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Abstract

Hydrometers that measure size and velocity distributions of precipitation are needed for research and
corrections of rainfall estimates from weather radars and microwave links. Existing optical disdrometers
measure droplet size distributions, but underestimate small raindrops and are impractical for widespread
always-on IoT deployment. We study the feasibility of measuring droplet size and velocity using a
neuromorphic event camera. These dynamic vision sensors asynchronously output a sparse stream of
pixel brightness changes. Droplets falling through the plane of focus of a steeply down-looking camera
create events generated by the motion of the droplet across the field of view. Droplet size and speed
are inferred from the hourglass-shaped stream of events. Using an improved hard disk arm actuator to
reliably generate artificial raindrops with a range of small sizes, our experiments show maximum errors
of 7% (mean absolute percentage error) for droplet sizes from 0.3 to 2.5 mm and speeds from 1.3m/s to
8.0m/s. Measurements with the same setup from a commercial PARSIVEL disdrometer show similar
results. Both devices slightly overestimate the small droplet volume with a volume overestimate of 25%
from the event camera measurements and 50% from the PARSIVEL instrument. Each droplet requires
processing of 5k to 50k brightness change events, potentially enabling low-power always-on disdrometers
that consume power proportional to the rainfall rate. Data and code are available at the paper website
https://sites.google.com/view/dvs-disdrometer/home.

1. Introduction

There are increasing numbers of optical disdrometers that measure the diameter and speed of hy-
drometeors at ground level (X. Liu, Gao, and L. Liu 2013; Johannsen et al. 2020; Loffler-Mang and Jiirg
Joss 2000; Bailey n.d.; Singh et al. 2021; Rees et al. 2021). Their Drop Size Distribution (DSD) mea-
surements are useful for predicting soil erosion and can be combined with weather radars or microwave
links to predict a DSD over a larger area (Kruger and Krajewski 2002; Spackové et al. 2021). Laser
disdrometers are commonly installed at airports and wind farms for automated assessment of ground
level precipitation. Optical disdrometers measure size and speed of hydrometeors either by direct ob-
servation or occulusion of laser sheets, making them potentially easier to calibrate and maintain in the
field compared with popular acoustic (Joss and Waldvogel 1967; Joss and Waldvogel 1977; Distromet
Ltd. Marc Weibel n.d.) and innovative evaporation-based disdrometers (Singh et al. 2021). The State of
the Art (SoA) scientific video disdrometerinstrament is the 2-Dimensional Video Disdrometer (2DVD)
first described by Kruger and Krajewski (2002)2. However, 2DVD and competing Particle Size Velocity
(PARSIVEL) laser-sheet disdrometers have been reported to underestimate total rainfall volume and
drift over time resulting in unpractical long-term deployment (Johannsen et al. 2020; Jaffrain and Berne
2011; Upton and Brawn 2008). Different types of disdrometers have been shown to produce measured
DSDs that differ dramatically for small droplets (Johannsen et al. 2020; Cao et al. 2008). They consume
significant static power, making it difficult to deploy them in solar-powered weather monitoring, where
brownouts can occur in dark weather conditions (Spackova et al. 2021). An event camera disdrometer
could provide a field device that would have simple optical and lighting requirements and be accurate
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over a wide range of precipitation sizes to enable autonomous continuous DSD measurements that use
less power when there are fewer droplets to measure.

This paper studies the feasibility of using a novel droplet-driven sampling approach based on analyzing
the brightness change events produced by a Dynamic Vision Sensor (DVS) event camera. Such an event
camera does not capture stroboscopic images using a shutter as a conventional camera. Instead, each
pixel reports asynchronous changes in brightness as they occur, and stays silent otherwise (Fig. 1A,
Sect. 2.2) (Lichtsteiner, Posch, and Delbruck 2008; Gallego et al. 2020). They have been successfully
used in many high speed robotics and machine vision applications (Gallego et al. 2020), but not yet in
environmental or atmospheric monitoring.

Our main contributions are:

1. We propose a novel optical disdrometer method that exploits the activity-driven output and high
time resolution of DVS brightness change events to efficiently measure individual droplet size and
speed using the shallow Depth of Field (DoF) of a fast lens to localize individual droplets in 3d
space.

