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Abstract

The concept of the structure graph is introduced as a means of
deseribing asyncrhonous, muiti~process computational structures. The
proposal is to constrain the description of such graphs so as to guarantee
output determinism and to develop means for transforming such graphs into

other graphs which are to be equivalent with respect to terminal behavior.

This memo is based, in part, on a proposal for thesis rescarch in partial fulfillment
of the requirements for the degree of Dector of Philosophy submitted in the Electrical
Engineering Department on 28 February, 1667.



I Introducciom

The recent trend in the design of digital equipment towards the increaszed use
of integrated circuftry, implies that certsin design techniques ought to be
re-evaluated. Desipgn languages such as those developed by R. Schorr at Erinceton
or J.B. Dennis at H.I.T. reflect the current practice ¢f building computer systems
basically from registers and register transfer gating; Such structures are uséd
because they seem to provide a means of expression easily understood by both
the designera and any other parties who must become involved with the zomplexity
of the system, e.g., maintenance technicians. Moreover, as these strucoures
are most usually organized accordin- to functien, lsst minute changes can usually
be made on only the functions involved, with little reprganization of the reasining
struzture required. The Buffman{z} state table or grate graph model for sequential
pachines, however, has fa;nd relatively litele uee iw practical design because
structures of redsonable size when derived from the use af such techniques wusually
lan% this property of understandability. Therefore, one criterion for a design
representation scheme appears to be iis clarity of interpretsrion.

The advent of jintegrated circuiery alse necessitates a re-evalustion of cux
design criteria. Cost considerations have changad. The cost of a 100 component
circuit £s nct substantially higher than the cost of 2 2¢ component circuit.

Cost becomes measured, for example, In terms of the number of terminals per
integrated circuit. Mareover, since an integrated circult cannot be internally
c¢hanged or repaired once comstructed, only the termiral characteristics of the

¢lzrcuit need he gpecified to determine its behavior in the system being designed.



Theorem:

Proof:
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A wfsg is completely functional.

For sake of simplicity, this proof will demonstrate how the execution

of any whsg can be simulated by an appropriately defined MCM (see ref.

and therefore Van Horn's result can be used to prove functiomality
directly.

Let us suppese that we are given a wfsg, G, and that we wish to
build a simulation model of G by defining.a corresponding MQYI, M.
For every active node Ca’ in G, there will be a corresponding clerk

cell, Ca, in M. For every link, E(Ca s C"B ), there will be a

1 i

corregponding value cell £(Ca y €' ) in M. Since in G, active nodes

i
can alter the values of associated links, the clerk cells of M will
correspondingly be able to alter the values stored in associated
value cells. BSince G is well-formed, no adjacent nodes will cver
try to alter the value of a connecting link simultaneously, and
therefore in M no two clerk cells with access to the same value cell
will every need write capability for that cell at the same time.

Folloing this reasoning, every action node can be modeled by a clerk

cell with the following transaction table:

)



This implies that as long as the terminal behavior can be derived and represented
in an illustrative format {such as one of the currenr design language:), the
actual structure of the lmplementatiou within the circuit is of little concern,
Implementation criteria such as conceptual organization may saon oe replaced
by such concerns as - Ia this structure topologlically representable con a twe-
dimensional plawse (indicating single layer wirability), Is this structure
tolerant to non-perfect ylelds on the chip, ete.

Much work h#s been done and, I am sure, will continue te bLe done an
specifying elgorithms for cthe decompositien of deterpinistic stete tables
or state graphs into various structural implementations, for exaumple, the
work on single fesdback shift register realizarticns by R. Martin or the
methods of loupless decompositinn developed by H. P. Zelger, both at M.1.T.
An algebraic structure theory of scguantial machines has even feriaed the basis
of'a book by J. Hartmanls and R. Stearns. Algorfithms will prokahly szon
evolve enabling state graphs to be decouposed into forms satisfying criteria
such as the wireability or fault tolerance mentioned zbove, The one problen
common to 2l Chesa studies, however, 1s that they il specify theirv slgorithms
in terms of operaticns ou deterministic state graphs or state tablas, and
engineers siwmply do not design computing sfructures in terms of detsrministic

