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ABSTRACT 

An image processor based system for the calibration 

of blackbody radiation sources is presented. The perform

ance characteristics of the system are measured to determine 

their effects on calibration accuracy. The linearity of the 

system with temperature and the effectiveness of image 

averaging to reduce noise are studied. Two methods for 

determining the optical transfer function of the system are 

compared. An improved method for blackbody calibration is 

presented and an error analysis is included. 
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CHAPTER 1 

INTRODUCTION 

Background 

Thermal imaging systems convert radiation in the 

infrared (IR) to visible radiation that can then be dis

played, for example, on a video monitor or as a photograph. 

This conversion provides a means of examining radiation 

normally invisible to the human eye. The spectral response 

of the eye is limited to a band between 0.4 and 0.7 microns. 

IR radiation detected by thermal systems typically lies in 

the 8 to 12 micron region of the spectrum. Whereas visible 

images are produced primarily by reflection and by reflec

tivity differences, thermal images are produced primarily by 

self-emission and emissivity differences (Lloyd 1975, 

pp. 2-3). 

Any object with a temperature greater than absolute 

zero will emit infrared radiation. The hotter the object 

the more IR energy it emits. Thermal imaging systems (IR 

scanners) measure the temperature of an object by detecting 

the amount of IR radiation emitted. It is for this reason 

that thermal system capabilities are often specified in 

terms of scene temperature rather than in radiometric terms, 

1 i 
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although strictly speaking they respond to radiant flux and 

not to temperature. 

The performance of thermal imaging systems is often 

evaluated using optical simulators. The simulator presents 

an infrared object (target) to the unit-under-test (UUT). A 

typical infrared simulator consists of a collimating lens or 

mirror, a background plate with target cutouts, and a 

blackbody radiation source which can have its temperature 

controlled relative to the background plate. The blackbody 

temperature controller is set to establish a differential 

temperature (AT) which is presented to the UUT. The AT is 

defined as the target temperature minus the background 

temperature. The AT is thus related to the "contrast" in 

the IR scene. 

The simulators used to verify performance of the UUT 

are required to. have their differential temperatures 

calibrated to very close tolerances. Although the quantity 

that we are really interested in calibrating is the source 

radiance, a radiant equivalent AT can be measured and used 

to calibrate the source. It has been claimed (Hudson 1969, 

p. 7 8) that the temperature method may be used to calibrate 

the source radiance with an accuracy to about 5%. 

Infrared scanners are often used for the calibration 

of thermal sources. A widely accepted practice is to incor

porate the scanner as a "transfer standard". The scanner is 
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used to establish a known AT using a previously calibrated 

IR reference source. The IR reference source contains a 

high accuracy direct-contact temperature measuring system 

that is traceable to the National Bureau of Standards (NBS). 

The scanner is then used to alternately compare the AT 

between the IR reference source and the blackbody source 

which is being calibrated. 

Statement of the Problem 

The UUT is essentially a scanning radiometer that 

responds to the difference in radiance between the target 

and background and not to the AT. In order to calibrate 

radiance using the temperature method, care must be taken to 

accurately measure the temperature and compare the signals 

of interest. 

There are several sources of error associated with 

the present blackbody calibration procedure. These errors 

include: thermocouple accuracy, emissivity variations, back

ground temperature fluctuations, and the method of signal 

comparison. In addition, the presence of noise in the 

signal limits the accuracy with which the temperature can be 

measured and compared. 

The largest source of error arises from the use of 

an IR scanner to measure and compare signals. The AT is 

determined by reading the amplitude of the video signal from 

the scanner displayed on a monitor. This technique is very 
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subjective since it relies on an observer to record measure

ments of a noisy time-varying signal. In addition, the 

display is not calibrated and grid lines provided are almost 

useless as an aid to determining amplitude (temperature) 

differences. 

Another problem with the presently used method is 

that only a single scan line through the target can be used 

to measure target amplitude. Therefore, this method uses 

only a small portion of the target to determine its 

temperature. Local variations in surface temperature or 

emissivity may affect the accuracy of temperature compari

sons . 

Finally, the IR scanner has an optical transfer 

function which determines the spatial resolution of the 

system. An object with too small an angular size will not 

be resolved at the full amplitude represented by its 

temperature. The minimum angular fully resolved object size 

must be determined to make proper AT measurements. 

Errors attributed to the use of the IR scanner in 

measuring AT = 10°C can be as high as + 0.36°C. This error 

includes the "read" error from the video monitor as well as 

any instabilities in the scanner itself. The total error in 

the AT includes the error contributions from the IR refer

ence source. The total error in establishing AT = 10°C is + 

0 .3 9 ° C. 



5 

Method of Approach 

The objective of this thesis is to reduce the errors 

and subjectivity associated with the use of the IR scanner 

for IR simulator blackbody calibration. This is accomp

lished by interfacing the scanner with an image processor 

and developing software to facilitate the acquisition and 

analysis of thermal image data. 

The Inframetrics Model 525 imaging radiometer was 

interfaced with an Imaging Technology, Inc. (ITI) IP-512 

image processor. (The Inframetrics scanner was used here, 

but the image processing system developed can be interfaced 

with any commercially available IR imaging radiometer.) By 

interfacing an image processor with the thermal scanner, 

much of the subjectivity inherent in operator recorded meas

urements can be eliminated. The image processor also allows 

the operator to quantify and analyze thermal image data 

acquired from the scanner. 

The approach chosen here used temporal and spatial 

image averaging to enhance the capabilities of the calibra

tion system. Time-averaging is an effective way of reducing 

the random noise present in the scanner signal, allowing for 

more accurate measurement and comparison of the AT signals. 

Spatial averaging of the image can reduce the effects of 

surface emissivity variations or non-uniformities due to the 

scanning process which may affect the calibration accuracy. 
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In addition, a two-dimensional spatial average of the 

calibration target is a better representation of temperature 

(radiance) actually seen by the UUT than that obtained using 

a single scan line to determine AT. 

An analysis of the IR scanner optical transfer 

function was made to determine the proper angular size of 

the calibration target. The noise characteristics and 

linearity of the system were also studied to determine their 

effect on AT measurement. The results of these studies were 

then used in the design of the calibration system. 



CHAPTER 2 

THEORETICAL BACKGROUND 

Radiometry 

Radiometry is the measurement of the energy of 

electromagnetic radiation when all wavelengths are 

considered. This is in contrast to photometry, which deals 

only with wavelengths in the visible portion of the 

spectrum. A radiometer is a device which is used to measure 

radiant flux. The thermal imaging system used in the cali

bration of blackbody sources is a radiometer which measures 

radiation in the 8 to 12 micron region of the spectrum. 

The performance of thermal imaging systems is often 

specified in terms of temperature. This is because these 

systems attempt to measure an object's temperature by 

detecting the amount of IR radiation it emits. It must be 

remembered, however, that thermal imaging systems respond to 

the difference in radiance (AL) between the target and 

background and not to AT. The relationship between radiance 

and temperature is discussed in the following section. 

Thermal Radiation Laws 

Thermal radiation at terrestrial temperatures 

consists primarily of self-emitted radiation from quantum 

7 
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energy level transitions in molecules, and secondly from 

reflection of radiation from other heated sources (Lloyd, 

1975, p. 18). Planck's electromagnetic radiation theorem 

states that thermal radiation is generated by linear atomic 

oscillators in simple harmonic motion which emit in discrete 

quanta rather than continuously. The energy E of a photon is 

a function of the radiation frequency and is given by 

E = hv (1) 

where 

E = energy per photon 

h = Planck's constant 

v = radiation frequency 

Blackbody Sources 

One of the most commonly used IR sources is the 

blackbody. A perfect blackbody is one which totally absorbs 

all radiation incident upon it. The radiation characteris

tics of a blackbody source can be determined easily, and 

since it is possible to build a close approximation to a 

blackbody, devices of this type are used as standard sources 

for the calibration and testing of radiometric instruments. 

