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Error Correction

and Registration of Image Data

When image data is recorded by sensors on satellites and aircraft it can contain

errors in geometry and in the measured brightness values of the pixels. The latter

are referred to as radiometric errors and can result from the instrumentation used

to record the data, from the wavelength dependence of solar radiation and from the

effect of the atmosphere. Image geometry errors can arise in many ways. The relative

motions of the platform, its scanners and the earth, for example, can lead to errors

of a skewing nature in an image product. Non-idealities in the sensors themselves,

the curvature of the earth and uncontrolled variations in the position and attitude of

the remote sensing platform can all lead to geometric errors of varying degrees of

severity.

When an image is to be utilized it is frequently necessary to make corrections

in brightness and geometry if the accuracy of interpretation, either manually or by

machine, is not to be prejudiced. For many applications only the major sources of

error will require compensation whereas in others more precise correction will be

necessary.

It is the purpose of this chapter to discuss the nature of the radiometric and

geometric errors commonly encountered in remote sensing images and to develop

computational procedures that are used for their compensation. While this is the

principal intention, the procedures to be presented find more general application

as well, such as in registering together sets of images of the same region but at

different times, and in performing operations such as scale changing and zooming

(magnification).

Radiometric correction procedures for hyperspectral imagery are treated sepa-

rately in Chap. 13.

2.1
Sources of Radiometric Distortion

Mechanisms that affect the measured brightness values of the pixels in an image can

lead to two broad types of radiometric distortion. First, the relative distribution of
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brightness over an image in a given band can be different to that in the ground scene.

Secondly, the relative brightness of a single pixel from band to band can be distorted

compared with the spectral reflectance character of the corresponding region on the

ground. Both types can result from the presence of the atmosphere as a transmission

medium through which radiation must travel from its source to the sensors, and can

be a result also of instrumentation effects.

2.1.1

The Effect of the Atmosphere on Radiation

Figure 2.1 depicts the effect the atmosphere has on the measured brightness value

of a single pixel for a passive remote sensing system in which the sun is the source

of energy, as in the visible and reflective infrared regions. In the absence of an

atmosphere the signal measured by the sensor will be a function simply of the level

of energy from the sun, actually incident on the pixel, and the reflectance properties

of the pixel itself. However the presence of the atmosphere can modify the situation

significantly as depicted in the diagram. Before discussing this in detail it is of value

to introduce some definitions of radiometric quantities as these will serve to simplify

explanations and will allow correction equations to be properly formulated.

Imagine the sun as a source of energy emitting at a given rate of Joules per second,

or Watts. This energy radiates through space isotropically in an inverse square law

fashion so that at a given distance the sun’s emission can be measured as Watts per

square metre (given as the power emitted divided by the surface area of a sphere at

that distance). This power density is called irradiance, a property that can be used

to describe the strength of any emitter of electromagnetic energy.

Fig. 2.1. The effect of the atmosphere in determining various paths for energy to illuminate a

(equivalent ground) pixel and to reach the sensor
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We can measure a level of solar irradiance at the earth’s surface. If the surface is

perfectly diffuse then this amount is scattered uniformly into the upper hemisphere.

The amount of power density scattered in a particular direction is defined by its

density per solid angle, since equal amounts are scattered into equal cones of solid

angle. This quantity is called radiance and has units of Watts per square metre per

steradian (Wm−2sr−1).

The emission of energy by bodies such as the sun is wavelength dependent, as

seen in Fig. 1.4, so that often the term spectral irradiance is used to describe how

much power density is available incrementally across the wavelength range. Spectral

irradiance is typically measured in Wm−2µm−1.

As an illustration of how these quantities might be used suppose, in the absence

of atmosphere, the solar spectral irradiance at the earth isEλ. If the solar zenith angle

(measured from the normal to the surface) is θ as shown in Fig. 2.1 then the spectral

irradiance (spectral power density) on the earth’s surface is Eλ cos θ . This gives an

available irradiance between wavelengths λ1 and λ2 of

Eos =

∫ λ2

λ1

Eλ cos θdλ. Wm−2

In remote sensing the wavebands used ((λ = λ2−λ1) are frequently narrow enough

to assume

Eos = E(λ cos θ(λ Wm−2 (2.1)

where E(λ is the average spectral irradiance in the band (λ.

Suppose the surface has a reflectance R. This describes what proportion of the

incident energy is reflected. If the surface is diffuse then the radiance scattered into

the upper hemisphere and available for measurement is

L = E(λ cos θ(λR/π Wm−2sr−1 (2.2)

where the divisor π accounts for the upper hemisphere of solid angle. Knowing L it

is possible to determine the power detected by a sensor, and the digital count value

(or grey level) given in the digital data product from a particular sensor which is

directly related to the radiance of the scene. If we call the digital value (between 0

and 255 for example) C, then the measured radiance of a particular pixel is

L = Ck + Lmin Wm−2sr−1 (2.3)

where k = (Lmax − Lmin)/Cmax in which Lmax and Lmin are the maximum and

minimum measurable radiances of the sensor. These are usually available from the

sensor manufacturer or operator.

Equation (2.2) relates to the ideal case of no atmosphere.When an atmosphere is

present there are severalmechanism thatmust be taken into account thatmodify (2.2).

These are a result of scattering and absorption by the particles in the atmosphere.

Absorption by atmospheric molecules is a selective process that converts incom-

ing energy into heat. In particular, molecules of oxygen, carbon dioxide, ozone and

water attenuate the radiation very strongly in certain wavebands. Sensors commonly

used in solid earth and ocean remote sensing are usually designed to operate away
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from these regions so that the effects are small. Scattering by atmospheric particles

is then the dominant mechanism that leads to radiometric distortion in image data

(apart from sensor effects).

There are two broadly identified scattering mechanisms. The first is scattering

by the air molecules themselves. This is called Rayleigh scattering and is an inverse

fourth power function of the wavelength used. The other is called aerosol or Mie

scattering and is a result of scattering of the radiation from larger particles such as

those associated with smoke, haze and fumes. These particulates are of the order of

one tenth to ten wavelengths. Mie scattering is also wavelength dependent, although

not as strongly as Rayleigh scattering. When the atmospheric particulates become

much larger than a wavelength, such as those common in fogs, clouds and dust, the

wavelength dependence disappears.

In a clear ideal atmosphere Rayleigh scattering is the only mechanism present.

It accounts, for example, for the blueness of the sky. Because the shorter (blue)

wavelengths are scattered more than the longer (red) wavelengths we are more likely

to see blue when looking in any direction in the sky. Likewise the reddish appear-

ance of sunset is also caused by Rayleigh scattering. This is a result of the long

atmospheric path the radiation has to follow at sunset during which most short wave-

length radiation is scattered away fromdirect line of sight by comparison to the longer

wavelengths.

In contrast to Rayleigh scattering, fogs and clouds appear white or bluish-white

owing to the (near) non-selective scattering caused by the larger particles.

We are now in the position to appreciate the effect of the atmosphere on

the radiation that ultimately reaches a sensor. We will do this by reference to

Fig. 2.1, commencing with the incoming solar radiation. The effects are identified by

name:

Transmittance. In the absence of atmosphere transmittance is 100%. How-

ever because of scattering and absorption not all of the available solar ir-

radiance reaches the ground. The amount that does, relative to that for no

atmosphere, is called the transmittance. Let this be called Tθ the subscript

indicating its dependence on the zenith angle of the source because of the

longer path length through the atmosphere. In a similar way there is an at-

mospheric transmittance Tθ to be taken into account between the point of

reflection and the sensor.

