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Optical stimulators are essential for performing validation and verification of spaceborne

optical systems, allowing realistic, hardware-in-the-loop testing under controlled conditions.

These facilities bridge the domain gap between synthetic image rendering and real mission

data, ensuring a close-to-real evaluation of image processing algorithm performance. An

open challenge in their use is the reproduction of radiometric-equivalent images that faithfully

replicate in-space acquisitions. This work presents a detailed methodology for the radiometric

calibration of optical stimulators, enabling the high-fidelity emulation of both resolved and

pointwise objects. The proposed methodology is applied to two different testbeds and validated

using an industrial camera and a high-TRL star tracker. Experimental results demonstrate

the accuracy of the proposed framework in reproducing realistic scenes, including detailed

hardware-specific optical effects that are often beyond the scope of conventional rendering tools.

Nomenclature

𝑓𝑐 = collimator focal lenght

𝜇𝑠 = screen pixel pitch

𝜃FoV = angular field-of-view

ℎ𝑟 = radial distance on the screen

𝜃 = inclination of collimated rays

𝜑 = inclination of chief ray

𝑑 = distance between camera collimator and camera pupil
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𝐵 = digital count

𝐴𝑝 = pupil area

𝑃 = radiant flux

𝐼Ω (𝜑) = radiant intensity

𝜔 = projected solid angle

𝐿0 = pixel radiance

𝜆 = wavelength

𝑆(𝜆) = power sensor sensitivity

𝐼𝑚 = measured current

𝑃𝑚 = measured radiant power

𝑃̂𝜆 (𝜆) = screen relative spectral distribution

𝑘𝑃 = spectral distribution scaling factor

𝐴𝑚 = power sensor aperture area

𝑃𝑒− = electron flux

ℎ = Planck’s constant

𝑐 = light speed in vacuum

𝜂(𝜆) = normalized camera response curve

𝑄(𝜆) = camera sensor quantum efficiency

𝑇 (𝜆) = objective lens transmissivity

𝐹𝜆 = radiant flux density

𝐹
(𝑟 )
eff = rendering predicted effective radiant flux density

𝐹
(ℎ)
eff (𝐵) = facility emulated effective radiant flux density

𝑚𝑋 = apparent magnitude of the generic 𝑋 photometric filter

𝐹𝑋 = radiant flux density of the generic 𝑋 photometric filter

𝑋 (𝜆) = relative transmissivity of the generic 𝑋 photometric filter

𝑀𝐵𝐵 (𝜆) = black body spectral exitance

𝐾𝐵 = Boltzmann constant

𝑇eff = effective star temperature

I. Introduction
Optical devices are indispensable tools in space exploration, as they provide critical data for a wide array of

applications. These devices are omnipresent onboard spacecraft: scientific cameras are important payloads used to
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image the surface of celestial bodies, navigation cameras are used to perform optical navigation, and star trackers

process images of the starry sky to determine the spacecraft attitude. Optical cameras have become the state of the art to

ensure reliable and accurate measurements for autonomous navigation systems. Multiple authors have proposed Image

Processing (IP) algorithms for Vision-based navigation (VBN) with applicative scenarios involving celestial bodies at

different ranges. These include celestial triangulation algorithms that exploit far-range planets as navigation beacons

[1–3], medium-range applications that use the limb or the apparent diameter of observed planets [4–6], and close-range

algorithms based upon local feature tracking [7] and terrain relative navigation (TRN). Additionally, Convolutional

Neural Networks (CNN) and other data-driven IP algorithms are being experimented with as a possible way of extracting

information to obtain more accurate navigation solutions [8, 9].

Due to the increasingly critical role of vision-based algorithms throughout all the phases of a mission, detailed testing

and validation processes must be put in place to evaluate their performance and to verify their correct implementation

and interface within hardware components. To achieve these goals, a vast amount of realistic and diverse images with

associated ground truth information is essential for achieving the desired validation confidence. These images can be

retrieved by three different sources. The first source consists of real mission datasets. These are the most realistic and

accurate, as they are obtained directly from previously flown space missions. However, they are limited in number and

diversity of scenarios, and their reference values are inherently affected by orbit determination errors [10]. The second

source consists of rendered images, which are synthetically generated aiming to achieve the same fidelity of the real

scenarios with dedicated software. These images are immune to ground truth errors and allow complete freedom in the

scenario reproduction. However, this technique requires accurate modeling of the optical and radiometric characteristics

of the imaging device. The technique also requires precise knowledge of the radiometric properties of the objects in the

scene (e.g., reflectivity, color, albedo) and how they interact with each other and the camera. These complex modelling

requirements become especially relevant when simulating phenomena occurring out of the nominal operating envelope

of the camera (e.g., saturation, stray light, aberrations, etc.), which are inherently difficult to characterize and replicate

accurately.

The third approach consists of Hardware-In-The-loop (HIL) test. In this case, the images are acquired through

real hardware equipment stimulated by a testing facility. The facility emulates the visual conditions of real space

scenarios, thus ensuring a realistic response of the imaging system. Notably, this approach requires a simpler rendering

pipeline, avoiding the need to apply specific optical effects since these are intrinsically deriving from the hardware

itself. This approach is admittedly the most complex of the three, due to the inherent challenges in integrating software

tools, hardware components, and calibration algorithms. It is, however, a valid alternative as it allows validating the

integrated imaging system together with the underlying software, enabling the identification of unforeseen behaviors in

the interaction between the two.

The increasing interest in optical stimulation is demonstrated by the significant number of new facility designs
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presented in literature. These testbeds have been used to test and validate various kinds of attitude determination and

navigation algorithms. Among former examples is the one presented in [11] in 2001. The testbed, purposed at the

stimulation of star trackers, consists of two main components: a screen onto which the starfield images are displayed

and a collimator lens to project the optical scene at infinity. The star tracker head is mounted behind the collimator and

all the equipment is enclosed in a dark room to eliminate external light interferences. The same overall architecture,

with substantial variations in the sizes and the technological maturity of the components, can be found in all of the

subsequent literature examples [12–18]. In [19], a new design characterized by the presence of multiple movable lenses

is introduced. This architecture is able to achieve variable magnification, thus enabling the use of cameras with different

characteristics without the need to redesign the facility. This feature is achieved by adjusting the relative position of the

lenses.

The Deep-Space Astrodynamics Research and Technology (DART) group at Politecnico di Milano developed two

of these facilities in the past years, TinyV3RSE [20] and RETINA [21]. The former is a fixed-magnification testbed

designed to host medium-sized cameras and star trackers in close- and medium-range HIL navigation tests. The latter is

a variable magnification facility able to host a broad range of narrow Field-of-View (FoV) cameras. RETINA is used in

the context of the ERC-funded EXTREMA project [22] as the main optical facility of the EXTREMA Simulation Hub

(ESH) [23] to emulate the visual conditions met by a CubeSat during a deep-space transfer cruise [24].

The calibration of the optical stimulators is fundamental for their utilization. A facility must be characterized

and calibrated both geometrically and radiometrically to generate realistic scenes. The geometric calibration defines

the projection model of the facility, that is, a mapping between the geometrical Line-of-Sight (LoS) detected by the

camera and the corresponding pixel positions on the screen. This mapping allows the reproduction of the geometric

characteristics of the virtual scenes, thus correcting the optical distortions induced by the collimating optics and the

misalignment between the components. Several geometric calibration strategies have been discussed in the literature.

Among these, the ones in [14] and [16] are based upon polynomials, while the one in [15] uses the classic camera

projection model coupled with radial and tangential distortion coefficients.

The radiometric calibration, instead, is essential to accurately emulate the intensity of the virtual scenes and the pixel

content of the image. In practice, the calibration establishes a mapping between the digital count of pixels of the screen

and the corresponding radiometric intensity perceived by the deployed camera. Since the scenes may involve objects

at various ranges, the radiometric calibration procedure must be able to handle both resolved and unresolved objects.

