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Abstract. We present a new video sensor for multimeasurements in an
aircraft cargo compartment called a video sensor unit (VSU). This sen-
sor, based on CCD technology, operates in the near IR (NIR) spectral
band to measure temperatures due to overheating and fire events. After
a characterization of the measurement chain, a radiometric model is
applied to the VSU, enabling the measurement of temperatures ranging
from 350 to 900°C with a noise equivalent temperature difference
(NETD) lower than =8 °C. In the same spectral band (NIR), the VSU can
also detect smoke and 3-D load displacements. The geometric model of
the VSU is described and the associated calibration procedure is pre-
sented.
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1 Introduction

The work presented in this paper is part of the Load Video
Surveillance System (LVSS) project. The overall objective
of this project is to develop a new approach to surveillance
systems in aircraft cargo compartments based on imaging
systems. The system is designed to measure two kinds of
phenomena: load displacements and the appearance of fire
from smoldering fires to flame and smoke.

The surveillance of aircraft cargo areas is usually limited
to fire detection systems based on smoke sensors. Accord-
ing to the Federal Aviation Administration,' for commercial
aircraft, the rate of false alarms is estimated to be as high as
500:1. It has been suggested that instead of a local smoke
concentration measurement, a multiparameter analysis (hot
surfaces and/or flame together with smoke parameters) can
improve the detection and greatly reduce the number of
false alarms. In addition, some class cargo compartments
are inaccessible during a flight. To ascertain the occurrence
of a real fire, some researchers (see Refs. 2 and 3) have
suggested monitoring the cargo area with imaging systems
and coupling them with conventional sensors to increase
the number of detection parameters. These systems are
based on 3- to 5-um IR or IR CCD cameras, which are
often limited by their lack of robustness, high cost, and low
spatial resolution. Microbolometer cameras have also
proven to be interesting for use in airborne equipment, but
there are only two suppliers and high spatial noise limits
their performance for the moment.

In summary, our problem is to measure both load dis-
placements and the parameters of fire appearance (tempera-
ture, surface, frequency) (Ref. 4) together with smoke” with
only one type of imaging sensor for cost saving. Instead of
using conventional IR cameras, low-cost CCD cameras op-
erating in the near IR (NIR) spectral band (0.75 to 1.1 um)
can be used.®” To meet the requirements of airborne

syslems,'o the CCD sensor, called a video sensor unit'!

(VSU), consists of a protective glass window, a filter that
selects the NIR spectral band, an optical system, a CCD
detector, and some internal electronics. In addition, an ac-
tive IR source is mounted inside the VSU to illuminate the
cargo area. A photograph of the whole sensor is shown in
Fig. 1.

The system was designed as follows to perform different
detections. Smoldering fires and flame situations are char-
acterized by mainly measuring their temperature. Next, the
load displacement measurement is performed from a 3-D
localization of the load between two successive image ac-
quisitions. With monocular vision, the load localization can
be computed only if the geometric model of the load and of
the imaging sensor are determined. Note that the detection
and the localization of each load is simplified by the use of
a known specific target attached to each one and illumi-
nated by the IR source (see Fig. 2). Finally, smoke detec-
tion is achieved by measuring its concentration in the same
spectral band (given that the filter of the NIR spectral band
selection cannot be removed). This result can be obtained
from the measurement of the intensity variation of the illu-
minated targets (or additional ones) acting as calibrated re-
flectors. We must also be able to discriminate smoke from
fog in nonpressurized aircraft cargo compartments.

The main purpose of this paper is to describe the design
of the VSU based solely on CCD technology operating in
the NIR spectral band. The VSU cannot only measure mul-
tiparameters but can also visually monitor the cargo com-
partment. The image analysis algorithms developed to de-
tect load displacement, smoldering fires, flame, and smoke
will be presented in a forthcoming paper.

The paper is organized as follows: Section 2 presents the
characterization of the measurement chain from the scene
intensity (hot sources and illuminated targets) to the expres-
sion of the VSU digital output signal via the influence of



Fig. 1 VSU (Latécoére).

fog in the intensity of transmission. We also examine the
problem of combining fire temperature and displacement
measurements, which requires finding a trade-off in the
VSU configuration to improve the output signal with re-
spect to the requirement of spatial resolution. Based on this
configuration, Sec. 3 provides the radiometric model of the
VSU, which gives the effective relation between the tem-
perature of the scene and the VSU digital output. Following
the same idea, Sec. 3 also presents a geometric model en-
abling the measurement of the load movement based on the
3-D localization of targets within the cargo area. Section 3
also describes the calibration procedures for low-cost CCD
devices that could potentially equip the VSU. Finally, Sec.
4 is devoted to temperature measurement examples com-
pleted by an analysis of temperature uncertainty.

2 Characterization of the Measurement Chain

The main objective of this section is to establish the ability
of the VSU to analyze the scene intensity above all in smol-
dering fires or flame situations to measure temperatures
with respect to the intensity from illuminated targets. Add-
ing the spatial resolution requirements, this section deter-
mines the sensor configuration that enables both measure-
ments. For one, the aim is to measure temperatures from
350 to 1000°C with a tolerance of =25°C. For another, the
minimal spatial displacement is 50 mm at a maximal ob-
servation distance of 15 m. The measurement feasibility
depends on the intensity of the scene, the environment

Fig. 2 Target for load displacement measurements.
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Fig. 3 Measurement chain (parameters are explained in text).

transmittance, and the sensitivity of the CCD detector. We
set the values of the VSU parameters (see Fig. 3) to obtain
a maximal output signal [, and to satisfy the spatial reso-
lution requirements.

