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Abatracti

This paper descrides a recently implemented program that very rapiily

generates control paths for different versions of the constituent srocess:

elements of a particular massively parallel machine, the NCN-VCN

Supercomputer. The program, called PLATO, accepts as input a set of

instruction opcodes,

together with associated coantrol information, acd

produces as output a functionally carrect, highly area-efficient 3et of

for the rrocessing elements,

Among the novel aspects of the program are

use of a channel routing algorithm to gZenerate a Weilaberger Array layou:

the PLA and the generation,

from a single input description, of 2iffaren

variants correspeonding %o processing elements serving different fupciicn

W“ithin the zachire,.
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NIN-VCN srocessing element, Many of <he technigues employed In tne
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vporting the extremely rapid generation of prccess

rent instruction sets, PLATO facilitates "rapicd turnarsund” arcnhi:
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» of a3 sort that has previous.ly preoven iapractical., Use ¢
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3ystem should grove applicable to the semi-automatic layout of processing

e_2zents for other multiprocessor machines,
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Tre NON-YCN Superccaputer

YON=VCN [ 1. i3 5 massively garallel ron-ven Neumann superccemputer, zerticns

W“hich are now under construction at Columtia. Wwhile the machire nas svsivz

over the past several years, its mest important elements remain the sate.
versions of the machine contain a primary precessing subsyssem (FFS7,
implemented using custom nMCS VLSI circuits, and 3 secorcary grecessing
subsystem (SPS), tased on a set of "intelligent" disk drives.

Tre PPS comprises a2 large number (perhaps as many as a millien) grocess:
elerments (PZ's), and is constructad from custam nMCS VLSI chips, =:z¢h
containing a number (eight, at present) FE's, The PPS is organizag c 7:—

binary tree of PE's., In all but the latest version of the machine [NIN=LIN

o

which will not e discussed further in this paper), a sirgle gentrol zro-z-:--

P -

is attached %o the rcot of the PPS tree. The control processcr trcadezsts
instructions which are executed simulaneously by all PC's irn the FES g

[

YCH % Zircerporates a number of prccessors, each capatle of serving as
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rccessor or scme subtree in the PPS; these "large grecessing
=_ements" are intercennected by a high-bancdwidth interccrrnecticn network.

lgure 1 zreviZes a descripticn of the PP

(¥2]

Sur Jirst grcigtyce, called NCN-VCON 1, was desigred using largely zd -z

meinzZds. Cur prircipal goals in constructing the NCH-VCH 1 grctciyre were
valllizte the essential zrchitectural princigles of the NCN-VCV desizn, 12

Teasur2 tre area and aspect ratios of varicus silicon structures inccrocrs:

within tne 7I's, and te gerform certain electriczl mezsursments ¢n ine
completed chigs. Fer this reason, ittle attenticn was given ©o =2ither

irez- or time-optimization in the NCN-VON 1 prototyre crip, The lNCH-VIN i
Snip has ncWw Ceen completed, fatricated, and testsc through TARPA's MC3IZ

systefl, znd agpears a2t present to ke fully functicral.
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A second prototype, NCN-VCN 3, is rnow under developcent,
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.. A zereralizaziaon of certain NCN-VCN 1 Instructions =S sugpert o2
—ore = figziant executicn of many lormen instructicn sequences.

wl
ha

253 silicon area devoted to contrcl path legic.

Qur plans called for the NCN-VCN 3 instruction set to te closely tased cn, ir:
with few exceptions, more general than the ore employed in NCH-VCN 1. “3cre
of the additicns we plan to incorperate in fact correspgend <o commenly

macros in our existing NCN-VON 1 software.) It was alsc desmed important =iz

P

2ll existing NCN-VCN 1 software be simply and mechanically translzatatle inz:

iCN-VON 3 instructions, so that none of cur work $o date would te lcos:t.

