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Abstract

A solar panel harvests the most energy when pointing in the direction that maximizes the total illumination (irra-
diance) falling on it. Given an arbitrary panel orientation and an arbitrary environmental illumination, we address the
problem of finding the direction of maximum total irradiance. We develop a minimal sensing approach where measure-
ments from just four photodetectors are used to iteratively vary the tilt of the panel to maximize the irradiance. Many
environments produce irradiance functions with multiple local maxima. As a result, simply measuring the gradient of the
irradiance function and applying gradient ascent will not work. We show that a larger, optimized tilt between the detec-
tors and the panel is equivalent to blurring the irradiance function. This has the effect of eliminating local maxima and
turning the irradiance function into a unimodal one, whose maximum can be found using gradient ascent. We show that
there is a close relationship between our approach and scale space theory. We collected a large dataset of high-dynamic
range lighting environments in Manhattan, called UrbanSky. We use this dataset to conduct simulations to verify the
robustness of our approach. Next, we simulate the energy harvested using our approach under dynamic illumination.
Finally, we built a portable solar panel with four compact detectors and an actuator to conduct experiments in various
real-world settings: direct sunlight, cloudy sky, urban settings with occlusions and shadows, and complex indoor lighting.
In all cases, we show improvements in harvested energy compared to standard approaches for orienting a solar panel.

Keywords: Solar Panel Orientation, Photodifferential, Minimal Sensing, Scale Space Theory, Urban Lighting
Environment, UrbanSky

1. The Orientation of a Solar Panel

Solar panels are widely deployed in open fields, on
rooftops, and in urban settings to harvest energy from
sunlight. Consider a panel in a desert on a sunny day.
Since the sun is the dominant light source, the illumina-
tion from the entire sky can be approximated as coming
from a single point (the sun). Thus, pointing the panel in
the direction of the sun would maximize the irradiance1 of
the panel and hence the energy harvested by it.2 In this
case, the panel can track the sun as its trajectory is easily
determined from the latitude and longitude of the panel,
the date, and the time of day [1, 2].

But what is the optimal solar panel orientation on a
cloudy day? Now, the sky is an extended light source
with a possibly complex radiance function that includes
multiple peaks in different directions. In this setting, since
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1Unless otherwise specified, by irradiance we mean the total ir-

radiance received by the panel from the entire hemisphere visible to
it.

2Due to non-idealities in the energy harvesting system, the har-
vested energy from a solar panel may be a non-linear function of
its irradiance. However, since this function is monotonic, the orien-
tation that maximizes the irradiance also maximizes the harvested
energy.

a solar panel aggregates light from an entire hemisphere,
simply orienting it towards the brightest point in the sky
is almost certain to not maximize the irradiance.

The problem gets even more interesting in urban set-
tings. Consider a solar panel in the urban environment
shown in fig. 1(a). In this case, the panel only sees the
sun for a fraction of the day due to occlusions by nearby
buildings. When the sun is occluded, the panel would only
be illuminated by a patch of the sky and reflections from
buildings and objects around it. As can be seen in fig. 1(a),
even within a single day, the lighting may change dramat-
ically due to shadows and reflections of the sun. Many
cities have deployed large numbers of solar panels in dense
urban environments to power sensors, lamps, and devices
such as electric bikes. Currently, these panels are either
fixed in orientation or simply track the sun.

Beyond dense urban environments, solar panels are in-
creasingly used indoors to harvest energy from both the
indoor and outdoor illumination to power environmental
sensors and consumer devices. In this scenario, the il-
lumination can be expected to vary significantly, causing
the direction of maximum irradiance to shift dramatically
throughout the day. Numerous smart city applications
stand to benefit from indoor solar panels that can contin-
uously track the direction of maximum irradiance. The
market for indoor panels is growing rapidly and is pro-
jected to be $154 million by 2030 [3].



The goal of our work is to find the direction of max-
imum irradiance in any environment using minimal sens-
ing resources. The first instinct may be to use a fisheye
camera placed in the environment to measure the incom-
ing radiance from every direction and compute the direc-
tion of maximum irradiance. Traditional cameras, how-
ever, not only add cost to the system but are also power-
hungry—the image sensor alone consumes hundreds of mil-
liwatts [4], which, in effect, reduces the energy harvested
by the panel. While this cost and energy overhead can be
ignored in the case of large arrays of panels, it would be
prohibitive in the case of smaller stand-alone panels. For
applications involving a single small panel, a minimal sens-
ing approach that captures the fewest light measurements
and requires negligible processing is highly desirable.

The goal of this work is not to propose a product, as
there are existing products in the market that involve a
single solar panel mounted on an actuator. Instead, our
goal is to analyze a minimal sensing approach for orient-
ing a solar panel in any lighting environment. Since our
approach uses minimal sensing and processing, it can be
directly applied to existing products with little additional
complexity.

One approach would be to measure the gradient of the
incident irradiance along each of the two dimensions of
the panel using four photodetectors that are slightly tilted
with respect to each other. The measurements can then
be used to perform gradient ascent to iteratively tilt the
panel towards the direction of maximum irradiance. Un-
fortunately, the irradiance function of a complex lighting
environment, such the urban environment in fig. 1(a), is
likely to have multiple local maxima, as shown in fig. 1(b).
As a result, such a naive approach to orient a solar panel
would produce sub-optimal panel orientations.

This brings us to our key result. Using Fourier anal-
ysis, we show that by using carefully chosen larger tilts
between the four photodetectors, we can find the gradient
of a function that is the original irradiance function con-
volved with a box filter of a specific width. Even when
the original irradiance function has multiple modes, the
convolved (blurred) function is almost certain to have a
single mode that is close to the largest mode of the orig-
inal function. This result is closely related to scale space
theory [5, 6]. Therefore, by simply computing finite differ-
ences between the measurements produced by four care-
fully oriented detectors and using them to perform gra-
dient ascent, the panel converges to the orientation that
yields maximum irradiance.

To validate our approach in simulation, we have col-
lected a large dataset of high-dynamic range (HDR) light-
ing environments in New York City. This dataset, called
UrbanSky, consists of 1,067 lighting environments under
various weather conditions and at different times of day.
In each environment in UrbanSky, we capture the illumina-
tion using a 360◦ camera, we measure the global horizontal
irradiance using a pyranometer, and we record the date,
time of day, GPS location, and current weather conditions.

