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4. This area is a fruitful area for standardization activities at some levels, 
but standardization in the classical sense is not the simple full answer. 
The development of a collection of tools and techniques, means of evaluat- 
ing them, means of selecting the appropriate ones for an environment, means 
of describing the environment all must be developed. Included in this col- 
lection will be standards (as there are already -- USASCII for example). 

The technical areas require considerably more work before any meaningful ap- 
proach can be taken. This may be accomplished in many ways. A standardization 
activity to monitor developments and initiate activity whenever standardization 
within an area becomes potentially fruitful is desirable. The problem of sep- 
arating the problem into areas more amenable to attack must be addressed by a 
collection of people conversant in the area. The services of the newly formed 
ACM SIC File Description and Transformation (SICFIDET) have been offered to 
perform developmental work, and this is one area in which it might fruitfully 
pursue activities. Well defined developmental activities, which are not being 
done other places, should be initiated, but I cannot suggest how within the 
standards framework. The problems of communication should be pursued by the 
establishment of journals, newsletters, symposia, and conferences -- all aimed 
at creating an atmosphere in which exchange of ideas and information can take 
place readily, rapidly, and without prejudice. This is also an area in which 
professional bodies, such as the new ACM SICFIET, will be active. Ways of en- 
couraging and supporting those activities should be pursued. Enough of a 
standards framework should be established to monitor activities when necessary 
and to provide guidance to the computing community in areas related to poten- 
tial development of standards. 
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INFORMATION STRUCTURES: TOOLS IN PROBLEM SOLVING 

M.E. D'Imperio 

I .  BASIC APPROACH AND FRAME OF REFERENCE 

A. Computer-Oriented Problem-Solving as a Subset of General 
Human Problem-Solving 

The basic approach, in this paper, to the topic of information structures 
is through the phrase Tool8 in Problem Solving. Human problem-solving activ- 
ity is the crucial context, within which information structures are regarded 
as tools, actively chosen or designed by a human problem-solver in pursuit 
of a goal. Computer-oriented problem-solving is a restricted subset of human 
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problem-solving behavior (in which we are especially interested) but differs 
in no essential respect from other human problem-solving; in fact, it invari- 
ably is found embedded within a larger sequence of activities not directly 
involving the computer. Many of our most stubborn and obstructive difficul- 
ties in the application of computers stem from our failure to pay sufficient 
attention to the manual, human environment of noncomputerized procedures 
which feed into and emerge from the machine procedures; computer specialists 
too often tend to approach the machined portions of a total effort as if 
those portions existed in isolation. 

While it is true that all features of a problem for computer solution must 
be stated more fully, more precisely, and more concretely than is customary 
for purely manual solution methods, the essential point is that computer 
problem-solving is performed, ultimately, by people and for people. The pri- 
mary considerations which must apply to the problem-solving situation as a 
whole are those relevant to the operating characteristics of the human mind -- 
its limitations, its requirements, and its preferred modes of operation -- 
rather than to the operating characteristics of computers. Instead of start- 
ing with the computer, software, etc., and working back to the problem as an 
applioation of these, I start with the problem and the human plans for solving 
it and then work forward to the computer and its assQciated techniques for in- 
formation organization and representation, regarding them as means for imple" 
menting portions of problem-solving plans. 

Most writers seem to have said, "Here are a lot of techniques, and here are 
some kinds of problems you can solve with them." I prefer: "Here are some 
kinds of information patterns useful to people in solving problems, and here 
are some of the ways those patterns can be realized in computer memories and 
software." 

B. Computer-Or iented In fo rmat ion  S t ruc tu res  as a Subet of  General Human 
Methods of  I n fo rma t ion  Representa t ion  

As a subset of general human methods of information representation, comput- 
er register arrangements, file structures, data-types, and file descriptions 
are not isolated, specialized techniques, invented just for the world of the 
computer and unrelated to anything else. Viewed in this light, they exhibit a 
close kinship to other, much older, pencil-and-paper techniques for organizing 
information, exploited by reasoning men long before computers were thought of. 
Computer programmers and systems analysts make liberal use of these informal 
techniques at various stages in their efforts to develop, design, debug, and 
evaluate a program. Flow charts, narrative procedures and descriptions, clas- 
sification tables, tree diagrams, organization charts, etc., are used and tak- 
en for granted by computer specialists every day. These pencil-and-paper 
forms of information structures are of great interest in their own right and 
deserve far more attention and respect than they customarily receive. 

We have much to gain by viewing computer hardware and software data- 
structures, file structures, and the like as a special class of problem- 
solving models, which are built up from a small set of elementary human psy- 
chological patterns, used over and over again by reasoning man in organizing 
information and plans during any goal-directed activity. Just as computer 
problem-solving forms a subset within all human problem-solving, so do comput- 
er data-organization techniques form a subset within human patterns of infor- 
mation representation. By looking at software and hardware storage struc- 
tures in this way, we may effect a considerable clarification of the field so 
cluttered at present with apparently disconnected jargon and gadgetry. 
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I I .  A CLASSIFICATION FOR INFORMATION STRUCTURES 

Based on the concepts outlined previously, a classification of information 
structures is presented in the following Sections.* Reflecting a distinction 
which has great practical importance, the classification divides information 
structures into two main classes: 

i. Modelling structure8 consist of a set of abstract psychological (or heuris- 
tic) plans, arrangements, and descriptions. The modelling structures are 
generally applicable to any problem, take an implicit or explicit part in 
everyday human reasoning and planning behavior, and are largely independent 
of the characteristics of any particular language, device, or recording me- 
dium. The emphasis in modelling structures lies on the characteristics of 
the data and of the problem and on the general characteristics of methods 
for solving the problem. 

2. Implementation 8truoture8 comprise concrete, specific kinds of arrangements 
of data elements in units of storage in some recording or memory medium. 
They are relatively machine- or language-dependent and are the realization 
of a model in a given machine, a specific kind of memory, and a particular 
software system. At their most general, they realize a problem-solving 
plan in a particular class of machines, memories, or software systems. The 
emphasis in implementation structures lies on the characteristics of the 
medium, language, memory, or machine. 

The diagrams in Figs. i-- 9 are for some elementary modelling structures and 
some useful structures built up from them. The diagrams in Fig. i0 use slight- 
ly different conventions and are for some storage structures and some modelling 
structures which they are capable of realizing. 

