e

w

' CANADIEAN THESES ON MICROFICHE

THESES CANADIENNES SUR MICROFICHE

. * Nationa! Lnbrary of Canada
Collections Development Branch

. Can’adian. Theses on

"+ Migrofiche Service “sur microfiche ~

- Ottawa, Canada . .
K1A ON4 ; .

N
- NOTICE )

The quality of this microfiche is heavily dependent
upon the quality of the original thesis submitted for
microfilming. Every effort has been mader to ensure
* the highest quality of {\eproduction possible.

If pages are missing, co'ntact the university which
granted the degree.

L]

Some pages may have indistinct print especially

if the original pages were typed with a poor typewriter,

ribbon or if the university sent us a poor photocopy. |

+

Previously copyrighted™ materials (journal articles,
published tests, etc.} are not filmed.

[

Reproduction in full or-in part of this film is gov-
erned by the Canadian Copyright Act, R.S.C. 1970,
¢. C-30. Please read the authorlzatlon forms which
accompany this thesis.

THIS DISSERTATION
HAS BEEN MICROFILMED
EXACTLY-AS RECEIVED

ISBN. 0

Bibliothéque nationale du Canada |
Direction du développement des collections .

Service des théses canadiennes

13

AVIS

{

La qualite de cette microfiche depend grandement de
la qualité de la thése soumise au microfilmagé. Nous
avons tout fait, pour assurer une qualité supérieure
de reproduction. .

L B
8%l “manque des pages, veuilleZ qommumquer

- avec ['universite qui a confere le grade.-

La qué!i:é d‘impression " de certaines pages peut
laisser & désirer, surtout si les pages originales ont é1é
dactylographiées a; I'aide d‘un ruban usé ou si I'univer-
sité nous a fait parvenir une photocople de mauvaise
qualite.

Les documents qui font dejd I'objet d'un droit
d’auteur (articles de revue, examens publiés, etc.) ne
sont pas microfilmés. .

La reproduction, méme partielle, de ce microfilm
est soumise & la Loi canadienne sur le droit d'auteur,
- SRC 1970, ¢. C-30. Veuillez prendre connaissance des
formules d"autorisation qui accompagnent cette these.

- . 'LA THESE A ETE
MICROFILMEE TELLE QUE
NQOUS L'AVONS RECUE

Canad"'



Kishor C. Kelkar

A thesis presented to the .
School of Graduwate Studies and Research
N ‘\\ ' of the University cof Qttawa.
in* partial fulfillment of the requirements for the_ degree of
M.Sc. (Systems Science)

.

- Octawa, Ontario 1982 =

(::) Kishor C. Kelkar, Ottawa, Canada, 1982.



£

CONTENTS
1) RgAL TIME DATA ANALYSIS BY DIGITAL COMPUTER
a) Introduction
App1i$a;ions
b) Pretension Adjustment of mooring forces. -
c).ﬁé@ibration of scaled model of a tidal estuary
dlkﬂeasurement,pf three dimensional flow
e)iTuhing the speed of a2 D. C. motor driven wave machine

f) Determination of the location of nodes and antinodes

within a model harbour basin

'g) Testing the strength of model ice

Real time processing tasks

h) Conversion from voltage to physical variable

i) Smoothing or filtering of converted variable

-

j) Non-linear or complex transformation

k) Objectives of the research work

2) FEATURES OF REAL TIME EXECUTIVE OPERATING SYSTEM-HP
RTE 1VB '

a) System services

-— = =

fc&ﬂe; Numbey
Ll

T

14

15

25

1} 5. 1 - SR S EP I S R
. . . Y

e = e ———— ———— ——— S o~
s - - oo -




7~

-

X
|
1

b) Multiprogramming

¢) Memory management

d) Physical memory | \

e) Addit{on of powerful 1ibrary rbutines

f) Vector instruction set VIS for HP1000 F-series

computers
3) SYSTEM PROéRAMS UNDEB HENLETT-éACKARD RTE IVE sYSTEM.
a) Program scheduling EXEC § , 10
b) String passage EXEé 14

c) Program time scheduling EXEC 12

d) Program' swapping céﬁpro] T
e) Pr&gram completion EXEC 6 B
f)“System status time request'éxéﬁwli '
4} ON—LINE DIGITAL FILTERING
TECHNIQUES
IMPLEMENTATION AND RELATED PROBLEMS

a) What is digital filtering ?

b) Advantages of digital fi]tering-over'ané1og filtering

»

Page Numbes
26
27
238
29

3

z3

4z
44 .




c) Mathematical analysis of digital filters
- 3 .

T d) Bilinear transformation

e)ADifferent approaches to realize &igitaf filters
. f) Analog filter approximation

g) Elliptic filter éésign aﬁpfdximation

55
56

57

6!

h} Imp]emen;ationtofirecursiva digital filter by computer

program

i) Design of recursive high-pass digital filter

j) Design of recursive band-pass dfbita]-fi1ter
5 .

k) Design of nonrecursive 1ow:pa55'digita1‘filter

-
.

1) Design of nonfe;ursive high-pass digifjﬂ'fiItgr
m) Design of nonrecursive band-pass digital filter

n} Implementation of nonrecursive digital filter by

computer program

n} Comparison between recursive and nonrecursive program

jmplementations on the basis of :
al) no of coefficients
a2) memory sforage required

a3) Execution time - -



C o

. ANALYSIS

Yy
Y

-

a4) Type of machine used .(F or'® 4-serie§iﬁachinej

. ;  as) U§e of §pecia1 instruction ‘set VIS

Y

5) PUSH DOWN STACK AND RING BUFFER

a) Description of these data structures and their
implementation by program

_‘h)-Comparison betweeh two implementations on the basis of

-eibqgtion speed.
6) A SUMMARY OF'THEORETICAL CONSIDERATIONS FOR ON-LINE/

*

a) On-line running average analysis recursive approach .

- b) On-line running average analysis nonrecursive approach
N ' 3

c) On-ijnefrunning average modificatioh to method b) fn

_order to reduce memory requirement .

d) On-line runnin§ RMS analysis recursive approach

e) On-line runnihg RMS analysis non-recursive approach

f)} On-line variance spectral density analysis recursive .

-+

approach
7) A PROGRAM FOR ON-LINE RMS ANALYSIS
a) Purpose and its implementation in a prograh\

b} Input to the program

F

1

74

76

78

79

8 2

86

36

91

91



_b) Programming considerations

c)

=)
. OF

a)

b)

¢)

9)

a)

b)

c)

d)

Programming considerations

A PROGRAM FOR DETERMINATION OF THE LOCATION.
NODES AND ANTINODES WITHIN A MODEL HARBOUR BASIN

Purpose and its'implementation'in a program
Initi;lisation part )

ON-LINE analysis part .

ON-LINE AVERAGE ANALYSIS _

Purpose and ifs implementation in a program
Input to tﬁe-program

Programming considerations

~
Testing of the program and comments on the results

10) ON-LINE VARIANCE SPECTRAL DENSITY ANALYSIS -

a) Purpose and its implementation

¢} Testing of-the program and comments on-the results.

11) CONCLUSIONS

a) Recommendations about method for on-line analysis

REFERENCES
. Page N -
ﬂPpendfx I Ha gPFQ”df'fi
Fependix T 157 Append i L
Rependi x 1L 166 Appendix Y1

PageN.

| F{
182
187

PagQNumbey

92

95

35

95
g6
98
93
a8
39
100
4ot
'fo}
1ot

104

"o

[ed



 PREFACE
_This thesis.work attempts to put together .theories, techni-
qﬁes and procedureé whi;h can be used for ON-LINE
(REAF-TIME) éna]ysiS'of digital data signals, acquired by
. data acquisition system which may form an integral ﬁart of
the HP1000 computer dedicated to experiment control, data

acquisition, data storage and analysis.

In the first chapter concépts of ON-LINE and OFF-LINé
analysis and their _desirable featurés and needs are ex-
plained. Then'a'number of examples of ON-LINE data analysis -
in physical model studies in the field of hydrodynami;; con-
ducted at the Hydraulics Laboraﬁﬁfy of tﬁe Nationa].gesearch
Council, are described. Chapter 1 concludes with describing

various rea1;time tasks required to be performed-in ON-LINE

 data analysis.

b

Chapter 2 describes features of the Heh1gtt-Packafd.RTE
'IVB Real Time Executive operating systeﬁ on an HP1000 compu-
ter which is used for expériment control, data acquisitiéﬁ?
data storage and analysis at derau1ics. Laboratory N.R.C.
Those hardware and software features which are of relevance
from the point. of view of ON—LINE data analysis, are dis-
cussed in order to indicate the bbtentia] with which the

task of ON-LINE analysis can be handled.

Chapter 3 describes various system services which are

available to the user's prdgram through Executive calls. De-



tai}ed aescription of various calis which. afe particularly
.usefuﬂ to write rea1-time‘programs is giveh. It‘is felit ne-
céssary to include these two chapter§ (2 & 3) ; since all
the programs written. to implemeht ON-LINE datah analysis
- tasks make use of system, features which are chafa&teristics
of ithe HP1000 RTE IVB operating system. It must be borne in
mind that these features simplify considerably REAL-TIME

‘program‘deve1opment&efforts.

Chapter 4 is devoted to ON- LINE d1g1ta1 f11 tering techni-
ques, their 1mp1ementat1on and reTated probIems F&dwg1ta1
filter is implemented by means of software and this is be-
" .cause most of the §§§Eh1§ do not contain frequengylcompo—
nents of significance in excess of-5 HZ. Botﬁ.ﬁecu}sive and
non-recursive filter desngn programs are- developed, thcﬁ
enable the  user to eva]uate filter coeff1c1ents for g1ven
pass -band/stop-band specifications. Programs which implement
these filters are also g1ven. Even though it i$ well known g
that recurs1ve-f1]ﬁer 1mp1ementat1ons undoubtedly execute -
‘faster than, nonrecursive filters w1th comparab1e specifica-
tions: nonrecurs1ve.f1]ter design programs and their imple-
mentations are included because their prOQram 1mplementat1on
'can take advantage of the_ m1;rocoded Vector Instruction Set
available on the F-series machine, which drastically reduces
: theif‘execﬂtion time. Another quettionab]e characteristics
of nonrecursive digital _fi]tefé js that they require large

memory storage to retain.previous data'samp1es, but’ with .de-



creasing cost- of memd}g and availability of hardware fea--
tures like Dynamic Mapping System (DMS) this problem should

O

no longer be of overriding concern.

¥ 3

-

Chapter 5 deé@ibes in detail push down stack and ring
" buffer data structures which are the basic tools in the im-
plementation of digital filters by software and the ON-LINE
compqtation of auto-correlation functionﬁr and the nonrecur~™.
' sive‘methods of f}nding running RMS and Average values. Com-~",
parison in tenﬁs of.their performance on the basis of execu-
tion time, type of machine and use of microcﬁded instruction

1ike the VIS library is given.

-

Chapter ‘6 summarizes theoretical considerations for
'ONLLINE analysis and gives recur@ive and r?Onrecursive meth-
- ' ods for’ running -average -and RMS analysis of the data. It
also giveé a récursive method for finding.the auto-correla-
tion and the runﬁinb estimation of tﬂe variance spectral-

=

density.

Chapters 7,l 8, 9 describe program Imp]emehtations for
ON-LINE RMS analysis, 0N-LINE~-average analysis and Oﬁ—LINE

~ variance spectral density estimation respectively. They de-
‘scribe related‘problemg and programming'Ebnsiderations using

~ RTE IVB system features. This is an effort to achieve one of
| the goals of this thesis namely implementation of ON-LINE
éﬁa]jsis tasks for user's interaction with experimental con-

ditions.
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;Chapter 14 makes ‘concluding remarks ébout the. work done

-

“to meet these goals of the thesis and makes recommendations

redarding: methods-best suited for ON-LINE data aﬁajysiS‘

based on experimental observations.

-
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CHAPTER 1

" REAL TIME DATA ANALYSIS 8Y DiGITAL COMPUTER

a) Introduction

The use of digital computers in support of scientific or

engineering research is now a well established practice. -

However, in many situations these computers are still far

removed from the laboratory. Experimental data may be col-

lected by various recording systems ard these recordings are

then shipped to a computation centre for analysis. This
mode of operation describes what may be called OFF-LINE data

S R
analysis.

Another approach, which is becoming increasingly more
L .
. ‘ -
practical with increasing power. and decreasing cost of mini
or microcomputers, is their direct connection to the "instru-

mentation of an experiment via suitable analog to digital

converters. In most cases the computer serves in the first

fnstance,' the purpose of data acquisition and data storage.
This function may be consideredON-LfNE with the experiment.

: - | ,

The subsequent data analysis is then carried,out after the

experiment is completed and, in this sense the data analysis

mhst be considered OFF-LINE.

Modern computer systems with a Real-time operating system

have the cépability of executing function in the Foreground

as well as in Background. A Foreground function is always

- 11 -



;laved to a Reai-fime:clock and thE'cﬁmputer.iﬁ forced to
xrespond with high priority to :fucﬁ Real-time ingekrubts. A
typipa] Foreground activity may be é data a;quis%tion func-
" tion and the storage of such data into _é.Rea1-£{me buffer..
ﬁny unused processor time is then ut%lised by the Background
phase aﬁd this 'may include énalysis of daté conta}ned in the
Real-time buffer. For all intents and pﬁ%pd%es this que.
_may be considered a Realntihe data ana1y§1s. However, if one
. wants to be a purist one may restr1ct the use of the term
Real-time data analysis only tu those cases where the ana?y-

sis is a1so done in the Foreground.

In either case data are being analysed as they are ac-
‘quired and it is this particular requiremeni which creates

special demands and constraints on the imb]ementation.

It may well be asked : Why go to the trouble of Real-time
analysis if data .c6u1d be ana]ysed more conveniently Off-
Tine. In order to ans@er th{s it may.be best to give a num-
ber of examples. However, first it'should be emphasised that -
Real-time Aata processing is not new.'MOSt sophisticated in-
strumentatioﬁ incorporates some degree of data processing
usuzally as a part’of the eléctron%c subsystem; Such proceS%-
ing is mostly done by analeg techhiques, that is by means.of
resisto}s; capacitors, inﬁucfors, diodes-and so on.The type
of processing which takes place, includes averaging, filter-
ing, peax dete tion, 0MS calculation and varipus non=linear

conversions.

-12 -
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‘. . . . .

] .
Analog electkonic'technihues offer almost unlimited pro-
déssinéiﬁpeeds but their Qower, particu]a}ly for non]inea;
functionQIis rather'linﬁted. Digital daéa processbrs, on the
ofhér hand have in ﬁrﬁncip]é,-$1most'uﬁlimitéd computational
’ power_hBQéver;: fheir processing spéeds are still too slow
for &oﬁt app]iéﬁfiongt - However, as Iﬁng as Eﬁe.frequency
content of tﬁg‘ data.is in fﬁ?ésyb-addio range(thé; fs.lesé
than 100 HZ) then mode}n ‘on-1ine digital- ﬁfocessors can

prove to be most usefui.

-

One .area of - scientific and engineéering research wpich
deals e#tensivé1y with such sub~audio range measurement sig-
nals is directed to studies of the coastal zone and.deals
with probiems in hydroﬁynaﬁics. Most of this research is
carried out by'meansAof scaled modeis for the purpose of si-’
mulating a situation which occurs in Nature. Measurements
are made for vafying water Sd%face é}avations, current§,
pressures, forces, dispIace?énts, ve]ocitigs or accelera-
tions of floating objects and\so ‘én. Most of these signals
do not contain significant frequency components in excess of
5 HZ. Some shock pressure signals may exceed 100 HZ, but
those are speciél cases. Pecause of the suitability of the
frequencylranée of these signaﬁs the following examples are

o ,
drawn from experience inﬁFoastal engineering laboratory.

Applications

Example 1

- 13 -
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" b) Pretension Adjustment of mooring forces

A model ship is tied to its mooring by six Tines which

-pull the ship against elastic fenders. A1l lines must be

pretensioned to specified levels.
.

Pretension adjﬁstmen; on one line affects the setting on
all-other remaining five lines.  In order to bring the total

system to the required setting it is necessary .to monitor

f/}pghfgrces'on all lines at the same time and then, -Dy trial
and error, adjust one at a time until all lines have the de-

sired setting;

Force transducers generate voltages which must be con- -

verted to force by means of the formula :
Fi = (Vi - Vo)*SC

where

Vi is the voltage measured at the instant 1
Vo is ap offset voltage and
SC is a scale factor in force units/volt

The éohverted.force signal is typically quite nbisy due
to the highly resonant nagure of the model set up. In order .
to get an Eéccurate steady fofce reading,  smoothing opera-
tions must be undertaken. Conversion and smoothing on six

simultaneous transducers is therefore the Real-time task.



&1

Example 2

¢) Calibration of scaled mode]}g;_gjtidal Estuary

Scaled models of tidal estuaries give the aﬁbeafaﬁce.of'

being miniature versions of an estuary which is to be stu-

.died. Because of scaliné laws, a tidal cycle of 1Z-hours may _

be're-enaq;ed in periods from 1 to 5 minutes depending on
the scale factor used. When calibrating .a mpdel of this’
type, artificial rougpnesé must‘be introduced into the model ..
by means of rocks, wire mesh or metal strips wbiﬁh musf be
pTaced and distéibuted by trial and error until the tidal
highs and lows within the gstuary correspond in magnitude to

what is normally observed in Nature. .

© The ON-LINE computer must tgeréfqre monitor all tidal
gauges, convert the results into physical units and then ap-

ply a running crest and trough detection algorithm which

'keeps track of the last two troughs and the last two'crests.

