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~BSTRACT 

, ' , 
INTELLIGENT REFLEXIVE INTER~ACES AND THEIR APPLICATION~ 

Control.tasks in an indu.trial procaS5 can be partitioned . 
into rQutine, reflexive tasks, and smart computational task9. 

An Intelligent Reflexive Int;èrface 1 URI) unit based upan 

Binary, Decision processing of digital datq was designed and 

interfaced to a MC6B09 based microcamputer. Advantages of the 
" 
Binary Decision method as compared ta the conventional Boolean 

are analyzed • .... Bath the hardware concepts and BD 

control algarithms are presanted. 

~TWO applications of IRI controll.rs are pre •• nteda 

1. The control of a batch waighing system. 

IRI applications in indu.trial pr.oces. 
----~ 

control 

demonstrate how control m.y be enhanced by the raflaxive-vs-
, 

smart task separation. A relativaly simple microproce.sor 
", 

tak.. on many of the advantagas af a multiprocessor system 
~ 1 

whan augmented by Binary Decision basad IRI modules. Thus it 
l can be eatiily made ta control a f.irly complicat.d indutitrial 

proc.tis. 

,. 
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• LES INTERFACES REFLEXIFS INTELLIGENTS ET LEURS APPLICATIONS 

A 
etre 

1 

La. taches de contr~l~ do processus industriels peuvant 

en routine, A.' ti\ches 

d'Arithmétique intelligentes. Une unit~ d'Ihtarfacc R~flexif 

Intelligent URI) baG~e Gur 10 traitement par décision binaira 

, , " de donnee~ digitales fut coniu~ et interfaces a un micro 

ordinateur ~ basa 

d~ciBion binaire 

MCô809. Lea 

par rapport 

, 
avantages de la .methoda p .. r 

1 ~a '~ique Booléenne" 

conventionelle sont analys~s. Les concepts d'impl'mentatièn 

... ~.b'ri aIl t;! et d'al gcri thmes de contrlh Et BD sont tous dltUx 

pr-' •• nt"s. ~ 

Deux applications des contraleurs IRI Gont pr'sent'es, 
1 

A" , 1. L. controle d'un systeme de pesage d~ fournee. 

2. l~ pr~-processeur qui balaie une matrice de capteur~ 1 

:-'f4rence var'i able. 

't..e. appl i cations de l 'IRI aux processus de contrale 

industr els dQmontrent comment le contrêle peut ~tre am,lior~ 

par la .'paration des t~che~ r~flexives contre intelligentes. 
\ 1\ 

Un microprocesseur relativep1ent simple acquiert plusieurs da", 

aVAntages d'un syst~me'~ processeurs multiples lorsqu'on lui 

adjoint un module d'IRI bas~ sur les d~cisions binaires. Donc 
Il 

on peut facile,e~t l'utiliser pour ccntraler des proc ••• us 

industriels r.l~tiv.m.nt ccmpliqu'_. ~ . 
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') 
CHAPTER fa INTRODUCTION 

1.1 Tha Computer Role in Proe.55 Control 

The appllc:atio," of c:6mpute~s in proca.. control h •• 

gradually int:reased in popularity sim:e the first 

,microprocessors were introduc:ed in the carly sQventies. In the 

control 1 oop , process computers rep 1 ace c,onvent i anal control 

alements Buch as hard-wired switching circuits, pneumatic And 

hydraulic controllers. Software implemented logie control 

algprithms can detect proc:ess limits and transmit on/off 

control decisions to proc:ess actuators. The development,of 

Di gi tal 

.nalog 

to Analog and Analog to Di gi tal convertors p.~rmi tted , , 

control to be similarly implemented in digit.l l 
(') 

cOlJ'lputers. The process control computer is difforent from 

other computers because it can control a real-time proca •• 

interfaced to it via sensors and procoss actuators. Ta do thts 

it etxecut,es programs cont,aining various control algorithms. 

Computer process control can be viewad on four 

hierarchical levels., Fig. 1.1: 

1. The Direct Digital Level: The computer senses and monitors 

the .tata of the process vià transducers, executes the control 

algorithms and produces the necessary outputs to drive the 
\ 

actuators. This is thelowest c:ontrol l~vel. 

\ 

• -

1. 

• 
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2. The Supervisery Central Levell On thi. level, control a190-,. 

rithms are cr~ated and modified te adapt ta proces5 cen-

ditlens. Supervisory con~rol can be assisted by a 5imulated 

model of the controlled proee5s and an optimization program ta 
\, . 

provide the optimum control algorithms and ~et-point5 to the 

a first control level. The adju.tments are performed in real-
, 

timè~ 

3. ~he Co-ordination level: This levaI axists in di5tribute~ 
control systems ""here .everal processes Ar'. being centrelilld 

5imultaneously. Communication bet""eeD the processea and the 

nBce.sary coordination i5 pe~formed at this levQI • 
. 

4. The Management Leval: At this top level .tati_tic.} 

information gathered from aIl prOCDsses, ig applied ta non-

direct-control con'!liderations 5uch 

establishing raw mat~rial stock pile levaIs, analysing cast 

center profitabilities, etc. AlI these ara executed off-line, 

i.e., the computer does nat have ta be physically connected te 

the pro~e5s and need not roeot real-timc constraints. 

The desire ta achieve a rational partitioning of procas5 

control tasks motivated this work. The idea te separate the 

direct control of the process from other tasks ls lmplemented 

using the primitive, fast and efficient Binary Decision 

,~intell igence. 

- \ 

-' 

., 
j 
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1.2 Direct Digital Control: Boolean vs. Binary DecIsion 

Alternative 

Shannon [SH38J showê~ in 1938 how to apply Boolean 

algebra in the design of switching circuits. Since then 

Boolean algebra has been systematically enhanced and adopted 

as the most popular IOgIC. de,sign tool using manIpulation and 

optimization procedures such ~s Karnaugh maps and DaMorgan's 

theorems. Control algorithms at the DOC level are constructed 

usihg mostly Boolcan algcbra methods. Hardwired circuitry used 

to implement "Bool~an functions has beeo replaced by 
• 

programmable automata. Switching control functions are 

represented in the control computer as Soolcan sum-of-products 

which are evaluated in a stepwise sequential manner. Due to 

its algebralc naturev,the Soolean method gained recognition as 

the sole logic design and implementation tool but it has some 
cv 

limitations. Speed of execution is limited because the number 

of program steps increases exponentlally as the number of 

blnary Input variables or program inputs. A second deficlency 

of the Boolean method lies in the fact that Soolean functions 

have single-bit blnary results or outputs. 

In 1959 cee [LE59J proposed binary-decision <SD) programs 

as an alternative to Soolean representatlon of switchlng 

circuits. One of the qualities of the BD technique is the 

computation speed. Lee demonstrated that a sWltchlng functlon 

. implemented as a BD p~ogram is evaluated ln a number of steps 

that is equat to or less t~an,th. number of binary inp~ 



\ 

/ 
1.5 

variables. 

Although the BD alternative to Boolean algabra was shown 

to be more efficient in several ways, it has not been widely 

accepted by designers of electronic logic. This 1G b~caus~ BD 

programs ara non-algebra1c. 

Extensive theoretical BD research has bean donc but most 
" 

of it deals wlth information theory, lmage processing, 

networks and eo~nectivity [M082J. Several researchers followed 
\ < 

La.'s concepts. Akers [AK781 presented BD e programs in a 

graphiesl form called BD diagrams. He compared the avaluation 

of digital functions by Boolean algebra with their BD.diagram 
j 

representation. Boute, in 1976 CBO?bl, formulat~ the firat 
1 " knQwn design of BD_control 1er h~rdware. 

Potential superiority aS regards spead of .~.cution, and 

lower 'hardware- cost, of BD eontroller.s over their Boolean 

cou~terparts provided the incentive for researCh,[LN79,ZM79, 

HU81,LM82a,ZM83J in tho followïng BD related areaB, carried 

out in the DATAC computer laboratory at MeGill University. 

\ 
1. Davelopment of BD optimizat10n tools, 

2. Development of BD Controllers, 

3. Applications of BD controllera, and 

,4. Applied BD theory. 

/ 
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1.6 

1.3 The Present Work 

.. 
~' 

ThlS thesis ie a part of DATAC's applied re5aarch program 

ta dèsign a BD ba5ad control module which can-handle direct 

digital controh taoks efficiently and autonomously~ fhe module 

can be programmdd for a variety of control applications. It is 
Q 

intanded ta be a component in tho proces5 1/0 lovel of a 

distributed control system. BD bascd c,ontrol algorithms enable 

~.st response to procoss changes. The ~D control 1er module i5 

suparvised by a conventional control computer which can 

dYn~mically modify BD control programs. This control module is 

m.~nt to handle routine, rcpetitive control tasks which are 
, 

called 'rcflexivo' tasko. Although reflexive tasks do not" 
... >:7 

require complex control algorithms, their frequent occurren;' 
, 

makes heavy demands on a process computer. The module, which 

h.. been designed to alleviate this large overhaad is c~ll.d 

an' Intelligent Reflexive Interface or IRI. 

It is.obvious that a microprocessor basad control system, 

-~with one or more IRI modules to autonomously handle direct 

reflexive digitûl control tasks, is able to perform the higher 

proc.S5 .control level tasks better. Thus IRIs enable a 

relativaly low-cost, microprocessor to replace more expansive 

control computera. The main processor supervises the operation 

of the IRI modules by starting BD control programs and 

," initializing ",,;peir paramettrr=S and by supplying new control 
" 

algorithms ta IRIs, in response ta any process changes which 

requi re them. 

.. 
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1.7,; ( , 
related te the procas. ,A' reVlew of Boolean algebra, 

control applicati ons, is gi ven in Chapter 2. ThlS will help us 

to co~pare BD vs. Boolean implementat10n of process 

controllers. 

BD 10glC theory 1S ~resented in the following chapter. 

Advantages and llmitations of the BD methods whon applied to 
1 

the proces5 control environment ar~ describod alcng with 

examples. BD optimlzation techniques are bricfly doscribed. It 

will be shawn that the BD technique iG more cTficient th~n Its 
" 

Boolean countcrpart. It 15 cspecially ~uitable to control 

proceS5es having a small numbor of input nnd/o. output oignais 

and requiring fast rcspon~QG. 

Chapter 4 j 15 il' thorough -description of BD élutomata " 
f 

starting wlth//tho first DATAC prototype which I.,.nn developed 

from Bouto's [B0761 deSIgn. Thi~ was our first pr.nctical tool 

,v' ta investlgate theoretical and ap'plied aspects of the BD 

methods. A hybrid system consisting of il BD machine and an B-

bit microprocessor is describcd next. This system., which HilS 

bui 1 t as part of thi 5 work, enabl ad further rese,i\rch in 

different BD related fields on~ of which is the partitioned 

tRI baged system. 

The task pnrtitioning concept, the denign of the ,IRI 

module and the IRI bn~ed control system ara described in 

Chapter 5. Several design schemes are presented, highlighting: 

key design aspects of an IRI basad control 1er. 

, 0 

/ 

\ 

\ 
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Two applIcatIons of an IRI ba~ed control systems are 

given in Chapter 6. The fu·st 15 an industrlal batch ... elghing 

syF.tem control 1er. lt wi Il be shown that a conventlonal, low-

cost mlcroprocessor system augmented with' IRI modules can 
.,. , 

control il. falrl'y compl ex procnss, which woul d otherw~ se need 

several mlcroprocessors or a mlnieomputer system. The second 

application is an IRI control 1er servlng as a pre-processor to 

Increase the throughput of a v~riable-reference matrix 

scanner. 
" 

Chapter 7 contalns conel U1Iii ons and saveral 

recommendati ons for further work. Three appendlt:es provi de 

informatIon on the MC6B09 based development system (AppenJ:lix 

A) , lishngs of application software (Apperydl)( B), and a 

dl!scr i pt i on of the BNF and· ISP language definitions used to . , 
formaI 1 y describe BD automata and software (Appendlx C). 

- J" 

• 
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CHAPTER 2: LOBIe THEORY~ REVIEW 

2.1 Introductlon. 

Thl':> chapter describtfs briefl y 'the theory of 

combinatVlal and seql.Jentlal 10glC CIrcuIts, as it applies to 

industrlal process control. This pravldes the necessary 

background ta compare Binary Dpe1 sion process 

control18rs Wl th t.h!:!i r Booh.!~n countrrpart-s. 

part 

10gic 

A complpx proc!:!5s. control proc~durp. c.orl!llst" of .- dIgItal 
(-" 

i.e ... on/~ff dccis.ions ë\nd •• n\"1ni110g part. The:' dIgital 

performs 1 Ogl cill opcrtltIOn!1 upon" lC?gl C p.u . .-)m~tfrs. A 

parameter in <l bin~ry v."lriilblc WhiCh may ha :~ '':wo 

di!!itinct values: Q.g. 7 on/off, 1/0, trw" or fa150: Tho state 

of an Indactlon motor is an example of a 10gic parilmot~r, s. 

whon the mat,?r is runnlng, and 5""0 whnn it 15 nota S, may 

depend on the state of other 1 agi c: paramotors suc:h as a 

pressure 1 imit or il stop flag. Notiée that .ur presnure IS an 

an~log paramntQr~ but It may be trnated logically. Lagical 

operations describe the relations among circuit parametr.rs. 

1 n 1938 Sh annon [SH38J appll.ed the rule~ o-f Boolean 

algebra to the deSIgn of logic clrcuits. SlnC:Q thon, extensi.ve 

Booi ean methods have eval ved, enab Il ng l ogl c design probl ems 

to be treated !:;Y!3tematl calI y. 

Logic CIrcuits may be divl.ded inta two categorIes:' . 
co.natarial and sequentlal. Comblnatorlal cirCUit outputs 

are Boolcan functions WhlC:h depend onl y upon the present 

inputs. Sequential circult outputs depl!!!nd upon the previous 

, 

'\ 

• 
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states 'of the circui t as wall ',as the current input •• 

2.2 Combi n.tori al Logic 

Logic operations relata the input signais of a digi,tal 

ci rc:uit to its output. There are SIX fundamental 10gic: 

. operators, which d",,~cribe operi"ltions. These car'! be 

implem~n~nd "üth loqic g."t,p.s. Rp.gilr-dlp.55 of compl~xity, any 

'digital circIJ li t m;l,V hl" l mpl r~'"'!f1t.m.! USI nc thr",1i"' 51 x basic: 

gates. 

Bool eiln 

aIl po!'-:-;iblp. 
1 

circuit inj.)ut combination<;5 and their respective 

outputs. A dÎ:?finition of each logic gate follows. The symbolic: 
o. 

repr&sen~ahon, Boo1&uiln expression, and truth table; are given 

in Fig. 2.1: 

OR· gate t Fig. 2. 1.11 Th. output of an OR g.tœ .will be 1 if 

• 
. and onl y iF at l., •• t on. oi- the inputs, ia 1. Th. operation t. , 
defined as the logic sùmmation of i t.'S 1nput.s and dènot.d by 

the +. si gn. 

AND gate, Fig. 2.1b: The output. of an AND gate wi Il be 1 if 

and 9n1 y if aIl lnputs are 1. The operation is defined a. the 

10glC multlplication of ItS Inputs and denoted by the' signe 

NOT gate. F1g. 2.1c: The output of il NOT ga,.te i 5 the com-

plement ai lts input. If the Input a""O then the output f=l and 
(' 

a:llt t;.hen f==O. The com~lement o~ a loglc parameter i. 

denoted by placing a bar over the parameter narnQ. 

NOR and NAND gat.es, Fig. 2.1d &: 2. le: T~e operation of the •• 

.tgates the compl amant o-f tha OR and AND gat.a. re.pecti v.l y • 

• 
). 

" 1 • ., 
,1 ' , , . 

l 

• 
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2.3 

EXC~USIVE-OR (XOR) , Fig. 2.1f~ The output of the XOR gat. ig d 

if bath inputs are identical and 1 if thay differ. Tc 

generalizp. for aoy oumber of inputs: whenever odd numbar cf ., 
inputs are 1 the XOR output wIll be 1. The XOR operation i. 

denoted by th.. Œ> !:1iQn. 

An .. xnmpl~ u~ing 50mn of thn aboya basi~'gateg is giv.n 

in Fig'. 2.2. A dlg1t."l} functlon F1 (a,b,c,d), Equatién 2.1, i. 

impl~mented USlng a NOT qatp., four ANO'gates, and an OR gate." 

F! (a , b , c , d ) - a· b + ,a' c + b' d + a - c (2.1> 

Logic impl.mentations such as tho •• in Fig. 2.2. may ba 

simplifi.d u51ng Bool.an Aigebra rules. The design guideIin •• 

for optimal implementation ara minimization of cost and 

propagation delay. A good crit~rion for cast e~tlmatlon Is th. 

number of gata leads in a circuit. A 2-input gate will hava 

thre& 1 ead!'l , tHO for tha Inputa and ont! for thu output. Thu.' 

~e above implemontation of Ft requlres 19 gate lead9. Th. 

sècond design gUldeline considers thw timê delay reqùired for , 
th. signaIs ta pûss through a gate, important in complex 

circuits to \eliminata race problems and to m •• t critical 

timing requiraments. 

f 

- .. 

r l. -
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.. 

. -

• 
1 



.. * 5 & 

2.4 

a 

·.D 
a b f 

a) , f = a' + b 0 0 0 ...-- b 0 1 1 
1 0 1 

~~, l l l 

~ 

b 

1 ) 
a f a 

b) f • a • b 0 0 0 
b 0 1 0 

1 0 0 
,,'" l 1 1 

, ... 
f .' . ~ 

c) a C> f=a 0 l 
1 0 

1 

" 
, 

D 
a b f 

a d) f = a + b 0 0 1 • b 0 1 0 
l 0 0 
l l 0 

a b f a ) e.) f = a b 0 0 l 
b .. 0 l l 

1 0 l 
\ l 1 0 

.. 

D 
a b f 'a 

f) f=aŒ>b 0 0 a 
b 0 l l 

1 0 1 
l' 1 a 

,Fig. 2.1: Fundamental Logic Gates; Symbolic R@presentatIon, 

Boolean Expression and Truth Table. 
( , 

a) OR b> AND c) NOT d) NOR .) NAND f) XOR. 

• 
J 

\. 
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abc d 

a·c 

a·b + a·c + b.·d + a·c 
". p 

-b·d 
.~ 

..e. 

a·c 

r 

Fig. 2.2: G.t. Logic Implem.ntation o~ F1Ca,b,c,d). 

2.3 Bool.an Algeb~a R.vi.w 

Boolean Algebra, aiso known .s the math.matics of logic 

operations, is the essential tool available ta optimlze logic 

circuits. Boolean variables are defined a&& X. E{O,D. Boolean , 

operators are ORy AND and NOT, described in section 2.2. 

Boolean functions can be reduced by the 1dentities and laws 

described in thi. section. 
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2.6 

2.3.1 Baalaan AIg.br. Identities 

The ~ dent i t i es in Equat ions 2. 2a-h ref l.ct the ba.i c . 

potltùlates on ..,hich ,Boolean algebra is fcundedo 

(2.2a) 

(2.2b) 

x+O -)( .. (2.2c) 

x+1 - l ' (2.2d) 

xox -)( (2.2.> 

lC+x -)( (2.2f) 

)Cox -0 (2.2g) 

'. )C+x - 1 (2.2h) 

2. 302 Bool.an AI g.br.. La .... 

Boolaan f2xpre.si'Ons may.. b. manipulaJted alg.braically 

using the .followin9 1 aNS. 

(xoy)·z ".. xo(yoz) ••• ociativi ty (2.3.) 

(x+y) +z i" x+ (y+z) A.sdciativity ê2.3b) 
JI. 

)C ° (y+z) "" (xoy)+(x·z) distributivi ty (2.3e)' 
l' 

x+(y·z) ,.,. <x+y) • (x+z) di str i but! vi ty (2.3d) 

x·y ... Y'X cQmmutativi ty (2.3.) 

x+y ft y+x cotnmutati vi t y (2. 3f) 

X'+x· y "" x Absorption (2.3g) 

)( 0 (x+y) - x absorption (2.3h) 

x+x·y ... x+y absorption (2. 3i) 

x 0 (x+y> -xoy absorption 
, (2. 3j) 

• 

j 
, 1 
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2.7 . .. 

2.3.3 DeMorgan Theorems 

The DeMorgan theorems relate the OR and ÀND operations 

using pre- and post-inversions, Fig. 2.3 • 

: 

x 
y 
Z 

"/~- -

~_)_ fmx.y.z .... 

x+y+z+ ••• - x·y·z· •••• 

i·y-z ... 2 x+y+z+ ...• 

\ . 

X=f> =y .,f=x+y+z+ .... 
Z .. 

Fig. 2.31 Pre- and Post-inversions, 

DeMorgan Th.oram Impl.m.nt~tion • 

• 

1 

.' 
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'2.4 MinimizatioD of Boolean F~nctlons 

, ' 

2.4.1 Boalean FU.'Jct!pn~: Canonical Forms 

LOgIC functlons may take dlfferent, equivalent forms. 

A mlnimI:::ed form 15 dC'Slrabl e. In order to define 

minlmizLltlon procedures one must ~pgIn with the most 

generallzed for ms , the ca.flonl cal fDrms. Two types are 

consi dered: canDn~ cal sum of products (CSOP) and canonical 

p~oduct of s~ms (CPOS). 

<1' 3-vari abl i? 

exist el ght combi natIons of 

lOgIC function, F(a,b,c)_ There 

~ '\ 
thé Input varIables. The outputs 

are glven by a truth table FIg. 2.4a. Eùch comblnatlon wlth an 

output of 1 rnay be expressed as lhe product of the appropriat~ 
"l 

input variables or their complements. Any such product is 

called a minterm, Fig. 2_4b. DRIng aIl minterms resùlts ln the 

esop form of F(a,b,c), EquatIon 2.3_ 

Converscly, each comblnallon whose output 15 0 may be 

expr:;essed the campI ement of the sum of the approprlate 
1 

input varlah}ps ur thr:?lr complJ'HIPllls. Any <,;uch ~iLJm 15 called a 

-màxterm, Fig. 2.4c __ ANDing a,ll ma~:terms result.) ln the second 

càhonical form Df F(a,b,c), the CPOS form, Equ~tion 2.4. 

FCa,b,c) (2.3) , 

(a+o+c)' (a+bt-c)' (a tt.,+ë>· (a+6+c) (2.4) 

• ~/ 
" 

, , 

.\ 

(, 
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2.9 

a b C 1 f mi nt el"" ms maxterms, 1 

----------:-----------------------------------

0 0 0 1 ;3·5·,c 

0 0 1 1 a·6·c • \ 
0 1 -0 0 a+6+c 

0 1 1 1 a'b'c 

1 0 0 0 a+b+c 

1 0 1 0 a+b+ë .. 
1 1 0 0 a+61'C 

1 1 1 1 a·!:J·c 

a) b) c) 

Fig. 2.4: Representat ion of a Logic Function F(a 9 b 9 c); 
" 

a) Truth Table. b) Mlnterms. c) Maxterms. 

2.'.2 Kar~augh Maps 

I<..a~naugh maps are seml-graphl cal represent.ati ons of truth 

tabl es used ta ffilnlmlze lciglC functlODS. Each square rep-

re5ents a ffilnterm or d maxterm and 15 asslgned aloI"" a 0 res-

pectl vely, FIg. 7.5)' lC:.g., a "1 Input furlltlon, F2(a,b,c,d), 
, ~ 

~quation 1S 1 nto a 4;,4 of ';qU<1.r;l~5. 

~ 

FZ (a, b ,e, d) =abLa+abëd+abca~ a6co,+",t:Jè:,a+;ibr a ~ :lbcd+iibëil+ii5ca - (2.5) 

'. 

• 
.. 
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Square addres~es may be asslgned arbitrarlly but adjacent 

squarRs must be numbered US1.ng a Gray c:ode ln bath the rows 

and columns. Karnaugh maps wrap around two ways: top ta bottom 
~.­

and right ta left, resul ti ng 1 n four adjacent squares for &ach 

square. 

00 01 

00 0 0 
-

01 1 1 

" 
l , 1 1 -

10 t 0 

c 
,.-- -........ 

& & '0 

0 1 

0 1 

0 1 

0 1 

1) 
b 

) 

Fig. 2.5: F2(a,b,c,d>; Karn~ugh M4P Representation. 

The mlnimlzatlon procedure IS performed by grouplng 
/ 

togethér adjacent squares wlth Identlcal output into celis (or 

i mp Il c an t s) • Beçause adj~cent squares dlffer only ln one 

varl abl €?, asserte~ 1.n one and negated 1n the other, grouplng 

them togethe r e11 t:nnates the non-identical varl able. 

Similarily, adjacent celis may be grouped into larger cells 

eliminatlng additional 'variables. The grouplng is performad on 

j 
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éi t:her all the . O' ,squares or aIl the '1' squares. A . don' t 
, 

care' square may be Included in any grouping Slnce the value 

of tha~ mlntcrm i5 lrrelevant ta the value of the functIan. 

Every square cantainlng the output chosen ~ar the grouping, 

must appear at loast 1n one of the colls but may appC?ar in 'yJ 
,1 

\ more than onE? cell. 

that--r:annot be il A prime Impllcant (PI> is a maxImal coll 

part of a larger' coll. An e5sential prImo impllcant <EPI> i5 a 

J:!rime impl1cant that contains a square WhlCh doos not belang 
fi 

to another prIme impl iCémt. Ta obtain an optimal 

simplIfication of the lOglC func::tIon, one first has to 5earch 

for essentl al prime impl icants, and to group the remall"ling. 

squares in prIme. implicants., A prime ipphcant i5 preferable 

aven If i t eovers an al ready covered square because i ts 

address 1 s shorter. Take as an example the Karnaugh milp of 

Fig. 2.6 WhlCh describes F3 Ca,b"fc"d), Equation 2.6 • 
... 

F3(a,b,c,d) = aco+abcd+abë+aëd+a6d+âBc 
1 

Each one of the desi gnated groups. i • .!! 8ssential prime 
, v 

impl icant due to the starred squares •. Thar.fore the opt~ mal 

sol~tion 1 s: 

.• - F3 ( il , b ,c ,d ) ... ab +l'éd + fic 
\ 

Karn~ugh maps become impractical 

vari ables e)(caeds si)(. 

(2.7> 

the 
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00 01 • , 1 10 -' 

1 1 

,-, , .. , 
'0 1 l ,} \.~~ 1 } 

fi. --' 

1 1 1) 
0 1 1 lt, 0 0 

1 1 1 
r-- 1- -1 .... -- ~-"\ 
t 1 1 fil 1 .;.k...1) ) '---1,--," --~ 

( 1 : 
~-- --, 

0 t 1 1 • . :~-). 1 . l • 

b 

00 

01 

,/ 

• 
10 

1 1 

Optimal Solu~ion wlth Karnaugh Maps. 
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2.4.3 Quine McCluskey (QM) Method 

The QM 1 method determines EPIs and PIs algerithmically. 

Thi SIS useful wh en the number of parameters i9 large. The 

method can be impl~mented as Cl computer algorithme 

The tabular procedure will be demonstrated by aA example 

taken from [CH82J. Consider the canonical sum of mlnterms form 

of F (w, l( , y , z ) : 

F(w,x,y,z)=wxyz+wxyz+wxyz+wxyz+wxyz+wxyz+wxyz+wxyz (2.8) 

Step 1: The mlnterms in their binary form (i.e., 0 represents 

a negated variable and 1 an asserted one) are Qrouped 

accordlng to the number' of '1'5 they contain., Table 2-1. 

minterm binary ferm l1umber of l's 

w )( y z 0000 0 

w )( y z 0010 J 1 

w )( y z 0110 2 

w )( y z ,1010 2 

w x y z 0111 3 
" 

w )( y z 1101 3 
\.. 

... )( y Z 1110 3 

... le Y z 1111 ... 4 

-
Toable 2-1: Minterms Cla9s~fication by Numo.r" o.f 1 's. 

) '. 
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Stap 2: Each member from each group iS,campared wlth each 

member from the next group. Whenever adjacent mtnterms are 

located. i. e~ , containing only one non-ldentical blt, these ' 

minterms are marked <*>, meaning they are not PIsy and a new 

• implicant cdntaining these minterms is entered in the first 

reduetion table. The n~n-identleal bit 15 replaeed by a -

(dash), meaning that both 0 and 1 are possIble. 

Step 3: The same procedure is performed on the flrst reductlon 

table, thus ereating a second reduction tùble. NotIce that the 

,dashes should be identieal, for instance 0-10 + 1-10 = --10 

for a su=cessful merge te take place. The precess is rapeated 
\" 

until no adjacent minterms can be found. 

/' 

crigin.al ferm 2nd reductian 

W)(yz wxyz wxyz 

0000' * 00-0 -
0010 * 0-10 * --10 

0110 * -Ql0 * -11--1010 * 011- * 
0111 * -110 * 
1101 * 1-10 * -
1110 * -111 * 
11,11 * 11-1 

111- * 

Tabl. 2-2. Prima Implic.ant. for F(w,x,y,z) 

" 
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The prime, implicants are the unchecked t.rms (.from ail 

" tables), th uS the minlmized func:tion i5: 

F (w , >< ,y, z) "" wx z + wx Z + yz -f- X Y (2.9) 

Step 4: Further m~nimlzation of the func:tion can be done by 

performing dominant Row/Column operations on the Pls.found in 

steps 1-3. Thes~ operatIons cause the elimination of identital 

5ubsets of the PIs [CH82J. 

2.5 S&quential Logic: and Finite St.t. Automata 

A sequential circuit c:onsists of a combinatorial part and 

memory elements" Fig. 2.7. It is pften described by an 

abstract mpdel called a flnite 5tate machine. The operation of 
~ 

this machine may be described as a sequence of events that 

occur at discret~ instances t~, i=I •••••• n. "At eac:h moment t& 

the machine responds ta sorne input ~ignals I<t> as weIl as te 

~. sorne historical input and, output signais Jet>, producing 

output slgnals F(t). The number of possible pilst hIstories 

may grow ta be Infinite, vat, they usually affect the present 

out~ut F(t} ~n a finite numbe~ of ways only. Thus, past inputs? 

are class~fied by examining the way in which they influënce . . 
the machlne response. These classes are c:alled the internaI 

states of the machine or Just states. 
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master clock 
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\. 

Fig_ 2.71 S.qu.nUal Logic Maè:hine;' Typical Block Di.9r~m. 
fI 

• " 

'Th. .tate. and transi tu:,ns that' III f<~i te state machina 1 
90 •• through during its course of operation arç weIl describad 

.-
in the Sitat! diagrilm. The diagram "consists uf"'''riOdcs equivalent 

to th~ machIne states, and arcs connectlng the nodes, 

equivalent to the transitions between the statos. Each arc 

con~ains information wlth regar~ to the current inputs and the 

produced outputs pertaining to that transition. 

Similar to a truth table de5cripti~n of a combinatorial 
1 

circuit operation, a transition table describes the operation 

of ".a sequential machine by list~ng th~ pr.sent inputs and the 

p're.ent machIne state versus the present resuit1ng output and 

.1 
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A. a simple sequentiâl 
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~ . , 

" circuit" e)(ample éonsider the 

differential encoder in Fiq. 2.8. The encoder e)( ami nes a· 

serlal bit ··1 U output whf:?never- two 

consecutlvr blt~ nr~ diffpr~nt Rnd "0" othpr"i~e. The hlstory 

states, c8rrnGpondR ta tho tWQ pc~~iblp v~lu"~ of thr previaus 

Input bl":. Thug the J:>ncollr.!r 1 .. i1 2-st,.t.r m;u:hinfi:' whnr-l: the tHe 

states ar~ defined a .. S. and Ra corresponding ta the previous 

bit valun .. 1 And 0 rQspect~vDly. If the rncoder ift in st~te 0, 

i.e., previou!:i Hlput Has 0, and th .... present input ls 1 t:hen 

the output wlll be 1 and the encoder wlil go té state 1. Ali 

PÇlS51ble state transitions and the aSfiociÀted inputs and 

outputs are àescribed in the trR~sitlon table, Fig. 2.9a and 

in the state diagram, Fig. 2.9b. 

Sèquentlal circuits may be synchronous or asynchranous. 

Synchron~ :zal.ion is enabled by a master clock. The aequential 
.. 

operations occur onl y Nhan allowed by' the proper pulse edges. 
l 

In an asynchronous circuit operations occur at their ewn 

rAte responding ta st:et:e tra~sitions and Input SignAIs. 

Bacause 'thêy are not bound ta a clock 5peed~ thesQ CIrcuits 

may operate faster than synchronous Circuits but tney are more 

prone ta race hazards. 

Digltal circuits can either be distributed ln space or 

distributed in,time. Cd%parator type A/D canvertors generate a 

binary equlvalent of an analog voltage by comparlng the ~nput 

to a referance vol t:aga. The SAR (successive approximation 

register) type uses one comparator and a controlled DIA. rt is 

distributed in time. The paraI leI type uses 2"-~ comparators 

'. 

• 
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to gan.rate an n-bit result in oné cycle. It is distributed in 

.pace. 

-

, 

, 

a) 

present 
state 

0 

0 

1 

,-

" 

, 
1 

r- ---- ------ --.-, 
l '1 
1 
1 bit stream D 
1 cloc~"cd 

J 
O~Ff 

1 Q 
clk 

1 
1 

1 
L_' __ _ 

-
!} 

1 
1 

J 
J 
1 
1 

'1 
_J 

Fig. 2.8: Differ~ntial Encoder, Logic Scheme._ 

, b) o l 

next output 0/0 
state 

0 0 1/1 
1 ,. 

,0 1 1 nput output 
1 0 

encoder 
output 

state 

Fig. 2.9~ Differential Encoder, a) Transition Tabla. 

b) State Di.gram. 
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H.mary .lamant •• Th. fundamantal digital mamory .lemant, the 

Flip Flop (FF) ,. faatu .... es t..,o baGic propertiess 

, 1) It P.x i sts in ont:' out qf ll,-lQ dl "ib nct states, 1. e • ., the FF 

2) i t h.'!i onp or rnor·P."'~l..I"tput. c.:onm:!ct:1 ons to forc:e .. state 

tranSi tlon . 

• implest FF iB the latch FF which 15 con,truc:t~d wllh tHO NAND 

or tHO t.JOR qat.f?!'l, the Ol,ltput of each i ~ cbnnectad ta on~ of 

th. input ~ of the other in the configuration shown in FIg. 

2.10. Binary Decision logic: c:an implemenl a FF simply by 

R ft a a 

or 

fi ë 
S s 

Fi g. 2.10: The Latc:h FI ip Flop. 
" 

. . 
,1 

"-

;. 

, 

• 
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, , 

Single Shot's. Single -.hots, Fig. 2.11" aIse called monostable 

m~ltivibrator5" have only one stable state. A one shet logic 

elament lS trlggered by a falllng or risang edge of an input, 

causing an output pulse wh~se width may be variea. 

. ' 

. . ' -
input 
trans i t i on L.---t 

- , 
" 

-=L.J=-tw 

output pul se 

t r-J R·C 
w 

, , 
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2.B Logic O •• ign Methode, Exampl •• 

2.ô.l Industrlal Control Example 

The followlng 5implr industrial centrol .ystem wil~ 

illust~ate SDmo of thp concopts presented .bov •• 

Con5~uor 

indlcatoro::: fi ~nd B provldr a 'TRUE' ~lqnal when the w.ter 

lavaI qOf?S h1210w 2m anù 3m ri;>specli ve] )l'. Two outlet val ve., 

ena big .'l.nd one ~mall ~r~ connected te two micro-switches C 

And D, re$puctl~ely. The 5witchas Ara activated (i~ •• , 'TRUE') 

when th.lr ra.pective valve is open. 

