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MJ recol\ec*ions o? o):wercw\-inj S&g}em c{asij_:\_

"From, Sovy, 1956 o 1966, T wes involved in
qs)-;ecl‘s o]() w hat would now be called the
desijn o() ”o?era-i-inj fjs)'e,ms*. Al ‘Uve 'HmeJ
those Years  were exciting, in re»}ros)oec) the,
are \n*er’eslinj. They were eXC{]-inj beco.u\se
we  were {)c\ceé Wi o) sorks DP c\nal\enaes
o]() which we did not know whether
-Hﬂeﬂ could be met of all: sometimes we
succeeded, somelimes we ‘(Ja\\eca\. Ond i+ is
Y owd in}'ef‘cs}'}r\j ')rO see how \onj i*— ‘\'Ook
for Some ke ConceP)rs ‘o emerge ond how
Se’Parab\e f%ﬂc\ euen"rb\c.\b se?:c.ro.\'ed) r)r‘o]b)ems
re Mmaoinec oﬁar‘ 122%-34" ears in‘}-er‘-)-wined,
SOle\J Because '}Hej 'ao.d Fresen)feol themselves
-Lo el—‘aer. CTOF ma\ﬂJ (jeo\f"s,r(c)}l" insJ-o.r\ce, non-
de?

ciose l’:nke.d: ‘Hne one was never considered

with Sut Lhe O-M'qer.)

erm'unac:-j and Concurrencij were Q\wojs

Tn w}\c} {jc;”ows, T sl‘\a“ +rJ o T)rovide
mj recollections with all the backjround
in-Formo\l-icm needed 1o understand  +he
‘S',r‘or‘j.
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The source o{) the T)ro)o\ems

Tn Bwmsterdom, ok the Moalhemodticol Cenlre,

T starled progrom ming  {ar binary machines
%r‘ w}‘lic\w an electric +j]°€Wﬁ'}fer wi‘H'\ €liecl'_f‘0mc~9ﬂe'!'s
under ’H’le \tegs wWes »Hne T mcurj Ou]' -u\} de-
vice. TThe @rs)r machine cr;ulo\ © erc}l) 16

ke:js OF the )r:ﬂoe,wr‘i}—er: +he 10 decimg) d:'j-

i}-5, Plu.s, Mminus, riod, S‘IDch, 'J‘o.]ou..\lo.]'e
and NLCR (= New Lline Carricge r\?elurn),
the second one hod access 4o Yhe entire
kejbo&rd. The )ije inS*l'rchr)cn Pux”e.cl -M’\C
keﬁ iden\ﬁ(}ec\ Bj the 4 (6) leask Signif’i-
cant di {}‘5 o? -qu g-w*eaisl-er (= main Accu-
Mu\o\l-or‘%; these hits were c:]qosen becouse
‘Hﬂal‘ wWas %e )olc\ce wlner‘e -qu. coNnversion
PFOCESS rom b}hcrj ‘}'0 Cle,c}mcll r’eFr‘esen-]-a-
}ion would Produce cach Yime dhe bino.rj

rePresen%-a}ion o€ -Hne nexr diji}- to be
‘{‘:j)’-?ecl.
I

EEER ﬁ-reg-.s\er

decoder

v viyter

Between the 4 (lip-flops of the Q-regisher

and ‘Hne b)oewrﬂ-er* WGCSs o decoder , 1.e, O
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device win’\ 4 2! ulr wires and Ié Ou‘}‘])u} wires.
%‘ne combinolion o? 'Hﬂe sijno.\s on +he 4 'm]ou}‘
Wwires would determine uhich one o? the 1€
ou}']ou} wires could oachivate its elecko majnel-‘

Tn lthe cbove ar‘ro\nﬁemen+, Yhe Q—-regisl-er
1S e'r-]-lﬁer‘ OVQ;}G]’P\E {ér CO\CM\,Q’}'EQ\'\ or has to
conkrol the deceder, and Yhus the machine as
a whole is « slrrfcl-b Seo[u.eﬂ*"ial device in which

Cc:\c:ﬂcal-inﬁ and ‘-\ijﬁ QH‘erna.']-e.

as slow as +they are. the decoeder needs
eoch C\’\Qf&c‘l'er‘ b")ed I)rs ‘m])u\]- -(?:;r 100 ms,
which b,j eleckronic S"o\nclar'ds Is a loﬂj
eriod OE 'hme: i+ 15 a itcj 1o {érce Fc):r
-qu\} whole Per\od -H-,e, CO\lCu\a)ror ‘o idle-
ness. This con be remedied [2, the vrice

O? 'inx"‘oducinj a  4-hit UOLA«}'TJU\\‘ r‘eﬁis'}"er‘f’-_

Mec\r\an‘\ca\ devices as )(‘:j)oe wf‘i']'ers bc—:i?

(111 Q-—regnsker

IJTHJ' oulput register
Per regs
/ LL\ cdecoder

A} —H')e be inninj o? ’Hle ExXxecu 1rif.:nm o? -H'\e {' Fe
insl-ruckc;?w, the least-si n;@co\nﬁ- bits o? Q(j are
COT:iec\ into  the Ou}“Pu‘}‘ regisl-er ot electronic
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SPeec\, ond Jr\-\en, dur'\nj the next 100 ms, two
independen¥ )or'ocesses toke lo\o.ce concurrent~
\y: hc\vir:j Yhe 9~r63is¥er ot its Fu” d}s]c:os«:-\)
'|'Ee Un\nam]')ered calculeteor continues Yo
caleuwlate ot electronic S]’Jeed, while under
con trol OF) the ou}']ou'}' register the mechani-
cal }yrewri)rer b}ves Yhe iarac]—er. (The waxi-
mum 30.5»4 in speed —-T‘or‘eb achieved in
P(‘c\chce— 8 o ftacter of 2, but the price
o an ex}-r“o\ ou)rr)ul‘ e is‘-er‘ XS no]‘ neal‘;-
gi\o‘e w\qen each QiF~ v]’.) réquires 2 radio
valves. 1 con't remember w\neHner my Grs}
machine had such an ou]-PLJ r-egis}er, but
the second wachine had one olp & biks.
Sheer \uxur:j!)

Tn the cabove descr':PJiOn, 1 skiFPed o
minor ro\o]em: 17 Soud —anﬂ- clu\rfnj those
100 ms ﬂho«vinﬁ ‘H'wc—: Q~mjisl-er ab its (’u\}
dis osa\, Hﬂe un\’lo\mpered m\cu]ol-or' con-
bhinues to ca\cu\a ‘ but who} i?, clarin
those 100 ms it dries o execute o-ruorzer
{j]’e 'ms)'ruc}'ion? This wrould c:]']o.nje ‘H)e
COnl‘En"S O? -Hne Ou]'T)LA- rej\skr and hence
inf‘rer“@ere with 4he process of }—or'mhnj We
Currer\} C)'\&FGC\'er. /Pcfho[vs even bloewri}er

arms could 56\' En)-angle.o\l_
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Whot to do? We can leave the c::.]cu]o}of
unhom Fered but burden +the ]'DrOjro.m mer
wiH\ f\'}we o\oligoxl'ion nolr Yo wrile —ﬂc:A~
ewen osc*C‘ic\en‘}c»n l.—- ]‘)ro reams —\hal- mb\h"‘
entoangle } writer grms, but this ophion

gle tope P
s jer\erqnj considered 4o he ur\acce]’ﬂ'-
able. The c‘rranjemen} would violate Adhe
Feqsonable T'e.quir‘emen*‘ “H'IGJ‘ no Cc\wec\]o)
program should be oble 4o damaﬁe e
Cexpensive) wmachine. Th would have o fdér-
ther c\isadw;n*\aje o()c\ 1rDPe thot was
recoanized only later: Su?Pose. Yhat o
LecWhical imprédvement would S)‘Jeecl “p
“’\e CO\\CM]QI'OF b Cn ’F&c}of‘ OP (2 5 ’H"'Enl
as < T‘E’Sun, Ca ormefb Gcce*}')')‘alzlc S -
ram co«ld now damc;je the ']-&Pewr:\-er‘
%D exec:uhn Ca hex}- +3Pe Hnsl‘r‘uc}ion
too soon. ?’ﬂnis is colled ‘o real-time
Consiclerc\l-ion”s we'll returmn do this issSue

lc\x-er.)