Meanwhile, the scientist can experiment with the placement
of roughness and observe the coﬁsequence of his. actions
within one tidal period without having to- halt the running

of the model.

d) Measurement of three dimensional flow

L

- 15 -



A technique for measuring the ﬁagnitude and-direétion of
low velocity flow in three dimgnSiona] sba@e “has been .pro-
posed. A prbbe with a’short heating elemehf is,inéerted into
.the medium. A heatfng cﬁrrept is pulsed through the element ...
with an intensity and frequency which makes it possible to
generate measurab]e'packets of heétéd fluid after the fFluid

passes the heating element. : : :

A fast response temperature sensor is placed fn proximity
to the heater but at a distance far enough so that a measu-
rable time ‘elapses before a‘heéted'elémentai volume of fluid
travé1s the distance from the heater to the temperature sen-

sor.

Data processing requires the calculation of the cross-co-
vériancg function for a range of time shifts. If I[{t) is the
heating current and R(t) 1is the temperature measured by the

sensor then the cross-covariance is given by

_ Tn Lo ’
CCCVR(T) = (1/Tn)* /{ R(£)*I(t+T)*dt

=]

For some particular value of T this cross covariance will

1

be a maximum.

. If the cross-covariance is continuously evaluated 1in
Real-time, then the experimenter may move the thermal sensor

in a constant orbit about the heater until he finds the lo-

- 16 -



cation at.which the ‘maximum covariance occurs.This pos%tﬁon
of the sensor frefqtive'to the heater will then give direc-
tion of tﬁe floy dﬁ%%the probé spacing , and the time shift
computed from‘the‘cross-covariance gives the velocity aver-

. age over the interval Tn.

Example 4

e) Tuning the speed of a D.C. motor driven Wave-machine

“Some irregular wave generators are driven by D.C. ﬁotors
whose speed 1is moﬁu]atgd in - some controlled fashion so that
» the wave train, as observed 'some‘distance down stream from
the wave board, has the desired spectral shapg‘aqd, "in par-
ticular, has a spectral peak at a specified frequen;y. Since
non-{inear wave-wave interaction leads tb very complicated
shifts of energy in the frequency domaip, it is ver} diffi-
cult to predict the pﬁtcbme of a particd]ar generation pro-

cess.

A wave probe at the desired test site caﬁ monitor the
generated wave train. The ON-LINE compute}”prog}am must be
programmed to compute in Realitime a variance;Sgg;ﬁral den-
sity which is able to reveal to the experimenté;fﬁswathe en-
ergy is distributed in the frequency domain. Hé“may then adt' :
just the -speed of the motor, note the resu1tant;effect on
the sﬁectrum and then use this information by trial and er-
ror until th;-desired spactral distribution has been matched

as well as it is practical.

-17 -



.Example 5 ° ) _
of i
f) Determ1nat1on&the location of ‘nodes and antinodes

within a model harbour basin.

For the purpose of improving the behaviour of marine
harbours; scaled model studies are-being conducted wherein
~ the model harbour is beihg agitatéd - by waves brqpagating

into the harbour from the outside. Wave probes are then

placed inside the harbour bae1n which are then used to assess

the behaviour of the harbour fcr any one of several exper1- .

mental conditions wh1ch must be 1nvest19ated.

The placement of probes inside the harbour is rather cri-
tical because the harbour walls generate reflections and the
pattern of the wave activity w1th1n the basin -is complex.
There are not only the wave frequenc1es which were contri-
buted by the external wave field but there are, in addition
several harmonics of tﬁis externai wave as well as resonanc-
es related to the physical lay-out and dimension of the

harbour.

The optimum location for wave probes are those which

yield the greatest wave activity as a function of the agita-

‘tion frequency. The REAL-TIME task is then band-pass filter- -

ing of the wave probe output and subsequent computation of
the standard deviation or variance with appropriate averag-

ing. As a consequence., the experimenter can scan the basin

- 18 -
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with the wave probe and seek out the location which may be’
considered nodes of the basin.
- Example 6

g) Jesting the strenqth of model ice.

Model ice 1is made frbm a chemically doped water under
controlled f+eezing 4§onditions which favour the growth of
vertical crystal formations. The strepgth properties of
this model ice are important if interaction between certain

model structure and.iée are to be simulatec correctly.

It is quite difficult tov test the physical properties of
this model ice. One of the tests which is now being con-’

ducted is as follows:

A cantilever.is generated by cutting two parallel slots
of finite ]engtﬁ into a floating sheet.of ice. The one end
of the ice beam whiéh was so created is also cut at right
angles to the slots. A sbriﬁg loaded pusher suitably instru-
mented to measure force is then used to push the cantilever
down with ever increasing force until this ice spécimen
fails. The largest force so Qenerateq and the largest de-
f]act%on prior to failure are the two quantities which must
be recorded. Since these guantities depend somewhat on the
speed with which the force is applied it would be most desi-
rable to have an insirument wh{ch gives instantaneous read-

out of applied force and corresponding deflection but will

- 19 -
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_hold the 1ar§est force value and 'corrésponding deflection

. EE o . @ - .
which occurred “Just before fa11urg. The experimenter can
then modify his,experimentalAtechnique to achieve the re-

sults which he considers to be most applicable.

. . . N 4

The above six examples, although having different re-

quirements all have one thing in common:

They demand a direct interaction between the experiment

and the experimenter who assesses the consequence of his ex-

_perimenta] actions in terms of some more or less sophisti-

cated transformation of one or several measured variables.
The time de]ay’introduced by an Off-line analysis would des-

troy the trial and error basis of experimental technique.

There is no doubt that maﬁy of the requireﬁenfs described
above could be fulfilled through the development of special
purpose analog instrumentation although the noylinear re-
quiremehts might be quite difficult to realize.

- 20 -



Thé advantage . ‘of using an FBN—LINE'd{gital comﬁuter for- ~

. these Realftime'tasks is then that : . -

-tomblicated functions can be implemented relatively ea-

"

sHly . | : F
-Any one implementation’ can be .shared readily between
several simultaneous channels. )
=1
. -long time-constants, are horq easily rea1i;ab]é;75'
- -Because of the time sharing nature offdigital computers,
the processing equipment is much simpler as each additional
function is only ~an other logical use of the same piece of.

-

hardware.” This must be‘compared to maintenance requirements

_of several parailel anaiog processors associated with their

respective instruments. Quite clearly the use of shared di-
gital procéssor i§ preferable providing , ofcourse that it

has the speed to execute the given task.

-Storage and documentation of data and calibration cons-

tants are superior.

‘The computer can thus be seen fo form an integral part of
the instrumentation and replaces in a sense, what was form-
erly realized by special purpose electronics which was part

of an instrument.

On the other side there is the overriding disadvantage of

speed which is related to a 1limited frequency range of use-

-21-



fulness. However witﬁ advancing digital technology great im-

provements can still be expected and the. limitations of to-

‘day should not restrict the visions of the future.’

Real-time Processing Tasks

The examples given in section 1.0 can be classified into

i

the following categories.
h) Conversions from voltage to physical variables.

These are typically linear operaticns of the form:

Yi = (Vi - Vo)*SC .

However, ° various non-linear conversions including table
look-up procedures Or multi-variable conversions are also
possible. In any case these operations are carried out on

one sample at a time as these become available through sam-

pling.

i) Smoothing or Filtering of converted variables

;h its-simp1ést form, smoothing may be a simple integra-
tion but in general one may consider this either as a solu-
tion of the convolution integral with judicious use of a
suitable smoothing or filtering window or it may be consid-
ered a solution of a differential equation by means of a,

numerical approximation which leads to 2 recursive formula.

-
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Auto or Cross-covariance should also be consiaered part
of this class because the covariance function is hardly dis-

tinguishable from the convolution integral.

~ A1l operations in this category have in common that past
values of the data participate in the calculation and there- .
fore memory for prevjously sampled data is an essentiat part

of this‘operatiqn.

Differentiations and integrations should alsg, be consid-

‘ered as a special case of filtering. ' %

i) Non-linear or complex Transformations | B

In this cafegory one may consider such operations as
squaring, limiting, holding, crest or trough detecﬁion and
;;ansformations such as Fourier Trarsforms. It is not possi-
ble to identify unique features common to these operations.
Somi require memory of past data and others do not. However,
whereas the first two categories'appear to offer some choice
in methodology which may indicate that-some algorithms are
more suitable executed in Real-time, this Tatter category

does not offer any choice.

-

From the -examples given in section 1.0 it may be seen

- that some require operations derived from more than one ca-

tegory. For example, thé computation of the variance spec-
tral density may require the ca]cUIatjon'g} the auto-covari-
ance with associated integration or smodthing and sé%gquent
Fourijer transformation.
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- n k) The objectives of the research work described in this
. thesis are : '
- To i&entify fundamental procedures. for Real-time dé&a ana-
lyggg and select -those most suitgd for the task.
) -’f&'imp]ement a number of specific Real-time ana]ysisltools
" and demonstrate their propér functioning.

-- To implement enhanced control and display features for .

Real-time analysed data.

v
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CHAPTER 2

\

FEATURES OF THE REAL TIME EXECUTIVE OPERATING SYSTEM HP
. *~ RTE IVB

RTE IVB is a Real-time executive system. It processes
all decisions and scheduling ‘tasks internally ﬁn]ess over-
riden by user intervention. User requests for system ac-
.tion can be made by a call from within a program orlinter-.

actively via an operator command.

As the major control element within the operating envi-
romment , RTE IVB provides the user with various services
and automatically hand1e§ the machine-relatéd functions

associated with each service.

a) Some o% the major services are :

*Ex;cutive comfunication scheme that provides a communi;
cation link between'user—written ,prograﬁs and system
sérvices. '

*Input/Output scheme which allows a program to continue
executing while its own input/output requests are beingl
processed. |

*Program execution control that features multiprogram-
ming(allows several progfams to be active concurrent-
ly). _ .

*Partitioned memory technique that takes advantage of
the hardware Dynamic Mapping System (DMS) to provide
access to 1024 K words of physical memory. .

-
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- %*Qperator Interface that .provides the user with the

ability to control .system action via operator commands.

MULTIPROGRAMMING

b) RTE.IVB is a‘mu]tiprograﬁming.system that allows
several Real-time programs to be active concurrently.
Each program executes during the unused central proces-
sor time. of the others aﬁd in ordef of their priority.
Priority is based on the imoortance of the task they

_are performing. ‘Scheduling/Dispatching modules in RTE
IVB decide when to execute programs that are s1mu1tane-
ous1y requesting system services and/or resources. The
Schéé21ing module places the program into a scheduled
(list in.order of their priority( the hiéhest priority
program at the head of the 1ist) and the dispatchiné
module initiates the execution of the highest priority

_ program. When the executing program is completed , s
terminated ,or is suspended., it is removed from the
scheduled 1list and the dispatching module transfers

contrdl to the next program with the highest priority.

Programs wjthin the RTE IVB operating system are ca-
tegorized according to where they reside., what type of
memory partition they execute in , and which common ar-
eas they have access to.‘ ON-LINE analysis programs re-
side in Real-time partitions and they have access to

unlabled Real-time common where the data acquisition
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program stores the acquired data for all, analog chan-
nels.

MEMORY MANAGEMENT

¢) The RTE;IVB operating system is written to také.
advénéage of the hardware Dynamic Mapping System {DMS)
available with HPlﬁﬁb)computers. The co-operation bet-
ween the software opefaﬁing sysiem and the hardware
mapping system allows access to 1024 K words of physi-

cal memory.

The basic addressing space of the HP100O computer is
32,768 words{32K) as defined by the 15-bit address
length used by the C?U. This is referred to as logical
memory. The amoﬁnt of memory actually insta{ied iq.the
computer system is referred to as physical memory. Thé
DMS maps the 32K words of physical memory into legical
memory by translating the 15-bit address through memory

maps.

Memory maps :- The page pointers contained in the
map registers that comprise the memory maps are loaded
by software modules within the operating systiem. Each
map is configured to represent the 32 pages of physical
memory (not ne;essari?y-continuous) that contain the -
tables, data buffers, program code etc, necessary to
perform specific processing tasks. Since there are

four maps , four different 32 page sections of the phy-
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sical memory. c¢an be described simultaneously , with
only one ‘map being enabled at a t{me to _ipdicate the
section of the memory currently in use. The maps are
' q1tered by the operating system to re%]ect dynamic
éhanges in the-oper?ting environment i.e. when a pro-
gram is’ scheduled to execute a map has to be configured
to descéibe the physical memovy pageﬁ it requires (

known as programs's logical address space ).

) System map :- The system map describes the logical
address ;pace assoc%ated yith RTE IVB operaging system
and i;s base page common, subsystem GTobaT area, Table
area I and II, driver partition system, driver area
and systém azvailable memory. The system map is loaded
during system initialisaticn and is Ehanged only to‘map
in different partitions. Since the RTE IVB operating -
system handTeé all interrupt processing, the system map

is automatically enabled whenever an interrupt occurs.

User map :- The user map is associated. with each .
disc resident program. It is a unique set. of pages
that describe the Togical address space containing the

program code.

d) Physical mempry :- Because of DMS feature,ﬁpumber

of Real-time programscan simultaneously feside in large
the

physical memory and;system will automatically map cor-

responding physical pages in map registers whenever it
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is time to schedule that particular program . Since
loading of map registers is much faster, switching bet-
wéen two programs is fast and tﬁere ié no fime delay
%nvolved due to swapping of programs between memory and
disc as ﬁsed to be the case in absence of large physi-

cal memory and DMS feature.

Another wéy to meet Real-time demands is use of spe-
cial purpose mathematical function‘ﬂprocessors in addi-
tion to main central processor. This not oh1y makes
computational operations faster but relieves CPU of
some load. With advent of Microprocessor technology it
has been further possible to distribute the tasks under
the Sontrol of Main processor , such as experiment con- -
trol or data acquisjéion and itlis possible to add sop-
histication to control function activity. P .

- “This would enable CPU

to coordinate control of number of simultaneous experi-

ments. -

ADDITION OF POWERFUL LIBRARY ROUTINES

e) The HP1000 signal processing library
(SIGNAL/1000) is a comprehensive subroutine library
-that forms the foundation for digital signal processing
applications. SIGNAL/1000 is based on the IEEE Digital
Signal Processing Committee software package and thus

represents a compilation of the most current and effi-
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cient algorithms in this field. These routines have
been optimized to exploit the full computational éapa-

bility of HP1000 system.

The software is accelerated yia a set of signal pro-
L)

cessing Instructions that have been microcoded for the

HP1000 F-series processor. These include :
1) Complex array bit-reversal
2) Cgmp]ex éFT butterf]y
3) Real FFT phasor multiplication
. 4) Complex add; subtract, multiply and divide

5} Complex conjugate, complement, AIMAG and CMPLX

operations

lse of these Instructions as well as the HP1000 Vec-

tor Instruction S3Set enables the signal processing Li-

brary to achieve extremely high processing rates. For
example a 1024 point FFT can be computed in Jjust 270

milliseconds.

SIGNAL]lOOO contains a set of FFT routines that have
been optimised for HPL00O F-series processor . 'These
routines have been designed for utmost performance in

time-critical applications . Accuracy is maintained by

performing all computations in fleating point represen- -
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‘tation utilizing 23-bit mantissa. This format will ac-
comodate the. large dynamic range used by modern data

acquisition hardware to represent -input waveforms.

«

VECTOR INSTRUCTION SET (ViS) for HP100O F-series

computers

o

) These routines perform arithmetic operztions on

a;rays,’particu1aé]y for vector processing. The Vector
Instruction Set pré&ideb the\f0116wing operations:
i) The sum; difference, product or quotient of corres-
‘ ponding elements‘éﬁ two arrays
2) The sum, difference,. prbduct‘and quotient of a scalar
and an array.
. 3) Dot product of twe arrays
4) The absolute value of an array, element by element
5) The sum of elements of an ar?ay or the sum of their
absolute values - .
6) The sum of an array and the product of a scalar and
another array knwon as a pivot operaticn
7) The identification by index of the maximum or minimum
value of an array by actual or absolute value
8) Copying of an array into another -

9} Copying an array to and from EMA({ Extended Memory Ac-

cess)

Advantages
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VIS allows easier array manipuTation and faster
execution time of vector operations. VIS can replace
FORTRAN .DO LOOPS performing “repetitive operations
such as calculating the averaée value 6f an array (-
j.e. the sum of the elements of the vector divided by
thé number of elements , scaling etc). Executioﬁ is
functionally equivalent yet much faster due tn micro-
code and the elimjnatibn of loop overload with a
transparent interface %o EMA , VIS allows nardling of
1argé déta arrays with just few simple FORTRAN state-

~

ments.

The ability to perform vector arithmetic easily at
high speed is desirable for many applications some of
which include:

1) Statistical analysis

2).Digital filtering

3) On-line digital data analysis
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CHAPTER 3’ |
SYSTEM PROGRAMS UNDER HEWLETT-PACKARD RTE IVB

An executinﬁ‘.program may' request varioué §ystem
services via a call tp the EXEC processor, specifying
‘the request in the parameter string. Initiation of -
the call causes a memory protect violation interrupt
(enables the System map) and transfers coﬁtro] to the

EXEC module.

