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Abstract—Pixel latency of event cameras is an important
parameter to take into account in real-time applications. Cur-
rently, pixel latency is insufficiently described in event camera
specifications as a “typical latency at a certain light level.” This
work is motivated by the need to have a well-defined pixel latency
measurement since the latency depends on the irradiance of the
stimulus, the event camera configuration, and the number of
active pixels. The problem lies in defining a hardware setup
and a measurement procedure that could be reproduced by
event camera vendors to specify pixel latency and then used by
event camera consumers for selecting event cameras according
to their real-time applications. The challenges of solving the
problem involve selecting accessible hardware for all vendors,
precisely specifying the hardware configuration and measurement
procedure, and defining the pixel latency metrics that are directly
related to real-time applications. We describe such a solution
and report pixel latency measurements for three event cameras
to illustrate the reproducibility aspects and the value added to
the deployment of event cameras in practice. The interactive
visualization of all latency measurements is available from https://
usnistgov.github.io/pixel latency eventcameras/

Index Terms—Characterization, event camera, measurement
protocol, neuromorphic vision sensor, pixel latency.

I. INTRODUCTION

EVENT-BASED cameras have been around since the
early 1990s [1] and are known as “silicon retinas” or

“neuromorphic cameras” that use the sensing analogous to
human vision. Event-based cameras (EBCs) generate events
triggered by light intensity changes in the field of view (FOV).
They acquire information only about events in contrast to
frame-based cameras (FBCs) that acquire image information at
some frame rate regardless of intensity changes in FOV. At the
present time, EBCs have a time resolution of one microsecond
and outperform FBCs in terms of bandwidth efficiency [2].
Transmission of dynamic changes in the image instead of
the full image frame allows reducing the amount of data to
transmit and process, and therefore, reduces the latency. The
current trend in image sensing for real-time applications is
to attach onboard processors [e.g., field-programmable gate
arrays (FPGAs)] to detectors and perform computation close
to the detectors [3], [4].

The number of event camera vendors and resellers [5], [6],
[7], [8], [9], [10], [11], [12] has grown significantly since
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2000 as the event cameras demonstrate utility for applica-
tions requiring high acquisition throughput [13], [14], [15].
These applications range from dynamic object detection and
recognition in surveillance videos to collision avoidance in
self-driving cars and microscopy-based particle tracking in
biomedical research. Each real-time application has different
latency requirements depending on the measurement task,
illumination, and imaging configuration. While many third-
party vendors and application developers assume a very low
latency of acquisition, the event camera specifications provide
only insufficiently defined “typical pixel latency.” This lack of
latency specification makes it difficult for event camera users
to select event cameras that meet their real-time application
requirements. The need for a reproducible and comparable
pixel latency measurement protocol accompanying event cam-
eras motivates our work.

Since there is no standard to describe pixel latency in
the camera specifications, most EBC vendors include the
“typical pixel latency” in the camera specifications. These
latency values are highly dependent on the input light, the
EBC configuration [16], [17], [18], and the scene spatial and
temporal content. In practice, the “typical” setting is not quan-
tifiable and varies depending on the vendors and event camera
models. Furthermore, event cameras differ in hardware that can
perform optimally in different application environments and
can be tailored to specific use cases. Finally, the pixel latency
measurement method has not been standardized which makes
verification of published latency measurements very difficult.
Choosing an event camera for real-time applications requires
knowing specific dependencies, such as the pixel latency as
a function of event camera bias configurations, positions of
pixel regions of interest (ROI) in the FOV, and light levels. The
problem addressed in the article is to define a reproducible,
low-cost, measurement protocol for pixel latency of EBCs. The
protocol enables measuring latency values beyond the camera
specifications and using the values to compare and select event
cameras for novel applications.

The challenges of solving the problem involve selecting
accessible measurement hardware for all vendors, specifying
the measurement hardware configuration and procedure, and
defining the pixel latency metrics that are relevant to real-
time applications. Our approach extends the previous work by
Sengupta [16], by adding an integrating sphere for generat-
ing a homogeneous light stimulus, a high-precision external
clock that replaces the camera clock to allow comparing
multiple cameras, and characterizing inexpensive hardware
components, such as light-emitting diode (LED) from Arduino
kit [19]. Furthermore, we assume that EBCs are black-box
systems with a synchronization input and data output, which
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avoids the need for knowing the proprietary information about
the EBC circuits as in the work by Sengupta [16]. As such, our
pixel latency protocol can be based on controlling the input
signal and analyzing the signal flow to derive the pixel latency
dependencies.

