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Abstract. The size-of-source effect (SSE) is a major source of uncertainty in radiation thermometers and ther-
mal imaging cameras. This effect is considered a systematic error and is typically evaluated by measuring
changes in the detected signal as the size of the radiant source is varied using a set of circular apertures of
different diameters. The accurate characterization of the SSE requires measurements over a wide range of object
sizes with well-distributed sample points, which is both time-consuming and labor-intensive. This paper proposes
a new approach in which the aperture of an iris diaphragm is continuously adjusted to vary the size of the radiant
source. An experimental study was conducted to compare the results obtained with individual fixed apertures
and to assess whether the camera frame rate and the iris-driving period influence the measured temperature. The
proposed approach reproduced the SSE with the same accuracy as measurements made with individual apertures
while providing a significantly larger number of measurement points and a notable reduction in the measurement
time. Furthermore, the method showed no significant sensitivity to the driving speed of the iris or the camera’s
frame rate within the investigated range. However, temporal effects arising from the optical components were

found to disturb the measurement.

1 Introduction

Accurate temperature measurement with radiation ther-
mometers and thermal imaging cameras is often compro-
mised by the size-of-source effect (SSE) (Saunders and
Edgar, 2009; Pusnik and GerSak, 2021), where the detector
signal depends on the apparent size of the target (Bloem-
bergen, 2009a). This effect can arise from multiple fac-
tors, including limitations in the performance of the op-
tics or the electronics (Budzier and Gerlach, 2021), scat-
tering both inside and outside the lens (Ohtsuka and Bed-
ford, 1989; Yoon et al., 2005), other optical aberrations (Riou
et al., 2006), and reflections from internal sensor compo-
nents (Envall et al., 2009). The SSE is widely recognized
as a systematic error and has been the subject of extensive
research for multiple purposes. These efforts include quan-
tifying its contribution to the uncertainty budget in tempera-
ture measurements using radiation thermometers (Bloember-
gen, 2009a; de Lucas, 2022) and thermal imaging cameras
(Konig et al., 2020; McMillan et al., 2018, 2022; McMillan,
2023), formulating mathematical models to describe the phe-

nomenon (Solorio-Leyva et al., 2004; Bloembergen, 2009b;
Saunders and Edgar, 2009; Schramm et al., 2022), and de-
veloping strategies to compensate for its effects (Saunders,
2011; Schramm et al., 2019). Three measurement methods
are commonly recognized as the principal procedures for
evaluating the SSE. The first, known as the direct method
(Graham and Mohamed, 1999; Hill and Woods, 2004; Pusnik
et al., 2006; Yoo et al., 2009; Konig et al., 2020), involves
varying the size of the radiant source by placing circular aper-
tures of different diameters in front of a uniform heat source
and recording the resulting changes in the detector signal for
each aperture size. The second, referred to as the central ob-
scuration or indirect method (Graham and Gennady, 2001;
Hanssen et al., 2004; Bart et al., 2007; Saunders, 2011; Al-
Dawood et al., 2023), quantifies the stray or scattered ra-
diant flux that reaches the detector from regions outside its
nominal field of view. This is achieved by inserting a central
disk that blocks the direct radiation from the source while
allowing only the off-axis stray radiation to be measured.
The resulting value is then subtracted from the signal varia-
tion obtained when changing the source diameter, providing
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a corrected evaluation of the SSE. The third method deter-
mines the SSE by mathematically analyzing the detector’s
measured point-spread function (PSF) and the total radiant
flux reaching the detector for different source diameters un-
der a known background temperature (Jhonson et al., 1998;
Mekhontsev, 2003; Envall et al., 2009). Each method offers
distinct advantages and limitations, and each method’s suit-
ability depends on both the device under test and the objec-
tive of the measurement. The direct method is fast and readily
automatable, but it also captures scattering effects originat-
ing both inside and outside the nominal field of view of the
optics. The central obscuration (indirect) method mitigates
this limitation; however, it is labor-intensive and can intro-
duce source errors arising from sensor reflections or from
the misalignment of the experimental setup. In addition, it
is more susceptible to noise because the measurement relies
on a residual signal that may have a critically low ampli-
tude when the radiant source and the aperture are at simi-
lar temperatures. The choice of measurement method there-
fore depends on factors such as the sensitivity of the detector
to signal changes, the complexity of the experimental setup,
and the level of detail required to characterize the SSE. The
appropriate sampling of the SSE curves is crucial, as it al-
lows the identification of specific object size ranges in which
the effects responsible for the SSE occur, as demonstrated
by Ohtsuka and Bedford (1989). Regarding compensation
strategies, approaches based on optical optimization, such as
those by Yoon et al. (2005), have largely been exhausted —
especially for imaging devices — leading to the emergence
of numerical methods (Schramm et al., 2019, 2022). For
these approaches, the SSE must be measured over a wide
and representative range of object sizes with a sufficiently
large number of data points. However, the effort and time re-
quired for SSE measurements increase proportionally with
the number of source diameters tested, which often becomes
a limiting factor. This paper presents a rapid variant of the
direct method, in which a thermal imaging camera records
the signal changes as the size of the radiant source is contin-
uously varied using an iris diaphragm. This approach makes
SSE analysis much more flexible, as it enables the selection
of defined size ranges after data acquisition and allows for
broader point sampling. As a result, it provides an improved
description of the SSE across different regions of the curve,
while significantly reducing the required measurement time.
The paper is structured as follows: Sect. 2 describes the ex-
perimental setup and the SSE assessment method. Section 3
presents an experimental comparison alongside a temporal
analysis. Finally, Sect. 4 offers conclusions and an outlook
on future research directions.