2.1 Intensity of the Scene Sources (L)

The scene intensity L; of hot sources, whose absolute tem-
perature is T (in degrees Kelvin) and whose spectral emis-
sivity is &), , is a spectral photon intensity L, described by
Planck’s radiation law as follows'*:

o)

9
'\exp(Czl)\T)Hl (photons/s m= sr um), (1)

L(\T)=e

where C, and C; are the second and the third radiation
constants (C,=(hc/k) and C3=2c), h is Planck’s constant
(h=6.62X10"3*1s), ¢ is the speed of light (¢=2.998
X 10° m/s), and k is Boltzmann’s constant (k= 1.3807
X 1072 J/K). For a temperature 7" ranging from 350 to
1000°C, the curves of the spectral photon intensity of an
ideal source (g, =1), illustrated in Fig. 4, reach a peak at
wavelength values between 2.25 and 4.65 um. Hence, 3- to
5-pum IR cameras are the most suitable sensors to benefit
from the maximum signal level. When compared to the
NIR spectral band (0.75 to 1.1 um), the intensity value for
a temperature value of 350°C decreases by a ratio of 10°.
Despite these low-illumination conditions, a temperature
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Fig. 4 Planck’s spectral photon intensity.



measurement can be performed. These intensity values also
decrease with the object emissivity (see discussion in Sec.
42.1).

In the load displacement situation, the target appears as
a pattern composed of eight reflective patches each 50 mm
in diameter, enabling the estimation of the load orientation
(see Fig. 2). The targets must be illuminated with a suffi-
cient intensity L, from the IR source mounted inside the
VSU to distinguish their reflected intensity L. from the
environmental intensity. Moreover, the reflection coeffi-
cient p must also be maximized, as shown in the following
relation:

Ly(M)=p(N)7(MN)L(N). 2

where 7, is the environment transmittance.

For example, a target (p=046 and a lozenge area
Aparga= 001 m?) placed at a maximal distance d, of 10 m
and illuminated by a set of current technology LEDs
(0.88-um wavelength peak and an intensity of 900 mW/sr),
leads to an irradiation 7, equal to 3.52> 10”7 W/cm?®. This
irradiation was measured with a radiometer in the NIR
spectral band (AXN). The reflected intensity L,; can be com-
puted from the equation: LhT(A)=(!Dd§)/Am,ge,. Moreover,
from the relation Ly(X)= [ s\ Lo(N,T)(hc)/N dX, a black-
body spectral radiant intensity L, that corresponds to a
temperature of around 620°C (see Fig. 4) is computed.
From Eq. (2) and using an environmental transmittance of 1
(see Sec. 2.2), the LED intensity L, corresponds to an
equivalent blackbody temperature of about 680°C. These
temperature ranges correspond to the temperature of an
overheating situation.

2.2 Transmittance of the Intensity by the
Environment ( 7,)

The physical environmental conditions introduced by fog in
nonpressurized aircraft cargo compartments involve a spec-
tral transmittance modification illustrated by the following
Beer-Lambert relation:

Tf(?\sds):cxp[_')’e{h)ds}s (3)

where d is the distance between the scene intensity source
and the VSU, while 7y, denotes the extinction coefficient
defined by the sum of the absorption «, and the diffusion
B. coefficients. The fog radius r of particles is smaller'
than 10 pm, and the distance d; ranges between | and 15
m. We suppose that fog is not absorbent (@,=0) and the
Mie theory provides the diffusion coefficient 8, of an
aerosol™ for a mean wavelength value A of 0.88 pm. For
these values, the fog transmittance coefficient 7, decreases
with the radius of particles and their distance, as illustrated
in Fig. 5.

During the take-off phase, fog can be considered as a
perturbation in load movements and temperature measure-
ments. In the worst case (at a distance of 10 m and with a
radius of particles greater than 10 um), the transmittance
coefficient is close to zero and the intensity is not transmit-
ted. Preliminary tests in a cargo area show a quick transi-
tion phase between no fog (7,=1) and fog (7,=0). There-
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Fig. 5 Nonabsorbent fog transmittance.

fore, except during the take-off phase, we consider the
environment transmittance as a constant value (7,=1).

2.3 VSU Performance

The purpose of this section is to verify whether the VSU is
able to measure the scene intensity and to analyze the
wavelength influence on the spatial resolution.

2.3.1 VSU output signal

Ideally, during the integration time ¢;, a VSU associated
with a frame video grabber (see Fig. 3) produces a digital
signal /;, given by

ID:KDKr"iKDJ_\ TN T(N)L(N) 77.(N) X, 1G]
AN

where 7, 77, and 7, are, respectively, the window glass,
the NIR filter, and the optical system transmittances. The
optical system concentrates photons on the CCD detector
with a coefficient K, . If the source is focused, K, is given
by (WA )/ (4N?) cos (8,), N is the F-number, and A is the
effective sensitive area of the detector. This area is the pixel
area A times the fill factor. Angle 8, is the angle between
the source camera axis and the normal direction of the de-
tector. Microlenses can increase the effective area by an
amplification K,,; between 2 and 3. The detector quantum
efficiency (ratio of electrons to incident photon flux), 7, .
creates electrons (electronic charge g) at each collection
site. Next, the charges are transferred simultaneously with a
charge transfer efficiency (CTE=1) into an output register.
Before the next parallel transfer, the register drives each of
its charge packets to a floating diode acting as a capacitor
C, . The voltage difference V. of the capacitor is amplified
with a gain G, and the final value is proportional to the
number of electrons collected at each CCD pixel with a
coefficient K.=(G,q)/C,.. Finally, the analog signal V,
generated by the VSU (the full range value is termed V gg)
Is converted into a digital signal /;, with a resolution of n
bits and amplified with a gain G, . This conversion intro-



duces a coefficient Kp=(Gp2")/V 4. For a dynamic
range of 48 dB, the number of bits n is equal to 8.

