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ABSTRACT

Until now there has not been an accurate method for measuring the radius of 
curvature, R, of a short coherence length light source such as a short-pulse or broad-band 
laser. We show that the easily aligned, Cyclic Shearing Interferometer (CSI) solves this 
problem. The CSI produces a stable fringe pattern from which R can be determined and 
can be used on beams with short coherence times down to SOQfsec, since the two beams 
in the interferometer follow nearly the same path. Comparison with data from a broad­
band, XeCl laser (SOpsec coherence time), confirms that the CSI performs as theory 
predicts.
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CHAPTER I 

INTRODUCTION

In many experimental situations it is often necessary to collimate or, more 

specifically, measure the radius of curvature ( R ) of a light beam. To this end there are 

a number of methods, both geometric1 and interferometric2"11, that have been developed 

which can be used to check the degree of collimation of a light beam. However not all 

of these methods are appropriate for collimating sources with short coherence times. A 

short synopsis of each method and its applicability to short coherence length sources is 

given below.

To collimate a beam using the geometric approach one simply needs to compare 

the size of the beam at two different points along the beam’s axis. While this method can 

be applied to sources with short coherence times, it is cumbersome because it requires a 

large distance to obtain moderate accuracy. Bass and Whittier1 have improved the 

geometrical method using a technique with comer cube backreflection. However, this 

improved technique still requires a large distance ~15m to obtain collimation within the 

range 360m < R < °°.
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A more compact method to check the degree of collimation of a light beam can 

be realized by using interferometric techniques. The interferometers that have been used 

can be put into two categories; those using beam splitters or shearing plates2"7, and those 

using diffraction gratings81V The first category of interferometers includes a parallel 

shearing plate2, a modified Michelson interferometer3, a wedged, shearing plate 

interferometer4,5 ( often referred to as a collimation tester ), a cyclic shearing 

interferometer6, and a modified wedged, shearing plate interferometer7. The second 

category, interferometers utilizing diffraction gratings, are all interferometers of the Talbot 

type8'11 . They all use the Moir6 technique to produce intensity patterns in which 

collimation can be determined. Unfortunately, all of the interferometers except the 

modified Michelson and Cyclic Shearing Interferometer have an inherent pathlength 

difference between the two interfering beams which renders them unusable for short 

coherence length sources. While the modified Michelson interferometer can be operated 

at a near-zero pathlength difference, it is susceptible to small mechanical vibrations and 

air currents. However, the Cyclic Shearing Interferometer (CSI) has inherent stability as 

well as a near-zero pathlength difference making it ideal for collimating short coherence 

length sources.

A survey of the early beginnings of cyclic interferometers is given by Hariharan12. 

Four other papers13"16 have dealt with the Cyclic Shearing Interferometer ( CSI) with little 

or no interest in the radius of curvature. The most recent of these papers16 talks about the 

stability of a CSI. The article by Cordero-Davila et. a f. discusses a method to measure 

the radius of curvature of a converging wavefront. Wenzel17 did some initial calculations
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for a vertical shearing interferometer and discussed the possibility of using the 

interferometer for measuring the radius of curvature of a short coherence length source.

Chapter 2 will describe the CSI and its operation for measuring the radius of 

curvature ( or the collimation ) of a short coherence length source. Before discussing the 

detailed analysis of CSI, a novel ray tracing method is described. As a demonstration of 

the ray tracing method it is used to analyze the wedged, shearing plate interferometer 

( Collimation Tester ) to rederive the results of Riley and Gusinow5 in Appendix A. 

Next, a general fringe pattern will be derived for a shearing interferometer and it will be 

shown how the radius of curvature can be determined from various parameters measured 

from the fringe pattern. The CSI will then be analyzed in detail using the ray tracing 

method.

Chapter 3 will discuss an experimental test of the CSI using a broadband XeCl 

laser and show that it does behave as expected. The fringe patterns are acquired with the 

use of a video system which is described in Appendix C. Once the fringe patterns are 

acquired they are analyzed to find the incident Radius of Curvature by using a procedure 

outlined in Appendix B which uses a least-squares fitting program for which the source 

code is given in Appendix D.

Chapter 4 discusses some special considerations when using the CSl as well as one 

design for a compact CSI.
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CHAPTER 2 

THEORY

The Cyclic Shearing Interferometer (CSI), shown in Fig. I, is a single-pass cyclic 

interferometer in which a single incident light beam is split into two beams which follow 

nearly the same path in the interferometer, but in different directions. The two exiting 

beams interfere and produce a fringe pattern on a screen from which several parameters 

can be measured to determine the radius of curvature of the incident beam. The fact that 

the beams follow nearly the same path provides the CSI with two distinct advantages. 

The first advantage is that the CSI is much more stable to mechanical vibrations than 

other multi-optic interferometers such as a Mach-Zehnder interferometer16. The second 

advantage is that the two counter-rotating beams’ pathlengths will be nearly the same. 

A pathlength difference very close to zero means that the CSI could be used with sources 

that have short coherence lengths ( short coherence times ) such as broadband lasers or 

short pulsed lasers.

Rav Tracing Method

A vector ray tracing method was used to evaluate how the various optical surfaces 

of an interferometer can split an incident beam to produce the two beams that form a 

^  useable fringe pattern. The method, described by Herzberger18, is easy to use and easy 

to implement on a computer. Herzberger showed that both Snell’s law and the law of
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Figure I. Schematic representation of the CSL Ml and M2 are mirrors and BS 
is a 50% beam splitter. Note that the two counter-rotating rays shown 
represent the middle of the two beams whose diameters are about the 
same as the diameters of the optics. A typical fringe pattern is shown 
at the CSI output.

reflection can be combined and written compactly in vector form given by

S ' = S+ T N . ( I )

S is the direction vector associated with the beam incident on the optical surface, s' 
is the beam direction vector associated with the transmitted or reflected beam, and N  is
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the optical surface unit normal, which is on the opposite side of the interface from the 

incident beam. These are shown graphically in Fig. 2. The magnitude of S (or S f ) 

is given by the index of refraction of the medium in which the beam propagates, r  

is defined for the refraction or reflection off an optical surface and is given by

refract

reflect

(n\ -  Hi + (N -S)2)]'^ - N - S  

-2(N -S) ,
(2)

where the n’s are the indices of refraction for the two media.

The following section will describe how to trace a beam through an optical system 

to find the exact paths of the beams once the beam direction vectors are known (Eqs. (I) 

and (2)). This is useful when finding the pathlength difference introduced in an 

interferometer or when finding the shear introduced by an interferometer. A graphical 

representation of the vector tracing formula is shown in Fig. 3. Note that the starting and 

ending points a and a ' are specified by the vectors, a = x£ + yj + zf and 

a' = x'X+ y'S +z'2 , with their tails at a fixed origin. Pa is a point known to be on 

the optic plane in which the initial beam 5 will be reflected (or refracted), th e  vector 

tracing equation is simply

~ a' = a + D * — , (3)
n

where D is the distance traveled from the starting point a and n is the magnitude of S.

The ending point a l cannot be found until the distance traveled, D, is known. 

One can find D by observing that when the point a' lies on a given optic plane a line 

drawn from the point a' to a known point on the plane, Pq , will be perpendicular 

to the plane’s normal. In mathematical terms this can be expressed as
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Incident
\Ray

Surface

Surface Nornal

Figure 2. A diagram of a beam being reflected off of an optical surface. The
incident ray, S, being reflected off of an optical surface with normal N  
to form the reflected beam S'. The direction of S' can be found from 
S' = S + DV (Eqs. (I) and (2)).

P0a' -N = 0, (4)

or, in more explicit terms

Ce' - x 0)Nx + (y' - y0) Ny + (zz -  z0) N = O . (5)

If the explicit expressions for the components of a', from Eq. (3), are put into Eq. (5) 

one can solve for D, the distance between the points a and a', which yields the
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Ending Point

F ixed 
Origin

Plane

a=(x,y,z) 
S ta r t in g  Point

Figure 3. Schematic of a beam traveling a distance D in the direction S from point
a to point a' which lies on the plane defined by the plane’s normal N 
and a known point P0. The vectors a and a' are the vectors that point 
to the points a and a' respectively.

expression

n  _ ( * o - * ) N  + O v  >) W +(Z0 -Z)VV ^

S " ,  + 3 " ,  +SN,

Note that Eq. (6) contains only components that are known.

Once D has been found one can put it into Eq. (3) to get a1 , which specifies the 

point at which the beam reflects or refracts from the optic’s surface, a ' . To proceed, 

one takes the vector a1 to be the new vector a in which the beam proceeds from along 

the new direction vector found from Eq. (I). It is easy to see that this technique can be
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applied over and over until the beam exits the interferometer.

Derivation of Fringe Pattern

Any wavefront splitting interferometer, such as the Collimation Tester described 

in Appendix A, produces an interference pattern by generating both shear and a tilt 

between the exiting beams. For convenience the tilt and shear are broken into horizontal 

and vertical components labeled by 9 , vertical tilt; £ , horizontal tilt; w, vertical 

shear; and s, horizontal shear. The derivation of the interference fringe pattern is done 

in the same manner that Riley and Gusinow derived their fringe pattern except that this 

thesis includes two more parameters, £ and vs, which will be needed for the discussion 

of the CSI in the next section.

Fig. 4 shows the two interfering beams exiting an interferometer; each is labeled 

with its own coordinate system. The two beams have scalar electric fields for a uniform 

spherical wavefront given by

where R(z) is the radius of curvature, k is the propagation number 2tcA  > and p is 

a constant phase shift. It will be shown later that p is % for the CSI because one 

beam undergoes an internal reflection whereas the counter-rotating beam does not have 

any internal reflections. R(z) can be treated as a constant in the typical case when the 

incident radius of curvature is much larger than the path dimensions in the interferometer. 

The transformation between coordinate systems is given by

(7)

cos% O sin% 1 0  O 
O l O O  cos 6 sin 8

z \
X S

y -  vs (8)

Zv y -sin% 0 cos%J(0 -sin8 cos8
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TDP VIEW

SIDE VIEW

Figure 4. The side and top view of two rays exiting a generic interferometer with 
a coordinate system associated with each ray. E1 and E2 are the electric 
fields associated with the spherical wavefronts of the two rays. 9 and 
5 are the vertical and horizontal tilt components between the two rays, 
and vs and s are the vertical and horizontal shear components between 
the two rays.

where D is the extra distance traveled in one path of the interferometer. For small angles 

this becomes

z
x A

y '
Z

\
/
y

i o %
0 I 0 

C*> 0 I

Z \ z \ Z X
I 0 0 X S

0 I 0 y - VS

0 -0 I Z i-)D ,

( 9 )
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By keeping only linear, small angle terms, the derivation of the fringe pattern is easier 

and eliminates the worry of the transformation matrix order.

Since the total interfering electric field is given by

Et - E 1 + E2, (10)

the field intensity will be

I = EtEt . (H)

An equation for the intensity pattern is found by changing the primed coordinates 

in E2 to unprimed coordinates given by Eq. (9) then plugging E1 and E2 into Eq. (11). 

Neglecting the multiplicative constants, the intensity pattern can be simplified to

snr — -tJL + ^R) + y(vj -  0L + QR)] + __2 ( 12)

where the interference intensity pattern was evaluated at a distance z = L from the 

interferometer. Again for large radius of curvature

R(z = L) = R(L + D) = R, (13)

where R is essentially a constant through the path of the interferometer. <g>0 is a 

constant phase and has no effect on the fringe pattern.

A typical fringe pattern is shown in Fig. 5. The vertical distance between fringes, 

d, is found by finding points on the y-axis which have a phase difference of % . Using 

Eq. (12) this can be shown to be

The slope of the fringes, , are the lines of constant phase of the intensity formula Eq. 

(12), that is, y/x  = tan<t> = constant. Using the definition for d, the slope of the 

fringes can be found from Eq. (12) yielding
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y

I 5  K-

Figure 5. A schematic of a typical fringe pattern showing the various important 
physical parameters, s and vs are the horizontal and vertical shears and 
d is the vertical distance between the fringes. <j> is the horizontal tilt of 
the fringes.

tan <() =
XR X [

(15)

Note that the radius of curvature, R, could not be easily found, because of the 

existence of the horizontal tilt, P . This small angle cannot be easily measured with an 

acceptable amount of accuracy, but can be ignored when £ < S/R • For the collimation 

tester this is the usual case, so £ is assumed to be zero in Eq. (15) and the radius of 

curvature can be solved for yielding
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R = _ J ± _ .  (16)
Xtan<|)

Typically, one measures ^  , s, and d experimentally so that the radius of curvature can 

be determined from Eq. (16) for a known central wavelength. It will be shown later that £ 

will not always be negligible for the CSI so a scheme will be devised to eliminate £ 

so that the CSI can be used with greater accuracy.

Cyclic Shearing Interferometer

The CSI is shown in full detail with the beam direction vectors in Fig. 6, with the 

exception of the infinitely thin beam splitter. The assumption of a thin beam splitter 

makes the calculation of the beam direction vectors much easier and leads to more 

readable equations. The effect of a real beam splitter will be examined in the discussion. 

