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SECTION I
INTRODUCTION

A. OVERVIEW

Rapid advances have been made during the past several yeais in large-scale integrated circuit
LSIC) technology. These advances have had a significant impact on many mijillary signal processing

tnctions found in such applications as forward-looking infrared (FLIR) radar, guidance and control,
and ECM systems. In particular, image processing system studies for video bandwidth reduction.
FLIR automatic cueing, 3-1) target classification, and image understanding have consistently recom-
mended using LSIC technologies to perform critical image processing functions. A general-purpose
algorithm' which uses the linear operation

y I

on a single video line or on an n by n block of picture elements is an ideal candidate to be imple-
mented with LSIC technologies.

While such algorithms can be executed easily at low data rates using gencral-purpose mini-
computers or even commercial microprocessors. it is usually not possible to execute them in real
time in an airborne environment because of excessive size, weight, power dissipation, and cost. The
key to effective system design is to apply LSIC technology to minimize the overall conmponent
count and variety of components while absorbing as much as possible of the control and timing
logic onto the information processing chip themselves. [he solution is optimum when the same
chips can be used for a multitude of other applications to provide a high volume market. These
requirements have lead to the desire for a programmable chip architecture, and in turn, to the con-
cept of a parallel/serial input bus. The discovery of the read-only memory ( ROM I accumulatC '3

algorithm to implement the above-mentioned linear operator could have significant impact on image

processing systems.

B. OBJECTIVE

The objective of this I 2-nonth exploratory development effort was to develop a general-
purpose digital LSIC device called the programmable image processing element (PIPL)., which can
be programmed to perform a variety of signal processing functions such as Cosine and Iladamard
transforms, edge extraction, u nsharp masking. pole-zero filtering. and signal smoot hing on 8 by I
or 3 by 3 element data blocks at full TV data rates of 10 inegasamples per second. Such i device
should find widespread application in anti-jam video data links, FLIR automatic cuers. target
classifiers, and digital filter processors. Hence, the PIPE LSIC is suited for those airborne applica-
tions where data rate, size, power and weight restrictions prohibit the use of general-purpose
microprocessors or high-speed digital multipliers. This contract will address only the design and
photomask fabrication of the PIPE LSI('.

C. SUMMARY

l)uring the design phase of this contract. investiga oions of R()M technologies aid designs to
ensure a user-oriented image processing LSIC were conducted. Ihe results of this investigation arc

Ii



detailed in the PIl |SI( design discussion given in Subsection II.A. A brief summary of the PIPE
I SIC folhmls.

lexas Iuntrunents was particularly Well qualified to execute this contract successfully ]
hecdLse t its IM risk imnplemiientation approach. This low risk imiiplemenitationi approach is a
result o1I:

* lser-oricnlcd PIP- I.SIC architecture

* [stablished. cost-effective LSIC technology

" Proven erasable, programmable ROM desigun

* Breadboard emulator of PIP LSIC.

Sevecral ;irchiilectlre\ were investigated as candidates for implementing the PIPL LSIC. Tile
arch i [clrc Icclcicd maxini/es lie\ibility in algorithm implementation and minimizes external
conrol and timing loic.

Ih1lC N-ch-liiiiiCl Illl.ail-o\idC-seliconductor (NMOS) technology was selected to implement
tile PIPF ISIC because it is an established, cost-effective technology capable of providing the high-
circnit denniM low spced-power product, and user erasable programmable read-only mniemory
I I PR(M ) needed 1ot hie Uscr-oriented PIPE LSI( architecture.

[lie NMOS crasahle programlnable read-only memory was judged to be the best technology
to mel lhe goals of the PlIt I SIC. The advantages of NMOS [PROM technology are:

* User-prograimma/le (electrically

0 Erasable (ultraviolet light h

0 Nonvolatile

0 Single supply voltage operation

* Static on-chip NIOS logic

0 Military grade

* Ista blished tech nohogy.

I exas Instruments has available in production quantities a family of military-grade EPROMs
ranging in si/e from 8K (IK = 1024 bits) to 32K. This, along with the features of EPROMs, makes
the I]PROM technology ideal for the PIPE [.SIC program.

I lie PIPE ISI(, design completed during this contract is shown ill Figure 1 . As illustrated in
this figure, there are five major sections of this integrated circuit:

0 Inlput latch,para Ilef-to-serial shift rcg-iste,

S IPROM

0 Shift-and-aCCumulatC

S lri-statc oiutput latch

0 Controller.

_tI

=_ _- a -



INPUT LATCH -

PARALLEL TO

SERIAL SHIFT

EPROM

CONTROLLER

SHIFTAND
ACCUMU LATEV TRI-STATE
OUTPUT

Figuire 1 . PIPE LSI( Laix out

Vlach oftl, Ow ui, ctis ii-scusse(I in dc din Sj b),c(t ions Jj._ \' " throuh ] A.6 respec-
tiveix. I hie total bar suec is appro.\imlatcl\ 240. h\ 2-() mil2 

. \%ith ai total estimated power of' 000
iuilliwatts.

I evas Instruments belie~ces the proposed IPlasc If P11 prograinl is \eiv. reclexant mid timlely'
fom tle dec elopment of' a prouramnubleiau prc ssil- lemenCt anld 11,1S ~acul considered the
applications of' the 11111, LSI(. Ihle IPII 111 is ide~atll[ or 3l b'vi ndlm~ operations and 8 b\ I or
1) by I mnatri\ operations. A mo10re deiOMldiLhcI'Siol) of theC applications of' the 111lT LSIC is pre-
sented inl SubIsction1 II.B.

34



SECTION 11

TECHNICAL DISCUSSION

A. PIPE LSIC DESIGN

I exaS InIStrumenIts haS deSigned a pi oirammahleitaepoesig-liei I large-sc:ale
mtee-ratedI cir-cu-it I LSI(' dluring- Phase I of thle P1111 program. contract 13301I5-71-C-l 763. IDetails
ol, [1,)i- desittn are discussed inl this s'ect ionl.