Sky irradiance. Because the radiation is scattered on its travel down through

the atmosphere a particular pixel will be irradiated both by energy on the

direct path in Fig. 2.1 and also by energy scattered from atmospheric con-

stituents. The path for the latter is undefined and in fact diffuse. A pixel can

also receive some energy that has been reflected from surrounding pixels

and then, by atmospheric scattering, is again directed downwards. This is

the sky irradiance component 2 identified in Fig. 2.1. We will call the sky

irradiance at the pixel ED .

Path radiance. Again because of scattering alone, radiation can reach the

sensor from adjacent pixels and also via diffuse scattering of the incoming
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radiation that is actually scattered towards the sensor by the atmospheric

constituents before it reaches the ground.These two components are referred

to as path radiance and denoted Lp.

Having defined these effects we are now in the position to determine how the radiance

measured by the sensor is affected by the presence of the atmosphere. First the total

irradiance at the earth’s surface now becomes, instead of (2.1)

EG = E(λTθ cos θ (λ+ ED Wm−2

where, for simplicity, it has been assumed that the diffuse sky irradiance is not a

function of wavelength (in the waveband of interest). The radiance therefore due to

this global irradiance of the pixel becomes

LT =
R

π
{E(λTθ cos θ(λ+ ED} Wm−2sr−1

Above the atmosphere the total radiance available to the sensor then becomes

Ls =
RTφ

π
{E(λTθ cos θ(λ+ ED} + Lp Wm−2sr−1 (2.4)

It is this quantity therefore that should be used in (2.3) to relate the digital count

value to measured radiance.

2.1.2

Atmospheric Effects on Remote Sensing Imagery

A result of the scattering caused by the atmosphere is that fine detail in image data

will be obscured. Consequently it is important in applicationswhere one is dependent

upon the limit of sensor resolution available, such as in urban studies, to take steps

to correct for atmospheric effects.

It is important also to consider carefully the effects of the atmosphere on remote

sensing systems with wide fields of view in which there will be an appreciable

difference in atmospheric path length between nadir and the extremities of the swath.

This will be of significance for example with aircraft scanners and satellite missions

such as NOAA.

Finally, and perhaps most importantly, because both Rayleigh andMie scattering

are wavelength dependent the effects of the atmosphere will be different in the differ-

ent wavebands of a given sensor system. In the case of the Landsat Thematic Mapper

the visible blue band (0.45 to 0.52 µm) can be affected appreciably by comparison

to the middle infrared band (1.55 to 1.75 µm). This leads to a loss in calibration of

the set of brightnesses associated with a particular pixel.

Methods for correcting for the radiometric distortion caused by the atmosphere

are discussed in Sect. 2.2.

2.1.3

Instrumentation Errors

Radiometric errors within a band and between bands can also be caused by the design

and operation of the sensor system. Band to band errors from this source are normally
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Fig. 2.2. a Transfer characteristic of a radiation detector; b Hypothetical mismatches in de-

tector characteristics in the same band

ignored by comparison to band to band errors from atmospheric effects. However

errors within a band can be quite severe and often require correction to render an

image product useful.

The most significant of these errors is related to the detector system. An ideal

radiation detector should have a transfer characteristic (radiation in, signal out) as

shown in Fig. 2.2a. This should be linear so that there is a proportional increase

and decrease of signal with detected radiation level. Real detectors will have some

degree of nonlinearity (which is ignored here) and will also give a small signal out

even when no radiation is being detected. Historically this is known as dark current

and is related to the residual electronic noise in the system at any temperature above

absolute zero; we will call it an “offset". The slope of the characteristic is frequently

called its transfer gain or just simply “gain".

Most remote sensors involve a multitude of detectors. In the case of the Landsat

MSS there were 6 per band, for the Landsat TM there are 16 per band and for the

SPOT HRV there are 6000 in the panchromatic mode of operation. Each of these

detectors will have slightly different transfer characteristics as described by their

gains and offsets, as shown in Fig. 2.2b.

In the case of scanners such as the TM and MSS these imbalances will lead to

striping in the across swath direction as shown in Fig. 2.4a. For the HRV longitudinal

striping may occur.

2.2
Correction of Radiometric Distortion

In contrast to geometric correction, in which all sources of error are often rectified

together, radiometric correction procedures must be specific to the nature of the

distortion.
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2.2.1

Detailed Correction of Atmospheric Effects

Rectifying image data to remove as much as possible the degrading effects of the

atmosphere entails modelling the scattering and absorption processes that take place

and establishing how these determine both the transmittances of the various paths

and the different components of sky irradiance and path radiance. When available

these can be used in (2.3) and (2.4) to relate the digital count values given for the

pixels in each band of data C, to the true reflectance R of the surface being imaged.

An example of how this can be done is given by Forster (1984) for the case of Landsat

MSS data; Forster also gives source material and tables to assist in the computations.

Some aspects of this example are given here to establish relative quantities.

Forster considers the case of a Landsat 2 MSS image in the wavelength range

0.8 to 1.1 µm acquired at Sydney, Australia on 14 December 1980 at 9:05 a.m. local

time. At the time of overpass the atmospheric conditions were

temperature 29◦C

relative humidity 24%

atmospheric pressure 1004 mbar

visibility 65 km

measured at 30 m above sea level.

Based upon the equivalent mass of water vapour in the atmosphere (com-

puted from temperature and humidity measurements) the absorption effect of water

molecules was computed. This was the only molecular absorption mechanism con-

sidered significant. The measured value for visibility was used to estimate the effect

ofMie scattering. Together with the known effect of Rayleigh scattering at that wave-

length, these were combined to give the so-called total normal optical thickness of

the atmosphere. Its value is for this example

τ = 0.15

The transmittance of the atmosphere for an angle of incidence θ of the path is given by

T = exp(−τ secθ)

Thus for a solar zenith angle of 38◦ (at the time of overpass) and a nadir viewing

satellite we have (see Fig. 2.1)

Tθ =0.827

Tφ =0.861

In thewaveband of interest Forster notes that the solar irradiance at the earth’s surface

in the absence of an atmosphere is E0 = 256 Wm
−2. He further computes that the

total global irradiance at the earth’s surface is 186.6 Wm−2. Noting from (2.4) that

the term in brackets is the global irradiance this leaves the total diffuse sky irradiance

as 19.6 Wm−2 – i.e. about 10% of the global irradiance for this example.

Based upon correction algorithms given by Turner and Spencer (1972) which ac-

count for Rayleigh and Mie scattering and atmospheric absorption Forster computes
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the path radiance for this example as

Lp = 0.62 Wm
−2sr−1

so that (2.4) becomes

Ls =R70.274(186.6)+ 0.62

i.e. Ls =51.5R7 + 0.62 (2.5)

where the subscript on R refers to the band.

