Anemoi: A Low-cost Sensorless Indoor Drone System
for Autonomous Mapping of 3D Airflow Fields

Stephen Xia'™*, Minghui Zhao!", Charuvahan Adhivarahan?*, Kaiyuan Hou!,
Yuyang Chen?, Jingping Nie!, Eugene Wu'!, Karthik Dantu?, Xiaofan Jiang'

IColumbia University, “University at Buffalo
{stephen.xia, mz2866, kh3119, jn2551}@columbia.edu, ewu@cs.columbia.edu, jiang@ee.columbia.edu
{charuvah, yuyangch, kdantu}@buffalo.edu

ABSTRACT

Mapping 3D airflow fields is important for many HVAC, in-
dustrial, medical, and home applications. However, current
approaches are expensive and time-consuming. We present
Anemoi, a sub-$100 drone-based system for autonomously
mapping 3D airflow fields in indoor environments. Anemoi
leverages the effects of airflow on motor control signals to
estimate the magnitude and direction of wind at any given
point in space. We introduce an exploration algorithm for
selecting optimal waypoints that minimize overall airflow es-
timation uncertainty. We demonstrate through microbench-
marks and real deployments that Anemoi is able to estimate
wind speed and direction with errors up to 0.41 m/s and 25.1°
lower than the existing state of the art and map 3D airflow
fields with an average RMS error of 0.73 m/s.
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1 INTRODUCTION

Maintaining good airflow in indoor spaces such as homes
and offices is important to keep them well ventilated, im-
prove overall air quality and comfort of the occupants. A
well-ventilated room frequently removes stale air, humid-
ity, and indoor pollutants (dust, particles, viruses/bacteria,
etc.) which also benefits the respiratory health of the occu-
pants. This is especially important in preventing the spread
of diseases such as COVID-19 [34, 35, 39] and other airborne
or moisture-based viruses and bacteria that could linger in-
doors for several hours if proper ventilation is lacking. Cor-
respondingly, accurate measurement of airflow over time in
a building would allow homeowners and building managers
to optimize ventilation to eliminate “dead-zones” where little
air is moving or replaced, while also limiting HVAC use in
zones that do not need them [17]. Another application that
would benefit from this knowledge is deciding on suitable lo-
cations to place air purifiers to circulate air, as well as remove
dust and other particles. A third motivating example is that
a building’s HVAC system is spec’d and provisioned before
the building is populated with furniture and occupants. The
dynamics of air that moves through the building will change
significantly over time as new occupants, furniture, and other
materials move into the space. Therefore, periodic airflow
measurements are necessary for proper reconfiguration of
the overall ventilation.

However, it can be difficult and expensive to measure the
full airflow over an entire space. Typically, a professional
walks through the building with an airflow measurement
device to measure airflow vectors (direction and speed) at
different locations, which is costly and labor-intensive [42].


https://doi.org/10.1145/3570361.3613292
https://doi.org/10.1145/3570361.3613292

ACM MobiCom ’23, October 2-6, 2023, Madrid, Spain

i
Nttty
ttr
;///
2
s

\

ettt
l]///

N

1

N
\
~
\

\
\
b~

el b NN

N
I mimiesl

|

-
L
N U 1 1t

NN
N
A\

3|

Figure 1: Illustration of mapping 3D airflow fields.
These measurements are aggregated over each location to
obtain the full airflow field of the entire space, as shown in
Figure 1. Another solution is to deploy static flow sensors
throughout the environment. However, this can only gen-
erate accurate estimates for small enclosed spaces, such as
within a fume hood. Our vision is to provide an inexpensive
and automated process for measuring airflow gradients in 3D
within large indoor environments using inexpensive drones.
We believe this idea is timely with the introduction of small
drones in indoor spaces like Ring Always Home Cam [56].

