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ASSTRACT

A speech research facility based on bit-slice arcitecture ha.s been

developed and tested" The processor \.¡as successfully programmed to pro-

duce autocorrelation values, reflecEion coefficients, prediction coeffí-

cient.s, and the frame error of a speech signal in real time" The soft-

v¡are is v¡rlt.t.en on a program and a r:ilcroprogram level.
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Chapter I

II.ITRODUCTION

The characterlsËics of the human speeeh signal have been vigorously

studied since the 1950s" The result.s of work done in speech analysis

have successfully been appll-ed. to ËelecorninunicaÈions, speech synthesis,

speech recogniEion, speaker recognition, and biomedical applications.

In this work a speech research faeility has been developed. that enables

the experimental study of linear predlctive coding (LPC) of the speech

signal.

The LPC data compression technique perrnits a reduction of. the d.ata

rate of speech by a ratio of more than 30:l tll. This is diseussed in

detail in Chapter 2" This codíng is perforrned in real tine on a sampled

speech signal r¡ith a specially designed bit slice processor. The algor-

ith¡rs chosen yield ten predictor and. reflection coefficients, eleven au-

tocorrelation values and the prediction error for every frane processed.

The predictíon coefficients are then used for specific purposes such as

speech recognition, speech synthesis or sensitivity studies.

This document starts with a brief revidw of the speech signal and the

LPC of speech. The perÈinent algorithrns âre described, followed by the

hardr¿are and software description. Finally, the results of the Lpc pa-

rameter generatíon are presented and evaluated.
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ChapEer II

LINEAR PREDICTION CODING THEORY OF SPEECIi

2"L TIiE SPEECII SIGNAI,

To provide a cornprehensive description of Èhe speech signal, ít Ís
necessary to describe the production of speech and also Èo look at the

human perception of sound. Knor¡ledge of the physieal- limftations and

qualities in the organs responsibl.e for hearing and speaking yield va-

luable clues about nodelllng the sysÈem and also deterrnine the useful

inforrnation in Èhe speech signal "

The descriptions are brf_ef and are concerned r.rith the organs on a

physical level only.

2"1"1 Speech ProductLon

The vocal organs are illustrated

atively constant pressure which is

sure when a person is talking tzl "

breathing time is typically devored

continuity of speech"

in Fig " l. The lungs provfde a rel*

1Z greater than the atmospheric pres-

During conversation only 15% of. the

to inhaling" This contrl-butes to the

Air from the lungs passes through t.he larynx, where the vocal cords

are located, and then out Èhe mouth and nose. The opening created when

Èhe cords are open is known as the glotÈis. The portion of the vocal

system beEween the gloÈtis and lips, including the nose, is called the

vocal Èract"
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A deÈailed acoustic theory of the vocal tract musË consider the

following effects:

a) Tirne varÍation of the local tracË shape;

b) Losses due to heat conducÈion and viscous friction aË Ëhe vocal

tracÈ walls;

c) Softness of the vocal tract walls;

d) Radiation of sound at rhe tips;

e) Nasal couplíng; and

f) ExciÈation of sound in the vocal tract.

The cornplete theory including all these effects ís not yet avaiJ-able and

is beyond the scope of this v¡ork. Símplifications will be rnade as re-

quired.

The vocal cords are responslble for rnodifying the air flo¡v from the

lungs before iÈ enters the vocal tract" Hereo the flow of air is rnodu-

lated by articulators Èo produce speech" The vocal tract is approxi-

mately 17 cur long in the adult nale and is deformed in cross-sectional

area by the articulatorsi i.e., the t.ongue, lips, jaw, teeth and velun.

2"1"1"I ExcLÈatlon

The primary source of excitation to the vocal tract are the vocal

cords. Three basic types of excltation are possible; voiced, unvoiced,

and plosive.

Voiced excitation Ls the best understood since the physícal source,

(the vocal cords) can be more easily rnonltored and measured during exci-

Èation. Voiced excitation is produced by the vocal cords vibratÍng at

various freguencies. SufficienË air pressure is buílt up when the glot-

-4-



tis is closed to force the cords openô The opened vocal cords forni a

venturi allowing air from the lungs to flow through the glottis and Ehen

the vocal tract" Bernoulli's Lall sË.aEes that when a fluld (air) flows

through an orifice' in this case Ehe glottis, Èhe pressure is lorver in

the constrictl-on than on eiLher side" ConsequenÈly when Ëhe pressure ls

adjusted properly on the vocal cords, a sustained vibration is created.

Thus the cords will open when there is sufficient pressure and v¡il-I

close completely once the air flor¡ has begun"

A susÈained air oscillation can be maintained" lts period depends on

the following three facËors:

a) Air pressure ln the J-ungs;

b) Tenslon and stiffness of Èhe vocal cords; and

c) Area of the glottis under resE condftions"

Figure 2 shows a typical glottal pulse as a triangular vaveo along

!¡ith iÈs associaÈed frequency amplitude spectrurn [3] " In reality the

energy in the pulse is not symmetrically distributed" In normal speecho

the periodlc glottal pulse frequency, also knor¡n as pitch, extends from

60 to 350 Hz. Speech sounds associated ç¡ith voiced excitations include

vowels such as "e" in beet, and voiced consonants such as nvo ln zebra.

One source for unvoiced excitaÈion is a constrictlon in the vocal

tract or turbulent air flow around a sharp edge, such as the teeth.

The resulting speech sound is a hiss-like noise, called a fricative

sound " Another type of unvoiced excitation is caused by aspiraÈion or

or free flov¡ of the air from the lung through the vocal tract. In this

case, all the artlculators in the vocal t.ract are used to shape the

sound. I^Ihispering is a common exarnple of t.his excitation source" Un-

-5-



voiced excitaÈion ís noted for having a lower energy and flat.f:er fre-

quency sPectrum than voiced excitation. These characterist.ics are used

to distinguish between the t\ro types of excl-tations.

Although unvoiced excitat.ion could occur anywhere in the r¡ocal trac¡

it is assurned that all exclËation fs applied at the vocal cords. Anoth-

er slmplificatlon made for the sake of a reasonable speech model J.s tha¡

of a single excitation source. At any timen the excitation provided to

the systern is either voiced or unvoiced. In reality, howerrer, there are

numerous exarnples of míxed-source excitation models t4l "

2"1"I"2 Vocal Tract Þfodel

With the above assumptions, Èhe vocal tract is seen as the systen un-

der excitation at Èhe vocal cords. As mentioned. earlier, tfr. urti",rf"-

Èors of the vocal- tract are used to adjust its cross-sectional area and

hardness to provide the speech sound. The systen ls time-varying and is

assumed as linear to aid in speech analysis. The artlculators used to

alter the system are limited by theír inertia in their rate of change.

The vocal tract, is therefore assumed stat,ionary for f0-30 ilsêc.

Figure 3 shows a slmple moclel of the vocal tract as a concaLenation

of lossless tubes of different diameters. This model has been investÍ-

gated t5l by looking at the boundary condit.ions and junctions between

tubes of differing diameters in terrns of reflected wal'es. The k-th re-

flection coeffl-cient (.t) is given by

At*l - Ak
T.:

t( Ak+r * Ak

-6-
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Figure 3: Lossless Tube I'lodel of the Vocal Tract

Figure Tryo Tube Þlodel- of the Vocal Tract



r'¡here A, ls the cross-sectional area ofk

0, a1l the reflectfon coefficients are

the k-th Lube"

confined Èo Ehe

,,

I

Slnce all /rO

follovd-ng range

At the acoustÍc frequencÍes under consideration the r+avelengths of

the sound !¡aves are comparabJ-e to the length of the vocal tract " For

the follorv-ing analysisu only the frequencies beLween f = 0-4000 Hz are

consfdered so that wave propagation can be assumed to occur in a length-

r¿ise directl-on" al-ong the vocal tract. The shortest sound wavelength

(1 ) is sLven by
Í,t

-I\<tk{1

where I is the vocal traetv
35000 cm/sec.

A complet.e 2 tube rnodel

sponse V, (fi) given by t5l

3s000
-60Õ-0: ö.t) cm.= ä t.,

vL (CI)

ECÐ-

"5(l+ra) (l+rr)

(3)

length and c, t.he speed of sound ls given as

ís shor¡n in Fig" 4 with the frequency re-

(2>

û (Tl+T2)

(4)

c
t

va (a)

-j0(T-,+Tr)
{I*rre L I 

}

-------:-ì-õ7tJ"-^1l*rrr"e -*r
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Where V" and Va are the transforms of the volume velocity aE the l-Lps

and the glottise respectfvely, \ and R, are the reflection coefficients

at Èhe rips and glottls, respectÍvely, and r, and r, are rhe tirnes re-

quíred for sound to travel through sectLons I and 2 "

In the signal flow graph model to be considered all sections are as-

surned to be of equal" length. This fs valid if an adequate number of

sections are used to represent the vocal tract," Thus the propagation

delays in each section T are the sarne and the system carÌ be rnodel.led

wlth an infinite impulse response (IIR) digiral filter"

The lossless tube modeL is the same as that of Fig" 4 except Èhat the

delays T, and r, are the same T". Hhen an lmpluse is supplíed at the

glottis, the vol-ume velocity at Èhe lips (v"(t)) is given by

va(r) : "0ô(r-NT') *, r"utô(r-NT'-2kT')
I<=l

(s)

(6)

The soonest an irnpulse can reach t,he outpuE is NT"" rvhere T" is the pro-

pagation time. for one sectl-on and N is the nurnber of sections " The suc-

cessive reflected !¡aves r¡ill reach the output "ad infiniÈum' 2T' apart-

The frequency response is

v^ (s)
: -s (N+2k)r'). a,eE.K

K:o

-; sNT'i uk" s 2T 'k
s=o

vu'(s) :ulo"u" s2T'k

The factor

-9-
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represents the resonance properties of

sponse is obtained by replaclng s vriÈh

the system"

JfÌ to get

The frequerlcy re-

(B)

(e)

va ' (ç¿) :, r tk"j Qk2T'
K=O

rfi th

v '(Q
d.

+2r)=
ÌT'

va' (1)

The response is periodic ando by shannon"s theorem, aliasing is

avoíded when sampling is done with period 2T' and aLl excLEation Ls less

Èhan 1 /2T' Hz.

The sampling period of. 21' makes sense fnËuítively since a change Ín

the output volurne velocity should only occur after a wave has undergone

a backr+ards and then a forward reflection" This corresponds Eo a Eíme

of 21'"

All information regardlng the system ls contafned Ín the reflectj-on

coefficients rk of the indivldual boundaries" The boundary eonditfon aL

the lips (rl=0) and grottis (rc=l) are assumed Èhe same as for the pre-

vious model of Fig" 4.

The choice of number of sections depends on Èhe length of the vocal

tract and the sarnpling raÈe chosen" Since the frequency l:esponse of the

lossless tube Ls periodic, only a band of frequencies can be approximat-

ed in the urodel. These frequencies are given by

-10-



lF I . 17+f l-Sarnoling period. ( i0)

(r1)

This requfres T=2To v¡here T" is. the one-way propagation time of a singJ-e

section. with N secÈions giving toÈal length l, T"=l/cNo vàere c is the

speed of sound.

The denorninator representing the transfer function is sftn-ilar eo thaf:

in Eq" (4) except T, = Tr. The order of thts denominaEor is N \trith N/2

complex conjugate poles necessary to provide the resorrances in Ëhe above

rnentLoned frequency band"

The following relati-onship describes the híghest, frequency componenc

fron Èhe vocal tract

N,
2\

1_tn -41- -Nc-m- 1000 Hz )

This implies thaÈ there is one resonance for each i000 Hz in a vocal

tract of length 17"5 cm" A resonance of the vocal tracÈ is knor+n as a

formant. Short.er vocal tracÈ lengths have wider formant spacing.

In summaryn the vocal traet is modelled as a linear, quasi-staËioûary

system" The excítation is assumed to be provided at the vocal cords and

the response of the vocal t.racÈ results in speech sounds. The exÍstence

of formants are successfully predtcted by Èhe Eheory of lossless acous-

tic tubes and are an important feat.ure of the speech signal.

- il -



2 "I.2 Speech Perceptl_on

Some understanding of the human perception of sound in general and

speech in partlcular is lmportant for the successful analysis of speech.

Only the relevant fnformation of the speech slgnal need be reÈained Ln

Ehe model. This refers dLrectly to that vhich can be päreeíved by the

ear" with better understanding of the percept.ual process, speech re-

search effort, lncluding analysis, can be optimized" Because of the

cornplexity of the topic, thís discussion of speech perception is neces-

sarily límited to the physical funcÈion of the hearing organso not in-

cluding the auditory nerve and detailed l-nterpretation of sound" The

hearing organs are organized into three groups depending on their loca-

tion in the head" These are the outer ear, the mLddle ear and the inner

ear. A schemaÈie df-agram of the ear is show ln Fig " 5 "

The outer ear is that porÈl-on outside the head to the point where Èhe

ear canal raeets the eardrum. rn nan the ear canal is about 2"7 cm in

length and is an acoustic resonator Ehat amplifies sound \saves near its

resonance frequencies" usually 3-4 kiP.z"

The effect of the,ear canal on perception can be seen elearly in Fig"

6. The threshold of hearing shor¿s a global rninimum at abouÈ 3 kHz when

subjective loudness is plotEed against frequency" Zero dB ls defined as

Èhe threshold of hearing for a sinusoid of 1000 Hz" At 3-4 kHz frequen-

cies the sound pressure at the eardrum is trvo to four tirnes greater than

the sound pressure enterJ-ng the ear canal.

The middle ear consists of the nalleus (hammer), incus (anvil) and

stapes (stirrup), also called the audítory ossicles. These are three

snall bones thaÈ mechanically link the ear drum to the inner ear" The

tvto major functions perforrned by the niddle ear are:
-t2-
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a) rnpedance transformat.ion from the outer ear air medium to the in-

ner ear"s fluld medium; and

b) Protectl-on for the inner ear against sudden loud sounds.

The air-filled cavity of the ¡niddle ear Ís connected to the mouth

cavity by the eustachian tube, which ís normally closed" The pressure

difference that can build up betr,reen the Eìiddle ear and surrounding air

is parÈicularily noticeable l-f the outside alr pressure changes rapidly"

sl¡allowing will momentarily open the tube to equalize the pressure.

The audltory ossJ.cles are suspended by ligament.s in the cavity walls.

The hammer is rlgidly attached on one slde and covers more. than one-hal-f

the eardrum area. It transmits the energy of eardrum moEl-on t.o Èhe an-

vil which causes a dlsplacement in the stirrup" The total force on the

stirrup acts only on the oval window, whíeh inËerfaces the middle ear to

the inner eal." The middle ear system acts as a lever that produces

Pressure on the oval window about 35 times greater than it would be oth-

erwise "

The prot.ective functl-on of Èhe middle ear prevenÈs damage by loud

noises to the lnner ear, and also performs sorne initiat processing on

the signal. One mechanlsm is provided by two muscles reacting together

in a reflex response to loud sounds. The middle of the eardrum is con-

nected by one of Èhe so-called tynpanic rnuscles to t.he inner region of

Èhe head while another is connecÈed to the stírrup. In response to loud

sounds the eardrurn ís pulled in whíle the stirrup is pulled away from

the oval r.¡-indow slightly" Thus the efficiency of the rniddle ear is re-

duced for louder sounds.

-14-



Contraction of the niddle ear muscles increases r¡ith sound lntensity

so the ossicles stay Ln contact wiEh each other, even at high l-evels"

This controls distort.ion thaË rnight otherr¿ise result.

The inner ear ccnsists of the cochlea, \'estlbular apparat,us (not nor-

rnalIy used for deEecting audio vibrations) and the auditory nerve Lermí-

nation" The cochlea is normally coiled like a snall shell in a flat

spiral of.2 LlZ Èurns" The cochlea Ís schemaËically shor¡n in Fig" 7 as

tf lE ltere stretched out" The charnber is f11led with a colorless liquid

and the length of the canal in the spiral conch is abouÈ 35 mm" The

cross-secÈlonal area at the stirrup end is about 4 **2 and the area de-

creases to about I r*2 at the Eip. The parËition in the center Ís

fi1led lrith a different llquid and is bounded by a bony shelf, a geletL-

nous rnembrane called the Basilar mernbrane and another nembrane knov¡n as

Peissner"s nembrane.

The lnner ear is connect.ed to the stirrup aÈ Èhe oval windor¿" IJhen

vibrating, the stirrup acts as a pisLon producing a volume displacemenE.

of the cochlea fluid" Since the cochlea is essentially rigid and the

fluid is incompressable, the round v¡indow senres to absorb the fluid

displacemenE. Among the ce1ls residing in the Basilar membrane parti-

tion are approxlmately 3000 sensory (hair) cells on which the auditory

nerve endings ternrinaÈe. Since the Basilar nnembrane is stiffer and less

nrassive aÈ l-ts narro$r basal end and râore cornpliant and more rnassive at

the broad end, its resonant properties vary continuously along its

leng th .

Very slow vibratlons of the stapes (less than 20 Hz) result in a

back-and-forEh motion of the fluid of the scala vestibuli and the scala

- 15 -
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tympani through the opening at the helicoptrema. At hlgher frequencl-es"

vibraÈlons are transmitted through the yiel-ding cochlea at, points r¡hJ,ch

depend on the frequency content, of the signal.

The rel-ative displacements of the Basilar membrane, normalized to

one' are shov¡n graphically tn Fig" 8 for differenÈ sinusoidal frequen-

cies" It should be noÈed that the displacements for the Basilar me6-

brane at the different frequencies have roughly the same Q" Thls ex-

plalns why frequency differenÈiation ls more selective for lower

frquencies and tirqe resolut,ion is better aÈ hlgher frequencies" More

recent measurenents t3l suggest that the mechanical response 1s some¡¡hat

dependant on sound int,enslty.

The range of frequencies perceived by the ear are depicted in Fig" 6

Typtcally frequency perceptíon extends from 50-16,000 Hz" rr ls f_nter:

esting to not.e that the lowest, frequency heard has a period very close

to the pseudostationary period of the vocal tracÈ, 20 rnsec. Events EhaE

happen slol¡er than 20 msec apart appear to Èhe lisEener as time-separat-

ed while those which are quicker are distinguished in the frequency do-

main"

I{hen white noLse is applied to a subject's ear the uncerÈaínty of

frequency differentiatíon Ís greater than that for sinusoids. The maxi-

mum infornat,ion content in terms of frequency and loudness is found be-

tween 700 and 5,000 Hz and does ,,oi irr"t"ase r¿ith loudness as it does

for sinusoids. Perception tests done with noise are more applicable Eo

speech because a Pure sine wave is almost never encountered in speech.

The basic assumptions of the speech ¡nodel- r¿hích have been JrrstifieC

from the poínt of vier¿ of both the ear and vocal organs aïe:

-t7-



a)

b)

Pseudostationary for 20 msec;

Bandlinrired ro I/Zf < 4 kRz"

and

2"2 LINEAR PREDICTIVE CODING TIIEORY

Linear Predlctive Coding is widely used as an efficient means of rep-

resenting a complex speeeh signal by a small nu¡nber of paraneters. Typ-

lcally the reduction ln data using LPC is about 30:1" A typical Lpc vo-

coder t6l reduces Ehe data rate necessary for speech transnission to

2400 BPS (Bit Per Second). This is a source coding method where only

the paraneters for the model of the vocal tract are calculated" The ex-

citation, voíced or unvoiced, and the gain must be calculated separately

for the reconstructLon of speech frorn the parameters.

2.2.L The LPC Mode1

The justifícation for the use of LPC is that a linear cornbinatlon of

past samples of the speech signal can be used to predict lhe next va}ue.

In the most. general case for linear prediction, t.he pasÈ and present Ín-

puts are also used to predict the nexÈ value" This is a tl-me dornain

meÈ.hod l¡hich depends on the pseudostationary Iínear model of the vocal

tract sho¡+n in Fig. 9.

The all-pole model which is used is also knor¿n as the aut.oregressive

model. It can be justified on the basis of perceptual effecÈs of remov-

ing the zeros or antL-resonances from the speech stgnal"

I,iit.h non-nasal sounds the vocal tract transfer function has no zeros.

For these sounds, therefore, zeros are not necessary. Nith unvoiced and

nasal sounds, the zeros lie t'¡ithin the uniE circle in the z-plane"

-tB-
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Thus, Èhey can be approxirnated vr-ith arbitrary accuracy by multil-ple poles

in Lhe Èransfer function denominator t5l " In most eases the zeros eon-

tribute only to spectral balance by affecting the forrnant bandr+'idth or

energy distribution. The formant locations are deÈernrined soleiy by the

poles "

It was noted ín Sec" 2"1"2 thaÈ one resonance will exist per I.000 Hz

in a vocal trâct of length 17"5 cur" As a rough measurement, it is suf-

ficient to obtain tv¡o poles to represerit the influence of the glottal

flow and radiation of t.he speech rvave and tv¡o poles for each Eêsorrâncê.

The effect of zeros is not normally consídered here" Therefore, i-f fhe

signal is bandlimited to 4 kRz, approximately 10 predictor coeffieierrt-s

are needed"

2"2.2

The

P past

shor¿n

where

t rans

LPC Pararneter Generation

signal sn can be described at

values and the present input. u

by

any time as a linear combination

,, for Èhe all-pole model" This

of

is

"k
fer

are the predictor coefficienÈs and

function reduces to

P
= -I a.s + Gu

n r 1kn-K nK=I

H(z) = G

P
1+r -k

k=1 "k"

(i2)

G is the gain. The syst.em

-20-
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\^rhich can be realized by a

t.er.

digítal infinite impulse response (IIR) fil-

l-inearly welghted sum rfThe approximated signal s" is obtained by a

the past values and l-s shorrn as follor+s

P
= -I a, s

k:l K n-K

The resulting error e known as
n

the residual is descrLbed by

(14)

(rs¡

(16)

(17)

The residual must be ¡n-inimized to get Èhe LPC coef flcients"

A det,errninistl-c instead of a randon signal is assumed, alJ-owI-ng re-

sults to be expressed in terrîs of actual rather than expected values.

The neEhod of least squares is almost universally used for minlrnizing

Èhe error. This meÈhod 1s expressed as

I

ã = c -ennn

E=Ie nn

ãE ^=--=Uòe.
]-

P

= s + I a..-n ', -, -k"n-k
K=l

I(s:-n
n

P
+Z

k= , "ktr,-k)

r¡here E is knoçn

norrnal equations

yet been defined"

l< i-< P

as the error

shor¡n belorv,

signal energy. The

in which the range of

solution yields

summaÈicn has

the

noE
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P

u-Ir'u å 
sn-ksn-í = *[ s s

n n n-i 16içP (18 )

(le)

finite interval, 0 to

t is zero outside the

I
i

uo = : "r,'

For any set of signals srrn there

can be solved for the predlctor

tion is specified for two cases,

estimating the parameters "

r¿here

P
*ulr( ak 

: =r'"r,-k)

snsn+í

çrill be P equations in P unknowns that

coef flcients (a,.) " The ::ange of summa-
K

whlch yield two distinct methods for

2"2"2.L Autocorrel-atlon Dlethod

lùith this method the error is minlrnized over all eirne , - Ø < n < oô

The solutf-on for the normal equaËion is

æ

R(i) = I

P
I a.'-R(i-k): -R(i) l-<i-<P

k:l tr

E^=R(0)+f a,.R(k)
P k:l t!

(20 )

(21)

(22)

We can see that R(i) = R(-i), isn

by the R(i-k) in Eq. (20) í-s a sym-

along each diagonal are the same"

solutions for the predlctor eoeffi-

n=-æ

is the autocorrelation function of s

an even function of i.

The autocorrelation matrix forrned

aetríc Toeplitz matrl-x, All terns

This is important when considering

cients .

Since the signal is generally kno¡¿n

ll-1, a window function multiplies the

known interval. This can be expressed

only over a

signal so i

by

-22



st-n

v7nn

the windowed signal

then becornes

0<nSN-i

otherwise
(2s)

and w_ ís the wlndow funct,ion.. The au-n

i,
r¡here s" is

n

tocorrelation

N-1-i
R(i): I

n=o

ßr-1
=ik 

,.rlo

! odn "n{-i L>oo

I *< i"çP

(24)

2"2.2.2 Covariance Hethod

I.llÈh Ëhfs method error Ís minimized over

N-I, givl-ng Èhe normal equationS

P
uo : 6oo o¡31 ukcok

the finlËe ínterval 0.< n *<

(2s)

(26)

(zt ¡

where

sn-i sn-k

which ís the covariance of the signal sn over the given j.nÈerval" Note

rhat the P samples preceding the frarae under consideration are necessary

Ëo coripute the covariance. The,f¡¿ in Eq" (25) form the covarianee ma-

trix which is symmetrlc, but not Toeplitz.

The covarlance method reduces to the autocorrelatíon r¡eËhod as N goes

to infinity. Also note that windorv-ing l-s noÈ necessary over Èhe fra¡ne

since error is minimized only over Ëhe interval considered"

-23-



2.2"2"3 Latt,ice FormulaÈÍons

This class of methods combfne Èhe autocorrelation arrd covarlance

methods" I'11th these methods the predlctor coefficients are obtained di-

rectly from the speech sample" There Ls no need for an intermediate

correlation rnatrix to be calculated. Also, sÈability of t.he filter

yielded l-s guaranteed r¡-iÈhout use of a wlndow"

2"2"3 Comparl-son of Methods

The nunber of rnultf-plications required for computation of the auto-

correlatfon and covariance methods are sirnilar if N >> P where l.I is rhe

number of samples considered in Èhe frame and P is the number of pre-

dictor coefficients" A urodified lattice method exists that obtains the

partial correlation coefficients" also cal-led PARCOR or reflection coef-

ficients o with the same computational efficiency as the covariance met,h-

od t5l. However, this method. requires more calculaÈion to obtain the

ParameÈers. Therefore, to obtain the predietor paraineters it is iess

efficient.

Stability is also an important crLterion in the choice of a method.

The LPC model can be described .in Ëhe z-plane as

r¿here

This system is stable if the zeros

the z-plane"

The parameters obtained by the covariance rnethod could result in an

unstable filterii.e.stability is not guaranÈeed by this rnethod" The

-24-
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P

A(z)=1-i^kr-k
k=I

(28 )

(2e)

of A(z) are inside the unit circle in



Poles, which are locaÈed outside the uniË circle for an unscable fiLtero

could be reflected inside Ëo obtain a stable fi-lter v¡ith the same fre-

quency resPonse" This approach, however, resulEs ln increased eomputa-

tion time

For Èhe latÈice method the filter obtained by the resultf-ng pi:edictor

polynomial is guaranteed Èo be stable since ehe predictor coefJ:icients

are obtained from the PÄ.RC0R coefficient.s which, by definitionu are

s tab le.

The autocorrelation neEhod t¡as chosen because of its efficLenE caLcu-

lation and the fact that. the resuleing filter is Èheoretically guaran*

Èeed to be stable" Care must be Eaken in the calculation since fini-fe

register length ef fects might cause an unstabl-e J:l-lter" When the speech

signal is specÈrally flattened these undesirable effecEs are mlnirnJ-zed.

Therefore, with spectral pre-emphasis, a stable filter rvill result r-rith

snaller regl-sÈer lengths" Thts is discussed ín more detail Ln Clrapter

5.

The test of the PARCOR coefficienÈs

Èíon
-1 \< ki

(30 )

is necessary and sufficienE to ensure stabillty t5l. IÈ rvill be shown

that. PARCOR coefficients are a byproduct of the recursive relation"

knor+n as Durbin"s algorlthm, used to calculaEe Ëhe LPC coefficienËs.

to ascerEain the following rela-

-25-



Chapter III

ALGORITH}Í DESCRIPTION

Þleeting Ëhe objective of using the autocorrelation nethod i-n real

t.l-me requlres that all calculations be done within the Èiroe perf-od of a

single frame" Algoríthm selecÈion is based on efficiency of cal-culatj-on

and the infornation províded at completion" The following Èhree grain

transformations are performed on the datao as required. by t,he autocor-

relation nethod:

a) tlindouring;

b) Autocorrelation maÈrix calculatlon; and

c) Parameter generaÈion"

These are discussed ln some detail below, with jusËification given

for the method used.

3"1 WINDOWING

rt was shown l-n sec" 2"2.2"1 that since the signal is known only

samples 0 Lo N-1, windowing ín the form of Eq. (23) is necessary.

simplest window consídered is the rectangular !¡Índow, given by

0r<n-<N - I

otherwise
( 31)

Use of this ç¡indolt to obtain predlctor coefficients results in a very

large prediction error at the start of and immediately foliouing the

frame. This can be seen by looking at Eq. (14) repeated below.

for

The

(l
w :{n Lo

-26-



P
s | = I a. st-n .,--., *k" n-kl{.- r -æ<n< co ( 14)

For n=0 the s are predicted using the past P values v¡hlch have been sel:n

Èo zero by wn" The estirnated value is zero, but ít is very unlikely

that the actual value r¡rill be ze:.o, resulting in a large prediction er-

ror. After the first P val-ues are predicÈed the error wLll generally

become smaller since the actual signal values are used Èo predict the

next value"

A sinr-iLar argument f s used for predictton of samples past N-l" Ac-

cording to the window these values should be predicÈed to be zerou but

t.his is unlikely since the preceding P values are used t,o predicE Ehem.

The recÈangular window ylelds large errors at the beginning of Ehe

speech frame and is eonsidered unsuitable for use \e-lth Èhe autocorrela*

tion method. Effects of the edges can be mínimized by de-ernphasl-zirrg

sanples near the edges Þtith the use of a dífferent windor¿" A Har,rmí-ng

w-indow was chosen wíth its mathematical- expression as follows

0<n<N- I
o Eherwi s e

(32)

The use of this wlndov¡ gradually reduces the weight applied to the

samples as the edge of the frame is approached.