2. We generate high-quality ground truth data for small droplets by modifying the Hard Disk Droplet
Generator (HDDG) from Kosch and Ashgriz (2015) and report how to reproduce this HDDG.

3. We report the first measurements of droplet size and speed with our proposed Dynamic Vision
Sensor Disdrometer (DVSD) and show that the DSD satisfactorily aligns with the ground truth
data with at most a mean absolute percentage error of 7%. We show that the DVSD measures small
droplets with equivalent precision and smaller bias than a commercial PARSIVEL disdrometer.

2. Materials and Methods

2.1. Overview of DVSD Method

Fig. 1 provides an overview of our proposed DVSD method, which is detailed further in later sections.
The DVS camera (Fig. 1A, Sect. 2.2) asynchronously reports brightness change events as the droplets
pass through a thin DoF at the Plane of Focus Rectangle (PoFR) from a lens that looks down on the
rainfall from a steep angle (Fig. 1B). The droplets are illuminated from behind with a ring of LEDs to
produce bright droplet edges (Appendix F). Each droplet produces about 10k DVS brightness change
events (Fig. 1C). By a simple analysis of this spatiotemporal cluster of events, the DVSD method can
measure both the size and the speed of the droplet (Sect. 2.5.3). We developed a modified Hard Disk
Droplet Generator (HDDG) to generate small droplets (Fig. 1D, Sect. 2.3.2) and used an Intravenous
Dripper Droplet Generator (IVDG) for large droplets (Sect. 2.3.1) . Fig. 1C shows an illuminated
falling water droplet recorded with the DVS camera. Our method consists of two key principles. First,
we aim the camera downward at a steep angle, with an angle from the vertical (Fig. 1B: left). Second,
the diameters of the droplets crossing the shallow DoF at the Plane of Focus (PoF) are measured
unambiguously, i.e., since the PoF is located at a fixed working distance from the lens, we can infer
the 3d position of the droplet, and hence disambiguate the absolute size from the image size. Droplets
passing through the camera’s PoFR come into focus, showing a high contrast and creating an hourglass-
shaped cluster of events, whereas droplets outside the PoFR do not come into focus or create an hourglass
cluster. Droplet velocity is measured by using short accumulation time at two points in time (Fig. 1C,
Sect. 2.5.3). Accumulating the events belonging to one droplet that crosses the PoFR (marked by *
in figure) produces an hourglass shape (Fig. 1C: accumulated hourglass) where the ideal moment for a
droplet diameter measurement (Sect. 2.5.3) is at the waist of this hourglass. The hourglass should be
as concave as possible to facilitate the detection of the waist. Using a fast lens with a small aperture
ratio T number produces a shallow DoF, increasing the amount of blur of the droplets that are out of
focus. Fig. 1B also illustrates how a droplet that crosses the field of view (FoV) but past the PoFR
(marked by # in figure) creates an accumulated image that starts out blurry and becomes increasingly
blurry until it leaves the FoV; similarly (but not illustrated), a droplet that crosses the FoV in front of
the PoFR creates an accumulated event image that starts out blurry and becomes increasingly sharper
until it leaves the FoV. Only droplets that cross the PoFR create hourglasses.

2.2. Dynamic vision sensor event camera

The DVSD uses a DVS event camera (Lichtsteiner, Posch, and Delbruck 2008), specifically a DAVIS346°
(Taverni et al. 2018). In each pixel (Fig. 2), the logarithmic photoreceptor (A) drives a change detec-
tor (B) that generates the ON and OFF events (D). Pixel photoreceptors continuously transduce the

