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Repoxrt . of  a - software 'f‘a.;!:lure'

. . . . .cumR, hHoare . .

Summary

S nle 2009
. This paper contains a reprint of the summary of a == .~

Pl
- e

"teach~-in" devoted to problems of software development 'Thet'

historical background is survayed in the introduction.
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0 tn+roduc+|on. IEERE .
' In the early nlhotoon-sixties a sma!l but prof!fable
Computer Manufacturer doclded to embark on a conorehenslve
oparating system proJecT for a new machlne, of the type now
- known. as "third generatlon software", I+ IncIudud an
.au?omaf!c single-level storo (SPAN), automa+ic bufferlng of
perlpheral transfers. (Tas), a filing system, Job control,
edlting, a new assenbly Ianguaoe and new comp!lers for FORTRAN .
and ALGOL 60, more genﬂral %han anything gone beforo., Thls
" .was known asvthe Mark || Sof?ware Project. - Gocunents
) describing "concepts and facllitles" weré sent to.customers,
and deliveries were due_to s?artééﬁfu+ e months after . o
In!+1a+ion. A Team of about wwendhy programmers sia:?ed work.
Moanwhile the attention of the Company turned to o new
- machlne, cheapor, smaller and more fashlionable than The ofher.
Software gosinns for the new machine were tTo be scaled-down
verslons of the sof+ware of the previous mach!ne, and work:
started with a team of about flve programmérs. . It was soon
“decided that sales of -the old machlng were fal'ling off, “and
that software deveIOpmenf for 1+ would coase on completion of
The-exrsfing software commitnent, thereby ro!easlng‘programmers
-for.fhe new machine. S
But somohow the compleTion of this sof+ware did no+ seom
to get any closer. Promised delivery datos passed and the
-promises were duiy renewed, Incroeasing numbers of Tnoaxperioncod:
programmers werc recrulted, Evenfuafly some axperlenceJ
'programmers (and even managers) were recalled to the proJecT,anL
the specifications were drastically curtallod, and progress
~charts wore made giving targets wouk by week for each member
of cvery Team. . Those showed that the dellvery of the first
item of Mark Il software (the ALGOL 60 compiler) could take
-place In about four months, By dint of extremely arduous work
on nlght shift +his Tarqo? was met - the first actual software
dallivery the Corpany made during a poeriod of two years,
Unfortunately, I+ was uhdéllverable._ its snwed of
7 compi!a?ton was only two characters per socond, which parhaps
"would be acceptable by present-day standards, but comparad
unfaVOurab!y with a speed of near a thousand characters per socond
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of the previous ALGOL compi!er for. The same ma”hine. o o
The maln reason for this was Insufficient planninJ 'n the .-

"“““““3} -

use of the "single-level®" storo concopt, whilch was
evan though the backlng store was w%e#—weﬁ—ﬁﬁbﬁeﬁuaniiy—known
2R ngxtended core", only flfieon Times slower thoa the maln
- store. . Over tho noxt fow wooks, an Enfuns!ve Investigation
of thls trouble was ccnduc1ed and resultod In a factor-of-
four Improvement In porformance.‘ ther improvoments wero A
'posslble but would glve diminls hlng returns. _There was '
- hardware iim!+ on the-size.of +he-malin.store of the machlne,

‘which praven+ed +he usual solution of frae s+ora handoufs to ﬂll'

.. customers,
With some angulsh +he whole Mark 11 software project

and thirty man-years of programminq cffort was abandoned. A
. meeting of customers was called To explaln the ‘situation. It
| Was galling to find that many of .them were not surprised.

It was at thls polnt, on Ocro;er 22 1965, that a "teach-
in" was held of all senior programmers ‘and Pe,c:'Hon loaders to.
attempt to. understand the. causas of the disaster and agree on
a remedy. The followlng ;ggk-%ﬁﬂ arc an unedited franscript
“of notes hhich | made of the dlscussion - only the names of
the machlnes have been removed. A final sectlon on the F?DFDS&A

anagemen% structure of the software group has also beon omitted.