One solution is to attach a flow sensor to a drone and
take measurements. However, this approach adds cost and
significant weight, reducing the battery life and stability
of the drone. For the safety, it is not feasible to fly large
drones that may be more able to carry the weight of a flow
sensor. We propose Anemoi, a drone-based system for au-
tonomously mapping 3D airflow fields indoors without any
additional sensors and only uses the sensors and control
signals available on a typical micro-air vehicle. The key idea
behind Anemoi is that the force from the wind flow will
slightly perturb the drone, causing the onboard flight con-
troller to compensate for the observed changes in position
and orientation by actuating its motors. Anemoi leverages
how the drone controller compensates for the force caused
by the external wind to estimate airflow vectors (wind speed
and direction) at a specific location in 3D space. We com-
pare against existing state-of-art drone-based methods for
measuring airflow that use physical models of the drone
and directly leverage onboard sensors, like optical flow, and
show that Anemoi achieves 0.4m/s and 25° lower wind speed
and direction estimation error. It follows that the full airflow
field can be measured by actuating the drone to each loca-
tion and measuring the airflow vector. However, measuring
every point in space can be time-consuming and inefficient,
as small indoor drones can often fly for a few minutes be-
fore needing a recharge. Instead, we propose an information
theoretic method to identify locations to sample airflow vec-
tors that minimize the overall uncertainty of the current
airflow field estimate, while minimizing the total travel dis-
tance of the drone. Next, we leverage computational fluid
dynamics (CFD) to extrapolate and estimate the entire con-
tinuous airflow field from the airflows sampled at discrete
locations. Through deployments in a real setting, we show
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that Anemoi can achieve higher accuracy estimates of full

3D airflow fields with fewer locations sampled compared to

other sampling strategies.

While our system is evaluated to be suitable for airflow
analysis for ventilation, we believe that there are a multitude
of important applications of micro-drones that are orthog-
onal to our application (e.g., security and monitoring [57],
asset inspection [44], and search and rescue [23]) that will
spur an increase in intelligent micro-drones in the future.
We envision that Anemoi will be one of the many impor-
tant applications and services that future intelligent indoor
micro-drones will provide. This work is an extended version
of our demo [37]. Our contributions are as follows:

e We create Anemoi, a drone-based system for mapping
3D airflow vectors without using additional sensors by
leveraging perturbations observed by the drone through
its onboard feedback and flight controller to accurately
measure 3D airflow vectors at a given location. We show
that Anemoi achieves angular error of 6.20° and speed
error of 0.11m/s, in comparison to 31.30° and 0.52m/s to a
baseline method that requires the use of onboard sensors.

e We propose an information-theoretic exploration algo-
rithm for the UAV to autonomously select 3-D points to
minimize the overall estimation uncertainty of the full
airflow field while also minimizing total distance traveled.
Next, we leverage computational fluid dynamics to extrap-
olate the full 3D airflow field from 3D airflow vectors
measured at individual sample points.

e We demonstrate through detailed simulations and real
deployments that Anemoi requires traveling only half the
distance to collect as many samples compared to a random
walk and estimates airflow in a target space with 0.73m/s
RMS error and average angle error of 29.79°.

2 RELATED WORK

To traditionally sense airflow vectors and fields, a person or
professional would either need to move around the space
with airflow sensors [21, 29], or install dedicated and sta-
tionary hardware (e.g., particle image velocimetry [14]) and
using computational fluid dynamics [78], which are expen-
sive and time-consuming. There are several existing works
that leverage a drone or robot to measure airflow, includ-
ing solutions that attach a wind sensor directly onto the
drone/robot [40, 59, 69]. Other works use sensors on the
drone or attach other sensors, such as an optical flow, intertial
measurement unit (IMU), or camera sensor [46, 50, 58, 62, 75].
Instead, our work does not directly use any particular sensor,
but rather the control signals sent by the drone’s controller
to actuate its motors to react to perturbations caused by
airflow. This means that Anemoi can be adapted to any stan-
dard drone that performs self-stabilization, regardless of the
sensors it has onboard, unlike existing works.
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Other methods for monitoring air ow and the condition of
the atmosphere (e.g., turbulence) leverage doppler radids [
18 77, lidars [24, 32 6Q, 77 and sodars §, 26, 31, 36 49.