The ray tracing method described at the first part of this chapter was used to find the 

following beam direction vectors.

S0 = *

S w = Z
S2c = ( I -2cos2ycos2^)j6 -  cos2ysin^. j? -  sin 2ycos ZLf (17)

S3c = sufysinZLjG + (cos2y-sin2ysinZL)$ - sinZycosZLz

S4c = S3c

Slcc = Sin2Xgje -  COs2Xgj; -  sin2xgcos—z
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Figure 6. CSI in full detail showing all of the beam direction vectors, optical 
surface normals, and important alignment angles.

Slee = ^  cos 2 ^  -  sin2

S3ee = ( - l + ( l + ± L ) y :  + 2.61313YV + +

( ^ Y 2 + 1.08239YV -  V2):? +

(-1.84776Y -  V2V + 2.82843fv + 
1.08239YV2 + 1.23184 Y3 + .942809 V3If

S4cc = (--^y-Y2 + I 53073YV + 2x^)je +

( I  -  + +

(-1.84776Y + 1.23184Y3 - .585786f v  " 
.448342 YV2 + 2.82843 V3 )f
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In Eq. (17), SNcc refers to the Mh counter-clockwise direction vector, and SNc refers to the 

Mh clockwise direction vector. Some of the direction vectors were reduced to third order 

in small angles in order to have manageable equations in which the dependence on 

various angles is manifest.

The vertical tilt, 0 , between the two exiting beams is found by subtracting the 

angles in which the two exiting beams make with the x-y plane. These angles can be 

found by comparing the z components of the two exiting beams. Assuming small angles, 

the vertical tilt is found to be

0  = sin8  = 2/2 Xj/3 + (-2 + s/2  Iy 2Xj/

+ YXj/2! ( 2 ^  -  4 )cosf + (4/2 -  4 )sin f 
8 8

(18)

The horizontal tilt, |  , between the two exiting beams is found by computing 

the difference between the angles the beams make with the y-axis in the x-y (horizontal) 

plane. Note that both beams lie very close to the y axis which allows us to make small 

angle approximations. The horizontal tilt is

I
2

( - ) ^ y 2 +2XI/2 +yxy 2cos— + 2sin2
X (  ) K (

-T I - 0 f  + rv 2cos—
I 8IV V J

A
2

\w

+ 2sin—
yy

(19)

When deriving the fringe pattern, specifically Eq. (15), it was shown that the horizontal 

tilt, %, must be eliminated in order to use a shearing interferometer to measure the radius
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of curvature. £ can be eliminated by using a relationship between y  , the tilt on the 

beam splitter, and y the tilt on mirror #2r This relationship is established by setting 

^ = O  ; the two roots are

f -

Ii>

s in Z E .
8

V 2  _  

2

I

2"J
-  . ! c o s —  ±  J L ( 2  +  J i y p - 

2  8  2  v

The positive root corresponds to the condition of 0 = 0 »  which gives the unusable 

setup with fringes that have an infinite distance between them.

The negative root, which corresponds to |  = 0 and 0 ^ 6  is the desired root 

which gives a usable fringe pattern. The negative root is

Y = -y (s in f + h l + s f i y '1) = -1.306y. (21)
o 2

There will not be any horizontal tilt introduced as long as the interferometer is operated 

utilizing the relationship given above. An experimental method for insuring that Eq (21) 

is satisfied is presented in the "Alignment of the CSI" section of Chapter 3. Since normal 

operation will require that the angles of the CSI will follow the above relationship, it can 

be substituted into the equation for the vertical tilt, Eq. (18), to give the simple 

relationship

0 = 2^2 Xir3. (22)

The vertical shear, vs, is naturally created in the CSI and does not play a role in 

determining the radius of curvature of a beam; however, it does pose a problem when it 

is about the same size as the beam’s diameter. This problem will be examined in "Special 

Considerations" section of Chapter 4.

The shear, a, can be produced by three different methods. The first two methods
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involve translating an optic element and the last involves rotating both mirrors. AU 

methods work equaUy weU; it is a matter of convenience for the user which one to 

choose.

The first method produces shear by translating the beam splitter perpendicular to 

its optic face as shown in Fig. 7. Simple trigonometry shows that

s = \/2P , (23)

where P is the amount of translation.

The second method is siimlar to the first except that Ml is translated perpendicular 

to its optic face as shown in Fig. 8. Again, simple trigonometry shows that

s = AP1SmIL. (24)
8

where p '  is the translation of the mirror.

The third method involves rotating mirrors #1 and #2 about the vertical as shown 

in Fig. 9. The shear is found by tracing the beams around the CSI and finding their 

horizontal displacement on the x-axis. The shear, s, is found to be

s = (2 +\J2)L sm I + tan
/  \

-  cos (25)

where p is the rotation angle and L is the length of the short leg. This method requires 

care to make sure both mirrors are rotated the same amount, otherwise horizontal tilt 

would be introduced.

One very important consideration is the pathlength difference inherent in the CSI. 

The abUity to measure /? of a broadband beam requires that the pathlength difference
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M l

Figure 7. A method of producing horizontal shear, s, is to translate the Beam 
Splitter perpendicular to its optical face a distance P.

between the two exiting beams must be smaller than the coherence length of the light 

source. The pathlength difference between the two exiting beams is found by using the 

vector tracing method described in the "Ray Tracing Method" section of Chapter 2. The 

calculation was done assuming that the CSI was set up in the right triangle configuration 

shown in Fig. 6. The origin, (0,0,0), was chosen to be where the incident beam strikes 

the beam splitter. Mirror # I has one fixed point at = (0 , -L,0)  and Mirror #2 has 

a fixed point at Po = (L,0,0) • The beam direction vectors are given in Eq. (17). By 

tracing a beam through the CSI one can find the distance it travels to intercept the 

viewing plane. Once the pathlength of each beam is known, subtracting the two will
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<  R Ml

Figure 8. A method of producing horizontal shear, s, by translating one of the 
minors perpendicular to its optical face a distance Pj.

yield the pathlength difference, AL • The alignment of the viewing screen for the 

purposes of this calculation is shown in Fig. 10. Note that the screen has its normal 

parallel to S and a known point, Pn - P n is where the counterclockwise 

beam strikes the beam splitter immediately before it exits the CSL Due to the lengthy 

calculations the work was done on a computer to give the numerical relationship

AL -  2.6678LV2. (26)

Y was eliminated by using the relation given in Eq. (21) which is necessary to operate
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/N A

Ml

Figure 9. A method of producing horizontal shear, s, by rotating both mirrors an 
amount P in the direction shown above.

the CSI without horizontal tilt.

It will be shown in Chapter 3 that the pathlength difference introduced in the CSI 

is about 170 times less than the pathlength difference introduced in the Collimation Tester 

which is described in Appendix A. This big difference will allow a user to measure the 

radius of curvature for beams that have coherence lengths 170 times smaller than the 

smallest coherence length beam which will produce a useable fringe pattern from the 

Collimation Tester.
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Point where X  
c -c  beam N ts  X, 
th e  beam sp litter

Figure 10. Alignment of the viewing screen for the purpose of computing the 
pathlength difference between the two exiting beams. The screen’s 
normal, Nxrtttn is parallel to S4t and one point on the screen’s plane,
POxwnt is the point where the counter-clockwise beam strikes the Beam
Splitter.
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CHAPTER 3 

EXPERIMENTAL

The CSI must be calibrated with a beam known to be collimated since the CSI has 

several parameters, such as tilts and positions of the optics, that must be properly set for 

its operation. The reference beam that was used was a He-Ne beam which was 

collimated after it was expanded from a spatial filter. The reference beam’s collimation 

was checked with a Collimation Tester ( see Appendix A ). After the CSI is aligned with 

the reference beam, described in detail in the next section, it will operate the same with 

any other incident beam, with the exception of the fringe spacing which depends upon the 

wavelength (see Eq. (14)).

Alignment of CSI

The alignment procedure is fulfilled in two segments. The first part is to align the 

CSI with all optics perpendicular to the table as shown in Fig. I. When the optics are 

aligned so that the collimated, counterrotating, reference beams lie on top of each other, 

an interference pattern that does not have any fringes is produced. This pattern without
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fringes is called a null pattern which implies that the two collimated beams exiting the 

CSI have no tilt between them. The operator must be sure that there is a null pattern not 

just very finely spaced fringes.

The second part of the alignment scheme is to adjust the interferometer so that the 

appropriate fringe pattern will be formed. Using a collimated He-Ne beam, the tilt 

between the exiting beams, and thus the number of fringes visible, is set by simply 

varying x|/. However to avoid horizontal tilt, y must be varied at the same time to satisfy 

Eq. (21). This is easy to do experimentally by varying y to keep the fringes horizontal 

for the collimated reference beam. The sensitivity, the amount that the fringes tilt when 

the radius of curvature is changed, can be adjusted by changing the amount of shear by 

any of the techniques discussed in the "Cyclic Shearing Interferometer" section of Chapter 

2 (Eq. (23)-(25)).

Experimental Setup

The experimental setup used to test the CSI is shown in Fig. 11. The distance L 

between the beam splitter and the two mirrors was 8cm. The typical vertical distance d 

between the fringes produced with the collimated, He-Ne test beam is 1cm. A simple 

calculation using Eq. (14), Eq. (22), and d given above tells us that xg = 28mr. Using Eq. 

(26), and xg and L given above, we find that the pathlength difference between the two 

exiting beams was AL = ITOjMm. This corresponds to a temporal difference of At = AL/c 

= 564/scc which implies that a beam with a coherence time greater than 564/sec will 

produce a fringe pattern with good visibility. It is interesting to note that a standard
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Figure 11. Experimental setup used to test the CSI. The Radius of Curvature of 
the incident wavefront was changed by moving the collimating lens a 
distance y. The camera, frame grabber, and computer were used to 
acquire, store, and analyze the fringe patterns.

Collimation Tester operated at 45° has a much larger pathlength difference at AL = 2.9cm. 

It will be shown in Chapter 4 that a compact CSI will have a pathlength difference of 

only 61pm.

The radius of curvature of the beam incident on the CSI is changed by moving the 

collimating lens along the beam’s axis. The theoretical radius of curvature is found from 

the Gaussian Lens Formula, H f = Hs0 + Hsi, with S0 = /+5, where 5 is the displacement
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of the collimating lens from collimation along the beam’s axis a n d /is  the focal length 

of the lens. The radius of curvature is simply the image distance, Si, minus the distance 

between the lens and the screen where die fringe pattern is produced. The latter distance 

is usually very small compared to R, therefore it can be ignored in most experimental 

situations. R is found by using a binomial expansion and solving for Si. We find that

theory « S. = -_
5

(27)

The laser shown in Fig. 11 was a XeQ Eximer which lases at SOSnm with a 

linewidth19 of I cm'1. A linewidth of one wave number corresponds to a coherence time 

of ISpsec (FWHM). The spatial filter produces a gaussian beam which is then passed 

through a collimating lens with a focal length measured to be 2028 + 4mm using a 

method described by Malacara20. After the beam passed through the CSI it produced a 

visible pattern on a thin sheet UV converter. The visible fringe pattern was then stored 

in computer memory for analysis by using a video camera and frame-grabber. The stored 

frames were analyzed with the help of the computer and a least-squares fitting program 

to find the parameters s, d, and tan(§), R exp can be found from Eq. (16) once these 

parameters are determined. The method used to analyze the fringe patterns to find d and 

tan§ is discussed in Appendix B; the next section of this chapter will discuss how to find 

s.

The visibility of the fringes was very nearly I signifying that the coherence length 

of the laser was much longer than the temporal difference produced by the CSI between
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the two exiting beams. This result was expected because the coherence length of the laser 

was about ISpsec which is much longer than the temporal difference between the two 

exiting beams Af = 565fsec. In contrast, no fringes were produced by a Collimation 

Tester because its pathlength difference (Ar £ 96ps) is larger than the coherence time of 

the laser.

Data Taking Procedure

The three phases of taking data, calibration, acquiring fringes, and analyzing the 

fringes, could begin only after the experiment was assembled as shown in Fig. 11. The 

calibration was needed to determine the horizontal and vertical calibration constants, the 

aspect ratio, and the shear produced in the CSI. The horizontal and vertical calibration 

constants, C11 and Cv, were needed to determine actual distances, like d, from the stored 

frames, thus they have units of meters per pixel (tn / Fix). They are determined by 

simply acquiring a picture of a piece of graph paper of known rulings and dividing the 

distance between lines by the number of computer pixels separating the lines. This is 

done by using the calibration option in the frame grabber / camera controlling program 

"MAIN_CNTL" (See Appendix C). The aspect ratio, AR, is easily determined from the 

calibration constants by AR = CvIC11. The aspect ratio is a multiplicative constant used 

to multiply the apparent slope of the captured fringes to find the actual slope. Finally, 

the shear was determined by acquiring a frame of the two images produced by placing 

a fine wire in the incident collimated beam. The shear is simply the number of pixels 

separating the two images of the wire multiplied by the horizontal calibration constant Cv.
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The actual data taking consisted of changing 5 by a known amount and capturing 

the corresponding fringe pattern into computer memory with the video system. The actual 

video snapping was coordinated with the firing of the pulsed XeCl laser by controlling 

the frame grabber with a trigger from the laser ( See Appendix C ). Ten frames of 

different d’s, from 2.5mm to 25mm, were acquired to compare to theory.