I+ Is pleasant fo repor. that the Company vont on to
deslign and produce (more or loss on schodule) "some gqutte
prasentabile software, both for its ol 4 machline and for 1ts new
ono! for example, the February. 1966 date for dollvery of ALGOL
on the new machlne was meT; HowevUr great care was taken to
‘avoid prom}sing software with over-ambitious spectflcations
or impossiblo dellvery dates. Unfortunately ‘its compet!tors
were not so cautious (er perhaps scrupulous} in zvoldling such
prOmIses,vanémmgﬁy”qqstpmers wero tost.




Eventnally the Company was taken over by a larqer one, which
was shortly taken over by an even larger one still. 1My thanks go to
.-all who worked with me at that time, since they have taught me (the
nard way) all I know about the design and management of large softwate
ptojects. 7 Responsibility for the disaster was mine, credit for ths

recovery is theirs.

Of course, since the.events described above, many larger :ii
‘software prrojects have culminated in: even more: spectacular and better |
publicised failure. The reason for publishing the following notes is
in the hope that it’will help others to avoid sbnilar failures in the:'
future. It is not only by reports of success that the state of the

art can be furthered.




L LUELLES I"UrpDSB VI 0T ITwdare : . :
‘ To lhcrease sales 6f the Company g compuTers by provld!ng,‘
-a suitable degree of software support; and fo give maximum _
satlsfaction Yo customers w!+h raesources avallable.
Software support comprtses tThose programs, compllers,
‘sub~-routines, etc., which stmplify and expedite the task of
applying a computer In a relatively wide, 8rea of probiem

t'jsolving. ‘

2. Recent Major Cusfomer GFfGVanCPS _
' In recent times the software sltuatlon at the Company
has glven much cause for dissatisfaction among customers.

* Thelr major legitimate grlevancés'éFe-"

2,1. Cancellation of Projects. . o ‘ ,

 Several projects have been canéelled at a very late s+agef
even after their descrEp+Ion5 have appoeared In the Technical
Mahual. The specifications of other projects have beon
s!gn!ficaniny reduced, ‘ .

On our new machfne, TSS has been vlrfually shelved,

and the specification of SPAN wili probably be s!mpilfied
before Emp.emenTafion on backing store.

2.2, Fallure to moet Deadlines, 5 ' _
For our Mk.ll software on our'cufreh? méchino, deadl ines
‘sat In March and agatn !nldune 1965 were- passed wlthout |
notice; and on our new machine, the Novambor deadline for
“ALGOL has had to be postponed to February 1966,

2.3, Excessive slzo of Soffwaro.

In the spscification and planning of software Insufficlen?
Thoughf was glven to predicf!ng the size of the subroutines
and of tThe programs which used them; and in the event the P;ﬁi
slze has proved not to be Justified by the usefulness of E;j&MP
the fact!lities provided,

On our new machine, early predictlons of the size of the
"ALGOL compiler and systems programs were over~optimistic,
but lack of effort has protected us from fhe WOIrse excessas
of the earlior machine.

2.4, . Excesslively slow prograhs. .
In the design of software Insufficlent though* was glven
to predicting the speed of the programs; and In the event




e Abkbvl Jdhis giyvodiy ala0 The Funlianlh COmpiliers fave boen
found to be qulite unacceptably slow. o

On our noew machine, the absence of ?wo~¥eve| s+orage
has protected us from tho worst errors of Tho prevlous marhine,_

2.5.,. Fallure to take account of Customar Feedback.

Earlier attention. paid to the quite minor requesfs of
our customers might have pald as gr0a+ dividends of goodwil!
as oven the success of our most amb 1+ ous plans.

2,6, Poor Informaflon flow to Education Dept. Salos
and Customers, ‘

As a Fosult of_hasty. Improvjsa+lon under+ak0n at the
“last m!nufe to get the programs dollvared, “t+he documentation
_of the programs actually dollvered is sadly lacking; and
| the education deparTmenf has had no chance To keagp up fo
dato and train customers programmors in the use of the
progfams agcrually avallable. |

Ll ) ) o ' )

3. Inves+igafion of Causes

‘The causes of tho fallure summat!scd I'n +he prevloua
section may be classlfled roughly as: '

TN Falling within the software group duo maln'v to

inexperlence in planning and predlc+!on.
2. Falllngs within the softwara group due ma!nty +0
organisafionai and communication problems. '
- 3. Grievances, which relate to clrcumstances wholly or ;
partly out of the control of the software group. |

3.1, Fallure inprediction.

