
Correlation Analysis Between Inner Orientation 
Parameters of Digital Cameras and Temperature 
 

MAURICIO GALO, ANTONIO M. G. TOMMASELLI & JÚLIO K. HASEGAWA, Presidente 
Prudente; ROBERTO dA S. RUY & THIAGO T. dOS REIS, Assis 
 
keywords: Digital camera calibration, Inner Orientation Parameters, Temperature changes, 

Coefficient of correlation 
 
 
Zusammenfassung: ….. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Summary: The objective of this paper is to 
evaluate the effects of temperature changes 
on the IOPs (Inner Orientation Parameters) 
of two digital medium format cameras and 
to perform a correlation analysis. Four sets 
of terrestrial images were taken under 
different environmental temperatures 
(approximately 20oC of maximum 
variation). After calibrating each camera 
with a self-calibration bundle adjustment for 
each set, it was possible to estimate the 
correlation between each IOP and 
temperature for two IOPs groups. It was 
observed that the correlation coefficient 
between the temperature and all the IOPs 
were greater than 70% depending on the IOP 
group used and in several specific situations 
the correlation coefficients between the focal 
length and temperature were greater than 
90%, for one of the cameras analyzed. For 
the other camera the correlations were 
lower. Based on these experimental results, 
it was possible to infer that the correlation 
between the temperature and some IOPs is 
significant and that strategies for 
compensating for this effect are important in 
applications where high accuracy is 
important. 
 

1 Introduction 
 

With the rapid technological development of 
digital cameras, the increase in both spatial 
and spectral resolutions, the variety of 
camera geometries (e.g., frame, multi-head, 
pushbroom, and range), an increasing 
number of areas are now using this type of 
imaging sensor. In the fields of 
photogrammetry and computer vision, this 
type of sensor is often used for metric 
purposes. In this case, it is important to 
know the behaviour and stability of the 



optical system and imaging sensors being 
used. The sensor of the modern digital 
camera is based on a semiconductor device 
that uses the photoelectric effect to convert 
incident photons into charges. 
 To evaluate this type of sensor, some 
authors have assessed their temporal 
behaviour by analysing the stability of the 
IOPs, which are related to the geometry of 
the bundle of rays (HABIB & MORGAN 
2005). DAHLER (1987) and GULCH (1986) 
evaluated the effects of changes in 
temperature on the measurements from 
captured images. JACOBSEN & WEGMANN 
(2002) discussed, based on the data from the 
work of (MEIER 19781), the variation of the 
focal length of two metric cameras used in 
different conditions. The results indicated 
that the type of camera, the conditions of 
operation and the period in which the 
camera remains at the same temperature 
affect the change in focal length. In (SMITH 
& COPE 2010) the effects of temperature 
variation on the IOP of one SLR camera 
were analysed. However, (MITISHITA et al. 
2009) concluded that, based on several 
experiments, their results did not 
conclusively indicate that variations in the 
estimated IOPs were caused by changes in 
temperature. 
 As noted by (ECKARDT et al. 2000), the 
invariance to temperature and pressure are 
two elements that should be considered in 
the development of optical systems for high-
performance cameras. The relevance of this 
subject can be understood by noting that the 
temperature is considered in the 
photogrammetric workflow, as can be seen 
in (LADSTÄDTER et al. 2008), for example. 
 Based on the above discussion, the 
objective of this paper is to evaluate the 
effects of temperature changes on the IOPs 
of two digital medium format cameras and 
to perform a correlation analysis between the 
IOPs and temperature. 
 

                             
1 MEIER, H. K, 1978: The effect of environmental 
conditions on distortion, calibrated focal length 
and focus of aerial survey câmeras. – ISP 
Symposium, Tokyo. 