The several step analysis used to determine the radius of curvature and its 

uncertainty from the acquired frames is described in Appendix B.

Results

The theoretically computed Rtheory (Eq. (27)) is plotted with the experimentally 

determined Rejcp points (Eq. (16)) as a function of delta in Fig. 12. The error bars for the 

experimental points come from the uncertainty in measuring s, d, and tan(§) (See 

Appendix B). As seen in Fig. 12, all of the points lie within their experimental 

uncertainty of the theoretical curve which indicate that the agreement between theory and 

experiment is excellent.
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Figure 12. Experimental and theoretical Radius of Curvature results plotted against 
the displacement, 5, of the collimating lens from its collimation point.
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CHAPTER 4 

DISCUSSION 

Special Considerations

The theoretical analysis of the CSI was done assuming that the beam splitter was 

infinitely thin. In practice this is not true since real beam splitters have both thickness 

and a wedge angle between the two surfaces. The nonzero thickness of the beam splitter 

in itself does not introduce any new tilts On the interfering beams. However, the effect 

of the nonzero thickness coupled with a wedge does produce some tilts. A wedge that 

is orientated so that it deflects a beam vertically will simply affect the vertical tilt 

between the two exiting beams and hence the vertical shear. A wedge that is orientated 

in the horizontal plane will produce a horizontal tilt that will have to be counteracted by 

adjustments to y or y . The effect of a wedge orientated in the horizontal plane is small 

for typical amounts of wedge since the horizontal tilt goes like the wedge angle squared. 

It should be noted that the effects of the wedge are small in any orientation and a small 

amount of adjustment on y and \|/ can counteract their effects.

Another effect of a real beam splitter is a small secondary reflection off its back
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surface which will produce lighter, secondary fringes that may confuse the operator when 

setting up the CSI or hamper reading the fringe pattern. The secondary fringes can be 

distinguished from the desired fringes since they will rotate if the beam splitter is rotated. 

These fringes can be eliminated by having either a very good anti-reflection coating on 

the back surface, or having a beam splitter with a wedge less than 1/2 fringe.

We found that one can measure the collimation of a laser beam that has a diameter 

down to 1.5cm without special care being taken. However, when measuring the 

colimation of, avb«am with a diameter between 1.5cm and .5cm one must reduce the 

amount of shear, which is usually about 1cm, so that the beams will overlap to form a 

fringe pattern. For small diameter beams one may also want to increase the tilt between 

the exiting beams to reduce the spacing between the fringes. However, the effect of 

reducing the shear and the spacing between the fringes will decrease the sensitivity of the 

interferometer. The relation between the slope of the fringes and the radius of curvature 

can be seen in Eq. (16). When s and d are made smaller for a given R the slope of the 

fringes, tan§, will be smaller. This reduced sensitivity will increase the uncertainty in

a .

Vertical shear may be of concern if it is about the same size as the incident 

beam’s diameter. This might happen if the cyclic pathlength in the CSI is large, or if 

beams of small diameters are used. There are three ways to reduce or eliminate the 

vertical shear. The first method is to simply reduce the size of the legs of the CS! which 

will reduce the beams’ pathlength, in turn reducing the vertical shear. This will reduce 

but not eliminate vs. The next method is to use a beam splitter with a wedge orientated
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so that it deflects a beam vertically which would counteract the vs produced by the 

normal operation of the CSI. The final method that can be used is to place a window in 

the long leg of the CSI as shown in Fig. 13. Vertical shear can be varied if the window 

is rotated about an axis that is in the horizontal plane perpendicular to the beam’s axis. 

All of the methods described above can be used separately or together to reduce or 

eliminate the vertical shear.

Compact Design

A compact one-piece design of the CSI, such as the one shown in Fig. 14, would 

provide the user with two distinct advantages over a CSI constructed out of several pieces 

of optics. The first advantage is the smaller size of the compact unit. A smaller CSI 

implies a smaller pathlength difference between the two exiting beams (Eq. (26)) which 

means that the smaller CSI would produce usable fringe patterns with beams that have 

a shorter coherence length. A compact unit that is built to accommodate a .75cm beam 

will have a pathlength difference of AL = 90pm (At = 300/sec). This implies that a beam
■ , j

with a coherence time greater than 300/sec will produce a usable fringe pattern with two I

fringes.

The second advantage is one of convenience. A one piece CSI would allow the j
I

user to simply place the CSI into a beam line to measure the radius of curvature. The \

sensitivity of the CSI could be adjusted by simply rotating it. The sensitivity changes

with a rotation about a vertical axis with changes of shear. j
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Figure 13. Use of a window in the long leg of the CSI to eliminate vj.



33

R eflec tor .
Coating

Total
\ R e f le c to r

Coating

T ota l
R e f le c to r

Figure 14. A compact, one-piece design of the CSI. The tilts of the of the 
reflecting surfaces must be ground to resemble a CSI made from 
separate pieces.
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CHAPTER 5 

CONCLUSION

A survey of interferometers showed that, up until now, there was not an accurate
t

method that could be used to collimate or, more specifically, measure the radius of 

curvature of a short-pulsed or broad-band laser. After deriving the fringe pattern from 

a generic wavefront splitting interferometer, a novel ray tracing method was applied to 

analyze the CSI. It was found that when the CSI is operated without horizontal tilt the 

radius of curvature can be easily found from parameters measured from the fringe pattern. 

After determining the pathlengths of the counter-rotating beams, it was determined that 

the CSI has a very small pathlength difference, as small as 90pm, which enables it to be 

used with a broad-band or short-pulsed laser source. On the other hand, other 

interferometers, such as the Collimation Tester, have a relatively large pathlength 

difference between the exiting beams which make these interferometers unusable for short 

coherence length sources. Experimental results showed that the CSI did behave as 

predicted; the comparison between the theoretical and experimental results was excellent. 

It was shown in Chapter 4 that the CSI could be built as a compact, one-piece unit for 

the shortest pathlength difference possible, and convenience.
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APPENDIX A

REVIEW OF WEDGED, SHEARING PLATE INTERFEROMETER

The wedged, shearing plate interferometer5 can be used to measure the radius of 

curvature of a coherent light beam. This interferometer, also called a collimation tester, 

is often used to collimate a beam by checking that the radius of curvature of the beam 

is infinite. Although Riley and Gusinow5 have investigated the collimation tester and its 

fringe pattern, the details of their method of analysis of the two exiting beams was not 

given. Therefore, for completeness and as a simple illustrative example of the use of the 

direction vectors described in Chapter 2, the formulas for the shear and tilt components 

between the two exiting beams of a collimation tester will be rederived exactly in this 

appendix. We will see that the formulas that Riley and Gusinow derived rely on small 

angle approximations but are appropriate for most experimental situations.

Fig. 15 shows a schematic of the collimation tester with its surface normals and 

the incident beam direction vector. Note that the incident beam is in the x-y plane! The 

tracing formula given by Eq. (I) and Eq. (2) of Chapter 2 is used to trace the two beams 

through the interferometer. A top view of the beam direction vectors are shown in Fig. 

16. Note that S1 is simply reflected off the front surface and remains in the x-y plane.
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su rfa ce  I

S iD o c  /

surface  2

Figure 15. A schematic of the two surfaces of a collimation tester. Surface I and 
surface 2 are separated by a distance t with normals N1 and N2 
respectively. The interferometer is made out of a material with an index 
of refraction n. The origin of the fixed coordinate system was 
conveniently chosen to be at the point where the incident ray, S, hits the 
first surface at an angle a  with respect to the normal.

However the ray S'" will not lie in the x-y plane due to the reflection from surface 2 

which has tilt about the x  axis. The results are given by

S  = -sin ctf + cos 

S1 = -sin o f  -  cos 0$ (A-I)
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Top View

Figure 16. A top view of the Collimation Tester showing the incident beam, s, 
being traced through the interferometer (S', S", S'", S1) so that the 
shear, s, may be found. The beams associated with S1 and 5"' will 
interfere to form the fringe pattern on a screen.

S ' = -sin oj? + (zt2 -  sin2a )l/rp

S" -  -sin a t  -  (zt2 -  sin2a ),y2cos(25)5* 
-(n2 -  Sin2COv2 sin(28)£

(A-I)c

S'" -  -sin ccf -  (I -  zt2 + (n2 -  sin2a)cos2(28)),/25> 
-(zi2 -  sin2a ) l/2 sin(25)£

where the index of refraction of air was taken to be I and the index of refraction of the
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optic material is denoted as n. The vertical tilt, 0, between the exiting beams is found 

by comparing the z components of S '" and Sv  The relationship between the tilt and the 

radius of curvature is derived in Chapter 2. Since S1 has no z component, we find that

sin 9 = (zi2 -  sin2a )1/2 sin 25, (A-2)

or for small angles as Riley and Gusinow assumed,

0 » (zt2 -  sin2a )1/2 25. (A-3)

The horizontal tilt, between the two exiting beams is found by subtracting the angle 

which S1 makes with the y axis from the angle that Sm makes with the y axis. This angle 

is found to be

% = a  -  arctan sm a

(l -  zi2 + (zi2 + sin2a)cos2(25))'
(A-4)

The above expression can be simplified by using a Taylor expansion of the cosine term 

and then an expansion of the arctangent. These simplifications are possible because 5 is 

typically very small. After expanding and keeping the first interesting term, the 

simplified expression is found to be

% = 252tana(sin2a  -  zt2). (A-5)

We see that % can be ignored because it is a function of S2, whereas 9 cannot be ignored 

because it is a function of 5. It was shown in Chapter 2 that % must be small compared 

to 0 if the radius of curvature of the incident beam is to be determined accurately. The 

horizontal shear, s, which is needed to produce a usable fringe pattern is found by
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projecting the direction vectors onto the horizontal plane and finding Q as shown in Fig. 

16. After simple geometry Q is found to be

fs in a  cos 25 + 1
( / Z 2 -  sin2a ) ,zz cos 25

(A-6)

where t is the average thickness of the interferometer, th e  horizontal shear is then given 

by the perpendicular distance between the beams,

s -  5  cos a t sin(2a) 
(zz2 -  sin2a ) l/2

cos 25 + 1
2 cos 25

(A-7)

which can be reduced for small 5 to give the solution of Riley and Gusinow,

f sin 2a 
(/z2 -  sin2a )ly2

(A-8)

In most experimental situations the equation for the horizontal shear is never used because 

the shear is generally measured experimentally.

Vertical shear, vs, is the displacement of the two exiting beams along the vertical 

and only needs to be considered when it is about the same size as the beam’s diameter. 

In that case the exiting beams will simply not interfere because one beam is above the 

other. The vertical shear can be found by projecting the direction vectors onto the 

vertical plane. One finds

vs = t(n2 -  sin2a )1/2sin 25, (A-9)

where again, t is the thickness of the interferometer where the incident beam strikes.

In order for the two exiting beams to interfere, the coherence length of the incident
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source must be less than, or comparable to the pathlength difference introduced in the 

interferometer. A Ic/n thick collimation tester with an incident beam striking at 45° will 

have a pathlength difference, AL, of 2.9cm. This spatial difference corresponds to a 

temporal difference of At = AL/c = 96psec. Thus the Collimation Tester will not produce 

a usable fringe pattern from beams that have coherence times less than the 96psec listed

above.
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APPENDIX B

THE RADIUS OF CURVATURE FROM A FRINGE PATTERN
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APPENDIX B

DETERMINING THE RADIUS OF CURVATURE FROM A FRINGE PATTERN

Before a fringe pattern is analyzed to find the Radius of Curvature R, one must 

determine the. aspect ratio AR, the vertical and horizontal calibration constants Cv and Ch 

of the frame grabber (FG) /  camera system, and the horizontal shear s produced in the 

Cyclic Shearing Interferometer. These Constants are found as described in Chapter 3. 

The analysis of the fringe pattern can continue only after the fringe pattern is viewed by 

the video camera and then captured by the FG and then stored in computer memory as 

a two dimensional array.

The analysis of a fringe pattern is essentially a two-dimensional least-squares fit 

to the two dimensional sine squared pattern of the fringes ( Described in Chapter 2 ). 

The parameters which need to be determined from the fringe pattern, shown in Fig. 17, 

are the vertical fringe spacing, d, and the slope of the fringes from the horizontal, tanfy. 

From these parameters and the previously found shear, s, the Radius of Curvature, R, can 

be found from Eq. (16) of Chapter 2

sdR
Atan<j>

(B-I)
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y

Figure 17. A schematic of a typical fringe pattern showing all of the measurable 
quantities. The quantities that are needed to compute the Radius of 
Curvature, R, are the shear, s, the distance between the fringes, d, and 
the slope of the fringes, tanty. The vertical shear, vs, is not needed to 
compute R.