Planck's blackbody radiation law describes the spec

tral radiant emittance of a perfect blackbody as a function 

of its temperature and wavelength of emitted radiation 

(Smith, 1968, p. 194). 
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C 

w^bb 

1 
-  C-/XT 

X5(e 4 -1) 

w 
2 

cm pm 
( 2 )  

where 

W^bb = radiation emitted into a hemisphere by the 

blackbody in power per unit area per wave

length interval 

X = wavelength in microns 

e = base of natural logarithms (2.718 . . .) 

T = temperature of the blackbody, Kelvin 

4 = a constant: 3.7405 x 10 (area in cm, wave 

length in ym) 

4 
= a constant: 1.4389 x 10 (area in cm, wave

length in jam) 

The radiant emittance in a specific wavelength interval X^^ 

to X2 can be determined by integration over that spectral 

band to obtain 

X 

wx -X 
1 *2 

2 

W* (T) dX (3) 
At 

xi 

BB 

By integrating Equation 3 over all wavelengths, the rela

tionship between total energy emitted by an object and its 

temperature may be determined. The resulting equation is 

known as the Stefan-Boltzmann law, 

"TOTALBB - OT4' <4> 
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2 
where W is the radiant flux density (W/m ), a the Stefan-

Boltzmann constant, and T the absolute temperature. From 

this equation, it is observed that the amount of IR energy 

varies as the fourth power of the temperature of the object. 

The basic function of an infrared radiometer is to measure 

the temperature of an object by detecting the amount of IR 

energy it emits. 

The spectral characteristics of the emitted IR 

radiation are also dependent on the temperature of the 

source. By differentiating Planck's law (Equation 2) and 

setting the result equal to zero, the wavelength at which 

the spectral emittance is maximum is determined. This rela

tionship is known as Wien's displacement law, and is given 

by, 

x _ 2898 
ym 

"bb T 

The radiant emittance at the peak wavelength is given by, 

(5) 

WM = 1.29 x 10~15T5 

BB 2 cm ym ] W  •  ( 6 )  

Equation 5 shows that the higher the temperature, the 

shorter the wavelength at which the peak occurs. Also, from 

Equation 6 it can be seen that the flux density at the peak 

varies as the fifth power of the absolute temperature. 
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Another important feature of a blackbody is that its 

radiance follows that of a Lambertian emitter. That is, the 

blackbody has a constant radiance independent of the viewing 

angle, given by 

_ W*BB 

*BB 77 

The relationship between blackbody radiance in the 

8-12 ym band and temperature is shown in Figure 1. This 

plot was generated by integrating Planck's law (Equation 2) 

and then computing the radiance using Equation 7. It is 

observed that this relationship is non-linear, and for a 

fixed AT the radiance varies as a function of the background 

temperature. This is important in the blackbody calibration 

since it is the AL that the thermal imaging system responds 

to and not the AT. 

Graybody Sources 

In practice, most thermal radiators are not perfect 

blackbodies, and are commonly called graybodies. A gray-

body is one which emits radiation in the same spectral 

distribution as a blackbody at the same temperature, but 

with reduced radiance. The total emissivity of a graybody 

is defined as the ratio of its total radiant emittance to 

that for a perfect blackbody at the same temperature, 

W 

cm^ ym sr 
(7) 



12 

.008 

.007 

OS {/) 
2 .006 
O 
o 
l/i 

ui 
O oos z < 
o < 
oc 

V o 
o 
GO 
* .004 
o 
5 m 

.003 

.002 

/ 
/ 

/ 
/ 

/ 
/ 

/ 
/ 

/ 

/ 

260 270 280 290 300 310 320 330 

TEMPERATURE (KELVIN) 

340 350 360 

Figure 1. Blackbody radiance versus temperature for 8-12 ym 
band. 
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W 

e - w5- (8) 

BB 

where WQ is the graybody emittance and WBB is the emittance 

for the blackbody. For a perfect blackbody e = 1.0, and 

most laboratory standard blackbodies are within a percent or 

two of this value (Smith, 1966) . When dealing with gray-

bodies, it is necessary to include the emissivity factor 

into the blackbody equations. For example, the Stefan-

Boltzmann law is modified by multiplying the right-hand term 

by the appropriate value of e, which yields 

A 

W = coT (9) 
TOTAL K ' 

The emissivity factor is dependent on the several factors 

including the type of material, the condition of the 

surface, and on the wavelength of the emitted radiation. 

The reader should keep in mind that the term 

"blackbody" is used very loosely in industry. The blackbody 

sources referred to in this thesis are not perfect emitters. 

The proper term to use would be "graybody" since the 

emissivity of these sources is less than unity. This 

distinction should be remembered when reading this thesis 

since the industry usage of the term blackbody was adopted 

here. 
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Thermal Imaging Systems 

Thermal imaging systems have increased in importance 

in recent years, in part due to advances in IR detector 

technology. These advances have stimulated an interest in 

thermal imaging for a wide variety of commercial and 

military applications. 

Any object with a temperature greater than absolute 

zero will emit IR radiation. Most of this radiation is in 

the spectral band between 3 and 12 microns. The system used 

for the calibration of thermal sources detects IR radiation 

in the 8 to 12 micron region of the spectrum. 

In order to detect an object, it must produce an 

object-to-background apparent temperature of sufficient 

magnitude to distinguish it from other variations in the 

background (Lloyd, 1975, p. 8). The radiant energy from the 

object must be collected by the detector and converted to an 

electrical signal. The electrical signal from the detector 

must then be reconverted to provide a video image display. 

A basic scanning thermal imaging system is shown in 

Figure 2. The lens is used to focus the radiation from the 

scene onto a single-element detector. An opto-mechanical 

scanner consisting of two mirrors is placed between the 

optical system and the detector. One mirror scans 

horizontally, the other mirror vertically. A folding mirror 

redirects the energy onto the detector. As the scan mirrors 
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Figure 2. A basic scanning thermal imaging system. 
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move, the energy from the object is swept across the 

detector to create the raster for the video display. 

The optics used in thermal imaging system designs 

are quite different than those used in visible optical 

systems. Most optical glass does not transmit radiation 

above 2.5 microns, so it can not be used with thermal 

systems. Lenses for thermal systems must be made from 

materials which transmit IR energy. The most commonly used 

IR material is germanium because its high index of 

refraction reduces the aberrations of the optical system 

(Smith, 1966). Other important components of the optical 

system are the detector window and cold shield, which will 

be discussed later. 

IR Detectors 

Infrared detectors produce an electrical signal in 

response to radiant energy. These detectors fall into two 

categories: quantum and thermal detectors. Quantum detec

tors are semiconductor devices that respond to incident 

photons to produce electrons and holes that form a signal 

current or alter the mobility of an existing signal current 

(Cunningham, 1985) . Thermal detectors are devices that 

absorb the radiation incident upon them, resulting in an 

increase in the temperature of the device. 

The response time of quantum detectors is generally 

faster than that of thermal detectors. In addition, quantum 
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detectors exhibit a greater sensitivity than thermal 

detectors. For these reasons, quantum detectors are the 

common choice for thermal imaging applications. 

Most quantum detectors used in imaging applications 

are operated in a photoconductive mode. A photoconductive 

detector behaves much like a variable resistor. The detec

tor is connected in series with a load resistor and a bias 

voltage source. Radiation incident upon the detector causes 

a change in its conductivity and modulates the current 

flowing through the detector and load resistor. The signal 

is normally taken across the load resistor and ac-coupled to 

a preamplifier. 

