The Airy Tape: An Early Chapter in the

History of Debugging

MARTIN CAMPBELL-KELLY

This article describes the discovery of a paper-tape “relic” consisting of an
undebugged program written for the EDSAC computer in 1949. It is believed
that this program is the first real, nontrivial application ever written for a stored-
program computer. An examination of the program sheds new light on the ex-
tent to which the debugging problem was unanticipated by early computer
programmers, and the motivation for the development at Cambridge of sys-
tematic programming practices and debugging aids. The impact of these early
developments on programming elsewhere is discussed.

ntil the EDSAC ran its first programs in the spring of

1949, little serious study had been made of program-
ming; and all that had been done was for theoretical rather
than real machines.

The modern stored-program digital computer was in-
vented by a group that included John von Neumann, J.
Presper Eckert, and John W. Mauchly at the Moore School
of Electrical Engineering, University of Pennsylvania, dur-
ing the period from 1944 to 1945; it was first described by
von Neumann in his classic “First Draft of a Report on the
EDVAC,” dated June 1945.! The “EDVAC Report” was
largely silent on the subject of writing programs. Although
in 1945 von Neumann had sketched out at least one program
for the EDVAC, this was written mainly to help him check
out the suitability of the instruction set. Naturally the pro-
gram contained errors, and as Knuth has noted, “If von
Neumann had had an EDVAC on which to run this pro-
gram, he would have discovered debugging!™?

To disseminate the idea of the stored-program computer
as rapidly as possible, the Moore School of Electrical Engi-
neering organized a summer school entitled “Theory and
Techniques for Design of Electronic Digital Computers,”
which took place during July and August 1946 Even
though the stored-program computer was no more than a
paper design at this stage, some thirty delegates attended
the course; these people included representatives from al-
most all the academic and industrial computing laboratories
then in existence. From Britain, Maurice Wilkes was fortu-
nate enough to attend the latter part of the course on behalf
of the Cambridge University Mathematical Laboratory.

A number of computer programs were given by the
lecturers on the course for expository purposes, but the fact
that they contained some obvious errors caused no special
comment because, like typographical errors in a mathemat-
ical proof, they did not affect the general principles involved.
In fact, no evidence has yet emerged that anyone had con-

ceived of the debugging problem until programs were tried
on real computers. For example, from 1947 to 1948 von
Neumann and Goldstine published their seminal reports
“Planning and Coding of Problems for an Electronic Com-
puting Instrument,” and nowhere in the entire 150 pages of
these reportsis the possibility that a program might not work
the first time it was presented to a computer so much as
hinted at.

Consequently, there was a surprise in store for the first
group that completed a digital computer and attempted to
run a nontrivial program on it. This turned out to be the
EDSAC computer group, in the summer of 1949,

The EDSAC

Attending the Moore School Lectures in the summer of
1946 was a turning point for Wilkes: The experience made
him realize that the stored-program computer was to be the
mainstream of computer development for the foreseeable
future. Construction of the EDSAC (Electronic Delay Stor-
age Automatic Calculator) began in early 1947, and it per-
formed its first fully automatic calculation on May 6, 1949.
The EDSAC was the first computer of the new type to go
into practical operation, and it was a full year ahead of any
comparable development in the United States.

The early completion of the EDSAC was in large part
due to Wilkes’ conservative approach to design. For exam-
ple, he opted for a pulse rate of 0.5 MHz when “any elec-
tronic engineer worth hissalt™ (p. 129) would have accepted
the challenge of working at 1 MHz. The reason for this
attitude was that Wilkes was motivated not only by the
engineering challenge but also by “the desire to get a ma-
chine on which we could try out programmes, instead of just
dreaming them up for an imaginary machine.”® Wilkes was
convinced that time would of its own accord provide faster
and better technology; meanwhile, he wanted to get down
to the business of programming,.
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(a)

Figure 1. The EDSAC, then
and now. (a) A photograph
of the EDSAC taken shortly
after its completion in May
1949, The left three quarters
of the picture show the main
racks of the arithmetic unit,
control, and memory. The
input/output equipment (a
paper-tape reader and tele-
printer) can be seen on the
table at the right. Three of
the monitor tubes can be
seen to the rear and right of
the picture. (b) An EDSAC
simulator developed for the
Macintosh computer. The
circular display (top left)
shows the main memory
monitor tube. The register
panel (bottom left) displays
the accumulator and other
registers. The clock (middle
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right) gives the elapsed EDSAC time. The output panel (top right) shows the teleprinter printout. The central panel contains
the five user-accessible controls: Clear, Start, Reset, Stop and Single E.P. The dial (bottom right), added in 1951, enabled a
single decimal digit to be entered into the machine.

Technology and architecture

Before we discuss programming for the EDSAC, how-
cver, we need to know something of its technology and
architecture. Figure lais a photograph of the EDSAC taken

shortly after its completion in May 1949. Such has been the
rate of progress in computing in the last decade that it is now
possible to simulate the EDSAC on any modest 16-bit
personal computer. Figure 1b shows an EDSAC “worksta-
tion” for the Macintosh computer. The functional descrip-
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The Airy Tape

EDSAC'’s existence, only one bat-
tery of 16 delay lines was functional
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— giving a total of 512 words of
1 main memory, the equivalent of a
little over 1 Kbyte.