3https://shop.inivation.com/collections/davis346
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Figure 1: Summary of Dynamic Vision Sensor Disdrometer (DVSD) methods. A : Comparison between

a conventional frame camera and a DVS capturing a rotating disk with a black dot. The frame camera outputs
frames with nite exposure duration at discrete time intervals, whereas the event camera continuously outputs
brightness change events, which results in a helix of discrete events in the space time plot (green: increase
in brightness, red: decrease in brightness) (Lichtsteiner, Posch, and Delbruck 2008; Gallego et al. 2020)
(Sect. 2.2). B: Side view of the DVS camera setup in experiments and three illustrations of DVS recordings.
The cyan droplet (*) crosses the eld of view—0V) and falls through the Plane of Focus Rectangleof-R),

which is tilted at a small angle from the verticalyz-plane. The corresponding camera image is illustrated

on the right side at three di erent times: the cyan droplet (*) enters the FoV; it starts out blurry, comes
into focus, and then grows blurry again as it exits the FoV. By contrast, the orange droplet (#) crosses the
FoV behind the PoFR; it never comes into focus and only grows increasingly blurrys the angle of the
droplet from the verticaly,-axis seen on the recording, caused by droplet velocity component irythglane

(out of the page). C: Sample DVS recording of a droplet crossing the PoFR, which is demonstrated in three
frames with 5ms time di erences between each frame. Each of the three DVS frames in this sample is an
accumulation of 0.4 ms of events. Green points correspond to ON events, red points show OFF, and yellow
points show overlapping of ON and OFF events. The rightmost frame shows all accumulated events over
10ms. Each droplet creates 10k to 50k eveswwerathundredto—severalthousandevents, depending on

its size. The diameted, of the droplet is measured at the waist of the hourglass when the droplet is in
focus, as illustrated on the right. We estimate the falling spegdby measuring the focal plane speed of

the droplet. Egs. (1) and (2) provide the physical droplet diameter and speed. (Sect. 2B3:3)lard Disk
Droplet Generator iDDG ) modi ed from Kosch and Ashgriz (2015). The droplet generator uses a hard disk
actuator to oscillate a exible needle with a constant ow rate of water fed into the needle from a pump. The
water tank is placed on top of a scale to calculate the ow rate. Within a 4ange of oscillation frequencies,

a droplet is released at each end of the oscillation by large acceleration forces acting on the exible needle.
The diameter of droplets released from the needle is adjusted by the oscillation frequency of the needle. We
generated the large 2.5 mm droplets falling 10 m through a circular staircase well with an intravefiéys (
dripper.

photocurrent | produced by the photodiode (PD ) to a logarithmic voltage V,, resulting in a dynamic
range of more than 120 dB. This logarithmic voltage (calledbrightnesshere) is bu ered by a unity-gain
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source follower to the voltageVss, which is stored in a capacitorCpys inside individual pixels, where it is
continuously compared to the new input. If the changeVy in log intensity exceeds a critical event thresh-
old, an ON or OFF event is generated, representing an increase or decrease of brightness. The event
thresholds o, and , are nominally identical for the entire array. The time interval between individual
events is inversely proportional to the derivative of the brightness. When an event is generated, the
pixel's location and the sign of the brightness change are immediately transmitted to an arbiter circuit
surrounding the pixel array, then o -chip as a pixel address, and a timestamp is assigned to individual
events. The arbiter circuit then resets the pixel's change detector so that the pixel can generate a new
event. Events can be read out at up to rates of about 10 MHz. The quiescent (noise) event rate is a
few kHz. Events are transmitted from the Dynamic and Active Pixel Vision Sensor QAVIS ) chip to

a host computer over Universal Serial Bus (JSB ). The host software records the data and allows play-
back in slow motion. In addition to the DVS circuit the DAVIS346 also has a circuit for conventional
intensity frame recordings called the Active Pixel Sensor APS ) circuit (Fig. 2C), which was useful for
lens calibration and focusing.

Figure 2: DAVIS pixel circuit and operating principle. The sensor generates asynchronous brightness change
ON and OFF DVS events and APS intensity samples, which we do not use for disdrometry, but are helpful
for calibration and focusing. Asynchronous digital circuits place the eveny;p) address | is the event
polarity) onto a shared digital output bus. A USB chip on the camera transmits these events to a host
computer along with the event timestamgs The computer supplies packets of theex;y; p) events with

a maximum latency of 1 ms to user programs.

