempo 
rary storage register. Movement is always downward unless 
there is a forcing out of sequence by the result of a test. The 
same notation is used for a register and its contents. For exam 
ple, R - p(n) signifies that the number p(n) is placed in re 
gister R. The term b(R)=2 is a test as to whether the result of 
applying the function b to the contents of register R is 2. “The 
node R' is the tablet entry with node label, i.e., the contents of 
R in the first word. A double slash at the end of a line indicates 
the completion of node assembler action. 
There have been considered hereinabove the possible ac 

tions the node assembler can take when it retrieves a message 
for itself with an R or D operator code. In this connection it is 
recalled that if it found that an (F token had been retrieved 
from the linear memory, location m, it put out the following 
message 

BP FC N 71 in -- it 

The code FC is the "if-code." This and other codes are util 
ized in the handling of conditional statements. 

In considering, in general, the effect of the operation of the 
node assembler, it is noted that a conditional expression has 
the form 

(Fe, e, es) 
where e is a predicate, e, is to be the value of the expression if 
the predicate evaluates to T, and ea is to be the value of the ex 
pression when the predicate evaluates to F. The computer 
starts to assemble and evaluate e. At this time, if e is not a 
constant, it puts a message in the tablet with an SC (stop code) 
operation code and the location of e. No operation is per 
formed on e, or es until e is evaluated. At such time, if the 
value is T, e, is read with node number n and the particular 
code TC (true code) prevents the initiation of the reading of 
e. If the value of e, is F, e, is read with a code FC (false code) 
indicating that e, must be skipped. The node assembler per 
forms this operation and then reads ea with a TC code. 

In explaining this operation of the node assembler, let it be 
assumed that it has received a message with the IFC code as 
follows: 

N al BP FC in C(ml) 

28 
The various possibilities of action depends upon the natures 

of C(m). These natures are as set forth below. 
1. C(m) is a left parenthesis. Such left parentheses must 

have no "prime," i.e., C(m) also contains location m' follow 
5 ing its matching right parenthesis. 

a. The following message is sent to the tablet 

N T BP SC In' it 

10 
This is the message that holds the location of e, untile is eval 
uated. 

b. The following message is sent to the tablet 

15 N 721 BP R m--1 at 

This message starts the reading of the complex expression e 
which started with the left parenthesis on which a match was 

20 made and indicating that a row must be created for its data. 
2. C(n) is (F 
a. The same as described in (la) immediately hereinabove. 
b. The same as described in (1b) immediately hereinabove 

with the difference that the operation code of the message is 
FC". 
3. C(n) is a variable v. 
a. The following message is sent to the tablet: 

25 

N BP SC’ m +1 u, 

30 This message holds the location of e, until the value of e, the 
variable is determined. 

b. The following message is placed in the tablet: 
N ? y 77 BI 

35 
This message causes the value of the variable to be looked up. 

4. C(n) is a constant c 
a. The following message is placed in the tablet 

N n BP SC m-- ty 
40 

b. The following message is placed in the tablet 
N UP C 

45 The UP unit causes this message to be handled as if e were a 
complex expression that had evaluated to the constant C. 

5. C(m) is a defined expression name 8f. 
a. The same as described in (3a) immediately hereinabove. 
b. The following message is retrieved from the tablet 

SO 
2. 8 f n 

This retrieval enables the obtaining of the location m of the 
definition off. This message is then returned to the tablet. The 

55 following message is then placed in the tablet: 
N 72 BP n" 

This message initiates the evaluation of the expression f. it is 
to be noted that C(m) cannot be a binding variable in this 
CaSc. 

There are now considered the results which ensue when the 
TC, FC, or SA codes are encountered in node assembler 
messages. 

1. The node assembler code is TC. 
All of the cases of C(n) are like those when the code is D 

with the difference that the new message with the code D 
(which starts reading the next element at the same level, 
which would be e in this case) is not created. When a defined 
expression is encountered, the node assembler obtains its lo 
cation and then again starts reading those with a TC. 

