
1.  Introduction
Imaging of the Martian surface at different (overlapping) spatial scales, in particular at orbital (kilometer-to-meter) 
and at rover (meter-to-submillimeter) scale, is critical for context information and for the understanding of spatial 
and temporal relationships in the geologic record (Mustard et al., 2013), including the in situ search of Martian 
biosignatures (Vago et al., 2017). Context at multiple spatial scales is needed for tactical and strategic planning 
of Mars rover missions and for the selection of samples to be acquired by NASA's Perseverance rover (operated 
in Jezero crater since February 2021) and to be returned to Earth during a later Mars Sample Return (MSR) 
mission (Mustard et al., 2013). The Approximate Scale for Images and Chemistry (ASIC) pipeline and website 
provides spatial scales for images from different cameras onboard NASA's Curiosity rover (Navcam, Mastcam, 
and MAHLI, Figure 1, Table 1) that cover the panoramic, hand-lens, and microscopic scales. ASIC scalebars 
are a simple form of planimetry and support the link between obliquely acquired landscape images and topo-
graphic  and geologic maps. The major advantage of the ASIC project consists of providing spatial scale to images 
without requiring any specific software (except basic software for image viewing).

The top of the rover's Remote Sensing Mast (RSM, Figures 1a and 1b) carries four identical Navigation cameras 
(left and right, NLA/NLB and NRA/NRB, respectively, or Navcam if unspecified, Maki et al., 2012), two Mast 
cameras of different field of view (left and right, MR and ML, respectively, or Mastcam if unspecified, Bell 
et al., 2017; Malin et al., 2017), as well as the ChemCam instrument (Maurice et al., 2012; Wiens et al., 2012) that 
combines a Laser-Induced Breakdown Spectroscopy (LIBS) instrument and a camera, the Remote Micro-Imager 
(RMI, Table 1). The turret at the end of the robotic arm hosts sample handling and acquisition facilities, such as 
the drill and the brush, and two science instruments: the MArs Hand Lens Imager (MAHLI, Edgett et al., 2012), a 
focusable high-resolution color camera, and the Alpha-Particle X-ray Spectrometer (APXS, Campbell et al., 2012 
and references therein) that, respectively, return macro images and the elemental composition of surface materials 
within the work space of the robotic arm (Figures 1c, Table 1).

Abstract  In this paper we describe a method to compute spatial scales for images acquired by NASA's 
Mars Curiosity rover (Mars Science Laboratory, MSL). The method is based on the assumption that the rover 
stands on an infinite plane that may have any orientation with respect to the local gravity vector. While not 
new, it is the first time that this method is systematically applied to Martian images acquired by a lander. A 
continuously run software pipeline processes the images acquired by the rover within a 20 m radius, adds 
approximate scalebars to the raw images, and generates, whenever possible, rectified (warped) versions of those 
images. The products of this software pipeline and the chemical compositions of relevant rover science targets 
from NASA's Planetary Data System archive, are made available to the public via the Approximate Scale for 
Images and Chemistry website, which has been developed in collaboration with the Planetary Data System 
Analyst's Notebook for the MSL mission. Hyperlinks connect the two resources.

Plain Language Summary  We developed a software pipeline that calculates the spatial scale 
of images acquired by NASA's Mars Curiosity rover. The software pipeline is linked to a new website: the 
Approximate Scale for Images and Chemistry, in which the scalebar products are paired with information about 
the shape, size, color, and chemical composition of the imaged site, obtained by the rover suite of instruments. 
The images mimic the vantage point of human eyes and are therefore well-suited to inspire field geologists 
(including those mainly working on Earth) to interpret Martian geologic features.
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The Navcam and the RMI cameras return gray-scale images. In contrast, Mastcam and MAHLI are color imagers 
utilizing a CCD (Charge-Coupled Device of type Kodak KAI-2020) with a Bayer pattern filter. In addition, the 
Mastcams are configured with narrow-band filter wheels and can therefore acquire images as part of “multispec-
tral sequences”, that is, provide spectral information at geologically and mineralogically diagnostic wavelengths 
across the image frame (Bell et al., 2017; Malin et al., 2017). Further information on the above-mentioned instru-
ments can be found in Table 1 as well as in the quoted publications.

After landing of the Curiosity rover (6 August 2012) we had the idea to create a software pipeline to provide 
spatial scale for Mastcam and Navcam images. Later, we added MAHLI images to the pipeline, which prompted 
the development of a website (called the “ASIC website”) to support the search for data, such as images, science 
targets, that is, points of scientific interest on the Martian surface, and chemical compositions of these targets, 
as measured by the ChemCam, and the APXS instruments. The ASIC website provides spatial scales to images 
as determined by the ASIC pipeline and chemical information on science targets as retrieved from NASA's 
data  archive, the Planetary Data System (PDS). Furthermore, the website is strongly interlinked with the PDS 
Analyst's Notebook (AN) that provides additional information on specific images, for example, their PDS label 
and derived image products such as different versions of geometric or color calibration or mosaics that contain 
these images. A significant part of scientific and ancillary data from the mission that are communicated via AN 
and ASIC have actually been extracted from MSLICE (MSL Operations InterfaCE), the MSL-surface-operations 
planning tool.

In this paper, we describe the ASIC algorithm and the pipeline, and the process through which the scientific 
community can access the resource, which is now publicly available.

