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ABSTRACT: The AVIRIS imaging spectrometer presents an extraordinarily rich data set in its 614-pixels by 512-line by
224-spectral-band (OA1 to 2A micrometres) data cube. Initial investigations using a 1987 sample data set uncovered
serious striping patterns in the imagery. Two-dimensional Fourier analysis is used to identify the striping components
and to correct the imagery. A simple model of a one-dimensional periodic signal which is sampled and phase shifted
into each line of the image is presented. The Fourier components of such a generic model are shown to match all of
the features of the existing noise.

TABLE 1. AVIRIS SPECTROMETER CHARACTERISTICS

SPATIAL INTERFERENCE

the radiation is then focused onto a line array of detectors. The
four spectrometers are each sensitive to a different portion of
the spectrum as indicated in Table 1 (Porter and Enmark, 1987).

Radiometric calibration of AVlRlS data (Vane et al. 1987) em­
ploys a set of nominal brightness values for each of the 224
spectral bands at each of the 614 pixel positions. The pixel de­
pendence was maintained to "account for non-uniform re­
sponse with scan angle due to vignetting in the foreoptics of
AVIRlS" (Vane et aI., 1987, p. 96). It is important to recognize
that each line of the image was calibrated with the same ref­
erence response, and that there could be no "line effect" intro­
duced during the calibration operation. The 224 spectral bands
are resampled to 210 bands to eliminate the spectral overlap,
thereby equalizing the sampling interval to 0.098 micrometres.

A simple spatial texture algorithm (Rose, 1987) was applied
to a 512 by 512 subset of band 30 of AVIRJS data (Figure 1) of a
mining district south of Goldfield, Nevada. Results of applying
this filter (Figure 2) show more than one striping pattern not
immediately apparent in the original image. Fourier techniques
can be applied to eliminate these noise effects and to identify
the components of the interference, as an aid to discovering the
source(s) and potential resolution within the imaging system
itself.

Fourier analysis has become a classical approach in dealing
with coherent noise. As distinct from more random fluctua­
tions, systematic image noise may exhibit itself in a two-dimen­
sional image as periodic, striping, or spike noise. The Fourier
transformation converts the spatial information present in an
image from a picture of energy patterns over geographic space
to a picture of the energy patterns in the frequency domain.
Thus, a simple wave pattern parallel to the vertical axis in an
image will have a Fourier transform where all the energy is
constrained to a single frequency. Note that because the image
is a real image (no imaginary portion), the transform exhibits
redundant symmetry, Le., energy at a positive frequency will
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INTRODUCTION

AVIRIS is a second generation imaging spectrometer (Porter
and Enmark, 1987) built on experience acquired from the Air­
borne Imaging Spectrometers (AIS) by the Jet Propulsion Lab­
oratory (JPL) at the California Institute of Technology (Vane et
aI., 1987). A specially designed scanning mirror scans in one
direction and rapidly returns to the start position for the next
scan line. The instrument is designed to scan 12 image lines per
second, acquiring 614 pixels in each scan line for typically 2000
lines. Based on a nominal 20-km altitude of the NASA U2 air­
craft, a sea-level pixel is 20 by 20 metres with a pixel-to-pixel
center spacing of 17 metres. Oversampling in both the pixel and
row directions improves the signal-to-noise response and can
be eliminated during ground station geometric corrections.

The signal is simultaneously fed into four optical fibers, each
of which transports the radiation to a diffraction grating, where

AVIRIS

The Airborne VisuaVInfrared Imaging Spectrometer (AVIRIS)
collects 224 spectral bands of information as it scans a geo­

graphic area of 614 pixels. While the number of scan lines is
not fixed for any acquisition, data sets with 512 scan lines are
typical. Such a prodigious amount of data presents a unique
opportunity to the Earth scientist to interpret more accurately
what is occurring on the surface of the Earth, and it presents a
unique challenge to the imaging scientist to develop robust and
useful tools which can efficiently handle data cubes of these
dimensions.

