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A COMPUTER ANALYTIC METHOD FOR SOLVING
DIFFERENTIAL EQUATIONS

by

Leo Hellerman

ABSTRACT

The basic idea in mathematical symbol manipulation on a stored-program
digital computer is the correspondence of symbols with storage locations, and
of functions with computer programs. This principle underlies our analytic
method for finding the derivative of a function. The nature of a term, whether
constant, the variable, or a dendrite (composed from other terms, its "branches''),
is recognized by the location of the storage cell corresponding to this term. The
derivative found is not a number equal to the quotient of finite differences, as in
numeric methods; it is a program for the derivative function. The method is
a close parallel to differentiation by hand, applying well-known rules of
elementary calculus. It uses the dendritic property of functions to keep track
of results as the differentiation proceeds.

The method described is the heart of an algorithm for obtaining the
formal solutions of ordinary differential equations, by generating their Taylor
series. Such solutions allow many evaluations with different sets of numeric
data without the necessity of solving the differential equation over and over
again. We describe the implementation of this algorithm as an IBM 7‘04

program, and give a simple illustration of its use.

Product Development Laboratory, Data Systems Division
International Business Machines Corporation, Poughkeepsie, New York




A COMPUTER ANALYTIC METHOD FOR SOLVING
DIFFERENTIAL EQUATIONS

Lieo Hellerman

INTRODUCTION

In recent years numeric analysis has been claiming an increasing share
of overall mathematical research activity., The reason for this is apparently
the need to have answers - numeric answers - to problems of modern tech-
nology, along with the development of the stored program digital computer
for carrying through the computations of numeric methods. But this emphasis
on numbers is also an indication of the attitude of problem solvers: to use the
computer, use numeric methods. And yet these methods are not always

adequate. It may be more important to know how x depends on other variables

than to know that x = 3.

The inadequacy of numeric techniques for the solution of differential
equations is highlighted by the following engineering problem. In the design
of a transistor S\x}itching circuit for a high speed computer we wish to know
the output current level at a particular time after the start of an input pulse.
This information is contained in the solution of a non-linear differential
equation, which can be solved very nicely by numeric methods on a computer
in, say, ten minutes. In evaluating the reliability of this circuit with respect
to component deviation and drift, we want to know the statistical distribution
of outputs. A simple method for finding this is synthetic sampling, or Monte

Carlo(l), "but at ten minutes per solution this may not be practical. However,

1
L. Hellerman and M. P. Racite, '""Reliability Techniques for Electronic

Circuit Design'' Transactions I.R.E. PGRQC, September 1958; pp. 9-16.
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Monte Carlo is known to be practical in estimating distributions associated
with analytic expressions. This suggests we first obtain the analytic solution
of the differential equation, and then apply Monte Carlo to the solutic;n. The
methods are compared schematically in Figure 1.

In the numeric method we must solve each case anew, starting with
the data and differential equation. In the analytic method, enough information
is contained in the solution, so that we need solve the differential equation only
once, and evaluate the solution for each case. Since a major portion of machine
time is taken up with solving differential equations, there may be problems in
which (1) is not practical and (2) is, provided {2) can be carried through by the
computer.

The purpose of this paper is to call attention to a basic principle of
analytic technique on a stored program digital computer, and to illustrate
this principle by a computer algorithm, and "address calculus, " for finding
solutions of ordinary differential equations by analysis. We also describe
the implementation of this algorithm in an IBM 704 program. We see no
reason why the same technique might not be applied to a host of other

mathematical problems.

THE PRINCIPLE AND GENERAL APPROACH

The principle of numeric computation in a stored program digital com-
puter is well known: numbers are represented by the contents of storage cells,

and computation is accomplished by arithmetic manipulation on these contents.

Functions are represented by a finite table of numeric values. The principle

of analytic computation may be stated thus: algebraic symbols are represented
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by the locations of storage cells, and analysis is accomplished by manipula;ing
addresses. Functions are represented by machine programs. An algorithm
for the analytic solution of a problem is an assignment of the correspondence

of algebraic symbols with addresses, and a description of the way the addresses
are manipulated.

In the description of the following programs, in referring to the address
of some location corresponding to some symbol S, we will say '"address S. "
Address and symbol are equivalent, and we may use the symbol to designate
the address. On the other hand ""address of S" refers to some other location
and address, say T, which has the address S as part of its contents. Thus the
address T may be the address of S.

Our approach to the analytic solution of ordinary differential equations

will be to develop the Taylor series expansion of the solution. If the differ-

ential equation is

y(k) (x) =f(x;y‘0) '3 P y(k°1) {x)) (1)

then the formal solution is

2

v (x) =y (0) +y(D) (0 x+y(2  (O)x .... (2)
2

where the yU) (0) for j=0, ....., k- 1are assigned initial values, and for
j=k k+1, ... are determined from f and the derivatives of £.

Thus the heart of the problem is to develop analytic differentiation on

. . .. (2
a computer. In this connection we mention the work of H. Kahnma.man( ) ’

and the LISP Programming System(?’) . However, our approach is a bit

H. G. Kahrimanian, ""Analytical Differentiation by a Digital Computer, "
M. A. Thesis, Temple University, May 1953.

3 J. McCarthy, "Recursive Functions of Symbolic Expressions and Their
Computation by Machine" Quarterly Progress Report No. 53, Resear ch
Laboratory of Electronics, M.I. T., April 15, 1959

L
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different from both of theée, being a close parallel to differentiation "by hand''.
The SHARE routine PE PARD(4) for differentiation and partial differentiation
of rational functions is a prototype of our presént program. Recall that the
function to be differentiated is, in the computer, a stored program. PARD
examines this program as a college sophomore examines a function to be
differentiated, and when it finds it to be the sum of two parts it applies the
rule: the derivative of a sum is the sum of the derivatives. Or, if it finds

a product, it uses D(uv) = uDv + vDu, and similarly for other differentiable
combinations. Eventually the derivative of a function is expressed in this
way in terms of the derivatives of constants and the independent variable,
and the differentiation process is complete. The problem in doing this on a
computer is doing it in a uniform and orderly way, so that the method may
be applied to arbitrary differentiable functions, and so that the results of

the differentiation of each term can be combined in the end to one expression

(program) for the derivative.

THE DENDRITE NATURE OF FUNCTIONS

In this section we examine a stored program aspect of functions. Some

notions will be defined which will facilitate the description of the differentiation

algorithm.

A binary operation is an operation on two quantities. Addition, sub-

traction, multiplication, division and exponentiation are binary. Unary

operators operate on a single quantity. Exp, log, sin, and cos are unary.

3

M. R. Dispensa and L. Hellerman, "Differentiation and Partial Differentiation

of Rational Functions' PE PARD, SHARE distributed Program D2-445.
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Let the symbol a * b have this meaning: * is a binary or unary operation. If #*
is binary it operates on a and b; if unary it operates on a, and b is ignored.
Thus a ¥ b may be, forA example, a + b, a 2 b, aP, or log a, or sina. We
will say a mathematical expression is a finite dendrite if it is composed by

and
a finite number of binary / unary operations from a set of starting terms.

We call a starting term an elementary term, or an end: it is not composed

from other terms.

For example, consider the dendrite y = x + a) b - sin x. Its branching
nature is shown in Figure 2.

The elementary terms are a, b, and x. The dendritic terms are, besides
y itself, (x+a)b, x+ a, and sin x.

Note that the dendritic picture of y may serve as a flow chart for a
program for its computation. First x is added to a, and the result is
multiplied with b. Then x is operated on by some sine routine, and the
result of this is combined by subtraction with (x + a) b to give y. Thus a
stored program for evaluating a function is essentially a sequence of binary
and unary operations, starting with operations on elementary terms. That
is, a program is a dendrite.

Blocks of 1's and 2's are a convenient notation for the branches of a

dendrite. If O(l ' oCn is such a block representing some dendritic term,

then e(l...c(n = °<1 o(n 1% ... OCHZ. The branch desig-

nations of"t'he above example are shown in Figure 3.
A set of branches of the form K, o< [ K 210 L Xpe e S

where the last branch is an elementary term, will be called a chain. All the
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chains of the example are

1, 11
1, 12, 121
1, 12, 122
2, 21

A finite dendrite has a finite number of chains.

THE DIFFERENTIATION ALGORITHM

Let us suppose we are given a y-program, that is, a stored program for
computing y. We wish to extend this to a program for its derivative, a Dy-
program, by adding additional instructions. The block of storage for the Dy -
program will include the block for the y-program. Since y is a dendrite,
y=1%2and

Dy=A; D (1) +A,; D {(2) (3)
Where A ) and A, are functions determined by the operation * and the branches
1 and 2. That is, A°< = Ao( (*, 1, 2) where O< =1, 2. These functions are
specified in Table 1. It may happen that an Ao< is the number 0, or 1, or some
function which is known to exist in the y-program. This is the case fory=u+v
and y = exp u, and in these cases it is unnecessary to place any instructions
in the block reserved for the Dy-program. If an Ao( is not of this type, say
Ac< = -u - # , then we do construct the program for this function and place
it in the fi_fét available locations in the Dy-program block. Whether Ao( is

constructed or not, we save the addresses A} and Aj , in locations L (1) and
L {2). Since we can only differentiate one term at a time, we also save the

instruction to find D (2}, in a location I (2).




uv, v constant
€Xp u

ﬂn u

sin u

cos u

Ay

and Ay in

Al

cos u

- Bin u

TABLE 1

D(u * v) = Ay

Du +AZ Dv
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We may now go on to find D {1). Suppose 1 is dendritic and 1=11%]2.
Then

D(l)=A D(11) -i-A12 D (12)

11
The functions A 11 and A, are constructed as Al and A, , again by Table 1,
the addresses A 11 and A 12 are stored in L (11) and L (12), and after storing

in I {(12) the instruction to find D(12) we continue to find D (11).

In general, if o(l. : .o(nis dendritic, then

D1 o 2o = {
Ky X)) = Aoy DI DA

D(X ... 2)
1 "ol ,2 0(1 Q%

(4)

1°°

The coefficients are constructed if necessary, and the addresses A
XKy °(n+1

8tored in L (o(l. i °<n +1 ); the instruction to find D ¢ o(l. ..o 2) is saved in
n

I(D(l...o(nZ),' then we go on to D { o('l...g(nl).

Eventually, since y is finite, we come to an elementary term, 11 ... 11.
This will be a constant, the independent variable, or an initial condition
y:J) {0), j=0, ..., k=-1. Thus D{(11... 11) = A11 111is known, and we
store this in L /11 ... 111).

At this point we have traversed one chain of the dendrite y. We may now
examine the I cells for some deferred differentiation instruction, and proceed
with the differentiation of this new term, until another end is reached. Continu-
ing in this way, all chains will be completed, for there are a finite number.

It is clear from {3) and {4) that Dy is simply the sum of all products of
A's, where the subscripts of the factors of each product range over a complete

chain. If A = C.: , where i stands for the i-th chain, we may write
g - °<J 1]




l Cir Ciz oo Sy (5)

4

where i ranges over the set of chains of y, s in number, and where C ik {i) is
A

the derivative of the end of the i-th chain.

Thus the Dy-program is completed by construction of a program for
evaluating (5). This can be done because the addresses A oy - OC. are at

1 n
hand in the locations L (O(l. o ik, )
n
The algorithm as it stands requires excessive storage. To differentiate

any function composed with n operations, we should allocate 2" locations for

storing the addresses A oCye - - °<n" for there are as many of these as n-blocks

of 1's and 2's. But consider the situation when the first chain has been com-

pleted.

At that point we know

A A

Dy = A A 11... 11 % 11.. . 111

1 11.0'
+A1A12D!‘ 2) /
(6)

+ e

A ww b B | | TP ¥
¥ 1A11 ll.uﬁ 11...,12D( )

The addresses of the A's and D's are consecutive cells in three blocks of storage,

called the A, -block, A, -block, and I-block. The storage arrangement is

shown schematically in Figure 4.

The lines in this figure indicate the formation of the products in {6).
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But we do not actually need B in the accumulator, for we do not really intend
to add numbers. The program is used only to recognize that B and C are
composed by the binary operation addition, to form A. Thus a more"compact
code is possible, and desirable if the information we need is to be easily
available. The code we use for A =B + C is
A:PZEB,, C

That is, location A contains the addresses B and C in the address and decrement
portion of the word, and the prefix P Z E is used to indicate that these are com-
posed with the binary operation of addition. The code for other operations is
shown in Table 2.

Table 2 also shows the detailed 704 version of Table 1. When a function
K = u * v is differentiated, the construction of A1 and AZ and the updating of
certain blocks of storage is specified by this table. After K=u * v is

differentiated, the next step is to find Du. In the flow chart of Figure 6

'"new K' refers to u.

The 704 program flow chart is clarified by a description of the roles

played by certain blocks of storage.

(a) Constants block. All constants are given addresses of storage

locations in this block.

!b) Initial conditions block. This contains the locations y(j) (o),

J é‘k-—l, as consecutive storage cells. When an end y(j) {(0), j& k-1, is

'3
recognized, its derivative is the address yu ¥t 1) (o).

(c) Variable of differentiation. This is a single storage cell.




.

{d) Function program block. This contains the sequence of pseudo

instructions defining the function to be differentiated. The last pseudo instruce
. (k) : '

,tion is in y (o). New terms for the construction of A1 and A2 » as shown

in Table 2, are placed in the first available locations following y (k) (o), as

needed. The program of pseudo instructions for formula {5) is also stored

here, when all its terms have been constructed.

{e) Derivative block, D. The derivative of the initial condition y(k‘l)

k
(o) is y( ) (o), which is not an initial condition but an address in the function
program block. The D-block cells contain addresses of y<j) (o), J§ k, stored

in order, so that these may be treated in a manner similar to initial conditions.

