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ABSTRACT 

The modulation transfer function is a widely accepted measure of 

optical system performance. A particularly important optical system 

is the Landsat Thematic Mapper (TM) digital imaging sensor. To esti

mate the TM's modulation transfer function, the TM's point spread 

function was measured using an array of 16 black, squares constructed 

in the desert. The target design allows 1/4 pixel shifts of "point 

sources" throughout the instantaneous-field-of-view (IFOV) of the TM. 

The shifting allows exploitation of sample-scene phasing effects to 

generate 16 independent images, each with unique phase information. 

Presented here is a method for "assembling" a single point 

spread function from the 16 individual images. The modulation trans

fer function may then be obtained by Fourier transformation of the 

point spread function. A technique for partial elimination of varia

tions in the scene background is also presented. The resulting TM 

modulation transfer function is compared with previously published 

results. 

vlli 



CHAPTER 1 

INTRODUCTION 

On July 16, 1982, NASA launched the Landsat-4 satellite with 

Its two on-board sensors, the older Imaging sensor of Landsats 1, 2 

and 3, the Multlspectral Scanner (MSS), and a new sensor with higher 

resolution and increased data-acquisition capabilities called the 

Thematic Mapper (TM). The TM derives its name from the land use maps 

of various "themes" which can be produced from its data: urban, 

industrial, agricultural, rural areas and other themes. 

Again on March 1, 1984, the two sensors were launched on the 

Landsat-5 satellite. Along with the inclusion of the TM, both 

Landsat 4 and 5 were redesigned to handle a greater data volume than 

their predecessors and represent a significant step for the various 

fields of remote sensing. Consequently, due to the high level of 

complexity of these sensing systems and associated ground processing 

procedures, a program was conducted to verify and characterize the 

performance of the TM and MSS. The three-year effort was called the 

Landsat Image Data Quality Assessment (LIDQA) program and involved 

some 40 investigators from academia, private industry, and 

government. 

As a manifestation of one of the investigations of LIDQA, 

this thesis presents a method for measuring the TM frequency response 

by measuring the pre-sampllng, imaging modulation transfer function 

1 
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(MTF) on the TM. The results obtained agree well with the pre-

sampling, imaging system model modulation transfer function of 

Markham (1985). 

Another recent LIDQA study by Schowengerdt et al. (1985) was 

also successful in producing a TM system modulation transfer function 

using images of the San Mateo-Hayward Bridge near San Francisco as a 

line source. The method was termed image-derived since measurements 

were based on in-flight TM imagery. In a similar manner, this thesis 

presents a method for measuring the TM imaging system point spread 

function (PSF) using TM imagery. However the object is a target in 

the configuration of a two-dimensional array of point sources of 

known dimensions and radiometric qualities. 

The unique qualities of the target allow 16 separate point 

sources to be imaged by the TM simultaneously. The point sources 

have been carefully placed on the ground such that their relative 

positions (or spatial phases) are known. Due to the effect of 

sample-scene phasing, each imaged point source exhibits a different 

amount of blur. Pixels surrounding each image may then be manipu

lated with a computer program and recomblned according to their known 

relative positions (and therefore their associated unique blurs) to 

form a single, sampled, nonaliased imaging system point spread 

function (PSF). The modulation transfer function is then obtained by 

calculating the modulus of the discrete forward Fourier transform of 

the point spread function. Because of the fine sampling rate 

achieved in the point spread function, the digital Fourier transform 
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allows the modulation transfer to be computed to spatial frequencies 

well beyond the Nyquist frequency of the TM, with no aliasing below 

the Nyquist frequency. Since the TM imaging subsystem is considered 

to be linear and isoplanatic (shift invariant), the modulation trans

fer function obtained herein accounts for the combined frequency 

responses of all the components of the TM imaging subsystem and 

completely characterizes the subsystem. The effects of electronic 

sampling are not considered in the work presented here. 



CHAPTER 2 

THE THEMATIC MAPPER SYSTEM 

Since the TM imaging system is the basis for the research 

presented here, this chapter is included to familiarize the reader 

with the TM. A schematic diagram of the entire TM system is depicted 

in Figure 1 indicating the imaging subsystem and its components: 

optics, IFOV (detector) and pre-sampling electronics. These com

ponents all collaborate to produce the image that is input to the 

sampling subsystem. All components have their own characteristic 

responses that combine according to the principles of linear systems 

theory. 

In general, if g^(x) and g^(x) are the images of one-

dimensional objects f^(x) and f^Cx) for a general imaging system 

characterized by operator S, then linear systems theory states that 

if 

S[ajf i(x)+a2f2(x) ]=a1S[f j^Cx) ]+a2S[f2(x)] (2.1) 

"a1g1(x)+a2g2̂ x) 

then the system is considered linear. Further, the system may also 

be considered isoplanatic (see Gaskill, 1978, pp. 137-139) if, for a 

constant shift u, 

4 
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Figure 1. Block Diagram of the TM Sensor System. 



S [ f (x-u) ]=g (x-u) . 

6 

( 2 . 2 )  

Assuming that the TM imaging subsystem is both linear and iso

planatic, an application of linear systems theory allows us to 

describe the system by use of 

i(x,y)»o(x,y)**d(x,y)**e(x,y) (2.3) 

where ** denotes a two-dimensional convolution and the functions 

i,o,d and e represent the spatial responses of the imaging subsystem* 

optics, detector and electronics respectively (Markham, 1985). Note 

that since the electronic filter is applied only in the scan direc

tion (see Chapter 4), e(x,y)=e(x). Fourier • theory permits the same 

statement to be made in the spatial frequency domain, 

I(VVy)=0(VVy) *D<VV*E(Vx) (2*4) 

where and are spatial frequency variables. 

One will note that the entire TM digital imaging system is 

not isoplanatic. The sampling subsystem adds a special shift 

variance known as sample-scene phasing (to be described in Chapter 4) 

indicated in Figure 1 by the notation g (x,y;u,v). It will be 
s 

explained and demonstrated in this thesis how the non-isoplanatic TM 

imagery may be used in a unique way to accurately measure the spatial 

and frequency responses of the isoplanatic imaging subsystem. The 

method may be extended to any digital imaging system, but it is 

especially useful for orbiting imaging sensors whose performance may 

degrade during flight. 
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General System Overview 

The TM Is a type of sensor known as a "whiskbroom" scanner. 

.As shown in Figure 2, the TM travels around the earth in a polar 

orbit and uses a flat scan mirror placed in front of a telescope to 

look down at the earth. The mirror pivots back and forth such that 

the line of sight from the mirror to the earth's surface is scanned 

orthogonal to the direction of the TM orbit. The scanning mechanism 

is designed to operate optimally at an altitude of 712.8 km. The 

actual altitude of the spacecraft varies between 696 km and 741 km 

due, in part, to the aspheric shape of the earth (Beyer 1983, p. 

322). The terminology used in this thesis will be this: The direc

tion parallel to the scan sweep is called "along scan" and the 

direction perpendicular to the scan is called "along track." 

The TM employs a set of 16 detectors in each of six spectral 

bands and four detectors in a thermal band. Each detector is sampled 

in such a way that a single sweep of the scan mirror is divided into 

a row of discrete, square pixels, each having an instantaneous field 

of view (IFOV) corresponding to the area of the detector projected 

back through the optics onto the ground. 