2 CCD and CMOS Sensors and 
Temperature Changes 
 

Modern digital cameras are based on 
photodiodes, where the most popular sensors 
used are the CCD (Charge-Coupled Device) 
and the CMOS (Complementary Metal-
Oxide Semiconductor). The differences in 
the architecture of these sensors account for 
the differences in performance, which are 
usually evaluated based on eight attributes 
(LITWILLER 2001): the amount of signal 
generated by the sensor per unit of incident 
energy (responsivity), dynamic range, 
uniformity, shuttering, speed, windowing, 
biasing and antiblooming/clocking. 
Regardless of the technology being used 
(CCD or CMOS), one common feature to 
both sensors is temperature effects. 
 One of these effects is called dark 
current, which occurs when current is 
generated on each photodetector due to the 
changes in the CCD sensor properties when 
the temperature modifies; the higher the 
temperature, the greater this effect is and the 
greater the noise is in the image (GRAHAM & 
KOH 2002). There are other sources of noise 
that can occur in this type of sensor, which is 
described by (SHORT & BEYER 1996, 
GRAHAM & KOH 2002). 
 To account for these temperature effects, 
some manufacturers have integrated 
temperature-controlled devices into their 
products. For example, Hasselblad uses a 
technology called DDC (Double-Duration 
Circuit) in their H1D cameras 
(HASSELBLAD, 2004). In addition to 
Hasselblad, Leica Geosystems has also 
adopted a thermal stabilisation device in 
their ADS40 and ADS80 cameras. Vexcel 
Imaging GmbH manufactures large format 
cameras (UltraCamX, for example), where 
the temperatures for both the calibration and 
flight mission are recorded, and a 
Temperature-Dependent Model (TDM) is 
applied to compensate for the temperature 
effect, as described in (LADSTÄDTER et al. 
2008, 2010).  
 Regardless of the inherent effects of the 
sensor temperature, an important issue is the 
environmental temperature changes during 
the camera calibration and during a flight 



mission. One important aspect that 
contributes to the temperature changes is the 
vertical thermal gradient of the atmosphere 
(ALLSTAR NETWORK 2011), which has an 
average value of dT/dh=-1oC/153.9 m (or -
0.98oC/1000ofeet), which indicates a 
reduction of approximately 19.5°C for a 
flying height of 3 km, as can be seen in Fig. 
1.  

 
Fig. 1: Flight height × Temperature 
considering the average vertical thermal 
gradient of the atmosphere. 

 Consequently, it should be avoided using 
the estimated parameters to correct for 
systematic errors in the captured images 
when temperature conditions are 
significantly different from that during the 
calibration process. This precaution should 
be taken mainly when the image acquisition 
unit is not equipped with devices for thermal 
control and stabilisation. 
 
3 Mathematical Model Used in the 
Calibration Process 
 

The mathematical model for camera 
calibration is the well-known collinearity 
equations with additional parameters: 
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mij are the elements of the rotation matrix; 
(X, Y, Z) are the coordinates of a point in 
object space and (XPC, YPC, ZPC) are the 
coordinates of perspective center (PC). In 

Eq. 1 c is the camera focal length; (x’, y’) 
are the image point coordinates in a 
reference system with the origin at the centre 
of the image; (x0, y0) are the coordinates of 
the principal point with respect to the image 
centre; and (∆x, ∆y) represent the functions 
that model the distortions in the x- and y-
directions, respectively. These functions can 
incorporate different effects. The most 
typical model for non-metric cameras is 
radial symmetric distortions (δxr, δyr), 
decentring distortion (δxd, δyd) and, in some 
cases, affinity parameters (δxa, δya):  
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The models shown in Eq. 3 can be written in 
terms of the symmetrical radial distortion 
parameters (k1, k2 and k3) and the decentring 
distortion parameters (P1 and P2). The third 
component is related to the affinity model, 
which can be modelled by different 
parameters as (A1, A2) (HABIB & MORGAN 
2005) and as (b1, b2), called the in-plane 
distortion (FRASER 1997). 
 Based on Eq(s). 1 to 3 and using the 
LSM (Least Squares Method) the software 
CC (Camera Calibration) was implemented. 
This application allows the user to choose 
the group of parameters to be estimated by 
self-calibrating bundle adjustment with an 
option for IOP significance analysis (GALO 
et al. 2006). An additional in-house-
developed software, CMC (Multi-Camera 
Calibration) (RUY et al. 2009), was also used 
for comparisons and analysis. This software 
considers the combined model in the LSM 
sense (MIKHAIL 1976). This comparison was 
made with the purpose of evaluating the 
results of the correlations between the 
temperature and the IOPs estimated by 
independently processing the same data. 
 