state graphg or state tables,

&
[For example it might be perfactly reasonable to repiace & shifr register specifind
in 2 system dazign uy a behaviorally-equivalent shift matvix although suck z
substitution might be untolerable, cost-wise, when using discrete lngic),



if only fer p;rposes of counceptualfzation, it appears ﬁeceasafy, therefore,

that & useful digitasl design language (digital system representation schame) be

built arcund the concept of spacifying. in detail, the operation and interconnection

of a swall seb of essily understood design blocks or subsystems. If networks of

such blocks are to represent deterministic machines, then {t should be within

the scope of the representation gcheme tc at least guar;ntee the putput

funciionaiity of such netﬁorks‘* As with existing design language descriptions,

bowever, unless sgatisfaction of the design criteris meatiened above plus criteris

yet to be defined, can be =22s8ily implimented directly into the scheme of representatio

it ehould be possible to perfarm regtyucturing transformations ou these networks

which vield functionsliy equivalent representations that satisfy the desired criteria.
Since a machine descripticn im any existing digitzl design language implies

sone corresponding state graph, why couldn'twe just allew the dasigners to use

a convenient description foxmat, gemerate the implied state graphs, and then apply

the decomposition algerithm to get the desired implewented structure? One reason

is that es iotegrated circuits develop to the psint where they may contain hundreds

of active elements, the state graph for the hardware implemented on a gingle

cbip may be capable of assuming over 2100 different states and even with the use

of large computers, dealing with state tables of this szize Ls completely impractical.

Moreover tie structural implementationm used for the original specification of

the macnine has put all ths constraints betwesr state variable dependence and timing

interdspandanse impilied by thia gtructure inte tha darived state graph, vielding

¥

-
{Cutput functionality is defired as the property of a system to have its seguence
of output values be uniquely determined by ite {nitial "state” and the sequence
of input values?

k3



4 state graph containing more fnformation thas the amount necessary just to
achieve the desired terminal behavior of the subsystem being implemsnted,

In other words, even Lf the "stete” of & system wers observable, it was not

in genersl intended as an obgerwvable entity by the designer. Unless there is
some way of {dentifiying thia cverspecification, these unnecessacy (aad pro>ably
undesirable) constraines éﬁst e carried through the deéomposition algerithm
and into the final realization. For this reason 1t s=ems desirable to make

the origiral specificaticn of the design in & representation which constrains
only the behavioral (terminal) aspects of the system,

Fron the above considerastions, it seems as though not only should a systenm
be definad {n terms of a network of interconnected subsystems, but that this netwvork
should alsc represent explicitiy all behavioral reiationships that it establishes.
This implies that atitl functkonal relationships and timing congtraints imposed by
the network representation should be observabla. For this reason it appears advisable
o use descripticons of the systeam building blocks, the subsystea, in which the
sejuences of output values can be derermined from the sequences of ifnpuc values
without regard for the time interdapendence of these sequences; unless, of coursas,
these timing constraints are expiicitly expressed as part of the functicnal
relationship. WMoreover since synchronizstion ¢f separate subsystexs can be
achieved only by the sharing of common information, e.g., a clocg signal, the
relitive timing of subsystems which are logically disconnected must be wonsidered
ar -rhitrary. Tn other words, thes relativa timing of slemanta within & Retwork

ahtild be assumed to be arbitrary, i.e., the network will operate asynchroncusly)



allowing specific gquestions of synchronism te be answered anly in terms of

logical 1interconnecticn comscraints. Therefore, 1f it is desirad that syatems
medelled in the design language display output fumecticnality {at least with respect
to 2 specified set of Input seguences), then procedures shosld exlst within the
representarion scheme to guaranctee thig functicnalitykin apite of the ssynchrongus
operatien of the network.