The next a”erncﬂ'ive Is a li-ch hard-
ware extension +hat c:ondi%ionallj thPers
-Hwe c;c.\cu\a'\‘or indeed : cluring +he 100 ms,
the calewlator can work at ?u\l STJeecl un-
‘«E’SS i‘,- ’\r’i(’.S ']I‘O @XECM‘\‘Q Q )r‘jr)e_ 'th}‘r‘uc:]’ic:n,
{ér- in —H-xc} case i}' 1S in S\*omH rozen and
onlj o.“owecl ‘o )or*oceed a@er —“ﬂe 100 ms
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ha.ue ex]')ire-.d. (’:De,]vcndinj on -Jr}'\e mec\f\an;cgl
Froperl—ies of the \:jpewri]-er, ]J~ Cou}d he
Yhal o Persoa\ O'F {00 ms is mokt hOMOjene..
ouslj QPFroPrialﬂ: because o{) movement of
-“'12 C.Gr‘l’iage, TH’B and NLCR nghl- neea
more time. ’l‘f so, the period’s dependence
on the “character’ } Ped should be incor-
For“ol’ed 2} "H')e \ﬁar‘c\ware @X‘\‘enSion if we
wan‘} “'0 keefj 'H'ie F;;m rammir:j OF) ~H'7e
o

co\} culo.‘*or ree real~»]-ime consid e-ral'ions.)

T would like ‘o siress thal with this
conditonal freezin o ‘he calcula)-or, we
have ac\'\ievfd Ctjc Q: Com?iel'el Con-
cecled Concurrenc ) in the sense”+hat
our  Auwo mcchines (I'.ﬁ., with and without
‘]‘he‘ou}}:ul“ f‘@ﬁ’!ﬁ‘]'er.) Gre now {anc.)'ionaljj
equivalent in the sense thal, -{éc\ with the
Same Program, 'H‘ej will Froduce exachl
the same 0‘-4']"73(4‘1‘. Qs 10?\3 as SPQ—CC\ o‘?)
execation is unol‘JSEr’VQ}D)e) .I“‘ s iIMmpos-—
sible 40 determine w‘nich op the two mc.c]nines
did execo‘)—a \kjouf‘ l’)l"Ojrqm. C Hence ‘H’le
name CCC‘.)

Thus CCC '}W\‘Ff“oved the eﬁﬁcier}c 135
30

anomin W\e Simu”aneous o.c]-ivib o
f‘o‘ril& 'mcher‘lden‘}' Sas}em Com,)onen¥'s
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wi-}-%oul‘ GﬂU OF 'Hﬁe Fo*en}ﬁc\} Com)‘)]ica}ions
o? coNncurrency, and that was its 3@6}'
\/ir")‘ue,, \ou»]- t+he Com]@)r')‘o\b)c invisib?li]:j o?
conc:u.r‘r‘e,an had « 1'\13}1 Frice.

“The fﬁrsl machine n which T saw +theot
rice paid in (Ll wos the Teleflnken TR4 .
+ 'mcor‘?aorac}ecl CCC on o scole much more
3r‘andiose than the 4. or 6-bit OUJFM'}'

e iS’l‘er 'I J‘us¥ cleSCr‘iiDecl- “The 33rore o? Yhe
TK4G  was ar hitioned inte S or 16 banks
- T don't rermemhber Jhe exacl Nurmber—
and Yhe central ]’71‘0665501" could initate q
communication Qc.-)—{or\ ~ Sa
unc\w‘ar\j C. Func}ned Card — involvinj In -
E;rmcah@n bei'we?en the Communico\)'ion de-

vice gnd S‘Fecija'ec\ S'}Of‘&je bank. fDurinj

the 'nnforma*ior\ 4roms ort the <cTu could
continue CO]CM'Q’i‘ihg as |lon

{as Fodid not

address 4hat s eciﬁed barnk ; when it
dfd, }’]‘ wOuld Ee held u.]a LAY]J";) the com-

munice Hon Qc_)rion had heen COml’)le}'ed.
Se\/era\ Comrnur\iCO\'hOﬂ Qc}ions Cou)c'
]oe GCHVE ‘S{muH‘o.ﬂeOuS

{
each hod their ocwn bang.
m ﬂ"s ()u»” j‘ofj.

Consider now o ]’JrDﬁer +hat hes to

readinj or

T‘O\Jl'cleo\ '”ne
P‘I} was CC&?
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I’)roceSS man )’)unc\ﬂed cc.r“ds, w\—\i}e ’H’\e order
in which +Ris ha]o]—:ens is irrelevant —Soy
we are addin vojrinj counts—~ . Su pose
furl-lwer-mcare ﬁ'\o} the” wachine is jﬁs}- e-
nOuﬁk "O enjc:se Q” i'\’s cord readers in
-Hqis Process; mnm ’H‘ta]’ case we w0u|ci f}l-re
Yo do that, with each cord reader TUnning
ab ibs meximum slﬁeed most 0{) the Jdime.
Note (i) that the card readers | being in-
derseno{en‘{— Pieces of equipmcn% cannot be
E’X)Oed‘ed }o \nove —Hne sSame S)Deeds,omd
(i) that o card reader's speed need nok

he C(‘.’J'f\S‘]'Gh‘}‘, as it is 2ero when the il"\.]')t.a)~
’rmj IS em]’{’j'

To aXmiZe J—krOujkpu}’ we would {-ike
each reader 40 read al- iFs maximur speed
mosh og the Yime, which means thak +Ze
Co\lculal’of‘ should ‘issue {%r‘ cach reader
the r\ex\- comwunication commancl as

soon os possible offer the completion
i+5 Precedinj communica tion aclion.

O
Th )’)Of’l'i(.‘u'c\r, w'rH—- 'H'IE CC(‘CQ[Q‘]’O" ld\)ﬂj
-for‘ lack GF 5!’\)01.4*‘, one would like i} o

continue as soon as one 010 the readers

hes Comple}-ed its inPu} ‘53~‘.’;,3~it:.~vr'17 but with
ccc, the caleulator has no means OP

1den ¥ ﬁjiﬂj thal Enpuwt stream: "'he invisgi-
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bi\il-j o? concurrenc has mode +the notion
OF ,(Fn‘rs}‘ﬁC.ome- ﬁrs ~ Served ‘ iho.I)rJ)i'c.olsie. The
mor‘a\ o? ‘Hle .S}o::j we s —H«'ic:‘}', QSSen)rio‘nj
Fcr the scke o{) etficiency, Concurrency
should become Sornﬁ’w\’\a’}‘ visi\:]e. 1t became
so, ond thea, aoll hell broke \oose.

/Pandor'c-'s box

Enablinj —Hwe. central rocessor 4o r‘e::c\- to
f”'ne. re]r:\-}ive —}iminj of f}ne Progfess 01(7 the
Variows commuﬂica)rian devices Qr‘eo}ed =%
host oi? new PFO‘D'&ms) So new +that we didn't
\"eanj know ho w ”’o 'H'\ink andcl +G]l< c\bo:_v}
"H'tem ancl wl'vc.l‘ ME)’O\J’))‘\QTS ‘}o wse. o men-
tion one EXO\m')D]E, ]oeo’-;le were wsed o wview
'“'re Con}ro\ Op ‘H’le Wl‘lo‘ﬁ ihS‘}‘O.”Q']-a'on Qs
‘ocq\izeo[ N ’”’16 CEH"'F‘Q] rocessor: WGSH‘-)-
that  the Co\m]vonen{- theal 1S3 ued its com-
mands Yo +he communicabion devices
wesn't thal  what the Poryulc\r‘ literalure
clleqd “Hhe electronic brca‘mq? Now, sudden-
( it looked as 3}? the central processor
mij\—v\‘ have to serve o e.ri]o]qer’o.l device
% g bic\diﬂs’! Weren't Loe 4~r;jm3 to
switch {rom one mashter with many
s)qves 40 one S)Q\fe lncv:'r\j lo serve
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man masl‘ers ( w\nc.b might give '\ncorn]oa]r}ue
ofc%fs)? "Peor.;}e {%H h e fEc.cin o revo\quion
theq did not understand. Needless to say,
the” widespread wse OP an-qua omorr))-\;c_
{’erminolo:‘jj On}j c\jjravovhe.d +he S;J'L«LC\J'I'Q"\.
[Here T must Con{)ess ‘o havin Pro]onjec{

-|-l')e con twusion Somewhc\l" ‘o‘j Qa}-er iﬁ‘l'ro-
clucin “directors” and "Secr‘e'l‘aries"; ﬁ)r-
‘l-unc\l'el‘j this was in < Fo.Per Hhot has
largely “heen ignored.]

