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Abstract

The microprogrammed controls which have evolved
following Wilkes' suggestion are for synchronous
cencrol acructures. Thia papar presents a micro-~
programmahla array for ceallzing an asynchrancus
control structure, The work prasented here sxtands
Jump's asyuchronous control arrays to include many
assencial comtrol capabiliciea which were lacking.
Tha arrays realize struetures which allow gequancing

‘at operations, conditicnal branch, subroutine call,
Eork operatlon to create parallel processes, join

of parallel processes, merging of contrel, and arbi-
tration with semaphore primitives to achleve control-
led pcoess bo limited resources. The comtrol ta

be realized Ls specified aw a Simpie Petri net which
is then tranalated inco an array repreaentatiom
which represents the microprogram. The cellular ar-
ray Ls then obtainsd by salscting call configuracious
in accordance with the nade of the arrvay represen—
tation of the comtrol. The circults obtained are
asynchronous and speed Lndapendent. The micropro-~
grammed array is a cellular form of €, 5, WOR, XOR
mynthasin of Pacri Heca.

Introductkion

With many design consideraciona in mind, Wilkea
many yeard age suggssted a microprogrammed concrel
far digical aystems. The unique feature of the
nicroprogrammed control wes that it utilized a two-
dimansional arrangement of cells that could ba pro-
gramned to obtain the desired concrol structurs. At
that time, the high coar of elacrronic componentcs
pracluded control structures for computers from being
realized in this fashion, but advances in technalogy
steadily reduced the coat of electronic components
to o level that microprogramming has bacome both
practical and desirable {8, 9, L1, 11].

The nicruprogramd controls which evolved fol-
Lowing Wilkes' suggestiom are intended for synchron-
ous (clocked) digitsl systems and are not well suired
Eor asynchronous control such as needed in handling
loteracting parallal activiciss where flaxibilicy
in aynchronizacion and coordination af parallel
processss is tequired, . The purpose of Lhe present
paper i3 to attempt to extend microprogramming to
bring the benefits of microprograsming to amynchro-
nous concrel scructuras. Wa fael that asynchrooous
structursas aze mors suited Eor controlling inter-

stting parallel accivicies [6) and chet the contin-
uing decresade in the cost of slaccronic componenta
and the advancements in 18I technology will aven-
tually make microprogramming of saynchroncus con=
trol a practical rteality.

The atructures pfoposed hare ara two-dimensiona
cellular structures which can he regarded as exten-
sicna of the asynchronous control arrays of Jump
[10]. The zoncrol structures proposed by Jump al-
low parallel processing but can rsalize coly a very
restricted class of controls, as they do not allow
conditional branches or a call to an operator Exrowm
mora than ona location in the contrel. The control
struccurses propossd here can realize a much lacger
class of coatrols as they allow coanditional opara-
tion, call to an operator from wmare than one loca-
tion, and are able to perform the necessary arbi-
tration for contrelled access to scarce resaurces.
Viewad from the pointrof prograsmiog langusagaes,
these control atructures allow sequancing of cpara-
tions, conditional brauching, subroutine calls,
splitting of a prucess into parallel processes,
merging of parallel processes, synchronizaticn of
processas, and the use of DiJkstra's semaphore
peimltives T and V.

Each cell in the two-dimensionsl array can
comunicace wich ica four naighbors. Programming
this acrray involves selecting appropriate confiz-
urations for the cells in the body of the array and
at the edge of the grray. The array communicates
with the outside world by means of control links
which are connected to che cells on one edge of the
array., The array is complately asynchroacus, and
does net use any cleek sigrals, and it Ls apeed io-
dependent under the assumption that within any in-
dividual cell the wires have negligible delays in
comparison with che gate delays [7]. Sinca the ar-
ray is ssynchrancus, different parca of cha array
can act indenendently subject only Eo the canstraink:
of the desired control. The array thus fosters
parallel operation in a natural way.