W a ter 

reservoir 

water pump 

, 
,-, 

level ind1cator A 

o C 
outlet 
valves 

• 

l' 

.. 
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The control system activat.. the 

f0110"ing ~onditions pr.vai~: 

1. The water'level ig under 2m, regardla •• of the valve.' 

posltlon. 

2. The waler level is betw •• n 2m and 3m and t~. big valve 

i5 open. 

3. ~he water level is over 3m and both valves are open. 

The, Boolean paramaters A, B, C, and D represent the lev~ 
, 

indicator. and th. valve micro-switches respectively. The 

water pump 15 represented by the Bool.an function S(A,B,C,D) 

where S-l rneans the pump,is ON and SzO th. pump is OFF. The 

state of A,B,C and D affecl the water pump in the following' 

A B C D S 

------------~--:----

"ater leve1 < 2m 1 1 x ~ 1 

3m' > watar levei > 2m 0 1 1 x :~ 1 

w~er lavel > 3m 0 0 1 1 1 

In all'other permutations the pump should be tur.ned off. 

Th. function which starts the water pump 15. 

S - AB + ABC + ABCO (2.10) 

• 

. ' 

• 
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A - 1 (I.a., "«tar leve1 < 2m>, a 'don't car.' condition 

can be Assigned ta B in the first minterm. Th. function' 

S<A,B,C,D) can be rewritten aa: 

,f.-
S - A + 'ABC + ABCO (2.11> 

r-
U.ing th. Karnaugh ma~ i~ Fig. 2.13, Equation 2.11 m.y b • 

• implifiad to : 

, " 

S - A + S-C + Ç-D. A + C·(B +,D). (2.12) 

00 l' 10 

00 0 o o . , 
01 0 

• 

1 «; 1 

\..:J 1, 
-"'" ~ -- _ • ..J 

10 1 1 

\.-

• 
Fig. 2.131 Karnaugh Map for Equation 2.11. 

.' 
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Thi. function may be implemented by two 2-input OR gates 

and a 2-input AND gate as shown in Fig. 2.14a. If a 

requ1rement for a NOR gates implementation eXlsts due to the 

universality of that gate, a maxterm implementation is 

pr.~.rr.d, thus gett1ng: 
.. ' 

.' (2.13) 

And using DeMorgan th.orems) J 
S - «A+C) + (A+ +D) (2.14) 

Th. i.pl.mentation with thr.. NOR gat.. is shown in.Fig. 

2. 14b. 

• 

• 

" 
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a) 

b) 
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( 

ABC 0 

B+D 

A+C·{8+0) 

A+C + A+B+O .. ' A+C· (8+0) 

,Fig. 2.-14: Ccn~r91 Sy.t .... Implemer1taticn: .) OR and ANI) gates. 

b) "NOR gates. 

3 

fi 

.. 
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. 2.6.2 Hard Wired lmplementatlon, Ladder Di~grams 

Ladder dlagrams have been used ,for many years to describe , 

logic functions. This is common in an industrial environment 

where,most legic used te be lmplemented with electromechanlcaY 

relays, Flg. 2.15. Notice that the. vertical lines are 

equlvalent ta the graund (low) and voltage <highl levels of 

th~ circuit. Each "rung" repr~sents a lcgic circuit. 

RELAY NOTAT ION GATE NOTATION 

te 0-10R A D COR 

~ 1 
8 

.. 
8 

!:J cv--1XOR 

' \ • A ::=j~XOR : ) 

A 8 

A A l> C NOT 

Q 

NOT 
"', '- , 

1 • â .. ot 
Il , 

~ 

• 
Fig. 2.15: Relay Logic/Ladd-f DiaCjJrUl Notatian. 

1-': 
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A slmple motor starter \circuit i. illu.trated in Fig. 

2.16. When thE' circui t output lM (circled). i5 TRUE the motor 

coil is energlzed. This output Qs1gnal aIse serves as an input 
.. 

to the start/seal ~egmQnt operating as a FF elemant to b 

memorize or latch the momentary closing o~ the st~~t button. 

START 
1M 

1 

Fig. 2.16: Motor St.rter; L .. dd.,. Di .. gr .... r~ 

A batch process of a material weighing system i. shown in 

Fig. 2.17. Batch ingredients are fed ~~ their respective 
.b-

storage b1ns into the weigh scale(s) according ta ~ proscribed 
r , 

formula. The weighed bat ch ts then routed ta the mixer to be 

• !, mi)(~d for a speclfled period of time. 

The ladder diagram describing some! of the control 

functions involved ln tho wcnghing and mixing procoss is 

illu.trated in Fig. 2.18. The first "rung" 15 the 

Implementation of, the bin 024 feeder control. ~omparator and 

timer modules are used in arder to monitor material weight and 

batch mixing time. The prece55 is described ln dat .. il in 

chapter 6. ? 

l , 
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-~ 
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021 022' 023 024 

Weigh Scale #03 

- 1 

025 

\ .. 
_--_ CONTROL SIGNALS. 

to P'EED ~ATES 

LOAD CELL SIGNAL " 
---- to COMPARE MODULE' 

~[ _______ m_nrn __________ ~I-,---~·-
" 

.. t-

Fig. 2.17. B.tch Proè __ , l'fat'''i.l w.ighing. 

" 
" 
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b1n 
024 

select 

07 

manual 
st art 

b1n 024 
select 

st.op 

1107 

• 

over 
load 

H 
D;o8 

ditterential 1 weight 
cut-ott compare 

modul.e 

..--------..... 7J..-----"----, cop= 

auto 

auto 

I---..... ~. 

... 

" 

25 

~--"""R 

bin 
024 

weight-cQP reset 

0200 0268 

timer" 

T= 
15sec 

R 

3960 

• 
Value from Bcale 113 
la compared vi th 
25Kg eut-off point 

. • 

override timer 

, 
Fig. 2.18. e .. t.c:h P,.ac: •••• t..:add.,. Dl.v,. ••• 
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2.6.3 Func:t1on a.n ....... tion PLAs 

Canonical for-ms o.f logical .f lJnct~ ons c .. n b • ventl!lr .. ted 

using 'two-level networks·. A sum of products for'" ia shown in_ 
\ 

Fig. 2~ 19a. In f:h!? -first lavel each ",intarm iB gener~t~ by an 

AND gatn. Th~ funct.i on vi"\lue i s generatt!d in the s~~ond leve1 
, 

by ORi ng aIl tho AND gatC"':'i output!>. ThHl l\ND-OR n~twork can b. 

used to implc",mnt i<ny digJltal fum:tlcn. Sim11arly, il canonic .. l 

product of !"'>um5 fOr'"r:I can bQ obt.unnd wang An OR-AND network. 
1\ 

Fig. 2. 19b. ; 
Mul tipI f'?-funct i onn can ba implamGntfild by the ·two levaI,' 

networks known as Programmablo Logic Arrays (PLA'). Fig. 2.20 

detl\onst r oates the rmali zatlon of thrlle d:iOi t.al function's 

FO(K,y,z), Fl)X,y.Z!' and F~()( ,yl, Equation. 2. 15a-c, usinO .. 

si"gle PLA. 

FO ",,5 + KyZ + iëyi + )(y~ (2.1Sa) 

, 
Ft -ICyz + lCyZ + lCyz + lCyz (2. lSb) 

F2 -Ky + xy (2.1!5c) 

Th. PLA consista o.f an AND ln_tri)C and .. n OR ",.tri)(. The 

variabl •• a. inputs and 

vanerates the minterms. The variables are reprasentad by the 

horizontal lin&5. Each generated minter~y represented by • 

v.~tical line. only consl.sts of those variables connected ta 

it. The intorconnections are indicated by il - •. Similarly, th. 

OR matrix accepts t,hl'! AND matrix mil)t.rm output. to'g.n.r.t~ 

th. functl0n outputs. 

II' • 

5 

'", 
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(a) ---------------·-----------------(iii 

\ 

'.,., , 

Fig .. 2.191 CAn~i'cAl Functions l..,plem.ntatianl 

A> AND-OR NlÎltwork. b) OR-AND ,Network •. , . 
• 
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r-:. ... .:..----------------- . AND-rnotrÏ)( ---" 
--it) .1 1 

1 , 
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t 
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Fig. 2.20. Multipl. Function. Impl.m.ntatian with PLA •• 
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. ~CHAPTER 31 BINARV DECISION THEORV 

3.1 Introduction 

BD machines ara simpla automat. th.t aMacute 8in.ry 

\Decision ,instructions to e"aluate logic function •. Binary 

Decision c~n bv applied ta many div~r~e fields. Soma axamplas 

arlu d~cision table programming y databas05 y ldentificatl0n, 

pAttern racQgni tl,on ~ ar t i fi c h;\ 1 intell igenca, biology, 

switchlng tHeory. 

Lee's BD program representation of Doolean functions in 

1959 [LE59] was the first known application of BD theory to 

logic ~ •• ign and switching circuits Implementation. Lee 5howed 

th~t the reprllsentation of logic function. by BD programs has 

Bome advantage over 'conventional Boolean representatibn. In 
~ 

1978 A,kers CAK78J introdUced a tree hke graphic.l rep,="esenta-
""-. .. 

tiori of binary dacision prog~am~. Thase tree5 ara sl~ple,to 

vi.uali~e and under.tand. The dès1gn of Blnary Dec1s10n 

proc.su control computing devices was begun by Baute [B076] in 

1976. A BD controller' prototype based,on the acute machine WA& 

da,,&loped in the DATAC computer laboratory in 1979. 

This chapter covers the .fundamantals of BD loçpc theory 

as applicable to IOglC deslg~ and procass control~ BD theo-

$ 

rems, their propertles and eqyivalen~e to Boolean oper~tion5 

are presentèd in section 3.2. Techniques ta optimize BD trea. 

And programs are discu5sed ln sact10n- 3.3. Presentation and ./ 

analysis of single-bit and multi-bit BD comparator progr~ms 

follo~5 in section ~.4. 

l '. 
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, .3.2 Binary O.cisicn Logic 

3.2.1 Binary Decision PrQgrams 

BD programs conslst of TEST Sc BRANCH in,.tructlons ... hich 

can bu written aSI 

x ; A , B 
l' 

(3.1) 

\. . -

'IF X THE~A ELS~ e 

1 

A ... nd B .r., th. locations of t ... o .. ddi ti on .. 1 instructions one 

of ta be execut.d n.xt e The branching 

'dacision' is basad on the valuœ of the digi tal paratnet.,.. X. 

Ona cr mor'ft TEST l'x BRAN CH instructlons; are E!xscuted sequen-

tiall y before reaching .lI program outPl:lt oll,ulignment.. 
? 

As a simple e~ampl. the 2-1nput Boolaan XOR Rxpre.sion, 
" 

Equ .. tlcn 3.2, is 
1 

described bo/ • 80 programl 

F(x,y) = xy + xy 
, . 

instruction 

add".IiSi 

-
o 

1 

.2 

, . 

variable 

x 

y 

y 

.' 

TRUE 

branch 

------
1 

F-O, 

F-l 

FALSE 

branch 

------
2 

Fal 

F-Q 

! " 

."" 
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3.3 

, . 

o 

~ Twe eMecutian .tep. .re required ta av_luat. the func­
'-, 

tien'. value. ~ir.t, H is tested (by instruction *0) .nd basad 

on -.it!ii value, l'Hther instruclion tH or .. 2 1'5 exeçuted. Func-

DO pr our "m!> mt"\y bp dnr-c- r 1 bpr) qr" i'ph le .""l11 y t: --./ no d ï <lgr am!!. 

Whlch <"'.how thn E'RANCH'~ TEST deci'!!olon ln--;lructionr. ':lS nodes 

intercann~ct~d in ft diac-am Dr trpe form. Each declslon node, 

Fig. 3",1 t may h.3Vè C!n(? or more oodes 1 ~adlng to i t but can 

have no mor~ than two emprg@nl branches. The test of A'digltal 

can yield two pUB.ible re5ulta: A branch (for 

)( -' trul!t ' ) and o branch (for x n 'fal •• '). The br.nchil. of t". 

deClsion node cao lead sither te addltional d.cision noda. or 

ta a final procas. output . 
• 

" • 

x 

" " \ 
\ 

1 
a 

A B 

Fig. 3. h The Elementary Binary Decision Te.t .nd Sr&n-cn 

Op.,.atian • 

. , 
J' 

.' 
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3.4 

Nod •• of BD t,.... a,. a qual1-fiad by the .ingl. parent 

p"D~erty, f ••• , a singlp hr~nch i5 directed ta •• ch noda. BD 

diaQrams •• definéd by Ak~rs m~y have oodes wlth more than on. 

branéh di r~ctl?-d ta th.llI. BD tnuiUi ar. therefore il subliiet of 8D 

di agrams. 

3.2.2 BD Th.oram., 

. Th.or.m tH: Any Combinatorial Functi~ ca" b •• valuated b'l' • 

DO Progr .. m.' 

Proaf 1 E:xpanding th. Da01 "tiln expre.sion of' Any cOlilbinatori .. 1 
" 

function using the clas.ical Shannon EHp,angion th.aram l •• d. 

to an equivalent BD program of that function. A gan.r .. l 

combinatorial 

.t.pwi_. f.shian sterting with a fir.t (arbitrarily chb •• n) 

variable 'w': 

FO and Ft reprasent twa subfunction. d.riv~d from F when 

substituting 'W~O and w=l respectively. The two ca~e. m.y b. 

viewad as the two branches of, the first TEST & BR~NCH 

instruction a.... the BD program for the function F or tha top 

deC15en node in the BD diagr.am for F. In the same manner F~ 
." 1 

~nd, Ft may bo fur~her 5ub-divided into twe subfunctions aach, 

corre.pendlng to x-l 4nd x-O: The complete expanSion result. 

in th. lunction'. BD diagram andprogram and 15 indepand.nt cf 
l ' 

.. 

.. 

/ 

.. 

, . . 
i 

J 
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the funct.;'on size or' for"'_ 

Example: Consider the four variable functian F(W,M,V,Z) of 

Equation 3.4. 

F(w,x,y,z) - wxz + wxz + yi + xy 
(3.4> 

( 

F _ d<xi + y~ + xy) + w(X2 + yz + xy) .. 
.. w-FO 

" 

Th •• econd .~panS1Qn .tep (for'M) 1. perfor .. d on FO and Ft 

.eparatelY: 

FO - xi + yz + >cy 

,- x(i + vi> + M (yi +y) 
~ 

• x·FOO + )( - FO 1 

Fl -MZ + yz + xy 

.. x.<yz) ,+- x(z + yi + y) 

.. x·FlO + x· FU 

Th. third expansion step (for'y) ia performed an FOO, FOl, Fl0 

and F11 •• paratel y: 

" 

FOO • y(i> + 'y<Z) - y·'FOOO + y·F001' 

, ( 
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? 
FOl - y«» + y(z + 1) - y-FOIO + y"F011 

FIO - yCO) + Vez) - y"FI00 + y·FlOl 

F11 - y(z) + y(z'+ 7: + 1) - Y·FllO + y·FUI 

Th. feurth &xpam.llon step <fer z) l., p.rforlftlld en FOOO. FOOt, 
.. 

FOIO, FOl1, FIOO, FlOl, FllO and F11l •• parat.ly" 

z(1) 
'. -FOOO - + z (0) 

FOOl -z(1) + z (0) 

F.OJ~ -7:(0) + z (0) 

FOU -z(1) + z (1) 

FI00 - z (.Q) + z (0). ... 

FtOt -x( 1) + z(O> 

F110 -z(O) + z (1) ~ 

F11t - z C 1) + z ( 1 )., ., 'C{ 
r 

Th. BD di .gram And i t. ...oci atltd BD proora~ .~~i ven in 

'FiJjI- 3.2. 

Any combi n.tori al Boo1 ean .xprassi '.ln haa an equivalent BD 

prQgram. Notl.ce howevel'" t.hat a full BD dia~raln and prognam w •• 

Obt-ai ned as a resul t of tt)e ShilnnOn ElCpanai on. The abov. BD 

program may b. r.ducad using mi,nimization techniqu •• , ••• 

•• cti en 3.3). 

2 

• 
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027 025 024 021 020 016 018 014 O14r 012 012 009 006 00$ 

'-

b) 
_____________ ....1. ________________________________________________ 

instruction Instruction 1 npu t TRUE FALSE output 
addrllliÇ varub le bran ch branch value(s) ---------- - -~---- -------_ .... -- .... _- - --- ... _- ------ .... ------------ -----

001 ' TESl; INPUT H v15 002 
002 TEsT INPUT x 010 003 
003 TEST INPUT Y 007 004 
004 TEST INPUT z OOb 005 
005 OUTPUT l --: . 
006 OUTPUT o --
007 TEST INPUT z , 009 008 .. 
006· OUTPUT L 1 
009 OUTPUT 0 
010 TEST INPUT .y 013 011. 
011 TEST INPUT % 012 012 "1 ' 

0't'2 OUTPUT -,.. o --
013 TEST INPUT l • 014 014 , 

., 014 OUTPUT 1 
/ 015 TEST INPUT K Q22 01b 

016 TEST INPUT • Y 019 017 
" 017 T~ST INPUT z 018 019 

018 OUTPUT --' 0 - .. ; , 
" 

019 . TEST INPUT z 021 Q20 
020 OUTPUT r- I 
021 OUTPUT 0 
022 TEST INPUT Y 026 023 . CO i" , 
023 TEST 1 NPUT z 025 024 
024 OUTPUT -- -0 io; 

025 ' OUTPUT .- 1 --
.026 TEST 1 NPUT z 027 027 ..::.. 
027 OUTPUT -- 1'--____________ -'- __ ... _______ .. __________ ---____ -------~------r* -------

- . 
Fig. 3.21 The Expandad F(w,x,y.,zlI .) BD Diagram. b) Program. _ 

, 
, c • 
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Th.or.m *2: The number-of steps requlred to evaluate an n-

input digital combinatorial function in a BD 

machine lS equal to n or less. 

Prcof: The proof of thi s theorem can be shown graphi calI y as 

fcgllows: 

Take a general n-input digital function described in a truth 

table with 2" rows, each row- represanting a mintarm. A full BD 

tree representatlon of such function, consistlng of 2"-1 

decislon nodes and 2" output nodes provides 2" possible paths 

·leading to the 2" pos~i1bie output node!:i. Eilch path corresponds 

to al t.ruth t.able row. The function is evaluated by traversing 

through cl ,single path. I.e., only ona minterm needs ta be 

evaluated. The traversaI procedure is initiated bY,onterlng 
" 

the top node and stepping down according to the test rosult at 

each dec i sion an output i 5 produced. Each 1 eval ,"ode unti 1 
''-\ 

corresponds to One input variable. During execution t.here is 

no repetit.ious examination of input variables. Hence, the 

maximum number of .teps i5 equal to the number of variables. 

Ex ample: 

A general 2-input digit.al fùnction may he described in(a 

four-ro .... truth table, Fig. 3.3a. The BD tree represent.ation of 

such functibn, Fig. 3.3b, consistlng of threè decision nodes 

and four output leaves <in rectangular shape>, provides four 

possible paths producing four possiole outputs corresponding 

to the four truth table rows. Function evaluation is done by 

entering the top ac:cordin~ to the test 

d 

; 1 

• 
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at each decision node until an out.put is produced. ,The 

path cerresponding te a<b is darkened. No path can include .n 

input variabL~ twice. Path execution lmplies the test~ng of 
\ , 

each input varlable once and only once. Most dlgital functions 

..,hich represent actual c.,:ses do not require a f.ull BD tree 

descriptlon. Sorne paths therefore do not lnclude aIl lnput 

vari ables, resul ti og ·i n fUf}ctlon evaluatien in less the!;' n 

steps. / 

...---

a) , , 
/ 

a -- j) F(a,b) 

a 0 fOO 
a 1 fOl 
l 0 flO 

t l 1 fll 

~ 
b) 

~ 
"-

~ 

~ ....... ---.. 

ï ;{ \. 

1 fao 1 [TIo. fll 1 

" Fig. 3.3: ,Full BD Tree Representation of F(a,b), 

a) Truth Table. bl BD Trett. 

'\-

... 

\ 

; 
l' 

1 
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A comp.ri.on bet",_n speeds of func'tien evaluation for 

both the BD and Bool.an implementations is shown graphically 

in Fig. 3.4. The BD method has an upper bound for- th.! ntl~.r 

of ateps rnqulrcd to arr-iva'~t tho function output which i5 

.quai ta the number of vùr~a~les. The Aver-ûge nu~ber of steps 

requlred for function evaluntion uoing Boolcan LOgIC gr.aw5 ex­

ponentially with the numbcr- of inputs as ail fun~tion 11terai. 

must be evaluated and i'lccumulated before reaching·,an out.put., 

3.2.3 BD Boales" EquIvalences 

Fig. 3.5 dOplcta the element.ary Boolean c,ombinatorial 

lOQic operat.ions OR, AND, XOR and NOT with t.heir equiv~l.nt BD 

diagrams. Any combinatoriûl logic func~ion can be describ.d by 

l ,a BD diagram dorived frem lagic primitives. 

a 

L 

Notice ,the dashed branches in the OR and the AND 

diagrams. In thu OR di~9r~m for example, the dashad branch can 

replace the non-dashed 1 branch omerging from node 'n'. Such a 

diagram can be reduced by pruning becnu~a no matter, what 'b 

value i5, the ftinetien value 1S 1. pimilarly, the 0 br&nch 

leaving noda 'a' in the ANQ diagram ca~ bR prun.d 4nd repl~c.d 

"" by the 0 dashcd branch. BD diagram miniMizat~on tech~iqu.s are 

,discu~s~a ln 5cction 3.3. 

Any s~quential function can be irnplRmi!nted by combining 
.. 

com~inatorial logic elements w1th me~ory el.m~t5 compo.~ of 
". , 

Fl1p Flops. If a Flip Fl~p ~an be' impl~m~ht.d in A 8D proor" 

.then any !\5equuntial funct.ion can be imrH.ment,ed. 

, - ' \. . .-
1 • 

.., 

, .~ 

.' 
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1 BOOLEAN UPPER SOUND 

, 
1 / BOOLEAN AVERAGE 

, 1 

"' j ,. 
, 1 

",BD UPPER BOUND ~ 

! j 
1 : ,1 

! : 

5 

J l~~~/~_;;;;==_::=::-=::-i:::::=:::~~~~~~eo AVERAGE 
'~ , 

5 • , 10 , 15 

1 Of VARIABLES N 

, -

-
Fig_-' 3 .. 4i F~"ct:ion ~.~ution Sp~J BD v •. Bo01 •• n. r' 

0,1,. \ • • 

_0 IY" 

,-----

, ")' 
o 

" 

• • 
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OR gate: 

F(a.b) • a+b 

AND sate: 
, ' 

F(~.b) • a·b 

--
1 .. ~ , 

. . 
XOR sate: --

( , f(a,b) • a + b 

NOT gate: 

F( a) • i 

Fi"9. 3.:51 BD Dî..agra ... of OR,. AND, XOR and NOT aa.t ••• 

" 

.. . , 
j. 

, . 
.. 

J 
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3.6, .by • 'roggla Flip Flop. The FF output (J i. effectad ~y 

the edge-t~igered toggle input T. The left side of' the diagram 

repr ••• nts QeQ and the right,side'Qo l. The prevlous state of 

the FF i~ mcmorized,in the dlagram it~elf by the two feed-back 

loops which don't j:5ùss through an output as<:>ignm(!nt black. A 

.~itch from 0jr S~de t~ 
ch.ng.~. T~~, inherent 

J, 

Q • 0 

the other will occur only when input T 

desCrlption of pr.viou~ st.tes within 

• 1 

<l,:. 1 

• 

FiQ. 3.61 BD' Di.Qr.~ of'. TOQQI. Flip Flop. 

. , 

• 
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900l •• n •• quential logie, whieh requlr •••• p.r.t. e~t.rnal 

m.mory to store the previqus output atates. BD di.grams of 

other combinatorial and sequentrial ~funetion. rn.y b. lound in 

Akers [AK78J, 

\ 

3.2.4 BD Program Properti •• 

,BD p~ograms have two import.nt prop.rti •• that giv. th •• 

eomputational advantage,oyer th. Bool •• n logic, Th •• bility ta 

c:ompute, 

1. a number of difierent functions in the sam. program, .nd 

2. funct ions 

/-) 
Hulti-function~ 

with n-ary 'Variable outpu~. 
/ 

Program 

A number of digital function., which .har. th ..... grOUp 

of variables or Any Gubset of the ,group, can b.'.valu.t.d in a 

.ingle BD program. Consider the three funetions Sl<.,b), 

S2(a,b,c), And 93 (b ,e) in Equat. i on., 
, 

v.ri.blo~ a, b, and c. 

SlCa,b) - ab + a6 

S2(.,b,c) - abë+ i6 + ~c 

"( 

S3(b,c) • b + C 

) 

, .. 

= 

. . . 

(3.:5c) 

-\ 
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Th. truth t.bl. far a1,1 thr •• fùnètiQn~ is shoWn b.1C?~. 

'1 

• b c SI 82 93 , 
-~--------+------------

0 0 0 0 l' '0 

0 o "l .. 0 1 1 

0 1 0 1 0 1 

0 1 1 1 1 1 

1 0 0 1 0 0 

1 0 1 1 0 1 

1 1 ,0- 0 1 1 

1 1 1 0 ' 1 1 

--------- -+._----------- /':) 

!-Ising Daolean technique, th. thr •• functions .ar. evalu­

.ted ~y separately computlng the .um-o~-p.roduct8 ~or •• ch of 
1 

. th. functions. A sIngle BD program, howevar, can avaluate aIl 

three functions ~imultaneou51y in a number of steps that i. 
-, 

equa.l to or loss than the number of input variables~ Input 

~ariableB in the BD.trae serve as th2 branching criteria ta 

~each ~hé final output. Ali three functions must share th. 
, 

Bama set of inputs. The output field can, be extended ta 

produce mul ti-bi t o,,:,tput, wher. e .. ch b"i t corr •• ponds to on. 

,functipn. 

l' 

" 

- , 
._~----

'. 
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In th. above .xample, à 3-blt output field, corre.ponding 

to th. 3-bit output field ln the, truth ,table can gan.rat. the 

3 functiuns simultâncausly, ln paraI lei. 

Multipla-valuad n-a~y Functions 

advant..agn af BD over th. Bool •• n mathod in 

simultaneous' avaluation of several, logic functions c.n ba 

axtended to tho parai 101 generati~n of multiple bits as the 
\ 

outp'ut value of a singlo function. This capacity to Icvaluata 

Multiple-valued functicns is possible in BD automata with 
, l , 

parall al output archi tec:turo suc:h as the DATAC prototype bui 1 t~· 
r 

by Holc:k (see Chapter 4). 

A 10gic: func:tion evaluated by a Boolean autamata-can have , 

one of two discreta values: [0,1]. The BD automata having 

para,llel output architecture,' on the ather hand, can assign 

sR,veral ,bits in its parallel output field ta reprasen~ the' 

~aluo of the function. Logic functian~, tharefore, are no 

longer restricted to the CO,1] repr.sentatian but can take 

[0,1,01,11,100,10i,: •• ] values, or as many discretà values 85 

the size of the output field permits. 

An Implementation of a single-~it comparatpr 15 used as 

an example. Two blnary bits A and B are compared. Three unary 

output values x, y, and z may be used to'describe thr •• 

possible comparison outcomes: 
'.--l':1!-

comparator truth tabla i~1 

, t 

A>B, -AmB,' and A<B. The 

( 

5 

\ , 
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, 

. input" autput~ 

----~--+------~----

A, a 1. • )( .y z 

-------+------------
0 0 0 1 0 

0 1 0 0 1 

1 0 1 0 0 

1 1 ~ 1 0 

-------+----------~ 

& 
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1 

G,.n.rati,ng x ,y, and z by Bqal.an auta.ata Cl" by •• rial 

archit.ctur. BD automata CE.g., th. Bout. machin., Chapt.r 4, 

Saction 4.2.1) r.quir ••. thr •• :funt.t.ions. 
1 

K - A-a 

z - A- a 
\ 

Parallel ~rchitactur. ~D A4tomata u.in9 parall.l output., 

cao oanarate .. li three values in a single output in.truction 

'in two Clxecution stops. The comparator BD di.gr.m is shown in 

Fig. 3.7. lte program may be written as: 

/' TRUE FALSE 
/' 

----- -----
.0 TEST A 1 2 

1 TEST B "010" ",100" 

2 TEST B "001" "010'· 
. , . ~ 

2 2 

, ' 



" 
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, 
Fig. 3.7. 9D Di.gra. far • 6ingle-Bit eo.paratar." 
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3.3 Mi~i~izatlon of BD Programs 

3.3.1 BD Program Slze 

A'full BD program (i.e., representlng a fully expanded BD 

tree) requlres 2(0+1) - 1 InstructIons curre~pondlng to 2~ - 1 

declslon nod~5 and 2" output 1~ave5. where n 15 the number of 

input varIables. Ttu s ~lnd, of expon~nt!al growlh IS highly 

undeSlrable. .A :20-varlilble fune t Ion a 2091151 

instructIon program. 

A process y cprcstmted by 2U varIables ls'qulte comman. 

but fortunalely If not <'111 pYdctlcal p~Qcess~s.requlre, 

only il Il mllt~d number of unIque outputs WhlCh Is'much less 

than the pO~~j} bl\? ones. An lmpractlcal large program as 

,descrlbed above can be avoided by,: 

-. 1. Prunlng the BD tree ta ellmlnate redundan~ outputs and 

i'mpoSSl bl e outputs. Tree and progr-am mlnlmlzatlon and 

op:timlzatlon WIll bL' d15CUS<:",f:>d ln the ne::t section. 

Assembllng the Inputs Inlo cffL'ctlVL'>}Y lnde-pendent sub-

groups each of WhlCh has ItS own program. As an example, the 

20-varlable program can be brolen-down Into four 5-varlable 

tremendous Slze reduLtlon ta '252 lllslr \\ClIOnS Incurs no 

pen~lty as regard sp~ed of executlon. 

3. E>:t.?'cut ~ ng 1 (H] 1 ( i) 11 Y l r,d."pr_"nddnt dlb pt 1 Jgt c..t,ns 1 n the act l \le 

~ing 

'pr0'jlrams 
! ~ 

Thi s- 15 

--

BD memory .-Ind 

from storage 

dyni1mlCally down-loadlng other sub-

memory onl y when tllese 'are required. 

a BD fT.<'lctilne "JhlCh 15 lnterfac:ed ta a 

3 2 & 
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'micr-ocamputer- th~t allaHs dynamic pragram dawnlaading (sa. 

chapter 4). u 
~.3.2 BD Program Pruning 

A full BD tree representation s~ch as that shoHn in Fig. 

3.1 1S only requlrcd whon ail paths produce unique outputs. ln 

m05t practical applications the number of unique outputs is' 

much lesg then the 2" posmible ones. It wûs shawn that as the 

number of inputs groHs, BD programs, 1mplementod as complete 
, 

tr.es, incrcase in size exponentially. Similar ta minimlzation 

of Boolean expressIons BD traes can be 'pruned' rosulting in 

an optimized tree which reduces the amount of progr-am 

instructi'ons and execution steps. 

Consider a simple pruning example" of th? full tr •• 

repr-esentatlon of a 4-input AND gate, Fig. 3.8. The full-tr •• 

imp;' ,,,,mentation requires 31 Instructions. ~n addition, 

ex.cut1en of the tree WIll always require feur tost.~ branch 

steps to determine the' output. The pruned-tree implementation •• 

requires only SIX instructIons as only twe possible outputs 

exi st, . 1 ' if aIl four inputs are 1 and '0' for aIl other 

conditions. For a uniform random distribution of function 

variables an' average of 1.875 steps i9 required for its 

.x.cution • 

. . 

& 
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Fig. 3.81 4-input AND Function: 

Full vs Pruned Binary Tr •• Impl~m.~tations. 
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A brIef revlew\of BD tree optlmlzatlon m~thods developed 

b'" Hudson, l~araSIck and 

"gi ven here. The ObjectIves of the tree optlmlzatlon are 

tw,:;)fold: 

, t ... t 0, Db t a I n the most effICIent BD pro~ram .wIth regard to 
""-'. 

pro.gram s1ze, 1.e., mihimizatlon of the required memo~y 

storage. 

~ 2. to obtaln the program that provldes the shortest average 

path length from program (Dr t~ee) root to output leaves, 

'1 i.e., onnim1zation of executlon tIme. 

As the tree grows larger optlmlzatlon procedures tend ta 

become computatlonal intenSIve and time consumlng. A minute of 

processing tIme might be considered acceptable for sorne off-

1 i ne applications but i t is certaInly beyond real-time 

constraints of the process control envIronment. The tIme 

requlred to Execute an optl mi zat Ion 'procedure should be 

wei ghed agalnst process constralnts and faster procedures may 

be selected wlth pOSSIble penalty of Incomplete optlmlzatlon. 

As the 

outputs 

Pattern 

number of 

decreases 

Inputs increases and the number of unique 
~ 

the optlmizatlon process requIres larger 

memory and more processlng tln.e. Only th~ heuristic 

MatchIng methods presented here are acceptable in 

those applIcations where real-tIme optlmiza~lon IS necessary. 

5 

1 
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3.3.3 Pattern Matchlng Aigorithms 

Pattern Matching algorithms reduce full binary trees to 

near ml.nlffiUm sizc by searchint;;J for redundant output 

candi tl0n!:i. Bocnu~c thc!:io nlgorithms do not rcorder the lRput 

variable!:i for oxample y the QUIne McClu~key based 

al gori thms do) thcy arc not capable of gcnerating opti~al 

trees. 

'The Full Trec Reduction method described by Hudson in 

[HU82] starts from a full trae rcprescntatlor. of the functibn. 

An ordered truth table containing aIl possible permutations of 

input variables and corresponding output states 15 converted 
\ 

into a BD tabl~ whose entries correspond t~ the trec nodes And 

contain information on left branch, right branch and ~rom 

. pointers. AlI output elements are grouped into 2"-1 subsets. 
1 ) 

Starbng from the top node of the BD trac, aU outputs 

assoclated with the{' left branch are one subsot of n/2 
r 

eleml!nts. Similarly a !:lame size !:iubset i5 il!l50ciated with the 

right 41ranch. The next level is aSGociated with four output 

, sub~ets each of which has n/4 elements, etc. Sub5ets of the 

sams size are examined for identity and similarity of their 

elements. Whon a redundant subset is detected the BD table i~ 

p~uned by removing the nodes belonging to the duplicaté subset 

And rerouting its pointer to the orlginal one • 

"~ 

• 
p. 

-' 

• 

.. 

• 
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Tr~ Reduction method developed by Kàrasick Th_ f.~tual 
[KA84l doe~ not r,equire'the full tree 9D table representùtion. 

1 

The gener~tion of the mlnlmal BD table is accomplished through 

a recur!ll. VQ 'post order traversaI fichcm~ ch croates onl y 

those nodes that b~anch te QXistl~g nodes or to output leaves. 

The method us~s an open hash t,';\ble structure to accumulate aIl 

internaI nodes employing concatenation of the left and right 

branch pcinters a~ the entry key. For same input order, the 

tree generated 1S the same as in the Full Tree Reduction 

method. Workspace required for this method is limited to the 

. r.duced trac storage requirement. 

Di fferentl y pruned trees can be obtained from thE! same 

functitm depending upon the ordering sequenco of the input 

Both Pattern Matchlng algorithms do not attempt to 

reorder the input sequence im_icd by the truth table. 

