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Figure 1. We introduce a method to reconstruct the 3D position and pose of a person from their thermal reflections in everyday objects
with non-planar surfaces. Given an RGBD image and a thermal image in the middle of the figure, our method is able to recover the 3D
mesh of the person (blue) as well as the objects (pink), even though they are not within the field of view of the camera system. Our system
never sees the scene on the left, which is only shown for visualization purposes.

Abstract

The relatively hot temperature of the human body causes

people to turn into long-wave infrared light sources. Since

this emitted light has a larger wavelength than visible light,

many surfaces in typical scenes act as infrared mirrors with

strong specular reflections. We exploit the thermal reflec-

tions of a person onto objects in order to locate their posi-

tion and reconstruct their pose, even if they are not visible

to a normal camera. We propose an analysis-by-synthesis

framework that jointly models the objects, people, and their

thermal reflections, which combines generative models with

differentiable rendering of reflections. Quantitative and

qualitative experiments show our approach works in highly

challenging cases, such as with curved mirrors or when the

person is completely unseen by a normal camera.

1. Introduction

One of the major goals of the computer vision commu-
nity is to locate people and reconstruct their poses in every-
day environments. What makes thermal cameras particu-
larly interesting for this task is the fact that humans are often
the hottest objects in indoor environments, thus becoming
infrared light sources. Humans have a relatively stable body
temperature of 37 degrees Celcius, which according to the
Stefan-Boltzmann law, turns people into a light source with
constant brightness under long-wave infrared (LWIR). This
makes LWIR images a robust source of signals of human
activities under many different light and camera conditions.

Since infrared light on the LWIR spectrum has a wave-
length that is much longer than visible light (8µm-14µm vs.
0.38µm-0.7µm), the objects in typical scenes look qualita-
tively very different from human vision. Many surfaces of
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objects in our daily life – such as a ceramic bowl, a stainless
steel fridge, or a polished wooden table top – have stronger
specular reflections than in the visible light spectrum [7,58].
Figure 1 shows the reflection of a person with the surface of
salad bowls, which is barely visible to the naked eye, if at
all, but clearly salient in the LWIR spectrum.

In cluttered environments, a visible light camera may not
always be able to capture the person, such as due to a limited
field of view or occlusions. In such scenes, the ideal scene
for locating and reconstructing a person would be an envi-
ronment full of mirrors. This is what the world looks like
under the LWIR spectrum. Infrared mirrors are abundant in
the thermal modality, and reflections reveal significant non-
line-of-sight information about the surrounding world.

In this paper, we introduce a method that uses the image
of a thermal reflection in order to reconstruct the position
and pose of a person in a scene. We develop an analysis-
by-synthesis framework to model objects, people, and their
thermal reflections in order to reconstruct people and ob-
jects. Our approach combines generative models with dif-
ferentiable rendering to infer the possible 3D scenes that are
compatible with the observations. Given a thermal image,
our approach optimizes for the latent variables of generative
models such that light emitting from the person will reflect
off the object and arrive at the thermal camera plane.

Our approach works in highly challenging cases where
the object acts as a curved mirror. Even when a person is
completely unseen by a normal visible light camera, our ap-
proach is able to localize and reconstruct their 3D pose from
just their thermal reflection. Traditionally, the increased
specularity of surfaces has posed a challenge to thermog-
raphy, making it extremely difficult to measure the surface
temperature of a thermally specular surface, which brings
out a line of active research aiming to remove the specular
reflection for more accurate surface temperature measure-
ment [4, 5, 40, 80]. We instead exploit these “difficulties”
of LWIR to tackle the problem of 3D human reconstruction
from a single view of thermal reflection image.

The primary contribution of the paper is a method to use
the thermal reflection of the human body on everyday ob-
jects to infer their location in a scene and its 3D structure.
The rest of the paper will analyze this approach in detail.
Section 2 provides a brief overview of related work for 3D
reconstruction and differentiable rendering. Section 3 for-
mulates an integrated generative model of humans and ob-
jects in a scene, then discusses how to perform differen-
tiable rendering of reflection, which we are able to invert to
reconstruct the 3D scene. Section 4 analyzes the capabilities
of this approach in the real world. We believe thermal cam-
eras are powerful tools to study human activities in daily en-
vironments, extending computer vision systems’ ability to
function more robustly even under extreme light conditions.