The contributions of our work lie in the following.
1) Defining reproducible, low-cost, measurement protocol

enabling comparisons of pixel latency measurements of
event cameras.

2) Designing an experimental validation of the pixel latency
measurement protocol and collecting latency data using
three event cameras.

3) Characterizing evaluated event cameras via multidepen-
dency visualizations and designing an interactive online
interface for viewing all latency dependencies.

4) Developing and sharing all documentation, source code,
and instructions for measuring pixel latencies to be
reused by event camera users and developers toward
industry standardization.

Our focus is on the use of event cameras in low-light
microscopy applications in which living biological samples
(cells or viruses of varying sizes and densities) must be inter-
rogated with low-light illumination to obtain nondestructive,
noninvasive, and label-free dynamic measurements [20].

Thus, all the measurements presented in this article were
obtained using low irradiance values, close to the detection
limits of the sensors.

The rest of this article is organized as follows. Section II
introduces pixel latency components and the latency mea-
surement protocol to follow when measuring a pixel latency
of event cameras. Section III lists the hardware setup and
demonstrates how we applied the protocol to establish pixel
latency dependencies for three event cameras. In Section IV,
we discuss stability and our considerations for latency mea-
surements. Finally, Section V concludes with the summary and
contributions of our work. Appendix A-C describe in detail
the protocol for reporting pixel latency in event-based sensor
(EBS) specifications.

II. METHODS

We divided this section into the description of pixel latency
components and the latency measurement protocol to follow
when measuring the pixel latency of event cameras.

A. Pixel Latency Components

The latency of EBCs includes several components, such as
the pixel latency, the interface latency, and the FPGA latency
[16]. These components can be organized into four categories.

1) Detector’s Registration Delay: The time for the
detector’s pixel to charge, reach the configured thresh-
old, and reset (discharge).

2) Intermediate Hardware Delay: The time for the circuit to
read the pixel values, generate and assign the timestamp,
and create the event.

3) Communication Latency: The time for transferring the
data and receiving the data (Tcom). It varies depending on

Fig. 1. Input light intensity (top) and pixel-level sensor activity (bottom). The
horizontal axis has the time and the vertical axis shows the voltage V that is
turning on/off a light source and the voltage that triggers events in an event
camera.

the communication method used with a camera (USB,
fiber optic, . . . ,).

4) Software Level Latency: The time for the application
to process the communication buffer and transmit the
events to the user’s code (Tsw).

These four elements are described by the following equa-
tion:

Lttl = (Tactivation + Treset)

+
�
Treadout + Ttimestamp + Tevent creation

�
+ Tcom + Tsw. (1)

This article focuses on pixel latency which is composed
of pixel activation latency and the time for the hardware of
the camera to register the event and generate the timestamp
as shown on (2). The latency introduced by the different
components after the event’s timestamp is generated is not
taken into account

Lpixel = Tactivation + Treadout + Treset + Ttimestamp. (2)

Fig. 1 illustrates the pixel operation [16], [17], [18]. When
there is a positive light change (respectively, a negative light
change), the pixel-level sensor is charged until it reaches the
event ON threshold (respectively, for the event OFF threshold).
At the threshold value, the sensor is reset (the sensor charge
returns to default level during this refractory period) and emits
a new event. This shows that the pixel latency depends on
the delta of light change as well as on the ON and OFF
threshold values. The faster the threshold-defined delta occurs,
the faster the pixel-level sensor charges (or discharges). The
pixel-level sensors will take more or less time to report an
event depending on the magnitude of the threshold values and
the light irradiance (amount of light incident on a surface area).
The threshold values are configurable through the camera
biases and affect the pixel latency. The light irradiance varies
depending on each application scenario.