) A 1 -block, A, -block, and Instruction block I. The roles played

2

by these blocks are as described in connection with Figures 4 and 5. In up-dating

we add new terims as prescribed by Table 2. In down-dating we eliminate terms

that are no longer needed.

{g) Factor block, F. This saves all completed non-trivial {no zero

factors) A j chains. In transplanting an A1 chain into the F-block, all ones
and minus ones are boiled down to a single sign for the entire product. All
ones are omitted from the F-block, unless the particular product contains
nothing but a single one.

In the flow chart of the 704 program, K stands for the address of some
pseudo order of the y-program currently under examination. The program

(k)

starts with examination of the last K, v {o). A tag bit in K will indicate

that Dy(k) has been found, and is in the D-block, so that it need not be found

over again when constructing higher derivatives.
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TABLE 2

Up-dating of Dy-Program, A]-Block, A,-Block, and I-Block

Dy-Program
New Terms for
Function Code at Construction of
K= Location K A and A, Al AZ 1
u+v PZE uwu,,v None 1 1 v
u-v PONu,, v None 1 -1 v
u. Vv FTVu,, v None \% u v
u - v PTHu,, v L+0 MONv,, MFL1* L -{L+1) v
L+1:PTA K,, L
u MON u,, v L +0: PONv,, FLI1* L+2 0 0
L+1 MONu,, L
L+2:PT% N,, L +1
exp u MZE u,, 1 None K 0 0
in u MZE u,, 2 L:MON u,, MFL1* L 0 0
sin u MZEu,, 8 L:MZE u,, 16 L 0 0
cos u MZE u,, 16 L: MZE u, , 8 -L 0 0

*MFLI1 is the address of -1; FL1 is the address of 1.
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The series construction, which involves multiplying each derivative by

the appropriate power of x - x, and dividing by factorials, is straightﬂ»forward.

" and is not shown in the flow chart.

The Taylor series solution of the differential equation which is finally
obtained is in the form of a sequence of pseudo instructions. It is always
possible to convert these and print them on paper using familiar mathematical
symbols, but we do not do this and will hardly ever want to. If a differential
equation is sufficiently complicated to warrant using the program, the chances
are that any significant information in the expression for the solution will be
hidden in its complexity. If w is some complicated function of x, y, and z,

w = f (x, y, z), and we want to find out how w depends on x, it will do no good
to inspect the expression f. Instead, we picture w versus x by evaluating f
for a range of y values. Similarly, if we wish to study w versus y, we
evaluate f with 2 range of y values. The point is, we need find the program
for f only once. We may then evaluate it numerically as many times as we
wish, illuminating the dependence on any desired variables.

To evaluate the solution obtained it is necessary to convert the pseudo
code program to a regular machine language code, and to supply numeric data.
The flow of information is

This is done by interpretive and output routines.

shown in Figure 7.

An example of the solution of a differential equation, showing the kind

of information that can be obtained from these solutions, is shown in Figures 8,

9, and 10.
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CONCLUSION

We have described an analytic method for finding a series solution of
ofdinary differential equations on a stored program digital computer. HINote,
however, that the present IBM 704 program for implementing this method
has room for improvement. Indeed, in the present program little attempt
is made to simplify the generated derivative expression. This is a severe
waste of storage capacity, and unduly limits the number of series terms that
can be fognd. Further, the unsimplified expression, containing redundant
and irrelevant terms, increases the machine time for evaluating a solution.

For this reason we cannot now obtain a significant estimate of the merit of the
analytic method in comparison to conventional numeric techniques.

The method should be useful, in illuminatingvloca.l properties of solutions.
It also appears to lend itself to extending solutions by analytic continuation,
but this is a problem that has not yet been attacked.

Another needed improvement, if we are to handle the differential equations
of electrical engineering practice, is the capability of handling simultaneous
equations. The obvious modification to do this is to provide a separate function

program and D-block for each differential equation of the system.
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CAPTIONS for L. Hellerman, ""A Computer Analytic Method for Solving
Differential Equations"

Fig. 1. Comparison of numeric and analytic methods of solving a differential
equation many times.

Fig. 2. The dendrite y= (x + a) b - sin x.
Fig. 3. Branch designations for the dendrite y = (x +a) b ~ sin x.

Fig. 4. Contents of A -Block, Az—Block, and I-Block of storage, at completion
of a chain. '

Fig. 5. Contents :f storage blocks after down-dating of Fig. 4 arrangem=nt.

Fig. 6. Flow chart for successive differentiation of y(K) {x) = £ (x; y(o)(x). o ,y(k-l)(.\

Fig. 7. Data flow for sclution of differential equation.
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Fig. 8. Eight terms of series solution of %}Z_ = v2 +x, y(o)

Fiz. 9. Eight terms of series solution of %;YE = ya +x, x=1, a =2.

Fig.10. Eight terms cf series solution of % = Ya + x, y(o)
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USE OF A COMPUTER TO DESIGN CHARACTER RECOGNITION LOGIC
by
R. J. Evey
International Business Machines Corporation.
Product Development Laboratory

Poughkeepsie, New York

ABSTRACT

Character recognition logic for the IBM 1210 Sorter/Reader was
developed with the aid of an IBM 704 computer. Characters printed with
magnetic ink are quantized by the Sorter's scanning system into a 7 x 10
binary matrix which drives recognition logic of the AND and OR type. To
develop this logic, computer programs which simulated the quantizing and

the logic were used in conjunction with hardware that provided ''real -life"

character degradation, These programs and the procedure for developing

the recognition logic are discussed.




USE OF A COMPUTER TO DESIGN
CHARACTER RECOGNITION LOGIC

R. J. Evey

International Business Machines Corporation
Poughkeepsie, New York

I. THE SYSTEM

The IBM 1210 Sorter/Reader recognizes characters printed in a

specified location on paper with magnetic ink.l

A schematic diagram of
the machine system is given in Fig. 1. The characters first come to a
writing head which induces a magnetic field in the special purpose ink with
which the characters are written. Next this magnetic field is sensed by
a multi-channel reading head. The output of the reading head is a set of
ten time-dependent voltage waves.

Actually (as Fig. 2 shows) there are thirty channels in the reading
head. However, every tenth channel is '"OR'ed' together (e.g., 1-11-21,
2-12-22, etc.) so there are only ten outputs. These waveforms are time-
sampled and changed into binary pulses by the quantizing circuits. The
output of each quantizer is seven bits of binary information per character.

The outputs of the ten quantizers (one per output channel of the reading

head) are stored in a 10 x 7 trigger matrix.

The final section of the system is a set of 14 logical circuits (one

1 K. R. Eldredge, F. J. Kamphoefner, P. H. Wendt, '"Automatic Input
for Business Data Processing Systems'', Proceedings of Eastern
Joint Computer Conference (December 10-12, 1956), p. 69
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for each character of the ABA alphabetz) made up of standard digital
computer AND and OR components. These circuits are driven directly

by the trigger matrix and operate in parallel. If a pattern in the trigger
matrix satisfies any one of the logical circuits (called logics in the sequel),
the corresponding character trigger is set. Recognition occurs if one
and only one of these character triggers is set; otherwise the pattern is
rejected.

It was mentioned previously that the thirty channels in the reading
head are OR'ed together in groups of three. This means that the regis=~
tration of the pattern in the matrix is unknown. So the system looks for
recognition ten times per pattern; that is, it tries to recognize the pattern
in the position in which it first appears in the matrix. Then the whole
pattern is moved up one row at a time, with any bits in the top row being
brought down into the bottom row. Thus each pattern really presents ten
different patterns to the logics. Only after a pattern has ''rolled" through
all ten posgitions are the fourteen charaéter-triggers examined for recog-
nition or rejection.

This paper deals only with the design of the fourteen logics in this
final part of the machine. It will attempt to make clear the problems

which we tried to solve in this design and the methods we used to develop

these circuits.

Bank Management Commission: American Bankers Association, '""The
Common Machine Language for Mechanized Check Handling'', Bank
Management Publication 147, Automation of Bank Operating Procedure,

12 East 36 Street, N. Y. (April, 1959).
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II. THE PROBLEM
The total number of different patterns possible in a 70-bit matrix

70
is 2 ; and the total number of logics that can be designed for this input is

70
2
2 . The size of these numbers requires that some simplification be

found to make the logical design tractéble. Much of the required simpli-
fication lies in the two-dimensional correlation of bits in the matrix; that
is, most of the logically possible patterns do not look anything like a
possible character pattern. We found that a basic set of about 20 to 30
different patterns are obtained 90% of the time a given character is scanned.
Almost all of the rest of the time a pattern is obtained which differs in one,
two, or three bit positions from one of the patterns in the basic set. If
these noisy bit positions are treated as don't-care positions, logical com=-
binations of the common logical characteristics of the patterns in the basic
set can be formed which will recognize virtually all the patterns obtained
from scanning a character. Noisy bit positions for a given character
account for over half the matrix, but this is nc;t serious because four bits
actually overdetermine the entire set of 14 characters.

The problem is thus reduéed to that of finding the stable combinations
of bits for a given character. At this point, however, we must consider
the problem of registration -~ a problem which is present in all character
recognition systems. Some are designed from the point of view that this
is the major problem of character sensing and must be eliminated entirely;
that is, an attempt is made to design the system so that once the first

character is found there is no further problem occasioned by registration.
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In the 1210 system, however, even after the character has been scanned by
the reading heads, the registration of the pattern in the matrix is unknown.
A solution to the horizontal problem is the requirement that the leading edge
of the character be located in the right-hand column of the matrix. The
E13B font, with its strong leading edges, is designed for this.

The problem of vertical registration reduces to the '""roll" problem,
and the main problem here is that of cross-recognition. A degraded two,
for example, may ''roll" around to make a pretty good five (it should be
noted that in the 1210 system this situation would result in a reject rather

than a substitution, because both the "two' and "five'' character triggers

would be set). Part of the solution to this problem lies in the fact that
the normal pattern is only eight rows high. Therefore, a condition which
required at least one blank row at the top or at the bottom of the matrix
was made a part of each logic. Once the pattern has been restricted so
that it can move only a few rows vertically in the matrix and cannot roll
_;ompletely around, the problem of design of the logics has been reduced
to the required degree.
III. SOLUTION

A. Theory

We assumed that the set of patterns to be recognized could be

approximated by the union of two other sets of patterns which we could

construct. The first of these would be the set of all admissible patterns

assuming ideal printing and machine operation; that is, if the edges of

characters were not ragged, there were no voids and no splatter, the
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magnetic field induced was uniform over the whole character, etc.

This set was generated by a program which we called the Theoretical
Shape Program (TSP). Details of its operation can be found in Appendix 1.
Let us say briefly here that thg input to the program was a coding of each
ABA character into binary bits., Each bit represented one square mil of
ink. Hence, El3B characters, which are nominally 117 mils high and 91
mils wide, were entered into the 704 in the form of about 500 36-bit
binary words (allowing for some blank border). This "micro-matrix"
was then '"'scanned" by a program which simulated the operation of the
reading head and quantizers. The output was a set of 10 x 7 ""macro-
matrices' (i.e., simply a set of patterns for each character) which were
written directly onto 704 tape. The program assumed that registration,
variations of magnetic density from character to character, timing
across the character, fringing of the magnetic field, printing tolerances,
etc. (see Appendix 1 for complete list of parameters), cannot be held firm.
Hence, these ''theoretical variables' were varied in the program and used
to generate a set of different patterns for each character. This set was
called the theoretical shapes.

We resorted to experiment to get a feel for the less systematic
problems (such as voids). A hardware model of the scanning and quantizing
part of the system was constructed and tied into an IBM 519 Reproducing
Punch. This "print tester' scanned single characters from checks run
at 1210 S/R speed and punched the resulting pattern into an IBM card. A

small sample (about 10, 000 checks per character) of printing chosen to
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cover the range of ABA printing specificationa3 was scanned and punched
into one card per pattern. The resulting patterns (called '"real-life'" shapes)
were transferred from cards to tape and used to indicate the types of "'noise"
which might be expected to degrade the theoretical shapes.

We now had two sets of patterns (each stored on its own IEM 704 tape).
Each of these was now reduced to a set which was composed of only the
unique shapes of the original. These patterns were now examined by a
second 704 program called the Logic Processing Program (LPP -- see
Appendix 2 for complete details). This program accepted, as input, logics
(i.e., logic statements) punched into cards in a "Boolean'' notation. It
interpreted each logic and stored it in core memory; then one pattern at a
time was read from tape and tested against the logic. If a pattern which
represented a two, say, were being tested against a logic which was sup~
posed to recognize two's (self-test),and if the pattern was not recognized
by the "two'' logic, but met a preset number of conditions (see Appendix 2),
the pattern was printed. If it met the logic, that fact was simply noted in
summary tables printed at the end of a run. If a two were being tested
against a logic which was supposed to recognize,say, fives (cross~test),
the criteria for printing the pattern or entering the tables were nearly

the reverse of those for self-testing.

B. Method of Designing Logics

\

With these tools at hand, the following method was used to design
the logics. A simple trial logic consisting of single black (1) or white (0)

bits was tried against the set of theoretical shapes for that character

Bank Management Commission, op. cit.

o N .
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{i.e., a self-test was run against theoretical shapes). After several trials
it is possible to determine a set of 10 to 15 positions consisting of single
black bits inside the character outline and single white bits close to the
character outline. It must be emphasized that it is always a set of 'sure
bits'" which is found. For different criteria a different set will be found.
For example, a program was written which determined the maximal set of
sure bits for each theoretical character. However, in some cases, a
more desirable set of sure bits would be one which distinguished sharply
a given character from that character (or characters) which looked the
most like it. These ''sure bits" were then used as a trial logic for running
a cross-test against the rest of the theoretical shapes. The result of this
run would be a reduced set of ''sure-bits'", which were useful in telling
this character apart from the other theoretical characters. Then these
nuseful sure bits'" were used as conditions for a trial logic for the given
character.