The detector converts the photons from each pixel into an 

analog signal. The signal is amplified, sampled electronically and 

then quantized into a binary word. The many words generated during 

the TM's flight are all combined into a single, digitized data 

stream, transmitted to the earth, received by ground terminals and 

reconstructed into digital images. 
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Optics, Detector and Electronics 

The TM is generically known as an object-plane electro

mechanical scanner. The TM records data in seven bands, with a 

nominal spatial resolution of 30 meters in bands 1-5 and 7, and 

120 meters in band 6. As described, the sensor uses a flat, 

elliptically shaped scan mirror placed in front of an f/6 Ritchey-

Chretien telescope. The pivoting scan mirror sweeps out areas on the 

earth's surface that are 185 km in length. The scan angle is approxi

mately 15.390° and the active scan period (16 scan lines) is approxi

mately 60.643 ms. The TM collects information in both scan 

directions. 

Optical information collected by the telescope is then passed 

through an optical system called the scan-line corrector (SLC). If 

this correction were not applied, scan mirror motion combined with 

the sensor's orbital motion would produce a zig-zag coverage pattern 

(see Figure 3) of the ground. The SLC steps the telescope line 

of sight in the direction of the satellite travel at the end of each 

scan and then moves the line of sight in a direction opposite to the 

satellite travel during the scan at precisely the rate of the TM 

ground track motion during one scan period. Thus the strips of 

ground coverage become parallel as shown in Figure 3. 

The optical information, having been relayed through the 

telescope, the SLC and an automatic calibrator, is imaged onto a 

primary focal plane. The primary focal plane has 64 silicon 
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Figure 3. Scan-line correction. 
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detectors for bands 1 through 4. This results in 16 detectors per 

band. 

Relay optics transfer the optical information from the 

primary focal plane to a (liquid nitrogen) cooled secondary focal 

plane. The relay optics consist of a folding mirror and a spherical 

mirror, each coated with SiC^* rather than aluminum, for efficient 

reflection of scene radiant energy of bands 5, 6 and 7. A curious 

feature was built into the relay optics to facilitate in-flight 

corrections to the secondary focus and registration. Three 

piezoceramic devices known as "inchworms" located at three sym

metrical suspension points about the spherical mirror may be 

commanded to adjust the mirror in linear steps. Mounted at this 

focal plane are 32 InSb detectors for bands 5 and 7 (again, 16 

detectors per band) and four HgCdTe detectors for band 6. All 100 of 

the detectors are correctly placed in their respective focal planes 

such that they trace out contiguous swaths on the ground. 

The TM employs a presampling, low pass, electronic filter in 

the scan direction. The filter is a three-pole modified Butterworth 

(known as a "Goldberg") filter whose transfer function ETF(f) is 

given by Markham (1985) as 

ETF(f)«l/[(f/fl)j+l] * l/[-(f/f2)+2Lj(f/f2)+l] (2.5) 

where fl (magnitude of real pole)=42.40 kHz (bands 1-5,7) and 

10.60 kHz (band 6), f2 (magnitude of complex poles)=61.50 kHz (bands 

1-5,7) and 15.38 kHz (band 6) and L (damping ratio)»0.50. Since the 
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filter is applied in the scan direction only, the TM imaging sub

system point spread function is not rotationally symmetric. 

Spectral Information 

The seven bands of recorded information are described as 

follows: The visible portion of the spectrum Is divided among 

bands 1, 2 and 3 such that band 1 is 0.45-0.53 nm, band 2 is 

0.52-0.60 nm and band 3 is 0.63-0.69 nm. Band 4 is in the near 

infrared (IR) that is just beyond the visible red of band" 3 and 

bands 5 and 7 are in the short wavelength infrared region of the 

spectrum. Band 6, the low resolution band, records thermal radiation 

emitted by the earth's surface. Bands 5, 6 and 7 are cooled, as 

mentioned, to minimize any thermally excited noise in the detector 

materials. 

Ground Processing 

Although the ground processing procedure is not a direct 

function of the TM, it is nonetheless a very important aspect of TM 

data. Ground processing includes screening imagery for quality, 

applying radiometric corrections and applying (or sometimes just 

computing) sets of geometrical corrections. A variety of corrections 

are applied in sequence to the TM data that are secondary to the 

subject of this.thesis. However, the image "reconstruction" process 

bears mentioning here since it is such a common form of TM imagery. 

Image reconstruction is an attempt to force the sampled TM 

output g (x»y;u,v) back to an accurate representation of the image 
s 



13 

output g(x-u,y-v). In so doing, the uncorrected TM imagery (A-data) 

is resampled from a 30-by-30 meter grid spacing to a new 28.5-by-28.5 

meter grid spacing (Beyer 1983), thus determining a new pixel size. 

The resampled imagery is known as P-data. Image reconstruction is 

modeled as (Park and Schowengerdt 1983) 

S r (Xiy;u,v)=g s (x Jy;u,v)**r (x,y) .  (2 .6)  

The reconstruction filter, r(x,y) usually takes the form of a smooth, 

spatially limited family of functions constructed by the spline-like 

joining of cubic polynomials. The reconstruction process necessarily 

adds blur. However, only A-data is used in the analysis presented 

here, thus avoiding the resampling contribution to the imaging system 

modulation transfer function. 

Geometrical Parameters 

Of primary concern to this study are the geometrical sampling 

attributes of the TM. The TM is an optical imaging sensor, but as 

explained, it is also a digital imaging sensor. The detectors are 

configured in an array and, since they are discrete elements of mea

surable size, projecting the area of a single detector element back 

through the imaging optics results in a projection on the ground 

known as the IFOV. It is the digital electronics on board the sensor 

that are responsible for the ultimate sampling (pixel) interval that 

will result in a sampled Image. The sampling rate may be timed such 

that each pixel corresponds to each contiguous IFOV. On the other 

hand, a sensor may also be constructed such that more than one pixel 
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corresponds to every IFOV, or conversely, more than one IFOV cor

responds to every pixel. 

Figure 4 defines the geometrical parameters that characterize 

a digital imaging device in the method of Schowengerdt and Park 

(1984). The IFOV is shown as a square area of dimensions W x W and 

the (x,y) sampling intervals are D and D . It is not necessarily 
x y 

the case that D =D =»W. 
x y 

A useful parameter S is defined as the number of samples per 

IFOV by 

S =W/D (along scan) (2.7) 
X X 

Sy=W/Dy (along track) 

Thus, a value of S>1 would describe a system with overlapping IFOVs 

and a value of S<1 describes a system with gaps between the IFOVs. 

The digital imaging device under consideration here, the TM, 

was designed such that W=«D =D =30 meters, yielding a value of S =S =1 
x x x y 

in the strict geometrical sense. However, the combination of the 

optical and electronic point spread functions effectively creates a 

system with S >1 and S >1, the major change being along scan (S ). 
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CHAPTER 3 

THE IMPORTANCE OF THE MODULATION TRANSFER FUNCTION 

The TM's spatial resolution can be characterized by two 

parameters: the IFOV and the modulation transfer function. The 

modulation transfer function provides a more reliable measure for 

system performance since it theoretically accounts for a variety of 

system attributes, although as pointed out by Schowengerdt and 

Archwamety (1985), no single quantity can completely specify the 

resolution of a system such as the TM. 

This chapter contains a brief description of the modulation 

transfer function as well as a short description of previous work 

performed to measure the TM system performance. 