4 Experiments and Results 
 

4.1 Digital cameras used in the 
experiments 
 

For the experiments on the changes in 
temperature and its effect, several sets of 
images were captured using two cameras. 
The first camera is a Fuji FinePix S3 Pro 



(Fig. 2), which has the following 
specifications: 4256 (h) x 2848 (v) pixels 
(12.1 Mpixel); super CCD SR II with a 
sensor size of 15.5 x 23 mm; pixel size of 
5.4 µm and nominal focal length of 28 mm. 
The other camera is a Hasselblad H3D 50 
with the following specifications: 8176 (h) x 
6132 (v) pixels, sensor size of 36 x 48 mm, 
pixel size of 6.0 µm, and nominal focal 
length of 35 mm. 

 
Fig. 2: The cameras used to capture the 
images: Fuji FinePix S3 Pro (a) and a CCD 
sensor from this camera, consisting of two 
photo detectors (b) and (c) Hasselblad H3D. 

 
4.2 Image acquisition and targets 
measurement  
 

During the behaviour analysis on the 
variation in the IOPs estimated with images 
taken at different temperatures, several 
factors that affect the quality of the 
parameters estimated using the LSM must be 
considered. The factors include the 
geometric configuration of the block of 
images, the quality of the measurements, the 
distribution of the points in the image plane 
and the quality of the object space 
coordinates of the targets. 
 Because the objective of this paper was 
to evaluate the effect of the temperature 
change in the IOPs, images where captured 
in such a way that preserved the geometry so 
that only the temperature factor was 
modified between image captures. Four sets 
of images were taken with the same 

cameras, with similar positions and 
orientations but at different temperatures. 
 To change the temperature of the 
cameras, they were first placed in a 
temperature-controlled room overnight. The 
following morning, the cameras were 
transferred to a calibration field while being 
held in a thermal bag to avoid rapid 
temperature changes, and then, the images 
were taken. The temperature was measured 
using three digital thermometers, and the 
average value of three readings was 
recorded. 
 The first set of images was therefore 
taken at a low temperature, early in the 
morning. After approximately 4 hours, 
before the second set of images was taken, 
the cameras were placed in another 
temperature-controlled room, where the 
temperature was greater than in the first 
room. Before the third set of images was 
taken, the cameras were placed inside a 
vehicle under the sun for a few hours to raise 
and stabilise the temperature. Finally, the 
last set of images was taken by repeating the 
same procedure the next morning. 
Therefore, the thermal condition in the last 
image acquisition was similar to the first 
image acquisition. Between the image 
acquisitions, the camera settings were not 
changed. 
 The images were captured in the Camera 
Calibration Test Field at FCT/UNESP, 
located at the outer walls of the gymnasium 
building, as shown in Fig. 3. In this figure, it 
is possible to see 5 stations, where the 
images were taken. In each station (P1 to 
P4), four images were captured (at four 
orientations, i.e., rotated 90° between each 
shot), and from station P5, a single shot was 
captured.  
 From each set of images originally 
captured, nine images were selected for the 
Fuji FinePix camera: one from station P5 
and two from each of the other exposure 
stations. The procedure was similar for the 
Hasselblad camera. However, due to water 
condensation within the lenses, fewer 
images were suitable for use, only in the first 
set (Acquisition 1). 



 
Fig. 3: Top view of the gymnasium building 
at FCT/UNESP and the exposure stations.  

