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This paper presents radiometric and geometric models for both temperature and displacement non-contact mea-
surements using an uncooled Charge-Coupled Device (CCD) video camera. Such techniques “one sensor-two measures”
represent an interest in many industrial low-cost applications and scientific domains.
To benefit from both measurements, we have to use the camera’s spectral response in the near infrared spectral band
(���) from 0�75 micrometer to 1�1 micrometer. In this spectral band, the temperature variations of an uncooled CCD
camera are taken into account in the radiometric and geometric models. By using physical models for CCD camera,
we quantify detector’s quantum efficiency, sensor noise and spatial resolution as a function of the wavelength and of
the detector temperature. These models are confirmed by experimental results of calibration with a low-cost uncooled
camera based on a Sony detector and operating over the detector temperature range of �30�� 
� .&$���

Keywords

��� ��
����" ��
��� �������
��	" ��	��� 
�����	�" 
�
����
���" 	���� ��
�
�
��	" �����
�
��� 
����" ���
�
���

����" ���
��� ������
��	" /�����
��	 ���	���� 0�	�
��	 ���� ��

I. Int r oduc t ion

�
��� ������ 	�
��� �
� �
����
� ����
��
 ������ �� �
� ����� ��� ����� ��������
��
�� �������� 

�
�� ���!�� ���!��
���� "�
����� ��
��������� �
��� �� ����
��� �
����"�
!
�� �
���
� #$%& '� �
�

�
�� ����� 
 ��
� 

� ���� �� �� �� �� (� ������
���� #)% 
�� ���������� #(% ��
��������� ����" ��*
�
���
�& +� ��!�� � �
�����
��� 
�� ���� �� ��������
� 
!!���
������ ,� 

 � �� ��
���� ���
 ���!��
����

�� ���������
� �

�
���������� ����" ���	 ��� ��������
�� ������& +
� �	���� ���� �� 
��� �� ��
���� 

���!��
���� ���� (-.�� �� $...�� ,��
 
 �����
��� �� �)-�� 
�� �!
��
� ����
�� ������
����� �� �.�$��
,��
 
� ����� 
���� ����
��� �� $�&
/�,� ��� �
� �
�� ��0����	 �� �
� ���!��
���� ��
��������& ���!��� ���� �
� �!����
� !
���� �����
���
�
s
�� 
 ��
� ������ #1%� �
� ������ �!��
��� �� �
� ����
��� �!����
� �
��& +
� �����
��� �� ��������� �	 �
�

��
��2�� �
��
���� �
, 
� �����,�3

��� � �� �� � � 	
� � ��� �
	�� � ��� �� � � � � � � � ��� � � � � �� � � � � �  � ! � �� ���� 	�" �� 
#� 
� � $� 
�#	�� � %&�
� � � 
#�� ! � #	� 
� � ���#��� � '(� #	� �� �� � � ) � � � *+ �*+ '� � � �� � � ) � �  � ! � �� ���� 	�" , �- %�� ��� 
�$� 
� �%&�%
��� 
� �� #� 	�� ��� 
� �- �� � # ��� �� .	#� � #��� �� � '- �#/� �� �� � � � 0 0 � *+ �*+ '� � � �� � � ) � �  � ! � �� ���� 	�" �	� .� �$�� � �%&�%



�� � � � �� � � � � � �	� � 	� �� � � �
 �� � � � � �	� � � � �� � � 
 �� �� � � 
 � � � � � ������ �

������ � 4 	
���

−�

��! ���

��
�� $

�$�

,
��� � �� �
� 
������� ���!��
���� �
��
���� 	 �� �
� ������ ��	 �� �
� ������� � �� ��
��2�� �����
�� �� 4

5�5) $.��� � �), � is the speed of light (� = 310����) and � is Boltzmann’s constant (� = 1�3807 10��� ��
).
Finally, the second and the third radiation constants are respectively given by �� =

� �

�
��
 and �� = 2 �.

Thus, applying relation (1) when temperature � equals 350�� (and respectively 1000��), the luminance
reaches a peak at a wavelength value of 4�65�� (and respectively 2�25��). But, the traditional 3 � 5��
infrared cameras, are often limited by their fragility, high cost and low spatial resolution. In the Near
Infrared spectral band (���) (0�75� 1�1��), luminance values (from 10�� to 2� 10�� ����������� �� ��)
allow a measurement of a temperature from 350�� to 1000��. Moreover, Charge-Coupled Device cameras
(CCD) operating in ��� spectral band are relatively low cost, light weight, compact and have high spatial
resolution. They can measure through a glass window and present less sensitivity to uncertainties concerning
the emissivity of the object. A few industrial applications with low-cost CCD cameras related to high-
temperature measurement over the range [800 � 1800��] are reported in [5] and [6]. In this paper, our
objective is to measure temperatures below the usual value of 800��, in low illuminated conditions with
noise considerations like in [7]. Additionally, the new radiometric model presented in this paper takes into
account the variation of the detector temperature of low-cost uncooled CCD devices widely used in industrial
situations. This radiometric model is based on the study of CCD sensor properties like quantum efficiency
and noise.
Moreover, we examine the spatial resolution changes in��� spectral band for the same range of temperatures.
From the study of the Modulation Transfer Function (���), we deduce the in>����� �� ,
 ����"�
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Fig. 1. Temperature calibration situation (parameters are explained in text).
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��� ), � is the F-number, and $��� is the sensitive
pixel area. "�, "�, "� , "� are respectively atmospheric, window glass, near infrared filter and optical system
transmittance. !� is the detector’s quantum efficiency (�����������& C��
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III. G eom et r ic m odel

