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Project Report 

ABsrRACT 

From. February 1982 to September 1983 the author was investigating tile 

design and implementation of operating systems in a purely functionai 

style. The research was carried out at the Proqra.nmlng Research 

Group, OXford University. 

This report explores a variety of different designs of operating sys~, 

and the aspects of functional programming which lend themselves to these 

designs. The various techniques illustrated and exploited include the 

constructiQn of simple interactive systems (through lazy evaluation ~d 

recursive functions on streams), streams functions as processes and 

networks of processes (clear modularisation of systems), sharing of 

resources and time dependent systems (through the use of a non-determinate 

choice operator), and physically distributed systems (streams are assoc

iated with remote cOldlllunication lines). Functional pr09r~ing provides 

a powerful tool in the design and implementation of such systems. 

A companion report describes the underlying abstract machine support 

required for the Implementation of functional operating systems. 

Simon B. Jones
 
September 1984
 

(ii) 



CONTENTS 

Chapter One 

Chapter 'IWo 

Chapter 'I1J.ree 

Chapter Four 

Chapter Five 

References 

~_~~~~_~~_9E~~~~~2_~l~~~~~ 

~~~~!~~_!~_~_~~~~l_~£!!~~~!_~~l~~ 

Project Report 

Page 

Introduction 

Exploiting Interactive, Lazy Evaluation 6 

Net'WOrks of Processes 15 

Peripheral Hardware and Distributed 28 
Systems 

Summary and Concluding Remarks 41 

43 

(iii) 



~_~~2~_~~_~!~~~~~~_~l~~~~ 

~~!~!~~_!~_~_~~!!~_~~£~=~~~!_~~r!~ 

Project ReJX?rt 

FORIlWORD 

ThIll docwaenl: Is one o( a peir reportlnl I:he resull:lI of I:he P'uncl:1onal 
oP,,['lLl:lnl SJ.l:eIWs project co_enced .1: I:h. P['OI['...inl R"II1!a['ch C['OlJp. OIfo['d 
Univerll1ty. In P'ebr'ua['J 1982. 

Tbe report III divided 1"1:0 two pllrtl: Tbe development of &n abltnet machlae 
to luPPOrt. a pu['elJ (uncl:ioDel !IIJste... P['OI['llJPIIinl laoluale (6). &nd the 
IIploral:lon of a r:pect['1UI of functIonal. di.l:['ibul:ed ope['atl"1 IIJlt.1 (this 
document) . 

Tbe two upects of the wodr. prog.reSlled I:olether. drlvlD& lind lIupportins each 
other. So II ce['tain tIUllount of the"na['rative teIt Is cOlllDOn to both ['eports 
(1n pertIcular the TDtroduction~, and tbe ['eports lIlaJ be read IndependentlJ. 
NtlvertbAleu. I:he r-eporl:ll lIust be tllken I:0lether 1:0 provide II full l'I!cord of 
tbe p['oject, III the tecbnlcal detaill a['e comp1e-.enl:arJ. 

I would like to acknowledg.e the financial lIupport of tb. D!st['lbut.d Computias 
Systems PlLnel o( the Science and· In&ln••['ln& Reseercb Council. 

TblLnk.s lL['e due. in plll['tlcu)llr. to Peter lI'ende['soD and Ce['aint Jonell, and also 
1:0 otbers al: tbe Prol['amminl Rp.llearch Group. for valuable Ideas and feedback 
during. the p['oject. 

Simon B. Jones 
September 1984 
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Chapter 1 

IJfTRODUCTIO. 

IIotivatlon 

nil proj.c~. is IftOtlvated bJ three seneral observations: of contellPonrJ 
hard"'are and software developments: 

1.	 As has often been pointed out bJ D:lanufacturers and researchers, the co.t 
of computer hll.rdwlre has been f.llins rapidlJ In recent Je.r•• and maJ 
continue to do so for !lome Jearl Jet. Thi. h.s been due to improvins 
inteSl"'at~d clreult technoloSJ. For e:umple, the Hewl.tt Packard HP9000 
gerles of mtcr-oprocessors pack nearlJ half a D:liliion switchinr; element. 
onto. s111con chip appro:rirnatelJ 6,.. square. Tbu., Dot onlJ co.ts but 
also sizes heve been decreadnr;. The.e developlllents make It look 
IlIn!llble to B.ttempt. t.o harness the potential of lIIanJ processor. workinr; tn 
co-oper.~.lon j n order to construct IIIOre powerful comput.r's. 10 additIon. 
hard"'are e:rperts assert that Improvement. in chip technoloSJ (srlater 
densitJ of lIwi tchtns elements, reduction In power eonl.waption, etc) are 
.pprlnchlns their foreseeable 1 11"1 t. . TbI. lend. even lE'eater u.rr;encJ to 
the lnvestlsat.ton of multiple proce.sor computer architeeture. al a means 
of .cblevins sreater computer power. 

?. tn thll f\eld o£ Pl"'olrllftlltnl there is Increaalnl Interest In the role of 
purlltlJ funct.lonal pl"'or;r ....dnl l.nluales a. a major weapon in the loftw.re 
ens\nllet1I""s armourJ .I.ln.t the problelll of cOJllpledtJ. Althour;b tbe 
flr.t purfllJ Funct.ion.l prosrlUlllllns l.nluale WaR Invented in shollt 1960 
IBI, t.hllt function.l .tJle or prosrammlnl hal. rem.ined slmplJ an 
Int.ellectual curlosHJ for' most of the Intervenins perIod. "on 
recllntlJ, wHh Ir...wtnl lIIatur'ltJ of functlon.l prolrlUlnins. and partlJ as • 
I"'lIsult of re.earch on novel computer archItecture. (e.l. data fl~ 

mllchlnes (3, 10), reductIon machInes (2, 91. functlon.l prolrllllftlns 18 
belns lIIore ",ldelJ accepted ••• one directIon tow.rd. adv.nced prolr~lns 

t.ool.. In Arl tlan let. and GEC .re both e:nminlns how functional 
prosrillllWllnr; rel at.. t.o their needs for IJ.telll••nd application. 
prosrlllNDins. 

3.	 One or the n.tur.l roles for functional prosrlllllllins seem. to be its u.e In 
descrlblns Ind Imple~ent.lns computer prosrams or .J.t.lII. conceived .s 
collect.lons of' concurrentlJ e:recutin, Independent proce..... OIote that 
there t. no implicatIon here tb.t Independ.nt processe. -u.t be Ilecuted 
on independent. processor!l). The processes c01llftuntcate via fl.:red channels 
and are thua confIsured .s • Itatlc network determined hJ tbe channel 
connectIons. This Ippro.ch le.ds to verJ cle.r pr'0lr'am. In manJ rather 
sophist i Cited tOJ problellls (e. S. the sl eve or Erato.thene. [It l ), U1d well 
modularlsed prosr~s In l.rr;er, pr.ctical appllc.tlon •. 
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Taken to&ethar, the,. ~h~ee obse~Yattons sUKlest a rather eselt:.in! pro&ramme 
of reBearch: To us. some functIonal proSrMllllins lan&ua,e as the sf.te,1IS 
pro&r&JMl1nS la"&UII-&8 for implfllllentins applications which ara to be ezecuted as 
a nel:work of processes distributed OV'H' .. network of procesllor's. The result. 
of such an 1"V~9ti&a~lon would be to eztend our understandIn! of the poteDtlal 
of functIonal prol!>r'lUIlftlins a. a systems pro!,rammins tool, to t"eallll8 this 
poten!:i.l In I:he form of an l~plementatlon. and to ezhlbit the peaetIes) value 
of such an approach by bulldtn! ullefLl) multiprocessor sJstems. W. wou.ld hope 
to demon.st-.cllte that:. 'n lacse praet:lcal applicatJons the technIque l.ada to 
.aslly mana~.d •••• 111 reeonfl&ur~d, veIl modula~ised implementationa. 

Pr0ltr8lme of Research 

The s~ar~lnt poin~ for the investlgatlon had to be a e~all, uncomplIcated 
Implementation of a s~.ll, uncomplicated functional progr~ins language. 
Thls simplicity was delirable since e.:a:tendl.ng the languase, and its 
lmplflment.atlon, would be easier, and the fundlUftental properties of the 
eztenslons would not be obscured. I!:ztendlns a sophhticated functional 
luguase wIth a comple.:a: (And probablJ cwnberlollM!) Il1tplementation would be 
neitber easy nor lllwninatine. Thus we chose Lhpklt:. Lisp, and its 
Implementalloll as a high level abatract SECD machine (4). Lillpklt Lhp wlIl 
henceforth be referred to as IlmplJ Lispklt. 

Llspkit and Its Implementation have beeD modified and eztended to provide a 
full sJsbms progr_lng envl ronlllent when e.:a:ecutlns on a sins1e processor. 
This e.:a:te"ded Iystem will ultimatelJ enabie a Llspklt pros run to run 
Inl:erac~\YfllJ, ~o ret!.tve Input from the keJboard and serial lines, to produce 
output on the screen ud serial lines, and to interact with a disk baaed file 
store. 

A. small t!ollflction of such 1'I:ll:ended Llspt.it Illachines will be connected via 
t.heir serial 11n. por~s to give lome particuiar netwo~k. A sinsle LlIpkit 
prngrlUR, cnmprislng a collection of concurrent p~ocesses, will then be 
d' st:r I bu~ed staHcal1 J OV9r thilt network to e.:a:ecute I n a true IIlUI tl procea.lng 
fashion. A. lIinglllt processor in the network maJ lupport one or more 
procesll~" a9 may be convenient for tbe pa~tlcular application. 
CoMmunleatlon be~veen processes running on tbe SaNe processor viII occu~ 

within I:he machine rather than via external seriai lines. The phJsical 
network. of serld Hnes will be determined bJ the applit!atlon, and wUI be 
reconflSured quite .asilJ for dlfferent applicationa. 

,. tJplctl applicatlon would be a small opersttne SJstelD proyldine a single 
user workstal:lon. For example, one proces,or can be runnlnr; an lnt.lIleeat 
file service, another can be handling the tenainal, Interplt"etlne cOlWllands and 
ediUnt, and a third can be e.:a:ecutlng backeround job. requested bJ the user. 
BJ e.:a:plolting the network of processors In this vaJ luch a sJste. could be 
e2pected to sUltain a constd.rsble workload from the user. 



AIl;arnativClIy. ~iven It c:olllHtlon of Lispkit lIlac:hlnes, I. pr-ol!;r-lUlI1'Ier could 
constr-ucl; a stand-alone Llspklt prol!;ram for- sOllie applIcation, and (ould 
connect the lIlachines In a network appropr-iate to that particular 
application. Tn this way the es:tended Lhpkit imple....Dtatlon could pr-ovide 
better perfonnance for- partlc:ular- applic:ations. as well as I. PO"Ier-hl 
cOlllponent In a &eneral pur-pose work-statioD. 

FunctIonal oper-a~in~ systellls 

The prol!;r-esl of the projec:t is larl!;ely driven by the requir-ements of the 
dIfferent desll!;ns of oper-atlnl!; systellls whic:h we wish to tryout. "'s 
e:rtenstons to l.ispkit and its illlplelllentatioD bec:ollle nec:essary, they are 
mod if ted, aft:.er- 901llEl dellber-atlon, by 1.5 little as poasible to Dlaintain 
silllpliclty and c:leanllness. 

"any styles of oper-atinl!; systellls Dlay be devised within the func:tlonll 
fr-8Jllework - IlIlal!;inatioD, as usual, is the limitinl!; fac:tor! We have tr-ied 
several dlsttnct var-'eties of systems so far, but other- impor-tant appr-oaches 
ar-e belnl!; Invfllstll!;Rted elsewhere (I, 7J. However-, the es:per'lments r-epor-ted 
here d'Uflonst:.r-at:.e thf! power- which Is available, throul!;h functional prol!;r-lUrllllinl!;. 
I;n the pr-ofessional dp.sIl!;ner of p9rsonal workstatIons, dlstr-lbuted gJs~ema. 

lntelliz.ent business systems, snd so OD. 

OnR Rppr-oach Is to simply tr-y to code I. fair-Iy conventIonal unlpr-oc:@sslnl!; 
operatinz. system (@.z.. in the style of CPt" or UnI.) a. a slnzle monolithic 
pr-oz.r-am 1;0 be r-un on a sinl!;le functtonal pr-ol!;r-~inl!; c:o_puter-. This would 
not espIol!; c:onc:urr9nC:J at all. Never-thelesB, esperI_ents have shown that 
e~trelllely power-fu] oper-atinl!; SYSt811lS can be provided in this way. 

The ftrsl; step to es:ploitinz. concur-renc:y is to devise systems c:ompdslng 
several str-eam pr-ocesslnz. func:tlons connec:ted in a network. An input str-eUft 
la received fr-nlll the keyboar-d (the user-', c:olTllland.) and a r-esult stream Is 
sent to the Icr-een (the systelll's responses). Unfor-tunately the c:olllponenta of 
such systellls tend 1;0 work in sync:hronlsation, and there It no lar-I!;e sc:ale 
concur-rent activity. 

The potentIal for- ~arz.e scsle concur-r-ent activity §s c:onvenlently iltr-oduced 
by usinz. a str-elJll _r-z.inl!; (interleavlnl!;) oper-ator- (5). The output of such I. 

mer-sins operator- is sOllie unpr-edlctable (non-detenninate) mizinl!; of the 
