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- ABSTRACT

This research report contains results of a study on the tse
computer's capability of achieving image congruence between temporal
and multiple images with misregistration due to rotational differences.
The coordinate transformations are obtained and a general algorithm is
devised to perform image rotation using tse operations very efficiently.
The details of this algorithm as well as its theoretical implications
are presented. Step by step procedures of image registration are
described in detail. Numerous examples are also employed to demonstrate
the correctness and the effectiveness of the algorithm. Conclusions and

recommendations are made for futher study.
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CHAPTER 1
INTRODUCTION

"The explosion of information has already presented a significant
challenge to the conventional sequential computers. Especialiy, for many
problems in picture or image processing applications in which very large
arrays are required for reasonable resolution, even those "super computers”
are becoming too small, too slow, or just simply too expensive to use.
For example, in the 1980's, as many as 50,000 images are expected to be
generated per day by Earth Observation type spacecraft. Meteorological °
and planetary spacecraft will increase this number. The need for efficient
and simple processors which can handle the huge quantity of image type
data sufficiently fast, at a reasonable cosf, is becoming more and more
urgent. To this end, parallel processing machines [1-4] such as Solomon
computer and I1liac IV, etc., have been studied for years. However,
most of them have not reached an operational status because of the
prohibitive cost involved in their construction. In addition, their
speeds have never been satisfactory for handling image type data.

In order to circumvent the challenge of the huge quantity of
images generated by NASA's spacecraft:, one research group at Goddard
Space Flight Center, {GSFC), generated the concept of a new family of
computers, called "tse computers” [5]. These computers, utilize an
entire binary image as their basic computational entity; instead of a
single bit as in conventional digital computers. These computers ére

two dimensional expansions of conventional computers. Because of
1
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their ability .to perform thodaahds of operations simultaneously, they

have the potential of operating ovrders of magnitudes faster than present
computers.

While the processor hardware and its architectural alternatives
are still undep deve1opment, the Computer Engineering Group of the
University of Tennessee has been investigating its capability of
achieving various image processing problems. An important area of
remoting sensing is that of achieving image congruence between temporal
and multiple images of the same region of interest [6,7]. Wisregistration
could resuit from the inability of the sensing system to produce congruent
data due to design characteristics or the fact that the sensors are

separated in space and time such that spatial alignment of the sensor is

impractical or impossibie, Geometric distortion, scale differences, look

angle effects, and translational and rotational differences between image
pairs can all combine to produce misregistration. The general regis-
tration problem is thus one of determining the Tocation of matching
context points in multiple images and alteration of the geometric
relationships of the images such that the registration of each context
point is achieved.

The purpose of this study is to investigate the tse computer's
capability of achieving image congruence between temporal and multiple
images with misregistration due to rotational differences. The task
invo]ves’the study of the coordinate transformations, the development
of tﬁe registration process using tse operations, the derivation of

appropriate interpolative techniques, the identification of the required

tse operations, and the proposal of possible hardware implementations,
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"CHAPTER 2

COORDINATE TRANSFORMATIONS

Figure 1 presents an image which is to be rotated clockwise by an

angle o about the tse element (p,q) in the x'y' image plane. In order

to facilitate the analysis, an equivalent manipulation is one in which

the image is kept fixed while the x'y' image plane is rotated counter-

clockwise by the same angle ¢ to the new position as shown by the dash

Tines. With such a viewpoint, four coordinate systems are defined for

the convenience of the ensuing analysis. From Figure 1, the coovrdinate

systems for an N x N image plane are:

a)

b)

d)

x'y' is a coordinate system associated with the orginal
image plane in which the tse element at the Tower left
hand corner is the origin;

x"y" is a coordinate system associated with the original
image plane, but with the rotation center (p.q) as its
origin (note that the x" and y" axes are parallel to the
x' and y' axes, respactively);

x"'y" is a coordinate system associated with the rotated
image plane and has the rotation center {p,q) as its
origin; and

xy is a coordinate system associated with the rotated

. 1mage plane, but with the tse element at the lower left

hand corner as its origin (note that the x and y axes are

paraliel to the x" and y"' axes, respectively).
3
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The coordinate representations in these coordinate

g =~ e e it

related by the following set of transformations.

and

xIll

ylll

systems are

(1)

(2)

(3)

Combining these three coordinate transformations in succession, the

relationship between the original coordinates (x', y') and the final

coordinates (x, y) becomes

xl

yl

or,

and

i
L}
-

cose ~sing X p

sine  cose y q

(x - p) cose - (y - q) sine + p

(x -~ p) sing + (y - q) cose + q

(4)

{5)
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775f$1nterest

*i‘fm?0n1y*the va]ues at'the grid po1nts of the new xmage p1ane are of

For a gr1d po1nt (J k) where 3 and k are 1ntegers, the o1d

| ',coord1nates (x P y[<) correspond1ng to th1s gr1d po1nt are from S

'iﬁ_'equations (4) and (5)

x3'= (j-p)cose - (k-p)sing +p-

and

¥i= (i-p)sine + (k-q)cose +g (7)

pride that xh and.y}{ are, in general, not integers.' In other words,
a grid point in the new image plane is not necessarily at a grid point
in the original image plane. However, the new grid point (j,k) is in a
-square formed by four original grid points, namely (m,n), (m+1,n),

(m.n+1), and (m+1,n+1), as shown in Figure 2, where

m=[ x4 ] (8)
) : ..
[y ] (9)
- and where [] is the notation for the greatest-integer function. The

significance of these neighboring grid points is that the values at the
new grid point (j.k), or {x“ ,y'(), can be obtained by interpolating the

‘known values at the origina1 grid points.

6 -
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L o . CHAPTER '3
y DATA INTERPOLATIONS
?%1 ?’ | As presented in the previous chapter, the grid points for the new ‘};?
' LJ image plane are not necessarily at the grid points of the original image ;?;?f
iﬁ : plane; hence, the values at these points must be obtained through some q;€ﬂ%
interpolative technique, A Targe number of interpo1ative techniques  €}§
Z@: based on different criteria and using different numbers of neighboring f“fﬁé
%ﬁé ;T grid points are availabie. The choice of the technique depends upon :‘fﬁé
§E.5 ﬁ the resolution and the noise condition of the original image, as well as i?
i: 3 upon the consideration of computation time and storage. In this chapter  §
: = two technigues are presented which are simple, easy to implement, and fj
f ' adequate for most cases. L?
Assigning Teéhnique ‘
The decision as to what value is assigned to a grid point of the i ;*é
new image plane is made dependent on the distance between this point and ? i
its neighboring grid points in the original image plane. A grid point %f_
is assigned the value corresponding te the value of the nearest %'9-i
neighboring grid point in the original image plane. Mathematically, ?
i this may be written as ix:
L . o
£(3.K) = S, (10) "
i L where f(j,k) is the value to be assigned to the grid point (j,k) of the i";if
i 1 new image plane, and Sm,n is the known value of the nearest original %  '
.; ; i) grid point. Note that m and n are now defined differentiy from that in ; _';
b 8 oo
Fo ' it
REPRODUCIBILITY OF THE
i ORIGINAL PAGE IS POOR ]
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equations {8) and (9). . | }{j;*

= wt. .
mn <x3> _ (11)

i
A
o

and

(12) =

=

n

N

<
_—

v

where <> 1is the notation for "round-off function". For example,

<3.4> = 3 and <3.6> = 4.,

#* The Assigning Technique is the simplest technique for obtaining : N
values at new grid points. Fou most of the images whiqh have reasonably | i
good resolutions, this technique is more than adequate. 1In addition, f _f?

{ﬂ the technique has the advantage of not blurring the original image,

| Linear Least-Square-Error Technique

A second approach is to use a linear least-square-error technique [3]. ‘

| As presented in Figure 2, the square formed by the four nearest neighbors

¥ are used to assign the value of the new grid point. This technique,

which has a degree of local averaging and does not use an excessive

number of neighboring grid points in the interpolative process, is

believed to be a very useful interpolative technique in image processing fhﬂ
~ a
:

problems using tse operations. The interpelation formulae of this

. technique are summarized below, with the details of its derivation

s presented in Appendix A.

Sm4'1,n’ Sm,n_}], and sm—+1,n-+l’ respectively. Then the interpolated

1
L

' ‘ ; !
P Let the known values at the four neighboring grid points be Sm n? %
. ) €{§
{i value at {j,k) is ?i
¥
§
?
]

»
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FUKY = W S Yo 1nSn 1un * Y 15man 41
s tnenetner (13)

where the W's are weights of the form

Hyn = =0 /2 - o, /2 + 3/4 (14)

Mt 1,n = ax/2 = o /24174 (15)
Mpn+1 = 0/2 * o /2 +1/4

W

milne] = o/2 Fa/2-1/4

The distances for 0y and oy, are shown in Figure 2. Note that the

Tinear interpolative technique has the effect of smoothing over the
vour neighboring grid points.

