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ABSTRACT 

OPTICAL REMOTE SENSING OF SURFACE ROUGHNESS 

THROUGH THE TURBULENT ATMOSPHERE 

John S. Peacock 

Oregon Graduate Center, 1989 

Supervising Professor: J. Fred Holmes 

The purpose of this work was to determine the feasibility of remotely 

distinguishing between optically diffuse targets by statistically analyzing the 

phase of the light scattered from the target. The work was performed 

using a C02  cw coherent LIDAR system with the targets located at  a 

range of 1000 meters. 

In the first part of this work, the surface height data for each diffuse 

target type was measured using a surface profilometer (contact technique). 

The types of targets tested were sandblasted aluminum, silicon carbide 

sandpaper and flame sprayed aluminum. 

In the second part of this work, the characteristics of the returned 

speckle pattern were analyzed. The speckle pattern was mixed with an 

optical local oscillator in the receiver plane to create a heterodyned signal 



a t  100 kHz. Since the phase of the optical wave is preserved in the 

heterodyne process, it can be recovered from the signal. The difference 

between the phase of the fields at  two points in the receiver plane was 

measured. Phase difference (PD) data rather than single point data was 

used to reduce phase fluctuations (errors) due to the laser transmitter and 

mechanically induced phase changes. The phase data was nunwrappedn to 

provide true phase rather than just the zero to 7~ principal values provided 

by the phase detector. 

The unwrapped phase difference data was then used to create a pro- 

bability density function (PDF) for the phase difference. From the meas- 

ured PDFs it is possible to remotely distinguish at  fairly long ranges 

(kilometers) between diffuse targets with different surface roughness and to 

measure the surface height variance. 



CHAPTER 1 

INTRODUCTION 

Since shortly after the invention of the laser, researchers have been 

using lasers to determine the surface characteristics of materials. Speckle 

is, in itself, a product of a materials surface characteristic. Laser speckle is 

produced when coherent light (usually a laser) strikes a rough surface (see 

Fig l . la) .  The light is backscattered with different phases due to the indi- 

vidual surface asperities (see Fig l.lb). At the transmitter plane the 

coherent components of light scattered from the rough surface (diffuse tar- 

get) combine to form an interference pattern. The interference pattern 

formed (see Fig 1.2) is made up of a random assortment of bright and 

dark blotches and is known as laser speckle (or a speckle pattern). 

1.1 A Historical Perspective of Laser Speckle Applications 

Some of the earliest work done in determining the surface characteris- 

tics of a material using a laser beam, did not capitalize on the speckle 

pattern produced [I]. Instead the researcher suppressed the speckle compo- 
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Figure 1.1 Transmitter/Receiver Configuration. 



Figure 1.2 Typical example of laser speckle pattern. 



component of the return radiation and concentrated on using the specular 

component (mirror like return) of the return radiation to access the surface 

attributes. 

In the 70's researchers began to make use of the speckle component 

(pattern) of Iight scattered from the diffuse target. These efforts focused 

primarily on using the statistical attributes of the intensity of the fields 

present in the speckle pattern. It was found that the surface roughness 

could be directly linked to the contrast of the speckle pattern produced 

[2,3]. Further efforts showed that by using dichromatic or polychromatic 

Iight to produce speckle patterns, a relationship between speckle contrast 

and surface roughness could be derived [4,5]. 

In the late 70's and early 80's the advent of optical heterodyne tech- 

niques, made it experimentally more attractive to use the phase instead of 

the intensity of the speckle pattern in measuring the surface characteristics 

of a material [6]. However the experimental success of such techniques has 

been very limited. One exception, was the work done by Kadono, Takai 

and Asakura [7]. Their work showed that it is possible to correlate the 

phase statistics of the speckle pattern with the r.m.s. roughness of a diffuse 

target. However their measurements were taken with an optical imaging 

system in a laboratory setting and could not be compared quantitatively to 

the work performed in this thesis. 