First, this trial logic would be self-tested against corresponding
real-life shapes. Samples of real-life shapes would not be recognized
because of voids, ink-splatter, skew, etc. By examining the tabulations
and patterns printed by LPP, the designer would attempt to modify the
single-bit trial logic by OR'ing a more complex condition to the sure-bits
which gave trouble. This new logic would again be real-life self-tested.
After a number of trials, a logic would be obtained which would recognize
all of the real-life shapes the designer felt were realistic. Then the
logic was real-life cross-tested and modified using a similar procedure.

Here, however, the criterion for final acceptance was that no character

¢

—4_\
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should be misrecognized by the logic (this was due, of course, to the
system's more stringent requirements on substitutions than rejections).
A flow~diagram of the above procedure is shown in Fig. 3.

Several modifications of each logic would usually have to be made
at eacil step in the process before the logic would be considered satisfactory.
Sometimes it was necessary to start from the very beginning with a search
for a new set of useful sure-bits. In all cases a complete, transmissible
record of the design of each trial logic, the results obtained in testing it
against the trial shapes, and the reasons for modification existed in the
summaries kept by LPP.
IV, CONCLUSION

Only two other methods of designing logics of this type are known
to the author. One of these consists of building hardware which allows
the engineer to shift wires in the model quickly (somewhat like IBM plug-
boards for EAM equipment). In this way logics can be wired directly
into the machine and paper can be fed through an actual model of the system.
This method has the advantage that the engineer knows the logics are trying
to recognize patterns which are produced under field conditions. It has the
great disadvantage that there are no records of patterns successfully recog-
nized by the logic. When a change is made in logic wiring and a retest is
run, the engineer has no way of knowing whether the same patterns as
before are being presented to the logic. Hence, he has no assurance that
he is really comparing the new logic against the old. The new logic may

work better; but it may be because it is seeing more easily recognizable

patterns. This method of designing logics has been tried at IBM and has
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not been as successful as the subject method in either time, cost of logics,
or reliability. However, using the procedure described in this paper, a
set of statements for each of the fourteen characters was developed with

an expenditure of six man-months for the 704 programs (which are of an
exceedingly general nature and have been used in whole or part for other
applications) and two man-months for the design of the logics. Further,

it was found that two different designers working independently on the same
statement tended to produce logics that were equivalent in cost, performance,
and the bit positions used (see Fig. 4). The best proof of the method,
however, lies in the fact that the initial set of statements developed through
its use have been wired into models of the 1210 S/R and have remained
there unchanged after more than a year of rigorous testing.

Another method known to the author is that of devising an automatic
procedure to design these logics. Most exhaustive procedures can be ruled
out due to the aatrono;nica.l number of possible logics, but useful procedures
have been developed by limiting the complexity of the conditions used in the
statements.4 However, possibly because of this limitation, statements so
produced have never been as successful in practice as those designed by
people.

There was a time, nevertheless, when we felt that a definite short-
coming of this method was that it was not automatic. In the many areas in
which there is an attempt being made to utilize computers for the solution
of complex decision problems (e.g., theorem-proving, language translation,

network analysis and synthesis, etc.), the goal is complete automation.

., P. H. Howard, "A Computer Method of Generating Recognition Logics
for Printed Characters, ' IBM Technical Note, TN 00.10070. 357 (May 5, 1959)
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However, this was not our goal. We needed a reliable set of logics and
we were able to utilize the computer to advantage in completing this task.
It processed a trial logic against a controlled set of input patterns. It ran
tests and tabulated the results of this processing. Under a variety of
sense-switch controls it displayed specific items of interest to the designer.
Finally, it kept accurate records of this continuing iterative process of
logic design, so that previous work could be re-examined. In this way
the human beings in the process were freed from monotonous tasks and
could devote their experience and creative judgment to the actual task of
designing logics that recognize characters.
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APPENDIX 1 - DETAILS OF TSP

Input to the program consisted of twe sets of IBM cards. The first
set consisted of a coding of the character into one-mil squares. This was
accomplished in this fashion:

A detail drawing of the character was blown up to 50~times life-
size. A grid marked off in squares, which represented one square=-mil
to the same scale, was then laid over the character. Each coordinate
on this grid was marked. Hence, a person could quickly see the coordinate
where each row started into black and where it left. One card was then
punched per row -~ with first the coordinate when black was started, when
it was left, when it started again (if it did) and so on. Since each ABA
character is 117 mils high nominally, this would result in 117 cards per
character. A further coding was incorporated, however, in that where
the edges of the character are not curving, one card may be the same as
a preceding card. Hence, there is no need to repeat the next card; simply
punch into the first card the number of times it is to be repeated. Fig. 5
gives the listing of the cards required to code the character 2. These
cards were read by the program (actually they were put on tape and read
from there) and interpreted into bits where there was black indicated in
the character and blanks where the character was white.

The second set of cards (an example may be seen in Fig. 6) con~
tained a complete set of the parameters which could be varied in the

program. These parameters (and the card fields in which they were

punched) were:
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1. The dimensions of the macro-matrix (i.e., the output matrix
or trigger matrix of the S/R).

2. The font (this would be varied by changing the first set of
input cards).

3. The width of a reading channel to the nearest mil.

4. The width of the dead space between the channels to the nearest
mil.

5. The horizontal sampling interval in mils.

6. The clipping level of the quantizing circuits (i.e., the height
of the voltage waveform they would have to see to call it above
the\ noise level.)

7. The integration time of the quantizing circuits.

8. The initial registration of the character (that is, whether its
leading edge were sensed too soon due to magnetic fringing or
other effects, right on time, or late due to missing or low=-
density ink).

9. Printing tolerance.

The program would first read a set of character coding input cards,
interpret them, and position the coded character in storage in such a way
that it simulated a character with its bottom edge on the bottom edge of a
reading channel. Then a parameter card would be read and the character
"scanned" in accordance with the parameters punched therein. The result
of this ""scan' would be a pattern (or macromatrix) which was written on

tape immediately. Then the character would be "moved" (or "rolled") up

one mil in its relation to the channel and land (dead space) and again scanned
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in accordance with the same set of parameters, This process would con-
tinue until the character had rolled up to the position in which its bottom
edge just rested on the bottom edge of the next higher channel. At this
point it is obvious that we would begin to see the same set of patterns all
over again. So another parameter card would be read and this process
repeated for that card. This would continue until all the parameter cards
for a given character were read, at which point a new set of character
coding cards for the next character would be read and the whole process
repeated. This process is illustrated in the simplified flow-chart of the
program shown in Fig. 7.

There was one parameter which does not appear in a parameter
card. That is the system of quantizing used. This was varied by re-
programming. That part of the program was made into a closed sub-
routine and reprogrammed whenever the engineers changed their quantizing
circuits. About five different types of quantizers were tried and they had
so little in common we felt this was better than attempting a general program.
It should be mentioned here that after the program was used a couple of

times, it was so successful in simulating the scanning that the engineers

would try a new idea for quantizing here before they would try it in hardware.
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APPENDIX 2 - DETAILS OF LPP

The input to LPP consisted of two parts also. First, of course,
was a set of cards into which were punched the logic to be tested. These
were punched in this manner:

The character for which the logic was written was punched in
column 1, (A, B, C, D being used for the four special symbols of the ABA
alphabet). The number of conditions was punched in columns 2 and 3. A
condition is a multistaged logical AND'ing and OR'ing of trigger matrix
bits which, when AND'ed with other conditions, forms the logic for the
given character. No assumption of minimal form is made, so that the
same logic may be decomposed in different ways into conditions. For
example, if A and B are two conditions, the total logic consists of A- B
and 02 is the number of conditions. AB may be taken as a condition and
the total logic then has one condition. Suppose A = C+D, then there are
two conditions, (C+D). B; or the logic can be written BC+BD, which is only
one condition. Hence reference is most easily made to a logic picture to
see what was constituted as a condition. Fig. 8, which shows a simple
logic and what would be punched into the logic card, may make this clear.

Starting in column 4, a cycle of symbol-row-~column started and
kept up until column 72 or until all the logic was punched. If the logic
had to extend over to a second card the same sequence was used; that is,
character, total number of conditions, symbol, row, column, etc., starting

where one left off on the preceding card. The symbols used were numerals

1to 9, "4" for OR, a comma "," for AND, and the letter ''S'", which also
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symbolized a logical OR but had a larger scope than the plus sign. The
numerals indicated that a new condition was starting and told how many
of the subconditions following it were to be satisfied (2 out of three for
example). A subcondition is one bit specified by the row and column
location. If the bit were to be a blank, a negative sign (X over=-punch)
was punched over the row.

These cards were read by the program, interpreted, and stored in
memory. (See Fig. 9 for a flow-chart of LPP.) Then the program reads
one character pattern (the second element of input) from tape. This
pattern was tested against the logic. As we have said, if the character
were being tested against its own logic and met all the conditions this was
noted in a final summary table. Actually more was done with it. The

whole pattern was added, a bit at a time, into a frequency table (Fig. 10).

That is, this table kept track of how many times the characters had bits
in each matrix position when considered in the roll position in which they
were recognized by the logic. Now, if the pattern was not recognized, it
was rolled through all ten roll positions, and the program kept track of
the roll position in which it missed the fewest number of conditions (or
the first position in case of a tie). Then the whole pattern would be

printed out (these printouts were called printed patterns, or PRAT's ~-

Fig. 11). Further, the pattern was added into a table called a best

position frequency table (Fig. 12). Further, a table was made up of the

conditions which were missed. These were called condition-not-met-maps

(Fig. 13) and told the conditions which kept patterns from recognizing.
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If the pattern came within one condition of recognition, the count was printed
on one line; but if it were two or more conditions from recognition, the count
was printed on a different line.

As has been said previously, if a pattern were being tested against
a logic for a different character all the above tables were entered but the
criteria for entrance were simply reversed. Further, entrance was made
in the tables for every roll position. In this way the CNMM (condition~not=
met-maps) told what conditions were actually keeping characters from being
recognized.  All of these tables were printed at the end of each character
run. Only a final summary table was printed at the end of the complete
run (Fig. 14). This told for each character how many patterns came within
0 (i.e., complete), 1, or 2 conditions of being met.

Complete control of entrance into each of the summary tables and
printing of the summaries was maintained by using a combination of control
cards and sense switches. The control cards specified whether or not a
certain summary was to be kept and, if so, gave a limit of conditions. If a
pattern missed recognition by more than this number of conditions, the
summary table for that character was not entered, Then, as the program
ran, the logic designer could choose to see certain tables (or even change
the course of the program) by a selection of sense-switch settings. In this

way the program displayed only that data the designer thought would be helpful

at any given time.
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The Virtual Memory in the STRETCH Computer
John Cocke
and
Harwood G, Kolsky

International Business Machines Corporation
Poughkeepsie, New York

L INTRODUCTION

Early in the planning of the Stretch computer it was seen that by
using the latest solid state components in sophisticated circuits it would
be possible to increase _the speed of floating point arithmetic by almost two
orders of magnitude over that in existing computers. However, there
leaméd to be no possibility of developing on the same time-scale economic-
ally feasible large memories with more than a factor of ten or perhaps
twenty increase in speed. As a result, the proposed system appeared to
be in danger of being aeriougly memory-access limited.

Moreover, as the speed of the floating point operations increases, a
larger and larger percentage of the compﬁter's time is spent on ''parasitic
operations'', i. e., operations whose only function is program control and

data selection. It was obvious that a radically new machine organization
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sibilities opened up by

was necessary in order to. capitalize upon the po .ai'
the high arithmetic speeds in the presence of relati‘ve_vly slow memories.

/ At this time, a number of persons weré conside;'ing the possibi:lity
of a 'look-ahead' device in which an inde;!:‘endent indéxing arithmetic unit
would prepare the effective addresses of ins.ﬂ"‘uctior‘l‘svand initiate memory
references to a multiplicity of memory boxe;. -The data thus fetched would
be held in high-speed buffer registers until neédeci lz;y the arithmetic unit.
This device would serve two desirable pur;iose#: (i) some of the parasitic
operatidns would be done in parallel and thus ngf delay’j the principal cal-

culations, and (2) several memory boxes could be running simultaneously,

giving the effect of higher memory speed.

Since our original work on the virtual memory and simulation in
ar :1,.,

"

1957-58, a large number of detailed changes havg_bé en made in the actual

S

hardware design of Stretch.. These necessi'tz‘aftéid» sevejxral r;'xodifications

in the simulation program to estimate theif effec’t‘ on fﬁe overall system
performance. In this report we are omitting‘ﬂr'n‘amy«of these changes for
expository reasons, since our purpose is tdhdéviéér;i'i);e\:‘tvliie. Qirtual memory
and timing simulation concepts, not to describ; theSttretch hardware
exactly. The result is that the system described .laé;i'é):ia;’embodies a more

general system than that found in the simulator, w}nch in turn is more

general than that found in the actual computer.
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II. GENERAL DESCRIPTION OF THE SYSTEM

; The major logically-independent blocks of the Stretch computer.
r';.re shown in Figure 1. Each of the units pictured may be considered as
operating asynchronously. That is, each does its tasks as fast as possi-
ble independently of the others. In theory, each box could have its own
clocking circuits and still operate properly. In practice, for economy's

sake they are all timed by the same master oscillator, but this does not

destroy their logical independence.




simultaneously the control unit auignav pri'o‘ritiiés in the following order:
(1) High-speed Exchange, (2} Basic Excliangé, (3) Vi'rtual Memory'; and
(4) Indexing Arithmetic Unit.