Improvement of the Pattern Matchi ng methods, however, may be 

ac:hievGd if informatIon is avai lable regarding a prefarrlHi 

order of input data and by preprocessing of the truth tabla. , 
3.3.4 Quine McCluskey Based Algorithms 

Two BD minimization algorithms which generat. optimiz.d 

trees from the QUlne McCluskey 'reduced state t.abl.' ( ••• 

chapteor 2), were developed by Van Oriel (VA82J: 

1. The mini mum si ze algorl thm: ThlS algori thm generates a tree 

with a minimum number of decision nodes. 

2. The mInimum average running time algorithm: This algarithm 

generates a tree with the minimal average path length. 

.. 

1 • 

• 
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The reduced !5tat~, ta~le lists the 'states of input 

variables for each of the ~~lme implicants. Each of ~'input 
variables may have one of three states in determlningjthe 

value of each of the prime implicants: 

1. the varIable is 1 

2. the varlable is 0 

3. the variable state does not play a role., i.e • ., 'don't 

care' • J 

The two algorithms apply different s~ts of 

acccrding to which the etate table ts eKamined ind t~. 

variables are selected. The optimized tree is constructed from 

top node ta output leaves in the samQ sequence of the select.d 

variables. Unlike the Pattern Matching algorithms 00 specifie 

variable arder is~necessary as the set of rules is designed to 

datermine the preferable variable arder from the information 

given within the etate table. 
, . 

In the minimu'!l S1:2:e algorlthm the fir5t variable i5 the 

one which has th~ least 'don't care' conditions in the PIs as 

weIl as 

avera~e 

basad 

the hlghe5t count of zeros o~fo~es. In 

running time algorithm the firCt variable 

on the maximum weighted relatlve 

the minImum 

is selected 

lnformatlon 

contributlon. Thls value i5 obtained from the probablhty that 

the variable can 1 or a O. Subsequent varIables are 

5elacted uSlng the same rules which are now applled ta 

subtables generated; 'after di 5crlmlnatlng on the sel ected 

variable. The number of subtables lncreases wlth each step as 

the process continues. 

'\ 

- -

, 
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In .adchtion to the time required fQr computing th. 

from an axponantially increasing number of 
... ' 

subtables, the aM me'thod!3 reqUlre Cl large amount of worklng 

m.mory to store aIl the subtablas • The Pattern M.atching 

.al gori thms on th~ ather hand da not us. t~ble •• KCRpt the on •• 

which reprssent the actual trRR. 

\ 
,,-

3.4 BD Ba.ad Comp .. d son A"l'Jori th .... 

Camp.arison- algorithme .ar. u •• d .)(t.nsive~v. A single bit 

BD based comparator w.s pr ••• nted ~arli.r ta shaw th. 

implementation af mul ti -v.:lu~ func1:ians. BD compari son 

algorithms' are presèntad in more datail in this section. Th. 

dasi'gn of ",,_2-bit BD basud comparator ig 'shown"in c:ompari"on 
f~f 

ta a Boolean hardwirad gata comparatar. Extensio~ of the 

single-bi t comparatar follows ta show il modular n-bit 
~ 

comparator lmpl emantatian. A campar150n ... i th Boole .. n ba •• d 

comparators is presented to demonatrate the superiority of th. 

BD approach. 

i 
3.4.1 2-bit Comparator Implementation 

The hClrdwired circuit for il two 2-bit number comp.arator 

15 !Shown ,ln Fig. 3.9. Al .. AO, Bl .l!'ld BO represent th. input 
-

bits. X .. V, and Z are the comparator outputs corre~ponding to 

A>B, A-B, and A<B r •• ult5, r.spectlvely. 

• 
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Th. comparat.er . t.ruth tabl. is shawn -b.low. Th. output 
<. "-

valu •• X, V, and Z may b •• val4ated using Baal.an .)(pr ••• ions 

in Eq. 3. l1a-e'. 

k 
J, 

r 
Al AO BI 90 X V Z 1 

• 
~ , 
i ---------------------------

0 0 0 0 0 ,) 

0 0 0 1 0 0 
'il' 

~3\- 0 1 0, 0 1 0 0 

',0 1 0 1 0 1 0 

0 0 0 1 0 

\/ 0 0 0 

0 0 0 

/ 1 0 1 0 

0 X X 

~:' X 0 X 1 0 0 

-X • don't car. 

-X -AI·BI + (Al (il Bt) OAOO? (3.11a) 

y - (Al @ Bll· (AO Et) BO> (3.11b) 

Z -' (At Et) B1> .A'O. BO + Al· 81 (3.lle) 

l 

1 
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, . 

AD 110 l Il 

\ 

61--:'( 
1--[)()-foo",D---,- ---:--IX>---:"-m 

\ 'I--------~-..... 
.. 

, 
" 

Fig- 3.91 'Hardwirad Impl.mentatian of a 2-bit Comparator. 

'a) 

'. 

b) 

Fig. 3.101 BD Diagram f6r a 2-bit Comparator: 

a) Full Diagram. b) Minlmlzed Diagram. 

J , 
' .. , 
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Th. full BD diagram for the 2-bit compArator, shqwn in 

~ig. 3.l0a y may be directly derived from the truth table. This , 
full diagram can be simplified resulting in the diagram shawn .. 
in Fig. 3. lOb. This minimized di agram canai sts essentl aIl y out 

of two single-bit diagrams interconnected via the equallty 

brilnch. 

The aquivalent BD progr.'\m ia shawn below. 

TRUE FALSE 

----- -----
0 TEST Al ' 1 \2 
1 TEST Bl 3, "100" 

2 TEST Bl "001" 3 

3 TEST AO 1 2 

4 TEST BO "010" "100" 

5 TEST BO "001" "010" 

Notice that the number of 8x8cution .t .• p. canl be as low 

as two but never more than four. Boole~n implementatlon on the 

other hand requires separate evaluation of x, y, and z. 

3.4.2 Multi-bit Comparators 

• Multi-bit comparator algorlthms are an extension o-f the 

single bit and the 2-blt comparators. The comparlson between 

two digital numbers 19 a common function requlred in control 

applications. Take a steam boiler control unit as an example. 

The on/off '~pntrol of the gas burner 1 s a function of the 

tsteam pressur~,\:~lbl}rner function i5 defined by ccnstantly 

~ 

• 
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measur'i'ng the steam pressure and comparing i t to 'a prede-fined 

•• t point level. A control 1er whi~h can per-form the numerous . 
comparîsons in so-ftware, quickly enough to meat real-time 

constraints, can be employed in many applications using costly 

A BD basad control 1er can perform fast comparisons ( hardwàre-based comparators. 

multi-bit digital number5. The BD di'agram of a general n-bit 

comparison algori thm i s shown in Fig. 3.11. The most 

significant (MS) pair. i5 compared -flrst. If equal i ty is 

detected the, next MS pair 1s compared. When inequality lS 

detected an output 15 established and exacution i5 terminatad. 

The BD program consi sts, of n segments of the si ngl e bit 

program each of which branches'to the next segment in case of 

equality. The program shown bèlow consists of 3 segments. 

J 
. , 

qo: , ., 
TRUE FALSE 

----- -----

0 . TEST' A (n) 1 2 

1 TEST B (n) 3 "A:>B" 

2 TEST ...B (n) "A<B" 3 

3 TEST A(n-l) 4 5 

, . 4 TEST B (n-l) 6 "A>B" 

~, .TEST B (n-l) "A<B" 6 

6 TEST A (n-2) 7 8 

7 TEST B (n-2) "A=B" "A>B" 

8 TEST B (n-2) "A<B" "A==B" 

-,-
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-"", _ ... 

o 

Q 
1 0 

( 

'. 

to next 
comparison 

(An_2 • Bn_2) 

Fig. 3.11: A Multi-bit Comparison Algorithm - BD Diagram. 

" 

" 
" 
>. 
• 
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If .. fou~th .agmant is raquir.d for camparing 4-bit 

numb.rs, the third segment (instructions ô,7 ,8) !5hauld b. 

modified such that the equality outputs (A-B) are re~lac.d 

with the snt~ addrsss of segment D4. Different bit-Iengths 

m.y be accommodated within a singl. program by !5imply altering 

.' th. proqram entry point. 

3.4.3 Time Considerations 

Two program stepm ara r.quirad for the .x.cutton of •• Gh 
\ 

compari90n segment. If all n bits ara to be comparad it will 

t.ke 20 steps to establiah the compari.on output. A BD machin. 

ap.rating with lMHz clock and sxecuting one instruction in one 

clock cycle can complete a comparison of two 12-bit digital 

numbers 1 n 24 mi c:rosaconds. . f 

Normally, inequality Will be astabliShed\in less then 2n 

stepsm The MS bit reprssents 50% of the ful-l co~paritSon r.ang., 

tWQ MS bits represent 75%, three MS bits repre~ent 87.5% etc. 

As the two compared numbers approach squal i ty~' more bi ts must 

be e>camined. Thus, a comparison of two n-bi t numbers may 
~ 

requlre as little as two microseconds with a maximum of 2n 

mi C;roseconds. 

Most real-time applications require scan times of input 

variables in the order of few ml Il i seconds. The abova 

comparison example shows that a BD basad controller Is much 

faster. It can be used in slmultanous executlon of a number of 

control tasks and due to Its simp~ic:ity lt can be employed as 

a low cost solution in many c:ontrJ applications. 
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CHAP. 41 BD BASED MACHINES 

This chapter describas th. BD automaton from which th. IRI 
" 

module was develcped. A stand-alona prot~type BD proc ••• or, 

.ugg.sted by Le-Ngcc [LN79J and built by Holck [ZM79J, is 

'd.scribed flrst. The hybrid mP-BD concept 19 pre~untEi!d next, 

followed by a detailed description of the oxpanded'prototype 

BD proccssor. The fourth section i5 deyotad ta the Interface 

b.tween this processor and a microprocessor. A review of th. 

hybrid system's operating modes folloHS. Finally, tha software 

taols developcad for tha hybrid system are laid out in the 
e, 

.1>( th .ec t i on. 

" 4.1 The Protètype BD Proc ••• or 

4.1.1 Introduction 

The prototype BD prodnssor buil tin th. DATAC computer 

labor.tory lS a~ extension of the Boute machin. [B076]. It has 

blten used for 80 programming practice" ~nd to dernonstrate 50111& , , 
si mpl e controll er appl iC,ati ons and other BD research and 

development work. It i5 shawn in Fig. 4.1. 
, 

f 

programmabl e The Bout~ n:laChl ne Ji s the fi rst known 

control 1er that,~~aluate$ logic functlons using BD rather than 
« • .-,. ....... J 

Boolean metho~~_ Comprislng 
1 

only 7 ChIPS, the Boute machine 
. / 

architecture.,' Fl.g. 4.2., is very simple. It incllJdes cil 256 by 

16-bl tRAM for BD pr-ogram storage, a pruse t.table program 

countar wl.th its preset logic., l,nput data selector addre •• ect 



/ 
( 

\ 

• • 

\ 

4.2 

by the BD i nstrùcti on, output latch and clock. BD progrAms 

executed ln the Boute machine consist of two lnstructions 

only: BRANCH and OUTPUT. BD instructions are executed 

serlall y. The Branch lnstruction tests a single l.nput 

var:iable, the state of which determines the next executable 
, 

instruction. Eventually, an OUTPUT instruction places a single 

bit into the outpu~ la~ch. 

• 

Fig. 4.1: The Prototype BD Processor - Demonstration Uni t. 

. 
~- - -- ------- -- -~-- -~~ ~- ~ 
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• The DATAC 

! 

4.3 -

PROGRAM 

ME M 0 fi Y 

d • '1 

N 

.ddt, .. 
'" ..... ---. 

oulputl 

Fig. 4.21 The Boutli! Machin •• 

prototype ex tends the Boute concept ta 

ihccrpbrate paraI leI evaluation OT mui ti -bi t outputs. A single 

instruction i s 'executed in one clock cycle, 8. g. , the 

sel actIon and the test of the input vari able and the branch ta 

the next InstructIon aIl take place ln one clock cycle. Unlike 

a conventi onal Boolean p~ocessor WhlCh accumul ates the Bool ean 

combinatl0ns oT the input variables in order to arrive at the 

output, the BD 'processor examines only one sIngle pa th through 

the BD tree. The execution OT an n-vari able BD program 

• requires a max i mum OT n steps. The BD processor 1 s there.f ore 

superlor to conventi onùl Boolean based controllers ln those 

control ap'pll catIons where speed of execuhon 1 s an important 

factor. The speed advantaqe becomes more signiflcant as the 

nl.1mber CT variables increases. 

" 

, , 

'. 

) 



... 
a 

4.4 

4. ,1.2 The Archi tecture of The BD Processar 

The block diagram, Fig. 4.3 describing the BD processar 

architecture, may be divided into six functional sectionsl 

1. Input Section 

2. Decision Logic Unit 

3. Clock and program Control 

4. BD Program Storage 

5. Output Section 

6. Manuai Control and Displ ay, 

A formaI definltlon of the BD proces.or is givlm in T'able 
\ 

4-1 using Instruction-set processor ( ISP)' notation (Bee 
, ~ 

---Appendix B for ISP background). 

( \ 
----------------------------~-------------------------------

Instructi on 

Program Memory 

Program Counter 

Instruction Address 

Operation COde 

Input Vari ables 

Output Varlables 

Selected Input Varia. 

\ IR<15:0> 

\ MpC255:0J<15:0> 

\ PC<7:0> 

\ IA<7:0>:= PC<7:0> 

\ OP<1:0>:"" IR<15:14> 

\ IV<63: 0> 

\ OV<13:0> 

\ X:::c IV<IR<13:8» , 

.. 

-------------------------------------------------------------, 

Table 4-1: The Prototype BD Procesor - ISP Definition. 

'. 
- " 

- 1 

. , 

5 2 
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4.b 

Input. SectIon 

The input section shown ln Fig. 4.4 conslsts of input 

buffers and select.lon 10g1C. As many as 'b4 external Inputs may 

\ be connected. Each input represents a process varIable -Wh1Ch 

can be addressed by an Input 'lnstructl0n durlng program 

execut1on. The 64 J.nputs are connected to the data Inputs of 

four" 1 of 16 74LS150 data selectors addressed by IR<11:8>. An . 
~ . 

addltlonal lof 4 data selèctor a8dressed by lR<13:12> accepts 

the four outputs of the 74LS150's to route one selected Input 

ta the DecisIon Logic UnIt. 

O.ciSlon Logic Unit 

The Decision Logic Unit (DLU), Fig. 4.5, consists of 5 

gates. The DLU determl nes the state of the program counter 
t. 

load llne (L) according to the state of the currently selected 

Input line and IR<14> of the current Instruction. Two pos~ible 

branches are provlded as follows: 

1. If L=l, the PC 15 preset to IR<7:0> of the current Îtlstrut:-

tlon and a Jump to another Instruction ln the memory 

occurs. 

2. If L::O, tr,e PC IS 1ncremented by 1 and the next executable 

Instruction IS the one Immedlately after the current 
... 

Instruct1on. 

- , 
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Th. Input Section. 

J '. 

( 



1 
14 

b15 

sel ecOted 
input line 

/ 4.8 

d • 

Deci s ; on Log i c 
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Clock and Program Contr~l 

A 1MHz clock i5 employ*d to drive the BD prototype 

circuitry. The clpck synchronizes the execution of the BD 

~nstructions which take only one clock cycle. The clock i5 

divided ta supply two user selectable operat1ng speeds: 70KHz 
, 

and O.5H~. The O.5Hz 1S u$ed to observe instruction execution 

one at a t1me for debugging ?nd demonstration purposes. In 

addition programs can be executed in Single-Step (98) mode. A ,-
SS,toggle switch, operatR~ manually,' provides the clock sIgnal 

JI' 
te the syst~m. 

BD program Storage 
, 

A 256x16-bit RAM i_ amplDyed..4!to"store the exacut.ble BD 

pr~ra~s. 

con~led 
The 

by 

RAM is addre •• ed by an a-bit program counter 

the DLU. Programs can be downloaded into the 

.memory via a set of 16 data switches and tHO control·SHitches. 
t.J 

• 

-R/W and Single-Step. (see operational modes). 

~ Output Sect10n 

BD processor outputs, assigned by the output jnstructions, 

are latched 1nto a set of 14 D-type Fllp-Flop latches. Th. 

Output Enable (DE) control 5witch is used to ensure that 

outputs can be latched only during program execut10n phase. 

Bit 14 and bit 15 of the instruction word are synchronized 
\ 

with the falling edge of the clock via two mon~stable multi­

vibrators (one-shot) - 74l8123. Two strebes are available ta 

implement twe types of output instruction. A short outp~t 

instFuctian enables only the upper six latchas. AlI 14 latches 

, \ 

1 
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.ar. enabl.d by a' long output in.try.~tion. 

• Manual Control and Dlsplay 

The prototype BD processor i. controll.d by thr •••• e. of 
1 

manual &witches and monltored by two •• ts of LED di.plays. 

Data-Switche5: 16 toggle switches are provi~.d to manually 

l04d the eD memory. The switchas are buffered by tri.tat. 

buffars and cannot be activated during ex.cution ~od.. The 

.ight l.ast significant 5witches are also used to,era •• t th. 
" 

proQram counter uBing the PC Load èontrol .witch. 

Control SwitcheBJ eight control switch •• are' provid.d. 

1. CI.ar pè - raset PC to o. 
-2. R/W - directly controls the 

progr.am m.mory. 

R •• d/Writ:. . input of 
i 

3. PC Load IOAds the program countar to .& pres.t .ddr ••• ~ 

th. 

4. Auto Load En.ble - anable. automatic PC loading by the DLU. 

~. 70KHz/O.5~z - selects one of the two operational clock 

frequencies. 

6. DE Data En.ble - enables data entry from data switch ••• 
\ 

7. SS - SIngle Stap Mode - anables the executton of a 9ingl~ 

instructIon. 

B. Clock-On - .nabl •• clock ~ontrol of th. BD proc ••• or. 
~ 

.. 

;>" 

1 

/ 

1 

.. 
\ 
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JI" 

Input Simulation Switches: .1g~t input lin •• are connected ta 

.. th... switches ta simulate procas. inputs. They can bit set ta 

ai ther 0 or 1 and are address.d as 1 nputs by th. program 

cycling ln the BD memory. 

Instruction DisplùY: lb LEDs ara us.d to display the current 

" . instruction at the location pointed by the program counter. 

.Program-Coul)tèr Display: eight " LED. display the contents o~ 

the current pc. 

11 

~ Output Bank Di.play: 14 LED. .how th. output v.lue •••• igned 

by th. cycling BD programCs'. 

4.1,.3 +hlt BD Instruction s.: 
'-1 

Th. BD proc ••• or ex.cut.. BD progr... .uch •• tho •• 

d •• crib.d in Chapter 3. The 16-bit long instruction contain. 

the nec.ssary in~ormation pertaining to th. address of th. 

input variables, node branch addresses and final function 

output s.' The BJ> 

i nstructi on'5 and 

i nstructi on'''lset consi 9ts 

two OUTPUT i~!5tructions. 

formât· is shown in Fig. 4.6. 

of tHO INPUT 

The instruction 

Thé operation code stored in IR<15:14> i. int.rpreted a. 

folloHs: 
~ 

1. INPUT instruc~ions: IR~15> • 0, IR<14> - 0 Dr 1. An input 

variable - X addressed by 'IR<13:8> i. t.sted. It value fil 

XORRd with IR<14> to define the n.>ct .xltCutable instruction 

Ca branch) a. folloHs, 
~ 

. .., 
• 

/ 

h 

,/ 

...... 
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J , . 
IR< lS> - 0 -> x - IV.<IR<13.B» (4.1' , , ~ 

n R< 14> e )() - 0 - > PC < - Hp C 1 R< 7 r 0> l 
? 

UR<14> ~ X'\1 -> PC <!... PC + 1 

OUTPUT in~nS: IR< 15> • 1., proc' • .or prDduc •• 

outputs as follcws: ' 

, ••• INPUT ADDRESS"J 

1· :.. .. ... LONG •. ~PUT ......... '" ..... : ........ f ' 

1 .. SHORT OUTPUT ...... 1 

1 .. ·· ... JtJoIP ADDR~SS ...... 1 

FiV_ 4.6. Th. 8D Instruction Far .. t • 

.. -, 
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4.1.4 Th. Op.r .. tion .. l, Mad •• 

Th. BD prac ••• or operat.. in •• veral made. ta .nabl. 

program laading, verïficat1on, execution an'd debugging. 
1'1 

Progra. Laading: A BD program describing centrol Iogic m.y b. 

loaded into the processor memory via the 16 manual data 

.witch ••• The ~Auto Load Enable (ALE) Switch must be in 'off' 

---position ta disable unintentianal program counter loading. The 

~perator can presat the instruction address to either 0 by 

clearing the progr~m counter~or to soma o~her desired value by 
Q 

•• tting data S~(~ tches 0-7 ta the desired address and allowing 
\, 

PC load via ALE - ON. 

PragralD Verification: Once a BD' progralA i5 entered into th • 

.. emory, it can be read and v.rified befor •• ~.cution. Thi. is 

dana by disabling th. data switch •• , and stepping through th • 

•• Mory u51ng the Single-Stap toggla sW1tch with the R/W'switch 

in R •• d posi t ion. Th. i nstruct ion· LED. wi' Il di sp l.ay the st.artHI 

instruction. 

Program Execution: To execut. BD programs stored in the ..... ory 
" 

the data 5witches must be disabled (DE - OFF),.nd the DLU must 

be activated via ALE - ON. Execution can be centrolled by th. 
~ 

BD clock with two optional frequencles: 7~KHz or O.SHz. Th. 

latter i5 used ta monitor program execution, instruction by 

instruction, at a rate conveniently perceptible ta the us.,... 

Manuai execution 
> 
15 possible by dis&bling th. clack.and 

activ~ting the Single-Step taggle. 
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1 
4.2 Th. Hybrld Conc.pt 

The Hybrid sçheme, Fig. 4.7, con5ists of one. or more BD 
'. 

pr~.s50rs connectmd in a network w~th a ml~roprocessor (mP>. 

The prototype BD processor was originally de~igned as a 

manual, 1 y controlled unit. Programs were loaded Iilnd èxecuted 

via a set pf switches. In the Hybrid scheme,~ the BD procass'or 

is 'interfaced to the 
" , 

mP via the mP-BD 1nterface modu~b. BD 

prog;:zam" data and control" signais are transmitted via a bD-mP 
( 

bus c nectlng the BD processor to the mP-BD interface, modula. 

The mP. syste~ 'consists of a convantional procassor, memory, 

bulk storage and periph~ral 1/0 devicëa. The processor and ail 

other~elementa of the mP system communicate via the mP bus. 

Process control tasks are often classified as: 

1~ repetitive on/o~f (binary) ~asks, 

~ 2. computatloQa~, optimization, data manipulation t.sks, and 
~ tr 

~. external communication tasks. 
" 

The BD processor ig bast suited for th. first cla55 of 

operations. It can effectively monitor proce5S parameters and 

re.ct to changes quickly, in a.reflexive manner. Complementing . \ 
the BD processor, a high level mP handles-~he other tasks 

batter. In the hybrld scheme, one or more BD processors are 

monitored and supervised bVthe mP. Under normal conditio~. 

they operate autonomously, like the stand alone version. The .. 
mP-BD comblnation offers advantages such 

r 
as a more user 

friendl~ Interface ta the BD, distrlbuted processlng and a BD 

library in mP memory from whfch programs can be dynamically 

downloaded lnto BD memory. ~ Thi s 

'" 
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The Hybrid Schema - Black Diagram. 
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" 
flexible and .1'1.xpensive ·;.,...l:.m. WhlCh 15 SUperlDr to 

conv.nti onal li eroproe •• sor control. 

The Hybr 1 d scheme needed: 

1, hardware enhancememts to the BD processor and Implementa­

j \..tion of a larger in5tr~ction set, 

2. developmerit of the lnterface module. and 

3. development of the nee&s,sary software tool . .!l. 

Hard~are enhancements to the BD proe •• sor Includad a 

larger ~nstruetlon set, hAndshaking logic to handle th. 
r ( jl. 

communjcation "protoeols. bet..,éen the mP and the BD and more 

iÂput and output, Ilnes arranged in banks with bank selection 

l,ogic. SpeCial 

the Orl. 9 1 ;:;al 

logic'~nsures compatible BD operation ln both 

(Manual) mode and in the mP-cont,rolled (Aut~) 

mode dS weIl as smooth switch-over between the modes. 

The mP-BD interface module WaS developed to handla th. 

bi-directional communication o~ data and control si gnars 

between ,the mP and the BD proce5sor. 1 t i5 basad on the 

ParaI lei inter~ace method which employs a MC6821 Pàrallel 
" . 

Interface Adaptor (PIA). 

Software was developed to operate the BD Hybrld, l.e., an 

operat.l.ng system to enable the mP' to cont!;'"' 01 the BD and to 

transfer data. Thi s i ncludes the management of the B~ program 

11brary and utilities for operator InteractIon. In addition a 

comp4ler which generates mlnimized BD programs, 

45semblèr for t:oding BD programs, were developed. 
( 

l .1 

.' 
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J 
4.3 The E>cpand.d 80 ~chine 

The prototype BD processor was modified to allow it to 

dpet'ate under mP control. The design retalned all e,cistlng 

manual controis sa that the original BD machina remained .il 

.ubset oi the Hybrld system. 

1 

4.3.1 Hardware Expansion 
,1 

4.3.1. l,The Expanded BD Processor - Overvi·a.., 

0. The enhanced proeessor, BDown seh.matieally in FÏg. 

4.9, i5 described using Instruction-set proeessor (ISP) 

notatlon in Table 4-2. The p~ogram counter 9 the instruction 

word size, and the program memory are una1tered. \ The number of 

input variables was increasad from 64 to 256 and organized in 

input banks. Slmilarly, the number of output variables was 

inereasecf,J from 14 to 192 oiilnd organized in output banks. Bank 

select loglc was implemented for both input and output 
'-, 

sections. The expanded Clock and Interrupt Logic (CIL) allows 

BD cr mP Inltiated interrupts, controls program exeeution and 

provldes bidirectional control an et status si gnals. A new 

opera~ion-code decoder was implemented to handle the larger 

i nstruct i on ~et. The original manual BD processor control 

switches were retained, interfaced in parallel wlth the 

corr~~~~ndlng data and control lines of the rnP-BO bus. Auto/-

Manual select loglc was added ~o enable operation 1n elther mP 
Il 

contr\l mode 

logil avoids control ambiguities during mode transition. 

or Manual control mode. ~e Auto/Manu~l select , 
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Inst.ructi on 

Program Memory 

Program Counter 

InstructIon Address 

Input Vari ables' 

input Bank 

O~tput Variables 

Output Bank 

Selected Input Varia. 

Input Bank Reglster 

Output Bank Reglsber 

4.18 

\ IR< 15:0> 

\ Mp ( 255: 0 ] < 15: 0 > 
, ~ 

\ PC<7:0> 

\ IA<7:0>:= PC<7:0) 

\ IV< 15: 0> 

\ IB(15:0]<15:0> 

\ OV< 11 :0> 

\ OB[15:0]<11:0) 

\ X: = 1 V< ~ R< 11 : 8) > 
\ 

, IBr<3:0>:= IR<11:8> 

, OBr<3:0> := IR<11:8> 

Clock & Int.errupt Logic , CIL<3: 0> : = IR< 15: 12> 

Table 4-2: The' Expanded BD Procesor - ISP Definition. 

..­, 

1 
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4.3.1.2 Expanded Input and Output banks, Selectlon Logic 

To separate inputs from varlOUS processes, or different 

parts of one process, the 256 possible Input llnes are grouped 

into 16 Input ~anks, IB[15:0](15:0). ThIS Incrr.~ases input 
\' 

capaclty and Sim,~llfies the InstructIon st-.ructure as only 4-
'> 

bIt Input, addresSl~~t is requlred. It does reqUlre the program 

ta select the appropriate input bank, 1ncurr1ng a penalty of 

one clock cycle. 

Field input 11nes are connected to 1 of 16 74LS150 d~ta-
, 

selector~ via opto-isolators, FIg. 4.9. The Input Iln& 

address, IR<11:8> of the input instruction, 15 conne~Qd ta 

the four data-sel ect inputs of aIl lB tU,ta-sel ~ctor!l_ Th,fIl 16 

outputs generated by the 16'àata-selectors are connact.d ta • , 
s4I!condary 1.,,of 1.6.i74LS150 data-selector • 

. The address i ndicated . by IR< Il: 8> of the input b.ank 

instruction, is latched into the Input Bank Ragister IBr<3.0> 

""he;, this instruction is executed. The latchad address is 

ccnnected ta the four data-select inputs of the secondary 

74L5150 thereby selec;;hng the line to be tested by the OLU. 

The 16 output banks Oa(15:0)(11:0> accommodate 12 

parallel outputs OV<11:0> ~ach. The output variables are 

1 a1;.fhed lnto 74LS74 'FFs by the output Instructions. An 

output bank wlth the select 10gic is shown in Fig. 4.10. The 

sel ected bank i s i ndlcated by the output bank reg1 star 

OBr<3: 0>, during the execution of the output bank select 
~ 

instruction <IR<1l:8> => Oar<3:0». The latched address is 

1 connected ta the faur binary-coded inputs of two 4-to-lb 

demultiplexers. The activated output of à.ch damultiplexor 

/ • .( 
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01 

INPUT BANK SELECT 

00 
input E A 01 
bank 7475 address B 
from 

C r IR<1l-8> 1 atch 
0 

015 

G 
banklO enab1e 

16 IR<11-8> 
1 of 16 

input data 
1 ines se l ecto .. 

• , 74LS150 
bank 0 ,-, f . 

rI 
If' ~--

~ 

..... . . 
bank 15 enab1 G 16 

input 1 of 16 se1ected in ut 

1 ines data to Decision Logic 
/Tf Unit selecto 

74LS150 
bank 15 

Fig. 4.9: , The Expanded Input ewction. 
• 
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.. 
fram lR~l-O> 

OtlTPUT BANK 
bank 0 

:/ 
SELECT QO 

\ , 
A Q1 

· l output 
bank 7475 B 
address latch C fram 
tR<l'-8> 0 

G2 TO 
Gl Ql 

74154 OV<7> 
" 

t. 
7475 OV<6> 

OUTPUT 
OV<S PROcESS 

[HABLE • 1,atch 

E 

Ql -.. 

OV<3> < 

, /' 7475 V<2> 
,--- OV<l:1> 

-< latch 
OV<O> ' 

E 

• bank 1 
latches 

'-

Fig. 4.10~ The Expandad Output s.ctian. 
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•• rves a4 the ~able signal ta the upper (OV<11aB» And lower 

(OV'710» sections of the output bank. The upper demultiplexer 

is enabled durlng a short output instruction while bath A~e 

enabled during the long output instruction. The OE (Output 
• '" Enable) signal servas as a second e~able signal to prav.nt 

output Alterations unle.s the BD mAchine i9 executing a 

4.3.1.3 The Clock and Interrupt Lagic 

The Clock a~d Interrupt Lo~ic 
\ 

(CIL) is shown in Fig. 

4.11. The C'lL handl •• BD and mP interrupt func'tions, operator- ,~/ 

interrupts, the w.ka-up and BD monitoring functions. 8y mean. 

of this logic bath the mP and th. BD are a~l. ta gaIn .ach 

other'. attention. As a slave proces.or, tha BD i. alway. 

r monitored by the mP via the CIL in order to detact BD failur •• 

Using the wake-up circuit of the CIL the mP i5 able ta r •• t.rt 

the BD proca.sor. 

When an intarrupt instruction is executed the BD 

gen.rates an interrupt that i5 transmitted ta the mP via th. 

bu. interrupt lin. CAl (see interfacing section), while 

tOÇJgting a J-K Flip. Fldp (Q -) L>. 'UpOh recèliving .rI 

lnt.rrupt, the mP completes its current executl0n cycle(s) and 

jumps to an Interrupt handling routine which ~dentifies th. 

type of interrupt and saves the current mP registers on the 

system·s stack.·lt then ex.cutes a polling routine ta identify 

" which devire issued the interrupt and upan detectlng a BD 

interrupt it responds by raising the STOP flag. Control is 

then pa.sad te BD09 te servie. the" interrupt < •••• ection 

.' 
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, 
4.6.1). The MC6809 

, 
proce.~or may require about 40-50 cycl •• 

responding ta the BD interrupt. 90 interrupt 

instructions normally branch to the EOP instruction o~ the 

program. As the mP is unable to detect and identify the 

interrupt and raise the STOP flag within this time frame~the, 

toggle FF action prevents any subsequent EOP instruction from 

atepping the BD machine until the ln~rrupting program 19 re-
~ 

ex.cuted, the interrupt i5 repeated and the J-k Flip Flop i5 

toggled agaln (5 -) H). This results in A low signal at the D 

input of a D Flip Flop. The next EOP instruction, clocks thi. 

Flip Flop which disables the 9D clock. The 'logic:' fulfills 

three requirementBII 

1. The mP acknowledges the interrupt signal. 

2. The interrupting 9D program and aIl other progra •• complet. 
, 

their normal ex.cutien. 

hand.haking cycle 1s completed by disabling the 

BD-CLK-ON signal, in~orming th. mP that the BD clock i. 

stopp~d. 

<-

• Th. mP int~rrupts the BD processor by s1mply rais~ng the 

STOP fI age The D input of the D~ FI ip Flop i s then tri ggered 

and similar to the secQnd part of the BD lnterrupt cycl~, the 
l ' 

next EO? signal clocks the 0 Flip Flop dlsabling the BD clock.~ 

This lOglC ensures that the interrup,ted BD program complete. 

its normal course of execution befor~ the BD processor i. 

halted. Tho BD-C~K-ON ~ignal acknowledge. the stopping of the' 

c1ock. 

• 

.. 
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Th. tImIng dlagram for the BD "wake-up" circuit is shown . \ . 
in J19' 4.12. The edge trlggered circuit connected to the P 
input of the 0 Flip Fîop is used by the mP to start the BD 

processor. Thls "wake-up" clrcuit senses when the STOP flag is 

lowered by the mP and prov\des a short (150 ns) HLH pulse 
., 

presett1ng the 0 Flip Flop and thus enabling the BD clock. 

The BD-CLK-ON .. s1gnal is generated by a retrlggerable 

monostable multivibrator. It lnferms the mP that the BD 

proçesser is in running mode, i.e., whether or not the clock 

is en ab 1 ed .,' th i s s1gnal 15 active if: 

1. the BD clock circuit is functienal, 

2. the t'l!anual stop line is de,ac:tivated, and 

3. no interrupbi have oc:curred. 

STOP 
FLAG 

~~,~ 

MANÙAL -f 
" STOP/RUN 

.;}. R-C 
\ 1 INPUT 

R~ 
OUTPUT 

1 
\ 

____ """\ 1 

I\... ~ 
l 't-~. ,:-----
\ 1 

D-FF fi .. 
p INPUT-----------~L-J~~-------­

~ 

Fig. 4.12: BD "Wake-up" Circuit - Timing Diagram. 

\ 

/, 
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BYI switching to the Manual mode (s •• Auto/Manual logic) 

and activating the Stop/Run switch, the operator can manually, 

halt or st.art the BD processor. The manuai Res.t button clears 

the 0 Flip-Flop. 

4.3.1.4 Exp~nded Operation-code Oecoder 

The operation-code decoder e~amines bits IR<15:12> 
,. 

synchronized with the BD clock to ganerate ~e requirad 

signal!! for each of t.he implemente~ BD instruct.ions. 