For the band 7 sensors on Landsat 2 at the time of overpass it can be established

in (2.3) that

k= (Lmax − Lmin)/Cmax

= (39.1− 1.1)/63 Wm−2sr−1 per digital value

= 0.603

so that (2.3) becomes

Ls = 0.603C7 + 1.1 Wm−2sr−1

which when combined with (2.5) gives

R7=0.0118C7 + 0.0094

or =1.18C7 + 0.94%

This gives a means by which the % reflectance in band 7 can be computed from

the digital count value available in the digital image data. By carrying out similar

computations for the other three MSS bands the absolute and differential effects of

the atmosphere can be removed. For band 5 for example

R5 = 0.44C5 + 0.5%

Note that the effects of the atmosphere (and path radiance in particular) are greater

for band 5. This is because of the increasing effect of scattering with decreasing

wavelength. If all four MSS bands were considered the effect would be greatest in

band 4 and least in band 7.

2.2.2

Bulk Correction of Atmospheric Effects

Frequently, detailed correction for the scattering and absorbing effects of the atmo-

sphere is not required and often the necessary ancilliary information such as visibility

and relative humidity is not readily available. In those cases, if the effect of the atmo-

sphere is judged to be a problem in imagery, approximate correction can be carried

out in the following manner. First it is assumed that each band of data for a given

scene should have contained some pixels at or close to zero brightness value but that

atmospheric effects, and especially path radiance, has added a constant value to each

pixel in a band. Consequently if histograms are taken of each band (i.e. graphs of the

number of pixels present as a function of brightness value for a given pixel) the lowest
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Fig. 2.3. Illustration of the effect of path radiance, resulting from atmospheric scattering, on

the histograms of four bands of image data at different wavelengths

significant occupied brightness valuewill be non-zero as shown in Fig. 2.3.Moreover

because path radiance varies as λ−α (with α between 0 and 4 depending upon the

extent of Mie scattering) the lowest occupied brightness value will be further from

the origin for the lower wavelengths as depicted in Fig. 2.3. Correction amounts first

to identifying the amount by which each histogram is “shifted" in brightness away

from the origin and then subtracting that amount from each pixel brightness in that

band.

It is clear that the effect of atmospheric scattering as implied in the histograms

of Fig. 2.3 is to lift the overall brightness value of an image in each band. In the case

of a colour composite product (see Sect. 3.2) this will appear as a whitish-bluish

haze. Upon correction in the manner just described this haze will be removed and

the dynamic range of image intensity will be improved. Consequently the procedure

of atmospheric correction outlined in this section is frequently referred to as haze

removal.
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2.2.3

Correction of Instrumentation Errors

Errors in relative brightness such as the within-band line striping referred to in

Sect. 2.1.3 and shown in Fig. 2.4a can be rectified to a great extent in the following

way. First it is assumed that the detectors used for data aquisition within a band

produce signals statistically similar to each other. In other words if the means and

standard deviations are computed for the signals recorded by the detectors then they

should be the same. This requires the assumption that detail within a band doesn’t

change significantly over a distance equivalent to that of one scan covered by the

set of the detectors (e.g. 474 m for the six scan lines of Landsats 1,2,3 MSS). This

is a reasonable assumption in terms of the mean and standard deviation of the pixel

brightness, so that differences in those statistics among the detectors can be attributed

Fig. 2.4. a Landsat MSS visible green image showing severe line striping; b The same image

after destriping by matching the mean brightnesses and standard deviations of each detector
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to gain and offset mismatches as displayed in Fig. 2.2b. These mismatches can be

detected by calculating pixel mean brightness and standard deviation using lines

of image data known to come from a single detector. In the case of Landsat MSS

this will require the data on every sixth line to be used. In a like manner five other

measurements of mean brightness and standard deviation are computed as indica-

tions of the performances of the other five MSS detectors. Correction of radiometric

mismatches among the detectors can then be effected by adopting one sensor as a

standard and adjusting the brightness of all pixels recorded by each other detector

so that their mean brightnesses and standard deviations match those of the standard

detector. This can be done according to

y =
σd

σi
x +md −

σd

σi
mi (2.6)

where x is the old brightness of a pixel and y is its new (destriped) value;md and σd
are the reference values of mean brightness and standard deviation andmi and σi are

the mean and standard deviation of the detector under consideration.Alternatively an

independent reference mean brightness and standard deviation can be used. This can

allow a degree of contrast enhancement to be produced during radiometric correction.

The method described is frequently referred to as destriping. Figure 2.4 gives an

example of destriping a Landsat MSS image in this manner.

The destriping effected by (2.6) is straightforward, but capable only of matching

detector responses on the basis of means and standard deviations. A more complete

destriping procedure should result if the histograms of the remaining detectors are

matched fully to that of the reference detector using the methods of Sect. 4.5. This

approach has been used by Weinreb et al. (1989) for destriping weather satellite

imagery.

2.3
Sources of Geometric Distortion

There are potentially many more sources of geometric distortion of image data than

radiometric distortion and their effects are more severe. They can be related to a

number of factors, including

(i) the rotation of the earth during image acquisition,

(ii) the finite scan rate of some sensors,

(iii) the wide field of view of some sensors,

(iv) the curvature of the earth,

(v) sensor non-idealities,

(vi) variations in platform altitude, attitude and velocity, and

(vii) panoramic effects related to the imaging geometry.

It is the purpose of this section to discuss the nature of the distortions that arise from

these effects; Sect. 2.4 discussesmeans bywhich the distortions can be compensated.

To appreciate why geometric distortion occurs, in some cases it is necessary to

envisage how an image is formed from sequential lines of image data. If one imagines
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Fig. 2.5. Display grid commonly used to build up an image from the digital data stream of

pixels generated by a sensor

that a particular sensor records L lines of N pixels each then it would be natural to

form the image by laying the L lines down successively one under the other. If the

IFOV of the sensor has an aspect ratio of unity – i.e. the pixels are the same size

along and across the scan – then this is the same as arranging the pixels for display

on a square grid, such as that shown in Fig. 2.5. The grid intersections are the pixel

positions and the spacing between those grid points is equal to the sensor’s IFOV.

2.3.1

Earth Rotation Effects

Line scan sensors (Fig. 1.6) such as the Landsat TM, and the MODIS on Aqua take

a finite time to acquire a frame of image data. The same is true of push broom

scanners such as the SPOT HRV (Fig. 1.7). During the frame acquisition time the

earth rotates from west to east so that a point imaged at the end of the frame would

have been further to the west when recording started. Therefore if the lines of image

data recordedwere arranged for display in themanner of Fig. 2.5 the later lines would

be erroneously displaced to the east in terms of the terrain they represent. Instead, to

give the pixels their correct positions relative to the ground it is necessary to offset

the bottom of the image to the west by the amount of movement of the ground during

image acquisition, with all intervening lines displaced proportionately as depicted

in Fig. 2.6. The amount by which the image has to be skewed to the west at the end

of the frame depends upon the relative velocities of the satellite and earth and the

length of the image frame recorded. An example is presented here for Landsat 7.

The angular velocity of the satellite is ω0 = 1.059 mrad s
−1 so that a nominal

L = 185 km frame on the ground is scanned in

ts = L/(reω0) = 27.4 s

where re is the radius of the earth (6.37816 Mm).