The two techniques presented above are not the only possible
interpolative techniques. A large number of more sophisticated
techniques using a large number of neighboring grid points and associated
with specific features could be developed. This problem is not explored
in this research. However, the point to be stressed js that many
important features such as techniques for noise-stripping, edge and
curve detection, image restoration, local averaging and image filtering,

etc., could be incorporated and embedded in the interpolative procedures

using tse operations.
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CHAPTER 4

&
BRPET, R

THE INSTRUCTION ROT p, q, @

| 1 ;
zi - A general instruction for image rotation using tse operations is f 
i_ ?E' propesed of the form §ﬂ€
B 4
o POTp. 4, 0 L
; 3
? z Lj where p,q are the coordinates of the tse element about which the image _:j
.i- 1 is tc be rotated, and © is the desired angle of rotation. (A positive o
_;- | 1 sign is adopted for clockwise rotation of the image.) With this L
i Ei instruction as well as the hardware 90°, 180°, and 270° image rotator “
:; I prcposed at GSFC/NASA [57, an image can be rotated about any element for
;;. gi any angle. {In fact, the rotation center can be any point, a grid point
gi. o or non-grid point, within the image plane or a point outside the image .
y,h. L} ' p]ane.) ;;
:; y : Since the quantities sine, cose, xg, yﬂk, W's, etc., are not :
p ¥ integers, all these quantities have to be scaled in order to implement
; E the image rotation algorithm with fixed arithmetic. In summary, all the :
E - equations discussed above, after being scaled by a factor 2£, become Qé
* ! Xy =(i-p) 0 - (k-q 508 +F (18)
S , . g
ST Yy =(i-p)sineg +(k-q)cose +q . (19) 3
{ For the Assigning Technique, ?
Ll 1 1;
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t
=3
n
“
§

< ] 2% (20)

Eﬁw
=
n

Sy 2t (21)

| and [ 4]
|

£(3.k) = (22)

L smsn

[

: } For the linear Least-Square-Error Technique,

m = [i'j /24, (23)

=
I

3 /21 | (24)

R =";_’.2’
o o ay = Xy - m 2" (25)

y'k - l‘l'2 3 (26)
‘ W = a2 = 5 /2 + (3/8)-2% , (27)
¥ | Moann = 8y/2 - o,/2 + (1/8)2" (28)

o = -E,/2 + T /2 ¢ (1/8)-2% , (29)

z _ - = — : 2
K wm+1,n+l = /2t uy/Z - (1/4).2" , (30)

=h
—
[N
w
-~
et
|

=¥ +H

fm,h m n mEl,n m+1 n i

m,n+1sm;n+1

(31)

'l * W ot Sl el

and

i ) = Fak2Y . @ |
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— A super bar is attached to a quantity to denote that the quantity is
J scaled by the scaled factor 2% (i.e., X = x-2£).
1 Basically, the impiementation of eduations (18) through {32}
| i using tse operations is straightforward., After the constant planes are
} ] generated, equations (18) and (19) are computed by at mest four
| multiplications and six addition/subtractions. The divisfons and
- multiplications which appear in equations (20), (21), (23) through (30},
| and (32) are all powers of 2; hence, expect for the addition/subtraction
) and shift operations, no division or multiplications are actually
i involved in the computations of these equations. The generation of the
| S planes fn equation (22) of the Assigning Technique, or in equation (31)
L of the Linear Least-Square-Error Technique, requires a series of slide
%” operations. This procedure is very involved and is described in the
%_ following chapters.
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CHAPTER 5
MAGNITUDE QF THE SLIDES

The implementation of the image rotation algorithm requires the

generation of the Sm n plane for using the Assigning Technique, or the
2

generation of four planes, namely sm,n’ Sm+],n' Sm,n+1’ and Sm+1,n+] for using

the Linear Least-Square-Error Technique, Definitions of m,n in both techniques

are different in that in the former case, m and n are the "round-off" values
of xa and y3<,respective1y, as given in equations (11) and (12), while in the
Tatter case, m and n are the "greatest-integer" values of xh and ya(,as given
in the equations (8) and (9). In spite of this difference, they resemble
each other in appearance and differ in values by at most one in all cases,
Therefore, only one technique needs to be discussed in detail. Once the
probiem is solved for this technique, the 6ther case can be solved with
minor modifications.

Note that for the Linear Least-Square-Error Technique, the Sm,n plane
is the plane in which element (§,k) contains the value originally at the
element {m,n), which is the old grid point on the Tower left side of the
new grid point (j.k) as shown in Figure 2. Similarly, Sm+1,n’ Sm,n+1’ and
S

mHi,nd
(m,n) are given in equations (6) through (9).

1 are defined in the same manner. The relationships between (j.k) and

Starting with the original image, the Sm n plane is generated by
2

sliding the value at each point (m,n) to its corresponding point (3,k)

in a systematic way. With regard to the fact that the image can only

be s1id either horizontally or vertically, the slides are resolved jnto

"s1ide-up {down)" and "slide-right (1eft)" operations.

Notice that the new grid points (j,k) and the squares formed by
14
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the four neighboring original grid points are not necessarily a
one-to-one correspondence. For instance, as shown in Figure 3, two new
grid points, say (j1,k]) and (j2=k2)’ may fall into the same square
formed by the four original grid points; in other words, the point A 1is
the (m,n} point corresponding to (j1,k1) as well as (jz’kz)‘ Hence,
when generating the Sm,n plane, there is a requirement to slide the
value at point A to these two neighboring points. On the other hand,
there is a possibility that no new grid point falls itlo a square formed
by the four original grid points (the square CﬁEF as shown in Figure 3).
In such a case, when generating the Sm,n plane, one does not really need
the value originally at point C since the point C is not an (m,n) point
corresponding to any new grid point. Because of the fact that (j.k) and
(m,n) are not necessarily a one-to-one correspondence and, also, since
the slide operation itself cannot slide the data at (m,n) exactly to its
destination (j.k), extraction of data through masks is required to
complete the generation of the S planes,

Under the rotation of the angle @, any grid point S(m,n) is
votated to a new position S' through the arc SS' as shown in Figure 4,
This displacement can be resolved in to a horizontal slide #& and a

vertical slide Ly The values of o and Ev are found to be

Lh = #’Em—p)2 + (n—q)2 cos {tan'] (%Eg) -e} - (m-p)

= - (1-cos 8){m-p) + {n-g) sin e (33)

and
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Figure 3. Example that (j,k) and (m,n) are not one-to-one corresponding.
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| %y = me-p)2 + (n-q)2 sin { tan”) (%;%J - 8} - (n-q) S
[ = - (1 - cose){n-q) - (m-p) sin o (34)
¥ L
- Since the magnitude of the sTiides has to be an integer, and also, because .:”:
B 5 t of the relationships between (j,.k) and (m,n) as given by equations (17) ?
. it L
and (12), the value at (m,n) for the Assigning Technique should be sTid : Y
éé to the position (j,.k) through a vertical slide, : }=5?
|
o ) Y = .
i v <2,V> . (35) U
_ CoE
and a horizontal slic., o
H= <> ' (36)
in order to generate Sm,n‘ --éﬁ
For the Linear Least-Square-Error Technique, the situation is o
Y
more complicated. Four possible cases for clockwise rotation are shown oy
in Figure 5, in which a square formed by four original grid points A,B,C, E
and D is rotated to the new position A'B'C'D'. Figure 5(a) depicts the :ié
case {n which point A is the corresponding (m,n) point of the new grid -;
point E; therefore, the relationships between V, H and Rs By are -; 
Ve=[ad+1 %
and ,.i
H=[e]+1 i
EEEEHNJUGBQH: h' 4
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Four possible cases in clockwise rotation.
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| f; F?gure 5(b) shows the case in wh1ch no -new gr1d po1nt fa11s 1nto the

'__square A'B'C D' hence the values of V and H are actually undef1ned

The point A is not an (m n) point correspond1ng to any new grid point.

'When generat1ng the Sm n Plane, one does not require the value originally

at point A. Figure 5(c) presents the case in which V¥ and H are given by
= [vi:]

H =-[zh] +1 .

fFigurg 5(d)_demonstrates the last possibility, one in which V and H are

= [y, 141 | | .

'5and

- H =7[zh] + 2

Since these situations are so involved, and since the V and H values

calculated here are only for use in analysis, the above cases are

approximated by the following unique expressions, with a possible

difference of magnitude 1.

V = <2,> (37)
and

H=<2h>+] 3

where <> is the notation for "round-off function®,
Similarly, for counter-clockwise rotation, the four possible cases

are shown in Figure 6, in which the values of Vand H are
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Four possible cases in counter-clockwise rotation,

Figure 6,
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H

e,d +1 |

=
1l

x
1

= [Q.h] s | ) E

and

- TIREY. B

= [od + 1

These cases can similarly be approximated by the unique expressiens , i

. V= <>t 1 (39) ﬁ

H= gy . (40) e

Observe that the above three sets of equations, namely equations

!

; i (35) and (36) for Assigning Technique, equations (37) and (38) for the

clockwise rotation using the Linear Least-Square-Error Technique, and

equations (39) and (40) for the counter-clockwise rotation using the

A
| S
&

Linear Least-Square-Error Technique, have exactly the same form.

P
H B
| S

Therefore, only one case needs to be presented and discussed in details }j
hereafter, the derivations for other cases are obtained by minor j
|
]
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”? modifications, |
As .m crenyve . consider the 37°counter-clockwise rotation of a
E 25 x 2% dmaye whoarn the tse element (9,9). The values of V and H
. calcu =1 ire iie shole plane by equations (33) through (36) are shown ;E i
j L in Figuoe 7 av 8, respectively, in which the circled element is the S
; i rotation svuater, (9,9). Notice that a positive value of V means a f?fé
fiu slide-up operation, while a negative value of V means a sTide-down ;;if
| EJ operation. Similarly, a positive value of H means a slide-right A
: operation, while a negative value of H meéns a slide-left operation. |
2 The Tines dividing the V-plane and H-plane into zones are employed for 1
the convenience of analysis in the next section. Figures 9 and 10 show ' é”;ﬁ
| h the V~plane and H-plane of another example, in which the image is ? ;7
1?_ é éﬂ rotated by a smaller angle (17°). Observe that the zones are wider for ?-J%
. . smaller angles of rotalion. ) E_:i
L i
] .
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Figure 10, V patterns (rotation angle: -17°).
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CHAPTER 6

ALGOPTTHM FOR THE SLIDE PROCEDURE

“The required horizontal and vertical slides vary from point to

point in a very irregular manner as presented in Figure 7 and 8.

However, by dividing the V-plane and H-plane into zones as shown in the

planes, advantage can be taken of the special "sawtooth" patterns to

devise the following systematic three-step slide procedure to slide the

data at {(m,n) to exactly the position (j,k) or to one of its neighboring

grfd points. Extraction of the data through masks then follows to

complete the generation of the S planes, as presented in the next

chapter.