In chis paper wa firat describe the class of
controls these arrays can ceslize; this class cor-
responds to the subclass of Patri Nets known ay
Simple Mets. We give examples of conmtrol and pre-
asnc & convenient notation in which one can exprass
the desired contrel. Tha coatrel is then

'l‘hla ressarch was done at Projact MAC, MIT, and was supporcad in part by the National Science Foundation
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© parallel activicias intd one

tranalated ince a matrix notation in which the nodes
correspond Ea trangitions and the eolumns to the
places and the nodas At their intersecrion are
marked Eo {ndicate how tha transicions and placaes
are connected to each other. Tha desired concrol ig
then realized by 3electing the cell configuracions
in aceordance wich the nodes of the macrix. To pre-
pacre the reader in understanding circuita of the
calls and how they combine to form the desired con-
trol, we first describe a synthegis procadure for
asynchronous eircuits which underlies thase cellular
Structures; the aynthesis procedures are presented
only as an aid ta urderscanding and are described
briefly. wa Present the cells of the degirad array
and show how the desired conerol can ha realized
with 3 cwo-dimensaional arvdngement of these cells.

Tha Class 9f Contrals

The class of contrels which we will he able o
realize fs definad by the clasg of control flow dia-
grama that can be construccad by primicives that
permit sequencing of operatioms, conditiunll-b‘ranch,
merging of control, subroutine calls, creation of
parallel sceivities by fark, synchronizacion of
activity by joln, and
arbitration to conerol 4CCESS L[O SCATCE resnurces
by Dijkacra's aemaphore primicives P gnd v where
each semaphore {g a singla non-negativa integer
varisble, This class correapends to che gubclags
of Petri Nets known ag Simple Xets. For compari-
8¢n, the clasa of controls realirad by the conven-
tiongl synchronaus wicraprogrammed contral is cep-
rasented by the class of comerol flow disgrams which
can he constructed from primitives thac pecmit sa-
quencing of operations whers sach oparation can
conaist of simultanecus calls to saveral aparators,

" cenditional branch, dnd merging of flow of contrel,

The proposed cmllular array adds to rhis the abilicy
to starc parallal procasses which can proceed at

- thele own pace and che ability to coordioste scrivi-
tiag of inceractive processes by semaphores.

. Patri Nets coneise of places and transitions

and have directad ares counecting places to transi-

tions and transitfans to places [4, 15]. Placas
can have tokens in them; a cakea in our use of Pacri
Nets would indicate 2 peint of control,. We will

only deal with nets in which each place can get at
®0aC one token, A Eransition Fires whan aach input
placa of the transition has & token. The transition
Eires by fFircse taking away & tokem from each inoug

Place and then it places a token on each of the gues

put places, thase tokens are than consumed by othar
trangitions, We shall nor parmit & place to be
both an input and an sucput place of che same tran-
sicion, -

The Simple Nets are a wubclage of Petri Naty
in which at most ons input place of a tranaition
may 3150 be an inpuc place 1o some other transition.
Such & place Is called a shaced place., A shared
place may have any number of inputs and it oay ba
an foput place o any numbar af tramaitions, but
the rest of the input places of a cransicion which
hae a shared tnpug place must be unshared. Since 4
Eoken represants a poine of control, & shared pilace
reflacts & situntion in which the concrol follows
one of alternats pathy depending on which transi-
tion flres.

In Pigures 1b we show a Pacri Net representaticn
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of the asynchromoua control scructure of Pigure la
[2, 5, 17]. The cantrol links, which consist of a
Leddy and an acknowledge wire, are reprasented by
twad places, ona for each wire; the passage of a ro-
ken through the Pluce associatad with tha ready wire
corTespands to & raady gignal and similarly for che
Acknowledge signal.  The dacision link comsists of
three wires, ceady, Ealss and Frua, and {3 repre-
seanted by threm plgces carrgspending to the thres
wires. A ready signal to the Predicate to which the
1link is connweted generates a response of a signal
on the rrue or false wire.

The control structure of Figura 1 has one ss-
quence module and ons itergte module. Tha seguencs
module causes the operator undar tha comtral oF
link L2 to opsrace befors the control ls sent o the
Lteracs modula. The iterare abdula tasts the predi-
cate connected to the decision link L3 at the ba-
ginning and if the decision iy trus chea it goes
through one cyele of Lrarsetion whichi in this case
conaists af axecuting only ons aperator, che one
under the control of link 4. After completing a
cycle of ireration the iterate podule tascs the
Predicata once again; cthe lteracion thus continues
until the cutcome of teating & predicace s false.