Noise Sources 

The measurement of the signal from the detector is 

limited by three basic types of noise: photon noise, detec

tor noise, and post-detector electronics noise. Photon 

noise is due to the quantum nature of the signal itself. It 

can arise from variations in the arrival rate of signal 

photons or photons arising from background objects. Dark 

current refers to a current developed in the detector when 

it is shielded from external radiation. The various 

elements of photon noise, including dark current noise, are 

usually referred to collectively as shot noise. 

The primary types of detector noise are Johnson 

noise and 1/f noise. Johnson noise is a random variation in 
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the current or voltage at the electrical connections of a 

resistor due to random thermal motions within the resistor. 

Johnson noise varies with temperature and bandwidth. It can 

be reduced by lowering the temperature of the detector and 

preamp, or by reducing the noise bandwidth. The noise that 

dominates at low frequencies is often referred to as 1/f 

noise. At high frequencies the 1/f noise drops off rapidly. 

The origins of this 1/f noise are still not well understood. 

Another source of noise which is also present in photo-

conductive devices is generation-recombination noise. This 

noise is related to the random fluctuation in the rates of 

generation and recombination of hole-electron pairs. 

Several sources contribute to the overall post-

detector electronics noise. This noise is associated with 

the processing of the signal output from the detector, as 

well as the noise introduced by external sources. The 

-external sources include any spurious signal that may couple 

with the scanner signal, such as 60 Hz or RF interference. 

The noise associated with the processing of the signal from 

the detector includes: noise from power supplies (excessive 

ripple) and Johnson noise in the pre-amp- and video 

amplifiers. In addition, the signal from the detector is 

digitized in the IR scanner, resulting in some quantization 

error. 
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Because much of the noise in quantum detectors is so 

dependent on temperature, these detectors are often cooled 

to improve their performance. This' results in the ability 

to detect very small differences in temperature. 

Cooling of the detector is achieved by integrating 

it in a vacuum dewar much like a Thermos bottle. The dewar 

is filled with liquid nitrogen which cools the detector to 

77K (-196°C). A typical detector/dewar assembly is shown in 

Figure 3. The IR transmitting dewar window serves as a 

vacuum seal. Behind the window lies the cold shield. The 

rear surface of the shield is uniformly cold and therefore 

it emits little or no thermal radiation. 

The importance of the cold shield can be seen by 

emphasizing the difference between visible optical systems 

and those used for the infrared. In visible systems the 

detector responds to visible light and therefore painting 

the interior of the system black and using baffles will 

minimize any light that may reach the detector from outside 

its field-of-view. IR systems are sensitive to thermal 

energy, and blackening of the interior does little or 

nothing to eliminate stray radiation. This is important 

because any stray radiation reaching the detector reduces 

the sensitivity of the system. The cold shield is normally 

designed to be the aperture stop of the system. Its 

function is to limit the solid angle viewed by the detector, 
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Figure 3. A typical detector/dewar assembly (Fischer, 1986). 
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and thus it prevents stray radiation from reaching the detec

tor. Therefore, it is important that the cold shield does 

not act an emitter of IR radiation. 

Linear Filter Theory 

Linear Operator and Shift Invariance 

The analysis of thermal imaging systems can be 

simplified by making the assumption that the system is 

linear. This assumption allows the use of some important 

concepts which are discussed in this section. 

The mathematical operator L{ } can be used to 

describe the behavior of a system, that is, L{ } operates on 

the input of a system to produce the output of the system. 

For a system with two arbitrary input signals, f (x) and 

f2 (x) , L{ } operates to produce the outputs g-j^ (x) and g2 (x) , 

i.e. , 

L{f 1 (x)} = g^^ (x) (10) 

L{f2 (x)} = g2 (x) (11) 

It has been shown (Gaskill, 1978, p. 137) that for two 

arbitrary complex constants and a2, the system is said to 

be linear if, for an input equal to the sum of [a^^fx) + 

a2f2(x)], the output is given by 

L{a1f1(x) + a2f 2 (x) } = a.^ (x) + a2g2(x) (12) 
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This result demonstrates that the principle of superposition 

applies to linear systems. This is an important tool in 

linear systems analysis since it implies that the overall 

output from a linear combination of input signals is the 

same as the linear combination of the individual outputs. 

Another important feature of some linear systems is 

shift-invariance. A system is said to be shift-invariant if 

the only effect caused by a shift in the position of the 

input is an equal shift in the position of the output. A 

system is shift-invariant if 

L{f(x) } = g(x) (13) 

L{f(x - xQ)}= g(x - xQ) (14) 

where xQ is a real constant. Note that the magnitude and 

shape of the output are unchanged; only the location (xQ) of 

the output is changed. 

The output of a linear shift-invariant (LSI) system 

is given by the convolution of the input with the system's 

impulse response. In optics, the impulse response is 

commonly referred to as the point spread function (PSF). 

The PSF is defined as the two-dimensional image of a point 

source, and its size and shape are a measure of the system's 

imaging capabilities. 

The convolution integral is represented mathematic

ally by, 
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f(x,y) ** psf (x, y) = f(a,3)psf(x-a,y-B)dadg 

—00 —00 

(15) 

and is often abbreviated by 

g(x,y) = f(x,y) ** psf(x,y) (16) 

where the * denotes convolution. In this case, the function 

f(x,y) is the scene radiance, psf(x,y) is the impulse 

response and g(x,y) is the image irradiance. 

As is the case with electrical networks, Fourier 

transform methods can be used to analyze the response of 

linear optical systems. The Fourier transform is given by 

F {f (x, y) } = 

00 00 

—00 —00 

-j2u (v x+v y) 
f(x,y)e * dxdy (17) 

where 

F{ f (x, y) } = F (\>x, vy) 

Thus', if f(x,y) is an image, then F(v̂ ,vy) is the image 

spatial spectrum as a function of the spatial frequency 

variables, vx and v^. The spatial frequency is analogous to 

the temporal frequency (f) used in electrical systems. 

The convolution theorem of Fourier transform can be 

used to simplify the integration required in Equation 15. 

It can be shown (Bracewell, 1978) that the convolution of 

two functions in the spatial domain is equal to the product 
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of the transforms of the functions in the frequency domain. 

This is often abbreviated as 

g(v V  = F ( v V 0TF(vx' V  ( 1 8 )  

where F(v , v ), OTF ( v ,v ) and G(v , v ) are the Fourier 
x y x y x y 

transforms of the original functions f(x,y), psf(x,y) and 

g(x,y) in Equation 16. The Fourier transform of the PSF 

(impulse response) is called the optical transfer function 

(OTF). The OTF is a complex quantity that determines the 

imaging properties of an optical system. The OTF is the 

optical analogy to a low-pass electronic filter in that it 

attenuates the amplitudes of the high spatial frequency 

components, thus producing an image that is a blurred 

version of the original scene (Schowengerdt, 1983) . The 

complex OTF is represented by 

OTF(v ,v ) = MTF(v ,v )exp[jPTF(v .v )] (19) 
x y x y x y 

The magnitude of the OTF is called the modulation transfer 

function (MTF) , and its value is normalized to unity at or 

near zero spatial frequency. The MTF is one of the most 

commonly used performance measures of an imaging system 

because it can be related to the spatial resolution of the 

system. The exponential argument in radians of the OTF is 

called the phase transfer function (PTF), and it describes 

the spatial phase shifts introduced by the system. For a 
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symmetrical optical system, the PTF is equal to zero (or 2tt) 

and the MTF is the absolute value of the real part of the 

OTF. 

Equation 18 is commonly used to solve for the OTF of 

an optical system, 

OTF(V ,v ) = G(v ,v )/F(v ,v ) (20) 
x' y v x' y ' x' y 

Thus the OTF can be determined by dividing the image 

spectrum by the object spectrum (wherever F(v f v ) is 
x y 

non-zero). 