The frame length N chosen ís an irnport.ant consideraÈion" If the r¡in-

dow doesn't encompass at least one piEch period the error can vary dra-

hî =[on Lo

54-0 .46 .os {ffi1
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Dratically, depending on the positlon of the ¡.¡l-ndow with respec¡ Eo the

pitch period" A windors v¡trich is too long will cause variatíons j-n t_he

voice signal to be lost" rt is.good practice to include z--]. piÈch pe::f-
ods in the frame but Èhrs is a difficult estimaÈion to make"

For a female voice the period can be 2 msec and for a row-pltched

nale 25 msec" A 20 msec frame was chosen resulting in 200 sarnples per

frame at 10 kHz sarnpling rate. Therefore" a 200 point Harnming çrindov

t¡tll be used and is illustrated in Fig" 10" other reasons for choosing

this sanpling rate are discussed in Chapter 6"
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3"2 ATTOCORRELATTOIi cl\Lcur4l_rry

The short time autocorrelaÈion R(k)

r¡indor¿ed samples" This is defined by

is calculated using Èhe Hammíng

N_l_k
R(k) : I {x(m) w' (m) } {x(nrl-t) w'(m+k) }

m=0
(33)

The values for R(k), 0 < k < P are necessary for the autocorre]-ation

nethod" Using the above definitl-on, approximaÈely (P+I)N rnuitiplicat-i-ons

are required for P << N, not including windowing" R(k) has some useful

properËies, some of whích can be exploited 1n the calcul-ation" These

properÈies are:

a) It l-s an even function" R(k) = R(-k);

b) Ifaximum value is at k=0 i"e. lR(k) I ( R(0); and

c) R(0) is Ehe energy in the frarne.

For each lag m = 0 it was noEed by Blankenship t5l thaE most

input samples appear Èwice as multiplicands in the calculation"

this is illusÈrated as follows

: x(I) (x(0) + x(2) ) + x(3) (x(2) + x(a) ) +

(34)

multiplicaÈions are reduced by approxi-

i+P/2)N multiplications where P << N.

-30-
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Kendall modÍfied Blankenship"s algorlthm for use, recursively, v1th

the unmodífied short time autocorrelation defined by

N- l-k
R(k) = r x(m)x(m+k)

m:0

where x 1s the windowed signal" N is required to be

gorithrn and so was prewiously set to be 200"

Kendall's algorlthrn is used for its computaÈional

expressed belorv

(rs ¡

even for this al-

(36 )

+ x(2m+I) Ì

f) for odd k
(37 )

.

even k (38)

efficiency and ls

{x(2m) + x(2m+k+1) } {x(2m+k) + x(2m+l) }

-A(k) - B(k) for even lc

(N-k) /2-r
R(k) = r

rn=0

(N-k- r )
R(K): T

m=0

/2-r
{x(2m) + x(2m+k+l) } {x(2m+k)

-A(k) - B(k) - x(N-r-k)x(N-
are obtained recursively,ç¡here A(k) and B(k)

A(k) : A(k+2) +

B (k+2) +

A (k+1)

x (N- 2-lr-) x (N- r-k)

x (k) x (k+1)

evaluate R(k)

normali za tion .

for

frorn k=0 to k=P

This is used Eo

for even k

for odd k

(3e )

(40¡

B(k) : B(k+2) + x (k) x (k+l) for odd k (4r¡

It is convenient to

need for and to perform

to ascertain lhe

prevent overflor.¡
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and w-i1l be discussed later. when start.ing the algorithm at k=0, A(0)

and B(0) are needed first. The expansion of the recursíve re1.aEíon is

sho¡¡n as

A(0)=x(0)x(1)+x(2)x(3)+ +x(N-2)x(N-r) &2)

B(0) = x(N-2)x(N-I) + x(N-3)x(t¡-4) +" " "+ x(t)x(0) (43)

Thus A(0) = B(0) will be the initial condiÈLon for a rnodifíed recur-

sive relation v¿here k ls even" This is shorrn as

A(k) = A(k-2) - x(k-2)x(k-f) k is even

B(k) = B(k-2) - x(N-k+1)x(N-1) k is even

For k=I, we have

A(k) = A(k-I) for k odd

B(k) = B(k-2) - x(N-k+l)x(Il-k) for k odd

(44J

(4s)

A(1) = 619¡ (4e¡

B( 1) = x(N-3)x(N-2) + x(N-5)x(N-4) +. . "+ x(1)x(2) (47)

For k odd the modified relation is

(48)

( 4e)
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3.3 PRH)ICTOR SOLUTTON

The normal equations

correlation method"

ö

are presented beloç¡ in matrix form for the auto-

R(0) R( r)

R(r) R(0)

R(P-r)

R (P-2 )

R(0)

tl

^2

--1

R( 1)

R(2)

(s0)

R(P-1) "
t _"P_

R(P)

The auËocorrelation rnat.rix and the righr hand side are knov¡n using

Kendall's algorithm to solve for the first F lags. The rnat.rix" belng

syr,ìmetric Toeplitz led to the developmenÈ of Durbin"s recursive solution

t5l " To date this is the most efficient algorithm knor"n for soluEion of

the predictor coefficients an" Although the primary objeetive of solv-

ing for the aO is sret, other valuable information is obtained i¿tth this

algorithrn. The PARCOR, prediction coefficients and the total mean

squared error E are yielded" Durbin's algorithm ís expressed belor,¡ as

(s 1)

(sz¡

El = ir-rl) n(o)

-33-
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k. =a

(i)
a.

a

^ (i)CL

J

E 
(i)

(P)
A. = A.JJ l=<j{P (sa ¡

of all or-

PARCOR coef-

= !¡.a
i

= "fi-r) _k.ali:r)
J l_ r-J

(.t_v 2\ tr(i-r)"i,u

lçj<P

fot í=2 r3,...P

(s4 )

(ss )

(s6)

(s7)

F¡lth the fi-nalThese equaÈions are solved recursively

solut,ion glven by

It can be seen that the solutl-on for predictor coeffJ_cients

ders less than P have been obtal-ned.

System stabillty can be easlly monitored by checking Èhe

ficients k, as they are calculated, so that -1.<kr(1 ho1ds"

The following data are saved for each frame processed:

a) Predictor coefficients for order P;

b) PARCOR coeffícients kI " k2, .." h; and

c) Total mean squared error for frame E.
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3.4 COMPUTATIONAL CONSIDERATION S

The number of calculatl-ons are considered on t.he basis of using the

auÈocorrelat.íon method r¡iEh I0 predictor coef ficients. For J-arge N Ehe

number of rnultiplications required for Èhe autocorrelation solution far

exceeds that of the predictor coefficient solution, even r¡hen Kendall's

algorithrn is used" Subtractions are considered compuÈational-ly the same

as additions and divisions the sarne as multiplications"

I'Iith N=200, abouÈ 1500 multlplícations per frar¡e must be d.one requir-

ing the performance of 75,000 multiplications per second, A very impor-

tant aspect of the computational procedure is that of data shuffling,

This is optimized as described later to reduce Ehe tirne required.
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Chapter IV

SYSTE}Í OV'ERVIEI{

Ïmplementation of the algorithns is done r¡ith a specially designed

processor which w111 henceforth be called the LPCMK" The sysieu¡ has

been designed so as to achieve the following ts¡o objectives:

a) Speed of operation; and

b) Flexibilíty"

Speed is imporË.ant because of the amount of cal-culation and data shuf-

fling required for real time operation" Sufficient flexibiliEy must ex-

lst to meet the objective of a speech research facilíty" If the LPCMK

were dedicaÈed to a single task Èhe research potential r¡ould be too lim-

ited.

4"L TIIE BIT SLICE APPROACH

To meet Èhe speed requirements, Ëhe use of sÈandard rnicroprocessors

would require the iurplementaÈion of parallel processing" An alternative

approach was chosen Ì{ith the design of a special purpose processor"

Bit slice components are used ç¡hich have the following major advan-

tages over standard microcompuÈers:

a) The processor architecture can be Èailored to meet the user's

needs;

b) The insËructlori set is defined by the user; and

c) Instruction execution is much faster.
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Any sÈandard microprocessor v¡ill have a fixed j-nstruct.io¡r sêt, fixed

architecture, and be slover than a bit slice processor" The maJor disad-

vantage of the bit slíce approach 1s the hlgher cost in f:erms of power

consumption" developmenÈ tl_rne, and cornponent cost..

In a typical biË sll-ce processor, lncluding Lhe LPClfK, t,here are two

levels of instructions" The most primitive are microinstructlons, each

of which ts 48-bits u¡1de in LPCMK" A program using a serl_es of microj.n-

strucÈions fs referred to as a mJ-croprogram" ^{ program level insgruc-

tion fs used Èo call a rnieroprogram" Access to operands is con¡rolled.

by the microprogram, whose funcÈion and J-ength depend toËaily on the

users definltlon"

4"2 SYSTEM HÄRDI,TARE

4"2.I !qppo"""!g

A block diagrarn of the system configuraÈion is shov¡n in Fig" 11. rE

consists of the l'fotorola Mace development system, lncluding the EXORci-

sor, the LPCI'fK, the progran memory, and the preprocessor r¿Lth analog to

digital converEer (A/D). The latter Èhree items each occupy one stan-

dard S-100 r,¡irewrap protoboard.

The Mace functions as a very fast (50 nsec access Èime) v¡riteable

control store (WCS) for the LPCI'IK's ml-croinstructions. Af t.er prograrn

development the l{ace can be replaced rvith PROM rnemory, which í-s norrnally

just as fast.

The LPCMK is the complete bit slice processor" I{hen operaEing, it

supplies addresses to the ìface to access Èhe microinstructions. These

nicroinstrucÈÍons deÈermine the operation of the LPCI.IK, which include
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fetchíng data and insÈructions from the program memory" Also, Ehe LPCMK

fetches data from the A/D converter and proeesses it"

The program for Ëhe LPCMK and results of the computations are s¡ored

ín the Program memory. Various buffers used during program and mÍcro-

program execution are also located in the program mernory. This memory

is accessed by the EX0Rciser as well for the purpose of ]-oading the pro-

gram and data input and ourput (I/0) "

The preprocessor w'tth A/D converter suppl-ies speech samples to the

LPCI'IK" When the analog speech signal has been converted to digital. form,

an interrupt request. is sent to the LPCMK indicating the data l-s ready"

One saurple of speech data can then be accessed by the LPCllK.

4"2.2 System Hard¡¿are 9¿e_¡ggign

There are two operational modes for the system" They are the EXOR

and the LPCIÍK mode. These modes are seleeÈed by the combination of a

switch setting on Ëhe program memory card and the MBUG software, whích

is discussed in Sec" 4"3"

The EXOR mode allows the I'fotorola EXORcisor to access the program

memory and Èhe Mace I'JCS" During microprogram deveLopment, Ëhe l.face is

loaded with nicroLnstruct,ions and the program rnemory is loaded v¡ith Ëhe

program, including consÈants, from the EXORciser" Af ter the LPCì.II¡ pro-

gram has been executed, the results are read from the program memory in

this mode.

lJhile ln the EXOR mode Èhe LPCl.lK data bus and address bus lines are

tri-stated" The EXORciser then has control over the program memory

since Èhe LPCIIK address is disabled"
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The LPCIIK is the bus master when Èhe LPCIÍK mode is chosen. The EXOR*

císer bus ls tri-stated and the LpclK accesses the program ¡¡emory, pre-

Processor and A/D" The LPCIIK address is enabled allor¿ing microprogram

operat.lon" Data ís acquired and processed to yleld LPC coefficiengs in

this mode.

4"3 SYSTEM SOFTWARE OPERAÎION

I'ficroprogram development is facilitated by use of the MoÈoroJ-a micro-

asseurbler called MASIÍ t7l " The firsÈ sËep requires the creacfon of a

definitLon flle in which the desÍred bit fields are assigned to mnemon-

ics or labels defined by the üs€r. These mnemonlcs are then used in mJ--

croprogram development to build Èhe ¡¡is¡eÍnstruction" In assembl)¡ of

the microprogram reference must be nade to the appropriate definition

table, whích is created by assernbly of the definicion file.

The assembred prograrn Ls then loaded into the Mace and operat.ed by

Motorola program IfBUG l7l " I'IBUG controls the syst.en elock and reset

enables the LPCMä address to the ìface IICS.

the

and
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Chapter V

HARDWARE DESCRTPTION

The system described in Chapter 5 conslsts of the foltordng conpo-

nents:

a) Preprocessor r.rlth A/D converter;

b) Program rnenory;

c) LPCI'ÍK bit-slice processor; and

d) EXORciser with Mace developrnenË system"

In thís Chapter the first 3 Lcems are described l-n detail" The Mace is

considered in t7l "

5"T PREPROCESSOR AND A/D CONVERTER

5"I"I Preprocessor

The preprocessor is responsible for converting the approximately 10

mV peak-to-peak analog sígnal from the nicrophone into a useable form

for the A/D convert.er. The three aspects which must be considered in

the analog processing are:

a) A sufficient sígnal volLage rnust be applled Ëo the A/D converter;

b) Bandlimlting of the signal to lFl < I/l2Tl, where T is rhe sam-

pling period, is necessary to avoid aliasing; and

c) Spectral pre-emphasis is desireable to spectrally flatten Êhe slg-

nal spectrurn.
. .l:¡

:i ì:1,,t , !':

,:.
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A block diagram of the entire preprocessor and Á./D conversion ls

shor'¡n in Fig" 12 and the circuÍt schenatic can be found in Âppendix I "

The first stage consists of an anplifier with a gain é.v=Vo/Ví=1000,

This supplies the antíaliasÍng filter r,¿ith a +5 v .ma,.im r,r input signal.
A VCVS tr,¡o stage, four pole ButÈerworÈh Salient-Key fii-ter v¡as chosen

for Èhe anEialiasing filter" This is suLtable for use viith speeeh pr:o-

cessing because it has no ripple in the pass band" The 3 dB poinÈ f-s

seË at 3"5 kHz to assure sufficient band lirnlting. To avoid alíasing an

insignificanÈ amount of signal energy Er¡ust exlse above 5kHz" The spec-

trum amplítude obtatned is shor¡n in Fig" 13" It was shor¿n in Sec. Z.L.I

that there ls approximately one formant, for each 1000 Hz in Êhe vocal

Èract. The signal used will therefore contain abouÈ 4 formants.

rt was previously stated in sec" 2"3"4 thaÈ spectral pre-emphasis

aids in reducing roundoff error when computing t.he aut.ocorrelation t5l "

This was found to be unnecessary with the word lengths used vhen Ëhe re-

sults were examined. These are presented ln chapter B" The sEud.y of

these effects is not included in the scope of this work, but will be

rnentioned in Sec" 6.1 when the sof lr¿are implernentatlon is considered"
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5.I "2 Sarnpling

Arthough Èhe signal 1s band ltniced to f<4000 IIz, a sampling raËe of

approximately IOkHz was chosen" At this rate, aliasing is avoided with

a safeEy margln. Alsor as a matter of convenience, the conversion elock

Tcc is obtained from the system clock Tsy whlch has a perf_od af 2_00

osêc" A conversion clock of. 625 k]'j.z vas used" Thls is obtained by

Tcc=Tsy/8, irnplemented vlth a sfunple frequency divider" The start-of-

conversion clock Tsc resulted fron the following relation"

Tsc = Tcel4 " Tcc/B " Tcc/10 " Tccl3Z " Tcc/64 (59)

This r¿as inplecrent.â¿ r,¡tttr a logical AìiD gate and resulted in a start-of-

conversl-on pulse Tsc l-asting 2Tcc sec every 102"4 usec. This relation

is shor¡n in Fig. L4. The timing is required for rhe A/D converter cho-

sên. The actual sampling rate is 9,766 Hz"

According to Ffg" 15, a sample and hold (s/H) is required for the 4

kHz signal sLnce the conversion tine is 64 usec aÈ the chosen conversion

clock period" The aperture time of a 4 k]Hz sígnal is 300 DS€c" sarnple

acquisition is triggered by Tsc"

The leading edge of the end-of-conversion signal ñffi, from rhe A/D

converter triggers Èhe interrupt request circultry @" This signal is

applied to the LPCMK program bus" lJhen the LPCIÍK system is operaÈing"

the ñQ- is responded to w-ith an lnterrupt acknowledge, INTA" This pro-

cedure is illustrated tn Fig" 16" The A/D is porE-mapped, so the con-

verter"s address is províded wlth the INTA, enabling the Eri-state out-

put buffer. Dígital speech data is then read by Ëhe LPCIIK at rhe same

tine the ffi i" reset.
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A dlgftal to analog D/A converter is províded and is used. for testing

the A/D converter.

s"2 PRoGR M ¡ryqB!

The program memory is accessable from boÈh Ëhe EXORciser microcompu-

ter and the LPCMK" A switch is províded on the memory board to chose

its mode of operatíon" This select signal ls applied ro the LpcMK pro-

gram bus and serves to trl-st.ate the LPCIIK address and data bus r^¡hen the

EXOR rnode is selected" A block dfagran of the memory is shor.'n ín Fig"

17 and ítsschematic diagram is located in Appendix L"

An lmportant consideraÈlon is the data bus size difference betl¡een

the EXORciser and the LPClfK. The former uses a standard. microprocessore

the M6800' that requl-res an 8 bit data r¡ord and Ëhe LPCI'ÍK has a t6 bit

data word- This disparity is resolved by use of tri-stace bus tran-

sceivers for the EXORciser interface. The prograr,o memory is divided

into tt{o 4K x 8 bit banks ¡vhich are alÈernately chosen by Èhe EXORciser"

The data bus of the LPCIÍI( is tied directly to the nemory data pins.

The memories used were 4K X I statlc RAlls with 120 nsec access Eimes.

This speed is sufficÍent to enable data access in one clock eycle of Èhe

LPCIff(. To get the required 16 bit data width, 16 devices are needed.

I.Ihen the EXOR mode is chosen the LSB (Least Signlficant Bj-t) of the EX-

ORciser's address is used vrith Èhe chip select circuitry. This allor¿s a

16 bit word accessed by the LPCIíK to appear as tv¡o consequtive B-bit

wo.rds in the EX0Rciser's address space for ease fn inËerpreting data.

The EXoRciser bus is used directly by the mêrìorlr which is mapped to

4000 - BFFF hexadecinal for the EX0Rciser. For the LPCI'ÍK the mernory ap-
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pears frorn 000-FFF hex, representing 4K words. This is adequate for

storing over 2 seconds of predictor coefficíenËs, autocorreiation val^

ues, PARCOR coefficients and error values.

The memory writ.e and read t.iming is described in sec. 5.3. A meilory

test program was wrlt,ten for EXORciser operaÈion i¡hich requires l0 hours

to run" A similar memory test program BTas ¡vrltten for the LPCFÍK Èhat

has a 4 minute execution t.ime illusÈraËing the speed advantage .of the

bit-sl1ce approach. These tesE programs can be seen in Appendix 3 r¿ith

accompanying flow charts"

5"3 THE LPCMK

The processor is Èhe heart of the LPC research facility" Because of

the advantages with the bit-sll-ce approach, real Èime paraneter genera-

tion is possible. The specially designed processor, cal 1-ed the Lpcl,lK,

is described here. One of the advantages mentioned for the blt-slice

approach is the flexibillty in architecture design" The foll-owing fea-

tures are included in the LPCIÍI(:

a) A 48 bit wide mlcroinsLruction word;

b) A 16 bit internal and external data bus;

c) A 16 bit external address bus; and

d) Síngle level interrupt servicing"

The major sectLons of the LPCl.fK are as follows:

a) Pipeline Registers;

b) I'ficroinstruction Sequencer with imr¡ediate data buf fers;

c) Bit-slice ALU and register set (also called the bit-slice unir)

with shift logic;
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d) Status register;

e) I/O registers; and

f ) Ifapping PROII and Vecror

The cornponents are discussed

slice processor operatlon.

shor¡n in Appendix l.

Regis t er.

in detail following a description of bit-

The circuie schematic for each secl-Lon ls

5"3"1 81È Slice Processor OperaÈion

All events in the bit-slice processor are triggered by the leading

edge of the system clock" This clock is provlded by the Þlace and ¡.¡as

chosen to be 5Þfllz r¡ith a 502 duty cycle. A single clock pertod i-s the

t.ime requlred for the execut,ion of one microinstruction" The devices

used are static and so l¡Íll not lose their staEe if the clock is stop-

Ped. This is valuable for prograrr or hardware debugging" The standard

procedure of insertl-ng software interrupts v¡here breakpoincs are desired

need not be applied"

A block diagram of a typical systen is shor+n ln Fig. 18. Since all

events are started aË the rising clock edges it is necessary for the

conbinaÈional actlons of the processor to seÈtle before t.he next clock

pulse arrives" Therefore the longest combinaÈional signal path deter-

mines the maxl-rnum clock rate and hence the time required for each mi-

croins tructÍon .

Pipelining refers to the overlapping of events in Èime to reduce the

total execution Ëímes" The location of pipelining registers dete¡:mine

the processor operating characteristics. In Fig" 18" t.he InsËruction,

Data and Address plpeline registers are shown at typical locations, If
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all Ehree ltere used, the shortest clock perl-od vouLd depend on Êhe l-ong*

est delay path, possibly the rnfcroinstructíon ¡nemory access Êine" Any

conbinatfon of these three eould be used providing diiferent charaefe¡:-

ist,ics f or operation t81 "

An Instruction-Data archiÈecture is used. requLríng the folloqd.rrg two

sets of registers:

a) InsËructfon reglsters v¡trich receive and hold the uú.eroínsErueëion

from t,he rnicroinsËructfon memory; and

b) Data Registers havíng the tr¡o purposes listed below;

1) ReglsEers trolding data from the prevlous operation are lo^

cated in rhe At'fD2901 ALU; and

11) Status Registers that contain the status of the prevl-ous ALU

operatlon or other infoi-uatíon avaLlable at Êhe previous

clock edge"

The archiËecture ehosen effectivel-y causes an increase in Êhe naximuu-r

clock speed Peraítted. The acÈual increase depends on Ehe speciflc mi-

croÍnstrucEion being executed since not all- propogation deiay paths are

equal. The major limitation in speed is that of the Mace HCS which has

a 50 nsec access ti¡ne" The memory is enitÈer coupled logie v¡hich is

very fast. This, plus the delay of the microinsËruction sequencer gives

a r¿inimum delay of about 120 nsec. The I'face provides the system clock

in increments of 25 nsec w-ith a 50 Z duey cycle" Operation at perf-ods

of 175 nsec was possible before systen failure. The processor v¡as ob-

served to fail \,rtth a 150 nsec clock period when perforiníng the menory

test Progran.
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A clock period of 200 nsec r¡as chosen to avoíd. electromagneEic noise

problems on the LPCMK program bus" This is adequate for performíng LPC

in real time and allows program nemory access ln one microl-nsEruetion

perfod "

A block diagram f or the LPCMK is shown in Fíg " 79 " I'fierocoding con-

slderations are presented 1n the following secf:íons and in Chapter 6"
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5,3.2 Pipeline Register

The pipeline reglster refers specifically to the regíster that is

loaded wíth the microinstruction" The address to Èhe microl-nsEruction

memory is supplied by the sequencer r.¡hLch is discussed in sec" 5"3"3"

The 48-bít vide microinstructions are loaded into Èhe pípeline registers

on the rising clock edge. Sufficlent seÈÈling time 1s allowed for tha

nicroinstrucÈion memory aft.er applying the address" There are B of the

registers shov¡n schematically ín Appendix I ' The specific microi-nstruc-

tion fields are listed in Table I "

The rnícroinstruction bl-ts are used throughout the LPCIIK to control

the sequencer, bit-sl1ce uniË, ot.her combinational elemenÈs of the

LPCMK, or as st.robes for trl-ggerJ-ng events such as loading the I/O o::

status reglsters"

There are 2l' x 48-bits of microinstructl-on nenory in Èhe Mace llCS.

0ccasionally it 1s desireable Èo have immediate data in the microin-

struction" IÈ ls r^rasteful in most cases to devote 16 microinstruction

bits to the task at all times, therefore Lhe immediate data field is

multiplexed with the sequencer field" The 12 next address bits and 4

sequencer lnstruction bits are also used for 16 immediate data bits"

Another bit called the IlfD (Immediate DaÈa control) selects between the

tv¡o modes" When the Il'fD is low the following changes occur in the mi-

croinsÈruction operation:

a) Immediate data is supplied to the LPCIÍK ALU from the pipeli,ne reg-

ister; and
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b) A continue (coNT) lnst,ruction is given to the sequencer through

hardware control"

TABLE I

Àllocation of ÞficroinstrucEion Bíts

BrT MNElfOlÛC FUNCTION(S ) BIT }.TIEMONIC FUNCTION(S}

O BRO
1 BRl
2 BRz
3 BR3
4 BR4 MICROPROG"
5 BR5 BRANCH
6 BR6
7 BR7
8 BRB

9 BRg
10 BR10
1 BRII

12 mIO
13 mll MICROPROG"
14 mI2 CONTROL

27 A0
28 A1 AIU
29 A2 PORTA
30 Á,3 IYIÌ'ÎEDIATE
31 B0
32 BI ALU
33 82 PORTB
34 83 II'ßÍEDIATE
35 AB}10 PORT ADDRESS
36 ABMI SELECT I"fiJX.
37 LADD LATCH ADDRESS
38 LDV/INTA INT"ACK./VECT LOÁ,D

39 LDI LOAD DATA IN
40 LDO LOAD DATA OUT
4I SSO

42 SSI STATUS
43 SS2 SELECT
44 ROTO ROTATE
45 ROT1 SELECT
46 STAT STATUS CONTROL
47 R/ñ READ/WRITE

IMMED "
DATA

15 mI3
16 IMD IMMEDIATE DATA CNT"
L7 IO
18 I1 ALU
19 L2 SOI]RCE
20 13
2I T4 ALU ALU
22 15 FUNCTION CONTROL

23 16
24 T7 ALU
25 I8 DESTIN"
26 CO ALU CARRY-IN

The prlce paid for ¡nulÈlplexing the microinstrueËlon bits is in Èhe

IlfD control bit and the linitatlon of the COIIT instruction imposed upon

mÍcroprogram developmenÈ. The LPCIÍK block diagram ís shor¡n 1n Fig. 19,
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Another consideration is that of sysÈem reseE or pol{er-up rricroin-

sÈ,ruction address generat,ion. This is done through hardware by supply-

ing the sequencer instruction ZERO when the RESET pulse goes iovr. This

seÈs the rnlcroinstruction ad.dress Èo locaÈion zero to begin execut,ion of

t.he required initializatlon rout,ines. The reset pulse r,rust be at least

one complet,e clock period and is supplied by the llace Devel-opment. sys-

Eem"

5.3.3 llicroLnstruct,lon Sequencer

The sequencer is responsible for supplying Èhe presenÈ address and

preparÍ-ng the next nicrocomputer address for the program nemory" A com-

plete 12 bít sequencer, Èhe AlfD29I0, is used for program eontrol" rt

has an addresss space of 4K qrords, alt.hough Èhere are only 2_K words

available from the exisÈíng configuration of the Mace I^ICS. This is an

enormous amount of memory when the pol¡ter of each ml-croinstruction is

considered "

The ¡nicrol-nstrucELon sequencer, which is illustrated in block díagrarn

form in Fig.20, has three internal regisÈers which are clocked by the

rising clock edge.

The ml-croaddress reglster Ís loaded v¡ith the results of Ëhe incrementer

whlch, from the chosen configuration, wl11 always be the next sequen¡ial

instruction address" The sEack pointer and register/counÈer actl-ons de-

pend on the sequencer instruction being executed" '

The sequencer requlres a four biÈ control code giving il a repetoire

of 10 condltional and 6 unconditional next addr€ssês". A eondition is

assurned to be met if the õ]d and CCÑ is lor¡. The sequencer t9l t10l

-57-



lDM2910A Block Diagranr

Figure 20: Microinstruction Sequencer Block Diagram

n0fJA
T'ULIIPITI€R
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provides Èhe powerful mLcroprogram control required for high processing

Èhroughput "

The next microlnstruction address will come from one of the followtng

four sources:

a) The microprogram address registers;

b) The external direct, input lines;

c) The register/counter contaLning a previously loaded acidress; or

d) The LIFO (lasr in firsr ouÈ) sÈack"

When the microinstruction bit allocation is described in Sec" 5"3"3

ít is shor¿n thaË there is almost no overhead in time for program con-

trol" There is a cost in space, hor^rever, of the microinstruction bits

l¡hich must be dedicated to the device.

The Fi,ffiÞn and ilnct enable bits are supplied for next direcr address

control" only one of these llnes ís low at any one time" They are

. controlled by the sequencer control code and simplify the hardr¡are in-

terface to be discussed in Sec.5"6" The following inputs are tied to

ground,poËerr€ial ot T.. since Ëheir capabilíties'are noË required:

ø CCEN condition code input is alvrays enabled.

r lÏ5 the register counter can only be loaded

by an lnstruction"

* õE the address ourpur is always enabled.

ffre ffiÏlt out.put goes low one microinstruction after the 5 word stack ís

fu1l" Since nesting of subrouÈines is not permitted past 5 levels, in-

cluding interrupL service, this pin is ignored by the.LPCÌ'IK.
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5"3"4 ALU and RegÍsrer Ser

The AMD 29018 was chosen for use as the Al,U (arir:huietic iogÍ-c unJ-t)

and internal register set t91 tfol " A.1l dara paths in rhis devj.ce are 4

bits wrde" A block diagram is sho.*n in Fig. 21" The 4-bir-slice can be

cascaded to the number of bits required for Èhe applicat.fon. rn the

case of the LPCI'IK, a L6 bít daÈa bus proved sufflcient so four -n1t*sl1.c*

es !¡ere cascaded

A g-bit instruction Ls required by the Alm 290tBo whfch can be dJ.r¡id-

ed inÈo three fields as foll_ows:

a) ALU source operand control;

b) eLU functlon control; and

c) AI.U destination control.

Each is a 3-bit field and a carry-in inpuË for the ALU is also required.