2 Materials and methods

The SSE was measured using the direct method through two
different approaches, the results of which are compared and
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analyzed. For the first approach (hereafter referred to as the
discrete approach), a set of circular apertures of individual
sizes is used, while for the second approach (hereafter re-
ferred to as the continuous method), a circular aperture with
an iris diaphragm is used to vary the size of the radiating
surface. In this section, the experimental setup and the eval-
uation methods are described.

2.1 Experimental setup

The measurement setup is shown in Fig. 1. An Infrared
Systems IR-150/301 heat plate radiator (label A in Fig. 1)
was used for the SSE measurements. The unit features a
304.8mm x 304.8mm flat black square emitting surface,
with an emissivity of € =0.96 £0.02 over the wavelength
of range 1 to 99um. It operates from ambient temperature
up to 500°C and exhibits a short-term temporal stability of
£0.1°C and a long-term stability of +0.2 °C, according to
the manufacturer. Temperature regulation is achieved via a
PID controller (label B in Fig. 1). Further details are provided
in the data sheet of Infrared Systems (2025). Individual circu-
lar apertures (label C in Fig. 1) were used to vary the area of
the observed radiant surface. For the discrete method, circu-
lar patterns were cut into stainless steel sheets of 2 mm thick-
ness. Stainless steel was chosen for its high thermal conduc-
tivity, which ensures a uniform temperature distribution on
the camera-facing side. To minimize the reflection of ambi-
ent radiation, this side was coated with certified paint provid-
ing € > 0.9 in both the long-wavelength infrared (LWIR) and
mid-wavelength infrared (MWIR) ranges. Further details are
provided by Lab IR Paints. The radiator-facing side was left
unpainted to reflect incident infrared radiation from the plate,
thus slowing the heating of the aperture side observed by the
camera. The holes were laser-cut to produce smooth burr-free
circles and avoid the irregular conical patterns that conven-
tional cutting tools can create for small-diameter apertures.
An example aperture is shown in Fig. 2a. For the continu-
ous method, an iris diaphragm (hereafter referred to as the
iris), manufactured by Edmund Optics (2026) and featuring
18 blue tempered spring steel leaves with a pin lever actua-
tor, was securely mounted within a 3D-printed bracket. The
bracket design provides a balance between the smooth inser-
tion of the iris and sufficient stiffness to prevent movement
while adjusting the aperture size. The iris, the aperture, and
the 3D-printed bracket are shown in Fig. 2b. The aperture di-
ameters and measurement distances were selected based on
the area of the radiant heat source captured in the image,
as determined by the camera optics. To enable comparison
across different optical configurations, a relative diameter,
¢Prel, was defined to normalize the aperture sizes in the im-
age. For a thermogram of an arbitrary aperture with diameter
¢ in mm, ¢y in percent is calculated as follows:

