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The instrument has a focal plane array of infrared sen- 
sors of the integrating type such as a multiplexed device 
in which a charge is built up on a capacitor which is 
proportional to the total number of photons which that 
sensor is exposed to between read-out cycles. 
The infrared sensors of the array are manufactured as 
part of an overall array which is part of a microclec- 
tronic device. The sensor achieves greater sensitivity by 
applying a local offset to the output of each sensor 
before it is converted into a digital word. The offset 
which is applied to each sensor will typically be the 
sensor’s average value so that the digital signal which is 
periodically read from each sensor of the array corre- 
sponds to the portion of the signal which is varying in 
time. With proper synchronization between the cyclical 
loading of the test object and the frame rate of the infra- 
red array the output of the A/D converted signal will 
correspond to the stress field induced temperature vari- 
ations. A digital lock-in operation may be performed on 
the output of each sensor in the array. This results in a 
test instrument which can rapidly form a precise image 
of the thermoelastic stresses in an object. 
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DIFFERENTIAL TEMPERATURE STRESS 
MEASUREMENT EMPLOYING ARRAY SENSOR 

WITH LOCAL OFFSET 

LICENSE RIGHTS 
The U. S. Government has a paid-up license in this 

invention and the right in limited circumstances to re- 
quire the patent owner to license others on reasonable 
terms as provided for by the terms of contract #NASI- lo 
19262 awarded by NASA. 
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FIELD OF THE INVENTION 
This invention relates to methods and apparatus for 

making differential thermal measurements of an object 
over an extended area in general and to apparatus and 
methods employing an infrared focal plane array in 
particular. 

BACKGROUND OF THE INVENTION u) 

In the design of new structures and the testing of 
existing structures it is desirable to know the distribu- 
tion of stresses within the structure. 

In the design of new structures weight and cost of the 
structure may be minimized by designing the structure 
so that the stresses are uniformly distributed throughout 
the structure. Stress concentrations caused by faulty 
design often lead to failure of the structure or to a short- 
ened useful life. In an existing structure such as an air- 
plane or steel bridge, the stresses can often indicate 
incipient and hidden flaws or cracks in the structure 
which may lead to eventual failure. One method which 
has been developed for determining the distribution of 
stresses within a structure involves employing the ther- 
moelastic effect. 

When a given volume of gas is compressed, its tem- 
perature increases. When the gas is expanded, its tem- 
perature decreases. In a similar way, solids which are 
under compression or tension undergo minute changes 
in volume which result in small but measurable changes 
in temperature. Systems employing the thermoelastic 
principle to determine the distribution of stresses in a 
structure employ infrared (I.R.) cameras to detect the 
patterns of stress on the structures. However, the tem- 
perature change caused by applying stress to a material 
is very small. At room temperature the application of a 
stress of about 150 psi causes about 0.001 degree Kelvin 
temperature change in steel. A typical D.C. or steady 
state infrared camera is unable to see temperature 
changes of this magnitude. Because of the statistical 
nature of the way infrared radiation or the photon flux 
is emitted from a surface the I.R. detectors used in infra- 
red cameras are quite noisy and hide the temperature 
change caused by the applied stress. When the loads are 
applied periodically the temperature changes corre- 
sponding to the stresses in the material become periodic 
in nature. Given that the temperature changes which 
relate to the stress in the test object are periodic it is 
then possible to use various signal processing techniques 
to reduce the signal noise and detect the stress-related 
temperature changes. 

One type of known camera is an analog slow scan 
camera. This is a raster scanning signal detector camera 
which completely processes the I.R. signal for each 
scanned point on an object before moving on to the next 
point. It utilizes a lock-in amplifier and averaging of the 
sampled lock-in output to reduce signal noise. Likewise, 
digital slow scan cameras are known where the output 
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of the I.R. detector is digitally sampled. Signal extrac- 
tion is performed with a digital lock-in operation, and 
noise is further rejected by the use of a band limiting 
low pass filter. The slow scan cameras can achieve 
temperature sensitivities of 0.001 degrees K but gener- 
ally require long periods of time on the order of an hour 
or more for a single temperature profile over a scanned 
object. 

Another known system is the video fast scan camera. 
This system is based on a single detector and a fast scan 
mirror set, and provides its output in video format. 
Every point in the scan is sampled at the video frame 
rate, typically at 30 times per second. This results in a 
very short sample time for each point on the object 
which results in a noisy signal. 