Overall, radiometric fidelity is a key requirement to generate images that are as close as possible to real counterparts.

This aspect is fundamental to observe and validate the behaviour and performance of image processing algorithms,

which are strongly influenced by even small variations in radiometric conditions. In particular, geometric outputs such

as computed locations of centroids, limbs, and features in the images may differ from the intended ones in the case of

imprecise calibration. Likewise, absolute radiometric accuracy is paramount in the case of dim objects, for which the
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recognizability is predominantly influenced by their brightness. This is the case of scenarios involving asteroids and

artificial satellites approached from a far distance [25]. Calibration accuracy becomes also critical in the presence of

highly non-linear, sensor-specific effects (such as saturation, blooming, and charge bleeding) that can substantially alter

the visual characteristics of the image. As can be evinced from these needs, the radiometric emulation process must not

only replicate relative intensity variations but also accurately reproduce the absolute magnitude of these effects with

high fidelity.

Any of the mentioned effects on IP outputs could negatively affect the validation confidence of the HIL setup,

potentially undermining future space missions that leverage those algorithms. In the past, the lack of on-ground

validation and test capabilities has impacted multiple missions. For example, the AVANTI experiment [26] experienced

degraded star detectability due to an overly bright target, while NASA’s Artemis I OpNav camera suffered from incorrect

exposure settings during its first lunar passage [27].

Despite the evidenced importance, only a few HIL facilities in the literature define a clear radiometric calibration

procedure. Some of them only focus on achieving geometric fidelity [15] and others are solely based upon the parameters

stated by the screen manufacturers [11, 17]. A step toward radiometric realism can be found in [16], which presents

a procedure based upon external independent measurements. The authors used a commercial light power meter to

measure the irradiance produced by the screen at various digital count levels.

The main contribution of this work is to provide a clear and detailed procedure for emulating the radiometric

properties of both resolved and pointwise objects in optical HIL stimulators. The procedure considers the spectral

distribution of the light emitted by the screen and the spectral sensitivity of the camera under testing to improve the fidelity

of the emulation process. The accuracy and consistency of the emulation procedure are validated quantitatively against

real night-sky images and high-fidelity images rendered with a physically-based renderer. The proposed methodology

is applied in RETINA and TinyV3RSE and tested with both a space-graded star tracker and an industrial camera for

computer vision applications. The tests are conducted under varying exposure conditions to assess performance across

diverse scenarios.

The remainder of this paper is structured as follows. Section II discusses the radiometric modeling of a typical

optical HIL stimulator. This section also describes the calibration measurements acquisition and the procedure to

achieve the same camera response of real scenarios. The emulation procedure is specialized in the cases of pointwise

and resolved objects. Then, Section III focuses on the validation of the developed framework using real hardware.

Conclusions are drawn in Section IV.
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II. Theoretical framework

A. Opto-geometric model of optical HIL stimulators

Optical HIL facilities are designed to stimulate cameras in a way that makes them output images akin to those

acquired in orbit. This process requires at least two hardware components: a screen and a correcting lens system. The

overall architecture of a facility and its components are schematized in Fig. 1a and 1b for fixed magnification and

variable magnification setups, respectively.

The screen serves as the primary interface for displaying rendered synthetic scenes within the optical stimulator.

However, because its surface is composed of discrete pixels, it can only approximate the continuous nature of real-world

environments through a discretized representation. This introduces inherent limitations in the geometrical accuracy of

the scenes. To mitigate these effects, screens are typically chosen to provide the highest resolution possible.

The correcting lens system is used to achieve optical collimation. In this way, the scene displayed on the screen at a

𝑑

𝑑𝑐𝑎𝑚

Collimator lens 

Camera  

𝑓𝑐

ℎ𝑟

𝜃FoV

Screen 

(a) Fixed mangnification

𝑑

𝑑𝑐𝑎𝑚

Collimator lens 

Camera  

𝑓𝑐

ℎ𝑟

𝜃FoV

Screen 

Relay lens 

Relayed image

(b) Variable mangnification

Fig. 1 Architecture and components of fixed (a) and variable (b) magnification optical stimulators.
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finite distance appears to the camera as if it were located at infinity. This is accomplished, in the case of single-lens

facilities, by positioning the lens exactly one focal length away from the display. This imposes strict constraints in the

selection of the collimator focal length 𝑓𝑐 as it must ensure that the camera FoV aligns precisely with the physical

dimensions of the screen [11]. The optimal matching condition, for which the camera observes the whole screen and no

pixels are outside of its FoV is obtained by selecting a lens with a focal length 𝑓𝑐 such that:

𝑓𝑐 =
2𝜇𝑠𝑁𝑣

tan
(
𝜃FoV

2

) (1)

where 𝜇𝑠 and 𝑁𝑣 are the screen pixel pitch and resolution, respectively, and 𝜃FoV is the camera FoV angle.

In the case of variable-magnification testbeds, the screen is magnified by an additional lens - named relay lens - as

shown in Fig. 1b. In this case, a virtual image is formed between the two lenses, which is then collimated to stimulate the

optical sensor. By adjusting the position of the relay lens, the size of the virtual image is modified, thereby altering the

magnification of the optical system to fit the camera FoV. This flexibility allows the matching condition to be achieved

across a wide range of camera FoVs without requiring the selection of a specific lens model for each camera-screen

combination [19].

As shown in the bi-dimensional sketch in Fig. 1a, the rays originating from a given pixel position of the screen

become collimated after the collimator lens. This means that each screen pixel of the screen produces light in a specific

range of angular directions. A given point on the screen at radial distance ℎ𝑟 from the boresight axis is associated with

rays with inclination 𝜃 that can be computed as [20]:

𝜃 = arctan
(
ℎ𝑟

𝑓𝑐

)
(2)

In the case of variable magnification stimulators, the radial distance ℎ𝑟 is the one related to the virtual image, which

is scaled by the magnification factor 𝑀 . For the sake of simplicity, the following equations will only consider single-lens

facilities since the same relations derived for the screen can be referred to its virtual magnified image in the case of

multiple-lens facilities. As shown in Figure 2, the inclination angle 𝜑 of the chief ray (dot-dashed lines) when departing

the screen (or the virtual image) can be computed by exploiting the properties of thin lenses:

𝜑 = arctan
(
ℎ𝑟 − 𝑑 tan (𝜃)

𝑓𝑐

)
= arctan

(
ℎ𝑟

𝑓𝑐

(
1 − 𝑑

𝑓𝑐

))
(3)

where 𝑑 is the distance between the camera entrance pupil and the collimator lens. It is worth noting that 𝜑 = 𝜃 when

the camera pupil coincides with the collimator lens and 𝜑 = 0 when the camera pupil is one focal length 𝑓𝑐 away from

the collimator.
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Note that Eqs. (2) and (3) can be considered first-order approximations that are valid in the case of perfect alignment

between the optical components and in the absence of optical distortions and aberrations. In reality these conditions

are never met, therefore a more refined model is required to effectively relate the screen coordinates and the direction

of the light after the collimator lens. This mapping is expressed through the geometric calibration procedure, which

defines the actual projection model of the facility. The geometric calibration can be characterized using one of the

several methodologies presented in the literature, which usually involve the acquisition of calibration patterns on the

screen with known geometric characteristics [15, 20, 21].

B. Radiometric model of optical HIL stimulators

Radiometric modeling of the facility is crucial for understanding how the camera is stimulated. The purpose of this

section is to investigate and understand how the light generated by the screen is transmitted to the camera sensor. In

particular, the following equations aim to establish a relation between a known property of the screen - the radiance of

each pixel as a function of the digital count 𝐵 - and the emulated radiant flux density experienced at the camera pupil.

