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CHAfTe« I 

UrTMOUCTlON 

1.1   introduction. 

In thia tltasi«. • coaputntlon is considered s systsa of 

ssyachronously coopsrstxnf "Indsp^ndsnt" progrsM (coroutlnsa) 

Unksd by pschs of infomstlon «lont which asssagsa ars ssnl. 

A protrsasiltif Isngusfts cslled OCPL. s Dlatrlbutsd Control 

ProtnuMlng Lsntusgs. In vhlch such coayutstlons asy be sxprssied. 

•nd which may bs considered ss a tyiilsa-orlented progr«««lng 

Ungusgs, Is prsssntsd. A trss structursd r*prs««nt«tlon snd 

s vsry dynsalc binding glvs to s OCPL prograa the flsxlblllty 

of the hlghoat level prograaailng Unguagea together with the 

potential of concurrency of the asynchronous computational 

structures. 

The locality of references which Is exhibited In any 

DCPL prograsi allows s new computer orgsnlsstlon using (inexpensive) 

sequentlsl storsge devices with isrge trsnsfer rsts instesd of 

(expensive) random access storsge dsvlces with relatively low 

transfer rate. Moreover, ttie computer Is expected to achieve 

large throughput by taking the parallella« Into account. 
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1.2   VTlablcs in computing processes . 

In hi« paper "On certain basic concepts of programming 

languages" [ 27J Nlklaus Wlrth wrote: 

"The elementary concepts of computing processes are: 

o There exist certain quantities, to be called "values" 
and elementary classes or types (possibly only one) 
of values among whoso elements given elementary rela- 
tionships hold. These relationships or mappings are 
represented In a computer by its operations which 
generate a ne value (called result) which has the 
specified relctlonship to the given value(s) (called 
operands). 

o There exist cells (usually called "variables") which 
are able to contain a value, and which have a name. 
That name serves to refer to the contained value. 

o There exists an operator for the assignment of a new 
value to a cell. 

These concepts are widely accepted today, and they under- 

lie any actual Implementation of a conventional programming language, 

In DCPL we support the first part of the quotation: there 

is a universe of values structured in classes or types, and mappings 

from some classes to some possibly different classes which are 

actualized by operations. There may be, for instance, in our uni- 

verse. Integer and logical values forming the classes I and L, 

and the operations: 

operations 

addition 

disjunction 

negation 

equality 

operators mappings 

L*L->L 

L-^L 

IXIH-L 

\ 



Flg. 1-1 

In fact, it Is not our Intention to impose any restriction 

on our universe. Consequently, we are leaving the list of types 

and operations open-ended. For this reason, and since syntax has 

received a rather speedy treatment, the emphasis being placed upon 

semantics, it would be proper to consider DCPL as describing a family 

of languages rather than defining completely one specific language. 

DCPL, however, does not support the second part of the 

quotation: one variable in DCPL has no meaning by itself; a system 

of mutually bound variables defines communication paths. 

1.2.1 An example. 

Let us consider the evaluation of the iollowing simple 

expression: 

(1)   (2 + 3 > x; (6-l)-*y; x + y^x;y + l^y;(2xy)-x) 

in a conventional programming language (fig. 1-2): 



y 
cells 

Fig.   1-2 
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- there are two cells x and y ; 

- the expression is viewed as a sequence of statements. 

The execution of any statement is a simple process involving 

some cells; whenever the statement x + y -> x  , for instance, 

is executed, the values contained in x and y are retrieved, and 

their sum is then stored in x; 

- the statements are executed serially one after the other. 

The last item is not a statement; its value is considered to be 

the value of the expression. 

The same expression may be interpreted in a quite different 

way in DCPL, In order to study gradually the notions involved, 

we start by interpreting a much simpler expression without variables; 

(2)        (2 + 3 + 2) + 2 + 1 

Association having to be done on the right, the expression may 

be repiesented as the tree of fig. I-5a. We may view each node 

as a simple autonaton, and each edge as a channel of information. 

Whenever a node represents an integer, it sends up spontaneously 

along the edge its own value, and then vanishes (fig. 1-3). 

Whenever a node represents an addition, it waits until 

it receives a value from both the right and the left side; then 

it adds the two values and s^nds Uie result up along the channel, 

and vanishes (fig. 1-4), The evaluation of    expression (2) 

is displayed in fig. 1-5. 

Let us consider again expression (1). The. expression may 

be represented as a syntax tree (fig. 1-6). 



ß 
Fig.   1-3 

Fig.   1-4 

f 
■^ — - 

X 
■   ■ 



Fig.   I-5a Fig.   I-5b 

Fig.   I-5c Fig.   I-5d Fig.   I-5e 

\ 

Fig.   I-5f Fig.   I-5g Fig.   I-5h 

® 
Fig.   I-5i 

Fig. r-5j 
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Each node Is here again considered as being an automaton 

which has an address in some address space. Whenever a node A 

knows the address of another node B, the former may send a message 

to B (fig. 1-7). Moreover any node may send a message up the 

tree; any node receiving such a  message may either pick it up 

or pass it along upward. 

The nodes representing values or operations have the same 

behavior as before. Whenever a node represents some variable x,y, etc...j 

it sends sponcaneously up the free its name and its address. Such 

a message can   be  picked up by a binder ( ->x , ->-y are binders) 

containing the same variable name only if the message reaches the 

binder by the right. The binder possesses then the iddress of the 

node which has originated the message (fig. 1-8). 

The various nodes which act spontaneously are completely 

Independent from one another. However, in order to have figures 

Note about the syntax:  -> is considered asi being a triadic 
operator (operator of degree 3), 

-MC 

Al      I B 
representing in fact ^—T'V'   x   , „ 

Whenever an operator 0£ is triadic,  A 0£ B;C   represents; 

OE 

A-    •   ^C 

The association being done on the left,  A O^. B;C Qp?  D;E  represents; 

Ot 

B      -^2 
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/ 

/ 

/ 

/ 

Q 
Flg.   1-7 

message 

Fig.   1-8 
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more readable and to display the binding in a more visible way, 

the binding operations are perforned first. 

Whenever a binder has received i value on its left, and 

addresses of variable nodes on its right, it sends the value re- 

ceiveJ to each variable node whose address it has received (fig. 1-9). 

Whenever a binder receives a value from its right, it 

passes this value up along the tree and vanishes (fig. 1-10). 

The description of the evaluation is given in fig. 1-11. 

1,2.2    Variables as defining paths of information. 

If we view a computation as a sequence of statements, variables 

are to be considered as denoting cells in which some results may 

be stored for subsequent use. Conversely if beforehand variables 

arr considered as denoting cells, it is necessary to be assured 

that no attempt will be made to use a value before it has been 

produced, or to overwrite a value which is stiii to be used. 

As a result some sequencing has to be done, sequencing whose 

viscosity will decrease the amount of possible parallelism. 

If we view a computation as occurring in space and in time, 

we will use variables whenever we want some information to be 

transferred from one place to some other place(s). Whenever a 

variable is free, it has no meaning by itself. A system of mutually 

bound variables is used as a symbolic device defining paths of infor- 

mation along which information flows toward computation. Whenever 

the needed information reaches an operator node, the simple process 

it represents would be activated asynchronously. Its completion 

may result in sending some information to some other nodes. 
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Fig.   1-9 

Fig.   1-10 

i 
» / 
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Flg.   I-lla 

Fig.   I-llb 
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Fig.   I-lld 
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In IKJI'L a computation may lu' regarded as an object composed 

of small automata which react to one another. Since a variable may 

receive a computation as value, representing for instance a proce- 

dural argument, the object representing a computation may expand 

and shrink with a behavior which may lead us to think of Von 

Neumann's self reproducing automata [24]. We may notice however 

that our structures are not to be Implemented in some cellular 

space but programmed on a storage device. 

The binding of variables superimposes to the tree structure 

a graph structure similar to a program graph. Fig. 1-12, for instance 

displays the graph of our previous example. Such a program g'- oh 

account« for all the possible parallelism (or preferably concurrency) 

which may occur in the computation. 

I.3   DCPL a« a programming language. 

A« a prograiwing language, DCPL has much in common with 

languag«« emphaai&ing expressions (rather than statements) and 

having to some extent the lambda calculus as background machine 

(McCarthy [18]; Landin [12,13,14]; A. Evans [7]). Any computation 

la a «tructured object whose evaluation produces a value. Moreover 

we can have procedural arguments: a procedure nay be conatructed 

in mtmt  place, produced as a value and sent to SOSH< other places 

where copies of the procedure are created (implemented In space). 

However, DCPL prcacnts many peculiarities;a computation, 

viewed aa an object, may produce explicit side-effecta on the 

environment tn which the computation is embedded. Together with 

a btader * lambda* which binds the variables which are to receive 

aa arguaent from the environment (as in some extent "value" in 
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Fig.   1-12 
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Algol 60), there is a binder 'mu' which binds the variables which 

are to send an argument to the environmentX" 'Mu' » as a binder, 

is Ln some way similar to "result" in Algol W 126 1 with this impor- 

tant difference: an argument may be sent lJ the environment before 

the computation has been completed or even while the computation 

is actively worked out; as a result a computation may ask to the 

environment how to pursue the process or, some special conditions 

having occurred, if the computation is not to be cancelled , etc ... 

As it has been already mentioned, DCPL is a programming 

language implicitly displaying parallelism to a large extent. 

Indeed, there is no need for special devices such as fork, join, 

parbegin/parend etc ... which determine parallelism explicitly. 

DCPL is a system-oriented programming language, this aspect 

being discussed in the next section. 

I./,   DCPL as a system-oriented programminR language. 

"System" is regarded here as denoting a group of intezacting 

procedures constituting a collective entity. A sophisticated 

Industrial organization, an administration, a hospital, are systems: 

a number of departments are services interacting to one another. 

If a computer is to be used integrated in such an environment, it 

is likely it should look like an information network; moreover 

programming should reflect such an organization. 

In DCPL we  are able to write asynchronously cooperating 

"independent" programs (coroutines) linked by paths of information 

along which messages are sent, and to write them recursively. I.e. 

any one of the previous programs may itself be a construct of 

cooperating independent subprograms (flg. 1-1A). It is possible 

to embed in DCPL sequential programs and to master their synchro- 
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ENVIRONMENT 

Fig. 1-13 

ommunication path 

Flg. 1-14 
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i-äization. For sucli programs DCPL looks like a host system . In fact 

it is possible to write in DCPL a hierarchy of host/guest systems. 

Paths of information permit as well to have full programming 

generality: the same program may be debugged in a testing environment, 

made available in a program shop and put by some user in his own 

environment without the need of any surgery (Krutar [8]) . In 

conventional programming languages, such a programming generality 

may not be available for two reasons:  1. A procedure in general 

contains the names of iome other procedures to call; as a result 

the former procedure is  bound to the environment which contains the 

latter ones. The situation is better when procedural arguments 

are allowed.  2. Input/output operations are performed with parti- 

cular instructions (read, write etc ...); thus it is not possible 

to debug a procedure in a tescing environment with I/O devices 

simulated by some programs. In DCPL inputs and outputs are con- 

sidered as paths of information coming into and going from the 

procedures. Such paths may be connected as well to I/O devices 

as to programs. 

I.5   Machine organization. 

DCPL gives to machine organization a new perspective. 

Whenever a program is expressed in a current programming 

language, the control may Jump from one place to any other one, 

a taaie cell nay be accessed from quite different places. This 

results in a serious lack of locality. This wculd not be of any 

importance if today's computers were still Von Neumann type reachinea: 

one processor has access to a random access memory whose cells 

My be considered as being all "equidistant" from the processor. 
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Frocessors becoming faster and faster (and cheaper and cheaper) 

the trend In machine organization is to t.^rarchies of memories. 

However, unless many iterative computations are expected to occur 

in the fastest level, it is necessary to have at any level of the 

hierarchy a transfer rate large enough to "feed" the processor. 

A large tranfer rate may be obtained by taking at each 

level a large block as unit of transferable information (the slower 

the level of memory, the larger the block). 

One may believe, however, that  only a few words in such 

blocks would be really used. For this reason Jack Dennis suggests 

in [4] that information should be aoved on demand with the word 

as information unit, a large transfer rate being assured by perfor- 

ming many computations in parallel. 

In DCPL it is possible to consider a program as a construct 

of "simply-connected" computations which, once triggered, could 

be brought in the fastest level of memory and completed without 

the need for any additional information. 

Moreover it is possible to replace random access memory 

by sequential rotative memory. This will be discussed extensively 

in part III of this thesis. 

In part I] DCPL is presented. Part one is concerned with 

preliminaries and discussions which the author believes to be relevant 

to the subject and Important.  Some readers might prefer to skip them 

and go directly to part two ( beginning p. 86). 
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signal. Oi. receiving it, the processor expects to find the object 

to be transformed at some specific place. When the transformation 

has been completed, it puts the resulting object at some (possibly 

different) place and sends a control signal to the next processor 

to operate. In fig. II-2 one single place is used; a cascade of 

places Is used in flg. II-3. 

The latter situation may be somewhat abstracted. To each 

processor is associated an environment (environments may overlap 

one another). Each processor is able to perform a specific transformation 

on its environment. The process is controlled by a control signal 

as before (fig. 11-4). In fig. 11-5 there is one common environment 

acceasible by each processor. 

In the light of these latter Interpretations the arrows 

In fig. tl-l appear to have two purposes:  1. They order in time 

the occurences of the different transformations, carrying an Implicit 

control signal (which is the object Itself); 2. They specify, 

for each processor, on which object the orrcsponding trar .jrmatlon 

is to be done. 

11.1.3 Production line. 

Up to now we were interested In transfnrmlnR on« object Into 

anothei one. Let us suppos« w« want to ipply a process to « »e^ue-nc« 

of inr»lnt oijjerts, flf. 11*1 being interpreted as repreeentlng 

i production liiw. 

For instance w« My consider a row of ob)«cts advancing an the 

coMunieatton path. Any processor perfonwi repetitively tM transfomation 

on ««ch incoalng object. If th« various processor» operate at different 

rates. It becooss necessary for each arrow to act as a first-in-firal-out 
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queue (flg. II-6). 

In some Instances, it may be preferable to just have one queue 

before the process. It Is then necessary to synchronize In some way 

the various processors. 

A straightforward solution is to process only one object 

at a time, one processor at most being at work at any time: P. is not 
1 

to accept any new object be'ore F^ has completed the transformation 

of the current one. As showi in fig. I1-7 , a backward path links P 

to Pj. On completion of its task P sends a control signal on this path. 

On receiving it, Pj^ initiates the processing of a new object. 

Let us abstract the situation in the following way. We represent 

an object as well as a control signal by a token placed on the corres- 

ponding arrow. An elementary transformation is triggered whenever all 

the incoming arrows contain a token (f<g. II-8b): the tokens are then 

removed from these arrows and the transformation is in progress (fig. II-8c). 

On completion of the transformation, a token is placed on each outgoing 

arrow (fig. II-8d). The processor then stays idle until there is again 

a token on each incoming arrow (fig. II-8a). 

Ttui process is des( ribed in figures U-9a to II-9J   . 

A similar scheme may be used whenever the proem»»,  ueea place» 

to store objects as in fig. 11-2 and In fig. 21-3 (fig. 11-10 and 11-11). 

There Is one token representing a control »ifinal, which performs a loop 

(the servicing of the input and the output la these examples Is not 

discussed here). 
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HI.« Uaszlim- 
If • l«r»t llir««gbf«ii  Imm^mr «f ok]«cts »roc«i—< ptt mil 

of ttw) U «Mlro4l. MKII •tr«l^ktf»nM7tf ««UCIOM «r« Mt MCUUctOTyt 

*c «ay tUw omit mm fr«»c««««r I« work lag. «• «M«M rr*'«« «» *•*• 

tho v«rlwM frocoMor* wovkio« rowrorrMily o» 4lff«r«»t c*|octt. 

If  «h» I la» roqolriM bf <*•• procoooor to gtmmtorm r«r o^Joci 

l«  tndoyonAKti of  tüo o^joci  ami If llfelo timm  to kaoMi. •foci»t<Milt4ltrHn 

mmy tm p*ttmrmm4 otth a control itaor    toorf t (M mmnmt of Mao 

during vhick «ay procaaaar a«y pajfara Ita laah oa aaa akJociH ih# 

limit trlggara «ll tbo procoaaara by aa«4la« (boa a coacroi olcnai 

(fig.  11-12 aag t:-ll|. 

A «era goaaral aolwiioa mmf ka acklovog ky raflaclag lha 

kaclnvre path to fig.   11-7 ky a aagoaaca af kackwaM path» mm 4iaplmfm4 

la fit.  11-14. ?ig.  tt-ISa-4 «aacrlka Ik   aracaM. 

Tka pracoaaaa «a haaa ]aal aaacrlkag ara cat lad aiaa-liaaa. 

to fig.  11-12 tka pipo-lino la gyackraaaaa: la fif.  11-U tka ai^t-iin« 

lt*Iel faff 1-tt« 

Tka altaatloa of fig. Il-I« aay ko oodalag kf a Ntrl-aat 

<flg. ll-lk). 