The video fast scan camera rapidly scans the object 
but, because of the noise problems associated with the 
short sample time, many scans are required to detect the 
temperature profile of the specimen. Hence, the overall 
time for obtaining a stress profile thermal image is not 
appreciably enhanced over a slow scan camera. The 
nature of the video frame rate requires that the speci- 
men be loaded in exact synchronization with the frame 
rate. This synchronization requirement makes video 
scan systems difficult to employ. Array fast scan cam- 
eras are known which can rapidly produce a thermal 
image of a specimen. However these array cameras are 
not designed or optimized to detect the very small tem- 
perature changes produced by the stress profiles within 
the object. 

Due to the slow speed of the thermoelastic effect 
imaging systems hithertofore available, the application 
of the thermoelastic technique for determining stresses 
in materials has been limited to applications where the 
time and expense of employing existing equipment 
could be justified. 

What is needed is a thermoelastic detection system 
which can rapidly image an object and so cost effec- 
tively determine the stresses therein. 

SUMMARY OF THE INVENTION 
The stress measurement instrument of the present 

invention employs a focal plane array of infrared detec- 
tors. The array is mounted in a dewar containing liquid 
nitrogen which cools the array to reduce thermal noise. 
An infrared optical train including an infrared optical 
window in the dewar projects an infrared image of an 
object undergoing cyclical stress onto the focal plane 
array. The sensors of the array are of the integrating 
type in which a charge is built up on a capacitor which 
is proportional to the total number of photons which 
that sensor is exposed to between read-out cycles. The 
test object gives off a photon flux the magnitude of 
which is dependent on its absolute temperature. The 
flux is in the form of discrete photons of light which are 
of an energy or frequency which depends on the tem- 
perature of the body. The flux- is not continuous in time 
but fluctuates randomly about an average value depen- 
dent on temperature. The sensors integrate over a per- 
iod of time which is long relative to the random fluctua- 
tions and are thus better able to detect small changes in 
average temperature which correspond to small 
changes in average flux. 

The infrared sensors of the array are manufactured as 
part of an overall array which is part of a microclec- 
tronic device. As an inherent property of the array 
manufacturing process, not all sensors within the array 
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have the same sensitivity or quantum efficiency with 
respect to measuring the flux which they receive. Con- 
ventionally, planar arrays have been adjusted for these 
individual sensor variations and quantum efficiencies by 
exposing the array to a uniform flux of infrared radia- 
tion and developing a correction for each pixel. These 
corrections are in the form of a gain and an offset which 
are stored in a computer memory. When the integrated 
flux seen by each sensor in the array is periodically read 
out, it is converted into a digital signal. To form a com- 
plete image the digital output of each signal is combined 
with these offsets to produce an image of the thermal 
profie of the object imaged on the sensor array. The 
process of converting the analog signal, which is a mea- 
sure of the charge accumulated by each sensor during a 
read-out cycle, employs an analog-todigital convertor 
(AD).  The A/D converts the read-out of each sensor 
into a discrete value with a range dependent upon the 
number of bits employed by the convertor. A typical 
8-bit convertor has 256 possible discrete values-making 
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the smallest resolvable'signal approximately 1/256 of 
the total signal. This severely limits the sensitivity of the 
detected temperature range. 

In conventional I.R. imaging systems it is known to 
apply a global offset which is equal to the average tem- 25 
perature or signal of the entire array and offset the 
analog value of each sensor by this global value before 
it is converted, thereby considerably increasing the 
precision of the output of the A/D convertor. The 
present invention achieves much greater precision by 30 
applying a local offset to the output of each sensor 
before it is converted into a digital word. The local 
offset which corresponds to each sensor will typically 
be the sensor's average value so that the digital signal 
which is periodically read from each sensor of the array 35 
corresponds to the portion of the signal which is vary- 
ing in time. With proper synchronization between the 
cyclical loading of the test object and the frame rate of 
the infrared array the output of the A/D converted 
simal will corresmnd to the stress field induced tem- 40 
grature variatiois on the test object. A digital lock-in 
operation may then be performed on the output of each 
sensor in the array. The result is a test instrument which 
can form an image of the thermoelastic stresses in an 
entire test object in the time an instrument employing a 
slow scan camera using an equivalent sensor, can pro- 
cess a single point in its raster scan. Thus for an array or 
raster scan 128x 128 the total analysis would be 16,384 
times as rapid. 

It is an object of the present invention to provide an 
instrument for measuring the stresses in an object which 
can rapidly produce a scan of the entire object. 

It is another object of the present invention to pro- 
vide a stress measuring instrument employing an array 
of integrating infrared sensors which precisely monitors 
small changes in temperature. 

It is a further object of the present invention to pro- 
vide an instrument for detecting stresses in an object 
which are periodic or quasi-periodic in nature. 

