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Abstract

An innovative technique for measuring both the shape, the dsplacement, the strain
and the temperature elds at the surface of an object using a mgle stereovision
sensor is proposed. The sensor is based on two o -the-shetiw-cost high-resolution
uncooled CCD cameras. To allow both dimensional and thermaimeasurements, the
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1 Introduction

In experimental mechanics it can be necessary to know the ains and the
temperature of the specimen under study. This concerns allaohanical tests
at high temperature (for instance fatigue studies [1,2], #grmomechanical be-
haviour of refractory concretes [3,4]) and the study of pr@sses involving
deformations at high temperature (for instance welding [5plass forming [6],
super plastic forming [7,8], heat treatment [9], etc.). Fostrain measurements,
many sensors are available, from the classical strain gaggsto more sophis-
ticated non-contact optical sensors providing full- eld neasurements [10{13].
For temperature measurements, many sensors are also avaliga from the clas-
sical thermocouples up to more sophisticated non-contaarssors like infrared
cameras or pyrometers [14,15]. Thus, getting the strains driemperature at
the same time implies generally a multi-instrumentation othe set-up and it
is not so easy to combine the measurements of various categsrin order to

get the strains and the temperature at a given point of the spéanen surface.

Some authors have already proposed to integrate thermogtap data and/or
3-D shape data and/or kinematical data. Brucket al. [5] proposed the VITA
system based on high-speed thermal imaging and stereoscogdeo imaging
to measure temperature and 3-D deformation elds on the swate of spec-
imens during the Gas Metal Arc Welding process. Their techgue requires
three cameras: an IR camera and two CCD cameras for the stevision sen-
sor. Some new developments have been proposed very recer@iglantonio

et al. [16] propose a technique to combine the thermal data provideby a
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classical thermocamera with the 3-D shape data provided by stereovision
sensor. Their technique requires three cameras (an IR camand two CCD
cameras for the stereovision sensor) and a specic calibi@t procedure is
needed to perform the fusion of the thermal and kinematicalada provided by
two di erent types of cameras. Satzgeet al. [17] propose to utilize an infrared
camera with a fringe projection technigue to obtain a cloudfd-D points and
to map thermographic images onto the specimen shape. Theyeua classi-
cal thermographic camera and as they are using a fringe proj®n technique
they can obtain the shape of the specimen but they cannot meas its surface
deformation. Moreover the measured specimen needs to begeld into a so-
called navigation cage in order to t point clouds taken fromdi erent points
of view, which somewhat complicates the experimental setuy/attrisse et al.
[18] propose to combine Digital Image Correlation (DIC) wh infrared ther-
mography in order to get the 2-D displacement/strain and terperature elds
of a planar specimen. In their work, the authors utilize two derent types
of cameras: a visible CCD camera for displacement and straimeasurements
and an IR Focal Plane Array (FPA) camera for temperature measements,
and they face the problem of fusing data provided by two di eent sensors.
Moreover, as they are using a single CCD camera, they can maasthe 2-D
surface displacement/strain eld of a planar specimen undgoing an in-plane
deformation but they cannot obtain the 3-D surface displaceent/strain eld

of any 3-D object subjected to any thermo-mechanical loadjn

In this paper, an innovative technique for measuring both ta shape, the dis-
placement, the strain and the temperature elds of an objectising asingle
type of camera is proposed. The sensor is based on two o -the-shelf low-

cost high-resolution uncooled Charge-Coupled-Device (O cameras. Ther-



mal measurements using this kind of camera is made possiblanks to our
recent developments in the eld of temperature measurementusing CCD
cameras [19{22]. These developments have permitted to mesges tempera-
tures higher than 300 C with CCD cameras operating in the visible and near
infrared (NIR) spectral band (0.7-1.1 m). Our proposed method utilizes a
stereovision sensor that can provide at the same time the & the displace-
ment, the strain and the temperature elds of the specimen. Ris technique
leads to a low-cost camera-based simpli ed instrumentatiothat gives simul-

taneously dimensional/kinematical and thermal eld meastements.

Due to the metrological aspect of our work, an accurate radetric and ge-
ometric calibration of the sensor is required. These calition steps are per-
formed before the sensor can be used for dimensional and that measure-

ments.