(b) Irradiance Function(a) Radiance Function

Global Max

Local Max

Local Max

9 am

1 pm

2 pm

3 pm

Figure 1: Complex Illumination in Urban Environments.
(a) The radiance function of an urban environment, which describes
the environmental illumination, at different times of day. As the
sun moves through the sky, the illumination varies dramatically due
to changing weather, shadows, and reflections of the sun. (b) The
irradiance function, which specifies the total irradiance of a solar
panel as a function of the panel orientation, varies significantly with
the environmental illumination. In urban settings such as this one
with complex illumination, the irradiance function often has multiple
local maxima (green and red dots). As a result, iteratively tilting a
solar panel based on the gradient of the irradiance function would
produce sub-optimal orientations. Given any environment, our goal
is to orient a solar panel in the direction of maximum irradiance
(red dot) using minimal sensing and processing, regardless of the
complexity of the illumination.

Using UrbanSky, we simulate our approach for orienting a
solar panel to identify the range of detector tilt angles that
yield the best panel orientation. Next, we use UrbanSky
to compare the energy harvested using our approach with
alternative strategies that use minimal sensing to orient a
solar panel. Across the 1,067 scenes in UrbanSky, orienting
a solar panel using our approach increases the harvested
energy. We have released the code to benchmark our ap-
proach against alternative strategies online. In addition,
the UrbanSky dataset is available online to encourage fu-
ture work both in solar energy and computer graphics.

We conduct simulations to evaluate the energy har-
vested using our approach under dynamic illumination.
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To this end, we used a physically based renderer and a
3D model of a city to simulate the illumination seen by
a solar panel across 6,000 different locations in an urban
environment. We compare the energy harvested using our
approach with the energy harvested using two common
strategies: (a) fixing the orientation of the panel, and
(b) tracking the sun. Across the 6,000 solar panel loca-
tions, the panel oriented using our approach harvests more
energy over an entire day.

We test our approach in real-world settings using a pro-
totype system. Our prototype includes a single solar panel
with four compact detectors attached to its periphery, and
the panel is mounted on a two-axis actuator. We compare
the energy harvested by our prototype with the energy har-
vested by a solar panel in a fixed orientation and another
that tracks the sun. In diverse real-world settings—direct
sunlight, cloudy sky, urban settings with occlusions, shad-
ows, and reflections, and an indoor room with complex
lighting—our approach increases the harvested energy.

2. Related Work

Solar panels are either fixed at a specific orientation
or mounted on actuators that vary their orientation to in-
crease the harvested energy. With respect to fixed panel
orientations [7, 8, 9, 10, 11], a widely used rule of thumb
is to orient the panel towards the equator with an angle
from the zenith equal to the panel’s latitude [7]. Panels
that are mounted on actuators to move throughout the day
almost exclusively track the sun [12, 13, 14, 15]. Kelly and
Gibson [16] observed that tracking the sun is sub-optimal
on a cloudy day and suggested pointing the panel straight
up at the sky when the sun is occluded by clouds. All
of these prior works only consider outdoor environments
with an unobstructed view of the sky. Our work considers
a more general problem: we wish to find the panel ori-
entation that yields maximum irradiance in an arbitrary
environment. This problem has become highly relevant as
panels are now being used in environments that include
occlusions, shadows, and multiple dominant sources. We
demonstrate that our approach increases the harvested en-
ergy in complex lighting environments compared to a panel
that is fixed in orientation [7] or one that tracks the sun.

It is widely accepted that solar energy harvesting in ur-
ban environments, in particular, is an increasingly impor-
tant application of photovoltaics. Orienting a solar panel
in urban environments is a complex problem since one
must consider not only the illumination from the sky but
also reflections and shadows from nearby infrastructure.
Prior work seeks to find the best fixed orientation in ur-
ban settings by using knowledge of the scene’s 3D structure
and material properties to compute the irradiance falling
on rooftops and building façades [17, 18, 19, 20, 21, 22].
All of these works account for the complex illumination
caused by city infrastructure. The goal of our work is dif-
ferent: given a solar panel in any lighting environment,

which may include shadows and reflections in urban set-
tings, we use an actuator to iteratively tilt the panel to-
ward the direction of maximum irradiance using minimal
sensor measurements. To encourage future work in the
analysis of urban lighting environments, we have released
UrbanSky, a dataset of 1,067 outdoor HDR lighting envi-
ronments captured in New York City.

A variety of methods seek to find the optimal ori-
entation of a solar panel by iteratively tilting the panel
based on measurements produced by light sensors. Most
closely related to our work are methods that use detectors
mounted on the panel at an angle to produce differential
measurements [23, 24, 25, 26, 27]. When the panel points
toward the sun on a clear day, the detectors are illumi-
nated equally, and the differential measurement is zero.
Thus, the tracking algorithm seeks to minimize the dif-
ferential measurement in order to track the sun. While
this approach can orient a panel toward the sun on a clear
day, its convergence in arbitrary lighting is not guaran-
teed. This is because, in all the previous work, the tilt
angle between the detectors and the solar panel is cho-
sen in an ad-hoc manner. We provide a detailed analysis
of the differential measurements produced by tilted detec-
tors. We first show that the measurement is equal to the
derivative of a function that results from blurring the ir-
radiance function with a box filter. When the detector tilt
angle is carefully chosen, the blurred irradiance function
is unimodal, regardless of the complexity of the illumina-
tion. This means that a panel oriented using our approach
will converge at, or close to, the direction of maximum ir-
radiance, even when the irradiance function has multiple
modes.

Many other visual sensors have also been proposed to
iteratively tilt a solar panel toward the orientation that
yields maximum irradiance. Shading-based sensors [28,
29, 30, 31, 32, 33, 34, 35] use a vertical wall to cast a
shadow onto multiple photodetectors. A tracking system
then orients the panel such that the shadow disappears,
which occurs when the sun is directly above the panel on
a clear day. Position-sensing diodes have also been used
to find the direction of the sun [36, 37]. While a panel
using either of these methods can be oriented toward the
sun on a clear day, it is not guaranteed to find the orienta-
tion that yields maximum irradiance in arbitrary lighting.
Pineda and Arredondo [38] approach the problem of find-
ing the best panel orientation in a variety of sky conditions
by using a large number of detectors with smaller fields-
of-view to sample the irradiance at different orientations.
The panel is then oriented in the direction of the detec-
tor that produces the largest measurement. Rather than
sample the irradiance function, we iteratively tilt a panel
toward the direction of maximum irradiance using differ-
ential measurements from just four detectors.
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3. The Irradiance of a Solar Panel

In this section, we derive an expression for the irradi-
ance of a solar panel as a function of its orientation.