-

(Translzted programs would take advantage of some, but nct all ¢ NCN-VIN '3
enkancements.) In the future, of course, NCN-VON 3 software will ze wriizzn
using NCN-VCN 3 instructicrs, allowing the explcitation of all ¢f these

features,

farly in the development cycle cf NCN-YCN 3, it was reccgnized that the
successiul accomplishment of these ambitious area and rerforrmance gcals wou
Ce greatly accelerated by the availability of a nighly zutcmated system Tor
the specification, design, laycut and testing of the constituent frccessing
a_ements. To Se useful, such a system would have Lo ragidly and reliztly
fererats "oorrect layouts, allowing the user to exgeriment with alternziivs
crcleszing element architectures Wwith the confidence thzt the resultiing lzvous

WCull In T3act faithfully realize the mcre abstractly specified cesizgn. wiznin
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itomatlc development envirormert, changes in the instructicn i2-

t Ce realized in nardware in a fraction of the tire in

De required, facilitating extensive experimentation wWith and "fire tuning™ =7
the FI arcniteciure.

2. Types of Prccessing Elements

with minor excepticns, all PE's in the PFS tree are pnysically :icenticzl,

Trncose cifferences that do exist are based con the marnner in which ceormunizazi:r

amerg zdjacent PL's is acccmedated. Trese differences in cormunicaticsn rsgims.
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orocessing elaments:

T . .. T

Leaf ncces that are left child of some node
2. _eal ncldes that are right child of scme noce
2, Internal rodes that are left child of scme nroce

4. Internal nodes that are the right child of scme ncde

2y corvention, the root Is considered an internal rcde and a left cnild

lyre of PE must be aware of its type so that it can preperly part:

~S -
- -

the communication instructions that operate tetween the PE's. For =x

when executing a SEND LEFT CHILD instruction, each left child in
iatch data into an I/0 register as wWell as send data to its left

right children only sernd data and do noct latch any :ircoming data,

Cre possible technique used to differentiate tetween the types of
te %o enccde tne PE type on two corntrol lires that enter the PLA

¢ the aNC-plane. In this scheme, cne wire would distinguish ket
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right children, while the other would distinguish between leaves and intern

noces. When the individual chips were wired together to form a compl

these inputs wculd be permanently wired to the zppreprizte censta

valiues to "bincd!" the type of each PE., The disadvantage of this ag

nowever, 1s that each PE would have to contain a cersideratle amc
In2t Gould rever Te used, resulting In 2 waste of silicon area.

each centaining orly that logic which is relevant o a PE of that

“hile the farticular set of grocessor classes erumerzted szbove, 2!

their associzted communication serantics, are specific to UCH-VON-1ike
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ilizen "real estate", PLATC generates a different LA for each tyre o7

acn,
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structured machires, the gresence of '"boundary conditicns" distingulsning

varicus classes of processing elements is common to mcst parailel

[+1)

architectures., In parallel machires configured ss

gxample, three types of P2's {leftmcst, rightmost, and intermedi:z

_irear zrray,
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rad. Machiraes bassd on the orthcgocal zesn, oo :he other hand, zay
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equire as zany as nine PE types (ceatral PE's, north, south, east and w=2s:

'3, and the four corner PE's).
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3. Cesign Goals for PLATC:
Several gzoals were formulated when work began on the PLATC jrogram:

1. The engineer should be able to define the PLA's for all ?%Z -yges
with a single hign-level definition.

2. The preogram should produce the szallest possible PLA consistern:
with a given set of VLSI desigzn rules,

3. The program should be integrated with all other layout and
sizulation tools exzgloyed for PE desigzn.

4, The program should execute with absoclutely no intervention by a2
design engineer,

The last zZcal i3 intended :o0 zinimize the fossibility of errors intrca.:=:
the numan user, insuring that all layouts correctly realize the rntended izo-

level functicn, and reed not be extracted and sizulated tefcre iaserzisa in

4, The PLATO Input File

Az:zng the aivantages of the PLATO pregram 13 <he fact that only cne input Jol:
~22d Te (reated to gernerate 3all four tyres c¢f FLA'S, The 3ystez zzxes .32 !
znexonic latels wherever possible to aid in the isclatiosn of errcrs and <o

z3xe Lt easier o identify PLA Lnputs and outputs i the Jinisned L2
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3aze labels 3are used by a register transfer level sizulazor Jor HIN-VTE
processing =2lements that is now bYeing designed 3t Tol_ozoia, and woicn will

interface Zdireatly with PLATC, as will te discussed snertly.

