
DANIEL E. FRIEDMANN 
.MacDonald, Dettwiler 6 Associates Ltd. 

Richmond, B.C. V6X 229, Canada 

Two-Dimensional Resampling 
Line Scan Imagery by 
One-Dimensional Processing 

One-dimensional processing makes digital image rotation possible by 
eliminating the large memory requirements and slow data access 
which accompany two-dimensional digital image rotation. 

INTRODUCTION 

T HE PRODUCTION of precision processed satellite 
imagery requires both precision rectification 

and photometric correction of pixel (picture ele- 
ment) intensities. Precision rectification involves 
two steps. 

First, the internal error sources and external 
error sources are modeled by a two-dimensional 
transformation. 

Second, the pixel intensities on a regular grid in 

as uncertainties in the spacecraft attitude, ephem- 
eris, and terrain relief. The transformation also 
corrects for spacecraft heading and map projec- 
tion. Heading correction refers to the rotation of 
the digital data by the spacecraft heading angle so 
that after precision rectification the data are 
aligned with the  output map projection or 
geocoded. For example, if the image is corrected 
to the UTM map projection, the digital data lie 
along northings and eastings. 

ABSTRACT: Geometric correction of remote sensing data, such as Landsat M S S  

data, requires two-dimensional resumpling. The resampling operation is typi- 
cally curried out in  two one-dimensional operations: along and across scan 
lines. The usual reasons given for validating the procedure are lower cost and 
higher speed. 

The theoretical assumptions under which one-dimensional processing is valid 
are presented in  the light of current and future remote sensing sensors. It is 
shown that the assumptions are violated when a substantial amount of image 
rotation is incorporated into the precision processing. A method to perform 
image rotation with an additional step using one-dimensional processing is 
presented. The method makes precision correction and alignment of remote 
sensing data, to  a map projection, both  possible and accurate w i th  one- 
dimensional processing. 

the corrected projection are obtained. The re- 
quired pixel coordinate in the corrected projection 
is mapped to the raw spacecraft projection (by 
means of the inverse transformation). The map- 
ping usually yields non-integral positions in the 
raw projection; thus, the desired pixel intensity is 
obtained by interpolation on the known pixel in- 
tensities. This process is referred to as resampling. 
The geometric transformation1-3 models internal 
errors such as scan nonlinearity and varying line 
length. It also models many external errors such 
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The increased number of satellites planned for 
the next d e ~ a d e , ~  and the increased amount of 
geocoded5 digital data being made available, will 
make the production of geocoded images (heading 
correction) a necessity if data from different 
sources are to be compared and analyzed together 
as required for the successful application of re- 
mote sensing techniques. 

The improved sensors to be carried by the new 
spacecraft6-" will demand accurate processing. 
Future scanners, such as the thematic mapper6." 
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(Landsat) and multispectral linear7-'0~12 arrays (SPOT, 
Mapsat, LASS, COMSS, . . .), will make available 
to the user increased radiometric, spatial, and in 
some cases, spectral resolution. Processing must 
preserve the radiometric accuracy of the sensor. 

The correct way to interpolate or resample 
two-dimensional digital data is with two-dimen- 
sional convolution (the application of a linear fil- 
ter specified by its impulse response). In particu- 
lar, if the data are band limited, the resampling 
kernel (or impulse response of the linear filter) is 

sin rr x, sin rr x, 
dx1, x*) = -.- 

rrx,  rrX2 
(1) 

where x ,  and x2 are the orthogonal axes along 
which the data are sampled.* In practice, applica- 
tion of two-dimensional convolution is slow and 
expensive, the tradeoff being between using large 
amounts of random access memory and suffering 
from slow access of data on disk. 

The large volumes of remote sensing data (i.e., 
40 MBytes per band for thematic mapper data) 
must be accessed from disk, line-by-line. This be- 
comes even slower and more expensive14 in image 
rotation which requires access to a large portion of 
the image for one output line (i.e., must traverse 
diagonally through the input data). When the data 
can be processed in a one-dimensional manner, 
the number of computations is reduced and the 
data access problem eased considerably. 