From Eq. (4), the coefficient K, must be chosen as large
as possible (i.e., N must be small and A large) to maximize
the output signal /. The problem of combining fire tem-
perature and displacement measurements requires finding a
trade-off between a large detector area A, to improve the
output signal and a small one to respect a particular require-
ment for a spatial resolution of 50 mm at a distance of 15 m
(see discussion in Sec. 2.3.2). An opposite approach can be
applied to the F-number N. Given that the area of a classi-
cal CCD detector with a good resolution is around 8.6
X8.6 um?, a low F-number (N=14) is necessary to in-
crease the number of photons.

Moreover, the quantum efficiency can also be improved
by using a back-illuminated NIR optimized by antireflec-
tion coating. However, low-cost detectors are generally
front-illuminated and their quantum efficiency in the NIR
spectral band is often lower than 15%. To compensate for
the low-level scene spectral intensity (see Sec. 2.1) com-
bined with low quantum efficiency in the NIR spectral
band, a long integration time ¢; is required to improve the
signal for temperature measurements. Conversely, to pre-
vent the saturation of the CCD collection site in fire situa-
tions, short integration times must be used. Generally, the
integration time t; can vary from 20 ms to 1 s. Smaller
values can be reached using shutter speeds equal to 1/125,
1/250, ..., 1/10,000 s. Before discussing the integration
time selection, the camera resolution is studied to estimate
the required detector area A; in the NIR spectral band. The
camera resolution is described by the modulation transfer
function (MTF), which is the camera amplitude response to
sine wave inputs.

2.3.2 VSUMTF
The complete MTF of the VSU is defined by the product of

the optic MTF (MTF,) and the detector MTF (MTEF,), that
is,

MTF=MTF, X MTF, . (5)

The MTF, in the horizontal or vertical direction of a radial

symmetrical optical system with a clear circular diffraction-

limited aperture illuminated monochromatically is given
2

by
B s\ [ [s EYTE
MTF,=— cos“'(—)~ 1= —') . (6)
’ Ta‘[ foel Vol foe
where f.. is the cutoff frequency of the optical system
[fee=T/(NAN)]. In the NIR spectral band, as N is equal to
1.4, MTF,, is close to 1, and it is the detector that limits the

highest input spatial frequency. In this case, the VSU MTF
can be approximated by

MTF=MTF,. (7)

The MTF, depends on the geometry (pixel size) and on
spectral considerations in the NIR spectral band. Owing to
photon absorption occurring at increasing depths along the
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Fig. 6 MTF versus f; for different wavelengths.

substrate detector depth, an electron generated in the sub-
strate will experience a 3-D random walk until it recom-
bines or reaches the edge of neighboring depletion region.
In the latter case, this phenomenon, called diffusion, creates
a response that overlaps other pixels. Finally, the detector
MTF (MTF,) can be expressed by the product of geometric
MTF (MTF,,) and the diffusion term (MTFyy), as fol-
lows:

MTF,;=MTF X MTF . (8)

The expression of MTF,, for a single nonrectangular CCD
cell is given by'?

MTFyeo( fu, fv,) =sine(fy Ax)||sinc(fy Ay)]. (9)

where fy and fy_denote, respectively, the horizontal and
s

vertical frequencies of the sine input signal; and Ax and Ay
represent the effective photosensitive detector sizes in the
horizontal and vertical planes, and are equal to the pixel
sizes times the fill factor. Note also that they can be modi-
fied by microlenses on the detector and an antialiasing fil-
ter.

The diffusion term MTF gy, for a front-illuminated CCD
detector can be written as'

1—{exp[ —a(MN)x, }/[1+a(N)L,(f)]
Ii{exp[ia(}\):\’p]}/[]+ﬂ'()\)Lu] ’
(10)

MTFgu(N.fs) =

where a is the photon absorption coefficient that decreases
with the increasing wavelength (see the formulas in the
Appendix) and y,, denotes the depletion width. Finally, the
factor L, is the spatial frequency-dependent component of
the diffusion length L, {L,=L,/[1+(2%7L,f)*]"*. Fig-
ure 6 shows the evolution of the MTF; term with different
wavelengths and for a current CCD substrate with an epi-
taxial layer (y, and L, are approximately 4 and 7 pm). For
short wavelengths (A<<0.6 um). MTFy; tends toward 1
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but decreases in the NIR spectral band (A>0.75 pem), and
can no longer be neglected in the MTF; relation. Figure 7
illustrates the evolution of the camera MTF with respect to
the input frequency f; for several wavelengths and for an
effective detector size of 8.6 um.

For our metrology application, we set a criterion of a
minimal contrast that corresponds to an MTF value of
0.637, and for this value, we define the system band limit
frequency f. . In the visible spectral band, and in the hori-
zontal direction, we note that this band-limit frequency is
equal to f.=1/(2Ax). Applying this criterion in Fig. 7, the
mean band-limit frequency is lower (f.=30 cycles/mm) in
the NIR spectral band than in the visible region (f.=~45
cycles/mm). As a result, a factor of around 1.5 can be cal-
culated on the band-limit frequency between the two spec-
tral bands. We can consider that the sampler spatial ability
of the system is different according to the spectral band. In
conclusion, to preserve the same performance in terms of
band-limit frequency in the NIR spectral band, we must
apply a ratio of 1.5 to the detector size requirements.

As an illustration, a target spatial period T of 50 mm at
a maximal distance d; of 15 m was fixed. A focal length f
of 8 mm was chosen to achieve the required field of view.
This period in object space corresponds to the spatial fre-
quency fy in image space, which is equal to fa,
=d_r1’(fT,s)=37.5 cycles/mm. To maintain our criterion,
the spatial frequency f; must be greater than the system

band-limit frequency /.. In the visible region, the system
band limit is equal to .= 1/(2Ax) and the detector size Ax
required is then equal to 13.3 um. However, in the NIR
spectral band, considering the MTF;; term, the same value

Table 1 Parameter values of the measurement chain.
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Fig. 8 Graph of I, versus T.

of system band-limit frequency can be obtained with detec-
tor sizes that are weighted by a factor of around 1.5 and the
detector size value required must then be 8.88 um.