3.1. Total Irradiance from the Visible Hemisphere

The illumination seen by a solar panel can be com-
pletely described as a 4D light field [39]. Since the dis-
tances of light sources in any environment are typically
much larger than the size of the panel, we can assume
that the light incident from a specific direction is uniform
over the panel’s active area. Thus, as shown fig. 2, the en-
vironmental illumination that the panel is exposed to can
be represented as a 2D radiance function L(s⃗), where s⃗
denotes the direction as seen from the center of the panel.

In the context of solar energy harvesting, we are specif-
ically interested in the irradiance of the panel. Let n⃗ be
the vector normal to the panel. Then, the directional ir-
radiance dE from the direction s⃗ and infinitesimal solid
angle dω is

dE(s⃗; n⃗) = L(s⃗) max(n⃗ · s⃗, 0) dω, (1)

where the max operator accounts for the fact that the
panel only receives light from the hemisphere of illumina-
tion that is visible to the panel (see fig. 2).

We can now define the total irradiance E of the panel
as the integral of the directional irradiance (eq. (1)) over
the visible hemisphere,

E(n⃗) =

∫
s⃗∈S2

L(s⃗) max(n⃗ · s⃗, 0) dω, (2)

where S2 is the set of points on the surface of the unit
sphere. E(n⃗) corresponds to the total power per unit area
incident on the panel. The goal of our work is to find,
for any given environment, the panel orientation n⃗ that
maximizes the irradiance E(n⃗).

3.2. Irradiance as a Convolution on the Sphere

From eq. (2), we see that the irradiance function E(n⃗)
can be written as the convolution of the radiance function
L(n⃗) with a kernel defined as

k(n⃗) = max(n⃗ · ẑ, 0). (3)

Note that the kernel k(n⃗) is centered about the zenith vec-
tor ẑ. A detailed derivation that shows that the irradiance
function is a convolution on the sphere [40] is given in ap-
pendix A. Notice that the kernel is simply the cosine of the
zenith angle, but clipped to be non-negative. Given that
the kernel is a smooth and broad function, it serves to sim-
ply low-pass filter the radiance function corresponding to
the environment. An equivalent result in computer graph-
ics shows that Lambertian reflectance low-pass filters the
radiance function [41, 42].

Since the irradiance function is the result of convolving
the radiance function with a low-pass filter, it is guaran-
teed to be smooth. Consider the radiance function of a

... ...

Solar Panel

Visible
Hemisphere

Figure 2: Irradiance of a solar panel. The illumination of a
panel can be represented as a radiance function L(s⃗). The panel
only receives light from the visible hemisphere, which is determined
by the orientation n⃗ of the panel. The total irradiance of the panel
is computed as an integral of the radiance function over the visible
hemisphere.

(c) Irradiance Function(a) Radiance Function (b) Kernel
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Figure 3: Irradiance function as a convolution on the sphere.
The radiance function (a) is convolved with the kernel (b) to produce
the irradiance function (c). The irradiance function is a smooth
version of the radiance function, but could still have multiple modes
and hence multiple local maxima (red and green dots).

natural environment shown in fig. 3(a). Upon convolving
it with the kernel in fig. 3(b), we get the irradiance function
in fig. 3(c) which is very smooth. Despite its smoothness,
however, the irradiance function may still have multiple
modes, and hence multiple local maxima (red and green
dots).

4. Differential Light Sensing

Imagine we had a method to measure the gradient of
the irradiance function with respect to the solar panel ori-
entation. Then, given any initial panel orientation, a naive
approach would be to iteratively tilt the panel in the direc-
tion of the gradient and hope to converge at the direction
of maximum irradiance. Unfortunately, this would not al-
ways work as we know that although the irradiance func-
tion is guaranteed to be smooth, it could have multiple
local maxima (fig. 3(c)). In short, naive gradient ascent
would likely get stuck at a local maximum, causing the
panel to harvest less energy. In this section, we introduce
our approach which uses differential light sensing to iter-
atively tilt a panel to arrive at the global maximum of the
irradiance function, irrespective of the initial orientation
of the panel or the complexity of the environmental illu-
mination.
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4.1. The Photodifferential

Consider a one-dimensional irradiance function E(θ),
where the panel orientation is given by θ. Our sensing
method, illustrated in fig. 4, produces a finite difference
of the irradiance function E(θ) using just two photodetec-
tors. The detectors are tilted by ∆θ in opposite directions
with respect to the panel. Thus, the detectors measure the
irradiance function at two different orientations: E(θ+∆θ)
and E(θ−∆θ). The difference of these two measurements
is proportional to a finite difference of the irradiance func-
tion. We refer to this difference as the “photodifferential,”
which is defined as

ED(θ; ∆θ) =
E(θ +∆θ)− E(θ −∆θ)

2∆θ
. (4)

When the tilt angle ∆θ between the detectors and the
panel is very small, the photodifferential is equal to the
derivative (gradient) of the irradiance function with re-
spect to the panel orientation. As stated earlier, this
derivative is not of much use in our context—iteratively
tilting the panel in the direction of the derivative will cause
the panel to get stuck at a local maximum. In the next sec-
tion, we will show that the photodifferential produced by
detectors with a large tilt angle is actually the derivative
of a blurred version of the irradiance function.

4.2. Detector Tilt Blurs the Irradiance Function

We now analyze the effect of the detector tilt angle
∆θ on the photodifferential using Fourier analysis. Note
that the photodifferential (eq. (4)) can be written as the
result of convolving the irradiance function E(θ) with the
function

h(θ) =
1

2∆θ
(δ(θ +∆θ)− δ(θ −∆θ)) . (5)

The Fourier transform of h(θ) is

H(jω) =
1

2∆θ

(
ejω∆θ − e−jω∆θ

)
. (6)

Using Euler’s formula, H(jω) can be written as

H(jω) =
j

∆θ
sin(ω∆θ). (7)

By multiplying the numerator and denominator by ω, eq. (7)
can be rewritten as

H(jω) =

{
jω sin(ω∆θ)

ω∆θ ω ̸= 0

0 ω = 0
. (8)

Therefore, we get

H(jω) = jω︸︷︷︸
Derivative

sinc(ω∆θ)︸ ︷︷ ︸
Box filter

. (9)

Equation (9) shows that convolving the irradiance func-
tion with h(θ) is equivalent to first blurring the irradiance

Tilt:

Solar Panel
Detector Detector

Figure 4: Photodifferential sensor. Two tiny photodetectors on
the sides of the solar panel are tilted with respect to the panel by a
significant angle ∆θ. The difference between the detector measure-
ments is a finite difference of the irradiance function, which we refer
to as the photodifferential.

function with a box filter b(θ; ∆θ), whose width is propor-
tional to the detector tilt angle ∆θ, and then taking the
derivative.3 That is,

ED(θ; ∆θ) =
d

dθ
(L(θ) ∗ k(θ) ∗ b(θ; ∆θ)) . (10)

Dumont [43] presents a similar result for discrete signals
showing that a finite difference with a large step size im-
plicitly filters the signal with a moving average. This
brings us to our first observation:

Observation 4.1. The photodifferential ED(θ; ∆θ) is the
derivative of a blurred irradiance function, where the de-
gree of blur is proportional to the detector tilt angle ∆θ.