AVIRIS provides a special challenge for the development and
application of techniques that not only take into account the
wealth of high resolution spectral information but also include
detailed spatial resolution. Recent efforts in spatial texture analysis
and adaptive filtering models can now be expanded to include
detailed spectral information. Adaptive filtering, however, and
any spatial modeling is extraordinarily sensitive to spatial noise
in the image. Many restoration techniques and pattern-match­
ing algorithms are specifically designed to take into account a
certain amount of random noise, image blurring or defocussing,
and effects due to atmospheric turbulence and absorbtion. Noise,
such as striping, dropouts, and other systematic image artifacts,
tend to confuse automated tools.

In this paper a systematic artifact is uncovered in a sample
of the AVIRlS data. Through the use of two-dimensional Fourier
analysis, the image is not only restored, but also a model of the
noise is constructed. Such modeling can improve understand­
ing of image artifacts, and, in this instance, help in the identi­
fication of the sources of the artifacts.
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FIG. 1. AVIRIS image of Goldfield, Nevada. A 512 by 512 subset of spec­
trally calibrated band 3D, centered at 0.6842 micrometres. These data
have not been geometrically corrected.

FIG. 3. The Fourier power spectrum of the AVIRIS Goldfield Band 30 image
shown in Figure 1. Note particularly the regular pattern of spikes (series
of bright lines) at the bottom and again at the top of the illustration. The
line (a-a') and (b'-b) connect the spike features through the Nyquist fre­
quency. Because Fourier space is tiled, both a' and b' lie at the same
Nyquist frequency point.

FIG. 4. The Fourier power spectrum of the noise spikes shows a
profile along the line (a-a',b'-b in Figure 3) connecting each of
the peaks. Note the symmetry around the relative frequency of
owhere the line crosses the Nyquist frequency.

that occur in the high frequency region of the spectrum as a
series of short bright vertical features. The center of this image
of the two-dimensional Fourier transform is the zero relative
frequency term in both dimensions. Note the symmetry which,
as discussed above, is characteristic of the transform of a real
image. The noise spikes show up as five bright equally spaced
vertical features which can be discerned near the bottom of the
image, and their symmetric reflections are noted at the top of
the image.

Figure 4 is a profile of these noise spikes over a straight line
(A-A,B-B) connecting the centers of the short bright line fea-
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FIG. 2. A texture function applied to the AVIRIS data in Figure 1. This
illustrates the regularity of the noise pattern throughout the entire image.

be mirrored at the negative frequency point (Bracewell, 1986).
In general, a periodic image appears in the two-dimensional
Fourier power spectrum as a series of spikes, representing en­
ergy concentrations at isolated spatial frequencies.

An image of the power spectrum of the Fourier transform of
the Goldfield AVIRIS image (Figure 3) contains obvious spikes
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MODELING THE SIGNAL NOISE
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Application of Fourier analysis to clean an image addresses
the empirical portion of the problem. Understanding of the cause
of the noise is equally important. Building a noise model in an
attempt to replicate features observed in the Fourier domain
can help in three ways. First, while the sources of the interfer­
ence cannot be identified, some obvious candidates can be ruled
out. Second, a noise model can help to explain other artifacts
in the image; i.e., secondary patterns may be related to the
primary interference which is modeled. Third, such a model
can help explain the sources and characteristics of an entire class
of image artifacts.

The first step in developing such a model is to determine the
components of the Fourier series which gave rise to the ob­
served striping patterns. The locations of the spikes in Fourier
space, and their amplitude in the Fourier power spectrum, will
directly give us the resulting Fourier series. The spike features
which have been noted in the power spectrum (Figure 3) are

plays the percentage of all pixels in the image having at least a
given ratio. For example, for 26 percent of the pixels in the
entire image, noise accounted for 30 percent of the total image
variance in the neighborhood. Clearly, where the noise con­
tributes a significant portion of the total variance in any part of
an image, problems will be encountered with any regionaliza­
tion, segmentation, or pattern analysis procedures.

Figure 7 shows the original texture algorithm applied now to
the cleaned image. The evidence of striping is no longer pres­
ent, and real geographic features are being emphasized. The
power and utility of Fourier transforms to rid images of coh­
erent, systematic noise is amply demonstrated by this exercise.

Noise Variance ta Image Variance
(C)

FIG. 6. AVIRIS noise patterns: (a) ane dimensional waveform as seen along
a line; (b) one dimensional waveform as seen along a column. Figure 6c
plots the percent of the image against the ratio of the noise variance
(Figure 5) to the image variance (Figure 1).

tures. Note that the profile crosses the edge of Fourier space at
a point called the Nyquist frequency, reentering Fourier space
at the top of the picture.