In this project the phase of the fields present in the speckle pattern 

were measured in the Fresnel diffraction region and not subject to the 

graces of a laboratory setting. This work parallels Kadono's work by 

measuring experimentally the phase statistics of laser speckle in the 

diffraction plane, while Kadono's work was done in the image plane. The 

present work -also goes one step further, in that the experiment was per- 

formed out of the laboratory setting and subject to atmospheric effects on 

the light propagating to and from the target. The targets were also 

remotely located (1000 meters away) and a reflecting rather than a 

transmitting (Kadono) diffuse target was used to generate the speckle pat- 

tern. Yet qualitatively the present work also indicates a definite relation- 

ship between the statistics of the phase of the fields present in the speckle 

pattern and the r.m.s. roughness of the diffuse targets. 

1.2 A Brief Overview of the Thesis Problem 

In this work the feasibility of remotely distinguishing between opti- 

cally diffuse targets is investigated. The work was performed using a COq 

cw coherent LIDAR system. The transmitted laser beam propagates about 

1000 meters, through a turbulent atmosphere, to illuminate a diffuse tar- 

get. The target scatters the beam back and the returned radiation creates 

a speckle pattern in the transmitter/receiver plane. The refractiye 



turbulence and wind in the atmosphere randomly moves the transmitted 

beam about the target and consequently creates a random motion in the 

speckle pattern in the transmitter/receiver plane. The phase of the speckle 

pattern was measured at  two points in the receiver plane using a hetero- 

dyne process. The random movement of the speckle pattern in the receiver 

plane allows the sampled data set to contain a complete statistical 

representation of the phase of the fields present in the speckle pattern. 

.In the first part of this work, the surface attributes of each diffuse 

target type were measured using a surface profilometer (contact technique). 

The types of targets tested were sandblasted aluminum, silicon carbide 

sandpaper and flame sprayed aluminum. The attributes measured on each 

of the diffuse targets include: the r.m.s. surface height variance, the surface 

height distribution, the autocorrelation function and the associated correla- 

tion length, and the power spectrum of the spatial frequencies. These 

measurements were used as a reference for the second part of this work 

(non-contact technique). 

In the second part of this work, the characteristics of the returned 

speckle pattern were analyzed. The speckle pattern was mixed with an 

optical local oscillator in the receiver plane to create a heterodyned signal 

a t  100 kHz. Since the phase of the optical wave is preserved in the 

heterodyne process, it can be recovered from the signal. The difference 



between the phase of the fields at two points in the receiver plane was 

measured. Phase difference (PD) data rather than single point data was 

used to reduce phase fluctuations (errors) due to the laser transmitter and 

mechanically induced phase changes. 

A phase detector was used to extract the PD data from the hetero- 

dyned signal. The phase difference (PD) data was restricted to values 

between 0 and .rr by the dynamic range of the phase detector. However the 

phase of the received optical signal can change by many times 2.rr. There- 

fore the output of the phase detector needs to be unfolded. This can be 

accomplished in principle by keeping track of the points in time where the 

PD data crosses the 0 or .rr boundary. In this way the PD data can be 

unfolded in time into phase changes much greater than the 0 to .rr range 

of the phase detector. Although unfolding is simple in concept, in practice 

it can be quite difficult to implement. 

The diffuse targets that create the laser speckle pattern consist of two 

different attributes that affect the phase statistics of the speckle pattern. 

The first attribute is the microvariations in the surface; this attribute is 

generally uniform throughout the target and is responsible for such target 

characteristics as r.m.s. surface roughness, or correlation length. Macrovari- 

ations constitute the second attribute and represent large changes in the 

surface characteristics, such as a warped target, or nonuniformity in target 



thickness. Consequently the unfolded phase difference data needs to be 

high pass filtered to eliminate slow phase changes caused by macrovaria- 

tions in the target's surface characteristics. 