The radiometric calibration is performed to compute the rammetric model
parameters of the camera that relate the temperature of an éal blackbody
source to the output of the camera (pixel gray levels). The chometric model

parameters are used to transform an image into a thermal map.

The geometric calibration of the stereovision sensor is agliminary step re-

quired to determine its geometric parameters: the intrinsi parameters of each
camera and the relative position and orientation of the two ameras. These
calibration data are required to compute by triangulation he 3-D coordinates

of a point corresponding to matched pixels in the two stereaniages.

After the radiometric and geometric calibration, the sengois ready for mea-

surement.



The shape or the 3-D displacement/strain eld of the specimreare obtained
using a stereo-correlation technique. The temperature dlis obtained by
processing one of the two images provided by the stereovisgensor. Using the
radiometric model, an apparent blackbody temperature mapan be computed

from the pixel intensities.

In static situations (no deformation), a stereo pair of imags of the specimen
under study is acquired. By processing the images, the 3-Dagie of the spec-
imen and also the temperature of each point of its surface aobtained. Thus,

a thermal map (X;Y;Z;T(X;Y;Z)) can be displayed onto the 3-D shape.

In non-static situations, a sequence of time-varying pairsf stereo images
of the specimen undergoing deformation is acquired. By pregsing the im-
ages, the 3-D shape of the specimen at each acquisition tinasd also the
strain and the temperature at each point of its surface are ¢dined. Thus, a
strain map (X;Y;Z;"  (X;Y;Z);"yw(X;Y; Z); "xy (X;Y; Z)) or a thermal map

(X;Y;Z; T(X;Y;2Z)) can be displayed onto the 3-D shape.

It should be noted that the method presented in this paper ulizes two CCD
cameras (stereovision) in order to provide simultaneoushtye shape, the 3-D
displacement/strain and temperature elds. Of course, if pe is not interested
in the shape and is dealing with a 2-D problem (for instance &2-D defor-
mation of a planar specimen) the same methodology could beedswith a
single CCD camera to get simultaneously the 2-D displacentsirain and

temperature elds (simpli ed instrumentation).

The paper is organized as follows. In sections 2 and 3 the ranfietric and
geometric calibration steps are presented. In section 4 tlexperimental setup

used for our work is presented. In sections 5 and 6 the methdalgy to obtain



simultaneously the shape, the displacement, the strain anthie temperature
eld is presented along with some experimental results. A sicussion of the

results is given in section 7.

2 Radiometric calibration

From a radiometric point of view, a camera is a set of radiomets (each pixel
is a radiometer) that converts an incident ux to a set of pix¢gray level values

(see Figure 1).

1i.))
Temperature
— CAMERA =

(i,)) = pixel position

Fig. 1. From a radiometric point of view, a camera converts a emperature to a pixel

gray level valuel (i;] ).

The incident ux is related to the apparent temperature (thetemperature of

a blackbody source emitting the same ux) by using the Planck law.

The radiometric model describes the relation between the parent tempera-
ture and the signall (i;] ) acquired by the camera (pixel gray levels) and allows
a thermal map to be computed from an image acquired by the canae The
radiometric model parameters are computed using a radionmit calibration

procedure.

"Traditional" radiometric models are designed for infrard cameras with a
single photodetector with a linear photoresponse and opeireg in short (3-

5 m) and long (8-12 m) wavelengths.



In our work, o -the-shelf uncooled CCD cameras are utilizedThese cameras
include an array of photodetectors. For a given camera, thesponse of each
photodetector is not necessary identical and the signal quit of each pixel

is not necessary independant. This needs to be corrected irder that each

pixel could be considered as independent and identical withlinear response
versus the incident ux (see section 2.1). Moreover, thesameras operate in
the near infrared spectral band (0.7-1.1 m) which requires to introduce a

speci ¢ radiometric model (see section 2.2).

2.1 CCD camera corrections

Before the calibration step, images are corrected as illuated in gure 2.

First, CCD cameras do not feature a strictly linear photorgsonse. As an
example, a typical non-linearity of 7% has been observed, igh can cause
an error of 10 C at 1000 C [20]. In order to obtain a better temperature
measurement accuracy, the non linearity of the detector pkaresponse needs
to be corrected. After this correction, a linear relation beveen the incident

ux and the camera output signal is assumed.