elelllents of the two stre8Jlls. Thi!ll suz.l!;ests an implelllentation in which ~he 

producer-s of the streams to be llIerz.ed beaver away continuously (aDd 
concur-r-ently), pr-esentinz. sl;r-91J11 elelllents to the llIer-l!;e oper-ator- for- selectIon. 

The use of thf! non-deterlllinate choice operator in thia work, and its 
implem9ntatlon In the L\spkit machine, are quite strail!;htforvar-d, b~t the 
mechanism has a contr-oversial backl!;round from the theoretIcal point of view 
Db) . 
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Althoush non-dete ..... lnaey (In the IU\se of lIIerse) per1lllt. the construction of 
Ifsteln e:l"hlbitl.nl!; uaefol c:onc:ur-rency. It is by no Dean. obvloua how to 
exploit:. this polential on the user'. behalf in the best "'.y. We have started 
espIor;fts deslsns for more sophistIcated operatlns .,ste.s whleh could 1.•• 11t:. 
a productlye useE' In esploltinl the pover Rvall.ble In the eoU.ction of 
processors at hi. disposal. 

nilS. e:lperllllltnt:.l1 In !lJ.te... desl!" are reported In the later ehapt..roa of this 
docu.ent. 

The	 L lsplti t lan!.u.!'. and SEeD lIIach i ne arehlteeturlll 

As !rIentlofted above, '~i.pltlt Lisp and it. SEeD machine ililplement.ation "'ere 
chosen as ~he startlnr; poll'll for the investlSRlJon. Thil ill a cl••n ud 
sImple baSI! from "'bleh to vorlt. The lanKuRse and impleDent.at.ion as descdbed 
in [_I, prnvidp. a ..chanis. for e:lecutins "one shot" prosra.ma which receive 
all the input data, perfo", aOllle cOllputatlon, and produce the result., In three 
strictly sequential steps. The outlIne of a machanis. for "lazy evaluatIon" 
("dellland driven cO:lllputatlon") is also discuss.d. 

Thus the bu. lansuase and S2CD .achlne fdl short of the requirements of tbe 
op.rstins Iyatellls rellearch in _ number of ways: 

1.	 A detailed lIIechan\1I1l1 for lazy .valuation is the first euentlal 
addition. The .achlne .uat b••• tended. The Llspkit lanSuase Is not 
alterfld syntactically, but the rans. of prosr..s which can b. ezpraalled in 
the lusuase la considerably widened. 

2.	 The restriction to "one ahot .. prosr.. e:recution must be relDOved. and a 
prOKrll1l llIuat be allowed to work interactlYely between its input &rid output 
streus (typically til. keyboard and IIcreen). 

3.	 An operator for non-dete["'lllinate choice llIuat be introduced int.o the 
lansulse and t.ple..ntatlon. This Involves the pseudo-parallel ezecution 
of comcurrent processes on a alnsle SECD .achlne. 

_.	 Finally. In order to enable the prosruner to acce.. a ranse of input and 
output devlcea. the S!CD .achine llIuat be estended to provide a mecbanlalll 
for multiple input snd multiple output strellJlls. ftost o£ the apparatua 
requIred is already avaIlable fro. the previoua e:ltensiona. 

Th4	 a.od\fled Liapkit lansuase and SSCD ._chi~e are reported £o1ly in (6). 

The deVflloptnent of the estended SECD machine is closely relat.ed to si_Uar 
work by Abramaky at Qt!C U_1. 



Hardwar-\!I 

Detailed ar~wnents Ilbout the hllr-dwllre to be used fo~ runoln~ dll1trlbuted 
IIJstellll1l lIr-e not. a major conc\!lr-n of the pr-oject. However- that 11 no \!IICUlle 
for- not conslderln~ the maHer- at all. 

We wllh to attempt to eIplolt concur-r-ency lit a macroscopic level In a 
aya~em. That '9, lIubstantlal subsystems will be allocated IItaticallJ to each 
pr-oce:sJlor In t.he network. This tl In contr-allt to the eIplo1tation of 
concurrency at a micrnllcopic level, where ther-e 111 dynlllftic alloclltlon of 
.,\mplfl tast.s to pr-nce!llsor-s. Iblllftpies of thfl litter- appr-oach are data flow 
machln.u 13, 10], and r-eduction machines Alice (2), lAPP [9). 

Thus we requlr-e 8 small collection of reulonably power-ful processors (e.~. 

hllf a d07;en Potrqs) connQcted In lome aimple, easily r-f1confisur-ed vaJ. The 
distribution of parallelism at the m1cr-oscopLc level necessitates l lar~e 

collection of small processors (e.~. lOs, 100s or- 100011 of trlnlptlter-s) 
connected by a comple~, ~eneral pur-pose communIcations network. 

There arot many 5r'oupa 1Il:.t.emptln~ valIantly to develop and assess the latter 
appr-oach In varlou!l' wllyS, Ind with var-yln~ results. We have dflcided to opt 
for the fOr'lller-, mo~e inmedllte appr-oach. 

However. beyond the intention to use II small number- of powerful proceasors, 
the prec I Be hardware techni que. are not under- cons i der-ation. For 
e~perlment.al purposes we have used "off the Ihelf" microcomputerll, lIuch as RHL 
380Z, SupotrRrllin, Sirlull, pp.rq and 50 on, as available. Theile machinell have 
f1lther one or two serial lInea. 

A future optton could be to support all the pr-ocessor-s and memory on a sin~le 

bus. The abstractJon of a collection of procellsorll communicatln~ 'Ia flIed 
channels could be provided on such hardware without the ex penile of bulk data 
trllnBfars alons 5er111l lines. That Ill, perhllps, a task for 1I0meone elll8 In 
the future. 
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Chapler	 2 

DPLOITING IJfTIRACTIVI. UZT IVALUATION 

Introduct.lon 

Chapt.er" Two U1d Thre@ of (61 describe how the Implelllentation of Llspklt Lisp 
can b.. eJlt.9l1dtd t.o pen'li t. t.he con!ltruct:.lon and execution of stream praceslins 
prosrams. Such prO!r'1UlI1 are written I!I pure tUDetlons productn!; 8D output 
I~ream of 9-elpre•• lons bJ consumins an Input stream of s-expressions. 
Ul!Iual1J t.he Input. It.relUll Is all,oclated with. c:a.puler's keyboard. and 
!I-expUI1'I'J\ons &"" r"ad only when required bJ the Llspltit pro&r.... Slmllarl,. 
the outpul: .trellUll Is usually .!I.oeiated with a COlllputer'1 screen, and the 
LJspkit pl"'o!r~ Is drIven by de.andln& It to produce the successive 
I-expressions of the output Itream. 

A VAll"J ,Imph e::lll111ple of IlJ'l lnteractlve pror,r.. III the followin& function. 
which dOUbles, Incr"m~nts and outputs each nWllber read from the input strelJll: 

X. (kb) . he:( doubleOt.b» 
whererec	 lne:(s) := conIO+head(s),lnc(tall(s»)
 

double<a) := cona(2*head(I>,double(tall(s»))
 

where the dlllfllllJ Identlf\er kb hu been used slmplJ to SUS!est thllt the numbers 
are read frDm a keyboard. When this small Llspklt prosrlJll, which is complete 
as It sl:andl, Is cOlllplled aod e:r:ecuted on a lazJ, interactive Lispkit sJstem 
<such as one of those described In (11)) it behaves .. lRiSht be e:r:pected: The 
prosrrun wIll wait until a nwnber Is tJped, the incremented double of the tJped 
nwnber Is dlsplaJed on the screen, and the prosram waits for another input. 

A complete suite of pro!rlUll develoPlllent tools has been developed to enable 
construction of Lhpkit pro!rIJllS. Bach tool Is Itself a pure1y functional 
Llspklt pro!rlUll operal;ln! on the strelJll inputtstrelJll output principle, and 
will e:r:ecutp. on the modified SEeD machine. The !JIIIte of to01s, which 
Includes I structure editor, compIle'!". sJnta:r: checker and source code 
lIbrarian AJld various si!nlflcant applicatIons pro!rlJllS, are f'ulIJ documented 
in [11]. 

A simple Interactive operatin,;, system 

The availabilitJ of a In.J. Interactive, strelJll Input and output LIspkit 
sJ:!IItem prolllpts thp. followinS challenSe: I:!II it possible to construct a purely 
functlorlll. hteractive pro!ratn which will p'!"ovide a "traditional" operatln! 
SY:!lltem fI"vlro"menl: In which the user maJ store snd retrieve f'iles, and a:r:ecute 
P'!"O!'!"IUftS (t.h@m!!111vp.s file!!) whi.ch read and write flIes? In this conte:r:t 
"tradItional" !!hould be taken to mean that the user tJpe:!ll a sequence of 
pro!rlUft ~:I@cutlon co".nand!!, possIblJ !!eparated bJ keJboard input to an 
eJlecutinlii pro!rlJll, In milch the slUlle waJ IS would be done to • Unl:l or CPtM 
sJstem. 



What. followe Is a VltroJ simple 'nstanee of sueh an operatin! sJstem. Foe 
hhtnrleal raasona It \a ealled os7 (no relation to aDy other wbleb .aJ have 
that n..,). 

OS7 mainta\ns a fUIt store of prO!rllJIU; and data. Each flle has I. nlUlle whIch 
Is a atnsle at.ollllc valult (a nWllber or sJlllbol), and Its contents II anJ 
s-espression. Sinclt the SEeD machine haa no access to a disk based fIle 
store, OS7 managel Ita file store 1.8 an assoelation lIst in the cell heap. 
Pro!rlUlls to b~ ~::Ieeut.f!d are fetched fro. the flle Itore. Input data file. 
are fet~bed from thlt HIe store, a"d output result files are placed in the 
file store. 

Each command whl~h the user ~ay type to OS7 II Ill. 3-l1st specifJln! a prosram 
to be asecuted and Its input and output flles: 

(prosraMname dataname resultnaMe) 

prosrlLlllnlLllle must be the naMe of I. file currently in the flle store. dataname 
lIIay be either the nlLllle of I. file in the store, or the apecial name "kb" 
Indleatlns that the input is to be s lequence of itema taken from the 
kllyboard, or the !'Ipecial name "none" indicatins that I. dummy input consistins 
of t.he sinsle atom "NONE" should be supplied to the pro!rem. "kb" and "none" 
havft precedencft ovftr ftlp.!! of the !lFUlle nllJlle. If I. file is nlUlled 1.1 input but 
Is not prft5ent. In the file store then the ato~ "KISSING" is supplied to the 
prosram a5 Input. resultnllJlle ~"y be either a fIle nlUlle, in which ease the 
output is placp.d in that file, or the special name "screen" indlcatln! that 
thp. out.put. is a 9p.qUp.nce of Items which should be sent to the Icreen. 
"s~rften" t.akes prp.eedp.ne~ ovp.r I. flle nlUlle - a fact that lIIakes It Impossible 
to create a' fIle called "screen". 

1n OS7 th~ proSrarll e::Jftcut\on mltchanism Is a louree lavel illterpreter, and so 
the prosrlUll file nllJlled In' I. cOll"ll'land must eontaln the lource code for a Lispklt 
function. Thlt funetlon {s e::lpected to return I. linsle result computed from a 
slnslft input. netaUs of the Interpretar will not be shen here - there is 
no novelty in th@ Interpreter, and similar interpreters are described In [41 
and {tl). We will simply aS5W1le the availability of a function 

eIeeute(f ,a) := 

whIch will eompute the value resultln! when the function valued proSram f is 
applied to the sin!le ar!ument I.. 

Wh~n I. cOftUlland speelfies that "kb" should be Uled for input. the sinSle 
arswn~nt supplied to the pro!rlUll is I. list fomed frOm the subeequent 
5-p.Ipressioos typed at the keyboard up to, but ezcludin!, the first 
s-ellpregsion whic:h is the atom "end". When I. colftllland specifies that "screen" 
should be usftd for output then the result from ezecutlon must be a lllt of 
Items and Ita~h is placed in sequen~e In the output strelUll which is beiDS sent 
to the screen. 
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with these preliminaries over, we can tackle the recursIve lUPetlous which 
cont.rol the interactIve kernel of t.hfl IYlt.",: 

SJSt.•• (tb,fI) _
 
if. pros" "lnSSINC"
 
then cou ("ERROR", IJstelll (t.lIlHkb).fs»
 
811. IJII:.••• tep(pros,lource,slnk,t.all(kb) ,f.) 
wherenc	 prol :: sel:.(fs,flrlll:.(headU:b»)
 

lource :: second(head(kb)}
 
lint. :: tbh·d(head(t.b»
 

The .,st.nll funct.)n" has a:lll arzument. tb. the .trellJll of s-espresslonll typed .t 
~h~ t~Jbo.rd. ~d fs, thA cu~rent state of the fl1. store (an a.locl.tlon 
list). ttl. ronul!:. h • stt_lUIl of outputs which w1l1 be .ent to the screen'. 
The hflled of Itb wilt be • co_and 1:.0 be obeJed, and the operatIons tlr!ll:., 
second and third extract the colftponents of the cOllllll8nd. letCfs.n) loot.s lip 
the file nllmp.d n in the fill. Itore h <t.hll 11 defined later) - returnlns 