The high pass filtered, totally unfolded phase difference data was then 

used to create a probability density function (PDF) of the phase difference 

values. From the PDF's, of the PD data, the targets can clearly be dis- 

tinguished. As the r.m.s. roughness of the target increases, the correspond- 

ing width of the PDF also increases. It is concluded that the phase statis- 

tics of the speckle pattern created by a diffuse target are a means by 

which the target's r.m.s. roughness can be determined. This makes it pos- 

sible to distinguish, remotely through the atmosphere, between diffuse tar- 

gets based purely upon the signature of the light scattered by the target. 



CHAPTER 2 

THEORY 

The theory corresponding to the two areas of experimental research 

performed in this thesis have only been partially developed. First, the 

theoretical description of a diffuse target is somewhat vague. Although 

much work has been done on characterizing the return radiation from 

diffuse targets, little effort has been expended in describing the physical 

make up of the surface of a diffuse target. Secondly, to the knowledge of 

the author, there exists no theoretical prediction of the statistical nature of 

the phase of the fields present in the speckle pattern for this system 

(which includes atmospheric turbulence). However, the theory for systems 

without turbulence show similiar qualitative results. 

2.1 The Requirements For A Diffuse Target 

The most comprehensive source of reqnirements for the ~ t ~ t u c t ~ ~ r e  of a 

good diffuse target is Goodman's paper, in Dainty's book LASER 

SPECKLE AND RELATED PHENOMENA (101. In Goodman's analysis he 

states several assumptions about the diffuse target on which he develops 

his work. These assumption have come to be regarded as the quantitative 



requirements for the physical surface characteristics of a diffuse target. 

Goodman makes five assumptions about diffuse surfaces in the development 

of the statistical nature of laser speckle. They are: 

1. The r.m.s. target roughness is many times greater than the 

wavelength of the light illuminating the surface (Rayleigh's Criteria). 

2. The fluctuations in the surface heights of the diffuse surface 

(target) follow a Gaussian distribution. 

3. The target correlation length has no effect on the correlation 

length of the fields (speckle size) measured in the speckle pattern. 

4. The normalized correlation coefficient of the surface heights fol- 

lows a Gaussian distribution. 

5. The amplitude and phase produced by any scattering center on 

the surface of the target are completely independent. 

The applicability of the first three assumptions to this thesis will be dis- 

cussed in Chapter 3. The last two assumptions were not tested in this or 

any other work known to this author. 

The lack of experimental data on the surface characteristics of diffuse 

targets has prompted the work done in Chapter 3. Although little work 



has been previously done on measuring the surface characteristics of a 

diffuse target, much work has been done in measuring and developing 

standards for the amount of energy returned from a diffuse target. Several 

researchers have already addressed the topic of target reflectance measure- 

ments for the diffuse targets used in this thesis [8,9]. 

2.2 Statistical Propertiea Of Speckle Phase Measurements In The 

Diffraction Regime. 

The most general results for the statistical attributes of the phase of 

the fields present in a speckle pattern were developed by Goodman [lo]. 

He concluded that the phase of the fields present in the speckle pattern 

would obey a uniform distribution (phase density function) in the primary 

interval. In other words, the phase of the fields present in the speckle p a t  

tern are equally likely to take on any value between -T and 7 ~ .  However, 

this conclusion was based upon the assumption that the diffuse target 

r.m.s. roughness was many times the wavelength of the light illuminating 

the target. Goodman's conclusion is no longer valid when the target rough- 

ness is on the order of the wavelength of the light [ll]. 

When the target r.m.s. roughness is much less than the wavelength of 

the light the target assumes a mirror-like nature. A laser illuminating 



such a target would produce a specular return; this in turn causes the 

phase of the fields present in the receiver plane to all have approximately 

the same value. This produces a delta function in the probability density 

function (PDF) for the phase of the fields present in the speckle pattern a t  

the receiver plane. 