4.3. ED is the Derivative of a Unimodal Function

We now analyze the effect of the box filter b(θ; ∆θ)
in eq. (10). Consider the one-dimensional radiance func-
tion L(θ) in fig. 5(a). Convolving it with the kernel k(θ)
produces the irradiance function E(θ) in fig. 5(b). This
function has three modes: a global maximum (red dot)
and two local maxima (green dots). In eq. (10), we denote
the function to which the derivative is being applied as the
blurred irradiance function:

EB(θ; ∆θ) = L(θ) ∗ k(θ) ∗ b(θ; ∆θ). (11)

In fig. 5(c), we plot EB for three different tilt angles: 5◦,
20◦, and 45◦. We know that increasing the tilt angle has
the effect of blurring the irradiance function with a wider
box filter. Consequently, as the tilt angle increases, the
number of local maxima in EB reduces. When the level
of blur is sufficiently large (∆θ = 45◦ for the example
radiance function in fig. 5(a)), the local maxima disappear,
rendering the blurred irradiance function unimodal. This
brings us to our second observation:

Observation 4.2. When the detector tilt angle ∆θ is suf-
ficiently large, the blurring induced by the photodifferential
creates a blurred irradiance function that is unimodal, re-
gardless of the complexity of the illumination.

3Observe that lim∆θ→0H(jω) = jω, which means H(jω) be-
comes the continuous-time differentiator in the limit as the finite
difference step size approaches 0. This aligns with the intuition that
a finite difference computed using a very narrow box filter (infinitesi-
mally small detector tilt) approximates the gradient of the irradiance
function.
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(a) Radiance Function,

(c) Blurred Irradiance Function,
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Figure 5: A large detector tilt angle makes EB a unimodal
function. (a) An example radiance function L(θ). (b) The irradi-
ance function E(θ), which is the convolution of the radiance function
with the kernel k(θ), has multiple modes. (c) Increasing the detec-
tor tilt angle ∆θ has the effect of blurring the irradiance function,
thereby eliminating local maxima. In this example, a tilt angle of
45◦ results in a blurred irradiance function EB that is unimodal.

4.4. Gradient Ascent using the Photodifferential

Since the photodifferential measures the derivative of a
blurred irradiance function EB that has a single mode, our
approach is to iteratively tilt the solar panel in the direc-
tion of the photodifferential to find the panel orientation
that yields the global maximum of EB . This approach,
in effect, is equivalent to applying gradient ascent to EB .
However, we must ensure that the blurring from the de-
tector tilt never introduces a new mode in EB that was
not present in the original irradiance function.

4.5. Can a Large Tilt Angle Introduce New Modes?

The detector tilt angle must satisfy two conditions:
(a) The tilt angle should be large enough such that the
blurred irradiance function EB is unimodal for virtually
any environmental illumination. (b) The tilt angle should
not introduce new modes in the blurred irradiance func-
tion. This brings us to a well-known result in scale space

(a) Fourier Transform of the Kernel,

(b) Fourier Transform of the Box Filter,

Figure 6: The detector tilt angle has the effect of blurring the
irradiance function with a Gaussian. (a) The Fourier transform
K(jω) of the kernel k(θ) is close to zero beyond its first zero cross-
ings (red lines). This means that the irradiance function only has
frequencies within the band between the red lines. (b) The Fourier
transform B(jω) of the box filter for a wide range of detector tilt
angles. Observe that B(jω) can be reasonably well-approximated
by a Gaussian within the band between the red lines, even for the
largest tilt angle of ∆θ = 90◦.

theory: Blurring any function with a Gaussian cannot cre-
ate new modes that were not present in the original func-
tion [44, 45, 46].

Recall that the irradiance function E(θ) is the result
of convolving the radiance function L(θ) with the kernel
k(θ). Figure 6(a) shows the Fourier transform K(jω) of
the kernel, which is close to zero for frequencies beyond
the first zero-crossings, denoted by the two red lines. In
other words, the kernel suppresses frequencies in the ir-
radiance function that are outside the frequency band be-
tween the red lines. As a result, we are only concerned with
frequencies of the irradiance function that lie within this
band. Figure 6(b) shows the Fourier transform B(jω) of
the box filter b(θ; ∆θ) for a wide range of detector tilt an-
gles. Within the frequency band of the red lines, B(jω) can
be well-approximated as a Gaussian, even for the largest
tilt angle of ∆θ = 90◦. This brings us to our third obser-
vation:

Observation 4.3. Due to the bandwidth of the kernel k(θ),
large detector tilt angles do not introduce new modes in the
blurred irradiance function.

5. Simulations

We have shown that large tilt angles are beneficial since
they eliminate local maxima of the irradiance function and
do not introduce new modes. In this section, we explore
via simulations the range of detector tilt angles for which
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(a) HDR Lighting Environments in UrbanSky

(c) 360° Camera (d) Camera with Filter (e) Pyranometer(b) Capture Locations in New York City

Figure 7: UrbanSky : Outdoor HDR Lighting Environments in New York City. (a) The dataset consists of 1,067 HDR lighting
environments at different locations, times of day, and under varying weather conditions, a few of which are shown here. Each sphere shows
the illumination at a particular location and time of day (tonemapped for visualization). (b) UrbanSky consists of lighting environments
captured across New York City. Each red dot on the map indicates the location of a single capture. (c) We used a 360◦ camera to capture
the environmental illumination at each location. This camera captures a set of bracketed images that are merged and stitched into an HDR
panorama. (d) To faithfully capture the radiance from the sun without saturation, we place a neutral density filter between the camera and
the sun to collect a second set of bracketed images. The neutral density filter is mounted on an acrylic pipe that can be easily slid over the
camera without disturbing the camera’s position. (e) For each lighting environment, we also measure the global horizontal irradiance using
a silicon pyranometer placed directly above the camera. Please see the UrbanSky website to explore and download the dataset.

the irradiance of the panel (and hence the harvested en-
ergy) is at, or close to, the maximum. In addition, we
conduct simulations to compare the energy harvested us-
ing our approach with alternative strategies for orienting
a solar panel.

