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ABSTRACT

This thesis presents the representation of images transnitted

under unusual atmospheric conditions. Interactive coÌnputer graphics are

used to display directly the effect of atnospheric refraction on the trans-

nitted inages of objects at various distances.

Detailed equations are derived, that permit ray trajectories to

be calculated for any given atmospheric tenperature profiles. Two inter-

.poLation rnethods are discussed for fitting curves to the unequally-spaced

temperature data.

The inage representation programs (written in BASIC for a PDPII/40

computer with graphics terminal) are ex¡llained with the aid of flow charts.

The images of three objects at different horizontal distances

fro¡n the observer can be represented simultaneously on the display unit,

as weli as the horizon line of such ienperature profile
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CFI..APTER 1

1.1 Introduction
- Thís thesis develops the use of a urinicomputer graphics termin-

al. to reproduce the appearan-ce of the environment under unusual atnospher-

ic conditions. To the authorfs knowledge, this thesis is the first work

that gses interactive graphics to directly display the result of atnos-

pheric refraction on transnitted images of objects at various distances.

Sone previous work has been done, rePresenting inages by hand,

in which it is a tedious task to ""pt"r"rrt 
even one image' The only re-

quirenent for the c.omputer to represent these inages is to feed ít the

atrnospheric temperqt¡.rre profile data and the horizontal distance between

the object and observer. Also, by using the light pen of the miniconputer,

any object with uP to fifty vertices can be drawn on the screen.

This picture of the object is saved in the memory and its inage

for such a tenperature profile is directly represented autonatically on

the computerrs screen. Images for three objects at different horizontal

distances fron the obseryer can be represented on the screen at the sane

time.

A surunary of the previous work, rr¡hich is nostly related to the

Tay trajectories and refraction of these rays in the atmosphere, is pre-

sented in section (1.2).

Chapter 2 will discuss the inage transnission under unusual

atnospheric conditions. It includes the ray paths in the refracting at-

nosphere as well as the ray trajectories for four tenPerature profiles.

Chapter 3 will explain cubic Lagrange interpolation and spline

fit rnethods which are used to interpolate the unequally spaced data of the
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: :l.r-:l
temperature profile- Ttre comparison between these two nethods in our case 'rr: ':

will be discussed in the sane chapter.

The transfer characteristic progra¡n flow chart and the results
for four tenperature profiles wirl be discussed in chapter 4.

chapter 5 discusses the resulting inag;s for the four chosen 
1,,, ., 

,

tenperature profiles. rmages of sorne objects for every temperature

Tfie sumnary, conclusions, linitations in using the programs and. i.,..,,;,.

suggestions for future work wilr be explained in chapter 6.

L"2 glmarY of So¡ne of the More rmportant Besults of thq previous l¡ro"k

Nölke[Nl] reported the first rigorous nathenatical treatnent of
the Arctic ttirage (LgI7)

Liljequist[L2] described the tenperature inversions and nirages
at Maudheiin (Antarctica). The impoitant findings of this referelce can

be'sumnarized as:

(a) rf the vertical tenperature-gradient is equal to +0,112 c/n
for a surface tenperature of 0 c, then the curvature for

- horizontal Tays near sea lever wilr. be equar to that of the
earthts surface" rn other words i a ray of light proceeding 

¡..1,:,,,..,,,

horizontaLry fron a certain point, wilr forlow a path paral "''.'"""''

lel to the earthrs surface" with a tenperature gradient

of greater nragnitude, horizontal rays near sea level will 
1..;,.,,;,1

CUn¡e tOwards the earthrs Surface. l,..ii,.';f

(b) A ¡nathe¡natical nodel for the light ray trajectories was

developed as well as the vertex curve which deternines

the locus of the vertex points for all rays leaving (or
i;'iiii: "'

i" ""1"'trt'

l-r:.. :': - lr:
l:.'. : :l:::i-::
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object vertex
\ \

curve

Fig. 1.1: The principle of vertex
locus of maxima of the

eye vertex curve

A

curves. The vertex curve is the
light rays

x(Km. )

z (meters)



reaching) the origin, Fig. 1-1

(c) A. ray from the object will reach the eye after being

tatally refracted if the vertex curves of the object

and that for the eye intersect. There may even be

nôre thar. one intersection, each one deterurining a l,t,',,':,,i',
''.r":. .::

vertex point of a possible light-trajectory from the

object to the eye. If the object and the eye are

at the sa¡ne level, their vertex curves will be id- ,. i,.,. ,.
ì.:_: ì :;.-: --lì

entical, though facing in opposite directions. :

,:.:.: 
,: 

:...:.::.

(d) The following three cases of tenperature inversion 1¡, '1,¡:,:::;:
:1,_ -':

were discussed 
l

(i) a linear temperature-increase with height; 
l

j

(ii) a temperature-increase with height, which 
l

l

decreases in nagnitude fron the surface 
l

ì

and uplards, which he referred to as 
I

1ftyoungtt surface inversion; 
ì

ì

i

(iii) a pronounced thermocline. ì

i

Hobbs[H3] discussed the conditions of exceptionally long range
i :,1::r,:,,:visibility rr'ithin high latitudes, particularly as a result of superior 
l;1,,;:,,::,'i
l:'::'::':::ì

nirage. Nunerous cases were cited in rvhich lines of sight ranged fron 1,,,.-,,',,'.,'.

300 to 400 Km in length 
.,j

tehn and Sawatzky[L1] concluded that the arctic mirage occurs

when a tenper*ature inversion produces a steepened density gradient in the i:,:,.r::r:::..:.,

l;ì:l¡r' 'r

lower aturosphere.

Equations relating temperature profile to density and density

profile to nearly horizontal ray paths were developed. With the aid of 
i

these equations, the appearance of the environment can be predicted for 
i'..i¡,,,¡f,,
i'r.:l:r:,:::..,,
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rre Drofile" The t the effects' arry lower-atmosphere tenperature profil.e. They concluded that

of the nirage are noticeableprimarily over flat and relatively featureless

terrain. For strong inversions neaï the surface, the observer sees a

sauier-sh apeð. earttr, with objects near the horizon somewhat distorted.

On the other hand, viewing over very great distances is nade possible by

mild deep inversions, which when located near the surface, produce the

appearance of a flat earth.

The subject of the arctic nirage and the early North Atlantic

had been discussed ty Sawatzky and Lehn[S2]. The authors concluded that,

the arctic mirage is a pheno¡nenon that is conmon in higher latitudes. The

. authors contend that the arctic mirage was instrumental in the discovery

of Greenland by the lcelanders, and in the discovery of North Anerica fron

GreenLand

I'fanifestations of the arcti.c mirage, though largely forgotten

in nodern tines, are described in the earliest accounts of North Atlantic

discovery

Fraser and llach[Fl] showed - with pictures - different types of

mirages, for example:

(a) Inferior nirage; in which the image is displaced downward

fron the object

(b) Towering; which means inage is nagnified. Inferior nirage

with towering,results when tenperature and tenperature

gradient are greatest at the surface and decrease with

height "

(c). ï\ro-inage inferior mirage is the sa¡ne as for inferior

nirage with towering except that surface-tenperature

gradient is largerc Lli.iri:.'::!ri:

ìi'jì:.i'.,,.,ç
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(d) Superior nirage results when the temperature increases

with height so that the image is displaced up frorn the

obj ect.

(e) A three-inage nirage can result from an inflection-

point tenperature profile. This profiie often exísts

over an enclosed body of water on a sunny afternoon.

(f) The Fata l',{organa nirage requires an inflection-point

profile, but the tenperature gradient near the in-

flection-point is slightly smaller than it is for a

three-inage nirage"

(g) Astigrnatic three-image mirage produces an overhang-

ing r+alL so blurred that no detail can be seen on

it. The brightness, however, is redistributed so

that the center of the wal1 is bright" This strip

of brightness appears to the eye as a bank of fog

and has been called the Fata Bromosa"

-: ij t¡,

L:',-1.:
[ :.:i:.:. ];

ï
I
,



CHAPTER 2

IMAGE TRA}¡SMISSION I.J}IDER UNUSUAL ATTÍOSPHERIC CONDITIONS

.

The appearance of environment under unusual atmospheric condit- 
;,.,,,.,

ións was taken as an inage representation problem on a ninicomputer display 
. ''

unit.

In this chapter, the ray trajectories for different kinds of . i ,, 1_

unusual atnospheres are discussed, with graphs showing these ray traject- l',',¡,.':

or].es

First, the equations will be discussed, that describe the ray

trajectory through the atnosphere.

The following sections develop the equations that pernit cal-

culation of ray paths when the tenperature profile is known.

2"1 Ray Paths in the Refracting Atmosphere

Bertram[Bl] and Lehn et a1[L1] give the refractive index for

visible light as a function of density p(Xg/n3) by:

n = l+0"A00226p

and the propagation velocity v by:
cv= n

!= sinO(z).dv
r v(z) dz

(2 .1.1)

(2.t.2)

(2.t.3)

where c is the veLocity of light in vacuuur" Ref. [81] derives also an

expression for the radius of curvature r at a point on the ray, for an

atnosphere over a flat ealcth, lr..

lr:ì-:; ,

where 0(z) ìs the angle bet¡veen the ray and the vertical, ând v(z) is

the velocity of propagation at elevation z.



8

Fig" 2"7 ilLustrates Snellts law of refraction. It shows a

îay tnaversing a nunber of paraIlel layers having indices of refraction

ny, î20 n3, If we assume that the ray nakes an angle 0t with

Tespect to the normal to the planes in the first Layer" the corresponding

angles in the succe:;sive nediurns are, in accordance with Snellrs 1aw,

related by the e:ipression:

n, sin 0, = n2 sin 0, = 13 sin 0, =

Using equation (2"7"2), this can be expressed in the form:

sinO 
¡̂tv (2.7.4)

where 0 is the vertical angle at a point rthere the velocity of propaga-

tion is v, and A is a constant for a given ray. By considering the

successive layers to be of j¡finitesinal thickness, it is readily seen that

Eqn" (2.L"4) is valid for the situation where v varies continuously.

The curvature óf the ray expresseC by Eqn. (2"1"3) provides a

usefül starting point for a ealculation of the ray path"

Coordinates are chosen such that the ray is contained in the

xz plane" As shown in Fig- 2.2, an additional set of coordinates facil-
itates f¡:rther calculations" One axis (u) is tangent to the ray

?ath at the ray origin and the second axis (w) pointed dorsnrvard in the

the plane of the ray"

Since the velocity is vely nearly constant, the ray curvature

is very snall in the aturosphere; thus,

x s usi¡0

z ? z-+vcos0 ando

låil " 1

Thenn the curvature expression becones in the uw coordinates,

r¡;lt:'

1.r.rr..::..jr
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Fig" 2.Lz Illustration
(nL sin 0, =

of
n2

Snellts
sin 0t =

law of refraction
n3 sin 0' = ..".)

i -tl:.; f:: :,::

--2 ..-Actual path

Ìia:t.:iiirf.ig. 2,2t Choice of coordinate systens



refs. [81] and

-:I :;: :: r:: l'ifila:'.-ii: f::l;:':: :I-. l: :; ::

l0

(2.1.s)

ILlJ:

1
=r

-2dw
.2du

--zG
rr*€þl

Fron Eqs, (2.1"3) and (2.L.5), therefore:

I = dZw - sin0 dv
tdu?vdz

The radius of curvature, given by Eqn. (2.L.6), suggests

refraction of a nearly horizontal ray over a path of given length

be fairLy independent of the ray angle

\
at the obserr¡ation point"

Substitution of (2;I.7) inro (2.L,6)

+.i +cul .ro e-zo)du¿ v -o
sin0S1nce v

instead of + in the last expression.v

Therefore;

-2
_ dl{

"P

dZv ¡r? d5v= 
æ' 

oo = 
E,..co 

etc"

gives:

1 il?- _2
Tvo lz - zo)

r¡Je can write

(2. I .6)

that the

should

For moderate horízontal distances and nearly horizontal rays,

the altitude variation of such rays is snall. It is then useful to con-

sider the velocity function to be expanded in a Taylor series:

dv I rr 
":t# = "'oto @-zo)"+(z-zo)2o (2-7-7)

where:
rdvtr

V = 
-- 

Vo d,z ' -o

+ + ....)
sin0

o

d2* sinoo ,__, î?

.F = f C"å " "o t" - "o). å"o' (z - zo)2 n....)
(2.r.8)

Refs" [Br] and [t1] show the effects of the curvature of the earth on re-
fraction. For horizontal distances under 1000 Krn, the equation of the

i'.r.i

::j''jl:;'.

i



; ì:;;, -;;;;iil ir: i: t; l'27i:j :t:L)::

iI-2(to * vo(z + fr -
22x+ r* - zo) + ....)

(2"1.e)

l:::-r ì:.:-1,:ì

11

earthts surface is very close to:

where R is the radius of the earth.

In Eqn. Q"7.8), the ray elevation above the surface will thus
2

increase by the additional term ä. AIso, the angle go between ray

and local vertical will decrease by the a¡nount ä. Then Eqn" (2.1.8) will

become:

.2 sinfO - x'
dw pJ

2
x,=-2R

't"tt
,o) " f .lz

For nearly horizontal rays:

x-uand
2

, =ro+ucosOo "#
o

The last te:rr in the z-equation represents the effect

"o is the radius of curvature at u = 0" Replacing

from Eqn" (2"1.6), then:

Z = tOotCOSoo

Iv sinOoo¿
li

^g¿v
o

Also, by using Taylor series:

sin(0o-þ s singo-

Oo = 9oo-oo

=-2du

Let

By

d2*

du2

v
o

sin(eo - þ
substituting Eqs. (2.1"

- 
(sin0o-ËsinOo)

v

of

r
o

(2.1.10)

ray curvature;

by its value

(2.1.11)

cos0o

sinoo - fr sinpo

(2.1"11) and (2.I"12) into
tv sinOooz- 

--u
¿v'o

u
E'

a:

10),

t
Ivo

Eqn"

2ur
"mJ

t¡

(2.L.t2)

(2.1.e)

+

(2.1 -r3)

or
v- lrl v sinO

åf"sinQo- i2ç. "
o

+ vo(u sinóo

^ 2nZ 7J -¿tu *ãJ J



By integrating the Last equation

the uw coordinate systen, can

any terms at Least 1000 tines

neglected

l2

twice, the equation of the ray path in

be produced. In each coefficient of uD,

smaller than their neighbours have been

I tr t

sinO v- 4 v^ sinQ^ 2
w = .*r-tå"t * o6 'or"

-O 
r l ,

-vvvsinOvsin-ó
#çÅ * o, o),,u

o
nI

I¡-
20

ll I
v

-i'60

v sinô v v sinó sinO
r_9__ 'O _ O O 'O Oì ,,)\ 2R 2uo )e

lr ., IZ . L^v-sin-0 - v sinO.o o I o o. b,,--*z-- 
o7 

--rtr-rur
o

i.ir

(2.L.r4)

The subscripts rrorr refer to values at the origin of the uw coordinates.

Eqn. (2.I.14) describes the pat-h equation for nearly horizontal

rays as a fimction of propagation-velocity gradient å;

2"2 Relation Between Velocity Gradient and Temperature Profile

The path equation (2.I.14) requiresthe derivatives of propagation

velocity with respect to elevation. These derivatives nay be calculated

from a given temperature profile"

. Frorn Eqs. (2.I.1) and (2"I.2), we can find a relation between

propagation velocity and density;

r-t=c' I + 0.000226p

which to an accuracy better than one part in

v ¡: c(l - 0"000226p)

From this equation, the velocity derivatives

density derivatives, therefore:

vt = .- fl" 000226cpt

vrf = - 0.000226cprr and

. vil¡= _Q.000226cprrr

(2.2.1)

a thousa¡d is equivalent to:

(2.2.2)

can be calculated in terns of

tr. .

l:l:!ii -!:i:

ir:: ,: i :: Ì(2.2.s)
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2-3
p' = å9, prr = # and p.r = #

In the following paragraphs, the density derivatives can be calculated

from a given temperature profile.

Ref. [t1] shows the equation of the pressure in an atnosphere

situated in a gravitational field:

dn
# = -s P(z) (2.2-4)

'where p is the pressure at elevation z, and g is the acceLeration of

l3

gravity. A1so, Ref. [t1] represents the behaviour of air for smalL de- t,,....1

viations fron standard temperature and pressure by the ideal gas equation

pV = nF,t 
i

BptââF\orp=iQ.z.s)
where: T is the tenperature in degrees Kelvin, ñ is the gas con- 

.

stant and I is the constant of proportion ality.

Substitut.e fro¡n equation (2"2.5) into (2"2.4): i'

do
-å-=-dz

l:'. .i. -t . i':

.::.: 
:- .',:1!,r;1

(2.2.6) :1 .,:
!:.. ::.1-,:..:

i::-1.:'.':j.i.

(2 "2.7)

or!n-dz f = -sÉ rø
By integrating equation (2.2.6), then:

¡n(z) dPt ^ fz d'L
J, tt = -tß J, tõ
'o

sßP-
r(z)

I ":""' 
'

where pl and ,l are dumny variables for integration, and po is the l:!':'iirri::'

atnospheric pressure at earthts surface. Therefore:

p(z) = po eet-ru J, +r, (2.2.8)



Equation (2.2.9) shows the relation between density and the

tenperature profiLe T(z)

The next step is to get the first three derivatives of the den-

sity, using the notations

Substitutíng (2.2.8) into (2 .2.5) , then:

ßo ¡z
p(z) - tä"*pt-es Jo

dz-I.
r¡zr),

=+and.r"'=*
for simplicity"

Differentiation of equation (2.2"9) produces:

p' = ßnor- L "*c-so J' *t¡ # exp(=gg [:,+ll Rer. rsil

.t
p, = e (r_#)r*"*r-ss['o#,,

t4

(2.2.s\

(2.2.10)

(2.2.11)

(2.2.L2)

T, _ dl(z), T"
dz

OT

Substitution of equation (2"2.9) into (2.2"10), therefore:

pt = _f;{t'*
Differentiatíng (2 . 2 .1 1) twice to

sß)
nget p

î

and:

p" = CïÆl(Ë-p'l -+
.e
p"' = C4åå1 (2TT'p'

T"

11)rr12+pTT -T-p -2pT )

+2pTT) (2.2.13)

ilt
The calculations of g , p and p from the equations

(2.2.11), (2.2.12) and (2"2,13) for the temperature profile are as follows:

1. A cubic polynonial is fitted to the neighbouring temperature

poÌnts for a given temperature profile T(z) 
"

1 tr t+$(-2rrp -
T-

r 1l

PTT 1.. " :.

I : r' :1::

i L : i'rf,



15

2, calculate tt(r) , T"(r) and ,tt'(r) at altitude z fron the

cubic fitting curver

3. Calculate p(z) by using equation (2.2,9) (use numerical inte-

-fzd'rìgration to evaLuate the integral 
J" TG;¡ .J

4, calculate pt(r) , p"(r) and P"'(r) by using the equations

(2.2.LL), (2.2.L2) and (2.2-Is)

After calculation of the three derivatives of the density at altitude z'

the velocity derivatives can be calculated by using equation (2'2'3) '

Table 2.1 shorvs the nunerical values used in calculations, Ref[Ll]:
l:
f,l

l:':::ì

i,r'

lì'
:



The constant of proportionality:

Atrnospheric pressure at earthts surface:

Surface density of air at 15oC:

Effective nolecular peight of air:

Radius of the earth:

Velocity of light in vacuum:

ß=

D='o
Po=
29.0

R=

C=

0.00349 MKS units
Ên

1.013 x 10" n/m'

L.225 Kg/n"

6400 Kn

3 x 108 rn/sec.

TABLE 2.7

NI.JMERICAL VALUES FOR STANDARD ATMOSPHERE
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2,3 Ray Trajectories for Sone Strong Ternperature Inversion

Sone unusual temperature inversion profiles will be discussed in

this section. These examples of strong inversion were chosen from measur-
:

enent data collected in Reference lL21 "

ã¿' Temperature profile I:

lhis temperature profile starts with cold air on the surface

(Elevation = 0 meters). Warn air lies over this cold air so that the tenp-

erature increases with increasing elevation up to an elevation of 50

meters. I'Jith elevation above 50 meters, the temperature decreases as 
i :,,::::r

for a nonnal aturosphere, with temperature gradient equal to -0.006'C/neter. i ::';:-'1:

- The change in tenperature for the first 50 meters above the surface is

10"C. Table 2.2 and Fig" 2.3 illustrate this tenperature profile.

Ray elevation above the earthrs surface is plotted against dis-

tance along the surface for this profile, as shown in Fig. 2.4. The nain

equation used for this plot is equation (2.1"14) with the aid of velocity

derivatives as explained in section 2.?. Details of calculation techniques

. are discussed later in the section on transfer characteristics (Chapter 4).

Ihe observerrs eye is 3 meters above the surface" The numbers

on the paths,give Tay angles, in degrees above the horizontal, at the

observerrs station (0o).

It.is noticed from Fig. 2.4, that the rays hit the surface at

horizontal distance X Kn" For exanple, at initial elevation angle

0o = 0 degrees, the distance x = 9 K¡n. The horizontal distance X

increased with increasing, the initial elevation angle 0o, up to

0o = 0.03o. With increasing Qo above 0.03o, the horizontal surface

distance fron the observer at which the ray intersects the ground will

decrease uP to 0o = 0.10o, and then, x wil.l increase again.

i :' rr 1:: rr: i; '::
t;i l.l: .:":'
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It is clear fron this figure that, the horizon is located at

a horizontal distance greater than 75 Kn., and at 0o equal to 0.155

degrees. lhe comparable values for a normal atmosphere are 6.8 Kn. for

horizon distance, at an angle Oo of about -0.05o.