Opcode Spare Address

A useful feature of the delay-line
technology was that it was possible to
display the contents of a storage tube
on a CRT monitor. The EDSAC

Length

Figure 2. Format of an EDSAC instruction.

tion of the EDSAC given here applies equally to the original
machine or to the simulator. *

Like all first-generation machines, the EDSAC pro-
cessor was constructed using vacuum tubes, or thermionic
valves as they were known as in Britain. Altogether the
machine contained some 3,000 vacuum tubes and con-
sumed about 12 kW of power. Pulse electronics had ma-
tured remarkably during the war years, so the processor
itself was an engineering challenge mainly on account of
its scale. A much more difficult engineering problem was
the development of a suitable memory system. At the
time that Wilkes began building the EDSAC, there was
no proven storage technology, although during the war a
number of centers, including the Moore School and some
of the British radar-research laboratories, had experi-
mented with mercury delay lines or cathode-ray tubes for
radar echo cancellation. Both showed some promise as
possible storage devices. There were also some special-
purpose storage tubes under development, such as the
RCA Selectron, but these were a long way from being
practical propositions.

However, by a piece of good fortune, in early 1946 Wilkes
had made the acquaintance of a research student in the Caven-
dish Laboratory at Cambridge, Tommy Gold, who had worked
with mercury delay lines during his war service with the Admi-
ralty Signals Establishment. As soon as Wilkes’ plans for the
EDSAC hardened, he sought the advice of Gold, who was able
to sketch out the design of a delay line that he thought would
be suitable. In line with his general policy of minimizing the
engineering effort, Wilkes made use of this design for the
EDSAC, essentially without modification.

Each of the mercury delay lines used in the main memory
was about five feet in length and could store 576 ultrasonic
binary pulses (the equivalent of 32 18-bit words). The con-
tents of a delay line were constantly recirculated with a cycle
time of approximately 1 ms; this determined the basic speed
of the machine — which averaged about 600 operations per
second. The EDSAC was designed to have a total of 32
main-memory delay lines or “tanks” organized in two bat-
teries of 16 delay lines each. But for the first year or so of

* To provide an authentic evocation of the EDSAC environment,
the simulator has been designed with exactly the same functionality
and controls as the original machine; its only advantage is its greater
speed and convenience, and the fact that the hardware reliability is
many orders of magnitude greater. This article is in large part based
on the insight on the EDSAC gained using the simulator. A descrip-
tion of the simulator will be published elsewhere; readers wishing
to obtain a copy of the system should apply to the author.

monitors can be seen toward the rear
and right of Figure 1a. One of the
monitors allowed the contents of
any one of the 16 main-memory delay lines to be observed.
In Figure 1b, the large circular screen in the upper left shows
the main-memory monitor tube, in a style which is a fairly
close emulation of the original. Delay lines were also used
for the central registers and accumulator, but since these
were each only one or two word-lengths, much shorter delay
lines of only a few inches were used. These were known as
“short tanks” to distinguish them from the “long tanks” used
in the main memory. In Figure 1b, the short tank displays
are shown, in a slightly stylized form, at the bottom left.

Input to the EDSAC was by means of paper tape, and
output was by means of a modified Creed teleprinter of the
kind used by the British Post Office. This equipment can be
seen on the table at the right of Figure 1a; the upper-right
window of Figure 1b shows the printout generated by the
simulator.

Finally, the EDSAC was controlled by five push buttons:
Start, Stop, Clear, Reset, and Single E.P. Their purpose is
self-evident except for the last. The Single E.P. button
caused a single instruction to be obeyed, which enabled a
program to be executed one instruction at a time.

The EDSAC used a single-address instruction format,
shown in Figure 2. Although the EDSAC was based on an
18-bit word, only 17 bits were used, the leading bit being
unusable for reasons connected with circuit setup time. The
opcode (or “function”) was specified in 5 bits and the address
in 10 bits. A further bit specified the operand length: Most
instructions could operate on either a 17-bit short word or a
35-bit double-length word; the length indicator specified which.

Table 1 shows the EDSAC instruction set as it existed in
1949. Operations were represented by letters of the alpha-
bet, some of which suggested the function they denoted (for
example, A for Add, S for Subtract, and so on). Average
instruction times were 1.5 ms, although multiplication was
longer and took 6 ms; input/output times were determined
by the basic speeds of the peripheral equipment (the tele-
printer, for example, printed at 6% characters per second).

The repertoire of instructions was, of course, exceedingly
sparse by later standards, and even by the standards of the
time; but this was entirely in line with the EDSAC design
philosophy of simplifying engineering, even if this meant
lengthening programming.

Programming

Programming was an issue that was very much taken for
granted by the majority of the early computer projects. For
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them, all the emphasis was on the i
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(It is interesting that this mistake
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Notes

Clear accumulator using location OL as a “rubbish bin”
Add contents of location 8L into accumulator

Jump to location 105 if accumulator positive

Subtract location 8L from accumulator

Subtract location 8L from accumulator

Store accumulator in 8L leaving accumulator clear

was repeated in some microproces-
sor development systems in the
1970s.) Some groups, such as that of
von Neumann and Goldstine at the TAS, Princeton, certainly
came up with good programming notations, but they always

Table 1. The EDSAC instruction set (1949).