I l l .  MODELLING STRUCTURES 

Modelling structures are detailed arrangements which the problem-solver 
plans to build up, stepwise, as operands and patterns of operands, from some 
set of elementary units into which he has analyzed the data for the problem and 
from some Set of elementary operations he has chosen to apply to those units. 
A simple form of graph diagram has been employed in Figs. i-- 9 to represent 
some elementary modelling structures and some useful structures built up from 
them; in a sense, these graphic diagrams serve as pencil-and-paper storage 
8truoture8 for the modelling structures they show. The two dimensions of the 
plane in a sheet of paper are utilized with special meanings: Paths in the 
left-right dimension show sibling relations within a single elementary struc- 
ture, while up-down paths stand for relations between nodes in different ele ~ 
mentary structures. Nodes where elements may occur are shown as open circles, 
within or near which a character-string (representing a data item) is written 
when data is present at the node. 

*Only a very brief characterization of the main terms and concepts are pre- 
sented in this paper. The author is in the process of completing a text 
which develops, describes, and illustrates the classification of information 
structures in much fuller detail. 
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(a) (b) 

(c) (d) 

FIG. I .  Var ie t ies  of Internal  Ordering: ( a )  Unconnected Set (Unary 
L i s t s ) ;  (b) Linear L i s t s ;  (c) C i rcu lar  L i s t s ;  (d) Ful ly 
Connected L i s t s .  

Access paths are represented by lines between the nodes; an arrowhead on 
the line touches any element to which the path provides access; a solid line 
is used for neighbor paths within an elementary structure; wavy lines stand 
for external access paths to an element from outside of its own structure; and 
dashed lines are used to show reference paths linking different structures as 
wholes. The left-to-right order in which the nodal elements are shown repre- 
sents the order of priority which the problem-solver has accorded to them 
within their elementary structure (before the action of the step or set of 
steps he is about to consider has taken place) so that the currently produced 
operand structure will be created with reference to this arrangement. Thus, a 
right-to-left arrow in a diagram implies an inversion of the previously estab- 
lished ordering in the operands produced by following that path. Similary, a 
top-to-bottom arrow between nodes means that the upper element is the one 
which initiates a call upon, or leads into, the lower element. An arror point- 
ing upward, then, implies a reversion or backing up to a higher-order element. 

It must be reemphasized that the modelling structures are not intended to 
represent any concrete set of computer registers or bytes in any actual hard- 
ware or software memory. Neither are these structures intended to show actual 
configurations of data items from some particular problem (e.g., characters of 
text, coefficients of a polynomial, uniterms applied to documents for indexing, 
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(a) 

(b) 

(c) 

FIG. 2. Varieties of External Access: (a) Single-Point Access; 
(b) Double-Ended Access; (c) Equal Access to Set, L ists ,  
Ring. 
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FIG. 3. Variet ies of Reference: (a) Collateral L i s ts ;  
(b) Hierarchical L i s ts ;  (c) Overlapped l i s t s .  

storage and retrieval, etc.). These diagrams represent an attempt to express 
purely structural (or psychological) groupings of items or of positions where 
items may be found, generally applicable to any problem and data. As he creates 
modelling structures, the problem-solver considers the utility of arranging his 
character-strings, coefficients, uniterms, etc., in the general shape8 of lin- 
ear lists, rings, trees, or other modelling patterns, to permit him to generate 
and transform the operands of his algorithm. 

A. Basic Properties of Modelling Structures 

The kinds of elementary structures that enter into the problem-solver's plans 
may be regarded as varying in three important ways: in internal ordering of 
nodes within an elementary structural unit; in external access to a node within 
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a structural unit from outside of that unit; and in different kinds of refer- 
ence among structural units as wholes making up a higher-order structure. By 
various combinations of the different possibilities of ordering, access, and 
reference, a wide variety of useful structural patterns can be described. 

(a) (b) 

(c) (d) 

(e) ( f )  

FIG. 4. Simple Modelling Structures: (a) Chain; ( b ) L i f o  
L is t ;  (c) Shelf; (d) Forward Ring; (e) Two-Way 
Fan; ( f )  Array. 
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FIG. 5. Some Col la tera l  Structures:  
(a) Chain Table; (b) Shelf 
Table. 
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FIG. 6. A Ring Tree. 

i .  Var iet ies of in ternal  ordering 

The elementary structural unit of modelling structures is the list. The 
word list is not employed here in the sense that computer specialists usually 
impute to it, that of the storage structure involving linked address coupling 
and made familiar in the IPL series of languages. Instead, it is used, in a 
sense closer tO its everyday speech meaning, to refer to any ordered sequence 
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FIG. 7. Some H ie ra rch ica l  S t ruc tu res :  (a) Chain Tree; 
(b) L i fo  Tree; (c) Shel f  Tree; (d) Fan Tree. 

% 
/ 

/ 
/ 

FIG. 8. 

S \ 
\ 

Binary or General Trees. 

of items, with no restrictions upon, 
or implications concerning, the way in 
which the order is recorded or brought 
about. A shopping list of items in a 
column on a sheet of paper, a vector 
of values stored in a FORTRAN array, a 

sequence of English words stored in a 
chain of registers linked by pointer 
addresses, a row of numbers written 
across a page -- all are examples of 
lists (in the author's sense) imple- 
mented in a wide variety of storage 
structures. The convention followed 
here requires that, within any single 
elementary list, the same ordering 
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(c) 

FIG. 9. Overlapped Structures:~ ' (a) She l f  
Web; (b) Fan Web; (c) She l f  Tree 
Equ iva len t  to (a) .  

pattern is to be used uniformly over all the nodes; otherwise a set of struc- 
tures so chaotic as to be inaccessible to any interpretation rule would re- 
sult. Similarly, compound structures (made up of elementary structures) re- 
quire that all component lists have the same ordering patterns; they may, of 
course, vary in length and content. Higher-order structures made up of com- 
ponents having heterogeneous ordering patterns will be called complex struc- 
tures and will not be mentioned further. 