2.3 Sources of Geometric Distortion 39

Fig. 2.6. The effect of earth rotation on scanner imagery. a Image formed according to Fig. 2.5

in which lines are arranged on a square grid; bOffset of successive lines to the west to correct

for the rotation of the earth’s surface during the frame acquisition time

The surface velocity of the earth is given by

ve = ωere cos λ

where λ is latitude andωe is the earth rotational velocity of 72.72µrad s
−1.At Sydney,

Australia λ = 33.8◦ so that

ve = 385.4 ms
−l

During the frame acquisition time the surface of the earth moves to the east by

(xe = vets = 10.55 km at 33.8
◦S latitude

This represents 6% of the frame size. Since the satellite does not pass directly north-

south this movement has to be corrected by the inclination angle. At Sydney this is

approximately 11◦ so that the effective sideways movement of the earth is

(x = (xe cos 11
◦ = 10.34 km

Consequently if steps are not taken to correct an image from Landsat 7 for the effect

of earth rotation then the image will contain about a 6% skew distortion to the east.

2.3.2

Panoramic Distortion

For scanners used on spacecraft and aircraft remote sensing platforms the angular

IFOV is constant. As a result the effective pixel size on the ground is larger at the

extremities of the scan than at nadir, as illustrated in Fig. 2.7. In particular, if the IFOV

is β and the pixel dimension at nadir is p then its dimension in the scan direction at

a scan angle of θ as shown is

pθ = βh sec2θ = p sec2θ (2.7a)
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Fig. 2.7. Effect of scan angle on pixel size at constant angular instantaneous field of view

where h is altitude. Its dimension across the scan line is p sec θ . For small values

of θ these effects are negligible. For example, for Landsat 7 the largest value of θ

is approximately 7.5◦ so that pθ = 1.02p. However for systems with larger fields

of view, such as MODIS and aircraft scanners, the effect can be quite severe. For

an aircraft scanner with FOV = 80◦ the distortion in pixel size along the scan line

is pθ = 1.70p – i.e. the region on the ground measured at the extremities of the

scan is 70% larger laterally than the region sensed at nadir. When the image data is

arranged to form an image, as in Fig. 2.5, the pixels are all written as the same size

spots on a photographic emulsion or are displayed as the same pixel size on a colour

display device. Therefore the displayed pixels are equal across the scan line whereas

the equivalent ground areas covered are not. This gives a compression of the image

data towards its edges.

There is a second distortion introduced with wide field of view systems and that

relates to pixel positions across the scan line. The scanner records pixels at constant

angular increments and these are displayed on a grid of uniform centres, as in Fig. 2.5.

However the spacings of the effective pixels on the ground increase with scan angle.

For example if the pixels are recorded at an angular separation equal to the IFOV

of the sensor then at nadir the pixels centres are spaced p apart. At a scan angle θ
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Fig. 2.8. Illustration of the along scan line compression evident in constant angular IFOV and

constant angular scan rate sensors. This leads to so-called S-bend distortion, as shown

the pixel centres will be spaced p sec2 θ apart as can be ascertained from Fig. 2.7.

Thus by placing the pixels on a uniform display grid the image will suffer an across

track compression. Again the effect for small angular field of view systems will be

negligible in terms of the relative spacings of adjacent pixels. However when the

effect is compounded to determine the location of a pixel at the swath edge relative

to nadir the error can be significant. This can be determined by computing the arc

SN in Fig. 2.7 S being the position to which the pixel at T would appear to be

moved if the data is arrayed uniformly. It can be shown readily that SN/TN =

θ/ tan θ this being the degree of across track scale distortion. In the case of Landsat 7

(θ/ tan θ)max = 0.9936. This indicates that a pixel at the swath edge (92.5 km from

the sub-nadir point) will be 314 m out of position along the scan line compared with

the ground if the pixel at nadir is in its correct location.

These panoramic effects lead to an interesting distortion in the geometry of large

field of view systems. To see this consider the uniform mesh shown in Fig. 2.8a.

Suppose this represents a region on the ground being imaged. For simplicity the

cells in the grid could be considered to be features on the ground. Because of the

compression in the image data caused by displaying equal-sized pixels on a uniform

grid as discussed in the foregoing, the uniformmeshwill appear as shown in Fig. 2.8b.

Image pixels are recorded with a constant IFOV and at a constant angular sampling

rate. The number of pixels recorded therefore over the outer grid cells in the along

scan direction will be smaller than over those near nadir. In the along track direction

there is no variation of pixel spacing or density with scan angle as this is established

by the forwardmotion of the platform.Rather pixels near the swath edgeswill contain

information in common owing to the overlapping IFOV.

Linear features such as roads at an angle to the scan direction as shown in Fig. 2.8

will appear bent in the displayed image data because of the along scan compression

effect. Owing to the change in shape caused, the distortion is frequently referred to as

S-bend distortion and can be a common problem with aircraft line scanners. Clearly,

not only linear features are affected; rather the whole image detail near the swath

edges is distorted in this manner.



42 2 Error Correction and Registration of Image Data

2.3.3

Earth Curvature

Aircraft scanning systems, because of their low altitude (and thus the small absolute

swath width of their image data), are not affected by earth curvature. Neither are

space systems such as Landsat and SPOT, again because of the narrowness of their

swaths. However wide swath width spaceborne imaging systems are affected. For

MODIS with a swath width of 2330 km and an altitude of 705 km it can be shown

that the deviation of the earth’s surface from a plane amounts to less than 1% over the

swath, which seems insignificant. However it is the inclination of the earth’s surface

over the swath that causes the greater effect. At the edges of the swath the area of

the earth’s surface viewed at a given angular IFOV is larger than if the curvature of

the earth is ignored. The increase in pixel size can be computed by reference to the

geometry of Fig. 2.9. The pixel dimension in the across track direction normal to

the direction of the sensor is β[h+ re(1− cosφ)] secθ as shown. The geometry of

Fig. 2.9 then shows that the effective pixel size on the inclined earth’s surface is

pc = β[h+ re(1− cosφ)] secθ sec(θ + φ) (2.7b)

where βh is the pixel size at nadir and φ is the angle subtended at the centre of the

earth. Note that this expression reduces to (2.7a) if φ = 0 – i.e. if earth curvature

Fig. 2.9. Effect of earth curvature on the size of a pixel in the scan direction (across track)



2.3 Sources of Geometric Distortion 43

is considered negligible. Using the NOAA satellite as an example θ = 54◦ at the

edge of the swath and φ = 12◦. This shows that the effective pixel size in the along

scan direction is 2.89 times larger than that at nadir when earth curvature is ignored,

but is 4.94 times that at nadir when the effect of earth curvature is included. This

demonstrates that earth curvature introduces a significant additional compressive

distortion in the image data acquired by satellites such as NOAA when an image is

constructed on a uniform grid such as that in Fig. 2.5. The effect of earth curvature

in the along track direction is negligible.

2.3.4

ScanTime Skew

Mechanical line scanners such as the Landsat MSS and TM require a finite time to

scan across the swath. During this time the satellite is moving forward leading to a

skewing in the along track direction.As an illustration of the magnitude of the effect,

the time require to record one MSS scan line of data is 33 ms. During this time the

satellite travels forward by 213 m at its equivalent ground velocity of 6.467 km s−1.

As a result the end of the scan line is advanced by this amount compared with its

start.

2.3.5

Variations in Platform Altitude,Velocity and Attitude

Variations in the elevation or altitude of a remote sensing platform lead to a scale

change at constant angular IFOVandfield of view; the effect is illustrated inFig. 2.10a

for an increase in altitude with travel at a rate that is slow compared with a frame

acquisition time. Similarly, if the platform forward velocity changes, a scale change

occurs in the along track direction. This is depicted in Fig. 2.10b again for a change

that occurs slowly. For a satellite platform, orbit velocity variations can result from

orbit eccentricity and the non-sphericity of the earth.