The Modulation Transfer Function 

The response of any linear communication or recording system 

to an ideal impulsive (delta-function) input is a direct measure of 

the system performance. The impulse, or Dirac delta-function may be 

defined as (Goodman 1968, appendix A) 

^(x.y^lim N2exp[-N2ir(x2+y2) ] (3.1) 
N -k» 

in spatial coordinates. If a system is perfect, an impulsive input 

would result in an impulsive output. However, a truly impulsive 

input of zero spatial extent and infinite amplitude as suggested by 

16 
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definition (3.1) cannot exist in reality. Also, because even a 

"perfect" optical system is diffraction-limited (Hecht and Zajac 

1974), any true impulsive input would be imaged to a small, fuzzy 

blur rather than a point. This effect of blurring, or spreading, of 

the impulse is an attribute of any system. For an optical system, 

the image of the so-called point source of light, is appropriately 

named the point spread function (PSF). 

According to Goodman (1968), incoherent imaging systems obey 

the intensity (or irradlance) imaging equation 

ii(xi'yi)"£lh(xi"xo,yryo)|2lg(xo*yo)dxdy0 (3*2) 

or, in simpler notation 

I i (Xi ,y i )=|h (Xi -Xo, y i - y
o ) | 2** Ig(Xo, yo) (3.3)  

where (xQ,yo) and (x^,y^) are the object and image coordinates respec

tively and I and 1^ are the irradlance distributions of the object 

and image. The quantity |h(x^-xQ,y^-yo)| is the irradlance point 

spread function. We may define the normalized transfer function 

tf(vx,v )»/7|h(x1,y1)|2exp[-j2IICVi+vyyi)]dx1dyj 
* MOO 

H |h(xi,y1)|2dxidyi 

(3.4) 

such that the frequency domain representation of Equation (3.3) may 

be written 

G.(v ,v  )  = H(v ,v  )G (v ,v  )  (3 .5)  
i x y x y g x y 
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where 

Gi)°fj  l±(x±»y±)exp[-j2ir ̂ vxXi+vx'yi^ ]dx.jdy.j^ 
* —00 

f7 Ii(x1,y1)dxidy1 

(3.6) 

and 

G (v »v )af7 I (x ,y )exp[-j27r^vx3Co+>Vo^]dx dy g x y g o Jo r J 3 J o Jo 

ff I  (x »y )dx dy Ji gx o Jo o 'o 

are the normalized Fourier transforms of the I, and I . The function 
1 s 

H is known as the incoherent optical transfer function (OTF) of the 

system characterized by h(x,y). One will note that H(v ,\> ) is unity 
x y 

at the origin (zero frequency) and, since |h(x,y)| is purely real, 

H(v ,v ) is hermitian. 
x y' 

The magnitude of H is called modulation transfer function 

(MTF) of the system, and the phase of H is called, naturally enough, 

the phase transfer function (PTF). Thus (Gaskill 1978) 

v„) =MTF (v , v) • exp [-j 2?r{PTF (v , v ) } ]. (3.8) x  y *  y x y 

The modulation transfer function is always unity at the origin and 

non-negative at all other spatial frequencies. As the name implies, 

the modulation transfer function describes how image modulation is 

transferred through the system. Although there are many applications 

of the phase transfer function, the modulation transfer function is 
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the more widely used quantity for characterizing optical system per

formance and is the quantity of interest in this thesis. 

A simple, yet illustrative example of a modulation transfer 

function can be seen in Figure 5. Here, we consider an imaging sys

tem with a detector IFOV of dimensions w which averages the signal 

across its width. Sine waves of equal amplitude and varying fre

quency are shown "integrated" by the IFOV. One will note that the 

modulation transfer'function is considerably reduced at high frequen

cies. For the frequencies in which an integral number of periods fit 

exactly within an IFOV, the positive and negative areas cancel and no 

modulation is transferred through the system. Thus, at these spatial 

frequencies, the detector will sense -no image variation at all! 

Previous TM and MSS Performance Measurements 

Pre-flight measurements were performed on the TM's components 

at Hughes Santa Barbara Research Center (SBRC Thematic Mapper Final 

Report 1984) in which the TM line spread function was measured 

indirectly by computing the knife-edge response of the TM imaging 

subsystems. The measurement procedure was similar to the procedure 

of this thesis, except that a "phased edge" was used rather than a 

phased array of point sources. The result was a knife edge response 

whose first derivative (see Gasklll 1978, pp. 343-344) yielded the 

line spread function (LSF). A TM square wave modulation transfer 

function was then generated by convolving the line spread function 

with binary bar patterns and computing 
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Figure 5. Simple Example of a Modulation Transfer Function. 
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(3.9) 

where A is the maximum amplitude recorded. A . is the minimum 
max mln 

amplitude recorded and jisw is the mean amplitude of the square wave 

generated with A and A . . A numerical modulation transfer func-
max min 

tion was computed by performing Fourier transforms on the line spread 

function, but the results were not published. 

Schueler (1983) was the first to publish detailed line spread 

functions for the complete TM (protoflight model) system. They com

pared quite favorably to the flight model line spread function mea

surements described above in the along scan direction. The ringing 

that produces a secondary lobe in the line spread function was noted 

(see Figure 6) and arises from the along-scan electronic filter. 

Park et al. (1984) presented a general approach to determin

ing the frequency response of a sampled imaging system. The method 

accounts for local shift variance induced by sampling along with the 

combined effects of imaging and image reconstruction by using an 

ensemble of point source inputs and averaging overall possible point 

source locations. The MSS was used as an example (rather than TM). 

The results are shown in Figure 7. One will note that sampling 

produces a substantial reduction in the modulation transfer function. 

This is due to the small sampling passband relative to the imaging 

subsystem passband. 
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Figure 6. Schueler's (1983) Protoflight Model Line Spread 
Function. 
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Figure 7. Park's (1984) MSS Modulation Transfer Function. 
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A more empirical approach was used by Schowengerdt et al. 

(1985) to measure the complete system modulation transfer function of 

the TM. The San Mateo-Hayward Bridge near San Francisco was used as 

a "line source" and the corresponding TM image was taken as the TM 

line spread function. The bridge was imaged at an angle of 31° to 

the TM scan direction and, therefore, the resultant modulation trans

fer function could not be separated into along-scan and along-track 

directions. The modulation transfer function for the study is shown 

in Figure 8. Due to the 31° angle of the bridge, the modulation 

transfer of Figure 8 necessarily includes the effects of sampling. 

A combination theoretical and empirical TM frequency response 

model was given by Markham (1985). Prelaunch component and system 

measurements were cascaded to fashion the modulation transfer func

tion shown in Figure 9. Separate along-track and along-scan func

tions were calculated. Markham*s results, which do not include 

sampling effects, are the model against which the results of this 

thesis will be compared. 
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Figure 8. Schowengerdt's (1985) Image-Derived TM Modulation 
Transfer Function Using the San Mateo Bridge. 
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Figure 9. Markham's (1985) TM Model Modulation Transfer 
Function. 



chapter 4 

THE IMPORTANCE OF SAMPLE-SCENE PHASING 

In Chapter 1 it was mentioned that sample-scene phasing 

effects are used to make the PSF measurements from the target image. 

Indeed, it is only by knowing the relative spatial phases of the 

target's components and exploiting the sample-scene phase effects 

that a measurement such as this can be made. This short chapter is 

included to familiarize the reader with the effects of sample-scene 

phasing in a qualitative way. 

All digital imaging systems such as the TM have associated 

with them the effects of sample-scene phasing. This effect is, 

according to Park and Schowengerdt (1982) the spatial phase uncer

tainty of the scene with respect to the sampling grid of the system. 