"ftISSINC" if the flIe 11 not found. 

The re!lpon!llbllltJ for 8seeutinr; t:he pror;r-lInI and contiDulnr; the intaraction is 
deler;at:ed to ~he fUnct\on aJstelllstep, which has the output stream .. its 
reslUl t: 

IJste.step (prol,source,slnk,kb,fs) = 
append( scr, sJatelll( kb' ,fs' ») 
whererec 

input =if lource .. "kb" then untlIend(kb) 
else if source'" "none" thap "NONK" 
alse let(fs,lourca) 

output _ ezecute(pr-oS.lDput)
 
>or :: if sink" "ICreen" then out.put el •• "NIL"
 

>.' ::: .!.!. sourca .. "kb" then efterend(kb) .!.l!.!. kb
 
f,' =!f. sink,. "Icreen" then fs el.e put(fs,.ink,output)
 

SJst.emst-.ep receives as arr;uments the tezt of the pror;ram to be a:recuted, the 
source and .ink fields of t:h.. command beinl obeJed, the input stream vith the 
coftW1land relllOved from itl held, and the cur-rent file store. The rasultant 
output: st:rl'!aJft is for-med bJ appendlnr; any screen output frollt t.he current 
cOftW1land ontc the output lItream from continuins sy.te,. interact-Ion. The 
sJBtelll continues intAraetlnr; with a possiblJ shor-tened keJboa~d str-eam, and I 
possiblJ IIIodified file store. This r;ives the l1lu!lion to the user- of a 
!lJstem snd file store which ar-e underr;oinr; state trsn_itiona, althoush the 
implementation is pur-elJ functional. In the local defInitIon. of input and 
tb' we Sel! how the input data for executIon of the pror;rUll is taken fr-om a 
fll ... or from som.. pref\:! of the keJboar-d streUl. In the local definitions of 
ser and f" ~ Bee how the output from the e:lecuted pror;rUl is directed aither 
to the screen or- to a fIle in tha file stor-e. put(fs,n.c) senerates a nev 
file Btore state from fs in which the file nlJlled n bas eontents e, and anJ 
pr-evious HIe named n is inaccessible. 



Va~lous simple	 functions have been used and .ust now be defIned. 

Fo~ e:rtractins dat:.a files from the keJboard It~e8JII: 

untllend(kb) ==	 if head(kb) 5 "end" then -MIL-

el.e cons(head(kb),untilend(tail(kb»)
 

afterend(kb). '= if head(kb) = "end" then taU(kb) else aftuend(taiHkb» 

Fetchlns fllel	 fro. the fIle sto~e, and updatlns the fl1e .tore: 

5set(fs,n) ==	 if fa "JIlL" then "KISSING" else
 
!f head(head(fs)} n then tall(head(fs»
5 

else set(taII(fs),n) 

put(fs,n,c) :=	 if fs "NIL" then cons(cons(D,c} ,"MIL-) else5 

i! head(head(fs» .. n then cona(cons(n.c),tail(fs») 
else cons(head(fs),put(tall(fs),n,c» 

Hote that: put:(fs.n,c) has no side effect. Inateed It simplJ recreates as 
lIluch of t:he assoc\atlon list a. h necessa~J and ~eturns the new lllt. 

Wlth the addHlon of the tdvtaI standard functions which are miss1n&. this 
completes the d"sisn of OS7, with e:rceptloD of the invocation of the IJStelll. 
function to ·connect: the input and out'.put strelll'rls. When invoklns the system 
function It must hq supplied with an Initial file store. One posslbilitJ is 
to build a quoted constant HIe store Into the prosrlUl: 

l.. (k.b) . sJs tem( Jtb, 1n 1thUs) 
whe~erec 

lnitialfs ~ .. ( .•. ... ) .. 
sJstem(kh,fs) = 

AlternatlvelJ the "Input strellJll redirection" facilltJ. of the Llspkl.l:. systelll 
desc~lbed In (ll). can be esploited In order to read an InitIal file Itore as 
the first s-espresslon of the Input strelUl: 

\,( kb) . sJstem( taU (kb) ,head( kh}) 
whe~e~ec 

sJstem(Jth,fs) :::; .•• 

Usin! OS7 

Ther.. Is now t:he llI/IIa11 lIletter of decldlns what should be placed in an initial 
file Itor!!, and lookin! at e:rBJllple pro!rama fo~ e:recutlon unde~ OS7. 

The first poInt to not:tc!! is that OS7 Is not capable of obeJinS anJ cmnmand 
unless th .. p~osram named In that command is alreadJ present in the file 
store. Thus If the fIle store sta~ts emptJ then It must always rellain so. 
A minimal inHlal fila sto~e will contain a pro!ram which will enter k.eyboard 
input Int:o the flle sto~e - this Is the bootstrap which will enable UI to 
prosrllJll anJthlns that Is possible with OS7. 
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A suIt.abI" bootstrap proSrUl t.o inelude in the fUe store Is t.he prosr..: 

~O:b} .head{kb) 

or, In the eoncret.e s-eKpression sJntaK required bJ OS7: 

(l..bda(kb) (head kb)} 

and the inItIal file store eontaInlns it as a file n...d put: 

«put.(1l111bda(kbHhead Itb}))) 

Wben t.hIs prolr&ll is eKecuted bJ the eOlml&nd 

(put. kh newa... ) 

foll~d bJ keJboard input. 

{eontentl of a new file} 
e.d 

the prosrlUl put is applied to the .insla arSWDent 

«eont.ents of a new ftle» 

The output fra. the prosr... Is the head of the Input. lIst. 

(eont.ents of a new fIle) 

whieh Is then plaeed In a file ealhd b&WnUle. 

A eOlllplelMlnhr, prosr... ealled set. eould be added to t.he Initial file st.ore. 
or added to the runnins sJstea bJ eIeeutibS put. set Is: 

~(f) •cons (f ....IL.. ) 

Wben eIeeuted bJ a eOlmland of t.he fona 

(set. fllen... sereeb) 

the proSl'1UR set will feteh t.he nUled fIh snd will send t.he cont.ents of t.he 
fIle to tbe sereen In a list. of lteSls eontatnlns onlJ t.be fl1e eont.enta. 

Note that put eKpeets to reeeive a list of Items (of which 1 t anI, processes 
t.he f' rst). ud set. produees a list of I te.s. Renee the, are onlJ suI t.able 
for thltJr destsned roles as transfers between the tennhal and file st.ore. 



Other ell..p1e prolr... : 

To copy one file into another: 

),.(t) .t (the identity tunction) 

Ill..p1e ellecution: 

(copy let neW'let) 

copy can also be used to echo the keyboard to the acreen untl1 and ia tJped: 
(Line. with ~ ace typed by the user) 

(copy kb acreen) •
 
ahc •
 
ahc
 

1 2 3 " • 
1 2 3 "
 
(11 J t.) end •
 
(ll J t.)
 

nezt comtand 

It. prosram, (n!:stcolllto, which takes two numbers trom Ita Input ar&UIlIent and 
produces t.he liat ot nWllbers trolD the tlrst to the second~ , . 

),. ( In) . tromto(head( In) • head{ tall (i n) »
 
whereree
 

tromto{DI,n) = If lD~n then cons{m,WNIL")
 
;Ise cona(m.tromto(a+1,D»)
 

Renee leneratlnl nWllbers on the acreen tr01ll keyboard tnput.: 

OntstrOlllto kb screen) •

1 Send •
 
1 2 3 " 5
 

Readlnl the Input: trom a tUe. sendlnl the list to a tile. then dhp1ayins the 
result flle on the screen: 

(put kb data) ~ 

(1 5) end ~
 

(int.stromto data result) 
(zet reS'\llt screen) '"
 
(12345) 



()fotice t..he dlffl!rence bet"'een dWllpinl the result lIat dlractlJ to t.he acreen 
("'hicb could be simulated bJ (coPJ result screen». and "Iettlnl" the rellult 
flle. "'here let Is careful to prelletve the parenthesea') 

An Interest In! Iffect In the last e:IIlJllple, ",hlch cannot be obllerved In thIs 
",rltten presentdlon. is that the lat.J evaluation causell the seneration of the 
list of Intelerl to be delaJed until It II. required to be diaplllJed on tbe 
screen. Ho",ever larl" Ih result file. Inhfro.to "'Ul apparentl,. lenerate 
that fll" In neslislble time. The pr-lce II paid, thoulh, ",ben the file Is 
dhplaJed since ih contents "'Ill be co.puted at that time. P'ortunatelJ. the 
la~J evaluation IMIchants. ensures that subaequent acces.es to the reault fIle 
fInd that It hI.! alreadJ been evaluated, .nd It "'Ill be dlsplaJed 
"lnstantIJ". Mote that none of this .ubtletJ hl.ll been coded es:pllcltlJ into 
the operatlnl I'llt.. - it Is I. natural conllequence of lazJ eYaluatlon. 

This effect Ie e.learlJ relat..ed to Uni:! "pIpes". ne eIl.JIlple Is a pIpeline 
",Ith thr"e prOlrM .tases and t",o pipes (the fUes data and reault). TaUnl 
the lIecond pipe onlJ, the rellult file is I. temporarJ file bet"'een Intsfromto 
and let. and thelle two prOlrllllls ",Ill eIecute In co-routine fashion ",ben the 
nutput frOM !"t III dlsplaJed. In fact OS7 Implements I. leneraU.atlon of 
plpell .'nce AVer! result file from !!I pro!rl.Jll aIecutlon I. delaJed and mI.' 
subllequentlJ hllco!M the Inter'Jlledlate HIe In the pipe bet"'een ezecutlnl 
prolrlUllll'. Hence plpellnell do not need to be entered all conllecutlve 
conaands. 'n is easJ to aee that the cOflllland processlnl In sJste. and 
8Jstemst"p could be IIlOdlfllJd to recolnlse I. special sJntaI for I. pipelIne, and 
could eIpand luch I. cOlNDsnd to I. series of nonaal cOlllllands, ",Ith no alteration 
to the underl,\nl eIecutlon _chan ill.. 'or eIMple, I. pipeline eould be 
entered (.~at unorilinallJ) 1.1. 

(put kb I intsfromto I qet.screen) 

and could be ,zpanded to the .equence of commands 

(put kb te.pl) 
(inhfrolllto tempI te.p2) 
(Set tellp2 IIcreeD) 

In this ",aJ It should be possible to Implement mucb .are 1I0phlst.lcated "shell" 
lanlullses, BICh as that deacrlbed bJ Shultis (12). 

Interactive prolrMs maJ also be "'rltten to run under OS7, uslns the fl.Jlllliu 
"lItrelUfl tn/stre.. out .. paradlpn. The onlJ precaution to be taken is to 
remember that the Input "'Ill be I. finite llst if "end" Ie tJPpd. and the 
prOlraJD should tllk" care to terminate Its output list cleanlJ when tbe Input 
stre.. la ethausted. 



Remae-ks 

DespHe t.he e-emae-kllble slmplJdty of OS,, it. nevee-thelen pe-ovides t.he basis 
foe- an ezt.rp.mely powee-ful operat.tns syst.em. OS, has been fully Implement.ed 
and wlll p.'l'ee.ut.e on the "dist.C'l.but.lon" Lispklt. Iyst.em (1lJ. In It.s ovn 
llmHed way H is quHe sat.isfyins t.o use. 

Wlt.hout. int.rodue ins undue e.olllplezlty, I. nUlllbee- of sisnifie.nt Improvements e.n 
be Made t.o OS, ~ 

Th .. system e.an b'" alt-.ee-ed t.o ezeeut.e pe-ose-ams whieh ae-e present. la t.he file 
store loA eomplled SEeD lIIaehine objeet. eode. If t.he objeet. eode Is I. elosure 
for I. funet.lon of one .rsunlent. t.hen t.he Int.erpe-etee- invok.d by .ueute(f,a) 
eaD be dJspensed with and funetlon applleatlon used Inste.d: 

ezeeut.e(f ,.) :: f(a) 

In t.hls cue t.h~ IIllnlmd fHe st.oe-e must. eont.aiD t.he obj.et eode foe- t.he put. 
prosrlUtl. Thp. object. eode for I. eompllee-, whieh ean eonvee-t. I. Lllpkit souree 
file int.n I. fll~ eont.aln!ns the objeet. eode as I. elosure, would be an 
essent.lal e-equ1~ement and eould usefully be Ineluded In t.he Initill file 
st.oe-e. Advant.ages sained frolll t.his would be the full speed ezeeutlon of 
pe-OSe-lUllS, and a smallee- opee-atins syst.eIIl (slne.e now I. pae-t of It.s funetion, 
t.he int.ee-pe-.. ter, has been moved Jnto t.he file store as t.he eomplIer). 

Tbe Input/out.put. Int..e-faee for eaeh ezeeutins pe-osram may be ezt.ellded to allow 
multiple input files lind muHiple outPlJt HIes. Thus each prose-BIll would be • 
funet.lon of several ae-suments, pe-oduelns severd e-esult.s. For eumple, an 
edlt.oe- prosrlUtl could be wrlt.t.en which pe-oeesses • sequenee of edlt eomm.nds 
and I. fIle to produee I. sequence of responles afld Ion out.put. ftle. So to edit 
fllel, sivlns e.ommandA at t.he ke,boae-d, receiv!ns responses on the sereen, and 
pladns the edited flIe In flle~ the followins eonmand would be ent.ered: 

(edit (kb fi1eI) (see-een fIle2» 

Ut.ee-natlvely. t.he Input.lout.put interfaee eould be altered /IiIOe-e drutleally in 
ord.r t.o S1VP. I. pC'oScam eonte-ol over Its own file input and output. One 
Ichemp. to lehleve thll I'll t.o construct prosr~ so th.t they senerite • slnsI& 
output lequencp. of cequests for operatlns Iyst.em see-vlees (sueh as "set thh 
'lIe", "set that file", "put. t.his In t.his file", "fet.eh keyboard 1Dput .. , "send 
this t.o t.he se.C'ep.n-, "set I. dle-eet.ory of t.he file stoe-e", "delet.e t.hls flle-, 
and so on), Ind ~eCA ive 1.5 input I. s 1nsle lequenee of e-epll es to t.hole 