Orel = (bpx 100/ Vies, (D
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where ¢pyx is the circle diameter in px, and Vi is the image
size in the vertical direction in px. The diameter of the circle
in the image ¢,x was obtained using the function Hough-
Circles of the library OpenCV (Bradski, 2000), version 4.11
(OpenCV team, 2025). Normalization via Vg is adopted be-
cause, due to the sensor’s landscape format and aspect ra-
tio, it constitutes the primary constraint on spatial resolution.
This approach facilitates not only the assessment of the SSE
for different optical systems but also its compensation. Com-
pensation methods, such as the one presented by Schramm
et al. (2019), address subsequent applications in practical
end-user scenarios for regions of the thermograms whose di-
mensions are entirely contained within the image. However,
it is important to note that saturation of the SSE is indepen-
dent of Vs and does not necessarily occur at ¢e] = 100 %
(¢px = Vres). The SSE measurements were performed using
an MWIR thermal imaging camera (see Table 1), which was
mounted on a sliding carriage (label D in Fig. 1). The car-
riage moves along two parallel rails fixed to an optical bench,
allowing the distance between the camera and the apertures
to be adjusted for measurements under different optical con-
figurations. A multi-axis platform (label E in Fig. 1) was
mounted on top of the carriage in a vertical configuration
to hold the camera. The platform can be precisely adjusted
along both horizontal and vertical axes with a resolution of
1 um, facilitating the accurate and repeatable centering of the
aperture in the image. The ambient temperature and air hu-
midity were measured during the measurements to monitor
possible drift that could affect the results. Different cam-
era configurations were not considered, as no dependency of
the measurement method on the camera technology was ex-
pected. Therefore, the results presented in this paper should
be generally applicable for evaluating the measurement of
the SSE in infrared thermal imaging devices, when an iris
diaphragm is used to vary the size of the radiant source.

2.2 Size-of-source effect measurement and assessment

The SSE measurement was performed by first setting a ra-
diance temperature T on the controller and waiting for the
surface temperature of the heat plate radiator to reach steady
state. The thermal imaging camera was then focused on the
edge of the circular apertures, and non-uniformity correction
(NUC) was performed before measuring each optical config-
uration.

2.2.1 Discrete approach

Each aperture was placed in front of the heat plate radia-
tor, after which a set of 50 thermograms (Nframes = 50) was
recorded using the thermal imaging camera. The next aper-
ture was placed after a 2 min waiting period, since the ther-
mal equilibrium of the heat plate surface is disturbed shortly
after the metal sheet apertures are positioned. This distur-
bance depends on the distance between the heat plate radia-
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tor and the apertures (Dac; see Fig. 1), the exposed area of
the aperture plate and the measurement sequence. When us-
ing an ascending order of aperture diameters, the first aper-
ture reflects a large portion of the emitted radiation, causing
its surface temperature to rise abruptly — an effect that the
controller cannot compensate for quickly. A similar effect
occurs as the diameter increases, although it becomes less
pronounced compared with the first aperture. This results in
a non-monotonic curve, which contrasts with the expected
SSE behavior (Bloembergen, 2009b). This behavior can be
mitigated through the adjustment of Dac, as demonstrated
in a previous experimental study (Mendez-Bohorquez et al.,
2025) that employed the same heat plate radiator, controller,
aperture holder, and rigid frame used in the present work. In
that study, the effect of this parameter was analyzed for four
distances Dac between 80 and 300 mm. Since the measure-
ments tended toward stability for Dac > 250 mm, this value
(Dac = 250mm) was adopted for the experiments described
herein. To evaluate the SSE, the 50 thermograms for each
aperture were pixelwise-averaged to obtain an average ther-
mogram M (see Fig. 2c) and reduce temporal noise. Then,
a temperature deviation A6 caused by the diameter change
was calculated:

Aej =9j — Okef, (2)

where j represents an arbitrary aperture, and 6; is the mean
temperature value obtained over a concentric circular region
of interest, with a radius of 5 px. This spatial averaging was
performed to reduce spatial noise in the measurements. In
Eq. (2), et corresponds to the reference temperature used
to determine the temperature deviations associated with the
SSE. It was defined as the value of 6; at the largest aperture.