Line Spread Function 

In practice, it is often very difficult to directly 

measure the PSF. Since a very small pinhole must be used, 

it is difficult to get enough energy to provide an adequate 

signal-to-noise ratio for the measurement. Alternative 

methods are available to obtain the PSF indirectly, such as 

the line or edge response. The line response can be 

determined by locating a line source along the y-axis, i.e., 

f (x,y) = 6 (x) (21) 

and measuring the output image, referred to as the line 

spread function (LSF), which can be expressed in terms of 

the unknown PSF as, 

LSF(x) = S(x) ** PSF(x,y) (22) 
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Since the LSF depends only on x, it can be shown (Gaskill, 

1978) that the one-dimensional Fourier transform of the LSF 

is equal to the v -axis profile of the optical transfer 

function. The line source can be placed in any direction to 

determine the OTF for that particular orientation. If the 

PSF is circularly symmetric, only one orientation is neces

sary to determine the OTF. 

Edge Spread Function 

Another method which is equally useful in determin

ing the OTF is the edge response. An edge is modeled as a 

step function, i.e., 

f(x,y) = step(x) (23) 

and the resulting edge spread function (ESF) expressed in 

terms of the PSF is 

ESF(x) = PSF(x,y) ** step(x) (24) 

Gaskill (p. 33, 1978) has shown that 

x 

ESF (x) = LSF(xo)dxQ (25) 

—00 

The LSF is therefore the derivative of the ESF. Thus, if it 

is possible to measure the ESF, the LSF can be determined by 

simple differentiation and the OTF computed by taking the 

Fourier transform of the LSF. 
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One advantage of the ESF over the LSF for determin

ing the OTF is the fact that edges are usually easier to 

find in an image. In addition, the computation of the OTF 

from the LSF requires the deconvolution of the finite slit 

width. The disadvantage of the ESF method is that it 

requires differentiation and therefore generally produces 

more noise in the computed OTF. 



CHAPTER 3 

THE SYSTEM 

A block diagram of the system is shown in Figure 4. 

An Inframetrics Model 525 IR imaging radiometer was used in 

conjunction with an Imaging Technology IP-512 digital image 

processor ("frame grabber") . The system runs under the 

control of a Digital (DEC) PDP 11/23 host computer. 

Peripherals include a dot matrix printer with graphics 

capabilities and an RGB video monitor for displaying images. 

Thermal Scanner 

The IR scanner is an imaging radiometer that 

responds to the difference in radiance between an object and 

its background. The video output from the scanner is propor

tional to the radiant flux incident on the detector. The 

scanner is used in the calibration of blackbody sources to 

measure the differential temperature that is established 

with the IR reference source and to transfer this AT to the 

source under calibration. 

The basic Inframetrics IR scanner has the following 

manufacturer specifications: 

1. A two milliradian instantaneous field-of-view (IFOV) 
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2. A scanned FOV of 14° x 18° (vert x horiz) with a 4:1 

zoom 

3. A minimum detectable temperature difference of 0.1°C 

4. Temperature ranges of 10, 20, 50, 100, 200, and 

500 °C 

5. A TV monitor that displays thermal image, line scan, 

or isotherm features 

The scanner is shown in Figure 5 and its operation 

is as follows. Infrared radiation emitted from the scene 

enters the scanner through the germanium lens. The 

radiation is first scanned by a vertical scan mirror 

operating at 60 Hz. This provides the vertical raster of 

the scanned image. From the vertical scan mirror the beam 

is directed upward to the horizontal scan mirror whose axis 

of rotation is perpendicular to that of the vertical mirror. 

The horizontal scan mirror provides the horizontal raster of 

the scanned image. This mirror also redirects the beam 

downward to the folding mirror. From the folding mirror, 

the beam is focused by the detector lens onto the mercury 

cadmium telluride (HgCdTe) detector. The detector is cooled 

by liquid nitrogen to 77 Kelvin. The detector output is 

then amplified and sampled by an analog-to-digital converter 

operating at 3 Mhz. The sampled data is then routed to the 

scan converter memory where it is read out to a 
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digital-to-analog converter (DAC). At this point the signal 

is converted to composite video and output to the monitor. 

The scanner uses an internal temperature reference 

for the purpose of providing dc restoration of the video 

signal. This restoration is necessary because the detector 

output is ac-coupled to the preamp. The signal is 

ac-coupled to minimize the effects of detector 1/f noise and 

to remove any dc potential caused by biasing the detector. 

In addition, good contrast rendition requires background 

subtraction, and this function is approximated by a dc 

blocking circuit (Lloyd 1975, pp. 336-337) . The dc 

restoration in the scanner is achieved by blocking the 

incident radiation with an opaque chopper vane every 1/60 

second. When the detector views the isothermal vane, its 

coupling capacitor is shorted to ground through a resistor, 

allowing the capacitor to charge to a dc value which 

represents the detector signal due to the vane. When the 

detector is uncovered, only signal variations around the 

reference capacitor voltage are passed. 

Digital Image Processor 

A block diagram of the IP-512 system is shown in 

Figure 6. The basic components of the system include the 

analog processor (AP), the arithmetic logic unit (ALU), and 

the three frame buffers (FB). 



Q-BUS 

FB-512 

FROM SCANNER 

TO MONITOR 

VIDEO BUS VIDEO BUS 

FB-512 
8 B/P 

FB-512 
16 B/P AP-512 ALU-512 

VIDEO BUS 

Figure 6. Block diagram of IP-512 image processor. 



34 

The AP conditions and digitizes the input video 

signal and converts the digital signals into analog video 

output signals. The AP decodes and generates the timing 

signals required for operation. The incoming analog video 

signal is dc restored before being digitized by an 8 bit 

analog-to-digital converter (ADC) which samples at 10 Mhz. 

The digitized signal is then passed through a 256 byte 

look-up table (LUT) and stored in the frame buffer. 

Digitized image data is also passed from the frame buffer to 

the AP, where it is transformed by the output LUT's and 

digital-to-analog converter (DAC) and output to the video 

monitor for display. 

The frame buffer stores the digitized image in its 

256K byte random access memory (RAM) as a 512 x 512 array of 

8 bit pixels. The stored image data can be accessed by the 

host CPU or by the IP-512 ALU. The FB can store and output 

a digitized image in real-time at a rate of 30 frames per 

second. The system used here has three frame buffers. Two 

FB's are configured as one 16 bits/pixel frame memory, which 

is normally the destination for ALU processed images. The 

other FB is used to store the original acquired image and 

therefore only requires 8 bits/pixel storage. 

The ALU is a pipelined processor that supports real

time arithmetic and logical image processing operations. 

The basic operations that can be performed are 16 bit 
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addition (and subtraction) and logical operations, and 8 bit 

multiplication. All image data passes through the ALU 

before it is stored in the frame buffer, whether or not the 

ALU processes the data. The ALU can operate on stored or 

live video image data. 

The ALU control registers are used to configure the 

ALU to perform the desired operations. These registers can 

be programmed from Fortran by loading them with the appropri

ate octal word corresponding to the function desired. The 

ALU is capable of performing image processing functions, 

such as weighted averaging and convolution at a rate of ten 

million pixels per second. 

Software 

Assembly language drivers are provided with the ITI 

system to facilitate programming. Applications specific 

software can be developed in Fortran using Macro-11 calling 

conventions. -This enables the daisy-chaining of several 

assembly language modules to develop the desired software. 

IR Reference Source 

The IR reference source (Eplab Model BB-20T) is used 

to establish the AT that is traceable to NBS. The reference 

source consists of dual blackbody sources of identical 

construction. One of the blackbodies is controlled to an 

absolute temperature (the "master" source) and the other 
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source is slaved to it to provide the required AT's. The AT 

is usually established by setting the master blackbody at 

the background (ambient) temperature and adjusting the slave 

blackbody to represent the desired target temperature 

(Figure 7). It is also possible to use one blackbody inde

pendent of the other. 