A n  Add the number in storage location # into the
accumulator.
Subtract the number in storage location n from
the accumulator.
Copy the number in storage location # into the
multiplier register.
Multiply the number in storage location n by the
number in the multiplier register and add the
product into the accumulator.
Multiply the number in storage location n by the
number in the multiplier register and subtract the
product from the accumulator.
Transfer the contents of the accumulator to
storage location n and clear the accumulator.
Transfer the contents of the accumulator to stor-
age location n and do not clear the accumulator.
Collate [logical and] the number in storage
location n with the number in the multiplier
register and add the result into the accumulator.
Shift the number in the accumulator » places to
the right.
Shift the number in the accumulator » places to
the left.
n  If the sign of the accumulator is positive, jump to
location n; otherwise proceed serially.
If the sign of the accumulator is negative, jump to
location n; otherwise proceed serially.
Read the next character from paper tape, and
store it as the least significant 5 bits of location n.
Print the character represented by the most
significant 5 bits of storage location n.
n  Read the last character output for verification.
No operation.
Round the number in the accumulator to 34 bits.
Stop the machine and ring the warning bell.

S n

2n—2

- a m r
3 =

@]
3

N < %

Note: The EDSAC order code was modified from time to time. For
example, the X order was originally used to round off short num-
bers, but was changed to a no-operation instruction when it was
found to serve no useful purpose. Similarly the F-check instruction
was eventually removed in favor of a conventional parity checking
scheme.

Figﬁre 3. Example of EDSAC code.

assumed that a human coder would manually transform the
symbolic notation into the binary machine code of the com-
puter.

At Cambridge, however, the emphasis was entirely the
other way. From the beginning, Wilkes decided that pro-
grams would be written in a human-oriented notation, and
moreover that the conversion from the external symbolic
form to the internal binary form would be done by the
machine itself. There were thus two aspects to the program-
ming problem: first, the form of symbolic instructions, and
second the mechanism by which programs would be loaded
into the memory.

Figure 3 shows a program fragment for the EDSAC as it
would have been written in 1949. The code replaces the long
number in location 8 (written 8L) by its absolute value;
instructions are assumed to occupy address locations 100
onwards. This notation looks strikingly similar to an assem-
bly language for a much later period, and compared with the
programming notations used on some other contemporary
machines, it was remarkably sophisticated. It should be
noted, however, that the comments were not punched; only
the symbols between the vertical rules would have appeared
on the paper tape. Thus the fragment of program in Figure
3 would have been punched: TLASLE105SS8LSS8LTSL.
This arrangement meant that program tapes were physically
very short.

The second problem was translating the program into
binary and loading it into the machine. This was one of the
first tasks entrusted by Wilkes to a research student, David
Wheeler (1927- ), who joined the laboratory in October
1948. Wheeler devised a simple loading routine known as
the “initial orders” that worked as follows. When the Start
button of the EDSAC was pressed, the initial orders were
automatically placed in the first memory tank (words 0-31).
The input routine then took control of the machine and
proceeded to load the symbolic program punched on paper
tape into words 32 onwards — this involved a simple binary-
to-decimal conversion of the address, and some other small
transformations. When the entire program had been loaded,
it was entered at word 32.

The initial orders were used from the earliest days of the
machine, including during its commissioning. On May 6,
1949, a short test program, which printed a table of squares,
was run; it worked and the EDSAC logbook was duly
inaugurated. The printout from this historic program is now
preserved in the Science Museum at Kensington. During the
next two or three days, two more simple demonstration
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Figure 4. A section of the Airy tape, corresponding to
instructions 64 to 71 of the program in the Appendix. The
binary form can be seen as the bottom four rows of the main
memory monitor tube in Figure 1b. The complete tape is a
little over four feet long.

programs were successfully run. The first, due to Wheeler,
printed prime numbers, and the second, written by Wilkes,
printed a table of squares and their differences. Both of
these programs were straightforward. Having been honed
to perfection during the weeks prior to the completion of
EDSAC. they were entircly crror free; the only difficulty
encountered in making them run was reluctant hardware.
These carly successes could have done nothing to prepare
programmers for the difficultics of debugging that lay
ahcad.

The Airy program

Shortly after the EDSAC began operating, Wilkes or-
ganized a conference on “High Speed Automatic Calculat-
ing Machines.” which took place June 22-25, 1949.7 This was
the first meeting of its Kind to be held in Europe, and
delegates from several countries attended. At the confer-
ence. visitors were given a tour of the EDSAC, and the
demonstration programs for primes and squares were run.
After the excitement of the June conference had subsided,
Wilkes began to work seriously on the first real application
program for the EDSAC.

This program was designed to calculate Airy’s integral,
which is the solution to the second-order differential equation

Vvi=aw

There were a number of reasons for choosing this particular
problem. Foremost, it was done as an exercise in using a
computer to solve a differential equation, which was ex-
pected to be one of the main applications of the EDSAC.
Naturally, Wilkes started with a simple example, and Airy’s
equation represented the next step in complexity from the
equation for simple harmonic motion. Moreover, he was
very familiar with the Airy equation, which he had encoun-
tered while still a student in connection with the propagation
of radio waves in the ionosphere.

Although published tables of the Airy integral had ex-
isted since the time of Airy and Stokes in the 1850s, no
completely satisfactory set of tables was available until
J.C.P. Miller’s The Airy Integral was published under the
auspices of the British Association Mathematical Tables
Committee in 1946.% These tables were — and remain —
effectively the last word on the subject. Wilkes realized that
the existence of Miller’s table would provide a very useful
check on the validity of his program.