All methods estimate wind speed similarly by measuring the
doppler e ect of transmitted and re ected signals caused by
air ow and turbulence. The main di erence between each
sensor is the type of signal that is transmitted (radar = radio
waves, lidar = light/laser, sodar = acoustic waves). All of these

systems are used to measure outdoor atmospheric conditions,

where wind speeds are orders of magnitude greater (tens to
hundreds of m/s compared to <5 m/s indoors). Additionally,
the observed error is often on the order of several m/s, which
is too high for indoor air ows that may only reach several
m/s. Moreover, these sensors are too large for a small drone
to carry, often weighing more than tens of kilograms [51].

Anemoi measures changes in motor control signals trans-
mitted by the ight controller, which is used to correct for
any position, velocity, and attitude errors. Most personal
and open-source drones integrate model free proportional-
integral-derivative (PID) controllers, which employ feedback
from sensors to continuously adjust motors to maintain po-
sition, velocity, and stability 1, 3]. There are a number of
other control schemes that model ight dynamics, such as
non-linear dynamic inversion (NDI) and incremental non-
linear dynamic inversion (INDI)§4 66, 8(, reactively ad-
just motors when errors or instability naturally becomes too
great [9], or incorporate mission objectives into the control
loop through reinforcement learning48 74. For this paper,
we only look at the performance of Anemoi under traditional
PID control and leave other schemes to future work.

Exploration [11, 63 71] is a well studied eld in robot-
ics. In [71] the authors use visual sensors to build and ex-
plore on a 2D map of the environment. This idea of explo-
ration has been applied to other problems such as 3D recon-
struction [3(, active tactile sensing47), etc. In this work,
we adapt information theoretic robotic exploration to ef-
ciently sense air ow. Path planning algorithms%5 nd
navigable paths avoiding obstacles. Active mapping or ex-
ploration algorithms b nd e cient navigable paths (plan-
ning) with the joint objective of improving maps (mapping)
built through sensing the environment during navigation.
While other methods perform active mapping to improve
visual maps $2, we employ these techniques to perform
better air ow estimation in the target space.

3 ESTIMATING 3D AIRFLOW GRADIENTS

We intend to use small drones (i.e., micro-air vehicles) to
sense air ow, since these will be commonplace in indoor

spaces with the advent of devices such as the Ring Always
Home Cam §€. Our objective is to utilize the e ect of air ow
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Figure 2: Quantities to estimate air ow vectors. (Left: ®g_3,

8], and ¥ are the 3D wind vector, the azimuthal-plane, and
z-axis wind speed components. \ and g are the azimuth and
polar angle of the wind. Right: MiniFly drone with axes and
motors labeled).

drone to characterize the direction and strength of air ow
at any given point. In this section, we propose a method to
estimate air ow at a single point. In section 4 we introduce
a method to e ciently sample and estimate the air ow eld

in an entire target space.

3.1 E ects of Wind on Motor Control
Signals

To leverage motor control signals for air ow estimation, we
rst analyze the e ects of air ow on these signals as the
drone hovers at a particulasetpointlocation. As shown

in Figure 2, we need to nd®g_3 : 1j4_3j*\*qP, which
correspond to the wind speed, azimuth, and polar angle,
respectively. Figure 3 also plots the motor control signals
from the ight controller as the drone hovers in place. These
values are directly proportional to the rotation speed of each
motor. To make a quadrotor hover, the opposite motors spin
at the same speeds, and the adjacent ones spin at the same
speed but in opposite directions. Therefore, when there is no
signi cant air ow, the signals sent to each motor are very
similar in magnitude as seen in Figure 3.

When we blow a constant stream of air, we see that the
control signals to the motors change signi cantly. The force
from the air ow causes instability in the drone's roll and
pitch that the drone can observe using its onboard sensors
(IMU, height sensor, camera). Almost all drone systems uti-
lize a proportional-integral-derivative (PID) based feedback
controller to determine the correct control signals to send to
the motors to maintain a stable pose in real time. Blowing
air at\ = Odegrees and = 0degrees causes the motors 1
and 2 to spin faster and the di erence between these two
motors and motors 3 and 4 become signi cantly greater as
the controller attempts to account for instability caused by
the wind. When we increase the wind speed, we see that
the di erence in motor speeds becomes even greater. This
suggests thathe magnitude in the di erences between
motor control signals inform wind speed , j&j. When

on control signal variations of an autonomously hovering we change the air ow direction td = 90degrees, we see
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