Step 1. Alignment. Align the pattern by sliding the image

Step 2.

columnwise. As shown in Figure 11, all ulements in the
same row have the same value »f H (that is, require the
same amount of horizontal siide)} after the columnwise
slides except for a truncation difference with a
magnitude no more than one. As shown in Figure 12, the
V pattern also appears to be more regular after this
step.

S$1liding horizontally. Since the H pattern is aligned,

elements in the same row require the same amount of
horizontal slide. Rowwise slides are executed in this
step. As shown in Figure 13, the resulting H plane

(after row slides) contains only 0, +1, or -1 as
28
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elements, which indicates that all horizontal slides are

executed with the exception that some elements need to be
. stid one more position, left or right.

Step 3. Sliding vertically. As is proven in Appendix B, the V f

pattern is automatically aligned after Steps 1 and 2; in
. other words, all elements in the same column have the : rii
same value of V as can be seen in Figure 14, except for a .
truncation difference with a magnitude no more than one. gt““gﬁ
This allows the slide procedure to be completed by
sliding the image columnwise. As can be seen from the
results in Figures 15 and 16, both the H and V planes now '
contain only 0, +1, or -1, indicating that all the (m,n) l _
points have been s1id to exactly the destination (j,k) or { .?1
to one of iis neighboring grid points. With this result, |

the generation of the S planes can be completed simply i

by the "data extraction” technique described in the
following chapter.
The important point of the three-step slide procedure is the Lo
automatic alignment of the V pattern after the second step, which makes
the columnwise slide in Step 3 possible.

Observe that the above siide procedure starts with a vertica]

S slide (H pattern alignment), follows with a horizontal slide, and H

finally concludes with another vertical slide. The roles of horizontal

BV A bl B

r stide and vertical slide can be exchanged. In other words, a slide

procedure could be generated which would accomplish the same result with

a horizontal slide (V pattern alignment), followed by a vertical stlide, ﬁ
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and Finally, terminated with another horizontal slide.
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CHAPTER 7

ALGORITHM FOR EXTRACTION OF THE DATA

In the Tast chapter, the use of a V-plane and a H-plane are

employed to provide insight into the three-step slide algorithm and to

demonstrate the success of this algorithm in sliding the data to the

— neighboring grid points of their destination. In a practical application,

these two planes are not really computed and si1id. The only entities

which are slid are the elements of the image and the coordinates of the -

original grid points. On the other hand, the image is slid to generate

the desired data plane. The coordinates of the original grid points are

—

slid to keep track of the slides and, finally, are used to generate the

E“ ' masks as required for the process of extracting data.

The details of this data extraction technique are explained

S8 ‘ - through use of an example. Consider a -37° rotation of a 20 x 20 image,

Lo -
. " with the tse element (0,0) as the rotation center. The desired final ;;ﬁi
.

L destination of (m,n) as computed by equations (8) and (9) are shown in §o ]
._;

[ Figure 17; the original coordinates of (m,n) are presented in Figure 18. L

To generate the S planes, the image is slid by the three-step slide iﬁﬁ

1 procedure, The coordinate plane is also s1id at the same time to keep

;t. - track of the (m,n) points. Planes in Figures 19, 20, and 21 show the jjj

i‘rr‘-rx:

positions of these {m,n) points after Steps 1, 2, and 3, respectively.

-

Carefully checking the actual position after the slid procedure in

Lu

Figure 21 against the desired destination in Figure 17, one finds that

l:“:'m“ﬂ-l

for each desire (m,n) point in Figure 17 its actual position is either
37 |
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Figure 21. Final position after Step 3. Actual.
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i at the exact position A or one of its neighboring grid points, B,C, or

| : '

- D, as shown in Figure 22,

E Take the Tower left corner portion of the 20 x 20 image problem

” as an example. From Figure 17, the desired destination is

| (2,3)  (3,2)  (3,2)
(1,2) (2,1) (3,1) i
(1L, (0,0 (2.0 ... BN !
(0,0) (1,0) *
(0,0) * *
and the actual final position after the slide procedure is, from | -

l Figure 21, ‘ 5

:1 * . E ' .

. . ]

20) (23 (3.2 (3.2) .

- (1,3) (2,2) (3,1) (4.1)

: (1,2)  (1,1) (2.1 (3,0) ... (42)
(0,1) (1,00 (2,00 * o
(0,0) * % * ?

Associated with this plane, there is a slid image, E

B ;
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Four positions to search for data.

Figure 22,
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3 2 52,3 Y32 Sy

I 1, S22 S3q 0 S P

I.H _:' ﬂ

| L2 1,0 S2,1 S3p0 e (43) o

1

s s % ~

051 .[90 52!0

0,0

where Si i denotes the data which is originally at position (i,j). Now,
]

- : - R

(0,-1) (1,-1) (0,0)
(0,-1)  (0,-1) ~ (0,0)
(41) - (42) = | (0,-1) (0,-1) (0,-1) ... L
(0,-1) (0,0) * L i
{0,0) * *
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—

N
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The (0,0} elements in the resulting plane indicates that these points

i . are at the exact destinatioﬁ. Hence, a mask M] is generated for these

points. , L
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(43) « AND - M, =

Next,

(41) - {Slide left (42)} =

generating a mask

H

1
[ e B e B = B
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0 ... | (44)

(0,0)
("1 90)
(0,0)
(‘1:0)

(0,0) (<1,0)
(-],U) ("],0)
(-1~ (1,0} ...
(-],0) *

* %*
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{Stide Teft (43)} - AMD - M, =

Next

(41) - {Slide up (42)1 =

2,3

o O u»nno o W

S B

47

3,2

(45)

o O o ©  w»n
© o o o o
.

(1,0)
(0,0)

(1,0)
(0,0)

.
.

(1,00 (0,1)
(1,0)  (1.0)
(0,0)  (0,0)

* *

* %

generating a mask
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{S1ide up (43)} + AND - My= | O S

w
o
(o=

0,0
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(46)

Finally,

(0,1)  (1,0)

(41) - {STide up and left (42)3 = | (01} (0,0)
(0:1 ) ' (-] ,0)

(“.! :1 )
(0,]) R

=
a
I
O o0 o Cc o
O O QO - e
L]

and

E
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0 82’} 0 ¥
{Slide up and Teft (43)) - AD - My = [0 0 o .. (47) '}7_;_:‘]
0 0 o0 ey
! 0 0 0 j
2,3 53,2 53,2 )
1,2 S2,1 S35
(44) - OR+ (45) + OR+ (46) « OR - (47) = S]’] S]’0 53,0 §;
S,0 51,0 7 ' 3
0,0 ¥ -ﬂ,
| i = This is the desired Sm,n plane. Similarly, Sm+1,n"sm,n+1’ and Sm+1,n+1 :i
'f L ~ can be generated by extracting the data through masks in the same way. i
? _ Observe that the above example is a special case in which the .i
f ; data can always be found from one of its foup neighboring grid points, : d}
i after the s]idg procedure, as shown in Figure 22. In general, however, ;
? as proven in Appendix B and presented in the examples of the next chapter, i
£~ } i data can be at any one of its eight neighboring grid points as depicted é

in Figure 23. In other words, nine masks, instead of four, are reguired

5 to extract the data and generate the desired S planes, .
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Figure 23, Nine postions to search for data.
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‘CHAPTER 8
AUTOMATIC CONTROL FOR THE SLIDE PROCEDURE

A control unit is required for the tse computer to undertake the
task of sequencing the stored instructions in the proper order, selecting
the correct information source and destination, and providing the
appropriate processing path through the tse processor. One possible
control organization is shown in Figure 24 [8], in which processor
control is achieved by the selection of a "control word" which is output
from the control unit and interfaced with the tse processor. Each bit of
the control word is used to activate or deactivate one or more of the
elements in the tse processor. Proper data paths are thus provided by
activating the elements which lie in the speciTic processing paths
chosen by the instruction.

Control implementation may be achieved by utilizing small computers,
Basically, any of the microprocessorsavaiiable could be used. However,
the control unit must observe the timing constraints dictated by the tse
logic device propagation delay. A control unit organized around a micro-
processor must be sufficiently fast for the tse processor,

Most of the operations involved in the image rotation algorithm
are simple slides, shifts, additions, sybtractions, and comparisons, ete..
The function of the tse processor control unit for these basic operations
has been'studied [2,4] and is not duplicated in this research. However,
since a large number of slide operations is required in the three-step

slide procedure, an efficient control algorithm for the slide process is
51
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highly necessary. _

The task of the control unit in the three-step slide procedure is
to accurately determine the desired number of slides for each column, or
each row, at each step. Notice that, in the actual implementation of the
algorithm, V and H planes are not generated and slid for the following
two reasons:

(1) As presented in Chapter 5, the exact relationships between V,

H and ﬁv, 2h are involved,

(2) Even if the V and H planes were generated and s]id along with
the image for the purpose of providing useful guides, the task’
is very time-consuming to determine the proper amount of slides
for each column (row) at each step by the man-machine mode, as
was done in Chapter 6. The deve]épment of a hardware sensor or
a software algorithm to'check the V and H planes and to
determine the required number of §1ides would be very impractical
as far as cost and operation time are concerned.

Therefore, there is no obvious guide from which one can decide upon the
required number of slides during the slide process. For this reason, an
algorithm which can provide the control unit with the necessaninformation
on the required slides for each row, or each column, at each step of the
sliding process, is desirable. The efficiency of such a control 1is cruciail
to the success of the image rotation.

The following text is devoted to the development and the explanation
of a method serving for the automatic control of the slide procedure. This

method is simple, fast,and easy to implement. The number of required

slides for each column, or each row, can be precalculated and coded as

REPRODUCIBILITY OF TH[
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control words before the execution of the s1iding procedure. An exampIe'

is employed to illustrate the details of the proposed method.