One-dimensional processing for precision rec- 
tification of Landsat MSS data has been in use. It is 
the purpose of this paper to present the theoretical 
arguments for validating one-dimensional preci- 
sion processing of imagery data from present and 
future sensors. Furthermore, it is shown how this 
processing must be  modified from two one- 
dimensional operations (along and across scan 
lines) to three one-dimensional operations in 
order to incorporate image rotation by any angle. 
With the three-pass method it is possible to correct 
images to a geocoded format. 

The possibility of performing one-dimensional 
processing is strongly dependent on the nature of 
the satellite data, the nature of the inherent dis- 
tortions, the final map projection, and the rotation 
process. 

The following sections show why the data ac- 
quisition is inherently one-dimensional, how this 
leads to a separable resampling kernelf, and how a 
separable kernel can be used to perform two- 
dimensional resampling as a series of one- 

* See reference 13 for an extensive review of the two- 
dimensional sampling theorem. 

- - 

f A function g(xl,x2) is separable when g(xl,x2) = gl(x,) 
gz(x2). 

dimensional resamplings in the case of precision 
rectification with and without heading correction. 

SATELLITE SENSORS 

Landsats 1, 2, and 3 have demonstrated the op- 
erational utility of remote sensing from space with 
the multispectral scanner ( ~ s s ) .  Future sensors 
appear to be scanners: initially, mechanical scan- 
ners, such as the Thematic Mapper (TM), and then 
electronic scanners, such as the multispectral 
linear arrays (MLA). Scanners have important pro- 
cessing implications. Before discussing these, it is 
instructive to examine a well-known scanner such 
as the MSS from the signal processing point of view 
(operational details, well covered in literature are 
omitted '"lY). 

Figure 1 shows a block diagram of the scanner 
system. The imagery data are imaged by the opti- 
cal system (box 2, Figure 1) (a Ritchey Chretien 
telescope flNo. of 3.6) onto the focal plane. The 
imaging process low-pass filters (or smears) the 
data in both dimensions. The filtering action is 
best modeled by a Gaussian impulse response 
(blur circle 30 m15) which is separable. On the 
focal plane (box 3, Figure 1) the data are sampled 
vertically by the aperture stop (formed by square 
optical fibres in the case of MSS, except for the IR 

band) as the scanning mirror images a line of data. 
The aperture has the effect of averaging the inten- 
sity over the square which represents 76.2 m15 on 
the ground. This low-pass filtering by a square 
aperture is separable. From now on the two- 
dimensional data are effectively a series of one- 
dimensional scan lines, and any further filtering 
affects only the along-scan spatial frequencies. 
After detection, accompanied by radiometric deg- 
radation of the data (box 4, Figure l ) ,  the data are 
low-pass filtered (box 5,  Figure 1) (three pole, 
Butterworth in the case of MSS) and sampled hori- 
zontally (box 6, Figure 1). The data, now digitized 
in the along- and across-scan direction, are quan- 
tized (64 levels for MSS) and transmitted (boxes 7,8). 

The scenario for TM is identical except for the 
increased resolution (spatial, radiometric, and 
spectral). For multispectral linear arrays the steps 
are similar except that the data are sampled hori- 
zontally by the thousands of detector apertures 
and vertically by electronic means (as the satellite 
progresses in its orbit). 

The important points to realize from the above 
example for our purposes are 

(1) Scanner data are inherently acquired by a one- 
dimensional process, 

(2) The spatial filtering performed on the data is 
se~arable into two orthoeonal directions. 

(3) ~ 6 e  data are rectangularry sampled in the same 
two directions, and 

(4) The data are not band-limited in the Nyquist 
sense prior to sampling (i.e., the sampling rate is 
not high enough to avoid frequency ambiguity). 
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FIG. 1. Scanner imaging system. Functions and values are for the present MSS. 

Since the filtering performed on the data is sepa- 
rable, the spatial frequencies of the data lie within 
a rectangle. However, a plot of the system mod- 
ulation transfer function (MTF) prior to sampling in 
both directions (equations shown in Figure 1 for 
MSS) shows the data are not sufficiently band- 
limited prior to sampling. Thus, the rectangular 
sampling can lead to considerable aliasing (or fre- 
quency ambiguity in sampled signals resulting 
from a low sampling rate), especially in the verti- 
cal (across-scan) direction. This is apparent when 
observing high frequency features (such as roads) 
in MSS ~ ic tu res .  TM data will be  more aliased than ~.~ ~ 

MSS data in the horizontal direction since the sam- 
ple spacing equals the instantaneous field-of-view 
( I F O V ) ~  while for MSS is it less (rrovIl.4). 