TSio kohaolov of c foirl-aal la vary cloaa to th» bokavlor 

4a«crlba4 la fig. Il-t. A Ntrl-aal la aaga oot at traaattloaa 

(kara la fig. ll-lk), m^i glacaa (clrclaa la fig. ll-lk). Aa arroa 

may laa* trom a  glaca la a i.oaaitloa. or froa a traaaltloa ta 

a pla<*i a  placa In tko foraor raoa la call*l aa lapat glaca af tka 

traaaltlaa. ami  In tüo lattor raaa. aa output placa af tka tronaltloa 
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(flg. 11-17). A plac« Is tUher ««pty or filled by a token. A transition 

i. ready to fire whenever all It« Input place* are filled. (It is «uppo.ed 

that the Petri-net is such that all the output placea arc e«pty at the 

tlM of firing. For a detailed discuaaion, pleaae aee Holt t9)). The 

firing of a tranaitlon may be viewed aa a apontaneoua and inatantaneoua 

operation: each Input place la emptied, a token 1* placed In each 

output place of the tranaitlon (flg. II-18a-9)). 

It nay be Interesting to note that a place «ay be the Input 

of saversl transitions. Several of these trsnsltlons «ay be ready to fire 

at the same time; however only one transition among them may fire 

at a given time (fig. ll-19«-b). 

Remark. 

A given situation may be modeled In quite different way« depending 

on the emphasis which la to be placad on various conditions. For 

ln«tance. fig. 11-20 and flg. 11-16 account quite differently for 

the aaue situation. 

11.2  A procesa as a system of transformations. 

In the previous section we discussed simple processes whose 

elementary transformations were applied sequentially to some object. 

In general an elementary process may be applied to one or 

several inputs producing one or several outputs (fig. II-21a). 

We require of any would-be elementary process that It may only 

be applied when all Its Inputs are available and that Its outputs 

are available only after the process has been completed (fig. II-21b). 

_ 
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11.2.1 Ttf objtct-rio« m>4ml. 

Us «M now consider « proc««« leading frcw • ••t of objects 

Co Methor tot of ofcjocts by «fflyl«« dlfforont oloaontory procoooos 

ri'r2'   *** ** lodlcsiod la (It. 11-22. 

If «nd Urge, our provlouo discussion may hm  sppl \od horo «gain. 

Inch nod« nay b« conaidorsd aa balag a procaasor. MMmavair an objact 

la produced it «dvnnca« on the corresponding path until It reechns 

tha nest pr^caaaor. A prrcasaor 1« trtggerad whoMrear thare la aa 

objact on each of Ita Input lines. 

11.2.2 Contrtl slsnnls. 

If aniatber Inplaaentetlon there ara places la wbtrh and fro« 

«blch objects naf be stored and r»-rle«ad. Control signals nay travel 

on the arrawa. A proceaaor Is triggered whenever It haa racalvnd 

a «oatral signal on each of ita input ilaaa. The processor ratrlavaa 

tba objects stared in its input places, perforaa the «saaciatad 

• lanoniarv firocess« store« tha raaulliaf abject« In It« output 

placaa, and eand« « control signal on each of its output llaaa. 

fl«. 11-21 and 11-24 präsent two pnaalbla ceaflgnratl« 

11.2.1 ppteminacy. 

W» aap cbatract ancb « altuatloa bp c«nMtiertng each processor 

«• balag able ta parfern a tranafematlea aa Ita «avlraaaaat after 

It baa baaa trlggatarf bp s uw control signal« (fig. 11-2»). ■owaeer 

II la Inpertaat to aatlce that tba raanlc af the procaaa any depead 

aa tha order In which «leewntary processes haw beoa appllad If 

tha different envlrn—rwts are laterdependant or If cbara !• 

global environnenl. A process Is «eld to be detvmtnlstlr or 
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output-function*! tf th« resulttnft objects or th« i*«ultlng tnvlron- 

«cnta do not dopoed on the  ordor in which «iMMintary proc««»«» h«v« 

N««n «pplltdI IS]. 

A procoM is f«td to b« cowplstsiy function*I  tf, for sny 

oU«»ni«ry process P., the objscts or ths local savlrotMWnt to which 

P Is applied do not depend on ths ordsr tn which mlimmntmty  proc««css 

«r* spfsilsd, st ths tls« when P Is trttfsrsd. 

11M process of tig,   n-22 with objscts flowing on arrow« 

is dstsralnsts If tbs slsasotsry procsssss srs outpwt-fwncttoosl; 

we ««• CblS reeult to ths requtreaent ws asd« shout »Isaontsry 

procsssss ('«f. 11-21). However the process would not bs dstsrwtnste 

tf w« hsd silovied rscss to occur with, for lostsncs, en slsasntsry 

process hsvtng ss so output the first Input rscstvsd (ftf. 11-26). 

The procsssss of fig. 11-22 sad 11-21 srs aster«lnete; 

hovswsr^ soas ottor conftgurs^loos of places would hses glesn 

n, n-Jetermlnste proceeeer. 

11.2.4 Serelcs'ow-deasr.sf. 

A eeas slsaentsrp procst• may  occur st different locstloae 

la a procese. Lai ws asauas that the process of flf, 11-27 la to be 

csrrled out by s leas of four worbera, ssch worker being sbls to 

perfora s specific eleaentsry proceaa A,t,C or 0. 

Ihe flow chart of the proceaa ta dtsplsyed oa s tabls etch 

a llgi>t bulb oa each ar4e end e place on each errow. Uhaasvsr stl 

a) The tera "deteralaate** 's oftsa «••.. Instead of detsratnlsl Ic. 
However detemiAStc ta ««wet las« opposed to deterainlsllc and «eana 
than coapietel? functional, »uch ofpoattlon la not < very l«pr.rtant me 
fraa the point of view of this thesis, and we «hall use "detsralaate'" 
M« «enersl. However, whenever the oppoal loo is aesnlngful ue wilt uee 4 
teralalstlc sad coapletely functional. 
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iMfwt ?!•*•• of • m>4m •*• occ^l*4 ky «*)»ci». clM b«U oa i>u 

•o4« !• MtoMiteally v*rm4 M (I If.  Il-lt). 

Ac  ch« toftmttAt (to (*|*€ia to to pf9e«Mto «r« f«t ©• (to 

tto«( pl«cto <fli.  It-lf). 

mmevt « «ortor I« UU, to loto« for • tf—C — tolk 

rv|»rv*Miti«t M «iMMiory proc««« to I« tol* (o yorfora. Om fitol*« 

«to, to («to« (to toj«ct« fro« (to l«r»i pl«c«*. »«rfor«« cto 

«l—nmaif proc«M «to pto« t>w r«««Ul«« to|MK« 

f»l«M«t  ClM« Cto «Psrtor  t«  141« «««I«, 

t« «acfe «• ori«alf«(i««( cto «mrtor« «r« ••14 c« —nrtc« 

cto «l«MM«ry or»€«««w«. Tto toawMta «r« t«awto l«c«llv 

l«C«S ««toteto« occur«.  Tto •«■« »CIMNM mmf to «••« 

If «to wofftor I« tol« (• o«rfor«   «or« cto« «*« «lMw«c«rT «r«c«M. 

■•■•••c. 1> ««««r«! «ortor« w«r« tol« c« pit lot* « «aao «lff«««c«rir 

ft««««« «to if ctoy co«l« to«« *C<«M «««««rr««clf c« cto llm> 

ctorc, • ^«cw «f «r»ic«r«f«««l«Bl«i «• ***** «<*• «ertor «• ttmmmtmtr 

fro«««« c« to tocfer«to) mmU) to «MMoonr (M« r«cil  (10 0. 

Uc «■ r«toltof «««i« (fit. Il-ia. Ito «If«««i«r7 fC«c««««« 

•r« ««14 c« to fHufl if ctor« i* • MCH «f «rr«w« ictoliit fr«a 

«a« to cto «ctor. Tto #««<wMd«M of  iw mwth «IMMIC«^ pre«««»«« 

«r« (to« ««c««««rrif «rtorto I« ClM. Tto «l««MC«ry fmmmm «r» 

•«itf (» to c—c«ffr««(  if (tor «r« MC ortorto. MM« (to «**»l« «r«c««« 

I« c«rrlto ««(. twr MCI» «U—(«ry free««««« •«? to p«rf«r«to 

»Ktor caac«rr««(ly or em* »tt*t  (to «(tor, ««(«r«!«« c« ca<i«i««r«(iM»« 

«•»Irh «r« «ec  f«l««««c  C» (to  i«««l «f •ffs««lt«(la« I« «Hicli «« «r« 

i«t«r»«(to tot«,  t« (to «ICMCI«« «f ft«.   Il-li. « «wffict««! 

«•««lei«« f«r cto «roc»«* c« to totomUUUc  u (toe M»T ««tr 
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of cMCMmc 9*—mm pr*€—~ UoMl4trW •• or«r«tor« M «W 

Wlnwn   — m    A •wlllci»«!  comdHlom for  «h» frocM* to I* 

»roc««**« h««* "iMitpiiiiiirT'* «avItuoMMit«  <U«.   11-»^). Thi»  »•»«•» 

€««^lttMI tel4«  U tlM •KMIt««« 4lM*«y«4  U fig.   Il-*1 «^  »t-W. 

11.1.1    |—MÜl »««litt—» 

Ul   M  MV  Wü—   tlMt   tlM  fr<K*M  0f   fIf.   tt«|l   I»   t«  >• 

»«rfeff«* %f m «»f*«f »««-ilÄt tl» 4llf«f»«i  *J«^«t«rT ff««^»»« 

MM »tft llM «tfc»!. Al  i^r Um !•»•»• 1« • »«I  at KlrwlM ea^wrr^t 

• lMiMf«ry »focMM« «kim «f» r»«if t« »• imcmt* CÜ »^ fr^rl«— 

•ClMW  tlMM  pffMOMM  «f»   Iho^» «IMM fatlt«   •»•   t«rM4 ••). 

OMf work«? MT CIMOM «t fi«<Bi «*• ^r««»«« I« «*!• •''•« ••* pmrltwm 

II.  P» <Kc«rMc« 0f ihU •l^Mlar? M«»««» »• •«» l«^»r |s ,h# ••'• 

toil «I  II« co^UUM, •» •!••••««rv rro'#wM »ttM to« !• ih# MI. 

Thtm ilw «wrh«?  r«f««l» ll*» «M» Mt»Mc» •!  «cfloM Mill  Ih« 

«teU »roc«««  U coMl'lMI. 

tf tu» »to«««« !■ 9lmmm4 M *• MM»I»< fcy ««If —• Mrt»ft 

M   ^.     «  4»«rfll>W  ••  «   «MMM« d   «IrtMiatary ff*K»«M«.  OkwioMly 

«tlfUrvM  M^MMM «r« f«Mlkl# (fit.   «I-II MJ ll-M). To«»lMf 

-llh  lb*  •^-•n<»  M haw  lo haH «*•  Mf»* ■*  «^ ••«*•»• ^ 

Mck •iMMiary »rMM« M4 UM »M U fUfd to Mw>ih»r.  U fig.  II-n 

tott—p<*>4lm  impmf m* mttfrnf «r«  ll«kM tac«(Mr.  I« ftf.  tl-H 

iMr« «M iMr pit—i i* Men iMtii («•►. MI^IJ i« tmmumi 

« fl«c« ffM «*l<l» CfMf. In which) IM «fcjMl It I«» k» «•k^» If»«». 

•tor^). TIMM fflfvrM 41*1«? UM MM toraloflM M flfc. M-M Mi 

fu. It-l). 
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11.2.4   C#atT<Ui*<l »».  4ti<H>vC»»* control —<h|—. 

Abstract 1«« tlM «ttiMlto«, w* mmf c«M(4«r  thm tottiptlo» of  tli« 

froc— MI • »of«MAC« of  iMtnictloM. OM froc««»er •<««• Mcb • 

••quMic« porf'.mtiic oa« ct • tlm lha MtlMpWÜ^ «iMwatAnr tr«M* 

fonMtteM c^i tho «te—M   'Mg.   ll-H». 

Mt Call • •ACHIM Willi ©©• off  ••w«r«l   pfo<*«*or»  vorhin«   In 

■tich A ««Ay • ccntralltAA cmtrol «AchtAA. On thA ochAr hmn4 ««• CAII 

• tftstrlb?it«4 coAtrol ■ochin« • Mchtn« «rfu •# »portal purfOAA procAAoor» 

act o« a aArvtcA-ofr-A«a«Ad baaiat mmf action la trit«*r«« by  local 

coodtttona occwrrlng AAynchrooo«tAlp. 

Altbowgh ancli a dlariactloo nay appoar  rathor artificial 

under CArCAlA clrciaMtAACAa,  tht notion of a 41atrlbotA4 cootrol AAchln« 

««111 H« htlpful  In tho ao^i«ol. 
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CHAPTER  III 

A COMPUTATION AS THE REALIZATION 

OF A FORMAL OBJECT 

So far. w« hav« not particularised our discussion to any 

special objatt or to any special elcacnt^ry procesa. In thia chapter 

wr consider foraal objecta called oba which «ay be built up, and 

theo realitad relatively to our universe of values and operations. 

II1.1 Coabinationa and oba. 

The following notiona are due to Curry 13]. They are very 

afallar to Laodin's notion of applicative atructure [12]. In many 

other works« auch notions are expreaaed from a syntactic point 

of view. 

An ob is a formal object which is either primitive end 

cslled sn atom, or built up by combining alreedy constructed obs 

according to COM elementary processss called comblnationa. 

A coablnatloo is a particular elementary process: an ob being 

given, t#e know at once what ia its structure; we know whether 

or not the ob Is an atom, and it the ob ia not an atom we know 

bow it has been constructed: by applying which combination to 

which oba. It is therefore underatood that oba conatructed by 

different proceaaea sre different as obs. 

As « result, concatenation of symbol» ..nd strings,into 

si rings,is not a combination. In Liap, forming the "cona" of 

two s-r»pressIons ia a combination. In the same way a sentence 
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which Is syntactic relatively to a phrase structure grammar is 

not an ob; however, anv syntax tree of the same sentence may be 

considered as an ob. 

A symbol denoting a combination is called a combinator. 

The degree of a combination or of a combinator is the number 

of obs to which the combinator is applied. An atom is considered 

as a combination of degree zero. 

Fig. III-l represents an ob 0, with C , C. and C_ being 

respectively combinators of degree zero, two and three. The figure 

displays the "topology" of 0, i.e., the different obs, components 

occurring in the construction of 0. 

III.2 Realization of a process or of an object: 

categories and functors. 

Let us consider an elementary process with input and output 

places (upper part of fig. III-2). When realizing such a process, 

each place is mapped into a value of the universe of values and 

operations (see introduction), each elementary process into an 

operation, such that the value associated to the output place is 

obtained by applying the operation (associated to the elementary 

process) to the values associated to the input Places (fig. II1-2). 

It is possible to realize an ob by assigning a value to 

jach component and an operation to each combination with the same 

rule as previously: the value associated to the ob, result of the 

combination, is the value obtained by applying the operation 

(associated to the combination) to the values associated to the obs, 

operands of the combination (fig. III-3). 
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components    , 

UNIVERSE 

Fig. 11-3  ( to be viewed In space) 



It is useful to abstract slightly euch situations by intro- 

ducing a variation of the concept of categories and functors (see 

Mitchell [17] ; as defined here, categories nay be extended in 

a trivial way to be mathematical categories ). 

A category is a set of objects among which some given 

relations, vhich we shall suppose to be oiappln^s, hold. So, for 

instance, the previous universe is a category. Any ob is also 

a category: the components of the ob are the Ejects of the category, 

and the relations are here the mappings actualized by the combinations. 

Let C and C be two categories. A functor is a mapping T: C • C 

which associates: 

- to each object 0 in C, an object T(0) in C 

- to each mapping R in C! a mapping T(R) in C 

such that whenever 

01 , 02 0^ 1 ^.0' ,0^ (T  in C 

we have either 

KOJKKOJ) T(0n) T<R)   m.T(0')tT(0p,   ...   ,T(0p) 

and T is called a covariant functor (fig. III-4a), or 

T(0p,T(0'), ... ,T(0^) T(R) ^7(0^,1(0^ T(0n) 

and the function is called a contravariant functor (fig. lll-4b), 

III.3 Iterative and recursive processes. 

The previous definitions are significant because covsriant 

and contravariant functors lead to two different computational 

schemata. We shall see that they correspond to the Intuitive 

distinction of an iterative versus a recursive computation, when 

applied to sequential processes. 
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«tj«ct« «j  , flit l££lili«  *** vtm— Tt^j) •?• §1 

To «ay Mfft^ ■ U MMClat«! V offliom T<i)   l^itdi 

MT Iw »rtattlv« or ool)  In tko watvvr«« of votno« «Ml oforotto««. 

Mi (ho mtrMifi—ft »—•T4I)  in iloo« hofero^Mi. for MB» 

la tho  not- 

vor*« of *al«M. far «CM k tlM valaca T(k ) (calia4 aoaln. nra 

to h« «omralaoi. 

