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Plume-surface interactions between a rocket plume and the lunar surface will be studied in-situ during two of NASA’s upcoming Commercial Lunar Payload Services Program missions. The payload, Stereo Cameras for Lunar Plume-Surface Studies (SCALPSS), will employ a multiple-camera photogrammetry system to obtain stereo images of the lunar regolith before, during, and after significant erosion and subsequent crater formation. The evaluation of measurement system capabilities and design process of the payload is informed by computational fluid dynamics predictions, accuracy modeling based on experimental data, camera simulation, and lander design, all of which are combined in the Virtual Diagnostic Interface. The second SCALPSS mission, traveling to the moon on Firefly Aerospace’s Blue Ghost lander in early 2023, aims to build on the design and complexity of the first payload, which is launching in early 2022 on Intuitive Machines’ Nova-C lander. The Blue Ghost SCALPSS mission will include two additional cameras and a total of three different lens focal lengths which will target specific points in the vehicle’s descent to obtain quantitative and accurate 3D reconstruction of the lunar surface both prior to and after crater formation. 

I. Nomenclature
AOI	=	Area of Interest
d	=	Camera separation distance
f	= 	Focal Length
FOV	=   Field of View
h	=	Camera altitude
 	=	Camera separation angle
SFL 	=   Short Focal Length
LFL	=   Long Focal Length
RMSE	= 	Root-Mean-Square Error
z 	=	Lander altitude
II. Introduction
Plume-surface interaction concerns the flow of a rocket plume onto a planetary or lunar surface and the subsequent phenomena that occur, namely: particle ejection and regolith erosion (or cratering) [1]. On extraterrestrial bodies such as the moon or Mars, these plume surface interactions are caused by spacecraft powered landings and are not well understood due to limited simulation and testing capabilities on Earth as well as limited in-situ data from past missions. Nevertheless, these phenomena are a topic of interest to NASA and the greater space technology and research community because of the risks and challenges that they pose to mission infrastructure and safety. On the moon, the high-velocity ejection of regolith can cause potential damage to the landing spacecraft, sensing instrumentation and to other nearby spacecraft and structures which may be a relevant scenario for the future Artemis program missions [2]. Further, the erosion of the terrain underneath the descending vehicle may create sub-optimal landing conditions resulting in an unstable or tilted vehicle, as was seen in the Apollo 15 mission [3]. In addition, the scattering and adherence of the electrostatically charged lunar dust to instrumentation or moonwalk equipment can compromise sensing capabilities, visibility, and poses significant health risks to astronauts who inhale the dust [4, 5].
The increased interest in understanding plume-surface interactions on the moon and Mars has resulted in cratering reconstruction from descent and post-landing imagery, such as on the Mars InSight lander [3] and dedicated sub-scale testing and simulation on Earth for the Mars Science Laboratory [1]. Two of the upcoming missions for NASA’s Commercial Lunar Payload Services Program will be carrying a dedicated plume-surface interaction measurement system to the moon, called Stereo Cameras for Lunar Plume-Surface Studies, or SCALPSS. The SCALPSS payload consists of a multi-camera photogrammetry system that will collect images of the region of regolith underneath the lander during descent and after landing of the vehicle. These images will then be post-processed to reconstruct the three-dimensional topology of the formed crater(s) due to the plume-surface interactions during landing. A simple schematic diagram of a plume-surface interaction due to a landing spacecraft and a generalized imaging system is shown below in Figure 1.
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Figure 1. Schematic showing a lunar lander descending to the surface, causing crater formation and particle ejection.

The design and optimization of the SCALPSS photogrammetry instruments are aided by use of the Virtual Diagnostic Interface (ViDI) which is a technique that has been used to plan, simulate, and post-process experiments at Langley Research Center since the early 2000s [6-7], primarily in wind-tunnel research facilities. The premise of ViDI is that it provides a virtual “scene” where CAD models of the pertinent facilities, equipment, cameras, and other diagnostic tools can be put together to model and predict conditions for the real test in the physical facility. The ViDI utilizes the CAD software Autodesk 3ds Max® which allows for the placement of virtual cameras and simulation of these cameras’ images. Many camera parameters, namely: sensor size, lens focal length, and aperture, can be tailored to match the real-world imaging system being used in the application. Thompson, et al. [8] applied the ViDI to the SCALPSS 1.0 mission in order to optimize the performance of the photogrammetry system on the Nova-C lander, and to incorporate changes in lander design and configuration to the SCALPSS system. The ViDI is used to effectively combine several factors that are relevant to the payload configuration and selection: lander design, plume-surface interaction predictions, camera view simulation, and iterative configuration design. Optimization of these parameters results in a camera configuration for the payload and a comprehensive prediction for the simulated imagery of the system during the descent and after landing of the spacecraft.
	The first SCALPSS mission to travel to the Moon will be on the Intuitive Machines Nova-C lander, scheduled for launch in early 2022. This SCALPSS system (referred to herein as SCALPSS 1.0) includes a total of four cameras that will collect imagery underneath one main engine thruster. The second SCALPSS mission (SCALPSS 1.1) will be flying on the Firefly Aerospace Blue Ghost lander approximately one year later. The latter mission has unique challenges as compared to the former due to a different lander configuration and additional objectives that the payload aims to fulfill. This work will describe the challenges and additional requirements for the second mission (SCALPSS 1.1), and how the ViDI was used to address and implement them. 
III. SCALPSS 1.0: Intuitive Machines’ Nova-C Lander
The first SCALPSS mission, detailed by Thompson et al. [8] flying on Intuitive Machines’ Nova-C lander, consists of four cameras each having wide-angle 3.37-mm focal length lenses. The primary objective for this mission is to capture photogrammetry of the fully formed crater after the spacecraft has landed. There will be one main engine thruster on the Nova-C that will be used for a powered landing, and it is centrally located underneath the bottom deck of the lander. Thus, all four cameras in the system are targeting the same centralized area of interest (AOI) which is approximately 3.14 meters in diameter. For this reason, the SCALPSS 1.0 configuration was optimized such that the system is symmetrical, with two cameras on one side of the lander and two on the other, and all four cameras angled symmetrically relative to the +x and +y axes, shown below in Figure 2. Due to the symmetrical nature of the four-camera configuration, the cameras’ orientations and positions relative to the lander are fully defined using a total of seven parameters in a pseudo-cylindrical coordinate system. 
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Figure 2. Schematics of the SCALPSS 1.0 system parameters used to define the 4-camera configuration.