The Indexing Arithmetic Unit fetchesinstmctions, performs all

¥

necessary indexing operations and sends the (i_ngt:uétiqns to be executed

to the Virtual Memory.

The Virtual Memory fetches and receives the data. required by the

'97,.

instruction and holds this data until the arithmetxc unit is ready for it,
The virtual memory also performs 111 :tore operstions. It holds the

r'.~

v‘!..

data generated by the arithmetic unit or L‘dexing arithmetm unit until

the memory to which the data must be aent is a.va.ilable. Thus the virtual

L ‘.‘,' i J y ‘41.; ¥
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memory acts not only as a ''look- ahead" for instruct:.ons to be fed to the

arithmetic unit, but also acts as a "look-behind" lto:a.ge buffer.

The actual design of such a "look ;hesd ", device“posed a number of

t..\ §

HALS
logical problems, particularly in connectzon with cond.xtional branches.

However, a machine orga.mzatmn of this complexity requires a

i ol

detailed timing analysis in order to determ.ine the value of adding hard-

ware in the form of the virtual mernory 'rhis is especn.lly true since

e: ae machine speed

by increasing the eff1c1ency of other devices. , It wa.s also felt that the

timing analysis could not be made on thg_bagj:s of a'fe}v tnvia.l examples




~(e. g. matrix multiply). Machine performance ‘obtained in this fashion can
be extremely deceptive. Since a detailed timing analysis of a corr'{puter of
this complexity is extremely tedious to carry out by hand, it became clear
that if the job were to be done, it would be necessary to simulate the pro-

posed machine on another computer. This prompted us to write the simu-
lation program to be described later.

With the above general organization in mind, let us discuss some of
the lbgical problems posed by such a system. The first problem is a re-
sult of the very concept which enables us to obtain luc';h great benefits from
the stored program computer -- the ability to treat instructians as data.

In a system such as we have proposed there is a large amount of simultane-

ous operation. For example, the indexing arithmetic unit may be busy pre-

paring an instruction before previous instructions have been completed or
even started by the arithmetic unit. One of thes‘e previous instructions
may modify the instruction which is presently being indexed. The virtual
memory must recognize this situation and allow the intervening instructions
to be completed before doing the modified instruction.

A similar problem exists with respect to ordinary data. In order to
operate several memories simultaneously, it is necessary to start obtain-
ing data from these m§mories before the preceding operations have been

completed. Yet, one of these operations may be a store into one of the
s




data locations. The virtual memory must mt.ke provisions to insure that
each instruction obtains the most up-to-dafe dt’.ta’a.s implied by the order
of the program. | | ‘ R

One of the novel features of the Strclch' «"{:Qmpdter {s'its elaborate ik
interrupt system. Under this system, wh.enveve‘x"i Some unexpected occur-
rence arises, the program will be intgrruptv;a‘d’a;md control will pass to a
special routine which is designed to take care of tl:e case in question, then
return control to the original program. In this situation the virtual memory
must have provisions to retain enouglx informatmtl 80 that when an inter-
rupt occurs we can resume the computatxon exactly where we left off. It
must be able to recognize which of the charlges }th:lt ha.ve been made in ad-

vance are not desired and should be obliterated. a.nd wluch are exact solu-

tions that must be restored.

Another special case arises when a.condztional lleamh on arithmetic
results occurs. Here we will not know wliich‘c;f} ,tlle two branches we should
have taken until the preceding instructioh‘i»;jéx{g:t‘:ﬁltéd. In the case where the
wrong path has been selected, the vxrtualxz;emory muat bg prepared to
drop the intermediate results which ha;e beencomputedand pick up the
correct branch in a way very similar tot.hat §f :’}; interrupt

Summing up all these logical problems. we may ltate that the funda-

mental rule for the Virtual mcmory is that it must make the asynchronous

and non-sequential computer give results identical to those which would

be obtained by performing the program one mstructlon a.t a time in the

% ol b AR

order in which they are written.




" III. DETAILED DESCRIPTION OF VIRTUAL MEMORY OPERATION

/ A, General Conditions to be Considered

The conditions which occur in the following situations must be
considered in some detail:

1. The fetching of instructions by the Indexing Arithmetic
Unit (IAU).

2. The indexing of instructions and modification of Index
registers.

. A The loading of the virtual memory and the setting of
its conditions by the IAU.

4, The action of the virtual memory in fetching data.

-R The action of the virtual memory in storing data.

6. The communication between the virtual memory and
the main arithmetic unit.

1, Special situations such as conditional branching on
arithmetic results, etc.

B. Definitions

Some of the terms we will use are defined as follows:

| Operations
Operations are considered to be of three types:

(1) Bring or Fetch Type - All instructions requiring




data to be trmmitted from external memory
to the virtual mmory

(2) Store Type = Inltructiono requiring the trans-
mission of duta from tho virtual memory to ex-
ternal memory or ifndcx memory.

(Note: We conlitbi'e; all h'ﬂexing instructions to
be of the atore type. although the store
may be to eithor extornal memory or
indcx momory. ) 4

(3) Immediate Type 'A All operstzons not requiring

data transmiuion. L :

Virtual Memory Quanhti“ '

(1)

4

(or look- nhoad) lcvell (p_umbered 0 to N-1).
(2) Level of Vlrtull Memory = A collection of regis-
ters and control bzts.‘ 'I'he contenta of the jth level

are shown in Figure 2




(3) Instruction Address Reéister (Ij) - Contains t.he‘
address of the instruction currently in the jth level. -
i (4) Operation Code Register (OPj) - Contains the ope ra-
tion to be performed by the arithmetic unit.
(5) Store Bit (Sj) - a one-bit trigger which indicates
_the level, contains a store type instruction,
(6) Bring Bit (Bj) - A one-bit trigger which indicates
the level, contains a fetch type instruction for
which the data access has not been started.
(7 Forwarding Bit (Fj) - A one-bit trigger which indi-

cates that the jth level must transmit data to

(8) Forwarding Address (FAj) - A register which con-
tains the number of the level to which the data must

be sent if Fj is set.

\

|

another level. . | ‘

(99 O.K. Bit (OK;j) - A trigger which when set indicates
that the correct data for the instruction to be executed ‘
is present in the jth data field.

(10) Data Field (Dj) - A register which coxxtains the

operand data for the instruction.

(11) Data Address (DAJ) - The operand data address

{already indexed by the IAU) for D;.
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decisions will be made in such a manner as to

make sure this is the case.

(2) Addresses can be compared by the IAU with
every DAj address simultaneously. DAj is not
used for any level which does not have its Cj bit
set. If a comparison exists between a new DAj
being placed in the virtual memory and an old
DA, the compare bit Cy is turned off and the
address of level j is placed iﬂ FAy. This insures
a unique meaning for the comparison. If this A
were not done, another instruction address DAe
might compare against two levels and thus cause
‘an ambiguity.

Instruction Fetch Logic

Figure 4 is a flow diagram of the IAU Instruction Fetch
Procedure. The logic is as follows: If the IAU is ready
to fetch another instruction, it compares the instruction
address with all the DAj's of virtual memory. If there
is no comparison, the instruction fetch is initiated. If

there is a comparison,the IAU must take its instruction

from the virtual memory provided the OK bit is set;

otherwise, it must wait until the OK bit is set.




Note: This procedure prevents the logical difficulty men-

tioned earlier which would occur if the virtual memory
contained a store order into the i!}struction presently

being fetched.

For Example: a STORE .A‘ddrv‘ess at2
a+i LOA.D M i
'a+2 | ADD N i .5
é.+3 ---- i

The store to a+ 2 must be donevin"seqtﬂzence or the old

R

value N would be used for tﬁ:#déréss instead of the quan-
G & o SRR S f

tity being set by a.

Indexing Logic

Figure 5 shows the flo;f’\féé_h\instm'ctiq'n'indexing. After
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compare, the index fetch is held up until the OK bit is '

set for the data. This value from the virtual rinmo’ry

is then used for indexing the instruction.

Logic of Putting Instructions in the Virtual Memory

(1)

(2)

as yet, whether an arithmetic operétion (Ig) or

Figures 6, 6A, 6B, 6C represent the logical flow

- for putting instructions into the virtual memory.

If the indexing arithmetic unit has an instruction
prepared for the virtual memory, it may trans-
mit the instruction into the virtual memory if
interlocks one and five do not forbid it. These
interlocks prohibit a new instruction from des- »
troying an old one which has not been executiéd

&

an unexecuted store (I). The handling of the in-
varies :

structions - A depending on whether they are of

the bring type, store type, or immediate typé.

The bring type, as described in Figure 6A, pro-

ceeds as follows: If the effective data address

of the instruction compares with the DA address

in some level, the instruction, its op code, and

effective data address are loaded into the level '




warding bit are set to zero. its compare bit is

p it
A /

set to one. If on the other hand the addresses do

-‘;'."r T SEE

compare, the aar:'_lrejfp_rd;:ng;e is followed;but in

not use it,

The OK bit has not yet('been iet It is set to one

ahead of the nor-

;‘t f

indexing a.rlthmetzc \Lnit is going

have been done. In thxs case, the old value of the
AR
f‘& e h’
index is still in tne mde:;t reguter : ,On the other
S Ty




(4)

hand the indexing arithfnetic unit compares with -
the virtual memory and extracts the most recent

value of the index for indexing succeeding instruc-
tions. The OK bit is set to one since the appropri-

ate data is in the above level. Both the new and old

index values must be carried along to give logically

correct conditions in the case of an interrupt.

A situation very similar to interrupt occurs in
branches on arithmetic resulté where the indexing
arithmet'ic unit '"guesses'' which branch will be
taken and proceeds with fetching and processing

the instructions on this branch, subject to being
wiped out if the guess proves to be wrong. (See

the discussion on '""Wrong way Branches'' below, }
Immediate t ype instructions are the simplest type
because they essentially carry their data with them.
Figure 6C shows the logic in this case. The in-
struction is placed in the virtual memory level
marked by C;. The address field of the instruction
is placed in the data field of Cl. The OK bit is set

to one indicating the data is present. The bring and




store bits are both: set to zero. The compare bit -
ia set to sero IRPE'the DA Ridress Tield Mt
meaning for @edﬁte type ops. (The data
address of the last ’inetrucﬁon which occupied this
level still remains in DA, 8o it has no relation to
‘the present D field.) l Sy

Logic of Data Fetching

See Figure 7: When a,n iontmction of the bring type has
been placed in the virtual rmmory, the data required by
the instruction in genera.l will not be present (unless a

comparison exists as wae described above) and thus the

data must be obtamed from core vttorage The fetch

cannot be started if interlock 13 holda,which means all
the fetches corresponding to the instructxons presently

in the virtual memory have been started If a fetch is
possible, the bring bit at Ievel Cz indlcates whether or
not a fetch is necessar;r. If necesnry the fetch may be
started if the memory bus and memory unit correﬂpond-
ing to the data address .a.re not already bemg used. When
the fetch is started, the bring bit for level C is set to

\~'>'-¥‘

zero. The counter Cz is then itepped forward to the next

level.
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Logic of Data Storing

Figure 8 shows the Data Store Logic, which is very
similar to that for data fetching just described. The
only significant difference is that the O, K. bit must

be set before the operation can be started.

Logic for Placing Data into the Virtual Memory

In Figure 9, we see the logical conditions which must
be satisfied by the data returning from memory
addressed to the Virtual Memory. ’fhe return address
which was supplied when the fetch was started selects
the level into which the data will be placed. The O. K,
bit is then set to one,indicating that the proper data is
in the level. The operation is complete at this point
unless the forwarding bit is set. In this case, the
data must be forwarded to the level designated by the
forwarding address. This procedure continues from
level to level as long as the data continues to arrive
into a level whose forwarding bit is set. This proce-
dure automatiéa.lly supplies all operands present having

identical data addresses with the proper data,without

additional memory references.




Logic of Removig&lnltr\xf"cfions:‘frm the Virtual Memory

é

Observing Figure lo we uotice that as the arithmetic

unit completes an instn;ction it checks to see if the next
instruction in the virtual mamory is ready to be executed
(indicated by interlock 14) Note The operation may be
an urrconditional branch. ;a -q?gzglitional branch, or an
index type store,as ivell‘ l’.l& norm.al Bring or store type
instruction involving the accumulator Figure 10 shows

only the cases which irtvolve the universal accumulator.

The index and unconditioml branchea and the index store

¥ T‘HY‘“.‘.
b 3 i

operations are morely igﬁored a.t: this point They are

carried along only to provide'the da.ta for recovery in

the event an interrupt occur ' e ’axccutmn of the con-

‘» T,_

ditional branches on arithmotic tesults are described in

the next section.

If the next instruction ma.rked by counter C4 is ready, it

is fed into the a.r1thmetic unitv Ii':it is a store type, the

data is gated from the accum‘ a.tor into the data field of

level C4, and the OK bit ia aet to one‘ I:t the f orwarding

bit of the level is set. a £orwa.rding procedure in this

case is essential for the proper logical operation of the

computer, whereas 1n the bring c_'it is a time-saver
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If the instruction is not a store type, the arithmetic unit
must hold up until the O. K. bit for the level is i;t. When
the O. K. bit is set, the instruction is gated into the
arithmetic unit and executed.