§till another important feature missing in existing digital representarion
schemes g an effective means for dealing with structures in which several di<ferent
computations may be thought to be proceeding currencly, Multi-processer cowputing
aystem?éepresent present generitlon examples of such structures. If rhe locus
©f control for each computation 1s defined as a process, then it mighr ba
desivable to describe melti-sonputation svstexs Ip such 2 way that gevoral processss
can Le allewed to proceed through the networi representation {asynchroncusly with
respeckt Lo ene another), either ladependavtly sr with allovablie inter-cormunication,
ie euch 4 manner thst the output functinality of the system is assumed, In keeping
with the desire to defipe systems in Levms of only local constraints, this Luiput
functionality should be attsimable through only lacal vonstraluts on proness
activity wirtheut the recd for gighal aynchronization.

Tn summary, the objectives of rhe proposed thesis research wiltl he g cavelon
& scheme for the represeutation of fiuite sequential machines which meets the

foliowing obiectives:



1) An engineer must be able to "easily" represent any set of finite

atate events within the fremework of the representaticn scheme proposed.

Z) Systems in which several asynchroncusly communicatiag processes are
proceeding concurvently should be "easily" reprasented in tha design

scheme.

1) It should bz possible To define a theory of equivaience for networks
daefined within the scheme of representation. Morecver, using thice
theory of eguivaience, it zhould be possible to develop and defipe
equivalence-preserving, restructuring transformations on such networka.

The following section contaius a shert description of several previcusly

developed segquential machine repreéentations. These will be briefly discussed

in terms of how they individually satisfy the aforementioned objectives.

1I Pravions Work

When the Huffmancz)

model Is used For describing asynchronous sequential
machines, proper operation Ls guarsnzeed only by observing the Lranziesnt
behavior of the particular exeitatiow matrix impiementstion of the flow table.
Whenever several state variables are sllcowed to change sgsimultaunszously, the
regulting state must nat depend on the order of these¢ changes, L.e., 2ll races

nust ba non-critical. The wge of this medal reguires that the encire "state"

of the system be characterized in grder tao interpret the translent behavior.
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Ae we hsve alréady wantioned, the "state" of even & single integrated circult
may soon reflact the status of 50 many state verisbles that the state ratle
representation of a sequential nachine might be imtractatle even withk the use

of large computers. HMoreover tha designer even now is unable to camp rehend

of bis machine ns making trevmsitions frum ome vstate" ta another. The "state’
in this context simply contsins too much information for any reasonably sized
sequential machine. This imcomprehensibility of the éuffman "gtate" is magnified
enormouxly when we hegin teo dmal with machines ir which several computztlions

are thought to ba proceading concurrently. A4s the caemplexlty and sophlstlication
of design concepts increase, we CEHD ouly expect the gap hetween Huffmen state
table analysls and pzactical design representations to increase.

David Muller(&} has developed a theory of logical nets that otfers s
solution to the problex of timlug,- Muller nets wure spmpletaly speed independent
1n the sense that a ulock’s communication with these blocks comnnected to ibL is
ailowad to proceed completely asynchromausly. Very similar nets hAove been
deacyibed by R, Ecﬂaughtancz) and H. Gray and J. Sims.{l) Yt is essumad
that such asynchronous behsvier esn be achieved cnly by the use of fesdback
betwaen comrunicating blotks. Each block can uee the fasdbank to indicats te
the blocks conmected to fts inputs when 1t is resdy for a pew problex aad fo
jndicate te the blocks ceoanected tc its ocutputs vhesn it has an answer ready.
4s the timing within each block must be synchronized, such systems may be thought
of ss having replaced the necessity of cowplete symchronization by placing
comatsainte on ehs informacien flow batwesn diplolul maly ef stara wupiatliea

and requiring local synchrorization of the variables within these sets. Such



studies have given such insight into the requirements of ssynchronous design,

and, in fact, the Tilimc T was builr at the Digital Compulterx Laboratory of

the Unive-sity of Illinois using many of Muller's idess. Following thls

type of desiygn pracedure the engineer is adle €o satisfy the race constraints
specified in rerms of the state table of his systam without havivpg to

refer to such a tabie; vather he seed only be conzerned with thae atate tables

of the individuel blocks sepazataly. The results of these studies nave yet

to be interpreted Ln terms of designiag estructures which are able ta concurrencly
process several interacting computations and as such must be examined more carefuily
tn this zontext.