Thus at  the two extremes of target roughness are two entirely 

different PDFs. Targets that are optically rough (r.m.s. roughness >> A )  

produce a uniform PDF. While at the other extreme, targets that are opti- 

cally smooth (r.m.s. roughness < < A )  produce a delta function PDF. 

When a diffuse targets r.m.s. roughness is on the order of the wavelength 

of the illuminating light the corresponding PDF falls somewhere between 

being uniform and being a delta function. 

The region in which the r.m.s. roughness of the target is on the order 

of wavelength of the light, is known as the resonance domain [12]. A tar- 

get satisfying this criteria is called an optically weak diffuser. The phase 

statistics expected when the targets r.m.s. roughness is in this domain 

have not been fully developed. The speckle phase statistics in the reso- 

nance domain depend in part on the r.m.s. roughness of the target (111 

(shown in laboratory tests neglecting atmospheric influences). The diffuse 

targets tested in this thesis all had r.m.s. surface roughnesses in the reso- 

nance domain. Thus in theory it may be possible to discriminate between 



diffuse targets of different r.m.s. roughness depending on the distribution of 

the phase of the fields measured in the speckle pattern. 

The development of the speckle phase statistics in the resonance 

domain is not completely void of information. Much of the work was com- 

pleted by Uozumi and Asakura in 1980 (111. In their work Uozumi and 

Asakura developed the probability density function for the speckle phase in 

the image and diffraction region (Fresnel). Unfortunately their probability 

density function for the speckle phase in the Fresnel diffraction region was 

developed without considering the effects of atmospheric interaction on the 

laser beam. Given the remote nature of the work done in this thesis (2000 

meters of atmospheric interaction) their theoretical results cannot be com- 

pared quantitatively with the experimental results measured in this thesis. 

The lack of theory on the PDF for the speckle phase in the Fresnel 

diffraction regime under the influence of atmospheric conditions has made 

it impossible to analytically check the experimental results of this thesis. 

However, the theoretical results given by Uozumi and Asakura have been 

very beneficial in predicting qualitatively what type of PDF to expect. In 

the Uozumi and Asakura work they showed, that for a target whose sur- 

face height fluctuations obey a Gaussian distribution, the resulting PDF for 

the phase of the fields present in the speckle pattern was also Gaussian, 

when the target's r.m.s. roughness was in the resonance domain. They also 



concluded that as the r.m.s. surface roughness of a target progressed from 

a mirror-like finish, to a surface whose r.m.s. roughness was many times 

the wavelength of the light, the PDF corresponding to the phase of the 

fields present in the speckle pattern went from a delta function to a uni- 

form distribution (see Fig 2.1). Thus, although no theoretical work exists 

to predict the PDF for the phase of the speckle pattern in the Fresnel 

regime, under the influence of atmospheric interaction, the work of Uozumi 

and Asakura suggests on a qualitative level the expected PDF will be 

Gaussian distributed when the target's r.m.s. roughness is in the resonance 

domain. 



Figure 2.1 Probability density function for the phase of the fields measured 

in the speckle pattern in the Fresnel diffraction regime, ignoring atmos- 

pheric interaction. a is the standard deviation of the phase of the fields 

measured at  the target. 8 is the standard deviation of the phase of the 

fields measured at  the receiver. Both a and 8 are in units of radians. 



CHAPTER 3 

TARGET ANALYSIS 

The first step in the investigation of this thesis problem was to 

analyze several types of diffuse targets. The types of diffuse targets investi- 

gated included sandblasted aluminum, silicon carbide sandpaper and flame 

sprayed aluminum. Four different surface characteristics were measured on 

each of the diffuse targets. First the surface height variance (surface height 

fluctuations) was measured for each target type. Secondly Goodman's 

assumption [lo] that the surface height fluctuations follow a Gaussian dis- 

tribution was tested. The third attribute measured was the diffuse surface 

autocorrelation function and its associated correlation length. Finally a 

power spectrum of the spatial frequencies for each diffuse target type was 

produced. 