It is an additional object of the present invention to 
provide an instrument for producing a high resolution 
thermal image of a test object. 

It is also an object of the present invention to provide 
an instrument for determining the stresses within an 
object where the stresses are elastic and the periodicity 
is introduced by an external means. 

It is yet another object of the present invention to 
provide an instrument for detecting stresses in an object 
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4 
which employs an array of sensors and digital circuitry 
which performs a digital signal correlation on each 
sensor. 

Further objects, features, and advantages of the in- 
vention will be apparent from the following detailed 
description when taken in conjunction with the accom- 
panying drawings. 
BRIEF DESCRIPTION OF THE DRAWINGS 
FIG. 1 is an isometric view of the stress distribution 

measurement instrument of this invention. 
FIG. 2 is a graphical representation of the quantum 

efficiency distribution of typical sensor elements em- 
ployed in the sensor array employed in the stress distri- 
bution measurement instrument of FIG. 1. 

FIG. 3 is a graphical representation of the average 
signal produced by typical sensor elements of FIG. 2. 

FIG. 4 is a schematic representation of the circuit 
employed in the stress distribution measurement appa- 
ratus of FIG. 1. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENT 

Referring more particularly to FIGS. 1-4 wherein 
like numbers refer to similar parts, an instrument u) for 
determining the stresses in an object 22 is shown in FIG. 
1. The instrument 20 has a sensor array 24 composed of 
a multiplicity of flux-integrating sensors. The array is 
part of an integrated circuit 26. The sensors in the array 
24 are sensitive to infrared radiation. In order to reduce 
thermal noise, the sensor array 24 is placed within a 
dewar or vacuum bottle 28 which is ftlled with liquid 
nitrogen to maintain the dewar at a temperature of 
approximately 70' K. Other suitable cooling means such 
as helium, mechanical or thermoelectric coolers may be 
employed. The instrument 20 will generate numerical 
data which may be displayed on a video display termi- 
nal 82 as a picture 27. 

The test object 22 is held in a test future 30 where it 
is subject to cyclical loading by an actuator 32. The 
cyclical loading causes the various portions of the test 
object 22 to be subjected to either compression or ten- 
sion which in turn causes small localized temperature 
changes in the object 22 which are dependent upon the 
local stress in the material. The test object 22 is imaged 
by an infrared optical train 34 which includes an I.R. 
window 36 in the dewar 28. The window transmits 
infrared radiation while providing thermal insulation by 
incorporating a vacuum between elements of the win- 
dow. The image produced by the optical train 34 is 
projected onto the sensor array 24 mounted on the 
integrated circuit 26. The array 24 in an exemplary 
system employs a high-performance 128x128 InSb 
focal plane array such as is available from Amber Engi- 
neering, Inc., 5756 Thornwood Drive; Santa Barbara, 
Calif. 93117-3802. In the exemplary 128x128 array, 
each sensor has a detector which is connected through 
an indium bump to a high-performance integrating am- 
plifier which converts the detector signal to a band 
limited voltage. 

The InSb diodes which make-up the sensors of the 
sensor array 24 have varying quantum efficiency as 
shown in FIG. 2. Quantum efficiency is the percentage 
of the infrared photons or infrared flux which is inci- 
dent upon a particular sensor which that sensor detects. 
Eight representative sensors or pixels which are all 
being exposed to approximately equal infrared flux are 
shown in FIG. 3 and labeled P1-p8. The height of the 
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bars 38 of the graph of FIG. 3 represent the analog 
signal strength of eight typical sensors in the sensor 
array 24. Before further processing, the signal strength 
of each pixel as represented by the bars 38 must be 
converted to a digital word by means of an analog-to- 
digital convertor ( A D )  40 shown in FIG. 4. 