Ut an caaalior • miiwua af ahjacio, oaeh o*joct ftlM 

fir« oao oncoftM) bain« o»(«iaahla hy «pylyla« a |Mrilc«lar 

oloMMtary yroconn to th» praaiaaa ahjacl Ir iho aafoaaca. Ta aacii 

ol—<atary »racoaa f    is aonociacai aa «farada« TCPg), T balaf 

a covanaat foactor. Tlw firm ohjaci Ag U CM ooarcat tfca voloa 

nonoMntai ta ihn in«i abjact A|| la tba faal (flg. BMI« 

Tlw caopaiatlaa af T(A ) —f  bo parforwi •tralghtfan^rtfb 

with oaa ntorata pla^a «haaa coataatn «Hit ha callai tho carraat 

oalao. A« lha haflMlat T,An» to '*• carraat valaat cha caatrol 

thaa »racoain na^aaattatty fro« tha aoarca la lha taai ahjaci of 

tlw wp—i ahaaaaar a aa^ptnt r^   u naceuntoroi, cha apaMCtc* 

Kf.) ta «ffttai la ehe carraal »nlw». nad tho raaati t« tahaa aa 

tha aa« «rraal vatva. hhoa tha coatrel roachon A , tha carroat 

«atao ta tho goal flA ). 

la paoato-Alt*!, Ihn yrocoaa «ay ho doacrthoi by aaoan of o« 

ttaraitaai 

••• carroaioolao ts T(A ) ; 
o 

fat t li I «taf I aaltl « io 

c«rr»at>«AMO i«T(P Hcarraaivataa) ; 
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M*   CMMltMf   tm   Ilk»   MM»   MN|Wir*C«  Of   .**»)•• C»,    T   i>«l««   « 

CMtr«««rlMi  l«^tor. A^ I* ih« ♦••te« «M TU^I IM **•!  HI«.  III-«). 

it My *M» IIM« TCAB> Mia« «!««•• tlw C.«^I«II.*    i 

TU )   »• C«ayUC«ly «lalUr to «mf ffwlo«» c^^tatloa  !<*„» 

M4 TU^) «•!•• «•«•••4t TIPJ, T^l* "V ,*i,N ** 

•«•It*« »^v^ituilf i*   TIAJ. ■—ti I« pMialt tfcU r^wr^ 

■ ■fWCf   «f   iM««l««^   !•   Mil   kaM«   Vpfof«»M»li«. 

TIM CMtrol «OM M «•for«    ft«» A. to A    i rt—W1 * o o 

■*•«»«« '.  !• •••«•«•r^, «•»• corro^«*i«l«« •«oroilo« TCfj)  Ifl 

pUco4  «t   IM  tof of     •     lMl-t«-flr»l-o«l   ****   (•  •!•€«), 

ifMSi Clw cooirol h«a reach^J A||  .  Cba CM««latloa froca^a aa  la 

••r «roalOM aaaa^la.  tHa o«oraclaM «•!•« fairl»w«4. mm.  Ire« 

tlM •ta<fc 

UM «rreifa o« tha ai^ara« «ay —v» — a H«in-ia «tack. 

Ul «• c«Ml«ar a« aa ama««la iba factcrtal  fMMttMt 

(I)       fact!«) •   'U a • 0 im 1 tut   • * '•ct(»-l)l 

Ul «a ca«««t« facld). T1M «M!  la facill).  tha •ovrc* la 0 

«It« f«ct(0) «alM I« ** 4UP« I» 4l»pl*f* »• '»«•  III-'. 

Wa caa latarfrat tha «ra«ffa« aa a 4la«ra« «Mlflcaila« 

•cl««a. T%* attt** TO.I ar«1 ci»««if«»<'l»4 aa !«• rraitr«! frorao^ 

• lo«« IIM arrwMi f^. WM« tHa roMtroi  r»4'hoa tkr ««Mifc« l»w I«» 

•a^waoca« ara h**m4.   TW« ttw .oairoi pror»«4« I<war4a iNc apal. 

parfomiM IH« («««r«tlcMi«  T(r  ».   <f|g.  III-«). 

ym mmr *n*49i   -«ai   lalar«r*l«lla« •• H^r«lla*  »«.lorlal 
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n 
A •N*il#-u»t«il»«" factwrUlt    CD l  « I» I i f t*  I i 

at* ■ • I f^t * 

f  i 

A "for-ttcraii«»" fact*rUli        (11 f  ft* ll 

ft it*i ji« t ttUl • <f v1' (^ » 

f I 

IM ll*«« fretrafM, tlw prafr^nvr kaawi ««IvrvlMMl ««Ml  t** 

Tff^). I0^|l  *  •*•    !•• *• • r»««li    r«ct(0) k»lMt kMM. f«cifl}. 

fMtftK   ... Mf M C«M«tM  ll«f«lt*«ly. «W «tl»? IM «IMff  (fig.   III-«). 

Im tM fir«! »rotr««. «i ««cii •!•». • l««i «•«♦n»l«»« M«iMr IM i««l 

U fi«cMi «r «•!    I« tM »ttami pp$§tm, IM pfo§,wmmmr Mow» 

Mt^nliMi IMI IM s<*«l «rtll M riMft11 <—i «M c«Nrol 

M« p—i ihr«« «rr«i*«. 

M a r»««li w* c«« ct«i«lMr «ItevliM (I) «• IM «MI t***r«l. 

AltorilM 11) MM • ftttemUt «UMIIM. AltorliM (J) MM • 

•II11 Mr« M"lc»l" «IIMIIM. 

la IM pravlM« glacMalM «laMaianr ptoc««aM Mr« rMirlr- 

IM  I»  tftminrm <MW M|«CI   Into MAlMr   r**.   T*  $%90fl   <••♦ «fMr* 

• l«M«l«ry «roc««*«« «f» 4«ftl»4 «m ««Mr«!   IMMI  MJ«<U «nd fr<«M(r 

—ff\ omtpmt frf>j«cia aay rvralM « raiMr •lallar ir««iMni 

ObJ«<l« «A4 «M^finaa rrUiiat «M M)«rt  t« «aMMr CAMIIIWI« 

a c«t«aof7 fflf.  IH-JO)    Ui T M 4 iMcior. ««MK-Uita« i<» ••ft» 

•l«aw«i«V7 pr*K— f   M «ffUrm la IM MiMfM TtFj).  If T la 

r«««rlMl  Ulf.   Ill-ll) M tm IM« IM 1M«*« "«•)•»«• M«J •• 

«KmrcM.   IM «Ml* MlM  tM  ««l»»« of   IM .•HlfMi   c^Jvcl« I  aM «. 

TM cMpwiailM la ^arfora*«! viih • «UirlMiM roairol.  If f l* 



flf. tll-IO 

TU« c«v«rl«ftt tumttot  ( l« thlm  fliur« t'  «Ivnot*« T<1) for •«? «fob«) 1} 

fit    ttt-ll 



c«MMff«v«ftMl   (fit.   111-11}  tkm omtfrnt «*)•«!• mtm  l«fe«« M 

IM 0o«U tola« iiw ««lw« <*f  ik« u*«t okjvci« T(a). TCI). TCJ). 

UM •rrcMM r«fr»«Miilat tM ■ap^lati T(f ) «r« WM4 •• • »ir»i-in- 

lMl-o«t-lSk« •loff«t» 4»«lc«.  m mmf motUm (Ml  • «laHi.kviat «■ 

iCUtty ■■<—tui «ttff««« «wie«, C«MMI W ««4 Mr«. 

111.4.1 l>>f|liUl<Hl». 

MMNI •tpll«^ co M ok. c«v«rlMt MM cootravarlMii l«ACC«r« 

UM to CM »OIICMMI of •fscMilc m4 laMrliM «urlMCM.   1 ■<■■<» 

II   !• MMCISM  laiMMCla« to MMKtOCO  CO OOCll COMOOO«! of  M «k 

o« occrlMco. CMM occrlMcM Mist •croeiwrollv roloiM to oao 

OMCMr.  la cmr comlMlogjp, CM coa^oaooco of «a M or« caaolMrM 

co coaocicaio o cocotory. «klcii U atpptii M ooaa fuacior taco iM 

aalooroo of «alaoa aa4 oforailoaa.  If IM faarier to cooartaac. 

CM aCCrlMCo of  iM alvoa oa m§tf M roapwiM wHraovrr  CM aiirlMcoo 

of cM ocoao (»rlaici*« oM) or« kaoaa. tach «cirlM**« aro catIM 

awtMiic occrlMCM. If CM faacier  lo roair«v«rlaai. CM occrlMco 

of aa «coa mtf M co«o«f»4 wt^aovor CM occrlMco of IM §!»•« eO 

I« kaoaa. twch «tirlMto« «rr  c«IIM  li**tjt*4 »    rIMlo«  f< 

laalk (11) «Mr» a oyacocdt  potai  of vloa Mo boo« lokoa). 

111.4.2 TM oolaa of •« »^ro«» loa a« o »jraiMilc ourj 

7M mw*\tm       (2  • 1  «l)   •  2 •   1 (oov  oocitoa    1.2.1) 

Mf M r««jrd«<i •• •« «0    Ic« ««olMCloa ro^alroo only oao •ynlMil 

• ItrlMl«.   IM volao. 



T la • ce«travarl«fti »«wi or 

rig 111-12 



IJ 
►r «r ob lib»  (» e y « i) « x * 1  , rontaloinit 

tenMt ««riAblv«. Im to  b« «valualod. It U n>cra«ary that the 

••vlroMMnt 4«i«r«ln«B th« valu« of «ach vartabl«. The raalttatltm 

of th« ob It a «ovarSant functor (fit- 111-13). 

111.4.3 Tha anolroii—fit a» aa tnhafitad attrlbut«. 

la cha pravlow« esaapla th« «nvironaant waa conaidarad a« 

batnt ilobal ralattvaly to tha «xprvttion. and a« bain» aecaaaible 

by aay «arlabta. M« maf  «Uo conaldar th« anvtronaant a« an Inherl- 

a) 
l«d «ttrlbuta. Hi« «valuation aay than b« vl«w«d aa having two 

phaaaa? th« binding and tha avaluatlon propar (fig. 111-14). 

la lb« «aaafta of acctlo« 1.2.1, 

(l«l««i5*jri«»jr*«;y»l*y; 2»y-K), 

th«  •« and  f *«f b« conaidarad at baing oporatora on 

•nvlroMMnt* (flg. 111-13). 

a) To each nod« la aaaociat«d an attrlhuta; a local anvironatnt. 
A« a r««ult. to tuo »crurancat of a aana variablir in a coaputatlun 
Mty corraapoAd tve* diffarant local anvkrontwnt« which wmy  aaaoclat« to 
th«aa »arlabU-iKMi«« two diffarant valikta. 
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CHAPTER IV 

SOHE COMPUTATION MODELS 

IV.1  Introduction 

In this chapter, two different approaches of modelling 

computations are discussed. In both of these approaches, the 

models present in some way concurrency and distribution of 

control. 

In the first approach, the directed graph is taken as 

a model of computation [6.10,10a,16,21,23J . In section IV.2 

we will discusr the "computation model with data flow sequencing" 

due to Adams III. Such a representation is of interest for us 

since a DCPL program may appear to be a data flow model after 

the binding has been performed. 

In the second approach, a functional computation is 

considered as an expression; the evaluation of such an expression 

may be carried out by some abstract machine. The lambda-calculus 

provides a machine whose elementary operations are replacement 

and substitution (section IV.3). 

Curry's combinators allow to use a much simpler machine, 

using replacement only. Strikingly enough, varicbles are not used 

at all in this representation. As a result of tlie simplicity 

cf the machine and of the extreme locality of control, the repre- 

sentation of an expression may appear rather complex (section IV.4) 

The second part of this chapter (sect. IV.3 and IV.4) 
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contains some technicalities. Some readers might prefer to 

skip It. 

IV.2  The Adams' computation model with data flow sequencing. 

The directed graph Is used as a model of the computation. 

"The nodes of the graph represent computation steps and the edges 
represent transmission paths for data and control. An edge may 
be thought of as a queue of data produced by one node and waiting 
to be consumed by another. A computation step may be Initiated 
whenever each edge directed Into that node of the graph contains 
the amount of data required for the node to execute properly." 

Flg. IV-1 displays some nodes which are activated whenever 

there Is an Input value on each Input edge. Then, output values 

to be put on the output edges are computed according to a function f 

associated with the node. 'Vf Is a notatlonal device: placing 'Vf" 

on an edge means placing nothing on this edge. 

Flg. IV-2 displays some nodes having a more Involved behavior, 

Relatively to a node, an Input edge may be In any one of two status: 

it is either locked or unlocked. In fig. IV-2, the status of input 

edges is given, for instance, as ULL , which means that port 1 

is unlocked and that ports 2 and 3 are locked. The computation 

step of a node is Initiated whenever there Is an input value on 

each unlocked input edge. Output values are computed as before 

accord ng to an associated function f; moreover, a new status 

for efich input edge is determined according to another function g 

associated with the node. The blocking capabilities of these nodes 

permit the computations to be determinate. 

a) We have taken the freedom to qinite some passages of, 
and to reproduce some figures from Adam® Mi. 
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int 

f: V3 ^ V^ V2; 

Fig. IV-la 

f: V3 - if V1= false then V2 else f; 

v4 '- 11 vis  true then V2 else^f; 

Fig.   IV-lb 

int 

f:  V3 - if V^ true then V2 el»ef; 

Fig.   IV-lc 

g:  ULL * LUL If V^ true fl   V4*f; 

ULL ♦ LLU if V false V4 «-f; 

LUL - ULL v, - V 
LLU - ULL \ *  V3: 

Fig. IV-2a 

g: UL * LU 1. V Vl' 

LU * LU V V 

Fig.   IV-2b     (fron Adams  [1]} 
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Hg. IV-3 end IV-4 represent an Iterativ« 11, p. 31) ano 

a recursive [l(p.l2] factorial respectively. The latter figure 

witnesses to the recursive character of a graph procedure: 

"When a node in a graph procedure represents a recursive 
call upon the procedure of which it is a part, a copy of th« 
called graph procedure is created. Thus, during the esecutlon 
of a graph program, an auxiliary graph referred to as the eaecutint 
iraph wir be constructed. Initially the executing graph will 
consist of the »sin graph procedure C, with the initial data 
for the prograa placed on the edgea of C. The initial data auat 
be of the sane type aa the edgea on wMch it is placed. Whenever 
s procedure node in the executing grapl is reedy for execution, 
a copy of the defining graph procedure will be created and added 
to the executing graph *' ; and when the procedure teminatcs, 
the created copy will be deleted. The executing graph can thua 
expand «.nd contract dynaaically during the execution of the prograa. 

Remark. Such a aituation mmy  be regarded aa an instance of the 

realisation of a contravariant fui.ctor ^conpare 111-8 and iv-v. 

In OCPL we will find the saae notion of iapleaenting In 

space successive generations of a recursive procedure. 

IV.3  Puoctlonsl repreeentstion; the Isabda-calculua 

The discussion in this section snd in the next on« i« 

bssed on Curry [31. The leabda-calculua providea a fraaework 

In which functional expreaaions «ay be represented end evsluated, 

a) Such a creation .md addition of a graph procedure to 
the executing gi.-^h is referred to in this thesis aa an impleaeotat t»n 
in space. 

b) There are different lambda-calculi, each one having 
ita particular idea about what objects repreicnt the same function. 
However since in prograflPlrg languages the emphasis is put to 
the application of a function to an arguaent, and not to a function 
itself, only one calculua is generally used (A -conveision leafda^calculus). 
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iwfl* •»•IIMIII«» ^r«»#nl  pci«»!*»!!!!!»« »I  cw»cn»rf#iie» «Ml 4Ultl- 

hvtlem of cMUrol. tl«c* Hr «-«rilii» i tli  .   UN   »•^4*-e«lc»l«i« h«« 

of tM Wo« conuldorMf I« eotmrclltMi with profrMMn*   loiifiM«Mt 

U«i<il« , tl.U.til. A.  Ivoao i7|t NorvU lift. 

If. J. I     »«fftU»   In oatho—tUO. 