 In Fig. 4, one set of images selected for 
measurement and processing from one 
camera (Fuji FinePix) is depicted. 

 
Fig. 4: Nine images selected for calibration 
and temperature evaluation. 

 The image points of the circular targets 
were measured by computing the centroid 
(Fig. 5). For some points whose images were 
not well defined (interruption at the border 
edges), the central point of interest was 
estimated by intersecting two lines (Fig. 5c). 
These techniques provided subpixel 
accuracy in the measurement process. 

 
Fig. 5: Example of a circular target (a), 
centroid estimation (b) and line crossing (c). 

 As well as the quality of the 
measurements, another important issue in 
camera calibration is the point distribution 
over the image plane, primarily for 

modelling the lens distortion parameters. In 
Fig. 6, the distribution of the measured 
points in all nine images (for one of the four 
acquisitions epochs) and for the Fuji FinePix 
camera can be observed. Although some 
regions have a higher concentration of points 
than others, the observed points are 
distributed throughout the entire frame. 

 
Fig. 6: Distribution of points over the image 
plane of the Fuji FinePix camera for one set 
of 9 images. 

 

4.3 Strategies adopted in the IOP 
estimation 
 

As mentioned in Section 3, several 
experiments were performed using two 
programs for camera calibration. The data 
processing adopted the following strategies: 
 

■ First, a pre-processing step using the 
classical calibration method with 
additional parameters and control points 
was performed for each set of images for 
both cameras; 

■ The residuals in the image space were 
analysed and the points with residuals 
greater than 1.5 pixels were verified and 
measured again; 

■ After pre-processing, two groups of IOPs 
were selected: 

     IOP group 1 - c, x0, y0, k1, k2 
     IOP group 2 - c, x0, y0, k1, k2, P1, P2 
■ In the self-calibration step, the position 

and orientation of one camera were fixed 
by six constraints. Because the minimum 
number of constraints to define a 
referential is 7, one additional constraint 
would be sufficient, but two distances 
constraints were applied. These distances 
were directly measured on the object 



space with a precision calliper (Pantec 
2000 mm/80 ", reading ± 0.020 mm); 

■ Because the CC software requires the 
approximated coordinates of at least one 
point in the object space, 3 additional 
constraints were introduced with a 
standard deviation of σX=σY=2 m and 
σZ=1 m. All the remaining points were 
considered as free variables in the 
adjustment by the LSM. 

 

 Besides the described steps, several 
experiments were performed that considered 
the object coordinates of the control points 
with the CMC software to assess the 
correlations between the temperature and 
IOPs as a way to independently check the 
results. 
 

4.4 Results 
 

The processes were performed by 
considering the strategies described in 
Section 4.3. In Fig. 7, the residuals in the 
image space after processing the images 
from the first set are shown. 

 
Fig. 7: Residuals in the image coordinates 
after the self-calibration process for the first 
acquisition set, using the IOP group 2 (c, x0, 
y0, k1, k2, P1, P2.) for the Fuji FinePix 
camera. 

 The result from Fig. 7 was used only to 
assess the magnitude of the residuals, and it 
should be noted that all values are smaller 
than 1 pixel. Tab. 1 shows the IOP group (c, 
x0, y0, k1, k2, P1, P2) with their standard 
deviations as well as the values of the 
degrees of freedom (df), theoretical chi-
square (χ2

t), sample chi-square (χ2
S) and the 

number of points (np) for the four sets. The 
latter values were used to evaluate the 

acceptance of the adjustment via a χ2-test 
with a confidence level of 90%. 

Tab. 1: IOP and statistics for each 
acquisition set using the Fuji FinePix 
camera. 