This manifests itself as a change in image degradation (blur) as the 

sampling grid is moved across the scene. If the reader has ever 

observed a digital image of a small, high-contrast object, then he 

has most likely observed the sample-scene phasing effect. Figure 10 

illustrates the effects of sample-scene phasing on a point source. 

The point source is represented as a vertical arrow and occurs at 

various positions within a sampling grid, but always in the center of 

the IFOV. Note that in this example S>1. Below each sampling grid 

are the point spread functions, the reconstructed images of each 

point source. One can easily see that although identical point 

27 
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(a) IFOV contains one sample, (b) IFOV contains two samples 
and (c) IFOV contains four samples. 

Figure 10. Examples of Sample-Scene Phasing. 
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sources were imaged in all three cases, there are significant 

differences in the images. The differences are due to the different 

spatial phases (positions) of each point source relative to the 

sampling grid. 

More precisely, we may assign sample-scene phase parameters 

(u,v) to the description of the scene with the familiar notation 

f(x-u,y-v) (4.1) 

where (x,y) are referenced to the sampling grid and (u,v) are 

normalized to units of one sample interval. Thus (u,v) take on the 

values 

-l^u^l 
(4.2) 

-l<v£l 

and are periodic with a period of 1. 

The effect of sample-scene phasing on the performance of a 

digital imaging system has been given an excellent treatment by Park 

et al. (1984) in which an "average" system modulation transfer func

tion is generated by ensemble averaging a single scene sampled in a 

variety of ways. For the purpose of this thesis, sample-scene phas

ing is important because it is exploited to achieve the measurement 

of the TM system point spread function at an effectively higher 

sample rate, thereby avoiding aliasing. The special target mentioned 

earlier has the property that its components are small (in comparison 

to the size of the TM* s IFOV) and the relative spatial phases between 
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all of its components are known. Therefore, the blur due to the 

different sample-scene phase of each component is known and 

predictable. 

i 



CHAPTER 5 

PROCEDURE FOR MEASURING THE SYSTEM PSF 

With the preliminaries explained, we may now turn to the 

actual measurement procedure that is the subject of this thesis. In 

this chapter, a detailed method is described to measure the TM 

imaging subsystem point spread function of the form give in Equations 

(3.2) and (3.3). The point spread function is ultimately used to 

compare the TM modulation transfer function. The procedure is 

straightforward and simple to comprehend in theory. However, an 

assortment of problems presented themselves that had to be corrected 

before any reliable measurements could be attempted. The corrections 

consisted of a partial removal of background variations and a soft

ware removal of target rotation. In this chapter, a detailed 

description of the target is presented along with the basic spread 

function-building algorithm. The various correction procedures are 

also described. 

The Target Design 

The target, as discussed, was designed to closely control the 

radiometric and spatial properties of the object. The design was 

originally drafted by Dr. Stephen Park, then of the NASA Langley 

Research Center. The target's initial purpose was to obtain direct 

measurements of the effects of sample-scene phasing on the quality of 

31 
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TM imagery by ensemble averaging the spread functions. A naturally 

occurring assortment of small, high-contrast objects on the ground is 

extremely rare, so this target was constructed to provide them. 

Initial surveying and construction began in late September 

19841 at the White Sands Missile Range in New Mexico. The target is 

an array of 16 large, black squares set in four rows-by-four columns 

against the bright, white alkali flats of the southern New Mexico 

desert. The squares were constructed by spraying the sand with black 

road oil from trucks. To the observer on the ground the target 

appears huge. Each square is IS meters on a side and adjacent 

squares are separated by 157.5 meters, center-to-center, making the 

entire target nearly 1/2 kilometer on a side! To the TM, however, 

the target appears as an array of very small black spots. Since each 

square is 15 meters on a side, it covers an area that is close to 1/4 

the area of the TM IFOV. The squares are, therefore, negative "point 

sources." 

The most important feature of the target is the non-integer 

pixel spacing of the squares. Their 157.5 meter separation trans

lates to a 5.25 pixel separation between adjacent squares. Thus, 

each square is shifted horizontally and vertically by 1/4 of a pixel 

with respect to its neighbors. This can be seen clearly on Figure 11 

in which a likeness of the target is shown superimposed over a pixel 

grid. Each square is far enough away from its neighbors that it is 

imaged independently from them. Each square is shifted by a known 

amount and so each imaged square exhibits a unique blur due to the 
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Figure 11. Target Superimposed Over Pixel Grid. 
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sample-scene phase effect. The result is 16 point spread functions, 

sampled at the TM sampling rate, each containing different phase 

information about the same event! The 16 images may therefore be 

combined into a single point spread function containing all the phase 

information, and effectively sampled at a finer sampling rate than 

each of the individual PSFs. 

Target Rotation 

It is evident from Figure 11 that the rows and columns of the* 

target must be orthogonal to the TM scan and track directions for 

full advantage to be taken of the target design. Unfortunately, use 

of a magnetic field compass in the initial surveying caused a slight 

angular error in the orientation of the original target. This can be 

seen clearly in the imagery of the May 24, 1985 overpass (Figure 33), 

A 2.5° counterclockwise rotational error was confirmed in late 

September 1985 by a Defense Mapping Agency surveying team. Figure 12 

shows a target array that has been rotated by 2.5° and superimposed 

over a pixel grid. The Defense Mapping Agency was then contracted to 

survey a new, corrected target immediately south of the original. To 

maximize the use of all available data a software correction was 

included to compensate for the rotation of the earlier target and 

subsequent analysis was done using both targets. 

Control Points 

Control points were also incorporated into the design of the 

target to permit geometric rectification of target images acquired 
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Figure 12. Rotated Target Superimposed Over Pixel Grid. 
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from a helicopter. Control points are generally small, permanent, 

high-contrast objects of known positions distributed throughout the 

scene. In the case of the WSMR target, crosses of dimensions much 

smaller than an IFOV were sprayed near the target with black road 

oil. A total of five crosses were placed at surveyed locations: one 

at the center of the target and one near each corner. The original 

positions of the corner crosses (see Figure 13) were changed slightly 

when the new target was constructed, making the distribution more 

symmetrical. These control points served to aid in the geometrical 

warping to be described shortly. 

The Algorithm for Constructing a PSF 
From the Target Image 

It is easier to understand the algorithm is a simple one-

dimensional example is considered first. In Figure 14 b-e, a one-

dimensional target square is shown sampled four different ways. In 

each case the target has been shifted with respect to the sampling 

grid by 1/4 pixel. In this example, S«=l and IFOVs are contiguous. 

The heights of the arrows represent the sample (pixel) value at each 

sample point. The nonzero pixel values for samples that are not 

coincident with the target square are due to sample-scene phasing. 

Figure 14f shows the reconstructed PSF made of all the pixels of the 

independent samplings. The two-dimensional algorithm, BILDER, 

performs exactly the same procedure, although it must contend with 

shifts in two dimensions and create a two-dimensional output image. 
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BILDER must first collect the appropriate pixels in the 

target image. Square areas (windows) of three-by-three pixels are 

positioned over each of the 16 independent point spread functions in 

the image. Due to the regularity of the target geometry, each window 

may be placed automatically once a reference point is supplied to 
I 

BILDER. Only the nine pixels within each window will be used for the 

PSF construction, resulting in 144 pixels total. 