There are four principal varieties of internal ordering: unary lists, lin- 
ear lists, circular lists, and fully connected lists. A unary list is a min- 
imal or degenerate case of a list; it consists of a single item which has a 
place in the psychological space upon which the modelling structures are plot- 
ted but has no immediate siblings. It is the simplest entity that can occur 
in a modelling structure and constitutes a one-element list. Linear Lists may 
be one-way forward (left to right) or one-way backward (right to left) and 
permit paths between siblings in one direction only. Circular lists are ele- 
mentary structures which have no first or last nodes but provide sibling paths 
forward (clockwise), backward (counterclockwise), or in both directions: for- 
ward, and two-way circular lists. Two-way lists permit movement in either 
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direction from any node to a sibling. Operands in circular lists may be gen- 
erated by following paths from node to node in a given direction, continuing 
until the movement is halted by some arbitrary specification (e.g., length of 
the generated operand string, or encountering a particular data item a given 
number of times); the operand string may contain any number of repetitions of 
the data items in their sequence. Fully connected lists allow direct access 
from any node to any other node. 

2. Variet ies of external access 

Single elements, linear lists, and circular lists may be reached as units, 
by name as it were, from some other region of the psychological space by a ~ 
convention specifying a particular node (or nodes) as entry point. The 
problem-solver may need a structure which permits access via the right- or 
left-most node; these possibilities are called single-point access and, more 
specifically, right access and left access. Double-ended access allows the 
problem-solver to get at the list through either end, and equal access allows 
him to get at any node on the list from outside. In general, one can think of 
external access as a more distant path to an element in a list, requiring a 
bigger psychological jump than paths between siblings require. 

3. Variet ies of reference 

Structures may be arranged in patterns to form higher-order structures by 
establishing reference paths between them; the higher-order structures thus 
produced may, as stated above, be compound (all having the same ordering and 
access patterns) or complex (having heterogeneous patterns). Varieties of 
reference are collateral reference, hierarchical reference, and overlapped 
reference. Collateral paths between lists provide access across the component 
structures in such a way that elements in each path are associated with corre- 
sponding elements in a collateral structure or structures; the paths may be 
one-way or mutual. Hierarchical paths lead down from a node in one structure 
to another subordinate structure via allowed external access nodes of the lat- 
ter. Paths in an upward direction lead from theexternal access node or nodes 
of the sublist back to a single node on the higher-order list. Overlapped 
reference paths permit more than one element in a list to refer downward to 
the same subordinate element in a lower-order structure and, likewise, permit 
one subordinate element to refer upward to multiple elements on a superordi- 
nate list. These paths are still restricted to the access nodes of the compo- 
nent elementary structures. 

B. Examples of Some Useful Structures 

The basic concepts and diagrams described above can now be applied to the 
task of classifying and comparing a number of modelling structures that have 
been utilized over and over again, under various names and guises, by program- 
mers and other computer specialists. 

i .  Simple structures 

Some simple modelling structures frequently encountered in computer problem - 
solutions may be formed by combining internal ordering and access conventions 
so as to specify an elementary list capable of providing certain sets of 
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operand strings; in the diagrams of Fig. 4, these are shown as if they were 
entered from a single external element 

a. Chain (or lef t -access, forward l inear l i s t )  

Internal elements are accessible only from left to right, and the list as 
a whole is entered from without only at its left-most element. This structure 
may be called a FIFO (First-In-First-Out) list as well, since the first ele- 
ment read must always be the first element that was stored. 

b. LIFO (Last - ln-F i rs t -Out)  l ist  

This structure may be seen as a special case of a right-access two-way list 
in which storing or putting of elements is performed from left to right (start- 
ing from the right-most node), and reading or getting of elements is performed 
from right to left (also starting with the right-most node) and crossing out or 
erasing each node as it is read [see Fig. 4(b)]. 

c. Shelf (or double-ended access, two-way l inear l is t )  

See Fig. 4(c). 

d. Ring (or c i rcu la r  l is t )  

Figure 4(d) is a single-point access, forward circular list, or ring, such 
as might provide operands for modular addition. Forward, backward, and two- 
way rings are possible, and they are useful in many applications. 

e. Fan (or equal-access l is t )  

Figure 4(e) is a list in which every element is equally accessible from 
outside the structure, and internal paths may move in either direction. One- 
way, two-way, and circular fans are possible. 

f .  Array (or f u l l y  connected l is t )  

Figure 4(f) is a structure which, while very familiar to computer special- 
ists and universally utilized, turns out to have a surprisingly complex dia- 
gram. The array is a list whose elements are equally accessible from outside 
and also from one another; it is not really a linear list, strictly speaking. 

2. Compound structures 

A compound structure is made up of a group of simple structures, all of the 
same type, the whole having at least one external access point. Compound 
structures may be classified as oollateral, hierarohioal, and overlapped, in 
accordance with the type of reference paths employed to bind together their 
component structures. 
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a. Col lateral  structures (or tables) 

Tables are made up of two or more simple lists, related by collateral ref- 
erence paths, so that elements in corresponding positions across all the lists 
may be obtained to form an operand string. Other possible names for such 
structures are matrices, parallel lists, or orthogonal lists (see Fig. 5). 

b. Hierarchical structures (or trees) 

The term tree is used here in a special way to mean a hierarchically ref- 
erenced modelling structure; it is not intended to coincide with formal defi- 
nitions of trees in graph theory. Here, a tree always means a structure hav- 
ing the following characteristics: It is made up of two or more simple lists 
(in our sense of list) bound together by hierarchical reference paths. Thus, 
trees may be made up of rings, as well as linear lists and single elements; 
an example of a ring tree may be seen in Fig. 6, and other types of trees are 
shown in Figs. 7 and 8. 

The subject of trees has been discussed at great length in Computer Science 
literature by writers preferring various definitions of the term tree and em- 
phasizing a wide variety of practical applications for the structures they 
discuss. The most complete treatment from the point of view of the computer 
programmer is probably that of Knuth [3]. Figure 8 shows two trees, which may 
be regarded either as binary or unary trees (general trees, as Knuth says); if 
the diagrams are considered as representing a pair of binary trees, they are 
not equivalent since one has only a left subtree and the other only a right 
subtree. If they are considered as general, they are representations of the 
same unary tree structure. As Knuth points out, a binary tree is not simply 
a general tree having no more than two nodes under any given node; it is a 
special kind of hierarchical modelling structure, with distinct functional 
characteristics, and is of particular importance to the computer specialist 
because general trees are often reshaped into binary trees to render them more 
manageable in machine programs. A binary tree may be regarded as always pro- 
viding a two-way choice at each node, leading to two distinct outcomes on the 
level below. 