2. Related Work
Differentiable Rendering. Differentiable rendering is

a differentiable process of rendering 2D images given 3D
scenes. The gradient obtained from the image space w.r.t.
the scene parameters can be calculated and used to perform
optimization. Recent advances in implicit 3D representa-
tions, especially Neural Radiance Field (NeRF) [2,3,52,54,
60, 69], have made impressive results on rendering photo-
realistic images for the view-synthesis problems.

Another line of work focuses on differentiable rasteriza-
tion [32, 42, 46, 47, 63, 73]. These works aim to replace the
traditional rasterization process in computer graphics based
on 2D projections of primitives such as polygons with z-
buffering, with a differentiable rasterization process.

While differentiable, these methods are limited by the
intrinsic difficulty of modeling single or multiple bounces
of light in a scene, which can be modeled with physics-
based differentiable ray tracing [25,30,41,57,73,81]. In our
problem, because humans are light sources and we need to
perform differentiable rendering of one-bounce reflection,
we extended Soft Rasterizer [46].

Single-View 3D Reconstruction. From a practical point
of view, obtaining 3D ground truth for supervision is of-
ten difficult and expensive [28]. In terms of the quantity of
data available, the unlabeled 3D data is not comparable to
the 2D data on the internet. This spurs a long-standing in-
terest from the general computer vision community to pur-
sue 3D reconstruction with as little information as a single-
view [19, 31, 43, 45, 46, 75, 77].

In addition to general 3D object reconstruction, another
line of research focus on the 3D reconstruction of human
body from single-view images and videos [35, 36, 44, 53,
61, 64]. Representatively, SMPL-X [61] is an expressive
whole-body model with details around hands and faces,
represented as a triangle mesh with 10,475 vertices. In
the same paper, SMPLify-X was proposed to estimate an
SMPL-X model from just a single RGB image. This is done
by first detecting human keypoints from the image with an
off-the-shelf keypoint detector [6, 10, 10, 14, 17, 21, 38, 70].
Then the parameters of an SMPL-X model is optimized to
fit the keypoints which serve as the observation of human in
the 2D image.

3D Generative Model. Our system utilizes genera-
tive models for both objects and humans. For 3D ob-
jects, generative models are usually trained with synthetic
datasets composed of CAD models [11]. Different gen-
erative architectures including VAE [9, 20, 20, 76], GAN
[26, 62, 62, 74], normalizing flow [33, 34], and diffusion
models [48] were proposed to generate objects in meshes,
point clouds, or voxels. More recently, implicit 3D repre-
sentation, or coordinate-based models, become a popular
choice of modality to perform generative tasks [16, 23, 27,
51, 56, 59].
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Figure 2. High-level overview of our analysis-by-synthesis framework. We sample random initializations from the latent space of pretrained
generative models of humans and objects in 3D. Through a differentiable rendering process, we synthesize a reflection image of a human
body on object surfaces. This synthesized reflection is compared with the observed reflection with an L1 loss. Gradients are backpropagated
through differentiable rendering and generative models to the latent variables.

For humans, [61, 71] proposed generative models for
3D humans, represented as SMPL-X models. In [61], a
VAE is trained to generate human poses from 4 datasets
including Human3.6M, LSP, CMU Panoptic, and PosePri-
ors [1, 22, 55, 78]. The VAE samples a latent vector from a
high-dimensional Gaussian distribution and generates a hu-
man pose vector. This pose vector is applied with a sparse
linear regressor and a linear blend skinning function to gen-
erate a triangle mesh in a fully differentiable manner.

Thermal Computer Vision. Previous work has applied
computer vision to thermal images for various problems
[13,15,18,24,37,65,72]. ContactDB [8] used thermal imag-
ing to obtain accurate human grasps of everyday objects for
robotics applications. [49] studied the problem of thermal
non-line-of-sight imaging. In comparison, this work fo-
cuses on the 3D reconstruction of people from their thermal
reflections in non-planar objects. Other work pursues 3D re-
construction of objects from thermal images [12,50,66,67].
To our knowledge, we are the first to perform 3D recon-
struction of humans from their thermal reflection.