The analog-todigital convertor 40 compares the 
discrete voltages of each pixel, such as those repre- 
sented in FIG. 3 by Pl-P8, to a range of reference 
voltages and so converts the signal strength into a bi- 
nary number. Analog-todigital convertors are available 
with varying numbers of bits of precision, for example 
eight. An 8 bit A/D convertor’s output is limited to one 
of two hundred and fifty-six values corresponding to 
two hundred and fifty-six discrete voltages of equal 
increments. In order to accurately detect the small fluc- 
tuations in the signal from each sensor which is due to 
the thermoelastic effect, it is desirable to offset the sig- 
nal from each sensor so that the full range of the A/D 
convertor corresponds to the signal produced by the 
thermoelastic effect. This is a much better solution (pro- 
viding some sort of offset) than improving the accuracy 
of the A D  by increasing the number of bits and the 
resolution of the A D .  More bits increase the cost of the 
A D  convertor and can substantially reduce its speed. 
Additionally, in some types of A D  convertors, the 
possibility of a noise-induced error increases with a 
greater number of bits. It is therefore desirable to use an 
offset technique which presents the A D  only with the 
relevant part of the signal from each sensor. One known 
method is to offset the signal by a global offset which is 
the average of all the signals of all the sensors in the 
array 24. The global offset value line 42 is labeled in 
FIG. 3. However, because of the varying quantum 
efficiencies of the individual Sensors and because there 
may be a temperature gradient in the test object 22, the 
signal 38 of individual sensors as shown in FIG. 3 may 
have values which differ substantially from the global 
offset value 42. Referring to FIG. 3, sensors P4 and P6 
have bracketing lines 44 labeled “possible signal range” 
which demonstrate the variation in the signal strength 
38 which would be expected due to the thermoelastic 
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effect of the stress cycling of the test object 22. To 
obtain maximum resolution from a given A/D conver- 
tor Drocessina simals 38 from the sensors P1-P8 of 45 
FIG. 3, the G g n i  38 from each Sensor in the sensor 
array 24 is offset by an offset voltage which corre- 
sponds to the average value of the signal strength 38 for 
that sensor. 

FIG, 4 shows a typical block diagram for an exem- 
plary circuit which performs the functions of providing 
a local offset to the output of each Sensor in the array 24 
and providing a digital lock-in operation on each sensor 
in the array 24. 

In a typical test setup as shown in FIG. 1, the sample 
22 is cyclically loaded by the actuator 32 at a rate of, for 
example, ten times a second. A reference signal from the 
actuator 32 is fed to the clock 46 so as to synchronize 
the readout of the array 24 with the loading cycle pro- 
duced by the actuator 32. The clock produces a timing 
signal labeled 16F which is sixteen times the frequency 
of the loading cycle produced by the actuator 32. This 
timing signal is used by the focal plane array timing 
circuit to read out the array 24 sixteen times each load- 
ing cycle or one hundred sixty times a second. 

The focal plane array timing circuit 48 inputs to an 
address generator 50 which generates an address which 
corresponds to each sensor of the array 24 so as each 
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sensor is periodically read its value may be correlated 
with a unique offset value stored in the offset ram 52. 

For a sensor array 24 with 128 x 128 sensors there are 
16,384 unique addresses which correspond to a location 
in the offset memory 52 and to a location in the image 
buffers 54,!%, 58,60,62,64,66 which contains values 
associated with each individual sensor. 

Referring to FIG. 4, the function of the timing/ad- 
dressing block is to synchronize the signal processing to 
the loading frequency. The clearest way to assure valid 
sampling free of aliasing or over-integration is to main- 
tain consistent sampling with respect to the load wave. 
In the example illustrated in FIG. 4, this is m m -  
plished by using a sixteen times frequency multiplier or 
sampling. This trigger clocks in sixteen images per load 
cycle that stay in phase with the load cycle within a 
small angle error. The trigger also advances the pointer 
68 in the sine 70 and cosine 72 look-up tables in the 
digital correlation block. Even though the load cycling 
frequency may change, we are assured of 16 samples 
per load cycle, and the look-up values never change. 
Since we are doing a sine and cosine correlation, the 
relative phase of the thermoelastic signal and the load 
signal can be solved for, and are therefore not critical. 
In fact, each row of elements in the sensor array 24 will 
be sampled with a different phase with respect to the 
frequency. But, these phases are known and are allowed 
for. 

The timing/addressing block also provides an address 
generator used to drive all image buffers and the correc- 
tion arrays. It provides a high-speed clock, as well as 
the X-sinc and Y-sinc signals which cause the progres- 
sive read out of the value of each sensor within the 
array 24. A “timing/addressing” block also passes on a 
one times frequency clock used by the digital correla- 
tion block. In FIG. 4 the background offset block pro- 
vides the individual Sensor offsets which are critical to 
making best use of the range of the analog-todigital 
convertor 40. The background offset block uses a con- 
stantly updated integrated value to determine the aver- 
age value of a particular sensor’s output over a stress 
cycle or 16 frames of data from the array sensor 24. 
Thus a value is stored in the background offset ram 52 
which corresponds to the average signal output by each 
sensor in the array 24. This average offset value is con- 
verted by the digital-to-analog convertor 74 to an offset 
voltage which is subtracted from each sensor’s output 
by a voltage combiner before it is fed to a scalable am- 
pliier which is used to optimize the A/D conversion 
dynamic range. Because the background offset RAM 52 
contains essentially the average temperature sensed by 
each sensor in the array 24 this same data can be fed to 
a background image buffer 58 which may be used to 
form an image of the average temperature profile of an 
object such as a conventional steady state camera 
would produce. 
To detect the time-varying signal from the array, a 