Any ray that has an initial elevation angle larger than the hor-

izon elevation angle (0o = 0.155'), will diverge upward and not return

to the surface.

lfe can notice also fron this figure, that many rays intersect

together at horizontal distances between 26 Km. and 45 Kn. from the

observerts station. and at altitudes below 18 rneters.
::,::
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TE}ÍPERATURE INPUT DATA

.Z(Meters) T Deg. C

05

I 5.6

5.9

3 6.L

4 6.24

6 6.s2

10 7.r

158

20 I

25 10.5

30 L2

55 tS,.Z

40 14.1

45 t4.7

50 15

55 74.97

60 14.94

65 14.91

70 14.88

80 t4.82

100 14.7

TABLE 2.2

TEI-IPERATURE PROFITE I

li -:-i;tr-rr
ir.i: .i 1:-ii
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b. Temperature profile II;

This tenperature profile is sinilar to the first one but with a

weaker temperature inversion. The change in temperature is 6.78"C in

the first 50 meters altitude, whereasn the first profile was 10oC,

for the sane depth.

The profile starts with cold surface tenperature (5"C) and

increases rapidly up to 11.80oC at a height of 45 neters.

With altitudes above 50 meters, the temperature decreases norm-

alLy (-0.006"C /n.) " up to 100 neteïs, the maximum height of interest in

this case

Table 2.3 and Fig. 2.5 show this profile. Fig" 2.6 shows the

ray paths with different initial elevation angles at the observer; Ôo

starts from 0o = 0 degrees"

The ray starting with 0o = 0" intersects the surface at I Kn'

horizontal distance. This distance increases with increasing Oo up to

a certain linit, at which 0o = 0"024o " Above.that, the horizontal distance

is decreased with incteasing Oo (this is clear frorn Fig. 2.6)"

This situationcontinues to 4o = 0'065 degrees' after which

the rays start again to hit the surface with Larger distance if 0o is

increased

We can see easily that the ray at Öo = 0.085o represents approx-

inately the horizon, corresponding to a horizontaL distance equal to 85

Kn" Any ray with 0o greater than 0.085 degrees will diverge upward,

as shown in Fig. 2.6.

¡l.ilr':',-

:'t !-.r.



TEMPERATURE TNPUT DATA

3 
(Metersl

0

2

3

4

6

10

15

20

25

30

35

40

45

50

55

60

70

80

r00

L Dee. c

5

5.6

5.9

6.1

6,24

6.52

7

7"5

8.3

9,3

10. 3

11.1

11.6

11.8

LL.78

11 .75

tL.72

11.66

1L .6

11 .48

TABLE 2.3

TEMPERATURE PROFILE II

-.:::t:..j-..
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c. femperature profile III;

This profile is characterized by a thermocline at altitude 2OO

meters above the surface. The thermocline*Point of refraction is the point

at which the second de:civative of the tenperature with respect to the
', ')elevatíon (d¿T/dz¿) vanishes: Thu strength of inversion for this profile i,,.'.,,.

is equal to 2g.6oc for 320 meters depth. Air layers which 1ie on the

surface are very cold (-30'C at the surfaðe), and the higher layers are

vùarmer, hrith high tenperature gradient. The thermocline occurs at altitude i:':r':,'

1i,f ,,..;

20O meters. The ait Layer at elevation 320 meters is the warmest one '' ''
i,.i:.i:'.

in this profile. This is clear from Table 2.4 and in Fig. 2"7. 1,"'":

The temperature of the air layers above 320 meters decreases 
i

i

witha1titude,withnorma1temperaturegradient-0"006"c/meterupto

700 rneters, which is the naximum elevation of inrerest in this profile. 
i

i

Ray paths of this profile are calculated by using equation (2.L.I4). 
I

Fig. 2.8 shows clearly these rays with different initial elevation angle 
i

I

Ôo, starting with 0o = -0.03o from the horizontal. Jþs increnental change j

I

in 0^ = 0.01". It is clear fron Fig. 2.8 that, due to the existence of i
;'o

the thermocline at 200 meters, ¡nost of the rays are returned towards the 
i,,_,:, i

surface from this leveL. This occurs for all rays that have 0o less t¡tti.

- ! -r-_ ^r-_ 
,.,,,,.r,],

than or equa1. to 0.l7 degrees. But with higher elevation angles, the .,:.::.i:

rays diverge upwards. The horizon in this case is at a very long distance

from the observer; at 160 Kn. approximately with 0o equal to 0.175"



27

TEMPERATURE INPUT DATA

Z(Meters) T Deg. C

0 .30

50 ^27.7

100 .-25'.3

140 -22.5

160 -20.6

L80 -17 "7

200 -13

220 -7.6

240 -3.5

260 -1.6

280 -"8

300 -.5

320 : "4

350 -.55

400 -"85

450 -t .15

500 -1.4s

600 -2"05

700 -2:65

TABLE 2.4

TEMPERATURE PROFILE III

l -::-t:: _ t: ..;'i:;i.ì

i:.::,.ì- -: jj. :. :....'i;r;:l



28

c)
cf

a

-cfc)tn
ì-l

x
cl
c)

(tro.
EJ
tlj
t---
lrj-r-O3o

c;zÍ,
Ð
H

Þ-
Cf cr
>?
tr-J c:
JñI
lrj

,.: ,'.

. -t--o-'30. oo -2U.00 -18.00 - 12. 00

TEMPERRTURE (DEGREES
-Ð.00

C)

FÍe" 2.72 Temperature profile III



cf,o
(]
O
CD

oo
o
tf)(v

^cJØ2
Eo
'r!cf
,ñJ

LLI
E
-cJ(f
-c)

Ð'o
t-t d

F
G
Þc¡
UJO
JJ
LrJ c:

1>s

/oI

cr
E.

cl
Cf

cl
rf)

s e

oo

Fig.''2.8: Ray trajectories for
tenperature profile III
(aÔ = 0.01")

n'. oo .00 s0.00 7

HCIR i ZCINTRL

i :i';:.: .: ,:
I il:-l:jj -
'' .: :i.t::,::.......

'tÍ;:!t':i

.00 100.00 125,00
D I STRNCE (METERS)

i 50. 00
x 103

200. 00

N
ro



30

.:,r.i:a ,ijt!

l'.'..,.
i ': '':'it

i..,..

:., ..:. , ,

i. ::.'.i ..
i-
i.'ì:.:ì.. :j

d. Temperature profile IV:

this profile is also called the Novaya Zemlyaprofile, and is

defined in Reference lLzl. Theprofile is characterízed by strong inùer-

sion, its strength equal to 28.7"C over 860 meters

The aír layers close to the surface are very cold (-35"C) and

start to beco¡ne warner as the altitude increases. The lt'ârflest layer

is at. 860 meters and the layers above this layer start to become normally

colder r+ith the rate of -0.006"C/n. as in Table 2.5, also in Fig. 2.9.

. Fig. 2.10 shows the ray paths for this profile. Ïhese rays are

transnitted fqr very long horizontal distances, especially the rays with

high initial elevation angles Oo" For exanple, the Tay at 0o equal

to 0"13o hits the surface at L22 Yrn., and at Ôo equal to 0.140

hits the surface at 162 Kn. which is the horizon in this case.

Fig. 2.10 shor+s ray paths for initial elevation angles in the

region 0 Í 0o < 0.20" with A0 = 0"01"" lt is noticeable here, in con-

trast to the previous profiles, that no rays are intersecting.

i..:r',:r'



TEMPERATURE INPUT DATA

31

Z 04eters)

0

35

92

LL4

128

149

176

207

276

409

535

575

633

680

740

800

860

g20

1000

1140

1300

T Deg. C

-35

-31

-25.

-23

-22

-2I

^20

-19

-17

:13.5

*10

-9

-8

-7 .4

-6.9

-6"5

-6.3

-6.55

-6.8

*7 "6

-8"5

::.:.
L-._ -

:

i i.:' :

tl .: :
l

i:ì'.'.

TABLE 2.5

TEMPERATURE PROFILE IV
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CI{APTER 3

NI.JMERICAL MET1IODS USED IN T}IE THESIS

Two interpolation nethods for unequally spaced data are discussed

in this chapter. The first ¡nethod is a cubic Lagrange interpolation and

the second is a spline fit interpolation. The comparison between these

two nethods for handling unequally spaced tenperature data is also discu-

ssed. A polynonial. of at least third degree vJas necessary in both nethods .':'rJ"ì.,'
l: r_-:r::::

because we need the first three derivatives of tenperature with respect

to elevation. For this kind of polynomial, the third derivative is con-

stant between every pair of adjacent data points.

3.1 Lagrange I s Ini:erpolation Forrnula

5"1.1 Theory(Refs"[H1] and [H2])

The Lagrangian interpolation polynomial t (z) of degree

¡,¡hich takes on the sarne values as a giùen function f (z) for (n+1) dis-

tinct abscissas zo,zlrz,, ... rtîL (not necessarily equally spaced), can

be rritten in the for¡n:

t(z) = f,o(z) f(zo) + ßt(z) f(21) + ."." * &n(z) f(z;)
n

= _X l,k(z) f(z¡)
'Ic=o

where .Co(z), ..... ., Î,n(z) are polynomials of degree n or less.

We nay avoid so¡newhat Lengthy calculation by noticing tnti tn"

expression (3.1.1) will take on the value f(zi) if gi(? = ] and if

SiCzr) = 0 ¡rhen j I i

With the convenient notation of the Kronecker delta:

(3.1.1)
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Urj = Q if Lfi
I if i=i

This requirenent becones:

9'r(zr) = Orj (i = o, .. q, 11; j = o, " "., fl)

(3.1 . 3)

Since 9.r(z) is to be a polynonial of degree n which vanishes when

z = zot zL, ...., ,i^1, ,i*L, e e., zn ,

therefore

I'iG) = cr[(z-z).. "(z-zi-r)(z-zi+¡1 -. " çz-z]7 G.L-4)

where Ci is a constant.

But we have:

9"í(zl = 1

Then:

(s.r.2)

(3.1"s)

obtained by

C.=
l_ (zr-z) . " . (zi-z i_1) Q r-2.*t) " " . (zr-zn).

and the desired Lagrangian coefficient firnctions t't(z) are

introducing (3.1.5) into (3.1.4). Therefore:

(z-z ) . " . (z-z i_r) (z-z i+y) . . . (z-zn)

(zr-z) . . . (z i-zi^r) (z r'2.*t) . " . (z t-zn)
Li@) =

and the Lagrangian interpolation polynomial of degree n is given by the

fonr:

¿s i.n (3.1.1) nhere 9,r(z) defined by (3.1"6) and tn = f (z¡) "

'Ttrerefore, th-is fomula is the equation of an nth degree poly-

nonial through (n+1) points.: (zo,tn) 
" 
(z*tr),. . o., (zrr,trr) which are

riot necessaril¡. equally spaced

(3.1 .6)

(3. 1.7)
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It can be seen that this formula involves large numbers of nulti-

plications and hence becomes quite sLow if n is large.

Without loss in generalitlr rr¡€ can use cubic form of Lagrange

formula to fit every adjacent four points starting frorn the first point

(zorto) and ending with (zrr,trr) by rnoving one point every time.

If we set n = 3 in the equations (3.1.7), anð, (3.1.6), and if

we start from the jth point we can get:

j+3
t(z) = . 

X. Í,¡ (z) tn
K=J

l.:

= Lj(z)tj o uj*r (z)tj*L o Lj*z@)t jnz n Lj*r(z)ti+s

(3.1.8)

where:

also:

b = t..o J'
t. - -t.

b- _ J+r.l
t Z. --2.. J+T J

L - 
(t¡*z+o) -br (z j *z-zj ) 

andÞa=ffi

(3.1. e)

I 
From (3"1.8) and (3.1.9) we can write Lagrange expression in simple form

for calculations; therefore:

t(z) = bo*bl (z-z j)+br(z'zt) (z-z j*l)*b3 þ-, j) (z'z j*1) (r'25*2)

(3.1.10)

where:
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It. --b ).br [" j *s-z j)-br(zr*s-z j) (zi4-zi*t)
bs=

(3 .1 . 11)j = 0r1r""rfl-S

We can see the two expressions (3.1.8) and (3.1.10) are passing through

the four adjacent points (rj,tj) 
'(z j*l,tj *t)'G j*2,ti*z) and

(rj*r,t¡*3) provided that the conditions (3.1.9) and (3.1.11) are satis-

fi ed.

3. r .2 Ilev-gber!-fgr-gsÞ1g-leerflse-Il!9rp9l3!i9t-lgrry1-1
Fig. 3.1 shows the flow chart for cubic Lagrange interpolation

nethod. The BASIC language progran for this method is in Appendix (3).

3.2 Spline Fit Interpolation

3:2.L Theory (Ref . [H2,P1])

Instead of fitting one curve of degree n to the (n+1) given

data points (zo,to) , (zI,t1),. .. , (zn,trr) which are amanged in order of

increasing values of z, one can use the following alternate approach.

One nay divide the total interval lzo,znT into n subintervals Lzo,z17,

lz,z27,. . . ,lzn_r,zn7 and use the spline fit by connecting each pair of

adjacent.points (every subinterval) with a section of a third-degree poly-

nonial, matching up the sections so that the first and second derivatives

are continuous at each point. '

Let Y0,Y1,...,Yn be the values of the second derivative at

the points: Then in the interval [z¡,2¡*1J, the second derivative has

the value (using linear interpolation):

t" = y- zk*l-z 
* y. ':3- rk -ai-' 'k*1 E

where dt = ,k*l-"k

(3.2.1)



Input:
n points
(z-t,tI)....(zn,tn)

z=-1, 0^=0

n2 = n-3

, -i+f i
D- =LJI zi+l - zi

*z-bo) -br(2,

= 1,300

z < z. -?- l+ó

1z- "j*2

+b

b-
J

I
(

z-z

J

j.
)(

+br(z-z,\ (z-z 
1*t)

z-z j+lQ-, i*2.) "

Is
k>300

2
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I :':: :.

t:::
I .:

t'

Fig. 3.1: Flow chart of'cubic Lagrange interpolation formula.
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Integrate (3.2.1) to get the first derivative:

(3.2.2)

where Cl is constant of integration.

By integrating again, vie can obtain the equation of the temperature-altitude

curve:

r'- -Ykr$t*Yk*1 ,4r*cl

(2,-..^r)3 (z=2,-)s
f = tnt-ä-l *Yk*rr-q-l *crz+c2 G.2.3)

where CZ is a constant of integration.

But the curve (3,2,3) passes through the points (zO,tO), (zn*r,t¡*1),

therefore:

cl =

tk*t - tk üt*t - Yk)dk
---q- - ------6---

(3.2 .6)

(3.2.4)

cz - 
tk'k*t l-tk*l"k - * ,rnrk+l - yk*rrk) G.2.s)2dv

substitut" Cl and CZ into (3.2.3) then,

f, = ä,,n., -,)3 *fr c,-,ut'

+ (zn*r-z',+ +,
+ (z-zy),+ 45)

In this equation all quantities are known except Yk, Yk*1, the values

of the second derivative at the end points of the interval lzk, rk*1J.

l\Ie consider the slope at the point (zn,t¡) as deternined from

equation (3.2.2) is the same as that determined by the corresponding for-

mula for the interval (rk_I; tt_f) to (zn, t¡).

Substitute the value of C1 from equation (3,2.4) in (3.2.2),

we can get:
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r"= -ykr+J*yk*rf=#,
(tt*t - tu) d-

. -_$'1_-[ * Gk*r - tr)z[ G.2.7)

and the corresponding equation for the preceding interval is:

.' - -(} l)(, ? YL 2

,'k-r k-z)' . (4-) Q-zn-r)

. (rt=rt-tì d.. ' 
ï:i-'t - (Yt-Yr-r) ëu ) (3'2'B)

collecting the unknowns Yk_', Yk and Yk*l on one side of the equation,

I Therefore
d- d- +d. d.

v r-k-]. . r' . l(-1 k- - k.tt_rt. o I * ttt_?_J * yk*1(-6)

= 
tk*t 

__- 
tk 

_ 
tk 

_ 

- tk-t 
G .z .g)dk dt_r

k -- Ir2r....rfl-I

we have sinilar equation as (3.2.9) for each of the interval points, that

is, k = I ,2r...,D-1. Therefore, we have (n-1) equations in the (n+1) '

unknowns Y0rYl,YZ,.. .,Yr.

Two nore conditions are introduced on YO and Yrr, which re-

quiie the third derivative to be continuous at (zr,t1) and at (rn_r,trr_l).

From equation (3.2.1):

t"' = -lt.*t\*tdt dk

Equating values for k=0 and k=l:
to Yt Yt ,Yz
%--%-'- -q-q

or

*.r,,*.*,, -?, = Q

(3.2.r0)

(3.2.rr)



Similarly, equating values for k = n--2 and k = n-l

where:

Yn-2 Yr,-.l Yrr*1 Y'
=F-d^ d^ d. d-n-Z n-2 n-I n-I

\n-z 
Y-Ç--r*Y'-l,Ç.#, il = Q

By solving the (n+1) equations (3.2.9), (3.2.11) and (3.2.12) which con-

tain (n+1) unknor.ms, v¡e caÐ determine Yti then equation (3.2.6) can

be used directly for finding t for any value of z between ,,,rn.

We can wrÌte equation (3.2.6) in the form:

t - ct,k(rk*l -r)3 * cz,k(r-rk)3 * cs,k(z¡*1-z)

(3.2.t2) .

(3.2.L3)

(3.2.r4)

(3.2.rs)

(3.2.16)

(3 .?..t7)

i -.. : :.:_ :. :.ì

+ CO,n(z-zy)

k = 0r1r....rtt

Y.
^l(
"r,k = 6dk-

Yk*1

ÌÇ

^ 
to ttdt

"g,k = uu- 6

^ 
to*, Yk*t dk

"4,k = i;----T-

3.2.2 Determination of constants

Let
d_

kP¡ = 3, k=0,1,."rn-l

--+Lk "k- 1

"k = _\;|, k=Ir2,..,,fr
K-I

bo=Q
bk = "k*l - "k , k = I,2,...,n-1
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b=Qn

Then we can write the system of equations

in matrix form as

AY=b

where:

(3.2 "9) , (3 "2.IL) and (3 .2.t2)

(3.2.18)

0 --------

Pn-z 2 (Prr-r*Prr-t)

P2

I-6
po

0

11
6.E
2 (Po*Pr)

Pr

;

0

'1-E
p1

2(pfpz)

0

0

?

0

0

0

0

0
111

dn-z dn-2 dn-l

Pn-1

1-ã--
n-l

Y. can be found and then C., can be deternined by using equations
laJ

(3"2.14,15,16.and 17). To solve equation (3.2.18), we can use the elinin-

ation nethodgiven in Ref. [P1:1, sect. 10"2.

The flow chart in Fig" 3.2 shor,¡s the dete::nination of coeffic-

ients C.. "r.l

s.2.s gggps!gg-e:g-9-f-:P11lg-fi!

Fig. 3.3 shows the flow chart of using computer in spline fit

interpolation. The corresponding BASIC pr.ogran (E4100) is in Appendix (4).

The nain idea of this progran is to Locate the position of the

given value of z between the two points (z¡,t1) and (tkol,t¡o1)

' .,':t '- 1.. t tr

r., 
'j 

o,; _:ii.¡J"ì-ì
.:,.!,\. " ;'

! æÁææ*
íi ôr þ,iÀìti't'ÛsÄii or &',-1J'rtìTcilA

\\
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l.: '. .'::..

i.¿;*,,:rr

rì:.:i:-'::

Inputi zyttyt k = 0r1r...rn

dL

P¡
ek

k

"k+1 "k
dk/6

(rk+1-rk) /dk
0,1,.....rfl-l

bk = uk - 
"k_1,, 

k=I,..fl-l

to,l - .1 ^do/dI

^orz = do/d,

^L,z = Pl-Po ao,2

rlrl = 2(po+pl)-Po a0,t

'!,2 = ^Lrz/ar,r
bl = bL/^L,L

uk,k = 2 (Pk.l*Pk)

$k-1 tt-r;t
br. = bu-P¡-r bt-r

"t,Éir = Pk/tk,k
bk = bk/"k,k
k - 2r. ..., tr-l

an,n-l = L+dn-r/dn-1*an-2,n-l

,r = -dn- z/dn-l'an,n-r an-l.,n

= brr-z-arrrn-1 bn-l

Yr, = brr/t rrr,

Y* = b¡rakrk+I tn*r, k = n-l ,"',2,1
Yo = -".,-t Yr - a"^z Yz
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Fig.3.2: Flow chart for

of coefficients

fit"

determination

for a spline

"1,k = Yk/6 dk

"2 rk = Yt*r/6 dt

"3,k = tnldn-Yn nn

"4,k = tt*1/dn - Yk*1 Po

k = 1r...., n - 1



Input:
@o,,to), (z1,tr),' . (zn,tn)

z1z
?