The ViDI was used to iteratively and rapidly render thousands of different variations of these parameters and evaluate the resulting stereo coverage area and percent coverage of the area of interest, until an optimal configuration was found that would maximize photogrammetry measurement area. At each configuration, a field of view (FOV) plot was generated (see Fig. 3 below) and the stereo area and area of interest coverage were calculated using a macro script in Autodesk 3ds Max and a MATLAB® script [8].  After publication of Thompson et al. [8] further changes were made to the lander and camera configuration. These changes are detailed in Appendix 1.
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Figure 3. Left: FOV projection of SCALPSS 1.0 cameras onto the lunar surface below the Nova-C. Right: Resulting FOV and stereo area coverage plot generated for the selected camera configuration.

IV. SCALPSS 1.1: Firefly Aerospace’s Blue Ghost Lander 
The second SCALPSS mission provider selection, Firefly Aerospace, was announced in February 2021. Firefly’s Blue Ghost lander is different from the Nova-C in that it is shorter with a wider lander body, has four footpads as opposed to the Nova-C’s six, and has four smaller pairs of attitude control system (ACS) thrusters in addition to a larger, central engine. Firefly Aerospace notified the NASA SCALPSS team early on that they intended to power off the main engine far above the lunar surface (>500 m) and use the eight ACS thrusters for a powered landing. This meant that instead of one, larger, centralized crater forming underneath the lander, there were a potential of eight separate, smaller plume-surface interactions and resulting craters to image. This posed challenges to the SCALPSS 1.1 mission; with eight low-thrust plumes, it was unclear whether the extent of regolith erosion would be enough for the camera system to detect and measure accurately. Additionally, the four pairs of ACS thrusters and subsequent craters will be located further outward in the radial direction from the centerline of the lander, meaning that it could be difficult to capture all of the plume surface interactions in each of the cameras’ fields of view. These characteristics of the landing configuration led to unique spatial constraints to the system, leading to various compromises – the most important being that the measurement system would focus primarily on a single thruster pair. 
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Figure 4. Side-by-side comparison of the SCALPSS 1.0 and SCALPSS 1.1 lunar landers. Left: Intuitive Machines’ Nova-C; right: Firefly Aerospace’s Blue Ghost.

Table 1. Comparison of several key features in the SCALPSS 1.0 and SCALPSS 1.1 photogrammetry systems.
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Furthermore, SCALPSS 1.1 aims to build on the capabilities and extent of PSI results of SCALPSS 1.0, so an added objective for the mission was to accurately measure the undisturbed regolith prior to significant cratering. Capturing photogrammetry measurements prior to erosion of the regolith under the lander requires: (a) an estimate of the approximate altitude at which cratering begins, (b) at least two cameras to have this region in their FOV at or above the specified altitude, (c) cameras that will be able to collect measurements accurately enough to  reconstruct a three-dimensional topology to a specified accuracy, and (d) two cameras in the system that will be able to obtain accurate measurements of this same region after the spacecraft has landed and the craters have fully formed. The work presented herein describes how the Virtual Diagnostic Interface was used to integrate these new challenges and solutions into the SCALPSS Blue Ghost system.