A l6-word two port RAM fs available as a regisËer set alloruÍ-ng two

registers to be accessed simultaneously" only the register arldressed

r¡ith the Port B address can be written into. When the clock pulse is
high the data addressed by port A and B addresses are read into thelr
resPective latches " The data are latched r¿hen the clock pulse goes low

avoiding race condÍtions" Data is also r¡ritten ÍnÈo the port B regl_sÈer

while the clock pulse is low"

The Q-register is most useful

DaÈa is loaded to the Q-register on

The ¿\LU is capable of perforrning

gic functions. A look-ahead carry

speed of the cascaded bit-sllces.

provided by a microinsÈruct.ion bit,

for divide or rnultiply operatioris.

the lors clock level as for the RAH"

Ehree binary arithnetic and fír¡e lo-

generator is used to increase the ALU

The carry-in to the 1.6 bit ALU is

and w-ill alter the add and subrract
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ú.

oPerations. The status of the AI-U is indicated by the zera, earry-ouri

sign and overflor¿ outputs fron the ALU" These are used in the status

register v¡hich is described in Sec. 6.3.4"

The ALU results aPpear at the output F and have one of the folJ-owirrg

possible destinaÈions :

a) ALU daÈa is output to

b) ALU data is output to

c) AIU daEa is out,put to

d) Port A data is ouÈput

regist.er; or

the Y-bus;

Èhe Y-bus and stored

t.he Y-bus and stored

to the Y-bus and ALU

in Q-register;

in Port B l-ocation;

<iaËa is input t.o Port B

e) ÀLU data is ouÈpuÈ to the Y-bus and shifted once, up or dov¡n

the Port B register. The Q-regisÈer can be shifted up or down

well in the same operation

The rnaxlmun clock speed allowed for the AIID 290i8 is apprc¡imately 15

l*lz- A 5 ÞlHz system was lmplemenËed, whJ,ch is well within the AlÐ 29018

operating specificatLons. Other propogation delay eontributions must be

considered when calculating the naxirnum syst.em clock frequency.

The shift outputs of the Al'fD 29018's are tri-stated unless a shift is

selected by the destinaÈion field of the microinsËruction" Shifting

circuitry is necessary to supply these inputs which are the most and

leasÈ signlficant bits of Ëhe Q-register and RAI{ addressed by Porr B"

This is implemented in Ehe form of two tri-sÈateable dual 4-bic multf-*

plexers. The schematfc is given in Appendix l" Two microinsÈructlon

bits are allocated to the multlplexers altoruing the choice of shifts

shor¡n in Table 2 In this Èable RAH0, RAMIS" and Q0, Ql5 are rhe least

and mosÈ significant blfs of the Port B register and Q-register respec-

tively"

LÛ

AS
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MNruONIC FUNCTION

TABLE 2

RoËate and Shíf t Destinat.l_ons

I,û,IEI'ÍO}IIC FUNCTION

RZD
RQZD

RZU

RQZU

RDRD

RQDRD

RSRU

RQSU

RDRD

RQDRD

RDRU

RQDRU

SRA
DSRA
SLA
DSLA

RAl"f0 >

RAì,ÍI5 >

ARITH"
, RAMO

0>Q0

Qls

Q0

> Q15

0 > RAt"fIs
0>RAlils, 0>Q15
RAì.f0 < 0,
RAMo<0,Q0<0

Q0 < RAt'fIs
RAI'Í0 > RAMI5,Qo >
RÄlfls > RAllo
RAt'115 > RAM0,Q15 >

QI5

Q0

Q0 > RAlfts
Q0 > RAtfIs,
Q15 > RÆfO

Qt5 > RtuYO,

FL5 > RAt'115

FI5 > RA¡i15
QI5 > RAt,f0

Qt5 > RAlfo,

5.3.5 Status

Status of the prewious microlnstructlon results Ís required due to

the architecture chosen. SÈatus of the ALU operation, Lnterrupt status

or unconditional sÊatus met is supplfed to the õõ pin of the sequencer

for conditional branch instruction execution. Table 3 shor¡s the status

field aliocation. Three mieroinstrucÈion bits are allocat.ecl to the st,a-

tus select cont.rol allowing B different events to be nonitored" The

status function is implemenÈed with an 8-bit edge triggered register and

an 8:l digttal multiplexer"
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STATUS I'INEI'IONICS

TABLE 3

Condition Codes

FUNCTION

QQO

ÏRQ

Q0
OVR

llIt

Z

c
}fET

LSB of Q-Register
ExÈernal interrupt
LSB of ALU output
Overflow
Sign
Zero
Carry
Condition alvrays met

5"3"6 I/O Resisters

An external interface is required for

I'lernory and Data Acquisltion unit " The

each consisting of tv¡o S-bit registers,

communicaÈing v.Í.th the Program

following Èhree register sets,

are used for the acidress and

data interface to the exÈernal bus:

a) Ilemory Address Regl-ster (MAR) supplíes a l6-bit address;

b) Data Output Register (DOUT) latches the output from the bit-slice

ALU Y-bus; and

c) Data Input Register (DIN) receives data or progam instrucËions"

One rn-icroinstructl-on bit ls resen'ed for controlling the l-oadíng of

the I'IAR, DOUT, and DIN" Figure 22 shows the I/0 timing for each of the

registers" The ìIAR and DOUT registers are transparent latches, loading

the data r¿hile the gate control is high. When the gat.e goes iow the

data ís latched and w1ll not change. This al lows the naximurn settling

t.ime for the external address and data buses. The llAR output is enabled

as long as the LPCIIK rnode of operation which is described in Sec" 4.2.2
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is selected" The DOUT output is enabled. ç¡hen the LPCl.tK mode J.s selected

and a aemory wriËe operat.ion, defined by another rnicroinstruction bit.

R/ñ, is active. The R/il microinstrucÈion bir is also supplíed directly
to the exËernal bus for use with the data acquisiEion unit and prograpr

rTler¡o ry "

The DIN register is loaded on the leadli-ng edge of its clock i.nput.

This is done t.o allow data to be latched in during the same microin-

struction thaE a ner,,r address Ls placed on the address bus. The outpuE

of the DIN register is enabled as long as the irnmediate data mode ls not

selecÈed" The DIN output is used for insEruction fetching and supplying

data Ëo the input of the bit-sllce ALU"

A program instruct.ion consists of an opcode and an operand" The op*

code ls loaded into the lower B-blts of the DIII register and is used Eo

supply an address to the MappLng PROIÍ . I'lhen enabled, rhe I'fapping pROM

supplles an address to the microinstruction sequencer which ís the ad-

dress of the start of a microprogram that executes the instrucEion" The

operand may be implied or supplied dlrectly" Operand length depends on

the instruction lnvolved and the operand acquisitlon is controlled by

the microprogram" Each instruction occupies a minimunr of one r.¡ord

(16-bits) in the program memory.

The interrupt acknor'rledge control bit INTA is required for ine¡'lory or

port access. This microinsÈruction bit is supplied directly to the

LPCI'IK bus in response to an ÎÉQ'. It lnforms the prog,rarn memory and data

acquisitlon unit thaÈ a porE aceess operaEíon is taking place and also

resers tr," inç.
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5.3"7 ìlapplng Prom and Vector Reglster

The sequencer next, address daÈa LnpuL is available from Èhree sourc-

es: Èhe pipellne regfster, Mapping PROM or vector register" These are

enabled by the Þi, m" and üilî ouÈputs of rhe sequencer. onty orrÊ of

the enable pLns 1s actLve(low) at any tlme" The ffi an¿ ffi inpur,s are

enabled only-durlng tl¡to sequencer mlcroinsËructfons. I.lhen rhis happens

the current mi-croinsEruct.lon ls laEched slnce the pipeline register

holding it ls tri-st,ated. Also, irnmedlat,e data l-s not available for,'trLU

use at thLs tiure

The Mapping PRol'l receíves its address from the DIN regf,ster" It eon-

slsts oÊ. a 256 x 8-bie and a 256 x 4-blr PROM which form 256 LZ-bLr, ad-

dresses" These are 256 possl-ble insÈructlons whLch are discussed Lrr

Chapter 6"

The VecÊor regisÈer is loaded frorn Èhe bit-slice ALU on the first
INTA signal" After this ít cannot be loaded again" This Ls useful for
setting uP a vector address during program inítializaÈion. l^Ihen enabled

by VECT the next address J.s supplied by thls register.

5"4 EXÎERNAL BUS

The External bus connects the preprocessor and A/Do the Progran nemo-

Ey, and the LPCMK" It, consists of an 5-100 motherboard and associated

connectors. Alt.ernate pins are t.led Èo system ground to aid in reject-

ing noise. The External bus assignment is shor¡n in Appendtx l"

RESET and clock are supplied by the Mace DevelopmenË SysEenì"

-.þ/ -
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Chapter VI

soFTl{ARE / FIrufi¿ARS

The function of the LPCMK as mentioned earlier is rhaÈ of a speech

research facllity. As such, more versatllíÈy and a larger memory is re-

quired than HofsteEer's vocoder tI] " Sínce speech synthesls ís nor re-

quired concurrently sttth LPC parameter generatíon , the speed. advantage

of a hardware multiplier is not necessary"

The vocoder tll is a lírolted I/O nachtne with only a rnlcroprogrammed

level of software. In ptt"ti"", the ncicroprogram is usually i-oaded

into PROM after development" PROH presently has faster access time

than ¡nost RAll and also has the advantage of permanently savlng the mi-

croProgram"

The LPCllK, however" is designed røith prograrn level instructions.

Program instrucEions are implernented by accessing microprogram routines

Ëhrough the instructlon opcode" This opcode point,s to a l-ocation ín the

napping PROM which supplies the next. m'f croinst,ruction address" trrlhen Èhe

rnicroinstructíon routine or microprogram has eompleËed execution Ehe

LPCIK fetches another instructlon. The mlcroprograu¡ deËemines the in-

struction operands"

Thls versatility perurits changes at Èhe program level wLthout a1ter-

lng the microprogram" The advantages of a PROII rnicroprogram store can

then be exploited" The nlcroprogratr is stored in Èhe Þface ÌrrCS and not

loaded into PROM, however, since the versatillty of rnicroprogramurLng Ls

desired
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As was described In sec" 5.2, there is 4K x 16-bit sEatie R^AM

available to the LPCMK for data and program storage.

The softçrare for real tlme LPC fs ç¡riEten in the follorE-ing 3 disrinet

levels:

a) Program instructions;

b) Mlcroprogram Instruct,l.ons; and

c)' MÍcroprogran Interrupt serrrf.cing"

6 " I. PROGRA}I INS1RUCTIONS

6"f"1 Program vs" Mfcroprograu

Table 4 illustrat.es Ëhe tradeoff between progran and microprogram J-n-

structions in terms of versatllit,y" execution Elme and developmerrt dl_f-

ficulÈLes "

Versatill-ty refers to the number of <tifferenE useful functions that

can be progranmed l-nto the machine wlthouE changlng the nicroprograms.

The machine with a slngle Lnstruction of GO wlll have no fl-exability,

unless its microcode is alterable"

Execution speed is defined as the Eime required for eompletion of a

Èask. This includes program and microprogram execution time required

for fet.chLng and decoding instruetlons" The mapplng pROM and progrartr

menory âccess tl-mes are the ll-mitatÍons in this case" Thís overhead

Percentage accumulates as the instrucÈíons perform smaller portions of

the task"

As the indlvídual mfcroroutLnes become small-er and perfonu fäwer

functions, the level of difficulty in Èheir development decreases. At

the same time, program development becomes nore invoLved.
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Complete softr¿are development 1n the form of microcode would resuLt

1n a faster executlng program, but ç¡ould unaceepeábJ-y iimit the versa-

ÈiIi ty "

In vlers of Èhese consideratlons it lras decided to provide e mínl-mal-

ínstructlon set of:

a) Data transfer;

b) ArithrneÈic and Logical;

c) Prograr control; and

d) Speclal. purpose fnstructions.

These are discussed fn detall following a description of the ínternal

register allocatlon"

TAsLE 4

lff-croprograu vs" Program Tradeof fs

-*"----*--þ
Il"ticroinst. per

Instruction
Speed of I VersatiltEy

Execution I

Þîí-croprog. I Frogr:am I

Developnent I Development

luI=lInst"

I Inst,"= GO

slolres t,

fastest

Bos t

none

easy

diffícult

dJ.f flcult

easy

6.L.2 Register Allocatl-on

There are 16 l6-bit registers available for use by the LPCMK ALU"

They are allotted Èhe funcËlons shown in Table 5 "
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TABLE 5

LPCIiK Internal Register Allocation

+------- -_______+ll
I negisrer I I'Inemonic I Funcrion i+------- ________+

RO

RI
R2
R3
R4
R5
R6
R7
R8
R9
R10
Rl1
Rl2
R13
R14
R15

QREG

PROG

ACCA
ACCB
ACCC
ACCD

ACCE
AUTOITIGH
AUTOLOI.I

REFL
I'ICND

HAr.rL0c
I'f I
ùr,2

LPP
DACBUF

r.LAG

Program counter
Accumulat.or
Accumulator
Accumulator
Accumulator
Accurnulator
l'fSl.l f or Autocorrelation
LSI.I for Autocorrelation
ki storage during DURBIN
I'fCì'lD and l"fSl,l of Dividend
Hammíng v¡indow address
Data Acquisition for À0
Data Acqulsition for Bl
AuÈocorrelation buffer loc"
Data Acquisition Buffer loc.
Program St.at.us

for LSL{ of }IULT, DMDE & SHIFTs

The instructions can read or çrrite to any of the registersn including

the program counÈer, so care must be taken in designing the program.

The registers can be divided into three general groups, according to

their functions as follol¡s:

a) Program Control;

b) Interrupt Service; and

c) liicroprogram Execution

The PROG register is set to the nexË instruction address by the ALU

during executj-on of the current instruction.
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Besides the program counter, the FLAG regisÈer is the only register

used for controlling the program" A.t any time the scatus of p::ogran ex-

ecution can be seen by examining the FLAG register" Its bit assÍ.gnmerrts

can be seen in Table 6. The instruction TEST is used to check status

when a conditional branch is to perforned" Its operation is detailed in

Sec.6"1"3"

TABLE 6

FLAG Register tsit Assignment

+

Brr I LocrcAL I

I vai,un I

STATUS

BUFFER 1 IS BEING FILLED
BUFFER 2 IS BEI}IG FILLED
NO ME}fORY OVERFLOI.I
I'IE}ÍORY LII"IIT EXCEEDED
R(0) <r
R ( 0) >l ovERFLO\.i
NOT E¡D OF I.]ORD

END OF }TORD

NOT START OF WORD

START OF WORD

NOT LfSÐ

RESULT NOT ZERO

RESULT EQUAL TO ZERO

TEST FAILS
TEST PASS FOR EXTERNAL BRANCH

Iol0

I

2

3

4

5-r 3

T4

t5

I
0
I
0
I
0
t
0
I

0
I
0
I
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The DACBUF, Ml, and Ì12 are

in the dat.a acquisition routine"

rout.ine their contents are first

ry" After cornpletion of Ehe

stored" All other registers are

dedicated for use vith interrupt service

fühen other registers are used by this

saved on the stack in the progralr memo-

interrupt service the contents are re*

available for use by the mieroprogram"

6"f"3 Instructlon DescrLption

The lLst of lnstructions including ÈheÍr OPCODEs (OPeration CODES) is

suumarfzed in Table 7 under the r.rajor cat.agories of data transfer, pro-

gran control, arithmetic and logíeal and special purpose instruct.íons.

The list of instructions including their OPCODEs (OPerational CODES)

is surnnarized in Table 9 under the najor catago daËa transfer"

program control-, arithmeËic, and special purpose instructions" The map-

ping PROìf configuration allov¡s up to 256 instructions to be defined"

Hemory space exísts on the mapping PROM for additional instructions"

Data movement instructions use operands provided by implicatíon or as

part of the instrucËion" In the immediate mode, data is provided as

part of the instrucÈion. This group of instrucÈions can be used Lo seE

different iniÈial values for other indices than those provided in

INIT, which is described as a special purpose insÈrucEion.

One unconditional and two conditional branch lnstructions exist for

progran control. The next instruction address Ís supplied foilor,¡ing Lhe

OPCODE as part of the instruction" AII the branehing instructions are 2

words (32 bits) long. The condition is considered met if the ÞlSB of the

FLAG register ís set" If this bit is 0 the condítíon fails" A STOP and

li0P (no operation) are also prorricied.

-73-



TABLE 9

LPCI'íK Instructions

+-------

I " DATA TRANSFER

OPCODE I t'ft.tEMoNrc I FUNCTION

REGISTER B IS LOADED WITH DATA

REGISTER B < QREG

QREG < REGISTER B

QREG < DATA

REGISTERB<REGISTERA

(REGB MEMORY) < REGISTER A

(REGB IGMORY) < DATA

(ADDRESS I'fElt) < DATA

INITIALIZES INDEXES FOR LPCMK

I FUNCTTON

UNCONDITIONAL BRANCIi

BRANCH IF TEST FAILS

BPTANCH IF CONDITION }.IET

IIALT PROGRAI'Í EXECUTION

}iO-OPERATION

OI

o2

03

04

05

06

07

08

09

LDRI X,RB : DATA

LDRQ X,RB

LDQR RA,X

LDQ : DATA

LDRR RA,RB

LDM RA,(RB)

LDRI'1I X, (RB) :DATAI

I

LDI'II:DATA:ADDRESS I

I

INIT I

I

+

2 " PROGRA'{ CO}{TROL

oPcoDE I ìsrEtfoNIC

OA

OB

OC

OD

OE

BRA : ADDRESS

BRF : ADDRESS

BRC : ADDRESS

STOP

NOP
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3" ARITI+IETIC AND LOGICAL

oPcoDE I mvnrol¡Ic I FUNCTION

FILLS CURRENT BUFFER i,IITIT
I^IINDOI^]ED DATA

FLAG BIT 4 IS SET IF START OF
WORD

AUTOCORRELATION CALC" AND

SAVED FOR 1 FRAME

PREDICTOR COEFFICIENTS,
PARCOR COEFFICIENTS, AND FR.AHE

ERROR ]S CALCULATED AND SAVED

FLAG BI'T 1 SET IF I'ÍE}IORY
OVERFLOII

FLAG BIT 3 IS SET IF END OF

IIORD DETECTED

SETS 'RUN' LED FROIÍ "I,IAIT"

SETS ,END, LED FRO}I "RUN'

OF

t0

ll
+--'-------

TEST BIT,X

I,fULT

DIVIDE

FLAG BIT SPECIFIED IS DUPLIC/TTED
AS }fSB OF FLAG

MCND*QREG=ACCA,QREG

ìfcND,QREG/ACCB = QREG

4" SPECIAL

OPCODE I ITNEMONTC I+-------
FUNCTION

L2

13

t4

t5

FILL

soI.I

KENDAL

DIIRBIN

MOVFL

EOW

STATl

STAT2

i6

t7

18

l9
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The major arithmetic inst.ruction is TEST. The FLAG bit ref erred È.o

by the operand is duplicated in the ÈfSB of the FI'.AG register fo¡: use

r¡-ith a conditional branch instrucEíon. The IÍULT inst¡:uction executes å

16 by 16 bit two"s complement multiply with inplied operands in I'ÍCND and

the QREG" instruction. DIVIDE has an fucplied dividend in rhe register

pair MCND,QREG and divisor ACCB.

Special instructions are designed to simplify the programming of real-

time LPC of speech" All of t,hese instructions have irnplied operands an¿

are one v¡ord (16 bits) in length. I'fost involve some form of daËa move-

nent and arithrnetic or logical calculation" Al-l Èhe specf-al- instruc-

tÍons are described in detail below,

INIT sets all indexes and constants required by the LPCIÍK program de-

scribed in sec. 6"3" The menory map assumed by rNrr is shor¿n in Fig. 23

with the addresses given in both the LPClftrl. and EXORciser rnemory space.

As prewiously mentioned, the indexes can be adjusted by use of t.he dat.a

transfer instructions" AIso, all the memory locations above 200H (LpClß

address) are cleared with IIIIT.

FILL insures that the current buffer is filled \,¡ith wlndowed data so

another frame is ready for processing" This ís a "vait-and-fill" com-

¡nand whose execuÈÍon time depends on Ehe amount of data required to fill

the current frame. FILL ealls Ehe data acquisition routine on a polling

basis, checking the Ïfr signal v¡ith a loop. No flag birs are ser by

this instruction.

SOll compares the prewious frame energy R(0) with a threshold Ëo rest

for the start of the utterance" All the autocorrelation values are nor-

nalized so that a I ls in the second MSB posiEion" The number of left
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EXORCISER Mode
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Figure 21: LPCMK Memory lfap
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double arithrnetic shifts requlred to accomplish rhís is used to def:ect

the start of vord (solr). rf only two shifts are used the sLart of a,

word is assuned and FLAG bit 4ls set" SOI.J has an executi-on t-Íme of I.4
usec "

ÌÍOVFL uses the presenÈ. index of the error sLgnal storage ERRX t-o de-

ternine r^¡hether a memory overflos will occur af ter the nexr d.ata frame

is processed. The present error ind.ex ls compared Ëo its expected r¡a1-ue

after 45 frames have been processed. Þrhen 45 frames have been pro-

cessed' FLAG bit I is set and the staÈus tights are sequenf:Í-ally l.it to

indicaËe Èhe overflow conditíon" A limit of 45 x 20 msec = 0.9 sec is

seÈ for the utterance length when all the data shor¡n in Fíg. 23 ate

sat'ed " This can be increased Èo about l0 seconds f-f only f:he LpC coef-

ficients are desired"

EOW uses the frame energy R(0) Ëo deÈect silent frames. I.lhen tv¡o si-

lent frames are detected consecuEively (40 rnsec) the end of r¿ord j-s as-

sumed and FLAG bit 3 is set" The lirqit of tr¿o frames J.s necessary Eo

account for silent periods r¿ithin an utt,erance. The EOI{ execution time

is 2 usec.

Program status is also monitored exLernally by three LEDs (Light Eur-

itting Diodes) located on the processor board. They are labelled i,IAITo

RUN and STOP " A system reset lights only the l.lAIT LED indicaring tha¡

the system is ready for an uÈterance to sÈart" STATI lights RUN whíle

exÈinguishing LIAIT and STAT2 lights STOP" índicating Ehe end of execu-

tion. The cÍrcuit schenatic for exÈernal status is shor¿n in Appendix l.

KENDAL calculat.es the autocorrelation values and DL]P.BIN calculates

the predictor coefficients, reflecÈion coefflcients and frarning error.
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These are discussed in detal-I in Sec.

10 " 4 msec and DIIRBIN takes I .5 msec

neasured.

c) A variable value deflned

d) A variable value defined

ue.

6 "2 "3 " KEI.IDAL

for execution.

execution tfme is

These tlnes were

6"2 I'ÍICROPROGRAH SOHT:I{ARE

6.2,1 le_vSlqgse¡l

It was mentioned in Sec. 3"3 thac a deflnition and assembly phase are

required for the development of a rnicroprogram r^¡ith the I'Iace d.evelopment

sys Èem.

During the definition phase the bit paEÈerns for the microinsErucEÍon

nnernonics are assigned. The defínition fíle LPCDEF for Ëhe LpClfK ís

listed in AppendLx 2" These mnernonlcs are chosen to give maxlmun flexi-

bility in the mlcroprogramming" Each definition conÈains all 48-bits of

the nicroinstruction" Each bit or group of bits (field) is seË. Eo one

of the following values:

a) Don't care bit;

b) A specified partern;

Ln

l-n

the assenbly phase; or

the assembly phase r¡ith a default val-

After the definition phase, the microinstruction is built by overlay-

ing the mnemonics which have been defined. The only restriction is that

the assigned or defaulted fields are not defined tç¡ice in the same mi-

croinstruction. In other words, a defined field in a mnemonic can be

overlain only on the don't care field of another" Any nunber of mnemon-

ics can be used to define one microinstruction so long as the fields do
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noE conflict. After Èhls, the definition and program files are ässem-

bled. The definition table created is referred to during inicroprogram

assemb 1y "

I-lith use of the deflnit.ion fÍle, nnenonics are used Ëo build microin-

strucÈions rat.her than bit pat.terns. AnoÈher major advant.age Lo l-his

approach is in the hardware changes Èhat are made Ëo the system after

the microprograms have been wrltËen" For exampleo Èhe I/0 procedure u'as

changed several tímes durlng the LPCI'ÍK development. The mfcroprogrâms

already writÈen required only minor changes to accomodate this since the

definitlon file could be changed and the nicroprograms reassembied r¿íËh

Èhe ner¡ definition file "

6.2.2 Instruction/Microprogram Interface

All instrucÈions are located in the program memory. Addresses to the

napping PROIÍ are provided by the insÈructions" The FETCH mf-c¡:orouÈine

is used to read the instruction indicated by the program counter PROG

and increment PR0G to set up the next ínstruction. If the instruction

is longer than one word, maintenance of the program counter is handled

by the microroutine involved.

Af t.er instruction execut.ion is complete,

FETCH acquires the next address"

an uncondicional jur:rp to

6.2 " 3 !ata_ ¿qgujgltiog

The data acquisLtlon unit

LPCl"lK v¡hen data is ready for

100 usec and takes 64 usec"

issues an interrupt request Ïft to the

transroission. A conversion start.s every

The speech data is valid only for 36 usec
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while

lost.

A

iRa is active and must be read in thls ínt.erval or it r¿ill be

polllng raethod is used to rIreeE this requirement" rt is unaccepta-

b1e to poll the ffi signal at every microinstruction because current mi-

croprogram status and the contenÈs of the I'IAR, DOur, and DrN regísters

cannot be saved" The 36 usec requireraent cannot be rnet by polling after

every instruction because of the long execution t.imes of some special

Ínstructions. The iîQ f" tested at points in the special instructions

that are separated by noE more than 30 usec in execution Eine. This

guaranÈees that no data is lost" Polling 1s implemented by a condit,ion-

al juurp to the daEa acquistÈion riricrorourine ACQUIRE if ñQ is acrive

(lov). The polling alr,rays takes place v¡hen there is no useful informa-

tion in the ìlAR,

required "

DIN or DOUT registers and the int.ernal status is not

The flow charÈ for the ACQUTRE microroutine is shor¡n in Fig" 24"

Registers v¡hich are not dedicaÈed to ACQUIRE and are used during the

rouEine are stacked in memory and unstacked afEer completion. After

this, data is read from the data acquisition routine and converted. tô t6

bit 2"s complement form" The Ha¡nning vindow is then used to multiply

the signal . After every sar,rple, the appropríate register HAIÍLOC, which

points to the 200 point 16 bit Hamrning windoru lookup table, is incre-

r'.rented. The register HAIÍLOC is dedicated to t,he current Harnming window

locaÈion" The r¡'indowed value is stored in the appropriate program memo-

ry buffer r¿hich is referred Èo by DACBUF, another register dedicated to

ACQUIRE "
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GET X(I)

X(t)=r++t(I)* X(I)

SAVE x(r)

I=EVEN

Ml=x(r) Fr2=X(r)

B 1=If2*X (I)+B I A0=M1*X (I)+

Figure 24: Data Acquisítion Microroutine Flor+chart
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I'Inile data is in the LPCMK the init,ial values for A0 and Bl are eal-

culated and saved in Èhe program memory" These vâlues are described in

Eq" (42) and Eq. (47), respeetively, and are used during solution of the

autocorrelation r:latrix in Kendall's algorithm.

After an entire frame of data has been received, windowed, and. saved,

the st.arting address for the nexÈ buffer to be filled is loaded into the

DACBUF register" The starting address of the frarne just fiiled is load-

ed into the LPP regl-ster for use by KEITDAL" BiÈ 0 of rhe ILAG regist-er

is conplemented to indicate to the roain progran Èhat a frame ís reacly

and the other buffer is being ftlled" Also, the conpleted A0 and Bi are

noved in memory for use by KEI{DAL and their former nemory locaÈions are

cleared.

The measured executíon Lime for ACQUTRE is 22 usec" The ACQUTRE ni-

croroutine is called 200 times per frane for a Eotal of 4.4 msec execu-

tion time per frame "

6.2. 4 Ma-'ior ltlqfg-p_fggIen &o:flinee

The instructions of most imporÈance Ëo the LPC of speech are MULT,

DïVIDE, KEI'TDAL and DURBIN" These are described in detail wtrh emphasis

on computaÈional effieíency. The flor¿ charEs are shor¡n in Appendix 2.

Booth's algorithm was chosen for the nultiplication routine since a

2's cornplement multiplicand and multiplier are used. 0n entry the rnul-

tiplicand must be in the IfCt{D register and Ehe multiplier in the QREG"

The product is 32 bits and occupies the ACCA,QREG register pair on exit.

Since the nurnber represenËation 1s assurned fractional, the final shift

required by Booth's algorithm is noÈ perforned. Otherwiser 3Ír extra
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slgn bit r.rould occupy the nost signíficant. posltion giving a result l/2

the actual value"

The Èhree entry points proví-ded. into thls rnicroroutlrre are I-IULT,

SQUARE and IfULTAC" MULT is a normal 16 by 16 bit mulriplicarion ancí

SQUARE will square the value in the QREG. MULTAC is used for hígher ac-

curacy in ACQUIRE" If done with MULT the highesc accuracy of Harnrning-

windol¡ed value would be 8 bits, since only B bits are avail.able from t.he

data acquisition A/D converter. Fer"rer shifts are performed ln IÍULTAC

glving up Eo 15 bits accuracy 1n the ACCA result" This foll-ows because

the ìIsI.l of the producÈ is used as the r¡indowed speech sample" The

speech value must be the rnultiplier QREG for this to be vaiid.

With a higher accuracy in Ëhe windowed sarnple the autocorrelaËion

calculation becomes more accurate" Nine shifts are used to prevent

overflor¿ during KENDAL and give as hlgh an accuracy as possible" A. more

desireable approach ls the use of adaptive scallng to geÈ the ¡nost accu-

racy possible for all signals. The executfon Eime for MULT is approxÍ-

mately 7 usec and t,hat for ìfULTAC about. 4 usec showlng thaE execuËion

time actually J-mproves if more accuracy is given in the nost signíficanË

l¡ord of the producÈ.

DïVIDE is a nonrestoring Ewo quadrant dívision, allorring a positive

or negative 32 bíE 2's complenent dividend in the IÍCND,QREG reglster

pair" The divlsor must be posiEive 2' s complement and in ACCB on entry.

