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Abstract_

An area measurement system employing a one dimensional
photosensitive array, with inter-element spacing of § = 3cm
is described. A mathematical formulation of perturbation
applied to length & area measurement and contour detection is
reviewed and presented. A description of the proposed
experimental system is given. An area measurement error is
defined and applied to the projected object images. It is
found that static images (no perturbation) produces,_
considerable error. It is then found that the application of
a one dimensional sinusoidal image perturbation greatly
reduces the area measurement error, while triangular image
perturbation is optimum and theoretically results in zero
error. Some practical applications of the system are
suggested.
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1 Theoretical Effect of Perturbation on Measurement

1.1 Introduction

Photodiodes and phototransistors are currently being applied
in many fields to convert optical signals into electrical
signals [5]. One application of these devices is in the area
of electronic instrumentation. The basic limitation of these
devices is the binary nature of the receptor elements which
cause the receptor to have non-linear characteristics.
Through signal perturbation, a method in which an extra
signal of higher frequency is added to the input of the
receptor, the non-linearity can be minimized and the accuracy
improved.

A considerable theoretical work has been done on the
improvement of array system behaviour using image
perturbation for measurement of position, velocity, center of
mass, length, area and also for detecting image boundaries
[1],(3),[4],[5]. However, very little experimental work has
been reported so far [2].

The purpose of this thesis work is therefore to present
experimental results which verify perturbation theory as
applied to the accuracy of area measurement. The experimental
system employs an x-y recorder as a scanning unit. A
phototransistor array is fixed, instead of a pen, in the pen
holder of the recorder. During a scanning process, the array
sweeps horizontally, and for each horizontal position, the
array is perturbed vertically. As the array is perturbed, the
output of the phototransistors is recorded and averaged by
the microcomputer. This intermediate result is the length of
the line image sensed by the array for a given x-position and
stored in memory. Because the measured line length ¢ varies
with the shape of the object, strip lengths are registered
serially from the time the array sense the object till the
scanning operation is completed. Since a two dimensional
image can be considered as an ensemble of infinite number of
vertical lines, at the end of the scanning operation the
microcomputer starts to compute the area using Simpson's
algorithm from the length information so far gathered.

An area measurement error will be defined and will be used as
index of performance, in measuring object area projected on
the array. The defined performance index will be computed and
compared for two modes of operations: static image, and
perturbed image with different level of perturbation.
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1.2 Description of Perturbation Theory

The technique of altering the input-output characteristics of
a non linear system through the use of a perturbation signal
has been employed for some time. A convenient theory was
developed [2],[5] which described the effect of perturbation
signal on non-linear systems. This effect is most easily
understood in terms of the equivalent input output
characteristics in the presence of perturbation signal.

Bsin (8t)
Non - ,__é).‘ Kon = Filter e—01o
A, Linear System A, A R Linear System . A,

(a) (b)

Figure (1.1) General non linear system and
addition of perturbation signal

Figure (1.la) shows a general non-linear device with input A;
and output A,.

A, = f(a) (1.1)

where f(A;) is a non linear function of A;,. In figure (1.1b) a
perturbation signal BSin(ft) is added to the input, and the
output of the non-linear system is filtered. The frequency f
is large compared to the highest frequency of A;, and the
filter is such as to greatly attenuate all frequencies
greater than those contained in A,. The output of the
non-linear system can be expressed as a Fourier series.

With the assumed filter, the following equation can be used
to determine A;:

2%
S
= __E_ . 7
A, > l'f(A1+331n(ﬁt))dt (1.2)

Here A; can be assumed constant over the period of 27n/f,
since B is large compared to frequencies contained in A;.
Equation (1.2) can be used for computing the altered input
and output characteristics simply by letting A, to vary
through its range and computing A, for each values of A,.
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1.3 Perturbation Theory Applied to Measurement of
Length and Area

1.3.1 Measurement of Length

Figure (1.2) shows the system used to measure line length
using one dimensional receptor array. Only one row of array
element is shown for simplicity. The output of each element
is quantized by threshold gate to "1" or "0", before going to
the summing block. The dimension of the single receptor
element is assumed to be m x m. In the analysis that follows,
the active area of each element is assumed to be much smaller
than the dead space (element separation) §, and the array is
treated as a matrix of light sensitive points. Figure (1.2)
shows a line image of length : coincident with an element row
of infinite extent. The left end of the line lies beyond the
element designated as the origin by the amount ag§, where 0 <

a < 1. With no image perturbation the output of the system is
shown in figure (1.3).

o Element |

Threshold
gates

System Output
Figure (1.2) Length measurement system

System Output (volt)

]

(1-a)  (3-0) (5-a) X
Length(%)

Fig.(1.3) Length measurement system output
with no image perturbation

Now let the line be perturbed in a random manner about its
steady state position. The position of the left end point is
aé + x(t), where x(t) is the value of the perturbing signal,
and it is a random variable. The system output is the average
of the sum of the quantized element output. The average
output of an element is directly proportional to the
probability that the line covers the element. Hence for the
origin element in figure (1.2), we have,



-ad
p, = ff(x)dx (1.3)

-ad—

where p,is the probability that the line covers the origin
element and f(x) is the probability density function of the
perturbing signal. For element i we have,

(i-a)é
p; = f f(x)dx (1.4)

(i-a)é—

If the output of each threshold gate is 1 v, the system
output in volt is,

S(,a,£,8) = )Y p;

® (i-a)d (1.5)
- E[ / f(x)dx]

i=-=\(1-3)31

In general, for a given line length the system output will
depend on §, f(x) and a. However, for : = n§, where n is a
positive integer, it will be shown that the system output is
independent of a and f(x). For ¢ = né§, we have from equation
(1.5),

I=-c0

(i-a-n)8

e (i—a)b
S(nd,a,f,8) = 2:[ f f(x)de (1.6)

Expanding equation (1.6) for i = 0, 1, and 2 yields,

(1-a2-n)38 (2-a-n)8 -al
S(nd,a,£,8) = [ flodc+ [ fldx+...+ [ £(x)dxs
(-a-n)38 (a-a-n)8 (-1-a)d
(2-a-n)8 (3-a-n)8 (1-a)8
f(x)dx + f F(x)dx +...+ f £ (x) dx+
(1-a-n)8 (2-a-n)8 (-ad)
(3-a-n)8 (4-a-n)38 (2-a)8
fx)dx+ [ flxdx+...+ [ fladx
(2-a-n) & (3-a-n)d (1-a)8

(1.7)
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In equation (1.7) the integral for each value of i has been
written as a sum of n integrals. It can be seen that in
taking the sum for all i, equation (1.7) contains n columns
of each with an infinite limit of integration. The sum of all
the integrals in each column, however is just,

]f(x)dx (1.8)

If f(x) is the probability density function then equation
(1.8) equals to 1, and we have,

S(nd) = n (1.9)

fixed f(x) passes through points ¢ = i§, S i. To see the
behaviour of S between values ¢ = ié§ and . (i+1) 8§ requires
that f(x) be specified. A zero mean gaussian distribution was
chosen for illustrative purpose. The mean of the random
process has no consequence in this application. The normal
density function is,

Equation (1.9) indicates that the curve of S versus (:, for

(=) (1.10)

Inserting equation (1.10) into equation (1.5), we get,

= (i-a)é

1 _1(5y
S(v,a,f,8) = 2: e 2\7) gx (1.11)
i="= | (j-2)8-1 OV2T

Ignoring computation when the limit of the integral exceeds
40, and normalizing line length ¢ and o with respect to the
connector separation §,