Logic of Interrupt Procedure

If for any cause an interrupt (or trap) from a special
condition océurs, the instruction which is being executed

in the arithmetic unit is completed. However, the next o
instruction is not executed in spite of the fact all the data. | i
préparation for it may have been completed. The a.ddresAa_’ i
in the IA (iristruction addresé)field will serve 28 the va.luja? :
to reset the instruction counter if it is desire@. iy b |

The Virtual Memory is initialized, i.e., set to the 'stax?t;
ing conditions of an interrupt, 'with the exception that all i
store orders which have already received data from the
accumulators must be executed first. Note: If the inter-
rupt is of such a nature that the normal flow of instruc-

tions is not resumed, the procedure of storing the modi-

fied values of the index registers in the Virtual Memory
‘gives logically correct results, i.e., the same as if the

interrupt had occurred before the indexing took place;"i
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It is interesting to note that since the simulator simulates tim- . ‘

ing only, not the arithmetic or indexing functions, the sequence of
instructions to be executed must be furnished as a "string' with all\
loops unwound. However, to make the computer behﬁve as it a.ctu-? ‘
ally would, the loops must be furnished with "wrong way'' paths

given for the cases where the compute'r would take such paths. Also
one must furnish more than enough information along such paths six-xce
it is difficult to predict in advance how far the computer will get down
the wrong path before it is called back.

Parameters are changed from one run to another by use of con-
trol cards. The control cards are set ué in such a way that any num-
ber of parameters may be changed between runs. Results are given
either as detailed Atiming charts or as summary listings for each
problem. The usual procedure has been to print only summary re-
sults while making a series of parameter stﬁdies. The detailed timing
charts as printed on the 704 for most problems would be about 50 feet
long for each run. Since over . 1000 cases have been run, it is‘ clear
that only a few cases could be printed in full detail. These are parti-
cularly useful in seeking the causes of conflicts which slow the com-

puter.

c. Results of Parameter Studies

When the Simulator program was completed, we undertook a

series of studies in which the main parameters describing the

Stretch system were varied one or two at a time in order to gqt







V. SOME RESULTS OF THE SIMULATION STUDIES

Figure 12 shows examples of the type of output listings givéz‘i by t.h;"” :
simulator. Figure 12 is a piece of a long timing chart with each line of |
printing representing 0. 1 microsecond of time. The columns represent
the various components of the computer. On the left and right ;re timing
counts aubd»ividing each microsecond, On the far right are conflict indi-
cators ("'C" on the charts) and waiting indicators, "W', which indicate
when interlocks prevent operations from proceeding.

The 2nd column, II, gives the number of:Iilx'?atmﬁtion being indexed.
The 4th column, AU, gives the n;zmber of the instruction using the |
arithmetic unit, The next fer columns represent the instructions using
the memory buses., The columns labeled X-, F-, and M- repregéijt ?he
index, fast, and main memories. A string of "X's" in the columns repre- v
sents the cycle time of the memory., The number indicates the matruction
using the memory mdt::l?zmber of times which it is repeated gives the read-

out time of the memory. The columns L- indicate which instruction is

located in the virtual memory levels. The other columns are for details

~ in analysis and need not be considered here. ‘

Five of the test probleml used most frequently are described below.
Other test problems were used for specific studiea but since the rgsults
were sirilar for all problems of a given type, we gradually diac_ontimzed

X :

using them. The following were originally selected as being typi‘ca‘,l’ éf T

different classes of préblems. ¥ g
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Arithmetic and logic are about equally important, It is lim-

y ' ited both by arithmetic and instruction-access speeds, -*

,A. Speed vs Number of Levels of Virtual Memory

Figure 13 shows the effect on compuicr performance of varying
the number of levels of virtual nmgmory, Curves for the Monte Carlo and
Mesh Calculztions with two sets of arithmetic and indexing arithmetic
speeds are shown, The AU times given are averages for all operations,

A number of interesting results are apparent from these curves:

(1) There is a tremendous gain to be had in goihg to the virtual
memory organization, The point for "0 levels'" means that
the arithmetic unit is tied directly to the instruction prepar-
ation unit, although simple Indexing-Execution overlap is
still possible,

(2) The gain in performance goes up very rapidly for the first
two levels then rises more slowly for the rest of the range.

(3) A large number of levels does the Monte Carlo problem less
good than the Mesh problem because constant branching in the
former spoils the flow of instructions. Notice that the curve
for the Monte Carlo problem actually decreases slightly beyond
six levels, This phenomenom is a result of memory conflicts
caused by extraneous memory references started by the com-

puter running ahead on the wrong-way paths of branches,




(4) The computer performance on a given problem is clearly

less for slowe> arithmetic speeds, Howﬁever, it is imp’f)r-
tant to note that the sensitivity of the pe'rfornmance is also
less for slower arithractic sﬁegds, 'll"htg"jvir.tual memory
improves the performance in either éése. but it is not a
substituts for 2 fast arithmetic unit,

B. Speed vs Number of Main Memory Units

¢

Figure 14 shows how internal computer‘perfofmance varies with
the total number of memory units for a pé.rti'c:ular‘p;;oblém. The entire
calculation is assumed to be contained in memory for all cases., The

speed gain from overlapping memories is quite ‘éfpbalfé_nt from the graphs.

0, NELAVEY BT
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The speed differential between hmiiné and*}rioti_,ha‘.'ving instructions

the memory units being busy with data, The size of ._this effect varies
from problem to problem, being less pronounced _for problems which are

arithmetic limited and more for logical problems.

The "X's" on the graph show the effect of repla.cing the 0, 6 usec

instruction mermories by a pair of 2,0 usec memorles - 'I'he resulting

y\ A

performance change is small for the Mgsh problem, hich is arithmetic

e (g £

limited, but large for the matructlon-fetch l1m1ted Monte Carlo problem.




C.  Speed vs Arithmetic Unit and Indexing Arithmetic Unit Times

Although everyone realizes the importance of arithmetic speed on
overall computer performance, it was not until the gimulator results be-
came available that the true importance of the indexing arithmetic speeds
was recognized. Figures 15 and 16 show a two parameter family of
curves giving the computer speed as a function of the AU and IAU times,

Figure 16,in which the arithmetic time is the abscissa, shows an in-
teresting ''saturation' effect where the computer performance is independent
of AU speed below some critical value. Thuas it makeﬁ no sense to strain
AU gpeeds if the IAU is not improved to match, The curves in Figure 15
show the same effect,i. e., tlie IAU speed serves as a ''ceiling' on per-
formance beyond which the AU speed cannot pass.

D. Arithmetic Unit Efficiency

One fallacy which is frequently quoted is that the goal of improved
computer. organization is to increase the arithmetic unit efficiency. Actu-
ally there are two reasons why this is not the goal in itself. The first is
that arithmetic efficiency depends strongly on the mixture of arithmetic
and logic in a given problem so that a general purpose computer cannot
hope to give equally high percentage utility to all. The second reason is
that‘the simplest way to increase the arithmetic unit efficiency in any

asynchronous case ie to slow down the arithmetic unit !

3




The real goal of improved organization is maximum overall com-

/. puter performance for minimum cost, O.n'e.vwill tend to increase the
arithmetic unit speed as long as its percent}e‘fficAi’enc‘y is reasonable for

a variety of problems, One will stop this %p‘iz‘-océs_si whér; the pverall lper-
formance gain no longer matches the increé;qei‘ﬁ:‘ix‘a;d;vare and complexity,
Thus the arithmetic unit efficiency is a by-'p;'d'dﬁc’:'tf oé this design process,

not the prime variable,

E. Speed vs Concurrent Input-Output Activity .
Because of the relative time scales of I/O a‘,‘ctbivvjity and the CPU

processing speeds, the s imulator cannot take ixi ac'couht the availability

or non-availability of data from I/O on the program bemg run, However,

we can observe the effect on the computatmn of the I/O dev1ces operating

at different rates 31multaneously with computmg.

Using the Stretch . control word ph1lospphy,1t is poss1b1e to have a

number of input-output units operating at the same tlme the Central Pro-

The Basic Exchange can reach a pekk rate of 1

"‘l w

cessing Unit is running,

word every 10 microseconds, The high speed d1sk normally operates at

1 word every 4 microseconds, Since the niecha‘.nic‘_l fievices take priority

of memory-busy conflicts,
Figure 17 shows an example of how‘intgrné.i c thpuﬁiing' speed is slowed

as the I/O word rates are varied contmuously. At the theoretxcal "choke off'

the I/O devices take all the memory cycles availa le and _ggop the calculation,

Notice that this condition can never arise for any I/O rates presently attainable,
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A Stretch = system with only 1 or 2 memory units has less perform-

y ~ance than a larger one for three reasons: (1) The top speed of the system

-

"' is reduced by the loss of memory overlap, (2) it has a larger I/O penalty
when I/O is run concurrently with the computation, and (3) the smaller
amount of data which can be held in the memory at; one time increases the
amount of 1/O activity needed to do the job. Note, however, that increasing

the memory size on a computer of conventional organization only improves

the third area.

D

F. A Study of Branching on Arithmetic Results in Sﬁ'ctch

Oﬁe penalty of the non-sequ.ential preparation and execution of instruc-
tions used in STRETCH is that if there is a branch in the problem code it
spoils the smooth flow of instructions to the indexing arithmetic ¥nit. Any
branch in a program will cause some delay, but the most serious ones are
the branches on arithmetic results which cannot be detected by the index- :

ing arithmetic it in advance.

There are two fundamental ways in which branches on arithmetic
unit results can be handled by the computer.
(1) The computer can stop the flow of instructions until the
arithmetic unit has completed the preceding operation so
that the result is known, then fetch the next correct inst_ruc-

tion. This places a delay on every AU result branch whether

taken or not. .




(2)

The computer can ''guess' which wa.y the branch is going

to go before it is taken and proceed with fetching and pre-
paring the instructions along one path @ithv the understand-
ing that if the guess was \:(rong,_ these instructions must be

discarded and the correct path taken instead.

A detailed series of simulator h;ns wev,:e made to study this situation

and to decide which way Stretch should be "dveaigrrxéd. Some of the

general observations were:

(1)

(2)

(3)

The performance variation ina problem w:th considerable
arithmetic data branching can vary by approximately t15%
}

depending on the way in »_wlvnch the brmcbea are handled.

Holding-up on every branéh s‘e‘er‘na. tg ;l;;é’less desirable

than any of the guessing procedures. .H_mg time is lost

i «’")
whenever a branch is executec_l rat‘herv'th;h‘ proceeding to
the next instruction. Unless thei‘é 15':211" unusual situation

3 PR

in wlnch there is a very large probab1hty that the branch

will always be taken, the least tzme wﬂl‘_be lost if one

: ;ﬁ'o'u‘Id be obtained

if each branch had an extra "gueu bit'! ;whxch would per-
‘ "‘f, f' ‘vv\;:(, &

mit the programmer to specify wh1ch way he estimates




(4)

each branch will most likely go. However this would place

a considerable extra burden on the programmer for the
gains promised. (It also uses up many valuable OP codes.)
It is realized that thgre is a "feedback" in such decisions
because the way in which the machine guesses the branches
will inﬂuenge future programmers to write their codes to
take advantage of the speed gain. The ®esult is that the
statistics of the future will be biased in favor of fhe system
chosen for the machine, and thus ''prove" fha.t it was the

right decision!
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Fig. 16. Computer speed vs. arithmetic nmes for Y
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output d
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THE ENGINEERING DESIGN OF THE STRETCH COMPUTER

by

Erich Bloch

ABSTRACT

The Stretch Computer project was started in 1956 in order to achieve two
orders of magnitude of performance improvement over the 704, In order
to achieve this goal, all factors that go into the design of the system must
contribute towards this goal -- the instruction set, the internal organization,
the word length, the circuits and components.

This paper reviews the engineering design of the Stretch System with special
emphasis on the central computer. After discussing the input/output,
memory, and computer overlap operation, the computer is described in
detail. Emphasis is placed on showing the multiplexing of instruction
indexing, and instruction and operand fetching, with the execution in the
arithmetic units. Examples are given to show where this overlap results

in wrong guesses and the resulting difficulties in recovering the information.

The two arithmetic units, namely, a serial eight-bit unit and a parallel
96-bit unit, are described, as well as the algorithm used for the major
floating point operations, such as add, multiply and divide.

Transistor counts and performance speeds for the major computer units
are given and compared to 704 and 705 speeds. A description of the
circuits and packages used in the Stretch System completes the paper.
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ENGINEERING DESIGN OF THE STRETCH COMPUTER

I. INTRODUCTION

The STRETCH Computer 1 project was started in 1956 in order to
achieve two order of magnitudes of improvement in performance over the
then existing 704. Although this computer, like the 704, is aimed at scien-
tific problems such as reactor design, hydrodynamics problems, partial
differential equations etc., its instruction set and organization are such
that it can handle with ease data processing problems normally associated
with commercial applications, such as processing of alphanumerié fields,
sorting, and decimal arithmetic.

In order to achieve the stated goal of performance, all factors that go
into the computer design must contribute towards the performance goal; this
includes the instruction set3, the internal system organization, the data and
instruction word length, and auxiliary features such as status monitoring
devices, the circuits, packaging, and component technology. No one of them
by itself can give this hundred-fold increase in speed; only by the combining
and interaét;ng of these contributing factors can this performance be obtained.

This paper reviews the engineering design of the Stretch System with
Primary concentration on the central computer as the main contributor to

performance. In it, these new techniques, devices, and instructions have

been pushed to the limit set by the present technology and, therefore, its

analysis will convey best the problems encountered and the solutions employed.
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II. THE STRETCH SYSTEM .

Early in the systems design, it appeared evident that a six times
improvement in memory performance and a ten times improvement in basic
circuit speed over the 704 was the best one could achieve.  To meet the
proposed performance criteria, the system had to be organized in such a
way that it took advantage of every possible overlap of systems function,
multiplexing of the major portion of the system, processing of operations
simultaneously, and anticipation of occurrences, wherever possible. The
system had to be capable of making assumptions based on the probability
that certain events might occur, and means had to be provided to retrace
the steps when the assumption proved to be wrong.

This simultanel'ty and multiplexing of operations reflects itself in the
Stretch System at all levels from the overall systems organization to the type
cycle of specific instruction. In the following description, this will be dis-
cussed in more detail.