B. Latency Measurement Protocol

We introduce the latency measurement protocol by pre-
senting the hardware diagram in Fig. 2. We measure the
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Fig. 2. Hardware components for latency measurement.

pixel latency using events triggered by a blinking LED. To
control the relative intensity changes, we use one background
LED and one foreground blinking LED. The background LED
allows controlling the Weber contrast to simulate different
lighting conditions. The circuit board in Fig. 2 generates the
signal to turn the blinking LED ON and OFF while sending the
same signal to the event camera via the synchronization port.
The event camera records in the data stream the timestamp of
the signal and of the events triggered by the blinking LED.
For instance, sending a 1 −Hz square signal from the circuit
board would yield a dataset with the same timestamp recorded
from the synchronization port and from the event detector with
event polarities of 1 (LED is ON) and 0 (LED is OFF) on 500
−ms intervals. The latency is then obtained by calculating the
difference between the timestamps of the trigger events and
the timestamps of the signal turning ON and OFF the blinking
LED.

Fig. 2 shows a clock signal from the circuit board to the
camera. By default, the event camera uses its built-in clock to
generate event timestamps; however, it is not always possible
to evaluate the built-in clock’s precision. In our protocol,
the circuit board provides a verified clock signal, which also
allows comparing multiple event cameras.

Since the pixel latency depends on the irradiance reaching
the event camera detector, one can also control the background
LED irradiance with: 1) the power supply (see Fig. 2) and 2)
the neutral density (ND) filters [21] in between the blinking
LED and the event camera detector. We also included latency
measurements with and without a lens recommended by the
event camera vendors. The lens must be considered as appli-
cations may have different requirements on the focal range.
The lens also introduces irradiance changes at the sensor.

To measure the dependency of pixel latency on the num-
ber of activated pixels and their locations, the protocol also
includes a variable number of ROIs and their varying sizes.
Our recommended protocol includes: 1) a set of measurements
on a group of nine ROIs (10 × 10 pixels) to derive an
estimated single-pixel latency and 2) a set of measurements on
multiple ROIs with increasing pixel cluster sizes to estimate
the latency dependency on the readout delay. The choice of
using specifically 10 × 10 ROIs has been made to allow
comparing our results with the related study by Sengupta [16],
but it is possible to change this size. In general, the chosen

Fig. 3. Detected events and the LED signal over time.

size for the ROIs should be small enough for the readout
time to be negligible. Under the assumption that 10 × 10 is
a small ROI, the average latency over the ROI can be used
to estimate the single-pixel latency with respect to the same
unique stimulus. Note that it is more accurate to make the
measurement on a population of several pixels instead of just
one, because latency can vary significantly across neighboring
pixels. Furthermore, according to the information provided by
event camera vendors, pixels have an associated activation
probability. Thus, latency measurements should not rely on
a single pixel.

All the event cameras are configurable with multiple bias
values which affect the pixel latency. The bias values are
specified as deviations from the default settings with varying
minimum and maximum absolute or relative values [22].

Based on our experience, event cameras become unstable
when the biases are too close to the extreme values of the
bias range. Therefore, we recommend sampling the bias range
[Min, Default, Max] with values sufficiently distant from the
extreme values.

Finally, the pixel latency metrics include average, standard
deviation, minimum, maximum, and median values computed
over all the pixel latencies within each ROI. For instance, the
average pixel latency over an ROI LROI is computed according
to (3), where npixels is the number of pixels in the ROI and Lp

is the pixel-level sensor latency

LROI =
1

npixels

X
p∈ROI

Lp. (3)

Additional statistics are computed over a set of ROIs, and
over a set of replicate latency measurements within a time
period. To analyze the presence of noisy events, we also collect
the number of events of each polarity (0 or 1) during the
time of triggering LED ON and LED OFF. For example, while
measuring the latency during the LED transitions from OFF to
ON until the LED transitions from ON to OFF, we anticipate
to detect only positive polarity events (i.e., polarity 1). Any
occurrence of negative polarity events during this time reflects
noise in the detections.

All the latency measurements represent the total time spent
on detector activation and readout: Tttl = npixels × Treadout +
Tactivation. One can decouple Treadout and Tactivation in the
measured total latency Tttl via additional analysis, for example,
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Fig. 4. Detected events and the LED signal over time focused on the detected
events with polarity 1.

