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ABSTRACT

This report describes the current status of the Naval
Ordnance Research Calculator (NORC) Compiler. This routine
is an automatic coding technique designed to minimize the
time spent on the coding of problems for solution on NORC.,
The compiler converts unordered symbolic or relative codes
to ordered machine (absolute) codes, generates and assembles
subroutines from a library file, provides a variety of
other services for the coder, and writes the final coding
on tape, ready toc be run on NORC.

Use of the compiler enables a considerable amount of
tedious coding time to be saved. The time required to

compile a program is usually two minutes or less of NORC
machine time.,

id
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FOREWORD

This is a report on Foundational Research Project
NPG-X-11011-9, “Automatic Coding Technigues™. This is the
twenty-sixth partial report submitted under the Foundational
Research Program of the Naval Proving Ground.

This routine was devised at intervals between November
1953 and December 1954, by Gene H. Gleissner and the author,

This report was reviewed by:
Re A. NIEMANN, Acting Director
Computation and Ballistics Department

R. H. LYDDANE, Assistant Director of Research
N. A. M. RIFFOLT, Director of Research
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INTRODUCTION

According to the First Glossary of Programming
Terminelogy (reference (a)), a compiler is Yan executive
routine which before the desired computation is started,
translates a program expressed in pseudo-code into machine
code (or into another pseudo-cede for further translation
by an interpreter). In accomplishing the translation, the
compiler may be required to:

Decode - to ascertain the intended meaning of the
individual characters or groups of characters in the
pseudo-coded programasa...

Select - to choose a needed subroutine from a file of
subroutines,

Generate - to produce a needed subroutine from
parameters and skeletal coding.

Allocate - to assign storage locations to the main
routines and subroutines, thereby fixing the absolute
values of any symbolic addresses. In some cases allocation
may require segmentation.

Assemble - to integrate the subroutines (supplied,
selected, or generated) into the main routine, i.e., to:

a. Adapt ~ to specialize to the task at hand by
means of preset parameters.

b. Orient - to change relative and symbolic addresses
to absolute form,

c. Incorporate - place in storage.

Record - to produce a reference record,”

The 'NORC compiler satisfies this definition for the
most part and perhaps a bit more. The details are
discussed below.
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The compiler is one of  several service routines
(diagnostic, editing, etc.), designed to appreciably
shorten the time between the origination and the solution
of a problem. The compiler accomplishes this by relieving
the coder of much of the routine work necessary for the
preparation of a problem for solution on an automatic
computer,

The form a compiler assumes is largely a function of
the machine for which it is designed and the aims of the
users., (The energy and ambition of the compilerts authors
ought not to be omitted as 2 significant factor.) Thus,
the floating decimal arithmetic 3-address logiec of the WORC
makes unnecessary a slow interpretive routine to cope with
most problems. The ordering of the coding is left to the
compiler since the fast tape system permits this accomplish-
ment without increasing the total compiling time excessively.
The advantages of using the NORC Compiler are not obtained
at the cost of flexibility or increased running time of the
program. Little restriction is imposed on the placing of
information in the memory. For most problems the final
machine coding hardly differs from coding performed directly
in machine language.

Briefly, the coder and machine share their duties in
the following manner:

The problem is coded on compiler coding sheets using
symbolic codes for machine addresses and certain helpful
compiler codes which shorten the task. Insertions in
coding which has already been completed are not done by
painful rearrangement of coding lines, but by the simple
expedient of assigning appropriate symbolic locations to
the insertions.

The compiler gorders the coding, converts the symbolic
coding 'to machine codes, assembles and incorporates sub-
routines (modifying them first if it is so required) into
the problem; its output is a program on tape ready to be
started by a standard operational procedure.

A minimal familiarity with the salient characteristics

of the NORC is assumed in what follows and a brief descrip-
tion of the machine is included in Appendix (B).

2
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DESCRIPTION

Coding without using a compiler is usually done first
by assigning symbolic codes for machine locations. When
the problem is completed in this way, storage assignments
can then be made and the symbolic addresses are replaced by
absolute machine addresses. Much rearrangement, erasures,
and insertions are also generally required before the
coding can be given to the keypunchers. However, to code
a problem of any complexity directly in the machine codes

requires an audacity and clairvoyance not found in ordinary
coders.,

Using the NORC Compiler, the coder still performs the
initial symbolic coding; however, most of - the remaining
clerical duties are handled automatically, by the compiler,
with far greater speed and accuracy. A discussion of the
compiler coding sheets will indicate how this is done.