U< u« eoMltfor wicte Cutty IW followln« MtboMtlcal  •taiMMtat 

U> (■ •  i)2 • B1 • 1 ■ ♦  I 

(I)        h ^ " 2 ■ 

<J> f B1  i«   •   f 

■     A •      ?«    •     I # 

I« •totoomt (I) (ho worlobJo ■ My too co««t4oro4 «• 

Novla« «n intuitiv« «ooolbgi for «nt latogor, for loftonc« «, 

««o hoo« tho rvUtlon <• •  1)    • •    •  2« •  1 

tit cumot   Intvryrot  tho IMO of  tho vartoiil*  •  la •urh « •laplo 

«•y In (2)  ami  (l)i  thoy do not  onuoclato «ny «(«trovnt «bout 

■on* objocl   for otilch    «    otMMl«.   In fact.   (2)  *n4  (it  «tatc 

MMH proporttvt «bout  • fwirtloo,  tho •^uor* functloo. Tho uoo 

of vorlohlo*  in thoso ttot^wnt* «oy ho cuonldvrwJ «• only • 

■otatloool dovlcr. Tho «MO of vorlohloo aay *v»n bo «or» »iiplUit 

with Church'«  Lo«bd« oototloo  (Oiurch (2   1){AR.R    doooto«  tho« 

b 
th« tqtMr*  f«metloo.   II  D wd  I    «fonoto roo^ocllvoly '••rlvatlon 

and  tntotratlon botwo«« A and b,   th« ttotoaontt  (2)  aadd)  bocoM: 

C2') D(A«.a2)   *A«.2II 

(J») l'fÄm.«2)   • » 



Ihm  I ilia ••(•Ctoa •Haw« m  to cMMl4*r • fwKClM. «i !•«•( 

ce«>c*fC«tallft •• a« ok)v<i: fvacllMM krcMh- fwri of lb» «Blvrrw 

of 4fc9mr—, mi  •taiMwacs atewt («»cttowi «wy *• lor»»Ui.-a. 

fiMctlo«.* •^••r ««Curally In prograaMtn« Ungt*«j»« t#h«M»ir«r 

•«■« okjacc It to M onraluoiao la aaaa roallaatlao Cao« chayiar 111). 

Coaorally «tatcoaoia about fuoctloo« ««hieb ar* cooalOoraO to 

prograoolnt lantuaga« ara vary ltalta4| «»tb tba ascaptloo, oay bo« 

of aaaa ■ybcllc ««itpolatloo orlaotad yrotroaitnf laofuaaa«, 

function» aro caoal4ora4 ao far •• cboy win ba nopllod to aooa 

•rtuaaoo at aaa» ttw. Hiara In a notation to rapraaoot faoctlona 

aa4 aaotbar notation for tba apptlcatla« of a function to aona 

arguMOta, ao4 tbara It « bacbtrouna oachloa «#blcb any ooaloata 

functional anyraatlooa. if tocb a bacbfround aacblM It to ba 

an abntract (or foratl) on», t notttlon It not tufflclont, It It 

nocattary tn b» tbl» to r»orot»nt t functional »lyrottlon. ty 

ropro»antttlon wa aoant 

1. Any function •my  h« r»pr»»«nt»d a» »n obJ»ct, battvr 

aa an ob. 

2. Tharo I» • caaklnatloo callad aotltcaticn «bleb all« 

to r»yr»»»ne In «n »»ylicit uay th» ob oblalnod tf 

coablnlng.wlth tlw »pylleal Ion, a function \o  It» tri 

). Thar» I» an ab»tr»ct naeblna «bleb .»n »valuata tba 

yravlou» ob ^nd produc» tb» rafir»»antatlon of  tbo ratol- 

tlnt objact. 



Urn «r« IMMMMI l»«r» I» •*•"•«! ■•chiar« ^rforatn« 

«^11*4 to MM obJ»ci. th^T look for «^r COWMMMI towp**- 

4tat «o • glooo M«""» «^ r^*««« ll k» •" —<*i*t04 ea^ 

poMBC  . A Mero-|»roc«o«or, an tatvirrocor u^lii« • »lofU proeo- 

4*nc* ttmmtt OHrch l2ij) M0* bo coMl4or«d o. roOuclot noehina«. 

If.).}. I    lipby^itulton MM  MJ—1^ 

u* ^roooot clMto »eUon« ptccorlollyt  is fit* 1V-* •" 

oO 1 It »ybatitmod for •« «to» s lo oo ob At th« roult U 

M  OO  t.O«t My   net!   r   that 

t.    ■ 1« ouopo«^ to bo an «too 

2. ooch occurr^if «I « lo roflocod by oo occorronco of I.). 

lo ftg.  IV-7t • co^ooMt X o( on ob A I« MJMJ ^ *" 

cb ft  Cho rotoll  I* on ob 1.   (»olo« 

1. X  !• not  n«c»««0flly on «to«,  b«t   oo ob 

2. loon If  «hor« «rt sooor«! occurr»ncoo of X In A, only 

tbo con«l4oro4 occurrooco In ropiocod. )• 

IV.3.1.2    XoQtKH'^  rwU». 

Lot MO coooltfor two ob« A OIHI R «nO tbo  redact ten ruU 

A-*l. Ut X b« an ob having A ao a congooont. w« aay that X noy 

bo r.d«coJ in Y.  and wa not^    X ^ V    If t  I« obtain*! by raplaclng, 

1« 1, Kb« conponont  A by ■. Ho not«    X A t      %rh«na««r      X »Y    or 

Y »X    «nd  * an« •   r*pt**rni  r*»p«ctl«oly th# guaal-or4«rlni 

(i;Mitrtr and tranaltiv«) and th« «^alvaienc« r^norjtaü by  ^ and   A 



m t 

fit.   l»-4 

^^t^ 3» 
06  A 

0«  • 

rig. iv-7 



TW 

r«lM 
(Al^ 

I ^T 

•  - 
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^ruitiuM m*f b» »iw« with • «»i ■! nämtUm 

^ thtt» !• In th« ob I • compon-nt A^ wtioa« r«pl«- 

c*«rnt by i»w corrtapondint »j producw th« ob V 

x *t   ^^^th«r«  !• • ••<n»t«c« of objects    to  , Xj  .... Xn  . 

xai     m*   *nm1     «uch th«i    xo^Xi    •••^\| 

t £ dvnot»« th«  tdontliy <>i  ob«) 

X-v   «i-^tbor» ia « M^uooco of objects    ^ • X|   • • - • x
n 

•weh that   t %    *nd    X.. — Y    and n 

i    ^.   •   .        »X 
O 1 ■ 

X-K 

rt*. iv-8 

IV.l.S.} IMKiwctnt aachtno. 

Uh*n«v«r a aat of reduction rulaa It s**«" ■■ can consider 

th« following radwett«** proeaaa, to ba applied to any ob X: 



n 

ZD 
flg.   IV-« 

Ok loMly. Mck • procM* U mot im i^wral g«c«r«UUttc. Ilor«o««r. 

aippllctf    o «n ob X it «ay or My not atop.  If  U too« «cop. »ro- 

tocla« on ob X    ,  thoro !• no r«4icilo« whlcb mmf bo porform«! o« It 
o ^ 

I    I« Ml4 to bo • oormol  for» of I. 

Ho oro la(orooto4 to obocroct  rogwctnt aocblMO «^tcb oro 

tfocor«Utor.ic Co sow oaconl. noMly to ■•chlMO vortfyt«t Cbo 

followl^ co^tltoo (Churcb-keooor)!   Iff l«f «boro la M ok Z 

•«Kb tbot    I » I    on«!    T » t . 

n«.  iv-10 



•top« ••»•« «ppU»« to •» ob «.   »« pro*«»« lh« •«■• tior««l  lor» 

(lMM«««r la MM tlMUtl«» th« MCHIM My Mt  «top^  *^h * MfMl 

fer» My b« coMi4.r.d «• th# "M!»-" O« I,  lU r«lu«ilM MchiM 

t>«ln« tMr«for« M •v«I«*«ttivt mmch'om. 

nr.i.j.*  A trtvui •»Mgl»- 

Ut in cMtldtr « »rUUI rff—ftto* ot «IM»» CM»«««- 

tloM without  vsrlablM: 

- to ooch MIM » m ih« «nlwr«# corrMfo*i4« « <o«biMicr of 

MffM IOTO    9 «iwl to »«ch eforotor of d»«f« «, off, • cooblM- 

tor of fegrM n. off-  «• <•»» CL, tho CUM of eh* «btch My bo 

coMtructod with thoo» c€-*lno»or«. for «ny oporator opt mnö 

for My MIM«   »| • v2 * •,, % ^fo*,,,cl,,•   ,,Fr(vi»,r2 V 

MO ho«o tho rodtictlo« rulo  t 

^oyrfv,.«,*  •••   •*.) ,..,, 

for  IMIMCO If  tMro !• MO oMrollM.  »»»• oddltlo«.  «od 

tntogort mm v«lu««.  lb«  reduction f«I»« »»III  b» of  Ibo  foro: 

JL-Q)    Sir® otc 

My •«• «III bo trivially rwalMtod hy vtr McblM (fig.   It-ll>. 

TM Cb«rch-«M«of coodltlM la b»r» okvlo««ty vrflllod;   tM MCHIM 
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/ rig. iv-iib 

pit. iv-JJ 



7> 

Is dt-terminlüt1c «nd has a distributsd control. The result 12 , 

•s a coabinator, is the norul for« of the given expression and 

■ay be considered as being the »alua of the expre^^lon. The 

relation of equality we have defined otresponds to the tradi- 

tional swanlng of equality of SUBS. 

IV.3.4 Evaluation of A -expressions. 

Let us consider, together with the previous coabinatora, 

a new atoa called a formal variable x. Any ob M containing x 

•ay be considered as s function CL—»CL (CL la Che class of 
o    o   o 

oba obtained with the coablnators asaociated to values and opsra- 

ti&ns of the universe): ladeed. to any ob A In Cl we f*sy sssociats 

the ob obtained by substituting A for i in N( which asy bt denoted 

by [A/nft    anJ the function A-» A/xK «ay be denoted by Ax.M ((2!) 

The opsrstlon N-»Aa.N is called sbstrsctlmi relstivsly to the 

forasl vsrlsbls a 

**• csa rs»rsssst such a function ss en ob is the following 

way! 

I. There Is s ceafeiaatlew of degree 2,  called sbstrscttow 

and denoted by s ruobtnatorA. Whrneve» ahst reel Ion Is arpltsd 

to two obs. th* first one MMI be a forvsl variable. A written 

notation for «wrh a coablnstlon la Xx.N . n.. ob 

GT^V 
2.   There Is s «■nsblnal Ion of degree 2 celled eg»! lest Ion, 

end denoted by the ros*lnstor 'sf^lj'. A written notetlon for 

/TIN ""■ 
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3. There is an abstract reducing Mchinc defined by the 

reduction rules generstcd by the following rcdut Uon nrhcai*: 

Whenever H and N are t«M> obs and a Is a (oraal variable, 

(A"*H)N-^[il/x]M . or itraphlcally: 

'lg. IV-12 

It la proven chat these reductlooa verify the Church 

Roaser condition ( Church-Roaser cheore«, see Curry's f J.chapter 4jJ 

Ma no*  have a aachlne which can evaluate espressloaa auch as: 

(A i.(2 • (a • l)))(2 • 3) (f|t. iv-13) 

•»«     <A«« • l)((A«.2 ♦ a) 3) (fig. IV-14). 

in fact, very caneral co^iutaciona aay he eapreaaed with 

such a aodel (see Landln (12)). 

**mrk 11  The reluct Ion proceaa «ay not atop when applied to sow 

pecwilsr obs llkei Y| Af .1 M h.f OrtOMA h.f (hh)) ) called "parado- 

xical coablMinr" «see Morris lltl). 

RoMrk 2. The reductloo •achinc la aot la a atrict se^ae deter- 

•lalstlct «w co» mly slate ihoi wheower the m^hioe slops. It 

produces the saw value, however sow slMtlafloo ooy produce a value 
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fit.  tf-U 



•** MM otlMr sUwUctoa My go for «««r.  fiiflor  «ny oafroooioo 

(^s.2)A . A bolog «qr ot. My bo ro4uc«4 to 2 «loco^ Ml occurrta« 

In 2, (A/B)2 «2 . HeMMr If A« T (tbo porMuBlrol coMlMtor). 

**• BMhlM My MtfofUltoly ro4iico T. Thoroforo o ro^uctloo of 

(A>.2)T   My MI corwlMto. 

Ti» MchlM My bo Mdt(to4 In orter to bo «otoralnittu : 

o rodoctlM nocb M (bo OM of 

My Mly bo oppUM **wm (M orgMMi N in Mt ro4vclblo noy MN. 

TWn      (An.2)T a bolag tbo Mrn4oiic«l roMiMcor) bocoMn 

• campufUo« wbtcb Mon Mt torvlMto In nny CAM. 

In He Cortby US) nM UMtn (12) n no^MMtlol BMMM 

In MM (ihn orMr of cM roMcclo« tn Ml^wly ««torvinM). 

Tlio oonlMtlon I* tMrofero AotoMlnlntlc. 

If*     ^IttHT fyj rMTtnontnilMi Corry'n CM>IMMM. 

In (M nt'viov« nortlnn.  «n nbntrnct nocMnt- oonlwntlM 

»•onprMntoM o«* »»tpomrt i«. M oblo to ^orf»r« ropInrowni« 

•M «MbntltMiirM. M roMiAvr n roplnconont «• o nla^lo nM bnalr 

irnnnforMtlM;  iMWooor ov vloo 4 ooMtllotlM M n Mcb Mfo 

..^yi*-« ironafomntion.   Thm ^MOMIM tbM nrinon «MtMr  It  tn 

Mnnlblo to royroMnt   foMtlMol caapotntloM «lib m nMirnct 

McblM «bich i« ofiiv oblo to ynrfor* royln<«Mni«.T1iU  In yoMlblo 

oltb Corry*n CMbinntor* m* »..roeoor  forMl voflnblM oro Mt 

4*4 M»   yf  In tbo royrv^ntoilM.  Sweh « »r.*«My  li  coMoy 



lu«lly   l«^ori«r.t   vamtth   to   l#«l (!■«(•  thU  Mr (ton of   Ihm  (h««t». 

la f«cc tlw «tw^y of coofetiMtonr loftc h*« «»••« * poitu of 4^«rtwr« 

fro« »Aich «any tdoa* «tspr««**«!  In tht« <IU»#rt«i ton ha*m MnrfMl. 

I»,4.1    Wotntiynf 9*4 rofttonfUow». 

Is Chti »«ctton  («*d In ihu »octton only), m §«#foM ttat 

thnr»  U omlf   MM c«wf»iua(lor c«llo4 ^»llcntton. mwnmvmr F «M I 

•m «wo ok«. •• roprnnom in« <* obcnlnatf bf npylylnf f t« 1 fcf W; 

to • gMflktcol not«Ion: 

»llcntlon 

<y^ 
WKonovor par»n«»»•••• «ro not  uan4. •••oclntlon  It Co M 

fttorwd on IIM laft  (In IHU oocclon onlf). to   flTI • (fDtl ■ (flY)! 

Any confclfwtton 4l(foronc  fro« (ho «tftlenMon  U rafron«n(«4 

by m mt<m.  (or  iMtanco.  If A donoto« a«ilil«n     All    enfrotooi« 

(A 1)   I  .  A no? b« contltforoJ M on aptft'om of  4»%r— 2.   (A 2) M 

•m o^orotton of 4ogr«o  1   .  fi$.   IV-n mfrooont« (ho ob: 

A C A 2 ( A 1 ) ))  I 

IV.4.2    tfc. «nnfcinntnm    i.l.i . 

UC «a ««fyono lime (ofothot with tho ro^tnotor« •••<*<■ I•(•<» 

olth «alna« mi ofarattona w« havo tha following eo^lnatornt i.l.l 

To aach of thoa« caaAtnatar* U a«ao<lata« a rMw<tlon «chaaa. 

for an? oiia X.T.t.T «*• ha»o: 



><U«(t 

rit. i»-i* 



ml« (K)   : I X V-»I 

.t^-A 
ml« (I)  t t I-» I 

r»l« (•)  > 

AN-A 
• K T t T-»ICt T)(l T) 

• 1 

A« »• H««« —* 1« MCttM If.) »MM ml*« 4«riM 

•b«(r«<t   r«4wctii« MchlM. 

If.«. I 

A «M M 4MOCt«t  IIM  •MUKM  M4   UM  MlClpllMtlM. 

1«C «• c«MU«f tlw o*; 

f««A(«Nlt)<«N(Kt)l> 

Ut »• r«4t^«  ito« ok    fa. wltb V •laMt«« for My  !««•«" 



r «« N *%' * "' ——— -— y- g»^^ *    % 
%        \ 

•      IT I      T 

.-• 

| (ml* 0) 

•1 < f     T )  C I     T ) 

A' 

t 
A 

N 
ft 

! ! 
; 

i 

• * 
: : 
J t 

Y i 

J :» 

ft 
T 

( N 

1 »uJc    0 

( Y    T  )     ( t    T ) 

!     I 
(i • >  (i • > > 

1 ml« (t) 

( •      N ( K 
•      t 

i i 

1 

• • 
• • 
• • 
• • 
I T 

ruU • 

,1 
(    N 

C t      t )     ( 1      T  » 

T I 
(I    2   « )    C t    • )  ) 

rwlft (t) 

ft    ) 

U»  hftVft   r  • » A   (   H  •  •   )   I   H   ;   «   .        .»ft.   flftft   rwMilM 

«Alcft, apfllffft to my  imtmtwt «, pte4w*—        A(llftft)   i  n 2 *  )   , 

f !• ttorvfer» «• oft r«yr**««iiim    ^ ■  . A ( N a ■ )  (Nta) 

«r, «rtlft Mwftl nolailotft«,       > ■.(■ •  ■)  •  (2 • s) ftftft f ««•• fcol 

obtain my «ftrlftftU. 