Fig. 5. Top view of the experimental setup.

through linear regression of the latency measurement as a
function of the number of activated pixels. If we consider
that the readout time is negligible for a 10 × 10 ROI, then
Tactivation = TROI, which gives Treadout = (Tttl − TROI)/(npixels).

Examples of latency measurements per pixel are illustrated
in Figs. 3 and 4. Fig. 3 shows the distribution of the LED
triggers and detected events over time. The vertical red and
black lines characterize the trigger signals of polarities 1 and 0,
respectively, and the yellow and blue points correspond to the
detected events of polarities 1 and 0. This plot was created by
switching the LED ON and OFF every 500 ms and collecting
the events over a 10 × 10 pixel ROI.

Fig. 4 focuses on one of the LED triggers that yields events
of polarity 1. The average pixel latency is the time between
the LED trigger and the first pixel reporting a detected event.

III. EXPERIMENTAL RESULTS

This section presents the experimental setup and the
measurements of two components of the latency. The first
component is the estimated single-pixel latency that is caused
primarily by pixel activation delay. The second component is
the multipixel readout latency that includes the event readout

Fig. 6. Average latency per ROI over the bias and irradiance configurations for
the three tested event cameras without a lens. The yellow color corresponds
to values exceeding 1000 µs.

Fig. 7. Average latency as a function of irradiance for each bias value at one
ROI.

delay, assignment of timestamp and pixel location, and com-
putation of polarity. The results will also be compared with
Sengupta’s work [16] to evaluate the impact of the changes
made to the protocol.
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Fig. 8. Average latency per pixel as a function of the number of active pixels
in ROI. The vertical lines correspond to standard deviation at each measured
ROI size.

A. Experimental Setup

The corresponding physical experimental setup to the dia-
gram in Fig. 2 is shown in Fig. 5. The equipment used for the
measurements presented in this article is listed below. As of
2025, the cost of the essential experimental components was
2100 (60 + 1, 200 + 125 + 90 × 4 + 355).

1) Event Cameras: Century Arks SilkyEvCam HD [7] and
Century Arks SilkyEvCam VGA [23].

2) Control Circuit Board: a Launchpad RM57Lx.
3) Integrating Sphere: IS236A from Thorlabs.
4) LED: LED for Arduino Onion Omega2 kit [19].
5) Neutral Optical Density Filters: Edmund Industrial

Optics [21].
6) LED Power Source and Driver: an LEDD1B T-Cub LED

driver from Thorlabs.
7) Irradiance Power Meter (Optional): Hamamatsu S2281-

04 photodiode [24].
8) Oscilloscope (Optional): Tektronix MSO 3034 (300

MHz, 2.5 GS/s).
9) Time Delay Meter (Optional): DET110—High-Speed Si

Photo Detector, 17.5 MHz BW, 350–1100 nm [25].
10) Lens (Optional): MVL5WA—4.5 mm EFL, f/1.4, for

1/2” C-Mount Format Cameras, with lock [26].
The generation of the trigger signal is assumed by a

Launchpad RM57Lx, which is a real-time circuit board. The
board is also responsible for synchronizing the camera by
generating a 1 −MHz clock signal using the built-in enhanced
pulsewidth module (PWM). The precision of the signal was
verified with an oscilloscope. An integrating sphere is used to
create a homogeneous light stimulus signal. The event cameras
use a USB 3.0 type C connector and an IX Series Connector
(IX80G-B-10P: HIROSE) for sending the event data and
receiving the synchronization signals from the Launchpad
RM57Lx circuit board.

The integrating sphere has two openings: the first one is
used for the blinking LED controlled by the board and the
second one receives the light of a background LED controlled
by a LEDD1B T-Cub LED driver from Thorlabs. The back-
ground LED reduces noise and allows evaluating the latency
for different background irradiance. The camera captures the
output from the top port of the sphere, and ND filters are
used to control the irradiance. The irradiance is measured
using a calibrated Hamamatsu S2281-04 photodiode and the
photocurrent is converted into voltage using a gain amplifier
(femto) and read using a voltmeter (Keysight).

TABLE I
TYPICAL LATENCIES FOR TESTED EVENT CAMERAS

Note that the blinking LED is not managed by a power
supply because the latter introduces extra latency. The latency
of the blinking LED was verified using a DET110 fast photo-
diode from Thorlabs to ensure that the rising time was inferior
to a micro second. All the measurements were performed
in a light tight box to avoid external light to generate extra
noise.