Step 1
As presented in Appendix B, the amount of vertical slides generated

in this step, for column m, is

_ /0861 o 3
=R (np) / (48)

where o is the angle of rotation and p is the x-coordinate of the
rotation center. As an example, Figure 25 shows a 32 x 32 image plane
which contains a binary image "T%, whose edges are outlined as shown in
the figure. The image is to be rotated 37:2§° about the tse element
(15,15), as shown by the circled element. The Assigning Technique is
used in this example. |

Equation (48) becomes

_ scos 37.24° -1

v e (n15)) = <C0.337(n-151>

The amount of vertical slides for each column can be calculated by the
control unit, by substituting m = 0 to 31. The results are shown in
Table 1.

Figure 26 showns the image after performing the vertical slides.

As expected, Step 1 has the effect of twisting the image vertically.

Step 2
The horizontal slides in Step 2 are given by Equations (33) and

(34), or any set of equations (35) and (36), equations (37) and (38), or

ok

ke
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TABLE 1 .

Vl

0

~5

m

Bmount of Vertical Slides in Step 1

16
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19
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which’ d1rect1an the 1mage is rotated In Step 1, the H«pattern is

a11gned with respect to the e1ements at the same coTumn as the rotat1on

. center., S1nce this column is the on]y column wh1ch 1s not s11d dur1ng
'Step T ‘the s1mp1est way to determlne the required number of hor1zonta]

: s]1des for each row 15 to use these e]ements as references, Subst1tut1ng_

the coord1nates‘of these elements {p, n) into equation (33}, and then into
equations (35), (37), and (39), the fo]10w1ng results are obta1ned

(1). For the Assigning Technique,
H= <n-q) sing> . | | | (49) .

(2) - For the Linear Least-Square-Error Technique (clockwise

rotation,
H = <(h—q) sino>+1 . (50)

(3) For the Linear Least- Square»Error Techn1que (counter~c1ockw1se

votat1on),

H= <(n-g) sing> : (51)

For-the_examp1e,'eduation (49} becomes

o=
i

<(n-15).sin 37.24>

<0.605 «(n-15)> .

The amount of required hor1zonta1 s]1des for each row calculated by th1s

equat1on are summarized in Table 2.

‘equations.(39) ahd-(40)5‘depending.uponfwhiCh techniQue 1s used and Jn '3;  i

o i
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The result of the image s1id by the algorithm is shown in Figure
27. As canh be seen, Step 2 has the effect of twisting the image

horizontally.

s g o

Since almost all image elements are displaced from their original }j
positions after Steps 1 and 2, there is no obvious row or column similar
to the p-column used in Step 2 which can be employed as the vreference for

-,

the decision of the required vertical slides for each column in Step 3.

NP A

The intended reference elements, after being sTid in Steps 1 and 2, must .

span the whole range from the Teftmost coTumn to the rightmost column

such that the required number of vertical slides for each column can be
determined from the reference elements at that column. After thorough
study, the elements on the diagonal of the image plane are found to be

the only set of elements which has the above property in all cases. These
points are indicated as underlined e]ementg in Figure 25. Their new

positions after Steps 1 and 2 are shown in Figures 26 and 27, respectlively.

Notice that, although some of these elements are slid out of the image plane

during Steps 1 and 2, the remaining elements cover the whole plane

horizontally. Also, observe the fact that reference elements are absent in

SR IR € St i k. M AN - - .._.___.

scme columns, which can be taken care of by filling appropriate data

Y

into these positions. Since the number of absent elements is small, no

» T T

difficulty is imposed by this condition.

The task of determining the required number of slides in Step 3

includes:

(a) Determining the new column positions of the reference elements after
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- Step 2.
The column position of the diagonal element {n,n), after a
horizontal slide H in Step 2, is
i=n+H (52)

where H is given by equations (36), (38}, or (40), depending upon which
interpolative technigue is used and in which direction the image is
rotated.

For the example, equation (52) becomes
i=n+<-(1-cos 37.24°)(n-18) + (n-15)sin 37.24°> = n + <0,4(n-15)>

The calculated values of new column positions i are shown in Table 3{a).
Those elements which are slid out of the image plane {i < O or i > 31)

are no longer considered and are deleted in the tabie. Observe that, for

" n =14 and 16, the calculated values of 1 are 14 and 16, respectively,

which are different from the actual column positions of these two elements,
13 and 17, as can be seen from Figure 27. However, these differences
are always no more than 1, and are within the tolerance of the algorithm

for data extraction.

(b) Determining the required number of vertical siides in Step 3 for

reference elements.

The total number of required vertical slides, V, for the diagonal
element (n,n) is given by equations (35), (37}, or (39). Since the
element has already been slid by an amount V' in Step 1, the required

vertical slides in Step 3 is
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Ve Y.y, | (53) e
N where V' is given by equation (48). !EL
§ For the example, equation (53) becomes fj
[ V" = <-(1 - cos 37.24°)(n-15) - (n-15)sin 37.24° - <S23ZE 1 (0 15),
g , n s e
( = <=0.809 (n-15)> -<-0.337 (n-15)> , n=4 - 26 T
% The values of V" calculated by this equation are shown in Table 3(b). ! iif
Notice that for some i, the values of V" are not g1ven, since reference : S
; |
o elements are absent at these columns. : j?g
i :
Lf {c) Smoothing " ;
[y For clockwise rotation, V" should be a decreasing function of %
4L * column . However, as indicated in Table 3(b),contradiction occurs for ;
i = b as a result of rounding-off. Data smoothing is thus required to f
i
make the corrections. One of the simplest ways to restore Y" to a
%5 decreasing function is the operation :
V) = V) L A ) () (54)
:ﬂ ; The results of the smoothing operation are shown in Table 3(c). ;
£ Do
I
: (d) Filling the voids in y® §
= Since the yoids in y* are few and are distributed evenly among the §
% specified ones, each void can be filled by simply ass1gn1ng the void the é
same value as the column to its left; that is, 5
% i =
n
r. ..
f




—

[

S : T oo
64 { ‘
TABLE 3 "
ny i i vt A vt
0 |- 0 5 0 {5 0 |5
1 -5 1 5 1 5 1 5 |
2/ -3 2 | 4 z | 4 2 .| 4
715 3 3 3 |4 b
5 | 1 5 | 4 = 5 | 3 5 |3 N
6 { 2 6 6 6 |3 g
7 4 7 3 7 3 7 3 j
9 | 7 9 | 2 9 2 9 |2 L
10| 8 10 10 10 § 2 P
11 9 11 1 11 1. 1 1 b
12 ¢+ 1 12 1 12 1 12 1 P
13 |12 13 13 13 1 i
14 1 14(13) 14 | 1 14 | 4 |1 .
15 | 16 5 0 15 0 15 0 o
16 1 16(17) 16 | -1 16 | -1 16 §-1 b
17 118 17 17 17 §-1
18 |19 18 | -1 18 | -1 18 |- Loy
19 | 21 19 | -1 19 | -1 19 |- S
20 | 22 20 20 20 |-
21 |23 21 | -2 21 | -2 21 -2
22 1 25 22 =2 22 | -2 22 -2 "
23 | 26 23 | -3 23 | -3 23 -3 .
24 | 28 24 24 24 [-3 i
25 | 29 25 | -4 25 | -4 25 |-4 P
26 | 30 26 | -4 26 | -4 26 -4
27 13 27 7 27 -4
28 3 28 | -4 28 | -4 28 |-4
29 A 35 29 | -5 29 {5 29 |-5
gp/ 36 30 -5 30 §-A 30 {-5
1 137 31 31 31 1.5
(a) . (b) (c) (d)
{a) The New Column Positions of The Reference Elements After Step 2 3
(b) Required Number of Vertical Slides For Reference Elements 3
(c} Results of the Smoothing of y" F =
(d) Results of the Filling of V" | %
E
P
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ye(i+t) = yu(i) , 1F V"(i+1) is not given

The final results of V" after the filling process are shown in Table 3(d).
Afﬁer sliding the image by the amounts determined in Step 3, the resuits
are shown in Figure 28. Step 3 has the effect of twisting the image

further vertically.

Notice that the above discussion for Step 3 is only for a clockwise

rotation. For counter-clockwise rotation, the foilowing two operations
are changed:
(1) Diagonal elements (O,N-T}, (1,N-2}, ..... , (N-1,0), instead
of (0,0}, (1,1}, ....., (N-1,N-1), are used as reference
elements; .

(2) The V* should be an ihcreasing function, rather than a
decreasing function of 1.

Finally, the detailed algorithm for making the decision as to the
required number of slides in each step are summarized in Table 4.
Different formulae are included for both interpolative techﬁiques, and
both directions of rotation.  The step by step procedures are presented
in such a way that direct implementation of this algorithm is not

difficult.
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TABLE 4
Steps to Perform the Three-Step Slide Algorithm
Assigning Technique LLSE Technique
clockwise counter-clockwise clockwise counter-clockwise
rotation rotation rotation rotation
Step 1 cosp - 1
V'{m) = “sine (™P)>
Step 2
- <(n-q) sine> <(n-q)} sine> + 1 <(n-q) sine>
H(n} =
?:?p 3 n+<-(1-cos8){n-p)| n+ <= (1 ~c088)(n-p) |n+<-(1-cose){n-p) n+<-{1-cose){n-p)
i(n) = + (n-q) sine» -{N-1-n-q) sine> ~{n-q) sine> ~(N~1-n-q) sine>
(b) <-(1-cose)(n-q) <-(1-c0s8) (n-q) <~(1-cose)(n-q) <-{1-cos8)(n-q)
(i) = -{n-p) .sine> -(N~-T-n-p) sine> ~{n-p) sine> -(N-1-n-p) sine>+1
(c) VI(i41) = vr(d) V) = V()| vR(ie) = ve(e) VI(§+1) = (i)
Smoothing | 1F V(i+1)>Vy" (1) V(1) <V (d) V(T v (9) TF VU (i+1)<ym (1)
(d) . ey .
Filling Vi(i+1) = vo(d) if VU(i+1) is not given
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CHAPTER 9.