Print
IIOUT OF RANGEI'

t = .1 ,k(rk*r-")3*.z,y7-ry)s
* tq,kGk*{') * t4,kþ-zy)'t'k*l

k=k+1

i: .:;1,

:4.:.

li
I

Fig. 3.3: Flow chart of spline fit interpoLation



t,able: (zorto), Grrtr)' .ror, (zn,trr) and then

of t corresponding to z by using the equation

z .3cl,k(rk*t-r)' o cr,k(r'rk)" * c3,kQk*fr)

46

from the input data

determine the value

t=

o C4 ,y(r^"y)

where the constants arrn, Cz,k, Ca,k and ar,n have been previously conp-

uted and stored"

.5-.J

lrle will take the temperature data profile in Table 3.1 as an

exaurple for conparison between the applicatir¡n of cubic Lagrange and spline

fit nethods for handling this data (unequally spaced). Tables 3.2. and

3.S show the interpolated values of tenperature, density of the atnosphere,

velocity of propagation and its first three derivatives at every four neters

of altitude, starting fron surface level. Table 5.2 uses the cubic Lagrange

interpolation forrn¡la and Table 3.3 uses the spline fit method"

By comparison of the two tables, v¡e can find by inspection that

the temperature, density" the velocity and its first derivative have values

that are quite similar, but the second and third derivatives of the velocity
il lrt

(v , v ') are different. To see the effect of this change in values of
il ilt

v and v for calculations of w in (u-w) coordinate system as in

equation (2.I.14), the sensitivity of w with respect to the Leo change

. ili lt
in v and then in v was exarnined as follows:

s A lot2 
*1,1 

x roo%

='vrl

l:;..t:..,i
l;: '.:

ii:.-.].

w- ís the value ofI

values of vrvi

rir in equation
?l llt

,vrv ,u and

(2.f.L4) at typical

0o

rison Between the APPlication of

Methods in Te¡nperature Data Profiles

where
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t
,Z is the vaLue of w at the same values of v'v 'u

ll ll I

and 0o but with I% change in v or v

By applying this to the results obtained from cubic Lagrange interpolation

and spline fit methods, Table 3.4 is obtained. We can see the

effect of L% change in 
rrt 

gives an average -.002eo change in w.

Also the Leo change in 'rrtt gives "03eo change in w in average in both

nethods

Fron tÏris result, vre can say that in spite of the differences
ll lr r

in the v and v colunns in Tables 3,2 and 3.3, and due to the very
il llt

snal! effect of the change in v and v in calculation of paraneter

w, we can consider either method (cubic Lagrange interpolatioi or spline

fit) equally valid for handling unequally spaced data. The cubic Lagrange

nethod is used in our case.

f:
::..

l-.r :,"....: r'
1.,,.,:: ,-,,r.: :. ::. i
(.È'1':::.:\''jlj':.

::l
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TEMPERATURE INPUT DATA

Z (metersJ

0

I

2

3

6

l0

l5

20

25

30

35

40

4S

50

55

60

70

80

100

J CDegrees C)

5. 00

5.60

5.90

6. r0

6.24

6.52

7.00

7"50

8.30

9. 30

10.30

11"10

1l .60

11"80

1r.78

11.75

TL.72

11.66

11.60

11 .48 I r'i':,.. ::,
¡.4:.'::lr::
l: '

TABTE 3.I.
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INTERPOLATION OF TEMPERATURE DATA

USING CUBIC LAGRANGE FORMULA

î lt trrz(M)_ r c pNS_.

0 5 L.27ISB 2.99914E+08 265.BgZ =156.649 64.SgZs

4 6.24 1,.2653L 2.99914E+08 53. B21B "23L7L4 -.878581
8 6 .78533 L.26223 2.999L48+08 46.4S8S -s.9116 1.08795
L2 7.1576 1.25gg4 2.999158+08 g9.0198 4.3598s -.ZSsSBs
16 7 .6344 L.25718 2.99915E+08 SS.4877 4.SLSLI -.499059
20 8.3 I "2536 2.99915E+08 66.7452 2.52047 -.4s2428
24 9.0936 1.24946 2.99915E+08 72"L057 .36649s -.492207
28 9.9184 t.ZqËZt 2.99916E+08 69.222r -2.0L4g5 -.230897
32 10"656 L,24138 2.99916E+08 59"4195 -5.6373I .0L2ZBL6

36 LL.2278 I.23828 2.99916E+08 45.6925 -4.54499 .ZO0Z9S

40 11 . 6 I .23607 2.99916E+08 29. 9091 -3. 55156 . 194356

44 II"7843 I.23467 2.999168+08 16.1308 -S.08481 .496424
48 11"7898 1.23406 2"99916E+08 e.7737 '.. t6sso8 .0zss6gz
52 LI.768 1.23356 2"99916E+08 8.29307 -6.671988-04 2.845198-06
56 IL"744 1.23307 2.99916E+08 8.2904 -6.329748-04 -1.200S2E-06
60 LL "72 L.23258 2.999168+08 8.28786 -6.3,77708-04 -1 . 198298-06

64 11.696 1.23209 2.99916E+08 8.2853 -6.51625E-04 3.184188-07
68 11"672 1.2316 2.99916E+08 8.2827 -6.503s3E-04 3.L7IO4E-07
72 11 .643 L.231LI 2.99917E+08 8. 2801 -6.49082r-04 3.175908-07
76 .LL"624 L.23062 2.99917E+08 8.2775 -6.478L48-04 3.L6B7TE-07

80 11.6 L.230L3 2.99917E+08 8.2749L -6.465488-04 3.L65648-07
84 IL.S76 L.22965 2.99917E+08 8.27233 -6.45ZASE-04 3.15852E_07

88 -.11.5s2 L"229L6 2"99917E+08 8.26975 -6.440208-04 3.15939E-07
92 11"528 I.22867 2.99917E+08 8"26718 -6"42760F.-04 3.748288-07.
96 11.504 L.22BL8 2.999178+08 8.26461 -6.415018-04 3.L43I68-07
r00 11"48 7"2277 2.99917E+08 8.26204 -6"4024s8-04 3.ts8osE-07

TABLE 3.2
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INTERPOLATION OF TEMPERATURE DATA

USING SPLINE FIT ÞÍEÏTIOD

Z(M\ TC DENS. v v v v:-
0 5 1.27158 2.999148+08 LO.6175 -L.30760F.-03 L.610368-07

' 4 6.24 L.2653L 2.999148+08 51.1089 5.ti3843 29.7858

8 6 .77925 1.26226 2.999148+08 47 .L894 -2.98969 -7 .56050E-03

L2 7 .L8g4g . L.25g7g 2. 99915E+08 38. 659 .461833 L .72707

16 7 .63L86 1. 2S7Lg 2.999158+08 53.0478 4.90486 .706108

',, 20 8.3 L.2536 2.999158+08 67 .0222 2.O8gg2 -,695898

24 9.0937 1.24946 2.99915E+08 72.033 "422046 -.4IL529

,: 28 9.91369 L.24523 2.9991$!+08 69.7777 -L.65406 -.551087

32 10.652L t.24I3g 2.99916E+08 59.4488 -3.L7669 -.215671

36 I1.225 7.23829 2.999168+08 45.1648 -3.76969 .04sI124

40 11.6 1.23607 2.99916E+08 30.4474 -3.59192 04L4452

44 LL.7826 t.23468 2.99916Er08 L6.7894 -3.23969 .0859049

48 I1.7994 L.234OL 2.99916E+08 7.56I3L -.868035 "76IL07
52 tL.7655 L.23357 2.999168+08 8.3238 .3237gL -.165151

I 56 LL.7446 L.23306 2.999168+08 8.39898 -.I3I428 " 0404806

, 60 IL.72 L.23258 2.99916E+08 8.19689 "03034 .0404067

" 64 11.6955 L.232Og 2,99916E+08 8.28754 .0150091 -3.829848-0s
68 11.6718 L.23L6 2.9991$f,+08 8.31693 -2,957448-04 *3.82289E'-03

72 11.6481 L.231LL 2.99917E+08 8.2g1g3 -6.840708-03 s.48629E-04
,, ZO 1I"6242 L.23062 2.9991/[+08 8.27096 -4.648628-03 5.476298-04

80 11.6 1.230L3 2.999178+08 8.25675 -2.46034F,-03 5.466378-04

84 11.5757 L.22965 2.99917E+08 8.25L27 -2.758238-04 5.4s650E-04

88 r1.5515 L.229'16 2.999178+08 8.2S4SZ 1"90493E-03 5"44662F'-04

92 lL.5273 L.22867 2.99917E+08 8.2665 4.08190E-03 5.4s6708-04

96 11.5035 1.228.19 2.99917E+08 8.28718 6" 25507E-03 5.426718-04

; rOO 1r.48 1.2277 2.99917E+08 8.31653 8.42440E-03 s.416618-04

TABTE 3.3

I tt

I rr i l:
l.-.. j-

| :.:ì



U
Kxn

1. 25

L.25

L.25

r.25
L.25

L.25

l. 25

L.25

r.25
1. 25

R

n

SENSITIVITY 0F w WITII RESPECT T0 1%

l lc

CHANGE IN v

50

I
10

17 "25
L2

25,LL

28.84

s2.4653

36.15

40.r27

ro
9o

.09

.09

.09

.09

.09

.09

.09

.09

.09

.09

I
v

LAGRATIGE

8.29307

46.4585

39. 0198

53.4877

39.0198

72.L037

69.222r

59.413s

45.692s

29. 9091

9t

v

-.0006672

-3. 91916

4. 3s98s

4. 3131 1

4. 35985

"s66493
-2.01495

-3.6373L

-4.34499

-3.55156

InvìSe"

2.84419x10-6

I " 0879s

- "253383
-.499059

-.253s8s

-.482207

-.2s089V

"0L228r6
.200293

.L943s6

0

" 0079

-. 00197

;.40282

-.00197

-.002
- .001

7xL0-5

.0015

.0023

SPLTNE FIT

I
V

8.3238

47 .L894

58.659

s3.0478

38. 659

72.03s

69.7777

59. 44 88

45.1648

30 "447 4

?t

V

.32319r

-2.98969

.461 883

4.90486

.46tBB3

.422046

-1 .6s406

-3.17669

-3.76969

-3.59192

TABLE 3.4

v
I ll

- . 165 151

-.0075605

r.72707

-. 706108

r.72707

-.411529

-. 551087

-.2rs67L
.045rr24

.34r44s2

lii
iii

H
¡!:
til

lii

iÌ
iir.

.l:i

S9o

-.006634

'5.693x10-5

.014224

=. 004

.0r4224

-3.56x10-4

- "00249

- . 00r 178

.000335

.000478

(/r
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CHAPTER 4

TRANSFER CHARACTERISTIC PROGRAM

The purpose of the transfer characteristic BASIC progran is to :.::,:...¡
t:..f_-t....

get napping functions between the ray elevation in meters and initial ele-

vation angle 0o in degrees. Each mapping function is obtained at a

certain horizontal distance between the object and the observer in kilo-

meters, for a certain tenperature profile" For every temperature profile

given in Chapter (2), we will get the rnapping functions at different hor-

izontal. distances between the object and the observer"

4.1 FLow Chart for Transfer Characterjstic BASIC Progran

Sirplified and detailed flow charts for transfer characteristic

BASIC progran are shown in Figs. 4"L and 4"2, respectively.

The purpose of this progran is to find the set of points at which

the ray trajectories for a given temperature profile intersect the vertieal

line at a fixed horizontal distance from the observer. Fron these int.er-

section points, we can get the transfer characteristic for the correspond=

ing horizontal distance (H Km") provided that the input temperature and

elevation data are available. The transfer characteristic defines the

relation betleen elevation angle in degrees and ray elevation in meters

at constant H.

Fig.4"2 shows the detaiLed flow cha:ct for the transfer charact-

eristic progr¿un. The calculation for the ray path in u-vr coordinates

using equation (2.1.J.4), is one of the nain puryoses of this progra¡n. A

new u-1,, coordinate system is chosen if:

âo Tte u6 tern in equation (2.1.14) exceeds 0.00001 neter. lilliì :..' itii lrìi 
-:j.r:i,j

l'. rir'l:.j-i::- Ì:'

i:.
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b. 0r; there is a large chan.ee in velocity gradient.,

c. 0r; if the horizontal travelling distance of the ray from the

observer (X Kn) is equal to five times the horizont-
'

tal step size (Au Kn) in the axis u.

This shift of origiü is done carefully as the nev¿ z-axis is not exactly

paralLe1 to the original one due to earthts curvature" A corresponding

correction nust be applied to the new value 0o. Ray elevation above the

earthts surface is found by returning to xz coordinates and using the
2

relation " = - ä to represent the earthts surface. The whole procedure

is repeated until the tay intersects the vertical line at the object, in-

tersects the earthts surface, or goes beyond the area of interest.

As we change the input horizontal distance H, a fanily of

transfer characteristic curves is obtained 
"or 

every temperature profile

given in Chapter 2.

The selection of horizontal step size Áu(Km) is inportant for

ray path calculations" Âu is chosen to be 0.25 Kn for temperature

profiles I and II, and it gives nore accurate results than if Au = 1 Km

or 0.5' Kn. As Au becomes smaller, the calculations become nore acc-

urate but it takes nore time, rvhich is another important factor. For

tenperature profiles III and IV, Au is chosen as 1 Km because it gives

results very close to those with Au = 0.25 Kn" These trvo profiles use

very long horizontal distances, up to 200 Km" For this reason, we need

a large horizontal step size to get the results in réasonable tine, but

not too large to naintain the accuracy of the calculations. Section 4.2

will describe in so¡ne detail the transfer characteristic curves for every

tenperature profile"

: '!ì::
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lig. 4,3 shows a simplified flow chart for the subroutine (5000)

which is used for the nain transfer characteristic progran" The purpose

of this subroutine is to fit a cubic polynomial to the unequally spaced

input data (tenperature and elevation) and interpolate the values of temp-

erature every one meter of the elevation. The cubic Lagrange interpolation

method, which is explained in detail in Chapter 3, is used in this case.

The first three derivatives of the tenperature with respect to the ele-
rñ ,2^ ,3^

vation H, # 
and 

T;, 
are also calculated at one-neter intervals

of z. These results are saved in virtual file VFl (10000), which reserves

2OOO values for every variable. This neans, the program has a limit for

calculations for any tenpeïature profile up to 2OO0 meters of elevation.

Ihe use of the virtual file in this program was nade necessary because

the rnemory size of the ninicomputer PDPIL/4O is only 24 K. words

Subroutine (5000) also conputes the density at every four

meters by using equation 2.2.g.

Subroutine (6000) uses the stored values of elevation, temp-

erature and the first three derivatives of the temperature (which were

calculated by subroutine (5000) and saved in the virtual file VFI), to

calculate the first three derivates of the density. Equations (2.2.LI,

12 and 13) are used at the required ray elevation" Fron the density der-

ivatives, the subroutine calculates the first three derivatives of the

velocity using equation (2.2.3)..

. This subioutine uses a quadratic Lagrange interpolation as in

the flow chart of Fig. 4.5 to calculate T, dT/dz and p. It uses linear

interpolation to calculate A2"f/a22. Fig. 4.4 shows the detailed flow

chart for subroutine (6000)

t.ì,-

:,:



Input data:
Elevation Ç Tenperature

GOSUB 5000 For:
1" To interpolate input data
2. To calcualte density, temp-

erature and its first three
derivatives every one meter

the; vl ... I l ine at
rlist. H?

input:
1. horizontal distance between

observer and object (H Kn)
2. height of observer eye
3. initial elevation angle Ô

Go for nevJ ray
th calculationsGOSUB 6000 to calculate proP=

agation velocity and its first
three derivates

Calculate ray path us-
i Eq. (z .1.14

,Ray Elev.

continue calculation
for sane ray

ay elev.<0

y elev.
R?

Fig. 4.1: Sinplified flow chart fey transfer'characteristic program

l.l, ì':.r! : 1.í

i.ì;"ì::r(.i.i:
l,f¡r-;::irr,:,

i.
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Input temperature ðata

Nl = No. of input data points
RL = Max. elevation of interest
Elev. (n): 4(r) z1(N1)

Temp. ('c) : T(1),....,T(N1)

GOSUB 5OOO:
1. To fit cubic po1y. to input data points.
2" To calculate p rtrt' rttt and ttrr every one me-

ter of elevation
3. Save results. from (2) in virtual file VFl.

, Horizontal dist. of the object H(Kin

" Horizontal step size Âu(Km)
. Initial e1ev. ãng1e 0oCd-eSrees)

Z(l) = J
Height of observer eye above sur
face fmeters

No. of changing óo

L=N+1

xl =0
x0=0
K2=1

J = 1,100

GOSUB 6000: r ,, i r

To calculate v ,v & v
at R = Z(J)

Fig. Detailed flow
chart for tTansfer
characteristic
program



I1 = lr5

0=1.5708-0(J)
,r ) .)

- v sinO,vr-sin-0- 1000 \6480000
1 vrsino, (u + Âu)6Ng.n - Zlno

lslìo.ooool

u=u+^u

T1 = vt /600

Tz = ur0(J)/1'8

B = T2'u

+ 1s8.89 v,,r þ2(¡)

C = TS'u

T4 = .,r,,r otJ) [o.o13o2r - "åäËo)

D = T4.u

w = sinQ. (A+B+C+D)+E

Xl = 1000u cos$(J) + w sinQ(J)

=¡o+X1
tatlon ceases

for this ray and
go to new rayx>1000H

Zl = Z(J) + 1000u sinÔ(J) - w cosQ(J)

= (xl-X0)/1000

R=Zl-22

change



R < ZL(Kz

./ Is \
RcZr(Kr+2)
\?-t

2=K2+r

> z1(K))?
- ' '-/

R > Rl?

Is
x<100

R. > Rl?

ZfJ+l) = R

wl = [0. 001 (2Tru+ 3T2u2 +4T3.r3*5Tou4) *6x10-6Tsrr51rirre

Q(J+l) = ô(J) - wl + X1/6400000

0^ = 0^+40

x=1

':

ì:tij¡.jjj!ì
i ':: i'r"r:.



F.ig. 4.5; Sinplified flow chart for subroutine 5000
(NOTE: See Fig. 3.1 for detailed cubic
Lagrange interpolation)
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Input:
T(1),, . .,T(N1)

z(L) ,. . . ,2 (Nl)

Fit cubic polynomial to these data
(unequal space) by using cubic
Lagrange method (Ch.3)

Calculate TrTr rT'r G T"t from the fit
ting curve every one rneter of the
elevation

Save these results in virtual file
VFl with dinension 10000 (2000 for
every variable)

Conþute nunerically the following in
tegration every one meter of the el-
evation: .

_ f' o,r
1-tI-JO'GJ

Calculate density every 4 meters us-
ing last interpolating results and
the equation 2 .2.92

ßn.
P(z) = Tó exP[-eßr]



NOTES:

1. Z(L) ,. , . ,Z(L9)

2. T(1),"..,T(10)

3. T1 (1) , . . ,T1 (10)
4. Tz(L),..,T2(L0)

5. T3(1). . .,T3(10)

one n.

Elev. every one
meter calculated
in GÛSU85000
Temp. every

First deriv.
Second
deriv.
Third deriv.

L... . i-il.:..1:

:

I

I

I.
I

t..,,:. .,

i.
I .l-i:'

l.ì: .1::.1

t'...
l. 'r., : ... :

3G = 9.81, B = 0.00349, C = 3x10'

Trf | =T3 lL

llT = Tz(L) + M(T2(L+1)-T2(L))

L > L0-2

QO

C6
= zLL), Ql = Z(L+l), Qz = z(L+z)
= T(L), Cl = T(L+l) , C2 = T(L+2)

GOSUB TOOO

fit quadratic Lagrange interpolation
tocalculateTatR=Z(J)

Co=Tl(L), Cl=Tl(L+1) , C}=TI(L+2)

Çg=o[L), Cl=g(L+1) , Cz=p(L+2)



..,r =-.g-(l!-GB)-v T+273

tlltr - t oT r-T+GB. oTp = L-p + Ëm) lr*271

#+ (rr+GB
pftt+Tr p

P1'ttt+TrtPt. 2PTtTtl- - l+fl{ - 6ã7¡z

v = CC1=0.00A226p)

vr = -o.ooo226cpt

vrt = - .000226Cpt1

vrrt - _0.000226cp"r

61

Fig. 4.4.: Flow chart for subroutine 6000 to calculate density
and velocity derivatives.

FiS. 4.5:

--t-0R=-"l Qr-Qo

c¿-.- Bo - B, (Q2 - Qo)

(Qz - Q6) (Qz - Qr)

Y1 Þo * Br Cn=Qo) + Br(R-Qs) (n-Qr)

Flow chart for subroutine 7000 to use quadratic Lagrange interpolation



The print=out of the main transfer characteristic program and

its subroutines in the BASIC language is in Appendix (1) 
"

4,2 Transfer Characteristic Curyes for Some Tenperature Profiles

Transfer characteristic curves, for the four temperature profiles

discussed in Chapter 2, are calculated by using the BASIC program nention-

ed in section 4.1.

4.2,L Transfer characteristic curves for tenperature profile I

Fig. 4.6 Shows seven transfer characteristic curves at horizon- i'
:

L

taL distances 10 Kn. to 45 Kn. from the observer. l¡le can notice that, l.

I

the curve at 10 Km. is almost Linear rvith relatively low sLope. The curve

at 20 Kn. is non-linear up to elevation 30 meters and linear for ele-

vations higher than this value, but the ray eleva'lion always increases if

the initial elevation angle Oo is increased.