The dual blackbody sources contain removable flat 

copper emitter plates. These plates are removable so that 

the emissivity can be optimized for the wavelength region of 

interest. A matte black lacquer (Eppley-Parsons optical 

black) is used in the 8-12 micron region to make the surface 

highly emissive. This lacquer has a nominal emissivity of 

0.98 with uniformity to + 1%. The emitter plates also have 

provisions for mounting the temperature probes of the AT 

indicator. 

The dual blackbodies are used with an aperture plate 

that limits the source emitter area to 5 cm by 5 cm. This 

was done so that the emitter area represents the same 

angular size as the calibration targets in the simulators. 

In addition, the aperture plate and emitter plates are 

covered by a 91 cm deep hood to control the incident power 

on these surfaces. 

The temperature of the dual blackbody sources is 

monitored with a high accuracy AT indicator, Hy-Cal Model 

SA-754-4-01-X24. The AT indicator is connected to the 
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sources with two 100 ohm platinum resistance thermometers 

(PRT). The PRT's are calibrated to be accurate to + 0.03°C. 

The AT indicator is capable of displaying absolute or differ

ential temperatures on a digital meter. The AT indicator 

and PRT's are calibrated together and they provide the 

traceable link to NBS. 



CHAPTER 4 

SYSTEM EVALUATION 

Noise Measurements 

The sources of noise that limit the ability to 

accurately measure the signal of interest were discussed in 

Chapter 2. Noise filtering can be achieved by image 

averaging if the noise is random and uncorrelated with the 

signal. Initially, measurements on the effectiveness of 

image averaging to reduce random noise were made. The 

software provided with the ITI system used a weighted sum to 

average frames of video. This routine was tested on several 

images and did not reduce the noise variance in the image 

data. 

The noise measurements were made using a blackbody 

source with a 10 cm by 10 cm square aperture. The source 

was positioned in front of the scanner so that it filled the 

entire scanned field-of-view. The source temperature was 

set to 37°C and is specified to be uniform to 0.1°C over the 

surface. The scanner was focused on the surface and a 

single frame was acquired into memory. The image was histo

grammed to determine its gray level (GL) distribution (which 

ideally would be at a single level) and the mean and 

39 



40 

variance were calculated. Next, multiple frame averaged 

images were acquired and their means and variances were 

computed. 

The software provided with the ITI system did not 

appear to operate correctly. According to the documenta

tion supplied with the software, the routine uses a weighted 

sum to average frames of video. The weighted sum algorithm 

uses a scale factor to divide the summed image on each pass 

through the ALU. The operation of this routine can be 

illustrated by considering a single pixel p(x,y) located at 

image coordinates x,y. To begin averaging, the frame memory 

is first cleared to zero. The pixel value in the first 

image acquired into memory is given by, 

p!(x,y) 
Pj (x,y) = g (26) 

where p^(x,y) is the pixel before scaling and s is the scale 

factor. Assuming the second image is acquired, summed with 

P-^^y) and then scaled, the output pixel image is given by, 

P~ (x,y) + P, (x,y) P! PI 
P_(x,y) = — r ± = -^ + — (27) 

^ B S 

The pixel value in the third image averaged becomes, 

V I I 
P1 P 2 P3 

P,(x,y) = —o + —5 + — (28) 
J SJ S 
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This weighted average can be written as the sum, 

5 Pn+l-i(x'Y> 
Pn(x,y) = I 4 (j = 1, 2, . . . n) 

j=l sJ 

(29) 

where Pn(x,y) is the pixel located at image coordinates x,y 

after n averages and s is the scale factor used to divide 

the image on each pass. 

The routine was tested on several images for s=l and 

s=2. It was found that when s=l, only a single frame can be 

acquired without overflow. When multiple images were summed 

without scaling, the pixel register overflows. Since only 

pixels in the range 0-255 can be displayed, the overflow 

causes the variance in the image to increase. For example, 

consider two pixels, each with a GL of 255. When these 

pixels are added without scaling, the result is a GL value 

of 510. Because this GL value cannot be represented by an 

8-bit number, the modulo 255 is computed and the GL value 

becomes 1. Therefore, this process causes the variance in 

the image to increase. 

When the scale factor of two was used, it was 

observed that averaged images for n < 16 did not have the 

correct mean GL. Using the previous example, a 2 pixel 

average results in a mean GL of 191. For n _> 16, the mean 

level did approach the true mean GL in the image, although 

the variance was not reduced. These results are shown in 
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Figure 8. There was no correlation between the number of 

frames averaged and the variance using this software. In 

fact, due to overflow errors, it was observed that the 

variance may increase, depending on the number of images 

averaged and the range of GL's in the images. 

The software was modified to perform a true summing 

average. This was accomplished by programming the ALU to 

sum the specified number of images into the 16 bit frame 

memory without weighting them. The summed image is then 

scaled by shifting the output of the ALU registers the 

appropriate number of bits. For simplicity, the number of 

images averaged must be a power of two. The maximum number 

of images that can be averaged without overflow is 256. 

The results of these measurements are plotted in 

Figure 9. The variance was determined for both the 10 and 

20 degree temperature ranges since these are the most 

commonly used f-or blackbody calibration. These results show 

that there is a significant reduction in the noise variance 

from a single image to averaged images. For example, on the 

10 °C range the variance of a single frame image was about 

4.5 gray levels and was reduced to less than 1 gray level by 

averaging. It can also be seen that no significant decrease 

in the variance occurs after 32 frames of video are 

averaged. This is due in part to the fact that the data has 

been digitized in the scanner and the quantization noise 
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induced by this process cannot be filtered by averaging. It 

was also observed that the variance computed using the true 

summing average was about four times greater on the 10°C 

scale than on the 20 °C scale. This may be explained by 

realizing that the gain on the 10° C scale is twice that of 

the 20 ° C scale, resulting in a (2) increase in the 

variance. 

System Linearity 

One of the most important properties of a system is 

that of linearity. It is common practice to assume that a 

system is linear for the purpose of analysis. This is 

because the analysis of linear systems can be simplified 

using principles like superposition and convolution. In 

addition, if the system is linear over its range of opera

tion, the task of equating temperature and gray levels is 

simplified. If this is not the case, corrections for non

linear operation would have to be added to the calibration 

software. Measurements were made to determine the linearity 

of the calibration system with temperature. 

The linearity of the calibration system was deter

mined using the IR reference source previously discussed. 

The IR scanner was positioned at a distance of 127 cm and 

aligned to the slave blackbody source. The angular size of 

the target imaged was approximately 40 mrad. A 64 frame 

averaged image of the blackbody surface at each selected 
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temperature was acquired into memory. A spatial average of 

the central 40 x 40 pixels of the surface was computed to 

determine the average gray level at each temperature 

setting. 

The data collected from the linearity tests of the 

system are plotted in Figure 10. Linearity was measured for 

both the 10 °C and 20 °C full-scale settings on the front 

panel of the scanner control unit. (These two ranges are 

normally used when performing the blackbody calibration.) 

The system responds linearly to temperature, provided that 

the level setting on the front panel is not adjusted during 

measurements. 

The data collected were used to calculate a linear 

least-squares fit, 

GL = mT + b (30) 
o 

where GLq is the gray level output, m is the slope, T is the 

measured absolute temperature, and b is the bias set by the 

level control on the front panel of the scanner electronics. 