5.1. UrbanSky: A Dataset of Urban Lighting Environments

To simulate our approach in real-world lighting envi-
ronments, we have collected a large dataset of 1,067 HDR
lighting environments across New York City. A few of the
lighting environments in the dataset are shown in fig. 7(a).
Figure 7(b) shows the location of each captured environ-
ment overlaid on a map of New York City. At each loca-
tion, we capture the environmental illumination using the
360◦ camera (Ricoh Theta Z1) shown in fig. 7(c). Since the
dynamic range of outdoor scenes is very large, we capture
7× bracketed images to create a single, HDR panorama.
Unfortunately, on a sunny day, the sun’s disk will be satu-
rated in all of the captured images since the camera’s ex-
posure cannot be lowered beyond a certain point [47]. To
faithfully measure the radiance from the sun, we capture
a second set of 7× bracketed images with an OD4 neutral
density filter (Kodak Wratten 2) between the camera and
the sun, as shown in fig. 7(d). We then use PTGui Pro [48]
to merge and stitch the two sets of bracketed images into
two 7400×3700 px2 HDR panoramas. Finally, we compute

the radiance from the sun’s disk using the panorama with
the neutral density filter and overlay those values onto the
panorama without the neutral density filter. This process
ensures that none of the measurements of the radiance
function are saturated.

Alongside each captured environmental illumination,
we also measure the global horizontal irradiance using a
silicon pyranometer (EKO Instruments ML-01) placed di-
rectly on top of the 360◦ camera (see fig. 7(e)). For each
environment in the dataset, we include metadata that spec-
ifies the global horizontal irradiance (in W/m2), the cap-
ture date, time of day, GPS location, and current weather
conditions. In appendix B, we provide additional details
about the pyranometer, the image capture process, and
post-processing steps.

UrbanSky focuses specifically on capturing the com-
plex illumination in dense urban settings caused by shad-
ows, reflections, and changing weather conditions. To this
end, we have chosen 49 specific locations on the campus
of Columbia University at which we repeatedly capture
the illumination at least 10 different times under vary-
ing weather conditions and at different times of day. We
then used feature matching to automatically register the
captured illumination at each location. In total, we have
captured 526 lighting environments at specific locations at
Columbia University, which comprise roughly half of Ur-
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banSky. The remaining half of the dataset is comprised
of 541 environments captured across New York City (see
fig. 7(b)). The UrbanSky website includes an interactive
viewer to explore the data captured at each environment.
While there are existing datasets of 360◦ images of real
environments [49, 50], UrbanSky focuses specifically on
the illumination in urban environments. Furthermore, the
pyranometer’s measurement of global horizontal irradiance
captures the total power per unit area that would be re-
ceived by a silicon photovoltaic placed in the scene. We
have released the entire dataset online to encourage future
work both in solar energy and computer graphics.

5.2. Simulations using UrbanSky

We divided the radiance functions in UrbanSky into
two sets: one with 281 multimodal irradiance functions
and the second with 786 unimodal irradiance functions.
In our simulations, we assume the energy harvested by
a panel to be proportional to its irradiance. For each of
several tilt angles between 0◦ and 90◦, and for each radi-
ance function within one of the two sets, we used gradient
ascent to iteratively orient a panel starting from many ini-
tial orientations and then found the harvested energy as
an average over the converged orientations. This energy
is expressed as a percentage of the energy harvested using
the optimal orientation (the global maximum). Once this
is done for all the radiance functions in the set, and for
each detector tilt angle, an average percentage harvested
energy is computed.

For the multimodal set, the average percentage energy
harvested by the panel as a function of the detector tilt an-
gle is shown in fig. 8(a). A tilt angle of ∆θ = 45◦ (denoted
by the gray line) harvests 5.8% more energy on average
than the smallest tilt angle. In general, any tilt angle of
∆θ = 45◦ up to 90◦ performs best, achieving a similar av-
erage harvested energy. Figure 8(b) shows the percentage
energy harvested as a function of the tilt angle for five ra-
diance functions chosen from the multimodal set. As can
be seen from the plots, the use of a large tilt angle results
in a gain in harvested energy of up to 41% in some scenes
when compared with the smallest tilt. For the unimodal
set, the average percentage harvested energy as a function
of the detector tilt angle is shown in fig. 8(c). Note that
the harvested energy decreases ever so slightly with in-
creasing detector tilt angles. This can be attributed to the
fact that the global maximum of the irradiance function
shifts as the level of blur increases, causing the panel to
converge close to but not exactly at the global maximum.

These simulations indicate that the use of a large tilt
angle increases the harvested energy in a diverse set of
complex lighting environments. In all subsequent experi-
ments reported in the paper, we use a tilt angle of ∆θ =
45◦ since that angle is large enough to significantly in-
crease the harvested energy in multimodal scenes, but not
so large that it shifts the global maximum. In general,
however, any tilt angle of 45◦ or larger yields similar re-
sults.

(a) Avg. Harvested Energy v. Tilt Angle for Multimodal Set

(b) Harvested Energy v. Tilt Angle for Example Scenes

(c) Avg. Harvested Energy v. Tilt Angle for Unimodal Set

Figure 8: Simulations using real-world radiance functions.
(a) The average energy harvested by a solar panel (as a percentage
of the energy corresponding to the global maximum), plotted as a
function of the detector tilt angle for the set of 281 multimodal irra-
diance functions. A large tilt angle of ∆θ = 45◦ (gray line) increases
the harvested energy by 5.8% on average compared to the smallest
tilt angle. In general, any tilt angle of ∆θ = 45◦ up to ∆θ = 90◦

achieves a similar performance. (b) A few radiance functions that
show that using a large detector tilt angle increases the harvested
energy by up to 41%. (c) The average harvested energy as a func-
tion of the detector tilt angle for the set of 786 unimodal irradiance
functions. The harvested energy decreases ever so slightly with in-
creasing detector tilt angles, which can be attributed to the global
maximum shifting under increasing levels of blur.