(See Appendix (A), Figure 1). There are 7 fields on this
form; twelve digits are allotted to each of the PQ, R, S
and T fields, 8 to the location field and 8 to the C field.
These 64 digits, comprising 1 line of compiler coding, are
punched on one IBM card. The NORC card-to-tape-to-card
machine (CTC) accepts 64 digits, 4 NORC words, per card in
the preparation of magnetic tapes. The use of 64 digits
per line of compiler coding allows ample digits for each
field, and since a common keypunching error is the omission
of a coding line, this arrangement permits a card to be
inserted without rearranging all words subsequent to it in
the same block.

The PQ, R, S and T fields may be lumped together for
purposes of discussion. The expression field may be
dispensed with. In this fiecld the coder usually writes a
hint (whose meaning to him rapidly vanishes) as to what
operation is to be performed on that line, or what quantity
is stered there,

There remain then-three topics: (1) the location
field, (2) the C field, and (3) the PQ, R, S and T fields,
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The Location Field:

To the control section of a machine, the labels
identifying each word are the absolute machine addresses;
in NORC; these are the consecutive numbers 0001 to 2000.
However, the coder may, and usually does, arbitrarily
designate symbolic addresses to identify the words consti-
tuting his program. The coder benefits by the flexibility
that symbolic addresses permit him during the construction
of his program. This is particularly true from the point
of view of organization of the information in the memory as
well as in making corrections and insertions. Of course, a
correspondence between these symbolic addresses and machine
addresses must eventually be made, and all references to
symbolic addresses in the program must be converted to
their corresponding machine addresses. The coder need not
spend his time performing this rcutine conversion since
the machine, under the direction of the compiler, readily
performs this task.

For the NORC compiler, symbolic locations may be
designated numerically by as many as 8 digits. In practice
it has been found convenient to place an arbitrary decimal
point so that there are, say, 3 digits to—the left and 5 to
the right of the point, e.g., 107.3 and 894.26701. However,
the same number of digits to the left of the point (the
first digit being nonzero) should be used throughout a
problem since, in order to simplify keypunching, the first
significant digit of each symbolic address is punched in
the same card column.

It is not necessary to assign a symbolic location to
every word on the coding sheet; its location field may be
left blank (zero) in which casc it is assumed to follow the
word preceding it on the cocding sheet. Indeed, it is often
preferable to minimize the number of symbolic locations.

Of course, if a word is explicitly referred to, it must
have a symbolic location.

If it is desired to refer to a2 word whose location
field is blank, it is possible to do so by relative refer-
encing which is discussed in detail below,
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A major advantage of the compiler is its ability to
order the coding in ascending order on the location field,
blank locations being treated as if they were rigidly
attached to the symbolic location preceding them. It is
not necessary, then, to deface coding sheets to make an
insertion; one simply assigns appropriate symbolic locations
tc the insertions. Thus, if it is desirable to insert a
word between the words whose locaticns are 102.3 and 102.4,
it can be labelled 102.35 or, for that matter, 102.30001.
(The latter choice would not be wise since it may be
necessary later to insert words between 102.3 and 102.30001.)

If the inserted word is followed by any number of words
with blank location fields, they will also be inserted. If
it should be necessary to insert words between words with
blank location fields, then appropriately sequential
symbolic locations should be assigned to the blank words as
well as the inserted ones. It has been found that the
8 digits allowed the location field are quite adequate for
these purposes.

The PQ, R, S and T Fields:

Each of these fields contain allowance not only for
8 digit symbolic locations, but for 4 digits of absolute
coding.

After the compiler has converted symbolic addresses
which may be in the PQ, R, S and T fields toc machine
addresses, the absolute codes which may be in these fields
are added to their respective converted symbolic codes.
The use of this is apparent when considering the automatic
address modifiers, M), Mg, and Mg whose operation is
selected by codes’ in the R, S, and T field exceeding 3999.
(See example Appendix (A) Figure 1 line 3.) Of course, in
an instruction word, the PQ field has a symbolic part of -
zero and an absolute part which is not zero. PFurthermore,
this scheme of allotting tc the PQ, R, S and T fields an
absolute as well as a symbolic pertion allows relative
referencing, e.ge., the fourth word after the word whose
symbelic location is 387.4 is ncted by a2 387.4 in the
symbolic portion and a 0004 in the absolute portion of the
field concerned.
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In additicn, since instructions which are nct referred
to need not have a symbolic location, . the number of
symbolic locations tends to be kept down to a minimum. (Ina
few problems coded so far the proportion of words with
nonzero symbolic locations was only 1/4 to 1/3 the total
number of compiler words, and a still smaller fraction of
the absolute machine words.) This, coupled with the
efficiency of the NORC instruction repertoire, makes the
compilerf®s limitation of a maximum of 1300 nonzero symbolic
locations for each problem adequate for even very long
complicated problems.