Once each window location is established, the pixels must be 

extracted from the target image and interleaved as shwon in the one-

dimensional example. Since each window represents a three-by-three 

point spread function that is independent from the other 15, we may 

express the contents of each window with respect to its own, inde

pendent coordinate system (see Figure 15). We denote the coordinates 

in this system (xw»yw) which are normalized to units of pixels and 

can take on only the values 

x and y =0,±1. (5.1) 
w yw ' 

Borrowing the notation of Park and Schowengerdt (1984), each 

window may conveniently be expressed as 

si(Vyw;u,v)' (5,2) 

where i is used to index the windows (i=l,2,3...16) and (u,v) are the 

sample-scene parameters, also in units of pixels, referenced to a 

common origin for all windows. A typical window, n, may therefore be 

written 
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Figure 15. Window and Target Coordinate Systems. 
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gn(-l#l;u.v) 

gnC-l,0;u,v) 

g
n(-l»-l;u»v) 

(gn(0,l;u,v) 

gn(0,0;u,v) 

gn(0,-l;u,v) 

gn(l,l;u,v) 

gn(l,0;u,v) 

gn(l»-l;u.v) (5.3) 

where (u,v) must take on only the values 

u and v = 0,±1/4,±1/2,±3/4. (5.4) 

All 16 pairs (u,v) can be calculated using the geometry of 

the target. As mentioned, each target square is shifted horizontally 

and vertically by 1/4 of a pixel relative to its neighboring squares. 

BILDER may therefore consider the position of each target square 

referenced to a single• coordinate system with coordinates 

(x,. jV, ). These coordinates are also in units of pixels and 
targ targ 

take on only the values (see Figure 15) 

x. and y =0,±5,±10,±15. 
targ Jtarg 

(5.5) 

The inherent phasing of the target now allows the sample-scene 

parameters to be calculated using 

u=(l/4)(xtarg/5)=xtarg/20 

«>-, /20 
(5.6) 

once an arbitrary origin is specified. 

Each square (i.e., each window) is assigned a unique pair 

(u,v) by BILDER in this fashion. BILDER then calculates the output 

coordinates for the reconstructed point spread function. This final 

interleaving step associates each independent window to a common 
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coordnate system in the point spread function. Coordinates in the 

PSF plane are designated (x___,y___) and calculated using 
r b r  J r b r  -

x__.,-4(u-x: ) 
w (5>7) 

ypsF-Mv-yH). 

Obviously, since the target coordinates (*targ'^targ^ are 

referenced to an arbitrary origin, the absolute spatial phases (u,v) 

cannot be truly known. However, in the final output it is the 

relative phases that matter. Any error introduced by the choice of 

origin only serves to shift the final output, but does not change its 

form. For example, suppose that the choice of origin yields an error 

in spatial phase of (Au,Av). Then 

g(xw,yw;u,v)=g'(xw,yw;u+Au,v+Av) (5.8) 

for every element in window n. It follows from Equation (5.7) that 

Xpgj.^4 (u+Au-xw) =4 (u-xw) +4Au 

ypsF=4(v+Av-yw)=4(v-yw)+4Av 
(5.9) 

which is simply a shifted output image. A spatial shift is of no 

consequence in this study since such a shift only corresponds to 

phase information in the Fourier domain. The modulation transfer 

function is phase independent (see Equation (3.8)). 

Figure 16 is a schematic diagram of the PSF coordinate plane. 

In the Figure, the parameters (u,v) are incremented by 1/4 pixel. 

The five-by-five pixel regions in the figure indicate areas where 
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Figure 16. Central Section of the PSF Coordinate System. 
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window pixels (xw,yw) share common coordinates, i.e., all the central 

window pixels are mapped into the central region, all the window 

pixels to the immediate left of center are mapped to the region to 

the immediate right of center, etc. It must be pointed out that an 

apparent inconsistency exists. A five-by-five region contains 25 

pixels, but only 16 central window pixels can exist. Does this mean 

that there will always be "holes" (areas into which no pixels are 

mapped) in the output? The answer is this: Certain pixels adjacent 

to the center contain information that can be mapped into the central 

region of the FSF plane. An obvious example is the case in which u 

or v = ±1/2. In such a case, there are two equally valid choices for 

the window center. The choice made by BILDER is dictated by the 

user's choice of origin in the target coordinate plane. Nonetheless, 

both pixels must be mapped to the central region, regardless of which 

is truly the "central" window pixel. There are other examples of 

this that are easily discovered. 

Correction For Target Rotation 

BILDER also compensates for the case of a rotated target. 

The algorithm is as follows: Once the exact angle and direction of 

rotation are known, the target coordinate system may be rotated by 

this angular amount using the simple coordinate rotation equations 

targ 

targ 
(sinO) 

(sinG) 
(5.10) 
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This rotation is not applied to the TM target image, but applied to 

the target array configuration as understood by BILDER through the 

(x ,y ) coordinates. The rotation serves only to establish 
ccxltg 

possible new positions for each window and, correspondingly, new 

(u,v) parameters for each window. 

As previously explained, any point within the target array 

may be chosen as the origin and thus serve as the center of rotation. 

The geometrical center of the array is the logical choice of origin, 

but any of the four squares near the center are also good choices and 

capable of yielding good results. 

New (u,v) parameters are determined first by calculating 

u =x^ -x' +u T , 
new targ targ old ^ ̂  

v my„ -y' +v 
new targ J targ old 

A check is then made to see if the magnitudes of (u ,v ) are 
° new new 

great enough to actually shift the majority of a square into a 

neighboring pixel. Specifically, the condition 

|u |>5/8 
new (5.12) 

|v |>5/8 
1 new' 

will cause such an event. If this event occurs, the window location 

is correspondingly shifted to this pixel and residual shifts (ur,vr) 

are then calculated using 

u =u - (u /1 u I ) 
r new new 1 new" ^ 

v =v - (v / I v j ) . 
r new new 1 new' 
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The residual shifts then become the final (u,v) parameters that will 

be used in the calculation of Equation (5.7). Referring back to 

Figure 16, one will note that Incorporating 1/8 pixel shifts into the 

algorithm will expand the FSF coordinate plane to twice the size 

shown. 

Other than repositioning windows, there is another attribute 

of BILDER's rotation correction routine that is of importance. The 

rotation results in values for (u ,v ) in Equation (5.11) that 
new new ^ ^ 

are not necessarily multiples of 1/4 pixel. Indeed, (unew»vnew) can 

take on any value. Due to the subtle, yet significant changes of the 

2.5 rotation in the TM images of the original target, a 1/4 pixel 

increment is inadequate to handle the adjustment described. A new 

increment of 1/8 pixel was therefore chosen. The resiudal values are 

consequently rounded to the nearest 1/8 pixel before calculating 

Equation (5.7). This change has the effect of producing a FSF whose 

neighboring samples represent 1/8 pixel, or 3.75 meter sampling rate. 

The ultimate result is that, with a 3.75 sampling rate, the recon

structed point spread function now requires 288 pixels to be cor

rectly sampled, but the same 144 pixels are all that are available! 

Therefore, by changing the incremental values of (u,v), the 

resulting two-dimensional point spread function generated by BILDER 

is "sparse"; that is, contains regions in which there are gaps in the 

data. 

Target rotation introduces another variation into BILDER's 

output. This is the chance that two windows will have identical 



47 

sample-scene parameters (ur»vr) associated with them. In such a 

case, the window pixels would be mapped to the same locations in the 

output point spread coordinate system. Unfortunately, this cannot be 

avoided, so BILDER simply averages any pixel values that are coin-

cidently mapped. The obvious result is now an output point spread 

function that is not only sparse, but may contain fewer than 144 

distinct pixels. 