I . Introduction

%\1aNv iiiiate-proccSsiflg algor-ithlnsi ei-CIirC J SuIM Of pr]oduLcts operator 01'1the form

where- thle Wk re presel s a set o4 ki sd prwr~ Ilutlable weigh iilg up oc flicielat S. X, reprew t" \i a ct
sec(uICC ot inpu)Lt \alies. anld %I r-CprIeSCius thie number)Cl of' inp~ts. -Ihis mathemaIIItical Ilittetio c:i
be timscd to eCilclatc thle COeticienlts ol, various tranislormlS used ill ittan\ it ll-pIessI applIh-

tio I IsueLIC as FOLrier. CosineI I C ldaIIMrd. I MI and otherIs. [He stun IlOf pr oduc Lts expre-ssI in caJIn
also he used inl determining many neigh borhood operators whlich p'rm alSuchI opcrat ions- as t i'

sat oot Itin. edtte c nhanemien t. IdI eCC'C cr1iSp iM utg For iii any imlage-procssime applications S1i01
as v IdeIo hat IdwidthI reduLct ion, forwaird-looking,- infrare'Md iI LI k an 111oeIi10in1!. tareet IC LaSSi t)'lIcai()n

-and jimage understanldilnu. alorlithlts hased oit thle sumII Ot' prIoduIcts operIator LIN requIiredf.

1 le sImmI Of' prIoduIcts opera'tionl01 o t lition I can he imp~jlemenCted LuSifl' diclital inte2Itraed
cir-cuit (IC0 multipliers and an IXcMM aOY, aS shIown in) Figure 2. I'lowever. the silc anad p)Otwer
FLluiredI to I)Cemtl-lmilmte ittul1tilik-atiotiS \itlt di'mziial I i ilt iplicrs at vitle(data rates areL prolt111ibtx
for ma nm airborne tuatme-procssingt applic-ations. I iene, invest meat ions Itave ))ell pert ormcmd
reeenflv onl tChIitjLties 1'0r the reali/ation of' the stint of- prodt~S opera-tionl \Vithltoil tisitte dilcitl
Illultipliers+' Ilhese distribulted aritlmuti. teehttIiqtieS Ile a table look-ti11 prIocedure to pertortit1

the tIildtipliLatiOI inl I (tltmtioli I .Ilhis ltle look-tip) opeaiou relace the dig-ilJ ItiltipliekrS With IA
re,itl-otl\-imettor\ I ROM) function. Hie prinlciple of opera.tionl of timll lacimmkeCiei~tm
is discussed belOkk.

I, mutedL ill FItIditionl I . theC weimLitilne coefficienits. W, are f'iXed( and knownm while the input
wiords. XN are variable. Iii binary arithmmetic, the input \ariaible. X,. att be expressed ais

N

whee te ente-s1tm& C im~r vall ill each 'digzit- r osit ion 1tmat is.

e1 o. if



B\ NLIhtitkIitlM.! hJUA1Iitioi 2 O)llo aion I tieflowin epression is oltalned:

nci thc, Icrli I \ icld"

Y WIC11(4)

of\ flii bracketed t teini iI

.. "i"d, onkI 2\1 pSihc.dw o
intriiSiiic, tli, \Y*irc kiiowsn a 11rioii and( 2 3

c:, I -11 hii K i 0 A \ iILW o 01-o 0. theC

hlilckctcj (cliii .A '' Calculakted for II 1 x< W2 x X 3r~ x m X
H )i ic on biiato ~and ,toicd ill an ROM.

i lie LI WY. lwI mi at. a lar C*l fromi the
iciiicd,1 .ill bC use~d to addre-SS the

ROM1 and tcl, 1t1C ISociaed VAlue o1' thle
bra klcdtcri. Once_ tIII par'ticlarJ VALue 01'

the hraL ketcd tcr10 i, ibtamiid. Equlation 4
~anbc oiipntd b \littnr!thiN bracketed

iiiv11 (il hit poisltiolm betiire aiIItIIiatilltn y

Figuire 2. Block Diagram of thle Mtultiplier-
R(A -senou te aH 1tiii ~tO~t OAccumulator Algorithm for Implementing Sum

IT- "i )IC ~ liid Ili \, ICO111s arc0 bi t-Scria of Products Operator
din I thC re'JAIiWnciiieiit Of ICrutS ill

I (Jilitiwi 4~ 1 li, td/ I(Hit: ROM relilired

Ill 1il 3i 1, ds sil- her NIiS the lunilin.1,11 numIIber- oh input S , ahIeS as'i Cise ill lIqtIon10 1.
111 tic 1iiaiii ot bits pCI \s oid inl theC HIelilor i, tIhe sumI Ot' tiIe wNord lengthl o0V W and theC VAle (if

los. Mi.

\s ilotcsl ill Ill,' abosc lisctimSsiOI. theC inpu1t datLI to *Ihe ROM I is it-SeraI loe. inl Most
AI In ns11ll. tic i lli sat~i ill a tyiinlage-proLcSII 5511 appicaIOn IS g-ivenl Ill A parallel ss OIL

irmnat . Ilece. thle block diagramm of- [iguire 3 is modifwid to chanlge the 1iput data frmM pl)JIll

oiit to bit-seria formuat. ils sho0wn Ill Figure 4. This 11iput dati can he reformat tcd with a paralel-
tl -scriiI shit1 WcIst1"cr Cm5 nit AlSo shownI Ill Figure 4 is anl output but'ler. whichl biiflACS' the mutptst

it Illi''cililm~us IuiMiuuui. itlac toll erlI0II ILtuttIii whlich IP'io ~IslIIi. mC c

iiiltriii I(I the otlicr tiiin tioiis. A' bnict niscussiol (it the dIcsigtl of, time PIPE~ I SIC follow'S.