Obviously, ASIC-provided spatial scales are only “a start,” while full 3-D information is needed for both rover 
operations and science analysis. In fact, a large amount of work has been done on “3-D reconstruction” (in particu-
lar “3-D Digital Outcrop Modeling”) from images returned by the Mars Exploration Rovers (MER, Alexander 
et al., 2006; Lewis et al., 2008; Hayes et al., 2011) as well as MSL (Caravaca et al., 2021; Deen et al., 2018 and 
references therein). In this context the Planetary Robotics 3D (PRo3D) software (Balme et  al., 2018; Barnes 
et al., 2018; Paar et al., 2018; Traxler et al., 2022) may be mentioned that has been developed for cameras onboard 
MER (Spirit and Opportunity), MSL, Mars-2020 (Perseverance) and ExoMars (Rosalind Franklin). PRo3D shall 
provide easy access to 3-D data of Martian surface features, allowing for example, for dip and strike measure-
ments on sediments and 3-D rendering (see e.g., “flyover” video generated from Mastcam-Z/Mars-2020 stereo 
image pairs, sol 3, ASU, 2021). ASIC, however, does not attempt any form of 3-D reconstruction. In particular, 
the ASIC algorithm does not invoke Digital Elevation Models (DEM) that are generated from Navcam (and also 
Mastcam) stereo image pairs but relies entirely on simple geometric relationships for a rover assumed to move on 
a plane surface. Despite the simplicity of the algorithm, ASIC spatial scales enable many types of geologic and 
geomorphologic interpretation of rover images, and they do have sufficient accuracy for these types of analysis 
(see e.g., Rubin et al. (2016) and Wiens et al. (2017), where ASIC spatial scales have been used).

2.  Assignment of Spatial Scale to Mastcam and Navcam Images
2.1.  Algorithm and Mathematical Formalism

Mastcam and Navcam spatial scales are inferred from the viewing geometry of the respective camera and build 
on the fundamental assumption that the rover is standing on a plane surface (of infinite area). Hence, no DEM 
is invoked. The surface that the scale info is referring to, is not required to be parallel to the local Mars areoid. 
ASIC's spatial scale refers to features and flat-lying objects on that surface, not to rover hardware or objects with 
significant topographic relief (such as boulders or outcrops with steep walls). As a result of the above assump-
tions, ASIC cannot provide spatial scale for images of surface patches that are more than 10 m away from the 
rover. Deviations of the computed spatial scale from the true scale are introduced to the extent that the scene 
imaged by the cameras deviates from the plane defined by the ground contact of the rover wheels.

The most important task of the ASIC pipeline is to assign horizontal and vertical scalebars, that is, scalebars 
along pixel rows and columns, respectively, to the central-pixel column of any given Mastcam or Navcam image. 
Accordingly, these scalebars are termed the Central-Column ScaleBar (CCSB) and by action of the ASIC pipe-
line, the CCSB is displayed in a black box to the right of the image frame.
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The variables and parameters used by the pipeline are described in Table 2 and Figure 2. Specifically, Figures 2a 
and Table 2 define the angles θC, θ, and ϕ as well as the distances R0, RCC, and R. Figure 2b displays the (y, 
z)-plane (x = 0) of Figure 2a. Table 2 indicates that all 6 cameras (ML, MR, NLA, NLB, NRA, NRB) are assumed 
to be mounted at the same height on the RSM. In fact, the three stereo camera pairs NLA/NRA, ML/MR, and 
NLB/NRB (Figures 1a and 1b) are mounted at approximately 199 cm, 197 cm, and 194 cm, respectively, above 
the Martian surface (translating into three slightly different values for D,—the one given in Table 2 actually refers 
to Mastcam), but the error introduced by this approximation (less than 1%) is marginal as compared to the overall 
uncertainty of generated spatial scales.

The equations applied by the ASIC pipeline are described below. Given the “effective height” H′ of the RSM 
(H′ = H + D sin(θC)), the position (x, y) of the projected pixel (i, j) on the (idealized) Martian surface plane can 
be written as (Figure 2):

𝑦𝑦(𝜃𝜃) = 𝐻𝐻 ′ tan(𝜃𝜃)� (1)

x (𝜃𝜃𝜃 𝜃𝜃) = 𝑅𝑅𝐶𝐶𝐶𝐶 tan(𝜙𝜙) =
𝐻𝐻 ′

cos(𝜃𝜃)
tan(𝜙𝜙)� (2)

Figure 1.  Instruments onboard the Curiosity rover that are relevant to this work: Cameras (Navcam, Mastcam, MAHLI, 
ChemCam-RMI) and analytical instruments (ChemCam-LIBS, APXS). (a) “Selfie” of the rover (acquired by MAHLI, sol 85) 
next to the Rocknest dune in Gale crater, (b) Camera head (yellow frame in a) with 2 Mastcam and 4 Navcam cameras as well as 
ChemCam-LIBS and ChemCam-RMI (for details see Table 1). The 2 Mastcam cameras have different field of view (Table 1) 
as indicated by the different size of their protective window (red dotted arrows). (c) View (NRB, sol 2740) of the turret at the 
end of the robotic arm with the APXS instrument and the MAHLI camera (encircled by yellow line). ChemCam uses the same 
telescope in order to acquire RMI images and LIBS data. Note the reflected image (in b) of the Martian landscape (upside 
down) and the turret (red solid arrow) in the primary mirror of the telescope. The center and lower left part of that image is 
obstructed by ChemCam's secondary mirror (Maurice et al., 2012; Wiens et al., 2012). Credit: NASA, JPL, MSSS.



Earth and Space Science

GOETZ ET AL.