The curves at 25 Km., 30 Kn. and 35 Km. are almost sinilar:

at some values of ôo, the ray elevation is decreasing with increasing

ô^. All curves up to horizontal distance 35 tr(m. are continuous.,o

Transfer characteristic curves at 40 Krn. and 45 Km. have

discontinuous parts between 0.08" . Oo . 0.135o for the 40 Kn. curve

and between 0.0350 < ó < 0.145o for 45 Km.'o

4 - 2 .2 lrel:fgr-s!gr3e!eri:!lg-sgrve:- fer-!glperslsrg-prgfl l9- I I
Six transfer characteristic curves for this profile are shown

in Fig. 4.7 at severaL horizontal distances between 10 Kn. and 60 Ktn.

The curve at 10 Kn. is linear, but there is some non-linearity

in the curves at 20 Kn. and 30 Km. at low elevation (20 neters to 30

neters) 
"

ì.
i.''.:.:..'.::-
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The curve at 40 Kn. has one local naximun at 0o = 0.035o and

z = L9.9 neters. Also, it has a Local nininum at 0o = 0.055o and

z = 18.5 meters, The curve is linear for altitudes above 25 meters;

At 50 Kn. horizontal distance, the transfer characteristic curve has

one local nini¡nun at Ôo = 0.06o and z = 8.52 ¡neters, All transfer

characteristic curves up to 50 Km. are continuous. The curve at 60 Kn.

has two linear parts with a discontinuous part in the region 0.05".0o.0.08o.

4, 2 -3 Trel:fgr-eleres!eri:t1g-gsrvg: - fgr-!ggpgrslsrg-prefils -I I I
Seventeen transfer characteristic curves for tenperature profile

III are shown in Fig. 4.8 in the range from 10 Km. to 200 Km. horizon-

ta1 distance. The set of curves between 10 Kn. and 50 Knt. are almost

linear with slope increasing as the horizontal distance is increased. The

curves between 60 Kn. and 80 Km. have some non-linearities. The group

of curves between horizontal distances 90 Km, and 110 Km.. have one

local maxinurn and one local nininum" But the curves between 120 Km. and

140 Kn" have one local mininun only. All curves up to 140 Kn.

are continuous. îhe two curves at 150 Kn. and at 160 Kn. have sorne

discontinuity at 0"12o " 0o " 0.155" for the first one and at 0.9" < óo.0.17" 
i

!

for the second one. The curve at 200 Kn. is one part only and is linear.

4.2.4 Transfer characteristic curves for tenperature profile IV

Ten characteristic curves for horizontal distances between 20 Kn.

and 200 Kn. are shown in Fig" 4.9" It is clear fron this figure that

all curves are alnost Linear. They start with low slope at snalL horizon-

tal. distance (20 Krn.), and the slope of these curves increases with in-

creasing horizontal distance" Also, it can be noticed that when the trans-

fer characteristic curve is vertical, or at constant initial elevation an-

gle, this angle corresponds to the horizon angle" For this profile, the
i'i:i:: -'l: ':::'

r:,.:. 1 .¿ ì.,



horizon angle

letely linear

0.1450 at which

vertical,

is

and

the transfer characteristic is conp-

¡ r, t:\¡.\i:i1
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Transfer characteristic curves for
tenperature profile IV at horizontal
distances between 20 Km and 200 Km.
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CHAPTER 5

RESULTS AND DISCUSSION

In this chapter, I will explain the BASIC program which gives

a computer-graphics representation of inages caused by unusual atnospheric

conditions. Also, some results with the aid of photographs of the screen

will be discussed.

5.L Flow Chart for Image Representation Progran

This progran makes use of the transfer characteristic curves,

obtained by the Ïr{apping program which is explained in Chapter 4, at any

desired horizontal distance between an object and the observer. A picture

of the object (in 2 dirnensions) is to be drawn dilectly on the screen of

the PDP11/40 gaphics terminal by using the light pen.

Once the drarrring is conplete, the picture of the object is saved

in the memory by neans of a light pen command. By using the transfer char-

acteristic curve at a certain horizontal distance H(Kn.)' under any

atlnospheric conditions entered as a data input to the transfer character-

istic program, the inage of this object can be represented directly on the

computerfs screen.

The progra¡n can represent the inage of objects containing up to

fifty vertices, but it is better to use a snaller nunber of vertices (norm-

ally about 20), to leave enough menory space for displaying the inage.

Fig" 5.1 shows the simplified flow chart for the image represen-

tation progran (E490) 
"

The lnain idea in irnage representation is to project the vertical

dimensions of the previously-drawn object on the transfer characteristic
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Draw horiz. and vertical axes
on the screen (neters).

call transfer characteristic curve data at
horiz. dist. H Krn. fron virtual file VF2 for
a certain tenp. profile which determíned be-
fore by EA33 program.

Draw the object on the display
unit by using light pen and
tracking object.

Determine the nin.,max., one loca1 nin. and
local max. for the transfer charact. curve (if
they exist).

Represent the image of the object drawn before using
transfer char. curve for the vertical dimensions represen-
tation and considering the lateral dimensions undistortèd.

save the inage by hitting I'SAVET

conmand by light pen.

Go to rrFAS3rr program to get
tra¡sfer char. curve for ano
horiz. dist.

Restore the three presaved irnages - as
seen by observer for three different
objects at H1,H2 and H3 Krn frorn the ob-
server - on the display trnit.

t; :.: :

i:.1::lt.
L.::-.-.'i

i r.: _::,1=r

i- ":'

Fig. 5.1: Sinplified flow chart for inage representation progïam.
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curve to get the corresponding elevation angle for every vertex.. The lat-

eráldimensions are easily calculated separately, since the atmosphere

is considered honogeneous in this direction. The calculation of Oo

corresponding to any lateral dimension for a vertex of object with distance

X (neters) fron a'uerticaL "*i, ra horizontal distance H(Km.) from the

observer, is:

oo(lareral) = ffi degrees.

This program can handle several different types of transfer characterist-

ics" as follows:

a. The transfer characteristic curve shown in Fig, 5.2a, which

gives one erect image of the object

b. The curve in Fig. 5.2b gives one inverted image.

c" Fig. 5.2c shows a continuous curve with one loca1 minimun

which gives one erect i.nage and one inverted image"

d. Fig. 5.2d shows a curve sinilar to that of Fig. 5.2c but

there is discontinuity in the curve rvhich produces a gap

between the two images.

e" Fig, 5.2e shows a transfer characteristic curve with one

local ¡ninimum and one local maxi¡num. This curve is con-

tinuous. It produces three images if the object has dim-

ensions above the local minimum value. Two of these irnages

are erect inages and the third one which is in between the

erect ones, is inverted.

f. The transfer characteristic curve in Fig. 5.2f gives three

images, sinilar to case (e), but with a gap between the

upper two inages due to the discontinuity in the curve.
I

l:" ,. ¡. .



Relev (rn)

2,R2

or.'Rt

Relev (m)
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(0o 
' 

o1

Sig. 5.2:

0i(vt,)

i,¡r::;

i';.Í.;'

(e) 0i(vt.)
can

is
So¡ne transfer characterj.stic curves which EÂ90 progran
handle to represent i.nages for any objcct.
(Note: RELEV(n)'is ray eleùation in ineteis and 0l(v1.)
the initial elevation angle at the observer station)

i.,...--....: -.
Jìi.j.-ii1-.t\_:::

l. :.:
:

i

Relev (m) Retpv(n)

Relev (n) Relev (¡n)
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The program cannot handle any curve that has ¡nore than one local

ninimun or rnaximum due to the limited size of PDPL7/40 minicomputer menory.

Fig" 5.3 shows the detailed flow chart for image representation

Progran.

The connection between the two main prograns - transfer charact-

eristic progran (E433) and image representation program (8490) - is shown

in the flow chart in Fig. 5.4. The nain connector between both programs is

through (CHAIN) statenents used in every program. That is because of the

li¡¡rited size of PDP11/40 memory (24 K. Words).

The user of these progra¡ns should start with (E433), the transfer

characteristic program. For the first run, he should enter the horizontal

distance betleen the object and observer in kilometers (H), in addition

to the temperature profile data. Program (E433) produces the transfer

characteristic curve for this specific temperature profile at this distance.

The result will be savecl in a virtual file on the disk (due to linitations

in menory size).

By using the CHAIN statement, these results are transferred to

the inage representation progran (E490). After the object is drawn on the

screen to a chosen scale, by using light pen and tracking object, the irnage

of this object is shown on the graphics terrninal. This image can be saved

in the ¡nemory by hitting the SAVE comnand on the display unit.

fire connection to EA35 progran also can be made by using (CHAIN)

statement in EA90 progran. This neans the user can represent the inages

of three different objects at different horizontal distances from the ob-

server. Ifigh light intensity (Z = 6) is used for the image of object

in first run, nediun intensity (Z = 4) for second run and low intensity

(Z = 2) for the last run. For this reason, it is better to represent

; .:. :i) .r.



NOTE: -0.05o is standard
atnosPhere initial
angle (Ref. L1)
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input : : scale range (horiz. axis) :N5,N6
scale range (vl . axis) :N7'N8

Draw x&y axes on screen

Input: (fron virtual file VFZ which stored tran
. fer char. results by EA33 progran)

L9 = ¡nax. subscript of S,R,^Q'H Km & L8

R(1), ,R(19)
o(1), ,0 (19)

0 (1)Í=.0so

(2) < R(1)

oco) = o (1) - ce{2}jffil (o (2) -o (1) )

R(0) = g

0 (0)>0 (1) -

0 (0) =ó (1 ) -A0

Qo Lr

Ro (1

0(r

= õ"re1;;. . ,00 CLe) = 0 (Le-l)

)
)

= R(0),... ..,R0(19) = R(L9-1)

= ôn (I), R(I) = R0 (I) , I=1, . . . r .r!9

X=NS,Y=

Draw point (X,Y)

X(0)=¡, Y(0)=Y

call Track obiêct-at (x,Y)

rvrite rtSAVEtr text on screen(subpict. (10)

write I'vEcToRn text on screen(subpict. (20)



11 light pen 'ILPEN"(H,T)

Is
H=0?

TlI0or20

T=10 or
2-

Draw point (x,19=19+1
XL=X , Yl=Y

Draw vector (X-Xl, Y-Yl)

X(I9) =¡1
Y lI9) =Yl

call f iLPEN" fH,



Draw:
1. Hl.axis on screen(0,0.50 degrees)
2. Vl.axis on screen f-0. 05,0. 35 dee.

Determine; nin., nax., local nin. and local
max. for the transfer char. curve at FI(Kn)
distance which is gotten fron EA33 progran as

fol lowing:

c, = R(1), C" = R(1)
0i = 0(1), ôi = þQ)

I = 2,L9

R(r)>RCr-i

09=09+1

03 = RCI)
04 = Q(I) 04=01

01 = R(I)
02 = R(I)

R(r) > c2?

03 > cl?

R(r) < Cr?
OL=C2
O2=þ2Cl=R CI)

þ1=Q(I)

i.... t.r.:

lr : : :: . : :.: :



0(Pr +1)-
gei)=ao?-

=o el-1) + (R+#ilàIÞf) (0 (Pr) -o (Pr-

=0 çrr*z¡ -,ar(Pl#ffià=Ð, (ö (P1+2) -0Gl+ rl
o=4¡ot-r)*tç1p1_r{f; ffi I=T-_ry'(o(Pl-1)-ö(P1-2)

o4>0 (Pt) *

>ó (Pr -1)

04=ó(P1-1)+40

(p r+ 1 ) - r-f*{åiï*¡¡-f (ö (p 1 +1 ) -o (p1 )
Q4<0 (P1+r) -

Qa=Q(Pl+1)-ÁS

0(r) > 04



P2=I
Qo(P2) = 64

0o (P2+r)
Ro (P2+1)

Qo(P2+2) = 0(P2)¡...i,0o(19) = 0(L9-2)
P'o(P2+2) = R(P2) ,Ro (19) = R(19-2)

Print:
Min. of R = Cl ; 0o at nin. = 01

l,lax. of R = C2 i 0o at max. = þz

LocaL nin. of R='03; Ôo at 1oc. nin" = 04

Local max. of R = 01 i ÔO at 1oc. max. = 02

Represent the image at H(Km) horiz" dist., using the
abóve results (nin. 6 nax.) of transfer char. curve for
vertical dinensions. Also use honnogeneous repres" for
laterat dimensions. (ôo(rat.) = å rad.)

see staternents bet" 1130 and 3540 in progran. E490,
Appendix 2 fot nore details of this part.

connection between EA90 & EA33
prog. by chain statenent. see
Fig.5.3

78

i..'.
i::

Fig.

NOTE:

5" 3: Detailed
pr'ôgran

see App.endix

flow chart for inage
(EAeo). 

.

(2) for nore detail

representation

BASIC program.
i,r-.,.::, .'-
!r:.1\- ::' _ - "' :-:_
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the nearest ohject to the ohserver first, the niddle one second and then

the farthest one third. After the third run, the inages of the three ob-

jects at different distances are sim¡lta¡reously displayed on the screen.

If the horizon elevation corresponding to the tenperature profile

is known, the user can enter its angle as input. The horizon then appears

as a horizontal clash-dot line on the screen, with intensity (Z = 6)

The image representation program (E490) makes certain approxin-

ations in its use of the transfer characteristic curves, as follows:

a. Linear interpolation between transfer characteristic points is

used for calculating vertical elevation angles corresponding

to all object vertices.

b. For the transfer characteristic curve shown in Fig" 5.2a,

the curve starts fron the point (01, R1) but we do not

have any information before that, and the curve should start

at elevation of zero neters. To approxinate this, a straight

line is connected between the first trvo points in the curve;

its extension will intersect the horizontal axis at the point

. (Öo, 0)" If 0o is larger than or equal to (ôr - A0), that

approxination will be used. But if Oo is less than

(ô, - 491, then we can take 0o = ô, - Á0 at elevation zero

as a good approxination.

c. The same approxination technique ås in case (b) is used for

the transfer clÌaracteristic curves in Figs. 5.2b,d,e and f.
The approximated sections are shown in these figures by

dotted 1ines.

larr.:si!:.,'.



:HAIN IIEA3SII

¡ and run
;. ch. prog.
t)

L8=l,B+1

Transfer characteristic program I'EA33t

with input:
1. Ternperature data profile
2, Horizontal distance H(Kn)
s. ôo (DeS. )

4. Au (Kn)

Use virtual File VF2 to transfer
results from frEASSrt progran to
inage representation prog. rrEAgOrr.

Use CHAIN I'EA90|'

statement to go and
run inage rep. prog.

(EAeo)

fmage representation progran 'rEA90tt to:
1. Draw the picture of the object on the screen by light

pen.
2. Hit save cornmand on screen by light pen to save the

picture drawn in (1).
3. Use Transfer characteristic curve at distance H(Kn), f

a certain Temp. profile, which transferred by virtual
File VF2 fron EA53 program to display directly the inag
of the object as seen by observer.

L8=1or
2 o'^ 3?

save image for
third distance
Il3Kn

save inage for
first distance
HlKn

save inage for second horizon-
tal distance H2Kn

80

i.l

l.:,

:

l

':
i ..:.':
l.

L8=3
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Restore the three inages which are saved
before with light intensity = 6, 4 and 2 fot
images at horizontal distances HI, H2 and H3

(Kn) respectivelY.

gle knownj

Enter horizon angle and draw horizon-
tal vector on the screen representing
horizon.

Fig" 5.4: Flow chart for the connection
characteristic Program (8433)
entation progran (E490) using

bettveen transfer
and inage repres-
tt6t{AINrr staternent .

l-:1r.": .:r :;-:ri:-ii :i: ..iljì:.-'r :.r1.'l

it;.,..:,;'..,)ì,{:
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5.2 Results and Disgussiols

Some results taken by using the two BASIC prograns, transfer

characteristic and inage rePresentation, are presented below. several

different objects are used with different tenperature profile:

s.2.1 Ireeg-rgpr9:91!3ti9l-il-!erPgr*lerg-Pr9li19-I
A ship with 30 meteTs width and 10 meters mast height is

used as an object at 10 Kn. distance fron the observer. Detailed din-

ensions of this ship are seen in Fig. 5.5, which is drawn by using light

pen and tracking object (diamond shape in Fig. 5.5)'

Al-so two sets of triangular waves are drawn on the display unit.

Every set contains four triangles with 10 meters base and 2 neters

height. The lateral dinension of the first wave set is beiween 70 and

lLg meters with respect to a reference vertical axis, and it is between

Z4O and 280 meters for the second set" The two sets are seen at 20 Kn.

and 40 Km. horizontal distances from the observer. Fig. 5.6 shows the

first set of v¡aves drawn on display unit. The second set is the sane but

with shift in lateral direction to 240 and 280 neters"

The images of these three objects at different horizontal dis-

tances aÌe represented on the display unit as seen by the observer, for

tenperature profile I conditions" These inages are shown in Fig. 5.7 '

The following observations are clear from Fig' 5'7:

a. îhe image of the ship at 10 Km. distance is an erect image

and all diu¡ensions are clear. The vertical dimensions are

conþressed with respect to the lateral dimensions. For exantple;

the percentage ratio between the actual height of the nast

to the width of the ship = ååiffii = 33.33eo.

This ratio becones - (0'0X6-: 9'0012) desrees = z6ed
0.17 degrees

i,-.:¿,',,¡

l:r -r:i:-.::.:ri

l::ì:.; lf:::i:11:

i.j :: .': .'
l ì:.'.';.



Fig. 5.5: ShiP object
with 10m height
30m width

Fig. 5.6: Zigzag waves
with 2n height,
and 10m width
of each one

Fig. 5.7: The images of
the ship at 10.Kn,
and waves at 20Km
and 40Km in ternp.
profile I

B3
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in the inage represented in Fig. s.7. ""'
b. lhe observer sees one erect inage for the waves at 20 Km

distance. t"tore distortion occurs in the vertical dinensions.

The amount of distortiön is found by neasuring the ratio

between aciual height and actual width of the object and ,.::,,,.::

. : t:.i

comparing it with the observed ones.

actual height of the object - z(meters) - ) <(ro-- aõÏrnetêÐ - þ'rvn

apparent hglgþt - 0.91?11 - 9.91 = 2.02eo
apþarent width 0.3L5 - 0.2

c" Three images for the object at horizontal distance 40 Km. are

observed. Two images are erect but the niddle one is inverted.

Ihese three images are shown in Fig. 5.7 at the right hand side

of the picture. The upper inage is nore distorted than the

niddle one, and both are more distorted than the lower one.

Ttre upper inage is very close to the horizon line rvhich is re-

presented by line at Ôo(vertical) = 0.155o

s "2 -2 lrgcg-rgrr9:9t!s!191-it-!erggre!sr9-Prgfi19-II
Ttre three objects rvhich were observed in the case of tenperature

profile I as in Figs. 5.5 and 5.6, are also observed in this profile. The

dinensions of each object are the same and they are located at 10 Kn. '
20 K¡n..and 40 Kn., respectivelY.

a. One erect irnage of the ship is observed with percentage ratio

between the apparent height of the nast to.the apparent width

the shiP = 94rift|017a = 24'e%'

We can notice that this profile exhibits ¡nore distortion in

the vertical dimensions than tenperature profile I at 10 Kn.

b" Ttre image of the second object, which is 20 Km. from the
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observer, is observed as an erect inage.

. The percentage ratio of height to width of the inage =

0.0L225 -0.01 _ 1^c.o,
--õ'.315-:æ- - L¡J.,'ot

The distortion in the vertical direction is increased with

respect to profile I.

c. Only one cornpletely distorted erect image for the third

object is observed in this case, whereas, three images

were observed in profile I for the sane object and same

40 Km. hórizontal distance"

These inages are shown in Fig. 5.8 for temperature pro-

file II"

The horizon in this case is at Qo(vertical) equal to

0.087 degrees

d. Another case for temperature profile II is considered.

The object at 10 Kn. remains the sane ship described

above. In addition, a sail-boat (with height 10 meters

and width 8 meters, located between 180 and 188

meters on the lateral axis) is placed at 60 Kn. from

the observer, see Fig. 5.9.

The observer sees one erect image of the ship as des-

cribed before. But two inages for the sail-boat are

obèerved. One of these inages is inverted, clearly

showing all dinensions of the sail-boat. The second

inage is erect and above the inverted one with a gap

between them" The erect inage is conpletely distorted.

ITre image of the ship and the two inages of the sail-boat

are shown in the graphics ter¡ninal photographs, in Fig.

lìi. ir,.i
fli::iilf;;1
r': : i-

[i|11: :

[: r, ::i :]. : r

t''



Fig. 5.8: The irnages of the
ship at 10Kn,
v¡aves at 20Kn,

' and 40Kn in temp.
profile II

Fig. 5.9: Sailboat object.
with 10m height
and 8m width

Fig. 5.10: The images of
the shiP at 10Km

and the sail-
boat at 60Kn in
tenp. profile II
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5.10. Notice that the erect irnage is just below the

horizon line.

s.2.s Irygg-reprg:el!3!iel-il-leryP9r3!ere-Pr9!i1e-III
since this profile contains a strong inversion Iayer 300 n.

de.ep, sone large objects are chosen to de¡nonstrate the refraction. Three

mountains of identical dinensíons and shape are observed. Each nountain

is a triangle with 150 rneters base and 250 neters height. The base

of the first object is laterally located between zero and 150 neters, the

second between 200 and 350 meters, and the third between 600 and

7S0 neters. The three objects lie at horizontal distances 60 Kn., 80 Km.

and 130 Kn. respectively. The objects are cirawn on the display unit of

the ninicomputer by using light pen and tracking object" Fig" 5.11 shows

the first object; second and third are the same but with a shift in 1at-

eral direction. Every leg of the triangle is drawn fron five segments

of about 50 meters height, to see the effect of refraction for different

levels of this kind of atnosphere. The observations are the following:

a" The image for the 60 Kn. mountain is a single erect inage

as seen in the left hand side of the picture in Fig. s.Iz.