11 Ic ollo\ 11_ iiic V lsiiioals, were_ uAsed inl t110 d]cvcljiipuICitt Of theC PINl INCI. I he NNl

I S(( ill1 .I,,cpt inpuit daltai hCIg~ b-)its at a 21J-Mi I data rate. lata enltr\ canI be inl 3 \ 3blcs
1 1),1 k icLiiiCu Is\ 111ic hicr Iat CIscteredI ial an1 inpulkt Strobe A a 21)-Nilli r-ae Output

d'i11t1 is1~l IlckciItcl 1 Ii .Il tmijtlc bus licIlw f it"i parallecl. Outpuit timlinlg is coiitlileik wkith tlic
111,11 '11miss in' k is' 0 c ham o All inlpts :11d iaiitpiits aIre Ill and (NI(S-c0IInpatible With a

'd Ilmic A nlisici do10 kconltrols all daita scqeilecing and timling. Ih l'i iN I SIC \\Ill bt,



(BIT SERIAL)

X1 X2 X3 XM PARALLEL INPUT WORDS

READ-ONLY-MEMORY PARALLEL-TO-SERIAL
(ROM) SHIFT REGISTER

/ ~~~ RI [A • EIL)

SHI FT-AN D- ROM

ACCUMULATE I
CONTROLLE

Figure 3. Block Diagram of the SM I FT-AN D-
ROM-Accumulator Algorithm for

Implementing Sum of Products Operator

The simplified block diagram of the
PIPE LSIC architecture is shown in Figure 5. UFR
As shown in Figure 5. tile input data S, T, and OUT

P are parallel words that can be loaded into
the in put latches serially or in parallel. The
particular in ode of operation is controlled by
the ulser thirougli thle use ofI one of the controlinput lines. This allows the PIPu' e LSIC to Figure 4. Block Diagram of ROM-Accumulafor

Algorithm With Parallel-to-Serial Shift Register.
operate on () / I blocks or 3 X 3 blocks of Buffer Output, and Controller
data. In the scrial nMode, all data is loaded
through the P input pins and latch, and then
is sequcntiall clocked through the other latches. In the parallel mode, the data is loaded through
the S. l,. and P input pins into three separate input latches. The input data is then se(jlenltiall
clocked into the other latches. In the serial niode, nine sample periods are req in red to load all of the
inpunt latches: in the parallel mode, three sample periods are required. This me thod of data cut ry
eliminates the need for latch address pins and facilitates convolution and sliding-window operations
with a single part.

The hit-parallel words in the input latches are converted into bit-serial words by the parallel-
to-serial registers. The outputs of tile parallel-to-serial registers forni the 9-bit memnory address. Tlhe
mcniorv outpits are shifted and accumulated to complete 'he sum of products operation. lri-statc
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S INPUTS I
INPUT LATCHES PARALLEL-TO-:- T INPUTSSINPUTSSERIAL SHIFT REGISTER

P INPUTS

CONTROL CONTROLLER
INPUTS I READ-ONLY

I V- MEMORYI

I SHIFT-AND-ACCUMULATE I
I OUTPUT

I TRI-STATE OUTPUT LATCH MEMORY

COEFF'ICIENTS

Figure 5. Simplified Block Diagram of the PIPE LSIC Architecture

output latches are provided for off-chip buffering. All tining and control pulses for the parallel-
to-serial registers, the memory, the shift-and-accunulate, and the output buffers are generated
on-chip using a simple shift register controller with a load pulse and master clock as inputs. The
shift-ald-ac umulatc cir uitry will operate with either unsigned magnitude data or 2's complement
data as selected by the user. The design is very user-oriented, both from the memory technology

considerations as well as the number of control lines required to operate the chip. Table I defines
the control inputs of Figurc 5.

The PIPE LSIC design and layout have been completed. Figure 6 is the diagram of fite IC
barmap which is representative of the acItLal layout. Figure 7 is the CALCOMP plot of the PIPE
LSI('. The major sections of this layout are:

0 Input latches, parallel-to-serial shift resgister

* [PROM

r Shift-and-accumulate

* Tri-state OitpU t latch

0 Controller.

T['he area and cfimalted powver for each of these sections is given in Table 2. The area for each tlnc-
tion ill tlis table does not include the area used for lead routing. The total bar size is approxinately
240 X 270 mils with a total eStinlalted power of 600 mW. IFach of the functions listed above is

8



TABLE 1. USER-DEFINED CONTROLS

Control Line(s) Function

Word length (3-bit BCD code) Defines the word length in bits of the input data.

Parallel serial Determines node of chip operation : 3 X 3 or
9 X I operations.

Master clock A suare-wave clock provided for system timing
(_ 2< MIlz).

Load Initiates the parallel-to-serial data conversion
(<20 MHz).

Input snobe Indicates valid input data and latches it in the
input latches (<20 MII/).

2's com plemen Defines signed oit unsigned tiagnitude data
operation.

Enable Used to tri-state oir enable the output bus.

Vl) Single +5-V operating supply

V Normally at 5 V but taken to 25 V for EPROM
Pt programming.

I)ata valid An output signal indicating a complete computation.

Two's complement coefficients Used to set the sign bits of tite output word when
<8-bit input data is used.

* INPUTS I

T INPUTS INPUT LATCHES PARALLEL-TO- I
T NPTSSERIAL SHIFT REGISTER I

P INPUTS I

CONTROL CONTROLLER I
INPUTS EPROM I 270 MILS

I I
,II I

SHIFT-AND-ACCUMULATE I

I i' OUTPUTS

ITRI-STATE OUTPUT LATCH MEMORY

I COEFFICIENTS
2401,

MILS

NOTE: NOT TO SCALE

Figure 6. Diagram of the PIPE LSIC Barmap
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CONTROLLER

- SHIFT AND
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TRI-STATE
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Figure 7. CALCOMP plot of PIPE LSIC

TABLE 2. AREA AND ESTIMATED POWER OF TUIE PIPE LSIC

IpArea Power

Function (mni[ I (W)

Input latch) Ia-to-S shlih~ register. 8.400 175

[PRON1 leinclmgy 11.0ott 150

SiIO;-Wndk-clitimlate 1 OX t) (

1ri-state outiput latch 3,j)I(w 70

oritrol and timing '.400) 110



ici~ il il detail Inl StihseC tioiII 11 .. V lioi' II u.N 11 I 4. iLc 'I ll. tiI' A J'ii IIl eft l I O f 11id4I I

&eI10iitiSli~tioiil Of tlhe S1.i11 01 prodt 1 operi.tol tiIilig theC R()M-,icinnfi lItli1111 11 kdls"S