Since the data are aliased, the interpolation 
function for rectification of scanner imagery may 
not be  exactly given by Equation 1. Although the 
exact fonn of the interpolation function is beyond 
the scope of the present paper, it is clear from 1,2, 
and 3 above that the function must be  separable. It 
is also clear, from the fact that the data after re- 
sampling will be  represented as new digital sam- 
ples, that the function must be a close approxima- 
tion to Equation 1 since the ideal prefiltert3 prior 
to sampling data is given by Equation 1. This fact 
is further supported by experimental evidence 
with MSS data and by numerous s t u d i e ~ . ~ ' ~ ~  

SIMPLIFICATION OF TWO-DIMENSIONAL RESAMPLING 

The resampling operation consists of convolving 
the digital samples f(p,q) (where f is the picture 
intensity at integral values of p,q) with a two- 
dimensional kernel g(x,, x,) (where g is given by 
Equation 1 for the band limited case). The inten- 
sity value at any x,, x2 is given by 

Since g is separable, Equation 2 can be  written as 

Thus, the two-dimensional convolution is broken 
into a one-dimensional along-line convolution 
yielding the intermediate function 

and another one-dimensional across-line convolu- 
tion yielding the final intensity 

The process is illustrated pictorially for a four- 
pixel-wide kernel in Figure 2. The intermediate 
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points are obtained after the first interpolation 
(along x,) and the final points after the second in- 
terpolation (along x,) on the intermediate points. It 
is seen in this example that each output point re- 
quires four intermediate points (or in general N, 
where N is the kernel extent). The exception oc- 
curs when the output points have the same xl co- 
ordinate (i.e., they align vertically). Then the in- 
termediate points can be shared by many output 
points, requiring only one intermediate point for 
each output point irrespective of N. When this is 
the case, one is performing two-dimensional re- 
sampling by two independent one-dimensional 
operations. 

PRECISION RECTIFICATION 

The mapping of pixel coordinates in precision 
rectification can be approximated by bilinear 
equations2 whose coefficients are different in dif- 
ferent blocks of the image. Denoting x, and x2 as 
the input coordinates and yl and y, as the output 
coordinates, we have 

xl = uo + a1yl + (LZYZ + ~ , Y I Y Z  

xz = bo + b l ~ l  + bzyz + ~ , Y I Y Z  

Thus, the output image which consists of inten- 
sities at integer values y,, y, is obtained by com- 
puting x, and x, with the above equation and then 
resampling at x,, xZ as explained previously. The 
transformation can be written in matrix form as 
(where the entry denoted by the dashed line is of 
no interest) 

It is possible to split the transformation* matrix 
into two matrices of the form 

1 0 0 0  

where the c's and d's are easily evaluated from the 
a's and b's. Each of the transformation matrices 
acts only on rows or columns of data (i.e., are one- 
dimensional). 

Thus, the geometric transformation can be split 
into two one-dimensional transformations. 
Whether the whole resampling process can be 
split into two one-dimensional operations de- 
pends on how well aligned vertically the pixels 
are after the first transformation. 

Scanner data suffer from a variety of along-line 

* The analysis can be extended to higher order equa- 
tions and also to afine transformations. 