2. The node assembler code is FC 
If C(m) is a left parenthesis or (F, and n' is the location 

after the matching right parenthesis, the following message is 
put in the tablet: 

60 

65 

70 

75 
N BP TC in 
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Otherwise the following message is put into the tablet 
30 

In summarizing, the operation of the node assembler, (ex 
cept in the case of binding variables), it takes various actions 
upon returning a message of the form: 

5 N 7. BP NOC m F. N BP TC m--1 it 

where n is a node label; BP is a blank or a back pointer; NDC 
is one of the node assembler operation codes R, D, IFC, SC, 

10 TC, FC, or SA; m is a location in linear memory and tk (at 
3. The node assembler code is SA. times denoted by C(ml)), is the token retrieved from the loca 
The following message is put into the tablet: tion m by the storage unit. - - 

The node assembler's operation consists of placing into the 
tablet various messages depending upon the combination of 

BP SA m' C(m") 15 NOC and tk. The various forms the messages may take are 
N in tabulated hereinbelow: 

No. Word 1 Word 2 Word 3 Word 4 Connments 

la------ p(n).-----...- BP---- SC. T. - . . . ll - - - - Holds at address of T. 
lb.-----. p(n).--------. BP--- SC. --- m-- u. -- . . . . . 
- - - p(n)--- b - - - Jil--1 - u - . . . . . . . . . . u - - - - - Allocates a row at . 

- p(n)--------- T----- ul-------- - - - - - - - - - - - Allocates a row at C, w, or 5f. 
- - - - - - UP-....... u . . . . . . . . . m --1 . Sends up l. 

UP-------. u ---... . . . . . . . . . . . T. . . . . Setids up data. 
. . . . BP---- D'- - - - T -- ... u-- . . . . . . . Gets next element in at (, 

. BP---. D'--- n-1 u. Same grou). - a c. v., 
or &f. 

- - - - - - - - - - - BP. T.C. T. ll - - - - - - - - - FC skipping over (#). 
- - - - - - - - - - - BP---- () . . . m'. ... 1)-- . . . . . . . Used with sf. 

- il - - - - - - - - - FC skipping over c, v, f. 
to to lower group), 

- BP---- Wariable node. 

This message is put into the tablet at three different times, viz, 
when the program is to be read as node 1; when a defined ex 
pression name is retrieved with an R-code, the node assembler 
creates the row for n and starts to assemble the definition with 
the SA code; and when a defined expression name is read with 
an IFC code. There are considered hereinbelow the cases for 
C(n) 

a. C(m') is a left parenthesis. The following message is put 
into the tablet: 

N 121 BP R' n--1 u 

b. C(m') is (F. 
The following message is put into the tablet: 

N 2. BP FC n'-- it 

c. C(m') is a variable v. 
The following message is put into the tablet: 

N n BP 

d. C(n) is a constant c. 
The following message is put into the tablet 

N 1 UP 2. C 

e. C(m') is a defined expression 8g. 
The following message is retrieved from and then returned 

to the tablet: 

2. 2. 8 n 

The following message is placed in the tablet 
N fil BP SA’ m" u 

35 

40 

45 

50 

55 

60 

65 

70 

It is to be noted that in the case of codes TC, FC, and SA, if 75 
C(m) is a binding variable, there is an error. 

Here, if n contains the number xi where x is a string of 1's, 
2's, and 3's, and i is 1, 2, or 3, the p(n) is , a(n) is x(i+1), and 
in l is cil. 

In the above table, the parts of the message marked off into 
small areas by dotted lines are the descriptor parts of words. 
The terms lim-i-1 signifies a word with the blank descriptor 
(used to indicate that this word is reserved for the result of the 
evaluation of a complex expression) and having the number 
n+l as its body. The * in the table indicates that this message 
may be formed with various descriptors in the * position. The 
number n' is used when a 8f is the input symbolik. It is the ad 
dress of the definition off as found in a tablet table entry of 
the form: 