75 use the PLATC sys:texz, the engireer coaplles 3 1is:t of inmstpuctisn spcocozs

with appgropriate state variabls Lanputs, and for each ogcede, 3 113: 37 i:ne

[N
O

Lirol lines that zust e excited Lo execuse the instructica. Tne L.t Ll

[#)
p)

'3 three tyges of cozmands:

[

a

or
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1. Cctmands that cefire the input file formas,

2. Commands that cescrite the placement of irputs ard cutputs in rtre
layout,

3. Comands that descrite the lcgical functicrality of tre array.

Figure 2 provides a simple example of a typical PLATC input file. Tne firs-
coemand iire assigns the names INPUT_1, INPUT_2, INPUT_3, AND INPUT 4 to -r=
first four opcode (and, in general, state) bits that will be encountzres

left-te-right order. Tne second command line specifies the order in whizn

these opcode and state bits should enter the AND plane of the PLA (lis==? - .~

the bottom to the top of the PLA, assuming that the bits enter the &4C 7s_:zr2
fram the right). The third command line in the example file sfecifizs =nz
order in which the output lines of the array are to appear (listed ‘rom Lefs

to right with the wires leaving the PLA at the bottom).

Figure 2
/% This is an example cf a PLATO irput file. All commenrts are igncrecd. %/

/% list of input labels for irput file crdering ¥/
INPUT_Y, INPUT_2, INPUT_3, INPUT_4;

/% _ist of same labels, but for PLA orcering %/
INPUT 4, INPUT_Z, ‘NPUT 1, INPUT_Z;

/% Trer, z list of output labels are placed in the desired orcer. ¥
TUTEUT_Y, SUTPUT_2, OQUTPUT_3;

% Mnemcnics --- Cpcode Bits --- List of Ceontrol Lires */

MAOV_A_B 00c0o CLUTPUT_1, OUTPUT_Z;
YCV_a_C 0101 CUTPUT_2, OUTPUT_3;
AZD_A_B 1101 CUTPUT_1, OUTPUT_Z;
SUB_A_3 IRRR CUTFUT_3;

The rest of the file specifies the decoding function of the 7LA, To sgeciiy
how an irstructicn is to be deccded, the engireer makes a l1ist consisting e
every instruction cpcode, tegether wicth all appropriate state wvarizZles 7.

ard a list of the control lires that must be excited tc exscute tne




instruction grogerly. ne precessor's state machine is regresented Almil:c
Trn2 cresent state is consicered one ¢f the input tits and the rext stazt2 l:

deired 35 if 2ach pit in the state machine Were a control line,

Trne PLATC input file is easier to use than a truth tetle because "den':t :z2r-:
conditions are considered acceptable logic values for input Bits. 7Tnis
facilitates the separation of state machine specification frem instructicn
execution specification because the next-state information reed nct :e
included ir each instructicn decoding command line., This separzticn
contributes greatly to PLATO's ease of use and tends tc minimize ng ~rcoar
user errcrs, PLATO converts this input {ile fcrmat into z trusn etlz 7:—:z:

Which is then used by such other design aids as logic minimizaticn zreogrzms.