In refl‘r‘D.SFEC}‘? 'H"ne Probzems weéere in

r‘oqshlj -”‘)ree are€a s,
(i) The bo.sic me.c]r'panics o? Sbu”'cl'\inj ‘H")e

central Frocessor «rmm one task o onoH'xer,

(ii) The sf\-rrﬂ-eﬁj r@mr Schedulinj the central

I’)r"oceﬁ‘scr‘ arnd -H",e: Sc,o]oe QF :']-_s c,omm:')'me'.n}-,

Civi) The ‘oaico.‘ Tyrob]ems ’H’)G}- e.Yherge w)-,en
= number- o? resources are S(nc.r'e_cl bj

G N ber o com}')ehi-ors,

and all that withoutl Hheories or aﬂreed
Cr‘ii'eric\ *1'1’\0]‘ COuld G55f5}~ Jou In “Your
choice belween the opiions. Those Years
‘l‘au‘j}\]‘ me ‘H’IG\)‘ 'H')e Qbi(:tj ']'o de)‘ec}" 4;’me£7
‘H'lo.)‘ Some '“’)eor iS needed is crucial
{ér‘ Success@] SO%wo\fe desijn.
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The sim}:’es)- 'tdea, tohich wWias OQQY\ Suj-
895"'81:] %r jor-ocess Caf?)‘rol, Was 'I‘O have
one "FHJS,'(:Q] machine sjmu\}c\lle a smal|
M ber o? *loafco\] machines ' each
COLA.‘)DI@G[ to ibs Own deva‘ce., Such 4hat the
stale C’F) dhe device would determine
w)'ve}'iner‘ -Hwe corr‘esioonclinj \Ojfcg.l machine
COu\ol Pr'oceed. Eoch locjical mc.clm‘ne
Was 5ivcr\ i)‘S own Pr‘for“i{j and al each
V‘nomemJ' ‘H‘-e 7‘7]1 sicql machine would
simulated o{] +he iniC‘c-.[ machimes +heb
cou‘d roceed -H*ne one buHL)'\ ”‘:e Jﬁiﬁl-,es\'-
Pr;‘or;‘)‘g, The I)riori}‘fes G -Hne L\Iaj -“w;j
Co-n}-ro”eo{ +he Q.”OC.G}"}OH OF -H-;e s;r}%le

Tproce‘SSor“ were buu'”‘—in lﬂo_r‘ciw"c.r‘e

Jrures D]F ’Hve F)‘\Js;cn} mc\clﬁne.

(=

€’The ide was ;\'L'!Q;L the leiCq) meachine
o the highest riori b would he cou leg]
bo -Hﬂe C(vace )tu’?)'l"z :7 S}'por‘}‘, ur‘j?n}‘, ﬁe};uenl
me 530\3&5, w]r'u'le '”105.: OF 'ower‘ [’)ri‘ori‘y
would he COuP'eo\ o devices Hatl codld
be served wore ]eisureb. T{” so desired,
the one of the lowest Friorib coulel he
devoted o an ir\}-er'e"S)-inj /’ch\xﬁrcundf
Com Lﬂ-ai—ioﬂ, sa the er)erc\‘}-ion OF) rime
) v/ P
nwmbers, becaSse ik w-oulcl be o i b
Pty
to leave Hhol expensive processor id[inj_
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The obove C\fraf\gt‘MEnJ" Wos u.SuallJ all right
Qas |on3 &3 Ahe \OSEca] maclﬂines were courl?o(
J’D 'rnc]earenden}‘ QxTJer“imen}‘s, but a5 sSpon as
Iogico.l machines hod 1o communicete with
ecch oﬂ»er, for instance because Yhe dealt
with diﬁ%r‘en}' O‘t.S‘)OeC‘;S O‘F ‘the same exrerf»
men", -H—u’njs became ver:_tj di{,?cq”-, Tn T)rin‘
cir)le, lozca] chl\}nes coulc\ (_ommunic:.ca+e
with each other b writin and readin

it the <common s ore, bt as & rwle &Pe
commu"]ic:o\‘}'ic‘ﬂ WS ver:j *}'r'icl\'j fFﬂO'l‘
{rn]oossif:.le. I+ was guite common o toke
the risk Jhat 'H"\injs would go wrong, as
'}lﬂej would when dhe Cerﬁ}'ra? Frbcessor"
was reollocated exack al an mo,o’oorlune
momen}-) and in ma\nj an installation +he
risk had been }eken uﬂcon.SCiou.slfj. (The
'G'ecluentj VJ‘“") w)nicl-. ']'OC{OAJ jour o\e-s)'f)ro?
Sjs}-em c:ras\rxes N an 1r‘r*eT>r‘oducible
Maoanner, suﬁﬁes*s thal swch bugs are
sH\ olm)-e Cc:.mmon.)

Turthermore +he chove Qr“r'anjemen-}-
turned owt Jo be Yoo rigid —ﬁ:)r' Benercﬂ—
furr;ose. comruhnﬁz it s qw‘%e easj to
hink OF ) rocess in which aclions o

Veér cli() erenl' urgenc al‘}‘er‘ﬁo\"e. (U]’m
abo%%' c\ihild -Hne;? } rows o ball jnte the
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air when (+ {Dee\s like i+ and -Hwen Iﬂas J-o
cotch  the ball.)

More ﬁe.x‘:‘:}li]‘-j was ac]nieve-d’]o the in-
trocuc Hon OF) “rohe ins'l-ruc_l—ion.s’ hel en-
abled the cenfr-cd )—;roc:essor- to test whether
w concurrent ackivily ik had starled ear-
lier  had, in +he medn time, been comr]e)-ed,
Suc]'\ Tyrobes are ’lrickj; L.J]"l-ile 'Hne an s wer
"Yes" s r‘elic\l—ale, the answer “"No’ can be-
Come ObSo,e}‘e AsS s500n Ggs i']- L‘uc\j ‘Deeq givenl
(The designers of the IBM36o of (964 hag
s kil ?&”en into +his +rQF’ with }he result
thab users o? ‘command c]'tou‘nsnj" hael
¥O Qcce]o}- -“1@ risk H?al A comyuni ca Hon
CoOmmancd 304‘ losl'-.f)

But the inclusion o? Probe insiruchon\s
crected all sorks of dilemmas. Since the
execu bon of —qu )9r-o|oe ins)rr*uchon }okes

‘“me, P"OBMJ W"”’l ]f‘llﬁl‘\ ‘(‘?‘equenc cc:-uld

nohceal;l S)ow dowon -qu c'_om)')u o, wlwi‘e
T:robing with low @equenc Could increase
‘he COmPul’er"s r*ecncl-ion ime 400 mUch.

’-Bu}‘ Evern f Wwe can agree on ca {12
i e ectuenc
thalt moag not be -Hneﬁeﬁd Of our mg?
J
lemns. 505 'H":a)‘ O wou\o\ ‘er “‘O robe
Y/

€Ueivj 100 :‘ns}r‘uc]ﬁ ons do jou iNnsert o
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I:»robe instruchon inte « loo]:: bod(j of 10
instruchons 7 IfJou do, you migH ]’Jrobe
with  wn recessar ! \'Hj]n {?Zciuean, r{) <tjc:,u.
don"‘, St V\mj)w ' )’)robe wikh unclesir‘a\bb
low r"eo]wenc: . Youf‘ Su\:FOane lu‘brc.r
f‘esen)'s ahoﬁuer TJT‘D.)DJEFT'!; tjcm,«_ mr’j)'\
ind &ourself '\emrz)-ecl o introduce each
Sp\,br‘Ob\-}'i’ne in Fro versions, one with
Frobe '\r\s)'r‘ulc}-]ons ond +the other Wi','hou’}‘.

The +hird orranjevvmenh known as 7 the
interru 4-”, circamvents aof] these dilemmas. While
the comfu}er colcu lates ot full s")eed, o piece
og) dedicaled %ort:fware m'oni-}-or's -”‘ae. Ou.*l‘sicle
world {or c::m]o‘e*f-iOn S'ijna]s ‘Fr'Om CoOMrmLani-
cotion devices When o COm}a]e'Hon is de}'ec}'ed,
the Pro&r‘am under execu}ioﬁ s in‘}‘err‘qrbﬁo\
op-l»er“ Me current instruction and in Such
a -rasl'\ion ’Hﬂo.')' f)“ caon be resumec| ana
later proment as I{? noJ-}'\inj had hc}a ened,
thas ins’ron¥aneou35 ‘G“eeinj the central

rocessor -@;r’ a suddenl more wurcent
ﬂl-r)&sk_ Qﬁ‘ef‘ “H’\e in)-er‘rupg *Hﬂe. Frocé—z‘Sor

would execute o slandard rogroam  €s Yab -
\iS]nir:j 4']'76. sSowurce OF ~|-)1e in%‘ﬂrr‘ur L‘. on
and +c\\<ir:j am—:ro,oriqk ac tion.

T was aﬁrec} inven]-ion, bul clse o
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Box of TVoandora. Because +the exoack moments
o]() the inl-erru)ol-s were unpredictable and
outside our Con'}‘ro,, the inzer"r‘u\)ﬂ“ mechanism
Jurned 4he comPul—ef into o nondelerministic
machine with & vnonreproducible behaviour,
ond could we con}ro‘l) such a becst?