In Subsection 1I .A.-

2. Input Latch Parallel-to-SeriaiI Shift Register

FhIS SnhbSeCti discuISSes thle Ililpit latch parallel-to-serial sh Ilt icpister li lcion of the PIII
1,S!( ifThe block diagriii of this Iniput sfrlictUTiv ISfi SIiM Ill h-gureL 8_ 11 Ihe ainl p1atl ts o tlll
stIru.ctUre ares

0 Input innlltpf\er and latch

* Parallel-toi-scrilf Shift reg.ister

* Mlemior\ address driers,

0 MnI eory address solect.

AN I t11lioli! hfock diagraml of a Single inpu)Lt StagC I Of Qf IS 1fio Il Fi- Q. 'Iraiisistiirs

tfiriughi) NI 10) form11 thle inpu~tt iiitiltile\er: latches, Lff through-1 1i 15 l, form thec input latchI reviSeisI
Rev I tlirouzh Rev 14 formn tlic parallel-to-serial Shuff reuisfer: Rev, () is t11L iiiein1ir\ dri\ r esr
with inkcSed driC ecapadhiitics: anld MI 17 :S the addreCss select muIltil'eX transistor Used in pmo
grainming thme [PROM. *l he input mumltiplexer switch trans istors (.%I I through %110 IfSelect a datad
path for serial Or par-allel datti inpn)(t peI)ration. I Fhis selectionI IS Made )SSII posh t l.e parallel or
serial W AR/'SXR) Select line (] - L level ) whIich IS buff~tered to ani M( S level b\ imerter I Ias, Slio\\ n
Ill l-gImrC Q. Inlverter 12 proviLIdeth complement of' the PAR SIR line for selec-ting the multiplexer

P INPUTS T INPUTS S INPUTS

PARNPU IENPPUUIPT
PAR SE INPUTLATCHES AND LATCHES AND INU

SELECT LATCHES MUTPEE U7ILXR STROBE

PARALLEL-TO- PARALLEL-TO- PARALLEL-TO-
PARALEL SERIAL SHIFT SERIAL SHIFT SERIAL SHIFT 0 CLOCK

LOD REGISTERS REGISTERS REGISTERS

ADES MEMORY MEMORY MEMORY
ADDRESS ADDRESS ADDRESS 0 CLOCK

SEETDRIVERS DRIVERS DRIVERS

AOA A AIA AAA A ~ ~ A 6 A 6 A-/A7A 8 AB

Figure 9. Block IDiagraiin of the Iimpiil Structure
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swi tch transistors (N I throuigh MI 1 ). Once at data patl Iihas been selected, the data proceeds through
l atchI es. LO l trouighI L 7 and atwitits entry to l atcites L8 throu0Lgh LI 15. Thle d at a is l atchled into thI ese
registers when a strobe pulse is given. [lits latch takes place onl the rising edge of' thle strobe
(STROBE I pulse. Thie data ik, held ini these latches regardless of'changes appearing onl the input data
linc since latches LO through L 7 are disabled on thle rising edge of' the strobe pulse. 'Fie strobe
pulse (TTL level) is butt1eredL by inverter 13 and complemented by inverter 14 to provide the prop~er
levels. Alter thle data is latched (19 thrlough L IS). it is then ready f'or thle parallel-to-serial The
parallel-to-serial conversion takes place in registers RI thrlough R 14. Onl each phase shif't (+S)
clock, data is transterred Upward toward the memiory address driver. Figure 10 shows a timing
diagram Of' this f'unctionl.

A detailed discussionl of' thle inlput in Ultiplexer and latch. parallel-to-serial shift register. ineni-
ory address drivers, and memory address select circuits follow. The last topic discuIssed in tis
su~bsection is the level coniverter and inputLI protection circuit.

a. iput,1iiuldplexer and Latchi

Figure I I shows a single-itiiut mul11tiplexer. Transistors M I and NI 2 provide two diffcrenIi
data paths (A or B). Thle SELECT line is presented to thle gate of' M I and its complement to NI 2.
A high logic level on the SELECT line will turn transistor NI 1 Onl and allow data Onl the A line to
propagate to point C. Similarly, taking the SELECT linle low will produce at logic high onl the gate of'
M 2: then. data onl line B is allowed to propagate to point C.

STROE V3______________

E--------------
DATA L------------------------------------

INPUTS ~- - - - - - - -

6 1  
L

61

cC LOCK

PARALLEL LOAD
4bS C LOC K -- t 1 1J J ~ 1 7J J §~

SERIAL OUTPUT
0 1 2 3 4 5 6 7

Figure 10. Timing Diagram of the Input. Load, and Shift Sequeuces
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The input latch cir-cu i try is imple-
miented by ulsing two N-channel MOS (NMIOS)
latch struIctures. Since the NNMOS latch I
strLLeture is thle bicbuildling block that is A

Used inl thle inpu)Lt la1tch Cir'CuitrN as well as ill
other portions of' thle PIPL LSIC. a brief B>
discuIssion of' this circuit i s given.

SE LECT
Thle block diagramn anid schemaItic of' anl

NNIOS lath arlc sho0wn inl Ficu!re 1 2. This
latch IS composed of'Lian input data path.
transistor MI I , followed hw two NMIOS invert-
crs (0I2. N13) and C%14. %1 5). and a feedback Figure 11. Circuit Diagram of tile

pat th Irough t ransist or %I0. These two Input Multiplexer

inverters areC con1SU'trcd with dICpletiOnl loads

(NI 2. MI4 anH)d Cn1liaJ11cemWe 1 t d1i1 e rs ( NI 3 , N1 )

T'he operation of' the Li tcli circuit IS aIS follows. Data enters the latch through MI I and appears
at nodeI I when thle L AiCIlI line is, highel (logic I ). If the data entering is high, then NI 3 will conduICt.
puLlhinIL node 2 low ( logic 0). Since thle gate of NI S is connected to nlode 2. M5 Will turn off' transistor
and let transistor N14 pll no0de 3 high, which is the same in formation ',t thle inpul~t. Thle LATCH linle
call nlow be pulled low, Ca usinlg the L.ATCH iline to go iiigh . This highi level onl tile gate of NI16 will
cause, NI0 to condLuct, providing a feedback path from node 3 to node I . Since NI I is now inl a

vD DD

LATCH
M2 M4

DATA OUTPUT LATCH 2 3 -*OUTPUT

DATA M3 M5
> > MI

T LATCH M6- LATCH

(A) LOC DIARAM(B) SCHEMATIC DIAGRAM

DATA -------

LA TCH j1L---- -- F -1

LATC H

OUTPUT

(C) TIMING DIAGRAM

Figure 12. Typical NMOS Latch Circuit
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nonconducting state, data changing on the input DATA line will have no effect on the latched
data. If the data initially entering the latch is low, a low level Will be latched siinilarly. A timing dia-
grain of possible in puts and latching pulses is also showl in Figure 1 2.