Cleaning an image by dampening the Fourier spikes is some­
times more of an art than a science. While it is demonstrable
that the spikes represent additive wave components in the im­
age, how much to dampen the spikes, using what kind of filter,
over how large a neighborhood, is not well understood. In par­
ticular, it is likely that additional noise could be introduced into
the image if the dampening, or filtering, is done incorrectly.
Zeroing the complex components at frequency spike, for ex­
ample, produces a complicated "ringing" noise in the resulting
image. Thus, a traditional "notch" filtering (Curran and Dun­
gan, 1988) was not used in order to avoid introducing more
noise. The technique used in this investigation to smooth the
spikes in the Fourier space involved replacing the spike features
with the average of the data on either side of the feature. Spe­
cifically, each feature point U; on column i is replaced with

U; = (U;_I + U; 11)/2.

This procedure was used for each of the spikes observed in the
power spectrum, and the result was converted back into geo­
graphic image space.

Subtracting the cleaned image from the Goldfield AVIRIS im­
age (Figure 1) yielded a picture of the noise (Figure 5). Figure
6a illustrates the variation in the noise image for 256 pixels along
an arbitrary row, while Figure 6b shows the pattern of the noise
for 256 lines down an arbitrary column. When compared to the
original image itself on an absolute scale, the noise seems in­
significant: the total signal-to-noise ratio (S R) is still quite high.
An alternative measure of the impact of the noise on image
quality is the ratio between the variance in the noise and the
variance in the total image. The variance in the brightness in a
25-pixel neighborhood was calculated for each pixel in the orig­
inal image (Figure 1). Calculating the same statistic for the noise
image (Figure 5), the ratio of the noise variance to the total
image variance around each pixel was obtained. Figure 6c dis-

FIG. 5. An image of the AVIRIS noise. This figure was generated by sub­
tracting the cleaned image from the original data.
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FIG. 8. Model of the AVIRIS noise (a) one dimensional waveform of the
model of the signal noise. Compare this to Figure 6a. Figure 8b illustrates
the power spectrum of the noise.
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FIG. 7. The texture function applied to the cleaned AVIRIS data. Compare
this analysIs to the result shown in Figure 2.

TABLE 2. COORDINATES OF CENTRAL NOISE SPIKES

presented in Table 2. This table gives the location in one of the
quadrants in Fourier space of each spike in the series and the
amplitude of the power spectrum at that point. Data for the
spikes in the second quadrant are not presented because they
are actually artifacts of the transformation.

From the horizontal frequencies (Table 2), the fundamental
periodicity (p) of the noise can be calculated as 512/18 = 28.44
pixels. Note that the periodicity of the noise is not an even
multiple of the pixel spacing. The spacing of the horizontal
spikes is obviously regular and leads directly to a Fourier series
with the fundamental horizontal fequency

2'1T 2'1T
(x = - * t = -- * t):

p 28.44

!(x) = A * sin(x) + B * sin(3x) + C * sin(5x)
+ ... + G * sin(13x) (1)

where the coefficients are proportional to the observed ampli­
tudes. Such a signal will appear as in Figure 8a, and its Fourier
transform as in Figure 8b. Compare this with the raw noise
pattern in Figure 6a. Even this simple construction yields a cor­
relation coefficient of over 98 percent with the original noise
signal.

Such a brief theoretical analysis along with the empirical re- where the fundamental period (p) is, for this image, 28.44 pixels

sults of the previous section suggests four features that a noise
model should incorporate: (1) the noise spikes are represented
by only the odd terms in a Fourier series; (2) a straight line can
be drawn through the noise spikes which (3) crosses the vertical
axis in Fourier space at the Nyquist frequency; and (4) each
noise spike has significant side-lobes only in the vertical direc­
tion in the Fourier power spectrum.

As a first step, Figure 9a is a small segment (30 by 64 pixels)
of Figure 5 zoomed 8 times and shows a magnified view of the
noise image. Although not obvious in the larger image (Figure
5), immediately evident in the zoomed illustration is a promi­
nent horizontal "beating" (an on-off pattern) which is offset
almost exactly a half cycle on subsequent lines. While the hor­
izontal component has a significant period of about 28 pixels,
looking vertIcally an on-off pattern with a period of roughly
two pixels is evident.