The failure To'predicf suétossfd!iy the cohéequencas
- of the Company's plans and policles might ba sald to be the
"-maln causé of the trouble, since If we had foreseen the
Troub!o, wo would certainly never hove embarked Upoh tho
plans, ‘
3.1.1. Overambition. .

The goals which we have attempted have obvtousiy proved
to be far beyond our grasp.,  Even if It were nhoore+ical!y
possible to implemenf so great a volume of Intar!inked pPOgFuMJ,
it was obviously not a practical possibility in the prevmlling '
clrcumstances. On our new machlne, the attempt to achlave




compatibility with commercial softwaro doveloped outside
the group, has baslcally failed because I+ was more difficult
To achieve than was expected.

3.1.2. Estination, and consideration of grogram size,
and speed.

Early and correct estimates of the s izo-and- spoed-of - - —

compilers and other programs would have |ed To the use of
more successful techniques of implemaontation - or abandon-
ment of the project. E '

The fact that 17 Was extremely difficult +o make these
estImatos |n sdvanco nlgh; have been a warnlng not to adopt
TsUch” complex Technlques, or at -least fo keep a closer wateh
on these factors during the course of Implementution,

3.1.3. Estimation of efforT"requIFéC.

" The amount of affort requirod to get a progran To a
state ot delivery has been consls stontly underestimated. For
simple epplications programs, a typical produc?ivifv figure A
“for a- programmer engaged on flowcharting - ceding, and testing
is 100.slngle~zddress instructions & week. For complox
Interlinked programs, compilers, and for software in goenoral,
~a figure of 40 instructlons/wk Is quoted and borne out by
Tour oxperionco. For systems programs Tloating poinf routines,
Inpuf/oufpu? reutines, and other programs’ which occupy core
store $pace during the runnfnj of customers! programs, fThe
uTmosT caro in coding is ruqulrad and 20 lns?rucffons/week
would be a good figure, lf it can be afforded.
All thess flgures are based on:
. feasible original spectficafsons'
Z. minimal changos to spociflication
3. the best planning,ccding, and testing techniques

| Thére is no known way of sstimating how long (+ witl
take to doliver a program which has been partially developed
wl+hou+ satisfying these criteria. ‘
.1.4. Fallure to Plan Coordination and InTeracTIon
of Programs. :

Where the coordination and dependency of programs has
‘teen accopted as desirable op pegeusary, the greatest pnossibio
care must be exercnsed In plgnn!nq and cloarly defining the
‘slmplest possiblo Inforfacq ba?weop The programs. On bofth




“ngenera! framework,

ieas o1 vhe thisrrato The programmar snould vry. 7o
understand the major rqulremon+s of ‘tho o+hér;§Jdo,'and

a contlinuous watch should be kept on the situation by

both sides. Even whon the greatest caro has beoen exorclsed,
. somo trouble Is T¢ be expectsd and allowed for iIn the

final |lInkup.

-3.1.9, No Early Harn!ng of Fatlur"

_ Even the best. baoed preclrflona wtll some+¥mes prove
Incorrect, so +ha+ It Is wise o draw up a list of the
assumptions on which adch predlcfton has hoan based, and to
,t;check regtlarly whether tho assumptlons aro siil! Justified
or not. Since many predictlions are based on a.breakdown of
a task Intc its component parts, a continuous check of
~actual against estimated achievement on ~each of the parf; is

the bos+ Inﬂfcaflon of likely SUCCGSb or fallurs.

3 2., Communicatlion and Orgcn{safionaf Dr0ulems.'