e-..questl foe- Ayst.elll lervlcel which need e-eplies. The opee-.t.lns IJltem then 
servlcel t.hA e-equest.s, e-eplylns t.o t.he pe-ose-am, e-eadlns keyboard input • 
• endlns out.put to the sce-een and updat.lns t.he file stoe-e as nee.sslry: 

request.s :: eJl:ecut.e (pros,e-epllel) 

sce-,kb' ,fs' • replies servieerequests(requests,kb,fs) 

(whee-e t.he t.uple "scr,kb' ,fs' ,replIes" indicates t.hat seC'Vlcerequests returns 
a cOlflpound result. - pe-ob.bly • foue--!ilt.). 
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Eaeh of these eltel'liions h"s been Implemented (yieldlns variou8 o~ratlns 

s,stA•• OS8 _ OS11) _ providlns a ran&e of e~perimental operatlns .yatems, 
Aaeh qu J l';e rewllrdi"& to pla, wl.th. Unfortunate!, thera I s no roo. to e:z.plore 
eaeh of them in detail here. 

A lIy.tem with nch of the e~tenslons Ino;:orporated Is very powerful. In sueh 
a 1I,stArIl It becOIIM!s possible to see how the entIre cOJlftand Interpretation 
stratAgy and prosraJ\ll e~eeutlon meo;:hanlSllI eould It. ••lf be plaeed III a prosrl.lft 
fllA In th", fHe store. Thug the eora of the operatins system It••lf would 
beeo... even smaUer and s IJIlp1er. ThIs would be a move ver, el08. to tbe Unh: 
prlnc:lplA of a "shell" prosrlUt. This Is a o;:hallense re.dnins for tbe 
future, as It has not ,et been hllplefRented. 



Chapter- 3 

JnnWOUS OF PROCESSES 

Intr-oductlon 

A function which consWl!es one or- mor-e Input str-elUlis and pr-oduces one or- mor-e 
str-eBJIIs as output 111 r-efer-r-ed to as a pr-ocess. Such II pr-oceslI can execute 
Ilutonomously, Independently of any other- pr-ocesses, In the sense that it 19 
constr-Iltnfld onl!, by the demand for- values OD its output Itr-eam(s) and the 
availabilIty of values on its Input str-eam(s). 

rhus the Inter-aethe doubl!.nS function slven In the intr-oductlon to Chapter
ho 15 a Iinsle pr-ocess. 

os7 Is aho constr-ucted as a sinsle, monolithic pr-oceslI. AlthouSh OS7 is 
br-olten down into sever-al distinct sr-oups of functions (the sJltell! kernel. the 
fllfl stor-e and the pr-nSr-BJII ezecution mechanism), never-thelesa ther-e ar-e onlJ 
two dlscer-n\ble Btr-f11lJ11.S in the sJstem (the keyboar-d Input and the Icr-een 
output) and the BJst.em ker-nel has explicit contr-ol of the file store data 
str-uctur-e and of the su~lssion of pr-osr-ama to be executed. 

The deslsn of complex systems can be simplified If major- subsysteml ar-e 
llaplementAd as aut:onomous pr-ocesses. Then a fur-ther- moduladsation step has 
b@en achlevfld - not onlJ will the functions handllnS the filestor-e have been 
Isolated sJntactlcallJ fr-om the r-est of the system. but theJ will Ilso execute 
as a unit, without Inter-fer-ence or- e:lter-nal contr-ol. rhe sublJstelD pr-ocessell 
.,111 be lInlted to fonn a statIc networ-k by anodatlns the output Itr-eams of 
pr-ocesses with the Input str-elUlis of other- pr-ocesses - and the pr-oclllles will 
communicate t:halr r-equir-ementa to each other- by the tr-ansmlsslon of messaSes 
In the str-eBJIIs. 

rhe pur-poae of this chapter- Is to explor-e some sYlltems of this kInd. 

A major- benefit ~hlt r-esults fr-om this stJle of modular- desisn Is that the 
Individual pr-ocesses (modules) can he r-euled In dlffer-ent networ-ks, with onlJ 
~inim.l r-epr-osr-~tns belns necessar-J wIthin each pr-ocess (for- example to 
extend me9sase voeabular-les, or- to adjust messase fonnatsl. rhe onlJ 
sisnlflcant difference between networ-ks (In ter-ms of the Pr-0Sr-a. teJt) would 
be In the pr-OSr-~ "slue" speclfJ1nS the networ-k llnkase - thIs can ,II be 
slven within the basic functional pr-osr-ammins fr-amewor-k. 

A simple detennlnate system: 

As we shall sefl, bJ usinS non-detennlnate components ver-y power-ful "stems can 
b@ constr-ucted. However- the sener-al pr-inclples of networ-ks of pr-ocisses can 
possibly be seen best in a simple deter-minat.e. networ-k. rb.e examplt to be 
pr-esflnted her-e is a detenninate ver-sion of "sys5" In (51. 

The system compr-i ses t:wo Inter-actlns components, a dlltabase which acts as .. 
rile 9tor-e for- the system, and an pdl.tor- which contr-ols oper-atlon of the 
SJste... 
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The database hi ,Imple proce'~ with a tin5ie input 'Itream co.poled ot
 
messa50s r~~ue'tin5 databa.e actions, and a sin5le output ,tream composed of
 
replies to the "~uest'.
 

re<Juelts r-::-:-l repihs 
--------;.>11 dbf I .., 

Requests al:'e of two forms: 

(Gn fJ	 in which Cllse the reply III the contents of fne f, or 
"'USSING" if there 1lI DO such file. 

(PtrT f II)	 In whIch calle flle f ill updated to have contents s, and the 
repiy is "DOME". 

dbf ill easily pr05r~ed as a recursive function from a lIin5l8 input stream of 
requesta c to & sin51e output IItream: 

dbf{c) dbfl(C,"MIL") where "MIL" represents an initially empty 
database 

dbf1(c ,db):: conll(m,dbfl(tail(cl.db'»
 
whel:'e llI,db' :: dbstep(head(c),db)
 

dbstep interprets the different I:'eq..e,ta. 5eneratln5 a reply and ne'" database, 
all appropriate: 

dbstep( ("PUT" f s) ,db) "DON£",put(db,f.s)
 
dbstep( ("GET" f) ,db) = &ettdb,f) ,db
 

where "'e CRn adopt: tho definitions of put and set a. applhd to fi1estores in 
OS 7. 

The editor process accept, two Input streamll, coft'lllands frolll the user's 
keyboRrd and repl'e. from the databa'e, and &enerates two outp~t ,treams, 
responses to the ulI~r', ,creen and requeatll to the databa,e. Hence the 
overall a'tte.. structure la 

keyboard ;1 I s lIereen 

dbou dbln 



Glv@n d@flnitions of th@ p~ocess compon@nts edit and db. tbe wholl system may 
b@ const.~uc:ted .nd e:lecuted by the followin, definlt.ion: 

,y.temU:.eyboa~d) ::= .c~een
 

whe("u'ec .creen. dbln == editO:.eyboa~d,dbout.)
 

dbout == dbf(dbin)
 

Thil silllply d#lS'c("lb@s th@ link.se of the .t.~eams keyboa("d. Ic("e@D, dbln. dbout. 
b@t.we@n the p("oc4use,. 

It. ("em. InS' to defin@ t.he edit p~ocele funct.ion. 

w" Im.,lnfll thfll edlto~ to lIlaint.ain • copy of tbe file t.hat. is cu("("ent.ly beins 
@dtt@d. Th@ Adi..to~ will ~ecosnlse 41 simple set. of conn.nd. f("om t.he 
keybo.("d, which Is	 .dequ.te fo(" the pu~pose of Illust.(".tlon:. 

(GET f)	 Replac@ the cu~~ent. file wlt.h t.he cont.ent.s of file f from
 
t.h@ d.t..b....
 

(PUT f)	 pI.ce th@ cu~~ent fIle in t.he dat..ba.e wlt.h n... f. 

(CHANGE t1 t:2)	 Edit th@ cu~~ent file in lome "ay det.ermined by t.1 and t2. 

PRINT	 Displ.y the cont.enta of the c:vrr'ent. file OD t.he ICr'een. 

Asaln, edit. "'ay be pr'o'r'&lTllled eas11y .. Il r-ecu~.lve fUDct.ion; .tarUns the 
edit.o~ wlt.h an inltial cur-rent file "NIL": 

edH(kb,dbID) .= edit.tep(kb.dbln."NIL") 

editst@p(c:.dbin,x) must decode command' that arrive on c: f("om t.he k.yboa("d. 
,ener-ete ~esponse9 on the two output str-eams. and edit. t.he cu("("ent file :I 

wher-e n@cessary. Ther-e ar-e fou~ C.llel. The fl("st. deals wlt.h fet.c:hlns a b~ 

flle to be edited: 

editllt.ep( «"GET"f) .c). (:I' .dbin) .:1) _ 

conl( ..NEWFILE:....c:~een) .conl{("GIT" f) .dbout.) 
where screen.dbout. ::= edit.st.ep(c.dbln.~·) 

This r-equ'i,.es gomp. Bxplsn.t.lon. The fi~st COlllll.nd t.o be esecut.ed is (GET f). 
and so the n,.gt. r"quest to be output to t.he d.t.ab.se i, (GET f). Since db 
wo,.ks 1n • synch,.onous fashion (e:l.ctly one reply for e.ch request.) l:.!:Ie first 
ite". on the Input stream f~om the d.t..base i, thus t.he file cont.ent.s 
~equested. x'. The ,.esponse NEWFILE is sent. to t.he ,creen t.o indlcat.e t.hat 
thp. f\Je hu been Fetched. To determine t.he continu.tlon of t.he screen .nd 
dbout ,t~eams, edltstep is c.lled ~ecu~sively t.o esecut.e t.he .ubsequent. 
c:om..nds c, with sub,equent ~eplle. f~om the dat..base db!n ••nd t.he new 
cu~r-ent file J. 

111" .vail.hility of the new file cont.ent., :I' in t.he cu~~ent. r-ecur-sive st.ep 
,eems sOfIlewhat mi,.aculous, but it is quite v.lid .nd he.lt.hy ••nd is l natural 
consequence of laz.y ev.lu.Uon! 

mailto:editst@p(c:.dbin,x
mailto:b@t.we@n
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The r-e.aIninK eues ar-e simi lar-: 

edltstep( «'"PUT" f) .c), ("DONI:".dbin) ,:r) _ 
cons("OONS",scr-een) ,cons«"PUY" f :I) .dbout) 
wher-e Icr-een ,dbout ::; editltep(c ,dbira.:r) 

edit Itep« ("CHANGI:"U U). c) ,dblo,:rl =
 
edltstep(c,dbln,chanKe(:r.tl.t2»
 

(In this eale no screen response II Kenerated)
 

editstep({'"PRIJtt".c) ,dbln.:r)::
 
cons(:r,screen),dbout
 
where Icreen.dbout ::; editstep(c,dbln.l:)
 

Details of the edIt!nK function "chanKe" ar-e not required her-e. With this 
e:rception. we have a complete pr-oKram for the edItor syste•• 

Here Is an eumple slluion with the systelll (lines marked with an a.terisk are 
typed by the user-): 

(systelll start.) 
(GET FRIlD) • 
NINP'ILI:
 
PRINT •
 
IIfISSIJfG
 
(CHAJfGE J (H!LLO FRED» •
PRINT • 
(HELLO nED) 
(PUT FRIO) •
 
DON.
 

If we wish to Introduce a proKram e:recutlon facility Into the .,stem then the 
followlnK nttwork lSI a Bhlple solution: 

.~."~ 
EJJ 

I' .«.
dbf 

The editor COnlponent now has three input and three output .treems. One pair 
I s used to tr-ansltli t thll curr-ent fIle to the run co.ponent when the conwnand RUN 
Is entered at the Iteyboard, and to receIve the relult of eva1uatinK the 
Pr-oKr-Am (It could r-eplace the current file In the editor). 



'fbi ••Jstem Is Bt:r-alshtfof"1llerd to eonstruet. Roweyer- If we whh the r.sult. 
of progr8Jll evaluation to be enter-ed dlr-eetlJ Into the databalle then a !DOC'e 
Intrieate solut ion is required - sinee the databalle must be pr-eparltd to 
reeeiv. HlI ne2t Input fr-c. either the edl.t:or or- r-un eomponent. In this 
pllrtlcuh.r lIJst.,.- It III pcllslble t:o solve the pr-oble. bJ plaeing a swit.ch on 
th. input to tha databa.e, and oper-atins the .witeh bJ a lepllr.te .t.r-e8Jll of 
cantr-ol .Ignelll from the editor-. Thill I. ellsentilllJ the uBe'of an "oracle". 
to be dlseuued .hortlJ. &lid In s.neral beeomes tao Intdeate or lll~osslbl•• 

Sbadns, ..ynehronous activit! and non-det:e['ftl,lnaey 

The 1I1mple network lIJlItems eshlbit.d 1I0 fer- eseeute In a pur-elJ Bynchronou. 
fashion, althou5h ther-e is eertalnl, lIeope for SOIN parallel eyalutHon siYen 
a maeh' ne tlf Ilppropr I ate areh I teeture. Howeyer-. In lDOr-e adY.nced .J.t.••• 1t 
1. de.lr&ble to be able to flspres. that eertaln eomputations do not n••d to 
w.lt for- complet.lon of other eomputatio",.. ror .J:8JIlplfl. where se.,er-al 
pr-aSr-aJIlll ar-e beln& evaluated eoneur-rentl,. we .aJ wish th.t the rile stor-e Is 
updat.ed with the re.ultll \n the order- that the eYaluatIonll ar-e eOlllplated. 
For ".h Ill. SOIMI k' nd of non-detennl nate prosrlUll eompOnent Is r-equi r-td. 

fn {5) Henderson propole. the lI.e of a non-deter:1Dlnate str-e8Jll InterleaYins 
oper-ator, whleh I .hall refer- to III "1Nr-le", In a netVl:lrk of procl••• s the 
Iller-Ie oper-etor ill repr-e.ented a. follow. 

: :~ .. 
and we would writ.. 

e E 1Mlrle( .. , b) 

The Intended meenlnl of thl. equation is that the .tr-.8JIl c eompr-Ille. all t.he 
el.-.nts of .tr-e~9 a and b, with the or'derlns of elements fr-om a prl.er-yed, 
and the order-Ins of elements fr-om b preser-yed, but with the elements of a and 
b interleaved In lIoma &r-bltr-arJ fashion. Oper-at10nallJ. we .1Sht 'J:pect. 
that the Lnterle.y!nl of ele.entll Is In SOMe wa, dete['ftl,ined b, the 
Ilvallabllit.J of the elelllents; the aVlllabilltJ would itaelf bJ determined bJ, 
for- eIample, th" err-IvaI of a value fr-om an eIternal deYlee Bueh a. l 