Ee:l Van Born(?) hag recently completéd & doctoral dissertation 4t Projeat MAC
or, the davelopment of machines fur_coordinated miltiprocessing. oY MCM's. Altheugh
primarily {ntended s a design concept for the davelopment of a computing system
or a prograaming language sYSCem, the class of abatract machines proposed offer
some i{.terssting zonstraintz on aay sequential muchine in whizh sevaral inter-
commu lcating but arbitrarily “imed processes are allowed to procesd uoncurrencly.
The omputational state of an %M is defined as tha atatlc contents of all the
aem vy elements in the system, i.e., the cells and the coutrol matrix On the
bz .5 of the informstion In such a state, & "‘sc:i'uzzclu}‘ec'Ii will allow a cercain set
cf srocessas Lo perform i single operation {the cheice of this set may be
coupietely avbitrary witidn the Jonstralut of & few selaction rules). Whao
g ase operations conclude, & new compvtation stats exists. A valid M, sithough
£ need not progress through the same sequence of computational states for a glven
set of initial conditiomns, c¢4n always guarentee the same sequence cf different

values through each cell. This property is called complete functiomality. GSince



the output of the system i mssumed to be the sequence of differeut values
appearing in a particular subeet of these cells, the output streams &rs
completely determined by the fwnitial conditfons. Such an anstomaton lends
itself much more directly to iﬁterpretation as a multl-~computatf{on ssynchronous
processor than the Huffman state btable model. Another interesting aspsec

of this model is the possibility of coemrunicatien in either directlon between
any palr of cells. The MCM dows rnot provide an adeguate model for all our
objectives, however. The possibility of complete local control and schedullng
of computations through PTOCEss0YS 1s restricted by the necesslty of a central
control, the scheduler. Although any MCM built accovding to the rules must
have complete functionality, the scheduler is required o resolve conflices

in attempts to change the contrel matrix. Moreover, such an automaton is

much too congtrained to be used as a behavioral description of a sequentizal
machine. In particular, given a set of initial conditicns, the sequence of
values appearing in every cell is determined whereas, for 2 behavigral deseription
all that need be determined iz the sequence of values through theose cells
designated as outpurbs, output functionality.

(s)

C. Perxi bas developed a theory of logic nets based on certain physical
principles. Petri-structures may be explained by considering a set of mamory
elements, possibly overlappiug subsetz of which sre connected through processors.

Bach processor continuslly moriiors the values of the aseocisted subsor of memory
elements. The processor's actions ave defined only in terms of certalm configuratiopas

of these velues. Whan such a configuration asppears, the processor makes a deterministi-

transaction which replaces the observed configuration with a new ser of specified
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values. Since each processor aciz independently, such networks exhivit completely
local control. Mnreover rhere is the possibility of bilateral ¢ommunication
between any palr of processors having sccess to common storage =lements,
indicating the ease with such structures might be used for multiprocesse:
machine description. As no timing Iinformation is assigned to any processor,

the processing of such s network must, by definition, be asynchronous. 4 though
Petri glves examples of how 2 very limited set of processors might be intei-
contected in a particular way to reaslize a universal Turing Maciine, no general
resulis have been gtated which indicate how the claess of allewadble procesacrs
wight be defined. Also bacause a geoeral Patri-structure need not he outpué
functional, either & set of vulus for general processor interconnecticn or a
class of processors allowing arbitrary incerconnecticn must be defined to insure

the outpul functionality of chese networks.

I11. The Madel
The model uged for the daseyiption of compatational structures will be a

ciass of undizeeted graphs called structure graphs, The vertices of such

greaphs will comsists of a2 set of active neodes and termiral pointe which are

intercomected by a sariez of links or branches,

& N:}-ﬁ&ﬁ
Thowe 4= twe Lyud ol nodes uped in deflning & etructurs praph: ackive
nodes, and verminal peoints.

n active nade is represeated in a structure graph »y a cirele with an
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fodicated, ordered set of comnection points, {1, 2, ... , n). For en example

of an active node see Figure 1, The node illustrated has agsccilated

Filgure 1

with L{f a name 2und a classification represented by:

G
o

where € is the classlification name or node type, and & is the proper

name of the particular nodﬁ 11luatrated. More will be szaid about the
operation of active nodes and the interpretation of the claesification nawme
in sectien L.