What could have caused this spike at the Nyquist frequency
is now fairly evident from Figure 9a. Remembering that AVIRIS
~s a scanning instrument rather than a true imaging device,
Imagme that a periodic signal is introduced that is dependent
only on time and is sampled uniformly in time. Regardless of
the period of the signal (say 28.44 samples), the first 614 sam­
ples constitute the first image line, the next 614 samples the
next Ime, and so on. In this fashion, not only is the image built
up, but also an image of the noise is constructed in a special
way. To wit, if the periodic signal starts at the first sample, then
after 614 samples it will have completed almost 21.6 cycles.
Thus the next line of the signal starts 60 percent out of phase
with the first line, and so on for all subsequent lines. A Simple
model of precisely this pattern is presented in Figure 9b.

In general, a model of the one-dimensional signal noise can
be written as

(2)!(x) = 2: A
m

sin(2mnx)
111 P

814.6
1240.0
805.0
428.2
227.0

66.8
15.1

(Amplitude)

-249
-235
-221
-206
-192
-178
-164

(Vertical)

18
54
90

126
162
198
234

(Horizontal)
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FIG. 9. Figure 9(a) shows detail of the noise pattern in Figure 5, zoomed
8 times. Figure 9(b) is a simplified model of a phase shifted pattern.

per cycle. In two dimensions all that is added to the noise signal
is a simple phase shift: i.e.,

where N represents the Nyquist frequency. Because all terms
(N,p,k) are independent of the pixel position (x,y), the spikes
will lie on the line

(8)" . 2mn .[(x,y) = L.A", sm- (x + mt(kpy)).
", p

phase shift model (Equation 3), explain most of the features
observed in the AVIRIS data. First, only the spikes representing
the odd terms of the series will appear in the higher frequency
space where the image patterns are at a relatively lower ampli­
tude. Second, these equally spaced odd spikes will lie on a
straight line (Equation 7) which will intercept the vertical axis
exactly at the Nyquist frequency.

The simplicity of this solution is demonstrated in that, given
the location of any two spikes in the Fourier domain, one can
determine both the fundamental frequency of the signal noise
(lip), and the phase shift (kp) which is associated with the gen­
eration of the image lines.

A new feature predicted by the model is a related spatial
interference pattern associated with the even terms of the se­
ries. The line connecting these spikes goes through the origin
of the Fourier domain, and the spikes are likely to be hidden
visually by the amplitude of the image itself. Those spikes may
explain the existence of other low intensity noise patterns in
the image, patterns which are directly related to the fundamen­
tal signal. The importance of this correlative finding is that elim­
inating the fundamental periodic signal in the scanning system
will remove more than just the fundamental noise patterns.

The only feature not directly explained by this model is the
vertical spread of the noise around each spike of the series. If
k, the proportional phase shift, is not a constant but varies within
a small range, we should see an increasing spread around each
spike as we move away from the Nyquist frequency. In fact,
this is not the case, and a variance in the phase shift cannot
explain the vertical spread of the Fourier spikes.

Instead, a modification of the original model to include sam­
pling logic is suggested. That is, assume that the noise signal
is only sampled by the scanning mechanism, and that subse­
quent lines of the image are constructed only after that sampling
has taken place. This assumption implies that the phase shift
introduced on each line must be an integral of the sampling
frequency. This modifies the basic Equation to read

The effect of constraining the sampling in the y direction to an
integral multiple of the pixel sampling rate leads directly to a
convolution of each spike in Fourier space with a sinc function.
It is that convolution which leads to the spread of the Fourier
spikes in the vertical direction.

More generally, the essential difference between a true im­
aging device and a scanning device has been isolated. Namely,
the sampling function of a time dependent signal for the rows
is (a) not independent of the sampling rate of the columns and
(b) is not simply periodic. The lack of simple periodicity in the
sampling function for the columns leads directly to a convolu­
tion of the simple series of spikes in Fourier space with the
transform of the sampling model in the vertical direction.