3. Overlapped structures (or webs) 

An overlapped structure may be made up of any simple structures; thus there 
may be webs made up of chains, shelves, LIFO lists, rings, fans, and arrays. 
Figure 9 shows a shelf web and a fan web and also demonstrates the equivalence 
of a shelf web containing two elementary structures and a shelf tree contain- 
ing three, one of which is a repetition of another [Fig. 9(c)]. 

IV. 

A. 

1. 

is as hardware or software structures. 

IMPLEMENTATION STRUCTURES (STORAGE STRUCTURES) 

Basic Concepts and Properties 

Hardware and software storage structures 

The most obvious classification of implementation structures at the outset 
Hardware storage structures are 
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engineered into the operation of a machine -- in its logic, electronic address- 
ing, fetching, storing mechanisms, etc. Software storage structures are ac- 
complished by programming and are always superimposed upon a hardware memory 
which may or may not have similar characteristics. The B5500 stack memory and 
the core memory of the 7094 are examples of hardware storage structures; a 
SNOBOL4 work space, an ALGOL array, and a formatted card or magnetic tape file 
are examples of software storage structures -- all requiring programming to 
reach and manipulate the data fields they contain. 

2. Substrate and superimposed storage structures 

A useful distinction may be made between the superimposed memory structures 
("on the surface") which the problem-solver is consciously using or creating 
and the substrate structures underlying these as building blocks, and in terms 
of which the superimposed structure is formed. In describing any memory sys- 
tem as it presents itself to a prospective user, we can consider the most ex- 
plicit higher-level storage arrangements (type declarations, grouping of fields 
in data description statements of file description statements, etc.) as super- 
imposed features while all other bit, register, or field groupings, formats, 
etc., at more elementary levels, can be regarded as substrate, in that the 
user may disregard them in his normal use of the system. 

3. Ac t i v i t y  levels in a memory 

For expository purposes, another convenient distinction is that among three 
levels of activity in a storage system as viewed by a user: (i) the window 
registers, or most active and basic level, involving a relatively small number 
of working registers (hardware or software) through which all addressing and 
manipulation must take place; (2) an active memory from which the window reg- 
isters' activities are returned; and (3) a backup memory which provides and 
receives data for the active memory. The active memory is typically consider- 
ably larger than the number of window registers, and each of its storage units 
is usually of the same size as the largest or most powerful of the window reg" 
isters; active memory units are so structured within themselves as to provide 
all or most of the subfields appropriate to certain window registers. The 
backup memory is larger again by at least an order of magnitude, slower of ac- 
cess, and less finely divided; each of its functional units is typically made 
up of a string of units in the active memory, and structures in it are formed 
on the assumption that they will be processed in the active memory via the 
window registers and their subfields. There may be more than one level with- 
in the backup memory, or more than one alternative choice among kinds of back- 
up memory with different characteristics or for different purposes in the sys- 
tem as a whole. 

4. Cell-oriented and byte-oriented memories 

The smallest units of data underlying other structures in a memory may be 
of two basic types: (i) sequences of bits filling all or some major portion of 
a window register, or (2) sequences of bits constituting small modules, all of 
equal lengths, called bytesj which the window registers are capable of process- 
ing individually or in groups. A memory in which most window registers oper- 
ate upon a cell-full of bits at a time, such as the 7094, is a cell-oriented 
memory (often called a word-machine, where word is used to describe a register, 
or cell, in what seems to me a very unfortunate accident of terminology). By 
contrast, a memory which has window registers capable of handling individual 
bytes, called positions or character8 in many applications, is a byte-oriented 
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memory; machines having such memory structures (e.g., the IBM 1401, 705, and 
7080) are often called character-machines. Some machines, like the 360 sys- 
tems and the Burroughs 5500, provide a parallel pair of structures permitting 
character-mode (byte-oriented) and word-mode (cell-oriented) operations. In 
the 360, cells are built up of integral numbers of bytes, so that a wide va- 
riety of fixed-length and variable-length operands may be formed in the sys- 
tem's window registers (accumulator, index registers, etc.). 

5. Access cha rac te r i s t i c s  of memories 

Another important basic characteristic of memories is concerned with the 
number and distribution of external access points for reading and writing data. 
Common varieties of access in memory devices may be classified as random, mod- 
ular, cyclic, linear, and parallel. These terms are intended to describe the 
behavior of the memory as it presents itself to the user and not to label an 
inherent property of the device; it should be remembered that any device may 
be so used, or so modified, as to alter its usual or expected external access 
characteristics for the problem-solver's purposes. Certain hardware storage 
devices, however, are typical of each of the above access patterns and are 
used as examples in the following Sections. 

a. Random access 

Every individual storage slot in the memory is equally accessible within a 
relatively brief unit of time. The memory acts as if each slot had its own 
independent read/write head. Magnetic core memory is an example of a random 
access memory. 

b. Modular access 

A large number of randomly accessible entry points are provided, but they 
are distributed at intervals throughout the memory so that each services a 
group of single slots. The memory acts as if it were divided into a large 
number of separate small modules, each having its own read/write arm or head. 
Examples of modular access are some data-cell (or magnetic-card) memories, 
multiarm disc devices, and drums. 

c. Cycl ic access 

The memory has a relatively limited number of entry points which are sampled 
at intervals in a repeating cycle. It acts as if one or a few read/write heads 
were revolving about a fixed surface or were fixed at intervals above a revolv- 
ing surface. Some drums and single-arm discs, or discs having very few arms, 
behave in this way. 

d~ L i n e a r  access 

The memory has only one read/write head or entry point which traverses the 
memory spaces from beginning to end. Reverse movement is permitted only under 
restricted circumstances, usually for purposes of repositioning the access 
point only and not for reading or writing, which can typically occur only in 
a forward direction. The memory acts like a long thin ribbon with a single 
read/write head. Magnetic tapes, punched-paper tapes, and punched cards 
stacked in a Card reader are examples of linear access memories. 
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e. Para l le l  access 

Portions of a number of different memory spaces are simultaneously acces- 
sible to the outside world. The memory acts as if a number of read/write 
heads were side by side, slicing through it at some point. The parailel be- 
havior is usually a mode provided to a memory in addition to a basically mod- 
ular or random access mode, and it operates in a direction perpendicular to 
that in which material is read or written in the modular or random mode. 
Thus, data stored in the random mode may be read in parallel. Memories of 
this kind are still largely experimental and are quite expensive to build; 
they are commonly called content-addressed (or associative) memories as well 
as parallel memories. 