3.1 Experimental Set Up For Measuring Surface Profiles. 

A Mitutoyo profilometer was used to capture the raw surface profile 

data (Fig. 3.1). The profilometer consists of a sharp stylus that travels 

along the surface of the diffuse target at a fixed rate. As the stylus travels 

along the surface of the material it produces an output voltage 



Figure 3.1 Experimental set up for measuring the surface characteristics 

using a profilometer. 



proportional to its vertical displacement. This output voltage is, in essence, 

a trace of the surface profile in time (Fig. 3.2). The profilometer has a 

built-in analyzer that converts the output signal into surface characteristics 

such as, the height of the largest peak, root mean square (r.m.s.) surface 

height, and arithmetic mean height. Unfortunately the analyzer on the 

profilometer has only limited analysis abilities, so it was used only to 

2 acquire the surface height variance (r.m.s. ) of each diffuse target. 

.To acquire the rest of the statistical characteristics of the surface 

profile, the profilometer was modified to allow direct access to the analog 

voltage signal that represented the surface profile. The analog signal was a 

k 2 volt signal that was high pass filtered to eliminate any gradual 

changes in the target surface height. These gradual changes are often 

caused by a warped target or nonuniformity in the thickness of the diffuse 

target. Using this analog signal the raw surface height data was recorded 

on an analog tape using an instrumentation tape recorder. 

At a later time the tape was played back and fed into a micro PDP- 

11 computer via an A/D (analog to digital converter), for digitiza.t.ion. 

Using the PDP-11 the analog data was digitized at  a sample rate of 250 

Hz (A t = 4 msec) and stored on a magnetic tape cartridge. The digitized 

signal ranged between 1638 to 2458 with a mean value of 2048. A typical 

example of the digitized data is shown in Figure 3.3. The digitized surface 



Distmce traversed along the surface 

Figure 3.2 Stylus tip of profilometer and typical example of a surface 

profile. 



time (msec) 

Figure 3.3 Typical example of the digitized surface profile signal. 



profile data recorded on the magnetic tape was then transferred to a 

Microvax I1 for processing. This process was not performed' on the flame 

sprayed aluminum target (however the r.m.s. surface roughness of the tar- 

get was measured using the profilometer). 

As stated earlier the profilometer traversed the rough surface at  a 

fixed rate. The traversing of the surface lasted for a period of 20 seconds. 

The average distance traversed by the profilometer, over the rough surface, 

in one trace (20 sec.) was 8.93 millimeters. From here on, the phrase trac- 

ing of the diffuse target (surface), refers to the 20 second stretch of digi- 

tized surface profile data that was recorded on magnetic tape. Since the 

analog signal was sampled at  a rate of 250 Hz there will be 5000 points in 

each file created by tracing the surface. 

Each diffuse target type was probed 12 times. The target was probed 

six times in each of two perpendicular directions. The probings of the tar- 

get were done along the edge and in the middle of the target. All this was 

done to insure an accurate statistical representation of the target's surface 

chara~terist~ics. 

3.2 Target Types 

Six different diffuse targets were created for use in this experiment. A 



4 x 4 foot piece of 4046 aluminum was attached by screws and glue to a 

plywood backing, and then sandblasted. The four grit sizes used in the 

creation of these targets were 8, 16, 24 and 30. From here on, in this 

paper, the sandblasted aluminum target created using 8 grit sand will be 

referred to as 8 grit sandblasted aluminum target, etc. The fifth target was 

a 600 grit silicon carbide sandpaper and the sixth a sandblasted aluminum 

target flame sprayed with tungsten nickle. 

3.3 Average Surface Height (R.M.S.) 

The root mean square (r.m.s.) deviation of the surface heights of the 

targets from the mean were calculated using the intrinsic function of the 

profilometer. The governing equation is shown in (3.1). 

r.m.s.= - $F(x)%x [:. : 1"' (3.1) 

where F(x) represents the surface profile and L is the length of the sample. 