The resulting equations for the 10 degree and 20 degree 

scales are GLq = 11.9T - 191.2 and GLq = 5.9T - 39.3, respec

tively. The correlation coefficients obtained for these 

fits were greater than 0.999 in both cases. In addition, 

the standard error in the slope and intercept were computed 

for both fits. The standard error in the slopes are 0.20 
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for the 10 °C scale and 0.19 for the 20° C range. The 

standard error in the intercepts for the 10° C and 20 °C 

scales are 1.03 and 1.00, respectively. Note that the 

constant b is dependent on the level setting, but that the 

slope (m) is constant and therefore unaffected by the 

setting. Since the bias level is dependent on the front 

panel level setting, it is imperative that this setting does 

not get readjusted during the AT comparison. The slope m = 

AGTJ 
can be thought of as the gain or responsivity of the 

system in units of GL/°C. 

The data show that the calibration system does 

respond linearly with temperature. This verifies that the 

assumption of linearity made to facilitate the analysis of 

the system was valid. 

OTF Determination 

The OTF is commonly calculated indirectly from 

spread functions. The OTF can be measured directly, 

however, using sinusoidal or square-wave targets in the 

object plane. The disadvantage of direct measurement with 

these targets is the fact that their high spatial frequency 

components have low contrast. In addition, the high spatial 

frequency targets must be made very small, which makes their 

fabrication quite difficult. 

The MTF of the system was determined experimentally 

using two different methods for the purpose of comparison. 
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The thermal line spread function and thermal edge spread 

function were measured. Fourier transform techniques were 

then used to calculate the system MTF. 

Thermal LSF Analysis 

The setup used to measure the thermal LSF is shown 

in Figure 11. The thermal line source was created by 

placing a blackbody source behind a slit target. The size 

of the slit was adjusted to 0.18 mm. The thermal source was 

positioned approximately 25 mm behind the slit to provide 

the necessary source radiance. The source and target were 

separated to minimize radiative heating of the target, which 

can add noise to the measurement of the LSF. The slit was 

mounted on a micrometer-driven stage to allow it to be 

translated so that the image scale could be determined. The 

slit was positioned perpendicular to the direction of the 

scan on the optical axis at a distance of 127 cm from the IR 

scanner to provide a target angular size of 0.14 mrad. The 

target was chosen to be several times smaller than the 

spatial resolution of the scanner (2 mrad) to ensure that 

its cutoff spatial frequency is greater than that of the 

scanner. 

The scanner was focused on the target to provide the 

sharpest possible image. The image of the slit was acquired 

by summing 64 frames in the ITI frame buffer. The averaged 

image was compared to a single frame image to verify that no 

additional blur resulted from the averaging process (Figure 
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12). The full width at half maximum (FWHM) value was 3 mrad 

in both cases. The data from a single averaged scan line 

through the target yields the LSF. These data were recorded 

on disk and transferred to a VAX 11/780 to speed processing. 

The horizontal image scale in the frame buffer was 

determined by translating the slit a fixed distance from the 

optical axis and measuring the shift in the peak of the 

spread function. The slit was translated + 7.6 mm (+ 6.0 

mrad) and the resulting pixel shifts on either side of the 

center image were averaged. The average shift measured was 

30 pixels, resulting in an image scale of 0.2 mrad/pixel. 

Once the image scale was determined, the Fourier 

transform of the LSF can be calculated to determine the MTF. 

The program developed to compute the OTF searched the LSF 

data to determine the location of the peak so that the 

function could be centered on the Fourier grid. The back

ground level was then determined by averaging endpoints on 

both sides of the LSF. The background was subtracted from 

the data and then the data were normalized by dividing by 

the peak value. These data were padded with zeros to 

provide function continuity at the endpoints and to achieve 

a higher sampling rate in the frequency domain. The 

original 128 data points were expanded to 1024 points on the 

Fourier grid. The transform was computed using a FFT 

routine contained in the IMSL library on the VAX. 
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The transformed data represent the convolution of 

the PSF of interest with the slit target (Equation 22). To 

determine the OTF the slit transfer function must be 

deconvolved. This was achieved by modeling the slit as a 

rectangle function of width 0.14 mrad, that is, s(x) = 

rect(x/.14). The Fourier transform of the rect(x/b) is the 

sinc(vb) where b is the width of the rect function and the 

sinc(x) = sin (irx)/irx. Thus, the first zero in the transform 

of the slit is at v = 1/b cy/mrad. The slit is then decon

volved in the frequency domain by dividing the FFT result by 

this sine function. The modulus was then computed and the 

MTF was normalized to unity at zero spatial frequency. 

The resulting MTF obtained with this method is shown 

in Figure 13. The shape of the curve is quite typical and 

demonstrates the loss of resolution at high spatial frequen

cies. The cutoff spatial frequency of the system .was deter

mined to be 0.46 cy/mrad. This agrees quite well with the 

expected cutoff frequency of 0.5 cy/mrad, which is based on 

the size of the IFOV. The folding frequency for the spatial 

sampling interval used was 2.5 cy/mrad. This implies that 

there were no aliasing effects out to the cutoff frequency. 

The method used to determine OTF from the spread 

function relies on the assumption that the system is linear 

shift-invariant (isoplanatic). This means that the measured 
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Figure 13. MTF determined from LSF. 



55 

PSF of the system will have the same shape independent of 

where in the FOV the line source is located. It has been 

shown (Park, Schowengerdt, and Kaczynski, 1984) that this is 

not always the case with sampled imaging systems. If the 

spatial sampling interval is not very dense, this assumption 

may not be valid and the system OTF will have a shift 

dependency. The spatial sampling interval determined here 

(0.2 mrad/pixel) effectively samples each IFOV 10 times. 

Since the concern here was to compute the OTF in only one 

dimension, it appears that this sampling interval was 

sufficient so that the effects of sampled scene phase errors 

are not significant. 

Lloyd (1975, pp. 436-437) points out that there are 

several experimental errors which can cause the results of 

MTF measurements to be invalid. One problem with experi

mental measurements of MTF is that it is difficult to assess 

the accuracy of the result. It was for this reason that an 

attempt to compare results using two different methods was 

made. 

Thermal ESF Analysis 

The slit target used to obtain the LSF was replaced 

with an edge target. A thermal edge was obtained by 

obstructing one-half of the thermal source aperture with a 

rectangular piece of black anodized aluminum. The rest of 

the setup was left unchanged so that the previously 



determined image scale applies here. A 64 frame average of 

the edge target was acquired, and a profile through the 

image was taken to get the thermal ESF (Figure 14). 

The OTF from the ESF was determined using a common 

technique called edge gradient analysis (EGA). This method 

makes use of the fact that the derivative of the ESF is the 

LSF. The profile of the image of the edge is given by, 

i (x) = LSF (x) * e (x) (31) 

where e(x) is a step function. Since the derivative of e(x) 

is an impulse function, the derivative of i(x) is the LSF, 

d/dx[i(x)] = LSF(x) * 6(x) = LSF(x) (32) 

The OTF is given by the Fourier derivative theorem (Brace-

well, 1978, p. 117) . 

OTF(v) = FT{d/dx[i(x) ] } 

= j2irvFT{i} (33) 

In practice, it is undesirable to numerically 

differentiate the ESF since this process would amplify any 

noise in the data. An alternative method (Tatian, 1965) 

calculates the OTF from an edge, with no explicit differen

tiation, using a summation based on the Fourier derivative 

theorem for continuous functions. For a finite number of 

data points, k, the OTF is given by, 
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Figure 14. The edge spread function. 

0.8 -

0.6 -

0.4-

0 . 2 -

0.0 
0.0 0.3 0.1 0.2 0.4 

spatial frequency (cy/mrad) 

Figure 15. MTF calculated by EGA. 
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OTF(v) = j2irv J i e_:i2irVn+ cos[ (k+'5>2Trv] 
v J L, n smc(v) n= l 

t sin[ (k+. 5) 2irvl . 
3 sine (v) 

where i are the sampled values of the edge data. 