Platform attitude changes can be resolved into yaw, pitch and roll during forward

travel. These lead to image rotation, along track and across track displacement as

noted in Fig. 2.10 c–e.

While these variations can be described mathematically, at least in principle, a

knowledge of the platform ephemeris is required to enable their magnitudes to be

computed. In the case of satellite platforms ephemeris information is often teleme-

tered to ground receiving stations. This can be used to apply corrections before the

data is distributed.

Attitude variations in aircraft remote sensing systems can potentially be quite

significant owing to the effects of atmospheric turbulence. These can occur over a

short time, leading to localised distortions in aircraft scanner images. Frequently

aircraft roll is compensated for in the data stream. This is made possible by having

a data window that defines the swath width; this is made smaller than the complete

scan of data over the sensor field of view.A gyro mounted on the sensor is then used



44 2 Error Correction and Registration of Image Data

Fig. 2.10. Effect of platform position and attitude errors on the region of earth being imaged,

when those errors occur slowly compared with image acquisition

to move the position of the data window along the total scan line as the aircraft rolls.

Pitch and yaw are generally not corrected unless the sensor is mounted on a three

axis stabilized platform.

A comprehensive discussion of the nature and effects of aircraft scanner distortion

is given by Silva (1978).

2.3.6

Aspect Ratio Distortion

The aspect ratio of an image (that is, its scale vertically compared with its scale

horizontally) can be distorted by mechanisms that lead to overlapping IFOV’s. The

most notable example of this occurs with the Landsat multispectral scanner. As

discussed in Sect. A.1.2 samples are taken across a scan line too quickly compared

with the IFOV. This leads to pixels having 56 metre centres but sampled with an

IFOV of 79 m. Consequently the effective pixel size is 79 m × 56 m and thus
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is not square. As a result if the pixels recorded by the multispectral scanner are

displayed on the square grid of Fig. 2.5 the image will be too wide for its height when

related to the corresponding region on the ground. The magnitude of the distortion

is 79/56 = 1.411 so that this is quite a severe error and must be corrected for most

applications.

A similar distortion can occurwith aircraft scanners if the velocity of the aircraft is

not matched to the scanning rate of the sensor. Either underscanning or overscanning

can occur leading to distortion in the alongtrack scale of the image.

2.3.7

Sensor Scan Nonlinearities

Line scanners that make use of rotating mirrors, such as the NOAA AVHRR and

aircraft scanners, have a scan rate across the swath that is constant, to the extent that

the scan motor speed is constant. Systems that use an oscillating mirror however,

such as the Landsat thematic mapper, incur some nonlinearity in scanning near the

swath edges owing to the need for the mirror to slow down and change directions.

This effect is depicted in Fig. 2.11. According to Anuta (1973) this can lead to a

maximum displacement in pixel position compared with a perfectly linear scan of

about 395 m, for example, for Landsat multispectral scanner products.

Fig. 2.11.Mirror displacement versus time in an oscillating mirror scanner system. Note that

data acquisition does not continue to the extremes of the scan so that major nonlinearities are

obviated
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2.4
Correction of Geometric Distortion

There are two techniques that can be used to correct the various types of geometric

distortion present in digital image data. One is to model the nature and magnitude of

the sources of distortion and use these models to establish correction formulae. This

technique is effective when the types of distortion are well characterized, such as that

caused by earth rotation. The second approach depends upon establishing mathemat-

ical relationships between the addresses of pixels in an image and the corresponding

coordinates of those points on the ground (via a map). These relationships can be

used to correct the image geometry irrespective of the analyst’s knowledge of the

source and type of distortion. This procedure will be treated first since it is the most

commonly used and, as a technique, is independent of the platform used for data

acquisition. Correction by mathematical modelling is discussed later. Before pro-

ceeding it should be noted that each band of image data has to be corrected. However

since it can often be assumed that the bands are well registered to each other, steps

taken to correct one band in an image, can be used on all remaining bands.

2.4.1

Use of Mapping Polynomials for Image Correction

An assumption that is made in this procedure is that there is available a map of the

region corresponding to the image, that is correct geometrically. We then define two

cartesian coordinate systems as shown in Fig. 2.12. One describes the location of

points in the map (x, y) and the other coordinate system defines the location of pixels

in the image (u, v). Now suppose that the two coordinate systems can be related via

a pair of mapping functions f and g so that

u = f (x, y) (2.8a)

v = g(x, y) (2.8b)

Fig. 2.12. Coordinate systems defined for the image and map, along with the specification of

ground control points
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If these functions are known then we could locate a point in the image knowing its

position on the map. In principle, the reverse is also true. With this ability we could

build up a geometrically correct version of the image in the followingmanner. Firstwe

define a grid over the map to act as the grid of pixel centres in the corrected image.

This grid is parallel to, or indeed could in fact be, the map coordinate grid itself,

described by latitudes and longitudes, UTM coordinates and so on. For simplicity

wewill refer to this grid as the display grid; by definition this is geometrically correct.

We then move over the display grid pixel centre by pixel centre and use the mapping

functions above to find the corresponding pixel in the image for each display grid

position. Those pixels are then placed on the display grid. At the conclusion of the

process we have a geometrically correct image built up on the display grid utilizing

the original image as a source of pixels.

While the process is a straightforward one there are some practical difficulties that

must be addressed. First we do not know the explicit form of the mapping functions

of (2.8). Secondly, even if we did, they may not point exactly to a pixel in the image

corresponding to a display grid location; instead some form of interpolation may be

required.

2.4.1.1

Mapping Polynomials and Ground Control Points

Since explicit forms for the mapping functions in (2.8) are not known they are

generally chosen as simple polynomials of first, second or third degree. For example,

in the case of second degree (or order)

u= a0 + a1x + a2y + a3xy + a4x
2 + a5y

2 (2.9a)

v=b0 + b1x + b2y + b3xy + b4x
2 + b5y

2 (2.9b)

Sometimes orders higher than three are used but care must be taken to avoid the

introduction of worse errors than those to be corrected, as will be noted later.

If the coefficients ai and bi in (2.9) were known then the mapping polynomials

couldbeused to relate anypoint in themap to its correspondingpoint in the image as in

the foregoing discussion.At present however these coefficients are unknown.Values

can be estimated by identifying sets of features on the map that can also be identified

on the image. These features, often referred to as ground control points (G.C.P’s),

are well-defined and spatially small and could be road intersections, airport runway

intersections, bends in rivers, prominent coastline features and the like. Enough of

these are chosen (as pairs – on the map and image as depicted in Fig. 2.12) so

that the polynomial coefficients can be estimated by substitution into the mapping

polynomials to yield sets of equations in those unknowns. Equations (2.9) show

that the minimum number required for second order polynomial mapping is six.