keyboard, or' bJ the completion of the eomputatlon of a value. 

Leavins Islde, for the lDO~nt. the implementatlon of mer-Ie, Render-.OD .ho"'s 
how a number- of dJffer-en~ IJ.teml maJ be eonatrueted wb&r-e Ind.pendeDt Ullers 
illS' aeee.s shared database. eoncurr-entlJ' Three esamples follow: 
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"sys2" 

keyboord 1 ~ :.cre.n 1 

keyboord 1 :: - 'dbf -2 .cr••• 2 

Ifere a slnlIt database \S! shared by two users, each with their own keyboard 
and screen. The procllt!lll ~ tala aach melsale on a streSJll with 
tbe number n. Thllt process ~ passes only those lIlessales with tAl. 
n. and removes the tar.. tdbf is llke dbf, but it tar.1 each reply to a 
request with the tar. from the request. The co_aDds from each keyboard are 
pass"d tn thp. databas~ a!ll they are available, and each user lees their own 
replieS!. Of course, Iince the database ia shared, al in a conventional 
shar"d filell~nrllt, each user wtll observe chanlea to the databa.e aa the result 
of the other user's activity at tbe ke,board. 

"sys3" 

keyboard 

-1 dbf .1 

u:reen 

Ifere a sinsle user maJ lIIake simUltaneous use of tvo Independent databases 
the user must tar. commands appropriately to indicate which database is to be 
used. Repll,ul wIn appear on the acreen as the, becoma available, and hence 
short requluts sent to one of the databases 1II1lht easil, overtake Ions. 
requests seat to the other database. 

"sys'" 

keyboardl ~/~creenl 

I(~reen 2b~Jboard2 

••2 



Nece two independAnt luecs shace two independent databasell. The IIJstem 
eontaina two eMbedded copies of sJs2. Each Ulec maJ hsue concuccent 
requests to both databales, and eaeh databa!lle Mcses the r:equelltJ fcOlll each 
user. The eCJuatlonl for: this netwock ace eaSJ to wt'ite down, III (5) 
Henderson sives th_ follow1ns IJltem definltioll (wIth minoc adjultmeot of 
taSSlns eonvent lonsl: 

lIJs4 Ckeyboa rdl, keyboacd2) ~ scceenl,Ieceen2 
wher:erec seceenl:: lIIecse(tas(l,lIal),tal(2,sbl» 

'!Icceen2 == mecse(tlls(I,'!Ia2),taS(2,sb2») 
saI,Ia2 ~ '!IJs2(untas(I.keJboacdl),untas{I,lteJboacd2» 
IbI,'!Ib2 =IJs2(untas(2,keJboacdI),untas{2,keyboacd2J) 

We have aeen ho"," '!lome simple sJstems e:a:hlbJtlns shar'inS and uJnchconous 
aetlvitJ can be constr:ucted ul!ns the non-determinate mecse opecatoc. But 
how Is meCSe to be implemented? Thece ace vadous appcoaches. AbcamlllLy 
[Ial hall ehosen to make mecSe a pdmltlve oper:atoc 10 his functionl 
proSrammins Iansuase - this plaees the bucden of implementation entlcelJ on 
the sY!ltems pr:ogrlUllllec, who ean ensuce that the Input IItcems ace evaluated 
and inspected eoncuccently, and al!110 can ensuce that a "fall''' cholee ill made 
between eieWlents of the Input stce4JIIIS, P'dedlllan and Wile U31 Intcoduce .. 
non-determinate list constcuctlon opecatoc, "fcons", whieh ma, be used to 
proSclUll lIleCle and othp.c opecatlons. I cholle to look beJefl, at t1111 pcospects 
for usinS "ocar.les", lIinee thIs did not cequice an, lanluaSe extenlions, and 
then at mOCA len~th at the pcovis\on of an ftlUllbisuous choice opecatoc" 
("cCarth, (l4J) which, asain. can be used to PCOICarD mecse and othtc 
opecatlons. 

Oraclss 

O\S hinted in a ·prftvious 'lIectlon. In SOllie cases it III possible to supply to 
mecse a stceam of contcol '!I;snalll lndlcatlns fcom whieh Input Itce. the nest 
transmitted elAment must be taken. Hence we ma, define ll.D "ocacubc mecse" 
operatoc whleh has theee stcelUll Inputs: 

.t,.~, ~ 

.oot,o' outj ,
stree.m7 

If an eleWlent "I" on the contcol !t:r@1UII indicates that the ne:a:t ele.nt IllUllt 
eol!lt!l from ,treallll I, and "2" indicates IItceam 2, then we hay. tbe followlns 
simple recursive definition: 

llIerle(s!,s2,e) :: if head(c} • 1 
then cons (head{sl) ,merse( tail (sl) ,,2, tall (c),) 
else cons (head( s2) ,lIIerse( 51, tai l( s2) ,tdl (cl) 
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The remainins pr-oblem is then the orlsin of the control 81snal stream. 

In the case of tlle editor- lIystem pr-opoud earlIer, wher-e both tbe edit and run 
components nelld&d to send r-equests to the database, thea tbe edIt component 
itself could S8nerate the control sJsnals to route the correct ne:zt request to 
the database: 

k"yboard~ ) screen 

conJtrol 

Where we ar-e try\nS to mer-se .tr-e~ elements from two keyboards, tben we need 
to assume th. eIl.lltance of eIternal hardwar-e which seneratas an input stre~ 

of or-acle IIt~nalll by obseryins, for e:z~ple, the key deprasslons at tha two 
keyboar-d,. 

Thus "sysz" ,imply ulle, tbe eIternal oracle to contr-ol laterleavins: 

keybo8r'd .1 ~.creen 1 

control ~l 

keyboar-1I2~ ~.creen 2 

To e.ploy tbe oracular merse In "sys3", the control sisnal, can only be 
Senerated ~y inspectIon of the tass typed by tba user Indlcatlne whlcb 
database II to be used: 

-1 dbf ., 
keYbo.r-d~onlytass I control screen 

-2 dbf ., 

Here the leyboar-d l:ll pallsad thr-ouSh a pr-oCe:llIl, "onlytass", whicb discards tbe 
dat.abase reque9t part of eacb messase. Theile residual taS8 are used as t.be 
or-acle slSnlll cont.rollins tbe merse operator. Tbis slYes a funct.lonlDS 
sy,tem, but. unfortunat@ly tbe tnterestlnc asyncbronous behaviour, wbereby 
r-equest.:lI passed to one database may oYer-take r-equest, passed to tbe otber, bas 
been ell.inat.ed fr-om t.he 'Syst.em. The effect of zenaratlne oracle siSnals in 
thJ, way is to produce a strictly synchr-onoull system <thoueh In pdndple it. 
Is still possible for bot.h databases to be active concurr-ently). Since tbe 
entire system 1S prozr-~ed in a deterMinate functional proerammins lansuaSe 
this Is har-dly surprisJnz. 



sillilarlr "$rs4" can be implelllented usin!. oracuh.r mer!._, but it took 
eonsiderable effort to deslsn tbe followins .0IutloD: 

kllJboard 1 

eont.rol II i:l 

keJboard 2 

+1 

ereen 2----;" 

Where "splIt." is .. speeial purpOse switehins process: 

•---{Il--->' 
b~d 

Eaeb elelllll!nt of b 'I. Sent to either e or d. It. 1. sent to e If tbe 
eorrespond Ins elillnen t. of a is 1. and to d If the eorrespondl ns elemeat. Is 2: 

spUt«l.aJ,(JI:.b)	 eons(.,e),d
 
where e,d =spUt(a.b)
 

spllt«2.a),{x.b» ~	 e,eons{s,d)
 
wbere e,d =spllt.<a,b}
 

thls Implelllent.at.lon of sJ94 Is verJ obseure, and is VerJ Sood evldenea t.hat. 
the t.ople of expllclt.IJ proSr~ed orscles should not be puraued anr furt.her. 

th. ambisuouB eholce	 operat.or 

In [1~1 MeCartbJ dlseusses t.he propert.le. of a new primitive operat.loD ambo In 
order t.o allow some cont.rolled Illeasure of non-dete~lnaeJ Int.o a funellonal 
proSr~lns lan!uase. In the work report.ed In (6] I adopt.ed t.his operat.or, 
ren~lns It. or I. praet.lce since dropped), as a suit.able t.ool for 
IIxperl1ll9nt.1ns wlt.b n~n-det.ermlnaeJ In funetlonal operatin!. srst.e.s. Det.all. 
of t.he \mpl~mentation of ~ are Siven in 161. ~ Is a blnarJ operat.or. and 
an espression of t.h@ fo~ 

el QE 92 
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takes the value e.lther of el or of. e2. The e:lpr"aslons el and e2 are in fac:t 
evaluated eonclJrrenl:.1y (in. Hme sliced fashion), and the first to return a 
value determines th" choice of value for the overall e:lpression. If either 
~:lpresslon c:o~putp.s indefinitely, or waits for some e:lternal Input, then tbe 
computatJon of the other e:lpresslon ls not held up. Tbia is a simple choIce 
between two v..lues bued on the Bvai1aMIlt, of those ~slues. It is • 
commltted choice, and Involve:!! no backtrBcldnr;. We can use 2£. to progrp the 
:!!trelUft merr;ln~ operator, but some care i, needed to obtain aD operatIonal If 
correct 5Iolution. Variou:!! solutionll are conllidered In [6J. Par the 
purpo:!!e51 of thi51 r"port T 5Ihall aUIUIle the follo",i.Pg definItIon of llIet'&e: 

IHrr;e{Sl,S2) ;: a1l:.l or a1l:.2
 
"'het'e a1l:.l == if hen{head(Sl)
 
-- then cons(head(Sl) ,lHrsen.lUSl) ,S2»
 

else UNDEFlHED
 

1111:.2 == II here(headCS2» 
then conll(head(S2),Ner&e(SI,tail(S2»)) 
ellle UJfl)!FIHED 

"'here "here" Is lIome tellt of the availabilitf of a strltlUft element. for 8:1U1ple 

bere(:I) =if atom{:I) then true else true 

Note that this defln\tlon of merse does nothins to guarantee fairness - either 
strelUft ml~bt accIdentally be isnored indefinitely. Howevet'. neithet' h it 
intrlnslC:Ilo11y unfair, and In practice turns out to behave qui te well with the 
implementation of 2!.. &I~eD in (6). 

Jlote a1510 that the indiscrl,.Inate use of Qr. can lead to ~reat confualoD. as 
the properties of functional programs become lellll fleIible, and prosr... Il\Ust 
be rearrar,&ed and tt'anllfol'llled "'Ith care. Por e:l..ple, the e:lpreaalon 

!!. :1-. then YES ilie 110
 
where :I _ •
 

"'Ill alllliys yield tbp. result YES, for any expressIon e, sInce e 11 evaluat.d 
once and It 1 value is bound to:l. On the other hand, if "'e substitute e 
throuSh lot' occurrences of :I 

if e = e then Y!S else NO 

then thq result could also be NO if e contains anf Don-determInate c:omponents. 

Thus "'e no", have s technique for Implement in! the non-determinate mer&.ln& of 
strelUfts of mes5Iases in a netlllOrk of proces,es. the shared and aSfnchronous 
database systems operate as desired with this technique of mersin&, wHh no 
other .pedal pror;rIlJhJlIns. 



lie ~an now return to the editor/database/rUb ~o.poaeDt lIy.teta. dheu••ed 
earlier. and loot bdeflY at the use of nOD-dete~lnaey 10 t.he u,Behrooou. 
networlt slven by Henderson as ".y.6" 10 lSI: 

".y'6· 

~.cr.en 
Iteyboard 

dbf 

The .dlt.or eo~ponent. now has only on. input stre~ and one output Itre~. 

The Input lIt.relUll Is an Interhavlns of ttl_ C01lIIIandl entered at. t.he I::eyboard 
and repHes fro. the dat.abase - ea~h tassed lIultably with r. or 0 to Identify 
their ortsln In ord.r that the editor "'ay handle th.'" appropristelr. Tbe 
edItor sener.t.... slnsl ••tr... eontalnlnS me.saS.s for all d••tl».tlons 
asaln they are tar;s.d b, the editor and the networlt dIrect. each mesaase t.o 
its appropriate dwutlnatlon. 

"easases pa,lIlns dlre~t.1, frollll the editor to tbe databue. and databa.e 
meuases resultlnr; frOlll prosrlllll eValuations are mersed into I. slnsle stre.. of 
requ.Bt. to the dR-blba5e. H.n~e the editor ~an .alte unrestrieted leees. to 
the database whIle a prosrlllll Is belns evaluated (the u'er ..a, have to e:lerels. 
restraint In lnllpectlns the database In the hope of flndlns the re.ultll of the 
evalu.t.1on! ) 

The merSins of Iterboard and databa.e stre~s. befo~e Input to the editor. 
enables the user to continue hsulns ~OInIrI.nds to the edItor, and to have thelll. 
acted upon, while activit, II. oc~urrlns as,n~hronousl, In the run I.1ld/or 
databas9 componen~lI. A,.in the user will have to exercise restral~t•• ioce 
there will be I. period, after requestins I. new flle to edit and before that 
fUe hn been noted b, the editor, durlas whIch an, edit co-.nd. entered "ill 
be applled to the old file! 

",,.,6" is thua on. '''_'lop towardll the de,isn of • puwerful sinsle user operatJns 
syst.... The systellil Is an Inte,tated networlt of functional components (In 
both senl'es) whl~h can ab.orb the workload provided by the user thr-ou,h 
••ynchr-onous activi ty. 

witho~t delvins an, MOre deeply into the prosramMlns details, It Is DOW 
pOSlllbh to i.aslne a Sreat rance-of ..eP&·SHer.l operatins systelM. laeh
lIys teM will be a networlt of asynchronous 1, operat in, cOlllponent proceUe.. I 