2.4 Conclusions

From Eq. (4) and using the configuration of the measure-
ment chain summarized in Table 1, the value of I, can be
computed as shown in Fig. 8.

In spite of a low spectral photon intensity L at the tem-
perature of 350°C (see Fig. 4) combined with a relatively
low quantum efficiency of silicon 7, in the NIR spectral
band (see Fig. 9), a maximal integration time of 360 ms
enables us to obtain an output signal [/ greater than six
times the output standard deviation (o7,) plus the output

signal offset (6 X o +offset). In the case of a digitizer of
8 bits, one gray level represents the standard deviation Ty,

This integration time value is compatible with a surveil-
lance application. Conversely, a minimum time of 0.1 ms
enables us to measure until reaching 900°C. This tempera-
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ture corresponds to an equivalent blackbody temperature of
hydrocarbon fires such as benzene or kerosene.!” Moreover,
in the case of illuminated targets assimilated to an equiva-
lent blackbody temperature of around of 600°C and with
the configuration of Table 1, an integration time of 8 ms
can be satisfactory to just saturate the image. At different
distances, a possible subduing light in fog or smoke condi-
tions can be detected and the target location can be per-
formed rapidly. Finally, the problem of improving the out-
put signal and satisfying the spatial resolution requirements
can be accomplished using a classical size of CCD detector
and by controlling the integration time. With the configu-
ration of Table 1, the VSU would be able to measure (1) an
equivalent blackbody temperature ranging from 350 to
900°C from overheating and flame without emitting light
and with four integration times ranging from 360 to 0.1 ms
and (2) transmissivity smoke and load displacements of 50
mm at a maximal observation distance of 15 m with emit-
ting light on specific targets and an integration time of 8
ms. To estimate the real integration time values, however,
the sensor must be calibrated.

3 VSU Models and Calibration Procedures

In this section, the radiometric model and the associated
calibration procedure are presented. The geometric model
of the VSU sensor (optical lens, camera) and the frame
grabber required for load localization is also determined
and identified with a specific calibration procedure. More-
over, to check whether the loss of spatial resolution in the
NIR spectral band is effective, some resolution measure-
ments are performed.

According to the configuration of Table 1, we tested
several kinds of low-cost CCD cameras that could be inte-
grated in the VSU. They are based on a detector array of an
8.6(H)-X8.3( ‘V)—,um2 pixel surface. These cameras have a
linear response in irradiation and are equipped with an NIR
blocking filter. All experimental tests were carried out in a
dark environment whose temperature was always close to
25°C. Note that we assume that the detector temperature is
constant. The influence of the temperature variations in a
cargo compartment from —55 to 85°C on the radiometric
and geometric models are being studied. Preliminary results
for the geometric camera model can be found in Ref. 18.

3.1 Radiometric Model

The radiometric model is the effective relation between the
temperature 7 of an ideal blackbody source and the digital
output /5, of the VSU. This model is usually determined
with IR cameras, but it can be directly used with CCD
cameras. In this section, the site-to-site variation of the
pixel value that is due to sensor noise is neglected. It is
considered in Sec. 4.3. From Eq. (4) and considering a very
small wavelength range (AXN=0.35 pm), the integral can
be computed to around an effective wavelength A, . And
thus, the quantum efficiency 7, and the atmosphere, win-
dow, filter, and optical system transmittances can be con-
sidered as constant. Only integration time ; and analog-to-
digital converter gain G can be modified on-line and we
obtain:

Ip=A,Gpt;L(X,.T), (11)

L

L v A

Fig. 10 Experiment for radiometric calibration.

where A} = (7,7, 7T, K, K .7.2")V .

In a second step, using Planck’s blackbody radiation law
[Eq. (1)] with an emissivity egg=1 and introducing a vari-
able C to model the camera continuous output voltage, we
get

B A,Gpl; s (12)
b exp(BIT)—1 :

where A, and B are constanis given, respectively, by A,
=A]SBBC3)\;4 and B=C,/\, . Finally, Eq. (12) describes
the radiometric model with three parameters (4, , B, and C)
that are determined during the calibration procedure de-
scribed in the next section.

3.2 Radiometric Calibration Procedure

The camera is directly illuminated by a blackbody (see Fig.
10) at a temperature ranging from 300 to 550°C. A black-
body cavity with a high aperture (65 mm) is used to cali-
brate a maximum of pixels (280X 380 pixels) (see the uni-
form region in Fig. 11). Using the relation A, ,=d A, /f
(f=8 mm and d,= 15 m), the calibrated detector area A,
of 280Ax X 380Ay mm corresponds to a target area A, of
4.3X6.1 m. Above 550°C, a blackbody with a smaller ap-
erture is used.

Fig. 11 Image of blackbody source over 350°C in the NIR spectral
band. The square (1) represents the uniform blackbody region
where the calibration is effective.
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3.2.1 Calibration results

Figures 12 and 13 show experimental and model points (T
and I,) of CCD camera for optical values given in Table 1
and integration times #; ranging from 520 to 0.1 ms. Here T
is the temperature indicated by the blackbody temperature
controller, and I}, is the digital mean value, which is com-
puted in the blackbody uniform region for several images
(see Fig. 11). The parameters A, , B, and C of Eq. (12) are
estimated from the experimental values and provided in
Table 2.

As an illustration of the obtained performances, Fig. 14
shows the VSU sensitivity Sy, [derivative of the model of
Eq. (12)]. Instead of using the classical definition of the
noise equivalent temperature differences (NETDs) for an
SNR of 1, a generalized NETD is computed using the re-
lation NETDg = (0 )/(dlp/dT) -y for T ranging from
detection to saturation temperatures. Figure 15 shows the
NETD; and we note that an integration time of 360 ms
enables us to measure a temperature ranging from 350 to

Table 2 Parameters values of the model of Eq. (12).