5.3. Comparison with Other Minimal Sensing Strategies

Now that we have chosen a tilt angle, we use Urban-
Sky to compare the energy harvested using our approach
with other minimal sensing strategies for orienting a solar
panel. For this comparison, we benchmark our approach
against prior work that specifically focus on finding the
best panel orientation in arbitrary lighting environments.
We compare the energy harvested using our approach with
three other minimal sensing strategies: (a) three detectors
arranged on a tetrahedron [27], (b) two pairs of detectors
separated by a shading wall [30], and (c) forty detectors
arranged on a geodesic dome [38]. The methods for ori-
enting a solar panel using detectors on a tetrahedron [27]
or separated by a shading wall [30] are iterative methods
that tilt the solar panel based on the difference of mea-
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surements until the orientation converges. The approach
using forty detectors on a geodesic dome [38] orients the
panel in a single step in the direction of the detector that
produces the largest measurement. In addition, we com-
pare the energy harvested using these approaches with the
energy harvested by a solar panel pointing straight up
without any visual sensing. We do not compare against
methods for tracking the sun within a very narrow field-
of-view (e.g. using a position sensing diode [36]), as these
approaches are not intended to orient a solar panel start-
ing from any initial orientation (instead, they are typically
used to refine the orientation of a solar panel whose initial
orientation is given by the apparent position of the sun in
the sky).

The performance of each method for orienting a solar
panel is summarized in table 1. For each approach, we
report the average energy harvested, as a percentage of
the energy that could be harvested at the global maximum,
over all 1,067 scenes in UrbanSky. Our approach using just
four tilted detectors harvests the most energy, on average,
and provides up to a 58% increase in the average percent
harvested energy compared to alternative methods. The
code to benchmark all of these methods using UrbanSky is
available online.

5.4. Energy Harvested under Dynamic Illumination

So far, we have simulated our approach using real ra-
diance functions captured in New York City at single in-
stances in time. We now conduct simulations with dy-
namic illumination to demonstrate the gain in harvested
energy over an entire day using our approach compared to
alternative strategies for orienting a solar panel.

To simulate dynamic illumination, we rendered physi-
cally accurate radiance functions that a solar panel would
see throughout an entire day in an urban environment.
Our simulation uses a physically based 3D model of a city,
which includes complex geometry and physically accurate
reflectance models. We selected 6,137 different solar panel
locations by randomly sampling positions near the ground,
on building walls, and on rooftops, which represent typical
panel locations in a city. Our goal is to simulate the illumi-
nation that would be seen by each of the 6,137 solar panels
throughout the day. To this end, we used Mitsuba [51], a
physically based renderer, to generate the radiance func-
tion at each location every 10 minutes. To model the il-
lumination from the sky at different times of day, we used
the Ineichen and Perez model [52] to compute the radi-
ance from the sun and the Preetham sky model [53] to
compute the radiance from the sky. Each row in fig. 9
shows rendered images at example locations at different
times of day. Notice that as the sun moves through the
sky, shadows move across the buildings, and some struc-
tures produce specular highlights.

At each of the 6,137 locations, we simulate our ap-
proach for orienting a solar panel. Every 10 minutes at
each location, we use the photodifferential to iteratively
tilt the panel until convergence (the orientation converges

Table 1: Comparison with other minimal sensing strategies
using UrbanSky. Over all 1,067 scenes in UrbanSky, our approach
for orienting a solar panel yields increases in harvested energy com-
pared to alternative approaches (up to 58% more harvested energy
than alternative strategies). Included in this comparison is the en-
ergy harvested by a fixed solar panel pointing up, which does not use
any visual sensing.

Method
Average

Harvested Energy
Number of
Sensors

Tetrahedron [27] 63.4% 3

Shading Wall [30] 84.8% 4

Fixed (Pointing Up) 86.9% 0

Geodesic Dome [38] 88.4% 40

Ours (∆θ = 45◦) 99.9% 4

when the magnitude of the photodifferential is smaller
than a threshold). We then assume the panel irradiance
to be constant for the entire 10-minute interval. Given the
panel irradiance, we estimate the energy that would be
harvested by a small (roughly 25×25 cm2) solar panel with
a typical efficiency of 20%. Furthermore, we also estimate
the energy that would be consumed by the actuator.4 At
each location, we compute the net energy harvested over
the entire day, after subtracting the energy consumed by
the actuator.

5.5. Comparison with Alternative Strategies

We compare the net energy harvested by a panel ori-
ented using our approach with two panels oriented using
common methods: one that tracks the sun (Sun Tracker)
and another in a fixed orientation (Fixed). The fixed panel
is oriented toward the equator, with the the zenith angle
equal to the panel’s latitude [7]. In the images in fig. 9, the
colored dots indicate the orientation of each of the three
panels, and the irradiances of the panels are listed below.
Notice that the irradiance of the panel oriented using our
approach (Proposed) is consistently higher than the irra-
diance of the panels oriented using alternative strategies.

The energy harvested by the three panels over the 6,137
locations is summarized in table 2. Over all the solar panel
locations, our approach harvests 17.3% more energy on
average than the sun tracker and 39.7% more energy on
average than the fixed panel. The gain in harvested en-
ergy using our approach is due, in part, to the fact that
the sun is often occluded by nearby buildings. In these
cases, our approach orients the panel toward the sky and
other well-illuminated buildings to increase the harvested
energy (as an example, see the third image in the first row
of fig. 9). Furthermore, our approach harvests, on average,
98.9% of the energy that would by harvested by tracking
the optimal orientation. Note that this is the net har-
vested energy after subtracting the energy consumed by

4The estimated energy consumed by the actuator is based on real
measurements made using a solar panel of the same size.
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8 am 10 am 12 pm 2 pm 4 pm 6 pm