2.2.2 Continuous approach

For the continuous method, temperature changes through-
out a complete iris closing—opening cycle were recorded as
a sequence of thermograms. The iris was operated manu-
ally, and efforts were made to maintain a constant opening
speed across the entire range of motion. It was assumed that
this did not introduce significant deviations since the cam-
era’s response is faster than the rate of change in the aper-
ture diameter. Furthermore, the movement of the iris blades
is not expected to disrupt the thermal equilibrium of the radi-
ator. While rapid iris adjustment could potentially alter the
local thermal boundary layer, the volume of air displaced
is insufficient to affect the surface temperature of the ra-
diator, especially given its high thermal inertia. Unlike the
discrete method, this approach requires more extensive post-
processing to evaluate the SSE, as the image diameter varies
continuously and a representative sample cannot be obtained
simply by averaging a fixed number of frames. The evolution
of the image diameter depends on both the camera’s frame
rate and the speed at which the iris lever is operated. Nev-
ertheless, this method offers the flexibility to select the size
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Figure 1. Measurement stand: the heat plate radiator (label A) is positioned next to the optical bench. Its radiance temperature is set and
regulated by a controller (label B). The size of the radiant source is varied using circular apertures (label C). The camera is mounted on a
sliding carriage (label D), which allows the adjustment of the distance between the infrared camera and the aperture (Dcp). The aperture is
aligned with the image center by adjusting the vertical and horizontal positions of the multi-axis platform (label E).

(a)
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Figure 2. Apertures used to measure the SSE: (a) an exemplary aperture for the discrete approach. (b) A bracket to hold the iris diaphragm.
(c) An example of an average thermogram M. The region of interest considered for the evaluation of the SSE is represented by the red circle.

ranges and level of detail for SSE analysis after the measure-
ments have been performed.

To evaluate the SSE, a set of relative diameters ®sample
was defined for sampling:

cbsample = {¢rel,0 =6%, ¢rel,1 =8%,..., ¢rel,nd = Dr %},

where nd corresponds to the number of sampled points and
Dr is the largest relative diameter. In this study, ®sample cOV-
ered 6 % < ¢re] < 50%, using 2% as the step size between
points and 5% for ¢ > 50%. These values were chosen
because, in the first range, the SSE curves do not exhibit
a proportional progression, whereas beyond this point, they
typically grow in proportion to the diameter of the aperture
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(Graham and Gennady, 2001). This flexible definition is not
constrained by technical limits and can be tailored to focus
on specific regions of the object-size range. Each frame in the
thermogram sequence is analyzed to identify those in which
the difference between the instantaneous relative diameter
¢rel and any reference value in ®@gmple is below 0.5 %.
After processing the full sequence, an average thermogram
is computed for every sampled diameter in ®gample. These
averaged thermograms are then used to evaluate the SSE,
as described in Sect. 2.2.1. An example of a continuous-
method measurement is shown in Fig. 3. In this case, the
SSE was measured using a telescopic lens (see Table 2) while
the camera operated at frame rate f = 200Hz, and the iris
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Table 1. Technical data of the camera.

Specification Value

Spectral range in um 2.0t0 5.7

Detector element type Cooled InSb

Detector format Hyes X Vies in px = 640 x 512

Detector pitch in um 15

Measurement range in °C —40 to 3000

Uncertainty +1K (0-100) °C or =1 %
NETD 30°C in mK <25

was manually closed and reopened over a period Tiss of 18s
(Tiris = 18s). Figure 3a shows that the temperature in the re-
gion of interest (ROI) 6 decreases as the relative diameter
¢rel 1s reduced and increases again as the iris reopens. Fig-
ure 3b presents the relationship between ¢ and 6 for all
frames. This is an initial representation of the SSE, which
can be fitted to a functional form, such as those described by
Bloembergen (2009b). An example of the sampling process
is shown in Fig. 3c. The number of sampled frames Nframes
differs for each sampled diameter and, in most cases, is less
than 50. This value depends on the frame rate f and Ti;s
(open—close—open time), whose influence on the SSE evalu-
ation is discussed in Sect. 3.2.