The F(x) signal already has the mean surface height subtracted out, so 

equation (3.1) represents the analog (or continuous) standard deviation of 

the surface height profile. This data will be useful for comparison at  a 

later time to the sample standard deviation of the digitized surface profile 

data. 



The r.m.s surface height was measured 12 times on each target type. 

The average of the 12 measurements for each diffuse target is shown in 

Table 3.1. The average of the 12 r.m.s. measurements is referred to in this 

thesis as the average surface height of the target. 

TABLE 3.1 

R.M.S. Surface Heights for Diffuse Targets 

Probing 
Number 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 

Average 
R.M.S. 
Surface 
Height 

Sandblasted 
Aluminum 

Sand 
Paper 
(pm) 

600 
Grit 
6.6 
7.0 
7.6 
7.3 
5.9 
5.8 
6.3 
5.6 
6.8 
7.7 
8.2 
9.1 

7.0 

Flame 
Sprayed 

Aluminum 
( c L ~ )  

30.7 
45.7 
39.0 
37.2 
40.2 
50.0 
50.0 
37.5 
33.5 
40.7 
36.5 
33.0 

39.5 

30 
Grit 
5.2 
4.2 
5.2 
5.1 
4.5 
5.0 
4.7 
4.9 
4.4 
5.0 
4.7 
4.9 

4.8 

16 
Grit 
8.3 
7.3 
8.0 
8.8 
8.7 
8.6 
8.0 
7.8 
7.9 
7.5 
8.0 
8.7 

8.1 

( ~ m )  

24 
Grit 

7.0 
9.2 
7.4 
7.4 
7.4 
7.1 
7.3 
7.5 
7.0 
6.8 
6.6 
7.1 

7.3 

8 
Grit 
12.0 
11.2 
14.0 
14.1 
15.2 
13.2 
9.5 
11.1 
14.5 
11.0 
10.6 
9.5 

12.2 



3.4 Surface Height Distribution 

In Goodman's paper [lo] he assumes that the distribution of surface 

height fluctuations (deviation of the surface profile from the mean height) 

is a Gaussian random process. From the digitized surface profile data (the 

trace) the accuracy of this assumption was tested. This assumption was not 

tested for the flame sprayed aluminum target. 

The digitized surface profile data consisted of a digital signal varying 

between 1638 and 2458 that corresponds to the +2 volts analog signal 

(surface profile). The amplitude of the signal represents the height of the 

surface profile above or below the midpoint value (2048). From the data 

taken on each trace of the diffuse target, a histogram was formed of the 

digital values. The histogram represents the number of times a surface 

height value was measured above or below the average (mean) surface 

height. Since each diffuse target was traced 12 times (files formed), there 

were 12 histograms formed for each diffuse target type. The 12 histograms 

were averaged together to form an average histogram for each target. The 

average histogram for each target was then normalized so that the sum of 

the amplitudes on the curve is one. The average normalized histogram, of 

the surface height distribution, for one diffuse target type is shown in Fig- 

ure 3.4. 



The sample variance was measured for the average histograms on each 

diffuse target. The square root of these variance values were calculated and 

Table 3.2 is a list of the sample standard deviation for each of the aver- 

aged histograms. These values were used to generate a Gaussian curve of 

equal variance. These curves were also normalized to a total amplitude 

sum of one and overlaid on their respective averaged histogram (also 

shown in Figure 3.4). 

The sample standard deviations listed in Table 3.2 represent the stan- 

dard deviation of the digitized surface heights from the mean height. 

These values can be compared directly to the analog values of the surface 

profiles standard deviation in Table 3.1. By doing this a conversion factor 

between the digital heights (in integers) and the analog heights (in 

microns) can be obtained. The best approximation suggests 1 micron equals 

approximately 7.56 digital increments. This is used to convert the digital 

numbering basis in Figure 3.4 to a metric numbering basis in Figures 3.5- 

3.9. Figures 3.5-3.9 represent the averaged histogram for each diffuse tar- 

get type overlaid with a Gaussian curve of equal variance. From Figures 

3.5 - 3.9 it can be concluded that the surface height fluctuations, for all 

five targets, follow a Gaussian distribution reasonably closely. 