EXAMPLES

'ffli ' In this chapter, many examples are given to demdnstrate.the o | _ﬁ;{_:

corréctness and the effectiveness of the algorithm derived in the previous :

P ‘ chapters. Various cases, including clockwise rotation and counter-

= clockwise rotation, small angle rotation and iarge angle rotation,

{J rotation about a point in the middle of the image plane, rotation about  -;ﬁ
a point close to the boundary of the image plane, using the Assigning

LJ' Technique and using the Linear Least-Square-Error Technique, are presented

i} in order to show that the algorithms are applicable to all cases of

| rotation. The 32 x 32 image plane shown in Figure 25 (page 55)is used

for the examples. All examples are simulated using FORTRAN Tanguage on ;;5

an IBM/360 System. The simulation program, which is deve1opedfbrthegenera1
A case, 1s included in Appendix C. One should make the point that because
of the printing facility used, the images shown in the following examples

do not appear to be exact squares as they should be. Except for this

print-out distortion, the results of all examples appear to be what one

would expect.

Example 1

s xh_u..u'..v‘ti«l‘.;u}".&-_a.‘.'_i‘)_‘n D T R AT T

¥ : rotation center (p,q) = (8,4) y 5]
rotation angle g = 28.6° =
The Assigning Technique

- |

r )

l i..i l

i | .

‘} As the first step, the desired destinations, m and n planes, are IR
' : o B

calculated by equations (6), (7), (11), and (12), and shown in Figures 29 ii" !
: 68 |
j .

-

? ‘
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1f511de the. 1mage as well as the or1g?na1 m and n'planes, which are ‘the
.coord1nates of the tse e1ements as shown 1n F1gures 31 and 32, The image
‘after each s]1de step 1s shown in F1gures 33, 34, and 35. As expected,
Step. 1 has the effect of tw1st1ng the image vert1ca11y and Step 2 has the

_ effect of tW1st1ng the image hor1zonta1ly, Step 3 comp]etes the remaining
vertlca1 s11des, The result in Figure 35 shows that, after the slide
procedure,.the jmage has been rotated to the desired orientation, but its
edges-éfe rather coarsé. |

Notice that the original positions, m and n planes, which are
shown in Figures 31 and 32, are s1id along with the image plane. Figures
36 and 37 present the m and n planes after the slide procedure. Comparing
the calculated m and n planes (Figures 29 and 30), which show the desired:
destinations; with the s1id m and n planes (Figures 36 and 37), which show
the actual positions after the s1ide procedure, data can be extracted by
the algorithm described in Chapter 7 to form the desired rotated image
£(1,3), as shown in Figure 38, Observe that this image has smoother
edges than the one in Figure 35. The data extraction process has
rearranged the displaced elements and positioned them where they should be.

Careful comparison of Figures 29, 30Iand Figures 36, 37 reveals
that the boundaries of the calculated m, n planes and those of the slid
m,n planes are not exactly the same. The differences are due to the
round-off épproximationsu Even though this "hdundary effect" is small,
one should be aware of 1.5 presence.

 In the actual 1mp1ementatlon, elements slid from outside the image

_r_pTane'are presentEd by 0's rather than stars as shown in Figures 33
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Figure 37, Final n (slid).

T e P T et .\w B

- o ?
<EA,_L.,‘_AL‘,ALL;_MMA.u‘..‘;,A.w.-..;(‘_._.z-.‘.l&.,.-...-.j...;...._,.,‘ .

e el .




79

#**###*#*#*#*#**###*###**#*###**#**##****#*****##**#*#***#**#*#*

i st ok e o st o oo v e e e e e s o vl e o s e el e o e ot K

s e e e ek dede s e kol ek B A kX 0 QO

oot e ¢ e e de o ot o e ek

0 Ok deoteskfe e o oot e e ool s e e o ke 9K 3

desote dete desiook s de ook e ek e Re ek O 0 0 O O Ok dedmokdokokk

¢ o s i o e sl e e oot e ol e ool ade v sl vl e e el
ool e ole e e e e ok e e kv ek e ik )

O 0 0 Qsdokddesokickiiorkfliinil

gk R kR Rk R Aok Bk 0 0 0 00 0 0 0 0 0 0 O Qdkfinkiridorksirs

sl e etk e itk kk 0 0 0 0 0 0 0 0 0 0 0 0 0 0 O¥kdokidikikisk

e i OO0 OO OLO OO
vl o ot lof=RoRuloNaloloRaRa e Re i
= N0 OO0ODDOOCOODO0O0O
e Rl R COoOOoCoCOOoO0OD0Q0
1.L1;i.L”””%W”?NM”OnUﬂvDAUnuﬂnu
B L e R N ) LDoocooOood
OO0 O00

[ sk e ok e e ok S e o

g ol et o el el el el e e

it 111113111}l

o

o
o oo
o oo
R ol sRoNoNauRolel
0000000000000000000000000
0000 O00000DO00000D0D0O0
CCO00OO000000CODO0OOO00O0O
F OO0 00ONCOO0O00ORD00C00O0
3+
*mﬁOOOOOOOOOOOOGOOOA“WOOO
i
MMMMM00000000000000000000
****#*0000000000000000000
PR :
rtilfifisrocoocoocvooocoocoooooow
ELExrwrxs o
il iiirro000c00c0000000 % %
R A B ox
R R I HEARZE B ROOODOOOOOOOCH# ¥
i A A R R A ¥ %
Pl P HEHERHER R R ROOOQOOOO% % %
A M A R S R ) o %
I Y iR s b s e xr00000OER ¥ #
FEFEZ LR F 84 5 % & 2t & £ & By ok
L IR YR T F P EEr 0000 & ¥ %
I A R S A S A A %R R R

R - R e _....‘,,,”5 e ‘.,..... . _. - AN e 1\‘41 4414 - o ”HW,.w.,.,.!!‘.ﬁ.rﬁ..,.au..uj,m..liivaus SR TR T T T e gy

3 e - R T . S . b ma e s P © e e e et e i = 8 b - %
r.u. A
.. "

e ‘.., ' o

Rotated image f{i,3).

Figure 38.




D S A At

e wem e .

80

ghrough 38. The actual boundary of the rotated image.can be obtained by
generating a mask from the calculated final m and n planes, as shown in
Figures 29 and 30, where elements with coordinates less than 0 or greater

than 31 are the area originally undefined.

Example 2

rotation center {p,q) = (8.4)
rotation angle ¢ = -28.6°
The Assigning Technique
This example is the same as Example 1, except that the image is
rotated in a counter-clockwise direction. The rotated image ¥s presented
in Figure 39, Observe that some elements on the boundary of the rotated
image plane (for example, the squared element on the left boundary in

Figure 39) do not obtain the data from its neighboring elements (Obvicusly,

the value at the squared element should be 1 rather than Q). This is

" because of the fact that, for boundary elements, some of their eight

neighboring elements have already been slid out of the image plane;
therefore, the task becomes impossible for these boundary elements to
extract the required data from Tost elements. As a result, one should

realize that the boundary of the rotated image has already deteriorated.

Example 3

rotation center (p,q) = (8,4)
rotation angle o = 28,6°
The Linear Least-Square-Error Technique
This example is the same as Example T, except that the Linear

Least-Square-Error Interpolative Technique is used to extract data,
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mfl,n?'sm=N+1’ and

Figure 40 presents the Sm n plane, Image pTanes S
N . L] . .

S can similarly be generated and the final rotated image can be

m+ ,n+l : o : .

obtained by interpolating these four planes. However, since the image

in this’ékample is only a binary image, the effort is not taken.

Example 4

rotation center {p,q) = (8,4)
rotation angle g = -28.6°
The Linear Least-Square-Error Technique
Again the Least-Square-Error Interpolative Technique is used to

replace the Assigning Technique used in Example 2. The resulting Sm n

plane is presented in Figure 41,

Example 5

rotation center (p.q) = (15,15)
rotation angle g = 45°
.The Assigning Technique

The rotated image f{i,j) is presented in Figure 42,

Example 6

rotation center (p,q) = (15,15)
rotation angle ¢ = 10°
The Assigning Technique
Figure 43 presents the rotated image. Observe that since the

rotation angle i{s samall and the image is a binary image, the rotated

image looks rather crude.
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Error Interpolative Technique).
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Example 4: (p.,q) = (8,4), 6 = -28.7° (Using Linear lLeast-

Square~Error Interpolative Technique),
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= 45° (Using Assigning

(Pﬁq) = (]5:]5): 0

Example 5:
Technique),

Figure 42,
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(p,q) = (15,15), 6 = 10° (Using Assigning Technique).

Example &:

Figure 43,
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Example 7
rotation center {p.,q) = (15,15)
e}

rotation angle g = b
The Assigning Technique

The rotated image is presented in Figure a4,

Exampie 8

rotation center {p.q) = (15,15)
rotation angle ¢ =-15°
The Assigning Technjgque

Figure 45 shows the rotated image.

Example 9
rotation center {p,q) = (31,0)
- 8 = t]
ThECR2L190 20918 e i que

in this example, the {mage is rotated about the lower right corner

of the image plane. The final image is presented in Figure 46.

Example 10
rotation center {p.q) = {0,31)

rotation angle g = -15°

The Assigning Technique

The image is rotated about the upper left corner of the image

plane. Figure 47 presents the rotated image.

Example 11

potation center (p,q) = (31,31)
_rctation angle ¢ = 10°
fhe Assiyning Technique
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{(p,q) = (15,15), & = ~15° (Using Assigning Technique).
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Example 8

Figure 45,
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The image is rotated about the upper right corner of the image

plane. Figure 48 presents the rotated image,

Example }2

rotation center (p.q) = (0,0)
rotation angle = b°
The Assigning Technique
The image is rotated about the lower left corner of the image

plane. Figure 49 presents the rotated image.
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(p,q) = (31,31), @ = 10° (Using Assigning Technique)
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Example 11

Figure 48,
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CHAPTER 10
IMPLEMENTATION

The slide procedure is the crucial step in the image rotation
problem, Special hardware is required to facilitate the fast execution
of the slide process, A simpie and efficient hardware structure is
proposed in this chapter. Such an organization can be easily incorporated
with the tse computer architectures previously proposed (8,9,10].