3 Results and discussion

An experimental study was conducted to assess the results
of SSE measurements using the continuous approach by an-
alyzing different key aspects. First, the degree of agreement
between the results from the two approaches was examined
to determine if the SSE is reproduced similarly in both cases.
Second, the influence of the camera’s frame rate and the
opening and closing speed of the iris was evaluated to deter-
mine whether they affect the measured temperature. Finally,
the limitations of the continuous approach when measuring
the SSE in optical systems with temporal dependencies were
investigated. The technical details of the MWIR camera are
presented in Table 1. The considered distance for the mea-
surements and the diameters of the apertures used in each
case are listed in Table 2.

3.1 Experimental validation

The SSE was measured using both approaches — continuous
and discrete — employing a telescopic lens at Tser = 120°C
and a normal lens at Ty = 200 °C, respectively. The results
are shown in Fig. 4. For the optical configurations consid-
ered, the curves obtained from both measurement approaches
exhibit a similar monotonically increasing behavior. The
measured deviation A6 is nearly identical across the entire
range of ¢re|, resulting in an almost complete overlap of the
curves in each case. These observations indicate that both
approaches reproduce the SSE to the same extent.
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The main differences between the two methods lie in the
number of sampled points on the curve, the measurement
time, and the disk space required to store the data retrieved
by the camera software. A summary of these three aspects
is presented in Table 3. The curve resolution is markedly
higher when the SSE is measured using the continuous ap-
proach, which makes it possible to detect the irregularity
in the discrete-method curve at ¢ *25 % (see Fig. 4a).
At this location, the discrete data point is displaced, possi-
bly due to temperature drift of the heat plate radiator — an
effect related to the radiator’s long-term stability. The con-
tinuous approach is less affected by this, since the range of
aperture diameters to be measured is covered significantly
faster than in the discrete approach (see Table 3). The closely
spaced sampling of the continuous method clearly reveals the
true progression of A6 in this region, which aligns with the
trend obtained when the outlying point in the orange curve
is disregarded and agrees with the proportional relationship
in this region reported by other authors (Graham and Gen-
nady, 2001). The difference of A9 at the smallest aperture in
Fig. 4b between both approaches could also be attributed to
side effects, such as the temporal stability of the heat plate ra-
diator or small differences in camera focus. These effects are
more pronounced for small object sizes due to the resulting
reduction in modulation at high spatial frequencies (Budzier
and Gerlach, 2021). The improved sampling observed with
the continuous approach allows for a clearer depiction of the
actual progression curve in the range where the response is
not proportional. Regarding storage requirements, the disk
space needed is significantly larger for the continuous ap-
proach as a natural consequence of saving a greater number
of thermograms.

3.2 Influence of the camera frame rate and iris-driving
period in the continuous approach

As stated earlier, the rate at which the image diameter
changes in the thermogram sequence depends on both the
iris-driving period 7i;is and the camera frame rate f. To eval-
uate the influence of these parameters, a parametric study
was carried out. The SSE was measured with the telescopic
lens and the close-up lens at s = 275 °C. The camera was
operated at its maximum frame rate, fiax = 339 Hz, and the
corresponding integration time for the selected measuring
range was fin¢ = 28 us. The iris was driven with three different
periods, approximately Tiis = {2, 5, 10} s, corresponding to
a full close-and-reopen cycle (see Fig. 5). These values serve
as references and are not exact since the iris adjustments were
performed manually.

For the case with the highest iris dynamics (75 = 28), the
temporal change rate of the radius, Ay, during the transit
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Figure 3. Post-processing steps of an SSE measurement using the continuous approach: the optical configuration corresponds to the tele-
scopic lens (see Table 2) at Tser = 120 °C, with the camera operating at a frame rate of f = 200 Hz. (a) Temporal evolution of the measured
temperature 6 (red, left axis) and the identified relative diameters ¢ (black, right axis) for each frame in the sequence. (b) Relationship
between 6 and ¢y for all thermograms. (¢) SSE measurement obtained with the continuous approach, sampled at the defined ¢ values.
The number of sampled frames Ngames is shown on the left axis. The temperature 6 measured from the averaged frames is indicated by the
filled circular markers on the right axis, and the error bars represent the standard deviation of 8 calculated with the sampled frames.

Table 2. Distances and diameters considered for the measurement of the SSE.