(1.12)

i-a
i-nx ®n __];xz
S(,,a,0,,8) = Y f 1 e 2% gx (1.13)
1=T4n| 1°a-, V2n



where,

g = [a—4gnj I [a+4gn+1n] (1.14)

and
|x] is the smallest integer greater than or equal to x

ﬁ{] is the largest integer less than or equal to x

Equation (1.13) was used in a computer program (see appendix
B) to evaluate system output S versus (, with a and o, as
parameters. Figures (1.4a) - (1.4c) show length measurement
system output versus line length for values of a =0, %, %, %
and for three values of 0. For the smallest value of o,, the
curve approximate the stair case function obtained with no
perturbation. As o, increases, the curve degenerate into a
straight line that is achieved for all practical purposesfor
0, > %. For o, greater than %, it can be concluded that length
measurement is essentially independent of image position on
the array and a nearly linear relation exist between length
input and system output. In this case, the output of the
system can be approximated by,

S(v =, % (1.15)
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1.3.2 Measurement of Area

Figure (1.5) shows a rectangular coordinate system
superimposed on matrix of elements. An arbitrary area A is
shown projected on the matrix. Area measurement is
facilitated with the system in figure (1.5) by randomly
perturbing the image in the x and y direction simultaneously.
In the analysis that follows f,(x) is the probability density
function of the perturbing signal in the x-direction and
f,(y) is the probability density function in the y-direction.
It is assumed that the x and y perturbations are independent,
so that the probability of the composite perturbation signal
lying in the range x, x+dx and y and y+dy is f;(x)f,(y)dxdy.
The analysis is kept general by assuming that the image is
bounded by two single valued functions of x, g;(x) and g,(x).
The extremities of the image in the x-direction are x; and x,
as shown in the figure.

y

E . e - —_j_é'_%zl-:[

> B T

Figure (1.5) Square array of elements

The same approach used in the precéding section for length
measurement is used here to determine the output of the area
measurement system. The average output of element i,j is
directly proportional to the probability p;; that the image
covers the element and the system output is the sum of all
the probabilities. The development is started by deriving the
probability that a general element is covered. Referring to
figure (1.5), the probability is determined by finding that a
different strip of image covers the element and then by
integrating over the entire area. The probability that the
strip covers element i,j is given by,

ja-g]_ (x)
£lid-x) [ HOndy (1.16)
J8-g;(x)

The probability p;; is found by integrating the above
expression between the limit x, and x, as,

2 }4 jb_gl(x)
e ffl(jﬁ-x)[ fz(Y)dy]dx (1.27)
Xy

j8 -9z (x)
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The system output is the sum of the individual element
output, that is,

S(A) = Epi’j
~ o X2 Jd-g; (x) (1.18)
= Y ffl(ib—x) £,(y)dy| dx
iz—nj:_m’ﬁ J8-g, (x)
Rearranging equation (1.18) yields,
w X2 - ja‘gl(x)
s@) = Y [£u8-0| Y, [ fndy|dx (1.19)
=y J=-= j3-g,(x)

The expression within the bracket in equation (1.19) is
equivalent to the right hand side of equation (1.5) with aé
g;(x) and aé+: = g,(x). Hence, if f,(y) is a Gaussian density
function with o, = %§, then the expression within the bracket
can be approximated by the line length,

Il

%(gz(x) ~g, (x)) (1.20)

making the substitution yields,

'y ]

s(a) = %E xffl(ia—x) (g, (%) -g, (x)) dx (1.21)

J=-o

It remains to show that equation (1.21) is directly
proportional to the image area which is,

A = f(gz(x) g, (x)) dx (1.22)

Xy

To test the system response, a circular image is selected.
For a circular image, equation (1.21) reduces to (see
appendix C),

s Ghasy

s = Y f20nof1(i6—ox)(\/rg—(x—c)z ) dx| (1.23)

Inin \ c-r1,
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where,
_1/ i8-0x\2
£ (i8-0x) = —1_ o 3{Te) (1.24)
o/2xn
and
I = log(c-r-4)] ; i, = lo (c+r +4)] (1.25)

Equation (1.23) was used in a computer program (see appendix
D), to evaluate the system response S(A) for three values of
0, in the x-direction. The circle center is coincident with
an element although it was found that for o, > % system

output was essentially independent of the placement of the
circle.

Figure (1.6) is a plot of the square root of the system
output versus the radius of the circle r. Again computation
was terminated when the limit exceeds 40. Just as the length
measurement case 0, > % results in a nearly linear output.
For this range of o, and with normal perturbation the system
output can be closely approximated by,

A
S(A) = 52 (1.26)
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1.4 Perturbation Theory Applied to Image Boundary Detection

1.4.1 System Description

Image perturbation has also application in the improvement of
the accuracy of image shape determination [1],([7]. A linear
sensor array system is used to detect contour of various two
dimensional objects of uniform intensity. The system consists
of a linear array, a signal processor (Microcomputer) and an
output indicator (x-y plotter) as shown in figure (1.7). The
array system converts the optical energy of the object image
into an electrical video signal. The video signal is
integrated and then quantized with one bit, before being
processed by the microcomputer to yield the contour
information of the image. This information is then plotted by
X-y plotter.

— — — ~1
Array Integrate + Quantize Weight Sum !
]
i
| =y
Add & Memory |
1] Subtract ¢ Serage :
| Bremeeniemmerme e i et oy
x=y
Ploiter

Figure (1.7) System block diagram

The coordinate determination for each point on the contour of
a given two dimensional image is accomplished in the
following way. The quantized signals are first weighted "1"
as shown in figure (1.8a), the signals are then time averaged
by the microcomputer. This intermediate result is then the
length of the line image sensed by the array and is saved.
The weight of each element is then set according to its
y-coordinate as shown in figure (1.8b). The change of weight
from figure (1.8a) to figure (1.8b) can be done automatically
through software. The signals are again averaged by the
microcomputer. The result is the moment of the line about the
X-axis. This is divided by the stored line length to obtain
the y-coordinate of the centroid. Knowing the centroid and
the length of the line image, the y-coordinate for both ends
of the line can be calculated and plotted against the given
x-position. The entire contour is plotted when the linear
array is swept in x-direction completely across the image
plane.

1.4.2 Contour Generation with a Linear Array

Assuming that the active area of each element in the linear
array is much smaller than the element separation §, and the
array is treated as light sensitive points, the quantization
of the object image by the array introduce error. The error
is a function of image shape, complexity, and location of
image pattern with respect to the array element matrix. In
order to reduce this quantization error, random image
perturbation is used.
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Figure (1.8) shows a line of image to be detected coincident
with the array elements which are assumed to be infinitely
long. The length of the line is assumed to be i:. The bottom
end of the line lies above the element designated as the
origin by the amount aé§ where 0 < a < 1. Now let the line be
perturbed in a random manner in the y direction about its
steady state position. The position of the bottom end is aé§ +
y(t) where y(t) is the value of the perturbing signal and is
a random variable with respect to time t. The average output
of an array element is directly proportional to the
probability that the line covers the element, the output of
each array element is purely weighted; hence, the probability
that the line covers the array element i multiplied by W, is,

[————-- Element |, I———m-*?- Element |,

l ()™ Weight W, l [] (4) = Weight W,
3 [ (3)
S (w110 Fi; (2
{[ 3w 3
194 /) - ﬁ —_(9) .
X-axis X-axis
X ) TA 3 «-n
i) e [ (-2)