V. System Design Process
A. Prediction and Evaluation of Plume-Surface Interaction

Computational fluid dynamics (CFD) derived solutions were developed at Marshall Space Flight Center in collaboration with the SCALPSS team to assess the predicted erosion of the regolith underneath each pair of thrusters at varying altitudes in the vehicle’s descent. The CFD solver used was Loci/Chem, a finite volume method code. Several critical assumptions were made about the Blue Ghost vehicle and landing environment before running the CFD solver. Firstly, the lander geometry used for the prediction was greatly simplified and did not include the feet of the lander in the calculation. In addition, each simulation executed in the altitude parametric sweep used a flat surface that did not deform during the simulation. Finally, engine exhaust was modeled using a single equivalent species approximation extracted from a chemically reacting simulation of the engine chamber and nozzle. All of these simplifications were made in effort to streamline the prediction process. The predictions obtained from the CFD code informed the target altitude that the camera system would be optimized for during descent to capture imagery of the ground prior to disturbance from the plume. Compared to the SCALPSS 1.0 Nova-C erosion prediction, the Blue Ghost has a larger footprint, with the deepest predicted craters forming within a diameter of approximately 3m compared to the 1.5m crater diameter predicted for the Nova-C. This increased region of cratering is due to the larger lander base and separation distance between the four pairs of ACS thrusters (Figure 5). 
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Figure 5. Comparison of CFD-derived solutions for erosion at the landed altitude for (a) the Nova-C lander, (b) the Blue Ghost lander and (c) the two solutions overlapped.


	Two sets of CFD-derived erosion predictions versus altitude are shown below in Figure 7. The first CFD solution, referred to as the steady solution, does not take into consideration variation of the erosion over time and assumes a steady-state solution. The second set of solutions is a higher-fidelity calculation that includes time-varying factors. The unsteady solution predicts erosion up to 3.5 centimeters deep at the time of landing, whereas the steady solution predicts just 2 centimeters of erosion depth. Both solutions were considered primarily to obtain a spatial footprint of cratering to inform the target regions for photogrammetry. The unsteady solution is considered higher fidelity for the erosion prediction, but the figures in this paper including lander descent and simulated camera views include the steady CFD solution plots for erosion. The CFD-derived solutions predicted that onset erosion of the lunar regolith for the Blue Ghost lander will begin as early as 20 meters above the surface, however this erosion will be very small (on the order of less than 1 millimeter) and will occur far outside of the region directly beneath the lander at the time of landing (see below in Figure 6). Preliminary camera view simulations in the ViDI and the SCALPSS 1.0 configuration suggest that the cameras, if mounted beneath the lander deck, would not be able to obtain accurate or high-resolution images of the surface far outside of the immediate region of interest at landing; therefore the target location for photogrammetry was decided to be on the primary (more prominent) craters that will form directly underneath the ACS thrusters at landing. If the erosion depth tracking versus altitude is limited to this smaller region, the unsteady CFD-derived predictions suggest that significant erosion in this region will not begin to occur until approximately seven meters above the surface, but will reach a maximum depth of approximately 3.5 centimeters at landing. The four trends (overall erosion and erosion within the more limited cratering region for both steady and unsteady CFD solutions) are shown below in Figure 7.
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Figure 6. CFD-derived solutions at 4m, 2m, 1m, and 0m lander altitude with the descending Blue Ghost.
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Figure 7. Plot of predicted erosion vs. altitude for the Blue Ghost’s descent using 4 small pairs of thrusters. Steady and unsteady CFD-derived solutions shown.

	With a quantitative estimate for crater depth versus altitude for the descent of the Blue Ghost, the target altitude(s) for photogrammetry could be more confidently specified. The altitude selected for pre-erosion measurements of the surface was 8.0 meters to allow ample time and distance to capture an undisturbed topology before significant cratering begins. 
To aid the development and optimization of the camera configuration, the CFD-derived erosion plots were imported into the ViDI to simulate which crater formations the cameras would view during the descent. The team predicted that the wide focal length lenses (3.37 mm) used for the SCALPSS 1.0 system would provide too wide of a view and, subsequently, too low a resolution to discern quantitative features of the surface at an altitude as high as 8 meters, suggesting that a longer focal length lens would need to be selected for the pre-erosion photogrammetry. By understanding the extent of cratering on the ground during and after landing, the camera orientations and lens selections could be adjusted to provide maximum coverage and accuracy of the same region prior to disturbance. To make lens selections that would optimize accuracy for both the pre-erosion and fully formed crater states, an empirical accuracy model was developed and is discussed in the next section.




B. Prediction of Accuracy and Lens Selection
	
	In preparation for the Nova-C mission, testing at Marshall Space Flight Center (MSFC) was conducted to assess accuracy and capability to process photogrammetry data from a pair of cameras identical to those in the SCALPSS 1.0 system. Image pairs were taken of a 3D target consisting of known-height dowels mounted on a flat backboard at various camera altitudes, separation distances, and separation angles and the images were post-processed using photogrammetry software and the accuracy of the measurements to the true dimensions of the target was compared. In addition to providing a full-scale test setup of the SCALPSS 1.0 instrument, the test results informed the baseline science requirement for accuracy of the photogrammetry system for SCALPSS 1.1. This baseline requirement was determined to be approximately 1.78 mm root-mean-square error (RMSE), which was the 3D target measurement accuracy for the SCALPSS 1.0 landed configuration. A goal of SCALPSS 1.1 is to achieve comparable or improved accuracy to SCALPSS 1.0. The experimental data for accuracy versus camera separation angle and altitude is shown below in Figure 8. 
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Figure 8. Experimental data from SCALPSS 1.0 camera testing with best fit trendlines. (a) Camera separation angle vs. accuracy; inverse fit and (b) camera altitude vs. accuracy; power fit.