3. Methods
Our system takes an RGBD image and a thermal image

of everyday objects with thermally reflective surfaces and
performs a 2-stage optimization to estimate 3D objects and
a human not in sight from both cameras’ perspectives. In the
first stage, a 6 DoF pose, scale, and a neural signed distance
function [59] are jointly estimated for each object present
in the scene. In the second stage, the location, orientation,
and pose of the human are jointly estimated to reconstruct
the observed thermal reflection.

Section 3.1 formulates the problem we aim to solve. Sec-

tion 3.2 gives an overview of the approach. Section 3.3 de-
scribes the generative models we used in our approach in
detail. Section 3.4 lays out a differentiable rendering algo-
rithm of human thermal reflection. Section 3.5 formulates
the optimization process and the objective functions.

3.1. Problem Formulation
We decompose a scene into 3 components: a human

body, objects with specular surfaces in LWIR spectrum, and
environmental heat sources. We first obtain a segmentation
mask from each object in the scene from the RGBD image.
To obtain the thermal reflection image, we perform ray trac-
ing starting from the camera sensor to the light source – the
human body, under Helmholtz reciprocity. Assuming a pin-
hole camera model, let n be the surface normal of the object
at point p, r be the vector from the camera sensor to p and
r0 the reflected ray vector. We model the intensity of each
pixel Ix in the thermal camera as a binary value:

Ix =

(
1, r0 intersects with T�,T (Mh)

0, otherwise
(1)

where Mh represents the human shape in the form of a trian-
gle mesh, and T�,T represents an SE(3) transformation ma-
trix parameterized by rotation, translation, and scale. With
background subtraction, the noise coming from environ-
mental heat sources can be mitigated.

As described in figure 1, the calibrated thermal cam-
era and RGBD camera with known intrinsic matrix and
unknown extrinsic matrix capture an RGB image, a depth
map, and a thermal image. Given these images as our ob-
servation containing N objects, we solve for the following 7
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Figure 3. Differentiable Rendering of Reflection. Ray direc-
tion shown reverses the physical propagation direction of light by
Helmholtz reciprocity.

variables via optimization: locations {Tobj}Ni=0, rotations
{�obj}Ni=0, scales {sobj}Ni=0, and the shape {Mobj}Ni=0 of
the objects, location Th, rotation �h, and the shape Mh of
the human, all in camera’s perspective.

3.2. Overview of Approach

The optimization problem we are solving is severely
under-constrained, so we choose to leverage the priors pro-
vided by pretrained generative models. As described in fig-
ure 2, we first randomly sample the aforementioned 7 vari-
ables as initial input to the generative models to generate
a 3D human and objects in the scene. Then we perform a
differentiable rendering of human thermal reflection. For
every ray from the camera sensor that intersects with an ob-
ject, we can analytically calculate the reflected ray vector,
given that the surface normals of the objects are defined by
the output of the object generative model. With these re-
flected ray vectors, we can render a binary reflection image
based on whether the reflected ray vectors intersect with hu-
mans, whose exact 3D shape and location are defined by
the output of the human generative model. The optimiza-
tion objective is to maximize the similarity between the ren-
dered reflection image and the observed image captured by
the thermal camera.

In order for such a pipeline to be differentiable, we need
both the generative models of humans and objects, as well
as the rendering algorithm, to be differentiable. In the fol-
lowing sections, we will describe how we achieve this.

3.3. Generative Models

Object: DeepSDF. We decided to use DeepSDF [59]
as our generative models for objects. SDF, or signed dis-
tance function, is a function between a point in space and
its orthogonal distance to the closest surface. In essence,
DeepSDF is an SDF parameterized by a neural network
Gobj whose input is a 3D coordinate p and output is a
signed distance s. Following [59], we condition a DeepSDF
model on a latent vector zobj from a probabilistic latent

Depth InputRGB Input Our Reconstruction

Figure 4. 3D Object Reconstruction from RGBD

space to make them generative model:

Gobj(p, zobj) = s : p 2 R3, s 2 R (2)

Human: SMPL-X. We adopted SMPL-X [61] as our
generative models of 3D humans. Broadly, SMPL-X is
composed of 2 components. The first is a variational au-
toencoder (VAE) that projects a latent vector zh sampled
from a probabilistic latent space with Gaussin prior to the
human pose space, in the form of rotations of human body
joints. The generated human body pose is then applied with
a differentiable sparse linear regressor to generate vertices
and triangle meshes representing the surface skins of a hu-
man body. Because both the VAE and the linear vertex re-
gressor are differentiable, the location of each vertex is dif-
ferentiable w.r.t. the latent vector zh.