The parameter d is essentially a scaled spatial period of the fringes along the y-axis 

whereas the slope of the fringes is associated with the phase shift between different 

vertical intensity profiles taken from the fringe pattern. The procedure used to determine 

the parameters d and tanty and ultimately R from a captured fringe is given in the 

following five steps.

The first step is to acquire four vertical intensity profiles of the fringe pattern as 

shown in Fig. 18. More vertical profiles may be needed to ensure a good fit if the fringe
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Position o f  
In te n s i ty  P r o f i l e s

Camera's Image 
(inside Box)

Figure 18. Schematic showing where four intensity profiles are taken from the 
fringe pattern inside the camera’s view for analysis. The vertical fringe 
spacing and the slope of the fringes can be found from analyzing the 
profiles.

pattern contains a lot of noise. Capturing and storing profiles is done by using an option 

that is in the "Profile" subroutine which is in the program "Main_cntl" (See Appendix C). 

The user has the ability to choose which vertical profiles to extract which allows him/her 

to avoid portions of the fringe pattern which show defects in the optics. Each of these 

vertical profiles is stored as a data file that have names which indicate which column the 

intensity profile was taken from. The column information is important when determining 

the slope of the fringes. One such intensity profile is shown in Fig. 19.
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Figure 19. Vertical intensity profile data taken from an actual fringe pattern. This 
patem could be saved as a data file in which the phase and the period 
could be found with the help of a fitting program.

The second step of the procedure is to determine the period of the vertical profiles 

using a least-squares fitting program (See Appendix D). The phase information for each 

of the profiles is also given from the fitting program, however, it will be shown in the 

next step that the phase information from this first round of fitting is not accurate, and 

therefore it is ignored. The period, T, for each profile is found by fitting each profile 

to

/  = Asin2(iby+ 6) , (B-2)
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where I  is the intensity, A is the amplitude, k = n/T (T is the period of the sine squared 

function), and 6 is the phase of the function assuming that the top of the captured fringe 

pattern ( or the left side of the profile shown in Fig. 19 ) is y = 0. In general one will 

obtain four slightly different values of k from this calculation. The period is obtained 

from the average value of k, or kavt. The uncertainty in kavt, Ak, is simply one standard 

deviation which is computed from the four k’s.

The third step uses a least-squares fit to the function in Eq. B-2 to find the 

accepted phases of the individual profiles by keeping k fixed at Am,,. The reason we can 

not use the 0 values obtained in the first least-squares fitting is that 0 and k are not 

independent of each other for a periodic function that is not infinite. Therefore by forcing 

k to stay at its expected (average) value we force the phases of the profiles, 0, to fit to 

a fringe pattern that has a particular, constant fringe spacing, kave. The uncertainty in the 

fitted phases was computed in the least-squares fitting program.

Step four is to compute the actual slope of the fringes from the phases obtained 

from step two. To do this we use the definition 0 = where P has units of video 

pixels and kave = TtZTav,. When the P’s are plotted against x (the column from which P 

was computed from) one will observe a straight line with a slope In1. A linear fitting 

routine ( See Appendix D ) was used to find Jttl and its uncertainty, Am1. Now, mI is not 

the slope of the actual fringes because of some distortion introduced when acquiring and 

capturing the fringe pattern. The true slope of the fringes can be found by adjusting mt 

with the aspect ratio, AR. Therefore the slope of the fringes is

(B-3)tan = m = (AJR)Ot 1 ,
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where the uncertainty in the slope is

Atan<j> _ AAR Am1
tan<j> AR Inl

(B-4)

Step five is to compute the vertical distance, d, between the fringes. This distance 

is simply the spatial period of the intensity pattern described in Eq. B-2. One simply 

needs to multiply the period, T  (which has units of video pixels), by the calibration 

constant, Cv, to find d  which has units of distance. So,

d CvTavo (B-S)

where the uncertainty in d is given by

A d  _ ACv 
~ Cv

(B-6)

Finally, step six is to compute the Radius of Curvature from Eq. B I. So, 

s d........  9R
X tan (J)

(B-7)
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where the uncertainty in/? is given by

A/? _ As  + Ad  A tan<j> 
R s d  tan<J)

(B-8)
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APPENDIX C

DESCRIPTION OF VIDEO SYSTEM

The frame grabber/camera system was the chief component in the data collection which 

was needed to verify that the CSI operated as expected. The system includes the software 

to operate the system as well as the frame grabber and camera. Before the use of the 

controlling software for the video system is described, a brief review of the hardware will 

be presented.

Hardware

The hardware for the frame grabber/camera system consists of a "Data 

Translations" DT2853 frame grabber board, a "Pulnix" 745 CCD camera (or a "RCA" 

2/3m VIDICON camera), and a control box. The control box contains a power supply 

for the camera, a trigger input, and cable connections which come from the computer to 

control the "Pulnix" camera’s integration. Each of the hardware components will be 

described in more detail in the following paragraphs.

- The DT2853 frame grabber (FG) is a computer card that fits on one of the 

computer’s expansion slots which contains a set of A-to-D’s and D-to-A’s, two lookup 

tables, enough memory to store two video images, and memory moving controllers. All
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of the FG’s functions are controlled by writing (and reading) a series of 16 bit controlling 

registers. It is the job of the software to do the appropriate bit twiddling to control the 

various functions of the FG (and camera).

The basic operation of the FG is shown in a block diagram shown in Fig. 20. The 

operation is as follows: (I) The FG digitizes the input video signal with an A-to-D. (2) 

The signal that goes to one of the frame memories is established by comparing the 

digitized input video signal with the elements in the Input Lookup Table (Input LUT). 

The input LUT is generally linear, ie. a small input signal will be stored in the FG s 

memory as a small value. (3) The information that will eventually be sent to the video 

monitor comes from the output LUT’s conversion of one of the frame memories. (4) The 

output LUT sends a digital signal to the output D-to-A which is simply the signal that 

goes to the monitor. The whole process transfers 512 X 480 video bits at full video 

speed which is (l/30)s per frame. The FG also has the ability to be controlled by an 

external trigger source. One must refer to the FG’s manual to fully understand its 

complicated operation or its numerous possible configurations.

The camera used in this system is the "Pulnix" TM745 CCD camera. It is a high 

resolution (768 X 493 pixels), 2/3in CCD shutter camera. The camera and FG are 

computable because it communicates to the outside world using the RS-170 video 

communication standard. The user has the ability to either electronically shutter the 

camera or integrate the camera for any length of time. The integration allows the user 

to capture dim signals by integrating the CCD for a period of time. The user should 

refer to the camera’s literature for specific operation information.
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Monitor
Frame B u ff I

Frame B u ff 2

Trigger In
;* Trig

Computer Bus

Figure 20. Block diagram of the frame grabber board.

The control box has three purposes; the first is to supply power to the camera, the 

second is to condition and invert the input trigger, and finally it has the proper 

connections to allow the computer to control the camera’s integration (shuttering has not 

yet been configured). The trigger input allows an operation to start when the trigger goes 

from low to high (leading edge sensitive). It is useful when timing a frame capture to 

an event such as the firing of a pulsed laser. The controller connects to the computer via 

a parallel cable to the parallel port and a BNC cable to the FG board. Note, the 

controller box must be connected to the computer by either the parallel cable or the 

trigger BNC cable to ensure the camera’s ground does not float. A floating ground will
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not damage the camera, it will simply cause the camera to not communicate with the 

outside world.

Frame Grabber /  Camera Operation

One program was written which has routines that control both the camera and the 

FG to make the system easy to operate. This program is called "Main_cntl". It is beyond 

the scope of this appendix to describe how the many subroutines work, but the general 

operation of the program will be described as a terse user manual for the operator.

Before "main_cntl" can be run one needs to make sure that the FG board is 

properly installed, the camera controller and camera are properly installed, and that all 

system interconnections are properly made. One can refer to the FG’s instruction manual 

for . proper board installation and most of the system interconnections. After all the 

system parts are properly installed and connected one can run the program by typing 

"MAIN_CNTL" while in the directory that the program is.

After starting the program the main menu will appear as shown in Fig. 21. At the 

bottom of the main menu screen is the status bar which displays buffer, camera, and 

cursor information. The following sections will describe each of the functions listed in 

the FG operation menu.

(I) Display Buffer OH: This determines which frame buffer will be displayed on 

the video monitor. The displayed buffer is toggled when this choice is selected. The 

current buffer being displayed is shown on the first entry of the status bar at the bottom 

of Fig. 20.
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ACME'S A -I FRAME GRABBER COMIMlL (HARK-7)

Frarae G rabber O p era tio n  Menu
Cl.) Si . , - i Iinffer 0/.1 

ii?pnt Suffer <Vt 
Cl i IHttts CttftKtra 
H) SiKtp S-Vtttte 
CS) Stittp Frame W/Trigper 
CSJ Save Frame on Sisk 
(?) Becaii a Frame Fron Bisit 
(CSS Subtract Two Frames 
CD Add Two Frames 
CifD Cmitraet Control 
CU) C ursor ON/OFF 
C12) Frof i Se 
C$3) (ntttgrttttt Camera 
CM.) CJnittk SVofiItt 
U S ) Q uit 
Choice:

O utput B u ffe r : 0 Inpu t B u ffe r: 0 Camera: OFF C urso r: OFF P o s it io n :  SMH, ZIH

Figure 21. Main menu of the Frame Grabber /  Camera controlling program called 
"MAIN_CNTL". The status bar at the bottom displays input and output 
buffers selected, whether the camera is being viewed, and the status and 
position of the cursor.

(2) Input Buffer Oil: This will determine which buffer will receive the information 

from the camera or other source. The input buffer is toggled when this choice is selected. 

One cannot view the camera, or a frame from another source, on the monitor unless the 

input and output buffers are the same. The current input buffer is displayed on the status 

bar.

(3) View Camera: When selected it allows the information from the camera to pass 

to the input buffer and be refreshed at regular video speed. The status of the camera is
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displayed in the status bar. ( Note, a camera status of OFF does not imply that the 

camera does not have power, it means that the information from the camera is not passed 

to the input buffer.) To stop the FG from accepting information from the camera one 

needs to snap a frame (option 4).

(4) Snap Frame'. When selected the camera will be turned off and the last frame 

accepted will be stored in the input frame buffer. If the camera is already off and this 

choice is selected, the FG will accept one frame from the camera and store it in the input 

frame memory.

(J) Snap Frame W/Trigger: Same as (4) except it waits for a trigger before 

capturing a frame. The ’snap frame’ process is activated on the rising edge of the 

external trigger.

(6) Save Frame on Disk: Allows the user to store the viewed frame on a computer 

disk- with a user specified name. The image is stored as XXXXXXXX.img, the 

XXXXXXXX is the user supplied name. Each frame takes about .25 Mbytes of memory.

(7) Recall Frame From Dish Allows the user to recall a frame from the disk that 

was previously stored using (6). The image is recalled by typing in the name of the 

image that was saved under, but not the ".img" extension.

(8) Subtract Two Frames: Subtracts the frame not viewed from the currently 

viewed frame pixel by pixel. The resulting frame replaces the currently viewed frame. 

This function is useful when comparing two frames. Unexpected results will occur if the 

camera is ON (see (3)).
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(9) Add Two Frames'. Adds the frame viewed with the frame not viewed pixel by 

pixel. The resulting frame replaces the currently viewed frame. Unexpected results will 

occur if the camera is ON (see (3)).

(10) Contrast Control. Allows the user to enhance or decrease the contrast of a 

captured frame. When selected the user is asked for the amount of contrast enhancement 

between .001 and I. A contrast enhancement of I will use the entire intensity scale. This 

is useful when viewing frames with very low intensities.

(11) , Cursor ON/OFF: Toggles the monitor’s cursor ON or OFF. When ON the 

user can move the cross-hairs around on the screen with the computer’s mouse until a key 

is hit on the keyboard, then the cursor is frozen. Selecting this choice again will turn the 

cursor OFF which will make the cursor disappear. The Cursor’s position is displayed on 

the status bar as x-y coordinates. Note that the top left comer of the frame is position 

0,0 .

(12) Profile: The profile subroutine allows the user to do several tasks related to 

the analysis of the frame. Several such things, described in detail below, are to view 

frames and spatially calibrate the video system, save individual intensity profiles as data 

files, and artificially colorize a frame so that it can be printed via a graphics grabber 

package. When Profile is selected a menu appears with the following options: (I) 

Column Profile, (2) Row Profile, (3) Load New Frame, (4) Print Frame, (5) Quit, these 

options are described in detail below.

(I) Column Profile / (2) Row Profile: When selected, the user will be asked 

for several things. The user will first be asked to analyze the (I) Even, (2) odd, or (3)



62

Both fields of the video display. The second question asked is whether to (I) View 

Profile, (2) Calibrate the FG, or (3) Find the Intensity/Position Information With the 

Mouse. Finally, the user will be asked which column/row to display. An example of a 

user viewing the odd field of an image to find the intensity/position information of line 

250 is shown in Fig. 22. If one selected to View Profile no cursor or cursor information 

would appear. To Calibrate the FG ( find the number of FG pixels per inch ) one must 

first capture a frame of an object of known dimensions; a piece of graph paper works 

well. Once the image is captured and "Profile" is selected the calibration procedure can 

begin. To find the vertical calibration constant, Cv, one must first select the Column 

profile option and then select the Calibrate FG option. The rest of the procedure is 

directed by the software. The horizontal calibration constant, C11, is found through the 

same procedure except that one needs to start with the Row Profile option.