will show three possIble syate. struc.turell. In ea~h c ••e a uller at. 
Iteyboard and s~reen Maintains simultaneous ~onver~ation5 with three subsystellls 
- an edJtor. a pro5ram ele~utor, and a ~filer~ (not the file store, but a 
~omponent spe~ialIsins in IIstinS. renamlns, ~opylns, deletins files, and so 
on). The uller enters ~ollftands 10",etllMlS to one .ubs'lIte", aod soroetille. to 
anoth.u·, swltchinS the convers.tion hJ .,.pli~lt collftands to a ~lWOde "aaser" _ 

this Is exactly analosous to the Ule of window. and I. window manaSer at a 
personal worltstatlon. 
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Th. sod. lIanacer k.epa trac~ of the int.nded da~tlaatlon of ~.yboard commanda, 
and taga ••11I5ea appropriat.ly to enllure their correct routio. ia the 
network. Thll .ditor can IItore and r.trieve files. Th. progra. e~ecutor 

fetch•• progr.. and data f11el, and stores result flles. Shlilarly the tiler 
must have aCClls to the ftI. Itore. Thus a quite general co_uaicationa 
network is r.~ulr.d. 

The flr.t IJlt•• provid.s an Independent path throulh each subayat.. fra. the 
keJboard to ~he screen, and each lIubayst.m has a largely diltlnct path to aDd 
frOlll th_ filastore: 

k.Jboard 

Icreen 

In this aylt.. t have taken the liberty of using the m.rl••ymbol to aer-r;e 3 
IItreus - this II ea.ilJ haplemented by cascadinl5 2-",aJ merr;e operatorll: 

---;~ , 

I. lI.cond pollslble IIYlltell u..... a aingle centralised "bus" to distribute all 
IDelllla&.1 fr08l lourc. to de.tlnation. In thill ca._ we also need tar;s to 
identify the file star. and screen as destinationa: 

keybellrd ~ Jl4 

-I ~e:ll'.cutor 

-F ~fi1er 

,-FSl------:ill file store 

I )L~lIcreen 



Heroe a IIIOroe sopbhtleat.d taSSIDS sJste. I. req, ... ired. 'th••ain taS ou a 
....al. aust \Ddtcat. tb. dastinatlQo of tbe IN.sase. 10 addition bow.vero. 
tb. INssaSe pa~t t eootalo tbe tas of tbe .endioS component, to be ulled as 
tbe -roet... ron addr tal OD anJ replJ evoked froID. the destinetioD eompoaent. 
fbis i. a tJPlc al co......nlcation. problem, snd it 111 not a f ... ndblllQtal hsu. 
b.ro.. Tb\ s s,.s te. also enable. a more flea i ble eoanun icatloDS ,troateSJ, if 
it is req ... lred. FQro a~blple, the editoro co... ld make use of .e~ices proovidad 
by tb. Iller. 

Tbe final oflerlnl In tbis chapter Is a rearoroaoSe.8nt of tbe ca.ponents of tbe 
pr.vio.....yst... 'the new sJst•• bu a rinS aretal tecturoe. aOfl8'Wh,t 
ro..lolscent of tbe Cambrldse Jlins· Eaeb eo~oneD,t I. attaebed at a nod. on 
the rolnS - pas.lns IN.aalel with tbe COrrect tas aroe eJ:troaeted froOll tbe rotnl. 
and any respou••s aroe IMlrled witb tbe residual .essase stred: 

k.Jboard 

scroeen 

Editor 
node { 

allbut SCHIU 
I 

E'.cutoro 
node 

-f ~ filer 

fi lestore 

FU.r 
nod. 

F"••tO'"r 
nnd. l 

where allbut :I el\minates those messale. talsed with Z, b ... t pasaes all otherll 

unehans.d. 
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Chapt.er 4 

PERIPHERAL fIA.RDIo'AR£ AND DISTRIBUTED SYSTDIS 

Int.roduction 

In the previous chapter we wera e:oncernad simply with the lo,ical architectura 
of operatln, systams conceived as networks of communtcat.ln, processes. It. 
waa Impllclt.ly assumed that. If required, each ant.lre net.work could be run as 
a a\n,le funct.ional pro,r.. (which Is precisBlJ what it Is) aD a slnKle 
procQssor. The onlJ eIternal servlces required would be the proviRloD of an 
Interface connectin, the sln,le Input. and output streams to t.he user's 
keJboard and se:reen. Wbere a sJatem required a file store we impllclt.ly 
sI_u)ated t.hls bJ usln, the main memory of t.he processor. 

ClllarlJ. IlIOre realistic operattn, systems must. also make some provision for 
_ccesa t.o the wide ran,e of peripheral devices whlcb ma, be connected to 
computers. In partIcular I would like to consider access t.o eIternal file 
stores. and e:~mmunication between computers via remote lines. The former Is 
neCf'!sallrJ for :!IJstems with larKa stora,a capacity. and t.ha lat.t.er will enable 
the constructIon of true distributed syst.ema in which networks of processes 
are alao networks of processora. 

The s~andard Llspklt. lIIachlne. describad in (Ill, provldas sn abst.ract machine 
for to.he eIlIe:lltlon of Lhpklt pro,rams in which the pro,rt1l'lller's view of the 
phJslcal world Is restrlct.ed to a sln,le Input. stre" of s-ezpresllons and a 
sin,le out.put. strem of s-eIpresslons. Usually t.heae st.ream. are Int.erfaced 
to a t.el"'lllinil bJ the abatrad machina Implement.atlon. It is pouible for t.he 
st.relUlloS t.o be temporarllJ reconnect.ed to files beld on disk, but. t.hll Is 
outside t.he 10KicBl archlt.ecture of the Llspkit abstract machine. The 
reconnectloD csnnot. be controlled bJ an eIecutin, Liapkit. proKram since it. ie 
ent.lrelJ dependent on t.he uaer t.ypln, special cont.rol codel. 

In 16) the abatract Llspklt. machine Is eztended to support. llIanJ physical 
devlcea. each be In, associated with Its own st.reUl(s) of Input t.o and out.put. 
frolll t.he IIIlchlne. Thus the user's terminal Is sl:.1ll supported by one Input 
and one output. stre.. , a printer or ,raph plot.ter could be support.ad by a 
sin,le out.put st.resm each, and each relllOte port provided by the hardware can 
be aupported bJ one Input and one output stre.. (for received data and 
transmlt.tel! data, respee:tlvalJ). A. f1Ia store can simIlarly be Rupport.ed by 
a sln,le output st.relU\!; (carryin, cOlmland messa,es to a dIsk based file store 
driver) and a slnKle input. strelU\!; (recelvin, replIes to cOlmlands where 
required). This view of a fllestore corresponda more or Ie •• prechely to 
thf'! re-Illlplalllf'Ontatlon of dbf as a proceSS runnin, outside t.he Llspklt machine, 
and storiDK data on a disk In a convantlon:l.l way. In fae:t the semantic 
propertlet of both file store hnplementatlons are identlcal as far as anJ 
application proKrlU\!; Is concerned. 

The standard machine bas a simple lo,ical interfeca: 

",bo..' "reenI I
') f ~ 
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disk
 
ftle star.
 

- )0 

user at re.-ote 11 ne
 
temina!
 Slave ~acreen loS 

disk 
file star. 

The us~r can .nt.... t"o types of cOlZllland: 

(SIDl'D A. 8i	 "Copy the cont.nts of file nam.d A. on the "aster 
machln. to .. til. nlUlled B on the Sl.ve lIl..chine" 

(RECEIVE A. B)	 "Copy the contents of til. nlLlMld A. on the Sl.v. 
lIl.achin. to • flle named 8 on the M.ster m.chln." 

A very simple str.tesy Is to implem.nt the Sl.ve .0 th.t it .cts as • 
tr ..nsp ....~nt cOlllllunlc.tlon ch.nnel b.tween the H.ster .nd the Sl.v.'s disk. 
The Haster 11 than ~lI\plemented "II If it had direct access to two file 
sto .... s. Thus llIess.ses .... rivlnl et the Sl.v. alonl tbe ...emot. lin. a ...e 
directed I~dl.tely to the di.k, .nd ... eplies f ...om the disk .r. sent on the 
re~ote line. Th. sC"'een loS is obt.ined by monito ... ins the m.ssases which 
p.ss froID Ue Hast.... to the fll. sto ...e. The functionsl pros ram to b. 
ez.cut.d on the Slave lIl..chlne is easily de.isned: 

Slave«~.yboa d,flleln,remin» :: <sc ...een,fil.out,remout> 
"h c	 flleout :: re~ln 

... e~out :: flleln • 
sc ... e.n =cons(he.dinS,monlto ... (remin» 
h.adinS ~ "{Fil. t ....nsf.... sl.ve)" 

The function "monItor" cannot be implemented without blowledg~ of the format 
of In.Sls ..,n pas ••d from the Haste ... to the Sl.v.'s file sto...e. R.quests to 
the fll. sto .... h.ve .sactly the same fo ...m as requests to dbf in the p....vious 
chapter. 

(CIT l) "fetch contentll of fJle A"
 
(PUT B C) ""rite. file B with contenh COO
 

A. simple loS Would not. the action .nd fIle n8Jlle from el.ch r.quest: 

monitor«m.ssas··mor.» ==
 
COIlS(l i st(h••d(m.uase) ,he.d( tail (m.ss"se») ,
 

IOODltor(mo .... »
 

so the I.qu.nc. of ... equests 

(GET fred)(GET billHPUT jO.(De" contents)} 

will be 10sS.d on the sc .....n as 

(GET fred)(GET bill)(PUT jo.) 

H~nc. II. requl .... th ..t the Haster senerates file store ...equests for both the 
"a.t .... machine and the Slave machine. 



To satisfy a SAnd colftlllUJd (SEND A B) t.he Kuter must. Isue t.he rAqueat. (Gn 1) 

t:o its local 1'11& at.or~, obt.ain the content.s C as reply (vblch Ifill be tbe 
at.om KTSSJ)'G If there is no such fll~), and transmit t.he request (PUT B C) to 
!:.he Slue. To sat.isfy a receive cOlmland (REC!IVE A B) t.he Kuter must. 
t.ranSlllIt. t.hA request (GET 1) to t.he Slave, obt.ain t.he cont.en!:.a C as t.be r~ply 

on thA remote lInA, and Issue the request (PUT B C) to the local file st.ore. 

Now we can wrl te down the recursive function defln!n(ll; the Kast.er pro(ll;raa, 
tncludins a headln(ll; line for the scre~n and a trap for invalid e~and. from 
the keyboard: 

"aater«keyboard,fileln,remln» = 
<cona{headlnS,screen) ,tileout,reMOut> 
wher, screen,fileout,remout =decode(keyboard,fileln,remin) 

he.dln(ll; ="(File transfer maater)" 

dAcode«("SENO" a b).colllllands),(c.fl1&in),remln) == 
errora, cons « "GET"a) ,flleout) ,cons (C"PUT"b c) ,remout) 
~ errora,flleout,remout =decode{comnands,fllein,remln) 

dAcode « ("RECBrVE" a b). colftlllands) ,f lle in, (c. remin) ) _ 
error~,cons«"PUT" b c),I1leout),cons«GET a),remaut) 
whAre ~rrors,fJleout,remout=decode(commands,fllein,remlo) 

dBcode«x.commands),fileln,remln) _ 
cons ("BRROR", errors) ,t i leout, relllOut 
wh~re errora,tlleout,remout =decode(colllllands,fileln,remin) 

Note that:, as Implemented in (6), external file stores do not return any 
re!!pong~ to a PUT requ~st (unlike dbf which returns DONE). In ctllllRon "lth 
the prosrl./lllllln(ll; at the editor component I.n the previous chapter, the cases tor 
SEND and RECEIVE both assume that the request~d file contents fro~ lOCBI or 
remate disks are avallable In the SIlJll~ recursion step. A(Il;ain thh Is quite 
healthy. Conventions on the representation of file nam~s have not be~n 

considered here, thotlSh clearly aome specific d~chion "ill he required In 
practice. 

Thus the two part!! of the file transfer system have been representtd quite 
easily as recursiv~ functIonal prosr.ms. When loaded onto suitable 
multl-strellJll abstract Lispklt llIachines, connected by a remote line table. a 
rudimentary tile transfer syst~~ ia available. 

A not~ on methodololJ 

tn th~ deliSn of the fJlD transfer system aboy~. the precise confl(1l;oration of 
thA hardwl\re was all110st Irreleyant. The system Is conceived as ~suntl.lly a 
lin(ll;le functional pro(ll;ram for th~ transfer of flIes from on~ disk ta another, 
tl\kin! commands fro~ one terminal and displayin(ll; a 10(ll; of sctivity on the 
SAcond dIsk on the scrQen of • second terminal. 
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user-'SI 10'=s:P l I ,I monito. ~m••nter-minal 
OeooO. , 

file ,d:llr-e 1 file :lIItore 2 

Thl9 d\asrBJII shows the 101lclll ar-chitectLlre of the file transfer- systell. 

GiVAn a sinlle computer with two t~rlllinals and two dhks, thla loslcal 
archJtecture can ea91ly be confiltured to run on the sin!;le phys1cal lIlachlne. 
For- e:r ....ple: 

screen
 

••,bo••O 1 ~
l Ikeyboar-d '} ----~ screen 2 

f J l@stor-e 1 transfer fUe store 

fUestor-e 2 ------;~. . ~ flle store 2 

tr-an9f@rC<kbl,kb2,flinl ,fs in2» _
 
<cons (head lnll ,sc r-l) ,cons (headl nl2, scr2) ; fsoutl, fsoLlt2>
 
whererec scr1,fsout1,fsout2 =decode(kb,fsinl,fsIn2l
 

scr2 =monitor(fsout2)
 
headinll := "(Fne transfer lIlaster)"
 