Control atructurss reprassnoed by Simple Nets
accions and carry out the con-
trol necessary to invoke {call) an operation from
mors chan ome place in the conrpsl and rekurn che
contral to che appropriate point an the completion
of the oparation. This capability of Simple Nets

is 1llustrated in Pigure 2 which shows how the ap-
srater under the conrol of link L2 ig ance Iinvokad
from outside the iteration and later from ingide the
iteration loop.

Drawing two places for sach link {chres for
each dacision link) and bringing arcs to a link
from all locations from whers the link may be acci-
vated constitutes cumbersome details which can make
the control net hard to follow. We hava, cherefore,
davised a graphical notation ehat RXPrasses the game
control but wigh tconomy of symbols and which gt
the sams tims anhances the Lransparancy of tha con-
trol. In thia notactfon an ordinary (ready acknow-
ledge) link i Fepréaented by rwo parenthases, and
the decision link is represanted by one open peren-
thesia and a number oF closed parencheses, ona fer
each passible outcome of thg decigsfon, If a link



the node ac the erosging of the row corresponding

ta that transition and the columm corresponding to
that place (or link} is marked by a circle; if the
place {or link) im & shared place (or link) then
the node is marked by a square box; and if the place
is an autput place {or link) of that transition
then the node 1s marked by a cross. Since we do not
allow 2 place to ba both an imput and output place
of a transition, and since a place can be either
shared or not shared, each node inside the matrix

L2 either marked as a circle, a sguate, Oor & cross,
or it may not be markad ac all. Figure § shows the
control of Figure 3 now in the array [macrix) form.

Nodes at the edges tarminate the cclumms and
rows. These nodes are marked by square brackets as
shown in Figure 4, The net representad in Figure 4
doss not concaln an incernal place which has an in-
itial token; had thars been such a place in the net,
the initial coken wauld have been represented oy a
dot next ta the top square bracket terminating ths
place.

The desired physical array will consist of -
physical cellas at the nodes, Each cell will be
connacted to each of Lts immedlate neighbors by two
wires, and each can be programmed to be in onre of
four configurations corresponding ko the four dif-
ferent marka. The rows and columns will be tar-
mingced by another kind of cells which can misc be
placed in ane of four conFigurations depending on
whether they terminate the rows or cthe columna,
vhethar or not the tarminated column has an inikial
tolken and vhather the column is connected to a link,

To prepare the resder in underscanding the eoir-
culze Eor the cells and the operationm of che callulgr
4rtay, wa firet presentc syntheeis procedures for
realizing eirculta for tha clase of control Tapra~
santad by Simple Netas.

C, 5, NOR, XOR Syntheais

A& control structure expressed as 2 Simple HNer
can be transformed incto a circuic by a syachasis
procedure called C, 5, NOR, XOR synthesis [16, 17]
which substicutes appropriate circuit. slementa for
the components of the nets.

In the circults reslized by this synchesls pro-
cedure, cransicions in leveils (L.e. both 0 to 1 and
1l to §@ cranaitfons)} are regarded as signals, and the
movemant ¢f aignala in the circult correspouds to
the mavement of tokens in the net. If che net has
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only the kind of places which have one input arc and
one output are (L.e. no shared places), then che
circuit can be realized by subgtitucing wires for
places withour tokensz, NOR gates for places with
tokens {note we do not allow any places to have more
than one token}, and Muller's C element for transi-
ciens. Thisis the C/NOR synthesis [16] (which i3 a
special case of the C, §, NOR, XOR synthesis). . One
input of the NOR gate Lls treaced as an inicialize
input, and cha other input comes from the circuit
representing the transition which feeds che place.
The links which communicate with the outside are
treated as places; if che place represencing the
link has nc token, the wire representing the place
is taken out to tha outside to farm an output link,
and if the place has a token then the NOR gate i3
taken out to form an ioput link, The C element
representing the trangition cakes care of fan-in of
arcs et the transition; che fan-our just involves
feeding the curpuc of the  element to all the
places which feed from the transition.