B. A General Model for  Storage Structures 

The abstract model presented here is applicable to hardware and software, 
substrate and superimposed levels, various activity levels and access char- 
acteristics, and cell-orientation or byte-orientation in memories. It may be 
used as a classification for storage arrangements the problem-solver would 
like to create, or for features of a given memory system which the problem- 
solver would like to evaluate or to use. Other writers have devised similar 
abstract models or embodied them in the philosophy of some programming lan- 
guage. Notable among these more-or-less explicit theories of storage struc- 
ture are those of Standish [4] and Knowlton [5]. Some points of correspon- 
dence between these models and the one to be presented here are described in 
the following Sections. 

i .  Basic storage elements 

a. Storables and addresses 

The basic elements in a storage structure are its uniquely addressable 
storage 8lots, each capable of accommodating one storable or data element 
arising in a problem-solution process. Each slot may be considered to have a 
habitation and a name, as it were, in that each possesses a physical location 
in the memory with respect to some external access point, and a key or symbol 
by which it may be called up or which may stand for it; together, the location 
and the key constitute the addr~88 of the slot in the memory system. Access 
paths between these slots may be diagrammed along the horizontal and vertical 
dimensions of a sheet of paper, with the same meanings as in diagrams for mod- 
elling structures. Left and right paths lead to close neighbors of siblings, 
while down and up paths lead to alternative, subordinate, or superordinate 
elements and link together elementary sequences to form compounds. Diagrams 
for representing storage structures are given and described in Sec. V, and 
some comparisons are made between modelling structures and storage structures 
for implementing them. 

b. The storage s lo t  

The slot is the smallest individually addressable element in the memory; it 
is the minimum element having a unique identifying sign or expression by which 
it may be called up and acted upon. The identifying sign of a slot is its 
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address, consisting of a distinct location and key or of a single expression 
that functions both as location and key. 

The slot concept presented here corresponds closely to the concept of a 
constructed object described by Standish [4] and to the storage block created 
by the L-6 language as a unit of data structure. The window registers of L-6 
are its "bugs", or base registers, through which it reads and writes in the 
storage blocks. 

c. Slot f i e l d s  

A slot is defined within a memory system as consisting of one or more 
fields, each of which may in turn be further defined in terms of bits (bytes, 
cells), in a given memory. Each field has a length, defined as that number of 
bits (bytes, cells) sufficient to hold all data configurations which the field 
must accommodate; and each field has a relative position within its slot, de- 
fined in terms of other fields preceding it or in terms of relative bit (byte, 
cell) positions from the beginning of the slot. A field within a slot is not 
individually addressable but must be obtained through the window registers via 
the slot address; for mnemonic convenience, fields may be given names such as 
address field, left link field, data field, a, flat, etc. As a part of their 
definition, restrictions upon their allowable contents in terms of bit (byte, 
cell) contents and frequently have a specification of a null or empty flag or 
value which must be recognized by the system's field-interpreter operations. 
The fields in the model presented here are closely similar to the elements 
called components within constructed objects by Standish and are almost iden- 
tical to the fields within an L-6 storage block. 

d. The s lo t  type 

Each slot has a slot type, classifying it in one of a small number of for- 
mats or configurations of fields provided by the system's window registers. 
Slot types are similar in function to the data types, data descriptions, type 
declarations, or word-formats of software and hardware systems. Standish uses 
the term data type for a concept closely allied to the slot type; in L-6, a 
string of field definitions referring to one block sets up a structural con- 
vention with a somewhat similar function; but there is no explicit name for 
such a format, and it differs from our slot type in that blocks having differ- 
end field patterns may be combined in one structure in L-6, whereas, in our 
model, all slots in a single string to be treated as a slot sequence must be 
of the same type and have the same minimal field configuration. 

e. Slot sequences 

The problem-solver, in building his storage structures, groups slots to- 
gether to form larger structures that can contain lists, trees, tables, and 
the like, establishing access paths to a group of slots as a whole and from 
each slot to one or more different kinds of successors within the grouping. 
These larger structures, here called slot sequences, are not given special 
names by Standish or in the L-6 language other than data structures. 

2. Basic storage operations 

As stated above, a memory may be regarded as a means for relating two basic 
sets of primitive entities: a set of elementary storables and a set of 
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elementary addresses. In carrying out its task of associating storables and 
addresses, a memory system must be able to perform several important opera- 
tions. It must be able to obtain and interpret the fields within a given 
slot type so that it can read and write storables in data fields and obtain 
successor slots in slot sequences and structures made up of sequences. Space 
must be found and allocated to new storables, and existing storables must be 
retrieved from the spaces previously allotted to them. Access must be gained 
to a given structure in some region of the memory from outside or from some 
other region. To provide the memory system with these capabilities, the fol- 
lowing operations must exist: field-interpreter, addre88-assignment, addre88- 
coupling, data-fetching, and data-storing. 

a. F i e l d - i n t e r p r e t e r  o p e r a t i o n s  

A memory must have a set of primitive operations, each designed to act up- 
on one of the fields in a given slot type, which will find a field, transfer 
information bits to or from the field via an appropriate window register 
field, and check its contents for a null value or for some other specified set 
of values included in the field definition. The field-interpreter operations 
in this model include the operations which Standish calls component 8electors, 
predicates, and constructors; they are closely equivalent to the basic sub- 
routine8 of Knowlton's L-6 language. 

b. Add ress -ass ignmen t  o p e r a t i o n s  

By means of these primitive operations, a memory system is able to relate 
address-expressions involving keys, locations, or both, to storable data items 
being put into or taken out of the memorY. Given a unit of storable data, 
whose content or whose key is known, the memory assigns to it an access point 
and slot location where it may be stored if it is being entered into the mem- 
ory, or where it may be found it it is being retrieved. Given an address 
(key, location, or both together), the memory must seek out the corresponding 
slot and discover what storable, if any, it contains. Different storage sys- 
tems employ various kinds of address-assignment operations, and some systems 
make use of a number of different kinds in combination. Some of these kinds 
of address-assignment operations are: arbitary assignment, content-derived 
assignment (direct or computer), and 8pace control (space listing or status 
flagging). 