Below T shall address -Hve. maor  iSSues as
T row remember encounterin —qum; wun avoid-
abb this is Vez? Mmuch o djescri}v}ion a'm
refrospect . a ot o? the +ermino’ojj T wse
now e "JO‘]‘ exiﬂ- of 'H)e +ime nor were
d;@("ermﬁ' iSsues GS c)ec.r!j SeParaJ-ecl s H:aj
Greé wnow. <’ﬂwe Nnow Common EXPresSion
”S&?Paro\}-ion o]p Coﬂcer‘ns# hadn'k been coined

yeh )

T had designed the basic Soﬁ"wor‘e -ﬁ;r‘
the ARRA, the TERTA and +he QKRHHC,
and was 30#‘\3 to do the Some @:r‘ the
X1, ¥he next wmochine my hardware friends
“Brom J Loopstre ond Corel §. Schollen were
desfjnmj. 91{} the Yime T was qu.i)-e_ wsed
"}'O ]’JFO rammman Cin ch}\]ne Code) or YNo.-
c\nir\es -H’\Gv]‘ did n'* exisl— je}\: at -H"ne. Jrime '”ne
hard ware o}‘ o)’)@bh@hgi, T would have
all  dhe Communica'}-ior} Fm&rﬁms read:j./lhe
mo.clnines cou’d e){ecu’]*e, J’)rogmms one ineruc-.
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*l‘ion at o Yime so thol one could insr)ed’ inter~

media‘l‘e s*:ﬂ-es W]ﬂen some+h‘|n3 _u-..:en-\- Wr'Onj.

Hc‘]?waj 4he @nc*ioﬂa] desbn 0? the X"l,
T guess ¢arly 1957, Bram oand Carel con-
?mnl"ed me with lJhe idea o? the in‘Perr‘uT;J-,
ond T remember ‘H"l&‘l‘ T )’Jo.nic-ked, be.‘nj used
-}o mgc}\ines bui“'\ reFroc\uciiF]e be)vav}our‘.
How was T goin o idenk a bug if T
had 'in]'mo(c.«cch\ c?ne? Qﬁ-er‘j'f hqdﬁcljc\ ed
the decision Yo include the in)-erru)o} F?r
2 MO"\]')"IS, Br‘o.m and Carei Qow“er‘ed me
out DP mJ r‘esis%o\nce-, 1+ wes decided that

int + would be jncluded ana T be-
an errup
on o s}l‘t«dj +he J‘Jrob]em.’ro start widh 1
:Pr"&d 40 Convinge Mjse'f ‘H’)o} i+ was ]OOS—
sible to save and restore enouch of the
mochine state so ')r]\al', o«]el'er- 'F?w
o() the 'm}erru)o}, under aol) <ircumstan ces
+he 'tnq‘e.r‘ru\'r)jred comPu\'}o\'}ion coulol be re-

e Se rvic'mj

Shmecl CO\“FEC}')J_

This ‘h\rnecl Ou} '}'o be G ver rewar*c\;rb
exercise, —ﬁ)r’ not only wes T dheble 1o
rove -nwe oSSiEil%b, T Cou}d demoﬁS’I‘Y‘a\}‘e
-Hne '\mFOSSi\Di]i-} as well. Broam and Carel
c\'\aﬁjed their c?e’si n accordingl a.@er

R S, g’
w\'nc}'\ 1 G\ﬁ’SSHEd C T)}"O‘]‘O(‘ol or S&vin9
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oandl T'QSX‘orin‘j 'H\a}- COLA]CI ]De S"qowﬂ O\}WJ-S
lo  work T)rO}oer}j_ For oll three oF us it

had been o wver instructive exyerience.
Tv]— wWOos c'c—’c.r\ G ex Ferience -H')czl" o“ner‘s
%c\c\ missed e coa 5@ %r‘ ears I would

{?W\ol f()\qus 1 clesgn.s op iﬂ‘]‘el’“r‘u]o)‘ hord-

ware.

T desgned the irﬂ-er‘ru]:nL hondler and
-H\e QS&ncl\r‘onous C‘Orwvef‘s}onf T‘Ouu]'ines
— "dhe 'm]':u}—/ou)”)au.i‘ T)rc:vjrc.ms — -@r the
basic Perip\'\era\s each CO]'vj oP the ma-
chine 'would be equi)oraecl w)“\ -H' was
the code that each <opy o? the machine
woulc{ \'wove wir‘ed in . I+ Com]orised S\.gh]»lj
over 900 ‘msJ:ruc)fions, - wWas 'Hue work with
which T earned MJ “Ph."D. and no one would
Co\n il an oper‘a\-inﬁ sjs}em: ‘H'\e ?'Y)czcl'\iﬂe
Was envisaged os o UNiprogramming sos.
dem  with co:?cw-ren-\- Qchvr:bgof -}%ej]oer?r)h-
era]s, w]r\iclﬁ can l’”eclues'} ’”‘ze Q'}'}en-lion o]()#»e

central )oracesson

Ain irﬂ'er\uo\:e

ﬁﬂer the Cc:m}ole)'io*r\ 27 these comm uni-

ca Yion I:rojrc.ms 1 was Oy COque op
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:jecrs O}hef‘wise enga eo\, {)irs-} w':H'\ wri}in
O'H"'er' )’DFO roms ar -Hne X1 -’)rhca.}' wWas ~]- e
nome o '\'\qe machine -@r N}\I'CL\ I desiﬁnecl
+he ’m}'errur-} handler —  and +hen -Hnin)(mﬁ
aboutl compilers and QLgoL 60, which we

vimyp e yn ent

ot the Na4}|ema¥icc\] Cen'}re_, es -
Senl—io\]}j durinﬁ -H'te Qrﬁ- ]‘Ta!]() 5ear OF) 1960 .

As o consultant Yo Elec+r01031cq — the
Y"“Jo\v'\u]()o.c]'ur‘ef‘ of -Hne X‘)-—- ’1 ]Oo‘r#‘iciJDa'}ed Ta
discussions on how 4o atlach T)unc]ned-'
card eGlu.}P meqk, and N the rocess 1 hecame

ver Wc\f;j o](] L.J]'”loﬂ" 10.]-2.!'“ wOch{ bECome
kn(?awn &S /’l’e"c\)-‘}ime .

Froblems ~ We called
Hrem “Sitluations oF) ur;yenca ", Le. the situa-
hons in which dhe

COMPU« e~ had 4o rE'ac»‘-
or '#o T)rodmce 7N resul}« yin Hmeﬂ. I

be,r“’ ()or"‘ ins)rc.nce, G dev;ce in W}’\fclﬁ C
unched card would ass  in or‘derf & read-
H’lj 6+G1ion, C~ unchin S‘l‘o\}ion, anol <

,@ngl r‘eac\ira—i S o\)rior\. The r’ole o{) the

in o\\ T‘eacli nﬁ s \'GA] on
check 4hat “the coard leovin the device
had the proper holes, and “Fhat wes no

ser{ous Fro})lem. Th@ df{),ﬁcu\]‘J Came «Fam

rH'\e Com]:;mgHoﬁ (o Yo c:rcumS"*ances;w'z.
(f) n MOS}‘ QPP\iCQ)rEoﬂSI ,qu o\cidilior'\o.\
'm{)or‘mo\}riorw to be u.nc]ned ihl-o e card
woulc\ c{eq)e.ﬂcl on w]"\c.‘}‘ haol erequ been

re mem-

was S}m;r)b to
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u\nc)']ecl 'ml'o il‘, Ve, +he com};;u')-er‘ lAJOMlO] \na\fe
erform o~ Froblem-sreci < com]oul-q-

ton lbelween the reao\}rjj ang  the Pur\cl—\_

in OF the Same cord s ond

Cii once a card ]’\&C:l ]Oeen ’Eed into  the

?;’r‘s\* reader, i+ could no lOﬂjer- be slop-

)aeo\ and would inexoro\blj I’J-ouss Hne other

stalions so monj milliseconds loler.

We learned 4o c{;,s—)»;nju.rgl, belween ,’essen—
-‘io\l Uf‘jeqCJ ”, where ai!ur‘e to be in time

%

would deroil the com M‘)Lagﬁon', and  moral

4 .
urgenc /, wlnere -“ne o\llure NOu‘d onl

hart he e icienc (Sa in ‘H’\e —@wm%
o missed gﬁum '|j’e\roiu fon). This was in
fpr ‘3 +auj)n}- us that
in resource allocation -a rob?em we
would ')’c.cl{]e a{%.w ears IO}‘EF ir f"s
F)ullj(o,- — one could Cand ""fﬂar@{c):re s}nou]d)
SeTOCM’cJ'Je "H'Ne concerns © V]ECESSI'b cnol OTP
des:rqbihb.