(a) (b)

Figure (1.8) Weight arrangement for
(a) Length measurement
(b) Moment measurement

(i-a)8
M, = f W, £(y)dy (1.27)

(i-a)d—

Where i and W; are integers or zeros, and the random
perturbation function is assumed to be gaussian with zero
mean as,

fly) = 2 e-%(%) (1.28)
OJV2T

The system output M, which is the moment of the line about
the x-axis is the summation of the response from all array
elements.
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- T

i=-0ce

(1.29)

(i-a)d
= E[ f Wif(y)dy]
s (

1===\(i-a) 8

If the output of each element is weighted "1" as shown in
figure (1.8a), the system output indicates the length of the
line ¢ and reduces to,

, (i-a)8
T o= 2:[ f f(y)dy) (1.30)

I=—e\ (i-a) 8-t

Knowing ¢ and M, the centroid of the line can be obtained as,

Vv = A‘f (1.31)
The y-coordinate of the top end of the line is,
y, = ¥+ % (1.32)
and that of the bottom,
7 s T (1.33)

As the array element sweeps across in the x-direction, a set
of y, and y, are generated with respect to the given x -
coordinate. These values are then plotted on an x-y plotter
to constitute the contour of the two dimensional image under
detection.

In order to test the accuracy of the linear array systen,
some simple image shapes were selected as examples. They were
a circle and a diamond. Contour for each image shape were
generated using equations (1.27) through (1.33) and plotted
in figures (1.9) and (1.10) for three values of o, where o is
the standard deviation of the random signal (see appendix E
for program listing.) It is seen from all the examples shown
that increasing o results in better detection accuracy.
Almost perfect contour detection was obtained for the two
geometric bodies considered when o was set equal to one half
of the array element separation §.
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2 System Description

2.1 Hardware Design and Construction

The complete area measurement using a microcomputer as a
controller is shown schematically, in term of functional
modules, in figure (2.1). The functional modules can be
_categorized into three major sections. These are:

. signal processor (Microcomputer) section
. transducer and interface section, &
. perturbation section.

Since an almost continuous scanning of the object by an x-y
recorder is adopted in the design system, instead of a matrix
of phototransistor array, the system designed is particularly
suitable for the measurement of small area. The principle of
operation and detailed system description, along with the
interfacing circuit are discussed below.

2.1.1 Ssignal Processor (Microcomputer) Section

The main function of the signal processor (Microcomputer)
system is to receive the electrical signal from each receptor
element and to sum and pass it through a digital low pass
filter so that only the average value remains. The
microcomputer also selects the type of wave form, triangular
or sinusoidal, that is used as a perturbing signal. The
signal processor system consists of three circuit boards.
Figure (2.2a) - (2.2c) show the schematic representation of
the microcomputer system. The Central Processing Unit (CPU)
is Z80B microprocessor. Although other types of
microprocessor can accomplish the same task, the Z80B
microprocessor was selected mainly because of the
familiarities with the chip and its programming language.
Also, the cross assembler for the Z80 was available. The CPU
board which has a capacity of addressing up to 64k words of
memory and 256 input/output .ports was constructed with EPROM
and RAM board and a few supporting components. It is operated
at 5.0MHz clock frequency using a 10.0MHz crystal oscillator.
The EPROM provides 16K bytes erasable and programmable read
only memory and the RAM also provides 16K bytes random access
memory (RAM). The printer adapter board contains two output
and one input ports. The allocation of the input/output port
for the various functions are as follows,

a) Port address 00 is used to input the four bits
status lines of the printer. These are:
BUSY, ACKNOWLEDGE, PAPER OUT, and ERROR.
b) Port address 01 is used to output the data
to the printer.
c) Port address 02 is used to send the strobe signal
- to the printer.

The microcomputer system was assembled according to the above
description after it is designed and tested using the RS
488-618 laboratory prototype board.
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2.1.2 Transducer and Interface Section

The purpose of the transducer and interface section is to
convert an optical signal that exceeds the threshold value of
the sensor into an electrical signal. In figure (2.3) the
schematic diagram of an eight element receptor system is
shown. The system will be described with the aid of this
diagram.

2.1.2.1 Sensor Circuit

The photosensitive element used in this circuit is the SFH
309, 100mA silicon phototransistor. Eight such sensors were
mounted on a special printed circuit board with a separation
distance § of 3cm. The output of the sensors were picked and
fed to the interface circuit by a data cable as the sensor
array sweeps across the object. In the circuit of figure
(2.3) the sensors are part of the bias network for the BSX-19
switching transistor, so that with no light on the
phototransistor, it is essentially an open circuit. In this
condition the output which is taken across the emitter
resistor is almost zero. Increasing the light on the sensor
decreases its resistance, and the sensor turns on giving an
output greater than zero. Because the phototransistor has a
low current limitation (EﬁA) and may have to be matched to a
low input impedance of the second stage, the transistor is
used in an emitter follower configuration.

2.1.2.2 Threshold Circuit

The output from the sensor circuit is applied to one of the
input of the voltage comparator (TDB 193) in the next stage.
Connected to the other input of the comparator is a variable
dc voltage. This voltage serves as a threshold voltage. The
threshold voltage is determined by assuming that the output
of the sensor circuit is linearly related to the percent of
the sensor element's surface covered by light, that is for
threshold of 0.5, the variable voltage is set equal to 0.5
times the maximum of sensor circuit output. The voltage
comparator has a very high gain so that any input drives the
amplifier into saturation. As soon as the sensor output
exceeds the threshold value, the voltage comparator will be
saturated. The output of each voltage comparator has an
absolute value of approximately 5V, which is at TTL level and
can be interfaced directly with TTL circuit.

2.1.3 Perturbation Section

The perturbation section of the system is concerned with
moving the phototransistor array back and forth across the
object surface. It is necessary that the amplitude and
intensity of the signal should be controlled closely. For a
perturbing signal, a sinusoidal and a triangular waves were
chosen both for their convenience and ease of reproduction in
the laboratory. The microcomputer is programmed to generate
one of these signal at a given time.



26

o e e

vcec

o ~
0 o |0
N im
B |ee i
N %s” ]
i i H
- Oi¥w NODNONSO g
3 O NI >>>>>>>> KN
a3l

ilc

R

wHixtixd 4.“4.~¢.~

P

vcC
O
R10 ;

Transducer & Interface Board

/cco—

)
[}
< O B7,ﬂ
< ~
N | m i
« a] = 2
3 = ssecoe I /\F
o <
0 N 5_ ©
[ N NN N L i
i
{
3 0 g “
b o o e
N > o N
o o m
i hid T
_ o—p L

L3 i
R R T T T e
R e e e e
B E R e e R e
N N Y N V. .
v 27 77 79 74 74 79 74 w.wm

Fig. (2.3)

e —




i e g o g 4G

2/

The system employs the ROHDE & SCHWARZ model 290-2016-06 x-y
recorder as a scanning unit. A phototransistor array instead
of a pen is fixed in the pen holder of the recorder. The
recorder is driven by a special interface circuit, whose
schematic diagram is shown in figure (2.2c). The circuit
consists of a quad 8 bit digital to analog converter 7226KN
(RS 300-388) and an LM 351 operational amplifier. Their main
purpose is to provide a bipolar symmetrical perturbing signal
through one of the channel and a staircase (ramp) wave form
which is synchronized with the perturbing signal, through
another channel. The image pattern is perturbed sinusoidally
or triangularly in the vertical direction with high frequency
and simultaneously move in the horizontal direction with low
frequency. The frequency of the vertical motion is assumed to
be very high as compared to that of the horizontal motion.
This ensures that the x - position of the image is
essentially constant during one vertical oscillation. The
ramp and the perturbing signals are then sent to the x and y
inputs of the recorder respectively to produce the scanning
pattern shown in figure (2.4). The back and forth excursion
of the sensor array is closely controlled by the V/cm
amplifier, which is built in the recorder.