Input Testing i ns truct i-ons ara interlocked with the Auto 

Load Enable (ALE) ta prevent eHQcution when downloading 

progr .. m~ (see operating modes section). AND and NAND~gat •• 
..( 

,-Ar. emplayed ta decode the additional instructions as shown in 

Fig. 4.13. 

In5~ruction eX8cution requires one clock cyèla. Fig. 4.14 
1 

.dapicts the ex.cution cycle of a BD instruction in relation to 

the /rising 
/ 

and falling edge. of the BD clock puIs •• An 

instiruction 
1 

cycle is initiated with the rising .dge of the BD 

clobk. A 74123 monastable multivibrator generates an 

uneonditional clock strabe interlocked with IR<15> and IR<14> 
1 

of the instruction word~and synchronized with the 'falling edg. 

of the BD clock. Ali generated outputs ~ra activated by the 

st.robe. 

) 
, 

- ' 
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cu D15 D14 n13 D12 

r l STROBE 
, ' 

qi ql 

,.. 

\ 

LONG OUTPUT 

OP !Sode. 1000 

EOP 

OP code • 1010 

BANI SVITCB 

OP code • -1110 

OP code • 1101 

1 

Fig. 4.13: .Operation-code Decoder Black Diagram. 
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.. 
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Fig. 4.14s Decoder Timing Di~gram. 
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4.3.1.5 Auto/Manual Select Logic 

• r. The Auto/Manual Select Logic (AML) is schematlcally shawn 

in FI g. 4.15. The BD system can be operated fully in Manual 

mode. The AML allows smooth sWltchlng-over from one mode to 

the other by toggling a single Auto/Manual selector (A/H> 

sWltch causlng no lnterruptlon ta the BD operatlon. 

When Nanual mode is selected, the AML dlsables the mP 

control and data signaIs and enables,the manual control and 

data sw~tches and vice-versa when Auto mode is selected •. The 

mP control slgnals are connected ta the BD logic via 7~LS244 

tristate drIvers whose enable lines are directly connected to 

the A/M switch. The tristate outputs are connected to a ~.t of 

2-input AND gat~~. Each buffered mP control. signal is 

connected to one AND gate inpùt while the equivalent Man~al 

signal goes to the other. 

In Auto mode aIl switcha,a ara inbperativa. The norm.;ally-

low input ,ta each of the switches 15 driven high by the AIM 

switch and thus., regardless of switch positi-on thair outputs 

are high and the mP signaIs appear at the AND gate outputs. ln 

Manual mode the mP signal tristates are disabled and their 

outputs are driven high and the signaIs from the manual 

switches appear Olt the AND gate outputs. 

The A/N switch output i5 also used in the mP-BD interface 

module ta select the approprlate data tranceivers 110 state. 

In Manual mode no data transfer 'can occur between the mP and 

the.BD because the Enabl~ signaIs ta the data channels drivers 
\ 

in xhe interface module are kept high. In the Auto mode manual 

data switches are disabled because the Data Enabla Switch 
f 

output is similarily forced hïgh. 
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4.3.2 Enhanced Instruction Se~ 

4.3.2.10verview 

Five neH instructions were added to the orl~inal BD in-

.tructlons and the four eXlsting cnes were slightly modlfied. 

The new set 15 shown in Flgl 4.16 in a Karnaugh map for~. The 

operatl0~-code was extended from two bits to four bits:. 

IR< 15: 12>. The input vari abl e address i s nOH four bi ts onl y: 

IR<11:8>, instead of the orig1nal six bits. Output 

Instructions were 01150 modified. A short output consists of 

four data bits: IR<11:8> the long output comasts; O'f. 12 bit. 

IR<11:0>. Inp~t bank and output bank addresses are codeg .i~ 
~/ 

the 4-blt segment: IR~11:8>. The Jump address of'the next 

InstructIon remains ln IR<7:0). 

AlI BD instructions ar~ summarized in Table 4-3. They ~ay 

be divided into three groups: 

1. input instructions y 1 

2. output instructIons, .nd 

3. control instructions ~ 

Input instructions include an input .bank select 

i nstructl on lBS, for selecting ttia active ,input bank, and 

two instructions'- INO and INl for testing input lines. O~tpüt 

Instructions include an output bank select InstructIon - ~'OBS,' 

which selceq;t.s the acti ve output ~ank, and two instructions -

OP5 and OPL~ WhlCh assign parallel output values to process 
" 

parameters. Three control instructions were implementedr the 

interrupt instructIon - INT, by which the BD gains mP atten-

\ 
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tlon, t~. end-o~-program 1nstructlon - EOP, used as the last 

in,struct1on of each progrèlm to ensure complete execut10n of 

.,. critlcal instruction sequences ~fter an interrupt has occur-
" . 

red, an~ the branch instructIon - BRA, an unconditional Jump. 

c 

00 01 11 10 

f , bIS A 

00 i D P u t t e s t 1 b14, - B 

, 
.< bl3 - C 

""1 . bl-2 - D , 
-

i 
c 

t t t 2 D P u e s 01 

} B 

," , 
output output 

11 interr:upt branch bank 
short select 

" f' 

) 

A 1 

outptit \ input 
used 

\ 
bank Dot \ e. o. p. 1Q 

long \ se~ect 

1 

1 

I\~ '-..... -/.--7 D --------_./-

Fig. 4.16: The Extended BD Instruction Sato 
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: op-code : name : 

OOxx INO 

01 x x IN 1 

4.34 

descrlptt 011 

test 1 nput Il ne IN 

Jump 1 f IN=O 

test Input llne IN 

Jump If IN=f 

1 

operand 

IN address: yes 

IN address: yes 

-------------------------------------------------------------~-----
1011 lBS: Input bank select lB address: yes r----., 

• ., \' 1 • 

~--~~~~ ---; -~;;--~ --::;::; -; -::~: ~~: ~-; -~-~;----:-;---~::---------f 
bIts :\ 

, 
: 1000 J)Pl output 12 pualltl: 12 OV no 

1 b 1 t s : ' 

-- -------"" - ----- - ----1--- - ------ -------- - ------------- - ------ ------- . 
1110 oas output banl: selectl OB ilddreu: 

• 
yu 

---~-----------------------._--------------------------------------
1101 INT lnterrupt to .P 

1010 EOP end of progra/l 

none 

prograll 

l nf o. 

Y"S 

no 

___ ---- ____________________________________________ • __ _____ L ______ _ 

1111 BRA uncondl'tlûnal 

branch 

none yu 

Table 4-3: The Enh.nced BD Instruction Set. 

, 

, 
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4.3.2.2 Input instructions 

lBS - Input Bank Select: A BD processor accommodates up to 16 

input banks. The lBS Instruction, Equation 4.3, supplies four 

hlgh order address bits IR<11:9>, i.e., the bank address. 

There must be at least 'one lBS instruction in each BD program. 

IR(7:0> ,points to the next lnstructlon. AlI subsequent INl and . ~ 

INO instructions address one of 16 Input llnes ln the' bank 

sel1ected by the most recentlyexecuted lBS. Input Ilnes in 

another bank may be tested after expc:ut.lng another lBS. 

OP<3:0> - 1011 -) 181"'(3:0> (- IR<l1:6I) (4.3) 

PC (- Mp[IR<710)l 

INO, IN! - Input Lina Test: INO and IN! repre.ent the BD node 
, 

~ aper.ilt1on whel"'tl a binary, input _ val ua determinlts wh). ch one of 
t 

i 

two possible branches ~11 be followed. The te«ted input line 

is ,addressed by IR<11:8}. The next executable instructlon i9 

def i ned by the sel ected input val ua X and may be ei ther 1:-he 

next sequential instruction or the one pointed t?,by IR<7:0>. 

If X- is 0 then the next executable instruction will be, the one 

in PC;+-l for INO and the one in IR<7:0> for INL If X i5 l the 

reverse, is true. The above logic is achieved via the DLU 

, controlled program counter and lS descrlbed by EquatIon 4.4. 

Wh en t.he PC load 1 i ne Lpc lS hlgh the, PC output is 

1 ncremented by one and when the Lpc 1 slow 1 t i s preset to the 
( 

~a' of ltS inputs which are connected to IR<7:0). Equation 

4.4 describes the r&l~tions betw.en b14,. biS o.f the op-cod~, 

). 
" _ r 

•• 
.1 
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the IV value, the ALE signal, the BD clock, and the Lpc. 

'IR<15>=O => Lpc = '(-!R<14> @ X) -ALE-CLK 

Lpc = 0 => PC {- Mp[IR{7:0>1 

Lpc = 1 -> PC (- PC + 1 

where X = IV<lR<11;8» 

4.3.2.3 Output instructions 

(4.4) 

OBS - Output Bank Select: The BD proc~ •• or accomodate. up to 

16 output banks,- each with 12 output lines. Similar to'input 

b.nk selection, the oes instruction, E~uat1en 4.5, activates 

an output bank. An oas must occur at least once in Any 'BD 

program with outputs. IR<11:8> indicates WhICh of the 16 banks 

becomes acti ve. IR<7:0>' points to the next instruction to be 

"executed. AlI subsequent OPS and OPL instructions output the'ir 

parallel output values to the active bank onlYe 

OP<3:0> = 1110 =) OBr(3:0> (- IR<11:8> (4.5) 

PC (- Mp[IR<7:0)] 

OPS, OPL - Output Short and Output Long: Each of the output 

banks can issue 12 OVs te the process. An output Instruction 

~ssigns the OVs ln paraI leI. OPS, Equati9n 4.6, asslgns~al~e~ 

f to the upper four bIts of the output bank - IR<11:8>, the 
. 

lowar eight OVs are not affected. The next executable instruc-

tion i5 pointed tci.by IR<7:0>. ·OPL, EquatIon 4.7, aSSi~~ aIl 

* 1 

1 

.. 
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12 bit. in th. b.nk IR< 111 0>. The next .xecut.ble instruc-

tian i9 the riext •• qu~nti.l one in memory. 

OP(3:0> .. 1100 -> OV<l1=S> (-rR<l1:S> (4. b) 

PC <-'HpCIR<7,O>1 

OP<3,O> - 1000 -> OV(lhO~ (- IR< 11,0> (4.7) 
,/' 

PC (- PC + 1 

---'\ 

4.3.2.4 Control Instructions). " 

, . 
INT BD Interrupta The interrupt instruction, Equation 4.8, .. 

~ 

i. u •• d by the BD proc&ssor to g.in the attention of th. 

mic~oproc.ssor. Such an interrupt is designed to occur in on. 

of th. following cases: 

1. Process conditions require another BD program ta be down-

lo.dad. 

segment were reached thUB • request to download the next 

segment is issued. 

3. Process conditions,require mP interventidn, alarm signaIs 

·ta operater or ether tasks which the 'BD pracessol"" cannot 

perform. 

IR<7:0> pOlnts to the next executable instruction which-

nèrmally is EOP. 

OP<3aO> - 1101 -) 

, ' 

CIL<3:0) <- IR<1~a12> 

PC (- Mp[IR<7z0>1 

'/ 

t , 

.' ' 
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EOP - End of ProgrAm: ,The EOP instruction, Equation 4.9, is' a 

lagièal terminatlon of a BD pregram. It, is used~prevent 

incomplete program executl0n ln cases when the program issues 

an interrupt ta the mP or Is Interrupted either by the mP or 

manually by' the operator. IR<11:0> are used ta lndicate to the 

mP necessary Information pertalnl ng, ta the BD pragram and 

possible int~rrupts. The~e can be tran$ferred ta the mP Via an 

output- bank (canventlanally, bank 0) directly ta a PIA Input. 

qh. EOP Instruction provides the control signal required by 
.' , 

the CIL and daes nat affect any otMer BD 10giC or output 

signaIs. The next executable instruction is the next sequen-
.' 

tial one. In a sectored memory structure, if EOP is not, th. 

instruction in the sector, the next sequential instruc-

tion wi Il normally be a jump ta the fir$t instructipn in the 

next memory sector. 

\ 
OP<3: 0> :II ,1010 ... > CIL< 3,0> < - IR< 15: 12> 

OB [0 l< 11 : 0> < - Mp [J R< 11 : 0> ] 

PC <- PC + 1 

(4.9) 

BRA Unconditional Branch: The branch instruction, Equation 
t. 

4.10, i5 uncondi tional. The next executable In~tructlon i s 

pointed ta by IR<7:0). The executien of thi5 instruction dees 

not alter any outputs nor active banks. It 15 used tb transfer 

program control when t~e previous lnstruction does not have 
/1) ~.; 

this capabillty a.g., OPL, or after an input Instruction where 

both branchés require Jumps. 
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OP< 31 0> - 1111 - > PC <- Mp[ IR<7~ 0>] (4.10) 

4.4 The mP-BD Interface 

4.4. 1 Interfacing Method. Overview 
tic: 

Interf acing lB defined •• connacting one davicR in ~ 

syst_m 'wi th anether so they become one operational unit. A 

mieroprOeE!S50r 5ystem consists of the CPU which communieates 

with aIl ether 9ystem"components V1a interface units. Systam 

components are memory modules, bulk storage devicR., 

terminaIs, printers, additional proeessors, BD machines, etc. 

The CPU i 5 the master' device and aIl controll ed compon.nts are 

slave ,devices. Three common interfacing schemas are the 

'parallel ", the 'ser i al' , and the 'direct' int.rface~. Th. 

three methods differ, from each other in thei r hillrdwar. 

• comp 1 ex i t Y , software requlrements 

eharaeteri st1C:S. Intll'rfaci ng the BD proe.ssor ta a mP can b. 

dons in .any one of the three ways. 

ParaI leI Interface 

The 'paraIl.l' interface employa a numb.r of data lines, 

one hne per bit of some multibit unit, •• g., a byte. The mP, 

recelves or transmlts aIl of a data unit, Oh the 

communlcatlon bus 'data lines, .imultaneousIy~ The Motorola 

MC6800 f ami 1 y of 8-b i t ml croprocessor product i nc 1 ude. th. 

'MC6821 WhlCh is a dedicated N-MOS parallel interface'daviee 

known as il ~lA (ParaI leI Interface Adaptor). The PIA eontain • 
• __ t 
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twe bi -direetienal a-bit regi sters WhlCh are connected te the 
'( 

outside world and can be accessed by the mP. It can transfer 

interrupt signaIs and has ext6msive programmable capabil.iti.s 
/j 

te facilitate Interfaclng ta.ks [AW80J. Speed of transfer is 

very high but bus lines must be kapt short, usually no longer 

th.an 20-30 f eet • 

. ,~ Seri al Interface 
• ,o,J, 

A . sari al . interface tran.of r/~at~ i th one tran.mi t 

line and one recei ve line .and a n m~.r ~ control li,,!... AIl 

bit. are transferred aeriall~d ~er.for. bath the sander 

and the receiver must have ser~al ta p~'ràTl1ri.. and part!V~l ta 

seriaI conversion logic. serial",..1nt~rface ~hi~ are tailabl. 

for aimost 'eny mP family. A goo~xample 19 ttu!/MC6850 AClA 
""- / 

CAsynchronous Communication Interface~oÇ)_ A .erial 

interface can tran!!mit data over longer distances an (:1 , with 

less cabling than a parailel one. Physical lin_s·may .xt.nd up 

'te one hundred feet, tel_phone 11n&5, Including mic:rowav. 

iinks, may be used ta connect devices which are mIles apart. A 

seriaI interface is not SU:l t ab 1 e for v!!ry hi gh .pelttf 

applications. Seriai 1nterfaces are commonly used ta 1nterfac. 

oper:ator termi nal devices and sorne have, gai ned world' 

standar,zatton. The most common ser1al standard 15 the RS232C 

which is speclfled ta operate at, speeds from 110 ta 19200 

seriai bi ts per second asynchronousl y. Synchronous serlal 

interfaces are faster. The MC6852 SSDA (Synchronous SeriAI 

Data Adapter) supports transfer rates of 1.5 Megabits per 

second. This lnt.rface i. desirable in high performance d'At. 

• 
la 
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llnks and incorporates bufferlng to allaw some synchronizatlon 

error marg1 n. 

Direct Interf"ace 

A devlce connected to the mP bus, without lnterface 

loglc t 1S said ta be 1nterfaced 'dlrectly·. The mP bus is a 

set of" address, data, control and power lines arranged ln a 

more or less systemat1c way lhat operates under strlct 

comm~nlcatlon protocols. A dIrect bus communica~lon is prefer-

rable whenever possible due ta standardlzation of communica-

tion, accesslbillty, speed, and modularlty. The slave davlcR 

must be abl e to decode bus slgnais ln the same way as 

i nterf ace modules do. A device which is directly connect.d ta ", 
the bus may be accassed by the mP V1a a s.lngle Instruction .. 

Direct memory transfers May be easily Implem~nted and total 

system flexlbility 15 Increased. I~plementation of DMA methods 

implies that the slave devlce can exercise control over the 

bus at certal n t.1 mes. Thi5 provldes flexibility by 9haring 

memory reSQurces. 

1 

4.4.2 The mP-BD Pa~allel Int~rf ace / 

The parallel Interface scheie was chosen for the Hybrld 

mP-9D scheme. The lnt~rface module shown in Fig. 4.17 employs 

• MC6821 PIA and an 8-blt write-only control reg.lster (CR) for 

transferring aIl necessary 'data and control slgnâls ta the BD 

processor. Both the PIA an~ thé CR are under program control. 
1 

They appear in the memory mapped IIO structure of th. mic:ro,-

proc:essor system as flve addresses. 

( 

.. 
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, 
Fig. 4.17a: th~ mP-BD l'nt..r~ac. Module - Photo . 

.. .. 
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The formai ISP definition of the parallal interface 15 

gi ven in Table 4-4. 

-. 

-------~-----~---------------------------------

Bi-Directional Data Regi ster \ DR<11:0> 

Uni-Directional Data Regi star \ DR<15:~~ , 
Write-Only Control Register \ CR<7:0> 

'-/ Interrupt FI ag \ INT 

'. End of Program \ EOP 

Single Step Strobe (PIA) - \ S5 

Memory R/W -BD Strobe (PIA) \ R/W 

BD Clock ON \ SD-eCk-ON 
Buffer Enable Flag \ EN 

" 

Data Diréction Flag \ DIR 

BD Stop Flag \ STOP 

--------------------~--------------~--~~------- , -
1 

{ 
-1 

') 
, v-

Table 4-4: Th. mP-BD lnt.rface - ,ISP Defini tian. 

\ 

( 

r 
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Data Chahnel s 

Thant are tHO paraI leI .. lb-bl t. data channel $ between tha 

mP and the BD proc9ssor. Dat.a channel #1 15 connected t.o t.HO 
, 

74LS245, lb-bit bidlrectlonal trancelvers between port. A and 

port B of the PIA and the data lnputs of the BD program 

memory. Data channel #2 employs two 74LS244 unidlrectlonal 

tri state dr i vers, connected ta port A and port 8 ln parall el 

to the two 74L5245 OT channel # 1. Thi s second channel 

transfers four test bits Trom the mP ta the BD machlne and the 

12-bl t output of bank 0 f rom the BD mach! ne t.o t.he mP. 
'. 

Control Channel 

Four PIA control 1 ines (CAl, CA2, CSl, CB2) and &ight 

control register 11nes are usad by both mP and BD prqcessor t.o 

handle aIl communication tasks. Not. ,aIl cont.rol signaIs 

generated by the mP are connected to the BD proèessor. Several 

are used to cont.r'bi the interface module~ The 'mP controis the 

dat.a di rection of dat.a channel :lU and t.he acti vat.i on of ei ther 

one OT the data channeis via CR<O> and CR<l). The mP STOP 

fI ag, used te i nterrupt t.he BD processor and to respond to BD 
1 

interrupt, is issued on CR<4>. The BD interrupt line connects 

CAl and BD CLK ON ta CBI. The 55 (Slngle-Step), R/W <BD 

read/wri te) ", PC (preset program caunter), DE <output 

and ALE (auto load enable) are additlonal control 

are generated by the mP and sent to the BD 

through CA2, , CR<S>, CR<6), and CR<7>, respect.ively. CR<2) 

and CR<3> are ed internail y by the int.erface module to 

indicate the c~ror~nt 5tat.u9 of the Awt.o/Manu~l select.or and 

" 

/ 
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the BD Clock. The Auto/Manual Select signal 1ndicat1ng whether 

the BD processor 
• 

15 currently operat1ng in Manual mod~ or 

under mP control, 15 transferred by the BD processor to thè mP 

Vla CB1. A trans1tlon ln either the AIN or the BD-CLK-ON 

generates a CSl Interrupt. 

mP bus Connection 

The Interface module 1S ~Onnected to the SS-30* bus, a 

sub-set of the 55-50* bus. Th~ a-bit data bus 1S connectéd to 

the data lnput of the PIA. mP bus control signaIs connected to 

the PIA are the R/W, R~SET, IRQ and ENABLE. The upper 12 bItS 

of the lb-bit address bus are decoded externally to the 

inte~face board into an lIa SEL line. The lower four bits are 

decoded on board to generate the four PIA a~Qresses and the CR 

address. 

4.5 Operating modes 

The hybrid sy5tem can operate in one of the follow1ng 

modes: 

1. Runn1ng 

2. Program Dpwnloading/Reading 

3. Diagnostics/Verify 

* This is a mP bus standard used by many MC6aO~ systems. 

Detailed description i5 given in Appendix A. 
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Normally the system is operating in rurining mode and \S 

monitoring/contralling an external process. The other modes 

are required ta load and start programs and to execute 

d , "'t' t' I~gnos lC rou Ines. AlI modes are inltiated and centrolled 

6y the operating system VIa the communIcatIon PIA and the 

control reglster. 

4.5.1 Runnlng Mode 

lnt tl ation of the runnlng mod. 15 done via the start-up 

procedure. Lowering the STOP flag trlggers the wake-up 

C-lrcult incorporated in ,the Clack and Interrupt 10giC of th. 

BD processor. The program-counter must be cleared or presat 

to a specific address by the microprocessor prIer to start-up • . • 
During running mode the STOP flag is kept low and BD 

programs are continuously executed on a cyclic Dasis. The Auto 

Load Enable <ALE) is kept hlgh permitting BD instructio~s to 

affect the DLU which contraIs the PC Auto Loed line. The 
{ 

Output Enable is kept - hlgh enabling outpu'..:. InstructIons to 

access the selected output bank. Data buf Fers on the 

interface board are ln hlgh impedance state preventlng 

unintentional data transfers. The BD Interrupt, BD-êLK-ONy'A/M 

selector, and the STOP Ilne are the only active control lines 

between the mP and the BD. Interruption of the runnIng modè 

can oCFur in the following cases: 

1. To handle specIflc process conditIons, the BD processor 

needs a new p~ogram or program segment. 

2. The m? suspects a maifunction in the BD operation • 

7 

" 

, . 
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In bot~ cases an Interrupt IS lssued, the BD-mP bus becomes 

aEtlve as a result and dàta transfers can occur. \ 1 

, 4.5.2 Program Download_~g/hPadl~_Mode 

ln these two modes data IS transfered between the mP and 

the BD processor. The mP downloads a BD prograffi to the BD 

mema~y by presettlng the Program Counter lo ttle flrst address 

of the program. The Dala-dlr. and Enable bl-dlr. slgnals are 

set VIa lhe control reglster and data IS transmltted by 

placlng bath MS and LS byles ln the PIA ports and slrablng the 

R/W Ilne. The SS llne then Increments the PC to the next 

sequentlal 

downloadlng 

address. Oulput Enable 1S ~ept low during 

to prevent any output alteratlon and ALE IS kept 

low to prevent BD instruction executlon. 

In the reading mode the mP reads the BD memory contents. 

ThIs may·happen ln one of lhe followlng cases: 

1; A malfunction IS suspected and the BD memory contents must 

be compared ~!th a copy kept ln the m~'s BD program 

llbrary. 

~. 2. An lnterrupt has occ~rred and the mP wlshes to read the 

status of the l~terrupted program avallable ln output bank 

o. 

AlI c~ntrol signaIs are Identlcal to those used ln the 

downloadlng mode except that R/W and.Data-dlr are rever-sed. 
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4.5.~ Diagnostic/Verify Mode 

,A hardware test program, permanently residing in th •. top 

sector of the BD memory, rs executed eve~y cycle to d.tect 

primary hardware malfunctions. Upon such a detecti~n the mP 

is" interrupted 
~ 

and a complete diagnostic program i9 

downloaded. The BD hardware can be cBecke~ by altering the mP 

.. controlled four te91:: inputs and observlng 

outputs ln bank O. 

4.b' Software Tools 

Three dedlcated ~oftware packages were , 

the resul ting 

,Jave)oped to 

operate the BD processor in ·the~nybrid .nvironmant and to 
" 

facilitate BD-$o~ware development: 

1. BD operatlng system (BD09), 
'. 

f ...... 

2. BD compilbr, and 

3~ BD assembler. l' 
The BD operatin~ system is' quir.d ta handla aIl hard-

'ware control functions that opèra;~the two processors as one 

operat,lonal unit as weil as BD !l'oftware management functions. 

The BD compiler and the BD àssembler are software development 

tools which eliminate thè t~dious task ~ coding BD programs 

directIy .. The compiler converts a truth tabl,e representation 

of the proca~s into an optimized BD tree program. The assem­

bler facliitatas programlng task~ -by enabling the user to 

program with a symbolic instruction set rather than object 

code. 

1 

l 

• ... 
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t 
4. b. 1 Operating SY!item ';, - .. 

The BD09 operating system, FIg. 4.18, is written in 

MCb809 assembler and works in conjunctlon with th~ mP Disk 

FLEX09*. It resides in the mP memory and 

under normal rUl'lnl ng condi ti ons i 5 dormant .~\ By means of i nter-

rupts the 8009 can be actlvated, ln which tase the interrupt 

i5 decoded and approprlate action follows. The 9009 contains 

tne following modules: 

1. Real Time ExecutIve 

2. Interrupt Decoder 

3. BD Library Manager 

4. BD Memory Manager 

s. Hardware Drivers 

b. Uti 1 i t i es. 

6' 
Real-time Exec~ivel Th. Real-tim. Executive m.~age~ th.' oper-.. 
ation of the BD09. The mP rltcogoizes oïl BD i,nterrupt, .ets th. 

STOP flag and passes the control 4tO. BD09. T~e R~al-ti~e 

Executive executes the interrupt decoder to determine the 
, 

source o~ interrupt. AlI interrupts are 'channeled via a single 

lnterrupt line,: i"RE, 
-basi •• 

, 
and treated on a 'firft-in first-owt' 

Int.rrupt Decoder: T~r. are four types of int.rrupt~: opara­

tor, BD program, hardware malfunction, and mP interrupt. The 
~ 

decoder decodes WhlCh type of ihterrupt occurred and poils Any 

additional informatlon assoc{ated with the interrupt. Th. 

*TradeMark of Tecnnical Systems Co~.ult.nt. Inc., 

(, -
, . 
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cOhtrol is then passad to the appropriate interrupt handler. 

~ 
• 

. . 
,. SO~AlE INTERltUPTS . 

- INTEUUPt HARDWARE INTEJUtUPTS . 
DECODtll OPEkATOR REQUIST . " REAL-TIME CLOCX 

" 

~ 

1 
, REAL TIME , " EXECUTIVE 

, . 
't 

, 
1 -, , 

1 -
. 

" , 
\ 

~ 

~ ID' , ... al' OPEkATOIt 
PIIOG1Wl , LlBRAlY PltOCRAH LIlSRART INTERFACE 

SCHEDIILEII , HANACtk SCHEOUl.ER HANAGER - !XECUTIV~ 

, , 

ID DISX Ill' DISX 
itDtJu IOP~TINC HD«)I.T OPERATIJfÇ 
",,"ACEI nSTEK HAHACn SYSTEK . 

• - . 
ID 

HAIlDWAJU: . 
DRlVUS' 1 '. , . ." 

• ... 
Block Di AgrAm. 

,. , . 
BD Library Manager. Th. BD Library Manager .• mploy. the FLEX09 

,disk drivers ta ace_.5 th.'dis~~ba •• d storage m.mory devjc. in 

which the library c:ontaining A11 BD program. ÎI,s'tared., Th. 

1 
1 
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primary driver. Are the REAp and the WRITE which ailow the 

transfer of stored lnformation to the mP memory and vice 

versa. A directory of al,} programs, c:ontrunlng information 

perta1n1ng to progr~m ~ocatlon and length, is ~aintalned to 

f.cilitate library 'hOUSI(f;?~~g' and provida qUlck retrieval 

in rasponse ta real-tlm~ reques~s. 

BD Mamory Manag~..c.:.. A dl ",'p.ctory ta kaep track of the current 
, 

occupancy of DO memory 15 malntained by the BD memory manager. 
1 

Anytime a new program 15 added to the BD memory ~he manager 

ensure. that it will occupy only previously vac~nt memory 

r.gions~ Load address dependent code i5 also g.nerated at this 
<. 

t;ime. ( 

, 
Hardware Drivers: Th •• 1I! are law-levaI routi'nll!5i which contrpl 

the modes of the BD proces.or ln response to Real-tima 

Execut1ve commands. Each rout1ne handles one operating mode. 

Control ~ettings for the different BD operating mo~.s a~. 

summarlzed ln Table 
\ 

Control Reglster. 

4-S for the PIA and Table 4-6 for the 
~ 

Utllitles: A set' of command ùtilitie!S is available ta tha 

bperator upo,n invoklng the BD09 operator lnterrupt. Via this 

of commands, Table 4-7~ the operator is able to monltor 

the status of the BD processor, read' or alter the BD program 

memory, crsate new I1brary programs by accesslng the compiler 

or assembler and actlvating a~y of the hardware drivers. 

, , 

, -, 

" 
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---------------------~------.-------------------~----------------------
BD COmGlutll ca t:1 on PIA DATA SINGLE R/W PIACRA PIACRB 
operabon f rOll -1 to REGISTERS STEP code code .. 

1 /IIode A B (CA2) <CB2) (HEX) (Hl:X) 
----------~----------------------------~-------------------------------

RU~ aD -) mP INPUT 1 NPUT H H 3D 3D 

STOP BD ~ > mP 1 NPUT INPUT H H 3D 30 

RESET PC mP -) BD OUTPUT OUTPUT H-L-H H 35 30 

LOAD HEM. mP - BD OUTPUT OUTPUT H H-L-H 3D 35 

READ MEM. BD - ) mP INPUT INPUT H H 3D 3D 

SINGLE sTl:P NIA NIA NIA H-L-H H 35 3D 

VER 1 FY BD -) IIIP INPUT INPUT H H 3D ~O 

-----------------------------------------------------------------------. 
H • digital 1 evel hlgh L = dIgital le VI 1 la ... 

T .. pl. 4-5: PIA MC6821 Control Codes. 

-, 
---------_._-----------------------------------------------------------
BD ALE OE PRESET STOP BD-CLK AIM VER OIR CODE 
op.ritlon , 

J- ,.ode CR7 CRb CRS CR4 CR3 CR2 CRI CRû (HEX) 

RUN H H H L H H H L EE 

STOP H H H H L, H H L Fb 

RESET PC ,L L H-L-H H L H H H 17 

l,OAD MEN. l H H H l H H H 37 

READ Mfl1. l H H H 1.. H ~ L 3b 

SJNGL€ STEP H H H H L H H - L Fô 

VER 1 FV H 
li! 

H H L -H H L L AC 

------------------------------------------------------------------------
H '" dlglhl 1 ev,l h19h L '" digital 1 evel la ... , , 

< 

T.bl. 4-ô. Control Registèr -,Control Cod ••• 
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COI1I'tAHD UTI L ITY ,DESCRIPTION 

------------------------------------------------------------------~----

ÇREATE MODULE cpnverts a generlc BD progra. te an address­
dependent run ~odule 

OOWNLOAD MODULE stops BD processQr (lf runnlng), transfenl !IIod,ult 
ta BD Memory, and restarts BD processar 

GET MODULE retrleve a Illodule fram the Ilbrary 

PRINT MODULE prlnts hardco~y of progra~/module 

SAVE MODULE s~ves a module ln llbrary 

. COMP 1 LE NEW PROGRAM generates neH gene~lc BD c~n~rQI algorlth • 

SAVE NEW PROGRAM save ~enerlc program ln 11brary 

STOP BD halts BD processor 

LOAD l'1EMORY 'Nntes lnto BD program 1I~.ory 

RESE T BD PC changes BD prograll counter to a dllir.d ,ddt.l. 

REAC BACK MEMORY 

RllN BD re,tarts BD proce550r 

~ VERIFY HARDWARE 

--------------------------------------------------------------~--~-----

Tabl.'4-7. BD utiliti ••• 
\ 

... 

.-

~. 

- ,-
. -, 

, . , 



4.é.2 Th. BD Compiler 

rh. 90 compiler has two functions: 

1. The conver~lon of a truth ta~le representation 

control problem lnto an executable BD program, and . 
2. Th. ge~eratlon an optlml7.p.d version of the BD progra~. 

The creatIon of BD obJPct code" ready ta be downloaded 

into the BD memory or ,,>tored ln thr» EO Ilbri'V-y, conslsts of 4 

step,.: 

Step #1~ DO Tabla G~ner~tion: Thl"> 15 a computer model of the 

binary 'tree generated from the truth table describing the 

control problem. 

step *2: no Table Prunlng: A pattern matching ~lgorithm 15 

employed ta locate repetltious ~tterns ln the origlnal truth 

table output column. 5ubsets of identical complement~ry 0: 
non-complementary output states are identlfied ln the BD table 

and redundant nodes ar~ removp.d. 

Step *3: Pseudo-code GeneratIon: The pruned table IS restored 

ta ~n intermediate state before the actual BD code generation. 

Step #4: Machine Code Generatlon: ln thlS fInal compilation 

step the actual abject code i5 gèneratad ta be stored in th. 

BD pragram 11brary. ,-
• 

4.é.3 The BD Assembler 

The BD assembler language WAS d.v.lop.d ta gan.rate BD 

abject code from symbolic source code and to eliminate the 

n.ad ta wrlte BD programs in hexadecimal or blnary abject 

code. Although the BD compIler ganerates abject code from a 

truth tabl~ represent.tl0n of the control problem, direct 
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source coding, uSlng the BD assembler, is preferrable if 

control logic 15 glven in the fo~m -of equations, 5tate-

a9signments, or a flow-chart., 

The BD ass~mbler 15 designed to handle free format 

statements. There are three types of statement~ 

~. BD instruction statements, 

2. dirèctlve statpments, and 

3. c~mment statements. 

Oelimlters are used ta separate the fields. CR and L~,are 

the statement delimiters. 

The BD assembler language la defined USlng the B~ckus 
... 
Normal Form (BNF) notation in Table 4-8. BNF 15 a metalanguage 

first lntroduc.ed to describe the Algol language in a formaI 

manner [SN711. A metalanguage'uses characters, not used byd .. 
the defined lang~age, ta describe its correct grammar. 

The BNF primary symbols and conv~ntions are as follaws 

tBEh9J: 

1. Three special primary symbpl. are used ta represent the 

fo'llowlng: 

• a. 1:- means 'is deflned as' 

b. < > delimlts the name of a string, ~.e., set of 

entltles, and 

c. means 'or else', i.e., lt separates a~ternatives. 

2. AlI other symbols denote themselves. 

3. Symbols, strIngs, or names follawing ln succession ln Any 

comblnatlon, impllcltly speclfy concatenatlon, l.e., and. 

4. The orJer of applications of operations is: concatenation, 

then alternative., then the definltion symbol. 
1 
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.. s. Unless otherwise stated ·the syntax squat1an IS ta be 

applied in left-ta-right order. 

A more detal1ed description of the ~F natation IS given 

in Appendlc C. 