Fixed (  ): 
Sun Tracker (  ): 18 W/m2

35 W/m2

Proposed (  ): 43 W/m2

: 78 W/m2

: 94 W/m2

: 117 W/m2

: 1085 W/m2

: 1049 W/m2

: 1085 W/m2

: 1055 W/m2

: 1041 W/m2

: 1056 W/m2

: 64 W/m2

: 90 W/m2

: 131 W/m2

: 18 W/m2

: 47 W/m2

: 60 W/m2

Fixed (  ): 
Sun Tracker (  ): 595 W/m2

172 W/m2

Proposed (  ): 594 W/m2

: 1017 W/m2

: 714 W/m2

: 1016 W/m2

: 1165 W/m2

: 1126 W/m2

: 1212 W/m2

: 137 W/m2

: 137 W/m2

: 144 W/m2

: 1004 W/m2

: 760 W/m2

: 1004 W/m2

: 717 W/m2

: 249 W/m2

: 717 W/m2

Fixed (  ): 
Sun Tracker (  ): 47 W/m2

46 W/m2

Proposed (  ): 75 W/m2

: 88 W/m2

: 93 W/m2

: 135 W/m2

: 1061 W/m2

: 1025 W/m2

: 1061 W/m2

: 135 W/m2

: 132 W/m2

: 168 W/m2

: 117 W/m2

: 175 W/m2

: 209 W/m2

: 53 W/m2

: 61 W/m2

: 87 W/m2

Fixed (  ): 
Sun Tracker (  ): 36 W/m2

35 W/m2

Proposed (  ): 50 W/m2

: 77 W/m2

: 71 W/m2

: 116 W/m2

: 131 W/m2

: 121 W/m2

: 237 W/m2

: 1079 W/m2

: 1046 W/m2

: 1089 W/m2

: 80 W/m2

: 81 W/m2

: 124 W/m2

: 37 W/m2

: 41 W/m2

: 56 W/m2

Fixed (  ): 
Sun Tracker (  ): 42 W/m2

60 W/m2

Proposed (  ): 62 W/m2

: 991 W/m2

: 725 W/m2

: 992 W/m2

: 1104 W/m2

: 1068 W/m2

: 1104 W/m2

: 1111 W/m2

: 1082 W/m2

: 1109 W/m2

: 1027 W/m2

: 796 W/m2

: 1028 W/m2

: 51 W/m2

: 85 W/m2

: 91 W/m2

Figure 9: Simulations using dynamic illumination. We used a physically based renderer to simulate the illumination of a solar panel
in dense urban settings over a single day. We randomly chose 6,137 different solar panel positions that represent typical urban solar panel
installations. Each row shows the illumination at a single location at different times of day. Notice that as the sun moves through the sky,
the illumination of nearby buildings and objects can change dramatically. Every 10 minutes, we simulated the energy harvested by a solar
panel oriented using our approach (Proposed). We compare its harvested energy with that of a panel that tracks the sun (Sun Tracker)
and another in a fixed orientation (Fixed). In each scene, the orientations of the sun tracker, the fixed panel, and the proposed method are
denoted using the yellow, blue, and red dots, respectively. We also include the irradiance of each solar panel below. Notice that across the
diverse environmental illuminations shown here, the irradiance of the panel oriented using our approach (Proposed) is consistently higher
than the irradiance of the other two panels.
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Table 2: Performance comparison in dynamic illumination.
We compare the energy harvested by the sun tracker, the fixed panel,
and the proposed method over 6,137 different locations in the simu-
lated urban environment. Over a single day, the panel oriented using
our method (Proposed) harvests more energy than the sun tracker
and fixed panel and close to the energy that would be harvested by
tracking the optimal orientation.

Mean Median

Energy Gain Over

Sun Tracker 17.3% 5.6%

Fixed 39.7% 24.6%

Harvested Energy (% of Optimal)

Sun Tracker 88.1% 93.8%

Fixed 75.7% 79.7%

Proposed 98.9% 99.3%

the actuator. Before accounting for the actuator, our ap-
proach harvests 99.7% of the energy harvested by tracking
the optimal orientation. These results indicates that our
approach consistently orients the panel toward the best
orientation, and the small disparity in harvested energy is
mostly due to the energy consumed by the actuator (which
is 0.8% of the total harvested energy, on average). Please
refer to appendix C for the full distributions of the gain in
harvested energy using our approach over the fixed panel
and sun tracker, along with the distribution of the energy
harvested using our approach as a fraction of the optimal
orientation.

6. Experiments: Orienting a Solar Panel

We developed the prototype shown in fig. 10(a), which
includes a solar panel (Voltaic Systems P107C) mounted
on a two-axis actuator (2× Miuezuth RDS3218). Four
photodetectors (ams OSRAM BPW 34) are attached to
the four sides of the panel with a tilt angle of ∆θ = 45◦,
as seen in fig. 10(b). Since the illumination of outdoor en-
vironments generally varies slowly over the day, our pro-
totype measures the photodifferential once every few min-
utes and then actuates the solar panel with a fixed step size
of 5◦ along both axes. To avoid oscillations in the panel
orientation, the panel is only actuated when the magni-
tude of the photodifferential is above a threshold. Our
prototype also includes a measurement system that con-
tinuously monitors the energy harvested by the solar panel
at its maximum power point and the energy consumed by
the actuator. The harvested energy reported in all of our
experiments is the net harvested energy after subtracting
the energy consumed by the actuator.

The goal of these experiments is to demonstrate a vari-
ety of real-world illumination phenomena in which our ap-
proach for orienting a solar panel increases the harvested
energy compared to standard approaches. We refer the
reader to section 5 to evaluate the performance of our

approach in a diverse set of real and simulated lighting
environments.

In fig. 10(c), we show results for five different scenar-
ios. In each case, we compare the harvested energy using
our approach (Proposed) with a solar panel that tracks
the sun (Sun Tracker) and another in a fixed orientation
(Fixed). The trajectory of the sun tracker is determined by
the position of the sun in the sky, which is computed using
the location (latitude and longitude) of the panel and the
date and time of day. The fixed panel is oriented toward
the equator, with the angle from the zenith equal to the
panel’s latitude [7]. The plot in the first row of fig. 10(c)
shows the harvested power by each panel as a function of
time in direct sunlight. The fisheye image shown on the
left corresponds to the time denoted by the dashed line in
the harvested power plot. As expected, the panel oriented
using our method tracks the sun, and thus it harvests the
same amount of energy as the sun tracker and 9.2% more
energy than the fixed panel over a one-hour period (see
the table in fig. 10(d)). A video of the environmental il-
lumination and moving panels is included on the project
website.

On a cloudy day, orienting a solar panel toward the
sun is almost certainly not the optimal orientation. In the
second row of fig. 10(c), the panels are placed outside on a
cloudy day. Since our panel points up toward the clouds,
it harvested 11.2% more energy than the sun tracker and
9.5% more energy than the fixed panel over a one-hour
period.

When a solar panel is deployed in a dense urban envi-
ronment, the panel’s view of the sun is often obstructed
by nearby buildings. This case is shown in the third row
of fig. 10(c), where the panels are in the shadow cast by
nearby buildings. The panel oriented using our approach,
however, orients itself toward the unobstructed portion of
the sky. In this example, over a one-hour period, our panel
harvested 10.6% more energy than the sun tracker and
12.9% more energy than the fixed panel (see fig. 10(d)).