The C Field:

The remaining field to be discussed is the C field,
which contains codes which are interpreted by the compiler.
The C codes identify the word associated with it as one of
the following types:

00: The normal C code is zero which signifies only
that the word in the PQ, R, S, and T fields is
to be converted to machine coding.

0l: Whenever a transfer of control to a subroutine is
required an 01 C code is necessary. The form of
this instruction must be obtained by looking up
the subroutine in the subroutine dircctory, but
the symbolic portion of the T field always con-
tains the identification number of the subroutine.
A typical example is Appendix (A) Figure 1, line 4.

If the subroutine is not already in this segment,
the compiler will extract the subroutine from the
subroutine library, assemble it so that it will
function in the memory positions where it will be
inserted (in the memory following the coderts
coding), and make up the transfer of control. If
the subroutine has already been incorporated in
this segment, it will not be again included, but
the transfer of contreol will be properly
constructed.

The ample maximum of 200 different subroutines
per segment is permitted by the compiler.

6
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For subroutines which can make use of preset
parameters, an 02 C code is used to identify the
word as a preset parameter for the subroutines
indicated by the 01 code preceding this word.

The 02 codes must immediately follow the associ-
ated 01 code and should have a blank location
field.

This 02 word does not appear as such in the final
machine coding, but is a parameter to modify the

subroutine before the subroutine is incorporated

into the final codinge.

The subroutine dire&tony contains the informa-
tion as to the order and form of the 01 and
following 02 codes.

This is an instruction to the compiling routine
to assign a block of K + 1 consecutive locations
to the current segment. K is in the absolute
portion of the PQ field. (These K + 1 locations
will be zero in the final machine coding.) This
is intended to assist the coder in organizing his
problem, and to save keypunching. (See Appen-
dix (4)).

An example perhaps will best illustrate the use
of this code: Assume 2 locations, say 241.7 and
384.2, are only used to store various quantities
temporarily., But later it becomes apparent that
they are not used simultaneously and that one of
them, say 241.7, will suffice. Then 384.2 is to
be deleted, but instead of searching through the
coding and changing all references to 38L4L.2 to
241.7, it suffices to do the following:

Change the C field of location 384.2 to 04 and
the symbolic portion of the PQ field to 241.7.
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The 04 code then states: (1) Do not enter this
word into the final coding, and (2) convert any
references to this location to the machine
address equivalent to the location in the PQ
field.

This cecde is designed to make this type of
storage conservation simpler.

A constant may be written by placing 4 digits-
each in the absolute portions of the PQ, R, S,
and T fields. Alternatively, one may use an

05 C code and write the 16 digits consecutively
on the coding sheet, 8 digits each in the
symbolic portions of the S and T fields. See
Appendix (A) Figure 1, line 9.

This is a segment code, supplying necessary
information to the compiler. The compiler will
not segment a problem on its own initiative and
the coder can choose a favorable point at which
to terminate a segment.

The 08 code states that segment K (K in the PQ
absolute field) contains words starting at the
location specified in the symbolic portion of
the R field; the first word of this segment to
be placed in the memory over the location in the
previous segment specified in the T field.

Thus everything in the memory up to the location
specified by the T field in the 08 code can be
saved from segment to segment. For a non-
segmented problem no 08 code should be used; for
a multi-segment problem there must be as many

08 codes as there are segments.

This code yields information as to how to start
the problem. It signifies: start with segment
K (in the PQ absolute field) at the location
specified in the R field. The identification
number of the problem is in the absolute portion
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of the S field and the problem is located on the
tape mechanism whose tape code is in the absolute
part of the T field (COXX). If this latter field
is zero, tape code 09 will be used.

There must be one and only one 10 code for each
problem,

This code is used when it is desired to read
another segment into the memory and to transfer
control to it. It signifies: HRead segment K into
the memory (K is in the PQ absolute field) and
transfer contrecl to the location specified in

the R field. In addition, however, the S field
must contain the location of this 11 code.

The 11 code should be used whenever the program
tape is only used to read in the various segments
of the problem. If the program tape is disturbed
for other uses, employ the C code of 12, which is
otherwise identical in form to the 11 code.