Next, as a CCD camera is a multi-detector array, non uniforrties between
detectors have to be checked [23{26] and to be corrected ifquéred. With
CCD cameras a di erence of uniformity less than 0.5% has beabserved,
but with CMOS cameras' a photoresponse non uniformity up to 20% has

been observed, which can cause an error up to 25 at 1000 C.

1 In this paper, only CCD cameras are dealt with but CMOS camera have also

been investigated [21,22].



‘ | Initial image 1 (i;j ) | ‘

+

0. Hot pixels suppression

+

1. Non linearity correction

+

2. Non uniformity correction

+

3. Smear correction

+

4. Ghost e ect correction

+

5. Application of the radiometric model

+

‘ | Thermal map T(i;j ) | ‘

Fig. 2. Summary of the CCD camera corrections for thermal meaurements.
If the non linearity and non uniformity are not corrected, ths can a ect the
di erence of temperature between two adjacent points, whitcan be a serious

problem to compute thermal gradients [22].

Some phenomena can make the output signal of two or more pieadf the
detector array being cross-correlated: the blooming, thengaring, the optical
re ections and the di usion of the generated charges in theubstrate of the

detector [27]. Blooming can be tackled by adapting the integtion time to



avoid saturation. Smearing can be corrected for some spaciCCD cameras

[28,29]. Optical re ections can be corrected also if req@d [22].

Finally, after the corrections, we end up with linear, idental and independent

pixels and only one radiometric model applies for all pixels

2.2 Speci c radiometric model

In the NIR spectral range used in our work, a speci ¢ radiomeic model is re-
quired. Indeed, in this spectral range, the luminance incases faster with the
temperature than in the infrared spectral range. In the NIR gectral range
(1 m) the ratio of the spectral luminances between 300 and 100C is
about one million, whereas in the Long-Wave Infrared (LWIR)spectral range

(10 m) the ratio is only ve.

To measure such di erent luminances, the camera parametensve to be con-
trolled in-line and particularly the integration time, which corresponds to the
length of time that the sensor is exposed (that photons are lbected). In order

to cope with the large range of luminances, many integratiotimes have to be
used, typically 1000 integration times between 100s and 10 s. Usually, the
radiometric model parameters need to be computed for eacliggration time

which is long and costly. In order to avoid performing too mancalibrations,

some authors have proposed to nd the parameters for some égration times
from the parameters already available for other integratiotimes but this leads
to important thermal errors [30]. The speci ¢ radiometric nodel used in our
work has been designed in order thaa single set of parameters can be

used for all integration times.



Moreover, in the NIR spectral band, the spectral density ofreergy moves to
lower wavelengths when the temperature increases which vags the intro-
duction of an extended e ective wavelength «(T) into the radiometric model.
The extended e ective wavelength decreases with the temgure. It is linked

to the spectral e ciency of the detector [31].

To sum up, the speci city of the proposed radiometric modelsi the introduc-
tion of an e ective wavelength which depends on the temperate, and also

the fact that a single model is used for all integration times

The speci c radiometric model that we have developed for gibn FPA cameras

is given by equations (1) and (2).

o 3 C,
In(T) = ((T) = kyexp —i @
with:
_ a a
NUBRARREE @)

wherel is the pixel gray level value registered by the camerd, is the inte-
gration time of the camera andT the temperature.C, is the second Planck's
constant (1.44 10 2 m.K). |, is the pixel gray level value normalized by the

integration time.

This model depends on 4 parameter(, ag, a;, a,) that are determined

during the radiometric calibration process.

It should be noted that for a temperature range of 300-70QC, the use of a

10



linear expression (rst order with 3 parametersik,,, ag and a;) of e ective
extended wavelength is su cient. A second order expressionas to be used
for a temperature range from 300 to 100QC. In that case, 4 parameters need

to be determined during the calibration process.

The identi cation of the model parameters requires some kmen reference tem-
peratures. These reference temperatures are provided by ladkbody cavity.
Figure 3 shows the calibration setup with the blackbody catyi (a LANDCAL
P1200B) and the camera aligned with the blackbody cavity usg a Newport

translation stage.