Tha probloms of organlsa1ion and communica?lon In'
softwars desngn and Imw!emen1aflon are extremely sevore,.
" owlng to the groszt mass of QpeCluliSBL and intoracting cetalils

- which musi be con:roIIeJ and cooroina. ed -within soms clear

The severity of the problem means that especlal care

" must be taken by all membors of tho dopartment that Informetion
is d!sfri*ufed and gathorsad In +he rlohT placos af the rlghi
e, L _ R L :
3.2.1. Propér Procoduras for Program Changoé. _

I+ Is In the matter of changes to program speclitication
that failurs t¢ consult ‘and communicate reosult In the greatest
difficulties., Each prograhmer nust méin+ain a continuous
awareness of the activitles and needs of olher programmers
who aro relying on him, as wel! as +he procress of +thoso on
whom he Is relying. Oraft changes to speciflicatlon nust be
circulated to interested partliss, and authorised by the
groip leader before thoy are implemented,

0 3,2.2. Cohorendy of Séries-b1 Documcnfs.

Whon a sorles of documents Is Issued relating to ihe
sams project or subjoct, the documents should. ba numberad,
and coch successive document should Indicate In what way It
s retated to Its predocessors; for oxemple, whothar It




Fallure to do this can lead to grave contuslon,
3.2,3, Lialson wlth Educatlion and Sales.
| In additlon to the problems of communicaflon within The
programning group, Thére are equatiy severe prob!ems of ﬁasslnq
up~to~date Informatlion to the Education Dept. for teaching
_ to our customers, and fo Sales Depar?mon+ so that Sales Pollcy
~may be based on a rea!lsfic approciqflon of tho situation,

3.2.4, Hanggemenr Lialson,

, A clear plcture of all“the alms, ac?lv!Ties, and difffﬂrg;
~cultlos of the depar+men? must be presented +o. managenonr .

"so that longer term and oven shor?er term decislons may be
based on a correct anproclailon of +he sttuation. rather +han
upon guesswork, ' '

3.2 5. Customer Llalson,

Ultimately, the most Important form of (Inpson I's that
wlth the customer, who must be n!vcn a falr and accurats
Indication of the nature and purpose of +the programs which

-~ ho Is to expect, and when ho Is to oxpoct *them, Comments and

_‘.eodoacm from cusfaners .must be givon the greafcs+ woighf

"r}{%i but must not.lead +o any rash promlsos. -

3,2.6. ‘Cloar and Stablo Duflniflon of Reaponsibilines.

In the recent past, the clear division of responsiblliilas
among the members of a programmlng team -has often bean Tacklngi
and programmars have bean uncertain about the exient of +helr
_ reaponslbl[i+ies for the programs 1hey ara doveloping..
~Furthermore, programmers have beeh moved from one project o
another rathor more freely *han Is conslstent wl+h the
‘wstabllshment of prober Ionq-#erm responsibliities.

Fundamantally, #ha task of ecach soffware programnor Is to
dellver programs which othor programmers (Infernal or externalh’
are willing and glad to use.

3.3. GRIEVANCES, _
3 3.1, Lack of Machlne Time, : - o )
The lack of sultablo machine Tlmo dur!ng software

~developmant Is llkely 1o be a permanont festuro, slnce soft-
Ware usually has to be developed simultancous [y with Tho




hardware whlch it uses. The orlginal deslgn and planning
of +ha software should +ake this fact into account.

3.3.2. Struggle for Machine Timeo.

 Small amounts of machine time would be more acceptablo

if its avallability is considered to be toyond question. In
fact, 1t has baen a constant struggle to malntain any
allocation inviolate from oncroachmoent; it is this struggle
which miiitates against efficlent planning of the use of the
_time avaliable, ’

3.3.3. Unproedictadbllity of Machine Tima,

_¥hen machine time.is made avallable (GSpaclaliy from
*he production floor) this Is usually only at short notice.
"This makes piannlnh impossible, and encourages procipitate
and unprﬁfifaaie usg of ave that timo which bocomes available.
This Is particularly frus when a programmer arfomprs to make
up for a iong period without machlno Tlme by a !on" aesslon at
the console, ' '
3.3.4. Lack of Suitablis Peri cherals, . L

The'nqn-avaiiabilify of suiteble periphoral equipment 1s
often even more difficult +to overcome +than +hat of centrol
procossor rfmo,_whlch 45 somellmas o.ferod n exchgnge. '
Again, This fac+ shou!d Le faxmn ln*o accounT In +he piﬂnn}ng
‘of software for peripherals,

3.3.5, Unreliabili?y of hardwaro.
r___'Even when machine timé is aval[ao!o, “tho unrei[aollify ot '

_ processor and peraoheral equipment offen causes more frustration
and waste of +timo Than its complete absunce. This Is also dus
%0 the need to test programs on éérly protofype or production
models, and the unavnidable inoxporience of commissionlng and
maintenance personnel., | '

In gencral, a regular guarantsed aiiuca?ion_of fG[!abIc

machine time, even quite smail, s far better theon the constant
struggle +to meke up for loss of machlne time by other means,

3.3.6, Dlspersion of Staff.