It can be shown (Schowengerdt, 1975) that for noise 

with a Gaussian distribution, the signal-to-noise ratio in 

the noisy OTF computed using EGA is given by, 

S/N = |MTF|2/VEGA (35) 

where VEGA is the variance in the OTF given by 

VEGA " **2"2*°2. (36) 

2 
and a is the spatial variance of the noise and the ESF is k 

units long. It can be seen that the S/N falls off rapidly 

with increasing spatial frequency. This occurs not only 

2 
because of the 1/v dependence but also because of the 

general decrease in MTF at higher frequencies. 

The MTF calculated from EGA is shown in Figure 15. 

The evidence of noise in this plot is obvious. At the lower 

spatial frequencies, the shape of the MTF obtained here is 

similar to that obtained from the LSF, at higher frequen

cies the noise appears to dominate (Figure 16) . It is also 

observed that this noise generally follows the relationship 

given by Equation 35. 
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The MTF results show that there is a significant 

reduction in contrast at the higher spatial frequencies. 

The effects of this roll-off at the higher frequencies can 

be illustrated in the spatial domain. The PSF of the system 

is convolved with the calibration target to predict the 

proper size target for full amplitude resolution. The 

calibration target was modeled as a rectangle function, as 

was the slit target used in the OTF computation. The size 

of the target was modeled using the previously determined 

horizontal image scale factor of 0.2 mrad/pixel. The 

targets modeled were 10 mrad (50 pixels) and 20 mrad (100 

pixels) wide. The general rule of thumb is to use a target 

of about lOx the IFOV for full amplitude resolution. 

The actual convolution of the measured PSF with the 

simulated calibration target was performed in the frequency 

domain. Making use of the Fourier convolution theorem, the 

convolution is calculated in the frequency domain by 

multiplying the target transform (sinc(vb)) and the OTF. 

The product was then inverse transformed using the FFT 

routine to obtain the result in the spatial domain (Figure 

17) . It was observed that the 10 mrad target is not fully 

resolved, and in fact only reaches 97% of its true 

amplitude. The 20 mrad target was resolved to its full 

amplitude as was expected, although it was observed that 

only about the center 40% of this target was 100% resolved. 
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The similarity between the MTF and a low-pass electronic 

filter can be seen by the blurring (rounding) of the edges 

of these targets. This is due to the reduction in contrast 

at the higher spatial frequencies. 



CHAPTER 5 

BLACKBODY CALIBRATION 

The objective of this thesis is the development of 

an image processing system to improve upon the accuracy of 

blackbody calibration. The main problem addressed was the 

subjectivity introduced into the temperature measurements by 

using the Inframetrics IR scanner. The approach chosen here 

uses spatial and temporal image averaging to reduce the 

random noise which limits the accuracy of the temperature 

measurements. A statistical determination of the reference 

GL was made to compare with the GL of the blackbody under

going calibration. This approach attempts to reduce the 

random errors associated with the calibration procedure. In 

addition, suggestions are made to minimize the systematic 

errors encountered when calibrating blackbody sources. 

The typical setup for calibrating the blackbody 

source within the optical simulator is shown in Figure 18. 

As was previously discussed, the IR scanner is used: (1) to 

measure the AT established with the IR blackbody reference 

source; and (2) to compare this ^TREF with the AT of the 

source under calibration. This ATref is set with the thumb

wheel switches on the blackbody controller and monitored by 

the Hy-Cal AT indicator. 
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The problem with the presently used calibration 

scheme is that AT is measured from video output of the IR 

scanner. The measurement is complicated by the fact that 

this time-varying signal is quite noisy and the display on 

the monitor suffers from jitter (vertical instability). The 

improved technique using the image processing system 

averages the video to reduce noise and "freezes" the frame 

thus permitting more accurate and repeatable temperature 

measurements. 

The development of this calibration system was 

accomplished in several steps. First, it was necessary to 

determine some performance characteristics of the IR 

scanner. This required interfacing the video signal from 

the scanner with the image processor and empirically deter

mining the spatial resolution, noise characteristics, and 

linearity of the system. The details of these results were 

discussed in Chapter 4. 

The image processing system developed for blackbody 

calibration semi-automates the required temperature measure

ments and therefore reduces the subjectivity associated with 

reading signal amplitudes off of the video monitor. A 64 

frame average of the IR reference source dual blackbodies 

was acquired and stored in the 16 bits/pixel frame memory. 

Assuming that the noise is Gaussian and independent, the 

theoretical signal-to-noise ratio is thus increased by a 
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factor of 8 over a single frame image. The 64 frame average 

represents the average flux emitted from the blackbody 

surfaces over a 2.1 second interval. The image of the dual 

blackbodies used to establish AT--,-, is shown in Figure 19. 
KEiT 

The reference AT seen by the scanner was then converted to a 

gray level reference (AGL^-) in the image processor (Figure 
Kr«r 

2 0 )  .  

The AGL ref was determined from this image as 

follows: 

1. A square window (cursor) of n x n pixels was super

imposed on the image. The position of the cursor in 

the image is controlled by the four arrow keys on 

the terminal's keypad, allowing the cursor to be 

moved in any of the 4 directions (up, down, left, 

right). The size of the window is adjustable and is 

determined by the angular size of the calibration 

target that is imaged. In general, the window is 

chosen to be about 10% of the target angular size. 

The window is manually moved to the center of the 

calibration target. The window can be moved in 

coarse mode (11 pixels) or fine mode (1 pixel) so 

that it can be located anywhere in the image memory. 

2. A GL histogram of the two-dimensional area inside 

the square window is calculated. The distribution 

of pixels from the targets were assumed to be 



Figure 19. Infrared image of the IR reference source. 
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Gaussian. The resulting histogram is plotted on the 

monitor and the mean gray level (GL„T) and variance Oil 

for this target are determined. 

3. The operator then moves the window to the center of 

the other calibration target. The histogram for 

this target is calculated, and the mean GL (GLW) and 
M 

variance are then computed. 

4. The quantity AGLREF is then computed by calculating 

the difference between means, GL„T - GL... This 
o J j  M 

quantity is directly proportional to the AT and 

serves as the measurement used for comparison with 

the source under calibration. The standard devia

tion for the difference between the target means is 

called the standard error of the difference between 

means (Summers, Peters and Armstrong 1977, pp. 308-

309) and is given by, 

where a„T and a,. are the standard deviations from SL M 

the slave and master source GL distributions and n.^ 

and TI2 refer to the number of pixels sampled in each 

target. The confidence interval on the mean is 

given by, 

(40) 

(41) 
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where Zequals 3.0 for the 99.7% confidence level. 

This means that the true AGL__„ value lies between 
Kci£ 

AGLREF - ZcaD and AGLREF + Z C°D-

The IR scanner is then aligned with the simulator 

that contains the blackbody source to be calibrated. The 

simulator's AGL is then determined as follows: 

1. A 64 frame average of the simulator's blackbody 

source is acquired. A profile through the source is 

shown in Figure 21 (note the similarity to Figure 

17) . The square window is superimposed on this 

image and manually centered on the blackbody target. 

As before, the histogram is obtained and the mean GL 

computed. This GLm„ represents the target tempera-

ture. 

2. Next, the operator moves the window to the simula

tor's background plate. The mean GLBRD of the plate 

provides the background temperature. The AGL from 

the simulator (AGLgIM) is then computed from GLTGT -

GLBKD * 

The program compares the AGLREF with the AGLgIM 

using the predetermined confidence level. When the two 

values are equal (within this confidence level) the proce

dure begins again to establish AGLREF for the next AT 

desired. (The calibration is usually performed at AT's of 

0°C and + 10°C.) If the mean GL's are not equal the program 
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prompts the operator to (1) adjust the simulator's black-

body controller; and (2) resample the simulator's AGL. This 

process continues until the AGL's are determined to be 

equivalent. 