Figure 2 shows the schematized viewing geometry of a typical optical stimulator. All the components are assumed

to be perfectly aligned, with the lens parallel to the screen plane and perpendicular to the camera boresight. The camera,

whose pupil aperture area is 𝐴𝑝 = 𝜋

(
𝑑𝑝
2

)2
, collects the light emitted by the screen. For a given pointwise emitter on the

screen having a radiant intensity 𝐼Ω (𝜑), the radiant flux 𝑃 reaching the sensor can be computed as:

𝑃 = 𝐼Ω (𝜑) 𝜔(𝜑) (4)

where 𝜔(𝜑) = Ω(𝜑) cos (𝜑) is the projected solid angle associated with the camera pupil that collects light within the

solid angle Ω(𝜑) [28]. The exact value of this quantity can be only computed numerically [29], however, it can be

reasonably approximated for small pupil-diameter-to-focal-length ratios as:

𝑑

Collimator lens 

Pupil

𝑓𝑐

ℎ𝑟

Screen 

𝜑

𝜃

𝐴𝑝

Ω

Fig. 2 Viewing geometry scheme of a single lens facility.
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𝜔(𝜑) = Ω(𝜑) cos (𝜑) =
𝐴𝑝(
𝑓𝑐

cos(𝜑)

)2 cos(𝜑) =
𝐴𝑝 cos3 (𝜑)

𝑓 2
𝑐

(5)

In the case of a Lambertian emitter, the radiant intensity can be expressed using the classic Lambert’s cosine law

[28]:

𝐼Ω = 𝐼0 cos (𝜑) (6)

where 𝐼0 is the radiant intensity in the direction perpendicular to the emitting surface. Note that 𝐼0 is a lumped property

since the pixel is not a pointwise emitter but is characterized by an extended surface. In particular, the radiant intensity

𝐼0 is computed by integrating the radiance of the pixel 𝐿0 (𝐵, 𝜑) over its surface 𝐴𝑠 = 𝜇2
𝑠 [28]:

𝐼0 (𝐵) =
∮
𝐴𝑠

𝐿0 (𝐵, 𝜑) 𝑑𝐴𝑠 (7)

The directional dependence of the radiance 𝐿0 can be neglected within the assumption of a Lambertian emitter.

However, in practice, the value of 𝐿0 is not homogeneous across the pixel since each of these is generally composed of

at least three sub-pixel matrices with varying characteristics, including dark areas that do not emit light. Alternatively,

an average value of radiance 𝐿̄0 (𝐵) can be considered, for which:

𝐼0 (𝐵) = 𝐿̄0 (𝐵)𝐴𝑠 (8)

At this point, the radiant flux density 𝐹 (𝐵) reproduced by the facility at the camera pupil can be computed by

dividing the radiant power 𝑃 of Eq. (4) by the projected pupil area:

𝐹 (𝐵) = 𝑃(𝐵)
𝐴𝑝 cos (𝜑) =

𝐿̄0 (𝐵)𝐴𝑠 cos3 (𝜑)
𝑓 2
𝑐

(9)

Equation (9) expresses the radiant flux density produced by a single pixel on the screen as a function of its radiance.

Note that the value of the radiance is a controllable quantity function of the pixel digital count 𝐵. Therefore, if the

𝐿̄0 (𝐵) relation is known, it is possible to invert Eq. (9) to find the closest screen digital count level 𝐵 for representing a

given radiant flux density value. This strategy is essentially the one followed by [13] for reproducing stellar objects in

HIL tests.

Note that the prediction of the radiant flux density value using this procedure, based only upon modeling, may be

inaccurate due to relatively high uncertainties in the components of Eq. (9) and the presence of additional unmodeled

effects (e.g., screen anisotropies). It is also worth highlighting that this simplified formulation leverages multiple

assumptions, such as the Lambertian emittivity and extended properties lumping. Moreover, Eq. (9) does not include
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any term related to the transmissivity of the optical system, potentially neglecting relevant levels of attenuation in the

case of facilities with multiple lenses. The 𝐿̄0 (𝐵) Look-Up Table (LUT) is rarely disclosed by screen manufacturers,

which often only state the maximum radiance value expressed in terms of luminance. This has forced other authors [17]

to use an approximate LUT obtained by scaling the maximum radiance 𝐿̄max
0 according to the gamma correction value 𝛾

stated for the screen:

𝐿̄0 (𝐵) = 𝐿̄max
0

(
𝐵

2𝑛 − 1

)𝛾
(10)

where 𝑛 is the bit depth of the controlled screen intensity.

In addition to these factors, the actual value of radiance could be affected by several other sources of uncertainty,

among which are the temperature and aging of the screen matrix. This latter effect is especially relevant for Organic Light

Emitting Diode (OLED) -based displays, which show a significant degradation of brightness performance throughout

their lifetime [30].

C. Light power measurement

The alternative solution, first introduced by [16], involves the direct measurement of the outputted radiant flux

density via a light power sensor. This approach enables the direct characterization of the screen radiant flux crossing the

camera pupil, thus avoiding approximation errors and uncertainties associated with modeling. This section describes

how the optical output of a single screen pixel can be accurately measured using a commercial light power sensor.

The measurements are acquired through a light power meter placed exactly at the location of the camera pupil.

Note that, for the experiments discussed in this paper, a Thorlabs S130C photodiode sensor∗ has been used. When the

photodiode is exposed to light, it generates an electrical current 𝐼𝑚 that is sampled by a high-accuracy analog-to-digital

converter. Since the sensor sensitivity varies with the wavelength of the incoming light, the manufacturer provides a

calibrated sensitivity curve to enable the conversion of the measured current into incoming radiant flux 𝑃𝑚. In particular,

the sensor current 𝐼𝑚 is given by:

𝐼𝑚 =

∫ ∞

0
𝑃𝜆 (𝜆) 𝑆(𝜆)𝑑𝜆 (11)

where 𝑃𝜆 (𝜆) is the spectral radiant flux impacting the sensor and 𝑆(𝜆) is the sensitivity curve of the photodiode as a

function of the wavelength 𝜆, shown in Fig. 3 for reference. As can be noted, the S130C power meter is sensitive in a

broad spectrum ranging from long ultraviolet (i.e., 370 nm) to near infrared (i.e., 1120 nm).

In the case of monochromatic or narrow-spectrum light sources with a given wavelength 𝜆̄, such as lasers, the radiant

flux can be directly computed as:
∗Thorlabs S130C product web-page: https://www.thorlabs.com/thorproduct.cfm?partnumber=S130C, last accessed in Jul. 2025.
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Fig. 3 Thorlabs S130C power meter sensitivity curve.

𝑃𝑚 =
𝐼𝑚

𝑆(𝜆̄)
(12)

Differently, the conversion is more complex for broad-spectrum emitters as each spectral contribution is characterized by

a different sensitivity value. In this case, the total power is the integral of the spectral radiant flux over the wavelength

domain:

𝑃𝑚 =

∫ ∞

0
𝑃𝜆 (𝜆) 𝑑𝜆 =

∫ ∞

0
𝑘𝑃 𝑃̂𝜆 (𝜆) 𝑑𝜆 (13)

In the second part of Eq. (13), the unknown spectral radiant flux 𝑃𝜆 (𝜆) has been decomposed into two components:

a relative spectral distribution function 𝑃̂(𝜆) and a multiplicative constant factor 𝑘𝑃 . The former component 𝑃̂(𝜆)

expresses the normalized distribution of the spectrum of the emitter. This curve can be obtained from the screen

manufacturer or measured using a spectrometer. For reference, the 𝑃̂(𝜆) curve of the screen of the TinyV3RSE facility

is reported in Fig. 4. As can be noted, the display spectrum is characterized by three peaks in correspondence with the

red, green, and blue OLED sub-pixel channels.