When exiting this option ( by hitting the spacebar ) the user is asked whether to 

save the profile as a data file, if the user wishes to save a profile he/she will be asked for 

a file name.

(3) Load New File: Allows the user to load a new frame into Profile 

working memory without actually viewing it.

(4) Print Frame: Creates and prints an artificial colorized image on the 

computer’s monitor which can be grabbed and printed with the use of a graphics grabber 

program. One such program is "Grafjplus" by Jewell Technologies. This program can 

grab and store computer images in a variety of formats; the figures in this appendix were 

captured with "Grafplus".
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Analyze ( I )  Euen1 (2) Odd, o r  (3 ) Both f i e l d s :  Z
HIT Cl) TO VIEW PROFILE, (Z) TO CALAflRATE F.G. (3 ) FIND INT/POS VALUES: '3 
Column number to  a n a l Ize C 0-511 ): ZSii
P o s it io n  (8 -4 7 9 ): 241 In te n s i ty  (9 -2 5 5 ): 190

H it SPACEBAR to  r e tu r n  to  menu

Figure 22. A typical screen in the "Profile" subroutine inside of the 
"MAIN_CNTL" program. A typical intensity profile is displayed at the 
bottom box, the mouse driven cursor is also shown (cross hairs). The 
cursor’s intensity and position are displayed at the bottom of the text.

(5) Quit: Return to the main menu.

(13) Integrate Camera: Allows the user to control the time that the camera 

integrates to acquire a frame. The integration time, supplied by the user, is in terms of 

the camera’s normal video integration period (1/30 s). Therefore an integration period 

of 3 will be approximately 3 times as bright as normal video. An integration period of 

more than 300 should be avoided because the accumulation of electronic noise will begin
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to wash out the image. This choice is very useful in low light conditions.

(14) Quick Profile: Displays the cursor selected, horizontal intensity profile of the 

frame viewed on the video monitor on the computer’s monitor. The cursor can be moved 

by moving the computer’s mouse.

(15) Quit: End Program.
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APPENDIX D

SOURCE CODE FOR THE LEAST SQUARES FITTING PROGRAM

Figure 23. Source code written in ’C’ for the Least-Squares curve fitting program.

y * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
*
*

*

*

*

*

*

*

P R O G R A M  N A M E :  
F I L E  N A M E :  

C R E A T I O N  D A T E :  
C R E A T I O N  A U T H O R :  

R E V I S I O N  D A T E :  
R E V I S I O N  A U T H O R :  

D E S C R I P T I O N :

L S Q _ F I T
L e q _ f i t . o

T i m o t h y  H e n n i n g

T h i s  p r o g r a m  c a n  f i t  a n  a r r a y  o f  d a t a  s t o r e d  i n  a  d a t a  
f i l e  t o  s e v e r a l  f u n c t i o n s :  S i n A 2 ,  S i n A 2  W / f i x e d  P e r i o d ,  
S i n A 2  W / G a u s s i a n  E n v e l o p e ,  a n d  a  L i n e .  P r e s e n t l y  i t  i s  
t a y l o r e d  t o  d a t a  f i l e s  c r e a t e d  f r o m  t h e  " P r o f i l e "  s u b ­
r o u t i n e  c r e a t e d  i n  t h e  F r a m e  G r a b b e r  c o n t r o l i n g  p r o g r a m  
c a l l e d  " M A I N  C N T L " .

*  D A T A  I N P U T S :  R e a d s  4 8 0  d a t a  p a i r s  f r o m  i n p u t e d  d a t a  f i l e  (  2 4 0  d a t a
p a i r s  f o r  o d d / e v e n  f i e l d  d a t a  f i l e s  ) .  U s e r  i s  a s k e d  
w h i c h  f u n c t i o n  t o  f i t  t o .  S i g m a  i s  a s s u m e d  s a m e  f o r  
d a t a  v a l u e  ( s e t  t o  I ) .

*  R E T U R N  V A L U E S :  ( n o t  c o n f i g u r e d )  y f i t [ 5 1 2 ] — b e s t  f i t  f u n c t i o n .
*  C O N S T A N T S  U S E D :
*  G L O B A L S  U S E D :
*  G L O B A L S  M O D I F I E D :
*  F U N C T I O N S  C A L L E D :
*  O S  F U N C T I O N S  C A L L E D :
*  I N C L U D E  F I L E S :
*  L I N K  W I T H :  c u r v e . o b j ,  g r i d l s . o b j
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * y

extern  void s in  s q K ) ,  l in e  f i t  (), s in_sq2(), s in_sq3();
f lo a t  x [512], yT512], s ig[512], y f i t [5 1 2 ] ;  /* x[] and y [ ] :  holds data p a irs

s i g [ ] : holds e r ro rs  in  data 
^ y f i t []:  re tu rn  bes t  f i t  data

main()

{
i n t  choice, npts, f i e ld ;  
char dummy;

npts ■ 480; /* number of data p a irs  */

/*  determines how many po in ts  to  p u l l  from data f i l e  */ 

p r i n t f ("Data po in ts  come from (I) f u l l  frame, or (2) odd or even f i e l d  : " ) ;
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Figure 2 3 .  c o n t i n u e d .

s o a n f ( " % d % c " , ( f i e l d , ( d u m m y )  ;  
i f  ( f i e l d  —  2 )

{
n p t e  -  n p t e / 2 ;
)

/ *  s e l e c t  w h i c h  f u n c t i o n  t o  f i t  t o  * /

p r i n t f ( " \ n F i t  D a t a  t o :  ( I )  l i n e ,  ( 2 )  e i n " 2 ,  ( 3 )  a i n A 2  ( f i x e d  p e r i o d ) , " ) ;  
p r i n t f ( "  ( 4 )  s i n A 2 * g a u » s  :  " ) ;  
s c a n f ( " % d % c " , ( c h o i c e , ( d u m m y ) ;

s w i t c h ( c h o i c e )  / *  s e l e c t  w h i c h  f u n c t i o n  t o  f i t  t o  * /

(
c a s e  I :
(
l i n e f i t ( x , y , y f i t , s i g , n p t s ) ;  / *  l i n e a r  f i t  * /

b r e a k ;

c a s e  2 :
(
s i n _ s q 2  ( x , ' y ,  y f i t ,  s i g ,  n p t s )  ;  / *  s i n A 2  f u n c t i o n  * /

b r e a k ;

c a s e  3 :
(

s i n _ s q 3 ( x , y , y f i t , s i g , n p t s ) ;  / *  s i n A 2  f u n c t i o n  ( f i x e d  p e r i o d )  * /

b r e a k ;

c a s e  4 :
<

s i n _ s q l ( x , y , y f i t , s i g , n p t s ) ;  / *  s i n A 2  f u n c t i o n  ( g a u s s i a n  e n v e l o p e )  * /

b r e a k ;

)
)  / *  e n d  o f  p r o g r a m  * /
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Figure 23. continued.

/ * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^

FUNCTION NAME: s i n _ s q l () 
FILE NAME: c u r v e . C 

CREATION DATE:
CREATION AUTHOR:

REVISION DATE:
REVISION AUTHOR: 

DESCRIPTION:
INPUTS:

Timothy Henning

RETURN VALUES: 
CONSTANTS USED: 

GLOBALS USED: 
GLOBALS MODIFIED: 
FUNCTIONS CALLED: 
FUNCTIONS CALLED: 

INCLUDE FILES:

c o n t r o l s  a s i n A2 * g au ss ian  f i t t i n g  s u b ro u t in e .  
x [ ] : x  p o in t s  o f  curve  t o  be f i t ,  y [ ] : y p o in t s  

c o o r isp o n d in g  t o  th e  x p o i n t s ,  y f i t [ ] ( b la n k ) , s i g [ ] : 
e r r o r s  i n  y v a lu e s ,  n p t s :  number o f  p o in t s

g r i d l s ( ) ,  s i n s q () 

s t d i o . h
* LINK WITH: g r i d l s . o b j
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * y
♦ in c lu d e  < s td io .h >  
e x t e r n  v o id  g r i d l s ( ) ;  
e x t e r n  f l o a t  s i n s q ( ) ;

v o id  s i n _ s q l ( x , y , y f i t , s i g , n p t s )  
f l o a t  x [ ] ,  y [ ] ,  y f i t [ ] ,  s i g [ ] ; 
i n t  n p t s ;

{
FILE * fo p e n ( ) ,  * o u t_ f i l e ;
i n t  o p t ,  i ,  j ,  numread, f p a r ,  p a r ,  ncvm, ma, m f i t ,  l i s t a [3 ] ,  mode, numwr; 
c h a r  f i le n a m e  [30] ,  dummy, change, save ;
f l o a t  a [ 6 ] , d e l t a a [ 6 ] , s ig m a a [ 6 ] , * ch isq ,  c h isq _ o ld ,  co, ch, p [5 ] ;

p r i n t f ( " \n P u l l  d a ta  from (I) Data F i l e  o r  (2) Frame C u r r e n t ly  In  Memory

s c a n f ("%d%c",Sopt,Sdummy); /*  o p t io n  2 no t programed */
i f  (op t— I)

{
do

(
p r i n t f ( " \ n F i l e  name t o  p u l l  d a t a  from: ") ; 
g e t s ( f i l e n a m e ) ;

o u t _ f i l e  — f o p e n (f i le n a m e ,  " r " )  ; 
i f  ( o u t _ f i l e — NULL)

p r i n t f ("\nCAN NOT READ FILE->TRY AGAIN\n");
)

)
w h ile  ( o u t _ f i l e — NULL); /*  keep a s k in g  f o r  name u n t i l  ok

f o r  ( i  ■ 0 ; i < n p t s ; i++) /*  Read i n  d a ta  p a i r s  i n t o  w orking a r r a y s  * /

f s c a n f ( o u t _ f i l e , " % f  %f" , 6 x [ i ] , Sy[ i ] ) ; 

f c l o s e (out f i l e ) ; /*  c lo s e  f i l e  * /
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f o r  ( i - 0 ; K n p t a ; i++)
{
s i g [ i ]  -  I ;  /*  y p o i n t ' s  u n c e r t a i n t i e s  -  I  * /

AGAIN:;
do
( /*  Ask f o r  p a ra m e te rs  * /
f p a r  -  2; 
p a r  - 4 ;

^ r i n t f r X n f o r m :  p[0] * S in - 2 ( a [ 0 ] x  + a [1]) *exp ( (a [2 ] - x ) / a  [3]) ^2
f o r  ( i - 0 ; i < f p a r ; i++)

{
p r i n t f (" In p u t guess  f o r  f ix e d  p a ra m e te r :  p[%d]: " , i ) ;  
s c a n f ("% f%c",4p[i],4dummy);

f o r  ( i - 0 ; i< p a r ; i+ + )
(
p r i n t f (" In p u t  guess  f o r  p a ra m e te r :  a[%d]: " , i ) ;  
s c an f("% f% c" ,& a [i ] ,&dummy);
}

p r i n t f (" \n \nT he  p a ra m e te rs  you guessed  a r e :  " ) ;  
f o r  ( i —0 ; i < f p a r ; i++)

(
p r in t f ( " p [% d ] -% f  " , i , p [ i ] ) ;

p r i n t f ( " \ n " ) ;
f o r  ( i —0 ; i < p a r ; i++)

{
p r in t f ( " a [% d ] -% f  " , i , a [ i ] ) ;

p r i n t f ( " \ n  DO YOU WISH TO CHANGE ANY OF THESE PARAMETERS ? ( v / n ) • " ) •  
change — g e t c h ( ) ;

}
w h ile  (change —  ' y ' ) ;  /*  Loop back up i f  any need t o  be changed * /

c h i s q  — &ch; 
mode -  0;

/*  s e a r c h in g  s t e p s  f o r  p a ra m e te rs  */ 
d e l t a s [0] -  .001; 
d e l t a s [1] -  .05 ; 
d e l t a s [2] -  I ;  
d e l t a s [3] -  .5 ;  
d e l t a s [4 ] -  5; 
d e l t a s [5] -  5;
p r i n t f ("\nThe s e a r c h i n g 's t e p  s i z e s  f o r  t h e  p a ra m e te rs  a r e :  " ) ;  
f o r  ( i - 0 ; i< p a r ; i+ + )

(
p r i n t f ( " \ n d e l t a a [ % d ]  -  %f" , i , d e l t a s [ i ] ) ;

p r i n t f ( " \ n D o  you w ish t o  change th e  s t e p  s i z e s ?  ( y / n ) : " ) ;  
change -  g e t c h ( ) ;  
i f  (change —  ' y ' )

{
f o r  ( i - 0 ; i < p a r ; i++)

(
p r i n t f ( " d e l t a a [ % d ] : " , i ) ;  
s c a n f ( " % f % c " ,6 d e l t a a [ i ] , tdummy);

Figure 23. continued.
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Figure 23. continued.