Aperture type  Lens Distance Dcp Aperture diameter ~ Aperture diameter ~ Relative diameter
in mm ¢ in mm ¢px in px drel in %

Individual T100 1920 {8,15,25.4,35, {28, 52,87, 120, {5,10, 17,24,
50,75,100,122}  172,258,344,419} 34,51, 68, 83}

Iris T100 1920 [6,...,120] [3,...,414] [6,...,80]
Individual N25 500 {8,15,25.4,35, {17,32,54,74, {5,9, 16,22,
50,75,100, 122,140} 106, 158,211,257}  34,46,74, 80, 85}

Iris N25 370 [6,...,120] [30,...,500] [6,...,95]
Tris T100 4 CL500 500 [1.5,...,34.0] [36,...,440] [6,...,85]

T100: telescopic lens 100 mm; N25: normal lens 25 mm; T100 + CL500: telescopic lens 100 mm with close-up lens.

time f; between the two limits can be approximated as

Ap ot 2Tk 1/2:25
PET A T 1/2A¢5x — 1/2(440-36px)
=4.95ms p)f1 .

Since tiy is significantly lower than Ay, each frame in the
datasets collected for this experiment can be considered dis-
crete and unaffected by blur.

The results reveal that the continuous approach captures
the reduction in image contrast caused by optical limitations
(Budzier and Gerlach, 2021), as can be observed in Fig. 6.
The difference between the minimum and maximum values
of 6 is linked to this phenomenon and decreases down to a
value of ¢ set by the modulation transfer function (MTF) of
the optical system. The reproducibility of this measurement
approach is demonstrated by these results, as the relationship
between the measured temperature and the aperture diame-
ter remains practically the same under varying conditions,
across the entire range of the SSE curve. If the measurements
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are performed during the period in which thermal equilib-
rium is maintained, the SSE measurement is not significantly
affected by systematic errors. For 0% < ¢re] < 2 %, the ROI
is comparable to the iris-aperture diameter in the image, im-
plying that the calculated & may include pixels from the tran-
sition zone between the hot plate and the aperture. Pixels in
this zone are strongly affected by the limited optical perfor-
mance at high spatial frequencies.

To further assess the effect of the camera frame rate,
the SSE measurements were downsampled to create new
datasets. For each Tijs, a downsampled dataset was con-
structed by selecting thermograms M; at the following in-
dices:

{i-k|i=0,1,2,..., Niotal},

where Ny is the total number of frames in the original
sequence, i is the frame index, and k is an integer defining
the sampling interval. This yields an effective downsampled
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Figure 4. SSE measured with the discrete and continuous approaches: (a) telescopic lens at Tset = 120°C and (b) normal lens at Tger =

200 °C. The continuous black line corresponds to Af = 0°C.

Table 3. Measurement summary.

Lens Telescopic ‘ Normal

Measurement method discrete  continuous ‘ discrete  continuous
Total measurement time in s 1020 18 1150 26
Number of samples obtained 8 29 9 30
Required storage disk space for raw images in MB 163 1120 154 1844

frame rate f;:

(SN

fi=—

Nsi =

Hz. 3)

lis — lis—1

Nsi denotes the size of each downsampled dataset, and fg
is the timestamp of each sampled thermogram, as origi-
nally recorded by the camera. In this study, the sampling
steps k ={2,5,9,16} were used, corresponding to f =
{169, 69, 38,21} Hz. These values of k ensure that the con-
structed subsets comprise frames sampled at different posi-
tions in the original sequence. As a result, the overlap be-
tween subsets is minimized, which in turn reduces the cor-
relation between them. The new subsets were not filtered
with a low-pass anti-aliasing filter in either the temporal or
spatial domain. When the subsets were created, the frame
size was not reduced, and each frame was acquired indepen-
dently; therefore, their temporal characteristics remain un-
altered. Figure 7 shows the frames sampled for SSE evalu-
ation along ®sample, for the considered iris-driving periods
Tiris and downsampled frame rates fg;. The reference num-
ber of frames, Nfames = 50 (from the discrete approach), is
rarely achieved; in most cases, the number of sampled frames
is an order of magnitude lower. Additionally, the number of
relative diameters in ®gample for which only a single frame
was sampled increases as fg; and Ty decrease. This is signif-
icant, since diameter measurements based on a single frame
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are insufficient for monitoring temporal noise in the mea-
sured values.