3.4. Differentiable Rendering of Reflection
The information we have from the thermal image of ob-

jects is a reflected human silhouette. Soft rasterizer (Sof-
tRas) [46] is a method of choice to perform differentiable
rendering from 2D silhouette images. However, SoftRas is
a differentiable rasterization algorithm, which does not di-
rectly apply to reflection, especially when the reflective sur-
face is a curved surface defined by a DeepSDF. To overcome
this limitation, we extended SoftRas to ray tracing under
non-planar reflection off the zero-isosurface of a DeepSDF.
This process is visualized in figure 3.

DeepSDF Depth Estimation. The complex geometry
of an everyday object prevents us from projecting all trian-
gles to the 2D image plane as in [46]. Thus, we need to
march rays {ri} from camera sensor c, through the reflec-
tion point on the surface {pi} with a surface normal {ni},
to the reflected rays {r0i}. To obtain the intersection point
with the surface {pi} given an SDF representation of an
object, we need a differentiable method to extract the zero-
isosurface and calculate the depth of the surface along the
incoming ray ri. Previously, [79] proposed to perform sur-
face projection by first grid-searching for a point close to the
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Figure 5. 3D Human Reconstruction (visualized from another camera view). From an RGBD image, we recover the 3D location Tobj , pose
�obj , and shape zobj of each object. A marching cube visualization of the reconstructed 3D objects is shown in pink. With reconstructed
objects, we recover 3D location Th, pose �h, and shape zh of the human from a denoised thermal input showing reflections of the human
on object surfaces, which we visualize in blue. We also include the original scene and our reconstruction from a calibrated third-camera
view for comparison. This image is not seen by our system during reconstruction. The black mesh where the objects are located is the
depth pointclouds captured by the RGBD camera.

zero-isosurface, then projecting along gradient direction @G
@p

with the predicted distance. However, because the gradient
direction is not in the same direction as the incoming ray,
performing such an operation could yield a point far from
the intersection point between the incoming ray and zero-
isosurface, especially when the attack angle is small. To
mitigate this error, we perform finite steps of sphere trac-
ing along the ray to estimate the intersection point {pi} as
shown in figure 3.

DeepSDF Surface Normal. With the estimated inter-
section point {pi} between {ri} and the surface of the ob-
ject, we calculate the surface normal of the object at {pi}:

ni =
@Gobj(pi, zobj)

@pi
(3)

We can then calculate the reflected ray vector as:

r0i = ri + 2 · ri ·
ni

knik2
(4)

3D Ray-Triangle Distance. We can then calculate the

pairwise distance matrix, denoted as Di,j between each re-
flected ray r0i and each triangle tj 2 {Mh}, where Mh

represents human body mesh. Each element in the distance
matrix di,j 2 D can be expressed as a differentiable func-
tion of vertices of tj and the reflected ray vector r0i. We
can also obtain a ray-triangle intersection matrix ⇤ with the
same dimension as the distance matrix. Since the value of
the ray-triangle intersection is binary, this calculation is not
required to be differentiable.

Differentiable Ray Occupancy. Following Soft-
Ras [46], we define the influence of each triangle tj on each
ray r0i where the influence is expressed as a function of dis-
tance di,j :

d0i,j = sigmoid

 
�i,j

d2i,j
�

!
, �i,j 2 ⇤, di,j 2 D (5)

where �i,j = 1 if reflected ray r0i intersects with triangle
tj , otherwise �1. di,j denotes the distance between ray
r0i and triangle tj , � is a hyperparameter that controls the
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Figure 6. Real-world 3D human reconstruction from thermal reflections of cars. A diverse set of human poses can be reconstructed by
using the surfaces of different types of cars as infrared mirrors. RGB input (1st row) and thermal input (2nd row) captured by a depth
camera and a thermal camera are used as input to our method. Our reconstruction (3rd row) is compared with the original scene (4th row),
both rendered/captured from another camera viewpoint.

“softness” of the influence. We then aggregate the influence
of each triangle for a ray reflected r0i to obtain the estimated
binary occupancy of the ray by human body mesh Mh:

Îi = A({D}j) = 1�⇧j(1� di,j) (6)

The estimated binary occupancy of ray Îi is a value between
0 and 1 and is compared with the ground truth binary ther-
mal image defined in Eq. 1.