A r b i t a r y  (o r  u s e r - d e t e r m i n e d  a s s i g n m e n t ) :  The memory sys tem employs a bas -  
i c  a d d r e s s - e x p r e s s i o n  g e n e r a t o r  t o  c r e a t e  an add ress ,  o r  t o  s e l e c t  one o f  a 
set of allowable addresses, and then attempts to assign the address thus pro- 
duced to a given storable or to find a desired storable in it. The system 
acts as if it had one or more location counters or address registers which are 
stepped and read each time an address is required for any purpose. This pro- 
cedure results in the reading or storing of data in whatever next address the 
system provides. The user must remember where he has caused stored data to 
be placed, and the relation between a storable and its address is purely con- 
ventional or addidental. The arrangement of successive program instructions 
in 7094 memory, by the programmer's writing them one after another and punch- 
ing them in successive cards which are then loaded in successive cells by 
software, may serve as an example of this familiar address-assignement pro- 
cedure. 

Content- (data  or key) d e r i v e d  ass ignment :  The memory system makes use of 
the storable itself, or its key, in generating an address-expression for a 
storage slot to hold it. Content-derived assignment may be direct or computed. 

42 • volume 1 • number 2 • december 1969 



Information Structures as Tools 

If there are enough addressable slots in the memory or some memory region to 
hold all the different storables and if the address-expressions which the sys- 
tem can generate are long enough to uniquely represent every storable or every 
key, then content-derived assignment can be direct, i.e., made by a simple 
one-to-one lookup, in a table or with the aid of a base register. If, how- 
ever, the number of storables is too large or is unpredictable, or the allow- 
able address-expressions in the system are insufficient to uniquely represent 
every item or if it is desirable to distribute the storables as evenly as 
possible over the available set 'of locations, addresses may be computed as 
some function of the storable or its key. This kind of computed, content- 
derived address-assignment has been called hashing, hash-addressing, randomiz- 
ing, and scatter-storage by programmers and writers. A single address-expres- 
sion may be assigned to more than one storable by the hashing function, so 
that the proceduremust be supplemented in every case by other means of locat- 
ing a given storable among several collisions, repeats, chains, overflow items, 
etc., which are all reached by one computed address. 

Space control: Some memories have address-assignment operations involving 
the organization of the entire set of allowable storage slot-addresses into 
some more-or-less complete structure, or the classification of the set of 
slot-addresses into two or more subsets based on characteristics important to 
the addressing operations. The set of addresses may be partitioned into a free 
(available) subset and a used (nonavailable) subset, and there may be several 
different used subsets, based upon their use to storedata or program enti- 
ties, their accessibility to different users, and the need to save their con- 
tents under various circumstances. Systems of this kind are of major impor- 
tance in list-processing programming languages, and formultiprogramming and 
multiprocessing systems. For the latter two systems, an elaborate and rigor- 
ously inclusive set of space-control operations is a vital necessity; the mem- 
ory must, in effect, keep an up-to-date internal model of all regions within 
itself and of all events occurring within those regions that are pertinent to 
address-assignment at any time. Two important kinds of operations for space- 
control activities are space listing and status flagging: 

i. Space listing involves the recording of used or free addresses, or addres- 
ses of some other important classes, as data within a special subregion in 
the memory, or within special fields in certain slots. A frequent tech- 
nique for accomplishing space listing involves the linking together of all 
the slots in a region by means of the linked address-coupling method dis- 
cussed below. 

2. Status flagging causes a flag value to be stored in some field within each 
slot, to mark it as free, used, or belonging to some other class important 
to the system. Special field-interpreter operations serve to test and 
manipulate the flag fields and their contents. 

Through the exploitation of various space-listing and status-flagging opera- 
tions and one or both of the address-coupling methods below, many list- 
processing languages (e.g., LISP, SLIP, SNOBOL) carry out an activity commonly 
called garbage-collecting. This procedure involves periodicallyscanning the 
memory by following paths through its various linked structures on space lists 
and in data storage areas, and reorganizing the entire set of addresses for 
reclaiming slots no longer needed and making them available for new uses. 

Address-coupling operations: Given a storage slot address, the memory uses 
its address-coupling operations to generate or obtain the address of a succes- 
sor slot, so that paths of access may be followed through sequences of slots. 
Two principal varieties of address-Coupling operations may be distinguished: 
additive and linked. 
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i. In additive address-coupling, the memory treats a given slot address as if 
it were a number like a location and creates from it a Successor address 
by counting it up or down by some numeric value. In systems based on ad- 
ditive coupling, addresses are closely allied with (if not identical with) 
physical locations in the memory. This method of obtaining successor ad- 
dresses as physical next-door neighbors is the one most familiar to pro- 
grammers; Knuth calls it sequential allocation. The problem-solving model 
called an array earlier in this paper [Sec. III-B-l(f)], in which any ele- 
ment is accessible directly (in one jump) from outside and from any sib- 
ling, is typically implemented by additive address-coupling. 

2. In linked address-coupling, the memory uses its field-interpreters to reach 
certain link fields within a slot and to obtain from them the actual stored 
address of a successor slot. A slot type may include a number of different 
link fields, providing links to left or right siblings, and reference links 
to other structures as well. Knuth refers to this form of address-coupling 
as linked allocation, and the designers of IPL called it nonsequential ad- 
dressing to contrast it with the sequential additive method. 

Data fetching: Given a slot address, the memory uses a field-interpreter 
operation to get at the data field in the slot, transfer its contents to the 
appropriate window register, and check it for null or disallowed values. Data 
fetching may be destructive or nondestructive. In destructive data fetching, 
after a data field has been read into the window-register field, the source 
slot is altered so as to erase its contents in the data field, or otherwise 
make it available for reuse. The operation by which this alteration is ac- 
complished depends upon the definition of fields within the slot type, and the 
space-control actions employed by the memory. A status flag may be turned off 
or on, addresses in various link fields may be changed, or a null value may be 
written over the data field. Destructive fetching forms an important part of 
the pop-up action used by some memories in implementing LIFO or push-down 
lists. Nondestructive data fetching leaves the data unaltered in the slot 
data field. 

Data storing: Data fields in slots are obtained by field-interpreter oper- 
ations and storable data is transferred to them from a window-register field. 
As was true in the case of destructive data fetching, this storing action may 
involve changes to status flags or link fields when a previously free slot be- 
comes used in some system having a form of space control. By various combina- 
tions of data fetching and storing operations, the memory system is able to 
copy storables from one slot to another, or from slot sequences and higher- 
order patterns to others, and to insert, delete, or erase simple and compound 
operand patterns. 