10.1029/2020EA001611

4 of 15

The metric dimension of a projected pixel on the Martian surface can be derived from:

Δ𝑦𝑦 =
𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
Δ𝜃𝜃� (3)

Δ𝑥𝑥 =
𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
Δ𝜙𝜙 +

𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
Δ𝜃𝜃� (4)

Thus:

Δ𝑦𝑦 =
𝐻𝐻 ′

cos2(𝜃𝜃)
Δ𝜃𝜃� (5)

Δ𝑥𝑥 =
𝐻𝐻 ′

cos(𝜃𝜃) cos2(𝜙𝜙)
Δ𝜙𝜙 +

𝐻𝐻 ′ sin(𝜃𝜃)

cos2(𝜃𝜃)
tan(𝜙𝜙)Δ𝜃𝜃 ≈

𝐻𝐻 ′

cos(𝜃𝜃) cos2(𝜙𝜙)
Δ𝜙𝜙� (6)

Δ𝑥𝑥(𝜙𝜙 = 0) =
𝐻𝐻 ′

cos(𝜃𝜃)
Δ𝜙𝜙� (6a)

The first term in the right-hand member of Equation 6 is always dominating, especially for small elevation angles 
(say θ < 60, 40, and 30° for MR, ML and Navcam, respectively), where the distortion due to oblique image 
acquisition is limited.

Table 1 
Instruments Onboard the Curiosity Rover That Are Relevant to This Work (Modified From Table 1 in Schieber et al., 2022)

Instrument Short label Category Attributes (spatial resolution/detection limits) Main use Limitations

Left Navcam A (left 
Navigation Camera)

NLA Visual Image size: 1024 × 1024 pixels; FOV: 
48° × 48°; image resolution: 1,640 μm 
pixel −1 at 2 m distance, 82 cm pixel −1 at 
1 km

Geomorphology; mission 
planning

No color information; 
limited resolution

Left Navcam B NLB Visual (as above) (as above) (as above)

Right Navcam A NRA Visual (as above) (as above) (as above)

Right Navcam B NRB Visual (as above) (as above) (as above)

Left Mastcam (left Mast 
Camera)

ML Visual Image size: 1600 × 1200 pixels; FOV: 
20° × 15°; image resolution: 444 μm 
pixel −1 at 2 m distance, 22 cm pixel −1 at 
1 km

Geomorphology, stratigraphy, 
sedimentology

Discontinuous coverage; 
limited points of view

Right Mastcam (right 
Mast Camera)

MR Visual Image size: 1600 × 1200 pixels; FOV: 
7° × 5°; image resolution: 148 μm pixel −1 
at 2 m distance, 7.7 cm pixel −1 at 1 km

(as above) (as above)

ChemCam-RMI 
(Chemistry and 
Camera-Remote 
Micro-Imager)

RMI Visual Image: circular, 1024 pixels across; image 
resolution: 59 μm pixel −1 at 3 m distance

Stratigraphy, Sedimentology 
(targets at long distance), 
Documentation of 
ChemCam-LIBS targets

No color information; 
narrow field of view

MAHLI (Mars Hand Lens 
Imager)

MAHLI Visual Image size: 1600 × 1200 pixels; best case 
image resolution: 15 μm pixel −1

Stratigraphy, sedimentology Targets ≤2.5 m of rover; 
practical resolution limit 
is ca. 20 μm

APXS (Alpha Particle 
X-Ray Spectrometer)

APXS Chemical Sampled area ca. 17 mm diameter; 10 min 
suffice for a quick look at major elements, 
up to 3 hr required for all elements

Bulk rock major and trace 
element composition; 
contact instrument

Measurements take 2–3 hr 
to show all elements, 
including small amounts 
of trace elements

ChemCam-LIBS (laser-
induced breakdown 
spectroscopy)

ChemCam Chemical Sampled area ca 0.3 mm diameter; typically 
30 laser shots per ChemCam point (for 
good statistics) and 5 × 1 or 3 × 3 rasters

Chemical composition, 
remote-sensing 
instrument

Targets within ca 3–4 m of 
rover

Note. The instruments are sorted by category and spatial resolution (with lowest resolution on top).
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Table 2 
Variables and Parameters Used by the ASIC Pipeline

Name Value or range of typical values Description

θC ∼25° to ∼85° Camera elevation angle (off “downward”)

θ0 ∼5° to ∼65° Camera tilt angle, θC + θ0 = 90°

θ ∼20° to ∼90° Angle between (–z) axis (“downward”) and RCC

Specifically: θ = θC if Rcc points toward “center pixel”

ϕ −3.4° to +3.4° (MR) Azimuthal angle within Fields Of View (FOV) of Mastcam (MR 
and ML) and Navcam−10° to +10° (ML)

−24° to +24° (Navcam)

R(θ, ϕ) ∼2 to ∼30 m Distance from camera bore hole to “any pixel” on Martian surface

RCC = R(θ, 0) ∼2 to ∼30 m Distance from camera bore hole to “any pixel along central column 
(cc)” on Martian surface

R0 = R(θC, 0) ∼2 to ∼20 m Distance from camera bore hole to “center pixel’ on Martian surface

H 1.9064 m Height of mast, up to joint (elevation actuator)

D 0.0646 m Length of top part (from joint to ML/MR boreholes) that can be 
tilted by angle Ɵ0 so that H′ = H + Dcosθ0

IFOV 0.074 mrad (MR) Single-pixel Instantaneous Fields Of View (IFOV) of Mastcam (MR 
and ML) and Navcam0.220 mrad (ML)

0.820 mrad (Navcam)

Note. The numerical range given for the variables (R0, RCC, θC, θ0, θ) is actually dictated by the image selection criteria that 
are applied by the ASIC pipeline (Table 3, Figure 7). H, D and IFOV are fixed per rover/instrument design. Refer to Figure 2.

Figure 2.  Variables needed to compute spatial scale for Mastcam and Navcam images. (a) 3-dimensional drawing of imaged Martian surface patch (here covered by 
16 × 8 hypothetical pixels and viewing of that patch by a camera (Mastcam or Navcam). (b) Same as (a), but only showing the (y, z)-plane. The parameter j is the row 
number of the CCD image frame. CAM = Camera (Mastcam or Navcam). FC = Frame Center. See Table 2 for symbols and their descriptions.
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In the pipeline, the “first-order’ approximation of Equation 6 is used for gener-
ation of rectified images, whereas Equation 6a is used for CCSB generation.