As suggested by Figure 8a, the impact of separation angle between a pair of cameras has an approximate inverse relationship with photogrammetry accuracy. Separation angle is directly related to both separation of the pair of cameras and distance from the cameras to the target (modeled as altitude), given by Eqn. 1 and Figure 9 below. Thus, it can be inferred that camera separation distance also has an inverse relationship to photogrammetry accuracy. With an increase in camera separation distance (and thus an increase in separation angle), the accuracy of the resulting image pairs will improve.
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Description automatically generated]Figure 9. Schematic of factors affecting photogrammetry accuracy, where h = camera altitude, d = camera separation, and  = separation angle.
(1) 

 Figure 8b contains accuracy as a function of camera altitude (the distance from the camera pair to the 3D test target). As altitude increases the resolution of the images worsens linearly with altitude.  Furthermore, as lander altitude increases, the camera separation angle decreases, which compounds the losses in accuracy of a stereo pair of images. The resulting best-fit power law dependence relating camera altitude to accuracy was obtained with an exponent of 1.28 (obtained from a least-squares minimization) and an uncertainty of  50%.  This uncertainty was determined, in part, by omitting individual data points and re-fitting the curve to assess the reliability of the fit.  Another factor that affects the accuracy of a photogrammetry measurement is the focal length of the lens used for the camera. Since focal length and object magnification are directly related by the lens equations, a longer focal length will result in a more magnified image, which will show improved resolution and accuracy at the expense of coverage area (field of view). To combine the impacts of camera separation and altitude demonstrated in the SCALPSS 1.0 test data with the estimated effects of focal length selection on accuracy, an empirical mathematical model (Eqn. 2) was developed and used to predict accuracy in millimeters of the photogrammetry system for SCALPSS 1.1 and to inform the lens selection for the six-camera system, where is the camera altitude above the surface in meters,  is the lens focal length in millimeters, and  is the separation distance between the pair of cameras in meters. The numerical values included in the focal length and separation distance terms scale the accuracy prediction relative to the selected SCALPSS 1.0 configuration which had a lens focal length and camera pair separation distance of 3.37 mm and 1.9 m, respectively. The model predicts accuracy for all camera altitudes above 0.95 m because that is the lowest height that was tested in the Flat Floor testing and incorporated into the model.
 
(2)    , for h  0.95 m

	Once accuracy could be predicted for the SCALPSS 1.1 system, different configurations of the six cameras on the lander and simulation of camera views in the ViDI could be employed to select optimal lenses for the camera system. Using a short focal length such as the 3.37 mm lens from SCALPSS 1.0 would not provide accurate data of the undisturbed regolith at the targeted altitude of 8.0 meters. A comparison of simulated camera views from the lander bottom deck at a lander altitude of 8 meters, with the landed steady CFD-derived solutions superimposed on the ground, is shown for several different focal lengths in Figure 10. Coupling the accuracy model with the simulated FOV and images in the ViDI highlights that there is a critical tradeoff between highly detailed and accurate stereo images and large stereo coverage area.  
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Figure 10. (a) Simulated camera views from a lander altitude of 8 m with varying focal lengths (5 mm, 12.5 mm, 25 mm, 50 mm) and FOVs outlined in white, and (b) the corresponding FOV dimensions and accuracy predictions. 

	In order to obtain an accuracy comparable to the SCALPSS 1.0 system, it became evident that the team would need to select a long focal length (LFL) lens to equip at least two of the six cameras with for images of the undisturbed regolith, targeted for a lander altitude of 8 m above the surface. The tradeoff to this high accuracy measurement capability from a high altitude was that the pair of LFL cameras would not be able to obtain stereo images of the entire AOI that CFD had predicted significant erosion within. Consequently, 50 mm lenses were chosen and the LFL cameras were configured to obtain images of the undisturbed ground underneath just one pair of ACS thrusters. The other four cameras were configured to obtain wide view photogrammetry of the entire AOI in the final few meters of descent and post-landing, with an emphasis on the same pair of craters that the LFLs are targeting. This will ensure that a complete before-and-after morphology of a given pair of craters can be accurately reconstructed. 
Perhaps one of the most important tools that the ViDI provides to the SCALPSS design process is the ability to optimize the exact orientation of the cameras in the system to improve photogrammetry. This optimization is obtained by (a) maximizing stereo area of the cameras, (b) maximizing AOI coverage, and (c) minimizing accuracy. As demonstrated by Thompson et al. [8] for the SCALPSS 1.0 system, the ViDI can be effectively coupled with iterative scripting and post-processing in MATLAB® to fine-tune the camera angles and positions relative to the lander and to each other to optimize these photogrammetry results. The optimal configuration for SCALPSS 1.0 was determined by iteratively rendering FOV projection images for thousands of possible camera configurations and converging on a set of camera parameters that optimizes stereo area coverage with percent AOI coverage. This process was used similarly for SCALPSS 1.1, but in a less robust capacity, due to the requirement that stereo area be obtained at two drastically different points in the vehicle’s descent and the asymmetry of the camera configuration resulting from that distinction. One way in which the iterative scripting and stereo area calculation process proved beneficial for the Blue Ghost mission was in simulating and optimizing the angles of the LFL cameras during descent. Since the selected 50 mm lenses would provide just a large enough FOV at a lander altitude of 8 m to cover one pair of ACS thruster-induced craters, the angles and positions of the two LFL cameras relative to the lander coordinate system needed to be chosen carefully such that there would be optimal overlap between the two cameras’ FOVs at that altitude. Furthermore, the positions and angles of this pair of cameras could be optimized such that the single camera FOVs still overlap with one another sufficiently to obtain significant cratering region coverage both slightly before and slightly after the optimized 8m threshold. This concept of transient FOV overlap is illustrated in Fig. 11 below. 
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Figure 11. FOV projection of the two LFL cameras onto the fully eroded surface at landing (as predicted by CFD), with camera locations associated with lander altitudes from 10 to 5 meters with camera angles optimized for full overlap at 8 m. Stereo area is outlined in white.