Substituting the definition of 𝑃𝜆 (𝜆) = 𝑘𝑃 𝑃̂𝜆 (𝜆) into Eq. (11), it is possible to compute the multiplicative factor 𝑘𝑃 ,

which can be inserted into Eq. (13) to obtain the radiant flux 𝑃𝑚:

𝑃𝑚 =

∫ ∞

0

𝐼𝑚(∫ ∞
0 𝑃̂𝜆 (𝜆)𝑆(𝜆)𝑑𝜆

) 𝑃̂𝜆 (𝜆)𝑑𝜆 (14)

Note that this method is valid only in the case in which the screen spectrum is within the range of the sensor.
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Fig. 4 Relative spectral emissivity of TinyV3RSE display.

To accurately perform the measurement using Equation (14) it is necessary to have the knowledge of the relative

spectral distribution 𝑃̂𝜆 (𝜆). In case the 𝑃̂(𝜆) curve cannot be retrieved, the spectrum of the screen can be approximated

as the combination of three Dirac-delta functions, one for each of the color peaks. This method is inherently suboptimal,

as it limits the applicability of the more accurate spectral formulations presented earlier. The resulting calibration error

depends on how well the chosen wavelengths capture the actual emission distribution peaks and on the smoothness of

the light power sensor sensitivity curve. For these reasons, this approximation is more accurate when the peaks are

narrow, such as in the case of LED-based screens that are generally characterized by sharp spectral emittance.

The peak wavelength of the red, green, and blue peaks (𝜆𝑟 , 𝜆𝑔, and 𝜆𝑏, respectively) can be estimated starting

from the CIE 1931 chromaticity coordinates, which are commonly accessible values in the screen datasheets. In

particular, there exist several methods for converting the CIE (𝑥, 𝑦) coordinates into dominant wavelength values.

The simpler method consists of using the CIE 1931 chromaticity diagram [31, 32] to manually derive the wavelength

on the horseshoe-shaped curve. Other methods, such as the one of [33], are numerical-based, allowing an accurate

computation of the dominant wavelengths. When this approximation is used, the total radiant flux is computed by

summing up the three-color contributions:

𝑃𝑚 = 𝑃𝑚𝑟
+ 𝑃𝑚𝑔

+ 𝑃𝑚𝑏
=

𝐼𝑚𝑟

𝑆(𝜆𝑟 )
+

𝐼𝑚𝑔

𝑆(𝜆𝑔)
+

𝐼𝑚𝑏

𝑆(𝜆𝑏)
(15)

Note that each of the three current levels 𝐼𝑚𝑟
(red), 𝐼𝑚𝑔

(green), and 𝐼𝑚𝑏
(blue) must be measured individually, by

lighting up a single type of sub-pixels at a time.

The measurements are acquired at each digital count 𝐵 to characterize the dynamic range of the stimulator. Since
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the lower range of the sensor is greater than the power emitted by a single pixel, especially at low digital count levels,

the measurements are made by lighting a square of 𝑁2
𝑝 pixels, similarly to the procedure outlined in [16]. The radiant

flux density at the pupil for a single pixel on the boresight 𝐹0 is therefore computed by taking into account the different

contributions of all the pixels composing the square. In particular, the radiant power measured by the sensor decreases

with a factor of cos3 (𝜑) cos (𝜃), in which the contribution of cos3 (𝜑) derives from Eq. (9) and the cos (𝜃) term

accounts for the projected pupil area of the sensor. Therefore, the value of 𝐹0 can be computed as:

𝐹0 =
𝑃𝑚

𝐴𝑚

1∑𝑁2
𝑝

𝑖=1 cos3 (𝜑𝑖) cos (𝜃𝑖)
(16)

where 𝜑𝑖 is the inclination angle of the chief ray departing from the center of each pixel composing the illuminated

square portion, 𝜃𝑖 is the inclination of the same ray reaching the pupil, and 𝐴𝑚 is the area of the light sensor aperture.

Thanks to Eq. (16), it is possible to accurately compute the value of radiant flux density produced by a boresight pixel

even when its intensity is below the sensitivity limit of the sensor. Indeed, the cosine terms summation is negligible

only for small squares that span a few degrees of FoV, but becomes relevant when larger pixel squares are used.

D. Spectral equivalence between stimulator and real scenario

As shown in Fig. 4, the screen of a typical stimulator is characterized by a distinctive spectral profile that is markedly

different from that of real objects. In particular, its peculiar three-peak shape is confined to the visible portion of the

spectrum, whereas real objects may also have significant emissions in the infrared (IR) and ultraviolet (UV) bands.

Because of the different emitting distributions, the exact spectral characteristics of real scenarios cannot be reproduced

in a facility. What can be done is to ensure the camera produces an equivalent response to that of a real scenario. In

other terms, the electron flux in each pixel of the camera sensor should match the one that would be measured by

observing a real scenario. It is worth noting that this is not an approximation since the image digital count is the result

of the integral contribution of the photons in each wavelength. In particular, the electron flux in a pixel 𝑃𝑒− is given by:

𝑃𝑒− =

∫ ∞

0
𝑄(𝜆)𝑇 (𝜆) 𝜆

ℎ𝑐
𝑃𝜆 (𝜆)𝑑𝜆 (17)

where 𝑄(𝜆) is the quantum efficiency, defined as the ratio of produced electrons to incident photons for each wavelength

𝜆, 𝑇 (𝜆) is the transmissivity of the camera lens, and 𝑃𝜆 is the spectral radiant flux reaching the pixel. The term 𝜆
ℎ𝑐

expresses the inverse of the photon energy, where ℎ = 6.626 · 10−34 J/Hz is the Planck’s constant and 𝑐 = 29979258

m/s is the speed of light in a vacuum. To compute the electron flux, it is necessary to determine the spectral radiant flux

𝑃𝜆 (𝜆) acquired at each pixel. This is determined by multiplying the radiant flux density 𝐹𝜆 (𝜆) in the direction of the

pixel by the projected pupil area:
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𝑃𝜆 (𝜆) = 𝐹𝜆 (𝜆) 𝐴𝑝 cos (𝜃) (18)

It is worth noting that Equation (17) is valid both for a camera observing a real scene and for a camera stimulated

inside a HIL facility, provided that the spectral radiant flux density is expressed with the associated spectral profile.

From this point forward, the spectral radiant flux density of the real scene and the stimulator are denoted as 𝐹 (𝑟 )
𝜆

(𝜆) and

𝐹
(ℎ)
𝜆

(𝜆, 𝐵), respectively. This underlines the distinction between the spectral radiant flux density of a real scene and the

one to be mimicked by the stimulator. Note that the value of 𝐹 (ℎ)
𝜆

has a direct dependence on the screen digital count 𝐵,

which is the variable controlling the dimming of the pixel.

To ensure an identical pixel response, the value of 𝑃𝑒− must be the same in both scenarios:

𝑃
(𝑟 )
𝑒− =

∫ ∞

0
𝑄(𝜆)𝑇 (𝜆) 𝜆

ℎ𝑐
𝐹

(𝑟 )
𝜆

(𝜆) 𝐴𝑝 cos (𝜃)𝑑𝜆 ≜
∫ ∞

0
𝑄(𝜆)𝑇 (𝜆) 𝜆

ℎ𝑐
𝐹

(ℎ)
𝜆

(𝜆, 𝐵) 𝐴𝑝 cos (𝜃)𝑑𝜆 = 𝑃
(ℎ)
𝑒− (𝐵) (19)

where the symbol ≜ underlines that the equivalence is not a direct derivation, but a volountary enforcement of the

outlined methodology. In essence, the radiometric emulation problem involves finding the digital count 𝐵 for which Eq.

(19) holds true.