As an example, Figure 50 presents a 5 x 5 image plane, in which
columns 2 and 3 need to be s1id upward one position, columns 4 and 5 need
to be slid upward 2 and 3 positions, respectively, Obviously, sliding
the image plane column by column would be very inefficient as far as
operation time is concerned. For this exampie, 1+1+2+3=7 slide
operations would be vrequired. In addition, a mask for each column is
also required, The slide procedure for the image plane can be resolved
into three steps as shown in Figure 50. Since each column, with the
exception of column 1, requires at least one vertical slide, a mask is
used to slide the part of the image to the right of column 1 one position.
Similarly, since the image to the right of column 3 needs at least
another vertical slide, another mask, which can be obtained by sliding
the mask in step 1T right two positions, can be used to slide columns 4
and 5. This same procedure holds true for Step 3. Observe that, in such
a procedure, only 3 vertical siides are required. In general, the total
numbey of slides is equal to the maximum number of slides required for

any column, as compared to the sum of the slides required for each column

95
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by a columwise slide,. The horizontal sliding of the image can be-
accompiished in a similar way,

A simpTe hardware organization which can efficient]y execute the

slide p?bbedure for the above algorithm is proposed in Figure 51, The

functional capabilities of this {mplementation are described below,

The Mask Generator is used to generate successively the necessary

mask for the slide operations. Initially, an all 1's tse is loaded,

which is then slid vertically (for horizontal sliding of the image) or

horizontally (for vertical sliding of the image) to generate a series of

masks. The mask and its complement are output to the Image Slider,

where the image and its coordinates are slid tse by tse through the

action of these masks.
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Figure 51. Implementation for slide operations.
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CHAPTER T1

CONCLUSION

——

The cooydinate transformations involved in the image rotation
problem have been generated, General algorithms are proposed to perform
image rotation using tse operations., Two simple and useful interpolative
techniques have been developed. Various examples have been employed to
démonstrate the correctness and the effectiveness of the proposed
algorithms. By utilizing the hardware implementation of Figure 51, the
Tengthy slide procedure can be accomplishgd speedily and efficiently.

The algorithms of the three-step slide procedure and data
extraction are essential to the problem. Their derivations are intended
to be based upon as rigorous a mathematical treatment as possible. These
developments have provided a successful so1ﬁtion to the image rotation
problem. However, the method for the automatic control of theslide procedure
has not been fully explored, The following subjects are recommended for
further study.

Additionaf Simulations and Ppssible Refinements of the Proposed Contyrol

Method

Because of the experimental nature of the image rotation problem
due to many round-off approximations in the derivations, & large number
of simulation results should be generated to confirm the correctness of
the proposed control method. Although many examples are employed in
Chapter 9, most of these are simulated. for the Assigning Technique, At

most, one concludes that the proposed control method is successful for
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the cases using the Assigning Technique. However, the proposed control

" method has not been tested extensively for the cases using the Linear

Least-Square-Error Interpolative Technique, The proposed control method
may not be accurate enough to be suitable for all cases. For instance,
the smoothing and fi11ing of V" from the Teft may underestimated the
complexity of the problem and thus may result in the failure of stiding
some elements to one of their neighboring elements in some cases. These
operations need to be tested extensively and refined, if necessary, to
provide an accurate procedure. The procedure déveloped in this research

has been successful in all cases tested.

Alternatives to the Proposed Control Method

Since the instruction cyclie time of a conventional computer is
significantly less than‘that of the tse computer, a control unit organized
around a microprocessor is'sufficiently fast for the computations of the
required number of slides in the three-step sl1id procedure. Sooner or
later, the instruction cycle time of the tse computer might become
compavative with that of a conventional computer. In this situation,
the microprocessor control of sliding may be too s]ow; A task should be
initiated to determine if the control of the siiding can be accomplished

within the tse processor itself,
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APPENDIX A

i DERIVATION OF THE LINEAR LEAST-SQUARE-
L ERROR INTERPOLATION TECHNIQUE
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F1gure A shows the gr1d po1nt (J,k), or (x'; ,3!k), of the new

i jmage p]ane and 1ts four heighboring gr1d poznts. The value at the grid

wn and-needs to be determined through some interpolation
techn1que. A Tinear interpolation technique using four neighboring points
is derived'here, hased on the "“least squared error" criterion,

- In this technique, the value at (x‘ ,y‘ ) will be determined
.thvbugh the Tlinear interpolation over 1tsfburne145bors to satisfy the Teast-

square—error condition. In other words, the plane which fits the four

' p01nts with the least squared error will be found Then, the interpolation

'vaiue at (x'. ,ylc) can be determined.

Let- the kriown values at the four grid points (m, n), (mt1,n), {m,n+l),

S and 5m+1,n+1’ respectively, and let

and (m+1,n+1) be Sy > Smel,n® Smon+1?

the equation of the linear interpolation plane be
f(x',y') = alx' - m)+b(y' - n) +c. (A1)

Note that the summed squared error is

2 _ 2, 2 2
e? = [f(m,n) -5, ] +Te(mr1,n) - S o] + [F(mont1) ~ Sy haqd
2
+ [Fmrl,nt1) - Spoy i
. 2 2 2
= (C'Sm,n) *‘a*'°‘5m+1gﬂ -%(b+c-—SmJHq)
+ (a+btc-S )2 | (A2)
m+i,ntl’ o

The necessary conditions for the least square ervor are
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(n,m+1) (m+1,n0+1)
?

(m,?f - ﬁmﬂ .n)

Figure A.

Y
>c—

Relationship between new grid point (j,.k) and its four
neighboring original grid points.
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2 2 "l
28 _ 2e 2€ . g . :
5-—-5- - 0 s 5—5‘ - 0 and c 0 s that 13,
2a+ b+ 2= SH]‘H n + Sm+] S (AB)
a + 2b + ¢ = Sm’n_’_] + Sm+-] ,n'i'] F (Aq')
and
2a +2b +he = Sy F Sy g F S 0P Sy e (A5)
. Solving equations (A3), (A4}, and (A5), gives
: B _ .
' a=g (Sm+1,n+'| * smﬂ ,n Sm,nﬂ- - Sm,n)’ (A6) =
j b=a (s +5 -5 -5 ) (A7) 13
" 2 Ym+l,ntl m,n+1 mEl,n . “m,n’? 1
1 and .
i . . R §
1
| ! © = 7(-Spe1,me1 ¥ et ¥ Spin  35p,0) ¢ (h8)
| ;l - Substituting equations (A6), (A7), and (A8) into equation (A1), the
’:_ ll equation of the least-square-error interpolation plane is obtained as dﬂ
i | | 1 ) ] :
# fxhy') = @) S 0t * Speryn = Spuner 7 Spnd K - m) =
[ 1 ) L
b g ey ¥ Smontl ~ Smel,n T Sm,n)(yI - .
T + (N-s + S +8 S
Lo ] m+1,n+1 m,n+1 m+l,n + 38, rl) . g
, g
Hence the desiped vaiue at (xj,yk), or (3,k) is J
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i .
| S,

=i ey ]
‘ i '_ f(\] ,k).— f(xjﬁyk) - '2— (-qm_;,'l ,Tl+1 +Sm+-l,n "Sm_’n_]_-l - S )01)(

m,n

s )dy

1
ta (Smﬂ ot Sm,1r1+1 = Sl N~ “m,n

| - 1
Lo g (S a1 St PO 3 sm,n) . (A10)

. Equatien (A10) can be written as

Hj

Fl3.K) = Flxgayp) = Wy (Sp o * W oS +Y

m,n"m,n " “mtl,n"mtl LN m,nﬂS

m,n+1 ' —

32

| . BT R T IR (A11).
| where

aLx»% rly+%.,. (A12)
1j
L W =-gdx+ddysl, (A13)

=y dx-ldy+l 7, (A14)

and

] 1
1 ' Y101 = 7 AR S (A15)

| The W's are the weights of the valuesat the four grid points with

wm,ﬂ ¥ wm,n-ﬂ * mm,n~!~] ¥ wm+1 SN+ =1 (A16)
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APPENDIX B

DERIVATION OF THE THREE-STEP
SLIDE ALGORITHM
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M The success of the slide algorithm deyised in Chapter 6 is due to X
.
the fact that the V-pattern is automatically aligned after Steps 1 and 2. y
:é_ This allows for the completion of the slide procedure by simply sliding ”i
. the image columnwise as described in Step 3, The following is devoted %
1
EJ to explain and to prove the essence of this algorithm. Equations (35) E
L and (36) for the Assigning Technique are used for the derivation. ¥
| Step 1 *"_;ﬂ
el Assume that element (m,n) is within the same H-zone as (pong)s =
4 ¥ which is an element at the same column as the rotation center (p.q), as fé
ff o shown in Figure By in other words, their H values are equal. :i
Rt o ]
. o=t
R where Hy and H are given by equations (34) and (36),
¢~‘ 4 HO = <(n0-q) sing>
1 and
. H =<-(T-cos8){m-p) + (n-q) sine> , 'ﬁ?
¥ _
..... i ‘g
Therefore, ‘1?
<(n0-q) sing> = <=(1-cos8)(m-p) + (n-q) sine> . (B1) g fi;
L .
As shown in Figure B, more than one element at the p-column may lie o
within the same H-zone as {m,n). The %, Values corresponding to these "}é
¥ points are spaced by a value of sin ¢, Therefore, at least one of these '?é
- points can always be chosen as the (p,no) point corresponding to this ‘éé
; g (m,n) point, such that, dropping the “"round-off function", equation (B1) '}é
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m

 (gea) sind = ~(1-cost)nep) + (n-q) 5109 + Edsinods

oy

| '1 : (ﬁ #n)fsin'a = (cosB;IJ(M—ﬁ) + E{sin®} ,' o {B2)

i where E{s1ne} 1s an error term of magn:tude ]ess than sin®, Dividing

B both s1des of equat1on (32) by;s1n_e yﬂe1ds

(n -]1) = (0059 ) (m p) + Elsine}l

sine sinq ?
or,
g = LB ey smy (83)

N

~-where E{1} is an error term of magnitude Tess than 1,

Observe that in order to align the H-pattern, the (m,n) point needs
to be s1id up by an amount V' = ng -1 such that (p,no) and (m.,n} will be
at the same horizontal position. Since the amount of the slides has to

be én integer, the amount of vertical slide in Step 1 can be chosen as

S (g, (54)

W1th th1s amount of H-pattern s11des, any two points, say (m1,n])
and (m2="2) w111 be sl1d vert1ca11y in Step 1 by

_.v]-' = 5‘;—%25—1— (iy-p) > ~ (B5)
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v, = <8881 (m,p)> (B6)
respectively,
Stap 2
Once the H-pattern is aligned, these two points are fo be slid
_horizonta11y by the amount given by equations (34) and (36).