IV .  SOME EXAMPLES OF MODELLING STRUCTURES AND STORAGE 
STRUCTURES TO IMPLEMENT THEM 

This Section attempts (i) to provide some illustrations for clarifying the 
distinction between modelling structures and storage structures and (2) to 
demonstrate the way in which structures of data are designed to go with a 
given set of operations to supply operands in a problem-solving plan. The 
two different graphic representations in Fig. i0 distinguish between 
modelling-structure and storage-structure diagrams; a third, narrative repre- 
sentation in the form of a pseudotext (an artifical language text), using a 
simple notation, is provided to specify operand strings or patterns of events 
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Step 1 (a) . 

l(b). 

2. 

. 

PUT(STRUCTUREi, DATA) STRUCTUREj 

If there is no data node at end of external access path, make a 
data node there, store data in it, and stop. 

If there is a data node at end of external access path, go to that 
node, and then erase the access path just used. 

Create a new two-way sibling path and a new data node to the right 
of currently selected node, go to the new mode, and store data in 
it. 

Create a new external access path to the node now selected, and 
stop. 

Step 1 (a). 

l (b). 

2. 

3. 

TAKE(STRUCTUREi) ~ STRUCTUREj,DATA 

If there is no data node at end of external access path, stop with 
empty message "*". 

If there is a data node at end of external access path, go to that 
node and then erase the access path just used. 

Read out and save data from node now selected; erase the node; 
follow sibling path to left neighbor; erase sibling path just used. 

Create a new external access path to the node now selected, and 
stop. 

(a) 

Step 1. P U T ( L 10, "A" ) ~ L l x 
2. PUT(L1 , , "B " )  ~ Lls 

3. PUT(LI 2 ,"C") = Lls 

4. TAKE(LI  3) = Ll 2,"C" 
5. PUT(LI s , "X")  ~ Ll~ 
6. TAKE(LI  ~) = Ll 2,"X" 

7. TAKE(LI  2) ~ LIx,"B" 

8. TAKE(LI  ,)  ~ Ll o ,"A" 

9. TAKE(LI  o) = Ll o, ' '* ' '  

(b) 

FIG. 11. (a) Two Modelling Operations, PUT and TAKE, for  the LIFO Struc- 
ture L l ;  (b) A "Program" Made Up of PUT and TAKE Operations. 
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encountered in ~he structures. We may say that, given a structure capable of 
providing a certain set of operand strings in which we are interested, a sec- 
ond structure is a functional equivalent of the first if it provides the same 
set of operand strings, regardless of any additional strings it may also pro- 
vide. The symbols employed in the diagrams and in the pseudotext statements 
are explained below. 

Consider a simple modelling structure of the type called a LIFO List; ac- 
cording to the definition in this paper of the LIFO list, it consists of a two- 
way linear list with a single external access point at its right-most node; 
let this structure be named i]. Consider also two simple modelling operations 
named PUT and TAKE, which are tQ be applied to data structure LI to store one 
item at a time into it, and to read one item at a time from it (Fig. ii). We 
might also call these operations PUSHDOWN and POP-UP. The action of PUT can 
be described in another kind of pseudotext notation, as if it were a verb in 
an artificial language, and a PUT statement can be specified which can form 
one step in a program deriving its operands from Ll and other structures like 
L]. The PuT statement may have the form: 

PUT(STRUCTURE i ,  DATA) STRUCTUREj. 

This statement shows not only the verb PUT and its two operands, a modelling 
structure and a data item, but also the new transformed structure resulting 
from the action of the statement. Subscripts i and j on the structures do not 
stand for ordinal or cardinal numbers in any real sense but are only two dif- 
ferent designations for two distinct forms of Ll; in some statements, STRUCTURE i 
and STRUCTUREj turn out to be identical. Two structures are identical if their 
diagrams and pseudotext descriptions are identical in every respect. 

The action of TAKE maysimilarly be described in a statement: 

TAKE(STRUCTURE i ) STRUCTUREj, DATA. 

In this statement, the next accessible single data item is read out, or popped 
up, from STRUCTUREi to produce a result structure STRUCTUREj and the data item 
itself. 

Finally, consider the small program made up entirely of PUT and TAKE state- 
ments [see Fig. ll(b)] and the set of more detailed specifications, each in 
the form of a verbal flowchart or narrative description, describing exactly 
how the modelling operations PUT and TAKE are to be carried out, step by step 
[Fig. ll(a)]. The modelling structure diagrams in Fig. 12 may be applied by 
a pencil-and-paper procedure following these steps "blindly", like a computer 
program, to produce the structures for each statement of the sequence in 
Fig. ll(b). This sequence begins with an empty structure Ll0, builds it up 
by successive PUT operations until it contains data items A, B, and C, then 
TAKES item C, PUTS a new item X, and finally TAKES all the data items untl L l 
is again empty. 

The initial, empty form of LI is only a potential list; it contains only an 
access point from which a list may be hung, but now leading to no data nodes. 
This potential list Ll0 is shown in the modelling structure diagram of Fig. I0 
as a node containing the name L] 0 and an access arrow which leads down to an 
empty spot where a data node could be. The pseudotext representation of events 
is L]0:. , where the colon stands for an external access path and the period 
stands for 8top. This expression may be read "Li, access path, stop." The 

"A")  ~ LI I statement PUT(LI0, " describes the storing of data item A in El0. 
After this statement has been executed, LI 0 becomes L],, which is diagrammed 
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Step l(a). 

1 (b). 

2. 

3. 

PUT(STRUCTUREi, D A T A ) ,  -STRUCTUREj 

If head length field contains "0", get a free data-slot address 
from space control, store it in head access field, and go to that 
address. 

If head length field contains something other than "0", get next 
address = contents of head access field + contents of head length 
field, and go to that address. 

Write data into data field of slot now selected. 

Add "I" to contents of head length field and stop. 

Step 1 (a) . 

l(b). 

2. 

3. 

4. 

5. 

TAKE(STRUCTUREi) ~ STRUCTUREj, DATA 

If head length field contains "0", stop with empty message "*". 

If head length field contains something other than "0", get next 
address = contents of head access field + contents of head length 
field - i, and go to that address. 

Read data from data field of slot now selected. 

Subtract "I" from contents of head length field. 