Procedure for Background Correction 

The reflectance of the alkali flats of the WSMR is not per

fectly uniform. Upon inspection of the sand in the area, it is 

noticed that there is some variation in the size, shape and 

reflectivity (to the eye) in the crystals that make up the surface. 

Darker and lighter patches of sand are then not surprising to dis

cover. The selective darkening of certain small areas of the target 

background is made worse by the appearance of moisture during the 

late summer months. Certain areas in the alkali flats become 

temporary lakes during the wet season and moisture may linger in the 

shallow ground depressions where a somewhat crusty layer of 

amalgamated sand grains form as the water evaporates. An interesting 

study by Twomey et al. (1986) explored some of the mechanisms for the 

darkening of wet surfaces. For the case of sand, darkening is most 

likely caused by the increased forward scattering of light (scat

tering into the sand) due to the replacement of the air with water 

between the sand grains. Wet, dark patches of sand near the WSMR 

target serve to introduce artifacts into the constructed point spread 
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function. The unwanted grey level fluctuations caused by the WSMR 

sand variations are often on the same order of magnitude as those 

caused by the desired sample-scene phasing of the dark target 

squares. The background interference can be especially pronounced if 

the contrast of the squares has been reduced by the deposition of 

sand on the squares during desert wind storms. 

To reduce the interference of the nonhomogeneous background 

with the point spread function data* a procedure was devised to 

partially eliminate the background fluctuations in the TM target 

imagery. Background correction was accomplished by producing a 

synthetic TM image of the target scene, consisting of the desert 

background only, as if the target had never been constructed, and 

subtracting this image from the true TM image. Ideally, the 

subtraction should result in an image containing a very uniform 

background with only true target information surviving. 

The synthetic background was produced in the following man

ner: Within five to ten minutes of the Landsat overpass, a 35mm 

photograph of the target is taken from a helicopter. After the photo 

is processed, it is digitized with a microdensitometer to 512-by-512 

pixels in such a manner that each pixel represents 1.5 meters on the 

ground. The angle between the ground and the camera's line-of-sight 

is typically oblique, and due to the target's enormous size and the 

helicopter's low altitude, the resulting photograph exhibits a large 

amount of geometrical distortion. The target photograph, however, 
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must eventually approximate the TM image for the background correc

tion procedure to succeed, so the photo must be made to appear as if 

it had been shot from directly above the target at a high altitude. 

The distortions are removed by tying the coordinates of the 

control points in the distorted image to the known coordinates of the 

geometrically correct control points as described by Schowengerdt 

(1983). By the method of least squares fitting, the control points 

are used to define a coordinate transformation modeled by a power 

series polynomlnal of the form 

x=a +a1x,+a_yl+a„x,y' 
° 1 L J (5.14) 

y=bQ+bjX'+b2y1+b3x'y' 

where (x,y) are the coordinates of the distorted image and (x',y!) 

represent those of the desired, rectified image. Because the values 

of (x,y) calculated by Equation (5.14) do not necessarily occur at 

exactly the coordinates of an original pixel (i.e., at regular grid 

points), interpolation of the original image at (x,y) is necessary to 

calculate the proper grey level to be inserted at (x',y') in the rec

tified image. The entire image can be geometrically corrected in 

this manner. The image coordinate transformation is much like 

stretching an odd-shaped rubber sheet to fit into a square frame. 

Once corrected, local grey level averages around each black 

square in the photograph are calculated. Each black square is then 

replaced in the image with its local average grey level, effectively 

removing the squares from the image. Next, the image is smeared 
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(convolved) with model TM line-spread functions in two dimensions 

(Markham 1985). As a final step in geometrically approximating the 

TM image with the helicopter image, the pixel spacing of the smeared 

helicopter image is made to match that of the TM. A 30 meter pixel 

image is generated from the 1.5 meter original by subsampling the 

smeared helicopter image at a 20 pixel sampling interval. 

Once the helicopter photo was processed to match the TM image 

geometrically, it was processed to match the TM image radio-

metrically. This was accomplished by removing a significant portion 

of what was judged to be target information from the TM target image 

in each band. The result is an approximate target area background 

for each TM band. Correspondingly, each TM background may serve as a 

"reference" image and the synthetic helicopter image as a "match" 

image. By applying the appropriate grey level transformation, mini

mizing the mean square grey level difference between the two images, 

the match image is forced to take on the same grey level mean and 

standard deviation as the reference image, effecting an approximate 

radiometric equalization between the two images. It is a necessary 

step before the background can correctly be subtracted out. The 

procedure is essentially a typical mean square minimization routine 

based on an algorithm first described by Dallas and Mauser (1980). 

The mathematical derivation is repeated here for clarity. 

Consider the two equal-sized images of dimensions M x N. The 

grey levels of each image are represented by T<^ for the TM reference 

and Hmn for the helicopter match. For the work presented here, the 
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grey levels are restricted to integers in the range 0 through 255, 

representing 256 discrete values. We seek the nonlinear transforma

tion f such that 

m n „ 
£<= I £ [T -f(H )] ̂ minimum. (5.15) 

. . mn mn m=l n=l 

We force f to be a discrete function having values only for grey 

levels contained in H by letting 

255 
f(H )» E o.6._ , 6 ={J: " mZu . (5.16) 

mn , n k feHmn mn 0 if otherwise. 
fe=U 

Substituting Equation (5.16) into Equation (5.15) yields 

255 
E=I E(T - E ) ̂minimum. (5.17) 

mn , n fe feHmn m n fe=U 

The values of a that satisfy Equation (5.17) can be found by taking 
tl 

successive partial derivatives of with respect to the various 

and setting them to zero. For the first value feo 

.  I  E < "3 ? °FEW " 0 (5"18) 
m n fe tl 

3a, 3a, 
feo feo 

(5>19)  
m n fe 

Since 6. „ =1 only if H =fe.o, the sum over k vanishes yielding 
feotimn mn 

3e = -ES(T -a, 6 =0. (5.20) 
mn feo feoHmn 

mn 

. ^ 
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Againj by the same argument, we may reduce this statement further to 

e z (tn-otfen> = 0 (5'21> / \ c RI mn do <m,n) 6Sfeo 

where denotes the set of pairs (m,n) for which ko=Hmn. This may 

be written 

2 2 T - E 2 at, =* 0. (5.22) 
(m,n) GSfeo 11111 (m,n) GSfeo 

fto 

We see that the second term on the lefthand side is simply times 

the number of occurrences of grey level ko in H. Therefore 

2  E  T  -  a h  2  1 = 0  ( 5 . 2 3 )  
(m,n) 6Sfeo 11111 (m,n) GSfeo 

or, solving for , 

_ (m,n) GSfe 

iZq 

z Tmn (5.24) 

e s i  
(m,n) Gsk 

A general solution to any a^ then suggests Itself, 

ak 

E E Tmn 
(m,n) Ssfe 

_ _ _ 

(m,n) GS^ 

(5.25) 

Thus, all grey levels are transformed to the grey level a^. 

The implementation of this procedure consisted of calculating 

the two-dimensional grey, level distribution (scattergram) between the 
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reference image and the match image. The scattergram was then 

averaged over all pixels in the reference with a given grey level in 

the match, for each grey level 0 through 255. A linear least-squares 

fit was then performed to the averaged scattergram, yielding a grey 

level transformation curve to be applied to the match image. The 

final step in the procedure was to subtract the matched synthetic 

background from the original TM target image, pixel-by-pixel.-



CHAPTER 6 

analysis and discussion of results 

The procedure of Chapter 5 was conducted oil TM target images 

of May 24, 1985, October 15, 1985 and November 14, 1985. The May 

image contains only the old, rotated target, but the November and 

October Images also contain the new target described in Chapter 5. 