Pagsive nodes or terminsl points are represented in a structure graph by

a ghaded circle with a single indicated connectiom polut {sae Figure 2). These

T. @

Figure 2
nodes are asaocieted with a proper nzme snd the specinl cleseification 'Termimal',

represented by:

Ta

where T iy the clamsification aame reservad for terminal peints, snd € is the

groper name of the parricular ncde illustratad.



B. Links

& link 1s vepresented in & structure grapgh &8 an undirected line and hae
asgoclated with it & name, 2 value, and possibily two nodes. Links are used se
the branches in a4 structure graph to coaneect a comnection point of some aode
to 2 comnection point of another node, ov & link may connect two points on the
ssme active node. The locations &f a link's terminstions are specifted explicitly
1o its mame. A link name will be represented as:

L{cC c

Ca,’ bj)

where L is the proper neme of the particular link illusirated
and €, 2, 1 aad C', b, | are, respectively, the classification, Proper namsa

and connection point of the asscclated nodes upon whizh the link terminares.

The set (CE . Cé ) is considered .to be an unovdered puir as no directiveness is

i 1
to be assizued tu a link and therefors L{Cs s Cé ) designates the pame link

17

. as z(cg‘, Ca J. Moreover either member of this set can be the frae symbol
] i

{-} if 2 link extremity is not associated with a node. If boch COAPIMENTE

of the set are specified as *-', 2.g., £(-, -}, then tha link is aaid tg
be npconnected,

fvery limk im a structure graph has assceiated wizh it a yalue. This value
240 be eny symbol sf ¥, where V is the sat deFined as the alphabet of the

siructure graph. As will be expleined in the text sectinn, the value asseciated

with 2 link qan bs set 24 2n iniclal sundician &nd then shanged by any of the



nonnected . active uodes. To determine the value associated wirh a Liok at any

given rime we will define the value functien 1){ }, which vhen supplied with

the name of 2 link will yield the current value associated with that link.

G. Structure Graphs

A gtructure graph is a set of sctive nodes and/ovr terminsl points inrer-
connegted by liwks., The nawming conventions for linkd 4and their asscciatad
nodes ms described above ars assumed to be followsd.

Every active node typ2 used in a structure graph must have szscoiated with

it a set of tramsformations or productions represented by:

. - -1
£ 31 + t
2 o4 2 )
- ~f
5 -+ T

-t
vhere, If O nodes have n ronnection peints, & is an ordered u-tuple

e i i i
g {sl, Bos e sn)

i

and similarly

bt 8 i i i
L= . {9:1, Eya tres :n)
i -
for ai, g € vu i}
The local configuration éu Ascociated with & uade CCL having w connecclo

peints is defined as the yectors:
Py = Qs Py - p )

wvhars each pi is the valuve currently asseciated with the link commected o

sonnecltion point 1 of node CG



Hode C& is said to be adiscent to node L' if in the slructure graph thave

axiate a4 link 2 (ql, C

1y
#
T™Wo vectors P and-ﬁ sre ssid to be asguivalent, P = ﬁ , LEff

i)both are vectors uf the zams order, n, and

2 Visisn Vo ¥ (o, F-nm =)=, =n)

. . : =i -1 : )
If theve 1g si leazt ome production, 8 % ¢, ip the set of transformations

associated with an active node C with lecal cenfiguracion 5& guch thak

3"  chen the node €, {s said ro be spplicable.

{ib

Yo

If an applicable node Ca applys ftuelf to its leesl configurvation, It

replaces the value get cosmprising that local configurstion with a new set as

. ; e o . -1 -1 =i -
specified by the appliceble produstion, i.e., if pu 2 g and {3 =+ tT¥z C
- - ¥
then the walues of links conmnected to CG are replaced ao that p(z t%

M

1} An imitial system configoravion is establiched, {.e., an {mitial
valuz iz associated with every linlk io the greph.