When setting Δθ ≡ Δϕ ≡ IFOV (Instantaneous Field of View), Δx and Δy 
become the pixel dimensions as projected onto the Martian surface (Figure 2a). 
Because Δy > Δx for θ > 0°, the vertical resolution is worse than the hori-
zontal resolution in terms of mm/pixel (e.g., Δy ∼ 0.9 and Δx ∼ 0.6 mm/px 
in the center of an ML image for θC = 45°, Equations 5 and 6a). Therefore, 
when generating rectified images, the actual ground lengths must be taken 
into account to guide warping of the acquired images. Subdivision into small 
subframes is needed, as the distortion varies across the image frame. Usually, 
16 × 16 px subframes were used for image processing, but the result of warp-
ing/rectification did not critically depend on the size of these subframes. For 
generation of rectified images, (a) the ASIC pipeline defines a reference length 
on the Martian surface: ref = R0IFOV that is tied to the image center; (b) the 
pipeline subdivides the acquired image frame into small (typically 16 × 16 px) 
subframes; (c) each of the subframes is distorted along x and along y as per 
the Δx/ref and Δy/ref ratios, respectively. This results into horizontal contrac-
tion below the frame center (Δx/ref < 1), and expansion above center (Δx/
ref > 1), and increasing vertical stretching from bottom to top of the image 
frame, owing to Δy/ref > 1 across the entire image.

2.2.  Uncertainty of Spatial Scale

Because of the foreshortening effect along the vertical direction, deviation from 
the assumption of “flatness” of the terrain introduces large errors along the y axis 
of the image frame. Therefore, the Mastcam and Navcam spatial scales are more 
reliable along the horizontal rather than the vertical axis of the image. For this 
reason, the spatial scale along the vertical direction is characterized as “notional.”

For the spatial scale along the horizontal direction, a simple scheme has been 
adopted that is termed “generic uncertainty” (Figure 3) and that is always 
printed in the black “info box” below each ASIC-processed image (Figure S1 
in Supporting Information S1).

The relative generic uncertainty is defined as follows:

𝑟𝑟𝑟𝑟generic =
∆𝑥𝑥ASIC − ∆𝑥𝑥true

∆𝑥𝑥true

� (7)

The absolute values of this expression are plotted (as percentages) in Figure 3 (see also a critical discussion of 
these uncertainties in the Supplemental Material). Comparison of spatial scales generated by the ASIC pipeline to 
those inferred from stereo image pairs showed ASIC scales to be within range of the “generic uncertainties” for 
any terrain potentially encountered by the rover, including terrains with unusually strong topographic relief. Obvi-
ously, float rocks, boulders and other asperities of the terrain are not taken into account by the ASIC pipeline. In 
the particular case of a boulder, the ASIC-provided spatial scales will refer to the flat ground, the specific boulder 
is lying on rather than to the boulder itself, and the ASIC spatial scale will lead to an overestimation of the true size 
of that boulder (Figure S2 in Supporting Information S1). In general, careful visible inspection of an image may 
provide clues on the sign and magnitude of the error of ASIC-based sizes of objects (or any features) in the images.

2.3.  Verification of Spatial Scale

Two Mastcam images are chosen to discuss the accuracy of the spatial scale as determined by the above ASIC 
algorithm and pipeline. Figure 4 shows the case of a left Mastcam image acquired on sol 330 (ID: mcam01336). 
Figures  4a and  4b show, respectively, the context map (based on an image acquired by the HiRISE camera 
onboard the Mars Reconnaissance Orbiter (MRO), McEwen et al., 2007) and the local context of that image 
(based on a mosaic of 12 ML images). Figure 4c specifies selected spatial scales (as determined from the ASIC 
scalebars to the right) of features of known size (as obtained by comparison with the rover components). The 

Figure 3.  “Generic uncertainty” for ASIC-provided (a) Mastcam and (b) 
Navcam spatial scale along the horizontal direction as a function of elevation 
angle ΘC (angle between the vector i.e., pointing straight down from the 
camera head and the camera's line of sight). The ASIC pipeline prints this 
uncertainty into the “info box” below each processed Navcam and Mastcam 
image (Figure S1 in Supporting Information S1).
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ASIC values compare very well to the “true values” (in square brackets), for example, distance between neighbor 
grousers on the wheels (Figure 5a), wheel width (Figure 5a), and rover width. ASIC provides two types of vertical 
scales, that is, distances from rover (e.g., nadir point below camera) to center of image frame (here: 3.8 m), and 
vertical ASIC scalebars as given to the right in Figure 4c.

Using the vertical ASIC scalebars (to the right of the image frame, Figure 4c), the width of the rover is deter-
mined to be 173 cm, which deviates from the true value (172.5 cm) by only 0.3%. The distance of 3.8 m from the 
camera nadir point to the frame center (see “info box”) also compares favorably to the corresponding true value 
(∼3.65 m, rel. deviation ∼4%). The latter value is obtained by subtracting the RSM offset (∼60 cm to the right on 
the rover deck, Figure 1a) and the distance between image center and center line between rover wheels (∼45 cm, 
Figure 4c) from the distance between sol 50 and sol 329 rover tracks (∼4.7 m, Figure 4a).

The ML pointing for the image shown in Figure  4c was: rover heading +(camera azimuth—straight-ahead 
pointing) = 244.29° + (281.67°–181.8°) = 344.16°, that is, NNW.

This direction is indicated by a straight line in Figure 4a,—the same straight line that also has been used to deter-
mine the distance from rover position on sol 329/330 (the rover did not move on sol 330) to the wheel tracks from 
sol 50 (Figure 4c). The camera azimuth (az = 281.67°) in the above formula is given in the “info box” for this 
particular ML image (see bottom of Figure 4c) and the angle 181.8° corresponds to the “straight-ahead pointing 
direction” of the camera (see also Figure S1 in Supporting Information S1).