Az it has been scated alraady, C/NOR synthesis
works when thers are noc shared places snd each place
has only a siogle input arc. The Simple Nets, how-
ever, may have shared places, and e place may have
more than one input arc, The C/NOR synchesis is
extended by the C, §, NCR, XOR synthesis to rake
care of chese cases [17]. This synthesis also ob-
taing circuits for the nets by the process of direct
aubstitution. The substitution rule is glvem in che
table of Figure 5, and Figure 6 shows a circuit for
the nat of Figure J datived with this synthesis pro-
cedure. In this aynchesis, the XOR gate takes care
of fan-in of arca at a place. An XOR gate achieves

" merglng of signal paths becsuse a change Ln the

level at any input of an XOR gate causes a changs in
the level at the cutput., The case of a sharad place
is handled by the 5 alemgnt (¥witch alsmenc). Since
the token in a shared place can go to only one of
the transitions which shara ths placa, the token
mupt be switchad (4ent) ta tha appropriate transi-
tion. The 5 module realizes all the transitions

plase wite place uich cowsn » HOR
O — - o

loia T alamtnt Cerk fan out

o =K

call ' a?ml link | dactabon djuo-l-l:t
3 L e j): [_.

-y o ahared place W [auitch
- D

Figura 5. Susstiturios tabla for C, 5, WOW, NDW symcheeis.
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which have a particular common input place. We
need to switch the signal of only ons input place
of these transitions because the nata which we ars
conaidering are Simple Nets. If more than oas of
the tramsicions which shara the place are enabled
then tha switch must parform arbitrarion among them
before performing its noemal switcling opsration.
Evan though the aumber of shared input places to a
trangition is resiricted to ona, there is no ra-~
striction on the number of the unshared Lnput
places. Multiple unshared places are accommodated
by collecting the wires from the unshared placey
into ona wire by use of a ¢ element placed before
the 5 slement. Tha switch element pairs the sige
nal to be switched with a signal from one of tha
other inputs and then gends 4 signal on the corra-
sponding output. The places thar repregant a
decigion link do not need a switch in the

canerol ctreult itzelf becauss the bask of switeh=
lag tha signal is parformed by cthe predicata ta
which the decision link is connected.

4, B, C, MOR, XOR Synthesis

In this section we derive a1 new synthesis
procedure from the ¢, §, NOR, XOR synthegis to
mold the synthesia for the rwo dimensional ar-
rangements of cells. The new aynthesis, callad
A, B, C, WOR, XOR spnthesis decives its name
from the elements used {n the synthesie; letter
A rafers co an elemencary arbiter, B refers Lo an
eiemant which has ona tnput and two outputs and
that senda the input signal o the two oucpucs al-
ternacively, i.e. the input 2ignals corresponding
td 0 co 1 change cause signals to be gent ra ane
output {thiz output is deaignaced by a dot), and
the signals corresponding to L to O chenge cause
signals to be sent on the other output. An &lemen-
tary arbiter haa two inputs and cwo corresponding
Qutputs. The function of the arbiter is ta pre-
veat the transitions in the level of the inputs from

ig2

reaching the corresponding oucputs as Long as
NEecessary LO ensure that both outputs are aewe
laval 1 at ths same time 117, 18]. Thus if we
gard the condition of the arbirer in which all
Puts and outputs are .at lavel 0 as Bhe {nicial
ditien and regard & 0 to ! transition as a req
for service, then tha funceion of che arhiter
stap some requests from reaching the. dutput as
ag it 14 engaged in tha service of the othar i
and in che event of simultaneous TeqUEATE o a
trate in the faver of one input.

The A, B, G, NOR, XOR synthesis diEfers fr,
C, 5, NOR, XOR synthesia mostly with respect t
realization of the switch element 5 and the wa)
tiple fan-in at places and transitions is arrac
The switeh element is now raalized Erom tha sls
MENLATY components (Figure 7), namely the elems
A, B, C, NOR, and XOR. The advantage gained in
raalization of the switeh element is that any n
of inpets can now be accommodated uding a Linaa
rangement of celle. The opsration of this swit
element is briefly described balow,

Conalder the circuit From its initial cond
Lo which all levels in the clrcuit are at 0, an
2uppase a signal is received on foput s. This
the signel which is to be switched to an approp
output, The zignal enters the circuit from gatk
#nd starta circulating in rhe werzical loop. F
it craveis as a 0 to 1 change wnd blocka the art
25 it passes through them, and after it is rerw
to gate W Lt starts cut as L to O change relsas!
the arhiters as it continues its Jeucney, This
cess of alternstely blocking and releasing the ¢
ters continues until some other input, szy Liaput