The quotient is shifted inËo Èhe QREG during the execution tine of 7

us€c. This divísíon is used only in Durbin"s algorithrn.

Kendall's algorithm is used to evaluate the autocorrelation maËrix

for reasons discussed in Sec. 3.2. This 1s irnplemented in í'ENDAL which
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has a I0"4 r,sec execuÈion time.

tained from ACQUIRE"

The initial values A0 and Bl are ob-

The execution of KENDAL is separated ínto an even anci od¿ sectÍon.

An importanÈ concern in implementing any numerical algorithm is that of

overflow. Since a fractj-onal number representaËj-on is chosen the range

is restricted to -I ,< n < l, v¡here n is the number. For KENDAL' thls

problern is avoided by adjusting the number of shifrs in I'ÍULTAC used ín

ACQUIRE. When the amplitude range of the signal to be correiated is

sufficienrly restricted, an overflor¡ is prevented" Only Èhe zero-th 1ag

R(0) needs to be checked for overflow since ic r¿ill be the largest, auto-

correlation value, as sÈated in Sec" 3"2.

The starting address of the buffer containíng the speech data beJ-ng

autocorrelated is ln Ëhe LPP register. This value is assigned by

ACQUIRE at the end of a daËa frane acquisition"

After the first autocorrelation value.is calculated, R(0) is shifred

left until a I occupies Èhe 2nd IISB position, normalizing R(0) to a val-

ue greater than or equal to 0.5" The other values are shifted the sane

amounÈ' adjusting all autocorrelaÈion values for use in Durbin's al-

gorithm" The nurnber of shífts during normalization is an lndication of

the energy in the original frame, is saved in the program nemory for use

in the EOW and S0I,l instructions. An overflow in R(0) will resulr in the

exÈerna1 status lights being sequentially flashed as described in Sec.

6. i .3.

Since l0 predictor coeffl-cients are required there wíl-l be tl auto-

correlatLon values calculated R(0), R( r). . .R( 1o¡ . These 32 bíÈ values

are saved in locatf-ons calculated from the inclex saved in the rnenory 1o-
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cation AUTOX. For each frane " 22 nemory locations are required. to save

the autocrrelation values" AUTOX is not upclated aË thl-s Ëime as ic J-s

used in DURBIN"

Durbin's algorithn yields the predicEor coefficj-ents, reflect-fon

coefficlents and frame error for each frame of data. The algorithr,r ls

ircplemented with DURBIN. This instruction uses the autocorrelaf:ion ma-

trix starting at the AUTOX memory index locatíon" The algoríthm is de-

scribed in Sec" 3.3 andn as in KENDAL, special atÈention must be paid Èo

the problem of overflow"

During the recurslon in DURBIN" Ehe predlct.or coefficient may become

greaÈer than one. An adapÈive scaling approaeh is taken ¡¿here che scal--

er starÈs off being zero and is íncrenented every time there is an over-

flow of the predictor coefficient. When this occurso DIJRBIN is sË.ar¡ed

again and all predictors are shifted by the scaler amount. The Ëime

penalty of restarÈing DIIRBIN is not large since all overflor¿s v¡ere founci

to occur in the first or second passes through the recursion fornuiae"

The predictor values v¡ere found to be shifted dor¡n at. mosü two tines"

This adaptive nethod is useful for retaining predictor accuracy"

After each pass is made Èhe reflection coefficient k is saved at Ëhe

location defined by the previous nunber of passes plus the st,arting a¿-

dress at l.'lemory location REFLDEX. The frame error E ís saved after

DURtsIN is cornplete at Èhe address st.ored in the ERRX memory location.

location. During calculatlon, the intermediate predictor results are

saved in the memory locations starting at the address contained in

LPCDEX. During the final pass of the recursíon, the values placed here

are the desired predictor coefficients.

-86-



Af ter DurbLn"s algorlthm ls coroprete, the ER.Rxu I-pcDEX, ,ii^uTox, and

REFLDEX indexes are updated for use i.n the next frame. These are Lçcat^

ed in the progran ¡uemorJ¡ and are lniËÍalfzed vith rNrT" Execut,i-on time

for DIIRBIN is neasured. as approximately 1."5 msec.

6"3 }IATN PROGRAH

The flowcharÈ for the main LpcMK progranß ls given in Fig " zs" The

Progran listing ís fn Appendlx 2 in addielon to the Hamuring r¡J.ndor¡ ioo-

kup table.

The execution ÈLme for processing one

aufocorrelationnatrix, reflection and

frame error fs approxirnately 16"3 nsec"

operation of less than 20 msec fs meÈ.

The entlre program, noÈ lncluding

occupies l6 l¡ords of progran Eenory.

the specially deftned insÈruction set"

Table 10,

frame of speech ð.at.a Eo geË Ehe

predÍcÈor coefficient.s, and

The requirement for real time

the HanrnLng windor¡ iook*up Ëable

This is only possible beôause of

The program listing ís given in

TABLE 10

LPC34( Rea1 Time LPC GeneraÈÍoa Program

OPCODE LÄBEL ],INEì4ONIC OPERAND

09
L2
74
13

0B 02
18
t5
l6
T2
74
17

0c 07
79
OD

LPC
ST.ART

START 1

INIT
ETLL
KENDAT,
s0I^I
BRF
STATl
DURBIN
ì0vrT.
ETLL
KENDAI.
EOI.T

BRC
STAT2
STOP

START

STARTl

87-



INITIALIZE

DIIRBINI S

ERROR STATUS

KÐ{DÄLLl S

Fígure 25: I'Iain Prograu Flot¿charË
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ChapÈer VIT

RESTJLTS

Three frames of speech daÈa are test.ed r¡ith Èhe LPCIIK sysEem, one

voÍced and two unvoLced" The LPct'IK resul-t.s are eompared co those ob-

tained by sirnulaÈion on an AMDAHL rnainfrane comput.er. Both seÈs of re-
sulÈs are Èruncated" The LPCI'ÍK uses 16 biÈ flxed-point arithmetic i.rhile

the AMDAIIL uses 32 bit floating polnt arLrh¡netic in j.Es calculaÈLons.

Therefore results obtained by the ¡nain frame AlfDÄHL coniput.er are taker¡

as the reference"

The auÈocorrelation coefficients, reflect.ion

coefficients and frarne error are calculated for
sounds. The resul.ts are present.ed, Ln TabLe lt

16 blt 2's cornplemenÈ nur;rbers.

All sets of predictor coefflcients llere found

according to rhe stabill.ty tesÈ found tn [11] "

coefficients, predf-etor

each of the three speech.

J.n the form of Eruneated

Èo yield stable fflters
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TABLE II

LPCÌfl( ResuLÈs

*--*-*-*':--{=

PARA- I vorcro
HETER I

I | "E-E-E-E'--¡ =-;-*rî-l--Ï:il;-----il- -_-- ------t-¡ lÀÌfDAJrLt LPCII( t¿.*oeml LpcMK lemeHr.l rpclrK t+____ **-___J_
I eurocoRRELATroN vALLTES r

| Z-shtftsl I 2-shlfrsl Í 5-shifÊs

UNVOICED

62cE ltçr,z [7FEsR(0)
R(1)
R( 2)
R(3)
R(4)
R(5)
R(6)
R( 7)
R(8)
R(9)
R( r0)

64BE
487C
2zFE
2m8
3960
2C7 4
OFEA
01cB
OOBB

FC82
EF14

64BD
4878
22m
27DC
395F
2C77
OFEA
0lc6
0088
FC82
EFI 5

6?CE
3890
F060
c3D6
D392
O9EB

36CA
3680
I0 tc
EÀEA
E618

4D2A
9728
23BE
07 94
1800
t24E
03cc
0Ecc
2260
0688

7Ft2
6950
3DBB
TBOE

OBTB
2326
4948
63F4
67L2
50cc
3322

696A
BIA4
2tD8
25A0
5772
FA24
-1896

L 3C8
IDC2
I 10C

3B8F [695016957
FO5F I3DBBÍ¡NEO
c3D6 lrB0EILaor
D392 t 0B7B I Oy,7B t09E7 Í232612324
36c9 14948 [49s0
36DF [63F4[63F9
10IB |'6712 ¡6714
EAEA lsOcc[50D3
E6L7 13322:l3320

REFLECTION COEFFICIENTS
5C1A I5CID
DzCE I D2BB
5r'52 I sEAD
ccF0 I cB4B
1234 I 15AF
D964 I t¿so
DBBA I DD41
0830 I 07sF
E0B0 I nros
FL92 I rSrr

4D29
9723
23BD
0759
lB0l
125 B

03D I
0F1 3

22AF
t67 L

696F
B I6F
22LB
252D
5BlD
FB4 1

tc t5
L235
2 185
OFBF
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PREDICTOR COEFFICIENTS
tI

^zt3
u4

"5a-
b

^7aô
()

^g
"10

3162
CSBO

306A
F lDE
F9C8
1402
EB92
07E4
FDCC

FC64

3zBE
c595
34Fs
EC IE
FDI I
I 2FB
EA2O
OA4E
FBC4
FDTF

4DAB
BD94
1264
FB5C
0 tF8
08c0
0A30
F5 38
0D 30
0344

4DAD
BD 4F
128I
FB4B
O lDE
OSCD

0A4 i
F5 t7
0D63
0338

49EC
D5 00
L4D4
CDg4
33CB
F7 84
07 40
FD98
04c8
0888

4AFD
DL79
1914
c918
3896
F2BA
0894
FA2 3

07 65
07c7

+
FRAI.IE ERROR

E | 031A I 02F0 I 0834 | 0Bi9 I 0s3B I 04El

7 "L AUTOCORRELATION VALUES

The voiced 'E' and fricatíve 'F' autocorrerat.ion varues agree with

the AI'IDAHL results to t5 bits in every case exceptfor R(3) of the oE"

sound. The LPCI'IK results for the aspirated 'H" sound give autocorrela-

tion results t¡ith only about 12 bits of accuracy. This dlfference in

accuracy is explained by looking aÈ the number of arithmeLic shifts re-

quired in the normalizacion. Trvo shifts are used on Èhe 'E' and ,F,

sound autocorrelatíon values and five r¿ith the 'H' sound"

Adaptive scaling would avoid this inaccuracy by retaining more bits

of information in Èhe I'IULTAC routine" This ç¡ould entail rîore compuËa-

tion Eime butn as shor"n earlfer, 3'6 msec per frarne are left after the

present calcuations are made"
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The relatlonship betr¿een amplitudes of the successive autocorrelation

values for each of the frames yields important information about each

signal . As stated in chapt. z, it can be seen thaL the point w-ith l:he

largest magnitude is R(0). The fricativ e '8" has autocorreiation values

thaÈ decrease rapidly and remain lov¡ in amplitude for lags greate:r than

0- The voiced 'E' and aspÍ-rated "H' have a quickly decreasíng amplitude

after R(0) and for the 'H' sound some autocorrelaÈion val-ues are almosË

as large as R(0) after a minioum aÈ R(3) " This agrees with the appear-

ance of the respective signals when observed on an oscilloscope" The

voiced "E' and aspirated "Ho vaveforns are much srnoother than Ehe frLea-

tive vaveforrn" which has a very noisey appearance"

7.2 REFLECTION COEFFICIENTS

The error in the reflection coefficl-ent calculatl-ons for the three

examples after each successive recursion of Durbin"s algorithm aceunu-

lates due to flnite register length effects" The first coefficienÈ has

15 bits of accuracy for the voiced'8" and fricaEive frames" There are

only 13 blts of accuracy for the first refleccion coefficient of the un-

voiced 'H' sound" The reflectfon eoefficient accuracy for this sound ís

consistently worse because of the loç¡er autocorrelation accuracy"

The final reflectlon coefflcienÈ value for Èhe voiced '.8' has only 5

bits of accuracy and the fricative'F'is accurate to lt bits" The as-

pirated 'H' sound reflection coefficlent accuracy, as expectedo is much

lower, only 3 bits.
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7"3 PREDICTOR COEFFICIENTS

The prediction coefficients are re-evaluated during e\rery recursion

of Durbin's algorithm. Because of accumulated error the reflecLj-on

coefficients are less accuraÈe than are the reflection coefficients.

Seven biÈ accuracy ls observed for the first predictor coefficient of

the voiced oE'and the unvolced "H'; while the fricative "F. has L3 blts

of accuracy. The tenth predictor varue has 7 bit accuracy for Ëhe

voiced "E" and unvoiced 'H' and an lI bit, accuracy for the frica¡ive

-t"

The fricative predictor coefficienÈs were calculated wiEh nore accu-

racy than those of the voiced "E' and aspiraÈed nH'. This is explained

by examining Durbin's algorithn" The fírst reflecrion coefficient is

defined as k' - R(I)/R(O) which is closer to I for rhe smooth frames"I

This value is used. to evaluate the error E = (t-Urt) * E(0), where E(0)

= R(0) and E is the first calculated frame error. For the case where k,

is crose Eo l, E is crose to zero" since E is used as Èhe divisor to

calculate the k. in Durbin's algorithm and fixed poinÈ arithmetic is

used, Ehe quotient accuracy 1s smaller than for large E" The first E

is larger in Èhe voiced and aspirated frame giving better results for

successive k. and a. "l_ t-

7.4 FRAMING ERROR

The calculated frame

voiced 'E' , 10 bits for
aaaa'lt- . The unvoiced frames

exists in the signal and

rate "

error signal is accuraËe Èo 11 bits for the

the fricative 'F' and l0 bifs for the aspirated

have the largest errors since less periodiclty

predlction based on past values is less accu-
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Chaprer VIII

CONCLUSTONS

A speech research facitiEy has been developed that is capable of ac-

quiring raw speech data and performing linear predictÍve coding on the

data in real time" The real time approach is implemented \.'ith biL-slice

cornponents r¡ith instructions expressly desÍgned to aid the real time

programrning of the LPCI'ÍK Processor for LPC. One major advantage of real

time calculation is the relatively nodest memory requirements for ob-

taining predictor coefficients" reflectfon coefficíents, autocorrelation

varues and frarne errors for complete utterances, such as words.

The LPCIÍI( is programrned to save atl of these parameters. Therefore,

v¡ith the program memory provided, I sec of speech is transformed.
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Chapter IX

RECOI"ÍMEI{DATIONS

The LPCI'IK r^¡ith its assocíated systeu is a fast, versatile research

facirity capable of real time digital signal processing on the speech

signal" The following improvements are suggested for Èhe systen hard-

ware to decrease the computation tlne and ease furËher microprogram de-

velopment:

a) Latch the speech data using rhe A/D converters" Eoc signal

trigger the latch" This allov¡s the researcher to poll the rRQ

100 usec intervals inst.ead of 36 usec intervals;

b) use the R/Iî microinstruction bit to generaEe the Dour register

trigger and enable signal. This frees a rnlcroinstruction bit for

use elsewhere;

c) Irnpler,rent a cornplemenEary, as r¿el1 as standard., output f rorn the

status register for greater nicroprogram conditional branch con-

Èrol;

The facility to save the contents of the status, I'ÍAR, DrN, and

DOUT regísters would. inprove the rRQ handling facility consid.era-

bly. This ís accomplished by providing additional registers to

save the contents. The rnicroprograrn '¡ould then po11 the rRQ aÈ

every microinstructlon vhere a branch lnstruction does not exisÈ;

Program execuÈion tine is inproved Íf the firsÈ r¿ord of every in-

struction is copied Èo an al-Eernate register that supplies the

Èo

aÈ

d)

e)
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OPCODE to t.he rnapplng PR0ì1 " If additional operands are requJ-red

fron memory, then this instruction is not wriÈten over and l-ost;

f) The LPCIIK system clock speed can be increased without affecting

the A/D conversÍon if the converter clock is Índependent of the

systen clock" This requires changes in the I/0 software" but; the

performance v¡ouId be improved;

Softruare nodificatfons that would a1low the dynamic modifícation of

some system parameters such as the nunber of predictor coefficients gen:

erated and the values which are actually saved in memory. It is desire-

able Ëo introduce adapt.lve scaling to KENDAL so maxirnuril accuracy is ob-

tained for the r¿indowed speech frame" This also assures lhat fhe

accuracy for Ehe parameters calculated in'DIIP.3IN does notvary from frame

to f rarne "

The LPCIÍK system, including software can be used to study LPC of the

speech signal. The effect on the quality of LPC with varying spectr:al

pre-enphasis is interesting since iÈ has been shorqn that a spectrally

flattened sígnal r.ri11 yield LPC coefficients with a smaller frame error.

Another research application the LPCl,Il. can be readily adapted to is

speeeh recognition. A ¡nethod called Linear Progranrning is used with the

predictor coefficients to perform speech recognition experirnents on iso-

lated words. The LPCI'ÍK systea can be used for this purpose with addi-

tional nicroprograms"

In surnmary, Ëhe LPCMK is the heart of a speech research facility t.hat

can be used for the study of LPC and associated speech research topics.

Some exanples are speech recognition, speaker recognítion, speech analy-

sis and speech synthesis since aD/g is provided-
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LPCIÍK External Bus Assignment

F"TJNCTION PTN FUNCTIO}I PIN FUNCTION PINPIN
FUNCTION

1

2
3
4
5
6
7

B

9
t0
It
l2
I3
T4
t5
t6
T7
1B

19
20
2T
22
23
24
25

+5V
+l2v

5i
52
53
54
55
56
57,
5B

59
60
6I
62
63
64
65
66
67
68
69
70
7l
72
73
74
75

+5V
-t 2v

GND

GI.]D

GND

GND

GND

GND

GND

GND

GND

GND

GND

GND

GND

GI{D

GND

GND

GND

GND

GND

GND

GND

GND

GND

26
27
28
29
30
3l
32
33
34
35
36
37
3B
39
40
4r
42
43
44
45
46
47
4B
49
50

INTA
RESET

DO
DI
D2
D3
D4
D5
D6
D7
D8
D9
Dl0
D11
DL2
Dl3
Dl4
Dt5

Þ-.UXTER}.IAI BUS

G-_ I]VTEPJ,TAL LPC}Ií C0]'n'IECTI0ì{

G}ID

GND

IEQ
R/iî

AO
A1
Ã2
A3
A4
A5
A6

^7A8
A9
AIO
All
AL2
A13
A14
A15

SO

ø
GNÐ

76
77
78
79
BO

81
82
B3
B4
85
86
87
88
89
90
91
92
93
94
95
96
97
9B
99

100

GND

G}ID

GI'ID

GI'iD

GIID
GND

GND

GND

GND

GND

G}iD
GI{D

GND

GND

GND

GND

GND

Gì.iD

G}ID

GND

GND

GND

GND

GND

GND
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TITLT LPCI,IK DEFI¡IIT]OH FTLE00¿û SIZE 48û010 tPT -L,D=DËFH I t
Iü4[ PR TBU OAH

!û5t i
fl06$ ; IIE){T IHSTRU0TI0ì{

0û70;
ir080 Èi.ÙAD SUir iBi,24)(,3\lR7,4X ; DEFAUI.T [0¡tDTTI0]t HET
c[?0 .]z F0RH 4H0)i2)(,1El,31X j ntstnnr
tt00 [Js FüRl{ 4Hl,tz)(}ALtAD ; CDHDITI0ilAL JUilp Tt suÊRfiuTIHËÍ'tlt Jt{Èp F0Rit 4He,1?x.,tB1)¡tx j runn ro il/tppTilË pR0}{ ADDRESS
illtû ÍJp F$Rt4 4H3,tzXrALtAD i C0NDITI0NAL JU}{Ptll[ PtjsH F0Rt {H4,1?X,AL0AD ; PusH / [0NDITI0ilAL LDAD t0ilNTm
I14tl JSRP FORI{ 4H5,iTX,ALOAD i COIIDTTTO},IAL JUHP TT SIIT{. R/PL
OI5I CJIJ FBRI{ 4Hå,I¿X,ALOAD ; IOilDTTII]NAL JUHP TO UTCTOR

C16l JnP F0RH 4H7,12X,AL0AD ; [0]tI), JUHP R/pL
trl7t RFCT FilRt 4H8,12xrlBl,31x ; nEprnt L00p [0utiTER l{0T zta0
0190 RPCT FBRII 4tig,iexrlBll3iï ; REPEAT pL [OuNTtR NfiT ztR0
ili90 [RTl{ FtRt 4HA}1PX,AL0AÐ ; c0HD, RETUFN FR0,r $UBRBUTIHE
tt00 IJPP F0Ril 4HB,iAX,ALüAD ; C0ND, JU}|P pL At{D pûp

ffilt LDCT FCRil 4H[,ttX,iBt,31X ; L0åU Cüti]tTER
0i20 CL00P F0Ri'l 4HD,iAX,ALüAD ; C0ND, L00p
fli30 [0NT F0R]l 4Ht]fZX,lgt,¡iX ; IÛHTIÌI|JE
û34û T'dÊ F0*t 4,r|F,12X,AL0Aû ; THRtt btÉlï FnAHCtl
lit5ü ;
t?6tt ; THE DEFAULT [üiìl]ITIûH F0R Êt.L BFANIHES iS [0Ni], HET
T?78 ¡

tiB[ ; HEXT ADDRISS/DATII FIELD
f!?rj I
üirû NA F0Rit 4x,ielJHt,3?){
û31$ DATA FSRI{ 1óUH0,1F0}tlx
û3¡tt cYc Ft](H 4X,I¡'JHB,3¡X
Il13fì r

tl10 I IDllDTTInfì C0l]i FIELD
03itt ;
03,{0 Ëq0 Equ û0

037r rRq Equ 4q

t|r80 &r tqij ¡q
T]?D OïR EqlJ ÊO

û4tii ¡l EQLI tq
rl41û Z Eç,lJ 50
r4ît I Equ 3q

Ð4¡0 i'iiT EqlJ 7g
044íl i
[45û ; Al.U RtGISTER ASSIGi{]1EHTS

Il¡Álì r

fAit PtcG Eu!_t 4H0

ü18i AñlA EFril 4H1

fi4til ê[tlB EçU 4Hl
85üt AiiC[ Eqil 4HJ

til{ì A[cD tülj 4H4

ß!ü AICE tqti 4li5
II!]9 AIJTOHIGH T8U 4Hô

üi4'ii åtJT0L[H tQlJ 4tìi

; HIXT AIIDRESS DEFAIJLT=RESTíIÊT

; iliäEDIATE 0ATA DEFAUi-T=ZER0

; [Ytl.t C0UI{TER L0r\D

; HALF NFGIìTIVE

i PRIERAH ü0UNTER

- Ill+ -



0550 REFL EBU 4HB ; RTFLECTIûH IIOEFFICTEil'I

05å[ ätl{D EeU 4i.{9 ; FBR {u*ULpIpLy R0UTINE
i5?t] HTHLOC TI{U 4HA ; CURR¡}IT HAiiilTHG HTHI]OIJ LO[,
0'rBl ì{t tüU 4HÊ

t57l] i{e Equ 4H[
tiå$il LPP IqU 4llD J AUTIICORRELATION ÍIjFFER
ûå1Í DAIBUF Equ 4Ht i 0ATA A0QUISITIOI{ FUFFEfi
fó2û FLAG EqU 4HF ; pi'ûSfiAH D0HTR0L FLAçS
ftÁlfl r

fió40 ; sTACt p0INTER IS DEFINED iti t{r[R[C0ÐE AilD THTREFûRE

065û ; H0T EXTERHALTY ALTERAÍLE,

0ó60 I
t670 ; STâÊl( VALUE = A0 HSH L0CATIû}{
fi,(âfl r

069[ At EqU IåtlFF i HSS

irTrtr f,û EQU túu+Af-l j tsu
0710 lrl ËqU t6H+Ai-A ; I,t5ti
0ie0 B0 EqU 16H,Ai-3 ; LSH
0730 SRTBUF1 tQu t6H+At-4 ; STAflTINt AIrI)Rtss 0F iruFFER I
0i40 SRTruFt Equ tåH+41-5 ; ST*RTTHË ADDRESS 0F EljFFEft it
0750 FNDHAI'í Equ tÊH+fi1-6 ; sT,ADnR, 0F HÍ\ì{HING t¡IHii0H
076[ AÍBUF Eqrj fóH+At-7
077û AûBUF EqU f6'r.l+At-B
t78r'r SIFUF EqU t6H*A1-9
079$ F0íUF tqu !åH*Ai-A
å80ü AUTox EQU tÉH+Ai-B ; AUTfl[0RRËLATI0i{ STüRAGE rHl}tx
ûAtú LPIDEX EqU Íóli+At-t ; Lp[ rr.;Eff, ST0RAGE IilDEX
0$2û REFLDEX EQU 1ÉH+41-D ; REFLEIîI0I{ c0tFF, 'TIRAGE I¡{DEX

0âl[ A,I EqU 16H+Aí-E ; UEED It{ AUTÛI0RRELATI|]H
tB40 ilx0 tqi.J 1åH+A1-F

0950 ¡XftuEil Etltj 1óHlAl-f0
TBÅO FTOEVEì{ EqU 1ÉH+A1-11

tú7¡ EXl0DD EQu 1ÉHîrlt-1i:
0EBü FX00DD EqU ióH+A1-13

0990 ERRX EEU 1ÉH+41-14 ¡ pREÐiCTüR ERRflR It{IrEX
0?ûÐ ERsïAi( EÇ¡i låH+At-iS ; pfltÐT[TfR ERRüR EUFFHT
û?1û PRDGSTT E0U l,(H+Al-lå i pR0ËpAH CüUilTER ËTAffi
û?20 âtJTScA Eqli 16H+41-17 ; AUTü,H|RíIALIZATI0¡.I I{t.lFFtR
û9¡l HlÛUilD EtU íåH+At-t8 I HùRit ,EflUNi¡åRY [nUNTtfl
û?4[ PRl Eq¡J 1óH+A1-19 ; HIJHEER OF IIJEFFTTIEIiTÍ;

0?5t RTGSTK tçU låHtAi-lê i T0p FF IilTEÊRLlpT STA['{
itThll !

i?7t ; Ai.U

fi9ßn:

rj,;?tl ; su'ûUR[E

fú$0 ;

1Û10 tlq tqU 0ft I R=PüR| A S=,!REG
1û?0 At içiJ 1q ,.,

i l-lrl lE EqU tq
1ri4ü ZE t(U 38

i tsir ZA E,?lJ 4Q

lij,lt¡ iA Eqij 5q

1û7f Dq EgU 6q

iir¡û lZ EqU 7E I R=DATiì S= 0
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1$9û;
1fû0 s FÛRH 17Xl3Vq+DZ,eBX

lftt ;
ii?ir ; DESTIHATIùN

if3[ ;
1l ¡ti ,J! lu )

It50QREË tQU iB0 iy=F F==-Eift0H0P tEU 3qf ; y=F TEST

if7û RA¡TA tglj 30t ; y =A F ==- EIiBtRAHF EQU 3f;3 ;y=F F==-ü
it90 I

12(10 D FtRlt ¡tx,3vE+RAt{F,t2x
ttfB;
f??t ; R0TATË Al{D SHIFT FIELD$

lliil ;

124û ÍLoAD SUÊ 1EX,Aqû,AX ; ZER0 SI|IFTS Up ANI) DnHil
1t5ü RiD FnRt e¡X.'3Qs,gLtAD ; 0 ) R/IHS ¡l0id¡lsHIFT
1!ó$RflZD F0RH ¿3X,3E4,FL0AD ;0)FAHJ 0)0J
izi0 RZU FCHI{ ZJX,3Q7,[|L0AD ; RAil0 ( 0 SHIFT Ut'
1?Elr RIZU FûRt I3X]IE6,EL0AD ; RAH0 ( 0 g0 ( t
13ðn ,tLl tJ 

J

l3lrlr [LtA] SUl tB)i]Zq¿,# i É0TATF Up At{f} DüHt{ilft RSRD F[R¡l ¡3, ,3qs]üLtAD ; Rlli{ .ìIilÊLE 
R0TATE Oflåt

1]2T RqSRD FilRH I3I,3q4,[LüA} ; RAil + qREË SJNGLH RTTATE D['i{i{
133Û RSRU FOHÌ'I ?3X,3q7}[LOAO ; RAi{ SIHÊLE HÜTATE UP

134t RQSU F0Rt{ I3X,3Q6}[LUAD ; RÉlll + EilEG SiNËLt R0TATÉ tjP
¡dJ! 