During the calibration procedure, the parameters of the radmetric model
I,(T) are computed from known temperatures of the reference blkdmody and
corresponding corrected pixel intensities (see sectionl®.for a normalized
integration time of 1 s. A typical calibration curve is shownon Figure 4. The
originality of the approach is the computation of a single $ef parameters for
all integration times being considered. Instead of dealingith a calibration
curvel (T) for each integration timet; (classical approach), a single calibration

curve 1,(T) = tl—(T) is used.
i

Additionally, it should be noted that an e cient identi cat ion procedure has

been proposed [22]. Only three measurements at high tempieras are needed

to nd the model parameters. For the 400-700 C temperature range, the

parameters arek, = 2:12 10 gray level ;3o =1:1 1 m 'anda; =
3:.02 10 K/m.

Due to the camera technology used in the present work (unced CCD cam-
eras in the NIR spectral band) only temperatures higher tha800 C can be

measured [20,21,32,33]. Nevertheless, the proposed tégha can be useful for

11



CCD Camera Blackbody sourct
1(i.j) T reference

Fig. 3. Our radiometric calibration setup.

many processes involving high temperature measurements.

3 Geometric calibration

Camera calibration is an important task in 3-D computer vion, particularly
when metric data are required for applications involving amrate dimensional

measurements.

From a geometric point of view, a camera converts a 3-D poinX{Y;Z) in

space to a 2-D point {;j ) in the image (see Figure 5).

Camera calibration consists in determining the elements &t govern the rela-

tionship between the 2-D information {;j ) that a camera perceives and the

12
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Fig. 4. A typical radiometric calibration curve (pixel inte nsity normalized by the
integration time versus temperature). The corrected expeimental data has been

extracted from the corrected images (see Figure 2).

(X,Y,2) (i.])
— CAMERA =
3D position pixel position

Fig. 5. From a geometric point of view, a camera converts a 3-Dpoint (X;Y;Z) to

a 2-D image point (;j ).

3-D information (X;Y;Z) of the imaged object. Generally this is performed
by choosing a parametric model for the camera [34] and by estiting the pa-
rameters of this model by means of a calibration object, the-B coordinates

of which are known.

13



Calibrating a camera involves determining its intrinsic peameters [34] and its
position and orientation with respect to an arbitrary world reference frame.

Calibrating a stereovision sensor made up of two cameras aives determining
the intrinsic parameters of each camera and the relative pitisn and orienta-

tion between the two cameras [35,36].

These calibration data are required to compute, by triangaition, the 3-D co-

ordinates of a point corresponding to matched pixels on thevb stereo images.

In order to obtain accurate tri-dimensional measurementdens distortion is
taken into account in the geometric model of the cameras [3®). If a 3rd order
radial lens distortion camera model is used, there are 20 ieplendent param-
eters to be determined during the calibration process: 7 inhsic parameters
for each camera (the two coordinates in the image frame of tiersection of
the optical axis with the image plane, the two scale factorsi@ang the vertical
and horizontal axes of the image frame, and the three 3rd ondeadial lens
distortion parameters) and 6 extrinsic parameters (the rative position and

orientation between the two cameras). See [35,36] for moretdlils.

Regarding the calibration procedure, a exible method is wl: the calibration
procedure only requires the cameras to observe a planar gath shown at a
few di erent orientations (see Figure 6). From these sterepair of images, the
calibration software computes automatically the requiregharameters in a few

seconds [37].

After the radiometric and geometric calibration, the sengo is ready
for the measurement of the shape X(Y;Z), the 3-D displacement

eld (UXY;Z);V(X;Y;Z);W(X;Y;Z)), the surface strain eld

14



Fig. 6. A typical set of 8 stereo pairs of images used for the ganetric calibration

of the camera.

(" (X Y;Z2) " (XY Z2); "xy (XY Z2)) and the thermal eld T(X;Y;Z) (see

Figure 7).
= (X,Y,2) shape
— U(X,Y,2)
— V()(,Y,Z) displacemel
3D object
Pt | SENsOR [ W(XY.2)

— & (XY, 2)
L . %y(X,Y,Z) strain
- &Y.