Likewise a minimum of three is required for first order mapping and ten for third

order mapping. In practice however significantly more than these are chosen and the

coefficients are evaluated using least squares estimation. In this manner any control

points that contain significant positional errors either on the map or in the image will

not have an undue influence on the polynomial coefficients.
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2.4.1.2

Resampling

Having determined the mapping polynomials explicitly by use of the ground control

points the next step is to find points in the image corresponding to each location in

the pixel grid previously defined over the map. The spacing of that grid is chosen

according to the pixel size required in the corrected image and need not be the same

as that in the original geometrically distorted version. For the moment suppose that

the points located in the image correspond exactly to image pixel centres. Then those

pixels are simply transferred to the appropriate locations on the display grid to build

up the rectified image. This is the case in Fig. 2.13.

Fig. 2.13. Use of the mapping polynomials to locate points in the image corresponding to

display grid positions

2.4.1.3

Interpolation

As is to be expected, grid centres from the map-registered pixel grid will not usually

project to exact pixel centre locations in the image, as shown in Fig. 2.13, and some

decision has to bemade therefore about what pixel brightness value should be chosen

for placement on the new grid. Three techniques can be used for this purpose.

Nearest neighbour resampling simply chooses the actual pixel that has its centre

nearest the point located in the image, as depicted in Fig. 2.14a. This pixel is then

transferred to the corresponding display grid location. This is the preferred tech-

nique if the new image is to be classified since it then consists of the original pixel

brightnesses, simply rearranged in position to give a correct image geometry.

Bilinear interpolation uses three linear interpolations over the four pixels that

surround the point found in the image corresponding to a given display grid position.

The process is illustrated in Fig. 2.14b. Two linear interpolations are performed along

the scan lines to find the interpolants φ(i, j + j ′) and φ(i + 1, j + j ′) as shown.
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Fig. 2.14. Determining a display grid pixel brightness by a nearest neighbour resampling, b

bilinear interpolation and c cubic convolution interpolation; i, j etc. are discrete values of u

and v

These are given by

φ(i, j + j ′) = j ′φ(i, j + 1)+ (1− j ′)φ(i, j)

φ(i + 1, j + j ′) = j ′φ(i + 1, j + 1)+ (1− j ′)φ(i + 1, j)

where φ is pixel brightness and (i+ i′, j+j ′) is the position at which an interpolated

value for brightness is required. The position is measured with respect to (i, j) and

assumes a grid spacing of unity in both directions. The final step is to interpolate

linearly over φ(i, j + j ′) and φ(i + 1, j + j ′) to give
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φ(i + i′, j + j ′)= (1− i′){j ′φ(i, j + 1)+ (1− j ′)φ(i, j)}

+i′{j ′φ(i + 1, j + 1)+ (1− j ′)φ(i + 1, j)} (2.10)

Cubic convolution interpolation uses the surrounding sixteen pixels. Cubic polyno-

mials are fitted along the four lines of four pixels surrounding the point in the image,

as depicted in Fig. 2.14c to form four interpolants. A fifth cubic polynomial is then

fitted through these to synthesise a brightness value for the corresponding location

in the display grid.

The actual form of polynomial that is used for the interpolation is derived from

considerations in sampling theory and issues concerned with constructing a contin-

uous function (i.e. interpolating) from a set of samples. These are beyond the scope

of this treatment but can be appreciated using the material presented in Chap. 7. An

excellent treatment of the problem has been given by Shlien (1979), who discusses

several possible cubic polynomials that could be used for the interpolation process

and who also demonstrates that the interpolation is a convolution operation. Based

on the choice of a suitable polynomial (attributable to Simon (1975)) the algorithm

that is used to perform cubic convolution interpolation is (Moik, 1980):

φ(i, j + 1+ j ′)= j ′{j ′(j ′[φ(i, j + 3)− φ(i, j + 2)+ φ(i, j + 1)− φ(i, j)]

+[φ(i, j + 2)− φ(i, j + 3)− 2φ(i, j + 1)+ 2φ(i, j)])

+[φ(i, j + 2)− φ(i, j)]}

+φ(i, j + 1) (2.11a)

This expression is evaluated for each of the four lines of four pixels depicted in

Fig. 2.14c to yield the four interpolants φ(i, j + 1 + j ′), φ(i + 1, j + 1 + j ′),

φ(i + 2, j + 1 + j ′), φ(i + 3, j + 1 + j ′). These are then interpolated vertically

according to

φ(i + 1+ i′, j + 1+ j ′)= i′{i′(i′[φ(i + 3, j + 1+ j ′)− φ(i + 2, j + 1+ j ′)

+φ(i + 1, j + 1+ j ′)− φ(i, j + 1+ j ′)]

+[φ(i + 2, j + 1+ j ′)− φ(i + 3, j + 1+ j ′)

−2φ(i + 1, j + 1+ j ′)+ 2φ(i, j + 1+ j ′)])

+[φ(i + 2, j + 1+ j ′)− φ(i, j + 1+ j ′)]}

+φ(i + 1, j + 1+ j ′) (2.11b)

Cubic convolution interpolation, or resampling, yields an image product that is gen-

erally smooth in appearance and is often used if the final product is to be treated by

photointerpretation. However since it gives pixels on the display grid, with bright-

nesses that are interpolated from the original data, it is not recommended if classi-

fication is to follow since the new brightness values may be slightly different to the

actual radiance values detected by the satellite sensors.
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2.4.1.4

Choice of Control Points

Enough well defined control point pairs must be chosen in rectifying an image to

ensure that accurate mapping polynomials are generated. However care must also be

given to the locations of the points.A general rule is that there should be a distribution

of control points around the edges of the image to be corrected with a scattering of

points over the body of the image. This is necessary to ensure that the mapping

polynomials are well-behaved over the image. This concept can be illustrated by

considering an example fromcurvefitting.While the nature of the problem is different

the undesirable effects that can be generated are similar. In Fig. 2.15 is illustrated a

set of data points in a graph through which first order (linear), second order and third

order curves are depicted. Note that as the order is higher the curves pass closer to

the points. However if it is presumed that the data would have continued for larger

values of x with much the same trend as apparent in the points plotted then clearly

the linear fit will extrapolate moderately acceptably. In contrast the cubic curve can

deviate markedly from the trend when used as an extrapolator. This is essentially true

in geometric correction of image data: while the higher order polynomials will be

accurate in the vicinity of the control points themselves, they can lead to significant

errors, and thus image distortions, for regions of images outside the range of the

control points. This is illustrated in the example of Sect. 2.5.4.

Fig. 2.15. Illustration from curve fitting to reinforce the potentially poor behaviour of high

order mathematical functions when used to extrapolate

2.4.1.5

Example of Registration to a Map Grid

To illustrate the above techniques a small segment of aLandsatMSS image of Sydney,

Australia was registered to a map of the region.
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Table 2.1. Control points used in image to map registration example

It is important that the map has a scale not too different from the scale at which

the image data is considered useful. Otherwise the control point pairs may be difficult

to establish. In this case a map at 1 : 250,000 scale was used. The relevant segment

is shown reproduced in Fig. 2.16, along with the portion of image to be registered.

Comparison of the two reveals the geometric distortion of the image. Eleven control

points were chosen for the registration, with the coordinates shown in Table 2.1.

Their UTM map coordinates were specified in this exercise by placing the map on a

digitizing table, although they could have been read from the map and entered man-

ually. The former method is substantially more convenient and often more accurate

if the digitizing table facility is available.