We will discuss very briefly only those EXEC calls
which are of re]evance to Real-Time programming and
some other. calls which indirectly help Real-time pro-

gramming;

a) Program scheduling EXEC 9,1 j

.This schedules a program for execution and optioﬁ-
ally passes up to five pa%ameters and/or a buffer to
the program:. |
CALL EXEC(ICODE,INAME,$,10P1 {,10P2 L,10P3 £,10P4,
{,1005 ;C,Ii?JF_F 1P TIICLERY) |

ICODE -Request code 9 = immediate schedule with
wait
10 = immediate schedule without wait

—

\iNAME -3 word array containing an ASCII name of

‘,the program to be scheduled
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10P1 thru IOPS -Optional par&meters,passed to the

program specified in INAME

- IBUFF -QOptional buffer,passed to the program spe-
cified in INAME |

ILEN -Data length in number of words

FATHER AND SON -When one program schedules anoth-
er,the pragram that did the scheduling is known as

the FATHER and the program that was scheduled is
known s the SON.

ICODE=9 or 10 IMMEDIATE SCHEDULE{WITH OR WITHOUT
WAIT) When a father schedules a son without

wait{ICODE=10),the son is scheduled fér execution ac-

'—_cording to its priority , the father continues at its

priority without waiting for the son to com-

. plete.(This feature is imporfant when the father has

. to execute at a higher repetition rate than the son-

so that it camnot wait for son to complete , for ex-
ample the disp]ay updating function required to be
done at a slow rate can be handed over to the son
program which 1is scheduled by the father which 1is
performing ON-LINE data analysis at a data’ sampling
rate.) But in some cases it may be necessary that the
son should complete execution beforé'the father can

take over the contirol. In that case the father sche-
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+~ dules the son with wait(ICODE=9). "The father is'then

placed in the general wait list(state 3). When the

son completes or is terminated , the father resumes

execution at the point immediately following the

§

scheduling EXEC call.

In order for the father- program to immediately
schedule a son (ICODE=9 or 10), the son must be dor-
mant(stateUO). The‘fé;;ér can determine whether the
son. was ;chedu1ed or not by examining the contents$ of
the A—register' after ékecution of "the scheduling

call.

Optional parameter passage

The optional paraméters(IOPl - IOP?) can be used
to pass values from father to tﬁe son . The fatﬁér
places the values to be passed into the optional par-
ameters and then makes the scheduling call. When the
sdn begins éxecuting it can obtain these values by
Ea11ing thet library subroutine RMPAR. It shou1d be
noted that the RMPAR call should be the first execu-

table statement into the son program.

- o -~

Optional buffer passage

In addition to fﬁve optional parameters the father

_can pass an optional buffer to the son. The father

places the data to be péssed into IBUFF and specifies
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fhe length pf data in ILEN. Hhep the‘father‘makes the.

scheduling call thé buffer is moved into system avai-
'1ab1e memory{SAM}. The son can obtain thé buffer by
making an EXEC call 14(STRING PASSAGE-EXEC 14). If
there is not enough SAM curréntly available to hold
the buffer, the father is‘memory suspended(state 4).
If there will never be enough SAM available, the fa-
ther is aborted or if the 'no abort' bit is set , the

error return is taken. b) String passage TXeC 14

This allows a program to retrieve a buffer from
the prdgram tﬁat scheduled it (i.e. the father) or
retrieve the command string if it was scheduled by an
operator command. It-allows the son to pass a buffer

back to its father.

_ CALL EXEC(ICODE,IRWCD,IBUFF, ILEN)

ICODE -Request code 14 o

IRWCD -Retrieve/Write code l=retrieve buffer or
- command string

2=write buffer to father

IBUFF -Buffer into which reirieved data or command
string is placed(IRWCD=1) or a buffer intc which son

places data to be returned to the father IRWCD=2
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ILEN -Positive numbsr of words or negative number

of chaFaCterstbytes) to be transferred.

- FATHER/SON. BUFFER PASSAGE

If the fathe%vincludes the optional buffer as a
" _parameter in the EXEC call used to, schedule a son the
contents of the buffer are.p1aced :in SAM when the
call is executed. If thé ébn- performs an
EXEC-14(IRWCD=1), the buffer in SAM is ~retrieved .
The contents are placed in IBUFF and the SAM is deal-
Mocated. ) The'ﬁon program‘should perform therEXEC-14
prior to any other executab1é statement which may
'céuse the SAM buffer to be overwritten or deallocat-

ed.

If the son was scheduled with wait the son cén‘
pass a buffer back to the father. The son would
place the &ata to be returned into IBUFF, specify the
length in ILEN and perform an EXEC-14 call with
IRWCD=2 The son should then terminate . itself
(EXEC-6), allowing the father to be reséhedu]ed.' The
fﬁther could obtain the returned buffer from SAM by

_performing an EXEC-14 a1l with IRWCD=1.

A and B registers contain information which tells
whether the call was successful or an error code in

case of unsuccessful call.
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" modes of operatigﬁ.

c)}Program time scheduling EXEC. 12

This places the calling or any other program into

the time scheduling list. The EXEC-12 call has two

=

1) Absolute Time Mode ~ A program can be scheduled

to- run once at an absolute time or run repeatedly at

_specified intervals with the first run to be at an

absoThte time.

2) Initial Offset Mode - A program- can be sche-

duled to fun once at a time offset from the current

time or to run repeatedly at specified intervals with

the first run to be at a time offset from the current
time. ‘ _
CALL EXEC(ICODE,INAME,IRESL,IMULT,IHRS,IMIN,ISEC,IMSEC) |
ICODE -Request code 12 = time scheduling
INAME -Program name , set to 0 if the calling pro-

gram is to be scheduied.

-

IRESL -Resolution code 1-10's of milliseconds
2-Seconds
3-Minutes

4 -Hours
IMULT -Execution multiple that specifies tne time

interval between runs for programs that rﬁn,repeated-

-
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1y . It is used in conjunction with IRESL. IMULT =0

indicates that the program is to run once.

IOFST -Initial offset, negative integer that spe-
cifies an offset from. current time that a program

will first run. It is used in conjunction with IRESL.

IHRS, IMIN, ISEC, IMSEC ' -specify
hours,minutes,seconds and milliseconds respectively

when a program will Tirst run.

It should be noted that the program must be dor-

-

mant at that ¢time when it is to be scheduled 6r the

call is ignored.

Run repeatedly- IMULT is set in conjunction with
IRESL to specify the interval between run times. The
program to be scheduled must be dormant at the indi-

cated times or the call is ignored for that time per-

jod. The future scheduling times are not affected.

[

I0FST must be less than 24 hours.

For unsuccessful calls the A and B registers will

contain error information. .

. ' . ;
d) Program swapping control EXEC 22

This allows a program to lock itself into memory

i.e. the program performing a call will not be swap-
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ped out if a higher priority program needs its parti-

tion. It also allows the program to release the lock.
CALL EXEC(ICODE,ILOCK)
'ICODE -Request code 22 = swapping control

. ILOCK -Lock control 1 = program canno£ be éwapped.

0= proéram can be swapped.

Memory lock considerations - In order for & pro-

gram to be allowed to Tock itself into a memory par-

‘tition , the memory lock feature must be enabled at

generation time. The memory-lock bit in program's ID

i
j

| @dentifiéation) segment s cleared if the program'

aborts or terminates except if the program terminated

because of an EXEC call with saving of resources.

This feature enables Real-time programs to be always

dormant by locking them to the memory so that they
can be scheduled in time correctly.

e) Program complietion EXEC 6

It notifies the operating system that the ca1Ting
program w%shes to terminate itself or a subordinate
program.

CALL EXEC(ICODE,INAME,ICMCD,IOPl,IOP2,10P3,IOP4,IOPS)

ICODE -Request code 6 = program termination
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INAME -Program name , set to 0 if calling program

wishes to te?minatg itself
- ICMCD -Completion code

IOP1 - IOP5 - Optional parameters , when INAME = 0
parameter values are saved in terminating program's

1D segmeﬁt'and they can be recovered when the program

next executes.

ICMCD = 1, saves resources , makes program dormant
,  saves suspension point and all resources allocated
to the program . When .the program is rescheduled it
will continue executing froﬁ the point of suspension

and have access to previously allocated resources.

ICMCD = 2 terminates program and removes it from
the time list. If the program is input/output sus-
pended, the system waits until the inpuE/output op-

_ eration completes before setting the\p%ogfam dormant.

ICMCD = 3 immediately terminates program . It re-
moves it from time list and releases all disk tracks
allocated to it.

STATUS EXEC CALL

The status EXEC calls are used to obtain informa-

tion about the operating environment.

f) System status time request EXEC 11.
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It requests the .current time indicateéd by the 24

hour real time clock.
CALL EXEC(ICODE,ITIME,IYEAR) .
ICODE - Request code 11 = Time request

ITIME - 5 word array Time indicated by a Real-time

clock is returned by ?he system as_fo]]ows:

ITIME(1l) = 10*'s of mi]?iseconds

ITIME(2) = Seconds

ITIME(3) = Minutes

ITIME(#)'= Hours

ITIME(S) = Day of the year f

This call was particularly useful in the measure-
ment of execution time of various reai time programs
for which the execution time requirement was critical
and to test the efficacy of various algorithms to ac-

hieve the best execution speed.
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CHAPTER 4

ON-LINE DIGITAL FILTERING -

TECHNIQUES
IMPLEMENTATION AND RELATED PROBLEMS

a) What is digital filtering ?

Digital filtering is a computational process or

algorithm by which'a sampled signal or sequence of

numbers, acting as ar input, is transformed into a
second sequence of numbers called the output. Digital
filters are of crucial importance in the processing
6f signals. The computational' process may correspond
to high~pass, 1ow-pass, band-pass_or band-stop fil-
tering, integration, diffsrentiation,or _something.
else(Ref 10). Thus the aims of digital filtering are
the same as those of continuous(i.e. analog}l fi]ter;

ing but the physical realization is different. Li-

near continuous filter theory is based on the mathe-

- matics of linear differential equations. Linear

digital filter theory is based on the mathematics of

linear difference equations.

Y

Increasing speeds and dec%éésing costs of mini and
microcomputers‘ now make it possible to consider
Real-time digital systems which perform filtering op-
erations usually performed by analog hardware. Howev-
er, the constraints on the maximum frequency which
can be process®d by such REAL-TIME digital filters
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are almost entirely a consequence of the computation

‘time needed to execute the difference equation within

one sample interval.

b} Advantages of digital filtering over analog

filtering I

‘Real-time digital filters .héve several advantages
over continuous filters. A greater degree of accura-
cy can be attained in the digital filter realization.
A §?eater variety of digital filters can be built,
since certain realization problems (akin to negative
elements) do not arise(Ref 1l). No special compo-
nents are needed to realize filters with time varying
coefficients. Aggregates of};digital filters should
be economic in the very low frequency band (0.01 to i
HZ) where size of analog components becomes apprecia-

ble.

The digital filter approach offers many additicnal

advantages over analog approaches({Ref 10).

*Changes resulting from variance 1in component va-
lues normally associated with filter capacitors and
resistors as a result of temperature or aging - are

non existent.

*Periodic calibration is eliminated.
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*The performance from unit to unit is stable and

repeatable.

*Great flexibility is available since filter res-
ponse'can ‘be altered by changing arithmetic coeffi-

cients.

] N
*Arbitrarily high précision can be achieved, lim-
ited only by the number of bits involved in the num-

erical compytation.

The principal use of digital filter or numerical
filter is to smooth a data series in the time or fre-
quency domain, same as its analog counterpart i.e.

low-pass, high-pass or band-pass etc.
Difference Equation§ of digital filters :

An mth order |inear difference equation may be

written as

oy m ,
Y(nT) = 2 Li*X(nT=iT)- 2_ Ki*Y(nT-iT) (1)
i=1 -

L=o

“Equation (1) emphasises the iterative nature of
the difference equation; given the m previous values
of the output Y and the (r+l) most recent values of

the input X,'the new output may be computed from (1).

4

@
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Physically, the input numbers are samples of a°
continuous waveform and real time digital %i]tering
consists of ﬁerforming the iteration (1) for each ar-
rival of a new input .sample. Désign of the filter
consists of finding the con§taﬁts Ki's and Li's to
fulfil'the given filter requirement. Real time fil-
tering imp]%es thaf the exe;ution time of the compu-
ter program for computing the right side .of (1) is
less than T, the samoling interval. Simulzation pro-
grams in which the computations are not carried out
in real-time are understood to be simu1ations. of
Real-time digital filters in which the original sam-
pling interval'T of the continuous input remains a
referfence parameter only. It should be realized tha;
quantization as well as sampling is performed on thé
‘continuous data before -entry into the program and
also, that the multiplication iﬁdicated_in (1) con-
tains an inherent round-dff error caused by the fi-

nite register length.

As shown ih Ref 11 a useful pictorial representa-
. tjon of (1) may Be given by‘e]ements of unit delays
(of time T), adders and multipliers as shéwn in Fig
1. Such' arrangements can be serial or parallel or
combination of both as shown in Fig 2 and 3 respec-
tively. Some arrangements may be preferrable to oth-
~ers from the~computation and implementation point of

view.
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Rltermatively ; the dvansfer funceion can be expanded into paréial fraceioms as
B = 5 Hi@)
i=t ;

where ' . ;
o CL‘-!-Q‘Z-]
. p L
Hi(Z) = g __,“ —,
V4 byt + bao2

-Lq thys case

Y(zj = éikutﬂ)«z) -

.50 Fa*ra”el. conFI'st{'ro.{:\}m rs

Hi (%)

x[-—r_'.) o— - i;\:.(i) . —{(+ < ‘YCE)

Hm&)lj

Frg (%) wheve each Hi(Z) is Simvay 40 Second. evder

canenic  form Gs shown n Fige

b ]
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There are several methods of obtaining digité] re-

presentations of analog systems. One of these, the

.Bilinear Transform method, 1is the natural method for

soiving the frequency domain approximafion problem
for digital filters. The méthod consists of trans-
forming the open left half-plane into the interijor of
the unit ircle, 1in a one~to-one fashion. Rafional
functions transform to rational functions and because
the transformation is into and one-to one, for eve-y
digital fflter represented by a rational function,
there exists a unique analog fiiter represenﬁeq by a

rational function and vice versa.

The frequency-domain distortion is well defined.
To every ye1]-defihed fqequency domain specification

for a digital filter, there corresponds a well de--

‘fined‘épecification,for an analog filter. Thus many

of the frequehcy-domain methods for designing analog

" filters are directly applicable to the design of di-

gital filters.

The response of a non-recursive filter at instant

nT is of the form :

N : .
Y(nT) = > Li*X(nT - iT) (1R)

{=0o :
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Therefore, a linear, timeéihqgriant, causal, non-
recursive filter can be represented by N;h-order 1i-
near difference equation. N is the order of the fil-

ter.

"

T@e response of a recursive filter is a function
of elemeﬁts in the exitation - as well as the response
sequence.” In the case of a linear, time-inva}iant,
caq;a] filter i.e., if instant nT is taken to be the
present, 'the present response is a function 'of the
presenf and past N values‘of the excitation as well

-

as the past N values of the response.

. N _ N '
Y(nT) = > Li*X(nT - iT) - > Ki*¥(nT - iT) (18)
=

i=eo .

Note that equation(g)simplifies to equation(ip)if
Ki=0, and essentially the non-recursive fiiter is a

special case of recursive one.

Thé possibility of achieving physically }ea1izab1e
linear phase filters 1is an interésting facet : of
non-recursive digital filters. However in order to
" achieve.a sharp cutoff characteristics,a non recur-
sive filter of high comp]exft;(\high order) is re-
quired which is prohibitive in m;ny Réa]-ti@e appli-
cations. Thus in these cases recursive. diéital

filters must be used. It is known that recursive fil-
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ters; ‘of necessity,- introduce phqse-distoftion and
thus to achieve a linear phase characteristics phase
equalization must be used.

©_ 'd) The Bilinear Transform .
o r

This "transformation has many significant prod@r-

ties : -

a) It is a one-to-on2 mapping of the open left-

~ half complex plane into the open unit disc.

-b) It is a one~to-one mapping of the imaginary -

. \ 5
axis including the point at infinity, onto the unit

circle.

¢) It is a one-to-one mapping of the open right-

the .
complement of the closed

A .

‘half complex plane onto
unit disc. .
(TS
) d) The inverse transformation Z = ————7" has
“ | (27 -9)
analogous reciprocal properties.
The use of the Bilinear transform allows the digi-
. tal approximation problem td be §oived by solving a

corresponding analog probleﬁ and well established

i techniques can be brought to bear on the digital -

problem.
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Suppose we have 2 stable analog filter described

by}H(S), its frequency response is found by evaluat-

'_ing H(S)  at-points on the imaginary axis of ﬁhg'S .

plane namely at S = jW . If the function H(S) is re-
p1acéd by a rational function of Z which maps the im-
aginary axis of the S plane into the unit circle of
the 7 plane, then the re§u1£}ng function H'(Z) evalu-
ated along the unit circle will take on the same set

of values as H(S) evaluated along the Imagirary axis.

Of course .this does not mean that the functions

are the same because the frequency scales are dis-

 torted relative to ore another. This is illustrated

by the simpliest rational function which maps the jW
axis onto the unit circle.

= (Z- 2
$=(Z 1)/(Z+l)1‘? {2)

Let the analog frequeﬁcy variable be WA ;nd let
the digital fréquency variable be WDT. Then the func-
tions H(WA), H'(WDT) take on the same values for

WA = TAN(WDT/2)*2/T L (3)

Note that the transformation (2) 1leads to a ratio
of poiynomials in Z. Since it maps the left half of
the S plane onto the inside-of the unit circle, we
can be sure that it will always yield H'(Z) " a reali-
zable stable digital filter. Equations (2) and (3)
yield a technique for designing a diéitai filter by

¢ ¢

analog techniques.
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. The procedure is as follows :

1) ' Note the critical frequencies and ranges ( .
pass-band and stop-band maximum attenuation points

etc) of the desired digital fjiter and call them WDiT

Compute a new set df frequencies WAi by

WA = TAN(WDiT/2)*2/T -

2) Design a transfer function H(S) with the prop-
erties of the digital filter at the new frequencies
and }anges. Theré is of course no need to synthesize

H(S). .