Due to low contrast levels in bands 1,5 and 7 and the 120 meter 

sampling rate in band 6, only bands 2,3 and 4 were used from the May 

imagery. The identical bands were used from the October and November 

imagery. For each data set, individual, two-dimenBional point spread 

functions were assembled by BILDER for each band. After appropriate 

background corrections (to be described), the point spread functions 

were averaged over the bands for each data set into single point 

spread functions. The two-dimensional functions were then integrated 

into orthogonal, one-dimensional line spread functions, apodized and 

Fourier transformed to yield the corresponding orthogonal, one-

dimensional modulation transfer function profiles for each data set. 

Each data set exhibited its own peculiarities. For instance, 

the October images were received as computer printout and no heli

copter images could be obtained for the ' background correction. 

Therefore, no "global" background correction could be performed as 

described in Chapter 5. Pixels were entered manually from a computer 

keyboard for the three bands used in the analysis. 

54 
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The Use of BILDER 

BILDER was written to handle both rotated and non-rotated 

(aligned) target images. The rotation angle is input to the program 

by the user. The output PSF coordinate plane» however, was designed 

to represent a 3.75 meter sampling interval (1/8 pixel shifts), 

regardless of whether the target image was rotated or not. Thus the 

BILDER output is always sparse. In the case of a rotated target, 

BILDER positions its windows as shown in Figure 17. The result is an 

output in the PSF plane that is both sparse and rather irregular (see 

Figure 19). In the case of the aligned image, BILDER positions its 

windows in regular locations as shown in Figure 18 resulting in a 

sparse, but regular output (see Figure 19). 

One must exercise some care in choosing the starting point 

for BILDER, Although in theory, any reasonable starting point will 

yield equivalent results (except for an unimportant shift in the 

point spread function)] in practice, background nonuniformities cause 

variations in BILDER's output that can lead to severe distortions of 

the modulation transfer function. Therefore, to lessen the effects 

of the data-dependent choice of origin, the BILDER algorithm must be 

presented with a very well-corrected background. 

Results of Background Correction 

The "global" background correction procedure of Chapter 5, 

although intuitively satisfying, did not work as well in practice as 

was hoped. The procedure has rather stringent prerequisites, namely 

(1) a high degree of spatial correlation must exist between the 
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reference and match images and (2) the grey level distributions of 

each image must have similar contrast levels (see Schowengerdt 1983, 

pp. 10-12). These conditions are highly dependent on the qualities 

of the photographic process used to produce the match image; i.e., 

the type and spectral sensitivity of the film used, the camera's 

exposure setting and the film developing procedure. 

Examples of background correction are shown for the May TM 

imagery in Table 1. Grey level averages for box-like areas around 

the perimeter of each square are tabluated for bands 2,3 and 4 of the 

May imagery. Corrected background averages are also listed. The 

standard deviations seem to indicate that only a very minute cor

rection has taken place. An acceptable background correction would 

likely yield significantly smaller standard deviations than the 

originals, since the correction is an attempt to "level off" the 

background. From this data it was concluded that, by itself, the 

background correction was inadequate. Its poor performance may be 

most likely attributed to the nonlinear spectral response of 35mm 

color photographic film. This characteristic makes the 35mm images 

poorly suited for spectral matching with the linear TM imagery. Both 

the above-mentioned prerequisites are difficult to achieve unless the 

two recording media (reference and match) have similar spectral 

responses. 

The -residual background was therefore corrected by imple

menting a second procedure on the target images. The second 

procedure calculated an independent "D.C. Bias" for each of BILDER's 
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Table 1. Grey Level Averages Around Each Window Before And 
After Background Correction. 

Band 2 Band 3 Band 4 

Raw Correct Raw Correct Raw Correct 

172.83 26.88 230.67 38.32 169.67 28.35 
178.33 31.56 238.83 45.27 175.33 33.18 
179.58 32.92 • 239.83 46.72 176.08 34.09 
178.42 31.47 239.17 45.58 176.42 34.09 
174.33 27.33 233.00 39.28 170.75 28.16 
175.41 28.94 234.25 41.12 171.50 29.71 
175.41 27.69 234.25 39.95 172.37 29.29 
182.33 36.25 243.08 50.56 178.08 35.96 
171.50 25.01 229.83 36.97 167.75 26.18 
171.50 25.90 231.33 39.02 168.42 27.55 
173.75 27.95 233.67 40.87 170.50 29.15 
177.58 31.32 238.42 45.80 173.42 31.70 
167.83 21.94 224.42 32.35 165.25 23.52 
169.50 23.15 227.33 34.32 165.75 23.92 
170.67 24.92 229.33 36.99 167.92 26.80 
169.67 22.73 226.33 32.81 166.75 24.14 

U=174.27 U=27.88 y=233.36 11=40.37 y=170.99 U=29.11 
«- 4.01 o- 3.88 a= 5.20 5.09 a= 3.87 a- 3.72 
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16 windows and individually corrected each window "locally." The 

procedure nay be considered in very simple terms to illustrate the 

idea. We consider an Idealized one-dimensional target square 

mathematically as 

square(x) = a+c-[(a-b)/w rect(x/w)] (6.1) 

where a and b are the reflectances of the sand and target oil 

respectively and c is the assumed additive influence of the 

atmosphere. The one dimensional image is then 

I(x) <• PSF(x) * square (x) (6.2) 

» a+c-[PSF(x) * (a-b)/w rect (x/w)] 

where PSF(x) has unit area. Thus, the term a+c may represent a D.C. 

bias that changes due to variation in the sand reflectance (assuming 

c is constant over the entire target area). This term is different 

for each square of the target and therefore is different in the 

vicinity of each of BILDER's windows. Therefore, Equation (6.2) 

might be more accurately written 

IR(x) =* (an+c)-[PSF(x) * (an+b)/w rect (x/w)] (6.3) 

where n is the window index. 

The 16 unique afl were estimated by calculating the average of 

the 16 pixels in a box-like ring around each window as shown in Fig

ure 20. Each window was then corrected by calculating 

I
n^x) H -I

n(x) + (a
n

+c>' -
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Central area Is the window. 

Figure 20. Pixels (Shaded) Used To Estimate Local 
Background. 
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Before the windows may be combined into the final point 

spread function, the individual weights (a-b)/w must be eliminated. 

This was accomplished by normalizing the area under the pixel grey 

levels within each window to unity. 

