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Introduction:  Two-dimensional (2D) and three-

dimensional (3D) imaging are essential for understand-
ing the local geological context, as well as navigation, 
hazard avoidance, instrument placement, and science 
planning of landed spacecraft.  The Structured Light 
Imaging Module (SLIM) uses a compact low-power 
solid-state programmable pattern generator for both, 
ranging (SLIM-3D) and remote microscopy (SLIM-
RM).  SLIM can also augment the capabilities of other 
camera-based systems on upcoming Mars missions and 
on landers elsewhere in the Solar System.  We present 
an overview of the SLIM-3D sub- module taking 
shape at LambdaMetrics as part of NASA’s Planetary 
Instrument Definition and Development Program.[1] 

Background:  During autonomous navigation, cur-
rent Mars rovers process stereo images from 
HAZCAM or NAVCAM cameras to create a “Good-
ness Map” of the local terrain within a 4-5m distance, 
from which the safest path towards the target is deter-
mined.[2]  This process requires many steps, including 
downsampling the images, correction for lens distor-
tions, filtering, image correlation, and terrain assess-
ment, and can take on-board computers several min-
utes.  As a result, each segment of the path towards the 
target is calculated when the rover is stationary rather 
than in real-time. Stereo correlation algorithms can be 
sensitive to noise, lighting conditions, as well as the 
position, shape, orientation and contrast of the objects, 
which could result in missing range data.  In some 
situations, such as that initially encountered by Oppor-
tunity inside Eagle crater, low contrast or shadowing 
of the terrain (exacerbated at high latitudes) can render 
the stereo system ineffective for acquiring 3D data.[2]  
Moreover, the passive imagers require sunlight, rele-
gating navigation tasks to daytime. 

Towards Faster, More Precise, Robust Ranging:  
SLIM-3D, on the other hand, uses active triangulation, 
a ranging method that relies on projecting light fringe 
patterns (structured illumination) onto the landscape 
and imaging them with an off-axis camera (e.g. one of 
the rover’s stereo cameras).  Unlike stereo imaging, 
this approach does not rely on ambient light, intrinsic 
contrast in the terrain, or object correlation, and as a 
result is robust under a wide range of conditions.  
While active projection of 5 laser stripes was used in 
conjunction with stereo imaging for ranging by the 
Sojourner rover, this system was able to determine 
only 20 XYZ points from each stereo image pair.[2]  
In contrast, SLIM-3D illuminates a wide field-of-view 

(e.g. 45°) with a sequence of 2D patterns and uses a 
computationally simple and robust algorithm to trian-
gulate range separately and in parallel for each pixel in 
the imager, resulting in a fully-filled pixel grid of 
range data and making real-time 3D mapping and ter-
rain assessment possible (e.g. see Fig. 1).  Unlike most 
triangulation techniques, SLIM-3D is robust against 
spatial variations in ambient light, texture, and reflec-
tivity, and to noise propagation between different parts 
of the range map.  SLIM-3D can reliably measure dis-
continuous surfaces and can rapidly measure several 
million 3D points using just a few (e.g. 4-9) images. It 
is also compact, has no moving parts, and consumes 
little power (e.g. < 6W). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig 1: (a)-(b) SLIM-3D prototype system used to im-
age the rocks. (c) Outdoor experiment using laptop-
controlled SLIM-3D to image a ~12” diameter region 
of a sandstone boulder from 5 m distance. (d) A con-
ventional image (left) and SLIM-3D reconstructed 
views of the illuminated boulder illustrating benefits of 
profilometry for understanding rock morphology. 