•I 

Mi mmy mmmdtt  it •»•rjr    (unctloa My bm r«pr«M«c*<l  In thl« 

wayi Ut m c«Mi4»r «• «k N «kleh aay contain • feraal varlrtU a. 

I* tkM« •■ ok r •Weh 4OM MC cMtaU My «arlabl«.  r«fr«»«fictnt 

Ä> M f UM MM«t  la   yM.   la ordar la ■lapllfy (ha 4UcMalo«. 

lat M Ma«M that M Mly coat am« afaratloM af tfagrM 2.  Ut M 

Mil (BM Cha ab f M ara loohta« far. Wt haaa tha fellawla« 

alfortcha* 

^t N 4Ma MC CMCala n thaw (i IN • K N 

alM If M la ■    CMB {•*•! 

N hM tha ferai 

•efaracar» «late aparaad»    'rlfht oparaad* 

{>*■• «ayararar^al'lafc ayarand^ii )rl»ht ogarand-) 

TM. algarlcte. afrllad Co  A. .*<•«««'<»*..)    ^rodMM la face F. 

It.*.»    t.C.M. 

If N cMCalM Mvoral «arlablM    «( y. i .  chM \» f a . n 

la ahcalaaa by famlat (a) ( (yl ( (a) N )) . 

Mi IMM ^arttcalarlaad Mr tftacMtton wich oaaratlao* af 

4agrM 2.  MoMoor any fuaciion My ha rafraaaatad wicht 

• Ml • I g a *f(t a) 

C C) C f a y* f(y a) 

w 00) »fa   *   t a a 



or, •lc«rMCiv«ly, vltkt 

S (I) S f g > • f •<• ') 

I (K) I • ■ ^    1 

VUh «ay of  tlMM  coM6liv«tort   ih«  «b«(r«C(  »achtiM  v«rtf!••  liM 

Chwrcl»-lMMr cofttfUtra.Tto rMMrii« ct  tlw «Ml of  IV. J «r« «ti.l 

v«U4 b*r«. 

rli.  lach of  lb« prvvtou« coabliMtor» aaiy «•♦ t-ao«id«r#4 A« 

•  l«rat>Ja-«apr»«»ton.   for  liMtanc«, «• can  t«k«i 

t« Ai ■ « . n% K) 

C«    At ■ f • f (r «) 

- ■    M m.  t m * 

TK»n  »,C,w Mjr INI eo*«ld4r«4 •• • **fe«M",  Mir   lM*d*-««pr»«»l<M 

b«ln« «RfrtMiibU M M eb coMtrwrc««! «icli i,C,W. 

TliU 41M«M1«I U CIM IMC of our proltaiMrto«. Vm «to 

MW tolftg to «11149 OCfU 
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A oifniivrto camwM. itoaumixc UKAMCC 

V.I   T)fiL|gwr£<_.frj5». 

¥.1.1 A ca<^it«Hc»n — | for—t obltce. 

In üCft.. «n» caaful«ctMi Is ctMwtdvrvi «• • lonwl objvct. 

«n ob (•«« »«ctlon 111.1). In tlw coafutlng nnchlnn, such nn ob 

la «ctitnlltMl nn n tmn «bon« nodn«, rnprnnvntlng •roabin«ior-. 

nrn nutonntn, nn4 Mhonn ndgns am dlrnctnd channnln of Indorsation. 

4lrnctn4 fro« "non" to "fathor" (fit. V-l). A nod« wmf  »MI«« tarn, 

on« or aawral sonai tlw nunb«r of aonn It ha» Is callntf Its dntrn« 

(fig. f-2). 

Th« cd«»« bntnt dlr«ct«4 channsls of tnfonbat on. «ach nod« 

■ny »and a «naaag« up th« tr««; auch a anssaf« Is called a notlc« 

(fig. V-l). Wh«n«w«r a nod« r«c«lv«s s notice. It nay «lth«r 

pick It up or pans It slon« «^ntard. 

Th« tr«« Is consld«r«c to (*• In sotw «paca In which «ach 

nod« hnn a', «ddmaa. Thor« *s s conwunlcatlon ayatan allowlnc any 

nod? to sand s awssaga to any othar noda whose «ddraas It knows; 

soch a nassata Is csllod a raplg. A r«ply contalna axpllcltly 

tha addraas of tha adlraaaa«. 

Wh«n«v«r a nod« A w«nts sons infonsatlun fro« snc«stor k, 

A sanda u» a notlc« with its own «ddraaa (fig. V-A); auch a notlca 

Is cnllnd « r«^u«st. A r«qu«st Is s notlc« containing th« addross 



AH-<««(K«r of  B «rf C 

§ n*m of A 

rig. f-i 

dogroo 0 dogdoo  1 fmgf\2 /• .c^«-\l 

fig. v-: 

Flg.  V-3 



Flg.   V-4 



* .to —*r 10 mm — r^l, U f to .*.. A -tic« *lc* 

U «ec • r^wst U * «Itol« «otic«. Oa r«c«t«iat tto ra^Mt 

^•t to •«.<• Ä. ito «oto • «^ «^ *ck tto rto«lr^ i«fof-tto« 

(fit. t-»). 

».1.2    Valu«» MM» offtioo«:   ttoir r«pr«—«ftiow. 

A« it h«. tow «UMdy «otto tn tto introductlo« (chapt.r I) 

W MSUM that ttor. is a unlvsr.« of vtlu.» .tr«ctur.4 tn CIMW« 

or typ«*. ** -^P^ fro. «*. cl-... to .<«• po.-lbly dlff.r.nt 

clMM« «hich HI «ctualliod by opor.tlon.. «nd w« loav« tto list 

of typ*« «d opor.tlon. op«n-.nded. to r.<julr. howovor itoti 

1. to ««ch v«lu« In tto univtrw correspond» a «poclfic 

co«bin.tor. rtprcniod by ■ v.luo-ood.. Spontan.ou.ly • v.lu.-nod. 

•«nd. up th. tr.. a .1^1« notic. containing th. valu. U  r.pr...nt.: 

th. nod. lh.n disappears (fig. 1-3, chapter I>. 

2. to aach operation In the unlveree correeponda a .pacific 

operator repre.ented by an operation-node, which ha. the degree 

of the operation It repre.ent.. An op.ratIon-node walte until It 

receives a value fro« each of It. .on.; It perform., then, the operation 

It repre.ents on these values.The result Is sent up the tree, and 

the operation-node dl.appears(flg. 1-4). Fig. 1-5. In the Introduc- 

tion, shows how a simple expression without variable «ay be evaluated. 

3.  to each ob corresponds a value in the universe,which 

may be con.ldered as a description of the ob. As a result, a descrip- 

tion of an ob may be sent as a message from some part of a computation 

to some other part, where the described ob may be built and Imple- 

mented In space, extending the tree (flg. V-6). 



dvscriptlon 
of an ob B 

Tho description of «n ob ^ may  be 

«enl fru« so«« node to some other node as     ***.„»•""' 

a value. When rtceived the ob.B m**  be InpU  i.i..i in space. 

Fig. V-6 



*\ 

Am  • r—wlt  of th»»* b«h«vtor«. (IM tr«* r«pr««*ai tag • 

ro«^uC«klen «ay trow aa4 •'rtnk Juring Its Itff«. 

f.I.J n* ottfr coafctastof. 

Toft«th«r with ihm  co^lnators •••c.cl«t»«l to ih« w«lu. * 

or oporatioos, DCPL uoos ««ny other spoclfic c<Ml>lnocors: 

Trfdlc coabtnotor« (degree 3): 

•♦• (sotdown) 

•«■• (««tup) 

•If' or M'     Ciü 

Dyadic coabtnotors (degree 2); 

•ftffl' (now) 

•LMm' (lambda) 

*B* (mu) 

•f (sendup) 

•♦• (Rendown) 

IQ»! (trigger) 

'IWL' (implement) 

t«t (compost) 

•^ä' (or-event) 

•ML1' (and-event) 

a) Such a behavior Is similar to the behavior of the execu- 
ting graph used in the Adams' model (IV.2). Instead of graphs, the 
model describe^ here manipulates trees. 



M 

D»arf i«ro cowbitxtort. 

0 (null ob) 

4 «hol» clM« of variahU«:    1.  f, /tWV.  «VIA  .... 

a whol« class of alpha-varlabloa:    ««Jf. aV. «/«W*. «Ml   . 

Th« function and  'ha bahavior of tach of  thaaa nod** will 

b« prograasivaly praarntad  tn Cha saqual. 

V.2 About   th« a^ntan. 

Tha traa-struw-turvd rvpresentation in  fundaaantal In IKIPL. 

However, it is uaeful to have a linear n-prrtentation easier to 

manipulate. Rather thar a straight parcntheRisation or a heavy 

syntactic apparatus, we profer the use of a few replacement rules: 

proitraas gain a familiar appearance wiiaout any syntactic freezing. 

T';e follow.ng rules determine a one-tu-one mapping between the 

tree-structured and the lin«.;. representation. 

Rule 1. Parentheses may be used freely and no distinction 

is made between parentheses and brackets. 

Rule 2; Any combinator of degree 2 may be infixed. Assncialion 

is tu be dune to the right, unless expilcllly specified through the 

use of parentheses. For instance  M*t*t      is to be structured as 

(XtfTfZ) /   . As a consequence, whenever two combinaturs of degree 2 

are not ordered by parentheses, the latter Is, on the tree stru.ture, 

a descendant of the former:  A'^.V A' .... t ....  has the following tree 

structure; whereas {fBi X   ...>*   ... represents 



iMtMi of    i£t«i££ «» iÄüari *J |M— «*   .«*•«*" !«•«•• 

coabtiMtor«: 

||£   Jr.f.l      ltf«X trprr.cr,!, 

lUiU *. Co«biMiera of fgr— 1 ••» »»• l*ti™* b«t««»« i^ir 

first l%» «rguMnt«.   • «^il-coloi» ««parattn« th« ••cond «t^uMnt 

fro« th« third, lul« 2 l« thon appltcabU to »uch c<Mbin«tor». 

llMI 

S»X;jri2 r»pr««rnt» and nfEn\nrhliFMrH2  r*pr««vnla 

The lnl«ro»t of this nil« I» »harpcnod wh«n It Is a««d rspotitSvsiy 

on • nested structure: 

may bt  represented respectively by  **5;(**n♦*;£-*  «nd by 

niBl;r7\E2',n\li2',li*      or, with a  non-necessary pair of parenthesen, 

iX^HX*Y)-*ZiZ-X\    snd . /1 If 1 :r?l^;P3If3;^ • . 

jlule 5. As It will be discussed In the sequel, the appllraitou 

of a function to an argument or to a paramour 1» represented 

through the use of '*'   Csendown') or ***   (,Hendup,). However, In 

order to conform to traditional notations, we allow expressions 

such as FiA.F.C^  ,  FM,f.C;r.f> , FliD.t:)   I 



IV-I I« it! 

K—rk. Application ot  rule 5 Miy b» •Islcüding; n^,.*,0  Is an ob; 

M./'.r» is a notatlonal convanlrncc which h«» no Mpanian by i:«»li , 

it do«« not r«pr«a«nt any ob. 

AnjJSaalf- 

According to thcac rulea, tht •xpraatlun 

Ma/  jr.y.z (jr-5;<jr»y)*Z;2tjr)t(y-jr»i;jr) 

is the foltowing ob: 

This is as much as is necessary to know about the "syntax' 

of DCPL. 



w 

c—«lc.ll«. M^.  ■■ *"*— *Uh Ml4m lh'- M*,,• U Ml1'4 

•truces to tK« «rw .tr-etur. which r^f^«« • co^-l««!««. 

A eo—lcatlo« P-.h l.ad» Ir«. ■ '******'*• •««*«* 

-nJ    (^D     •'• P<»»«tbU corr»«P«H»dlnii hlndof-oou*». 

«) Hot*:     •''     I» • cortli.ttor of d»»re*  J. who»» «»cond 
arguMfit «uet b» * w»rl»bi».  iMIWMt«  th» cowtrucl 

i. con«ld.r»d M b»lng m*W*      ß)        • >« f-'cl' ln th9 

followlnK ll.t. th» ccnttruct. on th» l»ft »r. con.ld.r.d to 

repr(>»»nt th» construct» on the rlg.»t: 

—    Ä 

<0> 
1 



li» «Mr««« «Ml IM ••» <t<»t  M*i««"  •»•>. «* «*» •«• <l1«- f •,,• 

flwk a t.^«r«i   I« r»**^ «T hf »fc» l»f»« c«*f■ ■#■■■<l«l fcS«^'t-««ir 

MK«wai«r»l.  TW ««i«*i--«^» I* ?»^ k««i >» thU »l«l»r-««4vt 

4 LIIMI nil nt- M<» It«* !■■ *i M«<»r-«e#> !• «fc» ••»»•►*• ■■*■• 

A Haiir affJr ••? Mud •««•r«! ««f i«fclv*«««**®. **»«»»rf 

« kla4«r-«n4« r«c«l«««  »i» *r4««hr«i.   U  ■«■<■ • ««W •' |l,,# *H««*^»« 

to  r*.h   »«rl«Mr-«.<4r   It   Mai«   (ft**   V-t|. 

•1   aay only pick up tb« r«^u««i» r«*cliln« n   turn ihm rt«ki   (fig. *-*)< 

On r««r«lvln« • vaUw «iapl« Malic« «m ihr  l«(l, »«lAmn «««4« 

« copy of lh|* ««In« to •»•?» *«rl«bl«'»t'«l»  l«  MwJ«. «M Ik^ rlpM. 

TW  «cap« of      •*     I»  llnrrclnr«   ll»ll«d  (o Ihr  light   Ci«po«Ml;   •* mf 

b9 con*l4»-rrd «• «»•URUI  IN« »«I«»» prodw««U .•« (»»♦  l»fl   I« I»» 

varUhU-nod««  •   In It« «cop« Hi«,  v-nn 

On rvcrlvln« m  vain» «Inpl« notlc« on iha right, •» pa««c. l» 

along up the tr«« md dUapprar« (Hg. V-ll). 

»Ir I: 

Th« *v«tuaiion of UM« vspraaalan      • 'I* gupiay*^ l*> 

Hg. V-12. 

tmmpU' 2: 

Th« rvaluatlon of  th* vi(pr«««lon    >. •*:'•fiX*T>    li •»•pUyrtl 

In ft«.  V-13. 
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ftf.  V-ll 
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Fig.  V-i: 
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Thr «valiMtton .'I th«* expression 

h«s slrrady besn studied In the first chapter (fig. 1-6 snd l-ll). 

V,J,2 The binder-nodes setup *♦'. and '...«". 

As slrcsdy noted, the scope of *X  Is Hinited to the rUht 

coMponent. X*  allows to send s vslue In the rinht component and 

in the envtronwent as well UU. V-14). in order to delimit exactly 

the scope of X-   t Mfc X    is used as a "top-bindir": the scope of X* 

is entirely under the correHponding fiiik  •'  (H«. V-15). 

*X  and .V« bind exactly in the same way any variable-node A 

in their right component. However» contrarily to *A', A« sends up the 

tree a request with its name which is picked up by the first N^W X 

the request encounters. As a reply. Mil I sends to X*  the address 

of any variable-nodes whose requests it has received (fig. V-16). 

Whenever X*-  receives a value on the left. It sends a copy 

of It to each variable-node whose address it possesses (fiR. V-17). 

A« , as «ffa disappears wiienever it receives a value simple 

notice on the right. Mil' * disappears whenever it receives a value 

simple notice. 

example I: 

Flg. V-18 displays the evaluation of the expression: 

MW V {2'-U;V*-U*\;l!+V)  + 13-*U\U*V) 

In the left argument of the addition, i value V is produced; 

V Is used in the evaluation of both arguments. 



101 

Fig.  V-14 Flg.  V-15 

Fig.  V-16 
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Fig.   V-17 



N£W V (2-*UlV*U*liU*V)  ♦  (3*ViU*V) 
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Example 2: 

Fig. V-19 displays the evaluation of the expression: 

NEU U,V    {U*SiiU*Vy*Zil*U)  + {VHJ+liVi   . 

Such an expression Is remarkable in that it cannot be evaluated 

by a sequential machine: the evaluation of the first argument 

requires the value of V  which is produced in the second argunu-nt 

whose evaluation requires the value U  which is produced in tin.- 

first argument. In DCPL there is no deadlock since the two argum-iUs 

are evaluated concurrently. 

V.3.3 The hinding of procedures. 

A procedure is a computation oh which is intended for 

implementation and usage in various parts of a computation p ogram. 

In order to ensure generality of utilization, the set of vari bles 

used inside a procedure must not conform to the set of variables 

used in the environments in which the procedure is to be implemented 

(please, see flg. V-20). 

Whenever a variable in a procedure is to receive an argenin.t 

from the environment, the variable is bound insidy the procedure li> 

a LAMHIJA    binder-node; the procedure itself is interfaced witli its 

environment through a node sendown *♦* (fig. V-21a). 