Hence, the Airy program was not intended to result in a
useful product as such, but was really a test program to
explore both the capabilities of the EDSACand the business
of writing a real program. This would be a program that not
only explored the problems of program logic and branching,
but also the arithmetic processes intrinsic to numerical com-
putation. The Airy program is almost certainly the first real
application program ever written for a stored-program com-
puter, and it may fairly be said to have ushered in the
then-undreamt-of field of programming and programming
systems.

The original program manuscript has long since disap-
peared because Wilkes, for one, attached no special sig-
nificance to it. In fact, only a handful of programs have
survived from the very early days of digital computers
(say 1949 to 1951), and those that have survived tend to
be ones that were polished with publication, not to say
posterity, in mind.

In the summer of 1979, shortly before his retirement from
the Computer Laboratory, Wilkes was clearing out his draw-
ers and cupboards, and discovered in an obscure corner a
paper tape in a rather fragile condition with the single word
“Airy” written onitin pencil. Although undated, Wilkes was
able to date the tape with some accuracy becausc on July 27,
1949, he had begun to keep a “Record of Program Tapes.™
Since the tape bore no serial number, it was evidently
punched shortly before that. Wilkes sent me a photocopy of
the tape to see what I could make of it. Figure 4 shows a
fragment of the paper tape. I sensed that I was being sct a
challenge — one that took me some years to resolve to my
satisfaction.

A reconstructed and partially corrected transcription of
the Airy program is given in the Appendix on pages 25-26.
Reconstituting the raw code from the paper tape was essen-
tially a clerical task, albeit a tedious one. This enabled the
sequence of symbolic instructions shown between the verti-
cal rules to be drawn up. The comments to the left and the
right of the rules were not, of course, present on the tape.
What had been achicved at this stage was analogous to
regenerating code from a memory dump: not difficult to do,
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but the result is essentially meaningless without a specifica-
tion of the original program.

However, by a stroke of luck, Wilkes had published a
description of the Airy program in Nature in October 1949,
together with a specimen of the output produced by the
program (Figure 5). Wilkes chose to publish in Nature be-
cause it was — and still remains — the international journal
for the rapid dissemination of new scientific results. The
Nature article is almost certainly the first ever published
account of a real numerical computation on a stored-pro-
gram computer.

The method that Wilkes chose to evaluate the Airy
integral was one that had been made popular for use on desk
machines by Douglas Hartree, then Plummer Professor of
Physics at Cambridge. Hartree was at that time the
éminence grise of numerical analysts in Britain, and he had
proved a constant source of encouragement to Wilkes.

Hartree’s method for the integration of Airy’s equation

14

y =xy
was based on the well-known central difference formula

" 1 ’
&y = @ + 589"

where 8x is the interval of the argument. Given three adja-
cent values of y, namely y, y,, and y,, and eliminating y”,
we get

1
Y2=2y, =Y, - E(Sx)z(xoy0 +10x,y, + x,y,)

If y, and y, are known, y, can be evaluated iteratively.
This highly reliable and popular process was later called the
“Royal Road” procedure by the astronomer Zdenek Kopal.

Wilkes® algorithm, given in the Nature article, is worth
quoting in full, because, apart from the examples in the von
Neumann and Goldstine reports, it is probably the first
published example of a numerical procedure that corre-
sponds closely to the modern notion of a computational
algorithm:

In order to set out in further detail the operations to
be performed by the machine, it will be assumed that
the quantities y, and y, are held in the store of the
machine in “storage locations” numbered 100 and 101
respectively, and that storage location 102 contains a
number 1. | will change as the calculation proceeds,
and will finally become equal to y,; initiallyn = y,. The
various stages of the calculation are then as follows:

(1) Evaluate n’ =2y, - y, — L(8x)*(xy, + 10x,y, + x,y,).

(2) Examine the sign of m’ - nl — &, where ¢ is a small
quantity specified in advance. If the sign is positive,
replace m in storage location 102 by n” and repeat (1).
If the sign is negative, proceed to (3).

(3) Print y,,

000 +.35503 +,36796 +.38085 -«
+.41872 +.43090 +.44276 «
+.47573 +.48562 +.49485 +
+.51777  +.52357 +.52833

/00  +.53556 +.53539 +.53381 4,
+.52005 +.51227 +,50283 +.49170 +.47885
4.46426 +.44793 +.42986 +.41008 +,38861
+.36548 +.34076 +.31451 +,28680 +.25773

2:00 +.22741 +.1959% +,156348 +.13016 +.09615
+.06160 +.02671 ~,00834 -.04333 -.07807
~+11233) -.14588 ~-.17850 -.,20997 -.24004
-.26849 -,29510 -,31964 -.34191 ~.36169

300 =-.37881 -.39310 -.40438 ~-,41254 -.,41744
-.41901 ~,41718 -.41191 -,40319 =.39105
-.37553 -.35674 -.33478 -.30981 =~.28201%
-.25151 -.21886 ~.18402 -.14742 =-.10938

400 =-.0702] =-.0304% +,00968 +,.04970 +.08921
+.12778  +.16500 +.20044 +,23370 +.26440
+.25215  +.31562  +.33750 +.35449 +.36737
+.37593 +.38004 +.37959 +.37454 +,36490

9364 +.40628

423 +,46524
5333 0.51200

«53196 +.53439
2071 +.52619

Figure 5. The Airy table. The output from the final version
of the Airy program, as reproduced in facsimile in Nature,
October 1,1949. The numerical values were printed directly
by the EDSAC teleprinter, but Wilkes wrote the headings
in by hand to avoid complicating the program.