The input latch circuitry incorporates a D-type latch action, as shown in :igure 13. This
edge-triggered circuit provides greater noise imnmunity and shorter data-%alid lengths than a level
trigger latch. The D-type latch function is implemented by using two NMOS latches, as discussed
above, clocked on opposite phases of the strobe (STROBE) pulse. The STROBE pulse is provided
by the user while STROBE is generated on the LSIC.

Figure 14 is a partial block diagram of the PIPE input structure. The input data cal enter this
structure either through the S input lines or from a previous stage determined by the parallel or
scrial (PAR/SER) control line. Data enters latch DL2 when the strobe line is pulsed. On each succes-
sive strobe pulse, data shifts to the next latch. For example, consider that the strobe line is pWised
high and data enters from the S inputs to latch DlI2. On the next strobe pulse. the data now in DL 2
will shift to DLI and the new data will enter DL2. On the next strobe pulse. data in DLI enters
DLO, data in DL2 enters DL I . and the new data enters DL2. Once all of the input latches have been
loaded, the parallel-to-serial conversion can be initiated.

). Parallel-to-Serial Shift Registers

A partial block diagram of the parallel-to-serial shift registers is shown in FigUre I 5. Parallel
inpul data enters through a control multiplexer when the parallel load (PARALLEL LOAD) line is

V TO NEXT
DD STAGE

STROBE)

STROBE

TO
PA RA L LE L

I SERIAL

DATA __- SHIFT
INPUT -REGISTER

- I

Figure 13. Schematic Diagram of tile Input D-1-Latch
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INPUT D-LATCH PARALLEL-TO-SERIAL SHIFT REGISTER

D LA

INPUT D-LATCH PARALLEL-TO-SERIAL SHIFT REGISTER

D1

INPUT D-LATCH PARALLE L-TO-SERIAL SHIFT REGISTER

DL2

4-- INPUTS FROM PREVIOUS STAGE
MULTIPLEXER

PARALLEL SERIAL SELECT

STR 1 S INPUTS

Figure 14. Partial Block I)iagram of the Input Stage Architecture (3 Stages of 9)

MEMORYCONTROL I - DUAL - A--DM E SSR

MULTIPLEXER REGISTER ADDRESS
DRIVER

CONTROL __DUAL

MU LTIP LEXE R REGI STER

PARALLEL

INPUT

DATA

CONTROL DUAL

MULTIPLEXER REGISTER

.. .. CONTROL -- DUAL -

MULTIPLEXER -0REGISTER

PREVIOUSPARALLEL PEIU

LOAD ' STAGE * '

F:igu r I 5 Partial Blo k )iagram of the Parallel-to-Serial ('onversion
(4 BiIt of One -Bit V ord)
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TCC MEMORY DATA

D11 DO 0 -- TRUE

"-- COMP

SHIFT-AND-ACCUMULATE 4-- CLEAR ACC

4-- LATCH ACC
D19 D 0 l- LATCH ACC

OUTPUT DATA
Figure 25. Block Diagram A the Shift-and-Accumulate Section

edge of 4). The sum-and-carry results are latched into a master-slave register on the next rising edge
of 1). By feeding the sum-and-carry latch outputs forward (leftt) to reinainig full adder inputs,, a
binary multiplication is performed per each clock cycle.

The sum-and-carry latches are cleared on the rising edge of the clcar accumulator ((LI.AR
ACC) pu lsc which initiates the shift-and-accumulale operation tor a given input data block. Sign
magnitude or 2"s complement memory data can be used by activating the true (ITRI. .) pulse or
completnenl (COMP) pulse full adder control lines, respectively. Individual sums and carries are
latched into the output adder on the falling edge of the latch accumlate I(LATIH ACCI pulse. and
the final result is valid on the next rising edge of the LATCII ACC pulse.

The total comput'Lation reqoires 2B clock cycles per input data block, where B is equal to tlhe
-number of bits/inpu)t t word.

The logic implementation and truth table for the PIPF, LSIC Ill adder function ;ire shown in
Figure 27. Note that tile outputs of this circuit are complemented sum (QSI and carry (QC). allow-
ing a min imu mu n in ber of componen ts. The full adder (FULAD) schematic diagram is shown in
Figure 2S. The addend input includes a latch from which tle true or complemented data may be
selected. Transistors M I . M2 through %15. Mo6. and 1 7 and M8 are a pass gate, a two-stage inverter.
a feedback gate. and select gates. respectively. lransistor M 14 is the load device (Imr the carry NOR.
with the series string of transistors. %1) mid N 10. ANIDing the addlend and augCnd inpu ts. the
paralleled devices, NI 12 th rough M 13. ORing the addend and augend. and the series device. NI1 I.
ANl)ing the OR result with tile previous stage carry. Comprising the sum NOR are the following:
the load device. Mt 22. the paralleled transistors. NI I5 through I I7. that OR tile three inputs,: the
series transistor. %118. that ANI)s the OR resu lt with the CARRY Otttput: and tile series string of
transistors. N I ) through M 2 1. that ANDs tie three inputs. This circuit requires on l\ rte level

inputs and a total of 16 devices, exclding the latch.

A IC'.C (2's complement coefficient) control Ilinc is provided by the user. When operating
with signed nllagiitude inlpUt data1 less ttan 8 bit, in word length. the TC(" line can be taken to a
digital low to ensure that tile uipper sign bits are ,ct correctl\.
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I (t.'~t~clni totct ikcicntl mItrices; tor ~h I Iut.IuiarJ. \ Ulsl d HaIir transfonwl1 arc
>i\n ill I (cit.c 41. 1 li trunstoins dcsciht Cho A ~II\ Cx rI- LC11CtICTv.