A light source is fitted beneath a transparent glass sheet
and over it the eight phototransistors mounted on a PCB board
can be moved freely. The glass sheet serves as a platform for
placing the object under measurement. During the scanning
process the phototransistor array is moved on the x-y plane
as shown in flgure (2.4). The phototransistor doesn't conduct
as long as it is covered by the object and start%to conduct
when it is uncovered or exposed to the light source. It is
clear from the scanning diagram that the object is
effectively divided in to many strip of equal width. Each
strip can be represented as a rectangle of A units of width,
while the length depends on the object image. The area of the
object may be computed by knowing the length of each strip.
The strip length is measured by perturbing the sensor array
in the y-direction. In the design system, strip length- are
registered serially from the time the phototransistor array
senses the object till the scanning operation of the object
is completed. At the end of the scanning operation the array
is returned to its initial position and the microcomputer
system starts computing the area employing Simpson's
algorithm from the length information gathered. The area of
the object scanned will then be printed on the printer.

2.1.4 Testing the Functionality of the Boards

The complete hardware setup consisting of four circuit
boards, viz, the CPU board, the memory board, printer adapter
& recorder driver board and transducer & interface board,
were installed in an aluminum chassis. Before installing,
these four microprocessor controlled system components, they
were tested 1nd1v1dua11y for continuity, shorts and their
functionality using Tektaonix 465B Oscilloscope and HP 1650A
Logic analyzer. The transducer & interface board was tested
by exposing the individual phototransistors to a torch light
and measuring the voltage at the emitter leg of the

T — 3 P PR S e (T e P P R | e e e poge T = e = =
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corresponding switching transistor. The threshold voltage was
set first by measuring the emitter voltage of the transistor
while the phototransistor was fully exposed to a light
source. The voltage recorded at this time was 1.5V. Taking a
threshold value of 0.85, the potentiometer voltage was set to
a value 0.85 times the maximum sensor output, i.e. 1.5 x 0.85
= 1.30V.

o — . @ s .--1 -

el A b

Figure (2.4) Scanning pattern of the recorder
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2.2 System Software Design Detail

The software development proceeded concurrently with the
hardware design and construction. The problems encountered
during the hardware development may well call for substantial
software modification like the inclusion of a delay
subroutine rather than a timer circuit in the hardware. The
software is divided into three distinct phases which are
described in the following three sub-sections.

2.2.1 The Production of Flow Chart

In this stage of the software development, a logical
sequential flow of the program is drawn bearing in mind that
the area is computed from the length information and the
length is measured by averaging the sensors output while they
are perturbed back and forth. The program starts, see figure
(2.5), with the initialization of the:

. stack pointer (SP) to 0000 Hex, end of RAM.

. position of the recorder pen to (1,14), which is the x & y
position in cm as read from the scale of the recorder.

. register pair (de), to point to the base address of buffer
#2, which hold;strip length.

Once this is done, the microcomputer sweeps the array
horizontally in step, with step width A = 0.1 cm, until it
detects the object. When the object is detected, the
microprocessor records its x coordinate. At this x position,
the array is perturbed vertically, and for each vertical
position the array assumes, the microcomputer takes the
sensors output and stores it in a contingent buffer, buffer
#1. The signal processor then operates on buffer #1 to
compute the average length of the image at that x position.
This intermediate result is the length of the line image
sensed by the perturbed array and saved in a separate buffer,
buffer #2, and the length counter, count_ 2, is incremented.
Next the pen holder of the recorder moves a step to the right
and the average length of the object at this new x position
is measured. This new average length is stored consecutively
in buffer #2, and length counter is also incremented. The
above procedure is repeated until the scanning operation is
completed. The microprocessor then calculates the area from
the length information which is stored in buffer #2 using
Simpson's algorithm and the result is sent to the printer.

2.2.2 The Translation of the Flow Chart into Z80 Machine Code

The assembly language program was keyed into IBM AT
microcomputer and compiled. This compiled program is in
object code which is then converted into hexadecimal code and
then finally into binary code for programming the EPROM. The
program in hexadecimal code is in fact a machine code
acceptable by the microcomputer. The hexadecimal program is
listed in appendix F and is stored in a three and half inch
diskette to facilitate documentation and further program
modification.
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2.2.3 Testing the Program

The testing of the software is in fact the testing of the
whole microcomputer system including the hardware. The
testing was done piece wise, i.e. individual hardware and
software modules were tested to determine whether the input
output behaviour conformed to design specifications. The
perturbing software together with the recorder and the DAC
was tested using the special test routine. The test program
for the sinusoidal perturbation is shown below:

dac_2 : equ 13h ; channel #2 of DAC
data length : equ 179

org O

1d sp, Oh

jp  100h

org 100h

test perturb : 1d iy, sinusoidal
1d b, data_length

load pointer with
base address

e Wme wo

repeat : i a, 10 set recorder speed
call delay
call m vertical perturb vertically
inc iy increment pointer &

djnz repeat
jr test_perturb

repeat until all
data are out

e WMo WMo W We We wo

m vertical : 14 a, (iy+o) load a with data
out (dac_2), a send it to channel
ret # 2 of the DAC

The same program was executed using triangular signal and the
motion of the recorder was observed. The delay routine is
included in the program to synchronize the high execution
speed of the microcomputer and the slow motion of the
recorder. A test program was also written to test the
individual sensor output together with the corresponding
threshold circuit. Next, the printer adapter and the printer
were tested by sending ASCII code to the printer port #01.
The routine which test the printer adapter is shown below.

sta_port : equ 07h ; status port
str port : equ 02h ; strobe port
data port : equ O02h ; data port
org O
1d sp, Oh ; SP:= 0
test printer : jp 100h
org 100h
wait : in a, (sta_port) get printer status
bit 1, a is printer BUSY ?

jr nz, wait

1d a, (hl)

out a, (data_port)
out (str_port), a
ret

if yes, wait

get data to print
send it out
strobe the data

e ™o W W Wme W

After these testing, a stage is reached where all the
components modules were linked together into a whole system
which again was tested for functionality to verify its input/
output characteristics.
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2.3 Performarnce Testing of the Whole Microcomputer
Control System

The final phase of testing placed the system with complete
and wholly integrated hardware and software components in its
working environments connected to the transducer, the
recorder and the printer as shown in figure (2.6) and figure
(2.7). In this final test, the program was burned into the
27C64Q EPROM. The burning process was done in INTEL
Technology using Sunshine EPROM Writer card V-5.7 Model EW-
901B, EW-904B. To compute the area of the object the
following operations were carried out by the system.

a) The object is scanned in a manner shown in figure (2.4).

b) The first & the last line lengths and the odd & even
line lengths should be identified to facilitate the
application of Simpson's rule for computing the area.

c) The system should wait for a reset signal before it
start of the next scanning operation.

d) Area should be computed and displayed in the desired
unit.