3} Replace S by (Z-l)/(2+l)£%jn H(S)}) and perform
the algebra necessary to express the fesu]ting HY(Z)"
as a ratio of polynomials. This yields the desired

»

digital filter.

The Z transform ca]culué is the mathematical basis
for the analysis and design of digital filters. Such
filters are best understood by emphasizing the rela-
tions between the difference equations, the picforia]
,representation or block diag;am, the Z plane geometry
and the frequency response function. For the cases of
design techniques, using either the standard Z trans-
form or the Bilinear transformation, édvantaée is
taken of available material in the field of analog
filter design. In these cases it must be kept in mind

!
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that the digital filter can never be exactly the same
as the corresponding ana]dg filter although the two
may be made sufficiently equivalent in many practical

situations by choosing appropriate sampling rates.

- '

A digital filter acts on a sampled version’of the
signal to be filtered and may be realized through
discrete. logical hardware e1emen£s or by éuitab1e )
programming of a digital computer which is fed with
sampled version Oof the inﬁut_signa]. This chapter
will be primarily concerned with the computer reali—‘

zation of digita] filters.

The impu]se-reshonse function, in its discrete
form as a number sequencé, can be used to specify a
filter in the time-domain. The sequence may be used
directly to form a convolution of the signal with the
response function or indirectly via a transformation

in the frequency domain.

The advent of the fast Fourier transform algorithm

has played an important role in the indirect filter-

ing operation of the time series'becausq -this often

proved more economical than .the direct method. For

fast convolution a block of output &€amples is ob-

~tained from a block of input samples by Fourier

transforhing the inpdt, multiplying the transform by
the Fourier transform of the impulse response, and
then inverse Fourier transforming the product.
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Where the same filtering requirements can be ade-
quately met by several different digital filters, the
choice between them depeﬁds on the speed of execution
of a computer program which sofve§ the .difference
equation. An important factor in fhis spéed - is the
number of multiplications. Some digital filters are
able to meet essentially the same requirements as
others with sjgnificantIy fewer md1tip1ication§.per
output sample, énd these are ‘therefore to be prefer-
red. It is important to stress that speed of execu-
tion is.the main limiting factor in the utilization
of digital filtering methods in the real-time envi-

ronment.

Frequency specifibations in terms of amplitude and
Dhase characéeristics express thg classical method of
continuous analog filters and mgj also be used with
discrete filters. Since the Qealth of design informa-
tion on the tkaﬁsfer characteristfcs of continuous
filters is available, synthesis methods have been de-

e

veloped to permit conversion of these characteristics
' . the a ,
. into discrete forms so thatlkdesign ofkdigitaT filter

an proceed.’
by,

f

A linear system, such as a filter can be charac-
terized by a complex transfer function. expressed in

Laplace form as :
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’

H(S) = Y(S)/X(S) =(A0*S**n + AL*S**(n-1) +

+ Anpy)/(BO*S**m+ BL*S**(m-1)+  +Bm) (4)

- Equatmen {4) s a form of differential equation

applicable to a representation of a continuous fil-

‘ters. Inuthe discrete case we use the ljnear differ-

~ence equation. -
P | M
Yi= @ Br*Y(i-k) D AREX(i-k)  (4R)
K=} K=o

For p = 0 and finite M this is known as FIR ( fi-

nite impulse response ) or non-recursive filter.

The two classes of filters have quite different
properties. The FIR filter represents the summation
of a 1imited number of inpyt terms and thus has a fi-
nite memory. It has e$?11gnt phase characteristics
but requfres a large number of terms to obtain rela-
tively sharp attenuation characteristics in the fre-

quency domain.

The TIR{ Infinite Impulse Response ) filter repre-
sents the summation of both input and output terms so
that it can be considered as having infinite membry.
i1t requires relatively fewer terms for similar atten-
uatigp characteristics but will posses poorer phase

performance than the equivalent FIR filter.

- 54 -



Ry

- The apprOpriéte transform for the difference equa-

tion is the Z-transform which performs the same role

.with difference equations as the Laplace transform

carries out for differential equations; The use of

the Z transform permits the épecification of a digi-

tal filter from the continuous transfer function di-

rectly in’ terms of delays, multipliers and adders .

which is the correct form for hardware implementa-
tion. Its use for a 'softwaré' filter(i.e. one real-

ized by a computer program) pefﬁﬁts a convenient form

~of expression particularly when recursive filters are

considered.
e) Different approaches to realize digital filters

In summary we can recognize -three fundamental

techniques used in digital filtering.

1) Convolution ( direct method )
2) Fourier transformation ( indirect method )
3) Recursion ( use of difference equation }

The first two techniques are generally.confined to

FIR filter and the third to IIR filter.

Any FIR filter can be realized nonrecursively by
direct convolution or fast convolution. Nonrecursive

realizations require the coefficients of the filter
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response h(nT). For direct convolution the output
" ¥{nT) is determined explicitly from the inputs X(nT)

as
N | .
Y(aT) = S ‘h{mT)*X(nT-mT) (45)
m=0 .

-

" Essentia]]y, ‘the synthesis of a digital filter
follows the form familiar with continuous (analog)
filtér. That is we need to choose the desired charac-
téristiﬁs,in the frequency domain , determine an ac-
ceptable approximation for this and finally synthes-

jze the filter by suitable transformation and

calculation of filter weights ( or coefficients ).

f) Analog-filter Approximation

. The dpproximation problem in the design of recur-
sive digital filters is usually solved by using the

following ana1og-fi]fer approximations :
1) Butter;orth
2) Tschebyscheff
3} Elliptic
4) Bessel
The elliptic approximation‘is‘the most efficient

of the aboye four, if prescribed loss specifications
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are to‘%g met. En the elliptic filter approximation,
the pagg:saﬁd 1oss oscillates between zero and a pre-
scribed maximum Ap,{ as in the Tschebyscheff approxi-
mation) and the stop-band loss oscillates between in-

finity and a prescribed minimum Aa.

The elliptic app}qximation is more efficient than
-the Bessel or Tschebyé&heff,- in that the transition
between the pass-band and the stop-band is steeper
for a1§1yen ;pproximation order. This is the reason
-why this filter approximation was selected.  Since
computations involved to realize a digital filter by
computer program are directly proportional to the
. order of the filter, the criterion of selection must
be to get the best performance for the least computa-

tional effort. .

g) Elliptic filter design approximation

An elliptic, normalised, low-pass filter with a
selectivity factor k, a maximum pass-band loss of Ap
dbs and a minimum stop-band loss equal to or in ex-

cess of Aa dbs has the transfer function of the form

- T
Hn(S) = Ho/Do(S)* TT(S**2 + Aci)/(S**2 + BLi*S + Boi)

(= |
where

r = (n-l)/2' for odd W/j .
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n/2- for even n

and

Do(S)

S + sigma for odd n

1 for even n

Ho scale factor

The transfer function coefficients and multiplier
constants Ho can be comﬁuggd by using programs RLPFD,
RHPFD ( for low-pass and-;%éh-pdss filter designs re-
spectively) which make use of formulae listed in Ref ’

5

RLPFD - -This is a program to design & Recursive
Low-Pass digital filter. Input parameters to the pro-
‘gram are entered from the user terminal interactive-

ly.These are the following:

" 1) Ap - Maximum ﬁermissiqie ripple in the pass-

band in dbs

o

2} Aa ~ Minimum attenuation in the stop-band in
dbs
~
3) Fp - Pass-band edge. in HZ
4) FA - Stop-band edge in HZ

5} FS -'Samp1ing frequency in HZ
&
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The transfer function coefficieats and multiﬁ1i€f

- constants Ho can be computed using the formulae in

sequence :
= FP/FA
K' = SQRT(1 - K*K)

0.5%(1 - K**0.5)/(1 + K**0.5)
Q = Qo + 2.*Q0**5 + 15.*Qo**S + 150.*Qo**13
= (10.%4%0.1%AA - 1)/(10.%*%0.1%AP 1)

N> = 10§(16*D)/109(1/Q)

LAMDA = (1/2*N}: ln(lO**O 0SAP + 1)/(10.**0.05%AP - 1)
= 2.%Q**0,25% };, (- 1)**m*Q**(m*(m+l)s1nh((2*m+l)*LAMDA)

mzo

[ oo
B =1+ 2.% 2 (-1)**m*Q**(m*m)*cosh(2.*m*LAMDA)

m=|
SIGMA = A/B
W = SQRT(({1+K*SIGMA**2) (1+SIGMA**2/K})
E .= (2.%m + 1)% IT*MU/n ‘T = 4.ATAN(I.0)
oo

C = 2.4Q%*0.25% ¥ (-1)**msQe*m* (m+1)*sin(E)

' M=o
F = 2.%m* IT*MU/n

‘ o0

G =1+2.% (=1 )*F*m*Q** (m*m)*cos (F)
i m=1 E
OHMi = C/G
"where MU =1 for oddn

j-0.5 forevenNandi=1,2, r

-
i

(N -1)/2 -for odd N

N/2 “for even N
Vi = SQRT({({1 - K*OHMi**2)(1 - OHMi**2/K)

» -

A01 = 1/0HM**2
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P = (SIGMA *Vi)**2 + (OHMi*u)**2
R = (1# (SIGMA *OHM{)*x3)**2
"BOi = P/R . | : .
S = 2.%SIGMA *Vi
"T- = 1% (SIGMA*OHMi)**2
Bli = S/T
: o
HO = SIGMAO*T T.(BOi/A0i) ~ for odd N
='10.**(-O%S;*AP)Ffi¥(§01/A0i) for even N

izt
After the design of the normalized low-pass filter
follows 2 low-pass to low-pass frequency transforma-
tion '

S = lamda*Sbar ‘for LP tb LP

and 5 . .
S = lamda/Sbar for-LP to HP
where

lamda = WN/WAI
WN = normalised cutoff frequency of 1 radian/sec

WAI = 2./T*TAN(WDI*T/2)

to- take into account the warping effect due to the

Bilinear transformation

After frequency scaling the coefficients AQi, BOi,
Bli, HO and SIGMA these are changed to :

AATOi = AOi/(lamda**2)
BATO1

BOi/(1amda**2) -

BATLi = B1i/lamda
1

"HTO = HO/lamda

Dy
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SIGMATO = SIGMA /lamda -

Then follows the usual Bilinear transfarmation to
convert the S domain transfer_functién into the 2 do-
 main transfer function for digital filter realization

CCi = BATOi + 2.*BATLi/T + 4./(T*T)

RO = (AATOi + 4.7(T*T))/CCi °

Ali = 2.*(AATOi - 4./(T*T))/CCi

BOi = (BATOY - 2.*BATLi/T + 4./(T*T))/CCi
- Bli = 2.%(BATOi - 4./(T*T))/CCi

for i =1ton wheren = numbér of second
order stages in the filter.
ARQ = T/(2. ‘+ SIGMATO*T)
B8O = AAD ‘ |
Cco

(2. - SIGMATO*T)/(2. + SIGMATO*T)

This completes the design of the low-pass digital

filter.

-
* 7

/
Implementation of the digital filter by a program :

Transfer function of the digital filter can be

. written as follows :

+ _ .
HD(Z) = H'(Z)*T 1 (Roi+ALi*Z+A0i*Z*Z)/(Boi+Bli*Z+I*1)

It

where r (N-1)/2 for odd

N/2 for even N°
and H'(Z) = (BBO+AAD*Z)/(CCO+Z) for odd N

for even N-

1
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We now consider realization of a single second
6qder digital filter. - The equation for a single
second order filter can be rewritten as follows :

H2(Z) = N(Z)/D(Z)

where

N(Z) = AAO*Z**(-2)+AAL*Z**(-1)+AA0 ‘ ‘

and | _

D(Z) = BBO*Z**(-2)+BBI*Z**(~1)+1 ]

" therefore the output Y{(nT) of a second order fil-

ter can be written as :

L3

Y{nT) AAO*X(nT)+AAl*X(nT-T)+AAO*X(nT -27)-BBO*Y (nT-2T)

-BB1*Y(nT-T)

f) Implementation ‘of recursive digital filter by a

computer p?ogram
T

Therefore if there are R second order stages in

cascade then defining DI(I,J) and DO(1I,J) as buffers

".for holding previous input and output samples of the

filter we can write a program to realize the above

filter as follows:

DATA = X |
D0 50 3 = 1,8~ R-NO. OF SECOND ORDER STAGES IN CASCADE
DO 60 I = 3,2,-1
PI(1,3) = DI((I-1),d)

© 60 . CONTINUE

DI(1,d) = DATA '
DATA = ARD(J)*DI(1,d)+AAL(J)*DI(2,J)+AAD(I)*DI(3,d)
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DATA = DATA-BBO(J)*D0(2,)-BB1(3)*D0(1,3)
' 00(2,d) = DO(1,J) - |
D0(1,3) = DATA

r

50  CONTINUE

. It is necessary to measure execution time of all

‘the programs which'run,in‘Reélétime and ‘this exercise

wésdggrried out for two types of filter design ap-

proaches namely the recursive filter and the non-re-

" cursive filter. Comparison between the two filter

realizations were done on the basis of :

1) Execution time - - - i o

S

2) Memory requirement
3) Type of. machine ( E-series or F-series )

Execution times for these filter programsayg made

up of two contributions

1) Manipulation of t;;i_fixed length buffer which
keeps fhe last N data samples *in time consecutive

order.

2) N multiplications and N-1 additions and the DO
LOOP overhead. -

-

m) Comparison between recursive and non-recursive filter

implemenﬁ@;ioﬁs by a‘computer progr%m : -

-
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. The fgllowihg tablé gives comparison “between re-

- tursivergnd non-rgcufﬁ}ve imp1émentations\of digital

:1qw¥pass filters ph;éhé-basig of fhé“number of coef-
ficients, exechtion tiﬁe arid memory storéée reQuired:

to hold previous data samples. T B

A low-pass filter with:fol1owin§ specification was
considered ': | | |
1) Pass-band edge 2 HZ
2) Stqp-b;hd edge 3 HZ
:3) Pass-band ripple €= 0.5 db
4) sfop-band attenﬁétiohj>_é 40 dbs

For recurgive filter design,f E1liptic filter ap-
ﬁroximation, and subsequent BiTinéér‘transﬁormation,
were‘used.. For Non-recursive filter désign, Fourier
series analyﬁis method ‘was used. In order to reduce the
Gibbs' oscillations h{nT) was preconditioned b{iKais;

_er window function.{ Design method described in Ref

. 5)

£

. _Recursive filter Non-recuﬁgive filter
No. of coeff _ 12 25
Memory storage ‘
_in words(16-bit) - 26 -~ o 50
'Eiécut%on time |
in millisec-on 1 2.73

E-series‘machine

Execution time in



- machine. ~

T~

millisec on F-series  0.478 1.2

The F-series machine is faster than the E-series
machine becausé the former has a special Floating

point processor. If is observed that a recursive

_filter realization 1is approXimately two and 'Q'ha1f'

'times faster than a comparable non-recursive filter

rgalizétion,_ ané this becomes important espécia11y
when data from several channels is to be fi]teked'in
Real-time simultaneously. For example, in program
AVEAL the subroutine. FILTR is used in sequential

fashion to filter data coming from 8 different chan-

nels. * To improve execution speed, this subroutine

was modified to replace DO LOOP by simple assignment

statements. This improved the execution speed almost

.

by a factor of two. Of course this was at the cost of

- extra program memory. ‘This tradeoff between ‘memory

requirement and execution time is always a factor to

_be considered. One should note that it is a distinct

adﬁantage of digital filters that they can be shared

as a common resource provided that execution time re-

quirements can be met. Naturally non:recursive fil-

ters, which require a-large amount of memory and &
larger number of computations than recursive filters

with comparable performance, were not used in ON-LINE
SRR .

data analysis programs. B

..

1) Implementation of non-recursive dia%tal filter by

~
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a computer program
' ' “w

Programs NRPWV, NRFPV, NRRHV and NRFRV are written

 to implement non-recursive digital filters by the di-

rect convolution method. They are used for the pur- .