If one considers the Stretch System (Fig. 1) from an overall point of

view it becomes apparent that the major parts of the system can operate

simultaneously:
a. The 2-usec, 16, 000-word core memories are self-contained,
with their own clocks, addressing circuits, data registers
and checking circuits. The memories themselves are inter-
leaved so that the first two memories have their addresses

distributed modulo 2 and the other four are interleaved

modulo 4. The modulo 2 interleaved memories are used




«3a

-~

primarily for instruction storage; since, for high performance
instructions, halfword formats are used, the average rate of
obtaining instructions is one per 1/2 usec. Similarly, a 0.5
usec data word rate is achieved by the use of the four modulo 4
organized memories. The addressing of the memories and the
transfer of information from and to the memories by a memory
bus permits new addresses and/or information to pass through
the bus every 200 musec.

b. The simultaneously operating Input/Output units are linked
with the memories and the computer through the Exchange
which, after initial instruction by the computer, coordinates
the starting of the I/O equipment, the checking and error
correction of the information, the arrangement of the infor-
mation into memory words, and the fetching and storing of
the information from and to memory. All these functions
are executed without the use of the computer, so it can in the
meantime continue its data processing and computation.

Cs The central computer processes and executes the stored
program. Here, now, the simultaneity and multiplexing of

functions has reached its ultimate.

Before discussing the computer organization, a few general features

must be mentioned for completeness:

a. Word length: 64 bits plus eight bits for parity checks and error

correction codes.
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Memory capacity and addressing: A possible 256,000 words
can be randomly addressed. These storage positicns are all
in external memory, except for the 32 first addresses. These
positions consist of the internal registers (accumulators, time
clocks, index registers).

The instructions are single address instructions with the ex-
ception of a number of special codes that imply the second
address explicitly.

The instruction set (Figure 2) is generalized and contains a
full set of single and double precision floating point arithmetic,
a full set of variable field length integer arithmetic (binary
and decimal). It also has a generalized set of index modi-
fication, a branching set as well as a set of I/O instructions.
All told, 765 different types of instructions are used in the
system.

The instruction format (Figure 3) makes use of both half and
full words; halfwords accomodate indexing and floating point
instructions {for optimum performance these two sets of
instructions use a rigid format), and full word formats are
used by the variable field length instructions. Notice that

the latter specifies-the operand field by the address of its left-
most bit, the length of the field, and the byte size, as well as

the starting point (offset) of the implied operand {accumulator).

Both halves of the word are independently indexable {two I fields).
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e. A general monitoring device used for important status triggers\

is called the Interrupt2 System. This system monitors the
flip-flops, which reflect internal malfunctions, result signifi=-
cance (exponent range, mantissa zero, overflow, underflow),
program errors (illegal instruction, protected memory area),
and input/output conditions (unit not ready, etc.). The status
of these triggers can cause a break in the normal progression

of the stored program for fix-up purposes. The status of these

triggers is automatically interrogated at all times.

I[1I. THE STRETCH COMPUTER

If one considers the internal organization of the majority of computers
that have been produced during the last eight years (and the 704 is a case in
point), the organization looks as shown in Fig. 4a. Thereis a sequential
flow of instructions into the computer, and after due processing and execution
the next instruction is called from memory. Compare this with Fig. 4b,
showing the organization of Stretch, where two instruction words and four
operands car; be fetched simultaneously. In addition, the execution of the
instruction is done in parallel and simultaneously with the described fetching
functions.

All the units of the computer are loosely coupled together, each one
controlled by its own clock system, which in turn is synchronized by a
master oscillator. This multiplexing of the units of the computer results
in a large number of registers and adders, since time sharing of the major

computer organs is no longer possible. All in all, the computer has 3, 000
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register positions and about 450 adder positions.
Despite the multiplexing and simultaneous operation of successive in-
structions, the result appears as if sequential step-by-step internal operation

were utilized. This has made the design of the interlocks quite complex.

A. The Data Flow:

The data flow through the computer is shown in Fig. 5 and is comparable
to a pipeline which in a steady state (namely, once filled) has a large output
rate no matter what its length. The same is true here; after start-up the
execution of the instructions is fast and bears no relation at all to the stages

it must progress through.

The Memory Bus is the communication link between the memories on

one side and the exchanges and the computer on the other. It monitors the
requests for storage to or fetches from memory and sets up a priority scheme.
Since I/O units cannot hold up their requests, the exchange will get highest
priority, followed by the computer. In the computer the operand fetch
mechanism (lookahead) has priority over the instruction fetch mechanism.
All told, the memory bus gets requests from and assigns priority to eight
different channels.

Since memory can be accessed from multiple sources, and once

accessed it is on its own to complete its cycle, a busy condition can exist.

Here again, the memory bus tests for the busy conditions and delays the

requesting unit until memory is ready to be interrogated on data fetches.
The return address is remembered and the requesting unit receives the

information when it becomes available. To accomplish this, from the

time information is requested the receiving data register is in a reserved

status.

L
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Requests for stores and fetches can be processed at a 200 musec rate
and the time if no busy or priority conditions exist, to return the word to the
requesting unit is 1. 6 usec, a direct function of the memory read-out time.

.5
The Instruction Unit is a computer of its own. It has its own in-

struction set, its own small memory for index word storage, and its own
arithmetic unit. During its operation as many as five instructions can be
at various stages of development.

The Instruction Unit fetches the instruction words from memory, it
steps the instruction counter, and performs the indexing of instructions and
the initiation of data fetches. After a preliminary decoding of the class of
instruction, it recognizes its own instructions and executes indexing in-
structions. On branches, conditional or unconditional, the instruction unit
executes these. In the case of unconditional branches, it makes the as-
sumption that the branch will not be successful.

This assumption and the availability of two full-word buffer registers
keep the flow of instruction to the computer continuous. Therefore, the
rate of instructions entering the instruction unit is for all practical purposes
independent of the memory cycle.

Since, for high speed instructions, halfword formats are used, four
of these at any one time can be in buffer storage. As soon as the instruction
unit starts processing an instruction, the same is removed from the buffer,
thus making room for the next memory word access (Fig. 6). Incidentally,
half-word instructions and full-word instructions can be intermixed within
the same word, and therefore the latter can cross a word boundary. This

permits maximum package of instructions in memory and also serves as a
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facility for automatic program assemblers and compilers,

The adder path, the index registers, and the transfer bus to lookahead
complete the instruction unit system (Fig. 6). Tt should be noted that the
index registers are part of the instruction unit data path, therefore permitting
fast access (no long transmission lines) to an index word. There are 16
index words available to the programmer. The index registers, consisting
of multiaperture cores, are operated in a nondestructive fashion, since in a rep-
resentative program, the index word is used nine out of ten times without
modifying it. This permits fast operation under these conditions, and
additional time is only applied where modification is involved.

Typical operating speeds in the instruction units arc as follows:

Cycle Time: 500 musec
Instr. Preparation Rate: ! usec/half-word instr.
Index Add Time: 500 musec
ND Read Time: 200 musec
Index Reg.
Clear/"7rite Time: 400 musec

After processing through the instruction unit, the updated {indexed) in-

struction enters a level of Ipokahead (Fig. 5). Besides the instruction, all

necessary information, its associated instruction counter value, and

certain tag information are also stored in the same level. The operand,

already requested by the instruction unit, will cnter this level directly

and will be checked and error corrected while awaiting transfer to the

arithmetic units for execution.
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An interlocked counter mechanism in the lookahead keeps its four
levels in step, preventing out of sequence execution of instructions, even
if all information for a succeeding one is available, before the previaua in-
struction has been started.

The pre-accessing of operands by the lookahead and of instructions
by the instruction unit leads sometimes to embarassing positions, for which
a fix-up routine must be provided. Consider the program

(n) STORE Accumulator m

(n+1)ADD m
and assume instruction (n) is in lookahead, waiting for execution. If (n + 1)
now enters the lookahead, a reference to m cannot be made, since the data
stored in that position is subject to change by the STORE instruction. The
lookahead must recognize this and ""forward' the result of instruction (n),
when received, to the level where (n + 1) is stored.

Another example is the case where the instruction unit assumed that a
conditional branch would not be executed. This instruction is stored in
lookahead and, when it is recognized that the branch was successful, all
modifications of addressable registers made by the instruction unit in the
meantime must be restored. Lookahead in this case acts as a recovery
memory for this information. A similar condition exists when interrupts
occur due to arithmetic results. The lookahead here again has the data
stored pertaining to registers which were modified erroneously in the mean-
time. The restoring and recovery routines described break into the in-

struction unit processing, interrupting temporarily the flow of instruction

and their indexing.




The arithmetic units described later are slaves to the lookahead,
receiving not only operands and instruction codes but also the start execution
signal. Conversely, the arithmetic units signal to the lcokahead the termi-
nation of an operation and, in the case of ""To Memory" operations, place into
the lookahead the result word for transfer to the proper memory position.

Typical operation times in the lookahead are as follows:

Cycle Time: 250 musec

Transfer Data LA - Arith. Unit: 250 musec

B The Arithmetic Units

The design of the arithmetic units was established along lines similar
to the design of lookahead and the instruction. Every attempt was made to
speed up the execution of arithmetic operation by multiplexing techniques
and overlapping of the algorithm, where mathematically permissible.

The arithmetic units,consisting of the Serial Unit and
the Parallel Unit,use the same arithmetic registers, namely a double-
length accumulator (A, B) consisting of 128 bits and a double~-length operand
register (C, D) consisting of 128 bits. The reason for the use of the same
arithmetic registers is the fact that at any time a shift from floating point
to variable field length operation or vice versa can be made by the program.
Therefore, the result obtained by a floating point operation can serve as
the starting operand for a variable field length operation. The chief reason
for the double-length registers is the definition of maximum field length to

be 64 ‘bits. The field can start with any bit position, and therefore can cross

the word boundary.
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The execution of the floating point mantissa operations and the variable
field length binary multiply and divide operations are performed by the parallel
unit, whereas the execution of the floating point exponent operation and the
variable field length binary and decimal add-type operations are executed by
the serial unit. The square root operation and the binary-to-decimal con-
version algorithm are executed in unison by both units. Salient features of the

two units will now be described.

1. The Serial Arithmetic Unit. The serial arithmetic unit consists of a

switch matrix which can extract 16 consecutive bits from A, B and C, D. These
16 bits then can be aligned in s"uch a way that the low order bit of a field as
specified by the instruction is at the r‘ight end of the field. This wrap-around
circuit then feeds into a carry propagate adder or, in case of logical connect
instructions, into the logic unit. At the adder output, a true complement unit
and a binary-to-decimal correction unit are used for subtract and decimal
operations. The inverse process of extracting is used to insert the processed
byte back into the register without disturbing any neighboring positions.

Notice that in one clock cycle of 500 musec duration, the information is extracted,
the arithmetic is performed and the result inserted back into the registers. In
addition, the arithmetic information is checked by parity checks on the switch
matrices and by duplication and comparison of the arithmetic procedure in a

duplicate unit.

2. Parallel Arithmetic Unit. The parallel arithmetic unit (Fig. 8) is designed

to execute floating point operations with a maximum of efficiency. Since both

single and double precision arithmetic are performed, the shifter and adder

exist in a double length format of 96 bits. This insures almost the same performance

for single and double precision arithmetic. The adder is of a carry propagation

type with lookahead over 4 bits at a time to reduce the delay that

e e e e S
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The four multiple multiplicand groups and the partial product of the previous
cycle are now fed into carry save adders of the form,

Sum S A v B w C

AB + AC + BC.

Carry C!'
There are four of these adders, two in parallel followed by two more in series
(Fig. 8). The output of Carry Save Adder 4 then results in a double rank partial
product, the product sum and the product carry. For each cyclethis is fed into
Carry Save Adder 2, and, during the last cycle, into the carry propagate adder, 4
for accumulation of the carries.
Since no propagation of carries is required in the four cycles, where multiple
multiplicands are added, this operation is fast and is the main contributor to
the fast multiply time of Stretch.

6
The Divide scheme  has a similarity to the multiply scheme. Multiples of the
3 3

divisor are used, namely, 2 x Divisor, 4 x Divisor and 1 x Divisor. This
plus the shifting over strings of ones and zeros results in the generation of
the required 48 quotient bits within thirteen machine cycles. Most machines
using a nonrestoring divide method require 48 cycles for 48 quotient bits.
The following example explains this technique. This scheme depends on the

use of normalized divisors:

BIVIDEND (DD) = 101000000000000
DIVISOR (DR) = 1100011
2's COMPDR (DR) = 0011101
3/4 DR (3/4DR) = 100101001

{a) Using skip over 1/0 only:




While the mantissa operations are performed in multiply and divide are performed

by the parallel unit, the serial arithmetic unit executes the exponent arithmetic.
Here again is a case where overlap and simultaneity of operation is used to
special advantage.

3. Checking. The operation of the computer is checked in its entirety and
correction codes are employed where transfers of data from memory input/

output data transfers is involved,

In particular, all information sent to memory has a correction code associated
with it which is checked for accuracy on its way from memory. If a single error
is indicated, then correction is made and the error is recorded via a maintenance
output device. Within the machine all arithmetic operations are checked, either
by parity, duplication, or a 'casting out three' process. These checks are
overlapped with the execution of the next instruction.

4, Hardware Count. Figure 9 shows the percentage of transistors used in the

various sections of the machine. It becomes obvious that the floating point unit
and the instruction unit use the highest percentage of transistors. In case of the
floating point unit this is due to the extensive circuits for multiply and to the
additional hardware to achieve speed up the divide scheme.

In the instruction unit, the controls consume the majority of the transistors, be-

cause of the high multiplexed operation encountered.