Two important points should be mentioned here about the
scanning operation,

1) A two dimensional image can be considered as an
ensemble of infinite number of vertical lines. And as
the array sweeps in the x direction, the measured
line length ;,, i =1, ... , n varies with the shape of
the image.

2) The return path is arbitrary and the array may be
covered during this time, and alter the final result
of the array measurement. Therefore, this extra
unwanted signal should be eliminated.
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Figure (2.6) The System Boards

Figure (2.7)

The Experimental Setup
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3 Results and Conclusion

3.1 Theoretical Results

In this section data will be presented to demonstrate how
well the ideal model predicts the system real performance. To
verify perturbation theory four (three regular & one
irreqgular) plane geometric bodies were considered. Table

(3.1) shows. types of image shapes considered and there areas
as calculated theoretically.

I Image Calculated area Actual numerical
interms of §? value in cm?
Square 3662 324.000
Circle 9n &2 254.469
Ellipse 6ms? 124.093
Irregular = 177.606

§ = 3cm, dead space
Table (3.1) Theoretical area for selected image shapes

3.2 Experimental Results

In the experimental procedure three modes of operations were
analyzed: 1) static image (no perturbation), 2) sinusoidal

image perturbation, and 3) triangular image perturbation. The
experimental data were taken for the same geometric bodies as
the theoretical images. These results are tabulated in table

(3.2a) - (3.2c) for the three modes of operations.
i
Image shape Measured area in cm?
Square 235.967
Circle 177.867
Ellipse 82.300
Irregular 100.000

Table (3.2a) Static ( no perturbation )



Measured area in cm’
Image Level of perturbation (B)
SHApe 0.5 1.0 1.5
Square 249.331 282.465 304.828
Circle 212352 225.654 252.987
Ellipse 93.115 105.279 122.635
I Irregular 115.668 150.640 167.666
Table (3.2b) Sinusoidal perturbation
Measured area in cm’
Image Level of perturbation (B)
Shape 0.5 1.0 1.5
| Square 270.020 283.010 316.084
Circle 224.988 234.462 253.532
Ellipse 105.101 110.101 123.472
Irregular 126.341 159.410 175.640

Table (3.2c) Triangular perturbation

3.3 Error Analysis

The results presented here are from the theoretical
calculation and the experimental system. The quantization of
the object image give‘rise to an area measurement error. This
error is a function of the shape, complexity, and location of
the image with respect to the array elements. To provide, a
quantitative measure of the effect of image perturbation, a
performance index (PI) was developed in [4] as,

J = _J_él‘;‘_.l (3.1)
a

Where A, is the actual area of the image projected on the
array and A, is the area indicated by the system output
indicator. PI measures the percentage deviation of the
measured area from the theoretical value. The analysis of the
system area measurement error was made for the selected image
shapes under the three modes of operations. The calculated PI
for each mode is tabulated in table (3.3).
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Performance index (J)
Image Mode of operations
SESDe Static Sinusoidal Triangular
Level of Level of
perturbation perturbation
0.5 1.0 1515 0.5 1.0 1.5
~Square 0.37 0.30 0.15 0.06 0.20 0.12 0.03
l Circle 0.43 0.20 0.13 | 0.005 0.13 0.09 | 0.003
I Ellipse 0.51 0.33 0.19 0.01 0.18 0.13 | 0.005
! Irregular 0.78 0.54 0.18 0.06 0.41 0.11 0.01

Table (3.3) Area measurement error for selected image shapes

3.4 Conclusion

In the past several years many theoretical papers, have been
published on the feasibility of using image perturbation as a
method of improving the measurement accuracy of discrete
receptor elements.

)

Although an experiment with two photosensors have been
previously reported [2], this paper describes the first
complete implementation and detailed experimentation of image
perturbation for the accuracy of area measurement. The
microcomputer based system developed in this paper for
measurement of area is capable of handling object of 20x20cm
size. The limitation on the size is mainly due to the
scanning unit employed.

In order to asses’the performance of the system, samples of
different sizes and shapes were selected and their areas
measured for both static (no perturbation) and perturbed
images. The measurement of area with no image perturbation
results in relatively large error. The use of sinusoidal
image perturbation causes a significant improvement in
accuracy. Even more accuracy was obtained when triangular
image perturbation is used [9]. Error in measurement for
square object was found to be maximum. This is expected as
Simpson's rule adopted for calculation is more accurate for
curved boundaries.

The area computed by Simpson rule is the area of the object
enclosed between the first and last line scanned on the
object. This simple calculation result in negative error as
small piece of object on either end are left unaccounted for.
The area left unaccounted for depends on the object position
and strip width selected. It is irregular in shape. It is
obvious that the length of the strip left out are equal to
the first and last length of the object, the width of these
strip may vary from 0 to A depending on the position of the
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object. The object boundary on both sides is treated as an
area of a parabola to estimate the area of the portion left
out. The area of the these portions may be estimated from the
relation,

A, = % (1,A,+1,A,) (3.2)

Where ;, i, are length of first and last line, respectively
and A;, A, are the width of the left out portions. For A = A,
= A/2, the left out area is equal to,

A, = —g—(t1+1n) (3.3)

The total area is then given by the relation

A, = A A, = Am+'%(ll+tn) (3.4)

Possible applications of area measurement system are in the
area of process control or in process where sorting according
to shape and size is desired. Since the area measurement
system measures length in two directions, it may be feasible
to extend the system, so that actual object shape could be
determined.
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Appendix A
Derivation of Equation (1.13)

The equation and plot of the normal distribution curve are,

flx) = 1 o3(%) (a.1)

f(x

b ———

Figure (a.1l) Normal distribution curve

Assuming that f(x) = 0 V x such that, |x| > 40, we get the
approximated normal curve of figure (a.2).

Figure (a.2) Approximated normal curve

Rewriting equation (1.5),

I (i-a)é
S(v,a,f,8) = 2:( f f(x)ahJ (a.2)
I=-e\(i-3)8-1

and terminating computation when the limit of the integral
exceeds 40, we get the lower and upper bounds of i as,
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Upper limit (i,,):(i-a)8-1 < 40

: 4o+
isa+=g (a.3)
Inax = la+ 4:;‘1

Lower limit (i,,):(i-a)d = -4¢

p 40
1za- = (a.4)
S =la—f%1l

where

ri] means the largest integer less than or equal to x.

[xj means the smallest integer greater than or equal to x.
If we define normalized variance o, and normalized length ¢,

as,

g = __g_ ; 1 = — (Q.S)

then, equations (a.3) and (a.4) can be written as,

iy, = la-40) ; i = la+do,+1) (a.6)

min max

and the system output, equation (a.2), will be,

Lpax (i-a)d _'l(_,_()z
S(‘Ialonlb) - E 1 e 2\o dx (8.7)
1=\ (i-2)8-1 OV2E

Making a change of variable x = x / o, we get,



(Q.E.D)

S(v,,a,0,98)

40

i-a
On

7

i-a-1,
°.