	Using the ViDI to position and angle the pair of LFL cameras and project the FOV onto the ground allowed the team to finalize a configuration (camera angles and positions) for the LFL cameras that will have full overlap (thus maximum stereo area) at 8.0 m, but still capture stereo area of the majority of the predicted crater regions for an altitude range of >12 m down to 6 m. The region selected for LFL imagery corresponds to the North pair of craters and was chosen due to the viability of mounting the LFL cameras at that particular location on the bottom deck. There is instrumentation and infrastructure for other CLPS payloads on the Southwest region of the bottom deck, and mounting on the East side, which is the direction that the Sun will be rising during and after landing, carries potential risks of damaging both cameras. 
The remaining four cameras focus on obtaining images of the fully eroded regolith after landing, and similarly to SCALPSS 1.0, can use short focal length lenses (SFLs) to obtain accurate photogrammetry over wide fields of view. Due to the short and wide bottom deck of the Blue Ghost, with the cameras being mounted underneath, it was challenging to find a camera configuration that would allow all four of the SFL cameras to obtain full stereo area of all four ACS thruster crater pairs. With the LFL cameras obtaining high resolution images of the undisturbed ground underneath the North pair of ACS thrusters, the other four SFL cameras needed to be placed to obtain high resolution images of that pair in the post-landing state. The SCALPSS team was limited in how far off the lander body the cameras could be mounted for several reasons: (a) mounting cameras on a longer mount would consume more of the allowed payload mass, (b) a longer bracket and mount would be more sensitive to vibration due to landing loads, (c) the camera may be more exposed to sunlight away from the shielding of the lander, and (d) that the vehicle may have tight spatial footprint constraints during launch. As a result of these risks, the team had to work within the immediate vicinity of the bottom deck of the vehicle for camera mounting. Simulated camera views with 3.37 mm focal length lenses from a pair of the SCALPSS SFL cameras are shown in Fig. 12 below with mounting locations for two potential configurations.
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Figure 12. Potential stereo pair configurations for the SFL cameras. (a) Wide mounting configuration resulting in large AOI coverage, and (b) Narrower mounting configuration allowing higher resolution imagery of the North pair of ACS thruster-induced craters.

In the above figure, color coded circles are placed in the camera renders to indicate the pair(s) of craters that each camera view contains. Fig. 12a is an example of a simulated pair of images where the cameras are mounted far apart and are angled to see as much of the AOI as possible. Despite being mounted a few inches radially away from the bottom deck of the lander, it is still difficult to fully obtain all four predicted cratering regions in the camera views for this configuration. Furthermore, only two pairs of craters are in the near field of each camera’s FOV, and only one of those pairs (the South pair in Fig. 12a, colored blue) is seen by both cameras. Alternatively, the pair of cameras could be placed closer together and angled such that one pair of craters is seen with high resolution (shown in Fig. 12b), but if the 3.37 mm focal length lens is kept, the accuracy of the resulting stereo images will be degraded due to the decreased separation distance between the cameras. One way to mitigate this loss in accuracy would be to implement a longer focal length than 3.37 mm for the pair of cameras. If all other parameters (altitude, separation distance) remain the same, a change in focal length from 3.37mm to 5.4 mm would yield an approximate 60% improvement in accuracy (obtained from Eq. 2). The lens options being considered for the SFL cameras were: 3.37 mm (same as SCALPSS 1.0), 5.4 mm and 8.25 mm since these lenses were commercially available and compatible with the selected cameras. A brief lens trade study was completed in the ViDI to assess benefits and drawbacks to each for the SFL camera pair. As explained previously, a longer focal length results in a more magnified image and more accurate photogrammetry results but carries the drawback of a reduced FOV. Another factor considered is the overlap of this SFL camera pairs’ FOV in the final moments of the vehicle’s descent. If possible, transient imagery of the craters forming with the rocket plume at close range could provide additional and valuable in-situ data of the crater evolution and ejecta scattering. Fig. 13 below contains simulated FOV overlap for the SFL camera pair from lander altitudes of 0, 1, and 2 meters with focal lengths of 3.37 mm, 5.4 mm, and 8.25 mm. The regions outlined in white show stereo coverage area (where two cameras have overlapping FOVs).
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Figure 13. Top-view projections of the FOV of two SFL cameras onto the 0m CFD-derived erosion prediction. Top row: 3.37 mm focal length, middle row: 5.4 mm focal length, bottom row: 8.25 mm focal length.