The standard deviation of 6, calculated over the sampled
frames, is shown in Fig. 8. It can be observed that the tem-
poral noise of 6, with Nfames = 50, is similar to that ob-
tained from thermograms of varying sizes acquired at dif-
ferent points in time. This suggests that, for both the discrete
and continuous approaches, the temporal noise affecting the
SSE measurement is comparable and primarily associated
with common factors, such as the intrinsic temporal noise
of the camera. It also indicates that the iris-driving period
Tiris and the camera frame rate f have little influence on the
temporal stability of the measurement. Consequently, both
approaches can accurately reproduce the SSE, provided that
the thermogram sequence is acquired during a period of ther-
mal equilibrium.

The calculated temperature deviations A6 for the consid-
ered iris-driving periods are shown in Fig. 9. Three represen-
tative values of k were analyzed, corresponding to the max-
imum camera frame rate, half of that rate, and a value rep-
resentative of what other cameras on the market can achieve
(k=1, 2, and 16). In all cases, the SSE is reproduced com-
parably, and features of the curve, such as the change in
slope between ¢re] = 10 % and ¢re] = 15 %, can be identified.
It can be observed that, as the iris-driving period increases,
the number of sampled measurement points across the con-
sidered ¢y range also increases; conversely, decreasing Tisis
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Figure 6. Relationship between A6 and ¢y, for Tisis = {2, 5, 10} s at finax = 339 Hz for all thermograms. The temperature deviations A6

were calculated with the data presented in Fig. 5, where ,.f was set at the maximum temperature of each measurement sequence.

results in fewer sampled points. Even though sparse sam-
pling can be locally compensated by defining additional mea-
surement points in @gumpre (50 % < ¢rel < 70 %), the general
trend of the SSE within this range is already apparent in the
results.

3.3 Optical systems with transient response

The measurement of the SSE is influenced by not only tem-
poral effects arising from the experimental setup but also the
optical configuration of the camera. This is the case of certain
absorptive neutral density filters, which regulate the amount
of irradiance reaching the detector to enable measurements
at higher temperatures. In the present study, the SSE was
measured using the telescopic lens with an absorption fil-
ter at Ty = S00°C. Figure 10a shows the temporal evolu-
tion of the measured temperature within the ROI 6. It can
be observed that while the change in diameter ¢, appears
approximately periodic, the measured temperature does not
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exhibit the same cyclic symmetry. Instead, 6 displays a non-
stationary baseline that shifts for the consecutive cycle. Fig-
ure 10c presents the distribution of A6 as a function of ¢re],
revealing a non-closing hysteresis loop. The progression of
the curves shows that the path followed during the open-
ing of the iris does not coincide with the return path dur-
ing its closure. Furthermore, the first cycle concludes at a
temperature value lower than the initial state, resulting in an
open-loop behavior with a residual A8 offset. This indicates
that the measured signal is coupled with the temporal history
of the aperture adjustment, suggesting a thermal loading ef-
fect inherent to the absorptive optical configuration. The re-
sults in Fig. 10b confirm that this absorption-induced drift
is reflected in the digital signal (DV) before any software
post-processing, localizing the phenomenon within the op-
tical path.

The above results raise the question of whether the SSE
should be treated as a dynamic phenomenon. However, it
is important to differentiate between the physical nature of
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M.-D. Mendez-Bohorquez et al.: High-resolution characterization of the size-of-source effect

Nframes

Nirames

Nframes

--®-- 339Hz --%- 169Hz --A-- 68Hz --- 38Hz --%-- 21 Hz =—— Ind. Aperture

7i-ris =10s
102 4
10" +
10° 4
0
1011: l':il‘ .-ali""{}l"‘i"“t
100 4 \‘*" ‘&:g'&”*"‘%; S == . . .
0 10 30 40 50 60 70 80 90
(el in %
7;ris =2s
102 4
1 3
1004 oe "tll~o-j - o-o-r‘ )-..,4:. -
100 —% & 4
0 10 20 30 40 50
¢re1 in %

163

Figure 7. Number of frames grouped over the range of ¢re). “Ind. Aperture” corresponds to the case of the optical configuration with a
normal lens at T = 200 °C, which is presented as a reference case.