2Y Any time o hode s appiicable, iv may spply itself, revising
iocal configurations 1o the process. bBecause of thig rule the sotlve

nedzs may be zpuzlderved sx proceading geynchronously with respect

te one asnother,

£ 3 _
i1 tj = -, then the valua of 4¢he liak ronnected to C& is left unaliered.

i



The progress of a8 struchure greph in execution will be referrad Lo as iug
history. The history of o graph at time t will Se defined as the zet of 21l
of its link historiss. A link history f¢ defined ae the erdered gequence of
different values sgscoisted wlth that link frem {nitisl condiclons until time t.

It shenld be noted now that the terpinal classifi}a:iau, T, has po
associated get of transtormations, and cherefore slnce 4t car alter no Tiak
velue, a terminal point way be thought of as & passive or inactive node type.
¥ith only a single conrectisn potvt, a terminal point may he associated with
only e simsle link. Thosa links which terminate on at least one cermiral poine

are referred to as tovminal tinks, and the link histories of these links

fepresent, by convention, the enly information that cao be excnanged beiweern
the glven structure sraph and {ts savircoment,
In accord with the definitions given in the firs: pact of this paper, a

atructure graph ig said to be functignal or determintstic (£ irs bistory is

aniqualy determined oy the initial ronditions. Oz the prher hayd, tha gragsh

1s said o be outpur functioral or terzinal deterministic if tha link hiatorizs

of all terwinal links sre eniqueiv determinad by the fnitisl conditizns of tha

gragh.
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. Well-Formed Strucure Graphs
Ecyucture graphs as Jusi defipzd provide a poweriul tool for deseribing
dlecrate compubstionsl structures Howsver sot ail sueh graphs are output
fureticasl, and, in fact, 1f two adlspeni nodes cen be zppltcable af tha
same time during exscutfon, then the graph histery may be smhigusus, For
these, among other reasons. 1i is advantagoecus to define 4 well-formed structure
graph, wisg, =s:
1) wfeg's sacinfy the rales of vamiog descrited above, and in additier
2li 1inks, nodaz, sng classificaticns have unique names, Therefore,
given the set of rlassificaticns and sssocisted transformations [n
eddition to the set of nedes and iinks, the struciure graph iz
determined vniquely.
2} wisg's have unapbigucus seis of trancformations assecistad with each
node Cype. This means that for & given lecal configuracvion at most
onw production im the ciassificatien may apply.
3) wisg'sa are conflict-free. A4 strecture grapbh is conflict-free if for
any pziy of sdjacent nodes tha: can becom: simultanesusly appiicadle,

the valee associeted wich zmy connecting link s slcered by nelthes

appilivation.

ah

sfag’s are transfovoation iossiess. A structurs graph ig said to be

i

Lracafovmecion Inssleee only 13 rhe appiisstion of auny azslizebla mode

ig wrmer able fto prevent the application of any other simultansously
“applieceble node, {.e., an applicable node ls able to 1os: its

geniicabi ity only th-ough its owm action.



Sy

& wfag is completely functiemal.

¥or sake of simplicicy, chis proof will demonsbrate how the execulfion

af suy whsg can be simuiatad by an sppropriately defined MG (see ref. T)

and therefore Van Hora's resvlt cenm Le wsed to prove functionality
directiy.

Let us suppess Chat we aze given & wisg, G, and that we wish to
build & sipvlation model of G by definiog a carresponding MY, WM.