As shown in Fig. 13 above, the camera angles can be optimized for a particular focal length lens to have maximum stereo area coverage at 0 meters and above. Although using an 8.25 mm lens would provide highly accurate photogrammetry results (sub millimeter RMSE) at the landed case, the FOVs of the two cameras in the stereo pair would rapidly diverge for altitudes above 0 meters, as shown in the bottom row of Fig. 13. The 5.4 mm focal length cameras provide a compromise between high accuracy and large FOV overlap at the final altitudes before landing; the full predicted cratering region is still covered by stereo area at 1.0 m altitude, and at 2.0 m altitude the craters are still partially covered. 

C. Configuration Summary and Descent Profile

The critical tradeoffs between AOI coverage, accuracy, and resolution all played roles in the selection of lenses for the SFL cameras and the configuration optimization process that was conducted in ViDI. Ultimately, the four SFL cameras were split into two sub-groups: one pair of 5.4 mm lens cameras to image the North pair of craters in the final moments of descent and post-landing, and one pair of 3.37 mm lens cameras to obtain wide-FOV stereo area of a large portion of the total region of cratering. This would enable high resolution, accurate images of the North pair of craters to couple with the high-altitude images of the same region, while still dedicating one stereo pair of cameras to capturing the large AOI and all eight of the potential plume surface interactions. The selected configuration of all six cameras is described below in Table 2. 
Table 2. Overview of the selected SCALPSS 1.1 camera configuration.
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	Once the camera configuration parameters were fully defined (camera angles and positions relative to the Blue Ghost coordinate system), the design of brackets for the cameras could be tailored to accommodate the precise optimal placements of all six cameras. The mounting locations of cameras on the Blue Ghost were also considered as part of the configuration process. By utilizing the ViDI to import the CAD model of the Blue Ghost and freely move virtual cameras to different possible mounting locations, the team could assess mounting constraints in trade with simulated camera views. Since all six cameras need to obtain stereo area of the North pair of ACS thruster-induced craters, they are all mounted on the North side of the bottom deck of the lander. Mounting the LFL cameras (cameras EL and WL) as far apart as possible minimizes the accuracy, resulting in maximum precision of the photogrammetry measurements. The wide view SFL cameras (cameras ES and WS) also benefit from being placed as far apart as possible; not only by optimizing accuracy of the measurements but by obtaining a wider view to capture more of the AOI. Both pairs of cameras are mounted about one inch away from the edge of the bottom deck of the lander. The WL and WS cameras as well as EL and ES cameras are conveniently mounted next to each other, so a combined mount was designed to accommodate both cameras. The remaining two cameras, the 5.4 mm SFL cameras, are mounted on single mounts and are placed in-board from the bottom deck to obtain a closer view of the North pair of craters. A schematic diagram for the mounting locations of each of the six cameras is shown below in Fig. 14.
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Figure 14. Schematic diagram of the selected SCALPSS 1.1 camera configuration. Configuration is symmetrical about the N-S axis.
	Simulation of camera views remained a key feature of the ViDI after the configuration was selected to produce predicted camera views for all points in the descent profile and FOV projections which were then post-processed to calculate the stereo area and AOI coverage as was done by Thompson, et al. for SCALPSS 1.0 [8]. Simulated camera views are shown for the SFL cameras at landing (lander altitude of 0 m) with the steady-solution CFD predicted erosion in Fig. 15a and with an artificial lunar surface in Fig. 15b. The corresponding image sets for the LFL cameras at their targeted altitude of 8 meters are shown in Fig. 15c and Fig. 15d.
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Figure 15. Simulated camera views for the selected configuration. (a) SFL camera views of 0 m CFD erosion solution at 0 m lander altitude, (b) SFL camera views of the flat lunar surface at 0 m lander altitude, (c) LFL camera views of the 0 m CFD erosion solution at 8 m altitude, and (d) LFL camera views of the flat lunar surface at 0 m altitude.

	The stereo coverage of the SFL cameras at landing is approximately 73% of the area of interest, which is specified as a 2.85 meter diameter centrally located directly underneath the lander where the CFD-derived primary craters are expected to form. This SFL stereo coverage area is 5.09 square meters, and all four SFL cameras are viewing the area where the North ACS craters are expected to form (indicated by the blue region on Fig. 16a). For the LFL cameras, targeting a lander altitude of 8 meters, the stereo area will be 1.11 square meters, covering 12% of the AOI but the full region of expected cratering for the North pair of craters.
[image: Graphical user interface, application

Description automatically generated]
(a)                                                                              (b)
Figure 16. Projected FOV plots for the final selected configuration at targeted altitudes. (a) projection of the four SFL cameras at landed altitude. (b) projection of the LFL camera pair at 8m altitude.