To further simplify the equations, let the normalized quantity 𝜂(𝜆) be defined as:

𝜂(𝜆) = 𝑄(𝜆)𝑇 (𝜆)𝜆
max𝜆 (𝑄(𝜆)𝑇 (𝜆)𝜆) (20)

Given its definition, the curve 𝜂(𝜆) is normalized between 0 and 1 and expresses the relative response of the camera to

the spectral energy flux received at each wavelength. By substituting the definition of 𝜂(𝜆) and carrying out the needed

simplifications, Eq. (19) can be written as:

𝐹
(𝑟 )
eff =

∫ ∞

0
𝜂(𝜆)𝐹 (𝑟 )

𝜆
(𝜆) 𝑑𝜆 ≜

∫ ∞

0
𝜂(𝜆)𝐹 (ℎ)

𝜆
(𝜆, 𝐵) 𝑑𝜆 = 𝐹

(ℎ)
eff (𝐵) (21)

The quantity 𝐹eff , defined from here on as "effective radiant flux density", is a non-physical quantity for comparing

the effects measured by a camera generated by sources with different spectra. The left-hand side of Eq. (21) expresses

the effective radiant flux density of a real scene, which shall be reproduced by the stimulation. The value of 𝐹 (𝑟 )
eff has

to be computed during the rendering process for each element composing the discretized grid of angular direction

displayed on the screen. Differently, the right-hand side is the value of 𝐹 (ℎ)
eff (𝐵) that the facility can produce, which is

characterizable as a function of the digital count 𝐵 through the power meter measurements. In particular, the 𝐹 (ℎ)
eff (𝐵)

curve is computable assuming a spectral radiant flux density expressed as:
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𝐹
(ℎ)
𝜆

(𝜆, 𝐵) = 𝐹0 (𝐵) cos3 (𝜑) 𝑃̂𝜆 (𝜆)∫ ∞
0 𝑃̂𝜆 (𝜆)𝑑𝜆

(22)

Where 𝐹0 (𝐵) is the radiant flux density produced by a pixel on the boresight (Eq. (16)) and the cubic cosine term

accounts for the observational geometry. The actual dependency on 𝜆 is expressed by the profile 𝑃̂𝜆 (𝜆)/
∫ ∞

0 𝑃̂𝜆 (𝜆)𝑑𝜆,

which is defined to have a unitary integral since 𝑃̂𝜆 is normalized between 0 and 1 at its maximum value.

Note that the 𝐹 (ℎ)
eff (𝐵) curve is not only influenced by the spectral properties of the stimulator components, but also by

the radiometric response of the camera, which is expressed by the 𝜂 curve. Because of this, a specific calibration curve is

valid for a single combination of camera, screen, and geometry. As shown by [19], in the case of variable-magnification

facilities, the magnification value affects the radiometric calibration curve, with high-magnification setups being

significantly brighter than the ones configured to stimulate cameras with larger FoVs.

E. Scene generation

The goal of the rendering process is to compute the value of the effective radiant flux density 𝐹 (𝑟 )
eff that should be

reproduced by each screen pixel. In this context, the array of screen pixels represents a grid of angular directions, in

which each pixel projects light in a specific direction perceived by the observing camera.

On one hand, the effective radiant flux density is independent of the geometrical properties of the camera (e.g.,

pupil size), making it a suitable metric for characterizing the optical output of the stimulator itself. On the other hand,

because it results from the integration of spectral quantities, its accurate computation requires careful consideration of

the spectral characteristics of the scene being emulated. Once the value of 𝐹 (𝑟 )
eff for each pixel is computed, it can be

converted into an equivalent value of screen digital count 𝐵 using the previously determined radiometric calibration

curve 𝐹 (ℎ)
eff (𝐵).

The computation of the 𝐹 (𝑟 )
eff matrix can follow different logics depending on the type of objects within the images,

with a fundamental distinction between resolved and unresolved sources. A common operational criterion defines

unresolved objects as those whose apparent angular size is smaller than one camera pixel. However, more meaningful

criteria relate to the observability of object features. In this sense, an object should be considered resolved when its

structural or radiometric characteristics -such as shape or variations in surface emission- can be distinguished in the

acquired image. The angular size threshold after which an object can be considered resolved depends on several factors,

including the object’s shape complexity and the exposure conditions. The camera’s Point Spread Function (PSF) plays a

central role, as its blurring effect can significantly mask features when high illumination conditions are met. In general,

this second definition will be assumed throughout the rest of this paper.
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1. Unresolved objects

In the case of unresolved objects, the computation of 𝐹 (𝑟 )
eff is simplified. In this case, all of the radiant flux can be

reasonably assumed to originate from a single direction; therefore, a single screen pixel is sufficient to reproduce the

object.

The computation of the value of 𝐹 (𝑟 )
eff through the left-hand side of Eq. (21) requires the knowledge of the spectral

response 𝐹 (𝑟 )
𝜆

(𝜆) of the object. This curve can be expressed as the multiplication of a constant factor 𝑘𝑠 and a relative

spectral profile 𝐹̂ (𝑟 )
𝜆

(𝜆), which is normalized between 0 and 1:

𝐹
(𝑟 )
𝜆

= 𝑘𝑠 𝐹̂
(𝑟 )
𝜆

(𝜆) (23)

Computing the value of 𝑘𝑠 requires information about the actual brightness of the object, which is usually expressed

by the magnitude. In particular, the magnitude expresses the ratio between the irradiance 𝐹𝑋 in a given band 𝑋 and the

reference irradiance for that filter band 𝐹 (0)
𝑋

, also known as filter zeropoint:

𝑚𝑋 = −2.5 log10

(
𝐹𝑋

𝐹
(0)
𝑋

)
(24)

Moreover, 𝐹𝑋 is given by:

𝐹𝑋 =

∫ ∞

0
𝐹

(𝑟 )
𝜆

(𝜆)𝑋 (𝜆)𝑑𝜆 (25)

where 𝑋 (𝜆) expresses the relative transmissivity of a generic photometric filter [34]. This curve is tabulated for each

filter and normalized to have a peak value of 1. At this point, the value of the constant factor 𝑘𝑠 can be computed by

combining Eq. (25) and Eq. (23) and solving for 𝑘𝑠:

𝑘𝑠 =
𝐹𝑋∫ ∞

0 𝐹̂
(𝑟 )
𝜆

(𝜆) 𝑋 (𝜆)𝑑𝜆
(26)

By starting from these preliminary considerations, it is important to discriminate between stars and other celestial

objects. This is mainly because their radiometric emulation in the stimulator requires different radiometric modeling.

Stellar objects can be geometrically reproduced thanks to the information provided by stellar catalogs, such as

Hipparcos [35] and Tycho [36], where the right ascension and declination are reported with sub-arcsecond accuracy.

Two quantities must be retrieved from the catalogs to emulate star radiometry: the radiometric magnitude and the color

index. The magnitude - often expressed for the visual band 𝑉 - is used to compute the radiant flux density 𝐹𝑉 inverting

Eq. (24). Conversely, the color index expresses the difference in magnitude between two radiometric bands and can be

used to estimate the spectral profile of the incoming light. In practice, stellar objects are often approximated as black
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bodies, having a normalized spectral profile of the form:

𝐹̂
(𝑟 )
𝜆

(𝜆) = 𝑀𝐵𝐵 (𝜆)
max𝜆 (𝑀𝐵𝐵 (𝜆))

(27)

where the black body spectral exitance 𝑀𝐵𝐵 (𝜆) is given by Planck’s law:

𝑀𝐵𝐵 (𝜆) =
2𝜋ℎ𝑐2

𝜆5
1

exp
(

ℎ𝑐
𝜆𝐾𝐵𝑇eff

)
− 1

(28)

with 𝐾𝐵 = 1.381 · 10−23 J/K being the Boltzmann constant. Planck’s law has a dependence upon the object effective

temperature 𝑇eff , which can be approximated for a star from the color index. For example, the empirical formula provided

by [37] is based upon the (B-V) color index, which is the difference between the blue (𝐵) and visual (𝑉) magnitudes:

𝑇eff ≈ 4600
(

1
0.92 (𝐵-𝑉) + 1.7

+ 1
0.92 (𝐵-𝑉) + 0.62

)
[K] (29)

This approximation is considered fairly accurate for main-sequence stars, although there exist more refined models that

take into account other parameters such as the metallicity and the color index between additional bands [38].