For every sciive uode Cw, in G, there w41l he a corresponding alerk
§

cell, ©_, to ¥, TFor every link, £{C_ , €' _ ), there will be &

cer:éspon&ing value cell i(qﬁi, C'gj} ic M. Since Iln G, active nodes
can alter the vaéues sf associated links, the clerk ecells of B will
correspondingly be able te a2lter the valuzs stored in associated
value ceils. Sinse G ie wall-fermed, o 2ijacent rodes will ever

txy to aleer the velus of a cnnnecting iiok simulcaneously, and
thevefore in M ns two elexk czlls with access to the same velue ecell
will every need write capability feor that cell at the same tiee.
¥oiloing this rsaponing. every action node cén be modelad by a clerk

zall with the fo¥lowing transaction f3ble:
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the simulstlen of G is interpreted as follows: The initial
. :
ceaiiguration of G is stered into the appropriste vale cells of
5. aii eLari salls ave given read-wrile capabi.ity Fusr themselves
el aza loaﬁed‘w;th risn fizst imstyuetion ih theltr treussation cablies.
Zavn clagt celi aisc recelven reac-capeblility for every vinue sell
fesvresponding tu & wovnached {ink] whuse contents would ne: restyict
che sorresponding vode from belng applicable. Eac. ise the m iglled
avaph Lz well-forwed. every cierk sell movrrespondii: te au inivially
ewplicenle node will have all the necessary vead caisbilities and,
merenvet, whiil heve read-write capability for those :ells whose

vaiuer w11l be glterad. When clark c2il ﬂa {s Ytoaded with the c& ulation

wase of its trensnctico tzble, this corres oncs to ac-ive npde €
o Ea a
becoming esplizable.  The "pute” of the transasiion talie alter the

partents of She corregponding value cells in tta same we? as would the

epalication of che corresponding active node aller the coitents of The

apssciated iluke. 0DF that set a¥ valve nells shose conberts were

, E

,
ceved, guus’s of resd capabllity are meds o sdjacent” clerk

"
]

cells for that subset nf veiue cells whose alier:d contenis prevant

Tyother spplloabliity of qg. s chen doss & ser.:s of dons's for this

some yubmet of assoetated valur cells.
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140 enly a lewzal condiiion on adiscant podn

=4 a locsl groph somgiraint {whereln only Lbz | ocuction
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tey,  Ome mighi new wegls ho
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4 woio O As said to be 8 digtance D fyom node § in 3 structure groph if

the shorie

"E {J%t ]

. A
¥ a3
L]

S
S

B 2a tha

& b=

st path frow & to E in the graph consiats of & chain of D Linke, i.e.,

£ -t andes named il’ Lt, . D 1 } S the conditlon {a adiacent Lo

i, adisgent t» Q g 'ge1 adiprent Lo gl s sstisfi-d and

amndlle2ak numhﬁr af nades ot which the cornditlon cén be patlsfied.

Gigtance dererminism £2st is defin’ as baing a set of constraints on

goraatuXlae

che alliowd

shkruciuxe

sage Thved

praph definition which, Eor each active code in the graph, restricts
ble prcﬂuc:ion sets For that node o5 he fupnccion of that part of the
graph including nodes a distance I oor less From the glven node, for

mbher D, When sstisfled, the test copsiraints guarantes the complete

funceionalicy of the structureé grault,

Proot:

=
i3
4
o

caw ewist no genersl D-distaace dersrminion test such that 4
strusture graph with specified 1nicial conditions is guaranteed to

ba comaletely funetional if and enly {£ tne test is satisfisd.

The vonjecture will he proven by assumipg that such a fest exlists

with some fiwad walue for B asd rheu exhibiting a structure graph

for which tha test Falls. Heving sgswned the axistence of such &

cesk, Che ptructurs geeph of figure 3 1s examivied, Let fthe Ltast now
ke grplied Lo each nodz of the network. In par:icular aotice that

test zpplicd to the nodes which Lie to the left of line.ﬁ, must vield
2 consistent regult whether praduction vet a or & we:é usad,

simee In berh cases the structure gragh to the left of the dashed line,
5, is conpletely decsrministic and cquivalent* for the given initial
copditions. Few realiza that if the test indicates the entire graph

ro Lo conpleiziy deterainistic, production set & way e used in which

i P
LAY E R
et

anr fn the senac rhat the sequeats of values for every link will be ident:

saELS.