IHli Iotricr trawllsormsl protc.'',, :011I)IC\ .()cti~iicfltSbCl, 01i~~ of COMlfIC\ v. C121htinH-
m~itri\. I Ilkt. dki [tVrt Ititipit trls Iiill 01 l ,CjLltllLC kx t.Ic~ilcd hx

X~. k = WL 1.2 M- I

A ,l iii N-poin triixioriii aild dcfliilint

7T 'IT-7

I N

I IliIH)i I .~tl hC r*Cx ijttcii i'

xhidi ix, tlw xamc form a,, Equaitioni 5. 1 lIc \kcinhl il" co;Ifitcts arc noxv -omjltc\. rctliirim! dddi-

tiiiiii IN~ I ' I( S to titiIithc realI~i and ijwiinII1r Ioiiricr coctlicicuits. hIN i,,s xhowl ill
I iiinc 47
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F igure' 47 I rnplemen tat ioti of 1 igh t-Poin t Fourier Trauisformn Using P1IPE LS ICS

h 1wo-DimjfelsjonUh Iranisforiis

I or applic-ations VM icrk t\Y0-tjlllCl1' ioflal data1 is, uIscd. %Wo-dillcllsjona~l transformts arc
ujircd It the transform is separablc. a twu-dinicnsional transformt can bC itnl)cmlcntCdI b\ usinet

I "ll-dllllnsionaI tranlsform, first oil Ilic rows ol thIc datal Mid thecn lollosscd by a transtoriti of

Hic AoUmIVS Of tlC COCtlCiCnts of the first trans~form1 Figure 48 shiows anl implemntation of' an
5two-dimlcnsl()nal transformi using L IN I SIC". Dalta i~s loaded scqucntialk. o(mc row% at a

tlic.- iunto tlic row transformu and. at thc cud oI' cacti row. thc transform coclicicut f ,or that row\
:ippkars as pardll ouitut. I hcsc cocflicicrits arc parallcl-loiulcd into a rcforiliattim! ucliorx. Ilie
iorluatting mcior% aKCIiiiuAcs tlic (4 c:ocffic iuts of the ciil i0W, of tlic iffna1c Anid IZlaS

~:liicllti llito 11ic "o][111111 ttinsloilii 1,;1,11 cigilt cticfficicnIs oll 11L. row ra\ tist ormi lpr()tLuCV
'iitpuit cocicjo iclts
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Figure 4S Inplementation of Two-Dimensional Transform Using PIPE LSIC

C. Pu Ic-Zero Jlhering

Another inmportant application Of tihe P1 IP LSIC is pole-zero filtering. Consider a system
whose t ranosfer In ction is given in fhe Z-domain by

Y( L

"lLz ) 1l = 0 . .. 14 )N XIZ)

' lie difference eq uation relatio n te inputpt samples Yk is gi en b.

N %I

Yk ., Yk nZ+-fln Xk n 1I

Using the NITPI LS"IC to implement a pole-zero filter requ nires M to he less than or equnal to 8 anlld N
to hc less than or eq ual to 9. As anl exampile. consider a second-order filtei with transfer function

a o + a, Z' + a2  2
Illz) 1lo

)I Z + b, z "

swu



H(Z)- Y(Z): A() 1-AI Z 1  -A 2 Z-2

X(Z) I - B Z- 1 - z 2

K 0 XK I-A K-1 4 2  K- 2 I-B K-1 2 K-

x 
-

Figure 49. Using MIPE [-SIC to Implement Seconid-Order Filter Function

'1 I hic iM 1crcncc C(fLhi s

k u k I k I 2k 2 1 k I .k 2

Xk 2

I jiation 1 7 is tlk' simic form as' I quation 0 and canl Nh- iinplclilted using PIN~l ISI's it'
NliOVk n in i ictire 41). 1 lic X dijta SC(IIICC is 1i~adCd SeCIl'tidiIk into ilk' lust IPlI JLSIW conliaiin

* 55 iclitingCoefficients a1,. it anid it, HL outpu1Lt of' the first PI I SIK is, Ioadd sequentiallN into
tlic.C 1l s 1)1i)d l [II lS(' to comiplete till' CaIQ ajLttiol oflIlqiatinl I7.

4. Neighb lorhlood Operators

-a nnaL'c- processini2 alpolruilJs stuch it' Iloisc clciilin. dC~h' dCtC,11t 1 n.And Cdi"C eliahCc-
114ut1 Cil h iinplkcited wvith the P~IN~ I SW( opecrating oil sliiun 3) K 3 pi\cI blocks of- Ow input

-'Sw



INPUT ARRAY WEIGHTING ARRAY

x x x w w w

iI I j4-1 -
x x x w 0 W 0w

01 1

x x x W W I W

01 1

)UIFP! JT Y if k Xi 4- k, - ~)w(k,

Figure O Iwo-Dimensional Spatial Conv'olution for 3 X 3 Neighborhood

jimlage. i 3 X 3-in puLt array is spatially convolved with a t wo-dimnensional wkeighit inc arra\. as Sllo%%tn
il Fgre 50. 1i his 3 ,7 3 two-dimensional spatial convol iition is a x er\ po\ eriniina dr .~
caleUlat ion alid one , Ior which the PIPIL LSIC is ideally suitedl.

I he W010 ill"n SLII bSCt ions I diSCLISS SoureC comuro rk used neihborhood operators and present
Sonlic c\lperilnenal resu Llts, of'tIre lpniraniiable sum of products breadboard described inl SubhSct'ionI

a. Noise (Ieatinr

Nmaim~ruages Contain discrete pixel variations that Lire a reCsul1t of' -os sensors and ' er\
objctiuial I'roii a uiser viewpoint. Simple low -pass spatial f'itering Canl eliminate or smooth most
such"A u1isc "liue the noise is deccorrelated spatiall\ Ironi its surrounrding pixels. Ifigure 51 shox s
liese hkm-pass, \keigl ting arrays that carn be Used as weighting coefficienlts tor the PPll. LSI( . All

can11 be weln. the wkeiiclitirie arrays are noriuali/d to un11it weigbitimg to p~revent ain intensity bias
in to flre pr-OCessd Illnace.