The reproduction of unresolved planets and asteroids is more complex as they are characterized by spectra with

variable emissions and intensities. Indeed, their apparent magnitude is strongly influenced by the observational geometry

and by the absorption spectrum of their surfaces and/or atmospheres. Empirical models are available to express their

magnitude as a function of the current phase angle and distances between the Sun, the object, and the observer [39].

These models are often expressed in the form proposed by Müller [40], involving polynomials as a function of the

observational phase angle 𝛼:

𝑚𝑉 = 5 log10 (𝑟𝑑) + 𝑚1AU
𝑉 + 𝐶1𝛼 + 𝐶2𝛼

2 + . . . (30)

where 𝑟 and 𝑑 are the distances in AU between the observer and the planet and between the planet and the Sun,

respectively. 𝑚1AU
𝑉

expresses the planet’s absolute magnitude: the magnitude perceived at 𝛼 = 0, placing the celestial

body at 1 AU from both the Sun and the observer. There also exist more detailed formulations accounting for the impact

of additional contributions, such as Mars seasonal changes and Saturn rings [39].

The spectral profile of each planet can be retrieved from advanced tools such as NASA’s Planetary Spectrum

Generator (PSP) [41]. This tool computes the spectral emission profile of each planet, accounting for atmospheric

opacity, scattering, and surface absorption. Using the PSP it is possible to directly retrieve the normalized spectral

irradiance profile 𝐹̂ (𝑟 )
𝜆

(𝜆), which can be used in combination with the magnitude information to compute the scaling

factor 𝑘𝑠 in Eq. (26).
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Note that, for reasons dictated by the geometric calibration, when reproducing an unresolved object, it may be useful

to split the total contribution of 𝐹 (𝑟 )
eff computed so far into multiple pixels. This is done to reproduce the line-of-sight

direction of the object with sub-pixel accuracy, overcoming the limit posed by the use of a single pixel. The results

shown in this work have been obtained leveraging the technique described in [21].

2. Resolved objects

When the scenes involve resolved objects, the light that they emit is distributed into multiple pixels. The optical

emulation in a HIL facility requires the computation of the radiometric intensity that shall be reproduced by each pixel.

To do so, advanced rendering tools are required to obtain optimal radiometric and geometric accuracy. Several of

these tools, most notably SurRender and PANGU, have been developed by space actors to support the development of

vision-based navigation techniques.

SurRender [42], developed by Airbus Defence & Space, is a proprietary rendering tool tailored for space operations.

It is capable of physical-based rendering via ray tracing techniques. PANGU [43] (Planet and Asteroid Natural Scene

Generation Utility) has been developed by the University of Dundee with ESA support. It provides a high-fidelity

toolset designed for generating optical, thermal, and LiDAR images of planetary bodies.

Both tools have restricted access, being either proprietary or closed-source. This fact has brought the community to

seek open-source alternatives. Among these, an example is CORTO [44], which is based on the Blender rendering

software. Despite Blender not providing spectral and physical consistency in the image rendering process, recent work

[45] has developed a calibration procedure to align Blender RGB output with the required values of radiant flux densities.

This calibration tool has been expanded into a stand-alone physical-based render engine named ABRAM [46], able to

produce geometrically and radiometrically validated images for quasi-spherical celestial objects, such as planets and

moons. Note that all the resolved scenes in this paper have been rendered with ABRAM, unless otherwise specified. An

example of the rendered 𝐹 (𝑟 )
eff map for a Moon navigation scenario is shown in Fig. 5.

III. Hardware validation

A. Stimulators setup

The proposed radiometric calibration and emulation methodology has been applied and tested in both optical

stimulators assembled by the DART Lab: TinyV3RSE and RETINA. As these are characterized by different designs, the

use of two different stimulators allows more comprehensive tests of the proposed procedure, showing its applicability to

a wide range of setups. For the sake of completeness, the main characteristics of the TinyV3RSE and RETINA facilities

are reported in Table 1.
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Fig. 5 Example of Moon 𝐹 (𝑟 )
eff map rendered via ABRAM for TinyV3RSE.

Table 1 Characteristics of the optical stimulators.

Facility TinyV3RSE [20] RETINA [21]
Magnification type Fixed Variable
Display Galaxy-S7 WUXGA-R5
Resolution 2560 x 1440 1920 x 1200
Refresh rate 0.3 Hz 85 Hz
Max. diagonal FoV 28° 4°-22°
Max. pupil diam. 36 mm 15 mm

For the following tests, a FLIR BFS-U3-31S4† industrial-grade camera was installed in RETINA. The camera

is equipped with a 25 mm objective. Consequently, the distance between the collimator and relay lens systems has

been adjusted to achieve a magnification level that ensures the matching between the camera FoV and the screen

size. The tests performed TinyV3RSE are executed with a high-TRL Leonardo AA-STR MKII‡ star tracker [47]. The

device is the latest evolution of a medium-FoV star tracker family with a large flight heritage of both commercial and

space exploration missions. The star tracker is used in the context of the ESA-funded STAR Nav project [48], which

investigates the feasibility of its use as an optical navigation sensor leveraging optical navigation algorithms [49, 50].
†FLIR BFS-U3-31S4 spec-sheet: http://softwareservices.flir.com/BFS-U3-31S4/latest/Model/spec.html, last accessed in

Jul. 2025.
‡Leonardo AA-STR product web-page: https://electronics.leonardo.com/en/products/aastr, last accessed in Jul. 2025.
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One of the outputs of the STAR Nav project is a publicly available dataset of Moon images acquired by the star tracker

using the radiometric calibration framework described in this paper [51].

Table 2 Characteristics of the employed optical devices.

Device FLIR BFS-U3-31S4 AA-STR MK2.0
Facility RETINA TinyV3RSE
Resolution 2048 x 1536 1024 x 1024
Sensor type CMOS CMOS
Pixel pitch 3.45 µm 18 µm
Focal length 25.0 mm 50.7 mm
FoV 16.1° x 12.1° 20.6° x 20.6°
Exposure time 10 µs - 30 s 200 ms*- 6 s
* Full frame acquisition. 20 ms when acquiring small

windows.

The characteristics of the two optical devices are summarized in Table 2. As can be noted, the AA-STR star tracker

has a more restricted exposure time range compared to the industrial camera. This limitation stems from its hardware,

which is specifically designed for the continuous acquisition and tracking of small windows containing individual stars.

In particular, its minimum exposure time is limited at a fairly high value of 200 ms, causing evident blooming and

over-saturation effects when imaging bright resolved objects [48]. As shown in Section III.D, these effects significantly

impact the acquired images and consequently the geometrical accuracy of the image processing outputs.

Figure 6 shows the relative energetic efficiency curve 𝜂(𝜆) of the two optical devices. It is worth underlining that the

curve of the FLIR BFS-U3-31S4 camera is computed assuming a constant lens transmissivity throughout the entire

spectrum since no data about the radiometric properties of the lens could be retrieved or obtained by the manufacturer.
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Fig. 6 Relative energetic efficiency curve of optical devices.
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This assumption is not expected to impact the accuracy of the radiometric calibration since optical glasses are in any

case usually characterized by an almost constant transmissivity in particularly in the visual range [52].

B. Stimulator calibration

Starting from the data in Fig. 6 and the measurements from the light power meter, it is possible to compute the

calibration curves of the two stimulators, as reported in Fig. 7. Note that the digital count units [𝐷𝐶8] in the figure are

expressed in an 8-bit range, hence the subscript. The curves were computed using the procedure detailed in Sections

II.C and II.D.

For TinyV3RSE, the power meter radiant flux 𝑃𝑚 has been computed as described in Eq. (14), leveraging the

knowledge of the relative spectral emission curve of the screen already shown in Fig. 4. For RETINA, this information

could not be retrieved. For this reason, the 𝑃𝑚 value has been computed accounting for the separate contributions of

each color channel, as shown in Eq. (15). In this case, the three color wavelengths 𝜆𝑟 = 635 nm, 𝜆𝑔 = 544 nm, and

𝜆𝑏 = 475 nm have been estimated through the inversion of the CIE 1931 chromaticity diagram using the CIE (𝑥, 𝑦)

coordinates stated by the display manufacturer.