------------------------------------------------------------------~----------

<letter> : : = 

<dlgtt> : 1 = 

<alphnulII) :: = 

<nue> : : = 

1 : = 

<field deIu> : : = 
<deUil> • • :z · . 
<statal. deilln> :: = 
(polnter dellm> : : = 
<value qua 1 > : : :r 

<dlrectlve> : 1 = 
<operoind> · . -· . -
<label; : : = 
<.ne.onle) : : = 
< oiddreu> : : = 
<pOlnter> :: = 

<1nstructlon> : : :II 

:: = 
: : = 

<lnstrue. stat> ::= 

(dlrectlve stat)::= 

(co •• ent quaI> ::~ 

(CQllllent stat> ::= 

AI8:C: •••••••••• V:Z:a:b:c: ••••••••••••••••• y:z 

\ <1 et t er ) : < d 1 9 1 t > 

~er><alPhnum><alPhnum)<aIPhnu~><alPhnu~><alPhUœ): 
(lettér>(alphnum><alphnum><alphnum)(alphnu~>: 
<letter><alphnu~)<~phnum><alphnum>: 

<letteJ»<alphnum)(alphnulII>: /~ 
<let~r><alphnum>: 

<1 ett~r > 

< d 1 9 1 ~\) : < cl 1 9 lt > < d 1 9 lt ) : ( d 1 9 1 t > < d 1 1 t> < d i 9 1 t > 

< space ) 
<fleld dellGl) 
~<CR,LF) 

$:% 
(EaU) 

~ , 

(name>:<nu~ber>:<v.lue qual.)(nulllber) 
(name> 
<INO>:<INl):<OPS>:<OPL>:<IBS>:<OBS>:<INT):<EOP>:(BRA) 
<nu.ber>:<value qual.)(nu.ber} 
(nau): <address> 

!.nemonlc><dell~><operand><pOlnter dellm><polnter>[ 
<_ne.onlc>(della>(operand>: 
{mne~onlc><dellft><polnter dellm><polnter> 

<label ><fleld dellfll>(lnstructlon>: 
(field dellm)(lnstructlon) 

, 

<name)(dlrective><quallfler>(value> 

< 1 > 
<co •• ent qual><strlng> 

Table 4-8: -BNF O.-fini tian of The BD Ass.ll'lbler. 
b 
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Instruction Statements 

The BD lnstruction statement~~ay include up to four 

separate flelds, Fig. 4.19: 

1. The label field 7 

2. The i nstruct,i on name or code mnemonic, 

3. The operand, and 
..;; , 

4. ,The pointer to next -instruction (jump address) • 

... 

+ __________________ • _______ ~-----_. _____ w _________ ~ _______ ~-----~ 

LABEL t1NEI10NIC OPERAND POINTER 
, . 

+-------------------------~----~--------------------------------. 

Fig. 4.19: The BD Instruction Statemant Field~.,~, 
. ' .. 

Instruction fleld5 are separated by a field deI imiter 

which i5 a space. the pointer field i9 identified by an 

additional pOlnter delimiter. 

Field tU Labels are optlonal. A label should conslst of 

~aximum 6 characters and 9hould be unlque. It may be ref.rred 

to by more than one instruction, or not at aIl. À field 

delim~ter should be entered in the field if no label i$ used 

and the instruction address will be the next sequential' 

location. 

Field *2 IR< 15-11 > must always eHist. Table 4-9 contains 

in.t~uction mnemanics, i ••. , the op-codes • 

• 
• 
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Field #3 IR<11-8) or IR<11-0> descrlbes operands whenever 

,they are~requlred. ~he requlred operands are: Input address, 

1/0 bank'address, output value, interrupt code. 

Field #4 - IR<7-0>, in those instructions WhlCh contaln a Jump 
, . 

address, contalns the riext address elther as an expllcit , 

numerlcal value or impllcltly as a symbollc ~abel name. If a 

pointer 15 requlred hut IS not'speclfled, the assembler Will 

generate a pointer to the next sequentlal Instruction. 

Operand names as weIl as addre~s labels may be de~ined 
~-~ 

using the EQU directive. 

MNEMONIC/ObJ-code QPERAND JUHP POINTER 

INO SO-I'!.JP Input addr. yes 

~ 
HU $4-I-JP î nput addr. yes 
OPS IC-5- Jp output value' yes 
OPL sa-LU outpu~ value no 
lBS 'SE-B-JP Input bank addr. yes 

(\j oas SB-B-JP output bank addr. yes 
BR,A SF-x-JP none yes 
INT SO-c-JP i nterrupt code yes ) 
EOp· SA-PROG progru lnforlllatlon no 

-----------------.-----------------------------------------
I=lnput addr. S=short output LLL=long output 
B=bank addr. x=don' t care c=i nterrupt code 
JP=JU~P pOl~ter PROG=program lnfor.atlon 

-- -----,------- - - ----- ...... --;;.. - - ------------ ------ .... ---- --- --.,.. -----

,- - ~ 
~. 

TAble 4-9: Instruction S.t. 
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Similar ta MC6809 assembler, the Nalue type may ba 

indicated by one of the fo~loHi~g qualifiers: 

1. Blnary number - %, 

2. Dec 1 mal number - no Quaii fier )- 'and 

3. Hexadecimal num~er - $. 

The EOU directive can aiso assign a value to a unique 6 

ASCII char acter name. 

Delimiters 

Except ~ for the pointer field, a blank 15 used as the 

deli~i~~~ between 
~"'" î 

the fields. The . colon char acter shouid 

prec~de the pOinter. 

Directive Statements 

EQU is used to aS9ign names to addresses of 

instructions, input an~ output banks, and input lines, and to 
"--

va~es of output assignments, interrupt and program codes. 

There are three f~eld5 in an EQU statement: 
1 

1. name field - must start"in first column 

2. mnemon1C - EQU 

3. value field - contains the value and its qualifier 

The fields are separated by the field dellmiters. 

? 

.. ---

( 
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Comment Statements 

'" 
Comment statements may be i nS9rted anywhere as long as 

the f1rst char acter 1S (exclamatl0n mark). The assembler 

wl11 Ignore any strlng followlng a comment qua~ifler. 

4.20 depicts a simple program wrltten in BD 

----- - - ... ----- - - ---- ---- ---- - .,..~ _____ -- ------ - ----t- __ ------ --------

AIS E'W..lU( 15) 
Al., EQU IN, 14 ) 
AI3 EaU 1 N( 13> 
AI2 Eau 1 N< 1 2 > 
BIS Eau INn> 
BI4 Eau 1 N< 6 ~ 
813 EIjJ IN< 5 > 
812 Eau 1 N<. 4 ) 

BEGIN lBS 000 
OBS 002 

Coap ilr e 
conti nUIl 
If Bft 15 

continue 

INO AIS 
INI BIS 
OPL $040 

AB14 INO Al4 
INI B14 
OPL $020 

AB13 (NO Al3 
INI B13 
O'PL ~010 

AB12 INO A12 
1 N 1 812 
OPL $010 

ABll BRA 

110 B.nk I:\sugnaent 
1 Input 8ank Selection 
1 Output Bank Selection 

four palfl of blnary nu.bers: If the A" nUllber IS 0 
ta next paIr, Othennse, check the correspondlng Bn' 
o l'Ssue i Unlqu~ output pattern Identlfylng the pal'" and 
to neKt pu r, Juap to NEH ... hen c yc 1 e toap 1 et.ed'. 

tABI4 
IAB14 

" 
~ 

:ABI3 
:ABI3 

:ABI2 
:ABI2 

.. , : AB Il 
:ASII 

~ HEXT // 
_ ... --- -- --- --- - - -------------- ------ -----.--------..,. -, -- .. ------ .. ---

.' 

/ 

• 

" 
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The •••• mbl.r gan.rat.. obJect code ~Blng a two-pas. 

m.thod. The flrst pas9 gen.rates the label table asslgning 
L 

addresses t·o al 1 labels found either in the EQU llnes Or in 

the label fIelds. AlI addresses are asslgned uSlng an lnItIal 

P counter of O. PartIal mnemonic decodlng is done as weIl. The 

second pass completes t.he -decodlng by a591gn1ng the rlght 

address ta the obJect code. The generated program 15 a non-

conditioned one, 1. e. , &D09 has to offset aIl addresses in 

order to install the program in a memory segment other th.n o. 

, '. 

1 

! 

,t 

---
e • 

, 
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CHAPTER 5: THE INTELLIGENT REFLEXIVE INTERFACE 

~.1 The Intelligent R.~lllxlv.e Interface Concept 

The distr1but10n of processlng power elther by amploying 
~....J 

s.ver~l processors or by int.egratJ.ng,proceSSing capabiliti.s 

Into perl pheral 110 hardware 19 pr'eferred over a central i zad 

archi teqture' far the followi ng reason9: 

1. SpeBd. Task$ are exe~uted c6~currently. 

Rel i~bl11ty. A hi gher 
\ 

degree of system slicuri ty !i' 
Achl eved. 'The fallure of one processor dOlls not a~fect the 

operat.lon of the remaining processors. Redundant prOClt990rS' 

can be employed in critical apphcation9. 

\ , 

3. V~rsatzllty. A weIl designed distrlbuted system is 

.).ptable to a 'large variety of application". \ (~ 
Computer interface modules can perf~rm compl.x 1'/0 

functi ons;. 

~ ~revi ousl y 

Dedicated hardware nOH parforms many tasks which 

were hand1ed by sqftware. An example is a disk 

interface module. The Interface contalns a dedlcated mP ta 

execute dl sk data t.ransfer operati ons. The master mP merel y 
/ 

issues an in1t:iation command and aIl sub-task. ara execut.d 

autonomously by the interface. 
J' 

In a process control environment a wide variety of l/C 

tasks exist. Implementing distributed intell1gence uSlng • 

dedicated lnterface simllar te the smart dlSk controll.r i5 

infel'"10r ta a general purpos& interface which is a.daptabl~ -te 

dlfferent proce~!iias. 
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. 
Thara .ra two typas- ef preeeS5 cphtrol'act1vitles: 

1. routine scannlng and control y and 

2. smart tasks, involving' arithmetic and intens1ve compu-

t .. tion. - \, 

Routine control ta.ks detect process change~ and take the 

necessary act1on(s). These tasks are deflned as ·refle~iva·. 

1. e. , they are repetltious, often urgent, stlmulus-response 

.equences governed by loglcal tests that tend not to change 

with varylng process parameters. 
.... 

BD ba~~d hardware handles Direct D~gital Control (DOC) . 
lavel reflex ive tasks effici~ntly. This was the motive for 

dev.loping ~n Ihtelligent 1/0 interface module, simple enough 

to handle reflexive tasks very quickly.' Efficient d1stribufad 

proce •• ing i. achieved by amploying a number of thesa 1/0. 

mod4,1 es, aIl controll ad and suparvised by a master mlcro-

processor. Resident BD programs .dapt lhe modula to a varlet y , 

of 'proce5s control tasks. This 110 interf.ce is c&lled .n 

Intell igent Reflex i va 'Interface (IRI) • 

.- The IRI should have the followlng capàbilities: 

1. 'RefleXive procesBlng - Monitoring of prOCas. 51gn.l. ~nd 

ganeration of output sig~als, in response to proc.s5 changes, 

2. Programmabllity The· reflèxlve 'lntelilgence', i . R. " 

decision maklng lo~iC', must be easily adaptable to dlfferent 

proc~sses and to dlfferent control' ranges withln the sam. 

prOC• 5 5. 

3. Independence It must be abLe ,to han~le most tasks 

.aut:onomousl y, i. e., wi thout mai n proc ••• or l ntarvanti'on: 

,-
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Control daeisions 7 depending upon their frequ~ncy And 

eompl~Kity, a~e categorlzed and procassad in d~e of the 

follow~ng ways: 

, 1), Reflexive decisions frequent control tasks wlth malnly 

blnary, on-off signa1s, handled 

independ~ntly by an IRI module. 

2) RefleHive-A1ded decisions - less fr~quent control task., 

handled by an' IRI module with 

•• sistance of the mP. 

.rithmetic calculatlona, control 

alQorithms and da~a'manipulation., 

modifications of IRI programs, etc. 

h.ndl.~ by ,the mP. 

Use· of BD ')lntelligenc. ia attractive for a'nuinbe'" of, 

Binary Decision logie has natural bit pr~cessing 

eapability and very few gating levels and thus vchie~e. 

very high proees5ing ~peed. 

2. Programmability - different ~ontrol applications can be 

accommodated with aase. 

3. Law cost - BD hardware 15 v.r~ simple. 

A system employing a hlgh level microprocassor with on. 

or more BD based IRI modules was dev.loped. lt 15 similar in, 
~ 

some ways to the hybrid system. The IRI i5 connectad diractly 
, 

to the main system bus; there is no intervenlng parallal 

interface module. Modularity and memory organization promote. 

fast program transfers batween the mP and the IRI's BD 

proee.sors. The IRI,intelligence embedded in aD programs eAn 

/ 
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modular.ity f. 

" . 

~.4 

to adapt to new situations. System 
. ' 

an importànt factor ln th. proc ••• environment. 
J 

•• proces ••• differ in .ize and proc84sing power raqulrem.nts. 

\ 

~.2 The IRI Ba •• d Control 1er Architecture 

The paraI laI 1 architectura of an IRI b ••• d control 1er is 

.h4wn in Fig. ~.~. Sev.r~l IRI modulas are conn.cte~ directly 
- . 

ta the main control 1er bus together with the master proc.s.o~, 

internaI m.mory, interface to bulk storage, seriaI interface. 
, 

t~ opar·,ator consoi es .. nd ,par aIl Et l i nt.rf aCefs ta c:pu control 1 ed 

,1/0. The m~in bus c:onsists of data, address and c:ontrol lin •• 

acc.ssible to aIl bus residents. 

Each IRI module haB' a Bi'nary Deci sion IRI procasllor 
........ 

(IRIP) on bOard. Th! s î s the, BD pr.ocesBor presented in Chapter 
, 

4, with Idight modificAtion. ta adapt It to the IRI 

environment. The IRI servas as .. slave pracessor, 1.8., it. 

operation 15 contrcilled and superytsed by the control 1er 

master pr,ocessor. Each IRI card lu connected ta "a .set of 1/0 

cards via a secondary IRI ~/O .bus. The IRI 1/0 bus consista o~ 

data and control lines gener,ted by. the IRIP.' A large number 

of IRI modules - can be incçrporate,d. wi th a, '&ingle mastèr 

proc •• sor. Each lRI module can accommodate as·many as 16 1/0 

c:.rds~ 

.\ 

, . 
, ( 

.. 

\, 
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Th. prototype llU &=ontrol1.r .... s de.ign.d using the 

MC6809 a-bit ml~rOproce$sor. O~h.r microprocesBors can serve 

•• , the control 1er master proces90r as long as they support 

Four IRI controll~r versions, ~lth dlffercnt memory 

organizatlon and ma9ter~~la~e communication structure, w.~. 

designed. The IRIP and th~ IRI 1/0 interfaces ~re i~entic.l in 

.. .,1 1 versi6ns . They arel . 

1- The Dedicated,Memory (DM) IR! , 

2 . The DMA IRI, 

,3. The Sharlitd/Oedic.ted Memory (SOM) du., . 

4. The Shar Rd Memor y (SM) IRI. 

The DM version wa~ deslgn.d ... ith' the IR'IP memQry on 

bOArd, 
, . 

simllar • to the Hybrid architecture,,' used for storlng 
1 

the BD programs_ Only the IRI may address this memory. The mP . ' 
can accss. it Indirectly. The DMA vers~on 16 an .nhancement of' 

th. DM IRI which incorporates the necessary Jogic to enabl. 

DMA transfers. The S~M version allow9 direct addr~$Slng of th. 

IRI memory by the mP. A dyn~mic memory ~cheme, i5 offerud by 

the SM version where the IRIP can dynamically access any 

predef i nad mP memory, sEgment. The mP -çan i'nstantl y al ter- the 

active IRI memory segment within the controller memory map. as , 
~he process requires. 

To accommodate standard procass requi rements th,. •• 'typ •• 

of IRI 1/0 Interface cards wer,. designedl. 

1. Binary 1/0," 

2. Anal ag/Bi nary 1/0, 

3,. Ti mer •• , , 

.-

.-
" 
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Other special 1/0 cArds can be AccommodAted. 
'0 

1/0 communic"tion is handlad in' four way •• 

2. mP 1/0 (=-=---=-=> Procas. 

3. mP 1/0 <=== ... u".= .. ==) IRI 1/0 

4. IRI 1/0 <=======:::==) IRI 1/0 

~ 
1 

This versatile communIcation scheme cover. a wide vari.ty 

of control con~igurations: 

1.
Q,It .110w5 an I~I module to'- directly communlcate wlth the 

p~ocess via it., èwn I/O'cards when handling control ta.ks 

Autonomousl y. 

2. It allow$ the -mP" to directly communicata with the proc.s. 
r 

via it. own non-IRI 1/0 interface < •• g., a PIA) when han-

dllng mP dedi cat.d t •• ka. 

3. It allow5 the mP ta communica~a with th. IRJ V~A thei~ 

r •• pective 1/0 cards whan ah.rad taaka are executed. 

4. Similarily,- it allo,,;,s tHO IR~a to communie.te via thair o ... n 

1/0 cards. 

, . 
il. 

" -

-. 

.. 

" 

. . 

, ' 

1 
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5.3 Th. D.dicated Memory IRI Module 

The Dedlcated Memory (DM) IRI module ~as 1t~ own progr~m 

m.mory. This memory 15 dedlcated ta the IRI because it: 

1. serves th~ IRIP for BD programs storage and execut1on~ and 

2. 1 t does not ex 1 st 1 n the mP memory map. 

The memory can be dlrectly ad~ressed by the lRIP Vla the 

OLU controlled prQqram counter. The mP addresses the IRI 

memory indlrectly by operatlng on the IRI program counter. 

Tn1s 15 the slmplest Implementation WhlCh is closely related 

te the hybrid module described ln Chapter 4. 

Fig. 5.2 shows the module layout. The IRIP is the central 

component on the module. Connected to the the IRIP are. 

1. Program M~mory Jand Its Progr~m Counter, ~ 

2. Bytr;'/Word LC!Jgl C y 

3. Communication Logic" 

4. Board Select Logic, and 

,5. IRI 1 la Interface. 

~ Two versions of the Dedicated memory IRI were deslgnad 

for the 88-30 and for the 58-50 bus (see Appendix A), 

respectl v~ly. The module requlres less then 16 locat1ons in 

the system's 1/0 map and therefore It can reside on the 5S-30 

'bus WhlCh provldes four b1ts for InternaI addresslng along 

with an already.decoded Board Select Signal. The 55-50,version 

is not limited ta ~he addresses available by the 5S-~O DUS but 

it requires Board Selection Logic to be ~ncorporated on board. 

1 
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5.3.1 The IRI Processor 
/ 

1 The IRIP is the Expanded Blnary Decl.sion processor 

.described ln detall in Chapter 4. It conslsts of three blocks, 

the DLU y the op-code decoder and the CIL <shown externally to 

the IRIP ln Fig. 5.2) • It cycles through the BD programs 

stored in the IRI memory, scanning procass Inputs and lssulng 

outputs determined by the BD algor1thms. 

An Interrupt code capabll1ty was added ta provide the mF> 

wlth 1nterrupt information, prevlously provlded by the EOP 

instruction. The 4-blt code stored ln bits <11-9> of the 

intarrupt 
• ~ "11 

instruçtion is transmitted ta the mP via the sta~us 
~ 

regi ster. The remainder of the instru'ction set was unaltered 

, 
5~3.2 Program Memor~ 

BD i nstructi ons are 16 bi t. whi le the mP data bus 111 

.ight bits wide. In the hybrld scheme 8-b1t to lb-bit 

compatibility was handled by the PIA which accepts a-blt d.ta 

input and 1S capable of transmitting 16 paraI leI bits. In the 
i 

IRI structure, where direct memory ta· memory data transfer lS 
o , 

~quired, segmentation of the IRI ,program memory and Byte/Word 

logic ar-e employed. 

The 256x 16-b i t static RAM shown i'n Fig. 5.3 is divlded 

into two sechons; the most slgniflcant (MS) 256 bytes and the 
r.. ( 

" ' least ~igniflcant (LS) 256 bytes. Dedicated Byte/Wor~ logic 

(see sectlon 5.3.3> was developed to enable writing/readlng 

'" one byte at a. time when the mP acc~sses the memory, and 

r"l!!'oading two bytes si mui tan~ousl y., i. e.'., a whol e BD i nstructl on 

• 

, 
1 

~-------
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ward, when the IRIP accesses the memory. Memary words are 

addressed by elght primary address 11nes (IA<7:0» generated 

by the program counter. SI ngl e bytes can be accessed by 

assertlng the Chip Select <CS) Input of the deslred memory 

segment. The Byte/Word 1 Ogl C enabl es one CS 1 nput at a h me 
1 

when the mP accesses the memory and both CS Inputs when the 

IRIP accesses the memory. 

ta 
IBIP 

t'rom 
PC 

/ 

, 
16 bits 

, 

, ~'---~ 

\ 
"-

'" " 

. 

B A IJW":l'i:-i bl S 
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8 MS bits 

8 LS b1ts 

'v 
J 

2x MC6810 
. 

~ 256 x 8 .. c 

LSB 

... 
~ cs R/W 

+ 
, 

-" 

./ 

2x MC6810 
~ 

256 x' 8 

. 
MSB 

r.:> 
r-- -<:s RN 

> 

, 
1 

~ 

'V 
tO/from 

; 

1 1 DATA BUS 
EN EN R/W R/W buffers 
LSB MSB LSB HS,\j 

FROM BYTE/WORll LOGIC' 
J' 

Fig.' 5.,3. The IRI DQ~atad Program MalDory. 
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5.3.3 Byte/Ward LOgIC CBWL) 
d 

5.12 

, 
\ 

Tne BWL circuIt controls data transfers between the mP 

memory and the IRI memary(. The MC6809 ~ends data aver a~ 8-bit 

data bus. The i~r-Internal data bus is lb-bIt wlde. The BWL 

therefore channels the mP a-bIt bytes lnto the appropriate BD 

16-b~t word and vice-versa. 

The black diagram, FIg. 5.4, shows thé maIn components of 

the BWL. It consists of nata DIrectIon Logic <DOL) and Data 

Buffer LOglc (DBL). The BWL c0ntrals: 

a..) the dIrection and enable l_nputSi of the two 8-bi t bi--

direct i onal tri-state data buffers connecting the IRI lb-bit 

data bus ta the controiler a-bit data bus, and 

b) the enable (Chip Select) and R/W inputs of the IRI memory. 

The BWL make$ use of the folIowlng sIgnaIs in exec~tlng 

its functians: (l 
\ 

1. R/W - The mP Read/Write bus 11ne deflnes the data transfer 

direction. \. 
1 , 

2. DeL - Data Channel Low. The address af',,,the LS data channel 

ta the IRI memory. 

3. DCH - Data Channel High. The address of the MS data channel 

to the IRI memary. 
\ 

4. BD-CLK-ON - ThIS signal produced hy the Clock and Interrupt 

Logi c " .. ..< see Chapter 4) ena.Jles mP acce!iS to the IRI 

memory when the internaI IRl cIcck i5 net on. 

,',-1 

\ 
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'mP Data Transfer: The mP activates the PC Preset Ilne via the 

communication PIA (section 5.3.4) te preset the pregram 

counter antl then Increments the program ceunter via the 5S 

(SI ngl e-Step CA2) to access the next tHO bytes. The 5S 

signal along wlth alternate addresslng'of the data channels 

.re employed ta access Single bytes of the IRI memory. The PC 

provides the elght MS bits of th~ 9-bl t 'memory address whlle 
\ 

the nlnth LS bit is deflned by the data channel.being 

addresslii!d. The data dl recti on IS determined by the R/W signal 

from the central 1er bus. Data Duffers ~re enabled only if: 

1. The BD clock 15 net on, i.e., the IR! is nct ln running or 

di,Agnost i c mode and the ~P can access i ts memory, and 

2~ One of the data channels I,S addressed by,the mP. pnly one 

channe} 15 enabled at a time. 
"-

The' R/W Inputs te the LSB a~d MSB segments of the memery , 

.~e separately controlled. Durlng memory READ oper.ation bath 

R/W inputs 
, ' 

are a~serted ~o that bath L5 and MS byte~ can be 

read. However, only one of the bytes Will be channelled ta the 
e 

mP bus as only one set of data buffers can be enabled by 

either DCL or DCH. Durlng a WRITE operation however, only on* 

ij/W input (to the addr,essed 'segment) will be .~ated. The 
'--.. 

other R/W input remail)s aS$ertéd 
" 

to prevent. the wri t,l'ng of 

non-val Id data ta the second segment (although the data 
, 

buffer$ ta that segment are disàbled., the data lines are 

floating and a WRITE operation ""il i resul t ln ... ,.-1 ti';'g non-

", 
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~ 
The IRIP ha~ Read ace ••• durlng ruooing or 

diagnostics modes only. The BD-CLK-ON- masks the mP enable 

signaIs to the memory CS inputs such that both segments are 

enabled and a lb-bit word can ba addressed. The memory R/W 

inputs are always asserted. 

5.3~4 Communication Logic 

A MCbB21 L PIA, Fig) 5.5, hand1.. communlcation ta.ks 

between the mP and the IRI. Port A is dasignated.as an -input 

~ort reflecting the contents of the status register. Port B, 

i. deslgnated aS an output port providing control signaIs to-

th. BD procassor. The control signals arel 

1> STOP Fl ag, 

2) P. C. Preset, 

3) Auto Load Enable, 

4) Output Ena~le, and 

5-9) four Test Inputs. --
lpterrupt signaIs transmittÎld via CAl b'( the ,IRIP .and via 

th. STOP flag by the -mP pirovide handshaking ~rtwee~ the IRIP 

and the mP. The 4-bit Interrupt coda 15 latched lnto the 

status register and can be decoded as lb dlfferent Interrupts 

by the mP. The CBI line lS used by the mP to detact the status 

of the IRI clock. CA2 15 u.~d as slngl.-st.p~signal to 

increment ~. p~ogram counter. 

, 1 

\ 
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5.3.5 Board Select Laglc '(B5L) 
.. 

rln IRI module requlres SlX 1 nt.erna,l 

-from the four L5 bi ts of the mp\' addre~s bus. 

1. Cor.trol/Stalus PIA - 4 

2. Data Ch~nnel Low and Hlgh - 2 
\ 

/ 
~ 

addresses decode~ 

These are: 

The 12 MS address bl't5 ar e used ta decode the modul e glob'~l 

The dedi cated memory\ IRI 

the 85-30 ver~n whlch has 

module is deslgned in twe 

address. 

versions; the module address 

decoded external 

serves as Spjal 

-"hi)h h;ts 

to the m~'dul e, 1. e., thr bus Board Sel eet 

t.he module SEL signal, and the 55-50 version 

aIl decodi ng perforn,ed on board. 

The S5-50 version 1 S a uni versaI one and does not 

restrict the module ta a speci-fie bus slot. The module address 

is deeoded by connecting the 12 MS bits of the lb-bit address 

bus ta a set of comparators (XOR gales pac~aged ln twe 

74LSb88) ln paraI leI with 12"user selected DIP switches, Flg. 

5.6. The comparators output lines are wire-ored to form the 

SEL line. The SEL Ilne lS actlvated only If all address line$ 

,correspond to the user def i ned board address. 

The decodlng logie of the SIX InternaI ~ddresses, Fig. 

5.7, is identical in both the 88-30 anp the 55-50 versions. 

The 5EL Signal is lnterlocked wlth the InternaI addre~s 

decodi ng. 

d 

-\ 
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S.3.6 Th. èontroller Bu. 
r • 

Th. prototype IRI control 1er iu diudgned .. round th. S'S-50 . 
bu. or i ts 9S-30 9ubs.t CAW801. The bus i 5 the / standardi'zed 

communication mechanism by which system modularity can be 
1 

achieved. The bus consi$ts of address, data, control and pow~r 

lines. 

Bus organizatlon requlres that devlces connected to it 

will be cla~slfled elther as master or slave. The mP i. 

normally the bus master. It may gain the attent10n of an IRI 

module (which 15 a slave) by placing itu addr ••• on the bus. A 

.làve device, therefdr~, must have a unique set of addr •• s ••• 
, 

A davice can trAnsfer data ta a second one via the data bu •• 

The connection of each d.viCe to the data bus must be buffer.d 

'so pnly'one dav1ce can hava acc.ss ta it at a tima. ln certain c..... thè master device can delagate a .lave d.vice to 

tamporari 1 y become the bus ma.ter, a.g., in DMA mode. Thr 9S-, 
~O ~nd the 89-30 bU5s85-ara d •• ignad far the Motorola 6800 

familily OT microproc8ssors and thaIr support interface •• 

Appandix A d.scribe. the signal. and th.ir functlon. for both ., 

\ 
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:5.3.7 The IRI 1/0 B4., 1/0 lnterface 

Process Communlcat10n takes place via the I~ 
1 ~e 1/0 'modules. Up ta 16 modules may be cannectéd to a 25 

bus originating at the IRI. The bUs i~ludes the following 

.igna~s: 

1. DO-DIJ. These 12 data linea transmit the LS 12 bits of the 

current lnstruction word. The 1/0 module extracts th., 

addrasses of the Input Bank, Output Bank anq Input Line from 

< I1tt8>. The 12 data 11nes are .lso'connected t~ the output 

bank to be latched dur1ng an OPS - output short «11-8» or 

OPL - output long «11-0» instruction. 

2. INSel. The select.d Input ,(during an input test instructlon 

ex.cutlon) i9 returned on the INSel line. 

3. Control, 1 i ne91 Output Short <QS), Output Long <DL.." Input 

• Bank Select (IBSel) and Output Bank Selâct {OSSal). 

Fig. 5.8 shows the IRI 1/0 interface sectlon on the IRI 

module. The 1/0 part is common in design to àll IR! versions. 

Th" interface consists of 18 unidirectional tristate drivers 

which are permanently enabled. The drivers are interfaced ~o a, 

26 pin edge connector ta Wh1Ch a fIat ribbon i5 connected. The 

c.able i5 connected to aIl 1/0 cards \via slmllar adge 

The design of the 1/0 modules themselve5 15 independent 

of the controller type and i5 presented in sectlon 5.7. 
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S.4 c The DMA IR! Mœdule 

'The DMA IRI module 1S the Ded1r~ted Memory IRI descrlbed 

ln seétl0n 5.3, wlth addltlonal 10g1C allowlng It to operate 

ln a DMA data transfer enVlronment. In an yu c,Jntrol\ler 

system wlth DMA capabl11tles, Fig. 5.9, data tr~vlrs to and 

fro~ the IR! modules are performed by a DMA control 1er (DMAC) 

pravlded on boàrd the mP module. DHA transfers are fast and 

r'equl're Il mi ted mP t nvol vement. The DMAC empl ayect i s the' 

HC6844 .. The IRI requlres DMA support laglc ta conform to the 

CMA protocol durlng data transfers. 

; , 

- , 

DHAC MEHORY IRI 
mP 

1~~iC 1 

DATA ~ )) 
ADDRESS """ // 

~ ~ 

Fig. 5.9: Th~ DMA IRI Control 1er. 
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5.4.1 The OMA Module Structure 

The DMA IRI module 'lS shawn ln F1g. 5.10. 'It has in 

addltion to the Dedlcated Memory verSion hardware, the,DMA 

support 1 Ogl C, FI g. 5. 11. 

ensurès control of 'InternaI memory addresses 

transfers. ThIS 10g1t lncludes: 

durlnQ DMA 
i 

1. A DMA Enable Latch <DEL>. ThlS slgna~ latched by the mP 

durlng 1
C

nltlal1zat10n of DMA sessIon, IMforms the IRI Interna!. 

1 agu: that 1t lS now sele~teq for t~e durat10n of the DMA 

sesS1on. This 1S requ1red becausé the address bus 1S g01ng ta 
ô 

b~ occup1ed throughou~ the seSSlon pOlntlng to the source or 

-dest~natlon of the data in the mP memory •. The DEL IS 

equlvalent ta the §E[ 5~gnal of the fl.r5t verSlon. 

2. Oeselection LOglC. Wh en the DMA sessIon ènds DEL has ta be 

deselected. ThIS 1S accompl15hed by detectlng the status of BA 

(Bus Avallabl~) 51gnal on the bus • 

3. Program Counter Control. D~r1ng data transfer inltlal-

izatlon the mP presets the IRI pragram counter. The program 

caunter has ta be 1ncremented after every two bytes transfer. 

This~ 1S accompllshed by detect1ng the AO cycle and togg11ng 

the S5 (51ngle-Stepl when an AO falll.ng edge 15 detected. 

1 
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Commun1 catl on 

5.27 
~ 

The MC6844 DMAC is capablé of taklng control of the main 

bu~ and generatlng aIl bus slgnals reqUlred for transfering 

data. DMA data transfer d~ot require the mP ta execute 

several 1 nstructl ons per transferred b},te as 1 t normall y does 

programmed\data transfer. DMA rate~ of 1 Mbyte/sec can 

be achieved. 

The ,mP initiates the transfer by: 

1. presetting the IRl program counter and inltializing the DMA 

support 1 agic, 

2. loading the DMA control 1er with the starting address and 

the length of the data black, and 

3. passlng the bus control ta the DMA control 1er. 

The DMA cycle is shawn ln the timing diagram in Fig. 

5.12. After the mP Initlalizes the DMAC for a specifie data 

transfer, the latter Issues DMA request signal (DMA/REQUEST is 

negated) . The mP gets off the bus by assertlng the DMA Grant 

<DMA/GRANT) signal. The DMAC takes control, places the flrst 

memory address on the bus and actlvates R/W ta deflne the 

transfer direction. The Enable llne (</)2 of the 6809 l:lock) 

synchronizes the transfer WhlCh is excuted at 1 Byte/cycle. 

The IR! detects the bus SignaIs BA, BGRNT and AO to 

synchronlze the data channellng to/from the program memory. 

Upon transfer completion, BREQ IS deasserted and bus control 

is returned ta the mP. The mP Will then reactivate the IRI as 

requi red. 

" 
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5.:5 The Shared/Dedi cated Mamory 

Bath Dedicated and DMA IRI versions are d.signed with an 

ind.pendent BD memory WhlCh is not ~art of the mP memory. In 

the Shared/Oedl c:ated controll er structure, FI g. 5. 13, the tRI 

memory i s deSI gned to 

" occuples a s~~ment in 

memory may ~ dlrectly 
~~ 

be a par~ 0+ the mP memory and thus 

the overall system mamory map. Th. 

shared by bath the mP and the IRI by 

c:pnnec:ting ! both address busses to the memory via bu++ers. 
'1 

Under ,normal IRI running conditions the mP is denled ac:ce!5S ta 

the IRI memory segment. The mP may acceS!5 the memory whi 1. 

the IRIP lS haited. The shared/dedicated memory offers' 

flexible mP-IRI oper;ation. 
\ / ' 
'. 1 

}JP RAM 
.. r- ~ 

1 

\, 

- DATA BUS 
1 1 f , 

• 

ADDRESS BUS 

~ 
, 

IRI . 

~ ~ 
BD h 
~R 

~ J 
IL 

Fig. 5.13: The Shared/Oedlc:ated Control 1er Arc:hi tec:ture. 
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. 
S.5.1 Controller Structure 

This version shown ln Fig. 5.14, is d.~ignad only for the 

88-50 bus because aIl 16 address lines are required. 
! ' 

Mcdi f i cat 1 ons tel the Board Sel ect ,1 Logic of the Dedicated 

memory verS10n were made to allow direct address1ng of aIl 512 , 
bytes. Address and data buffer control logic enabl~ the mP to 

~ccess the memory of one IRI processor at a tlmé. Data 

transfers between the mP and the IRIs are essentially memory 

to memory transfers as the mP controls both IR! memory and its 

own memory V1a direct addressing. 