Table 3.2 

Sample Standard Deviation for the Digitized Surface Profiles 

Thus Goodman's assumption that a diffuse target's surface height fluctua- 

tions obey a Gaussian distribution, is accurate for sandblasted aluminum 

and 600 grit silicon carbide sandpaper targets. 

(in digital 
increments) 

Digital 
Standard 

+ Deviation 

Sandpaper 

600 Grit 

55.7 

Sandblasted Aluminum 

30 Grit 

36.5 

8 Grit 

93.5 

24 Grit 

55.0 

16 Grit 

60.4 



Distance f rm the m a n  surface helsht  
( d l g l t a l  IncranIents) 

Figure 3.4 Average normalized histogram for 8 grit sandblasted aluminum 

target. The erratic line represents the measured histogram. The smooth 

line is a Gaussian curve with a variance equal to the variance of the meas- 

ured histogram. 



Dlstonce f r a  the meon surfoce helght 

Figure 3.5 Normalized histogram for 30 grit sandblasted aluminum and a 

Gaussian curve of equal variance. 
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Figure 3.6 Normalized histogram for 24 grit sandblasted aluminum and a 

Gaussian curve of equal variance. 
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Dlstonce from the man surface helsht 

Figure 3.7 Normalized histogram for 16 grit sandblasted aluminum and a 

Gaussian curve of equal variance. 



( x 10+ MTERS) 

Distance from the mean surface helsht 

Figure 3.8 Normalized histogram for 8 grit sandblasted aluminum and a 

Gaussian curve of equal variance. 



Figure 3.9 Normalized histogram for 600 grit silicon carbide sandpaper and 

a Gaussian curve of equal variance. 
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3.5 Autocorrelation FuncCion and Correlation Length for Surface 

Profiles 

Using the digitized surface profile data (as shown in Figure 3.3) the 

autocorrelation function and correlation length for each diffuse target type 

was calculated (with the exception of the flame sprayed aluminum target). 

The autocorrelation function was calculated using the NAG library of com- 

puter software [13]. The function used to calculate the autocorrelation is 

given in Eq.(3.2), where xi represents the surface height of one of the (n=) 

5000 points in the digitized surface profile data. 

n-k n 
rk= 2 (xi-?)(xi+k-?)/   XI-^^, 

where 

Since 12 probings were taken on each diffuse target type there were 12 

autocorrelation functions for each type of diffuse target. The 12 functions 

were averaged together to produce the average autocorrelation function for 

each target type. The average autocorreIation function for each target type 

is shown in Figures 3.10-3.13. The corresponding average correlation length 

for each diffuse target type is shown in Table 3.3. The correlation length is 



equal to the value of i in Eq.(3.2) at  which the autocorrelation values is 

equal to l / e  of its peak value. 

Table 3.3 

The Average Auto Correlation Length 

The profilometer traveled an average length of 8.93 millimeters in 

each sampling of the target. When the analog signal was digitized it con- 

Variance in 
12 Samples of 

Correlation Length 
(meters) 

0.52 

0.46 x lom5 

0.87 n lo'5 

1.7 x 

8.0 

Diffuse 
Target 
Type 

30 Grit 
Sandblasted 
Aluminum 

24 Grit 
Sandblasted 
Aluminum 

16 Grit 
Sandblasted 
Aluminum 

8 Grit 
Sandblasted 
Aluminum 
600 Grit 

Sandpaper 

Digital Value 
of the Corre- 
lation length 

(digital increments) 

24 

24 

28 

54 

3 1 

Metric Value of 
the Correlation 

length 
(meters) 

4.29 x 

4.29 x lo-' 

5.0 x 

9.64 

5.54 








































































































































