What has been outlined in this investigation is a noise signal
that is not unique to the AVlRlS data, but one which is typical
of scanning devices in general. Familiarity with the Fourier
transform of two-dimensional sampled noise can be a great aid
in the identification of problems in the image, and in the im­
aging system. The type of noise we have dealt with here, and
particularly its translation into a two-dimensional image, rep­
resents a class of image artifacts which now can be understood
with a simple model.

(4)

(3)

(5)

•

----•

v = kpu.

(u"" v",) = (2Nm/p,2Nkm)

" . 2mn[(x,y) = L. A",sm -(x + kpy)
ttl P

~_.....~_.

where k represents a fraction of the period which each image
line is shifted with respect to the previous line. The Fourier
transform of each term in this series will have a spike at

In expression 4, if k is greater than 0.5, the spikes for all terms
in the series with m > 2 will lie outside the Fourier domain,
Le., 2Nkm > 2N for k 2: 0.5 and m > 2. It should, however, be
remembered that Fourier space is "tiled" with replicas of the
features within (± N, ± N). Thus, spikes, which algebraically
appear to be beyond the frequencies being represented in the
Fourier domain, actually are represented in that domain, and
in every tile of the domain, in the same relative location. Spe­
cifically, the spikes will appear at the frequencies

(u"" v",) = (2Nm/p mod 2N, 2Nkm mod 2N) (6)

It can be shown (Appendix A) that the spikes represented in
Equation 6 will lie on a straight line described by

(7)v = (k - 0.5)pu + N; for m odd

v = (k-0.5)pu; for m even

These equations, which are derived directly from the simple

AVIRIS SPECTRAL COMPONENTS

As noted in the beginning of this article, the AVIRIS data set
used consists of 210 equally spaced calibrated spectral bands.
Where these data are used to analyze the spectal response of a
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FIG. 10. Power spectrum of 210 spectral bands. Note the clear boundaries
between the four spectrometers. Spectrometer A is at the bottom of the
figure.

single pixel, the image noise introduced by the periodic signal
discussed above may not be readily apparent.

The signal noise uncovered in one of the 210 spectral bands
might affect other bands in the imaging system. An analysis of
each of the bands is beyond the scope of the current investi­
gation. However, the pervasiveness of the signal pattern can
be tested by analyzing a single line for each of the bands. Thus,
for each spectral band, image line 100 was extracted from the
data cube to form a two-dimensional data set.

Because this is not a usual two-dimensional image, the two­
dimensional Fourier analysis performed in previous sections is
inappropriate. Figure 10 represents a vertical stack of 210 one­
dimensional Fourier transforms. While there are other spikes
which are evident in the Fourier domain, the consistant spiking
pattern at exactly the frequencies discussed above is immedi­
ately apparent. It is clear from this illustration that the spectral
bands produced by spectrograph B are seriously affected by the
signal noise, while other bands appear to be uncorrupted by
this noise. Thus, according to Table 3, bands 30 through 91 are
all contaminated with this spatial interference pattern.

Figure 11 plots the amplitude of a single frequency compo­
nent (9.48 pixels per cycle, relative frequency 54) for each of the
210 calibrated spectral bands. The presence of this noise com­
ponent in spectrometer B is clearly delineated by the shaded
area. Figure 12 illustrates five separate one-dimensional Fourier
spectra for different AVIRIS bands. It is clear that the spiking
pattern evident in the middle three figures (Spectrometer B) is
not present in the sample plots for the A or C spectrometers.

Taking into account that 12 lines are scanned by AVIRIS each
second, the fundamental frequency of the signal noise is the
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FIG. 12. Fourier power spectrum of image line 100 for five separate post­
calibrated spectral bands. Figures 12(b),(c),(d) all were generated by
spectrometer B.

FIG. 11. Amplitude of the power spectrum at 9.46 pixels per cycle plotted
against the AVIRIS post-calibrated band number. The shaded area indi­
cates those bands generated by spectrometer B.

Post
Calibration

(bands)
Precalibration

(bands)
Spectral Range
(micrometers)

TABLE 3. AVIRIS SPECTRAL BANDS

Spectrometer

A
B
C
o

0.40 - 0.71
0.68 - 1.28
1.24 - 1.86
1.83 - 2.45

1 - 32
33 - 96
97 - 160

161 - 224

1 - 33
30 - 91
87 - 150

147 - 210 order of 260 cycles per second, i.e., 614*12 pixels per second!
28.44 pixels per cycle. This calculation does not take into ac-
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count the dead time per scan line when the mirror returns to
the origin position. Because the noise seems only to affect spec­
trometer B, it is unlikely that the noise pattern is introduced in
the foreoptics.