5. Performance. The performance comparisons in Fig. 10 show the in-

crease in speed achieved, especially in the floating point operations, over the
704. It should be noted that for a large number of problems this particular

increase in all arithmetic speeds is almost proportional to the performance
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increase of the problem as a whole, since the instruction execution times

are overlapped to a great extent with the preparation and fetching of instructions.
Simulation of Stretch programs on the 704 proved a performance of 160 x 704

in mesh type calculations. Higher performance figures are achieved where

double or triple precision calculations are required.
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IV. CIRCUITS

Having reviewed the systems organization of Stretch, it is now
of interest to discuss briefly the components, circuits, and packaging
techniques used to implement the design.

The basic component used in Stretch is the high-speed drift
transistor which exists in both an NPN and a PNP version. This tran-
sistor has a frequency cut-off of approximately 100 mc and for high-
speed operation must b‘e kept out of saturation at all times. This then
explains why both the PNP and NPN version are used, mainly to avoid
the problem of level translation, which would be required due to the
potential difference of the base and the collector. This difference is
6 volts, an optimum point for this device.

Figure 11 shows the basic circuit configuration. It consists
of a current source represented by the -30 volt supply and resistor R.
The functional operation of the circuits consistsof two possible
paths represented by transistor A or C. Which path is chosen by the
current depends on the condition existing on base A. If point A is
positive with respect to ground by 0. 4 volts, that particular transistor
is cut off, m'aking the emitter of transistor C positive with respect to
the base and, therefore, making C conducting. The current supplied
by the current source (6 ma) will then flow through transistor C to
the load ¢. Output ¢, then, is positive by 0.4 volts with respect to the

-6 volt reference. This indicates at@ the equivalent function impressed

on A. At the same time 8' is negative with respect to the -6 volt power

supply by 0.4 Volt, representing, therefore, the inverse of the function

impressed on A. Conversely if A is negative with respect to the ground

T
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reference, transistor A is the conducting one, keeping emitter C
negative with respect to its base. The current flows through transistor
A, makingz' positive with respect to -6 and ¢ negative with respect to
-6. Again, the output of ¢ reflects the function impressed on A, whereas
J represents the inverse of the function.

If an additional transistor now is paralleled with A it becomes
obvious that only if both bases A and B are positive will output ¢ be posi-
tive and ¢ negative. If any or none of the bases A and B are positive
then ¢ will be negative and ¢ will be positive. In other words, an AND
function is obtained on output 4.

This principle, which is reflected in all the circuits, is
essentially the principle of current switching or current steering.

Logical functions for the PNP circuits are, therefore, a
AND or - OR. Two outputs from each circuit block are available: the
AND function and the inverse of the AND function.

A dual circuit exists for NPN transistors with input levels
at -6 volts and output levels at ground. This circuit will give the + OR
or -AND function.

A thorough investigation of the systems design showed that
the circuits described so far are versatile enough to be wsed throughout
the system. However, there are enough special cases (resulting from
the manc%r/a'f)%ses and registers throughout the machine) that could use a
distributor function or an overriding function. This caused the design
of a circuit which permitted great savings in space and transistors by

adding a third voltage level. Figure 12 shows the PNP version of the

third-level circuit.
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h‘aving a gain less than one, after a number of stages require the use of -
current switching circuits as level setters and gain devices. Both AND and
OR circuit are available for both a ground level and a -6 level input. Change
from a -6 level circuit to a ground level circuit is obtained by applying the
appropriate power supply levels. Due to the variations in inputs and driven
loads, the circuits must be designed so that the load can vary over a wide
range. This resulted in instability which had to be offset by the feedback

capacitor C shown in the circuit.

All functions needed in the computer can be implemented by the use of the
aforementioned circuits, including the flip-flop operation, which is obtained

by tying a PNP current switch block and an NPN current switch block together

with proper feedback.

V. PACKAGING
The circuits described in the last paragraph are packaged in two ways.
(a) A circuit package using the smaller of the two printed circuit boards
shown in Figure 14, called a single card, contains AND or OR circuits. It
should be mentioned that the wiring is one-sided and that besides the com-
ponents and transistors, a rail is added which permits the shorting or addition
of certain loads depending on the use of the circuits. This rail then has the
effect of reducing the different types of circuit boards in the machine. Twenty-

four different boards are used and of these, two types reflect approximately

70% of the total single card population of the machine.
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COMPUTER VOCABULARY

INSTRUCTION * | NUMBER
CATEGORY CLASS | MODIFIER | ExampLEs |OF INST
1
VARIABLE FIELD BINARY | SIGNED [ ADD (TO MEMORY)
LENGTH ARITHMETIC DECIMAL ~ UNSIGNED | LOAD/STORE
" SAMESIGN | MPY 5
NEGATIVE SIGN, DIVIDE [
| CUMULATIVE MPY | 280
RADIX CONVERSION BIN/DEC ; 32

LOGIC CONNECTS 16 LOGIC STATEMENT, 48

v as. e o o - iy & S ——————

NORMALIZED ' SAME SIGN ADD (SINGLE & DOUBLE)
UNNORMALIZED ,  OPPOSITE SIGN '~ LOAD/STORE
NEGATIVE SIGN  MPY /(SINGLE & DOUBLE)
NOISY MODE | DIV (WITH REMAINDER)

' INTERCHANGE DIVIDE

| CUMULATIVE MPY

| SQUARE ROOT J 240

FLOATING POINT
ARITHMETIC

'
!
1
)
|
)
!
|

W e e e < o T —

INDEXING ARITHMETIC DIRECT g
[  IMMEDIATE :

« ; |
!
I

¢
3' PROGRESSIVE | 43
{

: : ; ;’
BRANCHES ; UNCONDITIONALI 1 I

' INDEXING ; } '

' INDICATOR L IF { 15 !

L BIT ( 0 | |

f i SETO i !

, LEAVE BIT ; :;
STORE INST CTR ; . INVERT BIT ! 68

! . : -

ki ‘ | ‘
TRANSMIT / SWAP i ! { :
| / O INSTRUCTION | f’ i | 24

I‘ ’

TOTAL 735

Fig.2




FR. LOOK-AHEAD

OPERAND REGISTER
ACCUMULATORS ¢ 1 l J, ERe

A B | c D
63 ole3 0 63 oles 0
\v4 A4

SWITCH ’ SWITCH

MATRIX MATRIX
(16 OF 128) (16 OF 128)

WRAP WRAP

AROUND | aROUND

! (8 OF 16) (8 OF 16) J7
8BIT TRUE/ COMP TRUE/COMP 8BIT
PASS AROUND (8 BITS ) 33 ! (8 BITS) PASS AROUND
BINARY LOGIC
ADDER UNIT
TRUE/COMP ggg,;“éé‘f
—X D swiTcH K X
MATRIX
‘l; 1616 &
A/ B c/D
WRITE IN WRITE IN
MATR1X MATRIX

Fig7 SERIAL ARITHMETIC UNIT



L MPCD MPCD MPCD MPCD

3BITS 3BITS 3BITS 3 BITS
TRUE ' ‘
\]7 COMPLEMENT] I I J?
PARALLEL :
UNIT REGISTER CARRY SAVE
J7 \]7——- ADDER | C5A 2
J, CARRY PROPAGATE S2
SN ADDER C C2
SHIFTER —p{ 100 BITS j L
CSA 3
e
CSA 4
Sa Ca
SUM REG. CARRY REG.

Fig 8. PARALLEL ARITHMETIC UNIT



UNIT # OF TRANSISTORS | % OF TOTAL # OF FRAMES
MEMORY CONTROLS 10, 500 i 6.0 o2
i |
!
INSTRUCTION UNIT :
. |
DATAPATH i 17, 700 | 22.0 2
CONTROLS ! 19, 500 i 31/2
i
LOOK-AHEAD i
|
DATAPATH * 17,900 3’ 15.6 1
CONTROLS 5 8, 600 g 11/2
ARITH. REGISTERS 10, 000 5, 5.9 1
]
SERIAL ARITH. UNIT |
i
DATA PATH ' 10, 000 § 10.5 . 11/2
CONTROLS | 8, 700 , 1
i * I
FLOATING PT. UNIT ;
DATAPATH ) 32, 700 , 21,0 21/2
CONTROLS , 3,000 3 1/2
! |
CHECKING | 24, 500 -g 14.5 ]
l : ;
INTERRUPT SYSTEM | 6, 000 , 3.5 ‘ 1/2
i : |
-!s [ ————— ‘ ——— ._....._._-~-._,.._q‘"“.__ —
TOTAL l 169, 100 | 100.0 | 18

DOUBLE CARDS 4,025
SINGLE CARDS 18, 747
POWER 21 KW

Fig9 COMPUTER COMPONENT COUNT




COMPARISON OF STRETCH CHARACTERISTICS
AND OPERATION TIMES WITH 704/705

1BM 1BM
OPERATION 704 705 STRETCH
1. FLOATING POINT ,
+128 + 2048
EXPONENT RANGE +2 +2
MANTISSA BITS 27 48
FLOATING ADD 84 USEC 1.0 USEC
FLOATING MPY 204 USEC 1.8 USEC
FLOATING DIV 216 USEC 7.0 USEC
LOAD / STORE 24 USEC ! .6 USEC
{
2. BINARY VARIABLE ;
i
FIELD LENGTH ARITH. |
. i
" BIT RANGE | 1TO64
16 ADD/LOAD /STORE | 2,0 USEC
BIT MPY : 10.0 USEC
FIELD | DIVIDE © 15.0 USEC
3. DECIMAL f
ARITHMETIC |
DIGIT RANGE 1 =»MEM CAPACITY | '1TO 2l
FOR ADD 119 USEC ' 3.5 USEC
5 MPY 799 USEC | 40.0 USEC
DIGITS ) DIVIDE 4828 USEC | 65.0 USEC
LOAD / STORE 204 USEC | 3.2 USEC
a
4. MISCELLANEOUS
!
ERROR CORRECTION NO NO . YES
CHECKING NO YES i YES
WORDSIZE 36 BITS {64 BITS
|
Fig. 10
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THE MULTI-SEQUENCE COMPUTER AS A COMMUNICATIONS TOOL

ABSTRACT

This paper describes possible applications, as a communications tool, of a multi-
sequence computer in which more than one sequence or program operates independently,
time-sharing the central processing unit. The computer is made to time-share on an
on-demand basis between all of the input and output devices. Control and buffering is
provided by the central processing unit. A multi-sequence computer, which permits
integration of a multiplicity of input and output devices economically, becomes a

very rapid and economical message switching center by connecting the cbmmunication lines

as the input and output devices.




THE MULTI-SEQUENCE COMPUTER AS A COMMUNICATIONS TOOL

This is a report on the merging of two fields: communication switching and computers.
Recent advances in the computer art make it possible to satisfy the ever increasing
communication switching requirements brought on, in part, by computers themselves
employed in centralized data processing systems.

The present record communication systems have significant delays which are not primarily
caused by the transmission times but by the time required for the operations in the
communication message switching centers.

In the past, most communication has been from human to human. Communication systems
have become more complex and automated to meet the ever increasing needs of commercial
and military activities. We are faced with a revolution. Increasingly, communication
will be between humans and machines and between machines and machines. This tramsition

will place more stringent requirements on accuracy, reliability, and speed.

Present day electromechanical switching centers are limited in their speed of operation
due to their electromechanical nature and due to limitations of the transmission means,
namely, teletype. ILittle error detection and correction capability is presently found

in these systems.

Centralized data processing requires the error free transmission of large volumes of data
to a central point. Usually, the communication with machines or between machines involves
little redundancy such as that found in plain English. The computer, although it can
make validity checks on the data it receives, cannot £i11 in missing letters or words

as a human can.

Since the present electromechanical systems are special purpose devices, all messages

routed through the system must adhere to a very rigid format. This leads to difficulty

when trying to integrate data gathering devices and different types of computers with
different codes and formats. Military commend control systems, especially, require

data inputs from varied sources.

Stored program techniques could solve many of these communications problems. A programmed

switching center could be programmed to provide the error checking and error correction

Tt could be programmed to translate from one code to another,

procedures as required.
Various speeds and code structures could

indeed, perhaps from one language to another.

easily be accommodated.
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In addition to improving the features already presently found in some switching centers,
stored program techniques could be used to implement features which are not practicable
with electromechanical or special purpose switching systems. A programmed switching center
could generate,and receive and interpret service messages to and from other machines or
hpman operators. It could test and monitor all of the communication links and reroute
messages if necessary to avoid inoperative links. One of the biggest advantages of

a programmed switching center is its gbility to be reprogrammed to account for changes in

operational pPocedures,in routes and changes of equipment.

One of the most important considerations in employing computer techniques to the communica-
tions switching problem is theslarge number of input and output channels required. Also,
all channels must operate simultaneously and independently. Military practice requires
that each message be forwarded as far as possible whenever the communication link is
available. Thus, the communication switching center must accept a message on each

communication line whenever the subscriber wishes to transmit.

For many years the bottleneck on efficient use of computers and on the application of
computers to real-time systems has been the problem of integrating input-output devices.
Most input-output schemes utilized to present, have involved a large amount of equipment

external to the central computer to provide for buffering and control.

Now that the versatility of the high speed random access core memory has been fully
appreciated, an almost limitless number of schemes is possible. Indeed, a single

computer may use several schemes to integrate various input-output devices.

Tn order to discuss the various schemes and compare their advantages and disadvantages,

it is necessary to establish a classification system., There are four parameters, as

shown in Figure 1, which characterize an input-output scheme. These are:

Assembly
Buffer
Transfer

Control

Assenbly refers to the process of packaging or unpackaging information into definite

In order to characterize the assembly (or the disassembly) process, one must
place among bits, characters, words, records,

size units.
specify how and where the transformation takes

and files.
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Buffer refers to the unit external to the central computer which holds information until
it can be transferred. The buffer may also be involved in the assembly process. It is
characterized by its capacity, access time, and assembly features.