wid~

rase the graph 418 sctually non-deteradnlstic becavse the final value of link

B{ﬁﬂ...' =} is derevainad by the rvelative ciming of nodes ﬁi and 62' On the

t;i;i".is.:_- mreg, iy the determiniam test had indicatad thg graph to be non-deterministic.
protucticnu aet a! c:auld!bm uged, in which cage, ths structurs grapé would

ipatesd o2 compleraly deterministic. It follews that e D-loval daterminism TesC
wnac e ouable fo determine the functionaiity of such a structure graph

QED
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1¥ Prouiems for Further Stady

The praceeding section demonstrated how the ¢omplete fupetlonallzy of
a styustare graph could be guaranteed BY sarlsfastion of enly 4 simple Local
constraint. In the rira. secticn LT ¥WaB disaassed as Lo why & outpat funcnisndl
dezign wight “e srefarrad 9f course, 1f & sTRuUnLULe graph Ls completely funcliond
{e 4s veivially owtput supetionsl. The prebian is o 1ecser the resbriatinasg
and devlse a &< =i reaaanably-l:cal dezign rogstraints which guarantes pulput
funchicuaiily.

As an exsople of 2 structass graph whiich dispinoys dutput fumetismallty, ¥

reader is velervod o khe appandiz whave & model of an asynehrouou, mulni-prooes

PN
T

Simcaceho.mied allomia-on sy fllustratzd. Although it will pet a proved
peper, lv can @ ghuwnm tast the graph Tilusirated s oubput Fauoiion not ok

sripr af puch styustures ax tais,; it

i5 noped thal constraings wnon model forauiation can Do developad viloh assor®

ecutput Juactior@lilty 5f the snructure.

i tw shown Sa vark 1Y of cha apgandiig, addfrional, redundial andes Can BE

3o T s P - R h [ . .
acded to the structurs wraph AF pazt i, Fhtce neces aliow mive %

e

jrraliopatre & Ying node medeling ident csy wtens, sywhol paivs. Heeo fhnorionk
£ o - P L T b > - Y - 2 H T 5 '
For pur puipsind s che fagt thal The cepmirel bohuvior i LHE structura hEt b

5 . a ey 1 K g ST PRI T 3 e - 5
gnatiarsd, and for Dl reascy the UWg SLTawiuiwes ca by thoogho of o€ st s e

seizh vesgprot T2 Cwrwlnal bebavlor. Furcher vore will Be dlyact e POWLEE

L)

-

st el ey oA i e - . . Lo o
rabtisaing a theory of eguivalencs for srvuolure graphs woeaw wan 1d ematde ne

3

mn

. i P LT gy can e S P 3 H - i .
gerorpivg the eraivaleanes -F gurh girusteres &5 tn SRE gxenpLe piver. fven mobs
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Appendir

Part 1

A iinear-poundsd Qu?amaton, 184, 48 dafined to be 2 Turing machine under
the TesCrictiou that the lengtiy of the tape presented to the machlne is nw
lowger than a fixed aulriple of vhe length of the input string {see figure &J.
Sach restricted Turing machines wave racaived attention becduse ot their
relacion to context-free languages. Bon-COLNET 4cliny context-sensitive langudges,
and to the field of structural linguistics ;n gemzral.

Tea 183 censists of a finite-state control enit fo whieh 1s counled g yaading

head. The head scans a single, Finite heapth wape, vhich gan be snifted in 2ither

W

direcrion. Input dzta are presented te the L3a in rhe form of a pattern of syubois
gritcer om the tape. AR each step of the computabinn, tha LGA may vgplace LhE
currently scaunned symbol and then chifr ke tape o1 B&it. For the purpanes of
this gresencation, the pubput of the L3A will be defined as the hoistery of the
cape contenls,

The 10A 48 defined by rhe struecture of {ta uoutrel unit. The LBA i 2iways

eosumec to he atavted in & specified starting state, 4,. Tha contzod wnit i

sl

safinsd Lo tevams af a finite cet of Y-tuple ta A-tuple transformations oz follows:

(q,. &)= (q. . 8, &

i 114 3 £
danrs PO B B detinad as the sbots Asi

s , 8, € & defined ss the alphabet
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