(4) Replace y, in storage location 100 by y, from
storage location 101, and y, in storage location 101 by
¥, from storage location 102 (n remains in storage
location 102). Repeat (1).°

The locations of 100, 101, and 102 were, of course, chosen
arbitrarily for the purposes of exposition.

Itis interesting to contrast this algorithm with an extract
from the Royal Road procedure given by Hartree:

The procedure is then as follows. Estimate 82y"0, and

obtain an approximation to 8%, from (7.3). Add this
tody_, , to give an approximation to 8y, ,, and add this
to y, to give an approximation to y,. From this calcu-
late y”; and hence &y” = y”, -~ 2y”, + y” . Let e be
the difference between this value of 8%y and that
estimated. A change of the estimate of %y by €
makes a change le(sx)%, in y,. If this is less than 1 in

the last figure retained in y, the estimate is adequate;
if not, the estimate is revised and the calculation of
the interval repeated; but the interval length (8x)
should be taken so that this is seldom necessary.!

This was then followed by a worked example.

Ignoring the notational differences, the important differ-
ence between these two descriptions is that Wilkes’ was
designed for an electronic digital computer, whereas
Hartree's was aimed at a human computer who could be
assumed to have a high level of reasoning power. These two
descriptions encapsulate the transition from Hartree’s pre-
war world of the “science and art of numerical calculation™
to the postwar world of computational algorithms.
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The Airy Tape

The Airy paper tape proved to conform very closely to
the algorithm given by Wilkes, and this enabled the purpose
of each instruction and constant in the program to be under-
stood. The results are indicated by the comments to the Airy
program in the Appendix.

One detail that Wilkes did not include in his account
needs to be explained before the Airy program can be fully
understood. This is the problem of scaling. Like other ma-
chines of its era, the EDSAC did not have floating-point
hardware, and it could only handle fractions, o, in the
range -1 £ a £ 1. Consequently numbers larger than unity
(or very small numbers) had to be multiplied by a scale
factor. In this particular problem, the values of the Airy
integral, Ai(x), were fortuitously close to, but less than, unity
in absolute value, and needed no scale factor at all. The
x values, however, which could be up to 100 in mod-
ulus, were multiplied by 27" - 10 (which was a convenient
scale factor in a binary machine). Elsewhere in the program,
a complementary scale factor of 2! - 107! was introduced so
that the results were printed correctly. Scaling was one of
the major headaches in preparing programs on early com-
puters, but by the late 1950s innovations such as floating-
point hardware and interpretive systems meant that most
uscrs no longer had to be concerned with it.

The discovery of debugging

The most striking feature of the Airy program s the large
number of errors it contains. These errors are listed in Table
2 and corrections have been handwritten in the program in
the Appendix. (Where additional words have been inserted,
instructions would need to be renumbered and the address
fields of some instructions changed; this is essentially a
clerical task which has not been done in the interests of
clarity.) Altogether there were approximately twenty errors
in the 126 lines of the program. By any standard thisis a large
number of errors in a relatively short program. However,
Wilkes is one of the giants of computing, so we can assume
that there was more to this than meets the eye.

Some of the errors are obvious by inspection, while
others are more subtle; and one error, discussed shortly, is
very subtle indeed. The most glaring of the obvious errors
occur in lines 62, 64, 68, and 70, where, to obtain a right-shift
of 9 places the order R 9 S is used. In fact, to simplify the
hardware implementation of the shift order, to get an n-
place shift, the nth bit of the instruction word had to be set
to a 1, and the rest of the bits to 0. Hence the instruction
should have been R 128 S. People often made this mistake
when first coding for the EDSAC, but it seems unlikely that
the designer of the machine could have fallen into the same
trap. A more likely explanation is that Wilkes used R 9 S as
a convenient but temporary notation while writing the pro-
gram, and forgot to change it before giving the manuscript
to his secretary to keypunch. The result was to make the
results of the program meaningless, and this suggests that
this version of the Airy program is quite possibly a first draft
— and maybe that was why Wilkes, with a subconscious
sense of history, put it to one side all those years ago.

There are also a number of errors that appear to be plain
punching mistakes. For example, in order 135 a U-order is

mispunched as a V-order, probably due to misreading the
manuscript. Since it was possible to list program tapes only
with some difficulty and inconvenience, this error would
have been difficult to detect, but its existence renders the
results of the program nonsense.

Elsewhere, there are several instructions missing alto-
gether: For example, between orders 102 and 103, an order
(T 35 S) is needed to store the result of a computation; and
between orders 143-144 and 148-149 extra instructions are
needed to count the correct number of times round a loop.
In other places, long and short operands are confused. Any
one of these errors would have invalidated the results of the
whole computation.

From the foregoing, it seems likely that the program was
not desk checked before it was punched and was not verified
after it was punched. This might seem surprising, given that
Wilkes had himself done some computing with a desk ma-
chine, where procedures tended to be very well organized
and systematic. However, in a manual computation the aim
was to minimize the possibility of computational errors. A
reliable digital computer would be free from computational
errors of the kind that a careless desk machine operator
might introduce. On the other hand, the logic of a manual
computation never had to be spelled out in detail because it
could be assumed that a human being would do the sensible
thing; it is only obvious in hindsight that the same is not true
for a computer program.