In urban settings, reflections of sunlight by nearby build-
ings can have a significant impact on the energy harvested
by a panel. In the fourth row of fig. 10(c), the panels
are placed in a shaded area that is briefly illuminated by
strong reflections from a nearby building. The peaks in the
plot of the harvested power correspond to times when the
reflections were strong. At such times, our panel orients
itself in the direction of the reflections. At the same time,
the sun tracker points toward the wall of another building,
as its orientation is determined by the position of the sun
in the sky, regardless of nearby buildings that obstruct the
panel’s view of the sun. As reported in fig. 10(d), in this
setting, our panel harvested 248.1% more energy than the
sun tracker and 69.0% more energy than the fixed panel
over a one-hour period. During the strongest reflection,
the instantaneous harvested power in our case is more than
10× that of the sun tracker (bottom two rows of fig. 10(d)).
Please refer to the project website for a video of the envi-
ronmental illumination and solar panels.
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(a) Solar Panel Prototype (b) Photodifferential Sensor (d) Performance Comparison

(c) Orienting a Solar Panel in Various Lighting Environments
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Figure 10: Experiments. (a-b) A prototype solar panel mounted on a two-axis actuator. A photodetector is attached to each of its sides
with a tilt angle of ∆θ = 45◦. (c) The performance of our panel (Proposed) is compared with panels using two widely used strategies: one
that tracks the sun (Sun Tracker) and another in a fixed orientation (Fixed). Plots of the power harvested by the three methods are shown
for five different scenarios: direct sunlight, cloudy sky, shadows cast by buildings, reflections from buildings, and an indoor workspace. The
dotted line in each plot denotes the moment at which the fisheye image of the environment (left) and the image of the three panels (middle)
were captured. (d) The performances of the three panels are compared for the five scenarios in (c). Across a variety of real-world illumination
phenomena, the proposed method increases the harvested energy.
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In our final example (the fifth row of fig. 10(c)), the
panels are placed in an indoor environment. Throughout
the day, people working in the space turn on and off differ-
ent floor lamps. Unlike the outdoors, in indoor spaces, the
lighting can vary dramatically over time. Hence, in this
case, we programmed our panel to iteratively adjust its tilt
until convergence every minute. Compared to a fixed panel
oriented toward the center of the ceiling, our method har-
vested 163.7% more energy over a one-hour period. Please
see the project website for a video of the indoor scene.

7. Discussion

We have presented a minimal sensing method for iter-
atively orienting a solar panel to maximize its irradiance,
thereby maximizing the energy harvested by it. There are
two directions we plan to pursue as future work. First,
we plan to deploy our method at a large scale by working
with companies that install medium- and small-sized pan-
els in cities and indoor environments. Second, we plan to
explore the case in which it is preferable not to use any
moving parts (actuators). In this case, we wish to find the
optimal fixed orientation of a solar panel in any lighting en-
vironment while accounting for the complex, time-varying
illumination seen from a particular location. This problem
is particularly interesting for locations at which the scene’s
3D structure and material properties are unknown. The
optimization would need to account for nearby infrastruc-
ture, the variation of the sun’s trajectory, and the histori-
cal weather conditions recorded for the location.
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Appendix A. Irradiance as a Convolution

The irradiance function E(n⃗) is defined in eq. (2) as

E(n⃗) =

∫
s⃗∈S2

L(s⃗) max(n⃗ · s⃗, 0) dω. (A.1)

Here we show that E(n⃗) can be written as the convolution
of the radiance function L(n⃗) with a kernel k(n⃗), which is
defined in eq. (3) as

k(n⃗) = max(n⃗ · ẑ, 0), (A.2)

where ẑ is the zenith vector.
When convolving a function defined on the surface of

the sphere with a kernel, the kernel is first rotated and
then multiplied with the original function. Let Rs⃗ be a
rotation operator that rotates the zenith vector ẑ to s⃗,
i.e. s⃗ = Rs⃗ẑ. Equation (A.1) can now be written as

E(n⃗) =

∫
s⃗∈S2

L(s⃗) max(n⃗ ·Rs⃗ẑ, 0) dω. (A.3)

Using the fact that n⃗ · Rs⃗ẑ = R−1
s⃗ n⃗ · ẑ, we can rewrite

eq. (A.3) as

E(n⃗) =

∫
s⃗∈S2

L(s⃗) max(R−1
s⃗ n⃗ · ẑ, 0) dω. (A.4)

Substituting eq. (A.2) into eq. (A.4), E(n⃗) becomes

E(n⃗) =

∫
s⃗∈S2

L(s⃗) k(R−1
s⃗ n⃗) dω. (A.5)

Equation (A.5) shows that the irradiance function E(n⃗)
is the convolution of the radiance function L(n⃗) with the
kernel k(n⃗).5 Both Ramamoorthi and Hanrahan [42] and
Basri and Jacobs [41] present a similar derivation showing
that Lambertian reflectance has the effect of convolving
the radiance function with the kernel defined in eq. (A.2).
We refer the interested reader to Driscoll and Healy [40] for
a detailed introduction to the convolution of two functions
defined on the surface of the sphere.

Appendix B. Details of the UrbanSky Dataset

For each scene in UrbanSky, we use a silicon pyranome-
ter (EKO Instruments ML-01) to measure the global hor-
izontal irradiance. We have chosen the pyranometer such
that its spectral response and directional response closely
match that of a silicon photovoltaic [54]. Thus, the irradi-
ance measurement corresponds to the power per unit area
that would be received by a silicon photovoltaic pointing
up in the scene. During the capture process, the neutral
density filter in fig. 7(d) is only needed to capture the ra-
diance from the sun’s disk. On cloudy days, this filter is
not needed since the camera can capture a single set of

5Strictly speaking, the convolution on a sphere is defined by in-
tegrating over the three degrees of freedom of the rotation opera-
tor [40]. Even though eq. (A.5) only integrates over two degrees of
freedom, adding the third degree of freedom does not change the
result in our context. Since the kernel k(n⃗) is symmetric about the
z-axis, k(n⃗) is invariant to rotations about the z-axis. Thus, integrat-
ing over the rotation operator’s third Euler angle, ψ, only scales the
expression by a constant, leaving the convolutional form unchanged.
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7× bracketed images without any saturation. Thus, we
only use the neutral density filter on sunny days. Finally,
as a post-processing step, we used EgoBlur [55] to auto-
matically detect and blur faces and license plates in the
captured images. We then manually reviewed each image
to blur faces and license plates that were not automatically
detected by EgoBlur.

Appendix C. Details of Simulation Results

Here we include histograms of the results from simulat-
ing the energy harvested by solar panels at 6,137 different
locations in an urban environment (as described in sec-
tion 5.4). Figure C.11(a,b) show the histograms of the
percentage gain in net energy harvested over the entire
day using our approach compared to the sun tracker and
fixed panel. The statistics of these distributions are sum-
marized in the first two rows of table 2. Figure C.11(c)
shows the histogram of the percentage of energy harvested
over the entire day using our proposed method compared
to the energy that could be harvested using the optimal
orientation, which corresponds to the last row of table 2.
As explained in in section 5.4, the harvested energy for
each panel is the net harvested energy after subtracted
the energy consumed by the actuator.
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