	Since SCALPSS 1.1 involves more cameras and multiple target altitudes in the Blue Ghost’s descent for imagery as compared to SCALPSS 1.0, it was desirable to develop a comprehensive descent profile of the vehicle. This descent profile describes how accuracy, stereo area, and AOI coverage for each camera pair (3.37 mm SFLs, 5.4 mm SFLs, 50 mm LFLs) change with altitude during the descent. Additionally, the crater depth as predicted by unsteady CFD is shown as a function of altitude. The descent profile for the selected SCALPSS 1.1 configuration is shown below in Figure 17. The chart is organized so that each parameter forms an envelope in the descent profile, where the widest point of the envelope is the maximization of that parameter. The accuracy envelopes, represented by orange, gold, and grey lines for the 3.37 mm SFL, 5.4 mm SFL, and 50 mm LFL cameras, respectively, all expand with altitude because accuracy gets larger (worse) as altitude increases. All six cameras will experience their best accuracy at 0 m, when altitude is minimized; but the LFL cameras will have no overlap between landing and 5 m altitude, since they have been positioned for maximum overlap at 8.0 meters. The 3.37 mm SFL pair and 5.4 mm SFL pairs have very similar measurement accuracy predictions. This is because despite using a longer focal length lens, the 5.4 mm SFL cameras are placed closer together, with a smaller separation distance d, and will experience comparable accuracy at landing (2.0 mm RMSE) as indicated by the trends shown in Fig. 17 and the prediction for accuracy obtained from Eqn. 2. Stereo area coverage and percent AOI coverage for the SFL cameras are included in this descent diagram but are scaled down by a factor of 10 to allow them to fit on the same relative scale as the other trends. As indicated by the light grey region of the below descent profile, the SFL cameras have maximum (100%) coverage of the defined AOI between altitudes of 1 m – 4 m.
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Figure 17. Descent profile for the selected SCALPSS 1.1 camera configuration.

	


VI. Risk Mitigation
1. Vibration Blurring Analysis

	Once the camera configuration (lens selections, mounting locations, and target altitudes for imagery) was determined, the ViDI could be used to assess and mitigate risks to the mission. One of the risks associated with collecting images while the vehicle is descending and landing is image blurring due to vibration of the camera brackets and mounts. If the vibrations in the landing load environment are powerful enough to cause translation or deflection of the cameras, there could be considerable blurring introduced to the resulting images. This is an especially prominent risk for the LFL cameras, which will be more sensitive to vibration due to their larger mass from longer lenses and because they are collecting images at 8 meters above the surface while the vehicle is still descending. The SFL cameras will collect some images for photogrammetry in the final meters before landing, but once the Blue Ghost has landed, vibration will no longer be an issue causing image blurring. The ViDI was used to produce renders from the LFL cameras’ views at 8.0 m above the surface of a 3D object when the cameras are angled off their nominal pointing values by incremental offsets. The images were then averaged together to produce a mean image which mimics a single blurred image that would result from camera vibration during the landing. Finally, the images were post-processed with a photogrammetry code to assess the ability to extract quantitative measurements of the 3D terrain if images are blurred to varying extents. In this study, there were four different deflection thresholds simulated and compared to a baseline (no deflection) case: , , , and . For each image pair, both LFL cameras were offset by a value within the deflection threshold specified in both the x and y axes, although some data sets were also created by only varying the camera angles about one axis. The LFL cameras imaged a pair of virtual craters that had been created with 3D scanning software and converted into a mesh in the CAD program. Each blurred image pair of the craters was processed using photogrammetry software and compared to the non-blurred baseline image. The parameters examined were number of points detected by the photogrammetry code, precision of the flat ground measurement, and mean of the flat ground measurement. Sample LFL camera view renders are shown for varying thresholds of vibration below in Fig. 18. The results for photogrammetry processing ability for a selection of the blurred imaged are highlighted below in Fig. 19.
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Figure 18. Examples of simulated blurred images resulting from varying vibration of LFL cameras.
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Figure 19. Results for photogrammetry processing of the blurred images in terms of flat ground elevation measurement, point detection and measurement precision.

	As seen in Fig. 19b above, the photogrammetry algorithm used to process the simulated crater images was able to automatically detect points for bi-axial deflection values up to , but for the large and largest bi-axial deflection cases ( and ), the number of points the program could  detect for photogrammetry was significantly reduced. The system was, however, able to detect approximately 4000 points for the images where a  was applied to only one axis of rotation of the camera. The other parameters examined, mean z-value of the ground and measurement precision, also indicated that accuracy of the photogrammetry measurements deteriorate with blurring due to angular deflection from vibration of the cameras during landing. Fig. 19a demonstrates that the blurred images z-plane detection mean measurement fall within approximately one one-thousandth of an inch of the baseline value which is negligible.  However, as shown in Fig 19c, the precision of the measurement increases (degrades) by about 60% from the baseline precision to the smallest deflection case () and is about three times larger than the baseline for the medium deflection () case. The point detection parameter (Fig. 19b) was the most critical in determining how much angular variation the photogrammetry system could tolerate. The results provided by the photogrammetry image processing provided critical input to the camera bracket and mounting design. As a result of the point detection efficiency versus deflection threshold shown in Fig. 19b, the team specified that the angular deflection of the camera must be less than 0.05 to be able to process the image pairs. 