A, B G

1.025x 1072 1.517x10%% 7.94

445°C with a generalized NETD decreasing from 2.4 to
0.1°C. In the same temperature range, we also notice that
the sensitivity rises rapidly (0.3 to 7.25 gray levels/°C) with
an increase of 95°C. This high sensitivity value involves a
minimum of four integration times between 0.1 and 360 ms
(i.e., four images) to cover the considered temperature
range. This high number of integration times can be ex-
plained by the small well capacity due to low detector size.
We now address the problem of finding the lowest integra-
tion time required to reach the specifications.

3.2.2 Comparison of camera performance

Applying the calibration procedure to other cameras based
on the same detector (both user gain and automatic gain are
turned off), the minimal integration time 1, is established to
detect a temperature T,, of 350°C (Ip=60y, +offset) and

to measure it with a minimal instantaneous uncertainty o
equal to £3 NETDg (see Figs. 16 and 17). Moreover, in a
dark environment, the amplitude of the output signal fluc-
tuations of each camera is measured, and finally the camera
dynamic ranges (DRs) are computed and provided in Table
3. From Fig. 16, the integration times enabling detection
are between 100 and 240 ms depending on the cameras.
However, Fig. 17 shows that the decrease of the instanta-
neous uncertainty is extremely small and an optimal inte-
gration lime can be computed (for camera 1, this integra-
tion time is of around 360 ms). The minimal integration
times enabling detection and measurement are summarized
in Table 3. By introducing an output gain G greater than
1, these values can be improved, but the output signal stan-
dard deviation is also increased. For cameras based on de-
tectors with a smaller area than in the simulation, the per-
formance is similar because microlenses improve photon
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Fig. 13 Temperature calibration for ;e [0.1 ms,1 ms].

Fig. 14 Evolution of S versus T.
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Table 3 Dynamic and integration time ranges.

Camera 1 Camera 2 Camera 3 Camera 4
DR (dB) 48 50 48 47
t; (ms) 100t0 360 16010360 240to 400 240 to 400

collection. The progressive scan array architecture is used
in camera 4, which supplies an advantage in motion mea-
surement and improves the vertical resolution. The integra-
tion time mode, termed the field in cameras 1, 2, and 3,
which enables us to sum two frames, also enhanced the
measurement efficiency in comparison to that of camera 4.
The performance differences between these three cameras
can be explained by a different internal electronics (ampli-
fiers and filters).

3.3 Geometric Model

An important task in 3-D computer vision is camera cali-
bration, especially when metric information is required for
applications involving accurate dimensional measurements.
Camera calibration consists of determining the elements
that govern the relationship between the 2-D image that a
camera perceives and the 3-D information of the imaged
object (see Fig. 18). Generally this is performed by choos-
ing a parametric model for the camera and by estimating
the parameters of this model by means of a calibration pro-
cedure.

This section describes the geometric model of the VSU
sensor, which is based on the “pinhole” model described in
Ref. 19. For our application involving accurate tridimen-
sional (3-D) measurements, a model taking into account the
optical distortions is required.

3.3.1 Distortion-free model

Let M= (xyz1)7 be the homogeneous coordinates of a 3-D
point in the world reference frame (fixed arbitrarily), and
let = (uv 1)’ be the pixel homogeneous coordinates of its
image projection (see Fig. 19). Using the classical
distortion-free pinhole model, the relation between M and
i is given by

s R t|_
ﬁlEPM:K( 1)M, (13)

0T
where = is the projective equality, i.e., the equality defined
up to a nonnull scale factor; P is the perspective projection
matrix; K is the intrinsic matrix, which depends on four
intrinsic parameters (u,,vg ., .a,): iy and v, are the co-
ordinates of the principal point, given by the intersection of
the optical axis with the retinal plane; a,=fk, and «,
= fk, (fis the focal length in units of length, and &, and &,

3D points
in space 2D image-points
=i CAMERA

—————
1

Fig. 18 Camera performs a 3-D-to-2-D transformation.



Fig. 19 Pinhole camera model.

are the number of pixels per unit of length along the 1 and
v axes); R and t are extrinsic parameters and are the rota-
tion and translation matrices that relate the world reference
frame to the camera reference frame (see Fig. 19). Equation
(13) relating the 3-D point (xyz)7 to its image projection
(uv)" can be written as

rpxtrpytrpitio,

u=uyt a, s
0 "ryxtraytra o

rygXx+raytraitit,

v=upta 2
L Yrypxtraaytracto.
where R={r;;} and t=(1,1,1,)".
Under the assumption that pixels are adjacent in the
CCD array, «,, and a, are

- f o
TAx(N) T AN

@ (14)

where fis the focal length, and Ax and Ay are the effective
size of the detector. The size dependence on wavelength (\)
is discussed in Sec. 2.3.2.

3.3.2 Model with distortion

Several authors**?' have shown that distortion-free models
are not accurate enough for applications involving accurate
dimensional measurements.

Calling k:(ugvua,,aru)T the intrinsic parameter vector
and d=(rr,r3)7 the distortion parameter vector (we con-
sider only the first three terms of radial distortion), the re-
lation between a 3-D point M=(.\'y;))"l in the world refer-
ence frame and the pixel coordinates m=(u4v,)7 of its
image projection can be written as

m=g(k.d,R.t.M), (13)

where g() is a nonlinear function whose expression can be
found in Ref. 22.

Finally, the geometric model with distortion is non-
linear and involves six extrinsic parameters (three indepen-
dent parameters for rotation R and three for translation t)
and seven intrinsic parameters (uq ,.Ug.@, .0, .F .r2.r3).
Those unknown parameters will be computed using a cali-
bration procedure described in Sec. 3.5.