> T(X,Y,Z) temperature

Fig. 7. For any 3-D object the sensor gives dimensional (shag/displacement/strain)

and thermal (temperature) measurements.
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4 Experimental setup

The experimental setup used in order to validate the propodemethod is
illustrated in Figure 8. This setup is composed of three maialements: (a) a
3-D metallic mould (the object under study) enclosed in a fexe for security
reasons, (b) a heating device and (c) a stereovision rig to i@m the non-

contacting full- eld shape/displacement/strain/temperature measurements.

Heating devict

Fig. 8. Several views of the experimental setup showing the B
ject under study (a metallic mould) and the stereovision rig used for

shape/displacement/strain/temperature measurement.

The object under study is a non-planar metallic mould sizingbout 200 mm
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200 mm, with a roof shape (two sloping planes) and a height aobaut 50 mm.

In our experiments (see sections 5 and 6) the metallic mould heated at
several temperature levels ranging from 350 to 65C by a heating cartridge
placed below the metallic mould. A set of 6 thermocouples vweplaced at the

surface of the mould to provide classical temperature measments? .

The stereovision rig is composed of two 10-bit o -the-shelincooled SONY
XCD-SX910 cameras with a CCD resolution of 1280 960 pixels and a sensor
pixel size of 4.65 m 4.65 m. Computar 25 mm /1.3 lenses are used in
the experiments. The distance between the cameras and the uhb is about
1.5 m. Images of the mould are taken by the synchronized carasrand the
temperature of the mould is also recorded and synchronizedtiwthe image

acquisition process.

Two sets of experiments were performed in order to demonsteathe capabil-

ities of the proposed method.

5 Shape/Temperature Measurement

A rst experiment in a static situation has been performed inorder to show
that the shape and the temperature eld of the object under stdy could be
obtained simultaneously. The mould was heated at a tempenat of 450 C
2 These thermocouples were used in previous experiments [26) determine the
in uence of spatial variations of the emissivity of the mould and its evolution with

temperature. In the present experiments, they have been oml used to provide the
temperature mean values used for the estimation of the coe ¢ent of thermal ex-

pansion of the mould (see section 7).
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(set point imposed to the controller of the heating device).

The mould apparent temperature eld is obtained thanks to tle radiometric

model (see section 2).

The shape is obtained using the stereo-correlation techmuig [36{43].

It is well known that Digital Image Correlation (DIC) requir es that the object
under study be textured (natural texture or arti cial textu re).

In this experiment, a synthetic speckle-pattern [44] is pljected onto the mould
using a video-projectof . As an example, Figure 9 shows an object and the

same object with a speckle pattern projected onto it using aideo-projector.

+

Object Video-projected Object with video-projecte:
speckle-pattern speckle-pattern

Fig. 9. For shape measurement applications, the speckle ptirn can be projected

onto the object using a video-projector.

Figure 10 shows a stereo pair of images of the mould under syudith a
speckle pattern video-projected onto it. The thermocoupgethat were placed

at the surface of the mould can be seen on that picture.

A correlation-based image matching algorithm was used to mpute a dispar-
ity map 4 (see Figure 10). On Figure 10¢ = i° i is the horizontal disparity
3 Note that the video-projection of the speckle-pattern onto the surface of the
mould allows to obtain the shape, but not the strains. See sdibn 6 for strain

measurements.
4 A stereo disparity map indicates the correspondences betvem left and right im-
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andd, = j° j is the vertical disparity corresponding to the pair of matckd

pixels.
I Stereo Matching I

Left image Right image

Fig. 10. A correlation-based image matching algorithm was sed to nd the stere-

o-corresponding pixels within a given stereo pair of images

The methodology is as follows (see Figure 11):

(1) rst, a stereo pair of images with speckle-pattern lighihg is acquired.
From this stereo pair, the 3-D shape of the object, i.e. theX{ Y; Z) map,

can be computed by stereo-correlation:

(;j) and (59! (X;Y;2) 3)

(2) then, another stereo pair of images is acquired (a singl®age could be

enough). From this stereo pair, the thermal map can be obtagul®:

ages. The horizontal (vertical) disparity is de ned as the di erence between the
column (row) coordinates of the pixel locations of correspoding pixels in the left
and right image of a stereo pair. It should be noted that a subjixel correlation-based
image matching algorithm is used so the disparity is a real viue and not an integer

value.
5 As shown on Figure 11, the image provided by the left camera hs been used

to compute the thermal map because the left camera had been daometrically
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Gj)! T (4)