1 e

vern

(a.8)
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Appendix B
Prdgram Listing for Length Measurement

Program Length_measurement ( Input, Output );
Uses printer;

Const
delta = 0.1;
ition = 0;
intervals = 50;
dimension = 50;
normalized_variance = 0.125;
T
ree vector = array [ 0..dimension ] of real;
Var
length_input, system outpat : vector:
partm_sm?p:"\of'marized: lengltlh : real; ’
{81 plotter.pas)
{s1 ?nclude.xs)
Procedure simpson ( a, b : real;
n : integer;

var
i: real );
Var N )
j : integer;
h, x, sum : real;
Begin

X := a;
h := (B-a)/n;
sum := gaussian ( x );

= 1;
Repeat
ege:= x + h;
Case j mod 2 of i
0 :"sum := sum + 2 * gaussian ( x );
1 : sum := sum + 4 * gaussian ( x );
End; | 1
= + 13
Un{il j‘= n; )
sum := sum + gaussian ( b );
i := h/3 * sum;
End;

Procedure compute_system output;

var .
i, i_min, i_max : Integer;
term, x_1,7x_2 : Real;

Begin
e?_nin := largest_integer ( position - 4 *
. normaliZed _variance );
i_max := smallest_ifteger ( position + 4 *
. normaliz&d_variance + normalized_length );
rtial_sum := 0; _
or i _:= i_min to i_mex do
Begin - N :
x_1 := (i - position - normalized_length ) /
normalized variance; )
x_ 2 := ( i - position ) / normalized variance;
S n?son ( x_1, x 2, intervals, term J;
Engar ial_sum := pirhal_sun + term;
n:s’ystet'n_output [ counter ] := partial_sum;
.

Procedure prepare_plotter;

Begin :
egnitialize lotter § 1R-207 =22 3;
draw_axis ¥ 2, 12, 12,70, 0, =1, -1, 0’5, 0.5);
write_label ( guag;nz“léﬁ, zgﬁ ?, 0,1, 1,°0,70, 5, 5,
fSystem Outpugn?n Vorl\gu' )f
End;
Begin

re plotter;
%enﬁ:li ed length := 0;
For counteF := 0 to dimension do
Begin

compute_system output;
Egomli!eéilenith F:'“:tnormalized_length + delta;

draw ¢ 5, dimension, 0, delta, 1 _system_output &;

write_key g, 0, 4.5,°6, 'Normalized Sigma = 1/8"" );

write"key 052055, 507 ‘a's 8N
En:rlte:key 2,0, 2,7-1:5, 'Fig.(1.0)a' );
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Appendix C
Derivation of Equation (1.23)

Rewriting equation (1.21)

s(a) = %i ff (i8-x) (g, (x) -g, (%)) dx (c.1)
where,
1 i&-x)
£,(id-x) = —1_ (c.2)
Jﬁ

Since computation is terminated when the limit of the
integral exceeds 40, this will limit the lower and upper
bound of i as,

Upper limit (i,,):id-x, < 40

. X,+40
13 S (c.3)
de = 122200

Lower limit (iy,):18-x,>-40

x,-40
é (c.4)

S = 10

iz

Define normalized variance as,

o, = % (c.5)

then S(A) becomes,
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Tnax

= 1 (£ (18- - .6
s(a) = —a-igjm £f1(16 x) (g, (x) -g; (%)) dx (c.6)

for a particular geometry chosen, see figure (c-1), g;(x) and
g,(x) can be computed as,

Gy (%) = y~fr3-(x-x,)?
g, (X) = y+/r?-(x-x,)* (c.7)
g, (%) -g, (x) = 2/r%-(x-x,)?2

Oz(l).

Figure (c.1l) Projection of circular image
on matrix of elements

and for a given circular radius, x; and x, can be computed as,

X, = X,-I | X, = X,tI (c.8)
so, S(A) becomnes,
1 XotT
s = 3 Y | [ 2£G8-x /- (xx,)7 dx (c.9)
bi'inn -r

making a change of variable y = x/o, we get,

X +T
i..x o
= 1 (8- T lov—x )2 .10
S(A) ‘51-21;1, x[_z20 £, (i8-0y)/r?-(oy-x,)2 dy| (€-10)

defining,
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C = Sl H Ir = £ (0-11)
o
and using equations (c.5), (c.8) and (c.11), equations (c.3)
and (c.4) can be written as,

I = lle+rp+d)o,l ; i, =l(c-r,-4)o, (c.12)

making a simple change of variable y = x in equation (c.10)
we get,

fux [ *Tn
s(a) = 2 [ 20,0£(i8-0x)ri-(x-0)% dx| (c-13)
1=lpin c-I,

(Q.E.D)
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Appendix D

Program Listing for Area Measurement

Program Area_measurement ( Input, Output );
Uses printer;

Const
delta = 0.1;
intervals = 50;
. dimension = 100;
normal ized_center = 0;
normalized_variance = 0.125;
T
s vector = array [ O..dimension ] of real;
Var
counter : integer;
radius mput system out t : vector;
partial_sUm, ized_r : real;

$1 plotter.pas
fs ?nclude gsg

Function f ( x : real; y : integer ) : real;

B

= ""' 2 * normalized_variance / sqrt(Z*pl) *
sqrt (sar ( nofmalized_radius ) - egr ( x - normalized center ) ) *
exp ( * sqr (x - Y / normalized_variance));

\P,rocedure simpson ( a, b : real; n, k : integer; Var i : real );
ar

j : integer;
h, x, sum : real;

Begin
Y
:= (b-a)/n;
sum := f 7 K5
4:81;
epeat
X :=x+h;
Case j mod 2 of
0:sm:=sm+2'f§x,k);
En;:sun:=stn#4'f x, k );

Procedure compute_system_output;

Va
i_min, i_max : integer;
fe ',x2:real;'

Begln
_min := largest_integer ( normalized variance *
( normalized center - normalized_radius - 4 ) );
i_max := smallest_intZger ( normalized_variance *
normaliz&d_center + normalized_radius + 4 ) );
rtial_sum := 0;
or i -=1mntonmaxdo

Begin
- 1 = normalized center - normalized radius;
= nomlued‘center + normllzed'radlus,
sm¥s 1, intervals |, term );
| = pSrhal sum + term

En':s’ystem output [ counter ] := sqrt ( partlal sum / pi );

grocemre prepare_plotter;

initialize lotter ; s 11, 6 );

draw_axis 2 0 05 1):

writé_labe 6513650001100105

iom(ued Circular’ adl '

End 'Square Root of System Ou f as a Multiple of Root Pi' );
Begin

prepare Iplotte

normali adius := 0;

For counteF := 0 to dimension do

Begin

compute_system output;
Engomll!ezsradfus p‘: nomal\zed radius + delta;

draw ¢ 5, dmenslon, 0, delta, system_output g
write key rmalized Sigma = 1/8% );
Ensnte‘key , 4.5, -6 5 'Flg (1.6)');
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Appendix E
Program Listing for Contour Detection

Program Contour_detection ( Input, Output );
Uses printer;

Const
delta = 0.1;
radius = 2.0;
variance = 0.125:
intervals = 50;
dimension = 40;
¥
— vector = array [ 0..dimension ] of extended;
Var )
counter : integer;
ength_1i
systen ou’t'

system output"Z : vector;

momen
length, ¢ length
normal ized_length,

centroid, position : extended;

(8! plotter.pas
{81 ?nc lude. gs

Procedure compute_length_and_position;
Var

t ( Pl -3t§mp “ i
= sqr
= sgdlus -e?:pfengfh /2;

Var

: integer;
: real;

1_min := largest_integer ( position - 4 * variance ),
:= smallesY_integer ( position + 4 * variance +

c_length™
length -3119“g %
momen

= 0.

yl:=(i- pos1t1on length ) / variance;
= posltlon ) /'vanance-

1 y_2, intervals, term 5
length == engtﬁ + tem

i= moment + i * term;

End;
If length = 0 then
centroid := position
Else

centroid := moment / length;
system_output_1 comteﬁn? := centroid + 0.5 * length;
Engysten _output_2 [ counter ] := centroid - 0.5 * length;