[ mForJranl- lesson

Connec tin the machine +o one card
J’Jumcl-\ of }he 4 Pe T described was bead,
conne.c:lmj ﬂ- (20 4o of) -qum WG s «)—errkb}e.
1 @)und e combinodts on w? resource
Slﬂarih and real~"‘ﬁme Cons—}r’ainls 4-04‘0\“3
Un "'roc_ J-o.lg]e onc(, S loub, -H-;e ovoidan ce
01(7 urﬁenc‘j siiuations~ became o con-



EWDI303-19

Scious 305&]. C)-\oosinj Ferifl\er‘c.ls ‘H'lal- COu]cl
be s'l-o]ope:cl ancl ‘1n}roducin3 ehouj)n dt"d‘:ro}ed

b ﬁsrs O—ﬁ‘ﬁf\ did  the \)o)::.

Bufr, as said, Lan%f‘ mid 1960 T wres
c‘]'lwe(‘wise engag ed, Iq the swumwmer 010 1959,
I Wwas one o l'xe W'!Owij }‘JrOjrammers w']'lo
?r\ven'}‘ec{ o sSteck o imp]emer\‘}‘ recursion.
(This  weas El/(..D6) \A’;rifHen durin -y ho{idaj
n 7 Het Tamilie hotel ’ ) /Poml-ef‘.swalde, N
the northern }'>C:«r')" oF the Ne-}kerlands.'nﬂe

mgnuécr’lp} no lonjer* C"XiS"’s.) Thot fjo.ﬂ, T
embearked on afrsin rob]ems, ancl then
Lse 'umrlemeh}‘ed Q‘]?SKEL 60 on the X1 . Rt
the '}-Eme. +the QL‘BDL im lemer\'}&-lio"\ wWas
h(j {E:m Hhe most ambitious underfaking T
had ever emloc\r'ked \JT)O”, and L
T would never Se'} the «“n;nj workin un less
‘Hﬂef S‘Lr‘mcl‘ur‘e O«F 'Hwe C_omri!er‘ Gnadl OF ‘“’7:
o}:.jec.}- )’)rojr‘o;ms were as cleom, 5imf’h’—,
and sjsi-em«:\l—';c as L could Pe% them. T
was m ﬁrs)- effart ot im emer’\—#-or\-ion
and -Hﬁje F«?Suu" wWaos no‘- Cleaq c::.‘l‘ all b

R‘jqd

knew at

]ov’"e.r' S‘!“Ounokar'c;\s wlﬂen bDO"‘S}r‘&J’JPEr{j

EecOme X we“-mo..s}er‘ed 'J‘eclnr\i ue, bu?-qg
#r‘ s T wWas C‘oncel‘neel ‘H"noJ‘ alial no']" ma*%n
1 had ‘earned Hm—} @ r)r‘ojramme(‘ Sl'loulol

never FY'IOxLCC Somea)'l'\inj more ComT)li Cov)‘ec{
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thon he can condrol. COF) course the 'Fc& that
the X'] T wWas imp]emen}'}f}j QLQOL 60 —@r
had on 4K words 0{2 Sbro‘je. \’\e\)oed
4'0 L(EEP '”’\iﬂgs Simrle‘)

Muuiraf‘ojr'amminj

FTor TRM mac)ﬂnes, the IaurFose OF) ”Or,_
eratin sﬂs-}-ems ! ~and hence their nome —
Was :?0 assist dhe oraeru—}ors in Juwli?j
+a[3e reels and decks of cards, a perpose
thot never &‘F]'Deo.‘e.d to me since T have

Qlwa s Beer'\ Ca Fa]jer‘-‘}"q.7$e )’Dersan,

Other cultures woere driven )’) dhe TJer..
Cep']"lon that, ot least %r’ the nex decade,
Froceﬁsors would be too ex ensive 4o
let them idle %q]f the +me and slores
]PasJ- enoujlf) to match  the rocessors

sr.-eed wouwld be V"ela'}ivekz small, so
Pnoc\" G mu”i—-,eve) store S SOme*]'l'\in

we should have do live with. EmeFTejs
r‘emec#nj *Hnis VS oOn were -“ne ’—Burrouﬁfns
"B 5000 and its sSuccessors (USQ), the Fer
ranki/Monchester ATLAS (UKD and +he
Elec'}ralo 3CG/EincL}70V€n XS O\JL), m&cl'lines

that in contrast d+o IBM's I)rodu.d)—s, were
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loved loj their UsSer Communiiies. Besides
the decode o() s&n}‘o.x, the 80s also became
Hne decade o() de momel )’Dc mj and r“e])lac&
ment al Or}“')mﬁ‘, but n the summer 0(7
1960 , all” that was skl {i\l‘ur‘e J{c))(‘ me,

T resumed mb fondertnjs GBOuJ- ’H’)e San-
chronization belween indebendent) clocked
en}‘ﬂ'ies, and “o beg'm with T dié? so , drue
do my Pas’r ex perience, in the context of a
central Pr‘ocessor coupled Yo all sorks op
Joeripl-»eral gear, and 'E stll remember m
EXCE*emen)— q]ooul‘ an in r‘eq-rc}s*}oec} ’}‘O'rLa‘lj

*)'rivial discovef"ﬁ.

I recall the Cow lin between the Compu-
ter and i}'s oui’Puf ?jr:ewr'n}—Qr with the
ou}"raul register be-]-weer\ the Compu)‘eris
Q~re3is)rer and  the J-:j)':ewrﬂ*er's decocler-,
w\"nefe the computer WOu.ld be '}—em o~
r‘arib ,f?-ozen i i* '}riecl o execute «l—Ee
nexr F re ihs-}r‘ucl-}on be«ﬁre +he €xXecuL ~
lion © the r)revious })oe ‘mslruchon
haod \ern COMP]eJ-ed. 'f??e excﬂ*inj discowv-
er:j weoes one OP Symmetra 1 jush as +he
comPu}er could be emforc.rib {?'ozen be-
3e)~ *Pur‘

couse -qu 45Pewri+er‘ WC(S“)"\\)“ read
'H‘le Y’)ex}” -)D)oegc‘}icn), S0 Cou'd +he QD

Ioe wri ter
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be +e.m,'>or‘o.r;] rozen becouse +he comFu}‘er
wWas hol‘ mea J :je}‘ —For‘ —}-ke nexJ* BJ’JC oc"ion’;
J’usl- as the comfu)~er cowld have 4o wa/t

unkil  the owajrpu Euﬁ%r‘ was em J-j, the
}Jpewrﬂ-er could ﬁnc\ve 4o wail- unf;] —qu. Sure

]'Du}' buﬁ-”ér WGS {;'\'”ed.

To see Fr‘ecicms milliseconds ):)einj ]osl~
because +he ex]')ens‘lve. ccmpuﬁer’ WaGs ]';eirzj
delayed bj a CH@QP,‘S’OLA Periphera]) was
moff? \"631‘&‘}"}&"3)@, bb\}' w}"ven ‘}'}"lc\l' Sarme
clnea]v, slow }tupewriter was idle because
fH)ere was hgfhiﬂj 40 IOE 1L Ped, wie COu]d
not care less. The exci}emerg‘ came rf?'om
the T'ECOj‘Y\}‘}"!Oﬂ that +he d-‘f-ﬁer‘ence in e-
motional P reciction was irrelevank and
had beMHer ﬂ@rﬁo-ﬂen, and thot i} was
much ymore sj Y\iﬁcon"‘ that gom X |03icaj
Po‘ml' oF view Hmej were 4wo instances
OF) -H1e sameg henomehon. Th r‘e}rospec]\‘
-H'n’s 'msij]'\)* S)\cu\ld )’:er‘})o.}os be cornsicler-ec(
more redical than i+ seemed ot the —}ime,
«For decodes laler T shill met SjS'}‘Ern design-
ers W]’IO {%”‘ ‘”10\‘)‘ maximiza}ion QP +he du}‘j
C cle -H'\e J‘ € | ve
3 OC mos e.xra NS S&s}em COm}oo-

nenJrS wWas an im]oor"]‘c.n}- '}‘o.f:?e**

\’\JI'“’! ‘]')7(»2 S‘jmm@‘]’tj bef}weer\ Cru and
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Perilo‘he.ro.\ c\earb understood , 5vmme,)'r'ac
SDnc}\ror\izinj )‘Jrlmi*‘ives Coq\d noJ— F)ai{ -}o
be conceived and 1 inkroduced +the oper-
a‘Hons TV and V on Semar}?ores, In;]'io.“
m semap hores were binar ” re@8c+inj
ot +he Ou‘]’)‘au‘]‘ register 1 gescri bed ear-
lier could be empb or g;‘”ed, When 1
showed this Yo Bram and Core}, Corel
]mmeolio\l‘e[j sussesl-ecl 4o 3@ner“a|ize the
blr-\arj ;ema]o]'lor‘c 40 Ca h&}‘ur‘al Semo.—
Phor’e’ qg\enerq]izo}%on ’Hna}‘ LJOch[ jr'eod'.lj
enhance e usefuiness O'F the 5ema)9}70r’e
Conce b it enabled us ‘o 3ener-q\i2e the
one-cforac)“ef‘ Ou"‘Fu“‘ register -Ho an O(MLF@J"

bu(’Fer- o() onJ size. How va]mab)a 4}1;‘5

5enefa\izc~‘]‘}0n wes we wﬁu.lc[ soon discover,

The COmPonen}‘ 4akin care Of ‘H'\e i“@”"
mation Jronsport bebieen store and peri-
I’)&‘f‘al wWas C&”ed IIG- clnannel”; our le'\an-
he‘s could )De ac live concurren)rb l.«n-H-,
the CPU and as a rule ‘”ﬂ@if‘ ac:liv}
was sSunchronized with dhe Feriphem
'Hw'j Served.