This section describes the geometric model of the imaging system (optical lens, camera and digital card).
After an overview of the “pin-hole” model used in our applications, we define their extrinsic and intrinsic
parameters to be calibrated. Extrinsic parameters describe the transformation of the object 3D frame into
the camera 3D frame. The transformation of the latter frame into the image 2D frame is expressed by intrinsic
parameters. They depend on optic perspective projection and detector CCD spatial resolution. By studying
the Modulation Transfer FunctionMTF , we examine the influence of spectral band and detector temperature
on the spatial resolution. This analysis shows that intrinsic parameters depend on spectral band and detector
temperature. In this section, we do not discuss the accuracy of intrinsic parameters in function of 3D error
models or 2D errors introduced by the target detection in the camera image [14].

�� ,+
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The basic assumption of the “pin-hole” model is that the lens center O��( is the intersection of all optical
beams. We assume that the image plane (or ��� detector plane) is perpendicular to the optical axis
(8��( � 9). Figure 11 illustrates the basic geometry of the pin-hole camera model. ��%/(0�%/ � :4� :; � :,)
represents the object 3� frame, while ���((0��(� :<� :6�:9) denotes the camera 3� frame, and ��((0�(� :)�:
) is
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B. Camera Modulation Tran���� !
��	
�� ���

The complete ��� of the camera is the product of the optic ��� (����) and the detector ���

(���
), that is:

��� =���� � ���
 (23)

B.1 Optic Modulation Transfer Function ����

With reference to [19], ���� in the horizontal or vertical direction of a radial symmetric optical system
with a clear circular diffraction-limited aperture illuminated monochromatically is given by:
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�K 4 �� exp(−. 9)) where the coefficient absorption . in the silicon decreases with an increasing wavelength
(see Figure 3). However, the depletion region size ,� is finite (see Figure 2), and the majority of long
wavelength photons will be absorbed outside of the depletion region. An electron generated in the substrate
will experience a three-dimensional random walk until it recombines or reaches the edge of the neighbor
depletion region. In the last case, this phenomenon, called diffusion, creates a response that overlaps other
pixels (see Figure 12 in reference of [13]).
Finally, in ��� spectral band, the detector ��� (���
) results from the product of the geometric ���

(���'��) by the diffusion ��� (���
��� ) and it is expressed by:
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According to [20], the geometric ���'�� of a single CCD cell is given by:
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MTF
��� can be neglected and it approaches 1 (���
 ����'��). For the��� spectral band (� ? 0�75��),
the diffusion term ���
��� dominates in the ���
 relation. As illustrated by Figure 14, the diffusion term
���
��� decreases with the detector temperature.
As a conclusion, in the visible spectral band, we can approximate the camera ��� with only the geometric
��� (���'��) of the detector:

��� =���
 =���'�� (29)

But, in ��� spectral band, the camera ��� must be expressed as the product of the geometric ���

(���'��) by the diffusion ��� (���
��� ).

��� =���
 =���'�� � ���
��� (30)

With the same value of��� (��� = 0�637), the camera cutoff frequency 0� is lower in ��� than in visible
spectral band. In addition, its value decreases with the detector temperature. Finally, the pixel effective sizes
(∆< = �

� ��
) are higher in ��� than in visible spectral band.
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C. Experimental results
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the object has been previously learned. For an application concerning the monitoring of free-form objects, a
rigid visual pattern can be fixed on the object to make this localization easier by using a classical method [8].
For multi-ocular vision (passive stereo vision), a hot point could be detected and localized using triangulation
methods. But, it is required that this point is in the view field of the two cameras. A first estimate on the
radiometric attributes, computed without any knowledge on the orientation and the distance, could be used
as a stereo-matching criterion. Then, once the point distance is known, the orientation could be computed
from local planar approximations, and the radiometric attributes could be refined using the equation 36.
In fact, the Figure 19 shows the geometric situation between a hot source (black body) of area $� and sensor
of area $
 through the optical system of focal length 0 and area $�. The hot source sees optical area $� under
the solid angle Ω� =
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