
Figure 7. Structure from Motion. We scan dark, mostly textureless objects on a rotating stage. Our system continuously projects new ‘heat
points’ on the object’s surface during motion. The camera and projector lack any baseline, and the SfM relies solely on the tracked heat
points. (Top row) Velvet-like styrofoam head. The third and fourth subfigures show tracked points and newly projected points outputted
by the projection-diffusion reversal (PDR) operator, respectively. The stage rotates about 440◦. The recovered camera positions are highly
accurate, fitting a circle with a coefficient of determination of R2=0.99996. (Middle row) Scanning a cylindrical can and a rectangular
planter. SfM without the PDR operator yields degraded results. (Bottom row) Black plastic head scan of about 160◦ rotation. Here, the
reconstruction without the PDR operator failed to generate a face and register all the frames. We texturized the head with paint to recover
a good reference mesh using COLMAP. After alignment, the maximum error between the reference and our recovery was 7.1mm.

Figure 8. Augmented reality. Tracking the featureless plane’s 3D
pose enables superimposing a picture on the plane’s surface.

head of Fig. 7(Bottom) using paint and recovered its shape
with COLMAP. Post alignment and true-size scaling, the
mean and max MeshLabs’s Hausdorff distances between
the painted head and our recovered mesh were 1.5mm
(0.8% w.r.t. shape scale) & 7.1mm (3.7%), each [8].

In Fig. 8, we show an augmented reality application by
projecting on a featureless black sheet and using the tracked
points to superimpose a picture on the plane’s surface. In
Fig. 9, we put the system on a cart and use it for indoor lo-
calization. We direct the system towards the floor using a
mirror and traverse in a loop around the office desks span-
ning around 20m. Fig. 9 shows that our system provides

good camera motion tracking. The recovered motion shows
good loop closure despite the lack of any matches connect-
ing the first and last frames. For reference, we computed the
cart’s motion using a GoPro camera attached to the cart and
directed at the room. The GoPro was affixed on the cart’s
right, about 25 cm away from the thermal camera, which
explains the broader loop in Fig. 9. The mean absolute er-
ror compared to the reference was on the order of 14 cm.
Fig. 9’s recovery used our PDR network; The supplement
discusses the PDR performance gap in the cart experiment.

In Fig. 10, we apply our method to compute the optical
flow for both rigid (Top row) and non-rigid object motions
(Bottom row). We use RAFT to compute the pair-wise flow
[37], where the current frame is corrected with the PDR
network. Observe that the projected points yield sufficient
texture to compute the flow of otherwise textureless objects.
The recovered flow of Fig. 10(Top row) fits the expected
circular flow model with R2=0.98.

We tested the projection-diffusion network’s effect on
the downstream vision tasks. As expected, the network had
a significant effect in cases where the image pairs exhibited
a large appearance deviation. Such deviations occur for ma-



Figure 9. Indoor localization. We loop around office desks while
pointing the system towards the floor. Our method yields accurate
tracks and loop closure, with no shared feature points between the
first and last frames. The blue reference camera poses stem from
a COLMAP reconstruction using frames from a GoPro camera af-
fixed to the cart’s outer end, pointed at the office.

terials that rapidly diffuse the heat or when the input frames
are further apart (i.e., m>1). See Fig. 7 for visual compar-
isons. Conversely, the network had a negligible effect on
materials where the point diffusion was relatively slow and
the individual points had little overlay (e.g., Fig. 9).

9. Discussion and Limitations

Loop closure. The thermal patterns are transient and dis-
appear after a short time. Thus, at each frame, the existing
pattern is only consistent with temporally adjacent frames,
making feature-based loop closure impossible when relying
solely on the projected patterns. Nevertheless, most envi-
ronments should have some regions with sufficient natural
infrared texture to allow loop closure.
Laser illumination. When using a laser to generate
heat, unintended direct and specular reflection may pose
safety issues for applications involving humans and ani-
mals. However, an ‘eye-safe’ laser with emission wave-
lengths greater than 1.4 µm may be used instead of a green
laser. See the supplementary for a laser safety discussion.
Material properties. We assume object materials that are
responsive to heat projection. This responsivity, which
manifests with pattern SNR and dot frame duration, de-
pends on the material’s absorption of the laser’s wavelength
(i.e. albedo), thermal conductivity and diffusivity, and emis-
sivity in the camera’s infrared range. Thus, our method will
exhibit degraded performance on some materials like glass,
metals, and more (see supplementary for examples).
Point density for 3D recovery. Our approach yields a
sparse point cloud of the scene. However, expanding the
model into a dense one using existing multi-view-stereo
(MVS) approaches is not straightforward using thermal im-

Figure 10. Optical Flow. (Top row) A rotating stage is positioned
to face our system. We use RAFT to compute the optical flow
between every pair of consecutive frames. (Bottom row) Non-
rigid object motion (left plane folds while the right remains fixed).

ages. Nevertheless, future works may extend MVS ap-
proaches to handle the thermal domain and its particular
characteristics (e.g., heat diffusion and more).
Rapid scene motion. In this work, we assumed and ver-
ified experimentally that each dot projection time is short
enough such that the scene is approximately static per dot.
However, very rapid scene motions may smear the projected
dots into curves. Expanding our method to accommodate
these short curves can be achieved by including them in the
training set (e.g., by projecting short curves during training)
and making slight adjustments to the input G channel.

10. Conclusion
This paper introduces a new class of structured light

methods, where the projected patterns remain on the ob-
ject in the thermal domain, combining the advantages of
physical and projected patterns. By using a laser to project
controllable heat patterns onto objects, we can remotely im-
print patterns without altering an object’s appearance, facil-
itating dynamic vision tasks for textureless surfaces. Like
lidar, our system could be integrated into autonomous ve-
hicles and robots to ease navigation in challenging environ-
ments, both urban and industrial (e.g., inside pipelines or
tunnels). Our work also provides a pathway for encoding
digital codes into the thermal patterns, enabling communi-
cation between different agents [2]. Our approach could
facilitate other studies like recovering material properties,
structural analysis, medical imaging, and even artistic ex-
pression in fields such as computer graphics.
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