IOP Acquisition 1 Acquisition 2 

c 

(mm) 

28.4787  
± 0.83 x 10-2 

28.4598  
± 0.1351 x 10-1 

x0 
(mm) 

0.2302  
± 0.39 x 10-2 

0.2637  
± 0.5360 x 10-2 

y0 
(mm) 

-0.0865  
± 0.54 x 10-2 

-0.0522  
± 0.8065 x 10-2 

k1 
(mm-2) 

-0.1465523 x 10-3 
± 0.11 x 10-5 

-0.1453770 x 10-3 
± 0.1943 x 10-5 

k2 
(mm-4) 

0.1971801 x 10-6 
± 0.65 x 10-8 

0.1699899 x 10-6 
± 0.1203 x 10-7 

P1 
(mm-1) 

0.3975759 x 10-4 
± 0.17 x 10-5 

0.3662160 x 10-4 
± 0.2465 x 10-5 

P2 
(mm-1) 

0.1193519 x 10-4 
± 0.19 x 10-5 

0.2163877 x 10-4 
± 0.2688 x 10-5 

Df 699 787 
χ
2
S 143.01 239.81 

χ
2
t 747.32 838.25 

np 484 525 
IOP Acquisition 3 Acquisition 4 

C 

(mm) 

28.5222  
± 0.1768 x 10-1 

28.4657  
± 0.2435 x 10-1 

x0 
(mm) 

0.2545  
± 0.6997 x 10-2 

0.1870  
± 0.6963 x 10-2 

y0 
(mm) 

-0.0825  
± 0.1048 x 10-1 

-0.1005  
± 0.1028 x 10-1 

k1 
(mm-2) 

-0.1406433 x 10-3 
± 0.2846 x 10-5 

-0.1411886 x 10-3 
± 0.2388 x 10-5 

k2 
(mm-4) 

0.1560215 x 10-6 
± 0.1625 x 10-7 

0.1734235 x 10-6 
± 0.1571 x 10-7 

P1 
(mm-1) 

0.2892082 x 10-4 
± 0.3302 x 10-5 

0.1892078 x 10-4 
± 0.3368 x 10-5 

P2 
(mm-1) 

0.1054321 x 10-4 
± 0.3608 x 10-5 

0.1500472 x 10-4 
± 0.3536 x 10-5 

df 864 703 
χ
2
S 457.80 380.33 

χ
2
t 917.68 751.46 

np 565 486 
 

 The residuals shown in Fig. 7 give a 
preliminary indication of the quality of the 
data fitting to the mathematical model; 
however, it is also important to have some 
type of external quality control. For this 
external quality control, the coordinates of 
the points in the object space, which were 
estimated in the self-calibration step, were 
used to calculate distances, and these 



estimated distances were compared with 
reference distances that were measured 
directly in the object space with a precision 
calliper. In this analysis, the two distances 
used as constraints were not included. The 
discrepancies between the distances 
estimated by the coordinates, which were 
estimated during the adjustment by the 
LSM, compared with the distance directly 
measured were used to compute the RMSE 
in distance. For the four sets of images taken 
with the Fuji FinePix camera, the highest 
RMSE was 2.1 mm (in the object space). For 
the Hasselblad camera the highest RMSE for 
the distances discrepancies was 2.7 mm. 
 In Fig. 8 there are two graphs, where the 
estimated values of the focal length in each 
IOP group (c, x0, y0, k1, k2, P1, P2 and c, x0, 
y0, k1, k2) as well as the values of the 
temperatures in each case are shown. 

a)  

b)  
Fig. 8: Estimated focal length considering 
IOP groups 1 (c, x0, y0, k1, k2) and 2 (c, x0, 
y0, k1, k2, P1, P2) and the temperatures for the 
cameras Fuji FinePix (a) and Hasselblad (b). 

 In both graphs it can be seen that the 
largest estimated value of c for the two 
processes corresponds to the set of images in 
which the temperature was higher. This 
correlation between temperature and some 
IOP will be objectively estimated and 
evaluated in the next section. 

 It is possible to observe a different 
behaviour in focal length for the first 
acquisition set (Fig. 8b) for the Hasselblad 
camera. In this acquisition (1), only 6 
images were selected and processed due to 
the condensation effect in the lens, as 
previously mentioned. In the others 3 
acquisitions epochs this effect did not 
happen and 10 images were used for each 
set. In Fig. 9 only the results achieved with 
acquisitions sets 2, 3 and 4 are shown (for 
the Hasselblad camera). 