Whenever a variable in a procedure is to send an argument 

to the environment, the variable is bound inside the procedure to 

a MU  binder-node; the procedure itself is interfaced with its environ- 

ment through a node sendup 't' (fig. V-21b). 



NEW 'J,V (U*-b;llJ*Vl-*Z;ZiU)  «   (JMhliU) 
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Fi^.  V-19 
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'imBDA*  and sendown '*''. 

An example: fJMBDA S  (S+l)  is a procedure with OM lambda- 

variable S.      UJMBDA S  (5+1)] (3)  represents that procedure applied 

to one argument 3. According to the (syntax) replacement rule number 5, 

the computation tree is: 

Environment 

procedure 

In fig, V-22a and V-22b the variable-node S is bound to tbe 

lambda-noHe: the former sends up the tree a request which is picked 

up by the latter. This binding occurs inside the procedure itself 

and «ay be performed beforeV^mplementation in space of the procedure, 

i.e., the physical embedding of the procedure in Its environment. 

Then the procedure Is bound to its environment: the lamtda-node 

sends up the tree a request with its address which is picked up by 

the sendown node (fig. V-22c and V-22d). The argument may flow down, 

from the environment into the procedure, and reach the variable-node 

(remainder of figure V-22). 

Whenever a procedure cntains several lambda-variables, it is 

necessary to have the arguments matched with the lambda-nodes 

(fig. V-23). The matching is performed dynamically in the followlnR way: 

when a iambda-node sends up the tree a request with Its address, 

this request contains a count set to zero. This count is incremented 

|,y o.u- whenever the demand encoenters another lambda-node, and 

decremented by one whenever the demand encounters L  sendown nude 

\ 
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Flß.   V-22d 

■ 

Kl»-.. v-:2 
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au 

with • non-Mro count. The *Md i« fU**  «P ^ *• ,lr«* -»^•-« 

nod« which receive« It with a count equal to l«ro (£1*. V-24). 

' .^' _«nü J»en«lu2 ij ! • 

An eKMpie:    \iSl T ...   '% '  •••i  '»"  ••• 

procedure 

The binding inside the procedure and the binding of the 

procedure to the environment arc performed , «actly a« lor l.t»J.d.i 

and senden. Ilowevi-r. Instead oi receiving m  argu-enl, the variable 

in the procedure receive« the .iddre«» in the mlllMiP to which 

the produced value 1« to he aem (flg. V-25). 

Let us consider again the exawpl«- of tig. V-19: 

It may be expressed a» 

with F • m " yniQi" ^'♦s;ti/*i'Wi2*y> 
.md       ; ■ LML26. '■'   B. V    i/.   tl;!')  .     In order  to mak«  it  clear that 

;   and  V are bnun«)  In .l  and   .', we can  take 

and      0 • ymi A    Ki •■    '**»ll*J (llg.   V-2b). 
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V.4   Procedures as arguments. 

V.A.I  Pseudo-values. 

As stated in section V.l.2, any ob has its description as 

a value xn the universe cf values. Such a value is called a pseudo- 

yalue: "LtWBDA S  (5*1>" in  a pseudo-value representing the ob 

yum •'' »•■•♦i*. 

Whenever a variable receives a pseudo-value as an argument, 

it implements the ob described by the pseudo-value at its own place. 

As a result a procedure may be received as an argument and imple- 

mented if the corresponding pseudo-value is given beforehand (fig. V-27). 

Let us however consider the following example: 

  LAMBDA CT (C*T)   *F F(b)+G  ?(U)   

In fMa  example the procedure LAMBDA StT    ("tT")  la first implemented 

IK the environment A and receives the argt'ment 5; then the resulting 

procedure is to be sent and implemented in the place of G in tlu- 

»•n.irnnrni'iu B. This may only occur if the ob f l.i\>llJÜA i',T    (JtDHS) 

in  able to produce a pseudo-value representing itself. We will see 

In the sequel how we mav implement such a pattern of behavior. 

V.4.2 Pseudo-argument. 

there la a special message 0 called pscudo-arguinent; whenever 

I variable ,V receives a pseudo-argumcrt, it nond» up the tree the 

pseudo-value representing itself, "X"  (fig. V-29). 

Whenever the conbinator representing an operation receives 

the proper number of input values, it computes the resulting value 

and sendn it up the tree. II the same combin.itor receives at least 
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Fig.  V-27 
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one pseudo-value representing an ob, it pr^uces a pseudo-value 

which is sent up the tree: for instance, in fig. V-30 the conblnator 

V receives a pseudo-value "X*3"  and a value 2; it sends up the tree 

the pseido-value ,,(Jf*3)»2M. 

An ob  may have acne  of its variables receiving a value and some 

otho? variables receiving a pseudo-value. As a result, this ob is 

partly evaluatcu into an ob whose associated pseudo-value is produced 

and sent up the tree (fig. V-J1S 

V.4.3 Procedural anumerts. 

We are now able to handle the example of fig. V-28: whenever 

the node *€  receives fro« the left a request sent by a lambda-node. 

it sends as a reply a pseudo-argument (fig. V-32). As a result the 

ob for which f(5) stands may be partially evaluated, the correspon- 

ding pseudo-value is produced und sent to the variable G  (fig. V-33) 

The problem of having procedures as arguments is not yet 

completely solved: we have seen how a cimbinator representing an 

or.r.iHon reacts whenever It receives a pseudo-value; however we 

do not know yet how other comhinators (for instance •»♦, ...) arc 

to react. Let us study the two following examples: 

Eaampie 1:       * i LAMBDA X n UKBDA  Y  <yM> >~;.;(X)> ,*F:F' . > > 
(fig. V-3A) 

txample 2i '' MllfflfM r ''tÄ*",nA y {f*M}**1ieiM}})*%Ht)   » 
(fig. V-3J) 

In example I. the component ilU&LA *  < f«l > j-^^iXH 

may be handled as previously (fig. V-M): 



/ 
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1. •." sends to the Isabda-node LAMBDA    Y n  pseudo-arguaent *. 

2. on receiving the pseudo-value "LAMBDA  Y lY*l)M
t  -€    passes it 

along to the variable-node G  where the procedure is to be inplenented. 

The variable-node JIT (in («(JT) ) receives a pseudo-srguswnt sent 

by *F  via LäMBOÄ X i  it  sends up the tree the pseudo-value "X" which 

is received, on the left, by the node sendown.« . On receiving this 

pseudo-value, sendown sends a psaudo-arguswnt to thv procedure on 

the right, and waits for a pseudo-value fro« thla procedure (fig. v-37) 

Then * coabines the two pseudo-values into a pseudo-value it sends up 

the tree. The completion of the evaluation of exaaple 1 is displayed 

on flg. V-38. 

In esaaple 2 the procedure ^£££4 t  <ft|) csnnot be 

transaitted and iapleaented in Che place of C  for M  is •atemally 

hound; it la indeed our policy to tapleaent an arguaent only after 

its coapiete evaluation. *• require (••• flg. v IS) that the iaple- 

■entatloa of I*  in the place of ■ occurs before the iapleaentatloo 

of A Im  the place of G  . 

As a result < mmt  have here another behaviors e* '•celvlag 

a paeutfo-value on the left it —md9 * »^«wdo-srguaent to each 

vertable-node It binde on the right. On receiving a pa^/Mdo«value 

cr   lie right - coablnes Che two peeudo-valuv« »n4  «»nd« the resulting 

pnvude-value up the tree (fig. V>}f). 

In auaBary. in the following slluatio« 
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the ob A  may or may  not be to receive mom»  arguMfit froa th» 

•nvlronacnt. 

In th« Utter sitiMtion (flg. V-40) and if 4 Horn»  racalva 

thasa artuaanta. A  product» a p«audo-valiia V, aftar having racatvad 

a psvudo-arguaant ♦ do« *; ((it* V*41). Thia paaudo-valua "A"  la 

atnt hy *G  to tha variabla-nod* ".  whara A  la laplaaantad. 

If A  raralvaa at laaat ona paaudo-arguaant fro« tha onvlronaant 

(fig. V-42), tha evaluation of A  ia not co^iotvd and M4M la not 

to br aant and laplaaantad in tha place of #' .  tnataad, a« receiving 

th« paeudo-valua "d", •€  »anda to tha variable and« G a paaudo-argu- 

aant. On receiving the pseudo-value "»", -C aends up the tree Ik« 

paeudo-valua "A-C.tT  (fig. v-i»),li la therefore aacaaaary Chat < 

la able to diatinguiah between theae two altuatlona. 

Ue i«pl -«ent auch a bahavlor la the following «ap: 

vh«n«v«r a varlabla-ood« «end« up the tree a ra^ueat «lib Ua 

<**n  adareaa, a«cii a ra^aeat contatna an integer called count. ee«al 

to aer» at the begtaning. While (he re^ueet fto«a up the tree, (he 

count l« increaented bp one everp tlae (he requetl reachee a« the left 

one of the coablaator« aetdo«« * >* , aetup *•' , ar aend«>w« *** • 

Such a cawnl 1* aaaociated to paeud€»-«rgu««ttta «ftd peewdo-vala^a 

e« shown in the following tabtei 



IM 

tlM ok A wmf or mmf 091 hm to rocotvo OOM «rtooont froo tn# 

oovlrooaooc. 

In Cho Uttor •ttoattoo (fit.  V-40)  m4 it * 4OM roc»tvo 

IIMOO ortoMOto. * pto4*K0* • ^MNMto-sroluo "4*» oftor hovtng rvcoivod 

• ptmtäcmtgmmmt • fraa < (ft«. »-41). m» ^»rudo-waluo V U 

•MC oy «C C» tho oortoblo-oo4o C otooro 4 U laflMOOCtfd. 

tf 4 rocolooo oc  loooc ooo ^oowto-orguioont  (rcw tho «ovIrooMnt 

(ft«.   V-42).   IN»   OVSlMOClOO Of   4   tO  MC   tamplmtvä   «nd  V   t«   MC 

Co bo OMC oM toylOMOCod to tho ploco of <; .    inottotf. M rocotvlnt 

IM pMu4o yhur '*4M, < Ma4« co c>o «ortoblo MM I o pooMo-oriu- 

■MC. Oo rocotvto« CM f***i<i'**liM N^**.   < o«o4« wy tHo tto» CM 

M««4O-«O1M    "d^.r* (ftg. V-M).iC  t« cMr*lor« MCOMory thoC 4 

to Oblo Co 4U(toeul*b Mtwoo« tMo« too «ItuotloM. 

HO tMt«*MlC »weh « MMvler  to Cho foJlo»»!«« ooy: 

MMMMC O vortoblo-oMo MO4O of CM CfM • r»qu««t otch tes 

«IM M4r«»«. «ocii o r*^«io«t cooeoto« M laio«or eollt4 -OMI , .-quäl 

to Mto OC  IM boitMlftg.  U»»|U IM  irvfw«*t   t Imtm up «ho croo,  ch« 

«•MOC   tt  lMt«oooi#4 bf tmm ovory (loo CM  r*.j^«i   rcothot oo  «»..-   loft 

M» ©f   IM roottMlots MldoM  *••   ,  Mtof  •♦•   .  or  »oMo*«!  '**   . 

fwO  « co^ni   §• 00»«»clOtM  le  p«o«*do-«fi«owol*  4W>d  P«»M4O-V«IW»» 

M oMwi* lo CM foltootof lobl«: 
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K—rk. 

Whenever a coablnator ^^ receive« fro* the left • pseudo-v«luc* 

wich • count of zero, it is Mtured (by theee behaviors) that the leit 

oh has not received a pseudo-srguaent froa ahoveQ^. As a result, the 

pseudo-vsluc received may be imp lernented (see exaaple 1). 

Che behaviors ofTosndTOare sinilsr to the on« described forTO. 

V.5   Conditional exprestion». 

'it'   (or ' ') is s coMbinator of degree three: 

The ob "predicate" is sssuned to produce a logical value: 

FALSE   or TRUE .  In the former case the oh "if-true-ob" is deletrd 

from the computstion tree; In the latter case it is the ob "if-false- 

ob" which is deleted fro« the computation tree (fig. V—4 3a and V-A3h). 

As shown in section V ), any oh may exchange information 

with its environment; as s result, messages can freely flow down 

from the environment into th« obs "predicate", "if-true-ob", "if- 

false-ob" which may be considered as being evaluated concurrently. 

However« it is important to prevent an ob which e_ve« tvaily would 

be cancelled from sending messages to its environment. For this reason, 

the messages which are sent to the environment hy the obs "U-true-ob" 

.md "if-false-ob" are picked up and kept in two different packages 

at the '^'-combinator level (fig. V-44a). When the value of the oh 

"predicate" reaches the combinator, one of the two packages is destroyed 
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«ad  ttw ■•••««•• coniÄinrd  In t** olhmr  MMr  «rr  fr»«4  (flg.   V-44b 

«nd V-44c). 

».*        DCTL •• • »yt—-orUBfd ptwmmlUM.  Una«***»- 

In th« prfvttvt« ••ctlon of thl« c»Mipi«r. *w *•*•  •••• ho«» 

• lapl« DCPL progfM« —y  bo coooldorod «• ww^icmm  wfilch «ty 6« 

of ••ynchronouoly cooporatlng ••ill4•••«^doot,* progroM (coroultn**) 

linked by path« of InfonMtto« •Ion« «hich MMOgo« aro a^t. 

•valuator. Thl« aocttoo auatalna our clai« thai DCPL la a ayata»- 

ortancad progr«a»ing tanguago: a coaputatloo la co«iald#rod a ayata« 

V.6.1 Agynchronoua avanta and MMBJlii 

Saquvntial procaaaaa «dich ar« triggered by th* occurronco 

of aoa* aaynchronoua event can »• ««bedded In OCPL. Wheoaifer eaa» 

action« are to b« «ynchronU«d*in «OM «#ay, «««h sequential procoeaoa 

•ay be uaad ( theae proceaaaa aay b« vary aa^ll and per for« Jual o«« 

rle«rnt4ry action). 

Any value «ay be ron«ldered a« an »vrnt «whenever w« ar« 

lnt«re«ti.d In knowing whether th« vlwe haa been received or not. 

dUr^ardln* the value Itaelf. 

We «ay operate on event« with the optratora *dtt* **4  *tiK** 

which are not to h« confuii«d with th« logical »peratora •** m*  *"•. 

The node« which correapond to th««« oparator» conolder My value th«y 

receive a« an event. An «*/-node pr.^duc»-« an event whenever It re- 

re Ive» an «vent fro« both of It« aon«. An ^-node produce« an «v«nt 

whenever It receive« an event fro« on« of It« l«*» gon« (fig. V-*»). 

Thu« It 1« poaalble to have an eapreaslon pruduclnit «n event (fig. V-4g). 

a) The word "■ynchronlre" Is here a pt^r iholce.U» «e^n that the»« 
.ictlons «u«t bv  aaf«guarded fro« one another m»  they »«Mild be with 
phorvs (Oijkatra (51). 
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Such aa «gpitHlM My b« us«d to criu«r a aaquantlal pr^- 

caaa with th« coablnator trlttar. 'if**: 

Uti«n«v«r tha trttg*r-noaa racatvaa an rvmc (roa tha laft. It 

triftara tha aaquantlal procaaa on tha right (flg. V-47). 

A taqyantlal procaaa ia conaldarad aa a aaquanca of atataaant». 

MMMvar such a aa^uanttal procaaa ia trigfarad, tha atataaants ara 

aaacutad saqwantially. A saquantial procaaa «ay ha connactad to its 

KM. anvircwsaot by ca—iwicatio» patha (fig. V-4g). SOM atataMnt» 

amy. «haa aaacutad. hand aoaa valwr« on thasa patha; soa^ othar 

stata«»nts SMy only ba aaacutad aftar thay hava racaivad a walua 

fro« auch a path. If th«- control raachaa auch a a.ataaant bafora tha 

arrival of th« raqutrcd valua, tha control staya ponding in thl« 

• tataaanK ^it 11 tha valu« doas arriva: tha aarviclng of tha roaBuni- 

cation patha in a aa<(|uantial procaaa nay ba viauad aa aasw kind of 

input/output oparationa. 

A aagaantial procaaa «ay ba OCPL-lika; .n thla caaa tha 

htnding af variablaa la parfonwd aa already «aacrlbad (each «arlabla- 

noda aanda a »»^uaal which is picbad up by  tha forrawpondin« hinüar. 

ate ...). bouovar it My ba uaaful to aabad In DCFL aosw suhaal M 

a usual aa^wantial prograaatng lansuaga; th« proaraM ia thra« 

iMicus«*« halng consldarad s« «aquanltal prpc»«*as. lha OCPL anviron- 

it »arvua aa a hoot ayatan. In thla caaa a spvrial binding procaaa 
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•«VlrMMMtS. 