INPUT SAMPLES OF f(i) 

DESIRED SAMPLES 

FIG. 2. Two-dimensional resampling in the separable 
kernel case. The first pass is performed in the x, direc- 
tion to obtain the intermediate samples. The second pass 
is along the intermediate samples in the x, direction. 

errors due to the fact that data are collected line- 
by-line. In fact, the data samples cannot be con- 
sidered samples of a two-dimensional signal (i.e., 
the above arguments do not apply) until distor- 
tions such as sensor offset and line length variation 
are removed1. These errors must be removed prior 
to two-dimensional processing. However, when 
one-dimensional processing applies, they can be 
incorporated into the first pass of the processing. 
Other systematic errors, such as Earth curvature, 
panoramic distortion, and scan nonlinearity are 
the same for all lines and thus cause no vertical 
misalignment afier the first pass. Attitude errors 
are small and very slow  hanging'^.'^.^ (10-"eg/ 
sec for Landsat C and much smaller for D and 
SPOT). They do not cause misalignments over the 
extent of typical resampling kernels (1 to 16 
pixels). This slow change is also true of map pro- 
jection distortions, such as UTM (most widely 
used). The only considerable vertical misalign- 
ment of pixels after the first resampling operation 
is due to Earth rotation correction. Earth rotation 
correction causes a uniform skew of the picture of 
less than 4". In the image rotation section it is 
shown that this skew causes a small amount of 
aliasing in the across-scan direction. The fact that 
the original data are aliased in this direction jus- 
tifies neglecting this small error during precision 
rectification. 

IMAGE ROTATION 

Before extending one-dimensional precision rec- 
tification to include large angle rotations (>lo0) 
which are required for heading correction, it is es- 
sential to consider some sampling requirements 
for representing rotated images. 
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The two-dimensional Fourier transform of an 
image Cf(i))  and the image are related by 

and 

F ( 3 )  =I f(i) exp (-i 6 5) d i  (4) 

where 6 = ( w , ,  w, )  is the spatial frequency and i 
= (x,, x,) is the spatial coordinate. When the image 
is sampled at points 

where 1 ,  and L 2  are integers and v,, V, are sam- 
pling vectors (see Figure 3) the spectrum is du- 
plicated at points 

3 = m ,  ii, + m, ii, 

where m,  and m, are integers and ii,, ii, are vectors 
related to v,, V, 

vi . i& = 27rfor i = j (i,  j = 1, 2) 
(5) 

Vi . 6 = 0 fori z j  ( i , j  = 1 , 2 )  

U N R O T A T E D  GRlD 

SAMPLES ON A 

R O T A T E D  GRlD 

FIG. 3. Sampling two-dimensional signals with spectra 
contained within a square. (a) Rectangular sampling 
(optinal) along the spectra coordinates. (b) Rectangular 
sampling at 45' to the spectra coordinates. Twice as 
many samples are required in this case. 

This is illustrated in Figure 3a for the case of rec- 
tangular sampling at the Nyquist rate. Now con- 
sider the case in which the sampling is to be along 
a rotated grid (45" will be  used as an example for 
clarity) with respect to the original axis. This 
would produce samples along "scan lines" which 
are set 45" to the previous "scan lines". Since the 
samples are stored in matrix form, the image will 
be  effectively rotated. The case is illustrated in 
Figure 3b. The sampling lattice is defined by 
points at the tips of vectors 

which by relation (Equation 5 )  yield spectra re- 
peated at positions 

where iiS and ii, are as shown in Figure 3b. Clearly 
to avoid aliasing or spectra overlap (for square 
spectra example) we must have 

where a = b are the sides of the spectrum. This 
requires 7, 

to be <2 times smaller than 17, I = 1 v , / ,  the pixel 
separations of the unrotated images. 

To adequately sample images with rectangular 
spectrum on a rotated grid, more samples are re- 
quired than when sampling the image on a non- 
rotated grid. For a square spectrum the number of 
samples required doubles at 45". 

The above arguments affect the final pixel size 
(after precision rectification with heading correc- 
tion) of corrected Earth resource data. Whatever 
the satellite heading, the rotation can always be 
reduced to one less than 45" by line inversion 
(180" rotation) or row/column transposition (90' 
rotation). Furthermore, the rotation required is 
seldom greater than 30" except a t  very high 
latitudes. With this in mind, Table 1 shows the 
envisioned pixel sizes ( in metres) for future 
geocoded images from Landsat and SPOT. 

EXTENSION OF ONE-DIMENSIONAL PROCESSING TO 

HANDLE LARGE A N G L E  ROTATION 

The procedure that one would like to follow to 
obtain pixels on a rotated grid by one-dimensional 
resampling is identical to the procedure used in 
precision rectification. I t  is illustrated in Figure 4. 
A one-dimensional resampling operation is per- 
formed along the scan line to obtain pixels on a 
line making an angle 8 (where 8 is the rotation 
angle) with the vertical. The second resampling 
operation now proceeds along this new line to 
obtain the output point on the rotated grid. 