During IRI running mode, its program memory is addressed 

by the IRIP via the program counter. The output of the program 

counter is buffered by eight tr1state drivers enabled by the 

9D-CLK-ON signal. Upon an interrupt and the stopplng of the 
( 

IRI,P, acce5S lS granted to the mP which can now read thit 

program memory or download new programs via direct bus 

a~dressi ng. (,--~""" • 

Byte/Wor Logic ensures that one memory byte at th. time 

is accessed -, nder mP address1ng and both LS and MS byt~s are 

being accessed when the IRIP 1S addresslng the memory. During 

mP access aIl nine LS address llnes are connected to the 

memory and slngle bytes are be1ng addressea. When the IRIP 

aceesses the memory, the BWL buffers the LS b1t of the address 

bus, AO. The program counter address lines are equivalent te 

Al-AB and one word two bytes) 1S addressed at a t1me. 

) 

" 
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~.o Th. Shared M.mery IRI Module 

This version of the IRI controll.,.. mt1ly be also cau'.d t1l 

system since only one IRI (sla~e preeesBor) 

And one mP (master processo,r) are implemented. The two pha •• 

elock provi des a separate phase to each 0+ the prOClftisor. so 

that they are 'invisible' ta one another. 

5.6.1 Controller Structure 

Fig. 5. 15 depicts the Shared Control 1er archit~ctura, The 

two processors, the mP and the IRI ehare the Bame system bus 

te aeeess c~mmOn (shared) memory. The mP may aecass memory 

during (/)2 0+ a 2-phase system clock while the IR! has access 

during (/J 1. This makes tha mP and tha IR! invl sible te each 

ether during bus , aecess. Addi tional IRIs cannet be 

'accommodated because the IRI memory, active durlng proces5 

centrol seSSlon, 15 accessed vla the 51ngle system bus. 

The controller consists 0+ Clock and Control LOglC which 

provide the timing signals to both processors and to the other 

bus residents. The IRI can only access the memory for r~dlng 
" 

data, l.e., accessing lts executable BD program. \ / 
',-

-~----... 
'--"' The IRI and the mP may be mounted on the same board which 

contains 0111 necessary memary and perlpheral interfaces, or 

may be connected to the system bus. 

• 

( 
. " 
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CLOCK/ 

CONTROL K 
~J 

... 
• 

tH ~ 
1 1 
1 mp/ IRI ~ 

K . r"-> 
/\ /\ p ~f\ r- ' , 

\1 

11 ;; 
BUS K ADDRESS 

, 

INTERFACE 
: 

DATA K DATA , 
, 

/~ 
, 

.. ,.. .. ;, ... ~ 

DATA ADDRESS CLOCK/CONTROL 

!Of: 

FiQ. 5.1Sa The Sh.rad IRI Controllllr Ar.chitecture. 

5.6.2 Clock and Timing 

The 
... 

syste,m has .i 211Hz crystal cloc k. 1 t's frequency i s 

halved with a toggle Fllp Flop. Fig. 5.16 depicts the system 
'0 

timlng slgnals related ta data access functlons. Non-

overlapplng {j>1 and 4>2 are generated. Ta avold overlapplng hlgh 

,clock !::ilgnals, cl>2 1S stretched and kept ln lt$ low ,?tate 

beyond the hlgh-to-law transl tlon of (/)1 by Insertlng 6 gate 

delays In.lts clock circult. ThiS ensures complete separatlon 

of bus acc~~s between the two processors. 

" 
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5.6.3 The Bus Interface 

The Bus Interface, shown ln th~ black diagram Fig. 5.17, 

perml ts the two procE!ssors to 5hat-e memory. Dedlcated 

processor resources (such as memory mapped 1/0) are accessed 

via the sarne interface. It con$ist~ o~ an addres$ buffering 

section, dat.a buffering section and R/W and VMA bufftirs., The 

IRI appe~rs as memory te the mP. 

\ ' 

Il nnlH'·~~ R rw VMA .. 
\ ) 

l 
r AODRESS ~ 

-~ 

) DRIVERS .... 
r - ~ 

mP ~ 

-

~ DATA) 

1 

~TA " r 

- \ 

" TR~N-

cyfms ADDRESS R/W VMA ,/ ..A. 

"-'" .... 
, 

IRI ~ 

A ,'. _10. 

K DATA ) CL ocR--.. , 

Fig. 5.17: The Bus Interface. 
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Each processor is interfaced Via 16 unidirectional 
, -

address drivers, plus two unidirectlonal drivers for R/W and 

VMA. The IRI R/GI i 5 ti ed hlgh, 1.n the READ state. The data 

buffer1ng section consists of eight data tt-anceivers for the 

mP data channel and eight unidirectlonal data drivers for the 

IRI data channel. AlI buffers are enabled by thelr appropr1ate 

processor clock phase. R/W determlnes data direction. VMA 
signal is normally 'low' • It is asserted only to deny bus 

access when external devices other then the mP or the IRI, 

(p. g." bui k storage DMAC) request ac:c:ess to the bus. 

~.6.4. T.he Shared fRI Design 

The Shared IRI, Fig. 5.1B, ratains BD and 1/0 c.pAbili-

ties Identlcal to previous versions. It consists of the IRI~, 
\' , 

the B-blt program counter, the CIL, the BWL, status regist.r, 

communication PIA, address decoder and page register. 

The IRIP 15 the BD pro~essor employed in aIl other 

versions of the IR!. Th~-program counter provide~ a two byte 
li 

','BD Instruction address. 1. e., 1 t i s connected to bus address 

line5, Al-AB. AO 15 provlded by the BWL which also latches the 

ret.rieved LS byte of the instruction untl1 the MS byte 15 

retriaved. The page regi5ter 15 an B-bit write-only reglster 
( 

addressable by the mP. Seven bits are employed to assign 

address llnes A9-Al5. This IS necessary since the IR! can only 
1 

1 

addre)~/ 512 b'ytes. This allows the mP te :nstall a BD memory 

ima9~/ ~n a specifie memory page and then set the IR1 page to 

acc~ that irn~ge. 
P~VIOUS versions. 

Communication and status are identical to 

/' 
/~ 
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Al though both processors are capable of controlling the 

system' s bus., the IRI is a slave processor because aIl Its 

operations are Inltiated and monitored by the mP. The IRI can 

be addressed dl. red: l y by the mP as fol1ows: 

1. Communlcati on PIA - port A control and test <2 addresses) 

port B status <2 addr-esses) 

2. Page regH;ter (1 address) 

5.6.5 The Shared Control! er Operation 

The mP initializes the IRI by setting the memory page in 

the page regi ster, preset t i ng the program counler and 1 owerl ng 

the STOP flag. The IRI 90e5 into runnlng mode accesslng maln 

system memory during '/J1. It needs 2 cycles to fetch an 

i nstrw2tl on. Normal IR! e~ecutian ,takes place while the mP is 

free to perform 1 t.s, own tasks. The mP must be prevented from 

unintentlonally alterfng acti vr~ IRI memory. Ta modify an IRI 

program the mP must follow normal lnterrupt procedpres and 

halt the IRI .first. 

The IRI request? a new 
\ 

program by 1 nterrupti ng the mP. l-f 

that program resi des ln system memory., the mP only has ta 

alter the page regi ster and restart the IR .. _ 

ConclUSIon: Glven the two processor limitation, a modular 

system design cannat be achleved. Nevertheless, BD program 

1 alteration can take place the fastest ln this minImum hardware 

conf i guratl on. It promises ta be .a good evaluatlon system a~d 

". development facli i ty for control systems desIgners to explore 

the capablll tles of BD based machInes. -'\ 
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5.7 The 1/0 Modules 

IRl 1/0 modules prov1de process 1nter-face. They res1de on 

the IRI 1/0 bus (see section 5.3.7). The B1nary 110 module is 

the princ1pal one and forms the basis for the Analog and Timer 

modules. 

; 
5.7.1 The Binary Module 

The module shown ln Fig. 5.19 contains one output bank 

(OB) , one 1nput bank (lB), selector log1c, bank latches a~d 

buf-fers. The module is connected via the 1/0 bus ta the IRI 

and via sIgnal conditioning un1ts to the proce\ss inp~~s and 

outputS. 

Output bank.- The 12 field output latches are connected via 
( \ 

opto-isolators to field output llne5. When an OPS, short 

ou~put , 1 nstruct i on i s ex étuted by the 1 R 1', the upper four 

latches of the selected OB output array cOhform to IR< 11: 8) 

of the data lines. In an OPL, long output, 1nstruction aIl 12 

1 atches conform to IR< Il: 0>. Outputs can only be affected 

when the IRI 1S executing a program ln the runnlng mode. 

Input bank. ThIS bank contains 16 fleld Input Ilnes connected 

to a data selector. Four bItS, IR<11:8>, serve as address 

I1nes to the data selector, WhlCh selects one Input line for 

testi ng by the IRI. 

, 
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S.lector logJc. One IRI may handle up ta lé OBs an'ct 16 lBs. 

A 4-bl t code def 1 nes each bank. T",o 4-bl t l atched regi sters 

are used te hold the current address codes. The OBSel anc!. 

,IBSel signaIs, from the respective b.nk. sell!l'ct Instruct.lorf of 

the IRI., are used to l.tch the currltnt bank code. An 8-DIP-

s,"utch package 15 used to assign OB and lB codes~- Dedicated 

selector logic compares the assigned OB and lB codes with tt'le 

latched value!5, and outputs the appropriate enable 5igna15. 

Thus, only a selltcted bank will be a~fected by an 110 

instruction. ., 

5.7.2 The An.log Module 

This module, Fig. 5.20, contain. ail function. o~ the 

Binary 110- "'celuI. with the addition M Analog to Digitàl 

conversion circuitry. Four ~an.log input chann.l. and four 

analog output channels ara implemented. The dssired channel 15< 

!5elected Itxternal1y by four select bits (these may be provided 

by vIa another 110 c4lrd). Analog input is digitizltd by a 10-

bi t A/D conv.rtor whose output is connected ta 10 of the 16 

inputs of the input bank. The IRI Issues SOC <Start of 

Conversion) to the A/D via the output bank and detects the EOe 

<End o~ ConversIon) which is connected ta one of the remainlng 
-1' 

si)( 1 nput 1 i nes. The digitized value 15 latched and trans-

mi tted to the IRI vi a 10 LS Input lines. 

1. 



... 

5.42 

,-

( 

/. 

4 ANALOG ClÎANNELS 
, , l' 

.~. , .. 
~' 

. 
rt-.- NALOG 

. 
COMPARATO R 

" 
DIA .. 

-. . 
/,. . 

'\... 
-1 -

SOi: 
chA.nn~] • RIII le!ct 

t lr ~ . 
EOC 

.. ~ 
~ " 

~ 

I! ~ 

A/D 
.. 

- ~ 

BINARY 110 MODULE 
-~- -

"' . 
" . ~ 4 ANALOG 

- INPUT ... . CHANNELS 
~'" - . -. ~ -

~ 
tO/fram BINARY INPUTS 

\ .' , 
IRI ,/( 

" 
/ 

• ( g 
~ 

V , . 
'\ 
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Eight LS output bits may be converted by t~e '/A 
convertor to their equivalent analog ,valu. which i9 ~onn.ct.d 

prcc~s. via t~e s.lected chann.l. Three an.ybg 

c~annel. are availabl. as field outputs. The fpurth one can bé 

u •• d int.rnally as a sat point for compari.on with a selected 

ana10g channel when, ~equired. The comp.ris9n is , . 
, ~ 

input 

uaing an analog comparator on boa~d and the re.ult , 
i. available to the lAI via an input~lin •• Th. r.maini~ . 
input and output lin •• 'may b~ u •• d'for monito~ing binary 

" .ignal. in addition to'th. analog on ... 

~.7.3 Th. Ti .. r Modul. 

Th. Ti ... r 

function. ta b. 

tnOdul •• hown in FiQ. S.21 enables"timing 

.x.cutad 1~ hardware ynd.r. th~ IRI control~ 
(f . 

Th. .adule Con.lst. of .ight ~5S hardware ti •• rs~whos. timing 

interval. are hand-s.t by a pot.ntio .. tar. Thr •• MS output 
). . 

bita ar.- u.ad by th. IRI to addr ••• a 3 to B o.multiplaxor 

which gen.rat •• th. timing-r.qu •• t signal R for .ach of-the 

timera. Th. fourth bit i. the data •• l.ctor .nabl • .--. ' 

A tim.r'. stat. chang •• fro. inactive to activ. wh.n its 
o 

timing requ •• t signal R ia a •• ertad. Th. flag,' T->1 remain. 

for th. duration of th. timing in~rval. R r •• aina a •• arted 

during the timing int.rval and aft.r' its .xpiry. Th. timer 
-0; 

becom.. inactive and r.ady for a naw timing as.ignm.nt wh.n 

the IRI r •• et. it. 

" . ( 
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Th. timer can b. vlew.d a •• finit.-.t.t. automaton with 

thr .. distin;uishable .tate •• 

1_ 1 

2. M 

3. X 

lnaè:ti v. (r.ady for a timing Altsi;nment>, 

U ml ng , and 

• )Cpirttd ti ••• , timln; compl.t.cU_ 

Th. .t .. t. diagram d •• crillin; all pos.lbl. tran.ition. 

Amon; th. thr ••• tat •• i. shawn in Fige 5.22. 
( 

The lRI d.tects bath T and R·T th ord.r to unambigou.ly 
. 

•• t.attltsh th. .tat. of , 
... 

a tim.r. In.t.ad of connecting both 

.iVnal. ta th. IRI input. bank (i ••• , r.qui.rin; .lb input.s for 
1 • 

th •• ight U ... r.) , ~, an output .• i;nal com_OQ, ta ail tim ..... i. 

u.1td to m •• k .ith.r T (when F i. 0) or RioT (wh." F .i,... 1), 

enabling th. IRI ta.. monitor bo~h T and R-" 
7 

via a single 

input lin •• 
,. 

Operational mod.. and variatÙ. .tat... of a th .. r Ar • ... 

• ~ariz.d in Table 5.41 

- -f1od. R T F R-T 
. 

Inactiv. 0 0 0 o· 
\ " 

1 0 

,Ti .. ing 1 1 0 1 
\' " , 1 0 

Expi".d 1 0 0 0 

1 1 

, Ill~al 0 1 x ,)C • 

, T..,l. S-1, Ti..,.'. Op.,.atianal Mad ..... 

J' 
,,-

"Ii 

'" '-

• 

• 

~ 

1 
/ 
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Fig.·S.221 Timer Stat. Diagram. 
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. 
CHAPTER 61 APPLICATIONS 

6.1 Introduction , 
In thi. chapt.r twa Ar. pr, ••• nt.d to\ , 

d.man.trat. th. advantage af an lRI ba .. d cantrol!.r ov.r • 

conv~ntional mP:2S bccntral .ystem. Th. fir.t .x.mple i. the 

contrai of ah industr: batch weighing and mixi~g prac.... It 
, • 1 

.~aN. haN .n d hybri d 1 aw.r. ' cast ... nd camp lex i t Y af 

contrai hardware. Th~ .econd application show. how an IRI pr.­

prac ••• or i ncr..... vari abl. rltf.renc. matri x •• n.or d.t. 

thraughput .0 that it can track quickly changing dynamic ... 
• i t..uat;,t on.:o 

, 
6.2 tnd~.trial PLC, Batching Proc ... 

6.2.1 Prae ••• De.cription 

BAtch and .ixing Ar. eo..an ta many indu.trial 
o À 

.. lgh1n ... 

prac...... e ..... , ch •• ieal, food, t.xtile, gla •• and cement 

praduction_ Fi .... 6.1 .ha.... a, ty~ieal food ar ani .. al feed plant, .. 
mi King prac •••• 

Th. production line includ •• :a 

20-2S ingrl!di.nt (raw m.t.ria~ bin., 

2-3 liquid t.nks, 

2-3 w.igh .cale. of diff.r.nt rang •• , .. 
1-2 flaN-meter" 

1-2 mhers, 

,O~ surge bin., 

JI 

10-1:5 finish.d praducts .tarage bins, conv.yor. and f •• d.,.. •• 
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t 
Th. proe ••• of produ~ing a batch involv •• thr .. st.g .. , 

1. waighing ~ha ingradi.nts according ta • p ...... cribad batch 
/ \ 

formula, 

2. mi M i t'tg th. batch for a prascribad period of tilMt, and 

r . 
3. routing it ttl a d.sign.ted -.torag. bin for furthar proca.-

/ 

) 

Ali scal.. can N.igh .i.ultaneou.ly_ Onc./a batch ha. 

, cl.Arad the _cal.. it is tran_f.,.ed to th •• iMlng st.g. and), 
~ \ 

th. n.Mt on. "'-V ba startad •. Tha proc .. _ i. ~uanti.l b,;,t 

·PiPalin.~À campl.x .y.~ .... y have .. ny weiohing lin •• and 

b.~ch proca •• ing .~ation., whil. a si.pl. ân., such a. a baO 

packaoing .tation, •• Y ccn~ain only on. waighing lina. 

Fig. 6.2 sh~s a typical wei~ scal. Nith its a.saciatad 

cont,rol 

m.asuracl in' the sc.l .. by a .~rain9.uga typa load-tell. Th. '" ., -
.... ighing part of th. prot:_. invalve. thr_ ph .... 1 

, 
3. Sc.l. discharging. 

To achiev. minieum deviatien frce tar~t w.ight at 

maximum feed rate, a~ ingredient i. fltd ta a wa1gh scal. in 

twa stage., caar.. and fin.. Th. control .y.tem which 

pp.rate • .. th. f.aders i. pravidacl ~th coar •• and fin. eut-off 
r 

point. (c.o~p.). Th .. e ara d.tarminad by th. nature àf the 

ingradiant and .ft.rflaN characteri.tic. and are 
\ 

con.tantly updÀted ta corr.c~ actual weight d.viatian •• 

~----- -

• 
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control .y.~.m v.rifi ••• cal~~ty condi~ion prior 
• 

to f •• d ~nitializ.fion, and ni9i.t.,... t.are w.ight an th. 

.cale. 1 t then cIo... th. di scharge çj.t.e .nd op.n. both 

coar: •• 

uou.ly r.ach.. th. cà.r.. c. o. p,., wh-.n ~h. co.r •• 

f •• d g.te cio •••• The *y.t.cn cont.inu •• 1n t.he fina 4fttd mode 

unti 1 th. fin. c'.o.p. ~. r •• ched. Aft..r clo.in'g th. 4in. 4 •• d 

g.t.e, th. con~rol sy.t.'" w.i~. ta en.ur. ~h.t aIl flowing 
~ 

,..~erial which .... s dowo.t.rea,." of th. ga~. ha •. co_ ~o r_~ on 

th. sca1e. Af~.rward. th. .c~u~l .... ight i. • ••• ur.d· and 

colftp.lred ... ith, th. t.ar9.~ NIIigh~. The di.ff.,.."ce i. u.ed bY.fA 

c:.o;p •.• dJu.t..."t. .Igarlt.h. to improv. t.h. ac:curacy of futur. 

b.tch •• ~ 

6.2. 1.1 eut-off" Point.s Opt! .i,z.tlan 

Fine .nd coar •• cut-off point.. are .dju.ted, .-fter .ach 

.... ighing, according ~o an opti,..izatlOf1 al;orithM ...... ich ai •• 

--tOI 

W8igh~, and 

b) IDAd.iz. tt\. fract.ion of .... igh.ing ti_ sp.nd in coars. IIaOd. 

sa •• to short.n th .... i9h1n; cyc:l •• 

An ingredi.nt ~arg.t w.igh~ i. pr •• c: .... ibed by the batch 

-formula. eut-off points, Ar. dy"a,.ic, p.re_~.r., ••• ~gn.d a. 

parcentag.~ valu. p.r ingredient. Th. fine c.o.p. is •• t et 

slight)y 1 ••• th"'. the/ tar9.t w.i ght to c~.pensat. 
, , 

m.t .... i.1 which flows ta -th. sç.l •• ft.,. ~h. fMtding gat. , 

clo •• d. Th. eoars. c.o.p. is •• t ta a pQint. which c.n v 

( . 

.' 
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~) 

.- , 

betw •• n 807. And 
'>.ll 

weighinQ th. coars. c.o.p! is ~djust.d to incr_ •• e the toarse 

port 1 on af the .... i gh i ng i ntervell. Th i scan ,b. done ~s long as 

th. material flDw ch.r~cteristics remain .table and larger 

~.ighing error. do nat occur •• a result of th. sharter fine' 

weighing int.rval. For ewampla, on. simpl~ weighing algorith. 
, . 

invok •• an earlier fine c.a.p. if an overweight occured. Thil 

adjuatment mi ght t ypi calI y shèrten the fi ne fe.d i ntarv.l by ~ 
# \ 

p.rcentage, say, 60X of t~ •• e~sur.d ~v.rw.ight errar. In the 

CAsa. of 

'ibterval 
'~' 

under ..... iQht. amount. Ar more .laborat. algorit.h •• ight. incer- 1 

porat. .tatistics 

proc.... It is d.sir.bl. t.hat a w.i~hing errer converges ta 
u 

z.ro. W.ighing a1gor! thms have bHn d.v.loped) for many 

applications. ~ d •• ign or .el.ction of an algorith. depend.' 

on the fltat"'ial stability, .... ighing re5triction., 1. e., 

n.gativ •. orJ, pa.;tive t.ol.rance. and Qther fact.ors. R.al-ti •• 

c.a.p. opt.imizat.ion takes place while scale. are dischArging. 
~ 

Opti.iz~tion ta.ka are not .ubJect to real-time constraints, a. 

" thos~ illpo •• d by 'ODe respons. r.quir .... nt.s. -
.. 

6.2.1.2 Smart/Raflexiv. PArt.it.ion of Control Functions 

In ord.r~ to i11u.trate the advantag. of using an IRI 
v 

b •• ed contraI 1er in such .. bat.ch wei ghi n9 proc ••• , the control 

functiana will b. divided j·nta 'rafI.xive, refllf!Cive-aided and 

smart categqri •• •• ' d •• cribed in chapt.r S. 

) ,'" 

" 
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Reflexive Tasks: 

Moni tor welght duri ng feeding 

Monitor weight dUring disc~arg. 

Monl tor system para ... ters: 

gate positions, 

air-pressure, etc. If 

Detect and ~nnunciata malfunctions 

Control mixing time 

Control routing to stcrage bina 

Refla~iv __ aid~ Ta.k •• 

Initiation of new N.ighing sequenc •• 

Tr •• t.....,t of pree ... irragulari ti!", and 

Smart Ta.ksi 

Oparater interaction 

Maint.nanca of data bas.s. 

, 

ingredients ; c.o.p.s, tolerAnc.s 

batch formula. 

production data ... 
bin-mat.rial data, etc. 

Regist~ation and updating of actual weights 

C.c.p. ad~u.tments ~nd optlmization 

Optimization of formula 

Bin" assignment, Scala ~ssignment 
... ~ 

Generation of statistic~l data 
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6,2.2 IRI Centrolled Batch We1ghing 

A ml crecomputer-onl y centr9l system 1S capable of per-

forming the control ta~k5 described above. The number of 

SCOlIes thdt can be centrolled and the number ef other para­
,i/> 

meters that can be monitored 15 limited by the cemplexities ef 

the operat1ons and the spead of the proce55. In add1tion, any 

supervi sory task such as synchronization of paraliei 

operations, data management, optlmization of batch formula, 

etc. , wi Il be delayed wh1le the cpu is occupied with proce55 

tasks. Sever al microcemput.rs may be requirad to contrel a 

complex procas. each of which is dadicated to a separate part 

of the procass. An additional microcomputer may ba .mployed 

for supervi-'on, 'stati5tics .and optimization. On. commercial 

system [IA81] employs a large cr>alputer systa .. , i.8., a mini-

computer or even a mainframe, to handl. control tasks and a 

backup computer which handle. optimizatidn and ether off-linll 

t~sks during normal operating conditions. 

A single microcomputer augm.ntad with IRI modules can 

perform tasks which conven~ionally employ large compu~er 

control systems. By partitioning the control ta.ks and by 

letting the IRI modules parform the réflexive 9ne5, the cpu i5 

rel1eved from routine but t*m. critical monlt~ring and control 

tasks. Smart, supervisory tasks are thus' handled more 

efhci entl y. 

. 
• 
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Due ta the fast scannlng capabilitl.S of the BD 
~ 

processor, ~ s1ngle IRI is able to slmultaneous handle 

parai lei operations without lncurring any t1me penalty. Ë.g., 

the welghing operation may be controlled by an IRI which at 

the ~ame time monitors material levels in ingredlent bins and 

sufficlent air pressure in pneumatic feed lines. 

6.2.2.1 The IRI Basad Controller Architecture. 

An IRI based modular programmable controller, Fig. 6.3, 

used to control the ~rocegs described in section 6.2.1, 

employs one mP with four IRI module •• Three IRI modules ara 

assigned to ~ontrol three weigh-scale. simult.neously., as wall 

a. ta monitor their re.pective fe.ders, ingr.~ient bi~ .en~or. 

and other parameters. The fourth IRI 
? 

oparatldn and the batch rout~ng to the proper storage bine 
~ 

Ea~h of·~h. weigh-scale IRIs contains as many binary 1/0 

cards as needed for on/off control. One Analog 1/0 card ~s 

employad for the waigh-scale load-cell signal moni~aring, 

wh~se signal is also provided, via a dedicated PIA, to the mP. 

V\a another PIA, the mP provides ~ach of the IRIs with the 

current c.o.p. I~ addition ta monitoring the weight, the IRI 

monitors and controls the scale feeders via bi~ary 1/0. 
~ 

The mixing IRI emplOys a timer card ta control the mixing 

time. 1 The mP supervises the mix~ng operation via the 

downloaded BD program. The IRI issues the control signaIs to 

empty the mixer and r~ the batch to its_n.~t destinati.on. 
. 

In addition, it communicates with the ether IRIs via their 

binary 1/0 cards to permit scale discharge to the mixer. 

/ 
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6.2.2.2 Wei51ht' Mani tori n51 by IRI 0 

Current , ... eigh-scale charg.. hilve to be constantl y 

measurad and compared to their c.o.p. Meilsurement rate is 

determined by the permitt.d .... ight toleranc. And by the fe.der 

t.hroughput~ A binary sequ.ntiill comparison technique ~hich 

replaces the arithmetic comput_tion used b~microcomputers, 

reduc.s monitoring time considerably. ,\ 

An IRI modul~, employing t ... o iRput b.nks compares t. ... o 12-

bit binary numbers, on. i5 th. act.ual .... ight provid.d ViA ' • .:. 

AID from the 1 o.d-c.l 1 , .nd t.h. other is th. ~.D~p_. furnished, 
..... 

by th. mP Viil • PIA. The BD comp.~i.on tre. i •• ho~n in Fig. , 

6.4 .long wtt.h it. a •• oci.ted BD progr.m. Thi. progr.m is 

.xecut.ed on • cyclic b •• ic Mith addition.l control progr.m. 
~ 1 

<... App.ndix B) ~hich monitor athe~ proe ••• par.mater •• Th. 

mP .... i t.. for an .• nd of .... i ghi ng ph ••• · int.rrupt ta ta":. 

action E~hang. ~.o.p. or download n .... Rrogr •• ). Th. "Cb809 

w.ight control ..... bl.r routine •• r. list.ed in Appendix B. 

8I1CilU.. th. .ctual .... ight i'. 1... th.n th. c.o.p. 

t.hroughout loi the w.ighing cycle, comparisan .l .... y. st.rt. wit.h 

t.ha ' mast signific.nt bits. A an. bit comparison is suffici.nt 

until th. actuill .... ight reache. h.lf c.o.p., two bit. surfic. 

until 757. of c.a.p., and sa Qn. With a 12-bit .... ight repre-
\ 

.entatian, the f~ll 12-bit campari.on tr •• is execut.d ~Oly 

when the. weight is at or v.ry cio •• to c.q.p. Even t.h. full 

comparison ... il\ nct .xc •• d ~ clockcycl ••• More .ignificantly, 

cnly • faw clàëi:cycl •• Are n •• d.d MO.t of th. time for e.ch 

load-cell campari.on, .110 ... ing one IRI to concurrently .erve 

" 

i 
"-
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A - eut-off point 
B - letu.l weight 

1> 

BD Program 

0000 IBSel 
0001 œS.l . 

------------------------------------
0010 TEST (1 ) An jump to 0101 
0011 !EST(O) Bn jump to ono 
0100 BRA to 00110100 (A<S) 
0101 TEST(O) Bn jump to 00110101 (A>B) 

-------------------------------------
TEST(l) An_l jump to 1001 0110 

0111 
1000 
1001 

TEST(O) Bn_1 J.IIIP to 1010 '" 
SRA to 00110100 (A<B) _ .~ 
TEST(O) Bn_l juap to 00110101 (A>B) 

------------------------------------­
1010, 

to nut . 
eOlllPl ,.1Ion 

(An_2oBn_2) -: 

00110100 
00110101 
00110110 

o 

, 

OUTPUT A<B 
~. 

OUTPl1f~A>B 

OUTPUT A-B 
00110111 -tnte,.rupt 
00111000 ~OP 

• , 

jump to Interrupt 
jl.lllp to EOP 
jump to Interrupt 

~ , 

/ 

Fig- 6.41 A Multi-bit Ca.pari.an' BD T~ ••• ·--~ 
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The mP can read th. current w~ight at Any tim. becau •• 

, the A/D output i. al.o availMbl. via a PIA port. Und.r normal 
'\ 

runnning conditions thi. occurs only wh.n a "comparison-

completed" signal i. .ant by the IRI. Th. mP gO.9 into .. 

ch.ck-loop ta verify .tand-still condition. It then regi.ter. 

th. final actuel w.ight and i.sues .. signal to the IRI ta op.;ï 

• th. discharge gat.. The IRI hand.hak •• with the mP and th. 

latter registers the w.ight, d.ducts th~ re.idu. w.ight~th.t 

eMist.d in th. scale befor. feeding and save. the value for 

data management purpo.... eut-off point adjust.ent i. don. at 

this stage ln case of d.viation from target weivh~. Th. 

discharge ga~e i. op.ned by the IRI,. which th.n monitors 

w.ight, until the scale is .. pty. 

The ".p initiate. and sup~vi_s th. operatian. The 

operator setects th. forMula to b. produced and th. ~, using 

the ~ecessary infor .. tion available in the for.ul. and 

ingredient. file, provide. the IRI. with th. inQ~.dieht 

weight., cut-off points and operation •• quences • 

• 

• 
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Th. IRI's capaclty to proces5 digital signais quickly is 

axpleited in th!s second application example. The IRI ba~d 

control system ia usad to pre-precass signais detactad by an 

array_ or matrix of binary .ansors. The sensers compare a 

measured parameter with a controlled rafarence param.ter which 

i. dynamically varied. Such variable refarence sansors can be 

~vi •• d to measure many differant physical prop.rti ••• ·Tha ~RI , 

pr.proc.ssor function. to incr.a •• the system'. mea«uramant 

rata and allow& 'transducer arrays to b. u.ad i~ dy~amic 

applications. 

used to me.sur. tha valu._ of an ana10g paramater at • numb.r 

of spatially distribut.d points, •• g., the pres.ur. distribu-... 
ti'lDn ov.r a surfac •• Exi_t1nO, conventional .. athods, for p,ara'" 

meter .app~ng~sel 

a)' a Sing/:~naIOg tran,Sduc.r multiplex.d to a numbar ef 

poi nt. in th. dOmai n, or' 

b) individual transducers di.tribut.d at various points. 

The 

sett.ling 

f~mer 

tï,).e. of 

methd'd t'. !ilp •• d 1 :imt t.d by tha swi tching . and 

the mùlt~pl.)(.d analog system. Individual 

anal'og trantiducers ara capabl. of fast measur.ment \.,but at the 

high cost of many transducers • 

.' 
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• 
A compromi.. be~ween ~ha high cast and complexity of an 

individual ~~fn.ducar matrix and ~he limitad .canning .p •• d of 

a multiplexJd tran.ducer, can p. achieved by using a binary 

camparatar matrix with the very fast BD bas.d IRI pra-

processor. 

One praetical application in which thi. BD basad IRI 

multiplexor approaeh can be used, is ta map, for di.gnos~ie 
.' 

therapeutic purposes, th. eon~act pressura under a seated 

patient, suffering from neurophy.iologieal di.arder. 

, 

~.~.1 A Matrix of Comparator. with Variable Reference 

A camparater ~.trix con.i.ting a~ simple inexpensiv. 

digital transducer. w.s construct.d. It compare. the ext.rnal 

1 

which manotonl c.ll y -or d.c.-..... - over th. 

measurement rano~, p~ .... ch ~hat if p.<P., the output is 0, and' 
t 

if P.>-PA th. output is 1. By lab.ling th. occurrence of th. 

transition with th. internai r.f.renc. parameter valu., il 

table of .xterna! param~ter values can be obtained. 

The dynamic bahaviour of'th. binary •• n.or is illustrated 

by th. series of event •••• ociated with the occurenca of il 

transition, Fig~ 6.S. If coincid~c. betw •• ~th. reference and 

the measured parameter occurs a~ tim. t., thé sensor will make .. 
a transition later, at t., whara t_-t. 15 a measure of the 

sensor threshold. Scan,ning might na~ detect the tran,.ition 

until another del.y, t.-t_, has elaps.d • The monitoring .. 
system issue. the cammand ta measure th. ~.fer.nce value at 

t d , 50 the ..... ur.d value is deriv.d from t~r.f.r..,c. v.lue 

\ 

" 
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.... \ \ \ \ ... ~, ~ / 

't,- ) 
at t., which ,migh~ differ c9".id.r.~ly from th. tr~("fvalue 

. ~ , 

which .~i.~ed at t •• For accura~. re.u~~., •• pecial y,~n a 

dynamic enviran.ent, i~ i. import.n~ ta mi1imize th ••• ~la~.,> 

p 

p 

t t' 
& t 

, \ ' \ --- l 
\\ 

- Pe =: Pi t 
trensi4ion 

detectiœ 

t - measur~ent 

TINE 

TlME 

Fig. 6.~1· acann.r end Sensor ~yna'ic •• 

\. 
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6.3.2 Comparat9r Matrix Augmented with an IRI Control 1er 
. 

A comparator matrix system, capabl~ ai fast ~ampling, can 

be configured by employing an IRI ~asQd control 1er to monitor 
, ' 

sensor transitions. The BD basad IRIs scan aIl sensers 
\. 

rapidly, detect sensor transitions and assign an input meas-
, 

ur.ment reading to each sensor transition with minimal delay. 

The IRI basad controllers pr •• anted hera ar~ dasigned 
~ 

e arpund a Ibxlb sensor matrix, i.e., 256 .ensors. IRI systems 

are modular and éan be easily adapted to different matrix 

s1z ••• 

The IRI sëanner control 1er blOèk di.gram i •• hown in Fig. 
---~ 

6. b. <.Each IRI control. a segll.nt of four •• triK 'line., lb 

•• nsors •• ch. I.e., four IRI module. are r.quired. Each IRI 
\ 

employs a number of binary 1/0 module. connected to tha matrix 

via a special scanner interface. Three IRI controllars with 

different scanning algorithms and scanner interface structures 

.. are d.signedc 

1. The Single-Sensor Sc~nn.r Int.rfaee 

2. The Lina by Line Scanner Interface 

3. Scanner Interface .. ith Memory 

Elements cOmmon to aIl thre. Scannar int.rfaces are the 

Lina Image Register. (LIR) ~hich store the status of ail 

•• n50rs. connected to the interface by accumulating sanser 

transitions throughout the measurement cycle. Using in~or-

mati on stored in the LIRs, the scanning algorithm ignaras 

'sansors whose transition took place bafore a pravious scan. 