Procedure prepare_plotter;

Begin
initialize lotter(
draw_axis
write_labe 0.5,
-é. 0.'2,
End;

Begin
preparerplotter,
X := -
Somter := 0;'
epeat
compute_length_and srtlon,
cowute sys em out
i=x ¥
ot.nter := counter T 1'
Untvl counter > dlmenslon-
draw ( 5, dimensjon, -radlus delta‘l system_output .
draw ( 5, dimens ion, ad ta, syste- output'Z o
write key 5 1.5, 4.5 Slgna 6
Ersnte‘k b =Us s, = 0 ig.(



Appendix F
System Software Listing

data size listi
256 ne

.o

scan the image by perturbing
otosensitive array and prin

47

allow processor to
execute nop instruction
for 20 clock cycles

skip vector interrupt area

the
t

aced on the_transparent glass
the ima eegﬂl be print

and

initialize stack pointer
initialize length counter
ix_pointer to ramp data
initial ranQ value 0

de pointer to length buffer

move horizontally
set forward speed

is object beneath array?

no

yes, perturb the arra
convert array output to
length information
compute the average length
increment length counter
increment pointer

increment ramp value
continue scanning

is object not yet detected
or has been scanned

and passed?

has been scanned and passed
compute the image area from
length information using
simpson algorithm

print the area L.

send recorder to the origin
halt processor (job is complete)

move the array from the current

tep to the rlght.
inter to x data
a step to the right

load data pointed by ix to a
send it to the DAC port #1

: move the array from the current

or :
i nge‘f?to y data

x_data_length
y-data-length e 00
; port address listing
dac_1 equ 00bh
dac’2 equ 013h
sen_poft equ 007h
sta_port equ 000h
ddtiport oq  0oih
r
Pore %8
nop
nop i
nop N
nop ‘
j 0100h :
org 0100h !
: routine : main
; purpose :
:' its area
; entry : object is ?l
5 exit : the area o e
v the processor is halt
s :'ld Oh
$ H
o B,
X, r H
td ix+0), 0 5
td ée, len_buffer ;
scan :
call horizontal 5
ld a, 5 2
call del? 5
in a, (sen_por
e ot
ir z, no_object ;
call perturb .
call _convert i
call length :
inc b ;
inc de A
not_yet :_ )
inc (ix+0) H
) ir scan 5
no_object :
- td a, b g
or a :
jr z, not_yet o
call simpson e
call  print :
call retrace o
halt o
¢ routine : horizontal
: purpose : the
: Xx-position one st
s entry : register ix =
5 exit : array is mov
horizontal :’ .
ld a, (ix+0) H
out (dac_1), a H
ret
: routine : vertical
: purpose the
: y-position one ste
; entry : register iy =
5 exit : array is mov
vertical :;d a
a, H
out (dac S, a 5

either up or down
load data pointed iy to a
send it top?:he DAcb;ol% #2



¢ purpose
: P po_ Bhe same time plc
5 exit : array is
rturb :;
& gush be | .
d iy, sinusoidal ;
ld hil, sen_buffer ;
d b, 'y_da¥a_length
’
more : !
call vertical 5
id a, H
call del? o
in a, (sen_por A
Id iy ar? :
inc ht :
inc 1y H
djnz  more :
pp  be !
re 5
: routine : _convert
; purpose : This routine
¢ exit : the content
convert :’
h be
F&'s hl, sen buffer
L td b, y_data_length
oop :
e {g a, Shl) H
c, i
bit_ 0 :
- bit 0, a L
ir nz, bit_1 -
bit1: . ¢ .
bit 1, a . ;
ir nz, bit_2 :
bit2: . © ¢
= it 2, a . H
jr nz, bit_3 i
inc c :
bit_3 :
- bit 3, a _ H
ir nz, bit_4 ;
inc c 2
bit_4 :
bit 4, a g
j'l:"c nz, bit 5 =
i c g
bitiSh:
- bit 5, a _ H
ir nz, bit_6 o
inc c H
bit_6 :
bit 6, a _ H
ir nz, bit_7 .
inc c M
bit 7 :
- bit - H
ir nz, no_bit f
inc 5
no_bit :
dec c 5
ld (h), ¢ H
ez 1o {
pop.  be :
re .
¢ routine : print_buffer
Sl he length of
: 1n thenglrst
; entry :
print_buffer :’
- ld b (hl)
ld ,
ir end_print
r ’
print_more :J z -Pr
- inc hl )
ggll char_print
) jnz print_more
end_print : -

1
o
-

routine

: perturb

48

rturb the array vert1cally and at

:zple snapshots

buffer is fllled by snapshots data

choose sinusoidal signal
hl, pointer to sensor buffer

register b holds # of
perturbation points

perturb
set speed of perturbation

pick snapshot

store the snapshot pointed by hl
increment pointer

get another perturbing data
repeat until # of

perturbation point is 0

end perturbation

convert the array

output to lenith information.

the buffer is

modified to reflect length

rint™ the content of a

get snapshot
clear register ¢

is bit 0 low?
no

yes

is bit 1 low?
no

yes

is bit 2 low?
no

yes

is bit 3 low?
no

yes

is bit 4 low?
no

yes

is bit 5 low?
no

yes

is bit 6 low?
no

yes

is bit 7 low?
no

yes
decrement ¢ to reflect length

ength := (c) * delta, store ¢
get another snapshot and repeat
until end of sensor buffer size

is reached
conversion

buffer.
the buffer is specified
buffer location

= buffer pointer



retrace :

R T
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in
Bnd s

g bl h l f 8-bit
; purpose : sum each s
: e 1nformtio:'?y ding a 13«‘% result.
: exit : the average th is stored in a
: buffer po nted register pair de.
fush be
d hl, sen buffer
ld b, y_dafa_length
sub a ; register
ld c, a ; is cleared to sturt summation
add a, (hl) ; a:=a+ (hl)
jr nc, jump ; if carry increment
inc c s the msl e
inc L] ; increment source address
djnz _sum ; decrement size of array
; and jump to sum until
: size equals to zero
%d &!e), a ; store l e of length in
nc ; locat mted
\d a, ¢ H nc ement store lgh byte
ld (de), a ;o ere\ath n'a location
e i
.

average length

couputes the area of the perturbed
image from the average length of
information usmg algorithm.
exit : register hl =1 ra E Eart of the area
register de = fractional part of the area
ld ht, len  buffer ; ints to length buffer
call  adjus Ecal?o { -
call sum ; sum up the lengths of each x
d ix , location_1
d ix+0), l ; store register ahl in dividend
d ix+1), ; array
d ix+2 n
d e, 1 ; de := 1000 .
d ix+0), e ; store register de in divisor
d ix+1), d ; array
d ix+2), 0.
d hl, location_1
g ge,3locatlon_7
call  divide ; call multiple precision
d e (hlY ; division _
T ey i B3 T Sttt
s = ien
d  hl, (location_1§ il
ret ; end simpson
E routine : retrace
; purpose : send the holder of the
5 recorder to original position
.
ld ; set retrace speed
call delax
dec (ix+0)
call horizontal ; retrace one step
or a si1s recorder at origin?
iy nz, retrace ; no, keep on retracing
ret : yes

wansnensnene

char_print :

routine : char print
purpose : s a character to the printer

entry : hl = gomter to the character

;

da
st

printed
gsta_port) ; is printer BUSY?
char_print ;
"(hi) = " i Dot get data addressed by hl
ta_port), a ; data out
rﬁt ), a ; strobe out



adjust

Lloop_

by_2

skip

sum_word

next_word
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§ routine : adjust