With speckle-pattern lighting

Left Right Left Right

~ |

SHAPE THERMAL MAP

~ ~

SHAPE + TERMAL MAP

Fig. 11. Shape/Temperature measurement using the same sems

As the same sensor in the same position is used for acquirifgettwo stereo
pair of images the data fusion is intrinsic  : to any pair of matched pixels the
3-D position (X; Y; Z) of the corresponding point in space and the temperature
T of this point can be associated. Thus, the 3-D shape of the gjirmen and
also the temperature of each point of its surface is obtainedhdeed, from

equations (3) and (4), we have:

(;j) and (%9 ! (XY;Z,T(XY;2)) (5)

Figure 12 shows a 3-D view of the 3-D shape of the mould. The wareas on
the left gure correspond to non-reconstructed areas due the thermocouples

that were placed at the surface of the mould.

calibrated beforehand. If the two cameras of the stereovisin sensor had been ra-

diometrically calibrated, any of the two images could have keen used.
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Fig. 12. 3-D shape of the mould obtained by stereo-correlatin ; (left) the cloud of

3-D points and (right) the image texture overlaid onto the 3-D shape.

The thermal map T(X;Y;Z) can be also displayed onto the 3-D shape (see

Figure 13).

Fig. 13. Thermal map displayed onto the 3-D shape.
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6 Displacement/Strain/Temperature Measurement

A second experiment has been carried out in a non-static sétion (di erent
levels of temperature) in order to show that the shape, the siolacement, the

strain and the temperature elds could be obtained simultaaously.

The shape K;Y;Z), the 3-D displacement eld (U;V;W) and the surface
strain eld ("x;"yy;"xy) are obtained using the stereo-correlation technique

[36{43].

As we are now interested in the displacement and strain eldghe speckle
pattern can no longer be video-projected onto the object. Ehspeckle pattern
needs to be stuck to the object surface in order to follow thebgect deforma-
tion. Prior to performing the experiment, a speckle patterrwas created at the
surface of the mould by using spray paint (a random black-ardhite speckle
pattern having a spatial variation in intensity that is appropriate for DIC). In

fact, it was decided to paint only one part of the mould and theother part

was left rough (see Figure 14).

As we are now in a non-static situation, a sequence of stereaimpof images is
acquired. If the object is subjected to a varying temperatu, the thermal dis-
placement/strain elds are obtained. If the object is subjeted to a mechanical
load, the mechanical displacement/strain elds are obtaied. Of course, if the
object is subjected to a varying temperature and a mechanickad, the re-
sulting displacement/strain elds are obtained. In the preent work, the mould
was heated at di erent temperature levels and two stereo paof images were
acquired at each temperature level. By processing the imagehe 3-D shape

of the mould, its 3-D displacement and strain elds and the tmperature of
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Fig. 14. The right side of the mould was painted for the secondexperiment in order
that the displacement/strain elds could be obtained.

each point of its surface are obtained:

(I’J) and (IO;J% ! (X;Y;Z;U;V;W; "xx;"yy;"xy;T) (6)

Figure 15 shows two thermal maps obtained for two levels of rtgerature

loading (344 C and 469 C).

Figure 16 shows a 3-D view of the 3-D shape of the mould obtathby stereo-
correlation. As the left side of the mould was not painted, & 3-D shape was

obtained using the video-projection of a synthetic speckigattern.

Any computed value X;Y; Z; U; V; W; " "yy; "xy; T) can be overlaid onto the

image or onto the 3-D shape. As an example, Figure 17 shows the map
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T=344C

T=469C

Fig. 15. Two thermal maps corresponding to two levels of tempgrature loading.

(displacement along theZ axis, which is the out-of-plane direction) overlaid
onto the image and onto the 3-D shape, for a temperature vang between
the ambient to 344 C. The displacement/strain elds could only be computed

on the painted right side of the mould.

Figure 18 shows the thermal map overlaid onto the 3-D shape.
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Fig. 16. 3-D shape of the mould obtained by stereo-correlatin. (left) the cloud of

3-D points and (right) the image texture overlaid onto the 3-D shape.