Another example demonstrating the accuracy and reliability of ASIC data products is given in Figure 5. Figure 5a, 
an almost ideally straight-on MAHLI image (sol 713) of the left front wheel, presents some relevant distances 
on the rover wheel: A and B are, respectively, the horizontal and vertical distance between two vertices of the 
V-shaped grouser pattern; C is the width of the wheel. Figures 5b and 5c show, respectively, the as-acquired 

Figure 4.  (a) Map of rover traverse in the sol range 49–336. The map was generated by MMGIS software (Calef et al., 2017). Sol labels are black and yellow for, 
respectively, way down into and way out of „Glenelg“ (note the palindromic name), the top-most stratum in the Yellowknife Bay area. (b) Mosaic of 12 ML images. (c) 
ML image acquired on sol 330 (0330ML0013360010107933E01, white rectangle in panel (b) of rover tracks (named ‚Letitia‘) from sol ∼50. This image was acquired 
from the rover position that was reached on sol 329 (see panel a). It highlights different features and their associated spatial scales (both their ASIC scale and, in square 
brackets, their true scale [per rover design]). Note that there are two types of vertical scales: the vertical scalebars next to the image frame and the distance from rover 
to frame center (see “info box”). Also highlighted in panels (b and c) are the odometry marks that are spaced by ∼157 cm (π × wheel diameter = π × 50 cm). These 
odometry marks are also Morse code for „JPL“ (https://www.nasa.gov/mission_pages/msl/multimedia/pia16111.html). Credit: NASA, JPL, MSSS.

https://www.nasa.gov/mission_pages/msl/multimedia/pia16111.html
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image (oblique) with a CCSB and its rectified (warped) version with a unique scalebar. Distance A is inferred 
(from Figures 5b and 5c) to be 151 and 162 mm, respectively, which is within 5% of the rover design value 
(158 mm, Figure 5a). Note that the value 151 mm (Figure 5b) must be inferred from the CCSB by applying the 
Pythagorean theorem, as the CCSB provides separate horizontal and vertical scalebars (here: 100 mm long scale-
bars). In this particular case, however, it would be (almost) enough in first approximation to neglect the vertical 
component.

In the as-acquired image shown in Figure 5b four white lines of same length have been drawn: the top one appears 
to connect two vertices of the V-shaped grouser pattern, whereas the others (i.e., those placed closer to the rover) 
do not. In its rectified version (Figure 5c) all four white lines span the same ground distance.

Because rectified images do not take into account the vertical height of real (Martian) objects (such as sand 
ripples or float rocks), the rectification process occasionally generates artifacts (top of Figure 5c). ASIC provides 
both CCSB and rectified images, if the elevation angle is less than 60° and 40° for Mastcam and Navcam, respec-
tively (further details in following sections).

Figure 5.  (a) Rover wheel metrics. MAHLI view of left front wheel (sol 713). Panels (b and c) show rover wheel tracks 
imprinted into the Rocknest aeolian deposit: (b) Left Mastcam image (sol 102) with central-column spatial scale to the 
right. (c) The same image (as in b), but rectified (warped) such that a single scalebar (here: 200 mm) applies to the entire 
image frame. Due to the non-linearity of image rectification, the frame center (marked by thin solid lines, see yellow circles 
in panel (c)) is in the lower part of the rectified image. Distances between grouser vertices (A = 158 mm as measured on 
the actual rover wheel, see panel (a)) can also be read from the grousers imprints into the soil (panels b, c). Again (as in 
Figure 4c) the ASIC spatial scales compare very well to the corresponding rover hardware scales (given in square brackets). 
Four white lines of same length have been placed in the wheel tracks in panels (b, c) and can be compared to the grouser 
features imprinted into the sol (see text for further details). Image ID: 0713MH0002620000204354E01 (subframe), 
0102ML0006750040103027E01 (full frame). Credit: NASA, JPL, MSSS.
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3.  Assignment of Spatial Scale to MAHLI Images
3.1.  Algorithm and Mathematical Formalism

The ASIC pipeline generates scalebars for MAHLI images, provided that the working distance from MAHLI's 
front lens element to the imaged object is less than about 100 cm (Edgett et al., 2012). In this way, obliquely 
acquired MAHLI landscape images are avoided, where spatial scale varies tremendously across the image frame. 
A key parameter for MAHLI image acquisition is the focus motor count (fmc) that controls the position of the 
lens focus group inside the camera (Edgett et  al.,  2012). This parameter can be converted into the “working 
distance”, that is, the distance from the camera's front lens element to the focal point in the object space (Edgett 
et al., 2012; Oct. 2015). We distinguish between two cases:

Case 1:  IF fmc ≥ 12680 THEN “cover is open”, working distance ≤ 98.05 cm and x = fmc

Case 2∶ IF fmc ≤ 4395 THEN “cover is closed”,working distance ≤ 98.05 cm and x = 17075 – fmc� (8)

Case 2 is encountered very rarely. In both cases the following formulas are applied:

working distance (cm) =
[

a x−1 + b + c x + d x2 + e x3
]−1� (9)

a = 0.576786�

b = −11.8479�

c = 2.80153 10
−3�

d = −2.266488 10
−7�

e = 6.26666 10
−12�

pixel scale (𝜇𝜇m∕px) = 6.9001 + 3.5201 × working distance (cm)� (10)

Equations 8, 9, and 10 are from, respectively, 4, 3 and 2 in Edgett et al. (Oct. 2015, pp. 24–29). Examples of 
application of these formulas are shown in Figure 6 and Figure S3 in Supporting Information S1 (the latter Figure 
belonging to the Supplemental Material).