; purpose : the arrny of length, so thgt smpson
s P algor¥ f'JS

A c e t e ur a :gpthe obiect“?t mltiply
: The Eatura Catse it puen by & and Lekre
: entry : register hl gopomt e to start of buffer
5 ) register b = contains r of chta points
. exit : content of the buffer is adjusted

’
‘push  ht ; save pointer

%h gc : save length counter b

\d c, 0 ; clear register

el i Skfp the tirst Tength
“inc 1 ; hl points to next length
wc c : inchement length counter

a, ¢
‘j:? z, skip ,- the last length
srl : ? or even (ine?
2 ? rema

2 ; in carry

jr nc, by 2 : carry = line is even
ocl' ?hl) : c ear carry

r

inc hl .

géc '(‘!'lll) ; multiply length by &
:or a ; clear carry

rl hl)

o '('ﬁu Ltiply by 2

r ; multi

jr foop_ ; go th?ot).'lgh the buffer

'pop bc ; get length counter

pog hl ; get pointer

re ; end adjust

; outine : sum

; purpose : sum the elements of an array, yielding

: ?62?: It:nttresuét. maximum size 1s 255

: it elements.

; entry : register pair hl = base address of array
: it5 regietec p & b 8&:’3“'33.’: words

5 exit : =

5 rgglster h = gdl byte of sum

: register | = byte of sum

H

test array length
e

’

ld

xit with sum = 0, if nothing in array
& "Be

se address of array

; save
; initialize sum to zero

0
idcheck forbarray length of zero

test array length

or a s exlt with sum = 0
ret ;: if length = 0
: lmtlallze array pointer, sum
e de, hl ; move base address to hl
ld c, e ; low, middle byte of sum = 0
. high byte of sum = 0
;c=h;$byteofsm
; d = middle byte of sum
; e = low byte of sum
; add word length elements to sum one at a time
; increment high byte of a sum whenever a carry
; occurs.
ld . @ ; add low bytes of element
add a, (hl) ; and sum
ld e a
inc h(
ld ; add hi e of element to
?gc a, (hl) ; to middle e of sum
jr nc, next word ; j if no car
{nc > é'i.;g increaentrxigh byte
inc L
djnz sum_word idd
ex , hil : 1 ddle endloubyteofsul
ld a, ¢ ; high byte of sum
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: routine : prin: th ”
; purpose : prin e measured area
: weg‘t)?'y = ﬁf = int egral rt of the area
c de = fr part of the area
int s
S
mes:
call m'fnt_buf er
‘;’ogonvert the _integral and fractional
; part to ascii decl L
push de ; save the binary fraction
Tush hl ; save the binary integer
d hi, quo_buffer
de ) 5 conver% the binary integer
call binary_ascii ; to ascii integer
\d hl, re@ buffer
de - ; convert the binary fraction
call b"m_-y scii : to ascii fraction
-dprint the integral part
{ ht, ffer
call print_buffer
dput a mt gtueen the integral & fractional part
call_ - &ar J L .
: prin e FTractiona r
ldpr . rem buffer =
call print_bUffer
: send carriage return & line feed
. tion Faadls K control characters
- i ldll I&l; retur?
ca ar_prin
ld hl, Tine_feed
call char_prmt
ret
H z - .
; routine : binary ascii = | .
; purpose : convert a 16 bit signed binary value
: to ascii decimal
; entry : register | = low e of buffer address
. register h = high e of buffer address
: reggster e = low e of value to convert
) egister d = high e of value to convert
exit : the first brte of the buffer is the
length, followed by the characters

binary_ascii .’
i save para-et

d mter) hl; save buffer pointer

ex &J:) ‘ hl = value th convert
a,

g (c_’l‘ength) a current buffer length = 0
.l

d (sign), a save sign of value

or set flags

convert if value is positive
% ém take absolutgovalue

(0 - value )

®e wemememEns w5 Sunwa

, a
, a propagate borrow
. @ )
; convert value to a string
CONVErt *. mi := hi div 10 dividend, quotient
. := ; div ien
{ de i= de mod 10 i Temaindetr 0
ld de, 10 ; load dwlsor
call divide
ld a, e
add TR ; convert 0..9 to ascii '0'..'9!
e l%‘ {nse:t t ki dividi
oo ient is not zero ividi
ld QJOl h ;te»se‘t!pquotlenrt‘g
{ nz, convert
d a, (sign)
a’

; branch if original value
; positive
; put a minus sign infront

or .
, iti
fg p positive
. call lnsert
positive :
ret



insert

shift_

store

sinusoidal

dot

. return
line_feed
meSsage

sen_buffer
len_buffer
quo_buffer
rem_buffer

sign
r
coun

divisor
dividend

c_leng
bGffer_1
bgf{er:%

inter
poinger'z
_point@r
location_1
location_2

®% 50 66 50 00 50 00 48 46 40 80 98 48 00

Tush ht
d c, a )
: move the buffer right
d ht, (b_pointer)
d d, h
d e |
B ointer), bt
nter
d l,"(’g_lmtﬁ)
or a
‘r z, store
d b, a
e de, hl
it a, (hl)
W Gh
a
dec At "’
dec de_
djnz shift_
\d a, ¢
id (L), a
td a, (c_length)
& {c_tength)
c_length), a
" o
a
’
pog ht
re
include "delay.asm"
include "divide.asm"
include "divide_.asm"
include "multipTy.asm"
; data area
org 0500h
db 100, 106, 113,
db 159, 164, 168,
db 195, 197, 198,
db 195, 193, 190,
db 159, 154, 148,
db 100, 094, 087,
db 041, 036, 032,
db 005, 003, 002,
D 0 %4 05
org 01000h '
db 2eh
db 0dh
db Oah
db 40
gg 0‘:dat length
_data_leng
org X + 100
ds 512
org $ + 100
ds 50
org $ + 100
ds 50
org $ + 100
ds 1
ds 1
ds 1
ds 2
ds 2
ds 2
ds 1
ds 255
ds 255
ds 3
ds 3
ds 2
ds 2
ds 2
end

routine : insert
rpose :
pue?\(t’ry : ¢_length =
b_pointer = (l::g
exit : content of regi

MENMENE WeNeNINEnNE WeNE  WeNE SeNeme wehs wewe

b “the area of the object (in sqr cm)
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ingert character at the front the buffer
length of the buff

r
rent ress o

t character in buffer
ister a is inserted

mmediately after length byte

ave hl .
ave character in c
aracter _
g:t buffer pointer
= source
hl = destination
store new buffer pointer

test for length

just store a character
= loop counter

3

hl = source
get next character

store it .

decrement destination
decrement source

decrement counter

continue until all bytes moved

get character to insert
insert character at the front
increment current length

int to length e of buffer
pol.pdate ke by
restore hl

119, 125, 131, 137, 143, 148, 154
173, 177, 181, 184, 188, 190, 193
199, 200 200, 200, 199: 198, 197
188, 184 181, 177, 173, 168" 164
143, 137 131, 125, 119 113) 106
081, 075, 069, 063, 057. 052. 04b
027, 023. 019, 014 012. 010 007
001, 000, 000: 000. 001’ 002' 003
012, 016, 019, 023! 027. 032, 036
057, 063, 069, 075, 081, 087. 09

is
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