3.5. Optimization for Inference
3D Object Reconstruction. We first estimate the 6 DoF

pose, scale, and shape of the objects present in the scene fol-
lowing a similar method as in [29]. We optimize the loca-
tions {Tobj}Ni=0, rotations {�obj}Ni=0, scale {sobj}Ni=0, and
the shape of the objects {zobj}Ni=0, where {zobj}Ni=0 are la-
tent variables sampled from the probabilistic latent space of
DeepSDF Gobj s.t. Mobj = Gobj(zobj). For each object,
we minimize the objective:

Lobj = Ldepth + Lmask + Lprior (7)

where Ldepth is the L1 loss between the estimated depth
map and the measured depth map, Lmask denotes a pixel-
wise L2 loss between the estimated segmentation mask
and the observed segmentation mask obtained from RGB
observation, and Lprior is a shape prior regularization term.

3D Human Reconstruction Given the estimated trans-
lations, rotations, scales, and shape latent vectors from 3D
object reconstruction, we optimize translation Th, rota-
tion �h, and shape zh of the human where zh is the la-
tent vector sampled from the pose VAE in SMPL-X s.t.
Mh = Gh(zh). Upon obtaining the estimated reflection

image Î and observed thermal silhouette image I, we mini-
mize the objective:

Lhuman = Lsilhouette + Lprior (8)

where

Lsilhouette = 1� kÎ⌦ Ik1
kÎ� I� Î⌦ Ik1

(9)

and Lprior is an L2 regularization term on the human latent
vector zh

4. Experiments
The goal of our experiments is to validate our hypothe-

sis that LWIR thermal reflection on everyday objects pro-
vides sufficient information to perform accurate 3D human
reconstruction in the real world. In section 4.1, we first
demonstrate the accurate 3D reconstruction of objects from
a single RGBD image, which serves as a foundation for 3D
human reconstruction from reflection. We showcase our re-
sults on 3D human reconstruction with different poses and
object types with everyday objects (section 4.2) and cars
(section 4.3). Lastly, in section 4.4 we perform quantitative
and qualitative ablation studies to evaluate the effectiveness
of our technical approach.

4.1. 3D Object Reconstruction
Real-world depth sensors are subject to often significant

measurement errors and are sensitive to lighting conditions
(assuming an active stereo sensor). The surface depth es-
timated is often noisy, non-smooth, and full of “holes”, as
shown in figure 4. Performing differentiable rendering of
reflection using the direct output of the depth sensor will
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Figure 7. Visualization of reconstruction obtained from ablated variations of our full model. While all variations can still find the 3D
location of humans relatively accurately, the fine-grained details of human poses are significantly improved in our full model.

necessarily introduce an excessive amount of noise, given
the reflected ray direction is calculated from the surface
normal. Therefore, we opted to perform 3D object recon-
struction from RGBD input first, then use the reconstructed
surfaces for differentiable ray tracing.

In figure 4, we visualize the reconstructed objects from
the RGBD input. Because our 3D representation of objects
is an implicit function – DeepSDF, we perform marching
cubes to extract the zero-isosurface of each object generated
from the latent vector zobj . We then applied the SE(3) trans-
formation matrix which is calculated from the estimated lo-
cation Tobj and pose �obj .

As shown in figure 4, the location, pose, and shape of 3D
objects can be faithfully reconstructed. Most importantly,
we are able to obtain a high-fidelity, smooth, and accurate
object surface without an explicit regularization on surface
smoothness, which sets the foundation for the differentiable
rendering of reflection. The successful reconstruction even
when the depth input is noisy can be largely attributed to
the object priors provided by searching in the latent space
of a pretrained generative model. Generative priors such as
a bowl is usually symmetric, the outside surface of a mug is
often smooth, are enforced during the optimization process.

4.2. 3D Human Reconstruction
Given the reconstructed objects represented as individual

DeepSDF models and their locations, we perform joint op-
timization of human location Th, orientation �h, and shape
zh. The input to the differentiable rendering algorithm is a
single binary thermal reflection image, representing a mask
of human silhouette on each reflective object, as shown in
figure 5. The binary mask of reflection is obtained from the
thermal camera pointing towards the reflective objects, with
simple denoising and thresholding. In addition to RGBD
and thermal cameras, we put a third calibrated camera in
the scene to capture the scene from another angle for eval-
uation and visualization. Note that any images from this
camera are not used as input to our system.