“The S}mrles} c\ncmnets Wouu acccrl‘
=

, _
one ‘comwmand ot a *‘ime; this wou

be Soy, +he reaclinj ofq card, the wr”}f:j
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Og Ch }D]OCL( on a magnekic "]‘a e or —H\e
recolin OF %alf)c\ Qr'ack o ‘fl:l or—mo\}‘ioﬁ
‘FO”’\ 1‘:6 drum. TFor an ac oi Cormrmunice ~
Hon Hhe CPU  would s]':ecig [ arameters
ol o dediceted localion and then would
send C S'}GA' Sijna] '}O que_ cl'\an\e}, Qﬁ»er
}he ac}‘ o‘p ComMun}CaJﬁon* “H“ne Tais)n

of an iﬂ}'er'f'u)o‘l «ﬁaj would Sicanal e
coOm ]enl-ion +o +he ~CIPPUY 3 wlﬂic was
"H'len ']pre.e *}o )oresen'} =3 ﬂeﬂ' Communlice.
‘L‘on com mand —}o 'H’le cl'\ar}nel.

Han ?Dcri)olﬁer‘qls Cou,]d lpe. dé.‘sijnec\.
M Such o wa -“’10"- -“qu did nok con-ﬁonf
the CPU with? realfime oblijq};ms, wnth
siluahons of ‘essential urgenc (‘, or instance,
the majne]ﬁc 4&)93 uni}* would SJ—oF au to-
mal—icql\j v the nexl commond Jo write o
block C’F in{érmq)rion would not come soon
eEnowu ln? o“\er’ ClEvice-s I}ke card readers
or Aar‘um:s wou\]d 'us} miss « C'jcle or .
revolution. So @ry So JOod, huF the Frob-
lem was, -Hna}* *H"lese Same Olevices would
o@'er‘: now confront -]-}we CPU with sika-

‘lioﬂﬁ o{) ‘IMOf“o\.] wuigen ce, W'. ”‘ was Su.clq o

1!’3 'J’L'\o.}‘ ”‘ r‘eall hur‘*‘ if ane Chanhe)

cl:'c{ nol" 32}- f}s nex} Command in Ime.

The solubon was +o allow +the CPU
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‘o build “UP & gueue O«F commands aoand
jo enable dhe channel +o switeh withoult
CPU interven Hon 1o -Hqc—: next command
In -H')e nweue, gjnclnroniZo«)-EOﬁ wons con-
rollea k dwo Coun-}-irl? Sema]o]'\ores in
LJ]')oJ- we now  knows as  the Producer/
Consumer orfan emers‘)*: the one Semar)')ore,
indicatin +he ?erlﬁnq OP the Gueuwe, wes
incremen‘?eo{ (ina V> b the <PU and
decremented (in ¢ TP) the C]nanne.f,
?Ze number‘ 0{7
uﬂ&ckﬂow)ed ed (.'c>mr))e}'lca’ImS‘lr WaS incre-
g'\e channel and decre mented

-Hne o-]-]f‘ncr‘ one, Cour\}'}ﬁ

wen ted BJ)

b -Hne < UL [’The Second semaphore
2 3 4 roise the
einﬁ Positive  Lwow d raise e corre-

sFor\cltnj ‘m-)-err'uf'f- ﬁOﬁ]
In the IBM/3507 which G]':}:ec\r'ed a :jeqr' }o}er;

Such qu.euinj was done }73 cormmand Chainirzﬂ;
n 'H’)e C}'iodn O-F queuecl Commandsl ’H‘ue last one
Carried an end marker, and o’f]‘achinj o Mew
commoand was done b over*wr'nl'm "‘H"lo“)‘

g 2
end marker \) Y om]'er‘ ‘|’O + e <Comwmand
Yo be Q"}‘}'C\C‘keg Butr  the deszjn Contained

two Serious Flﬁws.

I’? Ou+ -ere MOmcn}' OF C“H'Gcl-\men’)‘ ‘Hne
channe\ wrag S}"\n aC}'ive, -Hae. N e Command
would he execwted in due ‘}-ime, otherwsise
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the channel hed 1o be reaclivated. To estab-
lish whether 4his O}D\ijq}fo;q was Joresen)’,
’“ne 'lns)‘ruc-}'ion code Con¥ained 'Les)* ]Y\s')‘ruclions
'}ﬁslih‘j w]ne'n')er‘ C\nanﬁels were c«c}-i\fe or noi‘)
but “the '\T‘Dub]e L.n‘n} such o ’}‘G‘S‘}‘ instrue Hon
is that when o C‘L\o.nne) s Fe!)or"}’ed +o be
shll aclive | +hat ]n]@’rma)ﬁon Can be obsolete
c. microsecond loler. Tn the 1@”/360 the
resull was )I’L’ial’)'w}leh o New Command
had beem adtached hile b@@.re the cttach-
l'nen}* «H-ye c,hannc‘ wa s observeci 41:) loe ac)—'we
and aﬁer‘ the ottachment i+ was Pcss}\re,
this in{érmokon wos insw({cient +o deters
mine wlweﬂqer‘ —Hne. c]ﬁannc] had c.leac)'iva‘}ec(
i"’SelF before or Qﬁrer‘ the c,:l-l‘ac)wmen*, ie.
whe“wer- ”We lc-.s)‘ Cormmeoand l’\ad been ex-
QCu)f‘ed or no*.

"Re,ror}in comp\e'}ions was Similaf\j de-
Fec]-'ive‘ COJ;nmanof cl"\a'uv\':ﬂj )’1acl }n}rcduced
channels thal in due }time would r‘ePorJ-
o Jequence OF) CcmP}ehons, but instead OF)
a counter there wias orﬂj the biner inter
rapt ?‘3[3@0 4+ recerd o next Com 7&:%‘@:&,

P y P
I() oy 'erer‘r“uP} S) no.l Came bev@r‘e '-Hne r)r‘e--
vious One @r -H"nog? ckannel }‘\ad bheen hon-
oured 4 wou ld “ust aet \osl-.( The had draded

| IRV J
"H‘\e minofl eu‘:] OP mora] urjenc:j {ér -Hv,e mf)‘of
one OF) C"'SSen]r'ical uerth.



EWD /303 - 27

At the 4ime T was shocked }33 the ’?C«cl‘ +hal
‘H‘le m?)'or Froduc}' o{) the Lsorld's ]arges* and
*m05+ Powef‘ u.] Com)ou}t?r' manm{g\c-}urer‘ could
Contain Sucl\ & Serious b\uncler‘. Loter 1
realiZEd ‘H’\al‘ 'lo (=N Cef"}'ﬂ.i'ﬁ ex*en)- T m&self
wos to be \olamed, ﬁor when T invented
-Hﬁe seéma )‘;ores ancl ‘”‘xe S nclnror\iZin
Fr‘fm'l)ri\fs'?s) T did not quhsl\ m._? in\fen»}'iov').
We cid not kee.P it secret, e Teclured
geeb G]oouw} +he ‘]‘O]’D?C. but did not ]’Du.b-
lish™ i+ unbil 4he end o() 4he decade. This
Was o se]]QAimrosec\ C.ensor"s}\i)oa. 1 knew
that it would delermine the channel orga-
nizotion OF the EL X8 , +the next machine
O? the NV Elec.'\'roloaicc.., OF whic.l-\ T wras
o\ cOﬁSuH‘an}g Trustin that the ZOVelJ chan -
nel or:ja.n‘aml'ion o }:za EL X8 would be
G mczjor '5e“inj oinF c{y Fqu. mac)\ine, T
did ndt lorcmc:{c:c.sg7 m }nvenf}ion cmon
‘“le CO""\FE"H‘iOn. At a..’]‘ ‘i‘ime. T cleo\rl
shill ]:elie.vec\ in G I’Dosi%’ve c;or‘fe[c\-han B’..
Jween o Frocit«c)r's chnical quo\’.;b G dh
ts commercial success. Tn retrospect 1
am sorry +hat T Pos}roned w{desrraqc{
I)u)o\iCa\gOn wn Hl 1967 and '\-]’\ifl]& “ﬁ.ﬂ% 1
wOuIc] have Served mom\cind betier ')E