I'due el lance icit is used to accent edges of an image to provide a 11ore- Sn bieCt ix cl pleasingt
image Sinc areas, of' high frequenlcy (edges) arc to be highlighted. filie logical operation is a high-
pass tiltecr I n is can hie done spatially. using the 11 LS l( as a 3 X 3 neigh borhiood operator. Some
\xciulitmr rigw tahsat are of' the high-pass lorir are showkn in igure4~ 52. [here is rio need to nor-

aIed/ thlese arrays, since their dlients sumn to unIits .

IC (d the rIIOSl ditirig(IiSlhirg fecatures, of an image are edges bca~use tlie\ provide irilorina-
tinri 'm thc ph.s. letelIit of' obiects withinl tilte image Ldge-!s Lire defined aIs local discolrtillluities
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Figure 5 1. Low-Pass " eighting Arrays

[ 1 0 -1 -1 -1 1 -2 1

w -1 5 -1 W7 -1 9 -1 wv -2 5 -2

0 -1 0 -1 - -11 -2 1

Figure 52. High-Pass Weighting Arrays,

Hiv timie iInInceIJI or implitude level. 111cre arc halsicilis two mlethods of' Cdge detection edve
f11cnn ollowed h\ thireslioldi ;Iing.1(1 dehilo

II the edge'L CInhiauie1Cruent thiresit()dingil meIthIod, the inpu)Lt iaei, SpatIAlI\ COti\oled wkith a
I inear- wcigitiri arrays to 1p0IodC Uce aSet Of' gtai dCit hInd loions MsiiJcI arc. III til n on bilted

1, linear or nionlinear fRinctioii to create ani ede--nianced arra\ . Io inprose c(It!c 5ii~i the
1, \,- map, is comtpared to a threshold, I :if' the -,ra\ lese cisgr~ titan I .anl edg-e I'N assuimei

it the vra% level is less titan 1. the decision is no edvc. *I1 lie slcionl oh the threshold iS
11 Importarit. if it is, too highI. sonlic edges will riot he detdit it i too lo w, itois \s l hec

l ud i edgves

I hecre are two Ps pcS oh' edge-eitanmceitietit operator,. diff'erelt It] C deeC detectors. Su.II hd
ikoher-, P'-it n oe.mdtl)pat-ntc i edge-detctionl Such as comnipass grahiertt.

- ~ hh ti re-level, arnd 11%e-level.

Ill edge f'ittirig edge-detectors. s' thregions of' time iip nt imtage are fit ted to a two-dimnirsionial
llkld ohfr dge. it' the fit is close, anl edgeL is assumeIId to e\ist with the sante paranieters ais the

V.. mode. [dge hitting cannot he ittiplemneritedwt ieiI S(ai ttdsusdhrhc
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1 0 - 1 0 - 1

.HORIZONTAL 2 0 -

-2 1

t VERTICAL

Fiourc 53. Weighting Arrays for NVariouls D~ifferential Ldge IDetectors

d- DIffJem'ual E~dge' Defectors~

I Ilc knbCr-[ cdgcdCttr is appfid to a 2 li2 ncifioriiod oI pl\cI\ mid ,can he umnpic-
Iuicuitcil a" I\( SpAial conivolutionis of' fil input arraiv with a %Aciglitingu Ir Ilec output- o'11t1c
t\~o cnl\ollutions are comiiincd to jpImlfLcc anl cd.-c mlnitudc to he .ioipaicdi with~ the sclectcd
cdc-c tihrcs140d. f. hic (Hicultatioll ol, file cdgc canl also he acnac Irvoll the outputs, of the tWo
&Ofl\0 ilt jOlls.

I Ili Sohl. Iii :]I rcWitt cdc pcrator,, arc djppliCd1 10) X 3 "i'LO\' ndo 1 oli\clS and( arc ilc
M1a4c41 ho, 1\%) 'otidi c 11,olotion1s 4)1 file iuplit iii inc \\ i11 a 3 kiitlw~ arri\. Ag~ainl. the

A\nothecr diilo-ccntial cdcJ.c dctccLtio is lthe Laplaau opcrAlnr. Ilo\\ cxci. hcc:atIsc oi- its Sell-

III% If% 1() p)oiiIs I id LI Iic I t is i14) a \i cr\ 11 c ieI]n Cd C do'[CtcorY.

I h xk Ciiil til ing arra\ S LISCd l-Or thc Rohcrts. SOI)C i ad IPr!Wi It cdgIc dclecclors arc. shown 1 inl
I-L 5nc3. I1o OY ch operator. the amiplituide of file Cdgc i., -ixcn1 by

A ij) I')' i.JI j \'V ij i2

j l,-c k 1i.1 1 il L l~il ](m 4nd1of 1 he input arra\. anld tim ho~ri/olntai wcMiugar.>ad I) I41

I the ol( ulIiilml 441 Input1 mrva\ and Ilic \crlital \oillinara\
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F igure 54. Impl11ementation of D)ifferential Edge Detectors Using PIPE LSIC

I ti the lkolbrts operator, thle edge orientation Is-gien hx

0 ±j tall WI
4 If

I otthe Sobcl a ind lrewi tt operator. the edge, oIenltationl is gie C1 K

I he: II lIM( ha e used to imnplenment tlk Roherts. Prewitt. oi- tile Sobel edile defector. A
h () k d ar'ail)it fithe implementation of these operators is showkn inl I- igre 54. 1 lie input data is

asi'd I thlree sets of three parallel %worts. I hiree sample pet iods are rCetJtiired to mnlitlilr loa1d In.L
IN' L( An d prosk fidte first ou1tput. Suc:,eedIon ont pu11ltS oCUr eachia pMIeI period, I or the
Rthe-rts, operaor. the 0\eehieceliient.s wou1.ld he rcarranued to take into ae~count the2 2

seltimara\,

In criplae-nat.lon ede dete tmo;i. a1 ,et-1 o kwitlug ir\ or"I'LspoIld ill to the eight11
i1,aiot oips direetions" nIorth. northeast. east. etc.) Is eool\ ecd with the input imlage. I li cedge

or-ientation1 i, determined thle direetion01 prIodingL the iiiiiiiii rdientI resne1)IS greater t ita,
t1e sIelec ted thrsld.Istilso epaeiaeugs iltn ra J sJ1 irc gi\en inl I iure for
the ompao-~gradit. Kirseh1. tlree-loc l. and fise-le\ cItmpat-itcig operatlors.