2.3. Arti cial droplet creation

Fig. 1D, and Figs. 3 and Al illustrate our HDDG for creating small droplets. It is based on previous
work by Kosch and Ashgriz (2015), who utilized a computer hard disk arm as an actuator. They used a
high-frequency buzz to create ripples in a steady stream of water emitted by a sti glass needle, which
would break up into small droplets. Our HDDG uses a exible plastic needle, which, if properly combined
with a steady stream of water, creates a single droplet at each end of an oscillation, resulting in two
droplet streams, one of which we measured. We used a discarded hard disk drive that we disassembled to
expose the platter head actuator arm. The arm is coupled to the needle by threading the needle through
adhesive tape applied over the hole in the arm allowing the needle to protrude. The arm is actuated with
a home audio power ampli er driven by sinusoidal waveforms generated by an audio wave generating
program where we used coil driver amplitudes from 5Vpp{20 Vpp and frequencies from 60 Hz{220 Hz.

2.3.1. Intravenous droplet generator

Fig. A2 and Fig. 4B shows our setup for creating large droplets with an IVDG assembled from a
standard intravenous dripper obtained from a pharmacy and a needle tip intended for glue dispensets
The diameter of the needle tip (OD 0.4mm) has only a weak in uence on the droplet size (2.5mm),
which is mainly determined by the surface tension of water adhering to the needle; at low ow rates,
when the droplet mass grows large enough, it breaks free from the needle. We adjusted the IV ow to
produce a regular series of droplets at a rate of about 1.6 Hz (Appendix E).

4Gray color, with ID 0.2mm, OD 0.4mm, part VD90.0032  https://www.martin-smt.de
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160 2.3.2. Hard disk droplet generator
Fig. 1D and illustrate our HDDG and Figs. 4 and Al shows the HDDG setup. Our HDDG is based
on previous work by Kosch and Ashgriz (2015), who utilized a computer hard disk arm as an actuator.
They used a high-frequency buzz to create ripples in a steady stream of water emitted by a sti glass
needle, which would break up into small droplets with about 100 um diameter. Our HDDG uses a soft
165 and exible plastic needle, which, if properly combined with a controlled stream of water, reliably creates
a single droplet at each end of an oscillation, resulting in two droplet streams, one of which we measured.

HDDG droplet needle. To make the droplet needle, we use a microloader microcapillary tip This soft
plastic needle tubing protrudes from its integrated feeder expansion. The peristalitc pump tubing is
plugged into this microloader. The needle is threaded through a hole drilled through the hard disk drive

170 (HDD ) actuator arm so that the needle protrudes from the arm by 2cm{4 cm, and we can control the
length of the protruding needle to adjust its resonance frequency to match the driving frequency. That
way, we can use a smaller driving voltage and current for the HDD driver coils. The needle is xed to
an elevated platform with a conical interference t between the needle and a black plastic tube glued to
that platform (see Fig. A1 C and D).

175 Construction of HDDG droplet generator. Fig. 3 sketches the HDDG construction. We use an old 250GB
3.5" hard disk drive that we disassembled to expose the platter head actuator arm. The coil driver wires
have two functions: rst, to power the HDD coils and second, to act like springs to keep the HDD arm
close to the middle of the two permanent magnets, which is the best operating point for the arm. To
construct the needle driver, we follow these steps:

180 1. The upper end of the plastic needle is frictionally held in place (see black tube).

2. Two nuts and a bolt (Fig. A1D) adjust the protruding length of the needle to match the resonance
frequency of the needle with the HDD frequency to maximize the amplitude of the oscillation and,
therefore, the e ciency.

3. The lower end of the plastic needle is guided through a tiny hole in a piece of sticky tape. The

185 tape is attached to the end of the HDD arm.

4. The needle is connected to the water tube from the pump. This connection must be tight to prevent
water leakage and to prevent the needle from twisting.

5. Since the needle has some inherent curvature, we twisted it with our ngers until the inherent
curvature was perpendicular to the oscillation direction.

190 Driving the HDD. The HDD arm is actuated with an audio power ampli er driven by sinusoidal wave-
forms generated by an audio wave generating program (www.szynalski.com/tone-generator). The arm
is coupled to the needle by threading the needle through one-sided adhesive tape which is applied over
the hole in the arm. We used amplitudes from 3 Vpp{10Vpp and frequencies from 60 Hz{220 Hz. By
adjusting the ow rate and oscillation frequency, we can arrive at a combination of settings where nearly

195 on every oscillation, a single droplet is ung from the needle tip at each end of the oscillation. Since the
ow rate and frequency are constant, the droplet sizes are also constant.