'1¡60 DLCAD SUF 1BX,2q1'tX i I)ültFLE R0TATE Llp Ai{ir IIIHN
137ü RÐRÐ F0RH zlX¡3qsrDL0AÐ ; Q0 i HAÈ1J

13fl0 ftqI}RD F0Rl'l 13X,3Q4,010'AD ; e0 ) RAlt¡ RrìH[ ] EI
13?û RDRU F|;R¡í ¡3X,3q7,01[âÐ ; qJ ) kA]j[
1400 RßDRU F0Hll 23ii,3Q6,D10âD ; EI ) R*Hû Ritli3 ) q[
t4f0 ;
f42ll EL0Aû stj! iBx,eQ3¡tx ; ARITIIì{ETTC SHIFT uP Aì!Ð Ir0H¡t
1431 $RA FÍRi'l I3X,3Q5,EL0Aû r FJ ) RAH¡ ARITH, EHIFT RIf]iJT,

t4iil DE'A Fû[ä 2¡X]3Q4,t10â0 ; FJ ) Rr'Iil3 RAil0 ) qJ

f 45û $LA Fútii{ ¡tX,3q7,tL0AD ; qt ) RA¡t0 ARITH,SìjIFT LEFT

146û DSLA tûf,li !¡X,3EÉ,EL0AD ; qt l Rå¡t0 0 ) Q.[

t 47fl r

148f ; P0lT ADDPtssiüG SCtUtËE
14ii ;

i50fi PH t,!U Ztì0 ; ADITRESS FR0¡f HIüRüI¡ISTRUCïI0¡{
1Ìilr Pi{Ar.¡PEr E[rU ¡ql ; PIRT A AüDR,FRfi¡{ HI[R0,¡, püRT È flD.tR,FRttl [p|lAi{il
l5?n PHB0PA tEU 2Q2 ; P{IRT A AIIITR, t|?0¡t 0PRrtiliÌ & prtRT E AtIìR,FrtrH,TICR0,
1530 PûP EqU ?q¡ ; IlDÐEEäS FR0¡i [PERÊt{tr

1!4tt ;

1550 P F0Ril ¡7X,4lJH+A[ilA,4tjH*A[CIì,¡U4+Pl'trltX ; P0RT StLEiT
{tr¿n ,Ì -r!! )

1c-'7ú ; ALU füilC'f i0N
I LU!r ,
I -'¡r': 

" '
15e0 ;ìIID EqU t$ i R+5

1åtil È¡jfl EQii lrt js-R
iå'i[ iUS tqü 2q i R-s

tÉ;1û trR Eqlj tq ; R [R 5
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.,{3ü lìliÐ EEU 4q i R å,{D S

.É4rr liRS tqu 5e ; (il0T Ri Al{} $

lå![ tirR EÊjU óq ; R E(ÛR S

,¡'!t tlltlR tqu 7q ; R ËXR0R S
t L2fì ,

i,iF.;û it tEU 0ir i 0ARRT=â

í59i1 [t tÊu tB ; CARRY = t
1r?tn ,

171t F FnRH t0X,3U0$0Rl3X)lUB*[0,21)(
{ 5A¡r ,tt ut) )

f730;
t?40 ; PR0IRAH LFJIL STATUS FLAGS ARE TESTED

f750 ; REGISTER 'FLAË) IS USED I}l A Ì{AILB0X FASt{Iût{ T0 pA55 $TàTUS,

17,5il ; THE ZEfl[ FLAç IS SET iF I0NDITI0HS ARt Hrf,
{Ì?n ,

J7E0 i5T sUF iB0,DA,AND}N0P,1X,FLAG)4X,PH,tlx ; ZERCI FLAÇ 15 USE[!

li?r TsiÉUFt FßRH lóljÍ)TST ; BiIFFEÊZ USÐ BY DATA Afq,RCIUTIHE

1E$0 TSTì{0VR F0Ri{ 16H2,TST ¡ l{EH0fiY BUEfiFL0H HÏLL 0t[UR

ltf 0 T6TEDH F[R]l 1ÉH4rTST ; El{Ð rF i{tRt,
1B?0 TSTZER0 F0RH iÉH8,TST ; RESIJLTS ARt ZER0,
{ F-itì :

1Ê4t EN Equ I ; FI{MFLE PRBTRAH STATIJ5 üil 1/0 FtRl,Tç

tE6$ ; I¡ìPUT/flUTPUT
4 Ð'|h '

1É40 HAP FûRl{ 37X,08,1lj81,18,üB,5)(,lUBl,1\tEf ; ÉtilBRY AI}0RESS RËG lS ENAF¡.EI)

1Ê?ü t0UT FERI{ 37X,18,1U81}18,1!,5X,fUF1,0r ûATA flìJT REG, EäAll.E

f?00 0Ii{ FüRH 37X,1Ê,1U81,08,[E,sX,lVBl,lVB1 ; IATA IHPUT EHABLE

f?1û ä0It FilR¡.l J7X,tB,lUEl,1B,0Er5l,tUBt,lUBl ; }*0 I/0 trPtÊflTIùHlì

f?i0 Ì1DIH FflRli l7X,CB,fUFl,0F,0B,5X,lUBl,lVFt ; HAR A,\t) DIN ÊflTH L0AI)EI),

i?3!;
1?40 ; Iì{TERRUPT tjt[TnR /II{ïERRUPT AIKHûHLEDDE

i',r50 i - ïATA ï5 PASSTÐ T0 IIITERRUPT IJECT0R THR0rjËll 0-FUs

19ó0 ; - ALS0 All II{ïERRUPT ATKN0HLEDGE F0R THt D.T* A[qUISITl0¡i RTUTINE

1?70 ;
:tli[ ï¡iTA t0U 0 ; IHT, A{l}i, / VtL=T0l LûAl

1'l?l ;
!riuir ; fiAiBR âLU FIJÈICTTùlt DEFIIIITI0IlS
It{ ír ,

¿û?f 7FiË F0RH f7X,ZF,AliD,RAllF,5X,4Uti*ACüA,Pli)liI ; FEE (IlI1CA) = 0

2[]tr iti[R FúR]í i7x,zlr.tft0D]3uil*RAi'tF,ll1,4x.l4lH+rll.it,PH,liT; FtDiAICA)+i=REÈ
2i;4û TFST Fü'ì{ 17X,ZA,0R)¡l0PrfX,4VH+ACCA}4X,Pi{,ifX I TEST REG(ArlnA)

¿¡sfr TESTq FriRH i7X,Zq,0R,l.iúP,?IX ; ïEST FEGï$TER Q

zûål Plì55É FtRli t?X,ZB,tüR,B){,4rJH+ACCA,P¡l)liI
2i!7tJ i
iT¡fû I AII}A - PUITB=POÊTB+PÍ]RTA DEFAULT PORTII=ACTA

?;t?ii i P0RTA=I{[N3

tifiû ;

zitt âI)DA FDÊ,{ i7X,AÊ,AlÐ}Rlli,tF,[û]4UH+ÈICNI,4,iiJ+tirl0tl,Pt{,1iX

¡I¡i] ; fl}A - PÛTÌE + PüRTA DTFAULT PCRTF=AICA

::',41t ; PÍ-JRTA+CI{!

ii5n r Nt¡ I:'ESTiÈ{ATI[]l 9PE[IFIED,
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2i7û AÞA FttRt{ 17X}AE}ADD,3)(,t0,4UH+itüNDr4Ui.i*Ailcâ,pi,t,ltx

L¡UI t

?190 ;StjÊA - PûRTF=PIiRTF-A DTFAULT p0RTÊ=A[CA

!i'ìíi ; ptRTA=HDltú

32IO SLIFA Ft]RH I7X,A!,SLIfl,RAHF,C1,4VH+HCH',4ljH+ATTÉl}PH)1TX
a1'rh ,lrL! )

i;r3ü ; 5BA - PCRT! - P0RTrl IIEFIìULT PTRTB = ACUA

214û; pBRTA= ¡INDePst Ûii)

TÛTâL ERRÚRS O
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TilI TTTLÊ LPIHI{ 5OTTB4I1ü'lii2D 0PT O=Lp[:f .T=DEF]t:i
I illt

IIJ4if ; THT PRIiGRA}I ]HST.IJITIüHS ARE I)TFIiìEO !¡HI|:H
irisll ; ApE USED IH CÈlLflJttTIHG THE LpC, ERRûR, AitFûûófr ; RTFLECTIoN C0EFFIfIENTS FIR A _$prrcH SiçUnl[0?t ; Itt REAL TTt'iE,

[,] 8û

lü?l ; FITCH - T|lis RtfTräE HILL FETTH rirsT,ufiTrü]r tRü1.0û j D/ITA FRuÌi pp0[RrtH HEHtRy ÊT THE pRtSENt'

If iO j P,IOGRAH CIUI{TER LTIATIOH tlHÐ ]}I[REifE,qT THEírftrr j p,[, FCR î¡tE HEXT FETIH,
î130 j
t14t 0ü00 t00tBû*û0303 FETCH C,0þlT 5,ZF F,Ai}t,Cl D,RAHA p,pRßG,pRtt Ì{t\R ;
ü150 [001 t00t804û0ô03 c0HT D,H0p DTti ; ÊtLúH ittxT itÏ ADÐRE$sr= TB sEnLE
[f'53 0ütZ Pt0û80400703 JHAP DrNL]p H0Iü I ËAppIHË p,0H

tt!7I i
O1Bil

t11?0 000t Efi0080cc00û[ ' [0ilT
il?00 c004 E00ûg[û0ü0Bc [t]tT
[¡i0 îü[5 t00ü8fr000ürt[ [[NT
ü2?0 000å Eû008[0000û0 cü¡iT

Ð3tû
ätiô 'ULAU

f t50 ; t, DATå ÌttuEÈtEi{T ÏTT.STRUCTIüNS ALLúI{

û2å$ i - ilrilflRy4ËüIsTË?027û R¡G1$TER-Rp6ISTER[zBi] iI ' - REtISTtR-tiilt0RY
î!9Í , TRAIjSFEftS,
lì?¡ì lì

û110 j LDRI XT.,ffË I ûÈTA - DATA 15 LIAI]EII IilT0 ftB Ti]RüUEH

û3?t} j -AC[A,

û13û

t34tf ùù0? t000[å4023ù] iI)RI DÛNT 5rZÊ F Drìlitp p,p,0G HAR ; FITIH IATA
cl5t:r fitcB Eûtf 0c¡ttt¡03 cft{ï 5,zA F,sufl Ð p}pR0G HDIN
tlà0 9ilfr9t000F6[2?i[3 C0UTSF Dp Htit I ACIII=]ATà
ll7$ tûúA E000[tttig0] [0NT 5]zA F n p,r]fitÊ0pB DIN

!J180 CÛü8 30[0fûEti]773 HA,FETIH IJP S,Zfl F,AD0,ü D p,]pR0ç NUIü
039!]

¡4tü 
"

J

i410 !!0c E00tBlìtû0üii0 ctNT
!4tû 000Ð Eût0flÌ0¡ùtto [0i]T
û4lB fltt Eù00g'ir0t[ilJil [0¡{T

ir44i tî[F E00ü800000!0 IBNT

tl45i
tt+L\ ; Lf)ÍE XX,RI - [? IS L0ADED IJITH nATrt FRD]| R[Gq

i+7tt j
t 4,?u

i4'-/ü úiJ1i.J E0t[80[000î0' c0NI

irSirli ûüii EC00B0tifltr¡0C L'[NT

ü!iû rrft2 t,Íû0Alû0iJt0fJ C0ilI
il:iî útil r00tÐr0iì00ûtl [0NT
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fistù
û5lt ilBt4 300ûA6[IJF7]

û5s0

¡560
057û

0590 00f5 i0000å023F71
ri59û

[¡,{ ij l
0úi0 0Íft t0008tl00Íúrì0
li20 0tf7 Eü00ü0flü0000

rË10 0tiB E00n80000[00

0ó40 0fl1? 8t008000000t
ilÉ5t

[åå0

t670

0É,Bc 0t1fl E0t0g[Aüt3ü3
ll,5?0

t70ß
07f 0 0iltt E0008110t0|}00

û72ù 00lC t0tt0B0t0tû00

0730 00rD t00ù8ft00[800
0i4f tìl]1E E00080000000
0750 tütF 300úF6000ói3

tr?$tl

ti77t,

07a0 flÍ?0 lt0rc6[¿]F73
;ìtcrl

f]flí10

0Eiü t02t t00080t00ù00

[82ú Í0Pe Eû008ûr}t0000

flfl3û ùr2i Eú008t00Ðt00
lÊ4[ tt¡t4 E00t9000ûû00

ûå5iì

'EbT0,37 t
0ßBt tttzs 000ü3å4¡3F13

['d'f|] ttrtå 3ü00[å{I]FFI
rl?0[

t9liJ
r?¡0 t0¡7 Ec0ÐB[[ûtû0û
fitlt C¡ltB E000A0il[|]ûtÌt

Ít40 ü089 E0008ttiril0c0

0?58 Íl2A Eût080t0ût0t
tr?úfi

üv7t
[9Af
t?9tt

1il0 t0¡B Eû00[,54t2303

ir1ú fir2c EB00[I4ûtt03
I C2ù trûlD 5tr0ûFóC¡¡703

1t3[ [0¡E EIttrirÊ4Í]Bl¡
i t4Lì 0ù2F l¡10(l!üilûi73
i nEn

1tìå0

CONT

Iul'tT

CIlNT

IOHT

LDQ XX,XX I DrlTA

¡

LDRB

,

t

LDER

,

HA,FËTÛ,H IJP 5,7q F I P, ),PCP i'ìûI0 i RF=üRFû

LNSR RA,XT - g?ËË IS LOADEI U]TH }NTÈ FRÛI1 RI{

¡IA,FETCH DJP S,ZA Ë Ð)qnE[ P),rPtP N0ï0 ; EREG=RA

I

)
L0q

,

,

- BRET LÜAilEII FTOH I¡I}IEDIATE ÐATA

,
LDRR

,

,

tüt{T s}lB F,ADD,ü D,RAi{A p,pR0G,pR0G HAR

IONT

[0¡tT

TTNT

CÛNT

¡¡A,FETûH CJP S F Ð,qRE0 DIi{ ; ¡IREI=IATå

LÐRR RA,T:B - RA TRANSFEft TO Rft

llA,FtT[H CiP 5,ZA F D P,,,P0P ll0l0 ; RF=RA

[ÛHÏ

I]ÙNT

Itt}{T

ll0ilT

LI)I4 RA,IRT() - RA TjONTEHT$ Til (RB) LTICATJ.¡I{

$1i¡{ F }'HoP P" }P0P l{AR

¡iå,F[T[ii tip 3,zí1 F Dri'lup p),,pcp ti]uT

InìiT
Itr¡il'

[0¡rT

[0r¡T

rlRitI x,t,(R!) : irATA -rilÅi]riliil,Ir{TB {RB) LtttATI"q¡{

C[]¡T S,Zrl F D,NllP P,FR8G ]1AR

l.tiliT 5,tA F,Silt I),H0p F,FR00 HDIil
CilllT 5 F I P i!-ni0 ; Attrl = DIITA

tlti'iï 5.ZF F D,lì0P P,,,P0P i'lAR ; l'lrìR - lB
liA, FtïiH CJr' 5, i3 ¡, ADD ) Ci D P ] , PR0G I'ltiln

.t

)

LI)I{

!

I

,

LDRiIJ
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i',J?l ûûit E0ûûã000,10¡0 [uiqT
liilil !ü31 t[008010ü0t0 [üi{T

ít9Û 0illP tûÚ080ü00t0l] cnNT

1i |jil û033 t0t080if il0û0 cnHT
1.|atr .l!

1i3f ; LI}R (RA),RB - (RA) ¡tElilttATl0¡{ Tt RF

111[ ; fiEHçRY Tû ÊEÊ1.5TïR,
if4[ j
1150 tri34 Er0ûtÉ,4¡38ü¡ LDR [0Nï S]ZA F Dj¡iüp,Ði,,ptjp HAR ; GET ]tÊtt,ICilTEì{TS
1låû l.Iû35 ¡0llûi6t¿1873 HAIFET$I cJP 5 F D P),)P0P DtN ; RB=Hilf,[0NTEtiigi
1170 i
iiB|ì j
i190 ü3ú E00t800e00il0 c0NT

1!0t 003? E00s90000ûtrn c0NT

ltltr 0ü33 E000Brr00t00 c0NT

1tt0 Bt39 800080|}800t0 [0ilT
1?30

i.¡4[ i LDHT XXXX : OATA : AIIIIRE$S . ÜATA IË LIADEÍI I}ITÚ THEl35o l lrtì{tRY ADDftESs FntviümiZåc i lHRoUtH ACr;A,

1i7û j
it',r! 0û34 t0üûB0Aû8303 LDHI [0NT 5,Zg F)AtD][i il,RrtHA p,PR0G,FRI]G ]iAfi
12iC 0038 Etr0ûF680¡3ir¡ ti0ftT 5 F D,RAä* p,FRm H0IH ; AICA=DATA

l-'iûC 003[ t0t0C6{2278¿ [nNT S,ZA F Ð,klP P û0UT ; ilEH=I}ATA

t3tû 813Ð 3000itl1i30773 NA,FËTCH rlJp S,Zg F,ADD,[1 Ð p,,pn0Ë HilIt
ilt0 i
i$0 ;
fl4[ uü]E E[ü08t00tl0ûn tüHT
ll5û 003F tû008l][c!1i!t]¡1 c0ill'
il50 r04ù tc0t80tûttÐt0 c0NT

13iü tt;4l tC0080ûrlflrl00 rilNT

1t8 n

i3?(t ; I, PRûttrlil ICHTRCL ]iìSTRU[TI0i¡S

i4ûil
i4til i lRA XXXX I AlDiËirS - Uil[[r'tt]tTi0NAL BRAi't[iì
f,T20 i
Í4¡it íriJ4¡ E0[ûcs4tt¡t] FRA c{ll'tT 5,zA F t,}i0P P,9ÊuG liilR ; iÍAR=F[tË

t.i4t tî43 EttüF[E2lói]l {]0NT 5 F)ADÐ,fi. D P,,PR0G DIH ; PRÍìG=AÐDRt55+t

!45$ ùil44 tût[i,;],tct¡ût tt]ìT 5,zA F,5uî ii,]itp p¡pR[G ]tAR

14åî f û{5 E000út4rl0ôrr3 DúNT D,HÛP ÐIH

f4i$ 0t4t 2l]0rlBt4tû7û3 JHAP Ð,il0P N01C

i 4b'J i
ii'?iì i
tlrJ! úü47 E0rlü8ilíJtüûl [ûNÎ
liil trû48 Et0û8ileil0ûütt [B]lT

ilijtj ljt,irl t0tt080i1rlillll., crl'T
i¡3¡ 1il4i\ E00080ût[ù0il [0]lT
i iåii

ilt¡ ; Pq[ r AIDRESS - BfiÈNi]i iF flSF üi FL.AÊ .EFI$TER StT
! -rl !i

i57Iì Ol.j4F EcijOFIåEf E¡ü] ÉRC T]tlI,IT $,ZIr F I),F:A,{A P,FRfiG,FLAG ilAR

isEfr 0il4t lû4ilrûf?t613 flA,Ffl[l IJP,li Ì,ii{ F,ri0D,il l) P, )PRilG DIi!
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fI?t irfi4Ì} ¡00ü80400773 HA,FtTfli ftJp D,N|Jp itßTfl
i6rrri üri4t 3000FóCt0i73 BRC1 ¡IA,FETCH [Jp S F D p,,pRtG N0I0

1òtrl t
li¡ir i
i,53f ûi14F E00irg000lT|]rr0 l]t¡iÏ
iÉ4{ì ûü50 t000800(l0000 [tìNT
iÉ,i¡r illsf Etü0RlI0l]BCtJ0 C0III
15,qi¡ ff05t t0ûü8000û0ûfl [0]tT

i É,7[

L¿'8û ; FRF I AI)I)fiESS - ÍRANCH IF ìt5f 0F FLAç I$ ZtHÍ
Lt:?tt ;
17$0 t05I É000Íå80tr303 ÉRF [0flT S,ZF F D,RAHA p]pRtß,pRflË ]lAR

171C 0t54 lt00B0t20Ët3 ilA,FETCH lJp,ti S,ZB F,å00,C1 D p,,pR0$ DIN

lizc 0t55 3û00Fó[tfl773 NÈ,FETIH [Jp 5 F D p,]pRCIË ]lUlfl
1 ./.t t.iizii i,
1?!0 0ü5É E00|18rfl0i1û00 IúNT

li.qtt ùù57 E00080ù00000 ctlt{T

r?7t r05a Eüû08ûûfJ0l]rJ0 t0NI
17ât 0059 t00t80ût0000 cûi,tT

1791

fBttl ; 5TDP XXXX - A SELF L00P
tEtf] j
1A¡ü t
l.[]û C05A Et0t]8ütûil0ljf [rrliÏ
f ,q4[ tt05Ë 80008û[00000 [0]¡T

1ä50 0û5[ E00ri80ût|Jl]tü c0NT

iEó0 0ü5Û ttì0[80il00t0û cnilT
187n ;
1Ð80 t05E 305E804t0773 STP1 t{A,STpt DJp D,}irrp }i0Iû
tïc.tt
f?0[ ; NiìP TXXX - [tNTillUE
i?i0 ;
i?20 t05F 300081400i73 N[0P NATFITIH [Jp I],]ìrrp HnIû
t?3$ j
1?49 t
iç51ì 006û E0008|],1[û!0fl UBNT

1?ól 0116! E[0080û|l{lüü0 ff}NT

t?i0 f1!5? t00[8fjt}i]0fjf]0 cû¡'ìï
í?il [ûó3 tü[û8,1ü[trß{t0 [{1HT

ii?t

iii]û ; 3, AÎITHIIETTI ,i¡itl LOIICAL TIPEiIATIüI{S HILL I'NSJST INLY

?ûti] i
'JCln

ZÛ]ii i TTST ÊiT,X I'IT FRNi{ i-lú OF FLÊË RILìI5TER I5 HUVED II{îO IISB

?-,iqr¡ ; PnSTTTlJll,

i05fl i
Zii6l t!.cq i000FóCt27û3 TEST [û',{T 5 t D P Nirl0

t0:f tiüå5 LrF[05.5i?iil]3 I]tTA,iJFrJ.!H 5,Drì F,Al'i[ D P l.¡0]ti
'r!ä0 tr0,5t 0ûfi176[¡470] DATA,I 5 F Í) P,,il[CI{ H0I0 ; SET PùTT[R|{

tí¡çir !cå7 01005iieÐû3 TESTã Ð1ìTA,010ût1 $)DA F)StiR,Cf D p ¡tflt.r
211ß 0058 3f)6A8t4il07f3 tiA,TESTI CJp,ìt t,N0p N0In
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¡1fc [ûå9
Sftc cilåA

?t]0 t1åB

314{ t0åC
l15i ri'ÁD

?iå0 0.ïót
tt?û ¡e6F

?1.C

zi?tr
¡$t 0|]iù
2?it Ð07t

?nlJ 'iûn
111n

t?40
?t50
l2åt
?ã1ll

t2B0 ß071

??9\ tJtt?4

?tû0 ùr75
?31¡l tü76
ll20 0ü?7
27te
L.JJI

¡34[

¿350
?7¿ñ

3¡7r û078

¡16!r 0j179

?r9û 0û7A

e40Í 0$?E

l4fû 0Í7c
?42r

ã{10
tfit0
rj iJ ¿ ¡_t

Ð r¡3tl

l] fJ 411

fu)ll
rj;l¡¡i

iit) | tj

il ct0
i¡tiiJ
till
fi{?r
l1--r

¡J I ¡.f rj

,ì 1_c,!

| 1åir ûi7I'
û17' ûr7E

30,i787042?73

ECût98C¡47ûl TEËT1

304E80,rí]0753

8ü00560FE7üi

30 ûr80400?73

B00t5AusE703 TtsT3
l0 0 08 0 40 |J?73

l

;
E0 ß 0804úû7tl
E0 t0Et|4ûrr7û3

t00 0804û 07fJ3

,
;

,

;
fl4A8t4ûü773 itULTIP
30 û 0BI t0 0773

8fl008t4007ßl
t0 tr08040û703

E00[0840ü7t3

- TåT1É EiT Ê}5 CÍ]¡'IPLEI{INT HilLIrPLI
IÈ{PLitÐ 0PRAH05 ril ilffiD AHI ERti;
PFCÐUTT ÎN ADCÍì,EREË flN RETURI{

HAlTtSTt [ip s]zB F Rzu p]A[r]8 H0I0
cot'tT s,AF F,ANI) D P,,ACÛF N0In

llA,TEsT3 CJP,Z D,trüP tl0l0
DATA,B000H 5)DA Fii.jl I p,FLAGTFLAG NilIfl
i,lA,FETIH 0JP I)itìtjP ilûIû
DATA,gû00H s,DA F,,ìRS D p,,rlflG,FLAç N0i0
NA.,FETIH CJP D,ä0P HûIC

SPATË FOR CHAIIGES

coi{T D,H0P N0I0
c8¡tT t)l¡uP N0i0
çuHT DIH0P N0Iü

ifl.rLï

t

;
125E8û400?73 ÐIUI
30 0 08041'r07i3

E0008tt400i03

E0t fl8040 t7[3
t000804t|0iü3

¡tAlHuLT CJs D,H[P H0I0
}|A,FETüJ CJP D,tÐP HoIú

c0NT 1),N0P N0Iü
[t]¡lT 0,iloP N0I0
[0t{T D,t{0F tt0]0

I)IUIDE - A ]2/16 BTT }IOHHESTÛT]}IG DTt,ISJTH

NÍi,nlUiDE CJg I},|¡BP

|{A,FETCä CiP D.'¡iBF

[0¡iT D,t{0P ¡t0i0
c0llT I)rHllP i'ltlI
tililT D,t{0P i,{t}Irl

"L23-

H0ttt
l{ir I{l

,

; -----------

j 4, -$PE[IAL IilSïRijLrTIû,.I+S

,

i
5RTHå}1 TSU i[ÜH
S,TRTF EqU SOCH

sÊTLPC tqu 700l{

T'tiFl EqU IOOH

FUF? IEU 3OO}I

SflTAUTÛ EqU ?OIH

5RTERR EqU 4OûH

HA}iEND TBU 1[7H

[ütF Equ 0åH

t
0frF8?64ût3û3 i¡ìIT DATA,ATFUF S F D.tifp )iAp

t0ûtFBclå7ai D0ftT 5 F,Ailr) I) p,,f{t D0L|T



tlEll til?F 0rlF77á4ûú_lil3 ÐATAIA0BUË s F Ðiiülp irl'R
|flytr [080 t000F$c3fl782 tfiiiT $ F,Ai{D n r,,nr nnut
0?û0 0081 tûF67Å411[]03 lRin,ltrur s F Djäûp ]t;lR
0?i0 008¡ E00ûFgc207a2 cilNT S F,AHD n t,,Rnnc lourrlt¿0 ût83 ÍtFó76400303 nfltR,rtrúr s r n,nnl l{nn--
t23û C0B4 E00ttFgctEi8z CDNT 5 F,ÊNn D p,,FLAG 

'0uT
üii40 t0t5 ottilzóc¡47ol nniR,sntHnn s r t'r,,Hnltl¡i ¡lnro0e5[ rfa6 00F9264003üJ rnm,mnnnn s r i,HdÉ nnï

crz0 ir0BB 0tFtr7É4ü0J0J nnin,snuurt s r i,uot n,li0iBf tú89 0Zû076C3C78? nnrn,rurt s r t, r,,nncFuF DflUT
tr?û 0ûaA 00FAZå40ir30J nnrn,sninure s n i,Hnr nnn
ûúlr} 0ú8t t30t7640ti8_¡ U*tn,fUrf S f t,HOr OOrti
ü3ic 00Bc tt0t¡76400303 J)ntn,rnnx s r n,Hon ilnn
I32t û080 04007å40û78? nnin,snirnn s F D,lt0p D0uT
0¡¡0 oûBE 00Fa7640iÌJ0J nnrn,Rirumx s r í,nor uni
0340 0t0F t500764tjûi8e tntn,sntnep s r n,Hnp oou
û350 0t?0 0ùF37É4003it3 IIATAILPCDËX 5 F D,Nüp t{AR
03åû ü091 07007å400i8_t nntn,snTLrn s r n,Hnn lnut
0t70 00?z tûF47É400,r0J nnl*,nùl¡x s r l,ñoR xR*-.
O:i8O tÛ9] P|n?ú4IJl.?B? DATâ,SRTAUTO s F DIHDP OÜUT
03?tì 00?4 00867å400303 lnrn,tnt s F D¡¡{0p },rAR
a4nl rüru 0ït,l7â48û7fr? o*r*lcrer-s r ú,Hor nout
û41tl 009t ûitE7?640ûtüt IIÍITA,HBoUNII S F ll,lt0p HAR
rJ4l-tt $it77 E000Fs4t078? [[ì,tÏ's F,rìNÛ n,niri lout
04tû

t44t i trrony is zERoErl ABnvE tgtn
tj.i 5 0

û4É0 0t9B cnrEgn+t'rzo¡ i¡Rn ilA,oIFEH LDCT D,Hnp Nnïo
|470$iJ?? 0lfl07rt??3fl1 nni*,tloH 5Fl) p ilAR
t4gc t0?A E000FB4[û7BI ZEt rt0HT S F,Étill i},Nûp ni]UT
0.{7û 0ü?8 ?ir?åIrÍJE¡¡:trt3 nR,Ztt nÉCt S.iB F,AD0,Ç1 D p ftêR
l5l$ tì0?[ Atrü0804üû77-] [fiTN Il]N0p ]ìtID0511J !

r5i0 i 
'-rn',lE 

spncr FnR ÈIoDIFIIATIoN,
051[

û54û !¡?Ð Eûot'atûoùtrüü ' [nHT
055ll t[?E tM[800[0t]r}0 00¡lT
t5ó0 t09F Etl0tä0üü0û0û CüilT
t57û rrflAl] E0[ü8c0f]t000 f]0NT
¡ Eri¡1! -¡u! ;tr5?0 ì
üåfilróío i-- 

-------

[ú?c i to* - FIï 4 0F F.AG=' iF 
'TART 

r.lF irrilRr I].TEüTED &i]ó3C ) ZERO STG¡I rlF ¡-T5TU5 RETISTTR [LEnF:il,T¿TN!ui! j

[$itì [0å1 {lf[854]Fi703 5üH DATA,f0taH s,DA F,NRS I] P,FLAG,FLAü þi0ltr l FIT 4 = [0óÉû 804¿ líriB764frfiü3 I)ATA.,AIITSCA .e F [,¡1¡p ¡6p'
06iiì úfiAt Eù0tFórlr¡ót|¡ C[ilI ËFD p DiN
tiÉ8c ü!lji4 tj0il;:546?;:701 ll1TAle S,DA F,9U5,tl Il,ililp p N01[
[,q?lr r]ùAS Aij00F84irû7i3 lttit,H S f ,Rruí l,É,:t túlO ; Sfi-iEntr STATus
07fJ û i
tl7i0 0trAå 0ü0856ÐFt7ûi DATlì,tf0flH S,DA F.0[ t} P,FLAETFLAË Nilio ; FIT 4 = i
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û72ù üllA7 A0ccrl65tt773 0RTH s,zA F D,Hilp I,FLåG Hni0 i [LiâR tERù ilrìt;07-'rfr i
0740 t
075û !ûA8 E0t0800ûtcû0 cûNT
0760 î0A9 tfj00900ûl10f,0 ctNT

O77T IOAA EûÛOBÛùOOüOO IÛNT

û780 [0A¡ Etr0t8ij0[[000 c0HT

ü79i1 i
åBt0 i----------08ttl i0B¡0 i lltlt]Fl - ¡ltHCIRY tiii?FltH IF SAflPLt IF LtllËEH THAI* 258[,
003t j - I IHT0 ETT í llF FLAG IF 0UFL,