)
p r i n t f  ( " \ n C a l c u l a t i n g ............ \n " )  ;
c h i s q _ o ld  — 10000000; 
j  -  0;
f o r  ( i  -  l ; i< 2 0 ;± + + )  /*  Main I t e r a t i o n  Loop * /

/*  Loop u n t i l  c h ia q  changes on ly  1% * /

{
g r i d l s ( x , y , s i g , n p t s , p a r ,m o d e ,a ,d e l t a a , s i g m a a ,p , y f i t , c h i s q , s i n s q ) ; 
p r i n t f ( " \n p a r a m e te r s  a r e : \ n a [ 0 ] -%f +- % f \n a [ l ] - % f  +-

%f", a [ 0 ] , s ig m a a[ 0 ] , a [ 1 ] , s ig m aa[ 1 ] ) ;
p r i n t f ( " \ n a [ 2 ]  -  %f +- %f\na[3] -  %f + -% f" ,a [2 ] ,

s ig m a a [ 2 ] , a [ 3 ] , s ig m a a [ 3 ] ) ;
p r i n t  f  ( " \ n a  [ 4] -  % f  + -  % f \ n a [ 5 ]  -  % f  + -

% f\n", a [ 4 ] , s ig m a a[ 4 ] , a [ 5 ] , s ig m aa[ 5 ] ) ;  
p r i n t f ( " c h i A2 -  % f \n " ,* c h i s q ) ;
i f  ( ( ( c h isq _ o ld  -  *ch isq)  / c h is q _ o ld )  <■. 01) i  ■ 20; /*  end i f  change

-  1% * /
c h is q _ o ld  — *c h i s q ;
j -  j + i ;
}

i f  ( j  >-19) /*  I f  p a ra m e te rs  no t  found w i th in  20 i t e r a t i o n s  */
(
p r i n t f ( " \n P a ra m e te rs  no t  found w i th in  20 i t e r a t i o n s  ! ! " ) ;  
p r i n t f ("NnDo you wish t o  t r y  ag a in ?  ( y / n ) : " ) ;  
s c a n f ("%c%c",Schange, Sdummy); 
i f  (change —— ' y ' ) go to  AGAIN;
)

e l s e  /*  O ption  t o  save b e s t  f i t  d a ta  as  s a t a  f i l e  */
(
p r i n t f ("NnDo you wish t o  save th e  b e s t  f i t  cu rve?  ( y / n ) : " ) ;  
scanf("% c% c",Ss a v e , 6dummy); 
i f  (save——' y ' )

(
p r i n t f ("NnNnFilename t o  s t o r e  b e s t  f i t  d a t a : " ) ;  
g e t s  ( f i l e n a m e ) ;
ou t  f i l e  — f o p e n ( f i l e n a m e ," w " ) ;
f o r  ( i —0 ; i< n p ts ; i+ + )  f p r i n t f (out f i l e , " % f  % fN n " ,x [ i] , y f i t [ i ] ) ;  
f c l o s e ( o u t _ f i l e ) ;
)

>
}

/* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
*

FUNCTION NAME: s i n  sq2()
FILE NAME: c u r v e . C 

CREATION DATE:
CREATION AUTHOR:

REVISION DATE:
REVISION AUTHOR:

DESCRIPTION: F i t  t o  s i n A2, f i t  phase and k . (see
program

*
*

comments ) 
INPUTS: x [ ] ,  

RETURN VALUES:
y[] . y f i t  U (b la n k ) , s i g [ ] ,  n p ts

above f o r



71
Figure 23. continued

*
*

*

*

CONSTANTS USED:

* OS

GLOBALS USED: 
GLOBALS MODIFIED: 
FUNCTIONS CALLED: 
FUNCTIONS CALLED:

*
*

INCLUDE FILES: a t d i o . h

************************************************************************/ 
♦ in c lu d e  < s td io .h >  
e x t e r n  v o id  g r i d l s O ;  
e x t e r n  f l o a t  s in s q 2 ( ) ;

v o id  s i n _ s q 2 ( x ,y , y f i t , s i g ,  np ts )  
f l o a t  x[T, y [ ] ,  y f i t [ ] ,  a i g [ ] ;  
i n t  n p ta ;

{
FILE * fo p e n ( ) ,  * o u t _ f i l e ;
i n t  o p t ,  i ,  j ,  numread, f p a r ,  p a r ,  ncvm, ma, m f i t ,  l i a t a [ 3 ] ,  mode, numwr; 
ch a r  f i l e n a m e [30] ,  dummy, change, aave;
f l o a t  a [ 6 ] , d e l t a a [ 6 ] , a igm aa[ 6 ] , *ch iaq ,  c h ia q _ o ld ,  co, ch, p [ 5 ] ;

p r i n t f ( " \n P u l l  d a ta  from (I) Data F i l e  o r  (2) Frame C u r r e n t ly  In  Memory

a c a n f (n%d%c",&opt,&dummy); 
i f  (op t— I)

(
do

(
p r i n t f ( " \ n F i l e  name t o  p u l l  d a ta  from: " ) ;  
g e ta  ( f i l e n a m e ) ;

o u t _ f i l e  — f o p e n ( f i l e n a m e ," r " ) ; 
i f  (o u t_ f  i l e — NULL)

p r i n t f ("\nCAN NOT READ FILE->TRY AGAIN\n") ;
)

}
w hile  ( o u t _ f i l e — NULL) ;

f o r  ( i  -  0 ; i< n p ta ; i+ + )
(
f a c a n f (out f i l e , " % f  % f" ,& x [ i] , & y [ i] ) ;
>

f c l o a e ( o u t _ f i l e ) ;
)

f o r  ( i —0; K n p t a ;  i++)
(
a i g [ i ]  -  I ;
>

AGAIN:; 
do 
{

f p a r  -  2; 
p a r  -  2;
p r i n t f (" \n fo rm : p [0] * S in ( a [ 0 ] x  + a [ l ] ) A2 + p [ l ] \ n " ) ;  
f o r  ( i - 0 ; i < f p a r ; i++)

p r i n t f ( " I n p u t  gueaa f o r  f ix e d  p a ra m e te r :  p[%d]: " , i ) ;

) ;
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scan t("% f% c" ,& p [i] ,&dummy);
)

f o r  ( i - 0 ; i < p a r ; i++)
(
p r i n t f (" In p u t  guess  f o r  p a ra m e te r :  a [% d]: " , i ) ;  
sca n t("% f% c " ,& a [ i] ,&dummy);
)

p r i n t f (" \n \nT he  p a ra m e te rs  you g uessed  a r e : " ) ;  
f o r  ( i - 0 ; i < f p a r ; i++)

{
p r in t f ( " p [% d ] -% f  " , i , p [ i ] ) ;
)

p r i n t f ( " \ n " ) ;
f o r  ( i - 0 ; i < p a r ; i++)

(
p r in t f ( " a [% d ] -% f  " , i , a [ i ] ) ;
)

p r i n t f ( " \ n  DO YOU WISH TO CHANGE ANY OF THESE PARAMETERS ? (y/n) : ") ; 
change -  g e t c h ( ) ;  
p r i n t f ( " \ n " ) ; '

}
w hile  (change — ' y ' ) ;

c h i s q  — &ch; 
mode -  0; 
d e l t a a [0] -  .001; 
d e l t a a [1] -  .05; 
d e l t a a [2] -  I ;  
d e l t a a [3] -  .5 ;  
d e l t a a [4] -  5; 
d e l t a a [5] -  5;
p r i n t f ("\nThe s e a r c h in g  s t e p  s i z e s  f o r  th e  p a ra m e te rs  a r e : " ) ;  
f o r  ( i - 0 ; i < p a r ; i++)

(
p r i n t f ( " \ n d e l t a a [%d] -  %f" , i , d e l t a a [ i ] ) ;
}

p r i n t f ( " \ n D o  you w ish t o  change th e  s t e p  s i z e s ?  ( y / n ) : " ) ;  
change -  g e t c h () ;  
i f  (change —  ' y ' )

{
p r i n t f ( " \ n " ) ; 
f o r  ( i - 0 ; i < p a r ; i++)

{
p r i n t f ( " d e l t a a [ % d ] : ", i )  ; 
s can t("% f% c" ,S d e l t a a [ i ] , Sdummy);
)

)
p r i n t f  ( " \ n C a l c u l a t i n g ............ \n " )  ;
c h i s g _ o ld  — 10000000; 
j  -  0;
f o r  ( i  -  I ; i< 2 0 ; i++)

(
g r i d l s ( x , y , s i g , n p t s , p a r , m o d e , a , d e l t a a , s i g m a a , p , y f i t , c h i s q , s i n s q 2 ) ; 
p r i n t f ( " \ n p a r a m e te r s  a r e : \ n a [ 0 ] -%f + - % f \n a [ 1 ] -%f +-

%f", a [ 0 ] , s ig m a a [ 0 ] , a [ l ] , s i g m a a [ l ] ) ;
p r i n t f ( " \ n c h i A2 -  % f \n " , " c h i s q ) ;
i f  ( ( ( c h i s q o l d  -  " c h i s q ) / c h i s q _ o l d ) < - .01 )  i  -  20;
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c h i s q  o ld  — * c h isq ;
j  -  j + i ;
)

i f  ( j  >-19)
<
p r i n t f ( " \n P a ra m e te rs  no t found w i th in  20 i t e r a t i o n s  ! ! " ) ;  
p r i n t f ("\nDo you wish t o  t r y  ag a in ?  ( y / n ) : " ) ;  
s c a n f (n%c%cn,6 c h a n g e ,&dummy); 
i f  (change —  ' y ' )  go to  AGAIN;
>

e l s e
(
p r i n t f ( " \ n D o  you w ish t o  save th e  b e s t  f i t  cu rve?  ( y /n ) :  " ) ;  
scan f("% c% c" ,S sav e ,&dummy); 
i f  (save— ' y ' )

<
p r i n t f (" \n \n F ilen am e  t o  s t o r e  b e s t  f i t  d a t a :  " ) ;  
g e t s ( f i l e n a m e ) ;
o u t _ f i l e  — f o p e n ( f i l e n a m e ," w " ) ;
f o r  (1-0; i< n p ts ;  i++) f p r i n t f  ( o u t _ f i l e ,  "%f %f \ n " , x [ i ]  , y f i t  [ i ] ) ; 
f c l o s e ( o u t _ f i l e ) ;

>
}

/***********************************************************************
*
* FUNCTION NAME:
* FILE NAME:
* CREATION DATE:
* CREATION AUTHOR:
* REVISION DATE:
* REVISION AUTHOR:
* DESCRIPTION:

(see
* INPUTS:
* RETURN VALUES:
* CONSTANTS USED:
* GLOBALS USED:
* GLOBALS MODIFIED:
* FUNCTIONS CALLED:
* OS FUNCTIONS CALLED:
* INCLUDE FILES:

s in _ s q 3 () 
c u r v e . c

f i t  t o  s i n A2 k h e ld  c o n s ta n t ,  phase  v a r i e s
s i n s q l ( )  f o r  program comments).
x [ ] ,  y [ ] ,  y f i t [ ] ( b la n k ) , 3 i g [ ] ,  n p ts

s t d i o . h
************************************************************************/ 
♦ in c lu d e  < s td io .h >  
e x t e r n  v o id  g r i d l s ( ) ;  
e x t e r n  f l o a t  s in s q 3 ( ) ;

v o id  s i n  s q 3 ( x ,y , y f i t , s i g , n p t s )  
f l o a t  x[T, yU/  y f i t  [ ] ,  s i g [ ] ;  
i n t  n p t s ;

(
FILE * fo p e n ( ) ,  * o u t _ f i l e ;
i n t  o p t ,  i ,  j ,  numread, f p a r ,  p a r ,  ncvm, ma, m f i t ,  l i s t a [ 3 ] ,  mode, numwr;
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ch a r  f i l e n a m e [30] ,  dummy, change, save ;
f l o a t  a [ 6 ] , d e l t a a [ 6 ] , s ig m a a [ 6 ] , *ch iaq ,  c h i s g _ o ld ,  co, ch , p [ 5 ] ;

p r i n t f ( " \n P u l l  d a ta  from (I) Data F i l e  o r  (2) Frame 
" ) ;
s c a n f ("%d%c",S o p t, Sdummy); 
i f  (opt™—I)

(
do

{
p r i n t f ( " \ n F i l e  name t o  p u l l  d a ta  from: " ) ;  
g e t s ( f i l e n a m e ) ;

C u r r e n t ly  In  Memory

o u t _ f i l e  — fo p e n ( f i l e n a m e ," r " ) / 
i f  ( o u t _ f i l e ——NULL)

p r i n t f ("\nCAN NOT READ FILE->TRY AGAIN\n");

)
w h i l e ( o u t _ f i l e ——NULL);

f o r  ( i  -  0 ; i < n p t s ; i++)
(
f s c a n f ( o u t_ f i l e , "%f % f " ,S x [ i ] , Sy[ i ] ) ;

f c l o s e ( o u t _ f i l e ) ;

f o r  ( i - 0 ; i < n p t s ; i++)
{
s i g ( i ]  -  I ;
)