digital correlation or digital lock-in operation is per- 
formed by the digital correlation block of FIG. 4. The 
address generator 50 causes a frame of data, consisting 
of values for each of the sensors of the sensor array 24, 
to be read out, offset, and converted from an analog to 
a digital signal. The values from the sensors are then fed 
to both the background offset circuit shown in FIG. 4 
and to the digital correlation circuit. The values for 
each frame of data stream simultaneously into the sine 
lock-in and the cosine lock-in. As the values enter their 
respective correlation channels, they are multiplied by 
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the appropriate sine or cosine value from the look-up 
tables. The 16-times clock pushes the pointer to the 
value that corresponds to the image position. Directed 
by the address generator of the timing/address block, 
values are summed with the previous sample values of 5 which is evenly distributed over frequency. 
the current correlation set. After the completion of the 
ldsample set, the F-clock sends correlation set to 
the image integrators and zeros the correlation buffers 
ss,56. data in the frequency domain will show the thermoelas- 

The monocycle digitally locked-in image then goes to 10 tic signal in terms of a narrow band of high amplimde. 
the image integrators whose function is to set the cam- mere it is desirable to perform tests on 
era reactance. The time constant is a multiplier less than e steel bridge, for example, it would be possible to kge 
unity that sets the time average weighting. It has the the bridge while it is excited by vehicles being 
same effect as the time constant on a lock-in amplifier driven Over it so that it oscillates at its characteristic 

Is frequency. The characteristic frequency oscillations and can set the noise bandwidth similarly. 
Finally, the output of the image integrators is sent to would c8use time-varying stresses within the bridge 

which could be extracted from the integrated outputs of a correction circuit where a two point gain and global 
offset corrections are applied from a correction RAM 

to a computer for further or directly to a analysis such as a Fourier transform which would deter- 
video output circuit 66 which displays on a monitor 82, mine the thermal emissions which Occurred in -Ow 
as shown in FIG. 1, either the average value of the frequency bands* These frequencies can be 

varying component which with the stress many cases the natural frequencies of the bridge will be 
distribution the object. ne apparatus of FIG. 1 em- 25 known. It should be noted that after the amplitude of 
playing the circuitry shown in FIG. 4, functions as the thermoelastic signal for a Particular pixel/sensor is 
follows: determined that amplitude must still be adjusted by a 

A sensor array 24 shown in FIG. 1 and schematically gain Which corresponds to the relative quantum effi- 
in FIG. 4 consists of 128x 128 for a total of 16,384 CienCY ofa Particular Pixellsensor so that the amplitude 
photo diode sensors. Each photo diode is connected to 30 of a particular PixeVsensor corresponds directly to the 
a capacitor and as photons impact the surface of the magnitude of the time-varying signal and therefore 
photo diode, the capacitor is charged. Because the ca- show the stress at a particular point in the imaged ob- 
pacitor continues to charge as long as the photo diode ject. 
receives photons, the capacitor acts as an integrator For the purposes of the following discussion, “A” is 
which integrates the output of the diode over the read 35 a least-squares coefficient; “B’ is also a least-squares 
out cycle of the array 24. Periodically, for example 160 coefficient; “Y’ is the continuous time function of sam- 
times a second, the values on the capacitors are sequen- pled data, “Yn” is the discrete time function of sampled 
tially read out. In order to maximize the resolution of data, “yn” is the discrete time function of reference 
the photo diode sensor array a local offset is used with wave; B(n) is a parameter; r is the period of arbitrary 
each sensor. Before the voltage represented by the 40 discrete function; and A2 is the least squares variance. 
charge on each diode’s capacitor is converted to a digi- An approach to analyzing signals which are not sinu- 
td signal, the analog voltage read Out from each capaci- soidal may be illustrated by considering an arbitrary 
tor is Offset by a voltage. This offset voltage obtained dynamic function modeled by the formula 
by converting into an analog voltage a stored digital 
offset which corresponds to a particular photo diode 45 
sensor. This analog voltage is then subtracted from the 
output of a particular sensor in the array. This output 
signal is then sent to a scalable amplifier to optimize the 