A A
'll | l ‘II

0.125 III
v

Fig. 20 Bar test target.

3.4 MTF Measurement

To analyze the wavelength dependence of the camera reso-
lution, we compared the band-limit frequency f. in visible
and in the NIR spectral bands. Although the camera MTF is
defined for sine wave inputs, the square-wave test target
(see Fig. 20) is the most popular for IR systems and the
contrast transfer function (CTF) is established:

Vr ma\'[fs(k)]_ V( min(fs)(k)
Ve max[fs(k)]+ Ve mm[fs(k)]

where V. ... and V_ ., are, respectively, the maximum and
minimum analog outputs of the VSU for the white and
black bar test (see Fig. 21); and f(k) are the spatial fre-
quencies of the square-wave target in image space. The
fundamental spatial frequency f(0) is 4.5707 cycles/mm
and the other frequencies f (k) are equal to 2kf,(0), where
k is an integer ranging from 1 to 10. Hence, the highest
frequency is given by 20X /f(0)=90 cycles'mm. In our
experiment, we have hidden the bar with frequencies higher
than 10X f(0)=45.707 cycles/mm. Then, they are not
aliased down to lower frequencies. Under this assumption,
the sine wave amplitude at frequency f((k) is expressed as
an infinite sum of the square-wave amplitude'* and the re-
lation between the measured CTF and the estimated MTF is
given by

CTH/(k)]= (16)

Vcmax(fsl)
- Vemax(fs2)

Vemin(fs2)
- Vemin(fsl)

Fig. 21 Definition of the maximal V, .., and minimal V. ., analog
output VSU, respectively.
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, CTH f.(3k
MTF(/f,(k)]= EJCTF[MWM

_ CTH/(5K)] | CTH/(TK)]
5 7

- M +irregular terms|.  (17)
We note that for spatial frequencies f (k) above 1/3 of
frequency computed to MTF=0, Eq. (17) can be simplified
and it is equal to (7/4)CTF] f,(k)].

As shown in Figs. 22 and 23, the CTF response, mea-
sured with Eq. (16), is lower in the NIR spectral band than
in the visible region. From Eq. (17) many square-wave re-
sponses must be measured to estimate the MTF. In fact, this
condition is fulfilled only for the fundamental frequency,
and for other frequencies, the computations are approxi-
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Fig. 23 Measured CTF, calculated MTF, and simulated MTF in the
NIR spectral band.

Fig. 24 Calibration of a camera from multiple views of a planar
object.

mated. However, the loss of MTF obtained in the NIR
rather than the MTF produced in visible is confirmed. Fi-
nally, the VSU simulated MTF, expressed in visible region
by Eq. (9), is also plotted in Fig. 22 with an estimated
detector width of 14.1 um. Likewise, Eq. (8) (L,
=8.701 pm and x,=4.01 um in the MTFy term) gives
the VSU-simulated MTF in the NIR spectral band, which is
fitted in Fig. 23. Hence, the estimated band-limit frequency
fe (for an MTF value of 0.637) is of around 30 cycles/mm
in the visible region and in the NIR spectral region is only
20 cycles/mm. The factor of 1.5 between the band-limit
frequencies in two spectral bands is confirmed.

From this result, a consequence can be derived in the
geometric model, and particularly to Eq. (14), through the
computation of an apparent spatial detector width [Ax
=1/(2 f.)]. In the NIR spectral band, considering the MTF
loss, it is equivalent to working with effective detector sizes
1.5 times greater. As a consequence, we must calibrate the
geometric model in the NIR spectral band. Note that the
apparent spatial size does not influence the capability of
photon collection in Eq. (4).

3.5 Geometric Calibration Procedure

Calibrating a camera involves determining its intrinsic pa-
rameters and its position and orientation with respect to a
world reference frame (see Sec. 3.3). The position of this
world reference frame is chosen during the calibration pro-
cedure. For our application, this reference frame need not
to be known in the cargo area because only relative mea-
surements (load displacements) are estimated. Considering
the MTF results (see Sec. 3.4), the VSU must be calibrated
in the NIR spectral band.

We developed a flexible technique to easily calibrate a
camera.”> This technique requires the camera to observe
only a quasiplanar pattern shown at a few different orien-
tations (see Fig. 24). The motion of the pattern need not be
known and the pattern itself can be imprecise. We use a
photogrammetric bundle adjustment approach to estimate
together the intrinsic and extrinsic parameters and the 3-D
points of the pattern. Now, consider n images of a planar



Table 4 Intrinsic and distortion parameters.
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2377 3512 9644 -9699 -0375 6£.78x<10°2 0.196

pattern made of p points viewed by a camera (see Fig. 24).
Let m/ be the coordinates of the projection of the jth point
(j=1...p)of thei"th view (i=1...n) onto the camera.
From Eq. (15), we can deduce the following relation:

"ﬁzg(k,d,Rf 1 M) We)

There are four unknown intrinsic parameters, three un-
known distortion parameters, 6n unknown extrinsic param-
eters (three for each rotation R; and three for each transla-
tion t;), and 3p unknown 3-D coordinates M;: that is a
total of 7+6n+3p unknowns. Moreover, each 3-D point
projection gives two relations [see Eq. (18)]. Thus, we have
2np equations and 7+ 6n+ 3p unknowns. Therefore, if n
and p are large enough, there are more equations than un-
knowns (for instance, if n=6 and p=48, there are 576
equations for 187 unknowns), and we can estimate them by
minimizing the sum of the 2-D algebraic distances between
the projection of the j'th point of the i’th view onto the
camera and the corresponding image point it} extracted in
the i’ th image:

np
min >, >, [i—g(k.d.R;.t; M), (19)
g i=1j=1

with #=(k,d,R, .t .M, ). Minimizing Eq. (19)
is a nonlinear minimization problem, which is solved with
the Levenberg-Marquardt algorithm.