Comparing the two curves, it can be noted how the TinyV3RSE setup provides a maximum effective radiant flux

density value (i.e., for 𝐵 = 255) that is 25 % greater than the one of RETINA. As a result of this, brighter objects can be

emulated in the former testbed. On the other hand, the setup of RETINA seems to retain better linearity and control,

especially at low digital count levels. This results in a higher overall dynamic range (2.4 · 104 for RETINA and 1.7 · 104

for TinyV3RSE), which is a useful feature when reproducing objects spanning several orders of magnitude. Overall,

the radiometric calibration curves do not show a linear evolution over the whole screen dynamical range, resulting in
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Fig. 7 Radiometric calibration curve of the two stimulators.
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the need for an accurate radiometric characterization of the optical stimulator before its use. This confirms previous

experiments reported in [19] and analyses shown in [17].

It is important to note that an inevitable quantization error is committed due to the discretized nature of the digital

count, when the 𝐹 (ℎ)
eff (𝐵) is inverted to compute the necessary digital count value 𝐵. The relative error committed at

each radiant flux density value and its maximum value envelope are shown in Fig. 8 for the two stimulators. The error

𝜀mag is expressed in terms of magnitudes, computed via Eq. (24).

As expected, the relative error is higher at low digital count levels due to the exponential nature of the screen

responses. The relative error can reach up to 0.22 magnitudes (circa 23 %) of the reproduced value. However, for higher

radiant flux values, the quantization error is systematically below 0.05 magnitudes.

C. Intensity scaling

Unfortunately for most space applications, the 𝐹 (𝑟 )
eff values are systematically larger than the maximum value

reproducible by the screen [48, 53]. By performing an analysis of the screens available on the market, there exists no

screen capable of delivering the level of radiant flux required for simulating close- and medium-range scenarios around

celestial bodies. For example, the maximum output of TinyV3RSE (𝐹 (ℎ)
eff (𝐵 = 255) = 8.47 · 10−8 W/m2) is evidently

below the values required to simulate the Moon in the scenario of Fig. 5. In this case, the stimulator appears to be about

25 times less luminous than required. Similar considerations have been identified for other applicative scenarios at the

Jovian moons, as reported in [53].

For these reasons, a scaling methodology has been engineered to overcome the limitations of the optical testbed and
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Fig. 9 Comparison between images obtained scaling the exposure time and radiometric output.

allow performing HIL tests leveraging the accurate calibration procedure described so far. Given that the exposure

time and the received radiant power both linearly contribute to determining the radiant energy and therefore the pixel

response, they can be reasonably scaled to achieve the same energy. In this case, the scaling consists of increasing the

exposure time of the camera to compensate for the limited brightness of the screen.

A comparison test is performed to validate the proposed scaling. During the test, a disk with a radius of 150 pixels

is displayed on the screen. Each disk pixel is illuminated with a nominal 𝐹 (𝑟 )
eff value equal to the maximum value

reproducible by TinyV3RSE. The nominal exposure time is set to 200 ms, which is the minimum allowable by the star

tracker hardware. In subsequent images, the disk brightness is reduced and the exposure time is increased, ensuring the

equivalence among the radiant energies.

Figure 9 shows a comparison between two images: one captured under nominal conditions, and another acquired

using a scale factor of 4.5, corresponding to an exposure time of 900 ms. Due to the high illumination levels used in this

test, the image is significantly saturated and exhibits noticeable blooming. This phenomenon arises from the leakage of

electron charges from saturated pixels into adjacent ones [54, 55]. The stochastic nature of this effect makes it difficult

to predict accurately and highly nonlinear. Nevertheless, aside from an increased noise level in the scaled image, both

images appear visually equivalent, indicating consistent radiometric emulation across exposure conditions.

The same test is repeated for several scaling factor levels. The resulting Cumulative Distribution Function (CDF)

and Probability Distribution Function (PDF) of the acquired images for the tested cases are shown in the top portion of

Fig 10. As can be seen, all the images are characterized by peculiarly similar pixel intensity distributions. The lower

portion of Fig 10 highlights the differences (Δ CDF) between the CDF of the images at each scaling factor and the CDF

of the one obtained with the native exposure time. As the plot shows, the maximum difference in cumulative probability
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distribution is solidly less than 0.06. The results of this test hint not only at the validity of the scaling framework but

also at the overall consistency of the radiometric calibration on a relative level.

As mentioned, increasing the exposure time inevitably introduces additional noise into the acquired images,

representing a limitation of this strategy. In this framework, such conditions are interpreted as a worst case: algorithms

that remain robust under these higher-noise scenarios are expected to perform even better under normal conditions. The

actual impact of added noise on the performance of those algorithms depends on their sensitivity to signal-to-noise ratio

variations. If necessary, controlled denoising or corrective image-processing techniques may be applied to mitigate the

impact while retaining the overall radiometric fidelity.

D. End-to-end validation tests

Starting from the developed radiometrical calibration and the intensity scaling, an end-to-end validation of the

radiometric emulation methodology is performed. The main idea behind this test is to generate images with a

radiometric-validated renderer and to compare them with the ones acquired in the facility. The comparison between the

two ensures that the radiometric calibration is well performed, guaranteeing the correct level of electron flux measured

by the detector.

The end-to-end test is performed as follows. First, a homogeneous sphere with a Lambertian bidirectional reflectance

distribution function (BRDF) is rendered through the ABRAM tool. Two scenes are computed: one considering

opto-geometrical characteristics of the AA-STR star tracker and another to be displayed in TinyV3RSE, appropriately

converted through the calibration curve. Given that the spectral characteristics of the star tracker can be modeled in

ABRAM, the former image is used as a ground truth for comparison against the image acquired in the facility. It is
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worth noting that ABRAM has been validated against mission images [46], implying that its output is consistent with

the one expected in orbit. Therefore, the image acquired by the star tracker can be directly compared with the rendered

image to verify their equivalence.

The visual comparison between the two images of Lambertian spheres with increasing intensities is shown in Fig. 11.

Figure 12 shows a direct comparison of the digital count levels sampled across a horizontal stripe 100 pixels wide

starting from the center of the image. As can be noted in both plots, the image emulated in the facility follows accurately

the output predicted by the rendering pipeline. It is worth noting that in these images only the dimmer portion of the

calibration curve is investigated. This is due to the stringent exposure time limit of the star tracker (200 ms), which

leads to saturated images for screen digital count levels beyond 22. The large quantization steps characterizing the

calibration curve in this region are clearly visible in the plots, appearing as separate disks of constant intensity.

To investigate brighter intensity levels, the window mode of the star tracker is used. This mode allows a minimum

exposure time of 20 ms although limited to an acquisition of a 20x20 pixels region square [48]. The average intensity

within the window at the center of the image is computed for several steps of sphere intensity. The resulting average

digital count intensity is compared with the value expected from the rendered images, as shown in Fig. 13. As the data

in the figure shows, the saturation limit is shifted at a screen digital count level close to 50 when the star tracker operates

in this acquisition mode.

These results show limited digital count error between the expected stimulation output and the ground truth,
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Fig. 11 Images comparison between rendered and facility-acquired Lambertian spheres with different peak
intensities.

25



Fig. 12 Predicted and acquired digital count levels along a 100-pixel-wide stripe starting from the center of the
spheres.
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Fig. 13 Acquired and predicted camera digital count, consequent screen digital count for different peak sphere
intensities.
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supporting the overall consistency of the radiometric calibration both on a relative and absolute level. Indeed, it has been

possible to reproduce several levels of radiant flux density on a linear scale thanks to the nonlinear mapping provided by

the calibration curve.