Transfer refers to the process of exchanging information with the integrated (addressable)
memory of the central computer. The transfer is characterized by the number of bits
transferred in parallel.

Control refers to the process which determines the sequence of operations of an
input-output channel. In order to carry out the control function, control words must
be supplied to a control device. Typical control words that are usually involved in

input-output are:

Selection code

Number of units of information to be transferred

Address in integrated memory at which the tramsfer is to begin
Address in external device at which the transfer is to begin

Iocation of next control word

Some or all of these control words are required for any input-output transfer. The device
which utilizes these control words can be the central computer or a separate input-output

control device. This device provides for the proper sequence of operations.

In designing a system, engineering compromises must be made. Many combinations and
permutations of the above factors can be made. Each permutation will have certain
advantages and disadvantages which must be weighed against the system application. For
example, to take the extremes, a system can be designed 1like the IBM 709 system which

has an external control device (the Data Synchronizer). This device has a register for

buffering and additional registers for storing the control words. This system requires

only a core memory cycle for a transfer and thus, takes little time away from the central

computer during input-output transfers. However, this scheme requires extensive hardware

for the external control device.

be designed to store all of the control words in integrated
Such a system would require a

On the other hand, a system may
memory and the central computer could supply the control.

minimm of equipment external to the central computer for control of the input-output
in a system application which requires a large volume of input-output

transfers. However,
d up in the input-output trans-

a large percentage of the capacity of the machine would be tie
fers.¥
. 5 -
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A typical communications switching center may have 50 to 100 two-way communication lines.
In order to have a computer perform the functions of a store and forward switching center,
it must have a corresponding number of input and a corresponding number of output channels.
In addition, it must have a sufficient processing capacity to determine distribution

and optimum routing, priority, and perform validity and parity checks if required. Not
only must it provide for these large number of input and output channels, but all channels
must be capable of operating simultaneously. Neither of the extreme systems described
above are satisfactory for this type of operation. However, both of these schemes

can be made practical for this type of application by multiplexing as shown in Table I.
For example, the external control device can be multiplexed, as it is in the AN/FSQ-TA
low speed channel, so that it may service a number of input and output channels simul-
taneously. However, this also requires that the central computer have a number of
independent memory banks so that the transfer of the control words from storage to the
external control device and back to integrated memory on each input or output transfer
will not saturate the system.

By multiplexing the central computer, it can be used to hendle a large number of communica-
tion lines. A central computer can be made to time share over a large number of channels
by utilizing the multisequence configuration.l This configuration provides a number of
program counters and a system for switching from one program counter to another, in
response to external stimuli.

Tn order to select the proper scheme, a detailed study must be made of the particular
commmmication switching center requirements. The external control scheme gives a higher
capacity under certain conditions, but it requires more equipment. The study of the
commmication requirements must determine the ratio to the number of core memory cycles
required for input and output transfers. If this ratio is sufficiently high, then thgf
central computer control scheme is to be preferred, since relieving the central compui;er
of the burden of input-output transfers would free only a relatively small percentage

of the system capacity. On the other hand, if this ratio is low, then the external control
scheme is to be preferred since a low ratio implies that the main function is that of

input-out transfers.

. W. A. Clark "The ILincoln TX-2 Computer Development".
J. W. Forgie "The Lincoln TX~2 Input-Output Systems".
Proceedings of the W.J.C.C., 1957.




TABLE I
IN-OUT SYSTEMS FOR
COMMUNICATION SWITCHING

ASSEMBLY | BUFFER | TRANSFER CONTROL
. BITS TO CHARACTER CHARACTER EXTERNAL -
CHARACTER BREAK=-IN MULTIPLEXED
EXTERNAL INTERRUPT OR
MULTISEQUENCE
FOR SPECIAL
CASES.
2.BiTs 10 CHARACTER CHARACTER CENTRAL
CHARACTER PROGRAMMED | COMPUTER-

EXTERNAL

MULTISEQUENCE




In a system which requires utmost accuracy achieved by the use of redundancy checks,

and which must automatically route and reroute messages to account for commmications
outages and supply other functions such as code translation; this ratio may be in the order
of 2 or 3 to 1. Thus, only a 33 to 50 percent increesge of capacity is the maximum that
could be expected by utilizing an external control device and multiple access integrated
memory - - neglecting memory reference conflicts.

Another significant factor which affects total capacity of the system is the assembly
process and the capacity of the external buffer. Since mostccommunication is based upon
characters of five, six, seven or eight bits, it is desirsble to handle the assembly from
bit to character externally.

Systems have been proposed utilizing only a single bit external buffer, with the assembly
from bit to character to word to message, in integrated memory. However, the capacity is
severely reduced since now a transfer must take place on each and every bit of a message.
Increasing the size of the external buffer on the other hand increases the capacity, but
at the same time increases the amount of equipment. The maximum size buffer to be con-
sidered, of course, is equal to that of the word length. Therefore a compromise must be
reached between the amount of equipment in the external buffers and the capacity of the
system., This compromise is partly influenced by the number of lines to be terminated, by
the speed of the circuitry available to the programmed element, and it is also influenced
somewhat by the nature of the transmission system.

Those of you who have been through a computer development program will immediately ask, of
course, "Is it necessary to design a special computer for the communication switching
system"? The question is the most generally phrased, "Can a general purpose computer be

utilized? ™

This question is not easily answered. The answer must be based on a thorough study of

the commmnication system application. Surely, if the only job of the programmed element
is that of commmication switching, then there is no need for floating point or even
multiply or divide instructions in the instruction vocabulary. Thus, simplifications can
be made in the design of a programmed element which is to be used solely for communication.

The specialized programmed element can be optimized for communications.

On the other hand, if the computer is to be used for both communications and computations,
it may be desirable to design an external control device which can be adapted to a general
However, the range of applicability of the general purpose computer
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purpose computer.
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seems rather limited. If the computational requirements are very great, it may be
profitable to employ the special purpose programmed element for the communications

switching center and also to act as an input-output processor for a much larger data
processor. This philosophy is illustrated in the STRETCH and IARC computers where a

simple input-output processor is used to relieve the complicated, high speed, data processor
of the simple routine tasks associated with input and output editing. The in-out processor
can also be used to operate or schedule the operation 6f"the larger data processing system
to achieve a much higher utilization of the data processor than would be possible with a

human operstor.

In selecting a computer or designing a computer for communication system switching
center application, consideration must be given to the peak and average traffic rates.
Generally, the utilization factor of communication lines is approximately 0.1 to 0.2.
This surprisingly low Figure is justified because of the queueing problems which would
ensue with a very high utilization of any communication link. Assuming a Poisson
distribution of message arrivals, a utilization factor approaching unity would result in
o queue approaching infinity. Therefore, to minimize the queueing problems and to assure
rapid transmission of the message, the utilization factor is desirably kept approximately

at 0.2.

The message processing capacity of the switching center must also be designed to exceed
the average traffic load in order to eliminate excessive queues of messages awaiting

processing.

The use of a multisequence computer for a communication message switching center permits

the termination of a number of lines which would saturate the computer with input transfers
if a1l lines were operating at full capacity all of the time. The internal and output
processes can be assigned a lower priority in the multi-sequence scheme and these operations
suspended until the input peak passes. The probability, of course, of such an occurance

is extremely small. Since it also is extremely rare that many of the communication lines

would be simultaneously busy with input traffic, additional lines may be terminated with

the probability that the switching center would lose an input character. In a completely

automated system, this would be caught by the error detection and correction system and

cause only a slight delay in transmission.




The amount of excess message processing capacity required to reduce the processing queue
to satisfactory proportions depends upon the delays permitted and upon the priority
structure of the messages.

A programmed Traffic Control Center is being currently fabricated at ITT ILaboratories.
This Traffic Control Center which utilizes the multisequence technique was undertaken

as a study project in 1957 at the Laboratories and was then proposed by this author

as the solution to the communication message switching problem of the SAC Control System,
Project U65L, in July 1958.

The system design resulted in a computer with several distinguishing design characteristics
which make it peculiarly efficient in handling communications. The central computer is
multiplexed by use of the multisequence technique. Separate memory units are provided
to store 256 program counters and 256 index registers. One index register is associated
with each sequence, thus, in essence, 256 separate sequences may time-share the central
computer. Each communication line is terminated by a simple character buffer. Each
buffer has associated with it a service request flip-flop. As data becomes available,
the service request flip-flop is set and competes for time on the central processing
unit. Each instruction has provision for a bresk-bit or a dismiss-bit as shown in
Figure R and when set indicates that the present sequence may be interrupted in favor of
a higher priority sequence or that the present sequence may be dismissed in which case
the service request flip-flop is cleared and the sequence remaining with the highest

priority is activated.

To take adventage of statistical averaging of the inputs and outputs, an on-demand
scammer shown in Figure 3 does not operate on a fixed cycle, but service is requested
immediately if no other channels are busy at the same time. In order to incorporate
devices of different speeds and to provide an orderly procedure for servicing requests,

if more than one request for service should arrive at a time, the service request

scanner operates on a priority basis. A strobe signal proceeds from one service request

flip-flop to the next until the Pirst one which is set is encountered, at which point
the strobe signal is routed to the coder.
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Figure U4 shows a typical input channel. When the strobe signal arrives at the coder,

it is converted into binary code. If the instruction that the central computer is
execuiing contains a break bit, the output of the coder will be compared with the
number in the sequence register. If they are not equal,a sequence of higher priority
number has requested service. Notice that the number in the sequence register operates
a switch which selects the particular external device to be used at any given time and
routes control signals to the external device, such as the dismiss signal. The dismiss
signal is issued whenever the present sequence has completed all operations.neegssary to
answer the service request. This signal clears the service request flip-flop and

prepares it for receiving the next request for service from the external device.

Figure 5 shows the registers involved in changing sequences. If the number from the

coder is found not equal to the number in the sequence register and the current instruction
has a break or dismiss bit, a change of sequence is called for. Since the control must
return eventually to the o0ld sequence whenever that particular channel requests service
again, the program counter must be stored for future reference. Therefore, the first
operation is a transfer of the sequence number from the sequence register to the program
counter memory address register. The program counter is then stored at the location so
specified. After the old program counter has been stored, the new sequence number is
read from the coder into the sequence register and then to the program counter memory
address register. The stored program counter stored at this location is now placed in the
program counter and the computer continues to take instructions specified by the program

counter.

Tn order that each sequence may have its own index register, the contents of the sequence
register are transferred into the index memory address register and the contents of the
location so specified are used for the indexing operation. Since the program counter
memory and the index memory are independent units and can operate concurrently with the
main integrated memory of the computer, changes of sequence can take place without any
loss of time, that is, an instruction with a break or dismiss in one sequence may be

immediately followed by an instruction in some other sequence.

Note that if the contents of the accumulator were stored along with the contents of the

program counter, we would truely have a multiplexed computer. However, this feature

was not necessary for the communication switching center, but care must be taken during

programming in placing break and dismiss bits only at those points in a sequence where

the contents of the arithmetic unit are immaterial.
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Since most communication and data processing systems have either five, six, seven or
eight bit characters, most instructions are capable of operating in two modes. In the
word mode, the operation applies to the entire computer word of 32 bits. In a character
mode a single 8 bit character is referenced. Since there are four eight-bit characters
in a 32 bit word, an addressing scheme as shown in Figure 6 was devised which permits
addressing of consecutive characters in memory convenient. The two least significant
bits of the address part of an instruction refer to a character position within a word.
Tn the word mode, these bits are ignored. The instruction vocabulary contains a

liberal quantity of logical instructions, but does not contain multiply or divide or

any other numerical operations other then add and subtract.

Most instructions have a bit to indicate the repeat mode as shown in Figure 7. This
permits most input-output transfers to be accomplished with a single instruction requiring
two core memory cycles. As the characters are transferred in from the external buffer,

a check on parity and a check for a comtrol character is performed by common circuitry.

If either condition prevails, it is indicated to tle program by means of a skip, otherwise
the input-output trensfers ere hendled by a single instruction in the repeat mode with

the dismiss-bit set, which causes the character to be transferred; the index register

to be incremented; and the present sequence dismissed in favor of some other sequence.

The message processing sequence has the lowest priority and processes messages between

transfers.

Figure 8 chows the comparison of the percentage of utilization of the Traffic Control
Center versus the average processing delays. This truely represents an advance in the
communication message switching art. Present switching systems delay each message by

meny minutes. Now, the delay is measured in milliseconds.

Most comprehensive communic ation systems require both circuit and message switching.

The progroemmed switching center can effect digitel circuit switching by associating, by
program means, & particular input channel with a particular output channel. The

delay under these conditions would be only a few microseconds and would be insignificant
compared to the delays in long transmission lines. However, since the traffic is Jgst

coming in and going out without any processing, the capacity of the programmed element

is used unnecesserily. In a communications system which requires a large amount of circuit

switching, it will be preferable to terminate all communication lines in an electronic
s shown in Figure 9 which has many trunks to the programmed element
This configuration would permit both

cross=-bar switch, a
and is under tle control of the programmed element.

message and circuit switching on an intermixed basis and permit changing from one type of

service to another by simple indications to the stored program.
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ASSOCIATE

International Electric Corporation

Paramus, New Jersey
Colfax 2-6800

November 11, 1959

Mr. Harlan E. Anderson
Digital Equipment Corporation
Maynard, Mass.

Dear Harlan:

It was a pleasure to run into you at Charlie's cocktail
party and congratulations on your new computer.

Enclosed are four copies of my talk for the Eastern Joint
Computer Conference. The original drawings are available
on request if the multilith copies are not satisfactory for
reproduction.

T am looking forward to seeing you and the rest of the
crew from the Digital Equipment Corporation at the computer

conference.
Sincérely yours,
{ s
John N. Ackley
JNA: jb

Enclosures (4)
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