As shown in Fig 2a, to accomplish this SLIM-3D 
relies on illuminating the scene with fringe patterns 
and imaging it with an off-axis camera, and falls in the 
class of wide-field structured illumination profilometry 
methods employing triangulation.[3]  Due to the angle 
between the imaging and illumination axes, object 
depth variations appear as phase deformations in the 
imaged pattern.  The cumulative fringe phase at any 
given point on the object maps to the offset angle β 
from the illumination axis.  A sequence of at least 
three images taken as the phase and/or frequency of 
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the fringes is varied can be used to determine β for 
every pixel independently from neighboring pixels by 
temporal phase unwrapping.[4]  Given β, the pixel’s 
range can be triangulated from the known relative po-
sitions and orientations of the camera and projector. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig 2: (a) principle of structured-light triangulation (b) 
key elements of the acousto-optic pattern generator 

A key strength shared by several SLIM-3D algo-
rithms we’ve developed is computationally-efficient 
pixel-independent depth computation, ensuring that 
errors don’t propagate across the image.  These algo-
rithms also inherently compute and compensate for 
fringe visibility, object reflectivity, and ambient illu-
mination variations independently for each pixel. 
Moreover, pixels with errors or missing data can be 
automatically rejected and do not affect ranging at 
neighboring pixels.  It is thus possible to measure the 
3D locations of thousands of separate particles in a 
debris cloud, for example, or to measure objects that 
are rough, stepped, gapped, and/or varied in reflectiv-
ity, as is typical of geological features. 

As illustrated in Fig 2b, the SLIM-3D fringe pat-
terns are dynamically synthesized using an Acousto-
Optic (AO) device (“Bragg cell”) driven by an RF 
signal containing two frequencies. Incident light is 
diffracted by the AO grating at an angle proportional 
to the RF frequency resulting in a moving interference 
pattern projected by a lens onto the 3-D object.  The 
pattern’s phase and frequency can be precisely con-
trolled and frozen in time by strobing the illumination. 

Although the structured light 3D imager can pro-
vide very precise and dense measurements of nearby 
geologic features, its range is limited to about 10 m by 
optical power and exposure time considerations (e.g. 
~100 mW laser diode, ~1 s measurement time).  For 

more distant objects, passive stereo imaging is the 
method of choice.  The same stereo cameras (e.g. 
PanCams or NavCams) can be used to acquire SLIM-
3D data, with the small AO projector placed between 
them.  Moreover, by combining range data from the 
two cameras it is possible to mitigate shadowing (line-
of-sight occlusion by object features) inherent in active 
triangulation.  SLIM-3D is also compatible with multi-
spectral imaging since separate images taken through 
color filters can be overlaid onto the range data with 
minimal processing.  The projector’s illumination field 
could be matched to the FOVs of different cameras by 
varying the projector lens focal length using a zoom 
lens or a “lens wheel”. 

We are also developing a stand-alone electronics 
platform (compatible with available radiation-
hardened and low-temperature components) with all of 
the instrument control, data processing, and interface 
functions needed to create dense XYZ point clouds.  
The resulting stream of XYZ points (e.g. several mil-
lion points per second) can be used directly by 
autonomous navigation and positioning subsystems or 
compressed for transmission to Earth for analysis. 

To date we have developed and demonstrated a 
portable AO pattern projector (see Fig. 1), electronics, 
and software. We have also designed a smaller next-
generation AO projector module suitable for mounting 
on a rover’s mast or arm.  A key feature of the new 
design is a “light engine” wavelength-multiplexing up 
to 5 integrated light sources such as LEDs and laser 
diodes for 3D imaging and remote microscopy. 

Conclusion: SLIM-3D promises to make autono-
mous navigation faster, further-reaching, and more 
reliable in low-contrast or treacherous terrain, thereby 
reducing dead time between data collection and ren-
dering accessible areas of interest that might otherwise 
be deemed too dangerous.  SLIM-3D also provides 
very high depth resolution (e.g. < 100 μm at a 1m dis-
tance) making it useful for measuring rock morphol-
ogy and precise positioning of instruments such as a 
rock abrasion tool.  Since SLIM-3D can perform rang-
ing using any 2D camera, it can also be used with mul-
tispectral stereo imagers such as the MastCam as a 
single instrument, providing integrated range and spec-
tral data for each image pixel.   
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