the time varying portion of each photo diode’s signal 50 
over each integration period and is then read out for 
further Processing. part of the Processing is to use the 
value of the time-varying signal over an entire load 
cycle of the test object, in our example 16 frames of 
data, to update the average value which is used to offset 55 
each sensor. If the output of the sensor array 24 is 
thought of as a picture, one complete set of data may be 
thought of as a frame with the output of each sensor 
comprising a single pixel (the smallest element of a 

soidal ten Hz load cycle the thermoelastic signal de- 
tected by the photo diode sensor array 24 will be corre- 
lated with t h i s  10 Hz signal. Therefore any one of a 

improve the signal-to-noise ratio of the signal. For in- 65 
number of signal processing routines may be used to 

stance, by performing a Fourier transform on the time 

frequency domain, it is apparent that the signal of inter- 

est will correspond to 10 Hz and its harmonics. And 
therefore the strength of the 10 Hz signal will represent 
the thermoelastic effect. The narrow band width of the 
correlated signal will easily be distinguished from noise 

If the dynamic loading of the test object is at least 
qwi-peri&ic, even if the drive frequency is d o = ,  
analysis of the output of a pixel or the entire frame of 

80. The output of the correction circuit may be output the array sensor Over time by performing a 

temperature profile on the test object 22 or the time to be the natural frequencies Of the bridge Or in 

Y = A + B ~ ~ T ~ )  
We can make this discrete by 

A/D conversion dynamic range and the digital value of 
Yn = A  + B F ( 5  ( n  - t)) 

where gamma is the period of the function. Again, we 
want tominimize the squaredeviation, 

N 
n=l  

Az = Z en - Y# 

where 

picture). Because the sample is being driven by a sinu- 60 2 

( K ( n - + ) ) )  = o  

Z 

= a~ n= 

domain value of a single pixel and so moving into the where 
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5.5 micrometers, sensors of broader band sensitivity 
would of course be advantageously employed. HgCdTe 
sensor arrays which have a broader band sensitivity, of 
1 to 10 micrometers, may alternatively be employed. It 

5 should also be understood that the stress measurement 
instrument shown in FIG. 1 is not limited to a particular 
type of sensor array but applies to any array of sensors 
capable of integrating infrared over a read out cycle. 
The typical sensor array is a multiplexed device. 

Because the thermoelastic measurement instrument 
20 uses a multitude of sensors simultaneously imaging 
the test object and because each sensor is digitally cor- 
related or signal processed in parallel, although the 
values are read out from the array 24 sequentially, the 

N N N stress measurement unit of FIG. 1 will be able to form 
a correlated image of the stress field of an object 22 in 
approximately the time that a slow scan sensor employ- 

N N N ing a raster scanning system and a single sensor could 
integrate a single point on the object 22. Therefore, 
where a 16,384 sensor array is utilized, a correlated 
image of the stresses in an object may be performed in 
1/16,384 the time assuming array sensors of bandwidth 
and efficiency similar to those of the slow scan sensor. 
Because the sensors of the stress measurement instru- ][: ]= [ ":' yn ] 25 ment 20 integrate over essentially all the time between 
readout cycles, the signal-to-noise ratio of the individ- 
ual sensor outputs is relatively high before digital corre- 
lation starts and therefore the stress measurement in- 

and forcing the off-diagonal terms to fall out by adding 3o strument 20 will have comparable speed advantages 
an offset to the sampled reference over a video fast scan system. 

It is understood that the invention is not confined to 
the particular construction and arrangement of parts 
herein illustrated and described, but embraces such 

35 modified forms thereof as come within the scope of the 

continued 

B(n) =$ ( n  -e> 
This results in two equations with two unknowns, 

aA2 N 
n = l  

-= a d  N 

simplifying, 

A t + B Z F(B(n)) = yn 
n = l  n = l  n= 1 

= -2 t 01. - A - BF(B(n))) = 0 
10 

aB -2 .f [CV, - A - BF(B(n)))liTB(n)ll = 0 

A I. W ( n ) )  + B I. F 2 @ W  = "Zl YrSTB(n)) 
n = l  n= 1 

Putting these into matrix notation, 

N 
N I. W ( n ) )  

,f [ n = l  
I. urSTB(n)) n = l  I. F(B(n)) F2 @(nN 

0 

[: Z F 2 @ W  I[:]= [ n f l  2 vrSTB(n)) ] following claims. 
I claim: 
1. An apparatus for measuring the stress distribution 

a) an infrared detecting array having a plurality of 
infrared sensors wherein the array is adapted to 

I: F2@(n)) - Z F(B(n)) vnl;l8(n)) receive an infrared image corresponding to an ob- 
ject, and wherein each detector has a capacitor 
adapted to charge in response to the photon flux 

c) a read out circuit adapted to periodically measure 
the charge on each capacitor; 