3.2.  Uncertainty

For MAHLI focus merge products (the so-called “R-type images,” see Appendix  A), ASIC capabilities are 
limited, because the header does not provide sufficient information for the computation of an average pixel scale. 
Thus, presently the ASIC pipeline does avoid MAHLI Z-stack focus merge (R-type) images but provides spatial 

Figure 6.  Example of MAHLI focus stack (sol 2431),—here shown 3 (out of 8) component images that have been acquired at different working distances (“wd,” 
distance from MAHLI's front lens to target). Panels (a and c) show the two images that have been acquired at the most extreme working distances (5.20 and 3.09 cm, 
respectively) in this particular focus stack, whereas panel (b) shows the component image with best focus (wd = 3.82 cm). ASIC provides scalebars to all these 
component images, with the caveat that any ASIC MAHLI scalebar does only apply to in-focus images or in-focus portions of those images. Credit: NASA, JPL, MSSS.
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scale for all individual component images which are usually of C-type (single image, lossless compression, see 
Appendix A): if the particular C-type image considered is in focus, then the ASIC-provided scalebar can be 
considered to be valid. If only a small subframe of an image is in focus, the scalebar applies only to that particular 
subframe. Presently, ASIC does not include an algorithm for automatic identification of out-of-focus imagery. 
Figure 6 shows three (out of eight) component images of a MAHLI Z-Stack: 2431MH0003200020901289C00 
(Figure 6a) through …296C00 (Figure 6c), with …293C00 (Figure 6b) being the sharpest image in this Z-Stack 
series. The relative deviation of spatial scales for the two extreme images (Figures 6a and 6c) from the one for 
the best-focus image (Figure 6b) is about 17%. Obviously, direct comparison of differently focused images helps 
to identify the image that is “mostly in focus” (considering the entire frame). However, the two extreme images 
shown in Figures 6a and 6c are immediately identified as being out of focus (again: with their scalebars being 
in error by about 17%). Therefore, we argue that “average human vision” will allow to discriminate between 
in-focus and “slightly out-of-focus” images, such that ASIC-inferred scalebars for MAHLI images are accurate 
to within 10%. This statement is supported by the additional check of ASIC-provided spatial scales for objects of 
known size (such as the US penny and drill holes, see also Figure S3 in Supporting Information S1). The scale of 
any R-type image should therefore be equal (within 10% accuracy) to the scale of the “best” Z-Stack component 

Figure 7.  Processing of Mastcam and Navcam images by the ASIC pipeline as a function of the elevation angle θC. Distinguish between the angles θC and θ (see 
Table 2, Figure 2). An alternative overview of ASIC data products is given in Figure S1 in Supporting Information S1. Image ID: 1931MR0100810580900690C00, 
θC = 76.63°. 1931MR0100810600900692C00, θC = 76.86°. Credit: NASA, JPL, MSSS.

Table 3 
Image Selection Criteria of the ASIC Pipeline for Mastcam, Navcam and MAHLI Images

Camera ASIC selection criteria

Mastcam i) Images of type C, E or F

ii) Image size: ≥1,000 columns and ≥1,000 rows

iii) Elevation angle: θC ≤ 85° (See Figure 7)

Navcam i) EDR images

ii) Image size: ≥1,000 columns and ≥1,000 rows

iii) Elevation angle: θC ≤ 85° (See Figure 7)

MAHLI i) Images of type C, E or F

ii) Image size: ≥256 columns and ≥256 rows

iii) Images not from sol 274 (MAHLI focus check campaign)

iv) Working distance: wd < 1 m (avoid landscape images with focus at infinity)

Note. The criteria specified for each camera must all be met simultaneously. Meeting the Mastcam and Navcam criteria does 
not necessarily imply generation of an image with scalebar (see Figure 7).
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image (as judged by visual inspection), although for (above explained) technical reasons, ASIC cannot display 
scalebars in focus-merge images. The latter type of image can also be generated onboard without downloading 
the individual component images, and in that case the scale for this MAHLI target is not available in ASIC. In 
summary, ASIC MAHLI scalebars are accurate to within 10% and should always be understood to indicate the 
scale of in-focus elements of images that are not focus merge products. In some cases, however, this rule may be 
difficult to apply (see Figure S3 and related discussion in Supporting Information S1).

4.  ASIC Pipeline: Selection and Processing of Images
The ASIC pipeline ingests Navcam, Mastcam and MAHLI images according to the selection criteria listed in 
Table 3. These images are essentially of EDR type (Experiment Data Record), that is, they have been edited for 
science use, but have not been subjected to any other processing (EDR data are also referred to as NASA Level 
0, Bell et al., 2017). Only minimal image processing is performed: (a) 8-to-11-bit “decompanding” on Mastcam 
and MAHLI images, since these images have been “companded” from 11 to 8 bit prior to download from Mars 
to Earth (Bell et al., 2017; for Navcam images this step is omitted since they are already downloaded with 12 
bit dynamic range (Maki et al., 2012 and references therein)), and (b) mild stretching of Mastcam and MAHLI 
images between lowest and highest DN and slightly enhanced stretching of Navcam images (stretching between 
lowest and highest DN after removal of 1% darkest and 1% brightest pixels).