The sample input file rresented in Figure 2 shows the specifizaticn =7 :our

instructions. The MOV_A_3 instructicn, which causes the contents 27 -2 ¢

register tc Te transierred to register 3, iIs execufed by asserting Twe .oioirce

.t ey — -

lires: CUTPUT_Y and OQUTPUT_2. In this example, :the czontrel lirme CUTPUT.®

e -

wcuwld be the '"read A" register contrecl line and the CUTFUT_2 contrel Zics

e : -

wCUlCd Ze trhe ™arite 3" register control iire. Arny numter ¢f ceorirsl lines =

"

N

Ce specified: in the case of the subtiract instructicn, only cne zcnirol Lin

_~0 2X°ra Input 21its are represented in the input file for tha NCN-VCH
srocessing elament: the "leaf/net-leaf" and "left-child/nect-left-cnils" Lir=zs

tnat wWere discussed esarlier. These —wWwo bits are znalyzed Ty the FLA troicx
ugen scanring of the Irput file and are used %o segerate the singlz wnzut 7il

ables, =ach representing the functicn ¢l ons ¢f ins
S

Ve
ot
(]
r'A
5
1

-~y - -y
cLr Lrutn

corresponcing types of PLA,  Figure 2 3nows 2 small giece of the NCN-VIN C

PLATO input file, Tyrpically, this file weould nave mere lines znan tne nrcer

- -

2f cpcedes in the instruction set., Tne present NCN-VOM 2 PLATI irmput Tils,

-

for example, nas 147 lines.




Figure 3:

/* TYEEEEEEE R EE SR N NON-VON 3 PLA PLATO lnputs trtERRRRERRORRERNROCEOQ R [ ;

/% for=at: (lf/nl), mneumonic, IRC-IR7, SO, S1, EN1, Is, LC, Ctrl-lires
t lines into PLA (source) */
5: %;Pg.g t/ IRO, IR1l, IR2. IR3, IR4, IRS, IR6, IR7,

* PLA ¢ SO, s1,
;- PE -// EN1, Is, LC;

dered for PLA %/
/* same lnput ling.sg?tIgg‘ IR1, IR2, IR3., IR4. IRS. IR6. IR7.

EN1, LC, Is:

/% Ctrl lines driven by PLA (dest) */

LRAMS. WRIRAMS, WRIRAM1, RD1RAM1, RDIMAR, RD1EN1, SETENL,

/* dpeh t/ RvglENl 'vmm;m, ROTR, WR1BS, WR2B1. WR1Bl, ROTL, amsl.lu;

RD1BS, WR1AB, WR2A1l, WR1Al. RD1A1l, RD1AS. ADDiOgUBQR%an .

WR2C1. WR2CS. WR1C8. WR1C1. RD1C1. RD1CS. WR2ICS., =)

. WR2I01, WRLIOl, RD1IOLl, RD2IOl, RD1IOS8, RD2ICS,
/* RESOLVE */
» KCB'

/* 10 */ égg, DR1. CR2. 100, IO1l, 102, 103, 104, 10S, 106, 107,

/* PLA */ SOnext, Slnext:

t (0): nl non-leaf */
5' %1;: 1f leaf t/
/' (X): don't care */

Y0000 XOX1X 106
general 000000 10X1X SOnext:
- 11X1X00X 10X0X SCnext,Slnext:
- 10X00XXX 00XXXX 100,I10S,I106:;

MOV8_AB8_B28 0C000001 101XX WR1B8,RD1AS8:

) " 100XX RD1AS;
ADD_I08 01010001 100XX RD1IOC8 ADD:

101XX WR2C1,WR2C8,RD11I0S ADD:
COMPARE_ICS 010101X1 100XX RD1IC8 SUB:;

101XX WR2A1,WR2B1,RD1I08 SUB:
ENABLE 011101XX 10XXX SETEN1:
ERCADCASTS_A8 1C000000 101XX WR1A8,100,10S5,107,.0R0:

- - 1C0XX 100,105,107,CRO:
REPQRT8_MAR 10001011 101XX RD1MAR,I00,105,107,DR1.0R2:
SEND8_RC_Rs 1C010001 100XX RD1B8, 100,102, 104.DR0:

" " 101X0 RD1B8,WR2108, 100,102, 104,DR]:;
" " 101X1 RD1B8, 100, 102,I04,0R0:;
RESOLVE 111000 1000 KCA,I00,I0S5,I07,DR1.0R2:

" " 11XXX KCB, 100, I0S, 107,CR1,0R2:

" COXXX DRO:
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weinterger Array,

layout is less regular, and conceptuall

2y way of background,

the n
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Weinterger Array Layout:

regular

essed into a functionally equivalent, tut

an ordinary PLA

ave an efficient use c¢f silicon area,

sriation on the Weinterger Array [3]

structure cf 3

layout consis

small

y Tcre complex

layout technigue.

ts cf an AND-

CR-plane, The AND-plane ccmprises a set ¢f regularly spaced coluamns

incorporating logic gates capable of gererating the lo

it
it

S inputs,

inputs are the instructicn opccdes,

from a set of regularly spacec gating elaments that are used

In the context of the processirg element applicaticn,

The CR-plane i

gical conjunczizrns

Those

S construcste

d similarly

logical disjunction of the outputs of the AND-plare gates. Tne C3-:lzns o3
rotated 90 Zegrees from the orientaticn of the AND plare, allowirg tn2 zui:z:
cf the ANC-plane to conrect <o the infuts of the CR-plane.

In constructing most processing elements of the kKird used in nighly zarall=
machines, the pcpulation of transistors in the AND-plare Tar sxcesds the -
In the CR-clzrne. For this reason, a rsiceratle amourt ¢f siiizcn zrez L:
tvgizally wasted when a conventicnal SLA {s used to realize the conurel =1
ZIgiz in such 3 prcocessing element, Tre Welnberger Array is  :zable of
croviding significant area savings in such zpplicaticons.

nls tecnrique uses an convertiocral array structure or the AND-plzre, it
ctviztes trne rneed for a full Chi-plarne., An example of 3 Weintberger Fla
gererated Ty PLATO is groviced in Figure 4, @ ANI-glane is shown con ins
ccttam and the CR-plarne on top. Trhe instruction eopecde tits anter the AND-
tlazre from the right., Cortrol lires exit the entire array ‘rom the Zottic,
Tre columns in the AND-plare feed into the tep znd T2K2 cCntact with wWirss
that run nerizentally in poiysilicon. Trese wWires extend cnly 33 Jzr 235 -
requirec for chem o form the gates c¢f all trarsistors in tne Zi-flzne n::
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require the particular result teing carried Ty the wWire., I tne lav

W
)

s2signed zppropriately, several different wires can often share a singl
in the CR-plare, Campaction is achieved through the shared use ol Lrzziks;
careful placement of ANC-plane columns yields a layout with a minimal cor rz::

minizal numbter of tracks.

Tne authors are rot aware of any earlier PLA gereraticn tcools that isrerzzt=z
Weinterger Array layouts automatically. Typically, the layout ergineer w.:z2

manufacture the Weinberger array by hand., PLATO, on the other hand, =zt-roli=s

chanrel-routing algorithm (descrited in the next section) to auzcomz:zizalls
specify the Wwiring of the Weinberger array. Unlike the usual chznnel rouzi v

.

problem, ore end of the wire in the channel is connected to an ANC-glzne
cutput while the other is the gate of a transistor in the CR-plane, o
autcmatic Weinkterger array layout algoritim incorporated in FPLATS nzs
successfully produced a2 PLA for NON-VCN 3 that is approximately 2%% mzll:r
than the corresponding one prccuced using conventional PLA gereraticn

cechnigues.