Fig. 17. Any computed value (here theW out-of-plane displacement value) can be

overlaid onto the image (left) or onto the 3-D shape (right).

7 Discussion of results

In this section, some issues regarding the measurements asmme improve-

ments that could be made are discussed.
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Fig. 18. Thermal map displayed onto the 3-D shape.

7.1 Temperature measurements

The main purpose of this work was to show the feasibility of pwiding both
dimensional AND thermal measurements with the same type ofimera. At
this stage, we have focused our attention on the measuremeoit apparent

temperatures.

In the range 300 to 650C, using a blackbody source in a calibration situation
and a 3-parameters radiometric model, the apparent tempdtae measure-
ment accuracy is less than 1C at an observation distance of 1 m [20,21]. Using
a 4-parameters radiometric model, the same performanceshdae reached in
the range 300 to 1000C. Such performances for temperature measurements
using o -the-shelf low-cost uncooled CCD cameras have beebtained thanks

to the accurate radiometric modelling of the camera and begse particular

attention has been paid to each possible source of error.
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In most of experimental mechanics applications, the true teperatures need to
be known. Measuring a true temperature eld on non planar olegcts, involves

to take into account the following additionnal data:

the surface emissivity which can be either found in the litature for only
a given material and a given wavelength, or measured duringpaeliminary
step. For opaque materials, an on-line estimation of the essivity can be
obtained by several techniques like pyrore ectometry [45pichromatic or
polychromatic analysis of thermal radiation [33], etc. Neartheless, it should
be noted that estimating the emissivity remains an open préém and has
still not received an universal solution because the emiggy coe cients
generally depend themselves on the temperature, on the sagé variations
and thus they change during the processing steps.

It has been shown that CCD cameras operating in the NIR rangeeamuch
less sensitive to the emissivity of the observed surface [4tan infrared ones
and, in some applications, considering the emissivity asmstant is not so
penalizing.

In [20,21], we have carried out some experiments on a metallnould,
with a uniform surface, heated from 300 to 650C. By assuming a constant
emissivity equal to 0.8, true temperature eld measuremesthave been ob-
tained with an accuracy of 3 C at an observation distance of 1 m. This
little loss of accuracy (compared to the apparent temperate measurement
accuracy) is due to the phenomenon of oxydation of the mouldigace which
is in discordance with the hypothesis of constant emissiyit

For strain measurements using the DIC technique a speckle tfan is
created at the surface of the mould by using spray paint. Theaviations

in surface pattern and the associated change in thermal ermsigty will of
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course a ect the accuracy of the true temperature computadin. Two large
white and black areas have been painted at the surface of theoold (see
Figure 14). These areas will be used in future work to determe the emis-
sivity of the paint.

the radiative exchanges between the specimen surfaces (fstance inter-
re ection for non convex objects), depending on optical prerties and the
suface normals, as in a radiosity model [47], require to tak&o account the
shape factor of the specimen under study. The 3-D informatioprovided
by the stereovision sensor could provide the surface norrealequired for

computing this temperature shape coe cient.

Of course, the computation of true temperature elds is our nal objective

and the issues discussed above are now being investigated.

7.2 Kinematical measurements

The shape or displacement measurement relative accuracy abject space
(the accuracy of coordinate determination divided by the ge of the object)
achieved using stereo-correlation under controlled labeiory conditions at
room temperature is about 1/50000 (see [36] for a more detadl discussion on

3-D reconstruction accuracy).

The strains are computed by numerical di erentiation from he displacements
measured at several points distributed over a mesh. The aceay of the strain
computation depends on many factors: the discrete derivath scheme used,
the accuracy of the displacement measurement, and the contation basis

(mesh element spacing) [38]. The strain measurement acccyausing stereo-
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correlation under controlled laboratory conditions at rom temperature can
be about 0.05% (500 strain) with triangular elements measuring 50 pixels

[38].