Additional C Codes:

If a problem is already on tape ready for compilation,
a list of ordered deletions, insertions, or corrections may
be placed on tape following the problem or on another tape
mechanism, terminated by an end of file mark., Option
switch 75 should be set to the transfer position during
compilation and changes in the problem will be made via the
following C codes:

23 5

22

233

Replace locations R through S by the following
words. Following such a list of words must be a
word with a 22 C code.

A sentinel terminating such a list of words.

Insert after location R the following words (must
be followed by a werd with a 22 C code).
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2L4: Omit locations R through S.

If option switch 78 is set to the transfer posi-
tion, the C codes of 21, 23, 24 will be recorded
on the monitor printer.

Additional Features:

In order that all problems may be started in the same
manner, so as to minimize operator error, the compiling
routine inserts on the program tape, preceding the program
blocks, a six-word block. This block is entered into CRT
locations 0002 to 0007 by operation of the following
instruction which is manually keyed into CRT location 0001:

P Q R 8 I
*09 94 0002 0007 0000

In the case of a nonsegmented program, the six-word
block has the following form:

Teg . B, G B s 4
0002 09 94 0008 1999 0000
3 -- 68 - - 0006
I - 81 - - Start
Line

5 e et e = s

6 - 61 - -- 0081
7 Problem Identification Number

Note that these instructions read in the program tape,
transfer control to the program, and print the identifi-
cation number of the problem on the monitor printer where
it may be checked. In the event of a tape check failure,
the machine will be stopped.

#(09 is usually used as the tape code for the program tape
unless otherwise specified (by the C code of 10 that
indicates how to start the problem).)

10
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In the case of a segmented problem, the program blocks
are preceded by 2 blocks: (1) a six-word block similar to
the one preceding a nonsegmented program, and (2) a 38 word
block consisting of a routine common to multisegment
problems.

The 6 word block is entered into CRT locations 0002 to
0007 in precisely the same fashion as indicated before and
operate as follows:

Loc P Q R S Z
0002 09 9L 0008 0045 0000

3 - 68 - - 0006

L - 8l 0005 0024 0010

5 Start 0046 1999 Segment

Loc. Nos.
6 - 61 -— - 0001
7 Problem Identification Number

This reads in the second block, transfers control to
it, and prints the identification number of the problem on
the monitor printer where it may be checked. In the event
of a tape check failure, the machine will be stopped.

The second block contains a routine which reads in the
first program block required, and transfers control to it.

The 11 or 12 C code, which transfers control to sub-
sequent segments, does so via this routine. The routine
also inecludes a subroutine which rereads a block on tape
if an error has been detected on first reading. If this
subroutine is called for in a multisegment problem, the
compiler will not insert the subroutine again into the
program, but will make use of this one already present in
the memory.

It must be emphasized that the coder does not code the
above-mentioned preliminary blocks, but these are inserted
by the compiler. Also, to start any problem, the operator
always performs the same sequence of manual operations:

a. key into location 0001l this instruction
09 94 0002 0007 0000

b. with the source of instruction switch set to V,
start computation.

ak
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Printing Options:

The coder has a choice of two forms of printed output
during the course of compiling his problem.

a. A table of symbolic addresses versus their corre-
sponding machine addresses, In each of the seven words
printed on a line, the high order 8 digits will contain a
symbolic location, the low order 4 digits the corresponding
machine location.

If this ocutput is desired, option switch 76 should
be set to the transfer position, option switch 77 to the
off position.

b. A list of compiler coding, the equivalent converted
machine coding, the machine address of this coding and the
segment in which it first appears.

The first four words c¢n a printed line contain a
line of compiler coding, that is the C, location, PQ, R, S,
and T fields, The fifth word is zerc. The sixth word
contains the segment number in the high order 4 digits and
the machine address in the low order 4 digits. (This
latter is zero if the word is not entered in the final
coding, e«gs, C codes of O4 and 08,) The seventh word
contains the converted machine word.

If this output is desired, option switeh 77 should
be set to the transfer position, option switch 76 to the
off position.

Subroutines:

Subroutines in' the library are coded in relative form
in machine language, starting at any machine address.

The library of subroutines is on the same reel of tape
as the compiler program, and follows it. When and if this
reel is filled to capacity, allowance has been made for an
additional reel of subroutines on another mechanism.