--e-- 339Hz --®- 169Hz --A-- 68Hz --¢- 38Hz --%-- 21 Hz —— Ind. Aperture

ﬁris =10s
0.20
& 0.15 |
£ 0.10
S 0.05 A
0.00 T T T T T T T T T
0 10 20 30 40 50 60 70 80 90
¢rel in %
7;ris =5s
0.20
& 0.15 | =S e,
£ 0.10 Sy
S 0.05
0.00 T T T
70 80 90
0.20
1
g
g 0. x
0‘00 T T T T T T T T T
0 10 20 30 40 50 60 70 80 90
¢rel in %
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the SSE, which remains an inherently static opto-geometric
effect, from its experimental characterization, which in this
case is intertwined with the thermal dynamics of the filter.
The measurement incorporates a temporal component that
ideally should converge to a steady state to isolate the true
SSE. Achieving such stabilization is challenging in practice,
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as SSE measurements are often constrained by surface tem-
perature perturbations of the heat plate radiator when aper-
tures are placed in front of it for extended periods. Conse-
quently, under these experimental conditions, the recorded
response manifests as a dynamic process with a transient
component. Practical aspects such as how the SSE manifests
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non-closing hysteresis loop due to absorption-induced thermal drift.

in scenarios outside the laboratory, for example when mea-
suring a hot spot at radiance temperatures where such filters
are required, how it can be accounted for in the uncertainty
budget, and how the SSE can be compensated for will be ad-
dressed in future work.

4 Conclusions

This paper presents an alternative method for measuring the
size-of-source effect (SSE) of infrared cameras, referred to as
the continuous approach. This method involves recording the
change in the detector signal as an iris diaphragm is continu-
ously adjusted to vary the size of the radiant source. The con-
tinuous approach was compared against the direct method,
referred to as the discrete approach. The SSE measurements
were performed with a mid-wavelength infrared camera for
two radiance temperatures and two types of lenses. Both
methods provide a similar description of the dependency of
the measured temperature on the aperture diameter. The re-
sults obtained with the continuous approach are less affected
by the temporal stability of the heat plate radiator, as the mea-
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surement time is reduced by approximately 98 % in the ex-
periments. The increased sampling density across the image
size range enhances the resolution of the measured tempera-
ture deviation curves and enables a more detailed description
of the SSE. Furthermore, the continuous approach makes it
possible to flexibly adjust both the number of sampled points
and their distribution after data acquisition, thereby facilitat-
ing more detailed SSE studies and supporting compensation
methods based on numerical analysis. The iris diaphragm
driving period and the camera frame rate were analyzed re-
garding whether these factors influence the assessment of the
SSE. The analysis shows that these parameters have a negli-
gible impact on the measured dependency of the temperature
on the aperture diameter. Instead, the temporal variation in
the measured temperature values is primarily determined by
inherent factors, such as the temporal stability of the cam-
era, for both discrete and continuous methods. Additionally,
the SSE was characterized using an absorptive neutral den-
sity filter. The results indicate that in such configurations, the
observed response cannot be treated as a purely static phe-
nomenon due to a non-negligible thermal transient effect.
This temporal effect introduces an absorption-induced drift
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M.-D. Mendez-Bohorquez et al.: High-resolution characterization of the size-of-source effect 165

that is coupled with the SSE, raising the question of whether
the system must reach a steady state before characterization
or if the measurement should be modeled as a dynamic pro-
cess. Consequently, while the continuous method proposed
in this paper remains a robust tool for rapid characterization,
its application is limited to systems with thermal transients
and requires careful decoupling of these effects to isolate the
true stationary SSE. Nevertheless, this effect was uniquely
evident when using the continuous method, posing an inter-
esting question regarding the characterization of these kind
of filters. Practical aspects such as measuring the SSE for
this optical configuration, isolating it in practical situations,
assessing its contribution to the uncertainty budget, and de-
veloping compensation strategies will be addressed in future
work. Furthermore, future research will focus on enhancing
the experimental setup by incorporating a stepper motor to
more precisely control the iris diaphragm and its aperture
change rate. The thermogram sequences acquired with the
continuous approach will also be further analyzed to study
the transfer function of the camera system and to develop
methods for compensating for the SSE and other thermogram
artifacts related to underlying physical phenomena.
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