The following tables indicate the messages generated by the 
mode assembler under various combinations of NOC and T 
(the handling of binding variables are omitted therefrom). In 
the tables, the rows are for messages possibly produced and 
the columns for the node assembler code with which the varia 
ble was retrieved. When a notation is present at the intersec 
tion of a node and a column, this signifies that when the par 
ticular input signal is retrieved with the node assembler code 
of the column, the message is placed in the tablet. When the 
message requires a descriptor for a * position, the descriptor 
appears in the row-column intersection; otherwise a cross ap 
pears thereat. It is to be noted that the generation of some 
messages depends upon the existence of a prime. This is also 
indicated at the intersection. In this latter connection, it is re 
called that the prime on a left parenthesis ( or condition sym 
bol (F, denoted by the symbols C" and (F', signify that there is 
no expression of the same level following the initialing right 
parenthesis, and the prime on the other token indicates that 
the token was followed by a right parenthesis and thus 
completes the group of elements at its level. 
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Message number 
---- ---- -- Input 

NOC 1, 1 2 3 4 5 6 8 8b. 9 10 13 symbol 

- - - - (, (' 

... (F, (F 

v, v' 

sf, if 

NoTE.-0 No prime only. 

Once parts of the program tree are in the tablet as a result of 30 l W - R. 
the node assembler's operation, other functional units can A f ERR 
start evaluating the program expression. For each function g H-3 Sevdas its Ein R 
constant P, such as --, -, =, 6, AND, OR), there are functional 4 put copy of node R3 lack in tablet 
units that scan the tablet for messages having the following 35 5 NO III 1 - 1B A. --------- 

form: G. N. Rl 5 A (R- in a R2 BPI) 
put ill the tallet the message: 
------ 

N P 8 in UP v in 
NO . 

40 4 - R1 || - ER RoR 
In this message, a and b have descriptors indicating that they 10 No R2 = . (R- n' bin'- 1 B P. ) 
are appropriate arguments for P since (b may be completely but in the tablet the messages: 
blank if P is a unary function. When a unit for Pretrieves such """T-I 
type message, it evaluates the function at the given arguments 12 UP it m"+1 
and places in the tablet the following message: 45 ------- 3 in BPUP! m' + 1" f 

N 22. UP c 14 -) R2) is expr (R- n" expr m'+1 BP* ) 
15 NO 

50 put in the tablet the messages: 
- f "-- 

where c is the result of the function evaluation. In this connec- f in UP n' +1 
tion, the UP unit will pick up this message and move Cup 17 n) BP" R’ m"+1 // 
into the ith column of nodex, if u is xi. --> in the tablet the messee: T 
The evaluation process involves the interaction between the 8. put in the tablet the messge: 55 up c || beta unit which is the variable evaluating unit and the UP unit. 

There follows now a description of the beta unit. 
The Beta Unit 
The beta unit scans the memory for variable nodes having 

the following form: 

N y BP 

it is the function of the beta unit to look up the value of the 
variable V by going through back pointers. The operation is 
described in conjunction with the flow diagram hereinbelow. 
For this diagram, it is assumed that there are two four-word re 
gisters R and W. These four words are denoted by the nota 
tions R0, R1, R2, and R3 (N, B, M, and D respectively. When 
the operation of the beta unit is initiated, word register R com 
poses the variable node message retrieved from the tablet. 

In the flow chart, if X denotes a word, X11 will denote the 
descriptor (first byte) of X11 and 1X will denote the body, i.e., 
the last four bytes of X. 

60 

65 

70 

75 

In considering the above set flow chart, after step (t ) both 
the R- and W-registers contain the following information: 

N BP in-1 

The register Wholds this information throughout. 
Step (2) tests whether the back pointer is blank. The nota 

tion - A is the "empty" or all blank node label. This can only 
occur for a variable that is not bound by a binding variable 
with the same body. This situation is taken as an error. If this is 
not the case, the beta unit begins to trace back through the 
nodes for the binding variables that could bind v, in this latter 
conversion, the first one found with the body v is the one that 
binds v. 

In step (3), the "first" (the "next' etc., as these steps are re 
peated) e or A node whose binding variable may bind v is 
retrieved. The back pointer is the node label of that node. 

  

  




























































































































































































