û840 ; - ALS0 ZtRt îTAIUS TS stT IF 0UFt_,

095t} i
0Eå0 00r1t ûttB7å400303 H0UFL DATA,ERRX S F D,itË ,u*H

û870 00Aû E0ûtFócetó0t [0NT sFDp DIil
0gÈ0 00AE 043r5?þra703 DATA)432H SIDA F,S_if,,Ct D,N0p p ND10

0890 t[AF 3tEe8û40071] HA,Ì,tttlJFLl [Jp,H D,Hûp HûIo
ü?c0 008û 00û?5åDFEi03 DATA,IH s]DA F)fiR Ð PIFLAË,FLAË NilIü
ü?10 TÛ81 AOOÛF84,]0773 ORTI{ 5 F,Af{D D}ll[P Iä]TÛ; sET ZTRIì FLAT

:l?¡B j
l93t 00Íe fi002540FË703 l{0\|FLt DöTA,IH S,DA FINRS Ê P,FLA6,FLAË N[I[ ; tLEAft FfT
t94ú [B!3 4000Få40t773 CRTH S F D,H[]P lläIC ; Z=0

,195t iü?ót¡ j
û97t û¡t4 tt0rB0ü00û0ù t0HT

lltBt 00!5 E0008[ût0û0!} cßNT

il99c 00F6 EÍ0ßBüfl0û000 ttNT
i00î 00¡7 Eij0080i1$0l!08 [ot{T
1û10 j
f[¡0
1 t30

1û40

f $50

,
)

i E0S - ÊIT 3 0F Ft-Atrt iF END 0F HüRÐ

; - ZERÛ FLÉG i5 SFI 0l{ RETURN IF }ìßT tilD 0F HúR0

1060 ;
TOTiì Of,Fg OÛO4SADFT7O3 EI]H DATA}04 $,DA F,}ìRS D P,FLAG,FLAG N.IIII ; FTT 3 = [
1[ãÍ [0F? 0üt8?648C303 DATA,TIUTSCA 5 F D,rir-f HAR

it9t û0BAE000F¿'[tt603 [nNT $F Dp DI]t

f it0 llBF fiüt77É4t0303 DATA,l.,¡frt'ltiilD 5 F Ð,rÐP HAR

tilll 0tlB[ flû085262t703 ûATA,B S¡Dri F]SiJR,il D,H0P P ]lDitt ; TF$T FnR SjltilT FR*llF
tf¿ü.tlifD 30'tiFó[t46i3 ]lA,EuHl CJF]N S F t F,,S[[B DIt{

11.30 t

il4lJ rìûIrt ù00¡54å427C3 DrlTA,2 s)DA F,:_ìUS,i! n,NIP P]A[[Ê Nü]û
li5li [ÍtrF 3üc3ci]ú4e77? HA,t0H3 tJP,N S]Zå i.ATJD,[1 D.lili]p p,flilid DûLiï;sIt-EÈtT FRiÏtt [rJuHTEß

t161 0ûtil 00Û45,çDFt7û3 DATA,04H SIDA F)fR l] P,FI.åG)FLAG N0i[
1170 ût[i A00DC65Eriru EûHA [ATil S,ZA F D,H0P P,FLAG H0't0 ; lll.EÊH ZHriû STATUS

il.q0

tl?t üCCl t000F84007fl2 t0l,¡f [0NT 5 F,AND D]ftif ]üijT ; RTSET !¡B0tiN] CtUìiT

li[il !Í[] A[û0FÍ4[C773 t0l{3 I]RTH 5 F.'fìN0 D)tûP hf-rli I StT IERtl l-i.At
l¡lfl 0tD4 tt0t80û0ü000 ct|NT

liit0 üîC5 Eû0ûEiJû[0û0i1 CoN]'

t¡3[ tiûC"c E0tilü10úût00 Coìlï
1t40 î0f17 E0[û8i]0tß00fr ttllll'
1t5 ff

-!25-



t;iótr j-----------
T¿t i) i
1!i1ü ; STAT1 - SETS LPC CALI STATUS LIGilT
i??0 ; STilTt - $ETS t0U STATTIS LIGHT
'rllt i
i31[ [tcg A0llÛ8i1400773 5TAT2 CRTH [,ll0P N0Iil,,i ; UPDATÊ STATUS

i-rlû ;
1t3û û0[? EÐ008040[703 STATt [0HT I),}lûp N0it,)1
il4ij ri0cA A0tl0äù{0û77¡ cRT}t D,t¡irp ti0l0,, t.

ilit ["]cF E00080ûûü0ûû [[ïiT
i3ót [0cc tcût800ût000 cü'NT

137fi 00[D Et0ü800000û0 [0HT
1-?ãû 00[E tü008ü00tfl00 c0NT

f3?0 i
140 0

1+1 0

i420

,

t
; Fit-[. rjuRRÊt{T FRAI{E HITH DATA

l4llj ;

i44'l $t[F 00015ËDEl703 FILL I)ATA,01 S,Drl F,AI{D D P,FLAË,ACüA NûII
i45t 0t$0 flF{Bû4tt74t FTLL1 }tA,ll[quiRt CJS]TRq D,]t0p it[Itl
14Êü 0ùÐt 0ûûi58DE47t3 ÐATA,t s)DA F,AND I} p,FLAG,ACCË NoIü
147ü üii0¿ t0009C4247t3 [tlNT ir,AF F,EÛR 0]tìtp p,rt[CA,AD[fi N0Ifi
t4gû 00Dt 3$D0B04ttr753 NA,FILLi [JprZ D,N{tp iltrI0
1470 ü0û4 Aût0Bt4û0773 IRTI{ D,i{tp H0I0
15ilû i1510 j
r5¡0 0015 Ee0o8ürüûtlilil [0]tT
15tü 0006 Efl0flBfJ0ti0|]0|J t0NT
154C ttDT 800080û0[iì[0 [n]tT

t5i0 00DE El]t08iìi][rjl]Bû CUNT

1 560

157t

.!.lru

rìlif0
[ $?t1

ü û30

t 04ir
¡ie 5Í
r tlÉû

I il7û
n¡Õô

I,t?û

Iit0
tiif
ti2f
tllù
|if4lJ
ä{rn

t 1óû

I i!,J
Í1rìn

ì

T

j

t

)

j

;THE FIìLI.IHING ,EçI5Ttt5 flRE U9tD TN THI$ SUFR0UTiNFT

ì----l'lcllillt, llLlTtHIcH iî), ,UT0LRH{5), qREt, rl0ilA, PÊ0|](ADAFTiUE 5fât.E,Ì)

i----A[CEF' A[C[ (l(]. AftD (J)] A[[t (]]
,

;ilti{üRY LEDATI0HST

i-------------------AUT0X, iAiloTX) l (AUTilI) + FR

i------------ REFL0EX' (REFLDEX) ) (R[Fl.DtX) + pR

j----------- [RRX, ËftSTrìK, ([RRX), FRÛçSTK

t

; FXÏT UPDÈTE5 - {ÊlllTilT) T[ (AUTüY]+PR

; , ,,,,,- (LPCÐEX) T0 {LPcDtX)+Fn

; , ,,,, - (REFI.DEX) T0 (REFLI]FX)+PR

- iTFRX) TO (ERRX]+f

; , ,,,, ,- Sillrt5 PRTIIICT¡JR CüFFFIIIËNTS] REFLEüTI0N [tltFFi[]ENTS.,

) , iiHÐ PÊEÐICTI0|i tRRtiR,

i3fi'l lûl)9 ûirt?7ò4103fii Di.ìR[till IIflTA,PROËSTK 5 F D,llflP |lilR I ST0,îE PRflG [{lu]ìTtR
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íilliJ IrtJI;å FFFF?ó8.1..J74I D/ITA,BFFFF|I S F Ð,riÍA P,PRÛË)PRÚG DIìUT ; I}IITTALÏZE /IDIìPTTUE s[NL*
t¡2c rìütf .t0tt7åc347û3 DrrR$8 DATA,Í S F D p,,AtCF ti0ifl ; t=l
[:j]ü t:jÐt tilSBllíil77l NArFïR$TK CJS 5,Zr FiA]D,[t Ð Pi,PR[ç ]10T0 ; IiICREASE ËtAL[:
i¡4¡ trÌD-0 11F48[4ûû743 ì''lll,ACÊiJIRE CJS,]18 D,iÌ¡P liü10 ì'å-Ê-Ë-Ë-Ë-å-f-F-Ê-Êf-Ë-Ë-Ê
ût5il ÌcDi ií[í60+cúi73 ]|A,REFSAUE cJs Ð,È,ÍF Hû10

f2åù
tJ:-; tl

0¡8ú
EïART RTCiJRST[I{

DURirt NÉ,,ERRf,ALI CJS 5,Zr1 F IJ,ERIË P,ACC[ lttllt] ; E=(1-HÈ!()fF] çET K

iltllA[qliïRt CJS]iRq 5,Uts F,tlID]H D P],AlltE i'i0iü ; T=1+i Ë-S-g-å-*-S*-*ä-*'å-:{-ä-*-
DllTA,PR S,nA F,SÌJS,Ct i},ìl{lP P,AllCE }i010 ; I{=PR ?

HA,IURBEi{D IJPi]l 5 F,r1HD D P,,AUT0HIç|{ Ì1010; FItllSiJED ?, S(HS!I} = {l
NA,TEFCALC tJS S F;âìiiI D P,,AUTüL0}| N0iU i S(LSH) = 0

}IA,REFSAUE IJS I'rHIP ìi0I0 ; l(=rtr[CC

ÌìËt,AJIALC CJS D,ì{ilP H0T0 ; AJ=AJ-KÊA{I-J) J=!,1-1
ilâ,ACqUIäE Cí5,iRq Ð;i{ilP H0I0 ;$-*-ã-å-S-S-*-5-S-#-$-Ë-*
NAIDilRBf CJP ÐrH0P t{[IC

END OF DURÊII{s AiTOPTTH,¡{

DURBEND HA,ERSAUE CJs t,¡t.IP ìiDit
I'IA,REUI5EX IJS 0,i{ûP ätIü ; IIIDEX liPÐATE

DATA,PROGSTK 5 F D,HßP Ì{AR

CRTII S F D P,,PRûç DItl ; RTTURH ANÐ REST0RE t'fllf;Råi1 mLlNîER

,

,

E=t1-K{K)8t tRR[R CÈLIULATtflt{

039ii 0ÊDt 1ûtccåttzi73
e-lf rr ûi]iil liF4EliE2lì743
011û 0ûEl 00ü454óf1eit3
g3¡0 ÍrE¿ SrtEBFSt?C7f3

û310 ûût3 1ÛF3F8[2E773
r3l4tl tît4 11CFA040ti73

e¡50 0085 itÐ804üü773
t3åf lûEó f1F4804il0741
Èt70 ùiiE7 3ùDF804tlü773

íJl.ql]

[39û
iJ4! lJ

041û 00Eã lizBBû40il773

È42¡1 ûüE? 1f 4Eg04H?73
t4l[ ÈiìEA uüE?iú4ilü303

0+40 t¡jtt Affi[Fó[3irå73
ii45ü

þiò!J

t4î{
Li'lõ Lt

¡t4?rj

ti5ilì ùfitD i2498ii4[û773 ERRIALC NA]SBUARE CJS D,]ìúP tr*Di0 ¡ H=K$K

Cl1[ B'ÌE¡ ttí8464!1773 Hii,R0Lltll) CiS S.'¡q F liilüP H0i0 ; RüUllD T0 16 FITS

iStt'! ûüEÉ EûtilC,5C3¡7ûl [0TlT S,ZA F D P'H[ì{D HB10 ; Ì{üI0=KHK

t5l0 û'tiF ü|JEA7å{ûlj¡l]3 I)ATA,ERSTAil S F D;linp ilrì$

il!4û ùüFû ll4AFÉ'0û0å71 Nñ,HULT IJS S F D,ÊlEç l}iil I {RtG = EBR0RT l(Íi( f E

ûi5û i0Fi 1?1Etló4tû771 liA,n0UÌ{D CJS S,iE F DINûP Hûit 3 RIìUHD ï0 t6 BIT5

ü56t1 $0FZ AtB0D4tZtiFZ IRTN S,DA F,5Lì5,C1 I P ]tUT ; (ERFTAIO=E, E=E-Ef{ËK

f 57í)

ii 5Sít

t_¡ l7 u

lrb[¡l]
.1¿{ n

û åt!
Li n.-:. u

ti É,4 û

riú5|]

ûåE ij

,

.c-;t_iBRiliJTÏiìt RtFt.[,ii.f] - TäE REFLflITI0Èl t0tFFîtlI$iïrq ;1Ft cAr.iltjt_ÊTtD HÊRt

,,,H=(Ë(I)-S)/t
iNïi, - At[t ri) Èi:flt (I) E,STÈK (t)

$ = | = AUTLìHIGH,AUTCLflH

{(LFffitX)i} iiLPIÛEX)+f], , , , (ir-F[irt])+l-li

tÀil -fìLLl.:F.

ilst - At[Ir (LF¡]jlì])rx), A[[[ (lìIjT0DF,)

i,5?t irûtI CCÍ175[¡37t3 HFFIALI 0ATft]l 5 F D P,)ADil ìiült I J=1

lilli rüi1 1iF4[.][iiå7,{3 }IA,ACQUTRE IJS,IPq 5,2â F]SUR ilZU PinCtÊ]'it][t fl0IC i rìl-.[C = (l-1¡ i ? *-$-s-$-T-.Ì;-'
ü?il ûiFS 0ûF476100103 I)r\Trì,AUTtX S F D,l{i? tiåR ; GET AUTü ÏHI}tf
i¡?;iû r¡lF6 Et,i'jf'J[[å6,(03 t0HT s,DA F,AÐD D F,;i[i;C,riCCC DI]l ; Atì[t = F:(I-1i ADijRE$i

t71[ ÌLrF7 CtnTó4ttr3û3 tirTA,LptDEX 5 F ],]ìtp t{âR ;
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rji4iJ ûtJFt ElttrrJF6c¿46ül lliltrÏ s F D p,,ActB l)iil ; LF[It{I}tx = i¡c[E
07i0 ÛÛFP t00080444303 C0NT 5.,ZB F,llli,ll D,RÊllA P]A[[n,CCCH il*n j ií¡ir = LFII]IIIEX (É]tI] BUFF]
.q?60

t7"itt ; S=5+A(J)*(-R(i-j)) F¡RJ=tTtI_ilisn,/9!

il;r?0 0ùFA 80t25246Û2[i ÛURBZ ÐATA,2 5,lfì_i.!Uitli Ð,RAilA P,A[cC]Ê.Cct HIrii{ ; tìt1 A{J), Ì1AF=FI{i-¡ âI)i}RESsiì6,lri í¡ûFF Eú0|jF6[0¡]7û¡ ct]ilï s F D)qREfl Hbtn;'ntil= crtic
Sittr 0uFc t?4AFttJz67J Ni'I,HULT [JÈ s F,suR,ci o r,,Ncun-u¡l i illHfr=_¡1i¡
[8i:û $¡]FD ttF4B04!0ZiJ Hfl,A[qUiRE tJ-î]tRq 0,il{lp N0i0 rä_:r-f_r_*_$|_s_å_*_**_:t_H_$
iìu3ü tûFE ftåFB0EaB?7J ¡rfi,RX¡tDD cJs s,z¡{ F,Ál0,ci n R,,ncrn llùi0 l J=,ï+1
t84û [(,FF Eûüt?4óBAZt3 [ft.lÏ s,AB F)sijâr[r i,HuÉ r,nccú;¡cÉ il[in ; J-; 

-

'rË50 010ü 3ûFAÊû444313 NA,DURB2 CJP,N i,zB t,,lDll,it n,áRxR p,RccB,,1r.-[F H,lft ; HrìR = AiJ] , f=J+l
$BóI1

lB70 ; K=tRtT) +(-S)1,/E
û880

00tt ül[t E00üc7c42703 [0NT s,zr1 F R¡u piA[[t iltiü ; A[[t=R(i] ADl)RE,q$, ri{icå=zÈtl-t}
[?00 0f0¡ 800û?0[e6703 t0tiT $,AE F,AItr It p,,ÉC[C ttnio ; *ccc=R(I) Ar]i)RE.5
F?i0 0103 lfBóc6cå4373 NA,FILLHQ tJS 9,2íì t D p,At[[]Aicn u*n i AICÊ = R{I) ì,tsg ADDREsse?zrt 

; r$t*tsså$**s*$trtå'*¡sÍ.iiÍgåi**Ë:isåf i$å*x**Í*t;E*Í*Ëä*;È*r*uå*is*Ë*råû930 ;l?40 ; R(i)=RiI)/{SCAttR) T0 pRtVEtiT 0\IERFLÛH
0?50

ii9óû t104 tc0ücÊc04?û3 ' cnilï s,zA F,5Ut D p,pFüGlA[tF ¡loïû
ti170 01¡]5 3f tEBiJ.tt!0?13 T)URB1l ltA,DURÍi0 tJplN D,tlirp ¡l0I0
t.lB[ 0i[6 t00087[]t70F [B¡lT 5,2È F D5RÈ p],]í[¡]D ]iüi0
íi??t uitT 3tü5F2[¿4773 ilA,0uRBll ç¡p i;,Zf É,tun n p,,Ati[Ir i{[iu
1ïûü

1 t i ti i xttx**t****ttË***ritxf,åEår*È*tt*å**Ë*ä*;*år****FÈ*HË*ãrËr***Hå***ËrsÊå*
I ij2ù 

t

Í[]0 BJÍ8 t[008ü0tli03 DilRBi0 [0t{T S,Aq F,åt}Ð D,qtEt p,ALlTilL[U it0lü ; ]Iil(Ei04t Û109 31[!9ÛEDti33 HA,ÐijRl3 cJP¡c 5,4! F,AI]ù,ci D p,ArJTúHiilä,¡{[itÐ lioli]; x=R(I)+ t-si
1È50 t10A E[üûR?[327t] c0HT s]zF F,sUR I p,,H[|{D'NilIO

1tåíJ û1[! ÍûEA7ó4üil3r]3 ÐURFI DAT;ì,EPSTÍìI( s F l),t{tp HAR ; t{,iR(tRsTAÉ
iri?0 û1fi[ tiF4B040it743 H/l,Ê[RuIRt tJ.,ïÊg s]N0p NùI0 ;$-ä-*-{-å-Ë-å-*-å-å:r-*-fi-fflû8Í 01üD f35[Fát¿.1Éi] itA,0iuItE cJS 5 F D Þ,,A[tF Ui+ i X¡rRRnR qRIG = ittCru,qnff]/ÈcfH
Lfi?t 0108 ri000llåc¡6773 [RTrl S,zq F D P,,A[c[ NtIc ; Afì[[(K E]10 ;l[ílc=i{
1.iüü

jl i! ;----------
1iiû j SUBRUllTIilE pEFrårjE
j.r JU j
tf4fl ; EilïER-K=AICX
i 15i1 i!il[ i FXIT - i( is sTrRtD AT (RtFt-DEX)+]-r IH r{Fär.Íy
ii?f j
{ i !n

11?f 0iüF 0fF??å40ß303 REFSAT/E DATÍì,REFLDEX s F D,iiüp HAR ; HARiftEFLITEX

i3l[ ili0 ECf[Ct[rl?7û] CCIHT S,ZA F,SI.R Ð p,,Alff NijI0 ; T-i = rittÂ1!Íiì ti11 tüü0D04tlii03 [cNT s,DA F,Ai]D D;N0P P ttDiil ; 'íI ttliATIûH
i¡tü irlit Ar:ßrt&4bl7t? CRTH S,Ziì F [¡ii0F p,AtìfD ÛüUT ; l(I=¡(
{ 1:i1

i24ü i -----------
¡ SUFRüUTT}IEFIPST}{ -Rfi.) /R(t) =H )Rfì[C, ERST/IK (t0
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1tóij
i?7(r

larj 'l
¡'ld¡t

llt ij

lllti
{ --1n

i¡30 tr13 00F4764t1C303 FIRST}( DATA,AUT.{X 5 F D,iìûp ,ïAR ;
1l4|j Íil,¿Et0ùF6ct2¿03 [tHTSFDp tlÐiH; Àüc,l= îNDEX
115û fii15 ã000Fó0t46û3 IONT s F D p,,Atct tÏf{ r ACIF = nil¡ nsg
ll6rJ ri11.6 f00ZsilCAtIOJ i)rlTAlt S,DA F,AI)D D F f{,lR
1370 û117 Eü00Fúc3tótrJ ccNT s F D p',ÌícìLo [It{ ; Rfi)HSH = }ltH0
13At ûífg i00ûc0ú2?3üI cnilT 5,zA F,ADû.CÍ D,HtÉ p HAR
13î0 0ii9 t25EF6g00ó?3 NA,J)MDE CjS S F û,ÇREG DIN ; R(1)L.QH = 0REt-_;
t4iJ û j
t {t Û 

; t**Ë*s*t$tråtåi*ÍrãtHxå*Ílltg8åtå*È8å*äåFg{*XgË*Êrüåffitå*äätåää8$*ËËåËfg
1420 ;f4l[ j E=R(t)/(gtAt.tn) Tu- FRTVEì{T ûUEÊFLüH1,i4ú ;
i45fi flllâ 0ût4764[0]c3 DIìTA,ERSTAK s F D,Hnp HltR ; HrtR=EÊsTÊ{ Eü=R{g)/,{ Htd
14ú$ tjftB t000ctcù?7û3 cüNT s,¿-A F)suR Ð p,FFuG Ì¡ÛIt ; ctT 5IALE.
1470 [ltc 3i1F804fl0it3 DURB13 Nrl,DURBIa Cip,ü t,nw niI0
14Aû r.if lD trJt0B7.,2470F tflitÏ 5,ZB r Sn* ll,Aff! N0Ifl
f49tr 01iE ttl1tac?2773 iiA,0uRttS tJp s,zF F.SUR D p il0Ï0
lsljr,r ü1íF tottrct44¡78t DURB1¡ CtrNT S,ZA F D,ilflp f ,¿CCt lruf
j.ll,l 

t
L5lü 

; f**ff**läåË'fttg***åË*fg*ååi+iål$ÊËË8**$äfå81Ë*fåËÊriåååËSgÊ*{äü**ËfiË*t*ËS
iSltl
i54fj ûtEÐ 0$F37,540[303 ' oorArLpcDEX 5 F ],Hup itAR ; A{1)=ti iscåLtR)
i55l-I titl Ht¡]F64û0?03 IûNT S F D,H0p HDIi{ ;

,

;8*I*fÊåfåi*{f*{ESfffH*f*sËiïlÍÍirfitÍtÈË$*tËti4å**xrËiläi$äf*åSX$Ëf*äå

A( I )=K1 { SIALER i

E¡ITTR . ERRTR T5 L"I|àTTD IH A¡]Tfl

ITÏT - ERROR III iTRRX) I.OCATIIN
-(ERRXi={iRR.li+1

UsÊS - llfltA, Ar]t?, ilflix), i(tRÍX)+f)

ÍIílTÈ,[R,ÎX 5 F D,}IiIP HAi ; I{IìR(TRflX

[0¡lT []il0P DIH I ]IÌìt ttRrrX)

,

; USES - REË - AiC¿, rìttË, QREG, äDNt, A[t[ il()j",, - Hti{ - ERSTAI(: il0[jiÏi0}| 0F EPRnR sTê[K) E0(ERR[R fû)
; tXiT - tt=R(ü)/4 it5,* tH ERSTAH *Ìtit TÙ AICA
; ,,,, - Kl iN AtlCI = R{i)/R(û)
t

¡ JUti
Itn n
¡Jl il

158t

f590
i É,;] tr

161C 012t E[r]04åDt4i03 ItjNT S,ZR F D p,,ÈtDÊ H0it ; GET H

1¿i1t titil tirl'Jü[?[[iifl] C0ÈlT S,ZA F,¡-UR ì] ,r.lFRrE it0iü
iúlü 0it4 31279040û7it niJRBiB NAIDüRB1E CJp,N Ð,!rûp li0t0
164û lfts Eil0ct74z+iirF [nilT s,iF F sRA pj,;ìiïB t{t]l{l
1å5û fii?,5 31?4Þ2C¡ti73 HATDURB18 [.Tp S,ZB F,SUR D p N,!Iü
1Èót 0i¡7 A¡tûAå44É,7F2 li¡iRB15 CRTH 5,Zq F 0,HAi'{å P,ê[Ct,AICC 0llljT I rìl]iltì=¡4, nUTp¡1T A(.I)=i(/(SCrìt-ER)
,t ¿ tit

I l¡ll';¡fuf

1 òï I.l

i7 ìtJ
t'7¡ tLI J I)

1r11 I

J 7lü
ii4¡

t l/ ñ
L I çill

JiEÍ ür 2.-1 i|trP7å4ût¡ù3

17î it I tt:? E! iJ t6 jl 
4 

jl tËûl

I

TRSAUT
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lai(l ûi2A EúûtìF[å$il?8¿ t0itT s F,ADÐ]c1 D,titp D|JUT ; {ãRRX}i{ERRX)+f
lcqil IfZB E0t0F64üü303 [0NT 5 F D,NCIP ]iAR ; (ERRÍ)=(ERRX)+t

irt,r ill?C Afû0tóq¡¡7Fe CRTH 'd,ZA F D,tlBP P DDUT ; SAUE ERR0R

!"qlù
LdliJ

1850

1RÉ Û

I S70

iBBI
1Ðt0

190 u

¡ o{ n

¡.,LU

t93ir

i?4r1

L Tltl

; -----------
,

; :ìUFICIITINE AJCåLC

,

; EHTTR - U$Es AJ 0(i(I-t LICATID IN Lp[Itilty, FUFFER

j,,,,, FRül{ (LPITHDEX)i(LP[IN0[X)+I

, K=A[[C 0ì{ FHTRY

;

j EXIT - LTAIJES NE$ AJ FûR J = I T0 I-f, At{} H=êiI)
t

i usrs - ri[cE (i], Ac[D (J), Attt (K], ÈËEG] Ac[A

i ,,,,,, ll[liDl AUT0HIGH (*J), AUTL{L0Id (A iÏ-i} }, A[tt fi)] ÊCIF tLp[[EX]

i?ût 0izt 00F37ó40û3c3 AJcALË DATA,Lp[DtX 5 F D,iq0p HAR

l?iü 012E 11F4F4[t4å43 llA,A[ElJfRE CJS,IRQ 5 F,SIJS D P,,lr[CF ÐTlt ; AIÛB=LP{IîHI]ÉX EêSr- - I
1?80 01¡Ë 0ütt760t870t nATA,t 5 F It P,,ACDD NtIû ; J=I1?9û j
ttjüri üll0 Eiltü9û44*fû3 C0ilT S,AB Filll)0 n,H0F F,AtcÊ,AtCt ÈtAÊ ; A{I} ADDHE$$ Tit HAR

I
i Èå*â{***8{*$f*X*È*Håtå*SåâÍ*ff*:{{åÊfitBË$$ä**FËËfâäå*ågEË*åå$Ê)t*[ËtE8äå

0UTFUT A{I )=Ki (SIALER]

TÛT fJ

'1i1ft

¡030

¡[4[
fist
ICÀ0 üf3f t00006[7?7r]3 [0NÌ 5,ZA F D p,A[tr1,t{t¡lD NBTÛ ; I'tti{!ì=Aiii
Iti0 01la Eûîtçl[û2703 [t¡'tT s,Zri F,5rjR D p,Fq[G ]t0tu ; tìET slrllt¡ Tû A[[Ê
208[ !133 3t36Bt4t[713 I'U¡t$lå tiA,DLIRFt? [Jp,H D]HUp itùICI

2090 0134 ECû[F7,i3¡70F C0t{T S,ZB F sRA p,,i1[}{D H0Iti
21i0 tt35 313382C2t773 NA)liunFJó cJp 5)ZB FISIJR D p NBII
¡1lt 0i3ó Et00Có52t7Be DURBiT CililT S,ZA F D,liüP P,Ì{C¡{D D0UT ; Ê{I)=}(i4
¡1 ¡Ù ; Ê.tf*sÂt{ä**åf*t*ftxt**Ë{t$#*åâx$*lf***Ë'tåå8f*$fËäH*sg*ËfxrtfËf*tËt{t+
?fl0 0117 E0C0t¡rC7Ziil3 flúäT 5,ZA F ü F,Ê[C[,il[llD Ì.1010 j t{ui,iD=K
¡140

Zf5ù t Ot.ltJ-KHA(I-i) J=l Tfl I-l
¡i¿.t 0tl8 Elût9ü448¡03 TlllRF4 tllHT SlÊE F,AIIJ Ð,litF P,å[[F,åil[r-) iltR; l,l¡ift=Ê(.T) 

'tD]R855¡17{ ü13? E0ItF6[¡iå03 U0iiT $ F D P,,AUTÛHIËH D]l{ I rtUTTHItìH = A {J)
2TÊÛ IJ13A EilüDCÉIJA27U3 IOHT 5,ZA F I] P]A[[E llilTII ; åI-.[A = T

Ziçl ûi3lt Efl00?2882703 tfltlT -fi]É;'{ F,SuR,cl D P)ACCD ll0it; AC{ìå = I-J
i:2û I t
¡il.û 01jC t[0íl[?4t¡703 tr]ir*T 5,ZA F,SUR D]]ì0P P H0ILI ; TiìT FüR i=l
l2¡f ¡1130 3i4E?044¡351 |lll,lliÊB7 CJPIZ 5.,ÊE FIAXD D,Èl0F P)ÊiüB llAR ; i{åR = å(I-J) riuÐREIS, tr[A TF i=t
22lC ü13t tûlùFót?Eó03 Ct]iiT S F Il P,ÌArlTûLû'd Dfli ; AUTüt.uid = A (T-J)

!i4ü lflF lt4llcó0c¡773 Nfi,ilULT CJs S]ZA F o,ERED P,riuÏfiilIlìll lì0T0 ; EREG(ALiTL'IHIIH
ti:51 014f lrfE*ú40tr7?3 N' ,R0UNII tJS S,Zt F I},Nüp H0It
!?ótr Í14i i0ûC?4Áãt7ã? i;ijHT 5,AF F,Stlì,Ct D,lì0P P,ÊUTilLfJH DtllT ¡ ri(l-J)=;liI-.1)-KËAtJi
?2iff t14? 1e4A[6ût2i73 NA,]IULT IJS 5,Zr1 F D,qRtG P,AUTU¡-0H f{,3Iú ;Êl(I-j)!tK=X
?;:F;¡ ¡143 1?fÈ464Í0773 ilfllRtuitD tis S,Zq F D,tìOp U0I0
¡i1?[ 0144 E0ù0?fi448303 [{1}lT S,AF F,ADÐ D,iluP P,A[[F,A¡][Û it,{R ; HAil = tt(J) rlDilRESS

¿¡lrü 1145 Etiril?4úil??flz ülllT 5,AB FISUS)III Djl¡tP P,AUT0HiGH l)üUT j A(J) = flti) - A(T-J)¡¡(

233fl i IF J=J+t ANf) THtll ii=I TI]EN CENTFR, ZtlI THFI| tHD
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'¡i'l'r

;ll4l li14ô P0DBFfiÊ287ól tÉA,tltjnB8 cJpp,0,jR !izt t)Alrt)'[f I p,,A[cD ilûI0 ; J=J+l] $TflHT AçAIH IF nUEfiFLûtÈ+

2l5i¡ ti47 E00iici[Bz7t3 [0]{T 5,zA F RZU p,*icÐ }{[I0 ; A[.tìå = 2 * J
21,51 0149 ttl009iEA270l C0NT S,AF F)SuR,tí 

"n 
p,ÊCrìE NrlIS; ZHJ - I = A[L:A

23i1 ¡i4? St3BBZi:Zt7ll ìlå,cljRi{4 ûJP,H S,uE F,SUR I) P Nt-tÏtl; TtsT FBR Ï=tl0lr
17C n

t3'ilj tÍ44 400fi90484353 IRTHTZ .(ì)AB F]ADD i},Hilp prAftD,AffI{ }tAR ; }íAF = J + LFCDTX FASE
¡i¡ii fii4-l il4AFó0üûå73 ÐuRF7 HA,HU|-T cJs s F D,çtEÊ r)IH ; ÇREG = lr(J) = ¡1{T-J)
24!û r'i4c 1tlEAå4[0773 ¡|A,R0UäD [Js s;zq F ],Hüp iltìiú
zltü ff4D Aü1ûÐ462¡7FZ IRTH S]DA F,5u5,tjl t,'iÆp p DniJT j Aü] = A(.T] - Aij)frI(l4I,Ì i
?+4t t245rì i SUBßOUTIHE REuiSrX - (LPCDEX)+PR, A[ITOX+PÊ+I, {REFLÛÊX)+PH
2+å I
34?iì !14E 0ùFl7å4[t¡03 RwIS[)( AIITA,LPCDTX 5 F ],hît tiriR ; (Lp[DtX)+pH

Z+8î 014F ûûtB7ót2?å[3 r)llTA,PÎ+1 SFD p ÐIR
24?0 Cf50 E00ùD0422i8t cùNT s,DA F,A0Ð D,i$p p DoUT

25!Jt ti51 0gF?7á4û1i303 DÁTA,REFLDEX S F Ð}}+fiF t{AR ; (REFLDEX)+FI

251ù 015¡ E0008t_i00ú0t c0t{T D,t{0p DIN
i5¿û û153 E0it0Dtl4¡278¡ [tiNT s,r)A F,AI)I) D,ätp p D0IJT

2ili [154 [tF4764flû3ü3 ÐATA,AUT0X S F D,}i!F 'rtilR ; {AUTüT)+IFR+I
î54t i155 Eü0090Etpó03 [tHT SIAB F,AÐÐ,t]l D p DIH

2551¡ û!9,5 A[mDû#tiFt IRTN 5,0Êf F:,flItD]Llf Ð,Hup p DtttlÏ
U 5åil

LJI !