. .pose of measuring their execution time on either the

E or the F-séries machine. Programs NRFPV and NRFRV
use the Vector Instruction Set library available on
the F-series machine. This yiéﬁds a significant im;
prbvement in execution éﬁeed as can be seen frbm the
following Table. Vecto;.lnstruction Set is particu-
larly useful in the realization’of nen-recursive fil-
ters (i.e. direct convolution type). This operation
reqﬁires the multiplication of two vectors { called )
as DOT product), one vector neprésenting the filter
coefficients (Impulse response function in the time-
domain) and the other representing the last N data
samples. The latter data vector is carried in a fixed
length push ddwn stack with. the most recent data sam-
ple always residing on the top of the stack. Alterna-
tive to.the push down stack a ring buffer data struc-
ture méy Ee used. Comparison based on type of data
structure( push down- stack or ring buffer) aﬁd,wheth-
er the VIS library is used or not, for implementation
of non-recursive filter, is given in the following

table :
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Non-recursive filter implementation with push down

stack data structure and Without use of the VIS 1i-

brary on F-series machine

Order.of the filter Execution tjme in millisec
25 ' 1.92
50 | - 3.83

100 7.83

Non-recursive filter implementation with push down
stack data structure and use of the VIS tibrary on

F-series machine :

Order of the filter Execution time in millisec
| 25 . o 0.97
50 o 1.94
100 . 3.80
*

Non-recursive filter implementation with ring buf-

fer data structure without use of the VIS library on

. . b
F-series machine :

Order of the filter o . Execution time in millisec
25 _ ? 1.02
50 | ) 1.97
100 : 3.89

Non-recursive filter implementation with Ring buf-

o
fer data structure using the VIS 1%prary on F-series

machine :
Order of the filter Execution time in millisec
s 25 0.55
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50, - 0.77
100 1.40

From this table we can‘ say that the no;-recursive
filter designlcan be given a second thought-provided
they are implemented on the F-series machine. This
will enable one to take advantage of their desirable
characteristics.

g} Design of recursive high-pass digital filter

On similar lines to the program RLPFD, the p%ogram
RHPFD will accept specifications for a given high:
pass filter ‘ana output the order of the filter and
the filter ﬁoefficients. Detailed program Tistings
are given 1in Appendix II. The program RLPFD is in
fact used to desig;Krecursive 1qw-bass dig%tai filter
which 1s realised b{ﬂ;gmputef program RLPDF and it is
ised in the ON-LINE average analysis program in order
to remove high frequency noise in the sampled data.

h) Besign of recursive band-pass digital filter

A recursive band-pass digital filter is realized
as a cascade of a high-pass and a  low-pass digital
filterswith appropriate_épec?fications. Such a filter
realisation could be used in an ON-LINE data analysis
pﬁ?ram which is to be used to locate positions of
nodes and antinodes in a harbour model. This may be
neCeésary becéﬁse the wave data coniain unwanted fre-

- the ‘ o
quencies because of  resonant nature of "harbour basin.

A
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The filtered output is then processed to find the
.

running RMS value in Real time.

Programs RLPDF and RHPDF which are realizations of

above described low-pass and high-pass filters, were.

written to GEDAP( Generalized Experiment control and
Data aquisition and Analysis_Package developed by the
Hydraulics Laboratory; N.R.C Ref 9) compatible form
to take -advantage of GEDAP features. This supports
the creation of GEDAP cdmpatib1e d{sc files for the
storage of data vectors which may be the inbut to and
output from the filter. SyLsequent]y the coﬂtents of
these files can be listed on the terminal sgreen for
quick checking of fhe results or they may be plotted
on a variety of graphic plotting devices such as the
VERSATEC plotter or an HP 2648 graphics CRT terminal
using the, GEDAP-GPLOT package. These plots can be
either a‘ gaiﬁ versus frequency éharac%erists of the
designed filter or the filter time functions.

£
Detailed program listings for RLPFD;\RHPFD -

7 and frequency versus gain response are gjv-
en in Appendix I .
1),3),k) Design of non-recursive low-pass, high-pass and

band-pass digital filters

Programs NgFﬁ&ﬂRFﬁP . < : are written to find

filter coefficients tor nonrecursive low-pass thigh-

N
~ .
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pass -  SR¥OeD filters for given specifications
and program NRFIL similar to " RLPOF is written to re-
alize non-recursive filters by computer program in
Real time. It was also used to find fféquency versus
_ gain responﬁé aﬁd execution time of these realiza-
tions. These prgrams wekefused to gather information
given in Table II. Detailed program iistings and fre-
quency v%éus gain characteristics,for nonrecursive

filters is given in Appendix I-.

.
o
SR
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. CHAPTER 5 .

PUSH DOWN STACK AND RING BUFFER

a) Description of these data structures and their

implementation by program

These are data structures A%ten required to imple-
ment nonrecursive or recursive digital filtérs and,
in ON-LINE computation ({ running estimation )} of
auto-correlation functions in the time domain , where
it is necessary to hold thé last N data sampies in a
memory Suffer. One way tq_acﬁomplish this is by means '
of the push down stack where the mqgt recent data
sam§1e is put on the top of the stack while the old-
est data sample 1is puéhed out of the stack and is
Jost. An alternative way is to maintain a ring buf-
fer in which data are not shifted but instead the in-
dex pointer to the most recent sample is updated ev-
ery timé a new data sample is avéi]ab]e.‘ In a ring
buffeg, the most recent data sample overwrites the

oldest data sample.

Neither the push down stack nor the ring buffer
- structure is supported by hardware architecture of
the Hewlett-Packard machinesl,. and they must there-
fore be simulated by software. In case of the ring

- the
buffer, a pointer pointing to next vacant location(

A
j.e. pointing to the oldest data sample) must be com-
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puted and its value must be compared to the buffer:
start index. ., Whenever its value is 1éss than the
start index, 1t is reset to the end 1ndex va1ue. It
is necessary to keep track of\th1s pointer value at
all timeg. In case ofkpush down s®™ack it is necessary
to ‘shift N-1 data samples every time a new data sam-
ple becomes availab]e('N is the number of previous
samples retained) . This is a time consuming opera-
tion, howéver, its programatic realization- is

straight forward.

Both these structures were simulated and their

performance was compared on the basis of execution

time versus the number of data samples retained in

the buffer. ‘ . : .

By making use of the time request feature (CALL
EXEC 11} of the RTE IVB operating system sysfem and
jncreasing the priority of Qﬁe program { by opera-
tor's command ) to ensure that this program a1one ex~
ecutes and gets almost 100% CPU share ( excegt for

system overheads ) one can measure execution time

" fairly precisely. Fig 4 shows the graph of execution

time of two methods against. number of data samp1esi
(type of wmachine used and with and without Vis 1i- .

brary on the F-machine).
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It is observed that the Ring buffer structure per-

forms better than the Push down stdack as can be an-

ticipated from the fact that there are many more op- '
eréf1ons involved in the shifting of N-1 samples than
there are in the simple po1nter ar1thmet1c of the

ring buffer.

-y

Programs to realize the push down stack and the
ring buffer are given in PSHDS and RINGB Tlistings?
Table [ shows their comparative performance. Pro-

gram 1istings are given in Appendix 111

We can make some intersting observations from the
comparison between the push down stack and the ring

buffer implementations on two different mhchines. In

-

"the E - series machine, the Ring buffer 1is faster

the
than Push down stack by about 6.5%. In the F - series

mach?;e, the Ring buffer is faster by .apout 25%.1In
comparison with the E - series machine, the implemen-
tation on tha F - seriés machine is about 2.22 times
and 2.72 times faster for push down stack and ring

buffer respectively. In the F - series there is

. further improvement by a factor of 2 and 3.5 for the

push down stack and the - ring buffer respectively due

to the use of the microcoded vector instruction set

available on the F - machine. In conclusion we can

state that the ring buffer implementation . is recom-

mended for time critical Real-time programs.

R



Table I
COMPARISON BETWEEN PUSH DONN STACKS AND
f?? RING BUFFERS .
IMPLEMENTATIONS ON E - SERIES MACHINE
Execution time in milliseconds

¢ ” * ’
No. of samples Push down stack - Ring buffer

32 6.5 5.93
64 ' 12.65 11.88
128 " 25.15 23.35,
256 50.23 46.75
512 100.48 93.37
1024 200.91 186.70

COMPARISON BETWEEN PUSH DOWN STACKS AND
RING BUFFERS
" IMPLEMENTATION ON F - SERIES MACHINE
Execution time in milliseconds

No. of.samp1es Push Hown stack Ring buffer

32 2.81 2.18
64 5.47 4.38
- 128 10.90 8.75
256 21.91 17.53°
512 43.82 35.01.
1024 87.61 70.00

- 74 -



‘ Talbe I‘(continued) _
COMPARISON BETWEEN PUSH DOWN STACKS AND
RING BUFFERS ' |
IMPLEB;iENTATION ON F - SERIES MACHINE USIhiG :
- VIS

Execution time in milli-seconds

No. of samples  Push down stack  Ring buffer
. 32 S 14 0.7
64 2.7 1.3
128 " 5.4 2.5
256 o107 4.8
512 21.3 9.3
1024 © 42,4 18.8
-75 -



8 - o ;7 CHAPTER 6 3
" A SUMMARY OF THEQRETICAL CONSIDERATIONS FOR ON LINE
- . . : - 2 )
e R .. ANALYSIS
?233 o i Statistical properties

Mean value - The averagé or mean value of continu-

ous eete.1s , T ‘ig‘

Xave 3 1/Tn * j (X(tydt)
v ' . ‘. o .
. " : 1 - . - b
- The-corresponding: value for a discrete set of N
y .

measurements Xi, is S

Z . "Xave = 1/N * fEi X1 . -

For ON- LINE ana1ysws the ealue of N is unpred1cta—

(; ) ' ) b1e and one carinot-go on accumu1at1ng the sum and di-

o | '. | vide it by the total aumber of samples, because both

the sum as well as the va1ue of N w1]1 overflow as N

. ) ' S becomes large. In addition one" is also more inter-

) - | '“ested in the e;t1mat1on of the most recent value of

the average. Therefore a runn1ng average is deflned

by a first order recursive smoothing re]atmon (Ref

6). - _

AVE (I+l) ALPHA*AVE(I)+ (1. - ALPHA)*X(I) (5)

. where a 1t&pjcal'va1ue of . ALPHA is taken as 0.95
: - and it is a1waye less than “and close to 1. As ALPHA
_approaches upity it takes moré time to reach a final

(' : S e ‘va1ueﬂand the response time increases. On the other

S

<

}J



" Y(Z) = 0.95%Y(2)/L + 0. 05*X(Z)

- -

hand, if ALPHA is smaller then-the respomse is faster
but fluctuations in Ehe estimated va]ue ére‘higher.
This recursxve relation represents a f1rst order 1ow
pass RC filter: U51ng Z transform analys1s we can'
‘findfzzit step response - of this recursive low-pass
filter as shown below : . |
Y{nT) -= 0.95%Y(nT-T) + 0.05%X(nT)

Taking Z transform of both the sides

Hence filter transfer funct1on is
H{Z) = Y(Z)/X(Z) = 0.0SfZ/(Z-O.QS)
If X(nT) = U(nT) then X(2) = Z/(Z-1) . . .

therefore unit step respopse is

C¥(Z) = HZ)*X(2) = 0.05%7%2/(2-0.95)*(Z-1)

. g ‘ . -

Taking inverse Z transform we-have '

Y(aT) = 0. 05% SnT)+ U(nT-T) - 0.9025%U(nT-T)* (0. 95)**n-1)

- - n A Y(nT)" 3
10 . - 040
20 .- 0.64
30 ' - 0.79 .
s0 0.92 \<
70 | 0.97 '
100 - 3 0.99

As an example, suppose T = 0.1 second,” then they
, o _ =,
filter will have reached the final value within 1% fin

100 steps = 10 seconds. . :

"\\ N
T

-
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The gavantage of this recursive re1at%on is that
it is necessarylto'Store only one prefious value. It
is very simﬁ1e to evaluate and gives fairly good es-
timates of a running average; but that depends surely
on the frequency content of the fluctuations. That is
really why a good low-pass filter‘may'be better in

some situations.

An alternate methgd. for the‘ compﬁtétion of‘ the
runﬁing average is- baséd on the definition of the
mean value for ﬁ discrete values :

. X ave = 1/N * lﬁ: Xi

This formula is then applied to a record of fi-

nite length of the last N daia samples. Every'time a

new data sample arrives, the oldest data sample is

“discarded and the new data value is stored in its

place. -

, ‘The Ring buffer igplemetation ié particularly ef-

ficient for this application.  Since the pointer al-

ways points to the oldest data value which is being

~discarded at the same time a new data value arrives,

the sum may be updated by the formula :

- J = Pointer value
; SUM = SUM - DATA(J) + X
DATA(J) = X -
3 =3 -1 IF J.EQ.0 THEN J =N
Xave = SUM/N '
- 78 -
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The greatest disadvaniage of this method 1is that

it requires larger' memory as do all non-recursive

filters except this bne is more efficient because the

filter response function is uniform and therefore
need not be stored.  The estimated value strictly
represents the average over last N data samples be-

the
cause of, nonrecursive nature of the formula.

A

The larger the number of samples retained 1in the

‘buffer the better is the estimated value of the mean.

.This‘is, however, at the cost of.a larger memory re-

quirement . It should be noted that, in case of ring

buffer implementation, the time overhead to maintain

' the storage is constant irrespective of the size of

the buffer, whereas it increases in case of a push

down stack structure.

" The disadvantage of the above method namely the

large memory storage requirement can be partially el- .

iminated by some programming gimmick. This results

into..a method which can be callied a ‘variable order

Non-recursive method of finding a running average.

. . ‘-b - 7
_ The following algorithm - accumulates -the sum of

data samplies in SUM, and keeps track of how many data
samp1es'have been summed up in a scalar N. As N in-
creases and equals 100,200,300,400 and 500, partial

sums of samples from 1 to iOO, 101 to 200, 201 to 300
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etc are;removed from the scalar SUM and are storéd in
Tocations SUMOl, SUM12, SUM23 etc respectjve1y. When
"N equals 500 khe scalar SUM is decreased by an am-
ount SUMO1 aﬁd N is also 'decreased by 100 . The par-
“tial sums 'SUMOI,SﬁMlZ,SUM23 etc are.pushed down on
tqé stack by one location (-henée'old §UM01 is lpﬁf
énd replaced by SUM12 ) . At any instant the running
average is AVE=SUM/N. In the long fuh N will vary in
the range from 400 to 500. ‘

Fl -

This effeﬁtive]y rebresents a variable order non-
recursive filter with the specigl property of having
an impﬁ1se response function which is 1 0ver the en-
tjré duration of its response. Because of this spe-
cial property it is possible to eliminate the need
for large memory requirement for individual past sam-
‘ples and for impulse respon;e function itse1f, both
éequirements ,associdﬁeﬁ'hith“]ﬁédfécursive filters.
- Because the scalars SUM and N are’ decrémented every-
time they exceed a certain value, it can be ensured

that they will never ovérflow.

"This approach to calculating running averages can
be easily extended to the computation of running RMS '
values. It was observed that for simulated as well as
~rea1 random wave dat; from the ﬁpdel studies, results
were congiderably betfer than those obtained wif;\ihé

simple recursive filter.
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| .The following prograﬂ shows an imp]ementafion of
above approach. Values of N and n (corresponding to
the é;alar SUM and partial sum) can be changed eaéil}l
in order to suit particu]ér sitﬁationa |
X - data value read from real-time bu%fer-
Initialise N, | |

N=20C ‘

Accumulate sum

SUM = SUM + X

N

T
IF(N.GV.400.AND.N.LT.500) 1090, 1050
1050 IF(N.EQ.400) 1060,1070
1060 SUM34 ="SUM - SUMOL - SUMI2 - SUMZ3
60 70 1030 e
1070 1F(N.£Q.500) 1080,900 R
1080 SUMAS = SUM - SUMOL - SUMLZ - SUM23 - SUM34
SUM = SUM - SUMO1

SUMOL = SUM12
SUM12 = SUMZ3
SUM23 = SUM34
© SUM34 = SUM45
N=N-100
60 TO 1090 -

900 IF(N.EQ.100) 1000, 1010

1000, SUMOL = SUM |
G0 TO 1090

1010 IF(N.EQ.200) 1020,1030

-8l - .




( - 1020 SUML2 = SUM - SUMOL

| - 60 TO 1090

T 1030 IF(N.EQ.300) 1040,1090

1040 SUM23 = -SUM - SUMO1 - SUM12

1090 CONTINUE.

* Now calculation of AVE = SUM/N and its
— &7 display can follow ‘

* Program code is arranged in- such a way that redundant
"% checks on the value of N are avoided in the long run

* once N exceeds 400. | -

- MEAN SQUARE VALUE

>

A single figure“dgscribing the intensity of random

data is the mean-squared value. This is the average

L. R,
of the squared values of time history record which
. for continuous data is
Tn
fmsq =1/Tn* .[ (X{t)**2*dt)
' 0
- . and for discrete data
N
Xmgg = 1/N* > xixxi
v =]
Varfance - A signal can consist—-of a slowly
varying trend or low frequency component upon which
oo - are superimposed rapidly changing higher frequency

- 82 -



-

. it is fluctuating at the higher rate. \

components. In such a tase the mean value will repre-

sent the average base-level of the signal about which

{g

A measure of the scatter of a signal about its av-

erage mean value is given by the variance of the sig--
~nal which is frequently of.finterest in scientific

measurements. Tiis is given as as the mean-square va-

Tue about -the mean, namely for a coqtinuous signal :
T -
V(X) = 1/Tn * -[ (X(t) - Xave)w*2xdt

and for discrete data

~

V(X) = IN* 5 ( Xi-Xave)**2
. =1, -

Standard deviation

The instantaneous deviation of a signal from its
mean value, is given as

.DEL X = Xi - Xave

Standard deviation is the square-root of the vari-
ance. Many engineers often refer to it loosely as the
RMS value, which is true if .the average is equal to

0, but wrong otherwise.

ROOT MEAN-SQUARE (RMS) VALUE

-83-
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C The positive root of the mean-square value is

. called the RMS value of the sigﬁa] i.e. SQRT( X msq
)‘. . ’

‘From probability theory

V(X)

E(X*X)

E(X*X) - E(X)}*E(X)
N

1/N* 2 (Xi*Xi)
=}

E(X) = 1/N* > (Xi)

:In.practice to estimaté,the running V(X) one must
compute both the running mean square value as well as
the running mean by first order regursive smoothing
relation : '

SQR

"ALPHA*SQR + (1. - ALPHA)*X*X
AVE

ALPHA*AVE + (1. - ALPHA)*X*X

and

. RMS = SQRT{ AMAXl(O.,(?QR - AVE*AVE)))

An alternative method similar to the one described

in estimation of the averages, namely the use of the
.rectangular, non-recursive low-pass filter-of ength N
was tried. Its performanée-fon a buffer size of 128
samples was relatively bétter than the previous meth-
od. The 1ékger‘thelbuffer size better ?he perfor-

mance. " Theoretical reason for the difference in per-
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" G(w) = (1/N)*SIN(O.5*N*w*T)/SIN(0.5+w*T)

formace (in estimating the running RMS Ean be found by
computing gain versus frequency response .of two fi1-
ters.