headlnl2 :: "(file transfer alave)"
 

Alb,r-naUvety we could notice that the 1011 cd architecture can be partitioned 
~o lIve two subsystellls, eech of which could be confilured to run on a sinlle 
lIlachine. The crtterton for partitlonlnl the systelll Is to dlscover Slubsystems 
connected to each other by stream9 (preferably a for-ward and reverse pair) 
whIch can ~orrespond to relllDte lJnes In a physically dIstributed systelll. 
Thus th", lOlical archH~cture of the file transfer systelll can be partitlonsd 
into the "lster and Slave subsystelll9 as Imple~ented earlier: 

r----------, r--------- --, 
I Master I 1 Slave I 

"U,', : ,I O.coo. Ii! r mo,1 tor h\>.cr••, 10' 
tenllnal(1 ( L I 

L f_L __J ~ __ nu J 

file store 1 flle store 2 



A distribyted operatlns: 8Jllt~ 

HOW we can p~ocaed to the deslsn of a lenerat purpose, slDsle ner. 
dlstdbuted opftr'stlns sJltellll. The dealsn will be described iD two st_ses. 
Fir"at1J we shall consider _ network of proce .. ea whicb imphment I:.be desired 
facilities. Secondl,. we shall consider confisur1DS the losleal .,stem 
architaeture to various ph,sieal arc.hlteeturel. 

Here is a verbel speeifleatJon for the I,stem: 

Th_ 'Jstem should provIde factlHie, for ItorinS pcosr_ file. (aouree eode 
and eompiled code) and data fHell. edltins tbose filel, ueeuths eompiled 
prolraJIII files with Ilvan data f\Ies and pladns cesultant filea In pennanent 
Itoral_, and pr"ettJ pdntlne files to so..., output deviee. The user will be 
able to tsaue cOllDands of three tJpes: 

(DIC A B C)	 "!:l:ecute object eode prolraJIII in file A, takh.: eonl:.ents of 
tit- B as data. and plaeine relult In file COl 

(PR!TTY A)	 "PrettJ print the eontents of file A" 

AnJ BtOJll. or lilt where fIrst elellMlnt 19 not DIC Or" PR!TTY: 

"Pe.-forlD an edit operation. po.. lblJ a tranBfer from file 
store to editor or vice versa" 

In add\tlon we would llke, firstl" that prolrUl souree fU.. be complIed 
aUI:OIllatleallJ .s theJ enter the fn. lItore, and secondl" that aetlon. invoked 
bJ th_ three e1_1'", of command take place concurrently. e. far II poeBible. 
" file Itore which ensures that all source prolralllll alia e:l:1It in an 
up_to_date compl1frtd fonn, II one e::rample of In "lntelliseDt" lub.utelD whleh 
automatleellJ pecfor.s i~ortant houaekeeplus duties, etc on the mler's behalf. 

Th_ dlasraJIII that follows shows the losicel netwock architecture of one 
pOll,lble lolutlon to the pl."oblea spedfleation: 

disk 

prhter 

front end 

t.~in.l 
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Input rro~ the te~lnal passes l~edlatelJ to a front eod pro~ess which 
directs ea~h ~onland to the appropriate lublJstem. The fC"ont end also 
~olle~ts C"eplle, fro. each subsJstem and displaJs them on the scC"een - thl. 
Involves a non-deteC"fttnate IIKtr~e of thC"ee strellJlls of melsasel. While anJ one 
Dr lIIore of the three ~o~and pC"0~e5sln~ luba,stema il uno~~upied and readJ t~ 

receive a ~ollllllsnd. the front end pC"ocesl wl.ll be C"ead, to accept keybollC"d 
Input. "ny input for a aubll.,stem that Is cuC"rentl, oc~upled will be queued _ 
this happens Ineldentall, throUlh the propertIes of streams aDd la~, 

evaluation. Hote that, individually. the e:recutor. editor, and prett, 
printer are not required to servl~e lIlan, cOlllnand:!! concurrentl,. (and in the 
lmple~ntatlon, which follow. theJ will not do 10), and hence queuln~ will 
o~~ur - on the other hand, If these luhsJ9tems were C"e-implemented In sucb a 
wa, a~ to provide ~on~urrent lervi~e then the queues would disappear without 
anJ reprolramnlnl of the front end be~omlnl necessarJ. 

~he front end process Is most easll, prolC"ammed as a ,~ll network of 
pro~ess.s. ThIs Is an lllustC"ation of the methodolo~ical point tbat aDJ 
pC"o~ess In a network ~an It,elf be refined as a netwoC"k of pC"oces.es. 
Pro~e9S networks in the domain of purel, fun~tional pC"olC"ammln~ aC"e 
beauUfull, modular In that pC"0~esges aC"e semanticallJ entirelJ Independent 
no proceSI ~an have hidden s~de effects on the voC"klns of anJ other pro~es:!!. 

The only 'ntera~tlons between processes are manifest quIte e:rplicltlJ in the 
streams of menalel that pass between them. ThIs remaina true even "'bell 
non-determinatJ II present In the netwoC"k - despite the fact that 
non-determinaeJ does compC"amise soMe of the hllilowed propeC"tles of puC"ely 
funct lonal prolC"ams. 

The refined aetwork foC" the front end Is: 

edltoC" 
printer....:". 2¥ , ...':' 

split 

ke,boaC"d scC"een 

which ~an be PC"OIC"~d as: 

frontend(~eJboaC"d.e:recreplles.edltreplie9,prettJreplies)_ 
.creen.e:reccommands.edltcommands.prettJco~llnds 

where I~reen ~ merlelmer&e(e:recC"eplles.edltreplie,J.prettJC"eplles) 
e:reccorllllands. edl tcoltll\ands, pret tJ~ommands ;;: spl! t(ke,board) 

spll t(ke,board) :: filter(ise:rec,ke,boaC"d), 
fllter(note:re~oC"pC"ettJ.keJboard). 

fllter(lspC"ettJ,keJboaC"d) 

Ise:redc) == (not atolll(c» and head(c) z "EXEC" 
Isprstt,(c) :: (not atom(c» and head(c) • "PRETTY
"oteJ:e~orpC"eH,~:: (not ismc(c» and (not IspreH,(c» 



disk 

The pr-oces. "'hlch IlIanases tbe lntellisent file Itor-e 11 allo convenJentl, 
r-eflned as a networ-k. of processes. it IRISt accept requelt. for- file store 
actions frDIIl cOftllun\cation channel. with the e:lecutor, edItor- and pr-ett, 
pr-lnter. These r-equesta will arrive as,nchr-onoual, (In no pr-edetermlned 
order-) and bence non-detern'linate mersins Is asaln neces.ar-,. Befor-e ..erSlns. 
each request: must be tassed to indicate its source so that th correspondin5 
r-epl, from the flIe store can be directed to the co••ect subs)'stem.. ThIs la 
a multlple][lns opllratlon. Clearl, the disk. cannot handle these taS5ed 
co_ands, so the file store 'lIIanaser lIIust str1p off the tass and reattach them. 
to tha replies fro.. the disk (there is no repl, to a Pur request. and 1n this 
case the tas \a dilca.ded). Fortunatel" as implemented in 16). tbe d1sk. Is 
a s,nchronous .:lternal device, and the I:equests are serviced In pl:ec iseI, tbe 
order the, appear In the output stream - thus the l:etaSSJnll iI .. sound 
oparatlon. When the file store mana5e. passes a Pur request to the disk. It:. 
check.s whether the file is a p.oSram lource tnt (b, appl,inS .. teat to the 
file name), and, if It la, !ienerates an e:ltra PUT r-equest with the comptled 
for_ of the proSrllJ!l as contents (and with a modified fHe n8lltl!), ReplJes 
from the file store al:e return.d to the appropriate subsJstem b, • 
"demultlple][er", lofhich is rather llke "lpUt" above. 

Hence the Inl:eUisent ftle Ito.e can be refined to the followins net'ltml:k: 

replies.equ~' 
L,

IIIU:lJ deftlu:lJ 

editor 

which can be Implemented b, the follow1ll5 functiona: 

fllestore{e~ecreq,edlt.eq.prett,req,dl.krepliel)~ 

execreplies,editrepilel.prett,repliel,diskrequeitl 
wher-erec replies,dlskrequests :: lfs{requeatl,dhk.repllu) 

requests == lIlux)(execreq,editreq,prett,r-eq) 
8][ecrepl in ,edi treplles. prett,repl1.s :: demux)( replies) 

H.«(tas ("GET" .».requestsl,(c.diskreplles» _
 
cons ( (tat c), repUes) ,cons( ("GET" a) ,d Iskrequests)
 
wber-e replLel,diskrequests =If.(requestl.dl.kr-epllas)
 

ifa«(tas ("PUT" a c».requuts',diskrepUesl
 
If issourceCa) then replies,dr2
 
-- else replles,drI
 
whererec dri = conl(C"Pur" a c).dillkrC!!quelts)
 

dr2 '" conIU"put" a c). 
cons(C"PUT" modif,(s) complle(c)l,dlstrequeat.» 

repliel.dilkl:equests =Ifl(requests,dl.krepliel' 

complle(pr0 81 = .. , not specified here . __
 
modlfy(name) ... not specified here ."
 
mUl'3 (a, b, c) _ merse(t.sO,a) ,merse(tas{2,b) ,tas(3,c»)
 
demux3(1) =untas(l,s),untas(2.1),untas(3,s)
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f"o~ this definition of JIIu:l3 "'e must use a versIon of llIerse whIch .n.u~es that
 
both tbe taS and the tassed lIlessase are p~esent before selecthlS a streUll
 
element. The follo"',ns definition of "here" will do the trick (see th.
 
definition of "MrSe" In Chapter 3):
 

he~e(x) :; atolll(head{x» and.!! atom(head(tail(:I») then true als. true 

It remains to desisn the edItor, ezecutor, and pretty print ins subsyste.a. 
The5le are suitable to be implemented as limple recurs lye functions - lUI 
attempt to refine the. a51 networks produclld rsther contrived and lnelesant 
~01utlon5. For the editor "'e can adopt the synchronous editor described In 
Chapte~ 3. Thls had teMll1nal ;nput and output streUls. and file store laput 
and output stre.lUIls. and hence "'ill fit quite naturaIIJ into this network 
5ystelll. The only chanse required h to remove the check fo~ DONE followinS a 
PUT command. The e:lecuto~ III quite stralshtforvard. Each messase It 
~ecelyes frOm the front end "'lil have the fOrM (tIEC a b c). For each such 
me•••se the eJecutor will request files a and b from the filestore and receIve 
the contents of the flIes in reply (o~ "ISSING for either of the fll .. If not 
present In the fne store). If either a or b is mhslns then suitable error 
JltI!5151aS9S are lent to the uler's tenninal (and the e:lecutlen does not occurl. 
othentlsa thfl result III sent to the file store (and the screen rellalns 
quiet). Thu. the e:lecutlon componeoe.ctO- __ 

fro.t ••d ( 'I ..·,ut.r I. •f110 .tore 

can be prosrUNDed: 

exec«("IJ:EC"I. b c).comm.ands).(proS data.filerepIles» _
 
responsea, cons « "GET"a) ,eons ( ("GET" b). f llerequest~) )
 
wbeeerec res ponIes :: If erro~s
 

then append(errormessases,oth@rresponsell) 
elle otherresponses 

fllerequests ==	 if. errors 
then otherrequests 
else cons«"PUr" c result),otherrequests) 

otherresponses ,etherrequests == e:lec (eOllllland •• fllerepi ies)
 
result =ezecute(proS,data)
 
errers ::: (p~oS ,. ""ISSING") 2r. (data,. ""ISSIrfG") •
 
e~rmessases =If pros • "KISSING"
 

then conl( .. (Prosr.....ls.lns)",81II) 
else em 

elll = if data = KISSING 
then eonl("(Data misslnS)·· ...NIL.. ) 
else "NIL" 

("the 2£ used In this definition Is a Boolean operator). 

He~e e:lec has t"'o arsuments - the stream ef !XEC commands fr~ the keyboard 
(via the front end) and tbe strelUll of replies frolll the Ule at.ere. The 
function has a pair of streams as ltl result; a stream of error ae•• ases 
dgs~lned for the uaer's .ereen, and a atream of requests for fIle store 
opera~lon!. 



The prettI' printer Is e1l.911J p('...!;('~ed 10 .. similar .,aJ. It. r4lc4liv4Ig 
_esgas.s fro. t.he front end of the form (PRETTY a). For each such command it. 
au,t requ•• ~ th. conhnt .. of fll .... fra. the file .. tore. If the tUe ill 
ml88ioK t.hen ." error aeS8a!;e Is sent to t.he user, otherwise the c...ntent. i8 
unt to the pdnter, prettily for:matted: 

front end 9 prett, printer F :fUe etor. 

I printer 

pretty« ("PRETTY" a).eollllllandsl,(tnt.fllerepli8:ll» _
 
re8pon.es,eon'({~~ET" .) ,filerequelts) ,printins
 
.,h",rer8c error :::: t.e!:t '" ''1lISSIN~''
 

response. =if error 
then eons("(Iext m.iaain!;)",otherresponses) 
else otherrespon~es 

print inK :::: if error thea otherprintin! 
else cons(prettlfJ(t.estJ,otherprint.inK) 

otherrespons.s.fllerequests,otberprintin!; = 
prettJ(cummaQds,filereplies) 

prettify( te!:t) . .. nol; spee if ied here ... 

Tnis eompletes the pro!;rsmmins of tbe individual component procesees of the 
distributed operat.ins Iyatem. \Ie must no., look lot the probl8111 of confisurlnK 
the losied architecture of the systelQ to apedfle hard.,are. Clearly the 