We render the reconstruction from the third camera’s
perspective for comparison with the original scene at the
exact time input data was captured. As shown in figure 5,
the output of our method very accurately reconstructs the
original scene. Note that the subject in the original scene is
wearing normal clothing and the data is collected in a nor-
mal office environment without special lab environmental
control. Besides, the objects used to reflect human ther-
mal radiation are everyday objects with a variety of textures
and materials that we purchased from supermarkets. This
indicates the robustness of our system and its practical ap-
plicability to various settings.

4.3. Cars as Infrared Mirrors
Non-line-of-sight information of human activity plays a

crucial role in the safe deployment of autonomous driving
systems. Therefore, we showcase an experiment where we
use cars as infrared mirrors to reconstruct the 3D location,
orientation, and shape of a pedestrian that’s not in the line-
of-site of a camera system. In figure 6, we show the results
in a similar fashion as figure 5. 3D reconstruction from ther-
mal imaging could allow new opportunities for autonomous
vehicles to sense and safely avoid occluded pedestrians.

4.4. Ablation Studies
To solve the extremely under-constrained and challeng-

ing problem, we made a lot of design decisions that turned
out to be crucial to the quality of reconstruction. To evaluate
the effectiveness of our technical approach, we perform ab-
lation studies and compare our reconstruction with a base-
line. We have included both quantitative evaluations as well
as qualitative visualizations. Here we described some rep-
resentative design decisions in detail.

Edge Sampling. As pointed out by [41], edge sampling
plays an important role in differentiable ray tracing. This is
even more significant for human reflection silhouettes. In
addition, unless a person is standing right in front of the
reflector, the reflection silhouette usually occupies a small



Evaluation Method Object
Type

w/o Edge
Sampling

w/o Sphere
Tracing

w/o Surface
Smoothing Full Model Random

2D Keypoints [17] Bowl 0.231 0.224 0.145 0.116 0.346
2D Keypoints [17] Mug 0.101 0.209 0.109 0.094 0.371
3D Skeleton [39] Bowl 0.309 0.272 0.212 0.152 0.322
3D Skeleton [39] Mug 0.223 0.215 0.202 0.126 0.317

Table 1. Quantitative evaluation of our reconstructed 3D human. We used two evaluation methods by comparing the extracted 2D keypoints
and 3D skeleton with a calibrated 3rd camera view. Object type indicates the type of objects serving as reflectors. Columns 3-5 are three
variations of our full model with some parts ablated. Random shows the corresponding metric if a random sample were to be drawn from
the HumanEva [68] dataset, which includes diverse poses in daily human activities. Numbers show the average normalized Euclidean
distance between reconstruction and ground truth.

region of the thermal image. We therefore perform edge de-
tection on the reflection image to extract edges of human
silhouette and sampling ray with a probability distribution
concentrated at the vicinity of these edges and increasing
the concentration as training progresses as a type of cur-
riculum training.

Sphere Tracing. As we’ve described in 3.4, direct sur-
face projection from the vicinity of an SDF will yield a
point far from the real intersection between the incoming
ray and the zero-isosurface of the SDF. Therefore, we per-
form 3 steps of sphere tracing to estimate the intersection
point on the object.

Surface Smoothing. From experiments, we discovered
that even after we perform sphere tracing, the reflection sur-
face normals are still noisy, causing the differentiable ren-
dering algorithm to produce a noisy reflection. This effec-
tively injects noise into the gradients, making the optimiza-
tion more challenging. We discovered that this is caused
by the reconstructed DeepSDF having a locally non-smooth
zero iso-surface. In figure 8, we visualize the surface
normals calculated from a small region of zero-isosurface
which shows the non-smoothness. To mitigate this error, we
perform surface smoothing during differentiable rendering
by sampling 8 neighboring rays surrounding the main ray
and averaging all estimated surface normals for reflection
calculation.

Evaluation. We evaluate our reconstruction as well as
the 3 aforementioned ablated methods by comparing the 2D
keypoints and 3D skeleton estimated from synchronized im-
ages captured by a calibrated third camera. We used [17]
for 2D keypoints detection and [39] for 3D skeleton estima-
tion. For comparison, we compared the reconstruction to
200 randomly sampled 2D human keypoints and 3D skele-
tons from the HumanEva dataset [68].