Other investigators have uncovered exactly the same noise
pattern in spectrometer B in different images. According to the
model presented in Equation 7, Table 4 lists the fundamental
period and the proportional phase shifts which were encoun­
tered in separate investigations.

The cause of the phase shifts on each line is more difficult to
pinpoint because there may be multiple reasons for its intro­
duction. As noted in the analysis above, the simple mismatch
between the period of the signal noise (28.44 pixels per cycle)
and the image period (614 pixels per cycle) is sufficient to cause
a phase shift. In addition, because the mirror operates in a scan­
flyback mode, the dead time during which the mirror is return­
ing to its start position can account for a substantial portion of
the phase shift. Furthermore, there is an encoder which signals
the start of each scan. "Aircraft roll compensation is accom­
plished by matching this start signal to the output of the roll
gyros and delaying the start of the data collection on the scan
line enough to put the center pixel in the nadir position" (Porter
and Enmark, 1987, p. 26).

Another note is that "the digital subsystem also provides the
capability to make fine adjustments to the spatial correlation
between spectral data by controlling the phase relationship of
start pulses issued to each array" (Steinkraus and Hickok, 1987,
p. 75). It would be especially interesting to determine whether
these adjustments were made uniformly to all arrays, or whether
detector B received special treatment in this regard.

CONCLUSION

An analysis of a single spectral band of an AVIRIS data set has
revealed a spatial interference pattern which was generated by
coherent periodic noise. While this noise may not greatly affect
the overall signal-to-noise ratio, when some simple spatial tex­
ture models are applied to the data (e.g., Figure 2), the noise
seems to dominate the result. The techniques of Fourier analysis
permitted the removal of most of the periodic noise patterns.

Beyond simple image restoration, Fourier analysis techniques
help characterize the striping pattern in terms of a simple Four­
ier series. Extending the model of a simple one-dimensional
Fourier series into two dimensions required only one additional
assumption: that the noise signal was independent of the scan­
ning rate. That one assumption, characteristic of scanning de­
vices as contrasted with imaging devices, leads directly to phase
shifting the noise pattern into each line of the image.

An analysis of this model, a simple one-dimensional Fourier
series which has been phase shifted into the second dimension,
has explained the pattern of spiking features observed in the
Fourier transform of the AVIRIS image: the most obvious noise
spikes will occur in the high frequency portion of the power
spectrum; these spikes will be represented by only the odd
terms in a Fourier series; a straight line can be drawn through
the noise spikes; and this line will cross the vertical axis in
Fourier space at the Nyquist frequency. An added benefit of

TABLE 4. AVIRIS INTERFERENCE SIGNAL CHARACTERISTICS

this analysis is the prediction of the existence and location of
the even terms of the Fourier series.

In its simplicity, this model can serve as a seed for explaining
more complex patterns found in digital imagery produced by
scanning devices. Future research should focus more on the
use of Fourier analysis not only as a heuristic tool for cleaning
images, but also as an analytical tool to explain the nature of
image artifacts.
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APPENDIX A

Scene
Goldfield, Navada
Drum Mtn, Utah
Moutain Pass, Calif.
Ivanpah, Calif.

Source
Rose
Bailey et aI., 1988
Crowley et aI., 1988
Crowley et aI., 1988

Period
28.44
28.44
28.44
28.44

Phase
Shift
0.514
0.566
0.566
0.560

Some of the more obvious features of phase shift striping in
the Fourier domain are an apparent consequence of combining
that phase shift with the Fourier "tiling" conventions. The fact
that one "sees" only the odd terms of the series, and that the
line connecting those peaks intersect the vertical axis at the
Nyquist frequency, are both artificial.
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(u"" v",) = (2Nmlp, 2Nkm - mN) for m even; (A.S)

(u"" v",) = (2Nmlp, 2Nkm - (m - 1)N) for m odd.