12
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The first two words of the subroutine block are
sentinel words. The eight low order digits of the first-
word contain the identification number of the subroutine,
made up in the following way: the first 2 digits are the
tape code that selects - the mechanism on which the sub-
routine tape is placed, (tape code 10, thus far). The next
four digits constitute the block number, x, 0001 =x<=9990.
The next digit is a1l if any modification of the subroutine
other than an orientation to the locations required by the
problem is necessary (e.g., make use of preset parameters).
Otherwise this digit is zero. The last digit is zero if
the subroutine is in just one tape block; if there are
K>1 blocks, this last digit is K, Each block may have a
maximum size of 1020 words.

The second sentinel word contains the length of the
subroutine in the T field. In addition, the PQ field
contains the machine address at which the first line of the
subroutine was coded.

Then follows any “preliminary’ coding which may be
there for purposes of modifying, before incorporation into
the problem, the n words of the subroutine which follow
this coding. Any such “preliminary’ coding is written in
relative codes starting at location 8065. Easy access to
routines useful to Vpreliminary"¥ coding is provided by the
compiler, such as read, write, and orient to absolute
coding routines.

Following this are n ¥guide” words, each of which is
associated with the corresponding subroutine word and serve
to indicate how the subroutine word should be altered to be
properly oriented.

Finally there is a terminating sentinel word consisting
of 16 digits of 5's.

The above details concerning the form of the subroutine
in the library file are of concern only to the author of a
subroutine. A coder who wishes to use a library subroutine
in his problem need enter on his coding sheet only the

13
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limited information indicated by the subroutine directory.
The compiler automatically assembles the subroutine on the
basis of the information obtained both from the coder and
from the sentinel words and “preliminary" coding associated
with the subroutine in the library.

Error Stops:

Coding errors that the compiler detects are signified
by a coded machine stop and a2 line of printing on the
monitor printer., The first word on the printed line will
contain one of the error codes listed below. The second
word contains, where applicable, the segment number
involved,

l: This segment exceeds the memory capacity. Word A4
indicates the number of words in this segment.

2: More than 1300 symbolic locations used. (Word 2
indicated the segment reached.)

3: Reference is made to a2 word for which there is no
location. Word 3 contains this address.

L: There are more 08 C codes than there are segments.

5: The R field of an 08 code has a nonzero absolute
portion,

6: There is more than one 08 code for a given
segment.

7: There is more than one 10 code for the problaﬁ.

8: Two words have been assigned the same symbolic
location,

9: There is no 10 C code for the problem.
1l: There is one.and only one 08 code. There should
be either no 08 codes (for a nonsegmented problem)
or at least two 08 codes (for a segmented problem).

12: There is no 08 code for this segment.

1y
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13: A subroutine has been requested which is not in
the subroutine library. The subroutine number is
printed in word 3.

14: The input for a subroutine is not in the proper
form as indicated by the subroutine directory.
The subroutine number is printed in word 3.

15: Not used.

16: There are more than 200 different subroutines

required for this segment.

CONCLUSION

A compiler of this type is no panacea for an installa-
tion's personnel problems. The analysis and general
programming must still be performed as must the coding,
though the latter can be done far more rapidly and effi-
ciently via the compiler. In this way better use is made
of the coder's time.

It is felt that some of the unique features of the
NORC compiler, such as the ordering of the symbolic coding
and the organizational flexibility permitted the coder, are
very advantageous properties. In conjunction with the other
characteristics of the compiler, a very efficient progranm
can be coded in a relatively short time.

At the time of this report, only a2 few problems have
been coded and compiled in the manner herein described.
Experience with these problems has suggested some minor
changes which have been made and further experience will
probably indicate more. The machine time required for
compilation will rarely exceed two minutes, although the
choice of printing option b. can lengthen this time
considerably.

L5
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EXAMPLE CF COMPILER CODING AND
CORRESPONDING MACHINE CODING

Only a long and complicated problem could illustrate
all the advantages of the compiler, but is unlikely that
anyone would read through such a problem. Instead the
following artificial example only attempts to illustrate
the use of some of the compiler codes.

The coding consists of one segment of a problem which
reads in 3 numbers, x;, from tape and computes VX; + m,
writing the 3-square roots on tape, The next segment is
read in and control is transferred to it. The Vxj + 7
remain in the memory for use by the next segment.