,.r!!t

ûtiIl
I ûl$
fil4iJ

trú-(l
ll,iÊr¡
-r n '.r ¡ì

t ûî80

ifqrr
i!1:ìrrÐ!..r{

0fLt
gt¡c

0 í¡r
|jf4f
¡{trc
,tJ!

fJfTt

'i 
i.i ú

¡'¡ I ç11ì

tLf!

!i!u

t
,

,

; Tä15 ALGüRITH}I HAIE3 U5E tF A0 A¡llI Ét HIìIIH ARE A\t'Ti.AlLt
, ilìl ïäE SiAllt AT r11, ;1[, gt, I(0 RESPECTTIiELY,

t TIIESE IJALUES SiRt LTALCIIi.ATED IN THI I)ATA ADüUISITIÛN RúUTINE,

i nrsÌsTERS usctr 
'l,rt; LPP(STIIRT tF SPttrjH F"!FFER)

i }ÍTHT' AUTI]HIGH Ai.JTÙi Úi¡ SREG ACCA A[[F A[C[
; Êt:10{t) r1rl[E (]f )

,

i Hili[RT LüIATTtINS USE] ARtr

; AI i1l PO 81. AXí} A;il EXIBÐD FXiNT}TI TX¡JãIJ'H Ë]{I[UÊH IIUTTX

,

; RtïiJRtS - Rit)) R(i),,,,,R(PR)
)

FRriiiE EQU TiIûD ;N.JI{FER ffF S+I{PLES

PR TiiU 1OÐ ; HU}IÏIER çF '/REÐTITOR CI]EFFTITENI$

)

; THE F0l-10üill'; P0RTIilli - AX = A0 lXtlttH = êù FXÛDI = Fl
j - AUTfiLfltl,flUTllHIUH = A!., A0

)

l3;''r r157 00FE7å4tiìlfl |(EH0AL DATA,f¡0 $ F D,rt*tìP H*Ê ; i'lilR=Att
ii?.4ij iilr,iJ lllF07ó401?ijl 0ÄTAllixrj S F i),t{EF ÈlIH ; DIH=(å[) HÊIR=AI0
'i!5! tri5? t0t0FåClE7B2 [D¡iT 5 F D P,,ÈìJT0',-[H Di]LlT i DilLIT=DI]l ALITüL0ld=]i]i

ûif il iriEA 0¡EE7å4û¡]:ilì3 0ATll,BXrlÈVtH 5 F li,triP H;lR ; ll,{R=FXllEftFll
üi7i i:liE Efl0üF64ûü79? itl{T 5 F },ìi0t ['0UT I ]ûUT=DIN
ir¡dr ;ri!ü iiûFF764i]0¡03 0ÅTA,A1 5 F l)ritrip HåìR; l{rìR=Al

fl?:?0 ti:l ffiFl7ó4[[2$3 IATIì,Art 5 F D,NiìP t{liH I }iil=(Ai) Ètf}R=ATt
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eliriJ ljf 5E ttJ rl¡F6úlil78t
ûtiû ûl5F c0EF7640Ct03

i¡2û illó1 E0üt'JF640¡t7fl2

f t-Iù
ir¡4 ti

;ì7tr¡t

Ii5ù ûiå1 0tiFc7t4ûü303
irlTil 0 t6¡ û 3ii;7ô4û t.t?r¡.1

rj3Ëû fi 1ó3 E00[F64t0iB2
û391 ü164 ûiiFl:å4!íJ3fl3
ii4ûl 0ió5 tctDTå[22e[]
!410 ûtt6 E00r}Fó40î78¡

t420 ü167 t00ûF8t287ü3
I 43|]

ü44il

045{J

$4å0

tJqîtl

04$¡ 0f68 tiB?FB[¡A773
li4?û t16? iiEI,FE[¡4773
û500 ûr6A E00090IA4303

t5tlr [1./rB E00090648?üi
[5:i0 rjlá[ tû0ûFú[û07tJ

ü53û [lt]Ð 11F48ûll0iìó43

fi !+fi üt6E tri0ü[[Ë42303
-¡550 |JltF E0tiiFó[]¡óû3
r5ú0 0170 tr00?8448t03
û57ü û171 i24l10{Ð¡tói3
i.! :iJ'rJ

05?0 ûr72 liAFBBErATi¡
íJ,5rt ti73 iltFj55ó84ifl3
ftft ûf74 Etc0946A470l

i6r0 ti75 ¡ióàc7[A4713
f ,itt û17å ltBÍBû,ilù773
ir64 il

t LÊlt

ilób0

lj ¡'J I t)

rj 
'f Ð,J

l!,?t tiL77 0f 0È546,Ìt7û3

17'r!i ti7A Ii.6fl8li4[il713
l. Ìat:

l7'\ 9 ti 1î 1 I 117C,\48?'.773

:J75ïr

t7¿,!

,)/t,t

íl7 t"i!

ilrrI
lci i

itii [174 ilÉ?F'crûiA7i3

[0i{T 5 F D P,}ÊIJTL"HII,-H ì]0UT ; T}IìUT=DIi| riUTûlìiËH=lit{
DIìTA,fiTlEVEH S F D,tiüP HAP ; i{AR=BIIFI'IEN

lìlitlT 5 F D,tltF ü[ilT ; l]tUT=DiN

,

; ilEXT Fï1¡JIil) = Íi
l

DATfr,ir[ 5 F It,l,lùP HAR ; liÊR=Fú
DI1TA,ÍrXûflDD 5 F D,tìi-ip HûIN i Hrlfi='+,tû0iil) ÐTt.l=(iil)

[0Nï 5 F l,]lUP D0IJT t B0 ]FX0D0II

ïílÏA,tl 5 F D,ÌifjP i'iAR ; |tAR=!f

ûåTA,FXI'JDD S F il P i{IlIN ; Et} ËrXltÐIr

C0HT 5 F D,iltiP Ì|lUT ; ttSH El
Ct¡ìT S,ZF F,rìNit D P)iAICD ]ìðI0 ; H=û

,

i **8X$äf ä8t'{****gT****rS$ätåf t*ÈXEXf å**Ë*åt,¿SËBX*Ë**tãf å**t*tÊ*
,
i START EUEN F0flTI0¡t 0F R(K) 0AL[ULATI0ìi

,

AUTi }IÊ,RXZER0CJS5F,*HntlP,,A[CE]Júi0; H= [ FX= û

HA,Lt!¡Eil {ìJS $ F,AilD D P¡'At[E NüI0 ¡ LfiAD lltjTfHIçH]A[JTuLûH=-(¡!](+ú}(EVË¡]¡
AUï? tDllT S,AII F,A0D D P,LFP,ACIË tiAR ; A[tB, tíiìR = A[[B+t-Ff (?i{} = HrlE

E0llT $,4! FIAÐ0,[1 0,H0P F,ACI]F,AICÐ HÐil.l i i]jH = X{2t) iiÉË = ACCC+Ê[rjill-f
milT 5 F D,EREG Ni)itt ; QREG = DIN nIä = X(tH+ii+l)
lìA.,AfqUIRE [.]S,TRq S]l]Ë F)A.l)0 l,q,ïEt] iiïH ; X1=]({lil}+X(lfi+K+t}
c0llT 5,2å F,AilD,cl Dlt{fip p,ACIIr }lAR ; HrlË = A[[g+f HàR=zil+i
CftHT 5 F D P),i'f${D t)IH; }iCl{D = Ðïil 0lll = ,{t?}{+Hi

C0l{T S,AII F,ÊDD D,ìç0P P,A[[F,Ar]C] ÈiAR ; HAR = ACrlÊ+tii[I} DIhu = XitH+li
l'lll,Hul.T [J-fi 5,lA F,AIJD û P)ti[iti),ÌiCHì] ÐTìt ; T?=Xill{+ti + ]{(¡¡t+K)

N|I,RXAÐD CJS 5,ZB F,ADD,[1 D P],AÙCF i{rlÌ0 ; A[Ct = A[CF.+! H=H+i
I)llTA,FRAiiE S)04 F,Sl-iSlf]l RZn P,AülÐ,tl[CB tiül| i ¡iljü[ = {N-l( }/i:
t0NI 5,AB F'5U5,Cl D,li0P P,ACCE,ACCÊ ïlnïo ; Ar,:[E-ÈrìCB

i¡AIAUT? [.iP,l'l 5¡ZA F RZU P,ri[tit,Ê¡llCg iJúI[ ; â[lìE = i'i Tl
triA¡R'SAUE IJS I],'rlùP HrlI0

,

i Y**å8**tfr Êr*$*f 8fr **fr E*Í**rt{{Tå*Ëfi **'åtl.{tË*$f È$+H$Ë*.{F{*

,
; D,lliF lF H=lfl

,
DATrtr;PÊ 5,Dfi t,5¡_i5iil1 I}lätr;r prAf-r[[ ]ìiu0 ¡ pÊ - K

ilAIAUïDIäE [iP,¡t D,iltiP iril]I0

i
i liFl)rlTlä[ F.ï0ln
t

NÊ},FT0I}DN CJ5 5)Zñ F ll,lltlP P-A[[D ilnÏt ; L03'{ åT K

t

; Ë$*****.*$äf ã*H*åt**S*rE*$Ë**iåÊi,ïtt**f fr gf **rttÈEHf ålH'

,

; SïlrRT tF R(H) K=il!-r [irL[UL*Tï0iti

)

i }il{ïI=t ä(?li) + X(i1}f+K+1) I * I X(Pit+J) + X(¡il+K) l

'
¡lå,Êi;UE, [ [J5 5 F,Êiìi] D F,)A[[E ]iilIt'ì ; EX=0, li=tt

,

.1¡nf,.- ir--rË

ÈÍf,È= ¡:iii¡
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;lB4l ; tûlID AtjTttHiçH,ðt.iÏijt,eH= -FXjllir -ûX + I{tt-t-}ii,lHih-f }ri85i j
il'\i, tit7v, il9i'Fflt¡477i NlljltlD [i5 5 F;rìii] Þ p,)ArlcB ]lrìI0 ; prt[E=lH=û
riÅll

ilål ciit: tÛûÛ?[DA43r3 ¿UT6 [Û]ìT s,AF F¡Ai]] ] p,Lpp,Al[F i,tilR ; êiìrìF = A[[Ð+Lpp iïtiR = Ê[[Ë
iii,7'4 ]I?D Eir0il9ló482ifl ff_rilT s,rlE F,ADÐ)üI Ditiûp p.ilctF,*[cÐ il]I¡t i I]iH = x(zrï] i{Éa = ri[[B+í¡cc¡+1
û?f it [riE iû00F6tìû0703 [0¡{T S F D,iìRtc ri.!I,ü I ERtÇ = i:i¡l,ti
ûlf ir ;jiiF Etlflilt0û0rlÉ13 00NT S,Dq F,A¡Ð l,ç?EË ÐIH ; qntG = 0I}I+EREG
li'?íì û18[ tûfl0[[É,4?3il3 CüNT s.,zA F,A]Ð,[i i'ipj]p p,Ac[F ]¡iR ; ]lÊR = AltB+f
û?3î t'rut i1FlFårj3rå43 l¡A,ACqilIRt cjS,IRq ì F l p;,iítNÐ ljIN; ;i(EH+l¡
ü9liì t'ìfBt E0009044Ëi03 [fiNT S,AI{ F,AirD t,¡¡]F i,RCóÈ,RtCn H,1Ê ;1¡IN = T(t¡+H} äAE = ÉC6r+¡¡t[[r
l95IJ Ùi8l 124400012673 HA)tlLltT [Js s,ûå F,At] i p,riü.tD,H[ili) titt; ilctn = fi6{D+ûIN
U7O'J

t'ì97û ¡lg4 ftAFB0E?477i l{rì,RXÂDD tJs s.zi F,å$D,ct D p,,Ail[t N0i0; ÈLrH = f,[[[+l ].{=fl+JilîBij ,i9?0 ; REptAT IF lt+t ,çt.(fi-t-t)/alijiic ;
J[l$ 01BS [0C8554847Û3 DATÀ,FRAHã S,iiA FTFIJS RZD P,*t[D,At[F tìili0 j A[[F = g,l-Atl[[-f)/t
tf¡Í ûtir,5 Ectr[944í117r1] D0HT S,AB F,SUS I],]iüp p,A[[E,f;ticiÌ ]¡0rû j lrt[E-ÊitiB
tcl'; fltT 3f7cc7[*4?r3 NA]ftuT6 [Jp;H s,zA r nzú p,RúcE]AûcB Niìi0 ; A[[F = A[[FËã
f il4il i
i [5$ 

; *ÈÈf**tå*lå{**rtrt*ltËrl{4ått**txä***å$*ågä*H*$åHf*åäÈ#+fÉt
¡ itñ il

irio ¡ras *¡Êtc4{ì07n ' no,rxs*.,Ë cJs 
',}i+l 

ììiìiû
1,lgî
1[?t i uptnTË AX & Ír:¡iui]l - Ê(K)=A(i(+i]
ftûlj
111û [189 11DÊ[648;:7i] ' u,lxHEti tJs s,7À r t,þi'tp p,AltD HüII] ; Li10ir, A1 ti
f 13ü ût8rl lf t4[ó+B¡i73 tJA]ffXEtJEilH tJS S,ZA F'D,ilt.p'p,Êrtifi0 ]iüI0 ; t[0K rti t4

I 13fi

i14ü ûiÊir 3iå8tå432773 ' ilA,AUÎt [Jp g,zå F Ir]äDp p,A[cD NÙic , ,ro*, [utn pcrTl0¡t AtAït¡ l,]iru ilts Kt i5it ;

f f ú$ 
; **åtf*8**fË{å***lf*.;ì:lålåã#itf**åStt*å*g*g*ÈäËÊ$'*åãâ*gg*i*å

{¡ttrr./r i
1lûi ûi8ir fì0ü0804Íûi73 AiJTDnHE CRÎH D,H0p N0Itì ; Ei:Þ rF AUTûCüRRflAÏlt¡\i
tt?û ; SilERCUTIiIE LtUiH-
f2tû L!Ê0S AUTOIGHÌåUT0L0I{ = _tÊXtUtit+AX)
{:,1 ,1 :

I
iiZl ¡1âD [0tE?ô4Íì[]ût LEtii]l NA,FXilE|JtN S F D]il,1t H*R
i¿:ì0 î1BE ElülFåilt[óS3 CüNT S F I p,,êitTi:LCä Diit
Í?4ù 0JgF D[tF76{ü03tJ DATÊr,ÊXftïEN'S r I,üæ Xnn

tiEf ii?0 EttrtFåtti[¿t3 |]ritiT 5 F D p,.,i:uTL--H]ËH ÐIU
1i:óil ûf91 ü0F07É40t1ü3 I)ATñ,ll)(ü.Ç F.r:,t{,'l? äÊt
1.?7it tj1.?2 il¡F1i¿4üû2r]3 DATA,flxI 5 F DjiìiF HÐiii
1¡;r{Ì rjj?3 tfr00Dù[tt7c3 ci]¡¡T s,irA F]A"r.ir n Ê,ÊjJIül.ûH,f\uTûi_0id ¡{¡Iüi¡?l ¡Í94 ll960liLrcó13 HA,LEUI [jP,,c 5,]A t,ÊirDr[i Ð p,¡iuTtHTGH,.qtjTtHIGiJ DIììlllij ûi?5 tûü0Bttzil703 [0¡{T S,ZF F,Siti D p,,*riî0i1ifH Nti0
ili$ iiiTÉ ttlil lÊt[tE703 t-Et/t r]fiilT S,ZB F,Etj[R ] p, ,AtjTijt-llH ti0I[l
llSi irJ?7 tûûtEti2t70;i CÛl{T S,ZÊ F,riÐt,,[1 I) p,,AiJiili.iìtú ]iitltr¡if |l1?Ë ¡17f,8[[i1[7]t IIA,LIUS [Jp;[ i;iB r.+iq I p,,ÊtjicijTGìl t¡u0
illt t¡Ly? Ê;Il0fit4ir[7iJ [RT]i I),]i0p ilílIL'l
L¡5ii Íii¡i ¡itûijF¡Fit{;773 !-E(/¡ {ìHTH ..,"28 F)A¡'it,t-i Ð p,,Ê|]TfHlGH fiCIlg1låû i
117Û ; LflDI - LÛAIS ALÌTtÌ,li[H.årjTiìi üî{ = X(N-l-K) ä l(iN-t}-Af-Fx0Ðii
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I l.? r.r ;il?l tji9B 0trE[7ó1üil3tJ L0DD
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i+6il ¡lire 3144I''ltC[ó33
1470 üiÉl3 rû0t82ü[703
1,i8ll liA4 tûBlËEtl3t7,1l LCDDI

141ü [JA5 ttù0F0üË703
l5Eü fiA6 SIAEI'EC¡CZ:3]

i51ü û1A7 31A98û4[ili73
i5?0 û1ÀB t000ir0E2c7¡i3 Lü0D2

15.t¡ )!54t ;
f55ff 0fA9 û0t7500A23û3 LnDDS

15ó! íJtAA EtûfFå[3túr]3
1570 01AB E0ür9ztgi3$3
i58û iJtåC 1?4ÁF6ilt0íiil
15?[ 0lAD tiAF$$4iìti73
i.5lü ûl¡iE 400ü81401773

få1[
1åe0 ,ttlt j
1640 i
1ó50 )1ó60 t
ro/u t
1ú€tr 0iAF E0ü08[[it703 flXADD

t6?ü iltBû Aütû?tEtt7tl
f7[0 fr lFf ri!û0Fl[2C773
171 ü

J?¿0 ;

l/JlJ ;
t74rr
¡ Dr-r t
.l ,/ lti i
i7åc Itu Eû0üc244?30i FItLAq
177 tJ irltJl E0 0 üuú44¡¡rì3
iTHil û184 Eü0t9û4ûüú03

17?l lrË5 ÄttlilF60[i]773
i gtiI

181. t t
li't¡0 j
1D:JT ,lË4'r i
it:l ti?,1 irì0tFå[3tËû3 FIi.Ll'tfi
tflåf û187 EûûJgilå¡4¡Í3
íäit [1FB Ai0[FÂ000å7J

LFf,I

1r-'7 U ;
l7r¡iJ t
fgfÍ i

tÌ4,fixüoDt 5 F f|,ti[F tlAR

[0¡tT 5 F D Fr,ûUTt]LtiH D]il
DÉITA,EX10liD 5 F }),iìilP HÊl!'

[{lj'tT 5 F D P),ilLiTlHiGH ijÏil
IIêTA,AXÛSFD.t{ilP}lAR
ÛATA,AXi S F D,iïriP ilDlt¡
[U¡lT 5,Då FirìDD i) P,ALIT0Lú'd,A[]TÛ tlti tii'tilt
I'lArl.nDDt [JP,t 5,îjA F,ûiJû,C1 I] F,AtjTtlHIGH,ÅUïÛHT|]H
[o¡iT -c,ZF F]S"JR D P,,ÊIJTB|-IIGH ¡{ûi0
C0tT S.'ZF FltHrjR ir P,,ritJTfrL0U H0Iü

[0]ìT 5]ZE F,ADI),Ci I P],iìUTûi.ti,¡ ilirli0
ËA,|.[Dill CJP,C î,ZF F,EHr;R D p,,A¡JT{_ìH]GH il0i0
liA¡L0DDJ IJP ],Ì{LtP N0I0
Clji{T 5}ZIr F}ADD.ICl I p,,AIJTUHIEH í!ri][

DATÊI,FÊåHã-T S,TA F,ADD D P}LPP HÅH

[tlÌ'lT S F D P],H[Ì{0 ÐIN ; i;ET I(N-t}
C0liT 5)AB F,SUf,¡[1 [ P]rlU[û HAR ; ËiT )(ti'l-i-H)
NA,¡'ILÍLT tJS S F Ð,çREt ÐIt{

¡iA,RlrìÐÙ CJS l,ïìüP NtI0
IIRT}I t,fiûP fiCl0 ;

ÉliT¡rHIËH ¡iUïEL0kl

, + A[[A FTTG

rìiJT[HIGH tlUTI]LîU

[c¡ìT s]AQ F,rìt]] D prAi.rTilL0i,¡,åuTol0u ]ì¡:ìiü
[RTfl,C 5,AIr F]rlDÐ][i D p],l1LiTtHirìH fi0I0
CRTN 5,ZB F,SiiR û P,,AUTûHIGH t{itÏt; RtST[i{E lJAttjt]t

( All[F ) ) üRfr] LSH

( A[[E-l ) ) AICA ilSti

[ûi{T 5}ZA F,Stit D,¡ìoP P,A[[F ilAH

fill{T S,ZA F D,N[P P,Ar,-ilB HII|I
cùlìT t,NúP Di¡l
cRTit5FD,çREçti0ltl

¡iStd AliI),ïÍSS I¡i tiAR .\ A|]CÊ

trìCil,!))QÍEE Li;Ll

iiìr--r.-F+li ) ¡i;Hi' ¡tlìlt

[0]ìT9FDP,,]íC¡II)i)iH
r-:lll.iT 5,)ZIr ¡,¿-9¡i,[1 D,lir-;p p,.'llCCï ]íriR ; iìüliTEirTS [F lìETT Lû[,
[RTl{ 5 F D,Ettt Di}] I }titlTtplit[

Hli=[

ÐTH
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','i?.ú ,tlq,? El0ffit[2û7î3 RTZER0 rjiíllT s]zB F,AitÐ i) p,,Aijlfl¡¡ç¡¡ ¡i¡¡1¡l:jil ÍiEå A00tBðit[77J CRTli S,ZF f,nrun I p,,tUir]lnH UnlUj t.t :¡

i?:i ; RXËAUE - I? FITS tF RX ÊRt Sr1tiETri¡r¡ j - AUTcHIGH It s,luED nr iirnrur zK AHti?7i ; ,,,,,,, AUT"Lol¿ Ilì g6r¡g¡ AT IH+t LttATIflì{ IH THíi,rl,i ; ,,,,,,, I1UT0Xf{t;FFiq,i,iJI i . - AUII}X T¡iOiX iS t}PTflINñD FRO}i sTAIH AIiI} HÜÎ1,1Íl j åLTERED,¡üii i - PtElIfTot IäDEx tt(Êccl) is Ii¿ËRtHttTED ÈT THt EHil 0¡ THisil?l ; R0UTIIË,
.: r.T n
i. !¡J!tÌ4û lsrnriHr
;1ij50 ûfFF tû00cå4827üt RXSAUE CCIST S)ZA F D,H0p p,ArrfD ti0l0 ; [HÈ[K K=0?
:rt¿Í tlBc 31Ë48û40t7s3 I,IA,RX5UI C.lr,i t,itÉ HoIû; sti lì[R]l IF ZERÍI
¿t)iu

?c8û fi190 00E8764003û3 ' DATfl,AUTSIfl 5 F Þ,t{ûp Hi;R

?r?¡ ÍfËEEil0rFóC¡tå03 tfi,tT 5FD p DïH
¡i[Ë [1pF 3fD0c6î82753 _ _ NA,RXsl}2 tJp,z 5,zA F ],gRrç p,AUTtLtlH t{nIû¡{fB tft0 E0ürBtc2:7'û¡ RXSV5 cf}itT s,zg r,nin i p HtIó; sc*í.i=sr:nir-r
?ie0 ûlcl 3fc3Ë:78t[75F Nrl,RX$u4 [Jp,z s,zP F ]$r-A p],fiuTrtHIGH il0lû
113û Br[¡ 3fctBil{ff?73 HA;ilXsUs C# ,}ii]p HcTo
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i¡l j lP3ð tli¡lA,54ill7B¡ lji;ilT 5,7q F 0,ilrjP í¡-,UT

ii4û ii33? û0t27t4Êû3û3 DÈTÈ,RFEST|(-3 5 F 
',f{i.o 

}tåP

ii:t :lilA Eü0t[6{4¡7a¡ [nHT 5,7A F D,tif]p P,ActF rj',tul

i¡å0 [¡3I{ û[t17å4003CJ DåTA,REI-]5T{-4 5 | i:,}ìirt HÊR

i¿7¡ r23!] At0üC646t7F¡ cRTil 5,ZA F D,il[p r,AC[[ loui
l iaii i---------
1¡?il ; l.lNSTr'r|ìX - GET$ É[Ci, fIilÐ, f,CCF] ÊREG FRti{ STIlIK

l3t0 j
iltû tt-10 û0E57å4û[303 Uì'ìSTACK I]ATA,REGST{ S F I,fiilP }itlR ;fiAR=RftSTH Ê';[E(RtËSTK-t
tl¡û ¡23E 800ûFåCU?úü3 CilÈiT S F D P t)1|l ; TESTCRE f;[tiA

13.11 023F 00E4764üu30l DÊTfi,RfGSïK-l 5 F D,H'P HAR

t34l ìt40 EtûDFåC3L5ll [tiilT S F D P,,li[Hl tiH ; RESTIflE H[]!It

1.350 0241 ttE37ó4fi01[] DATA,REË$ï{-? 5 F il,}i!r¡ }iP;R

1lÉl û?4? Et00Fút0Cå;13 [0HT 5 F 0,ÇRãr; ÐIH ; REST0RI q-HtG

ilTii [?43 00EZiå400303 ]ATA,RtlìSTt-3 -$ F l.p.i:lP HilR

ilgl.j'il2{4 tttilFå[246;]3 ü]hT 5 F 0 P,''Èrj¡,'B 0ïÍl ; RESTTìII rifi[B,

itr-û lJ245 0cEt7å4[0]Ê3 I]AT|;,ËE[STK-4 5 F !,þrP HÊR

f.lll ill{6 ADt0FÉrleúó7] [|ÎTil 5 F D P,,Êrjff ]iH ¡ RESTTRE rirj[t
tririi
i{l't
i4liJ

Ir tJ!
UìJ.¡¡J

ü {¡50
lì1¿l

t)u I t-¡

I iidil

ti?t
¡!t!_i

ílit¡
i i2¡

SPEEIIH Sl\äPt.E Cu¡rTAil{ äÛ iHi[
; iht Siiltr-E äU5T tE iH Q-REG rl$ äljt.TTPl-lFÞ 

'

flltü tii47 [009F$cÍli0] îiulTÈt Nñ,9 LlirÏ 5 Fifi¡iÞ D P ]iniü ; DåTlr Ar1{,i{LlLTiPL.f

;f4û u4g 324'tl;7ni:.i:.7'ti lì¡l,qÍ?ER ciP.:^,zjì F EÎRA F iìÙIn ; TEST Q0 V;ì-uE

,

; ------------
,

; \JfR,ciüì{ i,ü JriHiJ5,/l?Bl

; TliPtjT 0UTPUT

j ilill..TlPLItil-qfrtË - At[A HÛST SIG, HLfiI!