T

B8 oL comasred

Tlgurs 7. & rsallsstion of chw switch (7] olowmnt.



it received and is able to bleck che arbiter A; on
ity way to the associated C element. The circu=
lating signal chen halts at the arbiter {A¥)y. Ac
this time both inputs of che ¢ element will ba ar
level 1. The output of the C element thersfore .
changes to leves 1, and this completes the First

phase of opsration, Experiencing the O to 1 change (wicialioe

the B elemant then sends out a signal te XOR U; o
eliminaca che circulating signal and alsc sends out
a gignal ta V5 to prepare the circuibt ac iapur 2 Ffor
Euture signals. Easentially, this phase of the op-
eration bringa the circuir back o the initial con-
dition bafore the output is sent out. The signal
sent co Uy passes chrough rthe XOR gates Up and W and
traveling through the arbiters reaches point v and
brings the lavel ar this poinc back ro 4. The in-
put te the € alement and the input to arhiter AS )
from the vertical loop thus ratutns te 0, The sig-
ral that was sent to che XOR gate Vo and was halted
at Ay until the above-mentioned sction of initial-
lzing the vertical loap is completead now passes
through arbibtars Aj and Ag and makes the other in-
put of Cs also 0. “The oufpuc of Cp then changes to
0, and the B elament sends cur a signal on outpur

2" which completes the actian of the etreuit. The
funetion af arbitar A; is to prevent the arbiter AY
from being releaszed before the vartical Icop L3 in-
icfalized, .

If two signals had been sent to tha circuit,
®ay on Ilnputs 2 snd 3, then the signal received on
8 would have been paired with ons of them depending
on which ons of them wms able ta block the circu-
Laking imput, and outpuc signal would have Been sent
oo the assoclated output. In the particular case
in which che input thar ta to be switched ix re-
ceivad after the inputs which select whers the sig-
nal ia to be switeched, then the 1ignal o be
switched iz paired with the input closest to the
og.

The other differencas betwsen the A, B, £,
NOR, XOR synthesisz and the , 3, NOR, XOR synthasiy
are that instead of a multi-input C elament we use
& chain of C elements to realize » multi-input
transition and instead of a multli-input ¥OR we use
a chain of XORs so that the transicioms and the
places can also bs realized with a linear arrangs-
ment of components just as the multi-impur switch
elemant was realized through a linear arrangement
of calls. A transicrion vhich does not have any
shared ipputs now takes the form shown in Figure 8a, -
and a transition which sharss an ilaput takes the
form shown in Figure %b. The transitlon is realized
83 a loop becpuse in che array tealizacion each C
alement accounta far a distincr input place, and
thus we ars laft with the need to take care of che
unugsed ifput of the leftmost C element. Tha NOR
gate Ln the loop provides the initisl signal to
this input and the leop being closed, the signal
teturns ko che beginning of the loop for each sue~
cegaive Eiring of the trensitiom.

In &, B, C, NOR, XOR synthesis an unshared
place is realized as a l{near arrangement of XOR
gates ag shown in Flgure 8c, which accommodates
miltiple Lnputa ka the place. The tramnmition o
which this place is an irput placs provided a level
uf 0 o the unused inpur of the bortommost XQR gate.
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Ihe Cells of rhe Acray

The calls of the microprogrammable arrsy can
ba placed in one of saven configurations; hesides
the configuration. called identity, three configura-
tiong are needed in che main body of the econtrol ag-
ray, and three otrher configurationa are needed at
the boundary of the array. Figure 9 showa these
gaven configurations cogether wirh rhe gymbaly that
represent them. The representation af asynchronous
control in the array form has already been de-
soribed, Selecting the configurations of the array
cells in accordanca yith the specification of the
nodes in the congrol expressed in che array form
Tealizes the desired control geruerurs. A row re-
alizing a transition withoue any shared input places
gives rise to a circult in the array as shown in
Figura Ha,