The accuracy of camera-based kinematical measurements dam highly af-
fected in elevated temperatures conditions. One of the majoroblem is air
convection that causes distortions of the specimen’'s imageyons et al. [48]
have demonstrated the capability of DIC for measuring stras at tempera-
tures up to 650 C with the same level of accuracy that is obtainable under
ambient conditions. In their work, the specimen is placed ima furnace. For
minimizing the air convection phenomenon that takes placediween the fur-
nace window and the camera, they have used a fan that mixed tlag so that
the air temperature and the index of refraction remained catant. It should

be noted that the temperature of the furnace window does nokeeed 120 C.

In the present work, we do not use any furnace and we observedtitly a
specimen heated between 300 and 470. A rst experiment was conducted
without using any fan and the analysis of the displacementfgin elds showed
that these elds were not stable with time. A new experiment \&s performed
and 50 stereo pairs of images at 3 levels of temperature laagliwere acquired.
For the higher temperature, two sets of 50 stereo pairs of igas were acquired,
with and without using a fan. A total of 200 stereo pairs of imges were

acquired (see Figure 20).

Figure 19 shows the area that has been used to analyze the thggment and

strain elds. For instance, the mean'y, strain has been computed on this area.

Figure 20 shows the meafiy, strain evolution over the sequence of 50 images

acquired at each level of temperature loading. First, air cwection increases
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Fig. 19. The area that has been used to analyze the strain eld

with the temperature of the mould as strain curves become m®mnoisy as the
temperature increases. Second, from the strain curve ohtad at a temper-
ature of 469 C it can be seen that very much more stable strain values are

obtained when a fan is used.

From the mean strain values computed at the 3 temperature leis, the coef-
cient of thermal expansion (CTE) of the material could be eBmated. The
computed value is in good agreement with the CTE of the matexi under

concern.

In these experiments, the DIC-based strain measurements Veabeen per-
formed at temperatures ranging from 300 to 470C. As demonstrated by
Lyons et al. [48], we have shown that the use of a fan minimizes the e ect
of convection. Further experimemts need to be carried out iarder to assess

guantitatively the accuracy of the measurements and to detsnine the higher
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Fig. 20. Strain analysis: from the mean",, strain evolution over the sequence of
50 images acquired at each level of temperature loading it cabe seen that very
much more stable strain values are obtained when a fan is usedstimation of the

coe cient of thermal expansion (CTE) of the material from th e mean strain values

computed at 3 temperature levels (mean temperature given bythe thermocouples).

temperature for which an acceptable accuracy can be still tzbined.

Another problem that can arise at high temperature, e.g up t®50 C for
steel, is a loose of contrast in the images due to the IR emsi This can be
tackled by di erent ways: (1) on-line control of the camera mtegration time,
(2) use of an IR lter, (3) use of a normalized cross-correlain coe cient in
the DIC method which is known to be adapted to situations wher contrast
and brightness evolutions are hard to avoid (such a correlah coe cient is

already used in our experiments).
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7.3 Transient events

As mentioned in section 2.2, the integration time of the cama is controlled
in-line in order to tackle with a wide range of temperaturesLong integration
times could be a problem for the study of transient events. Nertheless, it
should be noted that the required integration time decreasewhen the tem-
perature increases and very short integration times are uben practice for

high temperatures (0.5 s for 500C, 63 ms for 700 C, 15 ms for 750 C, etc.).

8 Conclusion

An innovative method to compute simultaneously, and with tle same type of
camera, the shape, the displacement, the strain and the teragature elds of

an object has been proposed.

The results clearly show the potentialities of the proposeigchnique. Its main

advantages are:

a simpli ed instrumentation: the same sensor gives dimerwial/kinematical

AND thermal measurements

an intrinsic spatial coherence: each pixel of the camera @ges the kine-
matic AND the thermal behavior of the specimen; the data fuen is intrinsic

the use of o -the-shelf low-cost high-resolution uncoole@CD cameras for

thermal measurements

It should be noted that the method presented in this paper ulizes two CCD
cameras (stereovision) in order to provide simultaneouskye shape, the 3-D

displacement/strain and temperature elds. Of course, thsame methodology
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could be used with a single CCD camera to get the 2-D displacent/strain
and temperature elds of any planar object subjected to a theno-mechanical

load.

At this stage, we have focused our attention on the measurentieof apparent
temperatures. Our e orts are now focused on two main issuesue tempera-
ture measurements and accuracy assessment of kinematicaasurements at

high temperature.
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