Figure 1 consists of the compiler coding, and Figure 2,
the machine coding which the compiler would produce,
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THIRD BLOCK - SEGMENT 000

EXPLANATION LOCATION| P Q R S Ts
THESE CONTAIN THE Xi, (| ooae
THEN Y Xi + 7% { 0047
(o048

START: READ IN THE 3 Xi 0049 |01 |94 | 0046 | 0048 | 0007
SET M4 0050 51 | 0046
ADD Xi + 7T 00s! |50 |20 | 0058 | 4000 | 0059
TRANSFER TO SQ RT- SUBROUTINE | 0052 |08 | 60 | 0052 0060
INPUT AND OUTPUT LOCATIONS I o
SERs e O MORIFIER L INATED 0054 58 | 0ool | 0049 | 005!
WRITE 3 YXi#7T  ON TAPE 0055 |02 |90 | 0046 | 0048 | 000
TRANSFER 1O ROUTINE WHICH READS - a6 L oer oesa oo
e T onae2 oaa T™E 10057 oo |49l 0oas | 198 | ooos
7T 0058 [00 |03 | 1415 | 9265 | 3890
Xi+7V 0059

0060 |00 |40 | 0000 | 0085 | 0084

oosl |92 |60

SUBROUTINE

s
(
\
\
J
THE SQUARE ROOT /
L
/
I
\

0085 |00 |59 | 9999 2140 0002

FIGURE 2
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GENERAL DESCRIPTION OF THE
NAVAL ORDNANCE RESEARCH CALCULATOR (NORC)

General

The NORC carries out its calculations in decimal
arithmetic on decimal numbers of 13 (or less) significant
digits, under control of a stored program of the three-
address type with automatic address modification. The
instructions and the numbers orn which the calculator
operates are stored in a cathode ray tube storage unit.

Only two kinds of storage for both numbers and
instructions are used in this calculator. The main storage
element is the cathode ray tube storage unit holding 2,000
sixteen-decimal digit words, any word of which is accessible
in an 8 microsecond calculator cycle. The cathode ray tube
storage unit is supplemented by a group of eight high-speed
magnetic tape reading and recording units with an aggregate
storage capacity in excess of three million words. These
tape units can be used interchangeably for input-output and
intermediate storage of information including instructions
and intermediate results.

Numbers and instructions are entered into the calcu-
lator on magnetic tapes which can be read into the cathode
ray tube storage unit at an effective rate of approximately
2,500 words per second. Results of the computations of the
computer are recorded on magnetic tape using any of the
tape units.

Results of a computation can also be recorded directly
in printed form on either one of two line-at-a-time page
printers capable of recording 17.5 words per second (1,050
words a minute),

The arithmetic unit of the calculator operates serially
digit by digit at a speed of one microsecond per digit.
Actual addition and subtraction of 13-digit numbers is per-
formed in the time taken to read the two numbers - i.e.,

13 microseconds, Multiplication is performed with the aid
of a serial form of multiplication table in approximately
twice the time taken to read the 13-digit factors - i.e.,
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30 microseconds, Division requires approximately 250 micro-
seconds., The arithmetic operations are checked by an
independent modulo 9 computer which operates in parallel
with the arithmetic unit and checks each arithmetic opera-
tion. The arithmetic unit requires only two registers which
are composed of microsecond delay units which have proved
extremely reliable at these high pulse rates,

The correct operation of the magnetic tape input-
output system and the cathode ray tube storage system is
continuously checked by a bit count modulo 4 which is com-
puted and recorded for each word on the magnetic tapes when
they are originally prepared and for each new or modified
word originating in the arithmetic unit. This bit count is
compared with the actual number' of bits in each word each
time a word is read from a tape, read out of cathode ray
tube storage, regenerated in cathode ray tube storage, or
generated in the arithmetic unit. Bit counts are recorded
on all tapes produced by the calculator, and the bit count
is carried into the printers and compared with a bit count
of each of the words printed by the printer., Any failure
of the computed bit count to agree with the indicated bit
count associated with a word of stored information stops
the calculator, or in the case of tape failure can cause
the calculator to perform 2 special series of instructions
designed to correct it,

The modulo-9 arithmetic check and the modulo-4 bit
count on storage and transmission of information, supple-
mented by various other checks, assure prompt indication of
malfunction of the computer.

The card-to-tape-to-card machine, an auxiliary device,
prepares magnetic tape suitable for input to the electronic
calculator from conventionally punched IBM cards. It also
prepares conventionally punched IBM cards from the output
tapes produced by the calculator. The card-to-~tape-to-card
machine reads or punches four 1l6-digit words per card at
the rate of approximately 100 cards per minute, In card-to-
tape operation it produces the bit count for each input
word, during tape-to-card operation it verifies the bit
count of each output word.