, l 
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Th. t~re. designs can be described by the manner ln Whlch 
/ ~ 

the IRI preprocesscrs report their findings to the mP. In the 

Singte-Sensor version a single transItion is reparted each 

time it ~s detected. In the Llne by Line version a complete 

matrix line is reported if one or more transitiQn accurred ln 

the 11l'\e. Ih the Memory version ail transitions, i.e., thelr 

corresponding referenca values, are stored in the Interface 

and are tr.nsmitted to the mP for post-processing at the 

Cdmpletion of the measurement cycle. 

The variable reference signal may be analog or dIgital . 
depending updn the Appt i t:ati on. If an external source 

ganerates the reTerance such as air pressure < •• e exa~ple, 

saction 6.3.6) then the analog variable raference si~nal has 

to b. digitized by an AOC. The ADC output i!l ,reél3P""dad when-

" ever a transition is det.cted. In applic~tiDns using voltage 

c:omparators, the reference may be generated 'by il micro or BP­

driven DAC, in which case the digital refe~en~e value i5 

already .vail~~. 

6.~.3 The Single-Sensor Sc:anner Interface 

The Single-Sensor Interface iSS shawn in Fig.' 6. 7. ~Ch 
-----. 

lnterfac:e card is dedicatad to one IRI .. odule whic:h monitors il '( 
\ 

four 11ne regian of the matrix, each lins has 16 sensors. The 

scanner interface cantains four LIRs composed of S-R latches 

which store the image of a 16,sensor line. Fdur 4 ta lb de-
I 

~ultiplexors are aonnected to' the dat. inputs of the four 

LIRs. An additional 2 to 4 demultiplexor uses the 2-bit lio. 
( 

address ta ganerate a signal ~ich enables on8 of the 4 ta 16 

" 



1 

~20 

. 
• demultlplexors. The 8-blt latch accepts the dlgitized 

/ 

reference value at 1ts inputs and latches it Hhen enabled by 

the IRI. 

What follaHs is a brief descrIption of how the IRI, vIa 
~ 

the scannlng algorithm elabora{~d ln ô.3.4, below, treats the 

sensor auxiiiary interface. ~hè IRI compares each sensor wlth 

lts corresponding historical bit stared in the LIR. If a 

sensor transition had alread~ occurred, as indicated by the 

carresponding LIR bit, that sensor's input'line is 19nored, 

i.e., nct checked by the scanning algorithme When the IRI 

encounters an up-to-now undetected sensor transition- the 

fellowing activities ensue: 

1. The current digitized reference value is stored in the 8-

bit latch, connected te the mP via a PIA. 

• 2. The .ansor'. ~ddress i5 tranBmitted to the mP via a PIA. 
, ~ 

3. The corresponding LIR bit iB updated. 

The mP stores the referenc. value against the ô-bit 

sen.or addre.s, compos,d of a 2-bit line number and a 4-bit 

position in the line, in its memory ta be past-processed at 

thê end of the measurement cycle. In addition, the relative 

sensor location i5 transmitted"to aIl four demultiplexors, one 
Î 

ef which, addres5ed by the lins number, i5 enabled Vla the 2 

te 4 demultiplexor. 
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Fig. 6.7: The Single-Sen&Dr Scanner Interface. 
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Each IRI thlilrefore req~l r'es,= 

1. Eight l.nput banks, two fol" each sensor 1 in.e and 1ts cerres-

ponding LIR. . 
" 2. One commen output bank which transmits the 4-bit sensor 

location and the 2-blt line address to the interface and te 

the mP. 

3. A second output bank and an addi t i on.;ll input bank to com-

munieate with the mP aQd to report the current llne status. 

The mP uses the six output bits, c:on~ected to one side of 

a PIA, as the reference value storage addres5* The reference 

value itself is available at the other sida of the PIA. Th~ 

IRI is temporarily dlsablad uSlng.th interrupt,,"'handshaktng 

routine until the mP has read the PIA. 

Thi. scheme incurs the least amount of mlcrocomputar 

overhead but requires a significant ilmount of external 

hardware, i.e., nine 1nput banks, two,output banks, four LIRs 

and one PIA for .ach IRI. Using a 1 MHz clock for bath the 
4"-

IRI and the micro, this scheme can resolve the ent~r. 10)(16 
i 

matrix ~n les. tha" 10 m&~c. A conSIderable disadvantage i5 

that only one-transition ilS reported at a tlmlit. An IRI which 
\ 

is walting to report a det~t~d transition i5 idle while the 

rasponds t.o other IRI. In the meantime additl0nai , ' 
mP 

transi tians, under the of thE idle IRI, may accur. An 

unfavor~ble sequence ln an unreélsonab 1 & 

delay before certain senSOF transltions are detectad. 
"" 
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6.3.4 BD Scanning Algorlthm ~ 

The scanning algorithm was designed to serve two 

purposes: -

1. To quickly detec:t a trAnsition of _ binary sensor. This 

transition, which oécurs wh.n the variable referenca reaches 

!he llfval of the aaeasured parameter at the location of the 

sen.or, is of paramount importance because it identifies the 

value of the measured parameter which is latched by the IRI 

and tramsmi tted to the micro. 

2. To increase scanning .pead by eliminating Ali praviously 

activated .ensors from th • .canning cycl •• 
c---' 

Throughout the .canning cycl~th. BD r~ti~~. ~ontinuOUSlY( 

comp-ar.. an input fram .. binary sensor (B~~) with it~ 

historical status .tored in the LIR Uuoc). Fig. 6.-8 depict. \ . 
th. trlt- and it. a.soci .. t.d BD routina -for scanning .ight 

\}l' t. 

sensors. E~capt for some .. inor di f:ferance., in th. output 
1 

structure, this routin~ i. si IIi lar for AU propo.ed sche ... es. 

AlI schemes use four IRIs, each of which scans four lin .. of 
• 

16 sensors, each. Each 1 ina is .canned in two stAge •• It tak.s 

only one clock cycle to determine that no trAnsition ha. yet. 

occurred, and two clock cycle. ~ ta d.t.ct a transition And 

" issue the necessary output. If tha LIR indicatas a pravious 

transition, no output is generated. As a result ail IRI , 

outputs contain only thosEt sen.ors that hAva undergone 

transition since tlle last output. 

In addition to th" scanning routine, addition_l BD 

progr"ams are .... .tir.d for 1/0 bank 5wi tching, < conunun1cat~on 
wi~h the micro~roc •• 50'" and special hardware control~ 

, 

1 

î 
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InT Bank ~11«nrclt1 

M.f." Scan Subroutin.f 

BEGIN 
ORGrl00 
IN1.AB6 
INO.A86 

" OPt.. 

A7 
87 
$OSO 
A6 

, 

A&6 1 N 11 AB:5 
"", INO. A&:s 

ASS 

AS4 

An-

A92 

AB1 

A80 

"':"OPL 
.... ~Nl.AB4 

nt°·AB4 
Opt,. • 
'fIÏÎlIA83 
lbo.A83 
DPI.. 
IHt.A82 
l~OIA82 
OPL. 
INlIABl 
IHOrAS! 
OPL 
IN1.A80 
I.NO'tABO 
OP-l. 
tNt.sa • 
INOt'SS 
CPt. 
BRA.as 

S6 
$040 
A:5 
as 
$020 
-A4 
84 
$()10 
PJ 
83 
$008 
A2 
B2 
$004, 
Al 
BI 
$002 
AO 
DO 
$()()1 

, 

es <BANK SWITCH ROuTINE>. ' 

Fig. 6.81 Th. Scanning 90 Tr ••• , 

f 

1/.1 

) 
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6.3.5 The Lin. by Line Scanner Interface 

This v.rsion, Fig. 6.9, is d.sign.d ta av.rca •• th. delay 

prdble. of ~h. single transition algorithm us.d in th. Slngl.-
"'-; 

Sen.or Int.rface by reporting up to 16 transitions at on. 

tim •• The interface structur •• liminate. ail of th. 4 to,lé 

d.multipl.~r. and some of th. input banks, n.c .... ry in th. 

first version, by usina tri.tat. buffsr. at th. LIR.- inputs 

inst.ad of th. damultiplaxors. 

A. in th. pr.viaus vttrsion, .ach 1 in. ha. a dedieat.d 

~IR, but th ••• LIRs Ar. buff.rad and cannat be .cc .... d during 

their inactiva state. The currently .c.nn.d line i. th. only 

activ. lin., i.e., th. LIR buffers and th. input tristate 

buffers are activated by th. lin. bit. genaratad by the lin. 

addr.s. u.ing a 2 to 4 ~multipl.xor. Only two output and t"O 

input banks Ar. requir.d for th. four •• nsor lin... An 

additional input and output b~nk is required, a. befor., for 

the current line status and microcoaputar communications. 

'Ali 16 .ensor. are scann.d An output i. 

generatèd and the l:.IRs are updAtlkl if at l.a.t oru, n_" 

transition "a. d.tect.d. Up ta lb bits Ar. reported via twd 

sid.. of a PIA to the micro. Th. digitized ref.rence valu., 

four bit. indicàting IRI and lin. number and th. numb.r of 
• 

\ 

transition. is transmitt.d via a .econd PIA. 

f 

. , 
! 
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In the ~ingle •• nsor version ref.rence values were stored 

against sensor addr •• s.s at transition time, thu& .. trix 
, 

mapping was a str'aightforward task. In this' v.rsion a whol. 

11ne image is stored in the mP memory against the referance 

valua wherl! each stored image Qnly differs from the pr-evious 

stored image in t.hOSè, bi ta w,",ich, 'have cnang.d. This method 

tharefora requires sorne postproca.sinQ after the whola matrix 

ha. been scanned. Using stAndard 1 MHz hardware a 16x16 

matrix can b. resolved in les5 than 20 msec. Even,though thi. 

i." slow.r th.n the singla ,transition m&thod, the$lprobab~lity 
""-

of a large d.lay b.tw.en transition occu~r.nca and datection 

ha. b_n considerably raduc.d.. The hArdware ,required for:- thi' • . 
schama i. thr •• input banks, t~re. output banks. four LIRs and 

• 

r 
6.3.,6 Scanner l'\terface Wj. th f1emory 

Th. limiting fac:t~r in ~oth aforemantionad m.thod~.is th. 

microcomputlltr. dat.c:t-intarrupt-load-.tore 

raquir" •• ' , \ numb.r pf c:loc:k cycl es. U.ing f~star mP. <e. g., 2 

MHz ~ wi Il ~mprove the si tuation slightl y. On the pther hAnd BD 

ba.ad IRI hardware, can aasi ly oparate at 10 or 20 MHz. In 

tho.a 

conversion, the fol1owing scheme, Fig. 6.10, i. proposad. 
,f 
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Th. interf.ce structu~e is identic.l to the Single-Sengor 
. 4 

interface except that an additional 64x8 RAM mamory ~ 

lnstalled in the interface and is connected to the referenca 
, 

value latch. The ô-bit sentior address, 4-bft. to locate the 

sen.or in a lin., 2-bits to determine which line, generatad in 

a way similar to that usad in the first S1ngle-Sensor scheme, 

is used here te store thé current digitizad refarence in this 

RAM. The RAM ïs accessible 
\ 

and it can be downloaded as soon a 
d 

aIl 25ô sensors have undergon. tr • • 
schema permits an increase in ra 

wider ADC to measure 

memory to store the values. 

a DMA channe l , 

indi cates that 

addition, this 

simply by using a 

and by using 

~ 
As no interaction is req rad between the 

micro during'th •• canning phas., ~ analog v 

.. irAM 

IRI,~nd the 

b. 

stored, using a 1 MHz c:lock, in less than RC. 
'\ 

A praé:tical situation to which an I~I ba.ed '.canner may , ' 

be .pplied is the mapping of contact pressure on the human 

body while seated or recumb.nt [VE83J. CDnsidar the knàwn 

medical proble~ of contact pressure exarted, for extendad 

-period of time by, for exampla, a wheelcnair' seat upon an 

immobilized patient. The m.pping of the pressure over the 

contact surface can help in properl y d_i gll\ng- the whe.l-Cha.ir 

Beat and .dapting it ,to specifie patients. Existing m~pping 
.. 

methods employ a faw surface transduc.rs ~nd make measur.ments 

at these few'points. 

... 
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1 

The IRI scanner methads d •• cribed ab ove app •• r to be 

5uited ta this appl~catiDn; Sp •• d is the main benefit of 

scanning thi. matrix ,wi th BD intel! ig.nce. Snap.hot pre.sure 

maps can be succ.sfully obtained notwithstanding patient 

fidgeting. Applying th. IRI version with Memory, for example, 

requires ~inimal mP intervention during the acquisltion of 

data, sm.II memory requirements for both mP programs and 

storage and thus a minimal system-can be configured. This is 

of particular importance for a •• lfcantained clinicat version 
• 

The IRI ba •• d .ystem compare. very ~avourably with Vega". 

convention.! a-bit .tcrocamp~ter, .ch... for .i_llar data 

acquisition system [V~a3]. Vega mapped the 16 x 16 .. triK by 

,.ep.atedi y .toring binary matri)C image., and the rel.ted 

pressure readings. V.ga" ••• thod needed larg. data m •• ory, and 

took con.iderable time ta measur. (up to 400 m •• c.). Du. ta 

the .igna1 preproc ... ing by the BD proc.s.or and filtering by 

the LIRs, an IRI scanner r.quire. minimal mitmary,.torage and 

anly several milliseconds' ta accomplish th. matri~ mapping-
• 1 

task. 

Larger 

additional 

1 

J 1 
s.nsar matric.. can 1. 

IRI module.. The ~proPQ d scann.r system i s not 

limited to pr ••• ur. mapping. It can b. u.ed far .)Campl., ta 

) 

/ 

( 
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C~PTER 7: CONCLUSIONS-

7.1 ObjectIve of the Thesis 

The work presented in tP1S thesis e~ploits the advantages t 

of BD automata ta design a low-cost, fast, programmable tlO 

interface module; the Intelligent Reflexive Interface. The 

objective of the research was to design a fast, powerful and 

inexpensive family of modular programmable controllers that 

incorporate one or more IRI modules ~nd a higher level 

\ microprocessor. The following goals were set: 

J 1. Ta study t~. feasibility of using BD automata in con­

j'unction with a micraproc:;:éssor and id.ntify the advantage., in 

, control applications, off~red by this configuration, comp.rad 

to Bool.an ba.ed mic~aproc •• sors. 

2. To interface the pratotyp. B~ machine built by HolcJ in 

DATAC to an S-bit MC6809 mP ~nablin9 the'implementatian of 

Hudson'. BD ,aperating sy~tem and compiler and to test the 
, 

operatioh of the two procas.ors. 
, 

3. To design a novel modular lntelligant 1/0 interface module 
• 

- the IRI. 

4. To apply IRI based control~ers to a pair of widely 

differ.nt types of appli~ation. 
" 



! , 

7.2 

7. 1.1 BD Au-1:omata Feasibll i ty 
.----

lt wa shown that BD methods have inherent advantages o~r 

tneir counterparts in terms of program executien 

speed, throughput and simplicity o~ implementa-

_tien. Several BD advantages were demonstrated: 

1. Speed 04 eKecutien has linear upper baund as compared ta 
\ 

the Boolean expenential bound. 

2. MUI't:le functions of 

evaluated, simultanously. 

the ,same variables can be 

3. Multi-valued functions can be generated. 

',lt was also shawn that Any logic function, combin.torial 

or saquential, çan be implemented in a BD program. 

The core of 

, ,. extreme1 y si mple 

-...minimal $ignal 

impl emant""t ion. 

ta th. BD automa~n was shown 

structure; 5 lo~c gates. This 

have an 

impl ies 

propagati on dal ays as weIl as low cost 

\ 
B.cause the size of BD programs tends te graw eKpo-

nentially, if no minimization techniques are applie~, a stand­

~alene BD automat.on was found ta be particularly suited te 

, / applications involving many Independent prec.55es, each of 

., , whic.h ha5 a Ilmited number of input ~it5. 

The BD automaten in conJunction with a high.level micro-

proceS50r can overcome -program size limitatIons by having the 

mi cr o,troceS5';r dynam1cally download new programs as/-required 

by proce5s conditions. 

\ 

/ 

• 
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7.1.2 Interfaclng BD Automata wHh an a-bit mP 

The feasibi 1 i ty of a high-leve1 mlcroproce9sor working ln 
~ ~ 

conjunction with a BD automaten was demonstrated wlth the - . 
hardware interface and thé development of operatlng software • 

• -. 
1 t was shown that the two processors camp 1 ement each other and 

can operate independently as weIl as lnterrupt each other when 
• f 

requi red. The desi gn of the mul ti -processi ng schème was 

succesfull y appl i roki:" The hardware work was cempi ~mented by the 

i mp 1 ement at ion of the BD compi 1er and the BD09 èperating 

schema is fully functional -and is system. The hybnd 

~)(tensive1y used in t.he DATAC Lab. Further devalopment of the 

optimiz,i-ng compi 1er, an application te the control of an 
f 

inverted pendulum and other control projects are in progresse 

7.1.3 IRI Design 

BD automata can' be best exploi ted if. control tasks are 
• 

parti tloned bà.ad upon thai r nature and compl exi ty. The task 

partitl0ning I:oncept is employad in the deSign of the modular 

Intelligent Reflexive Interfaces. 

In designing the IRI modula and the everall IRI based 

system archl tecture the main- objective was to obtain hlghest 
1 

centrol throughput wi th .. minimlZed hardwar~ configuration. It 

acti ng as a ref 1 e,lfve 1/0 was shown that the IRI module 
(.,-

processor, a prdgrammed BD machine, resplbnds quickly and inde-
~ ~ 

pendentl yin process contrel enVl renment • 

... 

( 
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The automaton employed the 
, 

hybrld scheme was 

upgraded and redesigned to enèlble dIrect lnterfacing ta the 

ma1n processor bus. The IRI module does not need a separate 
.. 

parai lei interface. Four of IRI module versIons were ~esigned: 

Dedicated, DMA7 Shared/Dedlfated and Shared. AlI versions 

emp 1 ay th&! enhanced BD pracessor as the IRI processor. These 

different hardware conf1guratlons demon5-t.rate design fleXl-

billty in adaptlng ta different applicat10n9. As an example, 

the Shared versIon, wibh a sIngle IRI module 7 15 sU1tabie to 

specialized~tontrol applications Wh1Ch are llmited ln parai lei 

processlng requ1rements but do require very short respanse 

time. l' ' 

7.1.,4 Appl ying IRIs 

Control task partitioning is the'maJor concept behind the 

IRI based Programmable Controllers proposed in 'th'is thesis. 

Their objective is twofold: 

1. Maximizlng controller throughput with minlmized hardware 

conf i gurati on. 

2. Achieving a very fast real-time response. 
~ 

r '. The concept of con~ràl tasks partltianing,was demonstrated 

H\ a batc:h welghing appl1-cation te show how sImple IRI modules 
\ 

can enhance system's perfarmanc;e by autonomously handl1ng 

ro but time consuming monitoning and control tasks. 

" 

\ 
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--

IR'Is Implemented ln an Industrial PLC can reduce system 

scan tlme, therefore enabllng more Input/output variables to 

be accomodated. Processes that require multIple, cpu based, 

'" PLCs for paraI lei procesSlng to reduce sys~em'5 scan tlme, Can 

enJoy the benefit of a low-cost multLpl~ procasslng using 

several IRI modules. 

The i ndustri al weighlng application demonstrated thlS 

distrlbuted control concept 'by having each IRI control a 

different Interrelated segment of the process. In ~dditloM ta 

IRI supervision and co-ordInation, higher level control tasks 

such as control algorithms and set-points optimizatlon, 

statistics gathering and data management, are perform.d by the 

master processor. 

The second application demonstrated the benefits 04 using 

IRI binary multiple~ors in simplifying sansor cabling, 
, 

reducing data storage requirement and incr~aslng frequency 

response. 

conv.nt i onal 

The IRI scanner compares very favourably with a 

mlcroprocessor based scanner, both speedwise and 
\ / 

data storage requirments. ~arger sensor matrices can be simply 

served with additional IRI modules. The proposed ~canner 
.... 

system is not Ilmited to pressure, mapping. It can ~ used for 

example, to process images or to map temperature distributIon. 

F~ture work will extènd Vega's analysis of,sensor dynamics, 

evolve improved sampling algorithms to adJust referencR signal 

Ilmlts sa as te increase accuracy by raducing sc4nning delays. 
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7.6 

7.2 Future Work 

',,~, 

• Future work will take two dlrectl0n$: 

1. Enhancement ~ BD archItecture and the IRI module. 

2. Applications development uSlng the IRI concept. 

The concepts presented in th15 thesis can be further 

developed to meet commercial requi rements. Industrial 

application of BD processor is still in gestation. Further 

development can evercome ~maining limitations. One area that 

can be attacked' is the addressing capability of the BD 

precessor. Sharad ~emory structure e~.ble. the 5haring 0/ 

larger memory with easa. This require5~ddress.s longer than 

a-bits which can be implemented by either changing the/BD 

-Instruction length or with special, multi-~ord addressîng 

1 nstructi ons. 
\4 

Implementation of the BD processor in a single VLSI 

microchip 15 another chaIJenging t.,sk which ~as i'-litiated by 

Vega and Li CVË821. Availability of such a functional unit 

WIll enable more compact hardware packaginy of IRI ba~ed 

,-=- controll ers. 

<. 

. 
IRI based controllers may be applied in numerous fields. 

E ... g., distributed control and hierarchical ~ulti-level 

control. Rabotic systems may also be candidates. Each axis of 

mot1on provides a natural site for control by an IRI module, 

under microprocessor supervision. Additional eD pr~cessor. can' 

be usftd ino hierarchical fashion ta analyze and control 

displacement, velocity and Acceleration • 
.. 
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APPENDl~ Ac THE MCb909 9ASED DEVELOPMENT SYSTEM 

consi.t. of a MC6909 b ••• d SWTPC* microcomputer and th. 

FLEX09** disk oper.tin9 sy.t ••• A bri.f d.scription o~ bath 

th. hardware and th. oparating .yst.m is giv.n in thi. 

app.ndiH: 

Sy.tem·. Hardwar. 

The SWTPC micracomputer ia .hown in FiQ. A.l. It consista 

ofl 

1. Mai'n .y.t •• containinQ a 2 MHz I«!bB09 CPU, S6K of RAM, 61<: . 

of EPRpM ahd parallel and- • .rial int.rfac ••• 

2. nual fl~ppy di.k driv., 

3. Op.ratar console, 

4. Print.r. 

impl •• ented ~.inQ wir.-wrap type prototype card •• 
. \ 

.other board contain. th. syat.. bu.... ta 

c:onnect the diff.rent madul •• into on. a'p ..... tl·on .. l unit. Th • 

. SS-~ - main .y.t •• •• 'bus h •• 7 .lot., th. s.candary 95-30 1/0 

bu. e .lot.~ The CPU and RA" c.rds re.id. in the 99-~0 bu •• 

periph.ral 

D."'.loped 

1 nt..rf ac.. are cann.cted ta th. S8-30 bu •• ' 
l . 

protqtyp. cards may be connected ta .ith.r bus. The 
"". 

BD par&l.lel interface card ",aa d •• igned and implement.d using 

* SWTPC i. & Trad •• ark of Sauthw •• t T.chnièal Prod.. Corp. 
'" 

•• FLEX 's • Tr~...rk of 1.chnic.l Syst ... CaoSUlt.~t~ 

( 

, 
... 

.. l' 
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.. 
Fig. A.l~ Th. SWPTC Microcomput.r D.v.lop .. nt Sy.t ••• . 

\ 
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. 
the 55-30 bu •• 80th bu.s •• h.v. gained world recognition and 

are employed by •• v.ral oth.r microcomputers [AWB01. 

A d.t.il.d description of th. 85-50 and the 55-30 busse __ 

i s 9 i ven bel ow. Each of the bus.e. con.i st.' of 3 !lub-bu •• es 1 

1. th. datil bus, 

2. th. addr ••• bus, ilnd 

3. th. control bus. ~ 

ln addi'tion power and ground lin •• ilre provi ded. 

The pinout of S8-50 bu. i. given in TJable A-l. The DO -
~ 

D7 lin •• form the data bu. whié:h carri •• a inve,.ted data bit •• 

Th. AO AIS lin.. form th. .ddr ••• bu. c.p.ble of 

.dd,. ••• ing 64K memory'locàtion •• The 4 U.er-Defined lin ••• ay 

b. employ.d ta .~t.nd t~ •• ddr ••• bu. ta 20-bit addr ••••• (1 
" -. 

118 of .dd,. •••• d m.mory),. 

Pow.r lin.. to ail th. .y.t~m·. module. .re, 7-BV 

unr.9ul.t~, u •• d to g.n.r.t •• tand.rd TTL voltage l.vel af 

~, +1-16V revul.~ed to +/-12V by .erial interfac •• and 

t dynamie m.mori •• , and common grownd line. te b •• hared by all 

modul ••• 

• 

./ 
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BUS PINOUT SIGNAL FUNCTION .. 
---------------------------------~--------------------------------~--

DO-D7 
AI5-AO 
GND 

D~t~ Bus (lnverted) 
Address Bus 
Co .. on Sround 

1 - 8 

9 - 24 

25,26,27 
28,29,30 

31,32 
7-BV UNR 
+/-16V UNR 
1 ND'e X 

Power (regul ~ted to SV on board) 
PONer (regulated ta +/-12V on board) 
Module Or1entatlon , 33 

34 
35 
36 
37 
3B 

39 

I1R "e.ory Ready (strech E - SiON dev.) 
Bü Busy (R-l1od-W cycle) 
iRQ lnhrrupt 

F-ut Interrupt ma 
Q 

Ë 
Phu. 1: H to L .. v~ll d iddresse5 
Enabl. (ph~se 2) data v~lld HL - W 

L'H - R 
40 VRA Valid Me.ory Addr.s. 
41 RfW Read/Nrif. 
82 ~ Re.et 
43 BA Bus Available 
44 BS -BUI statut 
45 Hait bus control 
4b DR Bus requvst " 

47 - SO USER DEFINED 

----------------------_!_--------------------------- ---------------

\ / SS 0 ~/ Table A-l: Th. -~ Bus. 

Th. control bus consi.ts of s.varal control lin •• 
'" .nabling communication protocols and bu. arbitration. Th ••• 

arlil!l 

1. MR - Memory Ready, .tr.ches th. E pha.e of the cloek up to 

10 miero •• e to allow interfaeing to slow d.vic •••. 
, 

2. go - Busy, a.sert.d by the mP during R •• d/Hodify/Write . 
cycle to deny .xt.rn.l ace ••• to th. bu •• 
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1 

3. iim, F'iR'Q - int.,.rupt and f.st interrupt. 
~ 

4. Q - pha •• 1 04 the clock, leads E by 90 degrees. High t.o 

Law transition lndicates a valid address on the bus. 

5. Ë - phase 2 of the clock, used t.o validate data - on 

falling edge wh.n write and ,on ri!ling edge when read. 

valid memory address. b. VFiA 

7. RIA Read/W~ite;' de-fines the directiDn,~f data between 

memory and mP or interfac •• ' 

8. BA,BS - Bus Available and Bus 5tatus, indicate normal bus 
v 

operation CO,O), interrupt .cknowl~dg. (0,1), sync acknow~ 

... 
,9. HA[T.- Used by bus devic~ other then the mP ta haIt the mP 

./ and gain control aver 'the bus. 

10. BR - Bus Request, Similar ta HaIt but for short term bus 

control. 

The 55-30 bus is • subs.t of the SS-50. Its pinout i5 
. 

given in Table A-2. lt pravid •• 4 LS addre.s 1in&5 only. ln 

addition, .ach bus .lot cOntain. a d~coJ.d 1/0 SEL 51gnal 

- which is equivalent to the MS 12 address lines. The bus is 

used for interfacing with systam's paripharals that do not , 

require more then lb dedicat.d addresses for their operations. 

Other bus .signal~ are .imilar to the 55-50 ones, 

" 

) 

1 



BUS PINOUT 

lO,11,1,2 

3,4 
5,b 
7 
8 
9 

12 -, 1 q 

20 

21 
22,23 
24 - 28 
2~ 

30 

'SISN'Al 

RSO-RS3 
- +1-lbV UNR 

GND 
INDEX 
iRQ 
fiRQ 

00-07 

E 

Rli 
7-BV UHR 

110-9bOO 

Rf 
110 SEL 

• A. Ô 

FUNCTION 

Reglste~ Sélect 11nes (AO-A31 
POwer 
Co •• on Ground 
Module Orlentatlon 
Interrupt 
F,.1st Int~rrupt 

Data~us (non-lnverted> 
En ab 1 e ( ph a se 2-> data va Il d 

Rud/Wrlt'e 
Power (regulated ta SV) 

Baud Rate 
Reset 
1 10 S~l Rct 

HL - \ri 

lH - R 

Tilb~:. A-2: Th. S5-30 BUB. 

System'. Software 

A brief de.c~iption of th. FLEX09 disk operating syst~m 

~nd i ~ .c~ompanYi ng 

balow. 

software developmeQt tools 

Th. FLEX09 consists of three main p~rts: 

1. Fila Management System (FMS), 

2. Disk Drivers, and 
il> 

3. Uti 1 i tues. 

/' 

is given 

) 

• 
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FMS handles fil. storage and removal from d~k as wall as 

disk space al1oè'atlon. It· i5" the 1 ink b.twa.n th. 

mlcrocomputer and th. disk drivers which cOytrol th. actual 

dlSk hardware. FMS communieates via File Control Blocks (FCB). 

The FCB contains ftle informatlon 9 

drlve, etc. An FCB 15 assigned to a file wh.naver it is op.n.d 

by the operating system for r.adin~~lting. FLEX09 .llows 

for'multlple files to be opened simultaneously. 

The disk driver. are interface routines batwe.n FLEX09 

FMS and the d1sk hardware to control th. floppy diska. Th.y 
/lit 

are b.lnc.iL~led by FLEX09 wtuln.ver a disk acc •• s is required. 

They can be call.d by user written programs. E_O. 9 the 8D09 

op.rating syst.m cali. th.s. dri vers when retrl.vi n9 or .avinQ" 

BD pr~rams on disk. 

MCô909 A and 8 accumulators and th. X ind.~ register ta pa •• 

informàtion .uch •• Fès addr •• s, addr.s. Dn th. flappy di.k 

(indicated by track and .actor numb.r.). Th •• a~ disk drivers 
.Jtr 

arel 

1. READ - reads a single secter 
/ 

2. WRITE - writ.s a single •• cter 

3. VERIFV - verifi.s that • ..ctor Just wrl tt.n h •• no CRe 

error 

4. SELECT - seleêts the drive te be .cc •••• d 

s. CHECK - checks i~ drive is re.dy 

" 

--( 
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'" The FLEX09 utility •• t al10 ... th. mC).t camllonly us.d thsk t 

op.rat~on. to be .xecuted in • single commando When a command 

is callad, ~LEX09 check. the disk dl rectory , load. th. 

corr •• pondlng program lnto RAM memory and p ••••• control to 

the program. Uppn t.rmlnation 04' program e~.cutlon, control i. 

returned to FLEX09. Commonly u5ed utilitles ar.1 

1. DIR - lista the directory of ail file. on disk 

2. COpy - copys a fil. from cne diak ta a"oth.r 

3. SAVE - savas contant of memory On di.k 

4. DELETE - d.l.t •• a fil. fram di.k 

~. EDIT - .dit •• di.k fil. 

Other 

DebuQger. Th. FLEX09 6909 1"'In.IICWÜC A ...... bler i. directl y 

i ntllrf aced to th. FLEX09 di.k op.r.Ung sy.t_, ft accepta 
~, 

"'otorolA 6B09 mnltCKHlics. Th. saurc. lanQuag. cod. i. stered •• 
, , , 

• te)(t f'U. on di.k. Th. As."I.r VltRer.t..s obJ.ct cod. fro. 

th. .ourc. prOQr.. in 2 pas~ ••• Tt:-. ob,Ject cod., is sav.d. on 

• 
di sI< saparat.l y and can b. loaded int.o l'IMttDOr'y a~d .~ecuted. 

FLEX09 oHers an :tc.ll.nt dltbugginQ fa~ility cilllild 

DEBUG. DEBUG enabl .. the .)(wc;:ution ,of .. proQ,.a ... in il' stepMis. 
, ~ 

mann.r tb d.tKt .rn:rs. All_CPU registers are display.d at . . 
.ach -step allow1n9 th. user ta monitor' and v..-ify th •. cQr"rltCt 

r.gi st.r contents. 

ln· syst .. , tHe. , addition to 

micrcca~ter .ftK3loys an EPROM r.sid.nt monitor é.Ued V-BUG. 

V-BUG contai n. a boot-strap routi ne to i ni ti ate FL.EX09 froca 

di.k upon power-4p and it ."abl •• 10"'1 t.v.l cantro1 of, the 
• 

• yst_ '. h.rdMar. sut:h ••• .. 

.) 

, 

" 

.' 

, . .). 
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1. View/Modify RAM content., 

2. Vi ew/Modi f y CPU regi.t.r., 

3. Loading and Ex.cu~ing actual abjec~ code, and 

4. Som. debugging tao! ••. 

,-

~( 
'-

, 

--
, 
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APPENDIX SI APPLICATION SOFTWARE LISTINGS 

Thi. appendhc includ.. 1 i.tin~ of •• v.ral IRI control 

•• ctiàn B. 1, .nd f""r a 

matrlx .c.nn .... , •• ction B.2. 

Th. following bateh "'tÏ'ighin9 routin.s are includ.dl 

1. l''Ioni tori ng \;Irae ••• par.m.t.rsi t1.ip 1 i ne ai r-pr ••• ur •• 

2. l''Ioni tari ng ~n/m.)( l.vel i ndie,ators of 4 inC'jlr.di.nt bin •• 

" 3. W.iQht cycl. Jontroll .0nitorinC'jl .aterial w.ighing in 

Caar .. and Fin •• od.s, 

Sc.l. f •• dinQ .nd discharQ •• 

Th. )01 1 o""i nQ IRI .canning routines Ar. includ"l\ 

1. IRI .f.nninQ o-f 4-11n. sKt~-f a 16)(16 sensor .. trh" 

2. sana( s ... i tching routine ta b. u •• d by th. scanninQ 

~ori~h •• 

Input and output variabl •• are ••• i4n.d at th. b.C'jIinninv 

of th. routin ••• 

, . 

\ 
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11*11'*'III/"~II"'I'.""~"*'*"*"""**"t,t'*'"t'I"'*ttt. , 
IRI 13: Proc'II Monitoring ind Control of a W'lghing Cyclt , 

• 
l ,t t, *"",',t", """ .... ,.' * .... , •• f"" , •• i"I"*' .. t.*. * * "1' * 

r 
; Input Blnk 10: 

lntlrnal tlshn'g lnpuh (lin. 0 ta I1ne 3) 

\. 
9.n.,ll proc ... pilriuhr. (11-ne 4 to Il n. 16) 

, 

AtRP EaU ItH4> 1 •• 1n aIr prlilur. llnl indlc.tor 

SSU Egû IN< 5> , Stand St1l1 V.l1dat1on fro •• P 'vu PIA 

CORS EgU IN<9> 'intlrn.! uitch - lit by th. IRI output blnk 003', u •• d 
for d.tlf.'ning th. r.turn Iddr ••• It th •• nd of tH. 
cb.p.rison routin. Mh.n uI.d in cOlr •• w.i9hin~ .ode! 