R =  n = l  n = l  n = l  d) a memory adapted to store a local off-set value for 
each sensor within the array; 

e) a digital-to-analog convertor adapted to produce 
an analog voltage proportional to a local off-set 
value corresponding to a particular array sensor 
read from the memory; and 

f )  an analog-todigital convertor operably connected 
to the read out circuit and the digital-to-aualog 
convertor to provide a digital signal proportional 
to the differential of the charge on each sensor 
capacitor and its corresponding analog local off-set 

2. The apparatus of claim 1 wherein the memory 
stores off-set values for each infrared sensor in the array 
which are Proportional to the quantum efficiency of 
each sensor. 

3. The apparatus of claim 1 wherein the memory 
65 stores an off-set value for each sensor in the array which 

4. The apparatus of claim 1 wherein the infrared 

n= 1 
n = l  

in an object comprising: For the non-diagonalized case 
40 

N N  N N 
A =  Y n n = l  n= 1 n= 1 

45 incident upon said sensor; 

N N N  
N 2 ynF(P(n)) - I. Yn F(BW 

K) 

For the diagonalized case, 

A ' T  r y n  

N 
n = l  Z yrJIs(n)) 
N value. 

n= 1 @@(n)) 

55 n= 1 

60 

This suggests that some complex dynamic-function 
work could be performed by the fast and simple digital 
electronics that will be used for the standard thermal 
stress analysis measurements. 

It should be noted that although the thermoelastic 
stress analysis instrument has been described as utilizing 
InSb detectors which have a spectral response from 1 to 

corresponds to that sensor's time-averaged value. 

sensors are indium antimonide photo diodes. 
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5. The apparatus of claim 1 wherein the infrared 
sensors are photo diodes employing mercury-cadmium- 
telluride. 

6. The apparatus of claim 1 further comprising an 
object undergoing time-varying stress and an infrared 5 duced stress. 
optical imaging system which projects an image of the 
object on the infrared radiation-detecting array. 

7. The apparatus Of claim 6 further comprising an 
actuator adapted to induce periodic stress in the object 
at a predetermined frequency. 

8. The apparatus of claim 7 wherein an object is un- 
dergoing periodic loading, and further comprising a 
digital correlator which correlates the output of the 
infrared radiation detector array as supplied by the 
analog-todigital convertor with the periodicity of the 15 
load to improve the signal-to-noise ratio of the infrared 
radiation which corresponds to the periodically in- 
duced stress. 

9. An apparatus for detecting time-variant thermal 
radiation of an object, comprising: 

a) an array having a plurality of flux-integrating sen- 
sors adapted to integrate the flux from discrete 
areas of an object; 

sensor in the array as supplied by the analog-todigital 
convertor with the periodicity of the load to improve 
the signal-to-noise ratio of the time-varying thermal 
radiation which corresponds to the periodically in- 

15. The apparatus of claim 9 wherein the array of flux 
integrating sensors is a multiplexed device employing 
indium antimonide photo diodes. 

16. The apparatus of claim 9 wherein the array of flux 
10 integrating sensors is comprised of photo diodes em- 

17. A Stress distribution measuring instrument corn- 

a) an infrared detecting array coneg a multiplic- 
it,, of infrared arrayed on a surface and 
adapted for receiving an infrared image corre- 
sponding to an object undergoing cyclical loading 
in which it is desired to measure the stress distribu- 
tions, wherein each sensor has a capacitor adapted 
to charge in response to a photon flux incident 
upon the detector; 

measuring the charge on 
each capacitor; and 

playing mercury-cadmium-telluride. 

prising: 

20 

b) a mcanS for 
b, a first circuit which produces a timing signal c) a multiplicity of digital correlators adapted to per- 

On the periodically read out data with a period equal t' the period Of 25 form 
from each of the multiplicity of sensors. the time-variant thermal radiation; 

signal having a frequency greater than the fre- 
quency of the first timing signal, wherein the flux 
integrating sensor integrates over a time corre- 30 

and 

is proportional to the average value of the sensor 35 an analOg-tO-digital convertor connected to the com- 

timing signal or multiple of the first timing value of each sensor offset by the offset value stored in 
signal period so that the output signal correspond- the memory* 
ing to the time variant thermal radiation has an 19. The apparatus Of claim 17 wherein the digital 
increased resolved signal resolution. 40 correlator further comprises a sensor mounted on the 

object undergoing cyclical loading which provides a 
reference Signal corresponding to the Period and Phase 
of the periodic stress in the object which is used by the 
digital correlatOrS to improve the Signd-tO-XlOise ratio 