Problems of conmunication, which are already SufficiehTIy
Troublcsome in softwaroe deve!opmenf aro further aggrovated
by The dispersion of staff Throughout the ouiiding.




3.3.7. lack or Absence of Tape Preparation Equipmant.

On our new machine the absence of propuor papor taps
proparation eqdipm0n+ haé and will contlnue to prevent inter-
change of progrems and data botween ourselves and our customars,
11 necessitates maintonanco of two versions of every program,

35:3.8, Lack of Firm Hardwareo Dollvery Dates.

Dolivery dstcs for hardwaro on vwhich software development
depends are extremoly difficult to obtain, and when obtainad
are often werthlass, |

3:3.9. Lack of Technical Writing Effort.

- For seme time it was hoped that deficiencloes dn original
- program specifications could be made up by the skill of »
“technical writing department. When this hope proved to be
unJustified, There was a natural ground for complaliat,

In fact the original hopu was misauided; The dasign of

& program and the deslgn of its specification must be under-
taken in parallel by the seme person, and they mus+ Inte:ac:

on each other. A lack of clarity In the specification Is one
of the surest signs of a deficiency in the program It describes,
and the two faulis must be removed simulfanaousty tefore The

. projact. :s embarﬁed upon, ThIS Ineans thaf The program dos:gnel,hg;'

"*ﬁ;usualiy “thio ‘section” Iaader must bo FOJPONQIBIG for the

description as well,

, _3 3.!0. lack of Soffware Knowlodgo Ou?slde Progromm!nn Group.

o ‘The Tack of. knowl@dge and intorost In software which

~Is prevaienf outside the programming group Is not entirely 2

" grievance, since it cen he romedied by more caro taken by tho
‘programming group in presenting the necessary information in a

slmple and pa[a rable form.

0343441, interferencoe from Above,
egr?aln . .
On our ncw machine/decisions implinging on softuare
eslgn (e.g. character codes, papor tape preperation equipmant,
- e¥c.) wera teken by management possibly without & full realis-
~etion of the more intricate Implications of the matter. Agoin
- This circumstance can te narflaiiy remediec by bc1+or informaiion
flow from. The proqrammers.




3.3,12, Over-cptimism to Customers,

‘Thers has been some. lack of caution on +he part of
salesmon and programmers |n meking promisos or near promises
to customors about the moriis and avellabillty of softwaro.

In fact, the programmer should always promiss Just a litilo
less than he knows to bo achlevable, and quite a bit less
than he hopes will ultimately bo attained. Tho salosman
should assist the programmer In avelding excessive comfritments,
rathar than @ncourage more ambiT|ous _promises,

4, The Criferia'for Quality of Softwars.
~In the recent .struggle To daliver any sofiware 3t ail,

fhe flrst casualty has been considoration of the quality of
the software ¢eliverod. The quallty of softwaroc is moasurcd by
‘& numbor of Tofaily Incompatibla crlroraa, which musf be care-
fu!ly balanced in the design any implomentation of eVGry nrogram, -
and in the incorporation of Improvumunls in proarums alroady
~dellvered.
4.0 Clear Dofinition of Purposs,

| The aln of every ltom of aofiware must be most clo rly
definen, and recommandations on the carcunaiances of Its
succossful use must be fully explyinad. Voguonugs in_ rhis

- matter is intolerabla; and of’ courso, every foature of fhe

program deliverod nust ba oraonfad tewards the declared purpaso,

~4.2, Simplicity of Usa.
Tho software mus+ bo very. simplo To unders %Jnu and use in

the majority of casos, and the extra compliexity of it+s usy in
less normal. cierNSTanﬂes nust be kep. To a minimum,

4.3, Ruggedness. A _ ,

| As well as being very s&mple to usa, & scftware brogrcw must
bo very difficult To misuse; ET must be kind to programming
errors, giving clear indicatlion of 1hu|r occurronce, and nevar
hecomlng unpredicteble in its effecfs. o

'4.4.‘ Early nvailabal!?y. .