Modulation Transfer Computations 

The sparse point spread functions must be Fourier transformed 

to calculate the final modulation transfer functions. One might 

initially assume that the sparse functions must be "filled" 

(interpolated) to complete them as two-dimensional point spread 

functions. The irregularity of the rotated point spread function 

makes two-dimensional interpolation difficult, but with some effort, 

it could be accomplished (see Akima 1974, 1978). Fortunately, if 

just orthogonal (along-scan and along-track) modulation transfer 

functions are desired, sparseness and two-dimensionality need not 

pose any problems. The two-dimensional Fourier transform of the 

point spread function PSF(x,y) may be written (see Equation (3.4)). 

tf(vx,vy) = 1/N / J PSF(x,y)e~2iri^Xvx+yvy^dx,dy (6.5) 
* —CO —00 

or, using shorthand notation 

H(v„»vw) - 1/N FF[PSF(x,y)] (6.6) 
x y 

where N is a normalizing constant and FF denotes the two-dimensional 

Fourier transform. Due to the way in which the TM scans, PSF(x,y) is 

inherently separable. Thus (see Gaskill 1978, p. 307) 
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PSF(x,y) = LSF (x)•LSF (y) (6.7) 
x y 

«(V ,v ) - 1/N FF[LSF (x)LSF (y)] (6.8) 
x y x y 

- F [LSF (x)] • F [LSF (y)J (6.8) 
x y 

due to the separability of the Fourier kernel. Thus 

H ( v  ,v ) - H  (v ) ' H  (v ) (6.9) 
x y x x y y 

-  W ( V 0 ) - W ( 0 , v )  
x ) 

which is simply the product of the orthogonal axis slices of the 

optical transfer function. Thus, the problem may be greatly sim

plified by utilizing only the line spread functions. The line spread 

functions were calculated by taking the averages 

LSF (x) « 1/N /°°PSF(x,y)dy (6.10) 
X X" _00 

LSF (y) » 1/N ASF(x,y)dx 
y y _co 

Note that it is not actually necessary to divide by the factors N 

and N in this calculation since the normalization constant of Equa-
y 

tion (6.5) will ultimately absorb them. The sparseness of PSF(x,y), 

however, may result in zeroes in LSF (x) and LSF (y). This problem, 
x y 

now much simpler in one dimension, was easily solved with linear 

interpolation. 
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To reduce the noisy qualities of the line spread functions 

near the edges of their spatial extents, each function was apodized 

with a single, positive cosine lobe centered at the numerical cen-

troid of each function. This apodization function, known as Hanning 

"window" (see Blackman 1958), is given (in the x-direction) by 

W(x)«l/2[l+cos(nx/D) for x <D (6.11) 

=0 for x >D. 

The width D of the cosine lobe was chosen at 23 points such that it 

affected mostly the noise and all points outside the cosine lobe were 

zeroed. An example of the apodization is shown in Figure 21. The 

final line spread functions used are illustrated in each direction 

for each date in Figures 22-24. 

The line spread functions were transformed with a Fast 

Fourier Transform (FFT) algorithm known as "successive doubling" as 

presented by Gonzalez and Wintz (1978). Before transforming, 

however, each 32-point line spread function was augmented with 16 

heading and 16 trailing zeroes, thereby "padding" the functions to 64 

points. By doing this, the frequency scaling property of the FFT 

(see Brigham 1978, pp. 35-36) is exploited, halving the spatial 

frequency increment in the Fourier domain. The modulus of H was then 

calculated using 

l« |  -  [Re(H)] 2 +[Im(tf) ] 2  (6 .12)  
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Original May LSF' - -*— 
Apodized May LSF 

30 meters 

w 

Figure 21. Example of Apodlzatlon of a Typical Line Spread 
Function. 
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Figure 22. Line Spread Functions for May 1985. 
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Figure 23. Line Spread Functions for October 1985. 
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Figure 24. Line Spread Functions for November 1985. 
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A correction was then performed to the values of |H| to take 

into account the extended dimensions of the target squares. The 

target squares are not true "point" sources, but are actually 

described by 

square(x,y) = rect(x/15,y/15) (6.13) 

where x and y are in units of meters. Consequently, the measured TM 

imaging subsystem point spread function is actually given by 

PSFmeas(x,y) - PSFtrue(x,y)**rect(x/15,y/15). (6.14) 

Thus, in the Fourier domain 

|H(v ,v ) I • 1H(v ,v ) L •[slnc(15v ,15v )| (6.15) i x» y'imeas i N x y 'true 1 x y 1 

giving 

ru /  \i ^^vx,vy^meas 
I ^ x' y 'true <6'16) 

|sinc(15vx,15vy)| 

as the true value of the imaging subsystem modulation transfer func

tion. Therefore, each point of jff| was divided by the appropriate 

value of |sinc(15v ,15\> )|. 
x y 

The TM Nyqulst frequency occurs at 1/2 cycles/pixel. Due to 

the fine sampling rate achieved by BILDER of 1/8 pixel, the Nyqulst 

frequency (or "folding" frequency) of the calculated transfer func

tions occurs at a spatial frequency that is eight times higher than 

the TM Nyquist frequency. Thus, only the "D.C." frequency and the 
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first four consecutive, positive spatial frequencies of the modula

tion transfer functions need be plotted to compare these results to 

previous results that measured TM modulation transfer up to the TM 

Nyquist frequency. 

Results are shown in Figures 25-30 for each of the three 

dates. Model curves calculated by Markham (1985) are plotted for 

comparison. All curves appear to follow the model curves quite well 

at lower spatial frequencies, but a consistent departure at the 

Nyquist frequency is evident in each. There is no trend with respect 

to the data falling above or below the model curves. This would seem 

to indicate that random effects are being observed. To illustrate 

this, the modulation transfer functions were averaged in each direc

tion and again compared, with the model curves. As can be seen in 

Figures 31-32, the random fluctuations about the model curves are 

significantly reduced and the data follow the model curves quite 

well. A departure at the Nyquist frequency still exists for these 

average functions, however. It is probably due to residual back

ground fluctuations that were collected by BILDER into the point 

spread functions. 

Concluding Remarks 

The technique described in this thesis produced acceptable 

results, in general. It was found, however, that the process is 

quite sensitive to the nonuniform background. Uniform background 

leveling proved to be the most difficult problem to solve and the 

solutions presented here may not be optimum. 
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Figure 26. Scan-Direction Modulation Transfer Function for 
May 1985. 
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Figure 29. Track-Direction Modulation Transfer Function for 
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The difficulties stem from a fundamental problem with a mea

suring procedure on a scale such as this. The contrast of the 

squares against the background is desired, of course, to be as large 

as possible. Unfortunately, the contrast of the White Sands target 

can be increased only by increasing the size of the squares, with a 

corresponding loss of signal-to-nolse in the measurement of the 

modulation transfer function at high spatial frequencies. The desert 

seems continually bent on reclaiming the squares, rendering them 

difficult or, at times, impossible to image by the TM. Constant 

re-oiling of the target is impractical and costly. Were cost and 

installation not a problem, a special target consisting of non-

reflective squares on their own, synthetic, uniformly bright 

background could be fabricated to completely eliminate all the 

problems. 

Accepting the White Sands target design as physically opti

mum, the background may yet be dealt with if the match image can be 

Imaged with an airborne, high resolution sensor of linear spectral 

qualities similar to the TM. Such a sensor could also be flown at a 

sufficiently high altitude to eliminate the need for geometric cor

rection of the match image. With more accurate background 

information such as this, a lower square contrast could more easily 

be tolerated. 

As a final comment, it seems reasonable to assume that, on a 

smaller scale, the technique presented here would produce excellent 

two-dimensional modulation transfer measurements for a digital 
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Imaging system. In a more controlled laboratory environment, the 

background and rotation problems would not exist and either black 

squares or pinhole sources could be used. Two-dimensional modulation 

transfer information could then be obtained with an algorithm 

identical to BILDER. 



appendix a 

figures 33 through 37 
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Figure 33. May TM Target Image (Band 2), Showing Obvious 
Rotation. 
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Figure 34. November TM Target Image (Band 2). 



Figure 35. Hay 35mm Helicopter Image. 



Figure 36. May 35mm Helicopter Image After Geometrical 
Rectification. 
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Each band (2»3 and 4) has been individually "globally" and 
"locally" background corrected. The three separate B1LDER 
outputs were then averaged to produce this image. 

Figure 37. Sparse November Point Spread Function as Produced 
by BILDER. 
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