E. Evaluation of Camera Exposure Limits

Another risk to the SCALPSS mission success is image blurring due to the exposure time of the cameras. The descent rate of the vehicle was specified to be 1.0 meter per second, or 1 millimeter per millisecond. If the camera exposure is 50 milliseconds, for example, there will be 50 millimeters of vertical travel of the lander included in a single image. Eqn. 3 below explains the relationship between the descent speed of the vehicle, , the exposure setting of the camera, , and the change in altitude of the lander, , during that time.
(3)			 
 Since the LFL cameras are angled slightly to have the crater pair underneath the North pair of ACS thrusters in the center of their FOV, the pair of craters will appear to translate diagonally in each cameras’ FOV as the lander descends. The ViDI was again used to simulate the resulting blurred images and determine what the exposure time (or aperture) of the cameras needed to be to produce acceptable stereo image pairs for photogrammetry. To simulate a single camera image taken with a 40 millisecond exposure, a total of 40 images were rendered in ViDI, where the lander (and camera) altitude is decreased by 1 millimeter at a time. Averaging the 40 images over 40 mm of altitude change produces a blurred image that is representative of a 40 ms exposure time, if the lander descent speed is 1.0 m/s. A sequence of images taken from an LFL camera simulating different exposure times is shown below in Fig. 20, with Fig. 20a including highly magnified images of a resolution test chart placed on the ground, and Fig. 20b including the same virtual crater pairs that were simulated in the previous section. Both sets of images are zoomed in on a smaller part of the camera’s FOV to better discern blurring of the small features of the targets. Since the target altitude for the LFL camera pair to collect stereo images is 8.0 m, the exposure variations were simulated beginning at a lander altitude of 8 meters and descending by the amount of distance  corresponding to the specified exposure time.
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(b)
Figure 20. Simulated LFL single images vs. exposure times for a lander descent rate of 0.5 m/s, beginning at lander altitude = 8.0 m. (a) Resolution test chart placed on the ground. (b) Virtual ACS crater pair.

Qualitative comparisons of the image sequences of the resolution test chart depicted in Fig. 20a were conducted and it was generally specified that the exposure of the cameras should not exceed 20 milliseconds if the lander descent rate is 1.0 m/s. An exposure time of this length would result in image blurring of about 5 pixels in the image, beyond which the image would become difficult to post-process in photogrammetry software.
Limiting the exposure time has implications for choosing the aperture size of the LFL cameras.  The smaller the aperture chosen (to improve image quality and depth of field) the longer the exposure time (or camera gain) would be.  However, too long of an exposure time would cause blurring as shown above.  Limiting the exposure time to 20 msec then requires an aperture large enough so that camera gain (which increases image noise) would not be required to provide acceptable brightness images, based on empirical observations at the NASA Marshall Flat Floor facility. Taking these considerations into account a compromise of f/5.6 was chosen for the LFL cameras.  This f-number provides improved image quality while allowing camera auto-exposures that are less than 20 msec and do not require increased camera gain, thus achieving unblurred, highest-quality images possible. 

VII. Conclusion

The Virtual Diagnostics Interface was used to develop four and six camera photogrammetry systems to meet the science objectives for upcoming SCALPSS missions by combining several components: lander design models, computational fluid dynamics solutions, camera-view simulations, and iterative rendering and scripting to calculate resulting coverage areas and accuracies for photogrammetry. The resulting plots and camera views informed the optimization of camera configurations for the missions and predictions for the systems’ performances. The SCALPSS 1.1 Blue Ghost configuration design has implemented additional science objectives which introduced an increased level of complexity to the SCALPSS system as compared to the SCALPSS 1.0 Nova-C mission. By using empirical data to develop and validate an accuracy model, the processes of lens selection, camera placement, and target altitudes for photogrammetry could be more efficiently and quantitatively determined for the six-camera system. The ViDI continues to be a powerful tool in planning, optimizing and simulating experiments in a variety of environments and will continue to be utilized in future SCALPSS missions.







Appendix
1. Addendum to Thompson, Danehy et al. (2021)
	Following publication of the Thompson et al. 2021 AIAA SciTech Conference paper, some modifications were made to the lander and camera system. The original paper detailed the work done for the SCALPSS 1.0 configuration design in the ViDI, and the updates presented herein are based on changes to the Intuitive Machines Nova-C lander that were implemented after publication of the original paper. A heat shield was added around the circular body of the lander protecting the SCALPSS cameras and other equipment from the heat and bright emission of the rocket plume during flight and powered descent. The stereo area, camera FOVs, and AOI coverage for the four SCALPSS 1.0 cameras were reduced by this modification. The updated camera FOVs are shown below in Fig. 21. The accompanying prediction for stereo area coverage and coverage of the 3.14 m diameter AOI also reported in the generated FOV plot shown below in Fig. 22. The implementation of this change to the Nova-C design and flight configuration resulted in a 26% decrease in AOI coverage of the ground expected to experience crater formation. Additionally, the change imparted a stereo area reduction of approximately 66% by cutting the stereo area from 13.25  (reported in the FOV plot from Fig. 3) to 4.46 . Fiducial marks were also placed in the cameras’ fields of view.  Notional fiducial marks are shown in the camera renders shown in Fig. 21.
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Figure 21. Updated SCALPSS 1.0 simulated camera views at landing with the thermal engine shielding placed on the lander.
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Figure 22. Updated FOV and stereo area coverage plot for the SCALPSS 1.0 configuration after implementation of the thermal engine shielding.
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