Software must bo made avallable tegethor with the first
dolivery of the hérﬁwaro To which lf is relevant, If sceftvars
ts not availaale ot tThis Tlmo, The customar Es forced to
‘gevelop his own ad hoc techniques, ani may never bo weangy
to use the more eleoan? metheds of §qffware which has arrived
too la1e. R e :




'-‘;ﬁbparflcujarly‘+hose[whlch haveito co~ex!st in the storo wlith °

:Land‘ImprovéﬁéhT.“ This again demands simpllciry of approach

- Wil wish to avoid changinq his programs or his programninn

" .the programs whlch use them, Furthermore, the uso of the

:and good documen?a.ton._f

_;ffhe software mclually avallable for each membar of. Tho range
~should bo well suited to the capabltitios and needs of that
_particular confliguration,

4.10. Efficlency (Speed).

~installatlon is often the smoothnass of the operating sysfom.-
Softwars - should be designed to make the. Job of the operator as

Ta Lo IO IJIdS T LT Foe

The origlinal program Jel!vered mu§+ be as free from-
errors as possible, and 1f errors are dlscovered they musT
be capable-of correcticn with the greatoest rapldity. This
is dapandent on sinpliclity of'programm{ng techniques and
first-class program documantation,’ | |

4.6. Extensibllity and {mprovabli!lty In Light
of exparience,. '

~Slince lack of hardﬁare'and'Iﬁck'of"ekbéflehéé'makesl
4 Impossible to de!lver perfect soffware In a Mark I version,
the software programs .should be capable of further developmant

4,7. Adaptabllity and CGasy Exfenslon to DIfferan+
Configurations,

The purposc of software Is to saflsfy'as many customers ,
as posslblz, Including those with a wide range of conflgurations,
FurThormoro, a customar who expands hls hardvare after purchase

technlques and concepts,

4.8, Sui?ablllfy te Each Individual Conflgurarion o7 Tﬁu
Range.

In additlion to adapfabllITy over -a rango of conf!guraflonq;

4.9, Brevity. . _
Software Drograﬁs should ba as short as possible,

software should not fInvolve extra length In the program which
makes use of i+,

The speed of software proqrams should be sufficlont
Jusf!fy their use in nost circumstances,

4.11, Oporating Easc.
The most critical facfor in the cfflaloncy of an

simple as. poosible.




B L N L YRR Fuite s
Since theo purpose of sofiware is to find wide
appllcabllity, It.is necassary to conslder the widest possible

' ~areas of application in its dosign and implemantation.

4.13, Coherencs and Consistency with ofher programs.

As far as possible, software programs should bo
compatibie with each othar, and capable of belng usod elther
separately or In conjunction wlth each other, Furthormore,
any overlap between the programs avalilable should only be
accepted If the need justifies It..

4.14. M:nimum Cost to Dcvelopr

o The COS! of offware oevelopméns in manpoweor and -

| machune Tlme’ Is a vitai facfor ln +he p[annlng of a sulfe
of software prograws. _ -

4,15, Conformity +to National and International Standards.. =
When national or International standards for characier

codes, tape formats or languages have been seot up, or secm

fikely -to be set up, these ;houid be observed tc the

_‘naximum oxtent,

Sales documentation describing the most Important

-~ features of the software Under'devefépmenf should be available

early In the Iife of tha project; and they shculd remain
valld when the product is finally delivered.

4,17, Clear Accurate and Proecise User's Documents.

In additlon to sales documonts, the uscr's documents
should contalin clear instructions on a program's proper
"_meuhod of use,,and an accurave descr|p|ion of its properfiea.

The documan1 ‘should be avallable early in tho I1fo
of the project, and should be kept scrupulously up to date.