The ASIC software processes all types of Navcam images as well as C-, E-, and F-type images that have been 
acquired by Mastcam and MAHLI. C-type images are lossless compressed and E- and F-type images are in JPEG 
format (see Appendix A and Bell et al., 2017 for further details). Only very few MAHLI images throughout 
the entire mission have been encoded and transmitted in D format (JPEG grayscale, see Appendix A), while 
Mastcam D-type images are numerous, as they are acquired for “sky flats”, that is, images of the sky in order to 
monitor the flat-field response of the camera, including dust settling on the protective window), imaging of astro-
nomical objects (e.g., Phobos and Deimos) and, in most cases, as part of multispectral sequences (see Introduc-
tion). However, they are generally of lower spatial resolution than Bayer-filter Red-Green-Blue images (hereafter 
referred to as RGB images, acquired through the broadband filters, L0 and R0, of the Mastcam filter wheels, Bell 
et al., 2017), and do not contribute to the main goal of the ASIC project that is centered on high-resolution color 
images, that is, spatial scale, color, morphology and texture of imaged surface features as well as their chemical 
information. More importantly, whenever a multispectral Mastcam-sequence was commanded, an RGB image 
has been taken as well. Therefore D-type images are listed in the “Target Search” area of the ASIC website (see 
Section 5), but are otherwise not shown in ASIC. In particular, D-type Mastcam images are not processed in 
terms of spatial scale.

It should be apparent from the mathematical formalism (Section  2) that ASIC scalebars cannot be obtained 
for Mastcam and Navcam images approaching or containing the (notional) horizon. These images are often 
subframed (typically to less than 1,000 rows) and are therefore excluded from ASIC image processing (Table 3). 
For the same reason, spatial scale (CCSB) is only provided for Navcam and Mastcam images, if their elevation 
angle θC ≤ 85° (Table 3, Figure 7). Moreover, no CCSB is drawn beyond θ = 75° (see example in Figure 7) 
which corresponds to a distance of 7–8 m from the rover. Additionally, it was not deemed worthwhile to provide 
scalebars to images with only a few pixel rows near the bottom of the image satisfying the condition for θ ≤ 75°. 
The transition from images with CCSB to those without CCSB is handled dynamically by the ASIC pipeline 
(Figure 7): images with θC < 76.6°, 80.3°, and 83.5° (approximate values) for MR, ML and Navcam, respectively, 
will be provided with either a full or a partial CCSB (given condition θ ≤ 75°, Figure 2).

5.  ASIC Website: Synoptic of Images, Spatial Scale and Chemical Composition
The ASIC website provides access to all data products generated by the above-described pipeline and, in addition, 
it provides access to all (or most) science targets and their chemical compositions. The website (Figure 8) has two 
domains (“tabs”) to search for data: ASIC Home and ASIC TargetSearch.

ASIC Home (Figure 8a) provides access to all ASIC-processed Mastcam, Navcam and MAHLI images according 
to 6 search criteria (parameter ranges in parentheses): season LS (0–360°), Local True Solar Time (LTST, 12:00 
a.m.–11:59 p.m.), sol number (integer >0), Spacecraft Clock Time (SCLK, long integer >397504830), azimuth 
angle (0–6.32 rad), elevation angle (0.14–1.49 rad).
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ASIC TargetSearch (Figure 8b) allows to search for any specific science target. Search results will be Navcam, Mast-
cam and MAHLI images with/without spatial scale, where that specific target is visible. Additionally, ASIC Target-
Search provides access (via direct hyperlinks) to higher-level calibrated image data in the Planetary Data System 
Analyst's Notebook (AN) that have been linearized, radiation-corrected and/or color-corrected by the respective 
instrument teams (Bell et al., 2017; Maki et al., 2012; Malin et al., 2017). The AN (https://an.rsl.wustl.edu) is a web 
application that offers access to peer-reviewed, released data integrated with documentation describing context for 
observations, processing methodology, and data formats from Curiosity rover surface operations. There are two types 
of hyperlinks from ASIC TargetSearch to the AN (Figure 8b): a direct link to a specific 2%-stretched image and 
another link to the AN product detail page for that specific image, where the higher-level calibrated color image (the 
DRCX-type data product, Bell et al., 2017; Malin et al., 2017) can be downloaded either in PNG or JPEG format or 
in PDS archive format. In addition, the AN detail page includes image metadata and additional image product types.

The ASIC pipeline and the AN use the same set of science targets, extracted from the MSLICE planning tool used 
by the science team to define targets. Each target's location information includes ground coordinates relative to 
the rover and its position on a finder frame from which other images of a target can be auto-located. The AN auto 
location function is limited to finding images acquired within 50 m of a target. The AN includes a downloadable 
science target summary table and a target search function. In addition, the image measurement tool may be used 
to annotate images with targets.

Both the ASIC Home and ASIC TargetSearch tabs provide access to ChemCam-LIBS and APXS data on chem-
ical composition of all science targets analyzed by either one of these (or both) instruments: Upon hovering 
with a computer mouse above some target, the chemical compositions pop up immediately as retrieved from 
the PDS. Additionally, a more detailed chemical data table is available displaying the chemical composition 
of that same (Martian) target next the ones of terrestrial reference samples that are used for calibration of the 
Martian data (Clegg et al., 2017; Wiens et al., 2013). In addition to the above-mentioned image types (Mastcam, 
Navcam, MAHLI), also ChemCam-RMI images (Remote Micro-Imager) of ChemCam targets and the context 
and contour MR images of ChemCam targets can be retrieved. More detailed information on the ASIC website 
and an expanded version of Figure 8 can be found in the Supplemental Material.