¥.4.1   CrIU. 

siapi« a? .ifw<i-»»4 ««lie mt *• w^« i» Öd*- * «•ll »• 

lnimi with it» «PM   /ww» I . LoetcAL t tm ... . i^* «•»» 

•cop« ol • Mil to«Ur«tlM U ll»U«4 «• «^ H»r«»«» •« «*• •«*"•• 

«i>d*f IIM tocUratlo« «»*• **!«•» I» «^ •<#•«•«•« fcf Ä^Mr c«ll 

^laratlen »IH» IM ••«• •^•-  »• ••" lo m*mur9 ** m •,l•^, 

of  fttlvim % ••I«» lt~ • wU «I" •<«*' ****** «^ ,r•l,,• U 

•tor«d. tUM MUM «•«•*• »r*»^ «M ^»ciir«it«^. ff »W« 

r«.«». I» ocn. • Mil tm m\f w mmm* if • «^-«tui *<*-• 

T>,.r» H « «MlgMMC «f«r«iar *:•• t« «Mit« • MIM It • <«ili 

til«  «ll«   H  tmmmi -toMWf  tl» MM •!   «>•  Wll   U  Mf.fM<  M 

Ut M ir? to l«^lMMt • f#c«r«lM >rM##i»r» llto tM 

fMterUl fMctlM. for iMtMC« M My MgtMt lot •! MMtblM Hto 

or Mr» •»»•f iUc.Jl» ««• *«^ •••«•*•« '•• Ü 

(  "|a||^j| « |(««0lll|t*f4(Tft*n   ir«#4T4r4*TlJI » 

In thi« PM«M^ ••»•»•I otc-rrM««« •! tto ek OMIOM^ t« fÄT 

«■  to M ^»d^J   OM   UMOItKr   (fig.   t-»0).   A.   MM  P-IIM   !»»• 

«)   »^^  «M   *   *  MfWH»  Ih»  »OM «■«•blftJtl«*« 
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••r4rri**ii »f **»• cwrf »»«WMI^I '*£''■ <M*i««i#f win *• 4t*r«#*«^*4. 

t«r*«v«l«t|MM of lltft 4l(f«rva(  #cc«ft«*c*» »I    ^ T «r« I« mm mmr 

t   «ci»ffMis«4 wttn Uto <a«p«i«ilaa iiMlfi ifcinwii •! tßmmtmtltmm 

mm? *• mmm4i*—l'   tm^iommmtmd. 

vim ckv c«a*lMtvr  'iSBu*  ll«»tMW«C) Mm tm —ft  i«v  i«tU- 

«••«•111« «I  « ft0<»4*tm     ' :*!-'   «lef«  Mf   r*<9«M«l   f**ck|«f   It  (M 

!►#   rlt*»!-   M>«—it   II   t*<«l«M  «• «VMI   «I  Ik«   Uli.   It   ft«W«  IIM» 

>tapn< rvfvMt«.  TW »•fljfcii —in ov t** rittet mf tlMNi tvc«l%v 

ttetlt •rtvaMt«   <(!•• V-^D- 

!• ihm  pt'ttam 

i "lüMBI f l«»toiiitt»if att r4(^M*i»;r-#4tT» fimii t 
is. icylMWMtAtl«« vf fA*T U •yvcferiml»«! vltfc IM «««IIAIIItr 

•f ik* «•rlAlv «. U Ik* fvllMtl*« rr»it«» •» t«vlMMit«il«ai «C 

AKT U Mlf pvffvffwi If iv» tmtfpm*l9% ft »r^vcM • M.'   I  «•!■• 

i ty^Ui ' MMT iift^HiMrtifwi^Maniutt'ir ^n Mmu-tHr^ATt 

%mmg ottmt ft*-*tmmm wm»t4 permit  « f|jw4  ■■■ ml  •( alvo»-*ii*«4". 

AI#lM-VVfl«klM   <M   Ivt   IMIMCV   vt   ,    IF   .   *   *• »tC.   .) 

• Ilr« IM CMMtrvCtlMI «(  «IpHv-MO* «l««^ «^l'11  *•   IM»!»»»»»««» 

•wk^r vf arj—mf ««ir N •«•t. As far •• •»-«•»•irvcti«« Mi 

klail^ mtm fo*«*rmM„ «IflM-vari«»!»« M«v WMlly tlw MM MM« or 

M v«tl«fel««  (tMrv  ie mm» *mtmptlmmt  mmm IM "«TCII«  MMvlor" 

•^•«rcil»«).   tavwvr,  MMlftft  4« «IplM-Mlv» V»vrf   t»ft«)l«   I«  IM 



IM» 

n«. v-ii 



IM 

4«l«llMi of m ma4mi ♦• • r»««.t.  «iptt«-««!t«bl«* «Uow « coapwiacla 

IfM  to c«rr» «mt   tmpruitKfly • •«■■  CM^tl«ll<Mi. 

ic p—i «to«t. «t »»»• tfM», •• «Ipk^MralitM (fit* V-S2). 

mg. M9« «« M oyfiiD« ■■!■ IM« «• IMMIM «ith^M«»» «^ 

M ittcoslM   «lafU-M^*   It  MM Ihm «•!««• rvccIvW o« llw tlapl« 

p«th   ll*r«tlv«ly   wtlh   IH*   •wcc»Ml««  «•!«••   TtmlV4  M  ClW  «Ipfc«- 

p«ch (fi«. V-M). 

CycMc   boMvtof. 

It«r«civ« «ml cyclic k«ii««ior* mmy b« «od«!*« «#iih «IpiM- 

path«.   In ^«rtlcuUr • »«itfown-ooM m*f btm4 m —twyoto CMMIUV- 

llnt  ■»  »»circulating  p«ih.   for   ln*i«nc»,   (Iw  picra« 

!• M Inrtnit»  loof ••firfliit out  on tho yocli ».   (Ho «MCCOOOIVO 

incotor« «tortl^ oc  1  Hl». V-))). 

lli*o< coromioo«. 

Alphn-paih« any  inivrconnoct  coroudn««.   In (ho following 

»lo.  tho procoduro Ftox'l ■ond« nonooton to pro«»4wroo MX7 am4 

NMKIi 

l£k •</ ... monfto(0 ... «WOI^/I ... rwoioü»     oig. \-s-) 

In ortfor  ito •••ocloto tofothvr  proc*4wr««  It   i«  «oofwl  to tunrr a 

p«rtt. .Ur d¥«du  coahlnotor    c«io>ooo  ***   ; ohonrwr cin^uai   rocriw« 

a valw  froa ooo of   it« two «.m.,   it  prodwcoa Ihl« «aliio and dalotaa 

(ho othor no«. Our provlovia aaoaflo aoy ho wrlttvot 

on ooch  IncoKlng M'1* ••** ^roioco« «och tlao o rooolllnt olphA^voloa 
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li- .    rnocui9t/um\,ii*'umxru* * i du. »491. 
la UM (ollawtat «Mapt«» **f af tut yrocv^urr« ffeJCV•**«*. 

CM »«IM infonMiiM» wKlcii U 4uf>lic4it«4 ami —mt to tlw IIM 

ottor »roc«4wr»* 

I ok •".•»'.•»' AKKV( •y.^t«f/)*Mooi«vvayian*fm\,vi«v.«rt«ir) ] 
(fit. V-M). 

MwMvvvt • fro<«4«irv 1« lai*rf«c«4 wlcli lin ••vlraaatni, 

mm «IphA-vtrtflfel» I« (H* —j—M ■ay tar t—i will» MoKwr 

«i?K«-v«ri«t>t« or otth « «t«^t» ««rlsfelo. 

U tko «onwr  co»*  iKo pmth  Is ita ••«UomMfil   I« cooMCt«* 

lo tho Mth In tho yrocoowr»;  ooy •«■feoff of «rguaMto OOT WOO Cbooo 

In (Ho loiioff C«M ii»» procotfoffo «MOI ta ffocurolvo, tho poih 

lo tho oovtrooMot  It cooMKtotf wtccoMlvoly to ooch toooroi.v« of tho 

rocurolo«a'(flt* V-}t).  ff tho pmth gooo loto tho proco^iffo tho  ifi.^inf 

«rciao»ntt oro ^«ooo4 om roochlnt 'v*4mmt coottltotlot * fu-t-ln- 

rir«t-Out ^oow«.  UhoMoor tuch • tooilown ffocolvo* « ro^uoot  fro« « 

loHh4o-«o4o(  tho fir«! oloarot   I« tho ^«ooo I* 9*9f*4 <*it *n4 tool 

M • rofly to tho Imki» mnit (fit. t-hO). 

It  lo pooslblo to doctor« tho oo4 of o pot* •• • <|VOIIO: 

10 §UBM Y* **•• «copo of ««eh « 4o<lor«llao  I« th« «whtroo 'mdvt   It. 

UHcnovor / U referred to I« o Mquootlol pffocoo».  tho flffot of  tho 

^ifCM   I» popped out;   It  ooy  thoo be   forverded  lo tho ooelraoovnt  of 

the  »equeolij!  pffocoo«   (flg.  V-61). 

o)  »4ch go-t^ffOtta«  receive«  one  «rgunrnt   Ira« the p4lti. 
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Mt 

f. I       tS&U' 
ut m wmm «•»• ••»• •«l— •^•-«•r^ u uu c,,^,r, 

1. A MVMttn u »i*«^ •• • «»^ «A^ •^* •»• '■«••l# 

2. beb Mtf« UM M •ddr*«* U • M»»»<«Ur •^c#i •^ **** 

mifmf «M«^ w -T oibr «o4. «HOM «Mr..« II 

j. ?h. mtvr— of .•!««• «•* ^.r.U«». I. !•<« 

f .«eh ..1-. «orr.^«4. • ..l^-o^ — •• "* of»r«lo. ■ 

tlo« of «iy OCFL cc«nit.«lo« tr^. 

5. A bUNflnt >roc.M .«p.rl-ro^. • »r^h .tr«c»«r. io th. 

co^itJCtM    r^i ..ch .wLbl^nod. .Md. . r^-«»  (ccM.l.l«i 

im •Mr.M) « tb. UM. TM. r^u..t 1. flcb^ «H»y ib. corr..- 

pondlni hinder. 

6. s.tdown ••• .llowa te fnd . v.Iu. "d««« «»». tr^". 

S.iup '•• .Ho-, to -no . .ol«.   dono th. irw" ood to tbo .ovl- 

MMmt:  lt. »copo 1. dolLU^I by tb. blo4.r  ii= ■ 

7    A MlUIH in I proc^ur. My .lth.r T.C.IV. on orAOMOt 

fro. th. .oviron-nt or t.nO o« «•-.•"  to th. ...Iroi-wt.   In th. 

IMM CM.,  th. ..fl.bl. I. bound  ln.ld. th. proc.dur. -Uh • JkflBI 

hlndr-nod. .nd th. proedur.  U lot.rfocwl «Uh lt. w.lronMni 

throuth . nod. .endow« '.'.In tho  l.tt.r co... th. ..rlobi. Il bound 

ln.ld« th. procMur. ulth . !L blnd.r-nod. «nd th. UM  »• »"«"' 

l«c«d with  Its .nvlrofwwnl  thrnoih • nod« .»ndup  •♦•. 

8. Th. dr.crlptlon of  *ny co^utotlon tr.e My h. ir.n.-ll- 

„J .. • p..udo.^lu.. «h.Mv.r o v.rUbl. r.c.Ue. . pMudu-.olu.. 



\ 

tm% tmymftiam ttm U UV1«BM(«4 U UM »UM >■» 

dw «MIAU. •f«l" U • f—m*>-**lm «McrUlag lU ifM f»l. 

9. A »t«x^wr« Wf U «Mitf 1*4 (lir«MCH UlMKtlM mtlh 

IK« m*trmmmmtt ami t*m U irMMlccM M « ptnii »•!— la 9r4ut 

l« U Url«aMt«4 U MM otMr r:«c. 

10. UM  illlMMI   M'«»   •»   •  «M<ltlM«l   MtrMftlM  «M 

•MlMI«4  MMMfMCly.   leMWr.   M   I«««  M   CM  rM«U   «f   tht   KMl 

U Mt   «MlUbU«   «U  MCfOlat   •••••«••   Of   CM  altMMM  MkCMM 

• r*   pick»«»  M  •^  MCSIM4. 

11. Wich tM MM« 4JB M4 01 It  U MMUU to hM« M OMroo- 

• Ion prMuc«  •« »vwrn . 

12. MK  , trtttor, U ooM to trlfgor »MuMtUl T^MOOMO. 

«M  /MM. to Motor tM BITOClirMlMtlM «f   th«   lMl«M«t«ttM of 

th# tflfUrvnt |MwratloM of • rccurttvo «roc*4ur«. 

IS. ColU ■'? U McUrM;  thoy My ooly U MCMM< fro« 

• »MoMttol procoM. 

14. AUho-vorlobUs allow tM coMtructlM of alpho-Mtht 

on «hieb an tnMtaratMt* nuM«r of  arfoMntt cam b« ••m.  Th«y 

ftmit cytlic bMavtor,  lnt«rllah«d coroutlno« and IM^C««  or 

• ■pllcli   FIFO qua«« Mnrlclnt. 

It tbovld b« noted that th« concept» 4«*crlb«d h«r« do not 

conotttut« a sot of prUttlv« concapto. 

Hor«ov«r. th« bohavlor of th« nod«« night b« •od«ll«d In 

Mry diff«r««t nay». Mt conoidor th« too«ral notion« dUcu«««d M 

■or« inportam than tha da«crtb«d «ch«««« th«M«lv««. 
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M/rr rwßtt 
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HAfTt*     VI 

vmummxm   OCTL I »UCMI« OACAIIIZATION 

An» iriMteliM wtitcli U lni««4^ to •ctuallt« «Ml to carry out 

• ocn »focra» wmmx  r*»f«ct «n« bo a^U to •■»rest tho following 

pnpMtlMi 

1. A Cflap«t%tt«i la OCfL It r«pr*«»ntv<i •• • tro« Mhos« node» 

• r» ««t«Mt« «««I «Aoo« «dg*« arc dlroctod chaaoolt of 

loforaotl««. 

I. tacli 004« KM •« oMroM ta a cartola oddroa« •paea; any 

aa4a «ay aaaa a aaaaa«a Co any othar noda whoa« addraaa 

It Kaow*. 

S. Owrlat lit Ufa, a caapwtattaa tra« avolvaa. growint and 

•tiriakl^. 

rs# third ra^alraaaat «ay aptaar to ha tha aoak stringafu 

•M. !•• wc»«id Ilka to ha«« aaaa hoat phyatcal atrwettir« which can 

grow Md ahrlali aa tha gwaat «M^wtaiton it centalaa awolvaa. »vntha- 

altla« itaalf frn« tha caapiaiata avallahla la tha aurroundtng all lau. 

U»a a WU Mlacala gevorna Ha sm  rafrodwctlon. In (?«ijt Von Naueann 

«••d a alaliar aaalagy. caapar laf a maputlag procaaa to a calf- 

rafradaclng orgaalaa. ha «aatf •• authortin« atructura a callular 

•aa«* fuch aa apfroach for daaigatag a aachlna for DCPL aay b« 

aatl4 fro« a thaaratlcal polat ol wla«, howawar aa a raault of 



Ill 

cMCMtratte« f****-****,  It *ou\4 MM o».e to b« toe l^racUcal. 

DlfftrMt kl«*» ol MCIIIM ori««ii«no« «r« <^crlW4 I« ti» 

««■1«  m MrtUvUr It t« »hfl-c. »H* »«§• tr-^Ur rat« ••^•••tul 

■MorlM My b« -••«!. nofcnt m or%*Hftio« «llowlaf •*»*w»«« 

tlWlr   .••6rOJ 
«) A« «ty  trpr ^1... in, orM«'«*.  trw« ■•» gt«» r«>ri»»mun»: 
•6r<Mln« In a   i»-c#IUUf »M«« ••» iN»r»for» *f problM«ci<. 

VI.2     CallM»^ »trwctww mlnf. him— — coMMiiUatlojLjatji«• 

OCfL » -pui-ti-n irre. My kc laflMwatvd I« th» •u^orti»« 

phy.lc*!    .iru. turr   «llOMI   111   fig.   VI-ll   MtOMWM   "•CUWl"  «all« 

My  .uMjnli in  te MM «notlMr through a ayata« of bvm—mi »«rh 

call hm m aMroaa m* aay aood • Maaag« «U a boa to any oihrr 

call. Uch noaa ol tSo ca^otntlo« tra« la actunlltoa by ooo or 

aaoaral «.Mia (tho Mount of •toratsa a notfa nay n«a4 la no» bowoai 

Chara In lna«o4 no llstt to iho oMbor of poin^t* • «oM My 

contala). Tim •«»«•• of  tho troo nro actual I IOO ulth yolntora. 