Hy = < —(1~cose)(m]—p) + (n]wq) sind> {(B7)
and -

Hy = < -(1-cose)(my-p) + (ny-q) sine> , (B8)
respectively.

Originally élement (m],n]) is at. column m; .  After being slid
horizontally by the amount H] in this step, this element is now at the

column
mp ¥y = <-(1-cos0) (m~-p) + {ny-q) sino> . (B9)
Similarly, element (mz,ne) is now at the column

my + Hy = my + <-(1-cose)(m2—p) + (nznq) sing> . (B10)
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" What remains to be proven is that the V-pattern is aligned after

u
I
]

-Steps 1 and 23 in other words, any two elements at the same column will

now have the same value of V.

o R -
J— "

S  Let (m],nl) and (m2="2) be at the same column after Steps 1 and 2,
Ey s
it ot Hyp=my hHy

or, from equations (B9) and (B10},

-

m1-?4-(1—cosa)(m1—p)4-(n1—q)sine>== m2-¥<~(1—cosa)(m2—p)'P(nz-q) sine> .

- o ot

Dropping the round-off functions subject tb a round-off error of the

| S

fractional part, the above equation becomes

|

mqcose + n]sina = mzcose'+ nzsine . (B11)

The total amount of the vertical s1ide to be made for elements

ToTT
| I

(m],n]) and {m,,n,) is given by equations (33) and (35),

———y
+ [—-‘A...a

P

¥y = <-(1-cose){ny-q) - (m~p) sine >

. and

¥

L

i v, = <-(1—cose)(“2"q) - (ma—p) sing> ,
respectively.

Since these two elements have already been slid vertically in
Step 1 by the amounts V]' and Vz‘, respectively, the remaining amount of

the required vertical slide for (ml,n1) is

113
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cosp-1

EAERARAN <-(1-c0<9)(n1-Q) (my-plsin 0>~ g™

(m'["'p)>

'Again, dropping the round-off functions subject to a round-off error of .

the fraqtionaT part gives

" cose~1
V1' =

i 6 {(m;-p) cose + (n]—q) sine} {B12)

Simitarly, for point (mz’“2)=

- Cosp-1
V2 1

SThg {(mo-p} cosg + (no~q) sine} . (B13)

From equations (B12) and (B13)

V]" - VZ" = Cg?gel {(m]-mz) cose + (nlhnz) sinal, (B14)

Substituting equation (B11) in equation {B14) gives

V" -0, =0 (815)

which means that (m1,n1) and (m2="2) at the same column after Steps 1 and
2 require the same amoﬁnt of vertical slide,

Notice fhat the above derivationsare subject to the round-off
errors, which result in the differences of magnitude 1 as shown in the

example in Chapter 6, Extraction of the data is presented in Chapter 7 to

take care of these differences,
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SIMULATION PROGRAM
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L

DIMENSION XJ{32,32),YK{32,32),NVP(32),NH{32),NVPP{32)
P . INTEGER#*2 OUTBND:M{32,32),N{32,32),MF(32,32) 4NF132,321,
- - $ - IM132,3209SMN(32,32)

INTEGER P,Q

DATA OQUTBND/? %7/,SMN/1024%0/
. C
R Chakksdeh® GRIGINAL POSITION (MyN} Sokdokdsds

C

D0 1 1=1,32

DO 1 J=1,32

MUT,E)=1-1
» 1 NiTyd)=d-1
o ‘ DD 11 K=1,32
. J=33-K
s C WRITE DUT THE ORIGINAL COORDINATES
b 11 WRITE(6s100) {MUI,J),1=1,432)
- WRITE{6,200)

‘ 200 FORMAT{®1')

]; DO 12 K=1,32
L J=33-K

E 12 WRITE(6:100) (N{L,J},I=1,32}

I P 100 FORMATI1X,.32(12))

i i WRITE(6y. .2}

F {; Chdioriorsk READ IN AND WRITE QUT IMAGE dskickinks

: L c

- o P:Q: COORDINATES OF ROTATION CENTER
. o TET: ROTATION ANGLE
i C LiL=1: USING ASSIGNING TECH{CLOCKWISE ROVATION)
[l c LLL=2: USING ASSIGNING TECH{COUNTER-CLOCKWISE ROTATION?
? c LLL=32 USING LLSE TECH{CLOCKWISE ROTATION}
E ;g c LLE=4: USING LLSE TECH{COUNTER-CLOCKWISE ROTATION)
Lol DO &6 K=1,32

(N J=33-K :

PO B , 6 READ(5,300) (IM{I,J),I=1,32] g

CUEE N 300 FORMAT{3211}

PR B READ{5,310) TET,P,QeLLL 5
P 310 FORMAT(F10.6+12,12,11) : i
UL DO 7 K=1,32 . -
P J=33-K s
: 7 WRITE[6,100) (IMEI,+J},I=1,32) T
Do WRITE{6,200) o

¢ b
Chsdrsst FINAL POSITION (MFNF) Skksriks
"

COSTET=COS{TET)

SINFET=SIN{TET}

DO 2 J4=1,32

DO 2 K=1,32

XIS KI=FLOAT{M{ I, K}-PI*COSTET-FLOATINIJoK)-QI*SINTET
$ +FLOAT(P)




AT (R L e

gy

L YK(J.K: FLDATEMthKl Pi*SINTET+FLBAT[N[JgKI QI*CDSTET
1 R $ +FLOATIQ) - IRt
. . GD TU(Z‘&:Z#,ZSQES)QLLL
_ ¢ . FOR ASSIGNING TECHNIQUE _
24 tthJ(J,Ka GE.—~0.5) 60 TO 2L
T MELJdeK1= INT(xJ(J,K1+o.5;~1
GO TO 22
21 MF(JsK)= INT{xeJ,K1+o.5s
22 IF{YKLJyK).GE.~0.5) GO TO 23
T NEEJ KISINT{YKES1KI#0.50-1
_ GO TO 2.
23 NFELJdK)= xNTivm(J,K3+n.51 |
60102
Sogh T FOR LINEAR: LEAST~5QUARE-ERR0R TECHNIQUE
25 IFIXJUJsKILGE.040)GE TO 26 -
L MF(J K= !NT(XJiJgK?l-l
6D .TO 2T :
26 ME(JsKISINTE XIS KN
27 1F{YKL 3K} sGELOL0) Go- 10 28
NFUSKI=INTIYRED 4 K3 -1
L - 0 TO 2
28 NF{JoKI=INTIYKISsK) ) _
S 2 CONTINUE e
c DEEINE THE BOUNDARY OF THE ROTATED IMAGE hoy
. DD 3 J=1,32 ho
il DO 3 K=1,32 | I
IF{MF{JsK)oLTa0.0R. MF!JvK!.GE.Bl.BR NE({JsK)et.To0aDRe i
$ NF(J,KI.GE.3L} GO TO 31
. GO T4 3
o 31 MFLJ,K)=0UTBND
: . NE{ J5K21=0UTBND.
3 CONT INUE
DO 32 K=1,32
3=33-K
32 WRITE{6,1003 (ME{I,3)s1=1,32)
WRITE(6,200)
DO 33 K=1532
5 J=33-K
i 33 WRITE(&,100) {NFU{I.J},I=1,32)
= WRITE{&¢200)}

I

Lo

A

C
€ o devdeie el it STEP 1L e she el e ieafeok
C
CALL CONTRI(SINTET.COSTET:PyQsNVPI}
C NyP(I): NUMBER OF VERTICAL SLIDES FOR COLUMN (1) IN STEP 1
D0 & I=1432
K=NVPIL}
IFIK.GT.0) GO TO 46
IF{KoLTe0} GO TD 47
60 TO 4

f
REPRODU OIBILITY oF |
ORIGENAL PAGE IS POOR o




456

41

42

47

43

44
c

SLIDE up
KR=32-K
DO 41 J=1,KK

"4J=33-J
ML I =MLT ¢ JJ~K)}

NEE»Jd)=NET Jd=K)
IMET,JJI=TM(T,JJ=K)
DO 42 J=1,K
MUI,J)=0UTBND
N{ T, d)=0UTBND
IM(T,J}=BUTBND
GO TO 4

SLIDE DOWN
KK=32+K
00 43 J=1,KK
M{T o d}=MIT,J=K)
NITsdi=N{T1,4-K}
TM(T 4 J¥=IM(T 3 J=K)
KK1=KK+1
DO 45 J=KKL,32
M{I,4)=0UTBND
N{I.J)=0UTBND
IM(I,J)=0UTBND
CONTINUE
DO 44 K=1,32
J=33-K

HRITE{6: 100) (IM{I4d)sI=]1,32)

WRITE(6,200)

Cossdotfookr STEP 2 sestotopsesorn

c

€ NH{I): NUMBER OF HORIZONTAL SLID

54

51

52

CALL CONTRZ2(SINTET+COSTET +PsQeNH,LLL}

DG 5 J=1,32

K=NH{J}

IF{K<GT.0) 6O TO 53

IF{KLLT.0) GO TO 54

GO 10 5 .
SLIDE LEFT

KK=32+K

DO 51 T=1.KK

M{Tsd)=M{I-Ked}

NET 9 J)=N{T-KJd)