’n the rare instances in which twWwo wires in the array share the same {racs :
nave transistor gates at the ends that meet, the hignly compact AND-plane
_zycut grimitives used by PLATO can result in design rule viclaticrns in o2
waiterger array. PLATO detects these cases and autcmatically provides sxirs:
rocqm in the srray to resolve each conflict as iliustrated in Figure 2.
Inzirically, however, such cases have bteen found to cccur gquite infreguantiy
Cut cf a total of 208 AND-plane columns in a HWCN-YVCN 3 PLA, for examzlas, .-l
4 incorgerate extra space to avoid design rule viclations., PLATO's
"mzragsment Ty excerticn" approach thus permits effective campacticn ¢f the

centrel gath without the introduction of desizn rule srrors.
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6. Charnel Routing Algorithm

-, o4 -
Trne Tirst znz:a

The channel routing algorithm consists of two basic phases:
sets up a data structure that represents the placement of cclumns o zha
plane with control lines that leave the CR-clane and are routed throuzin s

sND-plane. The second phase permutes this data structure, changing zhe

31
n

relative positions of all of the columns in the AND-plane in such a way

1
t,

prcduce an CR-plane with a minimun numter of tracks, and nence the le2ast «

of silicon area,

]

ne lrizlal Torm of the data structure, called an ordering, is gererzzel Jrio-

“re mirnirized truth table that regresents the function tc te realized zy 1::
LA, The ordering is a list of the desired AMD-glane results agpenceg o =

iist of the cortrol lire outputs, enurerated in the order in whicn they zar:

o=

appear in the laycut. Each AND resuit is gernerated by a coiumn in the ANDT-

rlare. Tre AND cclumns may be permuted at Wwill, otut the control line colrr:

must retain the corder specified by the user.

Trne ordering is augmented by a net-list representaticn cf the CE-plzne, ... -
the ANC-plane, this net-list is initially gererated frem the truih waTlsz.

Figure 5 shows an example of this data structure. Along the obcticm, o2



narcugn it represent AND celumns and
cenorol Linre coluans., Tre rest c¢f th
recresents a cornnecticn scrheme Zetwee

[11]

the Ci-flzare. At this stage, whether a certain ccrrecticn

Wwire and a vertical cclumn is a ccntact cr a transistor gate &

the protlem ¢f minimizirng the number of tracks i

Crce the initial setup is campleted,

scnheme with the least number cof tracks

that the order of the control line cclumns is preserved, a
pesiticons have changed.
successfully permuted to

best pessible result for

whether a

gace.

rigure §

Finished Laycut:
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FLATO gererates the actual layout descrict

of the truth tatle,

-
a

this example.
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tlacing the layout primitives :in
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3 Tracks (optimum)
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At this peint, PLATC ds-

cornrection is a contact between a wire and a column or :

-l -
<«

The ordering of the AND plane colurmrs nas =

T e L S
[N

[
coriTL

-

allow a connection scheme of only thres :raziks,



ty Zenerating prim:tives in positicons specified Ty the rnet-list, Ths ¢

laycut is produced after labels are attached to apgropriate pisces in =iz

laycuzt,

7. Conclusion
The PLATO tocl employs three technigques to minimize the area required
control paths of processing elements for nrnighly parallel machires:
1. The generation of control paths through the automatic gererzticr,
using a channel-routing algorithm, of Weinterger Arrays.

2. The automatic generation of multiple types of PLA adagted <c n=
distinct types of PLA's inccrporated in different PE's.

2, Tne use of highly compact layout primitives, together with zn

automatic procedure for resclving any resulting desigrn rule
violations.

2ased on area comparisons btetween the NCN-VCN 1 and NON-VCN 3 P2 _zyz.:i:

appears that each of these threes techniques has groven resgensitla Zor z:o

reducticn on the order of 25%. The rcvel technigues embodisd in the FLATC

system have thus teen responsible in large part for our atility o =mtec
nunber of processing elements in cre PPS chip, which Is the ore of :rhe
ssentizl cornerstones of the NCN-VCN agpprcach to massively parallel

zgmputaticn,
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