A more detailed description of the calibration procedure
and a detailed discussion on accuracy evaluation can be
found in Ref. 22. The VSU intrinsic parameters obtained by
minimizing Eq. (19) are provided in Table 4.

3.6 Conclusion

In the calibration conditions, a temperature ranging from
350 to 900°C with a resolution of 25 to 0.4°C can be mea-
sured with integration times ranging from 360 to 0.1 ms.
The displacement measurement in the NIR spectral band
involves a loss of spatial resolution of 1.5. A maximal reso-
lution of 50 mm can be achieved for an observation dis-
tance d of 12.2 m with a focal length of 8 mm.

4 Temperature Measurements

This section contains a few examples of temperature mea-
surements for some overheating or fire events. Accurate
radiation thermometry measurements require a good under-
standing of the phenomenon of emissivity, the location of
the source, and the surrounding environment. In aircraft
cargo compartments, these characteristics are unknown and
very difficult to estimate. Thus, their influence is analyzed
by computing the resulting temperature uncertainty.

Fig. 25 Fire in visible light.

4.1 Examples and Temperature Relation

In the laboratory, fire situations (see Fig. 25) are digitized
with four integration times ranging from 360 to 0.1 ms and
the result is illustrated in Fig. 26. From the digital value I,
in the first nonsaturated image, an equivalent blackbody
temperature of the phenomena is estimated using the rela-
tion

B
T = ml(AG o lIp—C) F 1T (20)

Above 600°C, a flame situation is considered, and only an
equivalent blackbody temperature without emissivity cor-
rection is given. Because the flame emissivity is wave-
length dependent, the only realistic approximation is a uni-
tary emissivity. In addition, the radiation emitted by the
flame and by illuminated neighboring objects cannot be dis-
tinguished. All those parasite reflections may induce errors
larger than several hundred degrees.

Fig. 26 Fire in NIR for £;=0.1 ms.



Table 5 Literalure emissivity values.

Table 6 Experimental emissivity values.

Black Paint Wood-Paper Aluminum Paint  White Paint

Black Area  Aluminum Area  Copper Area  White Area

€ 0.97 to 0.89 091008 0.7t0 0.5 0.4

£ 0.94+0.19 0.67+0.15 0.54=0.11 0.48x0.12

Below 600°C, in smoldering fire situations, the equiva-
lent blackbody temperature can be corrected by the emis-
sivity (&), the location of the source [cos (#,)] and the en-
vironment transmittance (7,). To this end, Eq. (20) should
be then modified as follows:

B
= ]l'l[(AzETe CDS(gd)Gij/I{)_C)+I].

21

Moreover, if the source of the scene is not under focus, the
source-camera distance (d;) must be introduced in Eq.
(21). Except for 7,, which can be estimated by the mea-
surement of the reflection coefficient of a known remote
target illuminated by an emitting IR source, it is difficult to
control the other parameters. Therefore, their influence is
studied.

4.2 Influence of Critical Parameters

4.21 Emissivity

In aircraft cargo compartments, the usual objects are often
made of metal, wood, cardboard, plastic, and textiles. In the
NIR spectral band, they are considered as opaque and gray
bodies with a constant emissivity ranging from 0.4 to 0.97
(see Table 5) (Refs. 14 and 23). We made a copper sheet
with four different emissivity areas (see Fig. 27) to check
these literature values. The sheet is warmed up a tempera-
ture T of 425°C, which is regulated by a thermocouple
associated with a controller. This temperature enables us to
obtain a maximal /, signal and it is much higher than room
temperature (25°C). Therefore, the latter can be neglected
in radiometric Eq. (4). We also assume that no hot object is
reflected on the sheet during the measurements.

Aluminum pamt

Black area

‘White area Copper area

oxydized

Fig. 27 Copper sheet.

Both the VSU digital output value Ip, for each sheet
area intensity (Lsp) and the I, = value for a blackbody
cavity intensity (Lsp,) are recorded at a distance of 1.5 m
and with an integration time of 320 ms. Finally, the four
emissivities are computed directly with the relation g;
=Ly /Ly =Lp !p, . The identified values are provided
in Table 6 and are close to those given in the literature.

From Eq. (20) with the VSU digital output values I, ,

the equivalent blackbody temperatures T'; of each area are
computed and compared to the reference copper tempera-
ture T'.r. as shown in Fig. 28. Next, the relative tempera-
ture uncertainty [AT/T=(T ;= T/ T1ef] is derived, as il-
lustrated in Fig. 29. An error of 57% in emissivity, resulting
from the choice of a value | instead of 0.48, leads to a
relative temperature uncertainty A7/T of 7.2%. Similarly,
an error of 20% on emissivity only provides a relative tem-

perature uncertainty AT/T of 2%.

4.2.2 Location of the source

In the cargo area, the angle 8, of the field of view varies
between 0 and 40 deg. In this range of interest, the camera
digital output /I, decreases by only one gray level for a
blackbody temperature of 425°C and at a minimal distance
d; of 1.5 m. The angle uncertainty infers a relative tempera-
ture uncertainty A7/7T close 1o 0.

Next, the source-camera distance influence is analyzed,
although Eq. (4) does not depend on it if source focusing is
assumed. The temperature uncertainty AT/7T is shown in
Fig. 30 for a source focused at a distance of 6 m directly
viewing (#,=0deg) the blackbody at a temperature of
425°C. Around this focused distance, no variation on the

x : Black area

£

© : Aluminium paint area

&

* :Copper area

§

+ :White area

g

Equivalent balck boby temperaturo T_q‘ (°C)

g

s P L L L s 2 L

P L
3s0 a0 370 430 40 40

380 390 400 410 420
Sheet reference temperature Tm (*C)

Fig. 28 Graph of Ty versus T,.
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output signal 7, is observed according to the assumption.
QOutside this distance and in the worst case, the maximal
relative temperature uncertainty A7/T can be estimated to
be as little as 2%. The distance is limited to 10 m to con-
sider that the hot source size in the image represents only a
few pixels. In the next section, we describe a method for
estimating the maximal total relative temperature uncer-
tainty that takes into account the sum of the uncertainties.