AGAIN:; 
do 
(
fp a r  — 3; 
p a r  -  I ;
p r i n t f (" \n fo rm : p [0] * S i n ( p [ l ] x  + a [0 ] )* 2  + p ( 2 ] \n " ) ;  
f o r  ( i - 0 ; i < f p a r ; i++)

(
p r i n t f ( " I n p u t  guess  f o r  f ix e d  p a ra m e te r :  p[%d]: n, i ) ;  
scan f("% f% c",S p[ i ] , Sdummy);
}

f o r  ( i - 0 ; i < p a r ; i++)
(
p r i n t f ( " I n p u t  guess  f o r  p a ra m e te r :  a[%d]: " , i ) ;  
scan f("% f% c",S a [ i ] , Sdummy);
}

p r i n t f (" \n \n T h e  p a ra m e te rs  you g uessed  a r e :  " ) ;  
f o r  ( i - 0 ; i < f p a r ; i++)

<
p r in t f ( " p [% d ] -% f  " , i , p [ i ] ) ;
)

p r i n t f ( " \ n " ) ; 
f o r  ( i - 0 ; i < p a r ; i++)

(
p r in t f ( " a [% d ] -% f  " , i , a [ i ] ) ;
}

p r i n t f ( " \ n  DO YOU WISH TO CHANGE ANY OF THESE PARAMETERS ? ( y / n ) : " ) ;
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change -  g e t c h ( ) ;  
p r i n t f ( " \n " )  ;

}
w h ile  (change —  ' y ' ) ;

c h i s q  — 6ch; 
mode — 0; 
d e l t a a [0] -  .001; 
d e l t a a [ I j — .05; 
d e l t a a [2] -  I ;  
d e l t a a [3] — .5 ; 
d e l t a a [4] -  5; 
d e l t a a [5] — 5;
p r i n t f ("\nThe s e a r c h in g  s t e p  s i z e s  f o r  th e  p a ra m e te rs  a r e :  " ) ;  
f o r  ( i - 0 ; i < p a r ; i++)

(
p r i n t f ( " \ n d e l t a a [%d] -  %f" , i , d e l t a a [ i ] ) ;

p r i n t f ("XnDo you w ish t o  change th e  s t e p  s i z e s ?  ( y / n ) : " ) ;  
change -  g e t c h () ;  
i f  (change —— ' y ' )

(
p r i n t f ( " \ n " ) ;
f o r  ( i —0 ; i < p a r ; i++)

(
p r i n t f ( " d e l t a a [ % d ] : " , i ) ;  
s c a n f ("%f%c",S d e l t a a [ i ] , Sdummy);

}
p r i n t f  ( " X n C a lc u la t in g ............\n " )  ;
c h i s q _ o ld  =• 10000000;
j  -  0;
f o r  ( i  -  I ;  i< 2 0 ; i++)

(
g r i d l s ( x , y , s i g , n p t s , p a r , m o d e , a , d e l t a a , s ig m a a ,p ,y f i t , c h i s q , s i n s q 3 ) ; 
p r i n t f ( " X nparameters a r e : Xna[0 ]-%f +- % f" ,a [ 0 ] , s ig m a a [ 0 ] ) ;  
p r i n t f ( " \ n c h i A2 -  % f \n " ,* c h i s q ) ;
i f  ( ( (c h is q _ o ld  -  * c h i s q ) / c h i s q _ o ld ) < - .01 )  i  -  20; 
c h i s q _ o ld  — " c h is q ;  
j  -  j + i ;
)

i f  ( j  >-19)
(
p r i n t f ("XnParam eters no t found w i th in  20 i t e r a t i o n s  ! ! " ) ;  
p r i n t f ("XnDo you w ish t o  t r y  a g a in ?  ( y / n ) : " ) ;  
scanf("% c% c",Schange,Sdummy); 
i f  (change —  ' y ' ) go to  AGAIN;
)

e l s e
(
p r i n t f ( " \ n D o  you w ish t o  save th e  b e s t  f i t  cu rve?  (y /n ) :  " ) ;  
s c a n f ("%c%c", Ssave,Sdummy); 
i f  (save——' y ' )

(
p r i n t f ("XnXnFilename t o  s t o r e  b e s t  f i t  d a t a :  " ) ;  
g e t s ( f i l e n a m e ) ;
o u t _ f i l e  -  f o p e n ( f i l e n a m e ," w " ) ;
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f o r  ( i —0 ; K n p ts ; i+ + )  f p r i n t f  ( o u t _ f i l e ,  n%f % f \n " ,x [ i ]  , y f i t  [ i ] ) ; 
f c l o s e (out f i l e ) ;

)
)

/ * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * ^ ^

*

* FUNCTION NAME: l i n e  f i t ()
* FILE NAME: c u r v e . c
* CREATION DATE:
* CREATION AUTHOR:
* REVISION DATE:
* REVISION AUTHOR:

DESCRIPTION: f i t s  d a ta  t o  a l i n e . F inds s lo p e  and y i n t e r c e p t  
INPUTS: x [ ] , y [ ] , y f i t [ ] ( b la n k ) , s i g [ ] ,  n p ts

* RETURN VALUES:
* CONSTANTS USED:
* GLOBALS USED:
* GLOBALS MODIFIED:
* FUNCTIONS CALLED:
* OS FUNCTIONS CALLED:
* INCLUDE FILES: s t d i o . h
*

***************************************************** *******,1,*******,,,*,,,*^
♦ in c lu d e  < s td io .h >

e x t e r n  v o id  g r i d l s ( ) ;  
e x t e r n  f l o a t  l i n e () ;

v o id  l i n e _ f i t ( x , y , y f i t , s i g , n p t s )  
f l o a t  x [ ] , y [ ] ,  y f i t [ ] ,  s i g [ ] ; 
i n t  n p t s ;

{
FILE * fo p e n ( ) ,  * o u t _ f i l e ;
i n t  o p t ,  i ,  j ,  numread, p a r ,  ncvm, ma, m f i t ,  n te rm s ,  l i s t a  [3 ] ,  mode, 
numwr;
ch a r  f i l e n a m e [3 0 ] ,  dummy, change, save ;
f l o a t  p [ 5 ] , a [ 6 ] , d e l t a a [ 6 ] , s ig m a a [ 6 ] , * c h isq ,  c h i s g _ o ld ,  co , ch;

p a r  -  2; 
n te rm s -  p a r ;  
do

(
p r i n t f ( " \ n F i l e  name t o  p u l l  d a ta  from: " ) ;  
g e t s ( f i l e n a m e ) ;
o u t _ f i l e  — f o p e n ( f i l e n a m e ," r " ) ; 
i f  ( o u t _ f i l e — NULL)

p r i n t f ("\nCAN NOT READ FILE->TRY AGAIN\n");
}

}
w h i l e ( o u t f i l e — NULL);

f o r  ( i  -  0; K n p t s ; i++)
(
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f s c a n f ( o u t_ f i l e , " % f  %f" , & x [ i ] , Sy[ i ] ) ;
}

f c l o s e ( o u t _ f i l e ) ; 
f o r  (i - 0 ; K n p t  s ; i+ + )

{
s i g [ i ]  -  I ;
)

AGAIN:;  
do 
{
p a r  -  2;
p r i n t f (" \n fo rm : y — a [ l ] x  + a [ 0 ] " ) ;  
f o r  ( i —0; K p a r ; i++)

{
p r i n t f ( " I n p u t  guess  f o r  p a ra m e te r :  a [% d]: " , i ) ; 
s c a n f ("%f%c",S a [ i ] , Sdummy);
}

p r i n t f (" \n \nT he  p a ra m e te rs  you g uessed  a r e :  " ) ;  
f o r  ( i - 0 ; i< p a r ; i+ + )

{
p r in t f ( " a [% d ] -% f  " , i , a [i ] ) ;

p r i n t f ( " \ n  DO YOU WISH TO CHANGE ANY OF THESE PARAMETERS ? ( y / n ) : " ) ;  
change -  g e t c h () ;

>
w hile  (change — ' y ' )?
p r i n t f ("\nNumber o f  Data P a i r s  i n  Data F i l e : " ) ;
scanf("% d% c",Snp ts , Sdummy);
c h i s q  -  Sch;
mode — 0;
d e l t a a [0] -  .001;
d e l t a a [1] -  .05 ;
d e l t a a [2] — I ;
d e l t a a [3] -  .5 ;
d e l t a a [4] -  5;
d e l t a a [5] -  5;
p r i n t f ("\nThe s e a r c h in g  s t e p  s i z e s  f o r  t h e  p a ram e te rs  a r e :  " ) ;  
f o r  ( i - 0 ; i < p a r ; i++)

(
p r i n t f ( " \ n d e l t a a [%d] -  %f" , i , d e l t a a [ i ] ) ;

p r in t f ( " \ n D o  you w ish t o  change t h e  s t e p  s i z e s ?  ( y / n ) : " ) ;  
change -  g e t c h ( ) ;  
i f  (change —  ' y ' )

(
f o r  (i - 0 ; i < p a r ; i+ + )

(
p r i n t f ( " d e l t a a [ % d ] : " ,  i )  ; 
s can f("% f% c",S d e l t a a [ i ] , Sdummy);
)

)
p r i n t f  ( " \ n C a l c u l a t i n g ............ \n " )  ;
c h i s q  o ld  — 10000000; 
j  -  0;
f o r  ( i  -  I ; i< 2 0 ; i++)

(
g r i d l s ( x , y , s i g , n p t s , n te rm s ,m o d e , a , d e l t a a , s i g m a a , p , y f i t , c h i s q , l i n e ) ; 
p r i n t f ( " \n p a ra m e te r s  a r e : \ n a [ 0 ] - % f  +- % f\na[l]-% £ +-
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%f", a [0 ] ,  s ig m a a [ 0 ] , a [ 1 ] , s ig m a a[ 1 ] ) ;
p r i n t f ( " \ n c h i A2 -  %f" , * c h ia q ) ;
i f  ( ( (ch ia q _ o ld  -  " c h ia q ) / c h i s q _ o ld ) < - .01 )  i  -  20; 
c h i s q _ o ld  ”  * ch isq ;  
j  -  j + i ;
)

i f  ( j  >-19)
(
p r i n t f ( " \n P a ra m e te rs  no t found w i th in  20 i t e r a t i o n s  ! ! " ) ;  
p r i n t f ( " \ n D o  you wish t o  t r y  ag a in ?  ( y / n ) : " ) ;  
scan t("% c% c",6c h a n g e ,6dummy); 
i f  (change — ' y ' ) go to  AGAIN;
)

e l s e
(
p r in t f ( " \ n D o  you wish t o  save th e  b e s t  f i t  cu rve?  ( y / n ) : " ) ;  
scan t("% c% c",& save ,6dummy); 
i f  (save” ' y ' )

{
p r i n t f (" \n \n F ilen am e  t o  s t o r e  b e s t  f i t  d a t a : " ) ;  
g e t s ( f i l e n a m e ) ;
o u t _ f i l e  — f o p e n ( f i l e n a m e ," w " ) ;
f o r  ( i—0 ; K n p t s ; i++) f p r i n t f  ( o u t _ f i l e ,  "%f % f \n " ,x [ i ]  , y f i t  [ i ] ) ; 
f c l o s e ( o u t _ f i l e ) ;
)

}
}
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/* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
*

* FUNCTION NAME: g r i d l a O
* FILE NAME: g r i d l s . c
* CREATION DATE: 1990
* CREATION AUTHOR: Tim Henning (addap ted  from "Data R eduction and 
E r ro r

A n a ly s is  f o r  th e  P h y s ic a l  S c ie n c e s " ,  P . B ev ing ton .)
p . 212

* REVISION DATE:
* REVISION AUTHOR:
* DESCRIPTION: A g r i d  s e a rc h  l e a s t - s q u a r e s  f i t t i n g  program which 
can

f i t  t o  a f u n c t io n  w ith  n o n - l i n e a r  c o e f f i c i e n t s ,  
s e v e r a l  such fu n c t io n s  a re  l i s t e d  below. The program 
uses  a ' p a r a b o l i c '  r o o t  s e a rc h  t o  f i n d  th e  minimum 
c h i s q  from t h r e e  d i f f e r e n t  v a lu e s  o f  c h i s q .

INPUTS: x [ ] ,  y [ ] — > da ta  p a i r s ,  s igm ay[ ] —> s ta n d a rd

f o r  y p o i n t s ,  n p t s —> number o f  d a ta  p a i r s ,  
a [ ] — > a rra y  o f  p a ra m e te rs  t o  f i t ,  c o n ta in s  i n i t i a l  
q u e sse s  f o r  p a ra m e te r s ,  mode—> method o f  
w e ig h t in g  f i t  ( d i s s a b l e d ) , d e l t a a [ ] — > g r i d  inc rem en ts  
f o r  a [ ] ,  s ig m a a [ ] —> s ta n d a rd  d e v i a t i o n s  f o r  a [ ] ,  
p [ ] — > c o n s ta n t  p a ra m e te rs

* RETURN VALUES: a [ ] ,  sigma [ ] ,  y f i t [ ] —> best f i t  d a ta  p t s ,  c h i s q r —>
c h i  squared  v a lu e  o f  f i t .