NPG REPORT NO. 1374

= Emm wm em mm e EE R am mE Em am mm ma am e mr mm Ew me e e s S B s == e am e

The organization of the number words and instruction
words for this calculator is as indicated below. A number
word consists of 17 digits; the bit count, a 2-digit decimal
index, a l-digit algebraic sign, and a 1l3-digit decimal
number, in which the decimal point is located to the right.
of the highest digit, i.e., beteen positions 13 and 12.

The decimal index represents the power of 10 by which the
number in the word must be multiplied to give the number
its true magnitude, The index can have values from 70 to
99, 0 to 30, corresponding to powers of 10 from -30 to +30.
The algebraic sign plus or minus is represented by O or 1
respectively. The indicated bit count is the 3's comple-
ment of the bit count modulo-4 of the 16 other digits of
the word.

An instruction word consists of the indicated bit
count, two digits specifying the decimal index procedure
to be applied to the operation, two digits to specify the
operation to be performed, and three .fields of four digits
each normally specifying the CRT addresses of the numbers
involved in the particular operation., Normally the first
two address fields R and S designate the location of the
operands, and the T field designates the location in which
the result is to be stored.

Number Word Instruction Word
Bit Count Sign Bit Count Operation
3 05 0 1 2314 1566 2851 P Q R S T

3| 04| 20 | 0965 | 1016 | 0017

DBJ: Index 1\
De¢. Index CRT hLddresses
£10° x (+ 1,231415662851)
4dd (20) the numbers in storage
£123141,56628651 locations 0965 and 1016,
Shift the result, if possible
without overflow, so that it
has a decimal index of 4 and

store the result in location
0017 .
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The calculator will execute an average of 14,000
instructions of this type (other than input-output)
per second. The execution of each of these instructions
is equivalent to the execution of a number of conventional
single-address fixed-point instructions3; the calculator's
performance is equivalent to the execution of 25,000 to
400,000 such instructions per second.

Input

Information is recorded on the magnetic tapes in
blocks containing any desired number of words from one to
2,000, the size of the cathode ray tube memory. Each word
of a block contains the bit count and 16 digits of informa-
tion., The first and last word of each block contains a
L-digit number in the low order four digits, designating
the block number used for identifying each block in search-
ing and reading in to CRT storage.

~ The tape units read the informaticn on the magnetic
tapes via four parallel tracks representing binary coded
decimal values of the digits recorded. The information is
read at a digit spacing of 510 bits to the inch on each
track and at a speed of 140 inches per second in both
reading and writing.

Each tape block is separated from the next by a blank
area of tape sufficient to start and stop the tape without
loss of information, Each tape reel has a capacity' of
1400 feet providing storage for from 350,000 to 450,000
words depending on the average block length.

The tape can be read in either direction. It is
written or blocks are deleted only when moving in the for-
ward direction., Rewinding is performed with the tape moving
backwards. After initiating rewinding, the calculator can
proceed with its computing or use octher tapes while the
tape unit completes its rewind.
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Information is read from the tapes into cathode ray
tube storage by means of instructicn 94 cor 96 of the form
xx 94 R S T where xx designates the tape unit which is read
and block T is read into CRT storage locations R through S.
To read block 17 of tape 1 into CRT memory positions
500-599, this instruction would be recorded as 0l 94 0500
0599 00l17.

Cathode Ray Tube Storage

The cathode ray tube storage consists of 66 cathode
ray tube storage units. Sixty-four of the CRT units carry
the sixteen digits of informaticn in the word, either a
number or an instruction, four CRT units being used to
represent each decimal digit in the binary coded decimal
system. The two additional units contain the 3's comple-
ment of the modulo-4 bit count (the indicated bit count)
used for checking the information stored each time there
is a read-out from CRT storage or a regeneration of a werd
in the CRT storage.

In addition to the bit cocunt for each word, a contin-
uous odd-even count is kept for each of the 66 cathode ray
tube units. This count is changed each time a number of
bits in a given cathode ray tube unit changes. If, during
the ovperation of the calculator, the word check indicates
an error in a word in CRT, the cdd-even count can be used
tc identify the particular column c¢f the CRT storage in
which the errcr has occurred, pinpcinting the failure tc a
specific spot in a specific tube.

The normal addresses of the locations in the cathode
ray tube storage unit are 0001 through 1999, These
addresses increased by 4,000, 6,000 or 8,000 designate
which of three address modifier numbers are to be added to
the address before using it.

Arithmetic Unit

The arithmetic unit consists of two lé6-digit universal
registers designated Register 1 and Register 2, which
receive numbers from and transmit numbers to the cathode
ray tube storage, and which can also be stepped either right
or left a digit at a time in one microsecond intervals,

5
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Paralleling the arithmetic operations, the corre-
sponding operation is performed on the modulo-9 value of the
operands, and the modulo-9 value of the result of the
arithmetic operation is checked with the modulo-9§ computed
result to determine correctness of the arithmetic operation.