Frequency response‘oﬁ\i}rsp order recursive rela-
tion is given by '

6(w) = 0.05/SQRT(1.9025 - 1.9%COS(wT))

Fig 5 shows frequendy reSponse for first order
low-pass recursive filter for ALPHA = 0,95' and 0.98
and T = 0.1 and 0.05 secoﬁd It is observerd that

for larger value of ALPHA smooth1ng is rwaprcVed.af
the expinse cF TRSpohse time-

Similarly frequency response of nonrecursive low-
pass filter with rectangular window characteristics

is given by

Fig & shows the»compafison ‘of gain versus fre-
quency response for %he recursive and the noh-recur-
sive filter(128 stage), and it is evident from the

[+
figure wh%K128 stage non-recursive filter gives bet-

ter estimation of the ruQning RMS, than the simple

. first order‘recursive filter. However, which method

3

is to be used, depends upon the purpose of the mea-
surement. For example if one is making adjustment of
a potentiometer which controls a driving signal to .a..

the
wave machine,-thenﬁpqerator should be able to see im- -
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l' | , mediately the effect ofo?is adjustment, in that case
o recursive method withﬂsma11er vaiue of 7ALPHA(e.g
0.95) would_beapprqpfiaté. 'AftEr:thg adjustment has ~
been made, he may change ALPHA toiihigher -value
{e.q.0.97) for more precise‘eétimation of the RMS va-

lue.

-The'fdl1owing,formu1a was used with a ring buffer
implementation :

- SUM

SUM + X < DATA(J)
.. SOR ="SQR + X*X - DATA(J)*DATA(J)
.+ DATAQY)

- =X .
J =J -1 IF NEW J.EQ.0 -THEN J = N
S AVE = SUM/N |
- RMS = SQRT( AMAX1(O.,(SQR/N - AVE*AVE}))

1t must be noted that this improvement in perfor-
mance‘is at the cost of extra memory required to ré-
tain the last N data samp1es; In some cases it may be
difficult to spare this adﬁﬁtional memory. | This es-
fimated'variance is app1icabie,to history of Tlast N
data values becauée of nonreéurséve nature of the

" formulation.

ESTIMATION OF SMOOTHED POWER SPECTRUM

~ Given a random function of time X(t) and of length
Tn, then the estimation of the auto-correlation func~

~tion is defined as (Ref 8 )

LN
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g
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[ 4‘:\\

; T .
. o . . .
o L AR = UMY ¢ [ (xR T e
) : _ o
‘¢ | - * which is usually evaluated over the range O0<=T'
- &= Tm ' '
‘ ' .- The estimation of the mean value of X(t) is_
T L . o ™ . .
© Xave = /Tt [ -(x(t)*dt)
-.; - © l \
. o L
| N . 'H']L .“ . - . — /
7 The estimation‘oﬁgauto-covariance function is giv-
en by : - , ' ‘
T In-T
. Cx(T') = 1/(Tn-T*)* -(_(X(t)-Xave)*(X(t;T‘)?Xave)?dt
. - & l - R r 0 . - . (%)
( o - C; ' > = ACF(T') - (Xavg)**Z

- . The estimation of the.standard deviation of X(t) s
is réadi]j available from. R -

X = SQRT(Cx(0))

and_the -estimatioﬁ of the\borma1ized covariance
" function, which is generally required, is given by :

- Rx(T) = Cx(T)/Cx(0)

. f'Thé single—siﬂed power Spéctral density function
may be derived from the auto-covariance function by

means of a Fourier transform of an appropriately

: weighted auto-céyarignce function, i.e.
“ . 3 2o o -
v - Sx(w) = 4.% Jr (Cx(T')*D(T" )*COS(wT* )*dT"
. [ :
P R ‘ : - 87 -
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where D(F') is a weighting function that is called
a lag-window. The Fourier transform of D(T') is the
;pectra] window, which may _be chosen according to
one's prgference. The lag-window is finite over the
intervél -Tm<z T* <= Tm and 2ero everywhere else, SO
that the integral in th? equation‘needs to be evalu-

ated over this interval only.

"For the purpose of numerical evaluation, the ran-

dom function of time is sampled at ragular intervals

T. There are, therefore

N = Tn/T

samples in one record.
: .

The autb-correlation function ACF(T') is given for

discrete values of T as:. o
N-T+} 7

ACF((3-1)*T) = 1/(N-+1)* 2 (X(I*T)*X((I-J+1)*T)
, =1 )
and J = 1,2; M+1_
and where M= Tmn/T

Simultaneously one may obtain the average o
s
-~ N
Xave = 1/N* Eﬂ: (X{1})

=)

and then the variance _
C(0) = ACF(0) - Xave**2
- 88 -
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- It is evident that we have to retain last M data
-samples if auto- correlation function is to be evalu-
ated over M*T time interval. The value M depends upon

v

two factors :

1} This is decided on the basis of desired resolu-

tion for

We = 1/M*T

2) It must meet the. reguirement that the 2bove
computations of the cross‘proddcts and summations can
be completed for M shifts in a time less than the

sappling interval T.

As usual we use a first order recursive relation
to estimate the smoothed value of various cross pro-
~ ducts.

ACF(1,0) = ALPHA*ACF(I-1,0) + (L.-ALPHA}*X(I)*X(I)

ACF(I,L) = ALPHA*ACF(I-1,1) + (1.-ALPHA)*X(I)*X(I-1)
ACF(I,M) = ALPHA*ACF(I-1,M) + (l.—ALPHA)*X(I)*X(I-M)
_ GAMA(J) = D(J)(ACF(I,d) - Xave**2)
for 3 =0 tol
M = 128
D(J) = 0.5%(1. - (J-1)/M)
for J =1 to M
Xave = ALPHA*Xave + { 1. - ALPHA)*X
Sx(w) = FT(GAMA(T')) T* =0 to M*T
- 89 -



FT stands for Fourier transform

For ON-LINE computation of the Iauto—corre]ation
function, it is necessary to find cross products bet-
ween the most recent data sample ‘and previous m-l

data samples, and add them to previous values.This is

' nbthing but a scalar and vector multiplication and

addition of two vectors. This can be done efficient-
1y by using the powerful vector instruction set in
F-series machine so that execution becomes faster due

to the elimination of the DO LOOP overhead.

»,
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CHAPTER 7

A PROGRAM FOR ON-LINE RMS ANALYSIS®  ~ °

This program finds the running standard deviation
of incoming wave data by means of a first order re-
cursive.lownpéss filter and displays the results on
the user's terrminal screen. Displayed va]ues‘are
updated at a rate of 1 or 2 per second. From this,
" the experimenter can estimate the significant wave
height which is four times"{gg RMS value and for i--
regu1ar waves he can cﬁeck for correct running condi-
tions of the model in real - time . If he wishes, 'he

can exercise some control over the experiment on the

basis of the ON-LINE computed information.

PROGRAM INPUT

When the program is invoked, it expects the fol-

lowing information from the user.

1) Data sampling rate

2) Display update rate

-~

3} - Name of calibration file for the analog I/0

port

4) Analog I/0 port number to which his transduc-

ers are connected ’

- 91 -
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5) -Analog channel number for which the RMS value

[ S
(]

‘is td,be‘computed'and displayed

Proqramming consideration

" The program <an be'qivided iﬁto'two‘parts.

*

1) Initializatidﬁ?;art which initia{ﬁzes the pro-
gram. It runs only once _when the program is 1q;oked
for the first time. | |

2) 'ON-LINE analysis part ”Qﬁfcﬁ-&bmputes tne rup-f‘
ning-sténdard_deviation of wave data comﬁing from the
assigned port and channe1._ Onl} this part is repeét—
edly séheduTed and executed. If,d%éplays the results
on the user's terminal scree; at a rate deﬁendiﬁg on
vee ' . " the value the user has enteréd during the initializa-

tion-phase;"

" Initialization part- It accepts ipteraqtjvé]y the
input frﬁm the user and makes use of the GEDAP 1.i-
blary subroutine to read the user éﬁecified calibra-
- tion file for the port.  This bart also calculates

.}érémeter values for a self-time schedule EXEC call.

.X ON-LINE analysis part~ This part makes use -of an
| RTE 1VB operating system feéture through the use of
{ an EXEC call. This enables the prbﬁram to schedule.

itself repeatedly in Real-time and save its resources’

when it is running continuously .lt also locks itself
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to physical memory so that it cannot be swappeo out
of the oemory by oﬁher high priority prograﬁ%’con-
tending for the memory resource. In addition this .
will ensure that program is always dormant at times
ﬁt is to be scheoﬁiéd. T

If the program is not available at the t}me when
it is to- be scheduléd, the~system reports an erroo
and ignores the ca1f: Theré%ore io is necessary to
Tock all real-time programs to the physfca1 memor&

for their correct operation.

The display part of the program makes use of a{
special control choractér string wﬁioh, when received
by the microprocessor based CRT terminal, posifions
the a1ohanumeric cursor at the desired Iocat{on. This
is how a compotational recult which is to be dis-
playqa'on.the screén can be locked at fixed position
relative to the screen. As a consoquence the user
will see most of the'same‘valuesdisplayed at all time

withr only a few digits varying from update to update.

During the devoIooment phaso of this program, its
performance was _checked by inputing simulated sinu-
.soidal data of koown RMS value and .frequency. The
performance of ON-LINE RMS calculation algorithm was
' checked at various frequencies in the range 0 to 3 HZ

which is the frequency range of interest normally en-
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~ countered duringwéxperiments -in hydrodynamics. Per-
formancé.was founq to be satisfactory in fhé range
0.3 to 3 HZ . Later on smoothing parameter ALPHA.was
changed in.the range 0.95 to 0.98. It was ﬁbsérqed
: that the performante at-iow.frequeﬁcieé improved as
ALPHA increased but it also increased the response
time of the‘firsy order fj1t;r’tq an unacceptable "de-’
gree; Therefore a best compromise between the res-
ponse' time and the frequency respsnse was achiévéq by

setting ALPHA = 0.95. ~ -

Subsequent to these.s{mufption tests, aﬁtua1ﬁhea—
surement data were pigkéd up f;om the Real-time unla-
bled common .buffé;: Real-time comﬁon %s' defined at
system generation time and it is shared by many coop-

erating programé‘such as 'ON-LINébdaté aquisitjon aﬁQ'l
'KQNTLINE‘ ana]ysis/proérams-.és well .as ON-LINE. data
storage programs for masé storage.  Thereafter the
reading of Ea]%b};tion file for the selected analog
I/0 port was also included id ordér‘%o convert milli-

volt data into emgineering units.

Detaj]ed iisting of -Fhis program is.given %H Ap-
pendix IV. The program has been tested with real data
acquired during the experiment and results of this
experiment were ‘within reasonably close agreément
with the results calculated by separate off-1line ana-

lysis procedures. .
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A PROGRAM FOR ON-LINE AVERAGE ANALYSIS

This program is written for Example 1 mentioned in

~ chapter 1. A‘modé] ship is tied to its mooring by six

‘Tines which :pdll the ship against elastic fenders.

‘E“' .
A1l lines must be pretensioned to a specified levels.
Pretension adjustment on one line affects the set-
ting on all other lines. In order to bring the total
system to the required setting, it is necessary to
Q -

monito. -the forces on all lines " at the same time un-

til all lines have the desiréd setting. Therefore mo-

nitoring of six forces simultaneously represents a

Real-time task. '

- o

Also here the program is divided %nto two parts :

1) ' Initialisation part- This part interactively
accepts the iﬁformation from the user terminal, such .
as the name of the calibration file for the port, the
data sampling ratg, the Qisp]éy update rate, the ana-
log 1/0 pprt_humber tO:WhﬁtE transducers are connect-’
ed and the.channel number of first channel to which
the first transducer is:connected. This part executes
only once.-After that the pregram locks itself to the

memory and schedules itself in a repetitive mode at a

‘rate’ which corresponds to the data sampling "rate.
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Every 'time the ON-LINE analysis operation is over,

the program terminates itself with saving of resourc-

es.

2) ON-LINE analysis and Display part- In this
ON-LINE analysis operation, bothlthe Jow-pass digital
filtering and the disb]ay of - the average is executed.
Whereas the filtering operation muét take place at
the data sampling rate, the display function whogé
update rate is usua1iy as low as'1 or 2 updates/sec-
onds, can run at a low priority. It‘usuaITy takes in
the order of 100 milliseconds to display the readings
on the terminal . screen but the display %bnction may
complete i}s operation in as much as 500 ‘millise-
conds. To deal with this wide range bf_disﬁIay times
a separate display program DISPl\ is written which is
scheduied. by the ON-LINE ana1y§is program AVEAL along
with the passage of the buffer which contains the va-
- lues to be displayed. This scheduling operation is
without wait so that thé %ather program AVEAl need
not wait for the display prograﬁ DISP1 to complete
and the Jlatter caﬁ_ take its own time to complete.
This is achieved by the RTE IVB system's EXEC call
feature which enables.this operation. After being
scheduled, tne SON program DISPL retrieves thg buffer
passed by*the FATHER program AVEAL and displays. the

data contained in the puffer. it is only because of
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these RTE IVB features that it has been possible- to

achieve this multiprogramming capability.

Detailed listings for AVEAL( FATHER S~dnd DISPL (

SON ) programs are given in Appendix V
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CHAPTER § /

A PROGRAM FOR DETERMINATION OF NODES AND ANTINODES

WITHIN MODEL HARBOUR BASIN 7

This program is nothing but an extension of RMS

analysis program. It is written for example 4 men-

tioned in chapter 1. In this particular problem it is

necessary to filter the data through band-pass digi-
tal filter in REAL-TIME and then find standard devia-

tion of the filtered output.
Also here the prograﬁ is divided into two parts :

1) Initialization part : This part interactively
accepts the information from the user terminal, such

as the ﬁame of the calibration file for the port, the

data sampling rate, the display update rate, the ana-

log I/0 port number to which traq;ducers are connect-
ed and the channel number of the first channel to
which the first transducer 1is connected and specifi-
cations for the band-pass filter. part executes only

~once and it computes; filter coefficients in double
precisipn; arithmetic and then rounds them to real
number representation. is program then schedules

ON-LINE analysis program RMSA9, along with passage of
buffer which contain§ the filter coefficjents.‘ It

then. terminates Teself.
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{j _;ﬁ_;,__, ' c) dN-L;NE analysis and display part : This part
- | executes repetitively in reaI-timé:V-“fﬁ ;ﬁﬁénoﬁQLINE
lana]ysis operation, both the band-pass filtering and

thé.disp1ay of the RMS value is execuﬁed. Band-pass

filter is realized as a cascade of low-pass and

high-pass filter with following specifications :

-

Low-pass filter
i) pass-band ripple +/- C.05 c<b
'h')- stop-~band attenuation > = 40 dbs
{i1) pass-band edge 2 HZ
5 iv) stop-banh edée 3 HZ
High-pass filter
" i) pass-band ripple +/=0.05 db 1
§4) stop-band attenuation > = 40 dbs
5ii) pass-band edge 0.6 HZ

iv) stop-band edge 0.4 HZ

Sampling frequency which equals data sampling rate

is 10 HZ

Gain versus frequency response of this recursive

. band-pass filter is shown in Fig9 . RMS computation

.
-
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procedure is:similar to the one used in RMS analysis

program in chapter 8.
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- . CHAPTER 10

A PROGRAM FOR ON-LINE ESTIMATION OF VARIANCE SPECTRAL

DENSITY

This praéram was deve]obed to estimate the running
variance spectral density of fandom wave data. _It'is
useful for any experiment where it is necessary fb
check whetﬂer the generated waves have desired spec-

tral shape and desired peak frequency.

Programming considerations

The program computes in real time the auto-covari-
ance function by the recursive formula :
Y(I,3) = ALPHAXY(I-1,3) + (1.-ALPHA)*X(I)*X(I-J)
- fﬁr Jd=0toM
I

Ith data sample
M

number of time shifts for which

auto-covariance function is to be evaluated.
The length M depends upon two factors

1) This is decided on the basis of desired resolu-
tion for

e = 1/MT

2) It must meet requirement that the above com-
putat%ons of cross products and_-summétions can be
completed for M shifts in a time less than the sam-

pling interval T.
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It is evident ;hat in order to compute tﬁe auto-
covarianééffunction for M lags it is necessary to
\‘store-tﬁe last M data samb1es in a memory buffer.

This data structure méyA be a push dowﬁ stack or a

ring buffer.The ring buffer data structure was se-

1gcted because it is more efficient in execution time

«¢  than the push down stack. The cross products involyed
- in ;;évﬁ lags may be execute& either by a DO LOOP or

by making judicious uée of the Vector Instruction Set

( provided on the F-series machine) for additional

improvements in execution time.