Both the quantitative experiments and qualitative visual-
izations have shown the effectiveness of our technical ap-
proach as well as the design decisions. Particularly, we be-
lieve our findings regarding differentiable rendering of re-
flections on implicit surfaces will provide insights to other
computer vision researchers working with reflections.

Deep SDF Surface Deep SDF Surface (Smoothed)

Figure 8. Visualization of DeepSDF Surface Normals within a
1.6 cm⇥1.6 cm area. From the visualization, we can clearly see
an improvement in surface smoothness at a small scale, which is
beneficial to the differentiable rendering process. The X-Y plane
(horizontal) indicates the location on a surface with a step size of
0.2mm. Given the unit surface normal vector at a point on the grid
(x, y), we compute its dot product with the unit surface normal
vector at (0, 0), and plot this value on the Z-axis. This shows the
curvature of the surface as well as its level of smoothness.

5. Conclusion

This paper shows that 3D position and pose of a human
can be reconstructed from a single thermal image of every-
day objects reflecting human thermal radiations. We ap-
proach this problem by combining the priors learned by pre-
trained 3D generative models and differentiable rendering
of reflections. By formulating the problem as an optimiza-
tion problem, we perform analysis by synthesis to explain
the observations. We believe thermal cameras are powerful
tools to study human activities in daily environments and
integrating them with modern computer vision models will
bring out many downstream applications in robotics, graph-
ics, and 3D perception.
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Ragan-Kelley. Differentiable vector graphics rasterization
for editing and learning. ACM Transactions on Graphics

(TOG), 39(6):1–15, 2020. 2
[43] Xueting Li, Sifei Liu, Kihwan Kim, Shalini De Mello, Varun

Jampani, Ming-Hsuan Yang, and Jan Kautz. Self-supervised
single-view 3d reconstruction via semantic consistency. In
European Conference on Computer Vision, pages 677–693.
Springer, 2020. 2

[44] Kevin Lin, Lijuan Wang, and Zicheng Liu. End-to-end hu-
man pose and mesh reconstruction with transformers. In Pro-

ceedings of the IEEE/CVF Conference on Computer Vision

and Pattern Recognition, pages 1954–1963, 2021. 2
[45] Ruoshi Liu, Sachit Menon, Chengzhi Mao, Dennis Park, Si-

mon Stent, and Carl Vondrick. Shadows shed light on 3d
objects. arXiv preprint arXiv:2206.08990, 2022. 2

[46] Shichen Liu, Tianye Li, Weikai Chen, and Hao Li. Soft ras-
terizer: A differentiable renderer for image-based 3d reason-
ing. In Proceedings of the IEEE/CVF International Confer-

ence on Computer Vision, pages 7708–7717, 2019. 2, 4, 5
[47] Matthew M Loper and Michael J Black. Opendr: An ap-

proximate differentiable renderer. In European Conference

on Computer Vision, pages 154–169. Springer, 2014. 2
[48] Shitong Luo and Wei Hu. Diffusion probabilistic models for

3d point cloud generation. In Proceedings of the IEEE/CVF

Conference on Computer Vision and Pattern Recognition,
pages 2837–2845, 2021. 2

[49] Tomohiro Maeda, Yiqin Wang, Ramesh Raskar, and Achuta
Kadambi. Thermal non-line-of-sight imaging. In 2019

IEEE International Conference on Computational Photog-

raphy (ICCP), pages 1–11. IEEE, 2019. 3
[50] E Maset, A Fusiello, F Crosilla, R Toldo, and D Zorzetto.