The arithmetiec unit is arranged to operate in either
floating or specified decimal mode of operation depending
upon the code in the index field of the instruction word.
Any number in the range from 40 through 59 (normally 50)
designates floating index operation of the arithmetic unit,
and in addition and subtraction the two numbers are shifted
to cause their indexes to correspond before the addition or
subtraction is performed. Any high order zeros in the
result are removed and the index of the result decreased
accordingly. If the sum results in an additional high
order digit, the result is shifted right one place and the
index increased, For specified index operation, the
desired result index is entered in the P field and can
range from -30 through +30, the 100's complement being used
for negative powers. The calculation is performed like a
floating index operation with the result shifted to conform
with the specified irdex.,- If an overflow results from any
specified index operation, either the result can be shifted
right and the index adjusted accordingly to retain the
complete result, or the overflow digits can be dropped and
the machine caused to signal the overflow condition as
designated by the instruction code.

Arithmetic operations are rounded as designated by the
various instruction codes by forcing a 1 in the lowest
order digit 6f the retained portion of the result unless
the retained portion or the discarded low order portion of
the result is zeros Forcing a2 1 in'the lowest order digit
increases its value if digit is even, but does not change
it if the digit is odd.

A complete arithmetic operation on this calculator
includes the securing of the instruetion from the cathode
ray tube storage, modification of the addresses of the
instruction as indicated, the securing of the operand or
operands from CRT storage, the inspection of the decimal
indexes of the two operands, and the performance of the
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arithmetic operation, followed by a shifting of the result
as indicated by the decimal index of the instruction, and
the transfer of the result to a designated location in
cathode ray tube storage. The results of one arithmetic
operation are nommally retained in register 1 and register 2,
and 0000 in either or both of the operand fields in the

next instruction will use the previcus result as the corre-
sponding operand, saving two or three referehces to cathode
ray tube storage. Location 0000 in the result field

retains the result in register storage only.

Instruction System

The instruction system of this calculator is based on
the consecutive execution of three-address instructions
stored in the cathode ray tube memory. As indicated
earlier the instruction word contains 16 digits of informa-
tion divided into five fields, P and Q being two digits
each, and R, S and T four digits each., Field P normally
specifies the decimal index procedure for arithmetic
operations, field Q specifies the operation to be performed,
fields R and S normally specify the location of the numbers
to be used in the operation, and field T the location in
which the result is to be stored.

The addresses in fields R, S and T are modified in any
instruction where the address is greater than 3,999. Any
one of three modifiers, designated M4, M6 and M8 will be
automatically added to the addresses of 4,000 and above,

M4 being added for addresses from 4,000 to 5,999, and M6
being added to-addresses 6,000 to 7,999, and M8 being added
to addresses 8,000 to 9,999. The resulting address
modulo-2,000 after the addition of the address modifier is
used as the actual CRT address in the instruction. Auto-
matic address modification applies to all instruction
except operations 50 through 57 and 90 through 98, which
cover address modifier operations and tape operations.

Floating arithmetic is designated by a number in the
range from 40 to 59 in the P field. This procedure causes
automatic shifting of the result to remove high order zeros
without overflow of any non-zero digit on the left., A
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specified or fixed index procedure is indicated by "a number
in the range from 70 through 30 in the P field, corre-
sponding to powers of 10 from -30 to +30, the 100's comple-
ment being used for negative powers.

There are two sets of instructions covering the
ordinary arithmetic operations of addition, subtraction,
multiplication and division designated as standard arith-
metic, codes 26 through 28, and special arithmetic codes- 30
through 39. When using standard arithmetic instructions, if
the execution of the specified index in the instruction
would result in overflow digit or digits on the left of the
result, the result is treated as a floated operation - i.e.,
the overflow is prevented, the 13 high order digits are
retained in the result, and the index adjusted accordingly.
The adjusted index indicator is turned on permitting a
modification of the program to be executed to take in
account the adjusted index condition,

In special arithmetic, when specified index procedure
is indicated, and overflow occurs on the left, the overflow
condition is indicated and any digits which have overflowed
are lost, and the overflow indication may be used to adjust the
calculation by program or stop the calculator.

The instructions available in the machine are described
belows In specifying the operation performed by each
instruction, the contents of the cathode ray tube storage
at address X is designated as Xf¥,.
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