shlplest phys ieal organisation for the .y.tem Is to run the entin net.,ork u 
a llosle functional prosrlUll on a sinSl. multiple stresm eomputer. Por thh 
.,8 reqUire an abe tract machlne .,ith, at lea.t, te_inal input. alld output. 
atreillfls, s dIsk based file store input snd output stre&llls, and a printer 
output Itream. The funetion to be neeuted by the abstract machine is then 
slven by the rollowinS definition: 

system( <k:eJboard, f lIein» := <screen, f ileout, prt nter>
 
wbereree sereen,fetoex,fetoed,fetopp::: a
 

frontend(keyboard.extofe,edtofe,pptofe} 
edl;ofe.edtofs =edlt(fetoed,fstoed) 
u:tofe, extof!l =: elee (fetoe!:. £Stoel) 
pptofe,pptofs,printer ~ pretty(fetopp,fstopp) 
flto~x.fstoed.fstopp.fll.out= 

filestore(eltofs,edtofs,pptofs,fllein) 

this funetlon definition simply slves the connection• .,hich make \IP t.he 
netvork. Names have been allocated to eacn of the internal strlama in the 
network, sueb as pptof • .,hieh stands for "pretty printer to file store". 
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When all th. sub.ysteliB are e::lecutlns on a alns1e proce.lor there will clear-ly 
need to be li"",.harlns to achIeve concurrent a::lecution of the sublyste,.. (the 
abstract tnsrhlne will take care of thia). For ••xlIllUlll lpeed. ve would 11k-e 
.ach sub.!lysle. to e::lecute on • ,ep.r.te processor. If four processor. are 
avall.bllt Uen eacb lIajor component. can e.recute aD It.s own processor, and tbe 
front end cwld sharlt one of t.he proces.or.. Be.rins in ftlilld that one re"'ote 
line can .!Iu~port one streun in each directIon, t.he front. end end editor can be 
allocated I:n a processor A w\th a t.erminal and three rellOts i Ines, tbe 
wx.cutor caA be sllncal:ed to a proceSsor B vj!:h two relllOte 11 nes, tb. p_ret!:y 
print-.ltr can bl! allocated to a proc•••or C with two reftlote lill.s and a printer, 
aDd thlt fll, store can be alloca!:ed to a proce.aor D wltb a dialt and tbr.e 
r(UllQte line,~ 

disk. 

prlnhr 

front end
L _ _ 

ten.iftd o leJIOte 11n. 

We require Il)ur tunctlons, one to be e::lecu!:ed by eacb "'achlne: 

sy.A«kt,board,re.lin.rem2In,re.ain>1 _ 
<Bt~een,re~10ut.reIll2out,re.aou!:> 

vht~erec screen,r..lout,fetoed,rea3out_ 
frontend(keyboard.re.lln.ed!:ofe,r~lDl 

ed!:of.,remlout = edlt(tetoed.rem2In) 

sysB«rWllln,rea:llD» =<re.lout,rem2out> 
~ re.lout,re.2out:= exec(re.lln,re.2in) 

BySC( <ril!lllIln, relll21 n» := <rellliout, re.20ut. printer> 
vber'a re-lout,re.20ut,prlnter := pretty(realln.rea2iD) 

.ysD«fileln,rellllin.reIll2\n.rem31n» := <flleout,rellliout, r ••20ut,rem3out> 
vb.~a remlout,rea20ut,re~out,fileout. = 

fllestore(re.lin.rem21n,rcm3ln,fllein) 

Each pair at .tre....s cODnec!:1ns the subsyste.a has been ..soci.ted vlth ODe 
relRQ!:e Une por!: 00 each of the two processors Involved. Tbe approprlet.e 
physical coonctlon .ust be lude between each pall' of c.orrsspondins ports. 
For &x&JlIple, the s!:reams previously Itnovn as e::ltofs and f.toe2 are nov 
aSBoclat-.ed 1II1th relftOt-.e port 2 on machine B and remote por!: I on .achlne D. and 

these por!:s lIuII: have an appropriate electrical connection ",.de between 
them. In tbJs vay !:he networlt has been partitJoned by assoc l.tln~ 

colftrl'lunlc.l:i<ln s!:r"! ....e dJrect1y with physical relMl!:e lines. Ho major .oftware 
components lilted al!:ertn~. only the runct.ions descdbin~ the I nt-errace. bet_en 
lI!:re8ftls and bBrdvere port, need !:o be rewritten. 

.J 



lIanJ ot.ber eonfiSuraUonl are poulb1a. Suppo.e t.bat t.be aVdhb1e hardware 
is rat.ber -.ore U.it.ed - t.hree proeenorll. J.. wit.b t.w rellOt.e Hne. end a 
t.erminal. B with t.w remot.e Unes. and C wlt.b a diBt. a printilr aDd two rellOte 
11oe.. nen th. IIJ.te. can be partltlooed .. in t.be followtnl dtasr..: 

disk 

prlntar 

t.ermlnal 

Coamunleat.lon bet.ween aaebine. J.. and B. and betweelll .aeblne. Bald C ean ba 
lIupportad bJ one remot.e Hne for eaeh rout.e. Honver. -betnen maehln•• J.. and 
C 11'8 bave t.wo pairs of ,treamll but on1J one re.-ot.e UDe u"aUabli. To lIolve 
this probhlll we ean ultlph:r. several lIt.re ... 0111 a dash re.-ote line: 

- ------, 

-,, 

------, 

- - --,r-- 

I
I
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I 
I 

prlDter 
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terminal 
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No'" we can VC'lte dovu th. function to b. eucuted b, each ••chine: 

SJsl{<keJbo.rd,rsmlin,re~2in» _
 
<.creen,remlout,rem2out>
 
whe~erec ,creen,remlout,fetoed,fetopp_
 

frontend(keJboard,remlln,edtofe,pptofe)=
adtofe,edtof, .dltCfetoed,fsto.d)=remQout muz2(edtof"fetopp)=f.toed,pptofe demuz2(r~ln) 

.J'B«remliD,re~in» = <remlout,rem20ut) 
where remlout,rem2out =.zec(remlin,rem21a) 

sJsC«fllein,~em11n,rem2in» _ 
<ftleoDt,~emlout,r~out,printer> 

whererec re.lout,f.toed,f,topp,f\leout _ 
flle.tore(r~lin,edtofs,pptofs,filein) 

pptofe,pptofs,prlnter ~ pr.ttJ(fetopp,fstoPP) 
.dtofl,fatopp =demu.2(~em21n)=re.2out muz2(fstoad,pptofe) 

Atain, no mbsJstli'1lI has been alte~ed, onlJ the lnte~facint t1ue. Funetions 
mUJr2 and demuJrl can be conat~ucted bJ analotJ with ~uI3 and dellluIJ. 

If onlJ two machine' ve~e available, with a .lntIe line betweC!n them, then it 
would be It~.ithtfonfa~d to allocate the ezecutor to the '8IIIe m.ehlne as the 
edj tor, and to multIplez three pai~s of atreams on the ,insle remote line 
bel:ween I:h. two m.chlne,. 

Thus ",e hut a methodolotJ that produce, 'J.tems which He ver:, easy to lay 
oul: on the lvanable hardware, and whleh e.n e.sily be reconfltured if ,ome 
hard'Wa~e car.ponents f.il, or if more hll~dware becomes availab1e. Durin!. the 
Inll:ial stAKes of .''5l:em de,ltn it j, not necessar, to consider these 
eventul.1itie\l: in detail. 



Chapter 5 

SUI'DURY AND coNCLUDTJlG REttAnS 

Tn ~be two year duration of the PunctIonal operatins Systems prDjl(:~ a 
considerable ~unt of prosreaa was made. "'chleve~nts occurred In the 
develo~nt of the LhplClt abs~rllct machlne ~o lupport the advanced features 
l'equlred of operatlns systema - thi.s work Wal reported in (61. In parallel, 
a ranse of operaUns systems was e:lplored, e:lploitins the various advanced 
fadlJ ties nffered by ~he enhanced abatract lIlachlnes - a record of the .ajor 
poJnts In thh eJlploratlon baa been reported In ~hls .-onoKraph. 

The eJlploratlon can be .een In three .~ases: 

Ph·sHy, It was shown 'n Chapter rvo how conventional styles of operatlns 
.ya~elll can bft p,-nsrllll'WMd purely !'unct\ondly in a quit. stralshtforvard way. 
The des1sn of onft par~lcul.r, moderatelJ conventionaI,sJstem was considered 
In de!:a", snd various esten.ions were dIscussed. The provJsion of a la%.y. 
\nteractlve bflplement.a~lon of a functional pro&rana!nS lanluase make, such 
sy.~e•• a l'eali. tie proposi Hon. 

Secondly, func~lonal prOIr'&mminS Is an e:lcellent medium for tbe construc~ion 

of opftrat'ns systemil lUI networks 01 co-operatlns process•• comrnunltatins via 
stre&Jlls of messaBeII. Considerllble acope lor lnterestins systems Irises with 
the addition of non-determinacy ~o the hnsuaSe ~o allow merslas of s~re..s. 
These the",es werl! e:lplored in Chapter Three, wlth the consideration of a 
vadety of simple shared database appllcations, and ~he deslsn of I sinele 
uaer operatlns system with various different ne~works of procestel. 

Thirdly, ~he networks/processes/.treacas paradip e:ltends vel'J nlcelj to 
opera~lns systems wblch are di.~rlbuted phJslcallJ over. collection of 
processors. The archItecture a.nd lIIajor components of such operaUns systellls 
are deslsned wIthout consideratIon of the even~ual hardware conflSuratloa. 
The network Is then partitioned for the available hardware, and only s.all 
amount. of InterCaclnS code need be written. The Independance of the loslcal 
architecture of the operatins .ys~elR fr01ll the hardware Ift@ans ~hat the sJstelll& 
are e.slly reconC1sured with cha.nSas in hardware availability. Tb,.e Idea. 
were lliustra~ed In Chapter" bJ the deslSn of • computer-~o-c01llputer tne 
transfer .Js~em, and ~he de.'sn and confl&uration of a sinsle user aperatins 
sJstem for the eJlploita~ion of true phJslcal concurrencJ. 

Thus func~'on.1 p,-osr&mmlns has brou&ht ~o operatins ,ystems its p~r of 
eJlpression, t.he atodllisr deslSn 01 networks (processes lAey be r-eflned 8_ 
sub-net.works). and ease of dhtrlbution and reconflsurat.lon. In U1e ti_ 
avaIlable it has onlJ been possible ~o make a broad feaslbllltJ study of these 
t.OpiC9 - ~anJ ~r-e sophlstlcllted operatins .ys~e~s remain to be de,isned, 
other advanced ~lln::hnJ-qqes--O'f flJ1tetlotrtl~-nt; r'81ftlrln to be'---dlscof&lwd 
and eJlploited In t.he const.ruction of opp'ra~lns sJste",s, and there are ,ur-8IJ 
ot.hAr, probably Il1O r-e appropr late. enhanced verllona of the LhpU t abl tr-ac t 
lII.ch I ne to bl! desl &ned. 

T bet l.ve that ~hi 9 project has shown that the functional approach to 
proSf"MWIins oper::oat InS s:ys:~eIR5 Is Indeed teuible. Tt 1:1 certalnlJ lIor-thJ of 
further studJ in order to r::oefine ~he Implententations and techniques. Other 

Sroup.. ar::oe alr::oelldy purs:uins th@ae ~oplcs from their own vievpoin~., lI1d othar 
approaches are c~ins to Ii&ht. 
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CSP ll"i) an~ OCC8Jll (I6] pr-ovlde u dter-natlve appr-oach to the cODatr-ucl:loD of 
networ-k9 of pl"'ocesses. and they handle mesaafj,e str-e8Jlls in an elelant waJ. In 
fac t. CSP atd OCC8Jll as theJ stand ar-e mor-e or- less lanluafj,e , keletons - a 
fra.mework f~r eJipr-e,slnl pr-ocesses and call1lllunications, with no adv&nced 
lanluafj,e ca8ponent for- eJipr-essinfj, the computational par-t of each pr-ocesa 
(sear-chins flle stores, compillns, etc). II: has been ar-Iued that, in 
functlonall] prasr.-ed pr-ocesses. the expr-esslon of .tr-eaa cOlllllunlcatlona I. 
the least eIefj,ant parI:. Perhaps CSP and OCC8Jll have .omethlns to offer- her-e. 
or perh.ps l;llere al"'e equally eles.nt functtanal Pr-0Ir-...... inS technique. waltlns 
to be dlsco'lltred (research IJmploJinl functlond pr-oSr-lUlftlnS does contlnlle to 
discover el ..~ant techniques wIth surprlsinl frequency). CSP and OCC8Jll also 
present t'.helr own salutlon to the nan-determinacJ problelll from the outset. 

Yin.lly Clark:. and GresorJ [11) report on wort. prolreeslDS concurrently with 
the research reported here. They describe the use of PARLOC. a parallel 
10lic prnSrlUl'llinl lanlualEl. to tackle a nUl'llbar of the prablemll ellplorsd in the 
liar] ler chap~ers of this m<JnoSraph. Their solutions are braadly silllilar. 
with sOllie InterElstlnl dtHerences where theJ eJiplalt IlnlflcatloD for the 
parstns of IllessallJ stre8JllS, and where theJ use the "lolical variable" to 
combine a strea.m of ",essales and a stream of repljea Into a sinSle stream In I. 

verJ elesant fashion. PA.RLOG Is essentially a version of Prolos. eJitended 
wIth many feltures af operational silniflcance. The lansuale i. quite 
intricate. It tackles the problem of non-determinacJ bJ makinl a committed 
choice when I subloal matches several alternative clauses In the prosrllUll. 
Bact.tracklns cannot occur once the choice has been made. thl. effect.lvely 
provides the equIvalent of or as described In Chapter three. 

This constderable Interest clearly indicates the sisnificance of the 
conl:InulnS studJ of functional operatlnl SJatema. 
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