T }1&0\ enabled The Evil One 4o iumve
i‘-s )’)r‘oduc‘}.
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Tor economic recsons one wom)-s ‘o avoid in
o mulf rOﬁTGmminﬁ scjsl-em 'nye so - called
”Bu__s(j é)rm o.f Licifin ”, in which he central
Proce.ssfsr s (,m)oracluc}t'veb enﬁajecl in -H've
wa{'}inj cucle ofo» 'sremxlaurcxrib s)—olo]':ed I)ro-
rem g?r it s better 1o Sroﬁ]* the Frocesscsr-
Qo [N FrOgra«m thal may ce a]b )’)r‘ocee&"ﬂqis
eConormi ¢ considerq']-ion was  In l96t/(2 c.
S')'ranj ncentive @:( Hhe ?hl'r‘oduc:)-‘:on OF;
the ’P/V-S nchroni zaHon mec;ko.nism, Wwhich
wmade i)- exr:ffczi)r —]o -qu Sclnedu‘cr' when (&
program wes no candidate {or processor

J-irne. An in f‘e:]'rosrecl- more ")r—o ound in-

CEr\}ive, howeucf“, cGme rorvm  an eKFe.r‘ieﬂce

T hed had in 1959 of +the COMPM'}'Q‘}iOH
'\'DeI)c.f}meﬂ’ o( ,qu Ha?hemo\}-}m[ Ce.n‘)-pe N

ﬂms)'er‘clam.

1 had invented w}la)“ in thatl environ.
men)‘ a} 1&&5‘}‘, WGS & new {jr)e m? I)rob]em.
Consider -}wo cjclic chzsses , each con-
sisl—inj QF an a”er‘ha Tela o]p?o._ Cr'i'J'I'CcJ
sectHon ! and ?O\. noncr‘}-}fc‘.o.\ ‘5echon ”. \'Jas
'n}~ Possiue -lo s(j'qc\mr‘or\ize -]'j"oese_ '}wo I)m,
cesses  Such nwa} at an Mo ment a)— mosh
1 -{? -Hne. rnocesses u..'c{ ]De @ng?\qcﬁec\ in

o
I')'S Cr}}'}ca Sec:-]-id)h? ”ﬂne I in W t'c]'\ "Mne
FFOCQS‘SGS‘ Cou,‘d CQW}MMY\ECC‘-\)‘C‘? wWas b(j G}Qm.‘c_
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reacds and wr})-es in o Cormmon 5‘}of€. Q-\ﬂ'ef‘
l"lav'un convincec\ ™m 'Sel? ‘Hﬂa}‘ "“G’l‘ )equ- GC~
cording Yo 4the Stote of the Ak of Yhose
clogs— the answer was not obvicus , T broad-

cash +he problem do the members of the

ComI;u-‘*cJ'iOf\ ’De]‘.:c.r)‘ ment ?or -Hne.rr‘ jener‘al
Gmueemen)- and c\is}(‘ac)'?on_ '_Dr WGS 3We“

f“-;GI- eqc\-, execu)—ian o (=8 Cf'l"l‘icc\] -SCC‘)’iOh

would onb take ﬁnil’e Grount o? Yime and
51\- wWas reciuif‘ecl ’H‘na)‘ [N )’Jr’OC&’SS read ‘o
execute s critical Section would

Yime 3el- the oFFor}-u\ni

jn due

b to do So.

\Vl,qn ur or“*@o\ So]u}ﬁ ons wWeére lﬁaﬂc{cd
J PP \ )
mn., bu]’“ on C[OSG\" \V\STDecJ‘lOn "“‘liy wsere G“

de ec}-ive) wnd MJ —G).‘ends realized 4“@}- the
]‘)rol'o\em was horder than dhey had sus-
)Decl-e:cl and H\al' f\Jhefr s}mrle ﬂﬁo\u%'c;nsﬁ
wouldn't do. "F::r)'uno.)-eb Yn:j ’giends didn'k

ive wp and +h hamded in im roved ” ver.
gons o% dheir Z%r]icr* e@%r\-s, ’Tfu)- as +heir
desiﬁns became more ond more Complicated,
NS hecame harder and kar“der“ o construct
O C‘oun)‘er‘ekqmr\e. T Cc:u)d n‘)— k@e

P ow with
them and )'u:o\ -lo <hange f'H-»e. ru\es Oég

‘H’\is
]Or‘Ojr"Qmm}nj COF\J‘é‘S)‘ : eaides o

']‘)Foﬁr‘am T

rec;]u.ired C ]'Droo]() that +hat program hed all
the desired I)ro’—:er}-ies,
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inih}allj: c1,c2,durn= 1,11

v

~

cli= O c2:= 0
wL
cL=0 ? cl=0 ?
N Y N N Y A
turnz4 ? Yorn=z27?
N| Yl N Y
Cli= C2:= 17
Yurn=27] A Furne1?] A
N YL—3 A N yl— A
\( "
critical sec¥on 1y critical ‘.Sec-)r'lon'?.;
4urn::‘1;C‘\:=1,‘ +urq:=1; c2:=1,;
noncritical 1 'nor\cr'x}\'ca) 2
L |
Frocess 1 process 2

Th.J,’:Dek\(ef‘s Solukion

Aind ’Hner\ some-nwin:j Frogbunc\ and love}j
Iqo, ]ger;gd‘ :BJ Gﬁ,qlgsin ]‘Di wl'\o.‘l‘ 5’"]‘(‘(.4.::-‘-“{‘@
o??c.rgumen;‘ the Proo% obli ahons could
be MEI‘, the numerical maf ematician
_”\.D.':Dekker des‘ﬁned withia a -()ew howrs
the obove solulion togelher with its correck-
ness o.rjumenL) and s setled the contesk
Tn the Ghove 5olul‘50nj the air ”C1,C9.#
imPlemen}S f'H'xe M Faol exclu.sian, w}r\i!e
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"Yurn® hes been introduced to resolve Jhe

Yie w\ﬁen Jrl"re 4wo PrOcesses s'lmu\\s‘o-ﬂeousb 'JD

o}-o enr'-er flJne'i!‘ Cf‘i‘l‘l‘c.‘ca.l SEC-}'ioh‘a".

To CGF)-ure )rhe 3)9';1“]}‘ c::.}9 H'ne ‘)-ima, T hove
Fresen\-ecl Dekker's So\uhcn GS G ﬁow chark
o‘P 'Hne lr e we eH"neh used -\-o desijn and
docurment our Pr03rams. W loocks ve simﬂej
'Hmerc. are onb 3 C.Ommmb accessihble bi 5
$wro , 1 2 cfzf woridhen sz one Process and
‘.n.s]aec\»ecl L{'_‘j 4%: c;“'\er', and o Hhird one
H-{»urzr'uq1 which is written and read by both.
Bt how areotr anm invention it was is 5"0“1('1
L. +he Pac\' that the aenefalized ]or‘ob]em
or N rocesses, insteod of for }wo, was
On](j solved in 1965, e lotter soludion

was alSé considered (=} +our' de —?:M"C‘e.

-ﬂne 'I)ro—ﬁ:uno\ St ni‘lecaﬂce o? (Dekker“s
solu b on o? {959 " however, was +hal i}
showed Yhe role +hat mathemakical Proo()
could Picj in  the process oP Frojr*am de.
sicn. Now, more thon <0 ears \cl-er*, +his
ro"?e is skl hc.rdb r’eccijnizecl. in the
wof\d {){D c[;'sc-.r'e}e clesij-ns- TF mo.“’?ema)-ic.s
i5 allowed 4o plag o Tdle ok all. o s in
H’\e or m of o Os}'e.r‘;or'» veriﬁca}'ior\, i.e.
}DJ Sl'towinj bcj uﬁua'b MECL\aniled mothe -
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matics That the design meets it+s 5T79C5QC°~'
tions; ~he s‘]-ronj ﬁu‘gc\nce +hat correchness

concerns can ?ravicle }o Ythe desizn JDFOCESS
ole

is rarel exploited. On Yhe i+ ois
sh]l "nge )‘r‘sal_', debuj IO\]'C"‘ {/ ins?ec.ol OP
"Think ?irsjr, code loter "9 which is a )q;b)
hul COm)')u\*inj Science cannot COm)o'c\.?n: we
are ﬁ‘ee do speck, we dont have a rij\'\]-
o be heard. Qnd in loter gears Com w}-inj
Science has S]’:okev‘u: in conneckion yith the
colculakional derivation of progroems ~and
dhen of mothematicol) roo{)s Ta Sene.ra)— the
names a{) ?-U-—Flojd, .Q.’R.HOQre, P. Qries, C.C
Mor an ﬂg M. van SGS'}‘eren and W, H Fel en
are the

irsts 4o Come to m(j mind.