Photogrammetric 3d building reconstruction from thermal
images. ISPRS Annals of the Photogrammetry, Remote Sens-

ing and Spatial Information Sciences, 4:25, 2017. 3
[51] Lars Mescheder, Michael Oechsle, Michael Niemeyer, Se-

bastian Nowozin, and Andreas Geiger. Occupancy networks:
Learning 3d reconstruction in function space. In Proceedings

of the IEEE/CVF Conference on Computer Vision and Pat-

tern Recognition, pages 4460–4470, 2019. 2
[52] Ben Mildenhall, Pratul P Srinivasan, Matthew Tancik,

Jonathan T Barron, Ravi Ramamoorthi, and Ren Ng. Nerf:
Representing scenes as neural radiance fields for view syn-
thesis. Communications of the ACM, 65(1):99–106, 2021.
2

[53] Gyeongsik Moon and Kyoung Mu Lee. I2l-meshnet: Image-
to-lixel prediction network for accurate 3d human pose and



mesh estimation from a single rgb image. In European Con-

ference on Computer Vision, pages 752–768. Springer, 2020.
2

[54] Thomas Müller, Alex Evans, Christoph Schied, and Alexan-
der Keller. Instant neural graphics primitives with a multires-
olution hash encoding. arXiv preprint arXiv:2201.05989,
2022. 2

[55] Xuecheng Nie, Jiashi Feng, Jianfeng Zhang, and Shuicheng
Yan. Single-stage multi-person pose machines. In Proceed-

ings of the IEEE/CVF international conference on computer

vision, pages 6951–6960, 2019. 3
[56] Michael Niemeyer and Andreas Geiger. Giraffe: Represent-

ing scenes as compositional generative neural feature fields.
In Proceedings of the IEEE/CVF Conference on Computer

Vision and Pattern Recognition, pages 11453–11464, 2021.
2

[57] Merlin Nimier-David, Delio Vicini, Tizian Zeltner, and Wen-
zel Jakob. Mitsuba 2: A retargetable forward and inverse
renderer. ACM Transactions on Graphics (TOG), 38(6):1–
17, 2019. 2

[58] Michael Oren and Shree K Nayar. Generalization of lam-
bert’s reflectance model. In Proceedings of the 21st an-

nual conference on Computer graphics and interactive tech-

niques, pages 239–246, 1994. 2
[59] Jeong Joon Park, Peter Florence, Julian Straub, Richard

Newcombe, and Steven Lovegrove. Deepsdf: Learning con-
tinuous signed distance functions for shape representation.
In Proceedings of the IEEE/CVF conference on computer vi-

sion and pattern recognition, pages 165–174, 2019. 2, 3,
4

[60] Keunhong Park, Utkarsh Sinha, Jonathan T Barron, Sofien
Bouaziz, Dan B Goldman, Steven M Seitz, and Ricardo
Martin-Brualla. Nerfies: Deformable neural radiance fields.
In Proceedings of the IEEE/CVF International Conference

on Computer Vision, pages 5865–5874, 2021. 2
[61] Georgios Pavlakos, Vasileios Choutas, Nima Ghorbani,

Timo Bolkart, Ahmed AA Osman, Dimitrios Tzionas, and
Michael J Black. Expressive body capture: 3d hands,
face, and body from a single image. In Proceedings of

the IEEE/CVF conference on computer vision and pattern

recognition, pages 10975–10985, 2019. 2, 3, 4
[62] Sameera Ramasinghe, Salman Khan, Nick Barnes, and

Stephen Gould. Spectral-gans for high-resolution 3d point-
cloud generation. In 2020 IEEE/RSJ International Confer-

ence on Intelligent Robots and Systems (IROS), pages 8169–
8176. IEEE, 2020. 2

[63] Nikhila Ravi, Jeremy Reizenstein, David Novotny, Tay-
lor Gordon, Wan-Yen Lo, Justin Johnson, and Georgia
Gkioxari. Accelerating 3d deep learning with pytorch3d.
arXiv preprint arXiv:2007.08501, 2020. 2

[64] Davis Rempe, Tolga Birdal, Aaron Hertzmann, Jimei Yang,
Srinath Sridhar, and Leonidas J Guibas. Humor: 3d human
motion model for robust pose estimation. In Proceedings

of the IEEE/CVF International Conference on Computer Vi-

sion, pages 11488–11499, 2021. 2
[65] Rafael E Rivadeneira, Angel D Sappa, Boris X Vintimilla,

Jin Kim, Dogun Kim, Zhihao Li, Yingchun Jian, Bo Yan,

Leilei Cao, Fengliang Qi, et al. Thermal image super-
resolution challenge results-pbvs 2022. In Proceedings of

the IEEE/CVF Conference on Computer Vision and Pattern

Recognition, pages 418–426, 2022. 3
[66] Agata Sage, Daniel Ledwoń, Jan Juszczyk, and Paweł
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