IM{T,d)=IM{T1~K,J)

KKI=KK+]

DB 52 [=KKI1,32

M{I,J}1=0UTBND

N{T,J)=0UTBND

IM{I43)=0UTBND

GO TO S

ES FOR ROW{I) IN STED 2

118

B B
L e




c
53
82
83
5
I
{i
' 81
c

c

110

101

102

111

201

202
10

SLIDE RIGHY
KK=32-K
DO 82 I=1,KK
11=33=1
MUIYJ)=MIITI—KoJ}
NITEgd)=N{IT=KyJ)
IM{TE, Ji=IM{IT~K,J]

. DR 83 1=1,K

MI{1,J)}=0UTBND

N{1,J)=0UTBND

MUY J)=DUTBND

CONTINUE

DO 81 K=1,32

J=33-K

WRITE(65,100) {IM(I,4),1=1,32)
WRITE(6,200)

stttk STEP 3 dokdddkdkk

118

CALL CONTRZ(SINTET LOSTET,PsQeNVPsNVPP,LLL)

DO 10 I=1,32
K=NVPP{I}
TF(K.GT.0} GO TO 110
IFiK.LT40) GO TO 111
GO TO 10

SLIDE uP
KK=32-K
DO 101 J=1,KK
JJ=33-4d
M{LyJI)=M{T 4 33-K)
NET,JJI=N{TsJI=K)
TMUI 233V =IM(I+35-K}
DO 102 J=1.K
M{T,3)}=0UTBND
NUI,J)=0QUTBND
fM{I.J)=0UTBND
GO TO 10

SLIDE DOWN
KK=32+K
DO 201 J=1,KK
M{LoJ)=Ml1,J-K)
N‘[vJ’-'-N(IQJ—K?
IH([!J)-'-{M(['J—K'
KK1=KK+1
DO 202 J=KKLl,32
M{TyJ}=DUTBND
N{1,J)=0UTBND
IM{I ,J}=0UTBND
CONTINUE

C NVPPtI): NUMBER OF VERTICAL SLIDES FOR COLUMN(I) IN STEP 3
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AR

c

' 203

204

205

120

DO 203 K=1,32

J=33=K -
WRITE{65100) (IM{I¢J)s1=1,+32)
WRITE{64200)

DO 204 K=1,3%2

J=33-K

WRITE(S, 301 §M717 0] 1=1,32)
WRITE( £y 200!
Do 205 ®=i,3%

J=33-%

WRITELE,10L: (NY Led) 91=1932)
WREITE! & i

Codactsmtonse EXTR AT DATA AND GENERATE SMN etdoiiior

€

301

401
%0

501
50

601
60

701
70

DO 30 I=1,32

DO 30 J=1.,32

TFIMELD3J) 0 iQaM{TsJ) «ANDJNF{LsJ)aEQ.N{I¢d))} GO TO 301
GO TO 30

SMNET, J)=IM{TI,4)

CONTINUE

DO 40 I=Ll.31

DO 40 J=1:32

[l=l+1

IF(MF(I4J) oEQuM(I1yJ) cAND.NF{I,J}.EQ.N{I1sJ)} GO TO 401
GO TG 40

SMN{I,JI=IM(IlsJ}

CONTINUE

DO 50 I=2,32

DO 50 J=1.32

Il=i-1 '
IF{MF(T9J)eBQoM{TILeJ ) AND.NF{T s JJ EQ.N{ILyJ)) GO TO 501
GO TO 50

SMN{I,Jdi=IM{Tl,d}

CONTINUE

00 60 I=1432

DO 60 J=1.31

Jl=J+1

IF(MF(Tyd) o EQaM({ Tl o ANDNF (1, S0 .EQeN{I,JL}} GO TD 601
GG TO &0

SMN{T,Jdi=IM(T, 41}

CONTINUE

DO TO I=1,32

BO 70 J=2.32

Ji=J-1 '
IF(MF{14JYeEQuM{TI+J1}ANDJNF{IcJ)EQeN{I,J1})} GO TO 701
GO 'T0O 70

SMN{TI,J}=IM(I,J11}

CONT INUE

REPRODUCIBILITY OF THE
ORIGINAL PAGE IS POOR
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DO 80 I=1,31
DO 80 J=1,31
11=1+1}
Ji=J+l
IFIMEIT+J aEQM{TL,d1) ANDNFUT,3V4EQ.N{IL,J10} GO TO 801
GO TO 80
801 SMN(I,Ji=IM{TL,J1)
80 CONT INUE
DO 90 1=2,32
DO 90 J=2,32
11=1-1
Ji=J4-1
IFIMF(Ted)aEQeMIiT1,J1)} aANDNFII o J}eEQeN{I2,J1)) GO TO 901
GO TO 90 L
901 SMN{I,J}=IM{11,41) i
90 CONT INUE 3 '
DO 1000 I=1,31 .
DO LO0D J=2,32 : iy
I1=1+1 -
J1=J-1 -
IFIMF{TpJ) eEQaM{T19d1) dANDNF{ToJ)eEQuN(TL,J1)} GO TO 10OOL o
GO TQ 1000
1001 SMNEI,J)=IM(I1,J1)
1000 CONTINUE
DO 2000 I1=2,32
DD 2000 J=1,31
Tl=1-1
Jl=J+1
IFIMF{ I} eEQoMITLad 1) cANDSNFII,J2.EQeN{TLoJ1}) GO TO 2001
G0 TG 2000
200i SMNCI,J)=IMII1l,41}
2000 CONTINUE
D0 2002 K=1,32
J=33-K
2002 WRITE{64100) (SMNITcJ)sI=1,32)
WRITE{6:200) _ e
sSTOP ‘ .»ﬂ
END :
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SUBROUTINE CONTRLISINTET 4COSTET, P, Q. NVP}
C
Cdokdoktekx CONTROL OF STEP 1 #okdiokiikdk
C
DIMENSION VP{32) +NVP{32)
INTEGER P,.Q
DO 10 I=1,32
VPLL )=—{1.0~-COSTET}*FLOAT{I-1~-P) /SINTET
IF{VP{I1.GE«—0a.5)} GO TO i1
NVP{I)=INT{VP{TI+0,5}-1
60 TO 10
11 NVPLI)=INT{VP{T1)4+0.51
i0 CONTINUE
RETURN
END

SUBROUTINE CONTRZ(SINTET,COSTET ,P, Qs NHeLLL]}
c :
Ckdoriekkdix CONTROL OF STER 2 seskskdodkkd
c
DIMENSION H({32),NH{32}
INTEGER P+Q
G0 TO(22,22,23,22),LLL
22 DO 20 I=1,32
H{I}=FLOAT(I-1—-Q}*SINTET+0.5
IF(H{1}).GE.0.0} GO TO 21
NHEI)=INT{H{I))-1
GO 19 20
21 NH{IP=INT{HLI)])
20 CONTINUE
GG TO 24
23 DO 30 I=1.32
H{I)=FLOAT{I-L—~Q}*SINTET+0.5
IF{H{I1.GE.0.0) GO TO 31
NHCEJ=INT{H(I))
GO TO 30
31 NH{I)=INT{H(T))+1
30 CONTINUE
24 RETURN
END

R L ] ; A w1 e ras 1, R e
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SUBROUTINE CONTRI{SINTETySOSTET 9P QeNVP o NVPP,LLL}
c
Ch%Fidddk CONFYROL OF STEP 3 deksridskisd
c
DIMENSION VD(32) 2HD{32) s NVD(32) ,NHD{32) +NVPP ({32) JNVP(32)
INTEGER P,Q
DD 30 1=1,32
GO TOU(33434533+340,L1LL
33 J=I
GO0 TG 35
34 J=33~} :
35 VD(I)=={1,0-COSTETI1*FLOAT{J~1-Q} —FLOAT(I~1~P)*SINTET+0.5
HD{I}=={1.0-COSTET}*FLOAT{I-1~P)+FLOAT{J-1~Q)*SINTET+0.5
IFIVD(T).GE.0.0} GO TO 31
NVDLI)=INTIVYD(I)}-1
60 TO 32
31 NVD(I)=INT(VD{L))
32 IF(HD{I}.GE.0.0} GO TO 23
NHDCI)=INT{HD(I))-1
GO 70 30
23 NHD(IY=INT(HD{1))
30 CONTINUE
GO TO{51,51752,53),LLL
52 DO 10 (=1,32
NHD{I}=NHD({I)+1
10 CONTINUE
60 7O 51
53 DO 20 I=1,32
NVDII)=NVD(I}+]
20 CONTINUE
51 TiL=0

D0 40 I=1,32
II=T+NHD{I)
IF{IT1.tT.1} GO TO 40
IF{ITI.GT.32} GO 1D 61
C FILLING NvPP
43 IF{II-[IL-1) 41,4142
42 NVPP{IIL+1)=NVPP{IIL)}
ITL=1T1L+1
GO TO 43

41 NVPP{ITI=NVDL{I)}-NVR(I)
IF{IT.EQ.1) GO TO 46
C SMOOTHING NvPP
GO TO{44445+4%945),LLL
4% TEINVPPL{IT}.GT.NVPP(IE—1)) NVPP{IE)=NVPP(Ii~]1}
GO YO 46




S N Ty st e el Oy e T

i3
[ 2

2 45 TF(NVPP{EI)oLT.NVPP{II~-1)) NVPP{II}=NVPP{II-1}
: GO TO 46 -
48 IF(I.EQ.32.AND.II.NE.32) GO TO 47
GO TQ 40
47 NVPP(IT+1)=NVPP(II)
( IT=11+1
a GO TO 48
g 46 TIL=II
40 CONTINUE
| 61 IF(1IL.EQ.32) GO TO 49
' NVPPLTIL+1)=NVPPLIIL)
: TIL=TI0L+1
o GO TO 61
49 RETURN

B END
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