2.4. Experimental setups for DVSD and PARSIVEL measurements

Fig. 4 illustrate the HDDG and IVDG setups. Figs. A1 and A2 show detailed photos of the setups.

We replicated both sets of experiments with the commercial PARSIVEL instrument listed in Table 4.

200 For the PARSIVEL IVDG experiment, we used a di erent stairwell that is much more open to wind
currents because the circular one used for the DVSD experiments was not available.

For the DVS measurements we optimized the camera biases for droplet observation by increasing
the pixel bandwidth and optimizing the event threshold settings. The DVS are recorded on disk as
AEDAT-2.0 les using JAER ( https://jaerproject.net ).

205 For the PARSIVEL measurements, we used the default device settings. The PARSIVEL records the
droplet class counts and writes them to summary CSV les.

50D 0.3mm Eppendorf 20 ul microcapillary pipette; Merck Catalog No. 930001007
60D 3.5mm Tygon ® S3—E-3603, Saint-Gobain Performance Plastics; Tygon tubing website
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Figure 3: Sketch of HDDG. The red B-vector is the induced magnetic eld by the coil and alternates its
direction from up to down. When it points up, it is attracted to upwards pointing yellow B-vectors from the
static magnet. Two sticky tapes and two green wires hold the HDD arm in place in a spring-like manner.
This attachment ensures that the coil is centered between the two opposite poles of the metal piece. Without
the sticky tapes, we observed that the arm drifts to one side and does not function properly anymore. See
Fig. Al for photos.

2.5. Experiments

The objective of the experiments was to measure the diameter and velocity of droplets with a DVS

with droplets falling close to their terminal speed, and to compare these measurements with their cor-
210 responding ground truth (GT ) (Sect. 2.5.4), and to PARSIVEL measurements using the same setups

(Sect. 3.2). Two experiments were conducted with di erent setups to optimize droplet creation for two

di erent drop size categories, which are further explained in the following two paragraphs. Both experi-

ments used the same DVS camera and measurement principles (described in Sect. 2.5.3). Lenses for each

experiment were chosen to make the droplets create at least 10 pixel diameter at the PoF. Both lenses
215 were set at their minimum focusing distance. The working distance was then reduced further to about

50 cm using lens spacers.

Table 1 compares both experimental setups with further details. Both droplet generation methods
are described in Sect. 2.3.

The rst experiments, called HDDG experiments, were conducted in a darkroom using an HDDG

220 and a fall height of 2m. This setup was optimized for droplets with a diameter of 0.3 to 0.6 mm, by
using a 300 mm lens with the resulting large magni cation M = 30:7 px/fmm. This led to a sampling
area of Q9cn?. The HDDG produced a localized drop jet, making it fairly easy to hit the sampling area.
The height of the droplet fall is enough for the drops to reach more than 99% of the terminal velocity
according to Appendix H. We used a 40 W Light Emitting Diode (LED ) ring purchased from a home

225 supply store as a light source pointing upward and inward to achieve a high contrast between the bright
drop edges and the dark background (Fig. A1A and Appendix F).

The second experiment, called the IVDG experiment, was carried out in the vertical tunnel of a
spiral staircase using a IVDG as a droplet generator and a fall height of more than 10 m. With a smaller
magni cation of 7 px/mm (4.4  smaller than for the HDDG experiments), the magni cation was reduced

230 for droplets with a diameter of approximately 2.5 mm, while maintaining a relative precision similar to
that of the HDDG setup. The main reason for this reduction in magni cation was to more easily capture
the droplets, which had a huge scatter compared to the HDDG scatter. With the IVDG, it was only
possible to create a single droplet size because the droplet size is determined by the weight that breaks
the surface tension with the needle. The higher magni cation led to a larger sampling area of 4cfh

235 increasing the chance of capturing the larger drops, which have a much greater spread from the higher
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