We can notice that the lower segments of the triangle legs

are conpletely co¡npressed but the upper Segments are elon-

gated. The ratio between the actual height and actual base

of each nountain = #* x 100 = 166 .67eo.
I.5U

This ratio is stiLl appioxinately the same for the inage of

the first object due to conpression in one segnent, and el-

ongation in the other segnents by the same anount approx-

inatelY.
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Fig. 5.11 : Mountain object (triangle) with 250m
in height and 150n base

The images of the
at 60Kn, 80Kn and

objèct in
130Kn in

fie. (s.11)
temp. profile III

Fig. 5.122
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One erect inage is observed for the second object which

is at 80 K¡n. distance from the observer. The elonga-

tion is concentrated in the ¡niddle segments. The ratio

of the apparent height to apparent base in this case =

!82e" approximately; this means the elorlgation in some

segnents is larger than the shrinking in the lower seg-

rnent. We can notice that the images of first and second

objects are concave as seen in Fig. 5"L2"

The observer sees two inages of the ¡nountain at 130 Km.

distance. The lower inage is inverted and aLL segrnents

are elongated except one, which is completely cut off

(segment above 200 neter high). The other inage of

this thirC object is erect. The upper four segments

of trianglê legs are completely distorted as shown in

the right. hand side of Fig" 5.L2" Both inages ard

convex. The top of the uPper inage is very close to

the horizon line, which is at 0.175 degrees.

s.2.4 Ircgs-rgpre:9tE!191-il-!grPer3!sr9-Prefil9-IY
In this at¡nosphere, three objects are observed fron 50, 100

and 150 kiloneters distance. The objects are the same right angle tri-

angle shape with 50 meters base and 50 neters height. Fig. 5.13 shows

the first object as drawn on the niniconputerts:screen. The other two

objects are the sane but with shift in Lateral direction. The base of

the first object is between zero and 50 meters, for the second between

80 and 130 neters, and it is between 180 and 230 meters fo¡thè

third" The diagonal of each object consists of three segnents, about 17

meters height each. In Fig" 5.14, one erect image of each object is

b)

c)

i.,-r ::1 . ."1....'._.ll:.1: t,._...r1:

r,..rrli :.:.:ì: t:...r:.ì

l'.-: ::,i l..i
; . . 1.
I :-. .-
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observed below the hori2on.. The base of each irnage is at a different level,

closest. to the horizon for the farthest object. The horizon in this case

is at 0.145 degrees, and the earthts surface in this atnosphere has a

saucer-shaped appe arance. No significant curvature is observed in the

diagonal of each irnage, The rnost distortion in the vertical dinension

occured for the inage of the third object. The peïcentage ratio of height

to rvidth for first image is equal to 85.4% but the ratio for actual

object is :fiiffitffi+ x 100 = r0o%. rhe ratio is decreased to 4s% for

the second image anä L.4.leo for the third irnage which has very high dis-

tortion

f-.::,:.
ì:'.:

;gr
-,j:
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Fig. 5.13: Right
height

triangle object with 50n
50m base

angle
and

I ì: : r:.,'a :rì:

l:i'ii:ììir

The inages of the obj ect
at 50Km, 100 Km and 150
profile IV

in fig. (s . t3)
Km in temp.

Fig.5.14:
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CHAPTER 6

SIJMMARY AND CONCLUSIONS

6.1 Sunmary

The inage representation of objects - as seen by an observer

under unusualatnospheric conditions - is discussed in this thesis. The

inages are displayed directly on the graphics terminal of a minicomputer.

So¡ne of the more important results of previous work are sunmarised.

The equations of tl.e ray paths in the.refracting atmosphere as

well as the relation between velocity gradient and tenperature profiie

are derived. Ray trajectories are drawn using these equations for four

unusual tempeïature profiles.

Two interpolation lnethods (Lagrange and spline fit, using cubic

polyrrornials) are discussed al-ong with their flor+ charts. Also, a compar-

ison betleen these two nethods for handling unequally spaced temperature

data in our case is presented. This comparison is based on the percenr--

age change inthevalue of vI in equation (2.1.14) with respect to lo¿

il rr I

ia:'.ra

change in v or v using the two interpolation nethods"

The flow chart of the transfer characteristic program is explained.

Atrso, the results of this p::ogran for four unusual tempera.ture profiles

are drawn as transfer characteristic curves for each profile at different

horizontal distances fron the observer.

The use of transfer characteristic curves obtained fron this pro-

gran is inportant to represent inages for any object drarùn on the screen

of the-.ninicomputer using light pen. Some results are taken using the

image representation program for each tempeÌature profile" The inages of

three objects at different horizontal dístances fron the observer can be
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representedsinrultaneouslyonthedisplayunitaswellasthehorizon

line of.such temperature Profile'

6.2 Conclusions

lhis thesis presents a program that is essential to the analysis

of atmospheric optics, It presents a convenient method for calculating

image transmission for a wide vatiety of temperatu''re profiles' The foL-

lowing conclusions a1'e drawn on basis of the minicomputer PDPll/40 results

and the data avaltable in the literature:

t.Imageofanyobjectasseenbytheobserverisdirectly

l'epresentedonthescreenofthéninicomputerforthe

caseofunusualatnosphericconditi-ons,providedthatthe

tenperatureprofiledata(altitudein¡netersandtenp-

erature in clegrees centigrade) are provided as input

data to the comPuter"

2, îhe inages of the three different objects can be rep-

resentgdontheniniconputerrsScreenatthesametime.

3. The calculations of the transfer characteristic culves'

particularlyforverylonghcrizontaldistances,takes

alongtine.Thisisbecauseofthesnallsizeofthe
(1

Inelnory of the co¡nputer (24 K' wàrds) ' By increasing

the cornputears menory size, the calculations can be

nade faster.

4.Theuseof(CtlAIN)statementandvirtualfilesinBAslC

l.anguageisveryirnportanttoconnectdifferentpTograms

togethel.But,iftlrememorysizeisincr'eased'l{ecan

' repLace these Programs with one progran'

)

j.liì;,t,i::.i.1
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ir.e of e nrrmerical technique to handle the unequally- "1 

''
S. The choice of, a nunerical technique to handle the unequally

,spacedtelnperatutedataisadifficu].tdecision.Thechoice

ofthecubicLagrangeinterpolationnethodissufficiently

acculateinthiscase.Theuseofhigherdegreepoly-

nomials with the Lagtange method would be even better' '':"1 ":

Forsirnplicity,aswellaswithenoughacculacy,acubic

polynonialisusedtofiteveTyadjacentfourpointsfrom

the input data. Also, we can conclude that the spline fit i,''-'.,¡1,,:'
; , : : _: ; : :: : . ; : . I

rnethod is good and it gives very close results to the Lagrange 
:rj :::

il,li i':, .ì'l:'
l;.:i:,:::. .:r'..:

nethod"

6. The choice of Àu (horizontal step size) in the ray t.nai

ectories calculations is 0.25 kn. for the first and second

ã+,,ÐÀ n+nfi'1 aewhilc it ìs chosen as one llilometer fortemperatureprofi.leswhileitischosenasonel(llomeÏerro]r

thirdandfourthtennperatureprofiles.Thesevaluesof

au are chosen after nany trials with cifferent values for L '

i

everytenperatureprofile.withsmallerAu,theaccuracyi:
i'

of the calcuLations will be increased but the execution tine 
l

.

becomes very long. , :; : :: "

;.:,r..,r.,i.,rì....,_..
, .,'-.._, -t .t.'-._6.5 Linitationsjor Using Progra¡ns 
'rl,r:1,,'r¡

l.Theprogra,macceptsinputdataternperatureprofilesupto-.
el'evation = 2000 meters

2.Theprogranacceptsanypicturedrawnwiththe1ightpen
ij',-¿t.:. ii, lr: ;,::r:

on the PDPll/4Q scleen. The maxinun allowable nunber of ifit¡r'

verticesis50,butitisbettertodrawobjectswith '.
fewer vertices ' l

.:-
3. The progran can calculate the inage transnission for transfer

...''''''''...'
l.¡ .¡;r:;. ;;::-:,i.:,,

iì.ia.1il.j:rt::
| ...,: j t:
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characteristic curves that have at most one locaL max-

r¡nun and one local ninim¡m. This restriction is due to

the linited nemory size of the niniconputer. More conp-

lex characteristics have to be interpreted by hand.

4. In'the Program in Chapter 5, to represe:lt the image, we

considered the atmosphere to be lateraLly homogeneous,

and the only spatial variation in density cones with

elevation above the earthrs surface.

6,4 Suggestion for Future Studies

Sone very useful topics for future investigation would be the

following extension of the vrork presented here:

1" Inage representation for three <iinensional objects in

the unusual atnospheres"

2" Study of the ray ttajectory equations in the lateral

direction'instead of considering honogeneous change in

this direction.

3. Study of weather conditions for altitudes above 2000

meters, which is the tinit of the programs in this

thesis due to the lfunitation in ninicomputer memory

SIZC 
"

4" Inage representation of moving objects in the unusual

atnospheric conditions.

5" Calculation of horizon angle for any tenperature pro-

file for direct rePresentation on the screen of nini-

conputer.
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591. $=f.[.*[^$
6Ëg ll=5I N{ Ël,f,( Ft+B+t:+Þ I+E
618 X1=1ËËü+Llrt:Ll5{ F{ J I } +1,1'r,5I N( F ( J ) }
ÉÈB X=þIB+H1
63Ê{ REll LìLìflPLlTFlT I Crl'l t:EFSES I F .\ Eþ:C:EEß5 H

64.8 IF H)18ËÈ. 1*HrjCr Tt:r 9Sul
Ë58 r1=ZtJ)+lErFBsLt*5I N(F{ J) )-t't*Cü5{F( J) )

6Ëg X3= ( lt-11Ê ) 
"1BBEt6f Et f !=-,\tl:¡-È'/1e. $

Ë?5 R=21-32
681 I F R{¡l{ KË ) Grr Tû 99t
6Sg.IF R{=ZltKä+È) THEN 6S"t
€s3 ttl=ltË+1\rìct Trì r5B

i.,;¡lr': .". ..--
i.:r'¡:l;":i. j1lìl

1..j.:....r
':.
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694 IF R-r=¡1466 TCr €,9ø
685 I F R.>=ZI1RZ) Tl'lEl'l €.9çt

696 l(2;l(?-1.rG[r TCr 75É
688 REI,I
69Ê IF H{-q99. I'r'It'tT(HtËCr Tfi Tçtçt

69! IF H=Il'lT(H) 1'HEl'l ?çtgq
697_ ¡2=ll+1
693 I F 12{.}lGCr Ttr 1999
694 U1=H-IliT(Ht
f.95 6t T0 SE|B
7øß IF R{=ËftCr TCr ZSgü
?1.9 RET.I ËI.¡[4FUTFITTTtI'¡ C:EFI5E5 TF ËffT ELEI,'FITIIII.J Eþ;t::EED'5
?15 fiEf,l R1{ l,lÊ}1I l'lLll{ RH? ËLEVftT I ttl'l l
72ø IF Ê:>R16ü TLl 15Ë5

I 739 l{E}if i 1
', ?Sø IF RlRl THEI'I. 15Ë5

sËü REf,l
r S1ü )ift=!{(¡llf=ll$
,r Ê15 iF Ë:>R1 -rHEH 15F5

gÊü ZiJ+1]=R
I 85ß l{1='i ã.$T1.t'U+_ï'r:Tã¡*U-'e+4*T3{:Ll''l:+5*T4{:Ll*4 } /'1Err,:tr,:l

+Ë. ElBttËFE-ßË*T F't'Ll-'Í
gÉg l{1=l,lL+5I l'l i ü }
fr1$tl F { J+I } =F { J ) -t'lf +þ:1,/*. 4ggg6E+Ett
s9B I'lË)iT J
33Ë I=I+1(rLll=1\Er( I l=F(1)*'51. Ë5{58\t:{ I l=R\

i'ìHLL uÊFl'lT" {IËüEl't'El'íI l' t:{ I ) )
s9i. rìü Tt' 1E¡BË
ggä I F R.r=ÊElr Ttt Ë.ctË

993 H1=Ë
1BüB F{11=F{1)+D1

, 11BB [f=[$
, 15BF l¡El{T lt

t581 REr{
15ü5 REÌ,1

151Ê L9=I\Ëtr Ttt +BËB
1998 U1=Ll9
1995 I2-B
2Be{8 IF fi{ÈËCr Ttr Ë58É
Èü1ü ¡=l+t
eÊeEr fì{Il=F,i1)
eBgS F{I l=5T. 295S'r.Ê( I )
ãÊ45 R'íIl=R
e84¡ L9=I

, 284$ IF L9{=5Ê THEt'l 2Ë5È
eB49 L9=SÈ
305& ÊL=l'l+tl( I )
Ê188 LìFLL "ÊPI'IT" (fl1, R)
e105 REÌ,1

eIlB IF R:}5GC| TCr 3ËBË
ElEB LET R3=R\LET F]I=F(1)
315È R3=H'$F3
e1Ëü tÊLt- " FtFl'lT'1{ Ê3, R3 )

' EÍ?B GQ TO 1üBB
!)ii.!:j,;
l lj:..1.'



100

25gg LET R(er)=R\F1=F(11
e5ø5 F5=57. e95S,r,F1
?3Tø REI.I
252ø F€.=t'l*F1
2538 CÊLL " FFl'lT " ( F6, E1)
26ç38 GCr TCr 1BÉB
3gg8 LET Rä=Er.LET F2=F(1,J
3Ë16 REr{
3ff2Ê Bä=l'l+FË
393ø CRLL " HFI'lT n ( Êe, Re i
4üËË CLr:15E 1,'F1\ClF,Et-l " EÊ3Ê u FtrÉ CTUTF LtT Ft5 F I LE uFä ( 1ÉÉ )
4gß5 t'F2 ( E¡ I =F5\t/F2 ( 51) =H
4BBî VFA ( 1BS I =LE:\,t¡'FÊ ( lElÉ I =C,1+57. 295Ë:
4B1B FCrR I=1 Ttl L9\ïFZ(I]=É{I)\HE¡:T I
4828 FCrR I=* TCr Lg
4t3Et t'FÊ(I+5Ê)=R(I)
4B4B r,lËl{T I
4Ê5g t¡F2tlB3]=R{Ë)\VF3(1É+};Lg
.f5Eg C:l-tr5E \ËCr TCr ?

-5Bgü RET.| TH I5 SLIBRLìLIT 1I.¡E FCtR T:CtI,II/ET:5I I:tN fiF TEI,IF.ERFITLII:E F,F:TtF I LE
5Ë95 RE14 TUì D'EÌ.I5ITT TTIT:LE. 7 II'I I'IETET:5' T IN BEIJREEE [:.
5BBË REI,I CÊLT:LILHTE ÊL5Tt TTÌÛ7, Ë'ÊT.JC'¡-E H¡¡C. D]:T/D'Z-J:
5É88 IF L$-ií THEI.¡ 514Ë
5919 LrËLL uIl'llTu
SgAEt CHLL " t'lttFG ¡r

593Ê [:ffLL "5rìÊLu (-35, -. Ë5*R1, 4t.. 1. F'l't:1)
5ü35 r-ìffLL " ËFl.lT " { -35, 8.. Ë.' -F l

. 5848 ËFILL " i,'El:T " { I5, B, F, ã.. g, 1)
5Ê45 LìRLL 'ÈFl.¡T" {Ê5, . 1'r'R1.. B, -51

. 5Ë5F CÌìLL " TEþ:T n ,' ü TEl'lPERffTLlÉE f: " )
5852 FL]Ê IË=-35 TUl 4E sTEF 5
5954 CffLL 'HFÌ.¡T '' { I B, Ë }
585Ë CHLL " RFI'¡T " ( I8.. -. B5'{'R1' Ë, -5 )
5B5S LìHLL "TE}{T" {STRS{ iB} i
5BËg NE}iT I B
5rlËÊ LìÊLL " tlFl'lT " { B, ü.. ü.. -5 )
5Bt4 CFLL ut¡'EtTu (ü, R1, Ê., Ê.. B.' 1)
5BË6 ÊÈLL 'ffFl,lT " { ?.. R1., B, -5l
5rìËS LìBt-L "TE]{T" t "ELEURTII'l'til{l " }
5B7B FüR IB=B TLt R1 STEF 5Ê
5Rî1 tlìLL "ÈFl'lT"(ü, IBI
5B?e CHLL 'HFI'tT " { -4, I B, 9.. -5 }
5B?3 CFLL "TEl{T"(5TR$(lÈ))
5È74 riEliT I8
5üT5 LìFLL " SUFF " ( 1g )
5ü¡7 CËLL "FFl'lT" {-18, Í. BSd,R1, ü, -5}
5gîË CÊLL "TEHT"( "TEÌ{FERÊTURE PRI:IFTLE")
5BiìB FüR l(ã=1 T0 I'11\t:ñLL "ffFNT" {T{liË)' 31(F:Ê) )\NEþ:T Ke
5898 ËÊLL UESUEU

51BB CRLL UTI14E-.(]EIB)
511Ê tÊLL "TIl,lR'(83)
51EB IF E3.i.TB THEN 5118
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(

513ø CftLL "CrFF"4LÇt.t
514ø REII GEI'IEÊffT I CtH LtF TEI.IPET:FtTLIRE C'TITTI TIT I" I'IETET:
5145 REl,l I l{TEf:l'HL51 I I'ITEF:PctLffT I C'l'll
515ø 73=-t
516çJ Lü=r3
5t7ø tt2=l'11-3
5175 IF LS}1 THEti 51e5
5189 CÊLL r'sLlEP"12gt
5182 CÊLL 'ffFl.¡T " ( -18, t. øs*"Fit, g, -5 )
5183 CÊLL "TEHTU ('' TI'ITERFÛLFITTLtI'I TIF TEHFERFITLIT:E E.FITF'' )
5185 0FEt'l n TE " FCrE Cf UTFLIT n' F I LE t'F1{ trs?!üît)
5199 F0R J2=1 Tt I'12

5288 F8=T,lJ3 )
5ä1ß F1= {'r( JË+1} -FB I / 1¿'L(.J"¿'tt) -7-L{ JÉ) )
32?.çt FZ=T ( J2+21 -Eg-Erl* l7.tr,J2+2) -21 { Je I l

. 5ã38 E2=E:2/ ( { 21,: J2-ÞË 1-21 (. J'¿r 1,r'( Z1 { JÊ+2 ) -¿1 ( J2+11 ) }
5232 F3=T ( J2+l:I -ErË-E:1* (7.1 t,,12+3.1-Zf 'lJÉ I i
5334 E3=83-Erä+{¿-i.'l J?l+3t-21(JA1 ).*{11{J3+l:)-¿1i J3+1) }
5¿3Ë F3=Ef¡'{ (¡1,í J2+3}-31 {Jgl l¡,{21{Jä+31-¿I(JË+11 }

* { 21{ Jã+l:1 -¿1 1J2+?-1) 1

5È49 FCIE l{1=1 Ttt l5Ë
5258 ll;=¿-Ì:+{
52ËË I F Jã-r= ( I'11-31 ËC' Tt FegB
5e?B I,F i3.l=21( JË+Ë i 13u Tt_' 531É
Sesrl GLì Tcr 53ËÊ
5?gÊ I F Zl:{=E1( J3+ j:l GC' TCr 5318r
53rlg Ë0 Tt 53Ê;B
531Ê LÈ=LF+tit
5 3 I 5 L 3 = L È + Ë F F B \ L 4 = L 2 + + rJ rjr B \ L 5 = L Z + Ë E r:r Er r, L Ê, = L Ê + :l Er rj B

53eg tf F1{L3l=BB+E:1*{Ej:-e1{JÊ} I +E:!,{'{¡j:-31tJä) ):l:{I_ì:-21(J¿-+1) }
532L 1'F1{LI} =r¡'F1 {LË1 +E:3*{ ¡3:-¡1 I JË } 1.+{ ¡l:-r1t J'c+1 } )

+(¿3-¡1 { Je+t) )
53eÊ t'F1{L3)=81+Ei!rr:{ (¡3-21{Jl) }+{Ij:-¿1(JÊ+1) ) )
53e3 r/F1 {L3)=!'F1{L3} +83*r, t ¡3_¡1 { JËl } r, (rl:_I1 (,r.¿+1) )
53e+ r¿,F1{L3)=!'Fi t Ll:1 +E!l:+{ 3l:-¡1 i J¿.} ) *'{ E3-81{ JË+Ë} )
5325 rr,Fl { L3I =\'F1{ L3I +F:{:r'( ZIc-I1 { JË+1) } {,i e -ì:*El t JË+3 ) )
532É t/F1(¡{1=t*F:2+!:r:$J+t { ¡3-81(Jl} )+(Z-i:-¡1( JÉ+1} )

+t¿3-81{Jä+Al } l
53e? r,'F1( LS I =Ë't'E:3
533S r/Fl,í LË ) =13
5339 REI{ Lt=1 t ttÊRESFLTÌ'lÞ5 Ttl I3=ü
5335 IF LLI)1 THEt'l 5358
5349 ClìLL " ËFNT U { r¡'Fl t Lii }, E3)
5358 Ì{EHT r{1
5368 LÊ=LÈ
53?8 Z3=f3-1
538È I'lE¡iT JÊ
53S5 IF L.q)1 THEN 54ËÈ
53SB CFLL U ESLIË U