Figure 8.  The ASIC website. (a) The “ASIC Home” domain: search for images throughout the mission, according to season, Local True Solar Time, sol (here: sol 
1274), Spacecraft Clock Time, camera azimuth, camera elevation, and display the results of this search. (b) The “ASIC TargetSearch” domain: search a target (here: 
“Palmwag’, sols 1274–1275) and list all images that do show this target (within max. 50 m from the rover). Two columns contain links to the Analyst's Notebook. An 
expanded version of this figure can be found in Supporting Information S1 (Figure S8).

https://an.rsl.wustl.edu/
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6.  Summary and Outlook
An algorithm for determining the spatial scale in images (Mastcam, Navcam) acquired by Mars rovers has been 
presented. Its fundamental assumption is that the rover is standing on an infinite plane surface that is level or not 
with respect to the local Martian areoid. Spatial scales are inferred from the inclination of the cameras (Mastcam, 
Navcam) as key parameter,—given the design parameters of the rover's Remote Sensing Mast and the cameras 
(Mastcam, Navcam) on top of that mast. A software pipeline processes Mastcam and Navcam images acquired 
within a 20 m radius and determines the spatial scales of features that are located within 10 m from the rover. 
The key feature of the pipeline is that it only uses data from the label (image metadata) saved together with any 
particular image in the PDS archive. Thus, the pipeline requires no other information or ancillary data sets. 
Specifically, algorithm and pipeline do not invoke Digital Elevation Models that are inferred either from rover 
stereo images (acquired by ML and MR, NL and NR) or from orbital stereo images (e.g., acquired by HiRISE). 
This has the advantage that inferred spatial scales lack artifacts (e.g., gaps in the terrain mesh) and are always 
consistent. As for any other scientific data set, it is important to keep the limitations of ASIC spatial scales in 
mind: Whenever some object is significantly sticking out of the ideal plane surface, on which the rover is standing 
and roving, the size of that object may be overestimated (see Figure S2 in Supporting Information S1).

Obviously, the ASIC algorithm can be easily applied to any mast camera onboard any Mars rover. In the frame of 
the ASIC project and pipeline, the algorithm is continuously being applied to images acquired by both wide-angle 
(engineering) cameras (Navcam, FOV ∼48°) and narrow-angle cameras (ML and MR, FOV ∼20° and 7°, respec-
tively) on the top of Curiosity's Remote Sensing Mast (RSM). Comparison to features of known size (e.g., drill 
holes, rover wheel tracks) demonstrates that the true uncertainties on spatial scale (as derived from the ASIC algo-
rithm) are clearly better than the generic ones that are automatically given below each processed image, especially 
for images acquired by the narrow-angle cameras. The ASIC pipeline does also determine spatial scale for MAHLI 
images, although the underlying algorithm is based on the focus motor count, that is, one of MAHLI's image acqui-
sition parameters, and is thus totally different from the one used for Mastcam and Navcam images. MAHLI spatial 
scale is provided for in-focus objects that are less than 1 m away from MAHLI's front lens element.

Finally, the ASIC website (https://asic.mps.mpg.de) has been created in order to combine spatial scale of objects 
and targets on the Martian surface with high-resolution color images and information on chemical composition 
and to provide easy access to all these data. The ASIC website is intimately linked to Analyst's Notebook (AN, 
https://an.rsl.wustl.edu) such that all (or nearly all) surface images of the mission can be accessed as ASIC image 
(with scalebar) and/or as radiometrically calibrated/linearized Navcam or color-corrected Mastcam/MAHLI 
image. Moreover, all science targets and their (approximate) positions in images (as retrieved from Curiosity's 
planning software tool MSLICE) are displayed in both ASIC and AN. In summary, ASIC is a dynamic (contin-
uously updated) website that—interlinked with and complementary to AN—will hopefully stimulate scientific 
work with Curiosity's images and chemical data worldwide.

Appendix A:  Types of Raw and Processed Mastcam Images
Table A1 is an excerpt from Table 3 (modified) in Bell et al. (2017). The image type is usually the third last 
character of the image ID string. Image types C, D, E, F, and I exist for both Mastcam and MAHLI, while images 
types R and T are reserved for MAHLI.

Table A1 
Types of Raw and Processed Images That Can Be Generated by the Mastcam (ML and MR) and MAHLI Cameras (Bell 
et al., 2017)

Type Form Encoding

C Image (Mastcam, MAHLI) Losslessly compressed (Huffman)
D Image (Mastcam, MAHLI) JPEG grayscale (luminance only)
E Image (Mastcam, MAHLI) JPEG 4:2:2 YCrCb chrominance subsampling
F Image (Mastcam, MAHLI) JPEG 4:4:4 YCrCb chrominance subsampling
I Image Thumbnail (Mastcam, MAHLI) JPEG 4:4:4 YCrCb chrominance subsampling
R Focus Merge Image (from ZStack, MAHLI) JPEG 4:4:4 YCrCb chrominance subsampling
T Focus Merge Thumbnail (MAHLI) JPEG 4:4:4 YCrCb chrominance subsampling

https://asic.mps.mpg.de/
https://an.rsl.wustl.edu/
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Data Availability Statement
The ASIC website can be accessed via https://asic.mps.mpg.de. The core part of ASIC includes non-rectified 
images with central-column scalebar, science targets and chemical data (APXS, ChemCam) as available in the 
PDS archive. The ASIC website is strongly interlinked with Analyst's Notebook (https://an.rsl.wustl.edu/msl), 
and a very large number of specific hyperlinks (within ASIC) point directly to data residing in Analyst's Note-
book. In addition, the following (external) data products can be accessed from within ASIC: Chemical compo-
sition of ChemCam science targets (Wiens, 2013a): http://pds-geosciences.wustl.edu/msl/msl-m-chemcam-libs-
4_5-rdr-v1/mslccm_1xxx/data/moc. Mosaics of high-resolution grey-scale images of ChemCam science targets 
(Wiens,  2013b): http://pds-geosciences.wustl.edu/msl/msl-m-chemcam-libs-4_5-rdr-v1/mslccm_1xxx/extras/
rmi_mosaics. The component images have been acquired by ChemCam's RMI (Remote Micro-Imager). Mast-
cam context color images of ChemCam science targets: http://pds-geosciences.wustl.edu/msl/msl-m-chemcam-
libs-4_5-rdr-v1/mslccm_1xxx/extras/rmi_contours_in_mcam_images. Chemical composition of APXS science 
targets (Gellert, 2013): http://pds-geosciences.wustl.edu/msl/msl-m-apxs-4_5-rdr-v1/mslapx_1xxx/extras.
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