From previous arguments it is clear that the 
wrong intensity value is obtained since the inter- 
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TABLE 1. ENVISIONED PIXEL SIZES I N  METRES FOR 

LANDSAT AND SPOT. THE SIZES ARE CHOSEN TO BE 

COMPATIBLE WITH IMAGE ROTATION REQUIREMENTS, 
WITH PRESENT MSS PRECISION PRODUCTS (50 m), A N D  

WITH REQUIREMENTS FOR MERGING FUTURE DATA. 

Sensor Rotated Image 

LANDSAT-D-MSS 50 x 50 
-TM 25 x 25 

SPOT-MLA 12.5 x 12.5 
-panchromatic LA 6.25 x 6.25 

mediate pixels do not align vertically after the first 
pass. Intuitively something is wrong because dif- 
ferent rotation angles will yield different inten- 
sities at the same final output position. 

The operation performed in this case differs 
from the correct one in that the filtering is not sep- 
arable along the two orthogonal directions in 
which the data were sampled, but along two di- 
rections at an angle of 90 + 8 (for clockwise rota- 
tion). 

It is useful to see what kind of a filter is being 
applied so as to gain an insight into how the error 
might be avoided. Examining the space frequency 
relations (Equation 5) one is lead to the conclusion 
that, to obtain a filter separable in the Vl, V2 direc- 
tions of Figure 4, one must choose a frequency 
domain filter separable along ii,, ti, where v,, v,, 
ii,, ii, obey relation (Equation 5 ) .  Consider the fil- 
ter in Figure 5. This filter is of parallelogram 

. INPUT POINTS 

a AVAILABLE INTERMEDIATE POINTS FOR ROTATION 

+ OUTPUT POINT LI lNG ON A ROTATED GRID 

FIG. 4. Efficient (but improper) one-dimensional re- 
sampling to obtain pixels on a rotated grid. The first pass 
is in the T, direction to obtain the intermediate samples. 
The second pass is along the intermediate samples in the 
V, direction. 

FIG. 5. Filter (solid line) applied in the case of resam- 
pling as in Figure 4. Dashed line shows extent of signal 
spectrum and the desired filter. 

shape with sides parallel to the vectors ii, and 6,. 
Consider also for simplicity that the filter is an 
ideal low-pass filter of this shape; that is, 

I C - ? h ~ A I Z %  
G ( G )  = G(Al ti, + A2 ii2). = -Yz 5 A, S Y2 

0 otherwise 

where h ,  and A, are running variables and C is a 
constant. The spatial domain form of this filter is 
given by the inverse transform of G(@) 

since G is separable in ii, and ii, we have for the 
appropriate C1" 

- - sin YZ ii, . F sin Yz ii2 . X 
Yz iil . X  Yi ii, . x 

In general, if the filter is not ideal, one still ob- 
tains the product of two functions of (ii, . i )  and 
(Up . X).  

When performing the convolution (Figure 4) f is 
of the form 

where cu and p are real variables, then 

sin a a sin a p 
g ( f )  = . g(P) =-.- 

aa 7rp 
Thus, the filter applied in a separable convolu- 

tion along V, and V2 is a parallelogram filter along 
ii, and ii, where ii, is orthogonal to ?, and ii, to TI. 
This filter is compared to the desired filter (dashed 
rectangular filter) in Figure 5. Clearly, use of the 
filter will lead to substantial loss of spatial fre- 
quencies from the original spectrum (within the 
dashed box) and substantial recovery and sub- 
sequent aliasing from neighbouring spectra. How- 
ever, it is also clear how the error can be avoided. 
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If the data had been initially oversampled so as to 
separate the spectra in the frequency domain ver- 
tically, then the parallelogram filter would recover 
the correct spectrum. Thus, a third vertical pass to 
oversample the data prior to the two passes in Fig- 
ure 4 is needed. In practice, one wants to make the 
first pass horizontally rather than vertically to re- 
move things such as sensor offset, etc. 