If head length field now contains "0", write "*" into head access 
field, otherwise change nothing. 

Stop. 

FIG. 12. An Implementation of Modelling Operations PUT and 
TAKE in Storage Structure I .  

with a new node containing "A" at the end of its access arrow; the description 
of events is "LI,:"A".", which may be read "Li,, access path, data "A", stop". 
If we then PUT data items "B" and "C" into Li, it becomes a structure LI3, hav- 
ing three data nodes with two-way sibling paths, and its description becomes 
"LI 3 : "C" ,"B" ,"A". ", read as "Li3, access path, data "C", sibling path left, 
data "B", sibling path left, data "A", stop.", and where comma stands for the 
left sibling path. (Other descriptions are also possible which use the right 
sibling paths, but the present one suffices for this example.) 

The application of TAKE to LI3 produces a modelling structure indistinguish- 
able in its diagram and in its description from LI2, sfnce data item "C" has 
been popped up and the structure reorganized to omit "C" and all paths leading 
to or from it, leaving the structure just as it stood before "C" was stored. 
In the last step of the program diagrammed in Fig. ll(b), it can be seen that 
an attempt to TAKE data out of Ll0 results in the identical structure Ll0, and 
an empty or failure signal "*" instead of data. In this case, STRUCTURE i is 
identical with STRUCTUREj. Figure i0 presents modelling structure diagrams 
and descriptions of all five distinct forms of L1 resulting from various steps 
of the "program" in Fig. ll(b), and the reader may verify the results by 
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Step 1 (a) . 

l(b). 

2. 

3. 

4. 

5. 

PUT(STRUCTUREi, DATA) STRUCTURE. 
J 

If head access field contains "*", get a free data-slot address 
from space control, store that address in head access field, go 
to that address, and skip to Step 3. 

If head access field contains something other than "*", use it as 
an address and go to that address. 

Get a free data-slot address from space control, store that ad- 
dress in right link field of data slot now selected; go to that 
address. 

Write data into data field of slot now selected. 

Copy the contents of head access field into left link field and 
write "*" into right link field of slot now selected. 

Write address of currently selected slot in head access field 
and stop. 

Step l(a). 

l(b). 

TAKE(STRUCTURE i )  ~ STRUCTUREjDATA 

If head access field contains "*", stop with empty message "*" 

If head access field contains something other than "*", use it 
as an address and go to that address. 

2. Read and save data from data field of Slot now selected. 

3. Copy the address in the left link field of this data slot into 
head access field. 

4. Return address of this data slot to space control as free. 

5. If head access field now contains "*", stop. 

6. If head access field now contains something other than "*", use it 
as an address and go to that address. 

7. Store "*" in right link field of data slot now selected, and stop. 

FiG. 13. An Implementation of  Model l ing Operations PUT and 
TAKE in Storage St ruc tu re  I I .  

stepping through the subcommands for each PUT and TAKE statement as applied to 
each L]i. The simple operations PUT and TAKE may be extended or combined in 
various ways to produce higher-order operations; for instance, more than one 
data item can be stored or read at once by statements of the form: 

PUT(STRUCTUREi,n,STRUCTURE k) ~ STRUCTUREj 

and 
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TAKE (STRUCTURE i ,n) STRUCTUREj,STRUCTURE k. 

where n specifies a count of the number of data items in STRUCTURE k. 

Two of the many possible storage structures for implementing L1 are diagram- 
med in Fig. i0. Figures 12 and 13 provide two possible redefinitions or trans- 
lations of the detailed specifications for PUT and TAKE into specifications in 
terms of the basic storage operations for each of these two implementation 
schemes (field interpreters, address assignment and coupling operations, data- 
fetch and data-store operations). Storage Structure I is a hybrid linked- 
additive structure, since it uses linked address-coupling to provide the ex- 
ternal access path, and additive address-coupling for sibling paths between 
data nodes. Storage Structure II uses linked address-coupling for all its 
paths. Storage slots are shown in the diagrams as rectangular, heavy outlines, 
and the fields within them are shown with lighter separating walls. Linked ad- 
dressing paths are shown by arrows (wave-like arrows for external access and 
straight arrows for sibling paths), and additive addressing paths are shown by 
placing the slot rectangles together in a horizontal row with no intervening 
space or arrows. The address of each slot is enclosed in a circle above the 
slot rectangle. (In Fig. i0, all addresses are numbers, representing loca- 
tions.) Two different slot-types are used in the diagrams for each structure: 
(i) a head slot-type for the names of structures, access links, and other in- 
formation pertaining to the structure as a whole, and (2) a data slot-type for 
data items and any paths or other information pertaining to each data item in- 
dividually. 

The storage structure diagrams in Fig. 10 are purely abstract, in that they 
are not supplied with any specification of fields, etc., in terms of primitives 
such as bits, bytes, or cells; and this ommission was for purposes of clarity 
and simplicity in this illustration only. In any real case, information map- 
ping slots and fields onto the features of a particular hardware or software 
memory would be included. In Storage Structure II, for example, the head slot 
might consist of a single 7094 36-bit active memory register with the access 
link in its address portion and the name in its decrement portion. The data 
slot might be made up of two 7094 active memory registers: the first could con- 
tain 36 bits or six 6-bit bytes of data, and the second could contain the right 
and left links in decrement and address, respectively. 

It should be evident that the diagrams and notations presented here may be 
expanded and extended in a number of directions and used in a number of ways. 
Actual problems may be solved in terms of these representations, and the solu- 
tions may be stepped through by hand to debug them just as if they were pro- 
grams. The diagrams and notations may also be used for evaluating and compar- 
ing alternative choices of models (involving different choices of basic model- 
ling structures and modelling operations) and implementations (involving dif- 
ferent memory characteristics); this may be done by assigning an estimate of 
cost (in terms of time, space, money, man hours, etc.) to each path or node of 
a diagram or to each symbol of a pseudotext expression. Finally, the diagrams 
and notations may function as clear and complete descriptions of a problem- 
solution method and its implementation in documenting or reporting the work. 

It is hoped that the presentation in this paper will suffice at least to 
suggest some of the possible uses and advantages of the definitions, descrip- 
tions, and diagrams available to the computer-oriented problem-solver under the 
classification scheme proposed in this paper. It is also hoped that the repre- 
sentations for information structures which have been described will serve to 
aid others in designing their own tools for problem-solving. 
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