FIN EaU IN<10> !~s~ .... CORS - .. h.n ua.ci in fin. nighing .od~ , 

CCOPV EgU IN< 14> 
FCOPV EOU. IN< 15> 

, cOlr .. eut-aff-point is vllid (froIÎ .P vu PlA)' 
1 fin. cùt-off-point i. v.lid (fro •• P VII PIA) 

< 

., 
! . Input Bank Il 

t .9 MS bltl • B-bit cut off pOInt v.l~. Ira. PIA 
COPI EQU 'IN<S>, 
COP2 EgU JN<9> 
COP3 EgU J N< 10'> 
COP4 egu IN<U> 
COPS EOU JN<12>-
COP~ EQU IN< 13> 
C'OP7 E'O"U IN< 14) 
COPS EQU IN<15) 

\ 

Input B~nk 121 f •• d,r pOlitions (1-on, O-off) 

-------------~_.-----------------------------
FDC21 ~QU lN<O> . 
FDF21 EQU IN<1> 
FDC22 EQU IN(2) 

bin 21 ftld.r coar ... ctull pOlltion 
!. bin 21 f.ed.r fin. .ctull position 

b Ul 22 h.d.r coar.. .ctual pO,li ti on 
• 

" 



~ 

\ 

! 

. ( 

1> 

---- ....... B.3 
1 

FD-F22 EQU 1 N(3) bi n 22 fttd.r fini .ctul pOlltlon 
FDC23 EQU IN(4) bin' 23 h.d.r COlrl. utull pOlition 
FDF23 EDU 1 N<~> bu 23 f"d.r fin. IctUil pOil t1 on 

, FDC24 E9U IN<6> 1 . b i n 2-.4 f"d'r COlrl. utual po' .. it ion 
F~F24 EDU IN<7> bt n ,24 flld.r hnl actual pOil hon 
FIC21 EQU IN<9> 'b i n 21 f •• d.r COlrl. iug. ' pOli t1 on 
FIF21 ~9U IN<9) bin 21 flld.r fini iug. POlltîon 
FIC22 EDU 1 N< 10> 1 bin 22 h'ldir ,COir 1''''''1.::9' pOli ti,on 
F1F22 EGU 1 N< 11> 1 bln 22 h.der hnl h g. pOlltion 
FIC23 EQU IN<12> 1 bin 23 f •• d.r COlrl. ~ug. .polition. 
FIF23 EQU [N<13> 1 bin 23 fllder fini ' i IIgl pOli h on 
FIC24 EGU 1 N<14> 1 bin 24 f .. d.r COlrl'- 1Ug' pOlitlon 
FIF24 ~QU IN<1~> bln 24 f"dtr flnl \"9' pOlltlon 

1 Inp'lt Bank n. lev.l 1 ndi cltorl (1-on, O-off) 
. 

1 
-------~----------~--------~-----------------1 

"IN21 EDU IN<O} bin 21 .inhu. llv.l Indic.tor 
"AX21 E9U IN<I> bin 21 .axhu. 1.vIl i ndl cltor 
ItIN22 EQU IN<2> bin 22 •• nhu. l.v.l indicator . 
"AX 22 EGU 1 N<3 > bin 22 .axi.u. le-v. 1 indicator 
HIN23 EQU IN<4> btn 23 .inh'u. lIvlI indicltor 
HAX23 E9U IN<,> bin 23 .axh~. l.v.l ind!cator 
HIN24 EQU IN(6) bin 24 .inilu. lIvll indicltor 
HAX24 E9U IN<7> '1 bin 24 .U1.U. levll indicltor , 

NDCAI E9U' IN<S> "ligh':'SCllI Il dhchlrgl Qlt. Ichal 'polition 
(l-opln, O-clol.d) 

"UAI E9U.IN<é> ~ "111 Ir Ictual stit. (l-on; O-off) 
"lXDt EGU IN(8) "iur dischlrg. glt. Ictuil positi on c'1-o';.n, . -cl as.d) 
! 12- ,nat u •• d 

, WDCII E9U IN<9> W'.11h-Sc.1I Il 'dhchl,.g. gal,' i .Ig. POlit 1 on-
Cl-opln, O-Clated) 

HIXIl EQU IN<8> "h.r i.'OI Ihh (I-an, .O-aff) , 
"OC Il EDU IN<8> "iMI,. dilchlrg. glt. i.~g. position (l-op.n, O-clo •• d) 
1 16- not uI.d ' . 

------_ .. --------------------
Output Bank .• 1. -.,.--------------

!-illl flld.r Ictultorl 1,., tied ta thlir·corrl~~onding 1 •• gI Input li,'., . 
! OU<O>, bin 21 ft,d.r co.rle 
! OU< 1> bin 21 h.d.r fin. , 
! OU<2> bin 22 ft.d.r COlrl' 

OU<3> 'bin 22 f .. d.r fin. 
OU<4> bin 23 f.ed.r cOlrs, 

1 OU< S> bin 23 fI.d.r fin. 
OU<6> bin 24~ .. d.r cOlr •• 

1 OU< 7> bin 24 ft.d,,. fi n. 
OU<J> bin 21 .ini.u. l.v.l 

1 OU< 9) Ifin 21 .I.i.u • 1.vIl 
OU< 10> bin 22 .ini'u, l.v.l 
OU<l1> bin 22 .ui .u. llv.l 

1 

Ictultor (I-an, O-oH) - ,FDC21 
Ichltor ( l,-an, O-of f ) FDF21 
Ictudor (I-on, O-off 1 FDC22 
Ic:tultor (1-an, O-off), - FDF22 
Ictultor (I-an, O-aff) - FDC23 
Ictultor (I-on, O-off) FDF23 
Ictultor (1-an, O-oH) FDC24 
Ictuator (l-an, O-oH) - FDF24 
indicltor •• rning (l,-on, O-oH) 
indicltor warning ( l-on, O-oH) 
indicltor Mlrnin; (l-on, O-off ) 
indiclt~r Marnin; Cl-on, O-oH) 

- "L 1121 
WLIl21 

- "LlZ22 
XLIl22 

'. 
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1 Output Bln~ 12 

1 OU<O> btn 21 coa, .. heder allr. condit14n (l-on, O-oHI - FnCZ21 
!.OU<1> hl) 21 fine inder lhr. cond1tfon Il-on, O-oHI - FDfi21 
1 OU<2> bln 22 cou ..... der illr. CÇll1dltion (1-on, O-aHI .' FDCZ22 
1 OU(3) bln 22 Ùn. hedlr 11lr. condition (1-on, O-aHI - FDFZ22 
1 OU(4) bln 23 coar .. f .. e,dlr UI" condition (1-0n, O-affl • FDCZ23 

DU<S> bin 23 hne hedlr ill". condition (1-on,' O~affl - FDFZ23 
OU<6> bin 24 coa, .. fnd.r lhr. condition ,Il-on, O-affl FDCZ24 

"OU<7> bin 24 Hn.· h,d.r lUr. conchtlon 11-0~, O-off) - FDF224 
1 OU<S) bln 23 'lnhu. Ilvll indlCltor nrning (l-on, O-oH) "LlZ23 
1 OU(9) bln 23 IIlClaU. l'VII indiclt,or lIIarning (1-on, O~offl - XlIZ2:S_ 
1 ~< 10> bl n 24 .i nl.U. 1'1'1.-1 indi cAlor ... rning (1-on, O-off) - l'Ill Z24 
1 OU<11> bln 24'lIxullJI livii lndatator""lrnlng (l-on, O-offl - XlU24 ' 

Output hnk '3 

OU< 1 > "Iigh 
OU(2) 

b 

OU<;5> 
QUC.',> 
OU<~> -

.uer 
'''Iigh 
aixtr 

Ic.11 dilch.rgf V.t. lctultar Il-on, O-affl - NDCAI 
dl.charg. VIti Ictultor fhon, O""off) - "XOAI 
ICI1,' dhe'hlrg. Vlh allr. condition (l-on,'O-aff)'­
di .ch.'" g~tf all~. condition (1-on, O-off) - "lXDZ 

NOCll 

OU<6> -
OU<7.> .. 
OUCS> - cann.ct.d ta input bln' 
OU(9) - cD~n.ct.d,to input blnk 
OU(-10> ~o:nntc:t.d ta .P PIA teS 

O., bit <9> ( ••• bank 0 ... ign .. nh) 
0, bit <_10> <SI' bank 0 · ... iVn.Înt.) 
indic.te co.r •• M'lthin, i.' c01Ipl.tld 
indicate fini ... t,hi n9 11 eoaph~.d 1 ~U<11) - conn.ct.d ta .P PIA ta 

l ' l ' 

'.I,fftlt ••• f ... nd of 1/0 1'11gn.lnh f'f' .. U •• U.fftff.ffU.fUfUI 
" ' 

"o~itorin~ ~~~C.'I Par ••• t.r.i 
._~.----~-----~-~--~---------

·HON If 1 lBS 000 
OBS 00\l 
INO ~IRP 
OPL 001 
INT' 0001 

LEVEl lBS 001 ' 
• OB8 001' . " 

nu "IH21 
OPS ~Ol 

XL21 IMO "AX2!' 
OPS 002 

, "L22 INI "IN22 
OPS 003 -

Xl22 INO HAX22 
OPS,004 

"L23 DBS 002 
IMt· "IN21 
DPS 001 

'XL21 IMO "AX23 
OPS 002 

.LEVEL 

a.END 

,XL21 

'"L22 

1 XL22 

,"L23 

1 XL23 

,"1.;24 .J 

-
!ch.ck air pr ••• ur. "j" linl 
!prtIlU,.1 11 la .. , Innunchtt optratar 
! i liU_ inhrrupt ltnl Il tD .P 

! I.'ni.u. ltv.l indicl~o", 'Ult b. ON 
, Innunciat. op.ratar and c'Ontin~t 

,'!, ~Ixi.u. ltvtl ·1ndicltart .ult b't OFF 
\ 

" 

nj tch 'Output bank 

.' 



1 

\ . 

1 

( -

ML22 , IRI MIN24 : XL24 ' 
OPS 003 

XL22 INO 11AX24 1 F-DPOS 
OPS 004 

FOPOS lBS Oe2 • 
08S 002 
INO FDC21 
OPL 0-01 

, BRA 

EN02 EOP 

• 

IFF21' 

1 BEG I-NW 

• 1 W'lghing Cycl. Control. 

-----------------_._---

BEGIN" 
CORCOP 

COARSE 

FINCOP 

FINE 

SST II.L 

SSTIL2 

END2 

lBS 090 
INO CCOPV - 1 CORCOP 
OQS 001 
OPL 003 
'088 003' 1 

OPS OOJ 

DRA C"PCOP 
, 

OBS 001 
OPL 002 
lBS 000 
INO FCOPV 
ÔBS 003 
OPS 002 

BRA CMPCOP 
08S 001 
OPL 000 
lBS 000 
1 NO' SSY 
OBS 003 
lBS 000 
OPL 001 ' 
INO SSY 

EOP 

• FINCOP 

\ 

1 SSTILL 

: SSTIL2 

8.5 

, 

, .onl~or ingrldient f •• der pOlition. 
1.. 

1 EQP jUlp Jddr,u 1. ut by (hl Operlhng 
Sy.t,. ta the b.glnning of n.xt routln • 

( .. eighinCjJ ingr~dl.nt f,.'O. bin 121) '-' 

"lit iar vAli~\caAr •• cut-aff-point 
, , 

ICtu~t. bath bin 121 cOlr.e • fin. f,.d,r. 

••. t • r.turn lMitch;' bit <9> of output. 
bank 3 il h ,d ta bl t (9), of input buk 0 
IIrving Il • "lltch· ta .,.orize th. r.turn 
add,.e .. ta COARSE 
jUlP ta ca'.paritan routine 

COA"" c.à.p. hl. b,.n r.ach.d 
clo., co_r., f •• d,,., fin. f •• d,,. Itly' op.n 

/ 

"Ait for valid fin, cut-off-point 

- \ lit 1 r.turn nHch, bit <9> of '~utPut 
bank 3 it ti.d ta bit <10> of input bank 0 
IIrving .. A Mlltch· ta ••• oru, h. ,...turn 
Idd,., .. to FINE 
jUlP ta cOlp,lri,on ,.ouhn. 
fi n,e C',O\'A_ hll b"n' relch,d ' 
cio •• fin. f •• d.r 

ui t for ItAnd-lhl'I, vlH datlon ' 

l open dilchArg, "gat, 
!I nit for Ittlnd-IUIl val1dtll:1on 

(IP veriU.'. ICi1e •• pty Ind rtcordl tu, 
M,ight' 

EOP jUlp addr' •• l' I.t by·th. Op.rltlnCjJ 
9yttt •• ta th. btginninQ of n,xt ,.outlne 

,. 

.. 



8.6 

~-~----~----------------------

Co.p.re th. current Nelght "lth th. COir" c.o.~. 

'STARTl lBS 001 
OBS 

BI TB 

lCOB 

BI T7 

lC07 

8ITô 

eCOb 

8ITS 

Leos 

8IT4 

lC04 

lNl toPS 
IN'O Les 

, .DRA 

INO Lee 

IN1 CtlP7 
INO Le7 
BR'A 

INO Le7 

HU CDP~ 

INO LC6 
BRA 

INO Leô 

1N1 CDPS 
INO Les 
tRA 

INO ,,"C5 

INl COP4 
1NO LC4 
BRA 

INO" lC4 

BIT3 INI COP3 
INO lC3 J 

, aRA 

LC03 1 NO Ü:3 
! ' 

8Il2 

-le02 

INl CQP2 
INO lC2 
DRA 

INO lt2 

IlCOS 
IBIT7 
lé"PEND 

1 BITS 

Ilt07 
,IBlTô 

,C"PEND 

ISIT1 

ILCOô . 
• Bns 
.CHPEND 

IUTô 

aLCOS 
181:1:4 ' 
ICH'END 

191T5 

.lt04 
IBIT3 
tl..tSPEND 

IBIT4 

:LC03 
18112 
1 Cl1PEND 

,81T3 

1 LC.O~ 
IBIT1 
1 C"PEND 

.B1l2 

, , 

D 

.. l.ct IJD b.n~1 far c.OIpari.on rou·tln. 

.tart .. lth "5 bit 

1 bOth bits Ir. 0 - proclld ta ntllt blt 
1 IIIllght 11 gre.ttr thln c. o. p. - ter.lnat. 

co.plrll0n 
1 Wlight il 1 .... ' th.n c',a.p. - r,st.rt fro. 

thi. bl't 

, 
1 bath bl tI ar.;O -

... 1 ght il gr"ter 
c,alp.r i Ion 

prot •• d t.o ntllt bit 
thln c',o..p. -. t.rainat. 

,1 lII.i!Jht ,il .1 •••• ,: thl" 
thi. bit 

c.a.p. 

bath bits .r. 0 -
".lQt1t il gr.At.r 
co.pari 10(1 

prot.ld to n'lit bl~ 
t.hln c. o. p. - terltut. 

... ill,h~ ÎI 1 .... r thl" 
th!. bit, 

C~o.p. - r •• tlrt fro. 

.. 

both bi h Ir. '0 - procltd tD nlX t bit 
"Iight it gr.dtr th.n c.a.p ... t.rltut. 
cOlparhon 

1 "Ilght 1-1 1 •• "r thln c.a.p. "r •• hrt fro. 
thu bl t 

.. both bit. art 0 - procltd to nut bit 
.. *1 ght 11 !Jr.atlr thu (. O. p. '- t.rllnlte 
cOlp.rilon 
"tight il le.str th.an c.a.p. - r •• hrt frai 
thi. bit 

1 bath bl h are 0 .. prdclld to nlX t bl t, 
liI.ight il gruhr than ç.o.p. - ter.inate 
co.paruo" 
liI'lght 11 1.s .. r then c.o.p. - r •• t.rt fro. 
this bit 

bath ,bHI art 0 .. proclld ta nlXt bst 
\IIllght il grlater th.n c.a.p. -, t-ttr:,lUt. 
co.parilon -

1 lII.ight. il l .... r thln c.o.p~ - r.shrt fro. 
this bit 

, \ 

, \ 



BI Tl 

LCO 1 

BIT.() 

LCOQ 

" 

C"PEND 

.! 

f"OD 

l' 

ENDC"P 

INl COPl 
INO -LC l 
liRA 

INl COPO 
INO LCO 
BRA 

INO LCO 

lBS QOO 

085 003 
INO COR 
OPS OQ4 

IRA 

INO FIN 
OPS 008 

IRA 

INT 004 
EOP 

• 

" -

= LCO l 
: BlTO 
:CI'tPEN.D 

J BIT 1 

1 LCOO 
1 CI1PEND 
:CI'tPENO 

: DlTO 

, 

1 COARSE 

1 FINE 

1 EOP 

B.7 l ' 

, bath tll ts are 0 - proc •• d to nlll t bit 
, MeJ-qht 15 gruhr than c.a.p. - ter.lnat, 

Vô.puilon 
)-"N.eIQht u' hll.r than é.o.p. - rntirt froa 

thu bit 

\) 

both bl h .r. 6 - t.rll-n.t, co.par lion 
1 Mtight 11 gruhr than c.a.p. - terliute 

ta'parllon 
, Mil ght 11 lI .. ltr than c. o. p. - r •• tirt f.,.o. 

thll bit ~ 

, co.parilon cOlpltttd ch.ck for r.turn 
.ddr," 

1 i nforl IP Coers •• ad, 11 co.pltt.d 
IP •• nd fine c.o.p • 

- 1 

inforl-IP Fln. lod. i, co.pllt.d 
IP waill far ~tlnd-.till, record Ictuil 
... iQht ,and vilidat. It,lnd:-Itlll (vu PIA ta 
S9V input) ... 

ERROR, no "',ttur" tldd" .. ' 

, . 



.. 

B.B 

1** •••••••• ,* ••••••••• ,.*".,*.".,.,*." •••••••• , •••• t ••••••• , ••• , 

• 
IÀ.l III Prt-proc.sl1n9 dAtl detectld fro. 4 reMS of lb IIn!iQr • 

.,ch ln • 1bx16 ~lrllbl. r,ferinci sen.or •• trlx - t 

ungle •• nIOf v.r.l0n • 
• 

' ••• " •••• ,." ••••••••••• , ••••••••••••••••••••••••••••••••••••••• * ., 

--------------~-------------
Input hnkl 0 ta 71 
--------------.. _--

1 EICh' b.nk: 8 lG bIts • 8 .. t'lX seruor • , 
a "S b 1 tl • 8 c orre.pond 1 ng 7/ 

'" Senior. • Bnn 
UR bits • Ann 

rOM Il - i Q.put binks 
rOM .2 .. input b-tn k s 
rD .. Il - input ·btnk. 
rD .. • 4 - input blnles 

80 EGU IN<O> 
81 EqU 1"(1) 
82 EgU IN(2) 
el EGU IN(3) 
84 EGU IN<4) 
8~ Eau IN<5> 
86- Egu IN<6) 
87 'EgU IN(7) 
89 EGU IN<O> 
89 EgU IN< 1 > 
810 EQU IN<2> 
B11 EDU IN<3> 
812 EDU IN<4> 
813 ERU IN< S) 
B14 ,EDU IN<6> 
BtS .EQU IN<7> 

AO-.EGU IN<9> , 
Al EgU IN<9> 
A2 EQU' 1"< 10) 
A3 EgU IH< 11 ) 
At EgU' IN< 12> 
AS EGO IN< 13> 
Ab' EDU IN< 14) 
A 7 EDU 1'N'(") 
AB EgU 1"<8> 
A9 EgU IN(9) 
AlO EgU INOO) 
AU EIlU [N<11> 
A.12 Eau IN< 12) 
Al3 Egu IN<13> 
lH4 EGU IN(14) 
AIS EgU 1 N.U:5> 

• 

• 4 

1 

1 

0 and 1 
2 iind 3 
4 And 5 
6 Ind 7 

LIR bit. ( "II FI q. 6.B, p.ge 

" 

b.241 



1 nput hnk 19, 

LINEO 
lINE 1 
LlNE2 
LlNE3 

EQU IN<O) 
EOU IN< 1) 
EOU 1 N< 2 > 
EOU 1 NO > 

8.9 

c-
LS~SSW EQU IN<9> LS Dr MS IIIfl tch f rD. output blnk 1 

~nput hnk .101 

lnterni! tubnl) inputs (11n. 0 to I1n. 3) 

I)en.rll procill pua .. ter, (llne 4 ta lin. 16) 

1 Output Vir llbl ... sllgn •• ntll 

-------.---------------------
Output hnk .0 

1 OU<211> 1 in. addr .. , . 
1 OU<1118> S.n,or addr." 1 n li ne \ 211> 

1 Output hnk '1 

1 OU<9> luitch ta lndl.tih Mh.ther th. "8 B IInlorl •• r. ",clnned (on) 
or the LS B .. nsors •• re IClnned '.HH) 

l.t ••••• UI •••• .end of 1/0 .'Iil)n •• ntl ." ........................... .. 

" 

,--

.. 

r 



1 

1 IR! scanner Uln rouho8 

START 

ST ART 1 

NXTLN 

LINO 

LIN! 

LIN2 

LIN3 

oas 000 
,an 000 

1 as 9 
oas 0 r LINO 

INT 0002 :EDPI 

1NO LlNEO : LINI 
DPt $000 
18S 0 
aRA STACI1P 
INO LIMEI 
OPL .001 
lBS 2 
BRA, STACI1P 
BIO' LIME2 
OPL .002 
IBS 4 
BRA STA'CI1P 
INO LIME3 
OPL .003 
nst. 

-iRA STACI1P 

EOPI 

:Ll~2 

aUN3 

1 LIN,Q 

LI n. -co'P'rI son routine: 

/ 

FI. 10 

1 Select Iln .. 0 

1 Interrupt .P and JU.p to~()fI1 

.P .111 re.u •• op.ratton af ter 
the rlgutrattan of ~nlor addresli 
and vilr14ble raference value. 

1 select Il''' 0' 

1 .e1 ect Il ne 

f 

nl.ct 1 i ne 2 

1 nlect ilne 3 

.. hen thlS routln. 15 calltd, lIn. ,nu.ber 15 a.!ugned 
ln output bank 0 and flrSt 11nl lnput 'bank 15 selected 

l' 

STACI1P INI AIS : AB14 , tut L IR bl t, ,goto n.lIt bi t lf tr.anslbon 
had al ready pccurtd 

INO B 15 : A814 
OPS IF : NHLN 1 bIt 15 - report translhon dehded 

A814 l,NI A14 : A813 t. ;. 
\ 

INO 91'4 1 A813 
OPS SE 1 NX TLN 1 blt 14 - r.pott tranutlon detechd 

ASI3· INI Al3 : AD12 
INO B13 : AB~2 
OPS'f1) : NXTLM bit 13 - report t'l'nu tion d,hchd 

AB12 HU A12 , ABIl 
INO 812 1 ABt t 

J'il f 
" 

~ 

, 

"1 

'" 

• 



~ B. Il 

OP!)! SC : NXTLN 1 bIt 12 - report transitIon detected 
ABII INI Ali : ABI 0 

1 N9 811 : A810 
OPS SB 1 NXTLN 1 bd Il - repor t tran s 1 t Ion detected 

ABI0 INI AIO : AB9 
1 NO BIO : AB9 
OPS fA : NHLN 1 bd 10 - report transition detected 

AB9 1 NI A9 s ABB 
INO B9 : ABB 
OPS $9 tNXTLN 1 bit 9 - report trAnsltlon detected 

"- ABS INI AB : BS 1 
INO B8 d~SI 

OPS $8 : NXTLN , bit ''9 - repor t tran51tlon dehcted 

BSI OBS 001 
OPS SOI 

, set 51Utch ta lndlcate ptS 8 sensor 5 scanned 
8-RA BANKS'" 

, branch ta bank SIU tch roub ne 

lSCKP INI A7 : AB6 
/ 

'1 NO 87 1 A86 
OPS H : NHLN , bit 7 - report trtiln,-ttion detected 

ADb INl Ab 1 AB~ / 
) 

INO B6 : ABS 1 

OPS $ô : NXTLN , bit 6 - report transitIon detected 
AlJS INI A5 1 A84 

INO 85 1 A84 
OPS $5 : NHLN , bit 5 - report transltlon detected 

ASo\- IN1 A4 1 A83 
INO 84 : AB3 
QPS U : NHLN , bd 4 - report transI tlon detected 

AB3 ' INI A3 1 A82 \ 
INO 83 1 AB2 • 
OPS .3 1 NHLN 1 bit 3 .:. report trAnsItIon d.tachd 

AB2 INI A2 
\ 
"1 ABI 

1NO 82 :t81 
OPS $2 : HLN 1 blt 2 - report trAnsltlon datected 

ABI 1Nl Al : ABO 
INO tH 1 ABO 
OPS .1 : NXTLN 1 bIt 1 - report trtilnsltlon datected 

ABO 1!41 AO : BS2 
INO BO : B82 
OPS $0 : NXTLN 1 bit o - re~ort transItIon aetlcted 

OBS 1 ',' 
0 i 

~ OP'} 00 1 turn off the I1SILS SMI tch \, 
~ 

BS2 BRA 1 BANJ<SW 

\ 

l 
d 
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B.12 

Bank SNltc~ routine 

BANKSW 'lBS 9 
OBS 1 

LUNO 

LLlINO 

LUNl 

LLLI N 1 

LUN2 

LLL~N2 

LLlN3 

LLLIN3 

INO LINEO 
INO LS"S5W 
OPS 0 
lBS 
OPS 1 
lBS 0 

INO LINEO 
INO 'L5"S5W 
OPS 0 
lBS 1 
OPS 1 

. lBS 0 

INO LINEO 
INO LS"SSW 
OPS 0 
lBS 1 
OP5 1 
lBS 0 

INO l.INEO 
INO LS"SSW 
OPS 0 
lBS 1 
OPS 1 
IDS 0 

: LU N 1 
: lLLIN 1 1 II It "S 8 •• nlorl, If not 11ne 1 Il ut 

1 is lt 11n. 0 f\ 
1 turn-off L"I"S IMltch 

~ 1 • : LS~"t' ~ 1 branch ta SCin L5 9 ",nsorl of Il ne 0 \ 

:STAC"P 

: LLIN2 
:llLlN2 

ISTAC"P 

: LLIN3 
1 LlLIN3 

:5TAC"P 

1 LLlNO 
: lLLlNO 

:5TAC"P 

\ 

~ 

1 turn-on LS/"5 IMltch 
1 br.nch ta ICln "5 9 lensorl o~ 11nl 0 

1 11 1 t Il ne 1 
1 15 it "9 8 unlorl, 1f not 
1 turn-off L"'"5 SMltch 
1 branch to ICln~5iêI • .n50rl 

~ l' turn-on L5/"5 IMI tch 
l' b" :~ch ta Ican "5 8 'Inlor, 

" ,1 i~ lin. 2 

11 ne 2 11 

of lin. 

of lin. 
l 

nex t 

1 i 1 it "5 8 lin I~ lf no t 11 n. 3 II next 
turn-of.LU~ IMi tch 

1 branch ta Ican L5.8 senlorl 
• turn-on LS/"5 IMltch 

of llnl 2 

1 branch ta Ican "5 8 I.nlorl of Ilnl 2 

1 11 it li ne 3 
1 11 lt "5 8 I,nlorl, if not 11ne 0 11 nlxt 

turn-off L"I"5 IMltch 
1 branch ta Ican L5 B I.nlorl of lin. 3 

turn-on L5/"5 SMI U:h f-
• branch ta lCan "5 8 senlorl bf 11nl 3 

,_. 

: 

\. 
7 



c. 1 

APPENDIX C: BNF, ISP 

Both BNF <Backus Normal Form) and ISP <InstructIon Set 

Procassor) are languages·u.ad to describe com~uter op.ra~ons. 

They are u.ed witnin the body of this report to descrl~. the 
,Ii 

operatIons of the BD «utdmata. The BNF deflnes source language 
, . 

syntax while the ISP describes computer ha~dware ~rganlzatl0n 

Interrelated to It. operations. 

C.l The Backus Normal For. Language 

/ 
c ' 

The BIIF i.' a metalangua9. u.ect tO"~.cribe the gr .... mar 

and syntaK of another language. It was,developed back in 1959 
.,j 

L' 

to des~ribe the .y~t~ of ALGOL bO [BA591. Within th. family 

of "conteKt fr.... ~an9ua9... it is the inest commonly u.ed 

[SEb9,HE73J. FORTRAN 77 for exa~ple ha. ae.n entirely defined ~ 

using an extended ver.ion of' the BNF language. Tha BNF 15 u •• d 

ln this work to define the correct ~yntax of the BD assembler 

language. 

The BNF la~ouage conslsts of a set of s~clal symbols and 

a number of deflnitlon rules. 

, 

The klllowing special BNF symbols tarE !-lsect:,' " 

1. 1-;= implies "15 defined as" 

2. i mp Il es "or el se Il 

'. 



C.2 

... 
3. () d.lim1t. the string or name of the deflned 

parameter 

Example, <DIGIT> ,,= 1/2/3:4: •••••• 9:0 

WhlCh Impl1e5 that the ward DIGIT 1S def1ned as elther one of 

the '10 d191 ts. ' 

Nawly dafined wo~d. or symbols can be used ln subsequent 

defi\n~~~Ô' The word DIGIT, for instance, may be, used l'ater 

ln the~fini~on of other ward. contain1ng several digits. 

1. New ward. or symbols may be d.f1ned u.ing th. BNF special 

symbols and/or previoG.ly defin.d ward. or' symbols. 

... , 
2. Word. or symbols that 1011ow ln succession in Any 

combinAt:.i on impl'y concatanation, i.e. nAmel ".and" name2 

.tc. 

) 

4. The synta)C equation 15 written in the left ta ri'9h~ ord.,.. 

( 
. ' 

.. '" 
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C.3 

A source languàga is dafined b~ fir.t defining ail 

primitivè symbcls. The .yntax definitlon of an up ~c ô-

character word, commonly used to denote program paramater name 

ln many high level languag.~, 15 u5ed as ~ simple 8Kample. A 

~arameter name as 5uch may be constructe~ from Any èombination 

of alphabetic charachters and d19l~5~Flrst, the primitives 

~ETTER and DIGIT are defined; These are u.ed to deilne the 

alphanum"rlc character- LETDIS and intermedi.te subnames. 
? 

Finaly, the p.ramtar NAME synta~ ia givan ba.ad on the 

<D1GtT> ::- 1:2:3:~1 ••••••• 910 

< LETlER > :~- AIBIC:DI •••••••••••••••• XIYIZ 

<LETDIG> :.- <DIGIT>I<LETTER> 

< SUBNAMES > 11= <LETDIG><LETDIS> 

<SUBNAMEL> la- <LETDIG><LETDIS><LETDIG) 

<NAME> z :. <LÊ-t1EFf)T<t:ET'fER-)-( .... TJll.G>-; <LE!~><SUBNAMES> 1 
-----

<LETTER><SUBNAMEL> 1 <LETTER><SUBNAMES><SUBNAMES> 1 

<LETTER><SUBNAME~><S~BNAMEL> 

' .. 
Notice that the defined 

NAME. 

1. requlres alphabatic letter as the first character 

2. allows uppercase latters only 
\ 

3. allows Any lecgth from 1 to 6 characters. 

\. 

-~- --- ....... ----
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/ C.4 

d.fined in simil.r way_ The 8NF syntaw definitions are part of_ 

the high iev.l seurce pragram compiler. Program legic 

èorr.ctn... cannet 

1'.nouAge is 
, 

built· te a speclfic limitlld 

.appl.jcatien. Therefore general purpe.e t'!l~h level language 

compilers can enly deteçt grammatical .yntaK errers in scurc. , 

code while detectin9, pregram legic errer. is •. t •• k 1eft ta 

the prc;ramftler. 

, , 

- -----~~------ ------------
--- --- - ----

--.. -

\ 

/ 
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C.S ~ 

C.2 

'S1milar. to the BNF. WhlCh i. 1ndependent of the lan~ua9. 

who ••• yntax and grammar it dJ~ina.i the I~P i. lndep.~d.nt of 

the computer architecture who. organtz.tion and opar.tians it 

dascrib... The IS~ CBN71J, is. m.tal.nguag_ con.istlng 'of 

dec lar ati ons,. 

T~er. a~e two main cl •••• ~ of decl.ration.: 
" 

1. Declaration of hardwara architecture 

2. Declaration of proca •• or action. or èparation •• 

data ~ype., data operation., proca •• or - r 
i n.t'ruc:t ion •• 

Eac~ ISP daclaration, da.cribing .. partdof tha computer 

hard~.re, con.i.t. of. 

1. The full part na .. , 

2. An a •• ignad abbraviated name, and 

3. A func~ional Id •• criPtion Ca.;. part .ize, numbering 
J 

.equence> • 

1. Il \.. .eparAt •• th. full nama froll it. dfi:lared 

Abbrevi AU on. 

2. Il ,. ft i ndi cat.. content a •• i gnm.nt , i. e., the content of ) 

part A i •••• ign.d ta part B. 

3. Il • > Il indic.ta. action .equence. 

4. n< >tf and "[ l" tha •• bracket. contain information about' 

J 
1 



, , C.b' 

, registers. 

5. Il <- .. indicates an I .... ignm.nt which i •• re.ult of .. n 
'J 

actiàn • 
• 1 

. 
Ex.mpl. Il. A decl .. ration de.cribing the BD progr .. m m.mory i5: 

v 

Instruction memory \ Mp[255aOJ<1510> 

inat,.uction ",emory.' 

2. The memory ha. c.lls number~d.from 0 ta 2~~. 

3. e .. ch me.ory cell ls 16-bit long. The bit ... re 

numbe,.ed frc. 0 to 15. 

JjjJ 

Example 121 The ••• ignment of the Prcgra. Ccunt.r content ta 

the in.truction .ddr ••• ts declared a. fcllowsl .. 
Instruction Addre.s \ IA<7.0> .- PC<7.0> 

M •• ning. 1., lA is the' abbreviaUon •• signed ta the 

inatruction .ddr.... ~ 

2. PC i. the program counter register <assignment of 

abbreviation should have b.en done in previous 

declarAtion) 

~. Both lA and PC Ar. a-bit in size,. bits Ar. 

numb.red from 0 ta 7. 

4. The content of PC ia addigned ta lA. 



1 

C.7 ,~ 

Ex.mel. *31 Th. action impliad by· a c.rtain operat10n ,coda 1n 

the proc •• sor In~truction m.y ba daclAr,d as 

followsi 

x <- IV(lR<13a8» 

<I R< 14> eX) - 0, - > 

, ( 1 R< 14> œ X) - 1 - > 

PC <- MpCIR(7:0)l 

PC (- PC + 1 

• 
Meanlng. 1. If bit 15 of the instruct~on word is 0, th.n the 

i,n'put variable/.IV who •• addr ••• is indicated by 

bit. e to 13 of th. in.truction ward IR is 

••• igned to X repr ••• nting, th ••• 1ected input. 

2. Th ••• cond action d.p.nd. on th. r •• ult of XORing 

bit 14 of th. IR with the •• 1.ct.d input X. A 0 
, 

r •• ult cau ••• th. low.r B bit.' of th. IR to be 

e •• iQned ta th. PC. A 1 r •• ult cau ••• the PC ta b. 

increment.d by 1. 

1 J 

. , 
o~ .. conv.ntional computer i. very 

compl.x and may r.quire several hundred d.clarat~on •• An 

1ndicatian.s to tha simplicity of the BD proc •• Bar i. the fact 

that it can be d.scrib.~ by 1 ••• th.n 20 dacleratian •• 

, 'r 