 
Fig. 9: Estimated focal length considering 
two IOP groups and the temperatures for 
acquisitions epochs 2, 3 and 4, for the 
Hasselblad camera. 

 As previously mentioned, the maximum 
RMSE for the distances discrepancies for the 
experiments using the Hasselblad camera 
was 2.7 mm. This value corresponds to the 
case when only six images were used 
(acquisition 1). Considering the acquisitions 
epochs 2, 3 and 4, the maximum RMSE in 
the discrepancies was 1.35 mm in the object 
space. 
 
4.5 Correlation analysis between 
temperature and IOPs 
 
This section presents an analysis of the 
correlation between the temperature and 
some of the estimated IOPs. The correlations 
were calculated using the Pearson's 
correlation coefficient (ρ), which varies 
between [-1,1]. Tab. 2 shows the parameters 
estimated by the LSM, the temperatures and 
the values of ρ between the temperature and 
each IOP in group 1 (c, x0, y0, k1, k2). It is 
possible to observe that the correlation 
coefficient between the temperature (T) and 
the focal length (c) was ρ(T,c)=90.2%, and 



the correlations between T and k2 was 
ρ(T,k2)=-94.0% (last row, Tab. 2). 

Tab. 2: Temperature (T), estimated IOP 
using the self-calibrating bundle adjustment 
and correlations between T and each IOP for 
the Fuji FinePix camera. 

H 
 

T 
[oC] 

c 
[mm] 

x0 

[mm] 
y0 

[mm] 
k1×10-4

[mm-2] 

k2×10-7

[mm-4] 

8:15 19.0 28.457 0.133 -0.110 -1.467 2.005 

12:00 29.0 28.462 0.185 -0.100 -1.449 1.668 

16:45 39.0 28.491 0.200 -0.094 -1.359 1.377 

8:25 18.8 28.462 0.142 -0.133 -1.421 1.795 

ρ between T 
and each IOP

90.2% 96.3%80.8% 76.6% -94.0% 

 
 Observing Tab. 2, all the values of ρ 
were (in absolute values) notably greater 
than 75%, indicating that these correlations 
are significant for this camera. 
 The same data set used to obtain the 
results shown in Tab. 2 was processed using 
IOP group 2 (c, x0, y0, k1, k2, P1, P2) in the 
self-calibration mode and with the CMC 
software, as mentioned in Section 4.3. 
 The external quality control in these 
experiments with the CMC software was 
performed by computing the RMSE values 
of the discrepancies of independent check 
points. The highest RMSE value was 3 mm 
in the object space. Tab. 3 summarises the 
correlations between T and several IOPs in 
different trials. 

Tab. 3: Correlations between the 
temperature (T) and IOPs for the 
experiments using the Fuji FinePix camera. 

Correlation (%) IOP group 

[Software] ρ(T,c) ρ(T,x0) ρ(T,y0) ρ(T,k1) ρ(T,k2) 

Self calibration 
(c,x0,y0,k1,k2) [CC] 

90.2 96.3 80.8 76.6 -94.0 

Self calibration 
(c,x0,y0,k1,k2,P1,P2) 

[CC] 
73.3 72.8 41.7 42.2 -81.8 

Field Calibration 
(c,x0,y0,k1,k2) 

[CMC] 
73.0 93.3 90.4 78.4 -97.3 

Average 

± σ 

78.8 
±9.8 

87.5 
±12.8 

71.0 
±25.8 

65.7 
±20.4 

-91.0 
±8.2 

 

 In Tab. 3, five correlations are presented 
for each experiment. For the IOP group 1 it 
can be noted that all the correlations are 
greater than 72%. For the second IOP group 