; liÌrLT'lPLiCriHD-R7 - qREË LEåST SïË}l,l+llRn

,

i liillTAt 15 TS ì{ULTiPt.i U$E0 FY THE IIATñ

' AIqIJISITTII¡I ROì.JTII{E, THE IJPPEH ë EIT$ IIF Ttli

i sqlinftt IS Ali ú?TilFài triTRY P[irr*i THSï LiÏs

; ThE ÇREiì ljE !ÉjliÊÎ¿l'irì/il

| 1¡jlr

ûiy-i iìi4? Et0ûå6[]27t3 StlJAtE [l]î{T S,ZQ F ! P,,Hi]Þi Nìiü ; }iCl{} = EilE{ì

i¿IJ¿

[;ii! li34r1 C00tt?ti27tF]iillT Nå,irtli LiiiÏ SF,Aäi' ]Sfl\ P iìi:ìi[;All1È= 0 CüLltT= 16

¡3¡t ¡i,tF 3i5t[¿4?l?i]3 qIZER l¡rl,5lili [¡P]ççl i:¡Ziì F 0,]it¡P P l'10I{J 1F.äfi,1t Qü:i

i?3! t,t4{:9ä4FBif2l7tF NÀ,ÈfizÊfl RPCT S,iÊ F DïRA F Ni:litl ; DíiiJËr-E ËiiîTTH,Sì1|FT LtFf A[tA r]tÊû

l¡1¡ lZ4Ð ¡?4F.qltúii7ll3 N;ljSiPt CIP,Ë;ql -r,ti;P iti't0 ;FTllf;L
l;5t [34f ]2!'¡åËli7l ¡ìit]DilììE CJP 5,2¡ i I P ililf0
;tól l?4F 3îSUiFZtiTl çl{Pt Nå,i)tliiE []P Sl*l F]5Uï,C1 l) P,HCHÐ l{t110
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.r¡7ù

ìi?¡
[]0{i
1:{ 1

i:,rn
1?r ì
!!¡-¡{

[]ó[
il371

Li¡ÕU

f¡9ù
rlttu
04f0
Ì{il
li 4,if
iJ+4 ù

i;45û

ulùu
n Àtn

t1¡u
l i?il
[:tc
ü5fi
t53ü

il53 ú

054il
¡ratI

i, f,ÒLl

47! i)

¡-¡.1 ú [

l-ll7u

[É,çû

lÉi I
[,(?[
¡lá3iJ

ûå,i0

û¡5;l 3255[å43¡7t3 qtDilt
It5f 9t4F?ittz70F
li52 1i54,Íl,lil,l703
[?-;3 3¡5ÞF,CC2.17?3

li:s4 3¡5Ð?;Fi12773 Ëì(P?

ûtis ?¡:tI{7|]it70F CNT

[,:5,å ¡-i5,58 ;] 4 il rl7il3
t(al Jí)Y!lLr¿¿/ l3
li:53 liSDEó[¿?77] 5f;P3

ü259 9¡5[?]J!270F 5UFT

¡:5A 3:5Cg,l4t t17t3

[!59 3t5l)?ûi]tzi73
t¡5[ 3ã5DEóC¡I773 5tP4

ût5c A00c[ó4227ii D0¡iE

iifi)fiiT C.lP,qqù 5,ZA F D,ÌitjP p iìûI0 ;Qü = t ?

Ìiå,gfzEft RPCT Sråir F,iìDÐ DSRri p,ïii:li0 HûIC j Air.-rì = Ê[[A + ¡iü¡llr
lLi,S(P? l--'iP,qqf Ð,liliP titrTtÌ ;FTi'!tl
lìÊ,I',11iÊ [íP .c,;$ F D P l.jf,in
¡lfi,Ðllilt CiP 5)r1B F)ELR)[1 D pri'ti}ti] t;0iu
tii,q$[NE RPCT 5,2Ë F DSRA P N'¡Tü i ]itilFi_t S¡ìÌFI t-EFi å[rin
¡lÁi5äP3 CIP,qqû 0,ltriP ¡¡1¡
liir,i'iJiqE CJP 5,ê3 F,ÊI)Il D P,i'iC¡;l l{0Itt
¡iA,rltifE tJP 5,ZB F Ir P n*0i0

h'rì,ûl0iqi RPCT S,AÍ F¡sUfl,fi DîRA p)H[Ht i{i3iß ; Èi-:,.-ê = ii[.[A _ ]ii:¡ìI}
HA.t5KP4 IJP,qqi] D,'}{riP N0T0

NIì,I!0NE CJP 5,ÊF Ë,AÐil D P,l1CilD Hilltj
Nå,Dniìt IJP S]¿B F D P ìirlI0

CRTN SIZA F D,ì{üP P Ìitlt i H[TiJil]iS SïÊti 0t pRûDittT,

THN OUÊDRAilT

lit¡liR ESTr¡R IllG Tid0, S lff tPlEilit{Î DIUT ST 0il
IIiPUT - DEfi)AICÊ iìÜfl)t{öN0,ÊiìEG
ÚI]TPUT - qUI]TTEHT)qRTG ii0 NEHATNOE,q

DtÈlt¡{INATIIR ALHÊ'YS P0STTTUE

lcUfitFåTûR AirD !)ti.lr¡tililATtR ,qE CISTR0iEI åt TER

USE,

l,iñ,CFH LDCT S)ZA F Ir P,tl[NI] ]ì0I0; tllirìî=íE ÊUCA{}frt}i} pilSH

tttlrliR5l CJP,Ì'l DliqlP ä0i0 ; JUÌ1P TF Ê[cA=ir

lii,,lil3 RPIT 5,At F,SiJfl,fi Rqtr'RU p,À[tF ]ì1110 ; Ê[i]A=É[tA-A{lüF
l{il,fiR$4 IJP¡ll 5.l7q F,E¡iliR I]]qREiì iliti0 i Cûi{(çiEç}
tr-AlNt52 tJP D,llüP N'liC
HA,lìR53 RPIT 5,r1B F,tDD RtiDtU p]Ê{ì¡lB fi[Iú ; ;Ìi[A=iit[A+.¿r[[B
NÊ,ìit54 IJP,ti S,Zq F,iÈ.tL]R ]]ERIG ]titlt; [ui{(ü3.tGi
ilttr,lìR5¿ rJP ûrilflP ti0Tu

[[Nï S,ZE F,ÈIrD,[1 D,qtHG ti0l0 ;SIt]i
DåTA,A00ûH 5,04 F,AN0 D P,'d[l{0,ilt}iD tit}Ît 3 SI[it
CRTI{ 5}40 F}0R D,[iRtË P,]lílltiD t{i-tÏC

E}iD

t ã,5 [tt¡ ]

Ír5E Cß0FCåÐ32703 DMDE
f lSF IU¿'3,3il4ilü7f 3 üH5J

Ii6ù ?¿5F9¡A4tiü7
lfåi ¡?rrÉ¡ìE[ù,]713

[ãå2 i2678$4[077]
üiÉ3 ?Ê5F91e4i7i]7 irR5l
[264 3AåóÊEt[[713

i265 3tó79J4ti]7?l
02,i6 E00ûAû2û[7[3 tit54
ü2,{7 5¡¡¡5tO3I7t3 hR52

ü2ág Ê8008å1¡¿7i3

t

i¡liiil. lÊRIRS
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lAçt üûf i'fEitiìRY

iûùlir !û0t1 itAl'l

¡ü!¡û [0ûtzA 7{]rJ0 úRG
|Jllir3Ð t|tJ00t t0Cû A HESSRT t0U
0tti4[ [0004 1FFF A ¡ilEsEND tqu
r!05û f0005 A00û A START tqu
0irli,!ù û0û,tó FFFF A ENr) EqU
f0tí70 c[ûû7 E.¡c0![ 

0¡0û8A 70ttt cE 10ü0 A BEEit{ LDX
0ünF0 0[0ü94 Ttrtr3 FF 70BC A STX
ûù1ü0 cfl0fûA 7[tr6 4F CLRA

ü0i18 ûúttlA 7007 A7 0t A Ltl-rpl 5TêA
ct1?0 0t0t?A 70c9 08 litx
[ût]0 000i3A 7û011 BC ¡00ú A tPX
f,0149 û0014A 700il t,t FB 70ü7 Fì{t
û0150 00û15A 700F 5F cLRr
{ltió0 tr00i6* ?[i0 F7 70t6 A STAI{

[[ri0 [0017A 7tL3 F7 7rß7 A STAF

Í10180 0il0184 7016 [t A0tt0 A LDX
tj0i9û 0û019A 701? FF 70ËA A STX

ü0¡00 Bflt?0A 701C [,5 01 A AtAiN LD|IB
ttzlü t00?iA 701t EIr Z05A A RoT rsR
ec¡20 0[03uA 7rttl tt 7[FA A LDT
:l023ll 0t0234 7034 t7 C0 A STrtB

10240 000e4A 70tó ti 0ü A CHFS

0û¡ó0 [c026A 702tl 7E 70åE A JilP
ûrtit [002?A 7reÐ [i A0[0 A Lt0Pz LüX
û$P80 0t0¡8rl 7[¡ü BC 70BA A L0np] [pX
üûr?t [00¡?A 7ú33 ?7 07 703C tEg
tCIt[ ü0t304 7ü35 11å tl0 rl LDÊll
00ltrt [üû31A 7fi7 ?7 03 7ù¡[ Ftq
[f320 flût3zA 703? tIJ 708å A isR
úûfr0 00û33A 7fl3c 08 100P4 THX

!û3q[ 00[]4A 70¡D BC C000 A IPX

üi]350 rl!0354 7n4t 7.6 EE Z0J0 Bi{E

[$]óû 000t6A 704e 59 ASLB
$r37û ûtü37A 7t)43 24 t9 7û1E FCC

0[390 0003811 7045 ?C TtIrå A I]l[
lrrltû t003?A 7048 iå t3 7040 l{ilE
0c480 û[ü40A 704A tD iflAå A isfl
üiJ41Û ÛfJÚ41A ?O4D FE 7ÛBA A L{]{IP5 LDr
trf4ze llfl4?A 705tl ú8 iHX
0r4r0 fú041A 70s1 FF i[¡A A sTX

10440 ûct,t4A iû54 $ll c0ü0 A CPX

rr!Ístr 0t[45A 7057 Zh t3 7010 F¡tt
It4åt û0t4óÊ i059 tE !!AI

tû47ù [!ii47 *
ûl'r4Bfj Ctt4H * SUEp0UTiltE

ûi{?[ fti[47 c

ût5r0 ùû05.ÌA 7û5A [r A0t[ A ILEAR LIIX
ú95¡lJ !ii051Ê 7ti5D 4F ILRÊ1

Í,i,51[ f lJ05?È 7ùSt A7 ttù A [LRj STAA

Û15'l1r iJ[û:3A 7ri6f] A/r ü0 A LDAA

ûûisfj 0il{ì544 7ùt7 ?i t3 7867 ÍtLl
!û!él ttrr¡1554 7Dh4 7E 7tJ8D A ltip
fiÙ5in !.rttû564 7067 fiS CLRZ I¡lX
[û540 tr0ts?f] 7ûå8 3C [0ìi0 A CPX

u5?û 00{l5B/l 706ir tå tl 705t E!{E

Ì{E¡Jf;RY TTSTTi.iG PÊ{j[flAiI
7n I lj¡l

$1tr0t ittË$AGË IrilFFtR
$lFFF

$AOTO Iü}IT]TUOUs I{EH.IRY TEST ÊREA

TIIFFF

+ÈfiSSÍT TIRO ¡IES$AGË FilFFER
I'IFçî

0,I

Ì¡ïI¡-ttlD+1

L0r,JP I

tÐuliT

PAGE

+ÈTllRT

CI]'ÏS1
+Of TISTINT PATTERil

ÜLIAN

CLIRT$T

n.Y

[,x
LTüP2

TRRl

+5TA¡T

CIiRTST

LTNP4

0,x ät¡t0RY TEST

LtlcP4

ZERR IRROR +3

ttilÐ+l
LBOP]

RÛT

Ct]UilT

LTOPI;

l0ÌitP,å

cr.1RT5ï

flj?T5T
r'tr1ìil ¡ ¡aLtturl

AL..A TN

CLIAR - TLEARS ilFi'I[RY LODATJT|{S FRO}i

Aüü! T0 irFFF AlìD A[rljÉÎS IF CLErlR

*¡-TÊfiT

fl,I
trI:
nl 01

ILERR ILIûRTI{G TRP,TI

+t.¡'¡i)+1

[Lf 1
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PA|;E Ú Ì¡ ¡iEHNRT

3t,{0t¡ iiû05?A 7060 J9 RT5
.4il6ic iiû$ó0 s
,¡I]êZÙ TTO.(I s ERRI SUBROUTINË ãRTÍÊ IiI LIJADINI,. TEST FATTEHH,ti,5t[ ft0å¿ B

ürl'i5! Í0ûú34 706t Ft ?0BC A ERR1 LtX iliSS
ii$å6l ùf t64A 7tt7t 86 Ft A LIIIìA +ârrFi
ût,{7! ¡¡¡,556 70i3 A? û0 A STAA û,x
Íiú.{ã¡ ¡9665¡ 7û75 ,3,5 û1 A LÐAA +ü1 EEúRtl
ûl'5?fl ilÙtó74 7û77 à7 tJt A STAA 01.,x
{IOT,]Û OiiOåAA 7LI7'tr Ëó 7Ot{A A LIAA IURTST FA.IJLTY LOCATII]N
üû?tt üùû69A 707C A7 0t A STAA 02,x
0ûi2û Í0üi0A 7ü7E BÉ ?[I{g A LDAA CURTST+j
ct7t0 üù071A 70Bt A7 03 A 9TAA 3,X
T¡J740 OTÛ7¡A 7OB3 E7 C4 A STAB 4;X È{IJ}{¡ER $TCRTD FY IJI5lAflE
0ù750 t0trTtA Z0BS JË HAI
01i760 C9[74 *
üOi7C i]ilI7s f ZERfi - ERROR NUHT{ER 3 i4Í}iiJRY LI]IATTO¡I AFFTCTID
û079[ üù076 * Íy A HRITT Ì¡fï iHË TË5T LS[ATT0i|
OOII¡T ÛOI77A 7T36 T6 OE A ZERR LDAB *3 ilftiTE ERROR ON DTFFERÊ}.IT LODATIIN
ûOalf.l iOÛ78A 7ü88 FF TOBB A STX IURFUF 5A'JE r$LiLTY LI-IIATTOI{ PffTI{TTR
00870 illrû?9A 7088 eC t5 70?P I{RA 7t
0f8ll rJiJuã0 å

009_4û 0iril8! $[LERR-TH]. ì,fF.fi0fly ì_C[;åT]ûil ,0rJLn N0I Ft [LEARtt
ffr8st ürJ.ùA¿ *
0.Ei0 00ù834 7ûAD t6 üt A CLERR LIIIlF +i ilfriR+J
¡]$6AO IÍNíJ84A 7O8F FF ?I$8 A sTX CURBUF SÊVE ERRûR LOCATTT¡{
ùûÈ?s 0ü0a5A 7ü?2 FE 7[B[ A Zr Lnx il855
$t?C0 ¡til8óA 7[95 6i 00 A [nÌ{ 0,X Fi_*6 ËUtFtR L0riATI0t{
üû?10 fûÐ874 709'Ì E7 gI A STrlB i,X
û0??0 il¡J',188A 7fic'9 à? 12 A STAA t,T EÊi¡iltillls ¡trl¡{trEa
00?3ü rrú089r1 7û9lr $.5 TCBB A LDAA IIJRFUF
f0?4c tlû?tå 7A?E A? rr3 A îTAA J,X
û$?5t iit0?14 7ü40 B6 708? A LDAA [URIrrjF+i
0î9å0 !¡û?¿A 7il,{.1 ri7 04 A BTrlA 4,X
0t??0 flü1934 ?0A5 -'rE 'É¡AT

0r?3i] tü0?4 *
[û??0 Hl75 * I]ül{tpA = I]lDIfATti È Si:IIESSFUL pAGt trt TFSTIT{G
û!.iIC0 ûlil9ó *
cJtze îìû9iA 70A6 Fr 7¡F[ A t0ilEpA LDX ]jFSS
lf 0;0 r-0î?EA Tirll? f;,5 iü87 A L-0nA PAGE

ili C4¡ ¡l0C?94 7ûÊt At tlù A STAA 0,I
Cfi5ir rlù1¡04 7[ÁE 7,c 7l]U A Iill PA[;E pAt:E=p;1GE+l

0iiår rìll iriA TCF1 i,3 iNX
iiiû?ü ,,íûtú¡A 70BZ F,' 7úE[ A STX ilESs
01[B[ r;úi03à 

7CÊS ]? RTs

ûi1ii.r úitl5A 70F6
clil0 rü1tóA i0Í7
0112j'i ¡îitr7ê 7ûFi3

ülittr ütiùtA i0tA
Ci11û !Í1$?ri TilF[

û9iiû
TÛTAL ERR¡Rs TÚOTIj

Íü0Í A rjfiìiilT
û001 A PfiËE

II]Í¡ A CIJREUF

üO!2 A IURTST

¡0[¡ A ]tESs

RIIB 1

Rif$ I
Êi{F i:
R¡IF 2

R¡IF E:

IND
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PAÉE :l ¡ITsTF]T }IAsH

¡cc1 ; ñtH0Ry TtsT pRüGRAir FOR 0ptF¡lTIû¡r 0F Ti.rÊIiJù2 ; PRflLìRAffi iITIITRT þJITIì T.qT LPCI{T,,10[] i TriE Lp[ilK Ig 0FERnif UG AT ¡00¡tS,|]0e-4 j
0ùlr5 ; Attrl - PREIEIIT TESTiltG FåTTtRt{lll!.( ; A[[F - PRESENT TtSTli¡l] L0I]AT.I[
f rlit? ; H|:ND - if$t0RT L0C, Ltl¡DER TIST
0[f ,!

t0,rr9 Ðltit tFFtTåct4703 START DATå,ûFFFFH s F D p,,r1c[F i{ûIü ; TEST Lu[,
û01Í 0üü1 4FFFBBC¿I373 UtR0t H'i,oFFFH PUSH s)Zir Ê,nM I p i,tr)i r ztRt l,ltlt,
c011 t002 E000Fg4007gz zERt cùNT S F,Allt) Ð,H0p D[uT
üûi¡ 0003 E0fi18{t4¡[ó0] [0ilT Ir,N0p Dit{
ilûf3 0004 Eûû0F64ürli03 ËtNT 5 F 0,il0p Huiü ;TEST RESULT

0014 û0ü5 3ûû7fl040û753 NA,L0ûP CJp,z D,t{0p H0it
0ü15 0006 3ûû69040û773 ERR1 }{A,tRRl DJp D,itûp NüIo
001ó t007 8[û0F0t¡23ll3 L00p HFDT 5]ZB F)AÐD,[1 û p ifAn
0t1?
l$18 ; INiTIALiZIilË
t:itI9

0ct0 m0B E0Û0F8[3I703 [tNT 5 F)AND I) P,,H[ND NflI0
0ltf C009 ût0t76C?t703 DATit,t S F D p ti[I0 ; pATTERfi

f0tt
i ü13 i LLIAÐ PATTERN

[ 024

cÐt5 00fA 80tt080E24303 C0NT S,ZF F,AÐl,Ct I} p,,A[cB HAR

0ûit 0iltf i0005¡å4p703 0ATA,lü0trH S,0g F,StiR,']l t,ti0p p.At[F i{úifi
0il27 tcû[ 3tl?304[t753 ilr],STnP cJP,z D,fiùP tt[I0 ; ENI] tiF Tt-sT?
fj0tB frc0Ð E000[ó4t2782 L00p¿ mi'tT 5,zA F'D,]tup p DnlJT I SAt/t FATTERI{

f0t9 fil0t 30û18c40[653 ]lA]ZER0t CJP)Z D,NúP DiN ; tttlr [F PATTERÍ{
fiû3ù 000F 80lJ002ó?¡703 [üt{T s,DA F,SL}R,CI DrNüp É i{nItr
0ü3f 0ff10 tü!eBi[tt7s] NA]10[pf tjp,z 5,zB F AZU p H0I0
[û3t 0011 3c118040C773 ERR2 ilârtRR¡ [.]p D,il0p il0T0
0 ût3gü34 i Ë'it[K ALL 0THEil LüCAT]IIN$ F0R ZER0
ri035

t0lÁ tû1¡ tt|tr094i¡47t3 Ln0Pl [ûilT S,AF F,SilS,[i D]t{i¡p p,if[ND]AICF ¡lüit
ûfJl7 00f3 30f¡80!t2353 NA,Lû0pi {lJp,z 5}zÊ F,A00}c1 u,nRnR F,i,ítilt,¡tcti[ tJrlp
ûc3B [014 ûFFF5472¡å03 DATA'0FFFH s,Dll F,silSrtt D,HûP P,lt|]lìI] DI¡t
t!l? firJls SltFFú{¡C7tI tiA,EHt}Z CJp,}l S F D,NrJp N0j0
0C40 0ü.¿' 3ú1¡$t4il0753 ÌiA,L0ùpl [Jp,Z D,t{[p NtI0
û1j41 i
cf 4t ûrlí7 -1,t17fl[,]tt773 ERRS ]iA]ËRRt cJp D,tirlp ]iclu ; tlEHilRy FAULTt[43 i
tû44 [0]ä 30t0F885t3?3 tilDl liA,L00Pa IJP s F,AliI} D.RAHA P,A[cB,]j[],tÐ ]tARnn¡c!!:aJ
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AIDAHL FORTRAN LPC TEST PROGRAII - I¡RITTEN BY Luc Ì'lahleu Augus¡, ig6i

csJOB I'TATFIV KEN_ì.ÍIKOL,NOEXT
CHARACTER CHAR*2(8)
Drr,tENSroN s ( 200), TS ( B), SS ( 80), ER( I 28),4( 10), RR( l2B),T ( 200)
D0 I I=1,25
READ 100,CHAR;PRINT l00,CHAR
D0 I J=1,8
CALL CHARIN(CHAR(J) "IS(J) ,2,L6)
R=IS(J) /I28.;IF(R"GE"l) R=R-2;S(B*r-8+J)=R I CONTTNUE
CALL HAlft"IrN( S, 200, 0 )
PRINTo'THE FRÀ\ÍE IS WINDOI.TED (ltAlflfiNc IüINDOI{)"
CALL DURBIIT(S,200,10,A) 100

FORì.ÍAT ( lX,A2, lx,A2, Ix,A2, lx,A2, IX,A2, 1X,A2, lx,A2 , lx,A2 )
STOP; END

cx * ****** *********************** *** *** ****** *** *** *** **.å.t ** ************ *
SUBROUTINE ¡URBIN(S,N,P,A)

C* * ** **** ****tr *****?k************ ***x*********** **** ** ****aq:t **.å*É********
TNTEGER P,rQ(I6)
REAI, s(N) ,R( 1l ) ,K( 10),8( J 0) ,A(p),8( 10)

C* * ** ********** ** ******* ******* ******?k****Jr****** * ***************** * C
CAICULATION OF CORRELATION COEFFICIEI{TS C
* ******** *********************:k** **?k *'Å********** * ** **-* *.**.** x** ***

PRTNT, "AUTOCORRELATTON METHOD BY DURBTI'I s ALGoRrrHt'I'
PRINT 200 ; IPl=P*l ; IP2=P-1
D0 6 I=I,IPI
H=N+1-I;R(I)=0
D06J=I,M6 R(I)=R'11¡+S(J)*S(J+I-l)
DO 7 I=l,IPl
R(r)=R(r)/2
CALL DEBI(R(I),IQ,1);pRINT,"' 7 PRINT 300,I-l,R(I),IQ
PRINT 200 c

* -å*'Å*********:!(************** ***** ***** **** ** ***x ** *******.******* * C
DURBII{'S ALGORIT}iì.T C
* J4 *****J,( ** ****Js***********)t****** *.** ********* ***** -*** * **-*** * * ****

E( I)=R( r) / 4;K( 1)=R( 2) /R(1 ) ;A( I)=K( 1) /4
CALL DEBI(K(I),IQ,l) ;pRINT"" ;pRINT 400, l,K(t) 

"IQD0 B I=\rIP2
PRINT 2OO

E (I+I )= ( 1-K (I ) *K(I ) ) *E ( I) ; K(I+1 ) =R(I+2 ) /4
CALL DEBI(E(I+1),IQ, 1) ;pRINT, " ;pRINT 600,E(I+l)'IQ
D0 9 J=l,I
B(J)=¡1¡¡ 9 K(r+l)=1ç11*1)-A(J)*R(r-J+2)
K(I+i )=K(t+t ) /E (I+I )
CALL DEBI(K(I+1),IQ,1) ;pRINT,"' ;pRINT 400,I+1,K(r+I),IQ
A(r+r )=K(r+l ) / 4;CtJ,t DEBI(A(r+l), rQ, I )
PRINT, " ' ;PRINT 500, I+l ,A(I+t ) , IQ
D0 10 J=l,I
A(I-J+l)=B (r-J+l)-K(r+i )-*B (J)
CAIL DEBI(A(I-J+l),IQ, I);PRINT, ' ' l0 PRINT

500,I-J+I ,A(I-J+l) ,IQ 8 CONTIì{UE; PRINT 200
P.ìÍS=E(P)*(l-K(P));PRINT,'prfg=',RttS 200 FORI,1AT

f :11IïI1:k** **** *******-* ********* ******** ** **** x** **** * . ) 30 0FOP.ì.íAT(lXr'R(',l2r')=',FI2.7,' = ',4I1,' ',4I1 ,' ',4fllr' 
"4Il) 

4ðõ
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FOR¡,ÍAT (lx,'y,("TZr')=" 
"F10"7r" = o,

*4rlr', 
"4TLo" "4fI 

,' '."411.) 500 FORI,ÍAT(lxo"A(n,T2r")= "rFl0.7o.
= " r4ll""'"4TI ,'n"4TI ,o'"47

*I) 600 FORI.IAT (lX,,¡=",F10.7r" = o 

"îTLr" 'o4T1.,"
' ,4rr "' ' 

"4TL)RETURN;END
c* ****** *** *** ** ****** ***** * ******** **** ** ********** ********* ** *k**r¿**.hk

SUBR0UTINE HÀìÍMIN (s ,N 
" 
IMUL)

c* ******* ****** ************* ***** ******** ********* *** ********* * ********,*.
Dil'fENSrON S(N)
PI=ARCOS(-1 ")rF (rltul.EQ"0) THEN
D0 I I=1"N I S(I)=S(I)*(.54-"46*CoS(2*pr*(r-i)/(N-i)))
ELSE
Do 2 I=l,N 2 S(I)=S(T)/ ("54-"46*cos(Z*pr*(r-t)/(r.¡-i)))
ENDIF
RETURN; END

C * **** **********t{******* ******** * **å****** ******************************
SUBROUTINE ¡EBI(R"IR,IT}

c* ***************************** ** ** ** ***** ******* ************ ******r,f****
INTEGER IR(T6)
R=R+IT* 2 . * * ( - I 5 ) ; IR ( I 6 ¡ =g
rF(R"cE. I "0R.R"LT"-1 ) THEN
PRINT,',OVERFLOI,]N T1.t0 S COÞtpLElfENT NUIÍBER'
IF (R.GE.1) THEN;IR(1)=0;DO 2 I=2,15 2 tnçl¡=1
ELSE;IR(I)=1;DO 3 T=2,15 3 IR(I)=0;ENDIF
RETURN; ENDIF
IR( 1)=IFIX( " 5-SIcì¡ ( " 5,R)+" I )
R2=R;IF (IR(1) "EQ.l) R2=I+R
DO I I=1,14
R2=R2_2.** (_I) ; IR(I+1 )=t
IF(R2.LT.0)THEN;R2=R2+2.**(-r) ;rR(r+1)=0;ENDTF I COITTINUE
RETURN; END

C* * *** ***** *'å* *************** ******* **********:k** ************ ***)rÉ **-å*-å **
FUNCTION RB(IR)

c* * ******* *** ******************* **** ** ** * ************* ***** ***** ********
INTEGER IR(16)
RB=O";IF (IR(1).EQ" 1) RB=-I.
D0 I r=2,15 I rF (rR(r).EQ"1) RB=RB+2.**(_r+1)
REÏURII; END

c* * *** *** ** ****** ************ *** ** * ** * ******************** * ** ***********
suBROuT INE CHARIN (CHAR 

' 
INT,ìI , IB )

C * * *** ***** ** ************** * **** * ***** *** *** ********* **rtç* *** ****** ******
CHAP"ACTER CIIAR*1(N)
CHARACTER H*I ( l6) /' 0"', r' "' 2"" 3' "' 4"' 5"o 6. r. 7. ro B. ro g. r.A", oB. 

o
*tC' ,tDt ,'Et 

"tFt 
/

INT=0
DO 2 I=l,N
D0 I J=I,IB
IF (CHAR(I) "EQ.H(J)) THEI¡;INT=INT*(J-1)*IB**(N-I) ;c0T0 2;ENDTF I

CONTINUE 2 CONTINUE
RETUR}I; Eì.ID

C* ** ** *** ** *** ** *** **** ***** ****** ***** *** *************x**rÉ** ***** **** *t
SUBROUTINE HEXA(I,}IEX]IUH)
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c)t * ******** ** * ******** *****-Å **** * *** ***** *-å** ** **** ******* ** ****** **Jr ***
INTEGER I(4)
CHARACTER HE)C!¡U}I*1
CHARACTER H*l(16) /'O. r.r.,'2" oo30 "o4" r,5. ro6" "'7""B. r.go,.A" r.ß"*'C' ¡'D' ,'E' "oEt /J=I (4)+2*I (3)+4*r (2)+8*r ( I )
HEXNIjM=H (J+1 )
RETURN; END
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