* CONSTANTS USED:
* GLOBALS USED:
* GLOBALS MODIFIED:
* FUNCTIONS CALLED: a l l  fu n c t io n s  c o n ta in e d  in  t h i s  f i l e
* OS FUNCTIONS CALLED:
* INCLUDE FILES: m a th .h
*

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * /

*

d e v i a t io n s

# in c lu d e< m ath . h>

v o i d  
g r i d l s (x ,y , s ig m a y ,n p t s , n t e r m s , m o d e ,a ,d e l t a s , s ig m a a ,  p , y f i t , c h i s q r ,  func tn )

f l o a t  x [ ] ,  y [ ] ,  s igm ay[ ] ,  a [ ] ,  d e l t a s [ ] ,  s ig m aa[ ] ,  y f i t [ ] , p [ ] , * c h is q r ;  
i n t  n p t s ,  n te rm s ,  mode; 
f l o a t  ( * f u n c tn ) ( ) ;

{
i n t  i ,  j ,  n f r e e ;
f l o a t  c h i s q l ,  c h i s q 2 ,  c h isq 3 ,  save ,  fn ,  d e l t a ;  
f l o a t  s i n s q ( ) ,  l i n e ( ) ,  f c h i s q O ,  f r e e ;

n f r e e  -  n p ts  -  n te rm s; 
f r e e  -  ( f l o a t ) n f r e e ;
" c h i s q r  -  0;
i f  (n free< -0 )  g o to  DONE; /*  Not enough p o in t s  t o  f i n d  a f i t  f o r  v a r s  * / 

f o r  <j - 0 ; j< n te r m s ; j+ + )  /*  f in d s  i n i t i a l  c h i s q  f o r  i n i t i a l  q u esse s  */
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{

f o r  ( i -0 ; i< n p t s ;± + + )  y f i t [ i ]  -  ( * f u n c t n ) ( x , i , a , p ) ; 
c h i a q l  -  f c h i s q ( y ,a ig m a y ,n p t s ,n f r e e ,mode,y f i t ) ;  
fn  -  0;
d e l t a  — d e l t a a [ j ] ;

AGAIN: a [ j ]  — a[ j]  + d e l t a ;  /*  s te p s  p a ram e te r  by d e l t a  and
computes a new ch isq 2  v a lu e  */

f o r  (1 -0 ; K n p t s ; ! + + )  y f i t [ i ]  -  (*functn)  (x, i , a , p )  ;
ch isq 2  -  f c h i s q ( y , s ig m a y ,n p t s ,n f re e ,m o d e ,y f i t ) ; /*  compute second

c h is q  * /
i f  (c h is q l> c h isq 2 )  go to  H E R E ;  /*  s te p p e d  in  r i g h t  d i r e c t i o n  */ 

e l s e  i f  ( c h i s q l  —  ch isq2) go to  AGAIN; /*  i f  no change do i t  a g a in

e l s e  /*  s te p e d  i n  wrong d i r e c t i o n ,  change d e l t a  t o  - d e l t a  * /
d e l t a  — - d e l t a ;  
a [ j ]  -  a [ j ]  + d e l t a ;
f o r  ( i —0; K n p t  s ;  i++) y f i t [ i ]  -  (* functn)  (x, i ,  a ,  p) ; 
save — c h i s q l ;  
c h i s q l  — c h isq 2 ;  
c h isq 2  — save ;

HERE: fn  — fn+1;
/*  compute t h i r d  c h i s q  w ith  a d ju s t e d  p a ram e te r  a [ j ]  */ 

a [ j ]  ■ a [ j ]  + d e l t a ;
f o r  (i —0 ; i< n p t s ; i+ + ) y f i t [ i ]  -  (*functn)  ( x , i , a , p ) ; 
ch isq 3  -  f c h i s q ( y , s i g m a y ,n p t s , n f r e e ,m o d e ,y f i t ) ;
i f  (ch isq3< ch isq2 )  /*  t r y i n g  t o  b ra c h e t  bo ttom  o f  p a ra b o la  */

/*  ch isq2  must be t h e  s m a l le s t  v a lu e  */
(
c h i s q l  — c h isq 2 ;  
ch isq 2  — c h isq 3 ;  
go to  HERE;
}
/*  u s in g  p a r a b o la  f i t  t o  f i n d  c o r r e c t  s t e p  t o  use  */ 

d e l t a  -  d e l t a  * ( I . / ( ! . + ( c h i s q l  -  c h i s q 2 ) / (ch isq3  -  c h i s q 2 ) ) + .5 ) ;  
a [ j ]  -  a [ j ] -  d e l t a ;

/*  compute s ta n d a rd  d e v i a t i o n  f o r  a [ j ]  * /  
s ig m a a [ j ] -  d e l t a a [ j ]  * s q r t ( 2 . / ( f r e e  * (c h is q 3 -2 .  * ch isq2  + 

c h i s q l ) ) ) ;
d e l t a a [ j ]  -  d e l t a a [ j ]  * f n /3 ;  /*  a d j u s t s  s te p  s i z e  f o r  nex t tim e * /

f o r  ( i - 0 ;  K n p t s ;  i++) y f i t [ i ]  -  (* functn)  (x, i , a , p )  ; 
* c h i s q r  -  f c h i s q ( y , s ig m a y ,n p t s ,  n f r e e ,  mode, y f i t ) ;
* /
DONE: ;
}

/*  comput f i n a l  c h i s q

/***********************************************************************
*

* FUNCTION NAME: s in s q O
* FILE NAME: g r i d l s . c
* CREATION DATE:
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* CREATION AUTHOR: Timothy Henning
* REVISION DATE:
* REVISION AUTHOR:

DESCRIPTION: S in A2 * g au ss ian  f u n c t io n  f o r  f i t t i n g .  A d ju s ta b le  
p a ra m e te rs  a re  i n  th e  a r r a y  a [ ] ,  c o n s t  pa ram ete rs  
a re  i n  p [ ] . x []  i s  th e  d a t a ' s  x v a lu e .

INPUTS: x []  a r r a y  o f  x d a ta  v a lu e s ,  a [ ]  a r r a y  o f  f i t t i n g  
p a ra m e te r s ,  p []  a r r a y  o f  f ix e d  p a ra m e te rs ,  i :  d a ta  
v a lu e .

* RETURN VALUES:
* CONSTANTS USED:
* GLOBALS USED:
* GLOBALS MODIFIED:
* FUNCTIONS CALLED:
* OS FUNCTIONS CALLED:
* INCLUDE FILES:
*********************************<r*^*WAAAWWWAAjt]ltjtWltwwJlr)l|WjtA]tWiltAWAjtA)tAjkjtitÂ

f l o a t  s i n s q ( x , i , a , p) 
f l o a t  x [ ] ,  a [ ] ,  p [ ] ; 
i n t  i ;

{
f l o a t  h o ld ;

h o ld  -  s i n ( a [0] * x [ i ]  + a [ 1 ] ) ;
h o l d - e x p ( - ( x [ i ] - a  [2]) * ( x [ i ] - a [ 2 ] ) / ( a [3] * a [ 3 ] ) ) * h o ld  * ho ld  * p[0] +
P  [ I  ] ;

r e t u r n ( h o l d ) ;
>

/ * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

*

* FUNCTION NAME: s i n s q 2 ()
* FILE NAME: g r i d l s . c
* CREATION DATE:
* CREATION AUTHOR: Timothy Henning
* REVISION DATE:
* REVISION AUTHOR:

DESCRIPTION: F u n c tio n  f o r  s i n A2 f ix e d  am p li tu d e  and o f f s e t . 
F i t t i n g  w ith  phase  and k.

* INPUTS: see  above f u n c t io n
* RETURN VALUES:
* CONSTANTS USED:
* GLOBALS USED:
* GLOBALS MODIFIED:
* FUNCTIONS CALLED:
* OS FUNCTIONS CALLED:
* INCLUDE FILES:
*

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * y

f l o a t  s i n s q 2 ( x , i , a , p) 
f l o a t  x [ ] ,  a [ ] ,  p [ ] ;
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i n t  i ;

{
f l o a t  h o ld ;

h o ld  -  s i n ( a [0] * x [ i ]  + a [I ]) ; 
h o ld -  h o ld  * h o ld  * p [0] + p [ l ] ;

r e t u r n ( h o l d ) ;
}

/ * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * ^ ^ ^

*
* FUNCTION NAME: s in sq 3  ()* FILE NAME: g r i d l s . c* CREATION DATE:* CREATION -AUTHOR: Timothy Henning* REVISION DATE:
* REVISION AUTHOR:* DESCRIPTION: F i t  S in A2 w ith  phase o n ly .* INPUTS:* RETURN VALUES:* CONSTANTS USED:* GLOBALS USED:* GLOBALS MODIFIED:* FUNCTIONS CALLED:
* OS FUNCTIONS CALLED:*
* INCLUDE FILES:
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * y

f l o a t  s in sq 3  (x, i ,  a ,  p) 
f l o a t  x [ ] , a [ ] ,  p [ ] ; 
i n t  i ;

(
f l o a t  h o ld ;

h o ld  -  s i n (p [1] * x [ i ]  + a [ 0 ] ) ;  
h o ld -  h o ld  * h o ld  * p [0] + p [2 ] ;

r e t u r n ( h o l d ) ;
)

/ * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
*

*

*

*

*

*

*

*

FUNCTION NAME; l i n e ()
FILE NAME; g r i d l s . c  

CREATION DATE:
CREATION AUTHOR; Timothy Henning 

REVISION DATE:
REVISION AUTHOR:

DESCRIPTION: Line f i t t i n g  f u n c t io n ,
( a [ l ] )  and y i n t e r c e p t  ( a [ 0 ] )

p a ra m e te rs  t o  f i t  S lope
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* INPUTS:
* RETURN VALUES:
* CONSTANTS USED:
* GLOBALS USED:
* GLOBALS MODIFIED:
* FUNCTIONS CALLED:
* OS FUNCTIONS CALLED:
* INCLUDE FILES:
*

************************************************************************^

f l o a t  l i n e ( x , i , a , p )  
f l o a t  x [ ] , a [ ] ,  p [ ] ;  
i n t  i ;

{
f l o a t  h o ld ;

h o ld  ■ a [ l ]  * x [ i ]  + a [O] ;

r e t u r n ( h o l d ) ;
)

/ * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
*

*

*

*

★

★
★
*

*

*

★
*

*
*

* OS
*

*

FUNCTION NAME: f C h i s q ( ) :  f l o a t  
F IL E  NAME: g r i d l s . c  

CREATION DATE:
CREATION AUTHOR: T i m o t h y  H e n n i n g  ( a d a p t e d  f r o m  D a t a  R e d u c t i o n ........... ..

P h i l l i p  R. B e v i n g t o n )
REVISION DATE:

REVISION AUTHOR:
DESCRIPTION: C o m p u te s  a  c h i s q  v a l u e  f o r  a  s e t  o f  d a t a  f i t t e d  t o  

a  s e t  o f  c o m p u te d  y - p o i n t s  w h i c h  c o o r i s p o n d  t o  
t h e  x d a t a  p o i n t s .

INPUTS: y [ ] :  s e t  o f  y  d a t a  p o i n t s ,  s i g m a y [] u n c e r t a i n t y  i n
y

p o i n t s ,  n p t s :  n u m b e r  o f  d a t a  p o i n t s ,  n f r e e : f r e e  d a t a  
p o i n t s  ( n o t  t i e d  t o  p a r a m e t e r s ) , m o d e : w e i g h t i n g  o f  
u n c e r t a i n t i e s ,  y f i t [ ] :  t h e o r i t i c a l  d a t a  p o i n t s .

RETURN VALUES:
CONSTANTS USED:

GLOBALS USED:
GLOBALS MODIFIED:
FUNCTIONS CALLED:
FUNCTIONS CALLED:

INCLUDE FILES:

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * y

f l o a t  f c h i s q ( y , s ig m a y ,n p t s , n f r e e ,m o d e ,y f i t )

f l o a t  y [ ] ,  s igm ay[ ] ,  y f i t [ ] ;  
i n t  n p t s ,  n f r e e ,  mode;

/*  mode no t  u sed ,  sigma [ i ] - I  (eq u a l  w eight)  * /
<

f l o a t  c h i s q ,  h o ld ,  w e ig h t ;
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i n t  i ;  

c h i s q  — 0;
i f  (n f ree< -0 )  /*  must have more d a t a  p o in t s  th a n  p a ra m e te rs  */

{
go to  DONE;
>

f o r  ( i —0 ; i < n p t s ; i++)

w eigh t -  I ;  /*  no w e ig h t in g  */
h o ld  -  ( y [ i ]  -  y f i t [ i ] ) ;
c h i s q  — c h i s q  + w eigh t * (hold  * h o l d ) ;
}

c h i s q  — c h i s q / ( f l o a t ) n f r e e ;
DONE: r e t u r n ( c h i s q ) ;
}
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