A volumn representing an unsharad place real-
lzes a fan-in of XOR gates as shown in Figure Bc,
If the place has an iritial taken the NOR gate with
initialize input is included in the circuirs. The
column represencing a shared input place realizes a
cireuit for che switch element as shaown in Figure 7.
In the array such columns are always placed ta cthe
extreme right of all unsharad places, | Thus a tran-
sition with a shared place and some unshared Lnput
places is realized ia cthe array, as shown in Figure
8b. The two~dimensional array thus realizes the A,
B, €, NOR, XOR synthesis af che contral in an ar-
ganized way.
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Sharing & Predicare

gard to teturning the control,po the appropriate
Peint. It will alga he Tecalled that the aperation
of the predicate was Lo avaluate the predicata upon-
receiving che Teady signal and to Teturn & signal on
elther the trug ot the false wire depending on the
outcome af chac evaluation, Now in order to achieve
sharing of g Predicate we wil} change the predicate
%o that it is 1ike any other oparator; inyrsad of
balag invoked by » conerol 1ink it will evaluate rhe
pradicace under the command of gn ordinary link and
Take the outcoms of che evalustion availabie a5 g

G or Ll Llevel on a vire, and the control link will
genardce the crue apd false signaly internally ar
each location whara they are needed, The task of
generating these signaly in Accordance with che
lavel of phe wire from the predicats ig performed

by a predicate call (Figure 10}. When the transi-
tion on which this call is Iocated fireg, the cqll
produces a signal on the right hand wire of tha
calurn (which Points downwards) i the wire from

the predicate {the left hang wire of the column}

is at level 1, otherwize no aigral {1 produced.
Eaploying two such cells and providing the level
from the predicare and it complement opa can simu~
late a contral Iipk 2z shown in Figure 11, When

the tranmiczion Eires, one of the two columns will

184

leval Fram
AEEdivnES

.
e

Frodicace celi,

_1L

Flaurw 10.

BT a signal depending on the lavel of the Pradicate
Wire, Sharing & predicata (s now passible becausa thy
Wire that carries che lavel from the pradicate can he
common to all sueh arrangements of predicate cells

in one coliom (Figure 1l1b),

The cellulay RITays ewploying predicate cells
ara not complecely zpesd independant as rhe proper
Operation requires thar the delay of the internal
loop of the predicacs cell chat does nor preduce any
fignzl must be dmaliar than che delay of che loop
that produces the ouLput in the ather predicate caml],
Fortunately this can always be arranged by inserting
sufficient delay {n the pach of the signal before {r
Ls sent out From the call. TP chis is done, the gr-
Tay a5 a vhole wil} Again be apeed i{odependant .

We obystve that rhe total number of distince
configurations Far the calls of rhe artay is now
eighe. However, 1f we preassign some calumng oF the
array for use asz & predicate, no individual cell of
the array need ta have more than Four different con-

figuracions,
a) call co padbegrs

@) sredicars sharing

Figure 11, Call g PPaditacs and predisars Sharing,

————— .



Conclusion

In comparing the proposed asynchrancus micro-
programmahle array with the conventional micropro-
gremmed concrol, we nocice that we need four differ-
ent configuracions for each celi of the proposed ar-
ray ag opposed to only two configurations Far the
canventional concrol, and each call of the array has
a greater number of components, On the other hand
the asynchronous microprogrammable array offers
parallel procassing and the abilicy to coordinace
activities of interacting units. The adynchronous
srray is intended te be used with a seml-speed lnde-
pandent data structure whase operators arce invoked
by ready-acknowledge links such as the micro-modular
systems developed at Washingcon University [1], che
RTM modules developed ac Carnsgie-Mellon University.
[1] and the modular structure developed at MIT (5,
17, 18]. A micropragrammed digital system realired
Ln chiz fashion has the quality chat it can ba mic-
rogrogrammed without the need to kesp crack of the
timing of the operators in detail. The operation
of the system can be completely viewed in a logical
cause and effact relationship, and this rvelation-
gthip will be directly and faithfully realized by the
asynchronous control. The convenienca of noc having
to be bothered wich timing decails should substan-
tizlly simplify cthe rask af microprogramming and
halp bring microprogramming within the reach of
many who do not wish to logk at the cumbersoms da-
tails and who would like to work at a higher lavel.

The devalopments in ILST technology are de-
claively changing our outlook towards the nature of
the uae of components, and it may become proficabla
to buy the conveniences and other desired qualitiea
ef asynchronous microprogrammabla concrol in ex-
changs for highar numbar of components.t The asyn-
chronous contral, being cellular, ia well suited to
reap all the advantages of LSI,
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