Wilkes recalls his discovery of the debugging problem in
his Memoirs:>

By June 1949 people had begun to realize that it
was not so easy to get a program right as had at one
time appeared. I well remember when this realiza-
tion first came on me with full force. The EDSAC
was on the top floor of the building and the tape-
punching and editing equipment one floor below on
a gallery that ran round the room in which the
differential analyser was installed. I was trying to
get working my first non-trivial program, which was
one for the numerical integration of Airy’s differ-
ential equation. It was on one of my journeys be-
tween the EDSAC room and the punching equip-
ment that “hesitating at the angles of stairs” the
realization came over me with full force that a good
part of the remainder of my life was going to be
spent in finding errors in my own programs (p. 145).

How then was the program actually debugged? There
were, of course, no software debugging aids whatever on the
EDSAC at this time, so the program had to be debugged on
anaked machine, by “single-stepping” through the program
and observing the contents of the memory and registers on
the monitor tubes. This process was known by the rather
charming name of “peeping.” On some machines it was
possible to correct errors in the program using hand
switches, although this was not possible on the EDSAC.
Hence every debugging run would have necessitated a trip
from the punching room to the EDSAC and back again to
correct the program tape. Wilkes must have trod the stair-
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case between the punching room and the EDSAC many
times to get the Airy program working.

Using the EDSAC simulator, it has proved possible to
produce some results from the partially corrected version of
the Airy program. The output is shown in the upper right-
hand panel of Figure 1b. The printout shows some slight
departures from the results printed in Nature. Most obvi-
ously, the program fails to cope with the printing of negative
numbers, so that from midway in the tenth line the printout
becomes incoherent. It would take just half a dozen instruc-
tions to put this right. Quite possibly this was a detail that
Wilkes chose to omit until the program was more or less
running. Similarly, extra instructions are needed to round
off the results to the fifth decimal place.

Before we leave the Airy program, the very subtle error
alluded to earlier needs to be explained. When Wilkes first
sent me the tape in 1979, it did not take very long to coax
some numbers from the program, but although the resuits
were correct to four decimal places, there was an error of as
much as four units in the fifth place. This initially made me
suspect that the algorithm might be at fault or that the step
length was too great. So, in an exercise that I felt was really
rather contrary to the spirit in which I wanted to debug the
program, [ transliterated the program into Fortran, but the
results it produced were in accordance both with the table
in Nature and with Miller’s The Airy Integral. Since every-
thing else in the program looked perfect — and since I had
spent more time trying to debug the program than I really
care to admit — I was forced to concede defeat and put it to
one side. During the intervening years between then and
now I looked at the program again two or three times but
the bug remained obstinately hidden. Finally, one morning
in early 1990, the penny finally dropped: The error was
caused by the fact that the constant (8x)%/12 in location 45
was stored only to single precision instead of double preci-
sion. With this correction made, the program is capable of
producing results correct to the eight figures given in
Miller’s table. Of course, it has to be noted that Wilkes
himself spotted the error somewhat more quickly in 1949.
Although he would have been helped both by being closer
to the problem and by being an experienced numerical
analyst, I do not think it would have been in the least an easy
error for him to detect. It was often noted in the 1950s that
numerical errors were more stubborn and harder to correct
than errors of program logic; the Airy program confirms that
observation.

Getting programs right

The early experience of correcting the Airy program, and
many subsequent programs, shaped the Cambridge philos-
ophy toward debugging. First and foremost, the use of
peeping to debug programs was found to be very extrava-
gant of machine time and Wilkes, with the strong support of
Wheeler, outlawed the practice as soon as it was possible to
do so. Instead various software aids for error detection were
provided. The first of these aids were “postmortem” dump
routines that printed out the contents of the memory when
a program had terminated abnormally or had been aborted.
The postmortem program was loaded by the initial orders

Table 2. Errors in the Airy program.

Location Error

62,64, 68,70 Incorrect left-shift order

72,82 Incorrectly specified operand length
45,501, 53, 57 Incorrect constants

73,144 Redundant instructions or constants

102-3, 143-4,148-9  Missing orders
130, 141 Incorrect address in instruction
135, 149, 152 Incorrect or mispunched opcode

in the usual way, and placed in the high end of memory,
where it was least likely to overwrite the user program. It
would then print out the contents of a selected region of
memory in a selected format. Routines were provided to
print out words in the form of single-length or double-length
fractions, integers, or instructions, whichever the program-
mer found most useful. The postmortem printout could then
be studied at leisure away from the machine. The postmor-
tem technique was so successful that by about mid-1950 it
proved possible to run the EDSAC as a closed shop during
the daytime with a professional operator; users would spec-
ify the postmortem procedure to be adopted by the operator
should the program terminate abnormally, print spurious
results, or go into an infinite loop.

The real breakthrough in debugging techniques, how-
ever, was made in early 1950 by Stanley Gill (1926-1975),
then a research student who joined the laboratory in Octo-
ber 1949. Gill invented the concept of the interpretive trace
routine.!! In Gill’s scheme, instead of the user’s program
being obeyed directly by the control circuits of the com-
puter, it was interpreted instruction-by-instruction by the
interpreting routine. As each instruction was obeyed, diag-
nostic information could be printed. One trace routine, for
example, printed the order-code letter of each instruction
as it was obeyed. (If this routine could have been applied to
the Airy program, it would have produced the output EAR-
ARATARARATTHVH etc.) This helped enormously in
the detection of stubborn logic errors. Another trace routine
printed the value of the accumulator whenever its contents
were transferred to memory; this was particularly useful in
detecting stubborn numerical errors. (For a fuller discussion
of debugging routines, sece David Wheeler’s article “The
EDSAC Programming Systems” in this issue of the Annals
of the History of Computing.)