. ?fogram input
The program expects the following input parameters

from the user terminal in an interactive mode.
1) Data sémpling rate
2) Display update rate

3) Analog I1/0 port number to which the water level

transducers are connected.
T/
4) Analog channel number- of the transducer for

which the estimation of the variance spectral density

is to be computed

5) Name of calibration file for the analog 1/0

port
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The program.is divided into two parts :

A) INITIALIZATION - This runs only once when the
prograh is invoked for the first time and'accepts in-
put for the above parameters., It aTso.schedules it-

self repetitively depending on data sampling rate.

.
P

B) OF-LINE ANALYSIS PART - Depending on data sam-
pling r;fe this part is scheduled by the system re-
petitively. It compules ‘adfo-covariance funciion.in
REAL-TIME. When it 1is time to display the power
§;éctrum, it schedules the SON program DISP4 without
wait , along with the passage of thé auto-covariance
buffer and other parameters. The Son program, after
getting scheduled by the father program, retriéves

the parameters and the auto-covariance buffer by the

'string passage EXEC ca11:-énd then multiplies the

auto-covariance function by a suitable smoothing win-
dow. It then executés a Fourier transform of the win-~
dowed auto-covariance and displays the speétrum on
the graphic screen of the CRT terminal HP 2648A. It
should be noted that the DISP4 pfé;;am runs-at a low-
er priority than fhe father program and runs during
the unused CPU time ‘when other:D more time critical
programs are not running. Lt is necessary to lock
both programs to memory so that they can be sche-

du]ed at the right time. The self-termination feature
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with saving of resources retains previous_computa-

tions Imtact.

This program was te§ted_ during an experiment when
reQuTar waves were beiné generated. Results f;om the
program were encouraging, however still more exhaus-
tive testing with random wave daté 1s necessary in
order to evaluate the performance of the proposed
procedqre for. the estimation of running épectral den-tr
sities. Because of inherent deIéy involved in esti- -
mating the value of guto—covariance function it is to
be expected that to get correct estimate of power
speétrum certain time;interva1, which depends upon

recursive filter chavacteyistemust be allowed to

elapse after starting the prbgram.

~ Detailed listings of the programs PDSAl and DISP4
and graphical nrepresentation of ‘the estimated power
spectrum with regular waves are given in Appendix VI.

~
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CHAPTER 11
CONCLUSIONS

The conclusions are based on the results of sever-
al programs written for imp1ementation of ON-LINE

analysis procedures, including ON-LINE digital fil-

tering.

1) Recursive filter program jmpliementations exe-
cute'faster tha;\ha?-recursive filter imp]ementations
almost by a factor ¢f two. They also require less me-
mory storage for rétention of previous data samples
and filter cOefficiLnts. They are thérefore recom-

mended for ON-LINE digital filtering.

v

2) Because of the availability of the microcoded
VIS library routines avaiiable on Hew1ett-Packard'F—

series computers and because of the availability of

large physical memory and the dynamic memory mapping

system nonrecursive filter implementations can be

given second thought because they offer some specif-

jc advantage over recursive designs because of their

linear phase characheristics and inherent stability.

3) The-Ring buffer data structure is superior to
the push down stack data structure for any number of
data samples in the buffer. Therefore the Ring buffer

*is recommended for any ON-LINE analysis impleménta-

- 105 -



[

Ao

tion where it is necessary to retain a number of pre-

vious data samples.

-

4) First order recursive filtefihg for estimating
the running average and the RMS value of data has
the definite advéﬁfage of simpficity, fast execution
memory economy. However when a signal is a mixture of
number of low and high freguency components, then the
estimated value fluctuates to a certain extent and it
qis somewhat difficult for the experimenter to make
use of displayed value. In short selection of this
method depends upon spectral properties of iﬁput sig-

nal.

5) To ovefcome the problem of excessive va%jabi1i-
ty of the estimate,a non-recursive method of estimat-
iqg the running average and the‘RMS value was tried.
Its performance for runniﬁg RMS estimation was ob-
served both during an actual experiment as well as
for a simulated input signal. In case of simulated
signal the displayed value was observed to fiuctuate
by +/- 5% whereas it was observed to be +/- 12 to 15
% for the recursive method. The requirement for large
memory étorage has been partly reduced by an alterna-

tive method whose analysis and program implementation

§s given in chapter 6. Depending upon one's need

either of the methods can be selected.
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'6) Hhile computing variahce'spectral density esti-

mates for tests carried out with regular waves, the

"results were encouraging.. However for random waves

rmore:experimentél trials are needed to evaluate the

performance of the procedure.-

7) HP-1000 F-series machines can better meet the
more complex OM-LINE data analysis task§ fhan the
é-series machines because of the latter's fast §pe-
cially microcoded VIS instruction Set and its hard-

ware floating point processor.
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INTEGER JORID(3),IPSID(3),ISHP(3)

REAL DLI(iO,B),DLO(iU,E),DHI(iU,S),DHD(iO,E),DATG

DOURLE PRECISTON AADCL0),RA0CLD) ,BAS(40),AATOCL0) ,RATOCI0)

DOURBLE PRECISION LAMDA,LAMDAL,CC(410),BATL(10) '

DOURLE PRECISTON WDC, uD .LAMDA

DOURLE PRECISION K, Ki QU Q,D,AA,AP,XN,50,51,516MHA, W HU

DOUERLE PRECISION T,WC,WA, WP ut ' :

DOURLE PRECISION A,E, c F UHH V,ALDCL0) ,ALLCE0) ,BLOCLE) ,BLLCLI0) ,HLD
* REAL ADO(4O) ADi(iQ) EDOCA0) HDi(iO),AHi(E),AHG(E),BHd(E),BHi(E)

REAL RESENS(SiE),X(1024),Y(1024) ) :

COMMON/CFIX/IFIX¢484),INY(3),I0UT1(3),I0UTL(3 .

COMMON/TO/LUG, UL, IPRINT, ISCI,ICRT,ISCO, ICRD -

COMMON/SYSIO/LAG,LUS,LUL,LU2,LU3

COMMON/GDEMP /IDCRI(144) ,IDCRO(144) , TRUF4(40) , IPRAM(S) , IRBUF (33)

C

c | : ,
ERE KR ERR KKK K KA KKK KK IR KKK KKK KH KK KKK KKK KKK KRIOKKAKF KKK KKK TR KK KK KKK K
CHRX Module #2 , KKK KKK KIOK KKK K HOKR KKK K

Ckkk  Sustem required GEDAP EQUIVALENCE statements REKOKKKKICKRRNORICKIKIORERXK

TAHRRK AOK KK K KKK K KKK KRR KKK

“***&***xx******xx**********x*****x***x***x***x*x****x**x**ﬁ;ﬁ******x**&

c ——
EQUIVALENCE(TIFIX(2)Y,JORBID(1)
EQUIVALENCE{IFIX (&) ,VERND)
EGUIVALENCECIFIX 12y, TFORMS
EQUIVALENCE(IFIX (43, ITYPELS
EQUIVALENCE(IFIX(14) ,ITYPER)
EQUIVALENCE (IFIX{20),N)
ERUTVALENCE (CIFIX(2%),DFL)
EQUIVALENCE(IFIX(&E),80F )
EQUIVALENCE(TIFIX GOJ,TR)

C
o
123 3SR OK KR KKK 3K K 3K SR 3K 3K SR SKOK SRR SOR 3K SRR KR BOR KKK KR AR KRR KRR RRCKOK KK R SRR HORKOR SRR R K
Ckxx Module #3 AR FOR H KKK KK KKK K KR
Cxk%k  Systam raequired GEDAP initialization statements OKKKKKIKRKERKKXKKK
CXkx¥k ) SRR R RORROR SRR ROR K R0

{0 3K 38 5K A KR SRR SIOK K SR KK K oK S 3K SRRk KK SR R KK SR KK OK SR OKOK HOK SRR KKK KK KR OK RO ROKOR SR ROR HOR oK

!
I T m e i oo e e i e e e L L T T T S T R T I S S T R S T T TR S e T ‘
Cx Ingert program name and version number . ®
C*._._...______._._..............___. e beaa eer L4 e P R S S omn e seee sees ves e somu Hbb AL e (L B FRRL G FmE b s eas ens s neee e e ...,__.._.....‘._..............,...............A,......A...._..,__._.._:K

DaTa IPSID/2HFL,2HLT ,2HR /

DATA INDT,INDO,TCMNTR,NOSYC/6,4,5,1/

7

%RLPDF , -- 19827202 1%:49

-116 -



FECTNY

ARLPDF . | ' ' 1982/202  15:49
. -
K = o e e e e e e e %
C . : - &
C Coefficients for recursive low pass filter with following specs: X
e We - 2HZ ' EY
c Wa ~ 3HZ - : JH
C Maximum permissible ripple in the pass—-band ¢ = 0.5 db ®
c Minimum attenuation in thg stop-band > = 40 dbs X
. nuMber of.stnges required 2 second order staoges and 1 first | *
- order stage ®
C - by
[ 0K vom = e o ot s o s o i B b 1 i Bt et b e s e b B e B 4 e 401 e e 1 S et o P e e e W
C * S
C DaTa alLld/1.89072,1.26947/
e DAaTA ALL/1.1485%68,-0.20059/
c DaTa BLO/0.560%96,0.848717/
G DaTa BLi/-~1.03479,-0.87236/ ‘
T DATA HL.O,AALD,RBRBLO,CCLD/0.2 775&0 0.039944,0.037944,0.5265583%/
c . ¥
T3 35 o e s v rm s s e e e . S 7 o o 2 ot S ot e s e et S\ e o i e et e e et om s e s Y
Cx Coefficients Tor low—-pass recursive filter with FC = 2.,3494HZ s
C* Vit e HA MAAL Rl ik et L rhre drh AL Al iy A4 T LA L84 S CBLL ALK ARG Lims ek e AER 18P S VL YRR L b e Fm S AL PR AT % bt i e s iy e e e e e e e e s e Chan e o e o oo e et et e P
c DATA ALO,h."3018,1.4184i/
C DATQ |-|| i/ .05 7 O ‘;83’18/
c Data BLO/S. GU“OG 0.8%434/
L DATA BLi/-0. 70019 6.39933/
" NATA HLU,AQLB;EELG;CCLG/O.3036901,0.0373?89;0.U37398?,8.~959§ou
C*_......................._._..__.._.___.‘_._...._........__......,............_........._..-...._........_...,..._............... it e s e v e s ey s e st e o2 e e e o tnes o e 4+ vves
- Doefficients for recursive high-pass digital Filter with X
o Following specs A
C Fa - 0.4 HZ stop-band edge *®
(" P 0.6 HZ pass-band edae 3
c FS = i0.8 HZ sampling frequency K
e Poss—hand ripple < = 0.5 db . e
c Stop~band atitenvation ¥ = 40 dbs b
C numbar of stages 2 second order stages and i Flirst opder stage s
i:*"'“"""‘"“""'"' - s ....._‘...._,..........._.....................A......A.......,_A........._....‘_.._.__.._._..__..__.____._.__.__t..__.._.._._._...._........._...‘_.......*
DaTA &HO/0,.80481903382,0. 95””693;44/
DaATA AL /-4 . B58345070075,~1 . 8423437 9q3/
LaTA BHO/G, 6992349049, 0 94o472922
DATA BHL/Z-1.,493 8ﬁ0ﬁ8i9 -4 .81 ?99499
DaTaA FHD,A&HD ﬂBHB,CCHU/ﬁ 999999 0.u915~6 B3%, -0, 6915462835,
i 0. “”3992»071, . .
~
SRLPDF 1782/202 . 15489
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CalL GETLUCIERD
IF(IER.LT.0GD TO 999
VERNO=43.0
1000 CONTINUE
WRITEOLOG,994) TPSTID, VERND
994 FCRMAT(* GEDAP PROGRAM: “,3A2," VERSION:™, §¥7.1)
"

C*_m__W___-_w____-_____,,_“_ﬁm_,_*___*“_“um_t__"wmwwwﬁ_“,n__w__________*
Cx  Obtain the number -of program cycles C K
53K o e e e e e e o o e e e o 3K

IF (IPRINT EQ. 1) WRITE(LUD,99%) . )
GPS FORMAT(" ENTER NUMBER OF PROGRAM CYCOLES ")
READCLLC, %> NOCYC
e .
9 3K 3K K 3K K oK 3K K 3K 3KKOK 3K 3K 3K K K K 3K 3K K 3K 3K KK KKK S KO 3K K SRS 3500 KR KK K K SRR KSR KR OK S R K K KK R KK K ok
CAOKKAKAOKR KR RO KKK A 44 b b e Fe bbb bbb e o oo oo o b KOKROKOKOKOK 30K 2K 350K K 80K R KR KKK R JOIOKXORKCKK
(03 KRR ROROKOROR K K+ . A1 KERT SN OK HOK KKK K KR K K K KRR K KR K K
TR ROK K K AR KRR K+ PROGRAM RLPFD <1 K O KR 3K 3K KK 0 KRR KRR R R R SOOI R R R ORE
ORI ROK K KKK+ ) A MR NN KR RAOKKOKORRRORIORSORKOK K OKK T
Cx**xx*r*x**xx++++++++++++;+++++++++++++++*****X**********x************t
505K S8 SRR ook 3K Sk 3K SR KK KK K S KK KKK TR R K K SR oK K 350K 0K 5 K KOK SRKOK KRR SRR K OKCK R SRR KRR KRR R K K
Cx

S *
; Cx PROGRAMMED IN MaY 1982 BY - - %
.- Cx K.C.Kelkar . i : b

ox Mydraul los Laboratory W
c National Research Council ' x
Ck Dttaws  Kia DR . L2
CX X
:*“'" ee et e v et v Ak suen f1in ek b ruon sres bvh A eiek oAl s (MR EED IR AR TS b S Y= s e Gemn S rpas o e an b imam ees (Pm et o b e b b e b ke Al ek e L A A S e AT S wm St e samm ey e _\R
0% PROGRA&M SUMMARY , . #
{17 R o o i - e e e o e e o
L S . X
(% Design precedure for recursjive low-pass digitel Filiter X
Cx . ' X
C*_w____“h%___“mﬂﬂw_,mw,_____m___L___-_____mm“,m_m*“_W,_m_w_w______mm_*
- PROGRAM DESCRIPYION . ‘ P
C*_.. e ean ey e an ant tamn trot n e v e 1bam soma 1aly sare ame reon remt 1o ok otk A e i -art dnn smmr min sine sois -smr ot e ire vis cem ;e ey e e e e sem e e cesa tees bee ree eve sews emm eew cem faes e e e rh A e e e b ._.‘*
X =
T 4 - Design low-pass elliptric filter with normalized cutoff P
Cx Traquency of 4 raodian/ssc and pass—-band ecge FNP and syop-hand X

2% adge FNA  <cych that FNP =s5qrt(RATIN) and FNA=I./ sqri(RATIOD b3
Lk RATIO = ¥P/FA

Dk P - Fing WD takling into account warping effect due to Billnear
98 3 transformat.on in order to realize desired Fl=ssgrt(FAXFP)

az ¥ o3

. LRLPDF “ 19827202 1929
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Cx 3 - Find frequency scaling factor LANMDAI and compu?e new

Cx Filter coefflients 1n 8 domain

0K 4 = Tranaform S domain filter transfer Function to

Cx vsing Rilinear transformation
Cx % - &nd

Cx PROGRAM INPUT

[’_'*......“,...‘.. ins b vera Py be 1% S1ha oo e b 1mes o LR LEEL N rrEE =Y e e e b LN L MR M TR TP WM ST e e e e fere s am b s AR AU ML b i e g e

Cx AR - Pasg-band ripple in  dbs

Cx A& - Stop-band attenvation in dbs
X FP - Paoss-band edge in MHT

TX Fa -~ Stop-band edge in MZ

Ox FS - Sampling fraguency in WL

Cx

o
£

igg2/202 15:%50

daomaln

l‘*_........,......_..._.- ot et et e e b At v o e A S o7 o soem o= bee $4 i1 1aks MMk e VS b Gm et S ses e e AL AL AL Ak TS A M s e e S e et e T ST e e e PP 4

Cx% PROGRAM OYTPUT

53 o e o o 1 e b e T e
o

(™ ste

LY S Qecond orcer Tilter coefficients ALONCL) ,ALL L)

JELOCLY,

¥

“ e -k
N

e

-~

s

Lahd

Cx BL4{¢i> where L = 17to N and N = numbar of second order stages

Cx and H.0,8AL 0 BRLE LLCCLE scanling ?qrrn. anag firsy
OX coefficients i1if appll(unle :
Ok

c‘*............_. et e e e e ot o e B4 e Ak daae P e et o s et S WAL Ak bt e e e

Ox REFERENCE

[ 3K = e e o = s e

[l
Lo

Cx ANALYSIS AND DESIGN OF DIGITAL I"TLTERS
2% AUTHCOR ANDREAS adTONIOU
CX® PUBLISHER McGraw=-Milil

-

C b o e e p o ot tone e e e et e oo in e A bk ip S PR e e e e tee ek M M A i Rt s P o et e dm oo o e wem rm v Tt ahae e mt. bm e e WSS s Lt Ak MR PR TR P e hem abes e bemt o tes e
{':* et rer et mm ta e mp e e e e ee e aas e e ner eme ekn e Ans e  rm cben e e em e el e Atk e e Am e e e e e et e e e ot tee ven owe vee sne i Eer men i e e e e e
c o Design Tormulas

{73 e e o e e e i e 2 e
c WP o= SORT(K)

» oA = A/SRRT K

C WEC = SARTWAXWE) 4

o Hr (S = HO/DIISI% (5%S + AALCTIY/ (SRS + Bailllkd
[ : ro= (n=~4)/2 FOR ODD n

{ = n/e FOR EVEN n

~

DOCSY = § + SIGHA FOR ODD a

ARLPDF ]

_1|9_

orger

atage

+ BADCT D
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C =4 FOR EVEN n

C Ki = SART (4 - KXK) .