Using the set of control points, second degree mapping polynomials were gen-

erated. To test the effectiveness of these in transferring pixels from the raw image

grid to the map display grid, the software system that was used in the exercise (Dipix

Systems Ltd R-STREAM) computes the UTM coordinates of the control points from

their pixel coordinates in the image. These are compared with the actual UTM co-

ordinates and the differences (residuals) calculated in both directions. A root mean

square of all the residuals is then computed in both directions (easting and northing)

as shown in Table 2.1, giving an overall impression of the accuracy of the mapping

process. In this case the set of control points is seen to lead to an average positional

error of 56 m in easting and 63 m in northing, which is smaller than a pixel size

in equivalent ground metres and thus would be considered acceptable. At this stage

the table can be inspected to see if any individual control point has residuals that

are unacceptably high. It could be assumed that this is a result of poor placement;

if so it could be re-entered and the polynomial recalculated. If changing that control

point leaves the residuals unchanged it may be that there is local distortion in that

particular region of the image.A choice has to be made then as to whether the control

point should be used to give a degree of correction there, that might also influence
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Fig. 2.16. a Map and

b Landsat MSS im-

age segment to be

registered. The result

obtained from second

order mapping polyno-

mials is shown in c
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the remainder of the image, or whether it should be removed and leave that region

in error.

In this example cubic convolution resampling was used in producing an image

on a 50 m grid by means of the pair of second order mapping polynomials. The result

is shown in Fig. 2.16.

2.4.2

Mathematical Modelling

If a particular distortion in image geometry can be represented mathematically then

the mapping functions in (2.8) can be specified explicitly. This obviates the need to

choose arbitary polynomials as in (2.9) and to use control points to determine the

polynomial coefficients. In this section some of the more common distortions are

treated from this point of view. However rather than commence with expressions

that relate image coordinates (u, v) to map coordinates (x, y) it is probably simpler

conceptually to start the other way around, i.e. to model what the true (map) positions

of pixels should be given their positions in an image. This expression can then be

inverted if required to allow the image to be resampled on to the map grid.

2.4.2.1

Aspect Ratio Correction

The easiest source of distortion tomodel is that caused by the 56m equivalent ground

spacing of the 79 m × 79 m equivalent pixels in the Landsat multispectral scanner.

As noted in Sect. 2.3.6 this leads to an image that is too wide for its height by a factor

of 79/56 = 1.411. Consequently to produce a geometrically correct image either the

vertical dimension has to be expanded by this amount or the horizontal dimension

must be compressed. We will consider the former. This requires that the pixel axis

horizontally be left unchanged (i.e. x = u), but that the axis vertically be scaled (i.e.

y = 1.411 v). This can be expressed conveniently in matrix notation as
[

x

y

]

=

[

1 0

0 1.411

] [

u

v

]

. (2.12)

One way of implementing this correction would be to add extra lines of pixel data to

expand the vertical scale. This could be done by duplicating four lines in every ten.

Alternatively, and more precisely, (2.12) can be inverted to give
[

u

v

]

=

[

1 0

0 0.709

] [

x

y

]

. (2.13)

Thus, as with the techniques of the previous section, a display grid is defined over the

map (with coordinates (x, y)) and (2.13) is used to find the corresponding location

in the image (u, v). The interpolation techniques of Sect. 2.4.1.3 are then used to

generate brightness values for the display grid pixels.
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2.4.2.2

Earth Rotation Skew Correction

To correct for the effect of earth rotation it is necessary to implement a shift of pixels

to the left that is dependent upon the particular line of pixels, measured with respect

to the top of the image. Their line addresses as such (v) are not affected. Using the

results of Sect. 2.3.1, these corrections are implemented by
[

x

y

]

=

[

1 α

0 1

] [

u

v

]

with α = −0.056 for Sydney, Australia. Again this can be implemented in an ap-

proximate sense by making one pixel shift to the left every 17 lines of image data

measured down from the top, or alternatively the expression can be inverted to give
[

u

v

]

=

[

1 −α

0 1

] [

x

y

]

=

[

1 0.056

0 1

] [

x

y

]

(2.14)

which again is used with interpolation procedures from Sect. 2.4.1.3 to generate

display grid pixels.

2.4.2.3

Image Orientation to North-South

Although not strictly a geometric distortion it is an inconvenience to have an image

that is corrected for most major effects but is not oriented vertically in a north-

south direction. It will be recalled for example that the Landsat orbits in particular

are inclined to the north-south line by about 9◦. (This of course is different with

different latitudes). To rotate an image by an angle ζ in the counter -or anticlockwise

direction (as required in the case of Landsat) it is easily shown that (Foley,Van Dam,

Feiner and Hughes, 1990)
[

x

y

]

=

[

cos ζ sin ζ

− sin ζ cos ζ

] [

u

v

]

so that
[

u

v

]

=

[

cos ζ − sin ζ

sin ζ cos ζ

] [

x

y

]

. (2.15)

2.4.2.4

Correction of Panoramic Effects

The discussion in Sect. 2.3.2 makes note of the pixel positional error that results from

scanning with a fixed IFOV at a constant angular rate. In terms of map and image

coordinates, the distortion can be described by
[

x

y

]

=

[

tan θ/θ 0

0 1

] [

u

v

]



56 2 Error Correction and Registration of Image Data

where θ is the instantaneous scan angle, which in turn can be related to x or u, viz.

x = h tan θ , u = hθ , where h is altitude. Consequently resampling can be carried

out according to

[

u

v

]

=

[

θ cot θ 0

0 1

] [

x

y

]

=

[

h/x tan−1(x/h) 0

0 1

] [

x

y

]

. (2.16)

2.4.2.5

Combining the Corrections

Clearly any exercise in image correction usually requires several distortions to be

rectified. Using the techniques in Sect. 2.4.1 it is assumed that all sources are rectified

simultaneously. When employing mathematical modelling, a correction matrix has

to be devised for each source considered important, as in the preceding sub-sections,

and the set of matrices combined. For example if the aspect ratio of a Landsat TM

image is corrected first, followed by correction of the effect of earth rotation, then

the following single linear transformation can be established for resampling.

[

x

y

]

=

[

1 α

0 1

] [

1 0

0 1.411

] [

u

v

]

=

[

1 1.411α

0 1.411

] [

u

v

]

which for α = −0.056 (at Sydney) gives

[

u

v

]

=

[

1 0.056

0 0.709

] [

x

y

]

.

2.5
Image Registration

2.5.1

Georeferencing and Geocoding

Using the correction techniques of the preceding sections an image can be registered

to a map coordinate system and therefore have its pixels addressable in terms of

map coordinates (eastings and northings, or latitudes and longitudes) rather than

pixel and line numbers. Other spatial data types, such as geophysical measurements,

image data from other sensors and the like, can be registered similarly to themap thus

creating a georeferenced integrated spatial data base of the type used in a geographic

information system.

Expressing image pixel addresses in terms of a map coordinate base is often

referred to as geocoding.
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2.5.2

Image to Image Registration

Many applications of remote sensing image data require two or more scenes of the

same geographical region, acquired at different dates, to be processed together. Such

a situation arises for example when changes are of interest, in which case registered

images allow a pixel by pixel comparison to be made.