At any tim» thoro ara colla ublch ara froa:  »hay do not parttcipat« 

to any co^uratlM »rM. «ba«o»or a conrutatlo« iroa groua (or 

abrlnka). fraa calla ara allocator ta tbat tro« (or 4Mllocata4 

ana fra«4).  If tha buaaaa nay ba uoaa CMCurrantly. »uch aa ortanl- 

tattoo alloua concurraocy Ma atatrlbutlM of cMtrol. «Motrar, 

ainca auary call  I« "actlaa". auch M orgMlMtlM uo«14 ba frohl- 

bltlvaly aapoMl«« If  larta cenfutatlM troM uara to ba carrlaJ 

out. Moraouor.  aloe» thara la a lach of  locality  in »uch an «rganl- 
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satlon. such a conninicatlon system  would probably clog rapidly 

whenever the size of a computation would grow. In the organization 

displayed in fig. VI-2, we can take advantage of the locality 

a progra» nay present: each cell has a hierarchy of neighborhoods. 

However, with this organization the cell-allocation problem may 

become more difficult. It should be noted that such a cellular 

organization with busses may be very attractive If used as the 

fastest level of a "memory" hierarchy: tl.c main computation tree 

is Implemented in some other type of organization, small parts of 

a computation with mar.y local Interactions being swapped into the 

cellular structure to be carried out. 

VI.3  A machine organitation wl:h the node^ stored on a random access 

storage medium. 

In the previous section, a node was actualized by an "active" 

cell. This is a straightforward approach wien considering a node as 

an automaton. However, we may view a node behavior in the following 

way: a node is quiescent until it receives a message; the interaction 

of a node with a message addressed to it results in a new quiescent 

state of the node and possibly messages for some other nodes.'From 

this interpretation derives the following machine organization: 

The nodes are placed on a storage medium, each node having 

a physical address on this storage. At any time, the addresses of 

the nodes for which some messages are waiting form * queue to which 

a) Whenever a node acts sprntaneously in DCPL, this action 
occurs right after the creation of the node; it may then be con- 
sidered that a correspondent messfge is addressed to the node at 
its creation. 
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1« ansoclated tht set of corresponding «essages. One or several 

processors «ay access the nodes on the storage aedlua, the queue 

of addresses and the corresponding set of me sages. Any processor 

may service the queue: It takes the first message, accesses the node 

to which the message Is addressed, "computes" the Interaction, 

stores the new content of the node, and places at the end of the 

queues the addresses of the nodes to which the resulting messages 

(If any) are to be sent. 

Fig. VI-3 displays auch an organization with one processor; 

in fig. VI-4 several proces.tors may access different parts of the 

storage medium; to each processor is associated a queue; any pro- 

cessor may acceas the queue associated to the other processors and 

place messages in it. 

VI.4  A machine oraaniiation with a sequential rotative memory. 

The computation trees may be implemented on a aequential 

rotative memory. For inatance, la fig. VI-5, a processor controls 

a read/write head; the addresses of the node for which some messa- 

ges are waiting, and the corresponding messages, are queued; 

however, ^uch a queue la not serviced on s FIFO basis: the addresses 

In the queue are ordered according to the order of appearance of 

the corresponding nodes under the head. Thus, the top of the queue 

contains the addreaa of the first node to appear under the head. 

One processor may service several sets of tracks, nodes 

being Implemented on each of these sett (flg. VI-6). 

Several proceasors may serve different sets of tracks 

(flg. VI-7) or may serve the yame track at different locations 
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¥I.S  Hi«r«rchy of —orif. 

Wh«n«v»r 1t i« d»»lr»d Co t«k« «dw«nt«tr of • »»rT l—t 

processor, a hierarchy of randoa-acctaa aaMrlaa ia uaad (fig- fWUl 

ihm  aMllar a lave I, lha faatar lea ■a»rT(( 2VJ).Whan a •c*ory hierarchy 

la uaad, tha procaaaor vorka In tha faataac lava I, profraaa ha In« 

•vappad back and forth hatwan lha varloua lavala. It la hop«d 

that tha procaaaor vould faal that tha vhola «awry la aa faat aa 

tha faataat ona. Onlaaa a*ny Itaratlva conputatlona ara «vpactad 

to occur In tha faataat law I, It la nacaaaary to hav« batwuan any 

two lavala a traiu'ar rata larita anough to "faad" tha procaaaor. 

A large tranafar fata aay ha obtained by taking at aach lev.1 

a large block aa a unit of iranafarable InfonMtlon (the «lowr th» 

level, tha larger the bleck*. 

(fif. fl-«). I« k«tli ceaea a cu—milcatlen ayataa «lat Uak each 

preceeaor to the ^ueuea aaaeclated to the other procaaaor*. 

A OCFL ceaputatlun tree «ey be lapleornted o» a «»«»«»»ntlal 

rotative «awry *o that a aeo aloaya appeara uod« r the heed belorv 

Ita father. Aa a reault, any re^ueat nay be »ent freo an« to father 

««p ehe tree 1« a fraction of the rotation tl»e (fig. fl-f). In th« 

aoaa oay. atructured cella «ay be laplawrntod In order  to bv 

acceaaed and ••arched la a fraction of a rotation tiae (flg. VI-10). 

u« cooKldar theae aachlna organltatlone aa belag of ap«clal 

Intereat: not only ae^uentlal oewrlea ara generally rather ch«ap. 

but they ala« allow very large tranafar rate«. It becooea th»n 

poaalble to take advantage of the poatlblllty of having wary faal 

procaaaora (for Inataoca, a proceeaor dealgned on a oafer with a 

cycle tlae of 20 na.). 
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On« My b«U«ve, however, that only • tew words In such 

blocks would be really used. For this resson Jsck Dennis augtssts 

in (4i chst infonution should be aoved on densnd with the word 

ss infonution unit, a large trsnsfer rate being aaaured by perfor- 

■ing aany coaputatiooa In parallel. 

In order to be able to uae efficiently large unite of 

tranafarable information, we introduce the notion oi connected 

prograa. A coaputation is said to be connected if: 

1. it can be activated whenever a certain aet of argunents 

la available, and then completed without the need of any 

asternal infonution; 

2. no partial reault auat be aupplied to ita environaent 

before the completion of the coaputation. 

Aa a reault, a connected coaputation aay be brought in the faateat 

level of a aeaory hierarchy and coapleted without the need for any 

infonution froa aoae ot» r level; aoreover, there it no advantage 

in breaking the connected coaputation into piecea. carrying out 

aeparately the vartoua piecea. 

The notioii of aiaple connectedneat ariaea becauae a connected 

coaputation tree aay be too large to be awapped in the faateat level 

of the aeaory hierarchy and have aoaa of its psrta not being connected. 

A coaputstion is ssid to be siaply connected if it Is connected 

end if sny aubcoaputation it containa ia connected. Aa a reault, 

a aiaply connected coaputstion aay be brought by parta in the faateat 

level. 

Consider the following rxaaplee In DCPL: 
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1. the coaputatlon tree (flg. V-18): 

HEU V HMJi  \MJ*\i  U*V)  ♦ i-iMJx  U*V) 

it »imply  connected. 

2. the coaputation tree (flg. V-19): 

NEW UtV    (U*ii  [U*VhZ: Z*U)  ♦ (IM/tl; U) 

Is connected, but not slaply: th« ob  C9>f| lU*V]*Zi  Z*U) 

Is not connected sines ths arguacnc .' csn only COM after the 

srguasnt {/has bssn ssnt to ths sscond sxprsssion. 

In OCPL It Is «ssy to determine slaply connected parts 

by taking for Instance ths largest psrts which do not contsln 

sny sstup '«-'(Chsss slaply connected parts srs by no assns aaxlaal). 

Whenever s coaputation tree Is slaply connected. It Is 

Irrslsvant for Its environment whether ths coaputation Is carried 

out with s distributed or s sequential control. 

VI,6  A coaputstlon ss s nstwork of ssqusntlsl connsctsd proar 

A saquantlal connsctsd protrsa slsasnt aay bs dsscrlbsd by 

giving (flg. VI-12)! 

1. an avsnt table, sach entry of which aay rscslvs sn 

arguaant froa ths snvlronasnt, 

2. a sequential connsctsd process which aay bs applied 

to ths srguasnts contained In ths svant tsbls when this 

tabls Is flllsd. 

3. addrsssss of sosw othsr svsnt tsbls sntrlss to which 

s produced vslue is to bs ssnt (addrsssss tsbls). 

Rsaark: Any reference in a ssqusntlsl connected procsss Is locsl 
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to Its protra» «IMMK. Any btntftnt wltli th» —i——  UVOIVM 

only tlM ev»ni  aod tit« «ddrMM« taklM. 

Wh«n*w»r  M «rguMNit   is Mat  to «a »«try of  tho «««»t   tafcl«. 

this  entry   !•   filled with   lt.   TU«  M^tlMtUl  procOM   U   ifl»«err ! 

when  «11   Ihm  OOtrlM  of   tho  event   '«ble   «re   I t iletf.   Al   lh«  co^l*- 

tloa of  lh« copulation,  tho produced «•!«•• «re Mat   to MM MtriM 

of M«t other  progrco •IOMIII«.  acvordtng lo th» MMroOM« totlo. 

A coaputotlon mmy he coosldorod ••  • nottrork cf M^MOllal 

connected   progrM «lOMAta   (fig.   Vl-ll).   flf.   Vl-U  Jt.fU*.   • 

MchlM orfMtiotlo« which coo carry out auch a coaputatloa.  Tho 

conflfuratloo la «lallar to th« OM of  fit* Vl-Si  the Miwork of 

•oquMtlal connected progrM olMoata It alorod on a aa^MOtlally 

accessed rotati^ oawtry; at any tlM thar« ar* MaaafM MUIII« 

for an entry  In so event   tahla;  the «Mroaaos of  th«M Mtrloe 

ara ordersd  In the order of  appearance of  th«M «nlrloa uodar tha 

head.  UhoMVor  an event   table  containing an Miry  for which a 

Mtaaga la Mit lag yaaMs under th« haad. th« table la aaaatMa. 

If,  In addition to th« «ntry for which th«r« Is a MMOfa, a non- 

fllled «ntry reoalna.  th« Maaaga Is ]Mt ptacvd la th« ««MI  tahl« 

at  tha proper «ntry. On th« contrary  If. with th« aacagtlM of  th« 

«ntry for which there  la a Maaaga. th« «VMI  tahla la flllag. th« 

corroapoodlng prograa alaswot  Is swappad lato th« scratrh-pod 

MMry  (s a fig. VI-U) and aMCutad there, at  Its ca«platlM. 

th« addrasaas of th« ««MI tahlas to whu»» th« Mssagaa ar« to 

h* SMI ar« placed    together with th« corroapondlng Mssa««a. 

St   tha proper   place«   In  th« qMM. 

Let   us suppos« now that  so»« of  th« sequentlal  procaas«« 



Pig.   Vt-U 

\ 
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*r« ■tor«4 U « library. Chair «MrMM* «^••rt^ osly U th« 

progra» «IMWHC» (fit* Vl-M). A c<«r«(«Clca look« at my  no." 

Ilko CIM fMtoorit of fig« Vl-lt. M—i Chofv U a ■»•■at« for 

an aacry la aa avoac cabla wMcii -«i I: ba fllla4 Mlth ihta aaaaat** 

a ra^oaac for ilia prapar aaawoiial procaaa la cba library will 

ba aa4ai cba «laaaotai« ffrograa caa oaly ba pitlonmä  i4»on tfilt 

pracaaa «rill ba avallabU. Mt eaa alraatfy baow to ablcb «atrtaa 

In wblch avaat lablaa «a «111 iiava aaaaafa* to »rod: If ihato 

»atrlat paaa «a4ar tba baai «blla tba ra^afrat pro«ran Haa not 

yat baaa provitfad. cba ■••««•*• to ba aaat co cbaaa aacrlaa ara 

aoc yac aaallabla. fowaaar «a aay aaa wliacbar Cba aaaac labla 

«o«14 ba (Iliad If Cba aanaat« «ara aaallabla; If ao, aa aay «Iroady 

r«^w#ai fro« cba Horary cha «a^uaacial procan« aboaa aMraaa la 

yarfcraad acaln wlih cbla aa« «Uanatary arotra*. for Inacaac«, 

In flf. vi-I?, aaa aaaaata triiarr« cha ra^waac for fl«a aa^uaaclal 

^rocaaaaa fraa cba library. 

Ma baaa aaa« cbac lc la poaalbla co «laula out fra« ch« 

co«pucacl(Ht network a ■wb|r«pti of ala«ancary pro«ra«* which can 

ba parforaad aa aoo« aa th* corraapoadln« ao^u««clal yrocaaa«« 

will b« avallabU fra« cha library. 

Wh#n«wr m  aaaaat* I* condll f^nal, wa cannot km**  in «dvanca 

Mh«th«r thla «aaaata «III ba «oac or aoc c« cba aaaoclatod «aery 

In tha corro«yoo4lin§ avant tabla. it la Chaa a ftwaclaa af prllry 

ta «ato»* or not tha ^ha«a to auch aaanc cablaa. 

Vm  can aow propoo« aoothar «achlao organltatlon with 4 hiorar- 

chy af aa^wantlal rotadaa «»«arlaa (fig. Vl-li). for Inatanr-, 

contained la thla laat «laaoatary pragraa. Tba acba«a aay ba 
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•ach mmrnory might  hav* ch« %ar    transfer rate and the capacity alght be 

alaost proportional to the rotation tiaa: 

Ml        N2       M) 

rotation tiaa        16 M      1 na     64 i» 

capacity 256K       16K      2S6 word* 

Subgraphs of computation nt'works aay be swapped bettwen thea« 

MBorv lavala ualng the previous scheae. 

A aequenttal naao*   • a privileged direction: conaa^uantly» 

aa laplaaantatlon of a network will be aora officiant if a great*r 

nuabar of aaaaafaa »re to ba aant in the pri«ile|ad direction. 

The internal binding of a DCPL proceJurr «a/ ba perfonwd 

bafore tha procedure ia placed «n a library. Thia b'nding auper- 

lapcses to the procedure a graph structure which nay b« asprasaad 

aa a aa'work of aa^uantial connected prograB eleaanta. Noraovar, 

thia natwurk may ba tapienented contiguously in a logical ap«.» 

(for iaatanca. a sagBant). Whenever this procedure is lapleaemed 

ia a coaputatimi traa. this aafaaat la atorad on tha rotative aaaory 

In a way which kaapa (ralaitvaly to tha privilegad diraction) tha 

topology of tha oatwork. Then tha precadura It bjund to Ua anviron- 

aant. in tha coaputatlo« traa, according to »ha t> n binding rulaa. 

Tha coovantton w« haw taken pravioualy ( a son appaa-a under tha 

haad bafora tta father) aaauraa a non-optlaal but to a Urge eatant 

aatlafylng aoluttM. 
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A progm In OCPL exhibit«,  to a Urge extent. the fl«* 

of tnfonMtlon.  the poeelble concurrency, «nd the "topology" of 

the co«putetlon structure. Thl« «Ho«, new    ••chin« org«nl««tlon« 

which, w« believe, iiould permit  to obt«in « l«rg«r throughput 

with !«•• r««ourc««. 



Ill 

CMAPTU VII 

CONCLUSION 

NOCIOM which «r* relevant to both protrawlnf languag« destt» 

•nd «achin« organitatlo« hav« b»«n dlacut««d In this thasls. 

Proirvs««« aad« In thaaa two doaalna occurred ganaraUy Inda- 

pandantlyi ■inc« thaaa davalopaant« wara to ba coapatlbla. artificial 

raatrlctlona hava baan lapoaad In ordar to dar Ina a coaaon fraaa of 

rafaranca. «a ballaaa «uch restrict Ions c»n only be removed by co*- 

prehenalva approachea. 

Today's prograaalng lanfjages view conputera aa If they were 

■till slnple von IteiMnn's type nachlnaa. A cooputatloa Is nstniy 

ronsldsred aa a aa^uence of Inatructlona. which car todlfy th# con- 

tents of SOM calla. Aa a reeult. alaeat any poaalblllty of i»«*lng 

concurrency and distribution of control In conputvtlen atructurea 

U laat. 

To^ay'a ■achtaa and ayatea org- :--•'. «• consider progreaatng 

languages aa If they were unable to graap th« Infornstlon snd control 

topology of the coaputatlena which are eapreaaed with thasi. Aa a reawU* 

poaslbllltlea to plan In advenes the cooputatlon proevss sie toat. 

producing, la our opinion, leas efficient eynte«g. 

A OCPL progrsn eahlblta concurrency, distribution of control 

and locality of raferencea. He believe that thia will peralt ta have 

a ac.e efficient nachlae orgMlsattan with leae ea^enalva resources: 
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with • tradiilo^l ergMilsatloo. • twry fwt proc—or (a mpro€*»*ot 

o* m chip" will hm nry  ln*«p#n«i¥«  In J«Mt • ft»# ft») »#u«»ld »ol 

b« abU to b« fully u»«4 UQIMS • prohlbltlwly «spanslv« wry IMC 

■Mory «vr« to bm uMd. or Mall  ttaratlva co^utationa war* oapactad 

to occur vary ofta«. Tha aachloa ortanitatlon propoaod hara la ballav»4 

to ba abla to -faad" auch a procaaaor by ualag ralattwly »ot «spanalva. 

vary Urta trMafar rata. aaquontial aaMrloa. 
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