E. Comparison with night-sky images

The results expounded so far have only investigated comparison against rendered images, leveraging the assumption

of correct radiometric modeling of the scene rendered on the display. To overcome this limitation and to globally validate

the radiometric calibration, the images generated within the stimulator are compared with real night-sky acquisitions of

both resolved and unresolved objects. These are obtained using the same exposure time, gain, and aperture used in the

stimulator to ensure a trustworthy comparison.

Figure 14 shows the comparison between two AA-STR MKII star tracker images of the Moon. The one on the right

is a real night-sky image acquired with the minimum exposure time of 200 ms. The one on the left has been reproduced

in TinyV3RSE, using an exposure time scaling factor of 26. The latter is consequently characterized by increased noise

floor levels, as may be noticed in the left image. In this scenario, the Moon has a geometrical dimension of about 20

pixels and a phase angle of about 90 deg. Strong blooming and ghosting effects coupled with non-axial aberrations

and distortions are the cause of a significant expansion of the casted silhouette. This determines the impossibility of

distinguishing the limb of the Moon and any kind of geometric features.

The images have been quantitatively compared using the well-known Structural Similarity Index Measure (SSIM)

method [56]. The computed similarity indexes are: 0.971 for luminance, 0.935 for contrast, and 0.940 for structure.

The limited imaging capabilities of the AA-STR MKII star tracker allow only a partial validation of the emulative

capabilities of the HIL stimulators. For this reason, additional night-sky tests have been performed with the

aforementioned industrial camera and compared with acquisitions performed in RETINA. Examples of these tests,

involving both resolved and unresolved objects, are shown in Fig. 15 and Fig. 16.

In particular, Fig. 15 compares the same portions of images containing unresolved objects. The image emulated in

RETINA has been produced through the procedure discussed in Section II.E, accounting for the spectral properties of
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Fig. 14 Comparison between Moon images acquired with the AA-STR MKII.
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(b) Pleiades stellar group

Fig. 15 Comparison between night-sky and RETINA images for different unresolved objects.

both planets and stellar objects. On a geometrical basis, the ground truth conditions for generating the facility images are

determined using ephemeris models from NASA SPICE kernels [57]. The inertial attitude of the camera is computed

using classic star-centroiding techniques on the same image used in the comparison. Since no exposure time scaling is

used, the illumination conditions are emulated natively in this case. The exposure time is set to 100 ms, with a digital

gain of 30 dB and an aperture f-number of 4.

As can be seen, unresolved objects spanning different magnitudes can be reproduced with both geometric and

radiometric accuracy. In particular, the acquisition of Jupiter (see Fig. 15a) gives rise to evident diffraction spike effects

due to its brightness, as it is imaged with a visual magnitude of -2.2. These effects are cast with a hexagonal shape

and are generated by the aperture-stop diaphragm of the camera objective. It is important to note that these kinds of

diffraction spikes have a highly directional behavior and are strongly dependent on the opto-mechanical alignment

between the internal components of the objective. For this reason, they are inherently difficult to reproduce in a rendering

software, unless the complete optical design is modeled in high fidelity. This can only be done through advanced optical

design tools such as Ansys OpticStudio [58] but requires the knowledge of the exact lens design and materials, which

are generally not disclosed by manufacturers. In this case, thanks to the radiometric equivalence implemented in the

HIL framework, it is possible to reproduce not only the shape but also the angular orientation of the diffraction effects
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Fig. 16 Comparison between rendered images and camera images acquired in RETINA and night-sky conditions.

without prior knowledge of the opto-mechanical characteristics of the employed hardware.

The group of the Pleiades (see Fig. 15b), comprising stars with visual magnitudes above 2.84, does not saturate

the detector, allowing a more detailed analysis of the geometrical accuracy of the reproduced scene. In particular, the

extracted LoS directions of the star centroids in the scene are all within 9 arcsec of their respective predicted LoS. In the

night-sky image, the centroids are on average 16% dimmer than their HIL counterparts. This discrepancy is expected

since the simulated RETINA images do not account for atmospheric extinction effects and light pollution affecting

the real image. The value of atmospheric absorption is difficult to predict since it depends on several geometrical and

environmental factors, such as elevation angle, humidity, and carbonic pollution [59].

Figure 16 shows a triple comparison between a real night-sky photo of the Moon, a rendering using ABRAM, and

the same emulated scene in RETINA. The stimulator image is obtained with an exposure time scaling of 15. The

exposure time is set to 80 µs, with a digital gain of 15 dB and a f-number of 4. Although with this 25 mm objective

setup the Moon has a size of just 60 pixels, some geometrical features are still distinguishable. Notably, some portions

of the real image are affected by saturation. As expected, the real image is attenuated with respect to the emulated and

rendered ones due to atmospheric extinction effects. The average transmittance factor, computed on unsaturated pixels,

is 85%. This value is coherent with the expected range in clear conditions. The SSIM similarity indexes between the

images are tabulated in Table 3. As can be observed, the indices show consistent levels of similarity for luminance,

contrast, and structure.

In this test, an important feature that has been reproduced by the HIL setup is the moon limb expansion, which

was not modeled in the ABRAM rendering. Indeed, the camera images show a considerable band of slightly lit pixels
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Table 3 SSIM similarity indexes comparison.

SSIM comparison Luminance Contrast Structure
RETINA - ABRAM 0.9904 0.9676 0.9389
RETINA - Night-Sky 0.9666 0.9473 0.9210
ABRAM - Night-Sky 0.9797 0.9676 0.9498

beyond the sharp limb. This effect is caused by both blooming and diffraction, with the latter having a prominent effect

as shown in Fig. 15a.

IV. Conclusion
This work presents a methodology for accurately calibrating the radiometric output of optical stimulation facilities.

Such calibration framework is especially relevant when conducting Hardware-In-the-Loop tests and camera stimulation

experiments emulating realistic space scenes. Radiometric fidelity is a crucial aspect in those validation activities

involving image processing algorithms due to the significant impact of radiometry on the overall image aspect. In such

hardware-in-the-loop experiments, the lack of adequate scene fidelity can distort algorithm performance metrics and

compromise the credibility of experimental results.

The proposed methodology enables the generation of radiometrically accurate scenes containing both resolved and

unresolved objects. The technique is based upon external independent measurements and therefore requires limited

knowledge of the hardware characteristics of the employed cameras. The developed methodology uses a light power

sensor to accurately estimate the radiometric output of the optical stimulator. The measurement procedure is shown

and applied to two different optical setups. This circumvents the practical limitations and inaccuracies associated with

purely model-based calibration, which would otherwise require extensive, often unavailable, manufacturer-specific data.

The framework introduces the concept of effective radiant flux density as a central variable linking the output of the

rendering engine to the facility’s radiometric calibration. Rendering is therefore treated as the computation of a matrix

in which each pixel represents the desired effective radiant flux density to be emitted by the screen. Spectral-level

computations for unresolved sources, such as stars and resolved planetary bodies, are addressed in detail, enabling

accurate representation across a range of scene types.

The methodology is experimentally validated on two distinct optical testbeds: one incorporating a high-TRL star

tracker, and the other using a commercial industrial camera. To extend the dynamic range of the system and enable the

emulation of high-brightness scenarios (e.g., lunar proximity operations), a radiometric scaling factor is introduced, and

its use is validated through hardware tests. The fidelity of the overall emulation process is assessed through comparisons

with both the rendered targets and real night-sky imagery. Both qualitative and quantitative results demonstrate strong

consistency between the emulated and expected outputs.

The comparisons reported in this paper show that the hardware-in-the-loop framework guarantees a high level of
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image fidelity, capturing hardware-related effects natively. This is especially relevant for those complex effects, such

as saturation, blooming, and diffraction, that are difficult to model and predict in rendering pipelines. Thanks to the

emulation procedure developed, it has been possible to investigate post-saturation blooming affecting star tracker images.
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