Two images can be registered to each other by registering each to amap coordinate

base separately, in themanner demonstrated in the previous section.Alternatively, and

particularly if georeferencing is not important, one image can be chosen as a master

to which the other, known as the slave, is to be registered. Again the techniques of

Sect. 2.4 are used, however the coordinates (x, y) are now the pixel coordinates in the

master image rather than the map coordinates.As before (u, v) are the coordinates of

the image to be registered (i.e. the slave).An advantage in image to image registration

is that only one registration step is required in comparison to two if both are taken

back to amap base. Furthermore an artifice known as a sequential similarity detection

algorithm can be used to assist in accurate co-location of control point pairs.

2.5.3

Control Point Localisation by Correlation

Correlation is of value in locating the position of a control point in the master image

having identified it in the slave.The sequential similarity detection algorithm (SSDA),

as treated by Bernstein (1983), is of this type. Only one specific implementation is

considered here to illustrate the nature of themethod. Other methods are summarized

byYao (2001).

Suppose a control point has been chosen in the slave image and it is necessary to

determine its counterpart in the master image. In principle a rectangular sample of

pixels surrounding the control point in the slave image can be extracted as a window

to be correlated with the master image. Because of the spatial properties of the pair of

images near the control points a high correlation should occurwhen the slavewindow

is located over its exact counterpart region in the master, and thus the master location

of the control point is identified. Obviously it is not necessary to move the slave

window over the complete master image since the user knows approximately where

the control point should occur in the master. Consequently it is only necessary to

specify a search region in the neighbourhood of the approximate location. Software

systems that provide this option allow the user to choose both the size of the window

of pixels from the slave image control point neighbourhood and the size of the search

region in the master image over which the window of slave pixels is moved to detect

an acceptable correlation.

The correlation measure used need not be sophisticated. Indeed a simple simi-

larity check that can be used is to compute the sum of the absolute differences of

the slave and master image pixel brightnesses over the window, for each possible

location of the window in the search region. The location that gives the smallest ab-

solute difference defines the control point position as that pixel at the current centre
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of the window. Obviously the sensitivity of the method will be reduced if there is a

large average difference in brightness between the two images – such as that owing

to seasonal variations. A refinement therefore is to compute the summed absolute

difference of the pixel brightnesses relative to their respective means in the search

window.

Clearly the use of techniques such as these to locate control points depends upon

there not being major changes of an uncorrelated nature between the scenes in the

vicinity of a control point being tested. For example a vegetation flush due to rainfall

in part of the search window can lead to an erroneous location. Nevertheless with

a judicious choice of window size and search region, measures such as SSDA can

give very effective guidance to the user, especially when available on an interactive

image processing facility.

2.5.4

Example of Image to Image Registration

To illustrate image to image registration, butmore particularly to see clearly the effect

of control point distribution and the significance of the order of the mapping polyno-

mials to be used for registration, two segments of Landsat MSS infrared image data

in the northern suburbs of Sydney were chosen. One was acquired on December 29,

1979 and was used as the master. The other was acquired on December 14, 1980 and

was used as the slave image. These are shown in Fig. 2.17 wherein careful inspection

shows the differences in image geometry.

Two sets of control pointswere chosen. In one the pointswere distributed as nearly

as possible in a uniform manner around the edge of the image segment as shown in

Fig. 2.17a, with some points located across the centre of the image. This set would

be expected to give a reasonable registration of the images. The second set of control

points was chosen injudiciously, closely grouped around one particular region, to

illustrate the resampling errors that can occur. These are shown in Fig. 2.17b. In

both cases the control point pairs were co-located with the assistance of a sequential

similarity detection algorithm. This worked well particularly for those control points

around the coastal and river regions where the similarity between the images is

unmistakable. To minimise tidal influences on the location of control points, those

onwater boundaries were chosen as near as possible to be on headlands, and certainly

were never chosen at the ends of inlets.

For both sets of control points third degree mapping polynomials were used

along with cubic convolution resampling.As expected the first set of points led to an

acceptable registration of the images whereas the second set gave a good registration

in the immediate neighbourhood of the points but beyond them produced gross

distortion.

The adequacy of the registration process can be assessed visually if the master

and resampled slave images can be superimposed in different colours. Figure 2.18a

and 2.18b show themaster image in redwith the resampled slave image superimposed

in green.Where good registration has been achieved the resultant is yellow (with the

exception of regions of gross dissimilarity in pixel brightness – in this case associated
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Fig. 2.17. Control points used in image to image registration example. a Good distribution;

b Poor distribution

with fire burns). However misregistration shows quite graphically by a red-green

separation. This is particularly noticeable in Fig. 2.18b where the poor extrapolation

obtained with third order mapping is demonstrated.

The exercise using the poor set of control points (Fig. 2.17b) was repeated.

However this time only first order mapping polynomials were used. While these

obviously will not remove non-linear differences between the images and will give

poorer matches at the control points themselves, they are well behaved in extrapola-

tion beyond the vicinity of the control points and lead to an acceptable registration

as shown in Fig. 2.18c.

2.6
Miscellaneous Image Geometry Operations

While the techniques of Sects. 2.4 and 2.5 have been devised for treating errors in

image geometry and for registering sets of images, and images to maps, they can be

exploited also for performing intentional changes to image geometry. Image rotation

and scale changing are chosen here as illustrations.
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Fig. 2.18. a Registration

of 1980 image (green)

with 1979 image (red)

using the control points

of Fig. 2.17a, with third

order mapping polynomi-

als; b Third order mapping

of 1980 image (green)

to 1979 image (red) us-

ing the control points of

Fig. 2.17b; c As for b but

using first order mapping

polynomials
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2.6.1

Image Rotation

Rotation of image data by an angle about the pixel grid can be useful for a number

of applications. Most often it is used to align the pixel grid, and thus the image, to

a north- south orientation as treated in Sect. 2.4.2.3. However the transformation in

(2.15) is perfectly general and can be used to rotate any image in an anticlockwise

sense by any specified angle ζ .

2.6.2

Scale Changing and Zooming

The scales of an image in both the vertical and horizontal directions can be altered

by the transformation.
[

x

y

]

=

[

a 0

0 b

] [

u

v

]

where a and b are the desired scaling factors. To resample the scaled image onto the

display grid we use the inverse operation, as before, to locate pixel positions in the

original image corresponding to each display grid position, viz
[

u

v

]

=

[

1/a 0

0 1/b

] [

x

y

]

.

Again interpolation is used to establish actual pixel brightnesses to use, since u, v

will not normally fall on exact grid locations.

Frequently a = b so that the image is simply magnified (although different

magnification factors could be used in each direction if desired). This is often called

zooming, particularly if the process is implemented in an image display system. If

the nearest neighbour interpolation procedure is used in the resampling process the

zoom implemented is said to occur by pixel replication and the image will look

progressively blocky for larger zoom factors. If cubic convolution interpolation is

used there will be a change inmagnification but the imagewill not take on the blockly

appearance. Often this process is called interpolative zoom. Both pixel replication

zoom and interpolative zoom can also be implemented in hardware to allow the

process to be performed in real time.

References for Chapter 2

Good discussions on the effect of the atmosphere on image data in the visible and infrared

wavelength rangeswill be found in Slater (1980) and Forster (1984). Forster gives a detailed set

of calculations to illustrate how correction procedures for compensating radiometric distortion

caused by the atmosphere are applied. Definitions and derivations of radiometric quantities

are covered comprehensively by Slater.

Extensive treatments of geometric distortion and means for geometric correction are cov-

ered by Anuta (1973), Billingsley (1983) and Bernstein (1983). Discussions of resampling