(c, x0 , y0, k1, k2, P1 and P2), the correlation 
coefficients for ρ(T,y0) and ρ(T,k1) were 
smaller (41.7% and 42.%, respectively), 
considering absolute values. 
 The results in terms of the correlation 
between temperature and IOPs when using 
different software (CC and CMC) were 
similar. From the estimated parameters, k1 
and k2, as shown in Tab. 2, radial symmetric 
distortion curves can be built, as shown in 
Fig. 10a. Fig. 10b shows a magnified portion 
of the same curves, and the differences in 
their behaviour can be observed at different 
temperatures (acquisitions A1 to A4) for the 
Fuji FinePix camera. 

a)  

b)  
Fig. 10: Behaviour of the radial symmetric 
distortion for the images at different 
temperatures for the Fuji FinePix camera. 

 Similar correlation analysis was 
performed for the estimated parameters 
using the Hasselblad camera. In Tab. 4 a 
summary of the results is shown. 
 It is possible to observe that the 
correlation coefficients between temperature 
and the IOPs are smaller for this camera 
(Hasselblad) when compared to the first one 
(Fuji). Although the correlations are smaller, 
comparing to the first camera analyzed, 
variations in the IOPs with temperature 
changes can be observed. It is possible to 
suppose that this behaviour is due to the 



DDC (Double Duration Circuit) that reduces 
the internal temperature in some models of 
the Hasselblad camera (Hasselblad 2004). 

Tab. 4: Correlations between the 
temperature (T) and several IOPs for the 
experiments using the Hasselblad camera. 

Correlation (%) IOP group 

[Software] ρ(T,c) ρ(T,x0) ρ(T,y0) ρ(T,k1) ρ(T,k2) 

Self calibration 
(c,x0,y0,k1,k2) [CC] 

53.0 47.0 49.5 -19.1 50.4 

Self calibration 
(c,x0,y0,k1,k2,P1,P2) 

[CC] 
53.7 47.0 50.4 -36.9 48.1 

Field Calibration 
(c,x0,y0,k1,k2) 

[CMC] 
53.5 46.4 49.2 21.7 9.8 

Average 

± σ 

53.4 

±0.4 

46.8 

±0.4 

49.7 

±0.6 

-11.4 

±30.0 

36.1 

±22.8 

 
5 Concluding Remarks  
 

The focus of this work was on the 
experimental assessments of the correlation 
between the temperature changes and the 
estimated IOPs of digital cameras. 
 To perform the experiments with no 
influence of errors in the coordinates of the 
points in the object space, a self-calibrating 
bundle adjustment was used. For this 
purpose, the position of one camera station 
was fixed, and distances constraints based 
on direct measurements were applied. The 
classical camera calibration method using 
object space points coordinates was also 
used as an independent check. In both cases, 
convergent images were used. 
 In the case of self-calibration, external 
quality control was computed based on the 
RMSE of the distances computed from 
check points coordinates and directly 
measured distances. In the classical 
calibration, the RMSE values for the 
discrepancies were computed by comparing 
the coordinates of independent check points 
in the object space. 
 For the experiments performed with 
different groups of IOPs, it was observed 
that the average correlation coefficient 
between the temperature during the image 
acquisitions and the estimated focal length 
was 78.8% ± 9.8% for the Fuji FinePix 
camera and 53.4% ± 0.4% for the Hasselblad 
camera.  

 In general, it was observed that for 
different thermal conditions, some of the 
IOPs change, but the variation magnitude 
depends on the parameter. These results 
indicate that compensation strategies for this 
variation should be considered, particularly 
when the thermal conditions at the instant of 
the calibration are significantly different 
from the operating conditions of the camera. 
 These results should not be generalised 
for different cameras and systems, and 
specific experiments should be performed 
for each individual camera and model. 
 The computed values for the IOPs 
associated with a given temperature could be 
used to create a look-up table that predicts 
the IOPs. These predicted values and 
corresponding standard deviations could be 
used as weighted parameters for in-situ 
calibrations. This proposal is left as a 
suggestion for future work. 
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