> ‘RO = 0.5k(L - SRRTKAI /(L + SERTKLY)

C Q= Q0 + 2%QOX%S 4+ 1SKAOXXT -+ 1SOXQOKXKLT

® D = (40, 0%X(0.4%An) — 4)/C40.0XKC0. 4%AD) — 1)

on > = LOG(L6XDY/LOG(1/Q) .

™ LAMDA = (1/2%n)1n(10. 0%k (0. 0SxaApS + £ /€40, OXKCG.05XAD) - )

C

» STOMA = 2KEKKC.2SX - (=1 )XKmK@RK (K (m + 1IKSINH{(2%m + LIXLAMDAD

< 3

C \aas e mme e A sean veen rmme b mmbd bbh MAE LANE UM TEE T AT rwm mEE FEr M M N EET = FTS TE P tpd She e remm s tams 6h e tews tewe Tens e i cib AN MMEA FL LASE M R UTR MR ST e saer b

™

¢ (1 + 2% (=4 Y KXMEQAKK (ke ) XCOSH2RmRLAMDA) \
oo ) -
C W o= GRRTC(L + KSIGMAXX2IX(L + q.rmm**ﬂxm>) \
C o
C A = 2XGXX0.25% (=) RKMKQXX (MK (o + 5)IKRSINC(2%m + $IXPIXRMUY/n

>

o B o= i-+ 2% (—4 YERMEXGKK MK XCOS{2Xm*P ITXMU) /1 .

T

™ OHM = A/R

C MU = i FQR QDD n

™ = i -~ 0.9 FOR EVEN ®n L= 4,2, .. r

C Vi = SQRT((1 - KXCHMX¥2)X(i - OHMX%2/K)

o

AADCEY = 1/0HMR%2

BAOCLD CCSTOMAXV LI RE2+ (OHM (LI RWIRKD) / CL+STHMARK2ROHM {3 XKD X2

n i

B&s QD) 2RSIGHARV (1) /(1 + (SIGMAXDHMOL) I XX2)
HY = STEMAX Ra0Cid/6A0040) FOR ODD n
= 50, 0KkK(~0, 05XAp Y% BA0 (LY /BA0CID FOR EVEN n

PL o= 3.,1415%
I2 = Q.KATANCL D

e e e e et v e v e o e o v o o v ok 444 e 80 10 “t1F o rre vt e e ore e oo son b i S ks TP 1M U T M it i o e b o o ottt it o i’ S

¥

Get apacificatiaons Far the desired low pass digitel Filrar X
e

7

wee ves min weme emn uem ik rerd e e v 41 ki eE Ses pry rmp me i s tmes s teww iemw tme e rid Ak CALS il LS LA A R VR P by s s s taas ae mmr es s mer e AR rid M4 ki b HE TR L AR T S e ey eis ceme ses oes \k
TTECL, 3510

.ﬂQ”HTffV,":hTER PASS~HAND RIPPLE IN DRS ")

READ (L, %) AP

WRTTE (4,752}

FORMAT(SX, "ENTER ATTENUATION IN GTOP-HAND IN DES™)

READ (5,%) AA

Y

1982/202 RS
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WRITE(L,302)
302 FORMAT(SX,"ENTER PASS-RAND EDGE FREQUENCY IN HERTZ")
READ (4L ,%) FP .
WPR=PT2%FP
WRITE(L,303) .
03 FORMAT(SX,"ENTER STOP-RAND EDGE FREQUENCY., TN BFRTZ")
READ (L, %) A
WRTTE(L,304)
304 FORMAT(IX,"ENTER SAMPLING FREQUENCY IN HERTZ™)
READ(L,XIFS
T = j.-/’l:'g
Wa = PI2%FA :
RATIO = PTANCPITXFPAT) [ DTAN( PII ££A AT)
. WNP = SGRT(RATIO
WNA& = 4. /WNP
C._,_.......-...;.........._........_._..............._...___...._._._ e o e e s o e e e i b AL e e L b o
c - Program to design low—-pass eiliptic filter In S domain *®
[ e o ek e e e o e ot £ e o o S e 1 i e i o e e o e o e+ B
K = RATIC
Ki-& DESRART(L - KXK)
G0 = 0.5%(L - DSARTKAI Y /{4 + DSRRT UKL
i) @O+ Z2KOO0KKS + ISXQOE¥XXK?  + LS0%RQIRKLT
D (40, 00%KK(O . 1XAA) = 40/ CCL0.0)XK(D . LXAP)Y ~ 1D
XN = DLOGT(16%D)/DLAGT (L./G)
No= 0
i0 XN = XN - 4
N o= N + 4
ITFUXN.GT.0 G0 TO 10

oy

IN = M
L it apa e g a v wrY -yt v YD by et v PR feme mme ams tam rmmm e e fr e bmbe e e v LBAA AL v SR AL AL PR FLLI WM Lam fAm FEE PR LPTS S SN MY St s s TET MM A e i e s e e res e ......__._.__.__.._....*
C Calculation of LAMDA ‘ *
(‘J.-......-. ot e veia e sam ees ey e ea Ak was ek A G P et ems s sees mam rmie mmmm mwwe buv bbb rhve oees i i e sowe tee v e e rres G P il WS MM M LA A A W e e _........._..............,..........‘.....,._......._............_*

&
&

CAQ 0 ¥RR(0.05%APY + 4
CLO.G3%x (0. 05%AP)Y ~ i
DLOG(A/RD

I T

C

XN o= FLOATCTND

LAaMDA = C/{2%XND
(3 e e e e ottt o e e 1 o e e S
o Calculation of SIGMA | *
[_,“"“‘ ok He ek e ik i o4 ee et LS LM Ak ehe rbe side b Rk ks CMA M G ke cmm P eRA EC -1 MRS RS ES s TR TS T WM YR s M= e ekt (s 4t m 1mh iR it rear ceei es b beew mee eve e (mad ches e v ceee sme e et o ....._._......._*

S = i

54 o= 0

DO 20 M = 4,5 .

A = (—4.00HK(M - 1) 2

¥l

-
it

HARLPDF - ies2/s202
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QXXM - 1)%M) )

DEXP ((2%M - 1)XLAMDA) -

DEXP (~1.0X(2XM - 1)XLAMDA)

(C -~ Dy/2. -

S 4 AXRXE .

(=1, 0) XXM _

QX% CM%M) \

DEXP ( 2%XMX[.AMDA)

DEXP (-2 . 0XMXLAMDA)

(C + DY/2.0 -
i o= §1 + AXEXE .
ONTINUE -
= 2%G¥*{D . 25)%S
i=i+':)*‘)L
r = §/G1 :
SART((1 + KKSTGHAXKZIXN(L + STEMAXKR/K)Y
N

g iy Bop o Hopob

X;4E€3019[j§)m!3()E?p(ﬂﬁivrjm

300 IN = TN - 2
TECINLST.0Y 30 TO 30 -
IF(INVEQ.C)Y GG TO SO
TFLAG = 4
- S0 . CONTINUE
“ IN = N
TPo= MODCIN,?2
IFCIPLEQ.O0Y 760,740 .
700 YK o= IN/Z2.
GO 70 720
T = (IN - 43/2
DO 90 I = 4,IK

S =0 - )
SERE : i
TF(IPLER.0)720,73C

ML =T
\\MJ/ GOoTO 750
A3 MU =1 - 0.5
50 DO 60 M o= 1,5
O o= GH(-43KKI(M - 1IRQRKIMRIM - SOIIEXDSTNCC2%M — 43XPIRNMU/ARND
B = Gt (i) KKMKORE (KM RDOOS (RKMKP TRAL/XH)
S0 [ wrtwm
C =

Si = 4 + 2%S1
[l

= 5761
Vo DORMRTL(L ~ KEROQHMEKKDIR{L —~ OWM XQPM/K))

LY |l

ARLPDF . ’ “3 - isaa/R02 1551
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AADCTD
BAGCTI)
BAL (1D

1/ COHMXOHM) ‘ .
((SIGMAXUIXRXZ + (OHMRWIXX2) /(1 + (STGMAXDHM) XKD ) XKL
{2XSIGMAXVY /(4 + (SIGMAXOHMIXXZ) ®

mop Hop

8§ = 1 .
DO 460 I = 1,IK
S = SXEAOCI)/AADCD)
100 CONTINUE
IFCIP.EQR,.0)800,810
800 HO = SXK(10.0)XX(~0.05XAP>
CGD TO 820
840 HO = SIGMAXS

[:........‘._..__......__._.........._...._..................,,.._A..........._........,..................... i OO O OO S T T R TR §
c To account for warping effect due teo bilinear transformation X
C S domain frequency Ls prewarped by the formula n
C : T WI=2 TRTANCWDXRT 2) ' K
( e e e e v e o o e 7 e 1 o o 1 o e o 2 1o e 11 e e e o e e 1 S S e e o o b e e 2 1 e 1 1m e e e e S

A2 WD = DSGRRT(WP¥A
©WT = (2L0/TIREPANCUDXT /2. 0)
LAMDASL = 1. /UT

i‘:"._.-..._...._..__‘... e hae e e et e (et aan bt e e wm i mm orw b e taen vme e (e mre m orn e v Swen thve e me bG48 1bes L4 L8 b Sk ek s A TH A A W AN Lm 4R ks A St H e e e e o e e ....,_*
C Reference page 131 low-pass to low-pass transformaotion _ ®
= WNC = gutoff freguency of normalised filter X
G WC = 4.0
C‘..‘ T T T e VT R e I T TSR e N P PP
c Effect on Filter coeff due to freguency scnoling *
[...... Nt L s AL ok Ak L AR i G s o e AL L i St Lt 858 fhea Fen e T S S P e e R A e e e T o e e e e e o e e e e et ek e o e s et e e b e s em e i w3

DO if I = i,7TX

AATO(LY = aal (T /7 (LaMDALRRD)

BEATO(IY = BADCIY/eLAMDALRRZ)

BATL(I)Y = RBAL(I)Y /ZLaMDAL

11 CONTINUE ‘ )

WG = HO/LAMDAL

S5IGHA = SIGHMA/LAMDAYL
(:.,......, o imt e vt v vy b T v v v e o i e v e 4io4 <o cmon Arss e omm e teem <ot eut o e i owe = Aud i A che L Wm e e mw ee e M PR e e Em W e em me mes e e e e ene e omn e e oas e
c S domaln to Z domain transformation using bilinear X
i transtformatioen : .
o Formielae used from page - i8% ANDREAS ANTONIOU ®

DO 2L T = 4, TK -

COCTy = BATO(Y) & (2LORBATI(INY/T + &£.07(T%T)
ALDLTY = (BATICIY + 4. 0/7{TRTHYHY/CCCDH
ALALTY = 2.0%CAATOCIY - 4, 0/CTXxTH) /00000

LHRLPDF ieg2/202 1i%:%9
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10410

1004

39

36
it30

3B
1028

3000

357

2000

3
E

R o

- ' 1982/202

BLOCTS (BATOC(IY — Z2%BATL(I)/T + A/7(TRTHH/CCLD)
BLACIY) = 2.0%X(BATO(I) — &/CTXT)/CC(T)

CONTINUE .

IF(IP.ER.0)1004,4040

ARLDE = T/(2. + SIGMAXT)

BELO = aalo

CCLO = (2. - SIGMAXTI/(Z. + SIGMAXT)

WRITE(L,39) (ALOCI),ALL{IY,BLO(I),RLACID, T = &,1IK)
FORMAT(LX,4(F10.7,X))
WRITE{L,36¥HL0
FORMAT(LX, "HLLG = ™, F10.7)
IF(IP.EQ.D3>4020,4C30
WRITE (4,38)aAL0,RBRL0,CCL0
FORMAT (4X, "AALD ERLO CCLO = ",3(F10.7,X))
CONTTNUE -

DO 3000 I = §,1K

ARG (I ALOCT)

ADL (L) ALLICT

BDO I BLOCD)

B3I (I BlL.i (1)

CONTINUE

WDE = HLO

AADE adLll

BRDO BELD

CCho CCLG _ -
Get pameter values Faor NDATA , NOFRE , DELF

ff

il

i

0o i

WRITECS,2000)
FORMAT(SX, "ENTER, NDATA™)

“READ(4,%) NDATA

2040

w02

2030

LV Y
Sl

C

HRLPDE

WRITEC(L,20100

1%:50

FORMAT(SX, "ENTER NUMRER QF FREQUENCY COMPONFNTS FOR REGPONSE™)

READ (4, %) NOFRE
WRTTE(L,2020)

FORMATOAX, "ENTER FREQUENDY STEP FOR RFSPONSE COMPUTATION™)

READ{L,%) DELF :

GET SAMPLING INTERVAL

WRITE(L,2036)

FORMATCAX, "ENTER SAMPLING INTERVALL IN SEC™)
READCL,xOTP

Initialize freguency counter to i

n -
g.xaTan(l )

T2
PI2

i #

- i24¥f
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Cx Initialize DI % DG buffars

164 DO 440 I = §,IK
DO £20 J = 4,3
DLICL,T) =
120 CONTINUE
£10 CONTINUE
DO 430 I = {,1K
DO 140 T = 1,2
DLOCI,JY = 0.0
140 CONTINUE :
130 CONTINUE -
DO 441 I = £,S
DC 42i T = 1,3
DHICL,J) = 0.0
121 CONTINUE
114 CONTINUE
DO 135 I = 1,5
DO 4143 T = 4,2
DHO(I,J) = 0.0

6.0

1414 CONTINUE
131 CONTIRUE
. C
~- o Generate input signal sampled at L4 HL
(™ 2
G Thitigize simulated time intervol counter ta 0
iN = ¢
145 XH = DFILLFRFLOAT(INZ?
IFAXH ER. D) 146,147
147 KXMN = IN .
IFOIRZ GF.9200 149,193
i49 DATA = SIN(PI2XXHEXXNETP + PTI2/4.)
‘ GO TO 148 ¢ -
153 AN = TN ,
DATA = SIN(PI2KXHXXUNKTP)
-~ g GO TO 148 S .
146 DaTa = 4.0 : *
148 XCIN + 13 = DATA oy
£ ’
(M Filter the T/P signal through 2 and /2 stage LP filter
c stage means second order - - L.
C
DO 150 J = 4,71K .
ARLPDE : T

1982/202 1%

ul
93]
o

- 125-



P ARLPDF | Y. 1982/202 15:50

160

150

5068

3350

164

i%4

LRLPDEF

DO 160 1 = 3,2,-1

DLI(J,I) = DLICJI,(I=1))

CONTINUE ) : B
DLICJ,4) = DATA '
DATA = ADO(JIIXDLICT, 1) + ADL(JIXDLI(T,2) + ADO(J)*DLI(J,3)
DATA = DATA - EDL(J)*DLOCT,1) - EDOCIIXDLOCT,

‘DLOCT,2) = DLOCT, 1)
DLOCT,1) = DATA
CONTINUE
LFCIP . EQ. 0) S850,5060
TL2 = TLA
TLL = DATA
DATA = AADOXTLL + BEDOXTLZ + CCDOXTL3
TI.3 = DATA

XY = HDOXDATA
DO 151 IJ = 4,2
DO 464 II = 3,2,~1
DHICIT,TI) = DHICIJ,(II=1))
CONTINUE
DHICIT, ) = XY :
DATA = AWGCIIIKDHICIT, £y + AHLCT IYXDHT (LT, 2) + AHOCITIXDMICIT,3)
DATA = DATA - mHi(TJ)*DHO(II,i) = BHOCTJ)XDHO(IT,2)
DHO(IT,2) = D%O(TI £)
DHO(IT ﬁ) = DAT

CONTT Wh
TH2 = TH4
. THE = DATA
PATA = AAHOXTHL + BRHOXTHZ + CCOHOXTHS3
TH3 = BaTa
IN = IN + 4
YOINY = DATA
YCINY = XY
LFCINONE . NDATA)Y 145,300
. ¥
Firnd RMS of input and output signal ,then compute TFrequency 4
versuys ampllitude respanse for the filter, - _ .
X
SUHt = 0.8
SuUM2 = 0.0
DO 200 I = 1i,NDATA
SUmt = SUML + XCII%(X(LD
SUMZ = SUM2 + Y(IIXRY (I}
CONTINUE |
WRTITE(L,334:5UML, SUM2
n 1932/202 1%:50
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331 FORMAT(LX,2(F10,5,X))
SUM4 = SUMi/FLOAT(NDATA)
SUM2 = SUMR/FLLOAT(NDATA)
AINPUT = SRRT(SUMLD . L
ADQUTPT = SERT(SUM?)
IFCIK2.EQ.100) 304,340 ‘ ~
J01 WRITEC(L,38CLH AOUTPT ATNPUT
30014 FORMAT(iX "A0UT AINPU* “,2CF20, iS X))

318 RESPNS(IKE + 1) = “0.*ALOGT(AOUTPT/HINPUT)
IKE = IK2 + & ‘
IF{IKZ.NE.NOFRE)Y 404,210 s

C L

53K 3K 3K 0K o SR S SRk 3K 3K 3K 3K 3 K 3K 3K 5K 3K DK K 2K 3 K K 3 3K KK 5K OK KK R TROKE K 3K K 5K KKK ROK 20K KKK 3K CK K OISR KRR K
CHRXX Module #8 FOROK K KOR KKK KK Y
Ckxx  QDobtain GEDAP. ocutput file name and create data File REROCKKERCKRXK
CREX AR RCRCKRKOR AR KRk R
C*****