I Ilie Pl~I L.S( canl implement the t ell) pli-uIat, Iine edge ICC deecor eas'il . asios, "1(m1 ill
1r 11 I h it IrII ks loded As thin.ck scls oI three palralel wolsk Ill all wIelt P1hl1l .SI(s
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(A) COMPASS GRADIENT

-5 
-

NORTH NORTHEAST EAST SOUTHEAST

SOUTH SOUTHWEST WEST NORTHWEST

(C) THIRD-LEVEL

NORTH NORTHEA ST EASTSOTET

SOUTH SOUTHWEST WFT NORTHWEST

D) FIFTHLEVEL

Iigure 55 l1clnpiaIvc \l;iich E:dge I ke ctd )r V , ig ~t iw Arru}
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Figure 61. Sobel and Prewitt Edge Defection Using Programmurable Sun-of-Prodiius Breadboard

"I II= M AX l I . 13 I111)(

SIMwhere [ is the onl-chip LPROM access time. mud 1,i the tile req~Uired bN the accumnulutor

fo prevent addressing the nmenmory mcorreetf k thc tim cbt ween load p ulSes mu ust also sat isis

l'hJiltiOn 22.

Recalling that the nUmber o' Ipu strobe puLskC, bet e~ccn load pulses determiines w&hetl her

slid irg (or moislidiflg type of operation is pe(rfor iii ti III tic betweeln strobe plkes (-IR11ICl

be, given is

ISR00 MNAX iI14)%VI I~ Hm 2-I
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I IhCre N is tI ICHLIc H nih Cr 01 11n)(ut strohc bcI)ct ceI oad p itI Sc" I IO K ti [Ilc c\~c lou 111Cbl CI p 1( )Ii

as\ dICrIiflICd h% 1l(1ihItiOl _' 2. 11I Ii \ I 1 t h I (ipc~t ill'- t ilik. 101 tile inputLI LitclIc

I0 1111in1taill p)pc Oii-c li]) tuing. thIc Iiiltl. _oc II ril sIilut h L~ccrc thin H
tinIics thc load trctl LiicO .0oi

24

I~hlc 3 suLiiuri/cs Lquiitions 22 tliiougli 24 Ii Ofni 01input Amd OLItp)Lit (Liti tc f0
dlittcrciit tvpcs o1 opcrations. word lenigth. anid ILI~~ c~ time Nnnn 300-nh ilccuihilitor

tilflel 20-NilIt inpu)Lt litch. and 20-Mli ItJiistcr doA ilcsici voak i.

Ini tile serial I slidiii i pc of OICI'ltiOll. Onc' "trohe '2
1

w 0 nldd ctk cf c'. l
;)IIlC. dilld thc loadI frequncc is CJICiilIitCd tio011 L(Lt0lnl 22' to he I 25, NMl I for s-hIt itut Amd
I II I, I r l,-bit ditl. dss tjinin I 10-n"I11 N acs tinlic. I[or 'Cil s ., I I'onslidini t\ pe of
0opCru I 11). cub I C i Ilb ptlscs, are rC(jLiiCd Ic\\L 'Cii1 bid Jmii\( 14rtiClcorc. tile 11u\iii U11 lod
trCktLICnI\ I, 1.25 \IIIZ: Iio\\%clc. -iicc duiti ciii he bnldcdk Inl thic Pil inlput it'jl\ilL('ndi
ol the paillcl-to-scrial rLcistcrN. tileI iii\ilILIiil jinput 121 rl is dctcriIn (I h' the' ifi iput tr(oc

Irc lll h i i e cuaLcnluitc IY11 I Jiiiltion to be 1(1 Ml nIm both ' - mld n-itl 11(11 lot

I TilllIidilnc- t\ pc 01o peritinii".

I or tilc paralll 3 slidmilc t pc ot opcrution. oi(i l! StrobC pusI'C i, ieCLIAI vcc

lOll!. 11111>. fromi I jhiti((iis 22 ild 2.3. thc loudl IrCmLICIcn\ Id input &1t1 ruitc I inlpit srb
ljncn) cu\ ) b:tl e c:Alcllcd to be 1.25 MI 1 ' or8-hit (luit and I .() \1l1z for n -bit ti. , it!ii 2

.IR( IIuc timei 01 1 M1) us. [-or p.,aidl3' 3 iionilidill- ti p 1 O 01 opcriti~ln . tlieCC Strobe lsc
ic rcqILiircdI etw CCii hidJL InlSCs thlcrlOre. the inputL~ dLIA raite 1, W NIII/ fOr both , - 'Ild f(-bit

dati.a I lie cllce t o1 ITIRUAI 't-es" tinic onl inpuit dalii r;itc is, ilso slin\\ n inl I AuIlC 3

Ic C I )II )11t I I ii I tI , l i C IcI I I\ . tjIiti10 l 2 . r C '_ I r o t the t\ e I t I )Io I.,I 211 1

1.25 .\ll/ for "s-hit data 'Id I.(,M I ~, o r 6 -11it (1 I th t1 10 0-nIi I. I R ()NII I cc, tine

I o iclicce rcul-tiic ( 10-N\ll1/1 olpciJ1ton On -hlt dkili %sitll 501-us II M (NI diLC's tul1le. Imi1,

P'IN' I SI(_, Luli hc ojmcrt-cd fin Imiii iII' I( 11shw ill I 11oe1 Ci I'M tInbi III IILItiolls, :ilid I ilLie

(4 tkin F CiiIlIhOIirlitmi opcrators. Iii hotli iiiplcnicntutions,. thce input damta is delc ilt ipl'cwd h\ t11L
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