The slope of the line (v = a + bu) connecting the even points
is calculated:

where p is the fundamental period of the series; k is the pro­
portion of the period by which each line is phase shifted; and
m is an integer.
This series has peaks in the Fourier power spectrum at

(u"" v",) = (2Nmlp, 2Nkm) (A.2)

where N is the Nyquist frequency.
All of these peaks will lie on the straight line

v = kpu. (A.3)

However, if k is roughly 0.5, then all terms beyond the second
(m = 2) will lie beyond 2N, the limits of the power spectrum.
Because Fourier space "wraps" (is "tiled") in both dimensions,
however, those peaks will also appear at

(u"" v",) = (2Nmlp mod 2N, 2Nkm mod 2N) (AA)

For instance, under certain conditions

(m + I)N > 2Nkm > (m - I)N or (m - 1)/2m > k > (m - 1)/
2m m, odd.

can be established under the following constraints: ­

2N > 2Nmlp > 0 or p > m > 0

(m + 2)N > 2Nkm > mN or (m + 2)/2m > k > 0.5 m,
even

(A.8)

(A.9)

(A.I0)

(A.ll)

(A.12)

(A.13)

(A.14)

or a = N.

I)N = a + p(k - 0.S)2Nmlp

v = p(k - 0.5)u + N for the odd series

v'" = a + p(k - O.S)u",

2Nkm mN = a + p(k-0.5)2Nmlp

or a = 0;

v = p(k-O.5)u for the even series, and

2Nkm - (m

and for the odd series

Thus, the two equations:

(A.l)" 21T111f(x,y) = L. A", cos - (x + kpy)
ttl P

Consider the series

With a period of 28.44 pixels per cycle, and a maximum phase
shift proportion of k = 0.566 (Table 4), these contraints hold
for the first 14 terms of the even series, and the first seven terms
of the odd series. At the phase shift encountered in the Gold­
field image (k = 0.514), even more terms of the odd series will
satisfy the constraints. This discussion demonstrates that the
"wrapping" or "tiling" of Fourier space can visually separate
the even from the odd terms of a single series, and make it even
appear that the odd series is aIiased through the Nyquist fre­
quency.

(A.7)

(A.6)p(k-0.5)
b = (v", - vol = p(2Nkm - mN)

(u", - uo) 2Nm

and similarly for the odd series:

b = (v", - VI)
(u", - (u,)

p(2Nkm - (m - I)N - 2Nk) = k-O)
p( .5 .

(2Nm - 2N)

The intercepts of the line is calculated for the even series as

Large-Scale Mapping
Guidelines

factors to consider when contracting for mapping services.

PARTIII ...
... is filled with precisely written sample contract

specifications.

ASPRS's Large-Scale Mapping Guidelines is
exploding with information to aid local, state, and Federal
agencies, private developers, corporations, and individuals in
preparing specifications and acquiring large-scale maps.

Prepared by the National Mapping Division of the
Department of the Interior Geological Survey, the guidelines In addition, Large-Scale Mapping Guidelines includes a
are divided into the following three parts: complete glossary with all the relevant mapping terms plus a
PART I . . . list of selected references and appendix with illustrated samples

... deals with the variety of uses of large-scale maps of large-scale maps.
including: This handsome 56-page paperback edition will provide a
• applications for highway and street engineering' storm and guide by which an organization or individual needing large-
sanitary engineering' urban area planning' utilities location scale maps can determine a desired end product, specify it
and management· emergency services' tax assessment precisely, and obtain it under fair, reasonable, and uniform
PART II. . . contracting procedures. .

... focuses on understanding the mapping process and ASPRS is offering Large-Scale Mapping Guidelines at a low-
some of the sophisticated equipment involved as well as several scale price of $5 ... don't miss it!r-----------------------------------,I Large-Scale Mapping Guidelines Stock No. 628L $5 I
SEND BOOKS TO:I Method of Payment' I

I ame 0 Payment Enclosed 0 MasterCard 0 VISA I
I

Address Please complete the following information. I
Account Number (All Digits)

I SEND ALL ORDERS TO: Expiration Date I
I ASPRS Questions? Signature I
I 210 Little Falls Street Call 703-534-6617 'Note: Checks must be 111 US dollars, payable 111 the UJ11ted States COD I

Falls Church, VA 22046 Paperback books are not returnable orders not accepted Pnces are subject to change WIthout notIce

,-----------------------------------~