54BB CffLL "TIt,lE" {396)
5419 CffLL "TIÌ,1R"(E5)
54äß RËÌ{ L:TI'IFLITffTICII'I BF SENSITI' HT 4-Ì'IETER ¡NTËRuFIL,5
54SÈ IF E5{}E THEr{ 541Ê
5448 CRLL U OFF U { äB }
5445 CÊLL OINITII

I :.i:: l

i:Elri:j,-r:: rr.::
Ì_ i': -r: ::
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-1i-;,i:iì ir¡

545e tftLL " l'lCrgC u

5451 ÊËLL " 5t:ÊL " (-. 4, -. B5,t'Ê1, 2, t . 3,t,F:L I
546Ê T6=B
547Ê P=353. 5¿'i tr'FL 1tl+?731
548:B D,'11) =F-1. 15
5438 E'l1l =B
556Ê ftEt,l [:ÊLl:ULFtTE LIl,tIT ßl'l H FCrÉ 5,UEr5Er,!LIEHT Fl'F: LÊr[tF
551{t Þ2=ZL'í I'11)
5528 Ft'R 1Êr=1 TCr 35É
55s-B D2=['2-4
5548 I F D'Ë-lßtilr TCr 55r:B
5558 HE'{T I €l

55e:0 l'11= I Ê
55Ê:5 IF l-ti:11 THEI'¡ 5599
S57Ê CFrLL " 5LlE:F " ( 3È' i
55r1 ËËLL " FrF l'lT " ( Ë.. ü, ÊJ.. -5l
5574 CFtLt- u 1,'E[:T " ( Ë, ü., Er., ¿., Et., 1)
55f 3 LìÊLL " HF Ì{T " { 1. 4'5, . 1.:15*t11, l¡¡.' -5 i
55?4 tllllL " TEþ:T " { " ['Elt5I T\'{ F:Ë,/[:Ll. l,l) ', I
5575 FtlF: IË=É Ttr 2 STEP .2
557Ë ËÈLL "FtFl'lT"{IB.. &}
:i5?;t t:ËLL " ÊF't'lT " { I Ë-. 85, -. ü5't'R1, ü, -5l
5579 CFTLL'TEHT" (5Tt:S1 lFl :t

S579 I{Eþ:T I EI

55$g ËFLL " FtFl'tT " { Ë, 9, É, -51
55.ït LìFrLL urf ELIT" {Ë.. . 95'+F:1.' B, È, Et, 1J
55$e ÈffLL 'ffFl'lT" {. Ê5.' 81.. l{l' -51
55e:3 CÊLL "TE]{T'i { UELE\¡'FtTIttl'¡{H)' }
55t+ FCrR i Ê=B Trl F{l sTËF 5Ê
55Ë5 ËlìLL " HFl'lT " ,iB, I B.l
55$6 CÊLL " HFÌ'lT " { -. 1?' I ü' Ê, -5 )
55S? CHt-L " TEþ:T " { 5TR.jfi,: 1B ) )
55S.q I'lEl{T I È
55Ê9 FCIR t'|3=Ë Tß Ì'11

559Ê J1= t Ì,1:;-e l'l'*
5ÉÉÊ TÈ:=T6+. S/{\'F I{ J:1+f }+Ë?3}+1,'i $F1( J1+Ë)+Ë71:}
5ÉLË T6=TË+1rr( tr'F1 { J1+3 }+Ë?r-J +1../t VFl { J1+4) +lrj:)
SËËF TË=T€+. F¡',i!'FÍ { Ji+5 ) +Ë?lr I
S63B Eä=EliF ( -. Ë34ä4'r''t Ë )
5Ë48 l'lii= ( l'13-1) *4+1
5659 F=,i35:". 5¡,{ri F1illË)+Ë73'r )*Ee
5ËÈ:F [t ': 143 ] =P-1. :15

5tì?0 E { 1,131 = { l'13-1 ) *+
5ËSB IF Eill3)}RtËfi Tû 5S18
56Ss I F LS:}1 Tt{Ët'l 5rBÈ
5698 ttìLt- "ËFl'¡T"(P, E{l,l3) )
SÏBB NE}{T N3
5785 IF LS}1 THEI.I 5SBË
5?18 ËÊLL U E::LIF
SfZg C¡ìLL uTIl'1En {6urB)
5?39 LìRLL "TIl.IRU (E4}
5i'49 IF E4{}Ë{ THEI'l 5?3È



5758r CHLL " 0FF " 13ø)
57€.9 C:flLL 'll'l¡Tu
5güg RETLtRt't
6ggø RE14 TI.I]5 ELIEROLITlI{E I5 Tß T:TILC:LILFITE 1'HE FIT:5T THF:EE
6991, RËÌ'l ÞERI !'ÊTI VES ttF C'Et'l9I TY ffHr^' ì/ELûr-:I T\'.
6Bg2 R=Z{J)
6g1g J4=Ë
6ø?ø ¡4=J.[+1
6 É 3 g lf44 = t,R - t',' F 1 ( J 4 + g ß Et I ) t / M 1"( J 4 + E! B Er I ] -',/ F 1 ( J4 + ç: Er gs1 1 ¡
6ø4Ø IF lt4}1 THEl.t ËuZE
6g5g L2= J4\Li:=Ll+28ßÉ\L4 =L?+4ØBtt
6Ë68 L5=L3+ÉBr¡FJ\L6=L2+l:Br¡6
ÊB? B'G I = 9. €, 1 \ E 9 = 3. 4 I 13 ß B E - g l: \ f: I = 3 {: 1 Ê "'C¡

6ügg T3=\'F1{ L5)
6,r!9ø T2=\'F1{ L4 I +1,14'f'{ VFl ( L4+1} -UF1 ( L4 ) }
61Eg iF L2:!=LË-2 THEl.l Ë13Ê
€129 Ë0 Tff €,14ø
6139 L z=LE -ä\L tì=¡ ¡r* * UÊË\LI:=L 2 +?Ftfi$
6148 0B=rr,FIi LËl r,Clt=ïFliLÉ+t] \6tË=t'Fl ( LË;+A]
6 1 5 g C I = !'F 1 { L ã } \ t:I = U F 1 ( L 2 + J. 1 1. [: i]= l' F 1 ( L'¿+2]
616É Ëtr5UE; rBBÉ
Ë17ß TË=T9
61f Ê CB=ìr'f:l( L3 ] \Ë1=VF1 { L3+1} \tË=!'F1( L3+Ë }
Ë17.i üCl5UB ?E gB
617Ë Tí=V9
61ùc!B J4=É
6158 J4=J4+1
6ËÉR tl4= t R-E,l J4 ] 1/,: E { J4+1} -E i J4 ) i
6Ë1t IF l'14.'1 THEt'l Ë198
6239 l-ê=J4
6Ë3Ê 1F LË-r=¡41-¿ Ti'lEÌ'l 6eSEl
ÉË48 Gü TCI ËäËg
Ë258 l-Ë=t'|1*ã
6?Ëg ËÊ=E { LË ) \ü1=E { LË+11\tlä=E ( L3+2 )
6Aig CB=Lr { Lä I \Ë1=Þ ( Lä+L l \t-:ä=D ( L¿-+Ê I
6ÊSrg GtrSUS î8gEl
6299 FB=YS+1. J.5
63gEr F1=-PB./ { Tg+ef 3l * { Tl.+Ë9*89 }
6318 F2= { -F1+F H'f,T1¡'{ Tü+2î3 ) ) .* ( TJ-+G9,r,83 }.i { TË+e?3 }
Ë3äB Fä=Fã-FB+Tä.'t Tß+Ê73 )
6338 P3=- { T1+G9+89 } t PÈ/'( TE +Ë73 )
6 3 4 B P 3 = F _1 -l { T I + ü g * ;r: I J + F 1 s T L 

"i 
t T B + s.* 7 3 ) -' 2

635Ë F3=Flc-F1't TÊ./ ( TË+ll3 )
63ËË Ff=F3+( T1+Gg+Eg)-r,(Fü*TÈ+T1*P1),'{Tg+ä?l:} -'e
6 3 f B F 3 = F s- - 3.* ( T 1 + Ë 9'F Er g ) + F ur't, T 1'' Ê 

"r 
t T ü + Ë ? 3 )'' -ì:

63$B F3=F3- i Fü,t,T3+Tä.$Ft ) .r t TÊ+¿?3 )
6399 F3=F3+ä*FB*T1,r,TÈ¡'{ 1'B+ê13 } ^Ê
64ÊÊ t¿'=Ë9* ( 1-ä. 2ËüBBE-Ë4.*Fü )
64 1B t/1= -2. ä6ËÊËE-Ë4,r,1ì9.*FI
6428 t/È=-È. e68BBE-84:r,119+FÊ
6438 t/3=-2. ä6ÈBBE-Ë4{,1ì9*P3
6440 RETLINN

r03

t:./t::¡a'jt ).:.J

i -:.:11
i... : ¡:,:,i,',';

i ,:i:i.::,: :



r04

7ç!gø EB==Eît
Tgtn Et= (E t-ttt} / (fit-Ert't
7ø"ø E2=t ( CÊ-Bt ) -E¡1f.r,&2'r!ø1) / t, t,ú'¿-Gtg')')+1ç?'Qt') )

7 $ 3.A ! 9 = E, E + E t*' i t: - & ff I + Ê?zt: I F:- 0ø') * < F:- (,tt )
71148 RETURI'¡
ÉsgB Et.¡D

ii:,:":tl,.i
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RPt'EtiD'I11 ( 2 )

øT REI,I THIS T5 IÍ4FIGE T:EF'T:E5EI'ITFITIIII'I F'F:TII:iI:Ft14

ø2 EEÌ,t LrS.IHrj Tt:Ftt't5FER r-:HF¡t:Frt:TEt:l5TIC: l:Llt:\',8 Ft:Lrtl 14FrF'FiNG FF:C'üF:rlÌ'1

Ltl GrJ T[' 3:r!
2ø üHFlIl'l "EÍ'll:-i:" LII'lE 5
3F D'IH }i(5Er), T{5Et), F (rJr), F1 t,?rt) 

" ç21iltÍ)
,, 4Ë Þ11,1 R{5rJl.. Fj:{Ë), F4iä}, Fãrl?J,Fgt'¿l

5B [,¡,1 Fr{srj], R?(56), F5(?rt), F€,1Z| ), H5(ÊB}, l,lÉ(ËEr)
6g r"'FlLL. uIl'lIT"
7Ê C:FtLL " SLlErF " { lErEt }
gE pt:1l{'r \FF:It{T "5[:FtL.E F:11l'l'jE {Hllt:I¿ttl'lTFtL tt;-:I5)".;\If.JFLlT I'.l5, l.JÉ
gÊ PË11'lT'rFFlIl'lT "5C:F|LE F:Ftl'lriE ('ï',Et:Tir:ÊL FtþlI5)"j",IhlFUT H7,NE:

, f gø I:FILL '51::FlL " t t'15-1r,:t.. I'|F-F, I'16, l{Fi }
119 C:FILL 'FlF l'tT " { l.'15.. I'll, El, -5 }
t?rt t/{=. J{: ( t,lE:-1,17 )

', 138 r-:ÊLL utr'EÉTu{}'16-ltF,F:t,F!,2,Et'l.)\[:FILL "FIPHT"(H5,N7,È1..-5}
' 149 r-:fiLl "i/E[:T" {ÍJ, 1¡'1, t3.' ä,8.. 1}

159 FtrR IÊ=fi5 Tl:' NË STEF.1+il'lÉ-H5)\r-:fft-L "FlFl'lT"(Itjf., I'll)
1Ë81 t:Él-L 'FtF,l,lTu{IEr,f{r-Ë..t¡r,-5}\,t::tllL "TEþ:T"{5TË:'S{It¡})\,l.lEþ:T IEI

L?ß F[tt: I[r=liÏ T[t t,lËt 5TEF, .1'{,tf,lFj-tl?]\.|-:FILL "FlFl'lï"(l,J!i, iF)
l$g t:Flt-L "F'tt'l,lT"il.l5-3.5., IÊ,rJ,-5)\t:FrLL "TEl.lT"{!:TRS(It3)i\t{Eþ:T IÉ
LgEr c:tlLL "tJF,l,lT"il.¡5+. $+:{HÈl-.li5l., lJr-F..rJ..-5}\,f:HLL. "TE:"1T"('l'IETEF:5')
ÈËEr t:Ftl-L "FtFl'lT"{Ì,15-7.. I'17+..t:¡r't'1., lJ..-5)\]::F|LL ',TËþ:Tu{u14F:5. ")
319 [:FtLL 'E5LtErtr.¿2ø ITPEI'I " EFI]:A " FüR T I{FUT FI5 F I LE VF2:( 1I¡Ë )
Ë3rj L3=!'Fä i 1rj4I \,t-83-ïFä':'1 É5 ) r,[,1='iFË t 1t¡Ë j
24ß Ft'F: I =1 Ttr L31.t: ( 1 1=,r'FÊ { 1 +5ä ) \,1'lEl:T I
ã5EI FTIR I=1 TÚ L3'rF{I}='r'FT{1)\I{Eþ:T I
?E.E I F F { 1] {=-. FJ5 THE}'" 3?B

, ?.78 IF Rt'¿){t:{L) THEI'I l:fEl
äSÊ F'i ü ) =F ( 1 I - ( F { ã } -F { 1 ) ) +t: { I ) ./ ( F: ( Ë ) -F: ( I ) ) \,t: i ut ) =ut
ggE Þ3=F{l}-F(1)
3BEr IF F{Er):}{F(1)-C'9) THEt'l i:'¿El

. =fg FtE1l=F{1)-['g: 3UEl L9=L9r'1
33É FltR I=1 Tt' L9\Ff(I)=F{I-1)\t:f(I)=t:(I-1)\l{Ëþ:T I\FF:Il'JT \FF:Il'lT
349 FttR I=1 Ttt L9\F(I)=F?(I)\R{I}=F:l(l)
35Ei I'|E){T I
3Ë.8 ticr Ttr l:l:É
3iB F{ Ë) =t'Fg( u¡) \R ( B) =!'FË{ 1El3)
3$É H3=\'FZ ( 51)
398 üFEN UEFI4ä" FÛT: üLITFLIT II5 FILE fF]:(ä)\VFJ:(B)=LË.

, 4BÉ þl=frl$r.l=f'lf
:' 4LÉ t:ËLL * FlFt'tT " { þ:.. t')

+38 H'iB)=þi\Y{B}=V
439 CFTLL " TF:Ftl{ " ( þ:, \')

' 44È t,'t=1{5+. ;rt'f'( f'lË-li$ )
45g C:FtLL "FlPl,lT" {t¡'ä.. I'l?+. 1+V1.. 1, -5)
4ËË t:ÉLL " SLlEtF u ( lEt )
4'¡B CnLL "TE){Tu { uSFttlEu )
4$g tÊLL " ESLIE:

,::: l'L:'l'rt ,

:.;:: -.Ì'.
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49Fi CFTLL " FtFl'lT " 1"12, ¡'17+. 7',t'Vt , t, -'¿)
bçtç! cFtLL " SLlEtP " 12ø)
5LçJ C:ffLL "TEþlTu ( "'?'EllTfit:" )
3?-ç! [:rlLL u ESUF u

13fi PF:I l'¡T \,PF:I t'lT
54É l9=ît
558 FT:II'IT UH]T SLIE:F]T:TLIRE (I'ET:TÊIÊ) FiRST ;I:I,LITjHT PEN"\F'F:I¡IT
56fi C:ffLL " LF EI'l u ( i¡, T )
s;tE IF H=B THEI'I i''€.9
5ÊB I[: T=1É THEI'l EtgF!

599 IF T=?Ø THEI'I 618
Ëgt Gfi TC' 7îç!
6113 t:FtLL "TIl,lE" 11":¿çtl\t:FtLL "fiFF" (ã6)
6'¿F! C:FILL "TI14t:" {E)
639 1F E{}Er THEt't €.29
64É t:FiLL n g[tl'l' l:¿ç!')
€,.5'çt Z=1
ËÈg I F t'l=Ê THEf'l 7=B
Ë,?ø i 5+= 19+1
6$rj C:FLL "r/El:T" tH-l{1, Y-\'1.. Et, Et.. Et.. Z}
Ë.9Ê 1{:l=}i'rT1=T
7Ér,jl l{ { I3 ) =þl1r,T { I9 } =T1
f1t3 FÍIlf,iT ilì('( tr- I9; " )="; þl,: I9), oT{ o.¡ I9; " }=o.¡'r'i i9)
?¿Er Ëtr TrJ iir¡
?38 l'l=1.
?41_1 [:FtLL " FtPl,lT' { þ:, T J
r5ü !{!=}{r,t{=f
f ËÊ Ft:If'¡T "lt{ ".¡ I9.¡ o }=o; Þl{ I9), ul'( o; I9; " )=u; T( I9)
7fE ËriLL "LFEI'1" {H, T1
rgÉ I F H{}Erü':r Ttr 17Ê
79Er Ëü Trl 5Ëü
güg l:FtLL'TIltE" (LäB)\t:FtLL "[rFFo (1Er)
glg l:FtLL uTIl'lt:" {El
$Ëg I F Et-rÉ Tl-lEl'l gltj
g3B [:ffLL " D[rl'l' { lEt )
8+B C:llLL " l:lFF * ( ËEl l
85ü C:FILL "II.IITN
.qËE¡ cFtLL "t{úSt:"\.t::FtLL "51:HL" {-. 8r5.. -. 8t5,. 5... 5)
L--¡ü t:ffLL "FlFl'¡T" {8, Ê, ü., -5)\tFlLL *l'E[:T'(. 5., Et.. Et.. ã., u¡.. 1)
8güFc|F:IF=üTt|.5ETEP.É5\|::FlLL"FlFl'lT"(IB..L1}
$9F C:rìLL "ffF,Ì{T', { IB, -. Etä., ü.. -5)\r-:ÊLL "TE¡:T" (::TR.${ t13) }
988 NE}.:T IEI\T:FILL'FIF'NT"(.35.,-.EI]:5.,9,-5}\t.:FILL "TEþ]T"("['ELiF:EE")
918 C:F|LL "flFl'lT" (ü, -. 95, Et, -5)\C:FILL "VE[:To (t]t,. .[.. Et,3.. F., 1)
9Èg FTR Iü=-. ü5 TC¡ . :{5 STEP . Bs\üFILL "FIF'NT'(h, IB}
938 t:ËLL "F|FNT" (-. 9t3.. Il3.' Er, -5)\t:ÊLL "TEþ:Tt (sTF:S( iEr) )\NEI:T IÊ
948 Il=ü
958 CÉLL "FlPI.JT" (-. 85.. . 33.. 8., -5)\,l:ËLL "TE.r-T" ( "C'EËF:EHo )
9Ég REI'I Ë1.=l'lIl'l CtF R( I ), tt=l'lFlli ü'F R( I )
9fÉ LET tl=R(J.)\t-ìä=R{1)\Fl=Ftii\FË=F{1)\N=1.
9SB ü9=ff
99ü FLrrr I =2 Ttt L9
1BËB IF RtI))=tl(I-1) THEN 1üÈÊ

!:.i:**jjii¿-i{:!3¡Ijr-ll:;r:ia,r-.5ì:lir '!i: .:-l !¡ :.?::-t-:; i t.'. ,..-,;-::,::.,::t*,1:_a

iiijìaiiii$
L::.: .:: . -l
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1ß1.ø tl9=[19+1\Cl3=ti( l ) 1.C14=F I !'tt,t'!=1\.Ëû Ttr Lø¿l
7Ê?g IÍ- f-t97=t THEI'f tî!49 \,1t7=C:t\,Ct4.=F1
Lg22 F1=I
tg¿.5 IF Ct'tl=t THEI'¡ tç!49
tÊ3çt crL=ti{ l )\,crz=F( I )
tg4.r! IF F':(Ir -!=[:2 THEIi tø7ç!
185ß I F F:( I ) .i=E:t THEt'l ß€,ç! \6tr T0 'LgF-tç!