The Airy program also hints at another important aspect
of reducing the incidence of program errors — by the use of
subroutines. It was understood by all the early groups that
subroutines would be an important aspect of programming.
For example, in the Goldstine and von Neumann “Planning
and Coding™ reports the authors stated

..we envisage that a properly organized automatic,
high speed establishment will include an extensive
collection of such subroutines, of lengths ranging
from about 15-20 words upwards. That is, a “library”
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of records in the form of the external memory me-
dium, presumably magnetic wire or tape (p. 288).

The advantage of the subroutine library, of course, was that
common functions such as square root, input-output, and so
on, could be written once and for all, and used by everybody.

Cambridge, however, discovered two further advantages
conferred by the use of subroutines: first, the effect on
program structure, and second the effect on program bugs.

The effect on program structure is shown clearly in
Wilkes’ algorithm for the Airy program (quoted earlier),
which is notable for the absence of a flowchart of the kind
being advocated by Goldstine and von Neumann. Possibly
Cambridge was the only early computer group that did not
go through a phase of using flowcharts (and consequently
did not have to unlearn them when the vogue for structured
programming came in). The use of subroutines in structur-
ing programs helped programmers to think more clearly,
and hence make fewer errors in program logic. In Wilkes’
algorithm the coding step

(3) Print y,

is nothing less than a subroutine call, and the code itself
appears in the lines 112-157. As a subroutine, however, it
clearly has some major shortcomings. The first is that there
is no proper linkage between it and the main program. And
second, the subroutine cannot be relocated — that is, it
operates correctly in 112-157, but would not work anywhere
else.

These issues were shortly to be resolved in a classic piece
of work by David Wheeler, in which he devised both a
proper technique for subroutine linkage and a new set of
initial orders that could be used to relocate library subrou-
tines so that they would work anywhere in the memory."?
The new initial orders were incorporated in the EDSAC in
September 1949, and the whole subject of programming-sys-
tems development then moved into high gear.

The second unanticipated benefit of using subroutines
was that it was possible to copy library tapes mechanically
into a user’s program; reducing the number of instructions
that the user wrote or punched directly vastly reduced the
incidence of program errors. In a typical application pro-
gram, two thirds or more of the total number of instructions
in a program would come from the library and only one third
would be written by the programmer. As Wilkes noted, “this
in itself would be a sufficient reason for having a library,
quite apart from any other considerations.”!?

Spreading the word

By the summer of 1950 the EDSAC programming system
had reached a high state of refinement, and the subroutine
library contained some 70 subroutines. The coding style was
so user friendly, as we would now call it, that several users
from outside the computer laboratory had begun to write
their own programs.

In September 1950 all the programming techniques were
written up and compiled into a spirit-duplicated report en-
titled “Report on the Preparation of Programs for the

EDSAC, and the Use of the Library of Subroutines.” Wilkes
sent copies of this report all over the world to people he
thought would be interested. It must be recalled that, at this
date, the EDSAC was still the only fully operational stored-
program computer in the world, so that the report aroused
a great deal of interest, especially in the United States, and
it may be fairly said to have laid the foundations of the whole
subject of programming systems. In 1951 the EDSA Creport
was published as a textbook by Addison-Wesley in Cam-
bridge, Mass., as The Preparation of Programs for an Elec-
tronic Digital Computer, under the joint authorship of
Wilkes, Wheeler, and Gill.!* This was the first classic text-
book on programming; it was usually known to the first
generation of programmers as simply “Wilkes, Wheeler,
and Gill” (often abbreviated to “WWG”).

Thus the Cambridge programming methodology had a
heavy influence on the programming systems of many of the
first-generation computers that came into being during the
early 1950s. For example, at MIT the programming system
developed by Charles Adams for the Whirlwind computer
wholeheartedly embraced the Cambridge model. The pro-
gramming system for the ILLIAC at the University of Illi-
nois was developed by Wheeler during his period there as
an assistant professor from 1951 to 1953. Inits turn, ILLIAC
influenced several other computers in the United States, and
in more distant countries such as Israel (the WEIZAC),
Australia (the SILLIAC), and Japan (the Musasino-1). Pro-
grammers at IBM were also receptive to some of the ideas,
which in due course found their way into the programming
methods for the Model 701.1* And at Univac, Grace Hopper
acknowledged “from Dr. Wilkes, the greatest help of all, a
book on the subject.”’®

key chapter both of the original EDSAC report and

of Wilkes, Wheeler, and Gill’s book was one devoted
to the subject of getting programs right. The chapter was
entitled “Pitfalls” — the term debugging did not come into
general use in this context until the late 1950s. In this chap-
ter, which was written by Wilkes, readers were warned that
programmers would sometimes make mistakes:

Experience has shown that such mistakes are much
more difficult to avoid than might be expected. It is,
in fact, rare for a program to work correctly the first
time it is tried, and often several attempts must be
made before all errors are eliminated. Since much
machine time can be lost in this way a major preoccu-
pation of the EDSAC group at the present time is the
development of techniques for avoiding errors, de-
tecting them before the tape is put on the machine,
and locating any which remain undetected with a
minimum expenditure of machine time.'?