Figure 6 illustrates how precision rectification 
incorporating rotation is accomplished. First, a 
horizontal resampling operation is performed to 
oversample the data. Then, a vertical pass pro- 
duces pixels at an angle @ with the horizontal. Fi- 
nally, another pass acts along these new "scan 
lines" to yield the final pixels. 

The oversampling requirements are easily de- 
duced from the geometry. For a square spectrum 
the pixel spacing during the first pass must be re- 
duced by 

1 + tan 8 

That is, for 45" the number of samples after the 
first pass doubles. 

The first two resampling passes along the data 
are used to perform all the corrections previously 
discussed. These two passes are orthogonal and, 
except for the oversampling during the first pass 
and skewing during the second (which are easily 
accommodated in the bilinear equations), they are 
identical to the usual precision rectification passes. 
In particular, whatever resampling kernel is used 
in precision rectification can be used in these two 
passes. The final pass (which skews and scales the 
data) completes the rotation process to yield a geo- 
coded image. 

SIMULATION OF T H E  ROTATION ALGORITHM 

The rotation algorithm was implemented in our 
Image Analysis System. The test data consisted of 
sine waves and Landsat MSS pictures. The sine 
waves demonstrated that accuracies of 1-bit RMS 

(in 256 levels) can be obtained with the three pass 
rotation method and that the two pass rotation 
method yields errors unacceptable to further 
machine processing of the data. The rotation of 
Landsat data illustrates the previous discussion 
well. 

A 512 by 512 portion of band 6 of the Ottawa 
Scene (10747-15141), taken by Landsat, was ro- 
tated (40" using a 16-point kernel) with and with- 
out performing the initial oversampling. The 
fourier transform (FT) of the initial data and the 
rotated data are shown in Figure 7. Figure 7a 
shows the FT of the raw data. Figure 71, shows the 
FT of the data after rotation with three passes. The 
FT has the same shape but is rotated. The rotated 
FT is also smaller in order to fit within the same 
frequency cell as the FT of the original data (this is 

SPACE 

x2 

0 SAMPLES AFTER WE FIRST PASS 

A INTERMEDIATE SAMPLES 

I OUTPUT SAMPLE 

(a) 

FREQUENCY 

RECONSTRUCTION FILTER 

(b) 
FIG. 6. Image rotation by three one-dimensional passes 
(first pass not shown). First pass has oversampled the 
data horizontally. Second pass, yielding intermediate 
points on the slanted line, is in the vertical direction. 
Final pass along the slanted line (new "scan line") yield 
samples on the rotated grid. (a) Operation in the spatial 
domain. (b) Operation in the frequency domain. 

accomplished by enlarging the picture during the 
rotation process. See Figure 3) .  Figure 7c shows 
the FI. of the data after rotation by the two pass 
method. It is clearly seen how this filter removes 
the corner of the original spectrum (i.e., the top 
and bottom of Figure 7b is not found in 7c). It is 
also seen how part of the next spectra is recovered 
(lower right and upper left Figure 7c). Finally, it 
can be seen where the next spectra repeated to the 
right and left aliases (i.e., upper right and lower 
left Figure 7c). 
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CONCLUSIONS 

( 4  
FIG. 7. Fourier transform (IT) of MSS data before and 
after rotation of 40". (a) FT of the data prior to rotation. (b) 
FT of the rotated data with initial oversampling. (c) FT of 
the rotated data without the initial oversampling re- 
quired. 

One-dimensional processing of remote sensing 
data is desirable because 

Scanner data suffers from inherent one- 
dimensional distortions, some of which must be 
removed prior to two-dimensional processing; 
The processor is simpler and faster because the 
architecture is simple; the data access is easy, and 
the number of  computations is less; and 
One-dimensional processing makes digital image 
rotation possible by eliminating the large memory 
requirements and slow data access which accom- 
pany two-dimensional digital image rotation. 

In the future the last property (the possibility of 
performing image rotation fast) is perhaps the most 
important due to the increased number of sources 
of digital data. 

It has been shown that Earth resource data from 
future sensors can be processed by a series of 
three one-dimensional operations to yield a 
geocoded (satellite independent) image. 
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