18Ë.É t:1=É( i )\F1=F( I l\GCr TCt lø'Aø
tg/çt C:Z=R( I )r.Fã=F( I )
tgrrJ IF Crj:j'[:1 THEII ttt'êg
tt?? fiL=ci:¿\,tt:J.=F?
1ËE:g l'¡Eþ:T l\,fit[=[tc{-r,]p P1=L9 THEI{ 11Bg
tlTt'Í, IF F(P1+1)-tFiF1)+Ë'1);'=1. tjlr¡ßBt¡E-t¡4 THEf,l 1t3!::9
tgâ? IF F{F11_{F{p1_1)+8,111:=1. BÊr:JBBE_8r4. Tt{EH l13€r-: ',,

&4=fl4r,!:iu Tû t!ø'-l
lBE:3 C¡l:=Er.rrJ4=F ( Fl_-3 ] +R { F.1-Ë)-4 1F ( F.1-1 ) -F ( F1-2 ) } ¿'

{RtFL-2}-t:{F1-1) l
1ßË:4 IF Cr4l'F{P1-1)+C'1 THEI'l ffirJ5 \r:ir-r Ttr lfJB6
1ÊE:5 Û4=F { Pl-1) +['1
1É$6 rl4=F ( F1+1 ) -F: ( F 1+1 ) + ( F ( F 1+1 ) -F i F 1 ) )./ ( t: ( F 1+1 ) -F: t f1 l l
lBSf I f- 6!4{F t F,1) -D,t THEH ttjgÊ_t, \Ë[r Tû tfig5
lBE:Ð ft4=F { Fl l -01\,rjû Ttr t"ç!91
Ig_F:9 frJ=[rr.[r{=F{F1-1)+t:tF1-11,{,{F{F1]-F{F1-f ) }¡'(F:{F,1-1)-F.:(F1) )
189ø ft4=F{F1+l)-t:{F 1+3},{'(F{P1+Ël-F ( f'1+1) )/'{ F:( P1+ã) -R(F 1+1} )
1Êgl- I.F tt4:¡F,:P1l+Þ1 THËl'l 1tJ:-'e \riü Tlt llt5i:
lfige fi.|=F { F,l} +['1
1ü33 IF rJ4*lF{F1+1}-C,1 THEI'I 1894 \Gß TÛ 1B!'ã
1ÉS4 [.14=F { Fl1.1) -C'1
1895 FR I NT " F 1= n i Fl-, u ü4= o ; t!4., " F i Fl ) = ".¡ F t F J- ) \t-:1=tlll:\tr1=tJ4
1ü96 L9=Lg+É\,F[rR I=1 Tt' L9\,Fl( I ]=F( I)\F:?(I )=t:{ I)
lggf IF F{I)-r=[r4 Tl{El'l 1Ëgi:! \l'lEþ:T I
1ügS FZ= I'rF7 ( F'2 ) =t-t4r,t:7 { Fe I =[13
1ü99 Fl t Fä+l1 =tl4\R7 { P¿+l ) =tr3
lltjrg FLIR I=F'e+Ê T0 Lg
118t1 F¡{ I }=F{ I -Êt\R?( I )=R{ I-Ë)
11Ê3 t'lE).:T I
1:tß3 FC'R I =1 Tü Lg
11814 F{ I )=F?{ I )\F:{ I l==tll( I I
11ËÉ l'¡E),:T I
ltBg FÊItlT "Ì'lIÌ'l t:tF F{=o.¡Lì1;"Fl=".¡Fl'"f'lFlþl l:tF t=".¡f:Ë.;"FË=".¡Fl
1118r FRIt'lT "LIil::ÉL t,lr-tþ: C'F R=".;t]tj-,oFHI FtT Lt:il::ÊL HÉþ: =".¡ft3iuEEb. u

1138 FRII'lT "Lül:ÉL Ì,lIN. LIF Ê='.¡ û3.. nFi{I FtT LUrt:FlL I'lIN. =n; [r{.; u['EÊ. u

113ü LË=É\. I $=Er\[,lg=ül
1148 FtlR IË=1 Tc' I9
1159 L5=É
1168 IF T{IË)T[:1 THEN EËËü
llfü IF Y(IÈ:-1))Cl THEI'I tÊfü
118ü L6=É
1J.98 Il=IP+I
12Êü Fä( IË-1)=F1\F4=Fl( IË-1)
1219 l.!9=Ht IË-1)+(Lìl-Yt I Ë-1) )*qgt I6)-þ:( IË-J.) ).t(\'( I6)-V( I6-t) )
122ü Fl( I 6-1) =þ19+57. ËS:¡S,r ( lErBÈr*Hi: ) \F-::=p1( I 6-1)
1Ê3q CËLL "tiFNT" {K'1.F3, K.$F.1, B, -5)
1ä4ü FR I I'¡T \FR I I'IT
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t?.7$ Ft:Il,¡-f rF1" n; I6-1; nJ=tt; F1( I6-1) 
"'F'é,(" 

¡ lF-'-t; u )=ui F2(,IÉ:-1)
t?€'g Fi:( i 77=Ft( I 6-1) \F4 I i7)=F2( I 6-1)
t27g I =Er
t?âe IF R{11=C:1 THEI'I 1"=î3ø
t29g Et-r TCr 14Errr
13ÉB IF IÊ::)1 THEl,l tã2,ø \,F1{Ë)=}l(É)'r,57, 293rJ/(16rJEr'{'Hl:)
131É l=l+{\,IF I.}=L9 THEl,l 1l:l:El
132ø GCr Tû 1l:4ø
1i:38 PR I I'lT '[:HEt:l{ STFtTltEf'lT Nn. 1i:1r3 " \5Tt:rF'
134É G7=ÊE5,iT{É)_F:( I ) )r.rjr:r=l:rEr51F:( I+1)_l (,r!1)
t-Ì:5ß [i9=r¡T+r:iÉr'.,|iÉ=l-tEr5(t:( I+1]-t:( I ] )
1368 I F r1B5 { ri!-É61-}1. üE|ßBBE-rJ4 THEt'l t3:tç!
13?ü f¡l=Ë7./Ggr\,F21Ø)=F{ I l+Ì,14,{F( l+1)-F( I } )
13ÉÉ I=B
139É ËCt Tfi tt?tt
149É IF \'(IË){=Rt1) THEl,t 151:Ë
14Lg FÉ { I rì ) =F { 1) \L5=L5+11,I g= I Ë:+1
14Èg IF V{iË-11{=Ft{1) THE}'l f4Ëß
14f Ë F1( IË)=þi{ I6)'t'S7. ä35',J,/{ltjtjË't'H3)
1449 F8{ I ir:)=F$täl \,f- 9{ I Erl=F9{ã)
J.4SÉ Gtr Tfr l4gtjl
14Ég þil=þl{ I6-1)+(}1( 1Ë:}-¡:{ I6-1J }'+'(Flt1l-l'{ IË:1) }¿ ('¡'{ IÊ)-T( IË-1) )
1.17ü F1 { I Ë I =þll+5?. ã958:.j { lrJt3Ê+Hi: )
14ËË FEr( IË:l=FI{ IËl\.F5{ I Ê'l=Fä{ IËi
L49B IF Ii:!t:13 THEI'l 15281
l.5rjrÉ tit'5UE: e99B
f51Ë IE=0
15iË Gtr T[' AlÉCl
1538 I F l'( I Ë-11{=F:( 1} THEI'I 1ËËEl
154ü IF l'{I6-Ë){=F:{1} Tl-lEl'l 15?t3
155ü FE:{ I irl =F${A) \F9{ I Ë.) =F9{ t)
15Ëü Ig=Ig+1
15?ü GrJSLtF Ë9ËÉ
15ËrÉ tiLrSUEr t93El
1559 GC' Tt' 1È;ËB
1ËBrjr I F t:{ 3 } tt:{ 1} THEI'l 1ËlË
16É5 I F Ël=ü1 'f HEl'l 16ã4
161É Gt' Tú 1Ë:j:FJ

LSËB IF Y(IË)t=ü1 THEI'l 1tËs- \.IF l'(IËi-1)l't-t1 THEN 16Ë5
1ù;31 Fg ( I iì ) =[r!r.f S=[r{\,fitlltJ$ 3Ê9El
t6lä F1{ I Ë ) =t{Fr,L5_LS+1\tilr Tt' ËLË:B
:tËä3 Ë[1511É i:5Ert3
1SË4 ËCrgllF i:ä3Er \.ritr Ttr 1Ë3F
lri;:s L5=L5+1\IF L5:Þ1 THEId 1t4B
1ËËË FË{IË)=[tä
16ä? F1{ I Ë ) =Fl{ l $ 1:r:5T. ä959/'{ 1üÈB,f'H j: )
lËeË GC' 'rü A16B
1Ë3ü L5=L5+1
164É I F L5-r=¿ THEI.¡ 16ËB
1Ë$g Ëcr Tü eI+ú
16r:Ê I F L5=ärJr-r TC' l6EtB
16?ü Gtr T[' 1$4Ê
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t€,âr! 1F R(?')(Fit,t) THEI'l 22r!g
t69A IF '+11€,-t):rCr3 THEi'l 7€.9L \tiÛ Tl-t t7€,r4
1691 IF l',í 1Ë-1).i=rJ1 THEI'l t?ûü \.IF \'(IËl:.f-t7 Tl-lEN LTt"€.
t€.92 Fl:=F5 ( I6-11\F4=F6 ( 16-t)
1.693 I'Er-tr1\,rj[r5UE: 3ç!9ø \.Ff ( l6-t ) =llB
tE!,1 F6(lÉ-1) =[r!1,,p'$=p5 ( I É-1) r,FË=FË ( I É-1] r,tilrSLlE: 

=:!"'¿rt!Ë,!ti F3=F5 { I Ë-1) r.F4=F e, { I6-11
t?gß IF Y(IË1{-rr3 THEI'I Ll?rt
1?91 IF T(IÉ:);.=t¡1 THEI'l 1718t
1fÊ5 Cil-' Tr-J :¿j179
1?113 FË { I SJ=lt!\,\F!=r¡1r,6r-r5UÉ 3ggg
fTLÈ.F5(IËl=t,lEt
1715 rjcr TÉ ?tßr!
1?1Ë FË{ I É I =ltZr,FF ( I t ) =þi( I6 ),r'57. i¿ir$!:/ ( 1EßtJ'l'H3:)
t7t7 ËCr TLt ãlgrj
17ËB Tr¡=ül:\E¡trÍLtE l1gtç!
173F F5( IË)=t{r¡r,Fr,{ I Ël=[r4
174fr Fl:=F5,1 I Ë-Í) \F4'=F6( IÉ-1l
175Ë Ët' TC' 31E B
1?T:È IF TTTË].IIJ]: THEI'I lTEI'3
1-l?ü Ë'l TC' 1çrj:B
l7Err¡ I F I Ë4-r I9 THEl,l 1r:!ËË
1?gF IF \'(IËi:¡trl: THEI'l 1?3Et
l?E:I 1F I't I Ë-1) )Bl: THEI'I L?9t3
L?Ë!t:l rjü Tt' lt:tãÉ
lf9li Fi:-F5{ IË-11\F4=FË{ If5-1)
:tE:ErJ F5=!l( 16 )'r'5?. ä959:/ / iEttrÈ*Hlr) \F6=1r.1
1Ë1Ë L5=3r,Gr-¡ Tü 3ËfEl
1S3F L5=3.1.Ëlr TC' ä71É
1È3t3 IF L5,ll: THEI'l ?úr!t
1Ê.{B ll9=ll9+1\, i F [.15:]=Ë THEI'l lLrrrrrrrrrrrrrr:58 \t'I5 { I Ë-1) =FF ( I Ë-1)
1€:41 I F r,!+t:þtr+ THEl,l 194Ë \,rj[r Tt' 1Ê:43
1E:42 llË t i Ë-L ) =rir4\r;i[r Tü 1S5ü
1S43 I'lË ( 1t:-1J =Ftl { I Ë-1)
1S5ü Fl:=t'l5t I É-'11 \F4=ltt{ I Ë-1)
1SÈ;g IF YtIñl.l[¡3 THEl,l 1E+-F \IF \'(I6-1]{t-t-c THEt{ 191Ë
1É?U¡ riü5LlB 3Ël:E \131t Ttr 13"1-ü
1SË:Ë IF T{IË-:t).tß--i THEH lFl:E
1898 llË{IË)=ft4
19üü \'F=û3\titt5LlE i:BgF
1S1ü t,l5(IË)=t{B\,ÉLl Tr:r 1968
191Ë t,lÈ. t I Ë-1) =û4\F4=llË { I 6-t )
191.t YB=tt3\,13tr5UEt :(úgB
131Ë t,l5{ I Ër1)=[{ff\p]:=[,15{ IË-1}
j.93ü GüsLtEr 3g-:ü \Gtr TLr 1948
1938 I,lS t I tl) =[r.l\,[iü Tt:' 195Ê
lg4ü NËt IË)=Ft I )+H*r,tFi I+tt-F( I ) )
1958 ll5{ IÈì)=H( IÉ){::il. 495S,.'t1üErß"'H3)
19ËB FRIIiT u[,]'î(u; IÉ-1¡ ")=u.:I,l5{IË-1il.¡ "[,]$("¡ It-1; ")=o.¡I'16(I6-1);
19?ü FRII'lT "[,15{ u¡ IÉ; ")='.¡ ll5t ]6)¡'[,16{ u; IË.¡ o )="¡ llË( ]6)
l9ErB F5=ll5{ IË)\F6=i.lËt I6)\l =Ë
1998 GC' Tt¡ e6rü

,.: :,: r-
ÌÌìi.::iì:
lr:1 i lì::ìr+.1
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?qfig FË { I €.-t) =[rc[l,p'{=p't11€,-t)
3.9 tÉ Y ff = tJ 3 \ G ú 5 Ll E¡ 3ú9 ø \,F 5 ( I 6 - 1. ) = !l f¡ \. p 

-r: = F 5 !, I ü- t )
?.fi'¿û IF ?( IÉ. ),i=tt THEI'I 2ø7Ø
È83ü FË{ I6) =ú3\F6=Fú17€,)
3.çt4ß TÊ¡=úl\Ër-¡gUE 3É9ã
?g5i.d F5 ( I6 ) =Hr¡'.,F5=F5 ( I6 )
2gÊ,ß rjcr Tcr lttlg
3,çt7rt F5,i I €,)='/, 'i i É I 't'57. ?.93t/ ( f [¡f1[t:t:þl]:)
ã8fi13 GÛ5UF J:ãJ:EI
3,rs3t F6{ I €,'t=F { I )+ll+{F( I+11-F( I ) )
ÈlBli PF:11{T uF"i(u; IË-1; ")="iF5{IÉ-1).i "FÉ("; IË-1; n)=".;FÈ,(IÊ-1}¡
e11Ë PF{If,,lT uFSrui 1Ë.; "}=".;F5(I6}; uFË(u; IÉ; n}="iF6(IÉ}
?tZB F5=F5( I 6lr,F6=FË{ I Ë}
gL25 Fl:=F5i IÉ-1)1,p't[=p'¡ì{ IË-11
at3g Gtr Tr_t i¿67ú
e14É Fä'í I Ç.t=F { I )+l'1,{'{F{ I +1}-F{ 1) )
Ë15ü Flt I6i=þi{ Itì1*,57. ?91rl',¡ (1E ür:r+Hl:}
27ÉFt F5=F1{ I Él r.Fr5=F3{ I Ë)
ä1?É Fi:=F1{ I 6-f ) r,F4=Fã { 1 Ë-1 J

elE:E FRil'lT uF1" u; IËi; " ]="; Fl{ IË;), uFË{ ui IË.¡ " )="; F2( IË)
ä19Ë rjtr TCr 3É78
2289 LË=LË+1\IF LË-r=3 THEI'l Ëåtg \t.5=F1{ I6-1)\[:Ë=[14
z¿.tg F3=É5\F4=r_Ë.
2?2ø FË=F{ J }+tt,f 1F( I +1)-F{ I ) l\ËË=FË
eä-rÊ F5=li ( I Ë )'t'57. 3559./'i lt3BB'¡'Hl:) \t:5=Fii
ã24ü PRIt'lT "Flt=".; Fft., "F4=u; F4.' "F5=".: F5.. "FÊì=".¡ FË
ã25ü 6r:r l'tr 2€,7F!
2ËËB iF fiiÉ-11.ir-:l THEH Ë¿?:'
Ë2?r¡ 'jcr Tü äl:ÊÉ
e375 IF V{IË){=f-:1 THEI'l ËÍ18
2,2r.ú F1 ( I rl l = þi { l rì } :+: 5 1. ¿9 5 i+/' { ItJ Èr É"r'H:: ) r.F5=F1 { I Ë }
e?99 F2{ I6)=F1\FË=FË{ IË)
Ê3r3rl Fl:=F:[ { 1Ë:-1) \F4=Fä { I É-11
Ê31ü L5=Ë\Gt¡ Tl:¡ 3Ëfß
e3ÉF I F R'i Ë I *iF:{ 1) THEI'l ?.='¿.3

ê3ä1 GfisLlE 35ErEl
e3Ë9 L5=L5+1
Ë338 1¡=lf+l
23.$ü l F R { 1} =t:1 THEl,l ã3f g

3358 IF Y'i16-1){=R{1) THE[-l ä3?Ut
ê368 Ëtr::LlE äSÊÉ
e37Ê FA{ Itìl=FÍ\,Ftl=Fl{ iË.}
E3Ë8 IF YTTË-1).Iç1 THEN Ë+4ü
2398 H$=Xt i6)
ã4Erã Fl t I 6-1) =þl( I Ë-1) +51. Ê95,q/ ( 1ÉÉil¡¡'+H_:: ) \Fl:=Fl( I Ë-1)
2419 FÉ{ IÉ-1)=F1\F4=FI-( IË-1}
Ê4ËB FRINT uFt/ u¡ IË"1¡ u)=u.'Fl-ttË-1,1., "Fä{".¡ IË-1.¡ u)="i F2(IË-1}
e43B tì0 TLì ä+srjl
ã449 )(S=H( I6)+(Ê1-Tt IË) )+()t{ Ib-1)-þ:{ IË) },r('r'{ I6-1)-\'t I6) )

ã.t5Ë Fl. ( I6) =þiU+51. 29SErrrrrrrrrrrrrr!..'t 1ÈÊ&'t,H j:) \FS=Ff ( J Èì)

e4ËÊ Pt:INT uFl{u.¡ IË.¡ ")=".¡ Fl(IË), uFä(u.¡ I6.¡ " )=u¡ FË(IË)
e.[?{f F3( I7)=Fl{ ¡Ë}\,F4( I T)=FË( I Ë)
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24Eg 1F l7=2 THEl,l '¿.?rtçt

2498 Gt' Tû 2Ë'€'ç!
eSBÉ I F LË=1 THEi'l 233ît
?btg IF L€r=Z THËl'l 2-a4g
3538r Gtr Tt' '¿55ç!
7þ3ç! Z2=Ër.6rlr TCr 35681
25.$ß EË=4'rGû Ttt 25Ëul
255Ë 77=2
35È;É [:FLL 'FtF,l,lT " ( ](¿,Fl:117-1"1, y:.4:F4 ( I7-1).. ti.. -5 )
ã5f ú t:frLL "",'EC:T" if{+'{Fl:{ ITI-F3{ I?-1) J.. K'r'(F4( I;/)-F4{ If-1) )., El, ¿Ë, Er, 1}
35.3ß If: 1.,4{2 TþlEl,l AÈ,r3r3

23?g GCrSUEr ?.9'j{B
eËÊrE IF LË{1 Tt{El'l ãËi:Ë
e$1Ê t:ËLL " FtFf'lT " { F.+'ç5, ll:+[:Ë, É, -5 )
ä63ø t:flLL ut'E[:'["{k.+{F3t I7]-t:ÍJ, P;,f,{lJ4-l:6}..t3, IË, El, 1}
ËËË5 CÉLL u",'Ë[:T" {K+tF3{1J-F]:{ I?t ), É, 8..e2.. 8.. 1)
963& FÉIl,lT "1i="; Iî.;'Fi:{I?1="; Fl:'i Il).¡ "F4( IT)="¡ F4{IP)¡
ä648 FRII'lT "F3( if-l)="i F3{ If-*}; "F4( If-11="; F4( I?-1)
?658 Fl:=Fl{ i Ê,-11r,F.t=Fã { 16-1}
ËËË:Er I l=B
?6?B Ëtr::UE: l:1Ër.:l
?È:;îEr FE I l.¡T " L5= " .. L5
eügF IF l-5->=l: THEI'l eflB
ÊTErEl rjñ TÈ 1ÉBiJ
ATlg I'IE¡:T I Ë
e?15 STttP' 27'¿B I F LS=l THEI'I äf 5ü
e73É I F LË:=ã THEI'I ä?f El

EÍ48 I F L€:=]: THEI,¡ ËTgB
ef SB t:FILL u['5Flt¡'u { u]-E1" 1\FÉII'lT \.FRI I'lT
ÊrËË Gt:' TÛ ;iErErEt

ËF;îü I:FILL u['5F1",'u t uTE2" ]\.FRI I'lT \FF:Il'¡T
2rË:B GLr Tt' ËE:ÉEl

a?5È t:flLL " Þt:Fltr'u { u TE::" } \FF:I I'lT \,F't:I t'lT
egüEt I l- Lrl.l3licr T':r äF,ËÉ
Ëg1B t:rìLL 'T I ilE " {:(EtE )
3Èr¿-B l::RLL "TIf'lÊ' {E3l
2g j:Et I F E3*i-rEr THEII 'ål!Ët3

3,q48 C:r{LL "t:5TË:u(uTE1"l\[:ttLL "R5TÊu{uTEË")\[:ÊLL "t:5.TF:"(uTE3u]
ËF5B rj':' Tfl Strf;É
e$Ëü t:Lcr5E \ËL' Ttr äÉ
esËe FRIl,tT uD'ü I'trlr t(Ìir:tll Ht:lRtzcrt't {l't'F: N)".¡\,iNFUT L$
A$li4 I F L${.:'u l'u THEI'l Ë::lf B

Ë8S5 FR T I{T " ENTER HT'R I IT'I{ FINISLE ( C'EIiT:EE5 ) O .¡ \.I NF.UT H9
Ê$t:6 tFrLL " F¡Fl,lT " t lit., l-19, tt, -5 )
ä.-'r-iî ü:HLL ut'Ë[:T" (. 5' g" 8.. Ë.,81..4)
ÊS6$ ËFtLL "FtFl,lT" {. 4.. H!¡+. ülF, ü, _Ë)
2SËg tFtLL "TEHTU ( uHr:rRIiLrN" l\,FF{INT \F,t:INT
SSrg FRINT "ErEFt'RE RLrt,lt,llNG THE F,RLtrit:Fll,l FtLiFt¡N VLrLr HFTVE TLt FRINT, "
eSSË FR I NT " ËCrl'lTRCrL C: "
A89B FItII.IT U. R T'ELTI.IF
Eggü FR I NT U. R E:ÊsûT}{ " \FR i NT \FR T NT
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:¿91$ CLCTSE \.5TtrF
29F:& F 21 1 €,-t) =F t,t-'
293ø 1i€,=H( 1€,-t) + ( þi { I 6 ) -X r. lE,-t) )'{, ( \' ( lâ-1.1 -1,:(tr r,¿