Wilkes took particular pains to disabuse new computer
users that program debugging using the console and CRT
monitors was anything other than “a very slow and ineffi-
cient process, especially as the numbers are usually dis-
played in binary.” The chapter then went on to describe the
dump and trace procedures employed on the EDSAC.
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These ideas soon permeated the whole culture of early
programming, although many people who devised such pro-
cedures for the computers that were then coming into ser-
vice probably did not know from where the ideas had orig-
inally sprung.

But the EDSAC programming methodology was as strong
on prevention asit was on cure. Thus programmers were urged
to desk check the program before submitting it to the com-
puter, to code in a logical manner, and “not hesitate to copy it
out in a more logical layout whenever necessary.” And a
comprehensive list was given of “points to be checked” before
submitting a program to the computer.

It would be nice to think that early programmers heeded
this advice, but it seems unlikely — like Wilkes, no doubt
most of them learned the hard way. u
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Appendix: A partially corrected version
of the Airy program

Main program
31 T 158§ required by initial orders
enter ~» 32 E 61 S jump -over constants
33 (P 8S |x
34 P s Xo :| al! scaled by 2-11.10
35 [[p 165 | x
36 P s
37 P $ ] bt
38 P S
39 P s ] ur
40 P s
41 P s ] Yz or n
42 P S ] n
43 P S
44 |lp s0os | 10.x, Conskant nerdolo
X 45 |llp 1308 s | $x2/12; scaled by 211.10-1 .hl—‘*o'«b\ﬂ« ‘“3‘4‘:
e,
:3 : : ] working storage ’ .:I‘qai:‘l:‘:
48 P s
] working storage
49 P s
50 P s lv\hu‘\')\M%E MDSt-SI‘Jﬂ&f\'M
X st e s ] ¢, error bound ‘Z’M‘L \Ms’t-:iam'ficmt h,jt_md‘
S2 P 8s 8x; scaled by 2-11-10
X 53 [[#P s | column count
54 P S8 S, initializer for column count
55 P 174 §
S6 P 30 S :| AiCD) = 0.35502805
X 57 P1 1633’;_6’
o8 P 2288
59 P 185 § ] Ri(-0.5> = 0.36796149
60 P 12057 S

(Appendix continued on the following page)
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. o .
Main program, continued Print routine
92 —» 112 T S
3 > 61 A 25 s |1 ] Jjump over constants od
us 127 8
x oz | s , E s,
¢ 114 s flg. shift
63 A S6S fico> v 9. shi
4 Yo = Al 15 S
X e A '1)’5 1 r space
116 a S | line feed character
[+ A 578 . . constonts
6 T s | 17 L] $ | carriage return
&7 A 58 5 - 118 Ll s decinal point
10
X o8 | 1%, o 19 Iy s Im
-
6 [A 59§ alco0.5> 120 |fu s /16
Yy = —0.
¥ 7 |r'%s 121 |[e s
122 P S
i A st working storage
123 P s
T 38 d . N
Xz 4 5 tehundank instruckion 124 |le s
7 |7 s | clear ace’
o6, 117 > 74 H ass ] 123 P $ | digit count
X3y, . .
- v 40 L 292 126 P 8S 8, initializer for digit count
P H 448 ] o 13 +» 127 O 118 § | print decimal point
gy -
77 |v s P46l = xouo * 10%0us + s WS > 28 17 s
129 H 11898 binary to decimal conversion:
B [H 345 ] ey X v 12157= yo - 19/4¢
0 " YO
2 v oastL 130 AL
80 T oasL 131 U 1218 |l
81 W o4s s |1 132 s 121§
o
K 82 | N 48 & | | acc = (8x2/123-(xoyo + 10%yy; + xauz) 133 }H 1208
4 . . digi
83 —— 13 Cu!ZI S print ms. digit of 1218
X 1 1
B84 s 36 L ] \ 2 33 A 124 s
n' =2y - Yo 4]
s P— 1 136 124 8 | J
= (Bx2/12) (xoyo *+ 10x1yy + xzy2) 137 |s 1248 |7
[ u &z2L |J
138 A 1218
87 S 40L
139 § 1248 remove ms. digit from 1218
88 E 91§
140 L 48
89 T 48 1L ace ® In~n'j-e 36 L
kS 141 T sy ||
90 s 48 L
142 A 125§ |
88 >91 |s soL ||
143 A 48
92 G 112S | print ys if acc ¢ O w 128S% increment digit count
/\ and test
93 T § 144 S 126 8
9 |A 421 n=n' 145 |6 1288 | J
s T 40L | 146 T s |7
96 E 74 5 | repeat iteration 147 A 535S
152 + 97 T S 11 148 R 4S increment column count
152498 | A 335 | | % =x A woss and test
A S Sys
9 [T a34s || ¥ 149 | gEsas ||
100 A 35S ]x . x 150 o 1158 ] int
1 z print two spaces
or fu 33s 151 [0 115s
102 |R s25 X 152 | & 975 | retun
,( T 35S X3 ® xp +8x
149 - 153 0o 116 S ] . .
rint naw line
103 | R 38 L 154 [0 1178 P
Yo ™ uy
104 | T 36L 155 | s S4s
t
105 A o42L 156 T sas ] reset column coun
Y1 " Ya
106 | T 3eL 157 [E 98 S | return
107 H 1198
108 v 33s
445 = 10-x,
109 L 45
110 T 4458
11 E 74 S | repeat main cycle
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