20. The apparatus of claim 17 wherein the infrared 
sensors employ indium antimonide Photo diodes. 

21. The apparatus of Claim 17 wherein the infrared 
sensors are comprised of Photo diodes employing mer- 

22. A process for determining the stress in an object 

a) projecting the emitted infrared radiation of an 
object undergoing cyclical loading onto an infra- 
red detecting planar array having a plmfity of 

scalable amplifier amplifying the output of the voltage integrating sensors; 
combiner before the voltage is supplied to the digital b) periodically reading out the integrated voltage of 
convertor so making full use of the range of the analog- each sensor in the array; 
to-digital convertor. c) combining the voltage of each sensor with a local 

offset voltage which corresponds to each sensor; 
driver for causing periodic stress in the object at ap- and 
proximately the predetermined frequency. d) converting the combined voltage to a digital signal 

13. The apparatus of claim 9 further comprising an wherein the digital output has improved precision. 
object undergoing time-varying stress and an infrared 23. The process of claim 22 wherein the combined 
optical imaging system which projects an image of the 65 voltage is amplified by a scalable amplifier before it is 
object on the array of flux-integrating sensors. converted to a digital signal to optimize the dynamic 

14. The apparatus of claim 9 further comprising a range of the conversion of the analog voltage to a digi- 
digital correlator which correlates the output of each tal value. 

a second circuit which produces a second timing 18. The apparatus of 17 further comprising: a 
memory adapted t' contain an Offset value for each 
detector within the array; a digital-to-analog convertor 

value corresponding to a particular sensor in the mem- spending to the of the second timing signal; 

d) an output circuit which outputs the value of the 
flux-integrating sensors adjusted by a signal which 

integrated Over a time corresponding to the first 

for producing an analog signal proportional to an Offset 

ory; a voltage combiner for supplying the Offset 
to the measured charge on each means; and 

biner to output a digital word corresponding to the 

10. The apparatus of claim 9 further comprising: 
a) a digital local off-set memory having an address 

b) a digital-to-analog convertor adapted to convert 
corresponding to each sensor in the array; 

the stored value in the offset memory to a local 45 of the time-varying component of the sensor Outputs. 
offset voltage for a particular sensor; 

c) a voltage combiner which combines the local off- 
set voltage with the output voltage of the particu- 
lar sensor so that the output voltage is offset by the 
local offset voltage; and . 50 cury-cadmium-telluride. 

d) an analog-todigital convertor connected to the 
voltage combiner and adapted to output a digital 
word proportional to the time-varying portion of 
the sensor signal. 

11. The apparatus of claim 10 further comprising a 55 

undergoing Cyclical loading comprising the Step Of: 

12. The apparatus of claim 9 further comprising a 60 
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24. The process of claim 22 wherein the local offset 
voltage is obtained by reading out from a digital mem- 
ory a value which corresponds to each sensor, and 
converting the digital value to an analog voltage. 

25. The process of claim 22 further comprising the 
steps of performing a digital lock-in on the digital out- 
put of each sensor in the array over time so improving 
the signal-to-noise ratio of the detected infrared radia- 
tion which corresponds to the stress in the object. 

26. The process of claim 25 further comprising the 
steps of imaging the stress in an object by displaying the 
correlated signal of the sensors in the array as a video 
image wherein the varying amplitude of the correlated 
signal of each sensor is indicated by a differing color or 
intensity in the image, the imaging of the sensor outputs 
being arrayed so as to correspond to the infrared image 
projected onto the sensor array. 

27. A method for determining the stress distribution 
on an object utilizing the thermoelastic effect, compris- 
ing; 

14 
a) subjecting the object to a cyclical load so as to 

stimulate thermoelastic infrared emissions; 
b) receiving the infrared emissions from the object on 
an infrared sensor array comprised of a plurality of 

c) reading out a voltage from each sensor corre- 
sponding to the infrared emissions incident on that 
sensor; 

d) recalling a stored local offset value from a digital 
memory corresponding to each sensor and con- 
verting the digital value to an analog voltage; 

e) combining the sensor voltage and the correspond- 
ing local offset voltage for each sensor; 

f) converting the combined analog voltage to a digital 

28. The method of claim 27 wherein the local offset 
value for each sensor corresponds to the average volt- 

. age read out from that sensor over a plurality of load 
cycles. 

20 29. The method of claim 27 further comprising dis- 
playing the processed digital values for each sensor as a 
visible image on a video display. 

5 sensors; 

10 

15 value. 
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