When the two signals are determined to be equal, it 

is normally observed that the simulator's AT display reads a 

larger value than the AT on the Hy-Cal meter. This is 

because the simulator contains optical elements which do not 

have 100% transmission or reflectance and therefore reduce 

the target's apparent radiance. In addition, it may be 

possible that the emissivities of the reference source and 

simulator are not equal. As a convenience to the user, the 

simulator's blackbody controller has gain and offset 

adjustments that can be made so that the effective AT can be 

established by setting the thumbwheel switches to the 

desired AT. Thus, the simulator's AT indicator will read 

the desired AT and not a higher value. This process 

completes the calibration of the simulator's blackbody 

source. 

The image processor based system was capable of 

eliminating much of the subjectivity associated with the use 

of the IR scanner to measure differential temperatures. For 

example, using the 2 0°C temperature range to calibrate a AT 

= 10°C, the reference gray level could be measured to + 0.4 

GL's (Appendix A). From the linearity measurements it was 
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determined that the responsivity on the 20 °C scale was 

approximately 6 GL/°C. This implies that ATREF measured by 

the IR scanner was accurate to + 0.07°C. This represents an 

accuracy improvement of more than five times over the use of 

the basic scanner alone. 

The total error in establishing atREF can be 

determined by considering the errors attributed to the IR 

reference source in establishing the AT, along with the 

error due to use of the scanner. This total error is 

related to how accurately the true AT (AL) is known. The 

errors due to the use of the IR reference source include: 

temperature accuracy, emissivity variations, and thermal 

gradients. The PRT's and the AT indicator are accurate to + 

0.03° C. The emissivity of the sources is specified to be 

accurate to + 1%. The thermal gradient can be attributed in 

part to the thermal insulation barrier (TIB). The TIB 

exists because the paint applied to the emitter surfaces to 

achieve high emissivity acts as an insulation layer. It can 

be assumed that the indicated core temperature of the plate 

may be 0.2% higher than the actual surface temperature 

(Karoli, Hicfcey, and Nelson, 1967). The total R.S.S. error 

is given by 

a 
AT 

REF 
TA 

+ cM + a SL 
+ a 

TIB 
+ a 

SYS 

(42) 
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where aTA is the error due to the PRT and Hy-cal, aM and agL 

are the errors due to the emissivity variations of the 

master and slave, respectively, cr___ is the error due to 
1 lo 

TIB, and 0gYS is the error associated with the calibration 

system. For a AT = 10 °C, the error can be computed as 

follows, 

a._ = J (0.03)2 + (0 . 1) 2 + (0.1) 2 + (0.02) 2 + (0 .07) 2 

REF 
(43) 

Thus, the total error in establish ATREF = 10°C was 0.16°C. 



CHAPTER 6 

DISCUSSION AND CONCLUSIONS 

The goal of this thesis was the development of an 

improved method for the calibration of blackbody sources. 

The performance characteristics of the system were measured 

to determine their effects on AT measurement. The results 

of these measurements were then used in the design of the 

system for blackbody calibration. 

The image averaging software provided with the ITI 

system did not appear to function properly. There was no 

correlation between the number of images averaged and the 

noise variance using this software. The software was modi

fied to perform a true summing average. It was found that 

the noise in the blackbody images could be significantly 

reduced by image averaging using the modified software. The 

signal-to-noise improvement with a 64 frame average was 6.1 

and 6.5 for the 10 0 C and 20° C temperature ranges, 

respectively. This value is slightly less than the 

theoretical value of eight based on the square root of the 

number of images averaged assuming Gaussian random noise. 

This most likely is due to quantization error introduced by 

digitization of the detector signal. 
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The linearity of the system as a function of 

temperature was determined for the 10 °C and 20°C scales. 

The system was found to be extremely linear over its region 

of operation. This result was important since it means that 

no correction was necessary in order to equate temperature 

differences with gray level differences. In addition, the 
I 

assumptions of linearity that were made to simplify analysis 

of the system appear to be valid. 

The assumption of linearity along with that of 

shift-invariance permitted the calculation of the system OTF 

from spread functions. The horizontal sampling interval was 

sufficient to prevent aliasing in the spatial frequency 

domain. The results of MTF analysis agreed closely with the 

predicted cutoff frequency for an IFOV limited system. The 

resulting MTF's from the LSF and ESF agreed within a few 

percent at the lower spatial frequencies, but noise in the 

MTF computed from the edge target made comparison at higher 

frequencies difficult. This noise was due to the implicit 

differentiation performed in the EGA program. The MTF 

result from the LSF was also used to determine the correct 

target size for blackbody calibrations. A 20 mrad target 

appears to adequate for this purpose. 

The results of these empirical measurements were 

then used in the design of the system for blackbody calibra

tion. The image processor based system was capable of 
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eliminating much of the subjectivity associated with the use 

of the IR scanner to measure differential temperatures. 

This resulted in an accuracy improvement of more than five 

times over the use of the basic scanner alone. For example, 

in setting AT = 10°C, this system was capable of measuring 

the AT to + 0.07 °C on the 20°C scale. In addition, the 

total error in establishing the AT was reduced from 0.39 °C 

to 0.16 °C. 

To further improve the accuracy of the calibration, 

several other factors should be considered. These factors 

include the background (ambient) temperature and the proper 

alignment of the scanner. Since the relationship between AL 

and AT is not linear, as was pointed out earlier (Figure 1), 

a shift in background temperature will change the radiance 

seen by the UUT although the AT has not changed. For this 

reason, it is important to monitor the ambient temperature 

and to set the master blackbody source to this temperature 

during the calibration. In addition, care must be taken to 

ensure that the scanner is properly aligned to the blackbody 

so that the image seen is truly the target and not a reflec

tion off the sides of the enclosure. 

The system designed and implemented here performed 

as well as expected. Image averaging reduced the noise, 

allowing for more accurate and repeatable results. The 

statistical approach provided a quantitative method for 
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calibration with a high degree of confidence. The only 

drawback of this system is its physical size. Often the 

need arises to move the calibration equipment to the site 

where the simulator is located. This was difficult with the 

PDP 11/23 based system. It is suggested that a similar 

image processor based calibration system be developed on a 

personal computer (PC). The portability of the PC would 

make the calibration system much more flexible. 



APPENDIX A 

The details of the calibration procedure were given 

in Chapter 5. The following is an example of the use of the 

calibration system in measuring a AT = 10 °C. The 20 °C 

temperature range was used for this calibration. 

The Inframetrics IR scanner was aligned with the IR 

reference source. The master blackbody source was set at 

27°C and the slave source was set to 37°C. The Hy-Cal AT 

indicator display read 10.00°C. 

A 64 frame average of the IR reference source was 

acquired (Figure 19) . An 11 x 11 pixel square window was 

moved to the slave target. The area inside the window was 

histogrammed and the mean GL and variance were computed. 

The window was then moved to the master source, and its mean 

GL and variance were calculated. The number of pixels 

sampled in each target was 121. 

The mean GL for the slave source was 201.7 with a 

variance of 1.02 GL's. The mean GL for the master source 

was 138.9 and the variance was 0.77 GL's. The AGLREF is 

given by, 

AGLREF " GLSL " GLM 

thus for this case AGLREF = 62.8 GL, 
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The standard error for the difference in means is 

given by Equation (40) , 

a - 11-02 , 0-"77 
D J121 121 

therefore aD = 0.12 GL. The 99.7% confidence interval is 

equal to + 3aD- Thus, the true GLREF lies within + 0.4 GL. 

Using the responsivity determined for the 20°C temperature 

range of 6 GL/°C, the temperature accuracy to which AT = 

10°C is known is determined to be + 0.07°C. Thus, ^tref 

can be measured to better than + 1% using the image 

processor based calibration system. 
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