4.3 Temperature Uncertainties

Theoretically, the maximal total relative temperature uncer-
tainty AT/T can be expressed by the following relation:

(22)

where (AT/T); is the instantaneous relative temperature
uncertainty given by

(AT') _ =3NETD
T/ T

(23)

From Eq. (21) and defining A;=A,Gpt; , the static relative
temperature uncertainty (A7/T), is given by

14 T T T T T T T
12F 4
2l 1
£
5
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=
£
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Fig. 30 Evolution of AT/T versus d. .

(AT) AB %

— ) =g

T B fs(fat[5)
AA; Aeg An,
— 4 —+
As & Te

+1 ; f_\]D+CAC)
fs\'P Iy c

where f,, fs. and f; are, respectively, equal to
A37,€ cos(8y).1,—C, and 1/[In(fy/f5+1)]. The value of 7,
can be estimated by measuring the reflection coefficient of
a known remote target illuminated by an emitting IR
source. The associated relative uncertainty A7, /7, can be
deduced from the camera output standard deviation (Ufz:)'

5

A Bd
O tan(0,) —
B4

: 24)

An output signal fluctuation A7, greater than 6 times oy,
should lead to a relative uncertainty of 10% for a distance
of 15 m. This point will be presented in a forthcoming
paper. To take into account the lack of data in Eq. (24), we
assume a transmittance value 7, of only 1 (see the discus-
sion in Sec. 2.2) with a relative uncertainty of 10%. More-
over, the relative uncertainty of the Ay, B, C, and I, pa-
rameters represent the nonuniformity CCD array in the
calibrated region. From the previous section, we assume
that the relative angle uncertainty A 8;/6, is close to zero.

For the parameter values summarized in Tables 2 and 7,
the static relative temperature uncertainty (AT7/T), (see
Fig. 31) stems mainly from the emissivity uncertainty (a
minimum and a mean relative emissivity uncertainty are
provided). For the same unfavorable configuration, the total

Table 7 Parameter values of Eq. (22).

AAslA;  ABIB  ACIC i Aele Arai7a 4
(%) (%) (%) € Te (deg) (%) (%) (ms)
9.7 0.2 15 0510075 09to1 40 50t025 10 360
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Fig. 31 Uncertainty (AT/T), versus T.

relative temperature uncertainty is plotted in Fig. 32. It de-
pends mostly on the instantaneous relative temperature un-
certainty that could be improved by using a higher integra-
tion time.

4.4 Conclusion

The maximal total relative temperature uncertainty is 5.5%
in the worst measurement case and for a temperature of
350°C. As a comparison, in Ref. 24, a relative emissivity
uncertainty Ae/e of 20% leads to a relative temperature
uncertainty AT/T of 1.2% at wavelength A,=1 pm and of
12% at A,=10 um. For short wavelengths, the emissivity
is not as critical as in long wavelengths. The total absolute
uncertainty A7 is =16°C with a relative emissivity uncer-
tainty of Ae/e=25% (respectively, =20°C with Ae/e
=50%). These values fulfill the objective of a tolerance of
+£25°C.

Total relative uncertainty AT/T (%)
H s b e &

w
T

I
o
T

o

Temperature object T (°C)

Fig. 32 Uncenrtainty AT/T versus T.

5 Conclusions

A new video sensor for multimeasurements (smoldering
fires, flame, smoke, and load displacements) in aircraft
cargo compartment is characterized. The new VSU, based
on CCD technology, operates in the NIR spectral band
(0.75 to 1.1 um). The video sensor can also display the
cargo area on a remote monitor to check the validity of the
alarm signal. In this paper, the ability of the airborne sensor
concept “‘one CCD technology/multimeasurements’ was
proved and a trade-off in sensor configuration was sug-
gested. The radiometric and geometric models to measure,
respectively, the fire temperature and the 3-D load localiza-
tion were calibrated. The measurement of temperatures
ranging from 350 to 900°C requires four exposure times
from 360 to 0.1 ms. The NETDs for this temperature range
are less than £8°C. In spite of the fact that the spatial
band-limit frequency of a CCD camera decreases by a fac-
tor 1.5 in the NIR spectral band, the geometric model pro-
vides 3-D localization with an accuracy of 50 mm for an
observation distance of 12.2 m.

An analysis of the overheating conditions (emissivity
and geometric situation) confirmed that working in short-
wavelength CCD technology is less sensitive to a rough
knowledge of the surface emissivity of an object. A relative
uncertainty of emissivity (Ae/e=50%) leads to a relative
uncertainty of temperature (AT/T) lower than 5.5%.

Airborne experiments revealed that other parameters
might influence the measurements and in particular the
cargo compartment temperature. Further investigations are
currently in progress and focus on these aspects. The image
analysis algorithms developed to perform smoldering fires,
flame, smoke, and load displacement detections will be pre-
sented in a forthcoming paper.

6 Appendix

According to Ref. 25, the photon absorption coefficient is
given for a photon energy E between 1.2 and 2.2 eV by (a)

E-1.1+5%X1077T3
exp(348/T,)—1

(E—1.16+5x107773)?
1 —exp(348/T,) ’

a=2750

and for a photon energy E between 2.2 and 2.5 eV by

a=a(22 eV;T,)

74473 D 9 (E/03 10 7.3333)
—_— Z
a(22eV:T,) A '

where T is the detector temperature.
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