A+ the -]~ime, +he most -}aﬂﬁ‘:me and mosk
in—?\uen}-\c\\ Obs—]-r‘ouc‘)"\oun was +he notion o{)
\oose Co«.wi;\ec] sec]me.r\}-icx‘ rocesses, '”';e‘ar"
most  essenticl FroPer} E
]Qned S)'Jeeds. You could not even GSStarme
individual 'S]Deeafs Yo be constank, This notion
elim)na}'ec\ a} one F)e“ SNOO? a” anc;\oau.e
Grouments about time, a&ll s nehronizadion
neecled {c))r \oﬁu‘cc.) reasons \nac -}o ):be coded
?x])hci«}-lj'omd consec’uerﬂ'b onl disa-el-e
reG\Sor\ihj Weaes hEEdE‘d ")O €s QK‘Z]\S)'\ -”ne Sgsa
4em's Correc)-ness. Com)garecl wi“‘\ all a”'er.
m}ives, H\;s was o —)—remendou.s s{m)ol.']();cg-

e} nj their unde-
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Yion, This s now so cbvious l’)ﬁo-} Il‘ 15 hard 4o
T‘ecczj-ni'za -\—Odaj -nwo.)- ot -Hqc Yime an inwvenhon
was involved | but Yhere wos. I+ wes be@f‘e
the ‘term ”Io-(jers opc\\asl-racl-ion" had been
COinec)‘ ond T TEmeMBer bemﬁ blameo\
por- ijnorm sPeecl ratios also when '\'}“:7
were Feréc}b \r\’nown: T was accused o
-Pnrow-'ﬂs awa:j ))oss‘n]ob valuable 1nforma.
Hon and had Yo defend my decision \:3
oin Hn out +thot T rvuas \%wogc\in {ér o
Su]oerior' Froducl‘ in +‘he sense )‘\o} no
f‘@]':r‘osrmmmir:j would \:e r*eciuired whe.n'

Sc, the line printer would bhe re ]acea\
l');:ja ‘?c\s}er‘ V‘EOC{eL P

For me -“’-e main virtue was -”-uor)' +the
loaica\ ccrr‘e&ness Nnow no )onje.r" de?ende.c\
on rea\~4ime consiclerhlians: H’le ‘}erm
” Aremendous Sim]oli i ca bion q, which T wused
Qbo\/e, was NnNo éxa Serqhon. I} mMode, T
]')oss'.)b\e -@;,—- Uus '}o newW SO we“ wl‘ia)" we
were cloinj +hat there was no need " Yo

c{ebuj our” desicn inte correckness” T have
'}wo Pre nom" memores of howo df{?%(‘er\}'}j
others Jn‘ic—::c;{ o work.

When the 61955(91\ OP the THE Hulki-
Frogrammiﬂj -SJ-s}em neared i}*s COMPIE—
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Yon, the Universi)j’s EL X8 wuas je)’h”
insh:\\lec\, but i+ had not been ?')aicl 33,
andd we hardly had access Yo it becouwse
the manuf&c urer had Fu} it fo Yhe dis-
FOSG.‘ Dﬁ G erew o? an Hmerican S ware
house ot waos su-?)oosec\ X‘O write c.
CoBoL imp\emen"‘ai‘ion > the EL X8.
"ﬂ\e‘j were rogrom ]'eslinj all the -]'ime,
ancl  we leI; i? be I(nowr\ that {() ocecasion-
all e COu\d \'“lO-VE 'Hae v;r'jin mgchfne
f)o?? e @q} mim,{}-es, we woula ar)}or’ecia}-e
b The were nice 443 ond o 1@9.) times
er wee\« we would jel- Gn o-r;f;or)-uni]-
A&)r our wnexr ’]‘esl' ran. We wowld en ter
Yhe wmoachine room  with & small roll o{)
Puncir\ed Paper "]‘Qpe, and < r(goo minu fes
later we wOMld \eau'e J—He mo.cl'\ine Yo om
with  the ou’rpwl we wanted, 1 vemember
i} viw'clb hecause when 'l-he,:j r‘eali‘z.ecl
whatl we were ochievin , our minimal
Usoge op dhe machine “became wore and
ymore ?uﬁ%alﬁhj —(c))f‘ Yhem. T dont Hhink

their CozoL ‘:mrlemenl‘al-ion was ever com-

]O‘el'e&.

The other vivid memar‘J [ OF H)’\Q)‘ 1_
heard c,“go;,} IBM's  vnechanical delouj in
aid. Tn order }o wioke errors reFro LACH le
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theu equipped Jdhe IBMN/360 with ov special
hq?jdwo\qreFPmoni}-c:r; in {}\e recordin ;):'uode. ik
would copiure recisely where in Fhe compute-
lion EQcHP*iﬂ}-ez“u}ol- '}-20\( ):\c\ce, tn the C]:m-
Yroling wmode it would —Porce +he C‘OmPu)'er
‘o re?\a exacth) H«e recorcled COmT)u}c\}ion)
thus mo%(inj infermedia}-e. results ovailable
@;r {nSPec}ion. T struck me as a crude and
5}1[‘3 \,Jo-j o() Eroceedin ,and T rewmember Ye-
;nj 3ra)re€u| thal lack o\p money had Pro-
led'ec\ me {r;‘om Vn&kinj +hat me-)-lqoclo\ocai—
Ca) m'ls}ake. T ?eﬂ srq'}e]@\& and SuPer‘ior',
ond wl‘)en . ?ew ec.$ lov\*cr i+ l'oec.czme
clear thedl TBM Touldn't ool s 05/360

Hjh}, T wes not amazed.
X x
X

The period 1 more or less cowvered started
while E was G s}c‘ﬂo member at the Com-
Fu}‘o\}ion ,De):qr‘)“rnen)" of \—ke. HQJ')’Jemo.)ricc.)
Cem}-r‘e n Qms}'erdam, i'l- ended w%‘.le T
WGS Pr'“o?essor' of ma})vemc.)-}cs ot +the Eind.
}wove,n U,ni(/ef‘si}:j o{) frea\'\nclog‘j.j—he radwe.
ates 01(7 our depo«f]'mcn]‘ 304— Yhe o

ccedemnic +itle of) /rHaHnemoJ—icou\ YBineer.

ic,l'o\}
h

Tr\ '”"Ie 1’)6 Nakalial 1 khew 4)qo‘+ rogravm -
Pr\inj I’JOSecl 30\ méc)’\ 8F€Q}ef‘ 171‘}‘9”ch:»90\)
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chollenge -an.n enerc |l understood or ac-
khow‘f?claeds 139' 2

detailed  struclure oF that vision was
shll vague. Halfey the malh roiramminj
T)rOJ‘ecl- in E’ir‘\d}'toveﬂ T realizec\

would have been 1n arcve oy ,lp{cg,\l,},-esl
hocl we not seen in Gime the nossibil}
°F de‘@ni}-eb unintended clead\ocks.’r;am

Yhot exPerience we concluded +hal ¢ swue-

my vision of the more

c.“‘ wice

cess Fol 5Usl—ems ciesiﬁner‘ shouwld recognize
as ear“l Gs POSS”’:)& S.;x'v\q'}‘foni n \,‘3'\:'61\
Jleov was heeded. Tn our case we
needed Ehouﬁl\ ~Hweorj about deadlocks
ancdd  their revention o deue\op what
became known as “lhe bonker's a\go-
rithm ’f, withoot  which the | rogram-
mMin S‘jsl‘em WOLA]-G{ on })aue. geer\ T)os-
sible in a verj crude "ﬁ)rm. B +the
end oF -Hne Eer‘it)c{ I \r\'new —Hm:;[- -]- e de-
'ngn o? So isticated diﬁi’l‘&l SJS)‘GMS wWas
+he loerfe& gelc( o{) ac}-ivif-‘j (Z;r Yhe Mothe-

Matical Enj}neer.

sowe

Qusl-in, Qclober QOOO/HPn‘l 200t

];Dro(), dr Edsger‘ U@Jks}m
elbas’l‘menk °€ Comr;u‘}er Sciences
The Uiniversi} of) Texas of Qusiin
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