{r{16-1)-\'{16)} t

Eg4g F1{ I €._t) =þlË+F?. ZgSg/ !,Lt!ttç!:t¡13 )
?.9Íl1j I Er= I8+1
291'r IF I4=2 THEI{ 2',,6ø
?95t, I*=1r,F*( I Erl=FE;(Zl\F9{ I E:l=F9(Z)\lE2=2
29€,9 F.q{ IÊ)=F1{ I 6-L) \Fg t,lfr)=F7( I 6*1)
3,9riø t:ETLlRi{
?9!* I F LF,=L Tl'lEl'l l:E¿B
3Bßr-{ .1F Lfr=Z THEIi l:É_Ì:6
381ü GCr TLr 3r!49
3geg Zã=ri\.[i[t Tt:l ]:845
3Ës-B lä=4r.[i[¡ Tl:t _Ì:ß4S
304Ë 7-i.=?
3ü45 PfiIl'lT i "FL::{ "¡ Ii.-1; " J=u; FEttlll-I).i
3Et4Ë f,ÉIfiT l'F3( "; I€l-1; "l=o.: F9{ 1L:-t); nF€:{n; lll.¡ " }='.i F$t IË:);
3É47 Ft:IliT uFg{n; IE:; n}=n¡F9{lll}
3&5çl t:FtLL 'ËF l,ll'" (l::+FËti I E!-1J, [(,1'F9t I'ú:-f )., Et, -Í)
3üfiü r-'FtLL ulr,E[:Tu (H+{FË!{ 1t:t)-FE!( ILt-l) ), Pi,r'(Fgt IËr}-Fsr( IE:-1) }.. Et, ZË, Et, 1}
3gi13 I $=l¡
3gËË t:ETLtRti
3ü9Ë ),113=l.i( IË-1)+(Yr¡-l'{ I É-1} )*'(þi{ IÉ}-þ:( I Ë-1) )./(l'( IÉ}-l'{ I6-1) )
31ËÊ tlÉ=þlEr+57. Ë95Ë1./ { 1ÉBÉ+Hl: l
3118 RETUF:}'I
31gg : F LEr=1 THEI{ j:1ir3
3138 lF Lt=ä THEI{ 31ÉEl
3148r Ët' TC' j:1781

315t Zä=Ëc,rjü Tt_r j:18!Er

31ËË Et=4\Gû Tt:r j:lË:È
31fB iä=3
3tSË FE:=F5-F]:
319Ê F9=F6-F4
3eËü ËÉLL 'FlFt,!T " { }{+F3., tr.+F4.. ü, _5 )
3È1ü LTFL.L ur¡'Et::T" {l{'l,FEl, ltstF5.. El., ZË.. t3.. 1)\Fl:=F5\F4=FË
3Eäg RETURI'I
3g3B I=I+1
3Ë48 IF I-r=¡g THEII är1B
3358 Êl=tlBStYt IË.)-R( I ) )\CiS=FlE:5(t:( I+1)-l'{ IË) )
396ü Ë5=tiir+GS
3ä?Er 66=FtE:5(Rt I+1)-R{ I } }
3Êgû I F ËE!5 { Ë9-GË ) }1. 0üBBËE-Er4 THEil 3Ê:{11
3e9ø l'l=GÍ,t69
33ËEr RETLTT{t!

358Ë IF \',lIti-Ll{=tt1 THEN 35413 \Fi:=Fl( IËì-1)\F4=FË( I6-1)
351Ê \',8=Cr1\ËLr5UB :iF913 \Flt I t-1) =llB
35eB Fä{ IË-1)=ltä\F5=F1( IË-Ll\FÉ=FË( IË-1}\ÉL¡SLIE: 31eB
353ü F3=Ff i 1Ë-1)\F4=F2( IË-1)
3548 RETURIi
4ÈgEr Et'lÞ
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f'lPF El'l['I ¡: t 3: )

Bl, Éãl,t t:LrBit: LÉGF:Ftl'lr:iE Il'¡TEF:Pt:rLFtTIr:lH F[rñ:f,rLlLFr I5 LlSE[' l-lEF:E

ø? F:EH Tit 1t'ITEF:F'trLFtTE Lll'lE6iLlFtL. SFtttH[, 1'Ê14F'EE:ttTLlE:E Il'{FLll'
çt3 F{Ell C'FrTFl.
7ø I:FILL UiI.JITU

äEr lt
'¿5 Ët

2Ë. D'

14 L(3t!1 , T {:irj ), 1'ç!13B3.J , T2r.lt!'L ), l'l: r.=:çJt )
¡4 Ë,8 ;: l:Erl ).. EB { 3:81 J, î.tt l]cfit}
l,l Tl. ( l:Hl)

3È¡ FF:I l.¡T \,F F:I l'JT " ['FlTÉ F I LE l'lFtf'lE ".r \ ] l'lF'LlT 11't

4H trFEl'¿ t-t+ Flrt: Il.{F't.lT Frs FlLE #1
5u' I I'IF UT {f 1 : I'11\ I l',lF UT #1 :t:l
trtJ Fl]F: I=1 Tü t'lj.\,lt'¡FLIT #1 :Z(I)\'l{E}':T I
?Ë Fúh: I =1 Tû I't1\,1I'JF'LIT *1 : T I I ) \,Ì'lEþ:T I
fiur c:Llr5E +1
9r3 l-:FtLL " 5l:ffL " { }3, r1., 48, 1. 5'{,F:li
1ÈrB PR I liT '.,F F:I l'lT .. u TEF EF:fi1'LlË:E I l'JË'LiT ['l:lTH
11Ê FRll'{T \,FF:Il{T , "Z{Ì'lETEtr5)".. "T{['Erit:EE:5 [:J"
1Ë13 FLIF| 1=1 Tr-r l'li\,F't:It{'l' ,¿{Il,T{l)\f{Eþ:T I
138 F|JF: I=1" Tr:r l{I\,|:FtLL "fiFHT"iT{I),¿(1li'.,t{E¡:T I
I4Ê Ft:Il.tT '.,F,F:1f{T , "If.lTEt:F,LrLFtTILrl.J [rF TEf,IFEF:i-tTLlF:E [,FtTFt"
158 FRIHT , "Lt5iHtj r::LtE:i[: Lt:ti:íF:t-tl{üE Fr:rt:l.lLrLt-tr
1ËEI Ë:EI"I IJË}{ERFIT]IJI'¡ tJF TEI.iF'ET:F¡TLIF:E Ë'NTñ FIT 1 i'¡ËTEF:
:tlrr t:EÌ,f i I'ITEF:',¡ FlL5 { I f{TEiì:F r:tLt-tT I [rf'l]
JL.._r È_j,- +

19rj Ll¡=r:r
¡-: r? ¡? r-l:'- |.1.1 -;'
;i; Ëñ;ili i.pnrHT TF'E:ir¡J¡ urir'ti";TFrEr(F).; "T t:".¡T'FrËri14J.; "ErEt".,
Ëi.l t't:If.lT TFlEltËl:); "E1"; TFtElil:ll¡ uEl!:"i Tl:lEl{51.}.; "E:3:"
Aäü FttË: ,[=1 TLI I'l]:
33F Eü=T{J)
t413 Er1={Tt J+1)-Ett3),/{Ei,J+1 ) -¡t Jl )
¿*5f3 EIJ=i Tt J+Ë)-Er3-E:1't,t3{ J+ù{) -et J) i )

ËËü ErË=ErÍ¿',t t¡tJ+Ël-3iJ) ]+(IiJ+3)-I(J+1) ) l
ÊFtf E:l:='l'{ J+l:} -E:ü-Er1:{'t 3 { J+3: i -I ( .r ) )
3fF E:l:=Bl:-Ë,ä,+'{3{ .i+l:l-3{ J) )+'{¿{ J+l:)-3( J+11 i
lE:rj Erj:=E _r:¡'{ {liJ-r.l:)-aiJ) }+{ ItJ+l:)-¡':J{.1.} )a'(3( J+l:)-I( i+;{} I }
Ë9r_1 FtlR tl.=1 TL' l:5t3
ìúú 't'7-'t-r-L.l
-\L¡r-. Èj.-ùJi r J

3tÉ IF J.Þ={l'i1-3) THEN i:4El
338 IF I3:4=¡(J{'3) THEt{ l:ËÊ
3:sË GCr Ttt 4i:tjl
348 I F f 3:t=3 {.t+ j:} THEN l:t:B
359 ti[' Tüt 4]:El
:tËË Le=LEt-l-H
3?ü TEr ( Lä ) =ErB+E:1+' t ¡l:-3 { J ) ) {.8¿-,{, ( ¿-l:-r t J ) ) *' t 3l:-¡: t J+1 ¡ ¡
_tt:B TË ( LË ) =TB ( LZ ) +Etj::t, ( Ij:-3 { J ) ) +, ( ¡:::-.3 i J+1 ) ) ¡r: { 3l:-f ( J+É ) )
3Ë!1 TL(L3)=Êr1+E:ã't,t {33-ã(J) )+(¡3:-l( J{.1] ) )
3rìË TltL¿)=TltLä) +E:::+{ { 33*rtJ) ),r,( el:-3t J{-1) }+

{r3-e( J) ) *,t ¡l:-3 ( J+ä ) ) )
3S3 T1(Lã) =T1il_2)+Erl:$,{Zj:-f ( J+1) ) +:{ ?t--r( J+l) )
3Ll4 T3{Lä)=14:[iÈ+!:ls:fi]:*( (r:{-etJ) ){.(zj:-l(.r'+1.) )+(Ij:-3(J+l) ) )
3SS Ti:t Le ) =$$:$i:
l;16 ;18 ( LA ) =Zi:

l-: --' -':,1
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:*B Ë:Ël,l L2=! r::t-rRF:Ë5Fttl,lD,5 Tf-t z!.=Ft
4fi$ t:ttLL " ËtF l'lT " ,íT13 f.L?]., î.-7.)
45-Ø Pt:Il{-l' Tt-tEtiti);73¡ TFtEr(i,);'l(t{L?); TFrEr('L4.1.tEtF!.t 1'FrE:(ll:)¡ Erl;
4:11 Pt:I l'¡T TFIEr{ l:l l; E:2; TFrEr( 51); Er3:

428 t'tE¡;T l{
, 4j:B Lr:r=LË

,l ,lã tr-::=I-l:-1
45}3 IiEþ:T J
4fiEl T6=F¡
47r:J P13 { 1l -l:51:. 5,/ { TB ( 1} +473 }
4Ëri Er¡ i J. ) =Et

i 5BE FfiF,t ll!l=1 TIJ *BÉ
5113 ['2=['ã-4
5313 I F ['ã1:Errjlr Tü 54El

: 5i:Er t'tEþ:T I -€-l

54rj ill= I t:J

55El Fl:rf;: l'l-J=ãl Tt-¡ l'11
5ËÉ J1= { I'il:-'e- } '+'4
578 TÊ:=TË:+. 5,/ ( Tfi { J1+1:}{.¿*? j: J +1,r t T13 ( J1+Ë ) +Ê71:)
5E:g J¡ì=J¿:.+1./ t TEI { J1+l:i +Ëll: I +1¡' { T}3 ( J1+4 } {'Ë11: )
598 Tf1=16*. Í./ { T}3 { JJ.+5I {'åTi:}
Ët¡g Eä=EþlF ': -. t:ll:41"1.+'TË J

Ë1ri Hi¿= |fil:-1 I :+:4+l-

Ë ä tjt F í¡ { 14 :: I = i l: 5I:. 5 ¡' { T ¡i¡': I,1 ;: ) {- ¿- 7 l: J ) :t: n I
É3F EB{ f,ll:} = { t'll:-L } +4
Ë413 I F: EB { I,ll: }:}F:1 Tl-lEl'l 1';JBrjt
65Ef t{E}1T 143:

Ë.55 F ËrI I'lT
Ë6ü FF,:il'lT TF{E:tFJl; "f {H)".¡TFtEl{5).; "T 11.".;TFIE:i14i¡ "f,,8h15. "

Ë?ú t-'t:Il,lT TFtEt{Él:}.¡ "'./".¡ TÊEt(l:Ël¡ "\tltr.' TFlEti4riJ¡ "!'ä".¡ J'FtE:iliË:J.; "Uf:'l
ËElEr Fl-lt: l'13=1 -l'tt H1

I 63rj l,l4=4+l,li:*3
? Ë El [i = 9. El l. \, E: - ::. 4 I ljt tJ ti E - f,Í i: \, l:: = ]:. tt fjl ]3 t3 Et E + gl l::

¡t 13 F I =-F rt { f,ll: ) ./ { T r,j ( f{4 ) {. Ë? l: },t' I 1 t ( I,l 4 ) + li+' El I
?Ëtjt F 3= { -F'1.+F't¿t { lll: I 'r,T1{ 14't J,t i Trjt( tl4.) +lTl:l ),f,( T1i I'14I +U+'El).,'( TEI { f']+ ) +lll:)
?f g F Ê= F 2 - F r¡ { 11 l: } +, T Ë i Ì,1.1. ),,' { T t:l { l,l.t I {. Ë Il: }
Ï+É F,l:=- { l'1{ l,l4 ) +fi:+:g ),r'F ä¡'t Tt3 { Ì,1+ I +Ë?'l: )
?51¡r Fi:= F 3 + { T1 { I'l + ! +' u :t: E: J *:p{ {: J { ( t4 4 ) ¡' i T t3 { H q' ) + Ë7:: ) -' ¿-

rËü F3=F l:-F 1+'T3 ( l'14 ) "r { Tü { l'14 I +'¿*?-l: )
?;tl3 pl:=plr.( T1{ f4.[ ) r.l-i*:El] *, { F t3 ( l,li: ) +TË { Ì,1'l-) +T1{ t'|4.) +,F 1) /'( TEt ( l'14 ) +371:) -'3

, lsB F,3=F,3-ã+{T1{ll4){.ü¡{:Ë!)*'p'¡,{1,11:),{'Tl.(Ì'l{.)-'Ë¡',{Ttt(H+)+i:73)''3
, rg¡3 pl:=F.3-{FH(r{j:l+Tl:{ll+){.T¿*tÌ,14)'r,F.l)¡'(Turil'l+)+¿ñ?l:)

ÈrìUr Fl:=PT+F ü ( lll:l 't'T1( t,l4 ),1T.:.- i Ì,14 )./ t TEt { t1.1.) +Ë11: ) -'g
SIE t/=ü:$: t 1-Ë. 3È,1¡UrBE-r¡4.*'F r¡ ( l-lj: ) )
ËÈEt V*=-ä. ãË1tt3ßE-t3rt {:[:$:['{
S3B t¡'Ë=-Ë. eË.Eil¡f¡E-r¡ + t:[:¡t:F,ä
Ë4ü V_r:=-ä. eË,r¡UilirE-.Er{:r:[::r: f' J
s5Ë FRIt.lT TFtÊ{Èr).; IB{H4); THEr(5)¡ TÉ{H4); THÉ!(14); FBil'li:);
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B1 RE1.l 5PL I I,IE F I T I NTERFcILñT I fiI'I 14ETHCtC' I5 LIEEC' TT-I
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B3 F.]Ef4 TE14PERFITLIF:E I I.IPUT DIITTI FTIl NT5.
tø CFTLL "II'lITu
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, 5B DiÌ'l ñiíril¡l,l:),tl;(1u'ÉJ)'z.(,túFl)
51 PË:II'IT \FRII,¡T "DFITFI FILE I{TI14E"J \IHF'LI'I' FI$

3'¿ CrFEll lì+ FC|F: Il'IFUT Ft5 FIL.E #1
53 I I'IFUT #1 : t,lr' I l'IPUT *1 : R1
54 Ft'.t: I =1 Tú l'l\ 1I'¡FLIT #1 : þ'l( I ) \,HEþ:T I
55 F[rÊ I=1 Tü f'l\II'¡FLIT *1 :T(]l\.l'lE]:T I

, 56 ËLC'58 #1

;tü tlFEl'l " EFlHLl¡1u Ffit: ttLtTFUT Fl5 F I LE VF2( lrirErtiEl )
I Êt E = l:. 4 5 É tl B E - E i: 1. P Et = 1 B 1 l: El Fi \ f¡ = 9. El I \ l: = ::. H B rjl tjl ri E + B Ë!
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ÉPF EI'lË,I þ: I 5 )

I-:Ri:FITIÛN ÚT TET{PEP'¡IUT:E DFITH FiLE5 :
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APPENDTX (6)

1. A Userts Guide to EA33 and EA90

To use EA33 and E490, follow these steps" Any error messages

shouLd be referred í:o the BASIC/RT-I1 Language Reference lrlanual

Start the computer according to the instructions attached to its front

panel. Load Systen disk"

True: (Using correct date.) :

DAT 15-Nov-77 (Hit CR after any typed line.)

Typu-t R BASGTX

Machine: * (Hit CR)

Machine: READY

Tfpe: 0lÐ rtEASSrt

Machine: READY

l

Tyf¡e: RLßl

Machine: EA33 15-Nov-77 BASIC Vþl-øS

Ni\l'{E 0F TE}ÍPERATURE PROFILE DATA FILE?+I
I

lfpe: name of telnperature profile data file 
I

(which is already created before) here I

(e.g" 84500 or 84600 or 84700 or E4800)

l,lachine: it prints the temperature input data (altitude and temperature),

also;

HORIZONTAT DISTAI.¡CE OF THE

horizontal distance between

OB.IECT H(lO{) = 3

IrPe: the object and the observer

in kn here

Machine: HORIZONTAL STEP SIZE (KM) = ?

lYpe: the horizontal step size Au

l:';i'rÌ
l,'¡:t:;'.:

É.:1:...:
iri 1:., r..,

I .. ...
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Machine: INITIALELEVATI0N A¡IGLE F(1) (DEGREES) = ? ¡
Type: initial angle 0o (e.8. -0. 05o) frutu 

-JMachine z It prints t}:e data of transfer characteristic curve

(óo" and ray elevation R meters) at this particular

horizontal distance, and then:

scALE RANGE (H0RTZoNTAL AXÏS) ?

Tfpe: left and right limits for drawing the

Machine: SCALE RANGE (VEP.TICAI AXIS) ? 0,50 A

Type: lor,¡er and upper linits, o.g. I

Use Light pen control frorn hêre on: '

0, 100

obj ectts picture

llachine: HIT SUBPICTURE (VECTOR) FIRST BY LIGHT PEN

User: Draw the picture of any object on the screen by using

light pen". Follow these instruction:

a) hit VECTOR corunand on the screen by light pen.

b) nove the tracking object (diarnond shape) fron thè origin

to the next vertex of the objectrs picture

c) hit VECTOR co¡nmand by light pen.

d) nove the tracking object again to the next vertex.

e) hit vEcTOR again.

f) repeat the previous routine until finishing the drawing

of objectts picture on the screen.

g) hit SAVE co¡nnand

h) notice that the machine prints the vertices coordinates in

degrees

Display Unit: it displays the irnage of the object as seen by the observer

at H(Km.) horizontal distance.

Machine: STOP AT IINE 27LS

READY
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User: You can repeat the drav¡ing of the objectfs picture i.f more improve-

nent is required. In this case, t)¡Pe RUN and Tgpeat the previous

steps again If you want to keep the picture:

Type: GO TO 2720

l'lacTrine: ** SAVE COMPLETED **

User: You should use previous routine twice to dl'aw tvto nore objectrs

pictures, at different horizontal distances, on the screen.

After dra.wing the third objectts picture

Machine: STOP AT LINE 2715

Type: GO TO 2720

MacLi¡re: ** SAVE COMPLETED **

to clear the display file after representation of

the inages of three obiects, you should

Type: CONTROL C

R DELTÏUP

R-BASGTX

2. A Userts Guide to 84150 (creation of new data files)

To use E4150, start the computer accotdíng to the instructions

attached to its front panel" Load systen disk.

Type: (using correct date):

DAT 15-Nov-77 (hit CR after any typed line)

Type: R BASGTX

Machine: * (hit cR)

Machine: READY

Type: RUN

MacÍrine: E4150 15-Nov-77 BASIC VøL'øS
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DATA FILE NAME IS ? IìA9OO ¡
Type: nevJ data file nane e.g., 

-J
(or nn9f0,...)

Machine: NUIIBIIR OF DAT^ FoR TEÌ\IPERATURIj t*,"::;J

Type: the nunrber of pair points i¡r the data h

MAChí.NC: T"ÍAXII'ÍIßí fu1,Y ELEVATtrON FOR I\{ITC}I COTÍPUTATION I''¡iLL S'I'OP

Ty?e: max. elevation of interest in meters here

Machine: ENTER ALTI'I'UDE DATA UP T0 l'{,AX. ALT. IN I.IETERS

Typg: The altitude data, one value per line until the machine prints.

Machine: ENTER TEI,'IPERATURE DATA IN DEGREES C.

Tlpe: the tenrperature data, one value per.1ine u¡rtil the nachine prints.

M.acïrine: READY