A C++ program was used to process events generated by
the camera through the OpenEB interface [27]. The program
computes the average pixel latency over the ROI, by cal-
culating the difference between a trigger event timestamps
and the timestamps of the first pixel events after the trigger
event.

We also included the computational workflows taking
place on the event camera and on the attached computer in
Appendix C.

B. Experimental Design

The experimental design for latency measurements includes
the following factors.

1) Event Camera Models: three event cameras (2 x
SilkyEvCam HD, 1 x SilkyEvCam VGA).

2) Irradiance Values: five irradiance values.
3) Event Camera Bias Values: seven bias settings of event

cameras.
4) Event Camera ROIs: nine ROIs (each 10 × 10 pixels).
5) Event Camera Configurations: without and with a lens.
6) Event Types: two types of event polarity (increasing or

decreasing intensity events).
7) Replicates: ∼5 latency replicate measurements over 5 −s

time intervals per configuration.
This experimental design yields about 5×7×(9×100)×2×

2 × 5 = 6 30 000 single-pixel latency measurements. For the
latency measurements over varying sizes of ROIs, we collected
only data for the default bias vector and the irradiance value of
0.398 W/m2. Note that the number of replicate measurements
may slightly vary as the number of detected events within 5
−s time interval depends on when the camera starts to record
(the camera is not synchronized with the stimulus). The choice
of event cameras was driven by exploring and understanding
intracamera model and intercamera model differences of event
camera-based latencies.

1) Irradiance Values: The event cameras used for testing
the protocol (Century Arks SilkyEvCam HD with IMX636
sensor and Century Arks SilkyEvCam VGA with Gen3.1
sensor) come with specifications ([7] and [23]) that include
the typical latency as shown in Table I.

Our experiments used the irradiance values
(0.398, 0.277, 0.166, 0.046, 0.006)[ W/m2] that include
one sample value less than 5 lux, one close to 5 lux, and
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three above 5 lux. These irradiance values meet our low-light
microscopy requirements while approaching the limits of the
sensor. To minimize the time needed for an LED to switch
between ON/OFF states, we use a small LED that has a fast
switching time, does not heat up, and is controllable with our
circuit board.

2) Bias Values: The bias values were selected accord-
ing to (4). Among all the bias parameters {bias diff,
bias diff on, bias diff off, bias fo, bias hpf,
bias refr}, we sampled only two biases (bias diff on
and bias diff off) and kept all other biases set to default
values. The default and sampled bias values were set according
to (4), where ∆min = Default−Min and ∆max = Max−Default.
The bias values for bias diff on and bias diff off
were paired into seven bias vectors with the same multipliers
applied to both the bias parameters. All the figures refer to
the seven values as 0.75 MIN, 0.5 MIN, 0.25 MIN, 0, 0.25
MAX, 0.5 MAX, and 0.75 MAX

{Default + {−0.75,−0.5,−0.25} ∗ ∆min

Default,Default + {0.25, 0.5, 0.75} ∗ ∆max} . (4)

3) ROI Sizes and Locations: All the estimated single-pixel
latency measurements were collected from nine ROIs (10×10
pixels). The nine ROI locations are adjacent to each other in
a 3 × 3 grid starting at x = 630, y = 350 and x = 330, y = 230
positions in the event camera HD and VGA models, respec-
tively. The measurements for increasing sizes of ROIs were
taken for sizes (32×32, 64×64, 128×128, 256×256, 420×420)
at the location starting at x = 420, y = 170 and x = 210, y = 50
positions in the event camera HD and VGA models, respec-
tively. The measurements with varying sizes were taken only
for default bias configurations.

4) Lens Options: When the latency measurements were
taken with a lens, the lens was manually adjusted to focus
on the exit port of the integrating sphere.

5) LED Characterization: We measured the red and green
LED characteristics (wavelength, power), followed by the
transmittance look-up tables of the ND filters, and calculated
the irradiance of each filter. We used the irradiance power
meter, spectrometer, and the oscilloscope to complete this
measurement. In this context, the LED characteristics are
suitable with respect to the quantum efficiency and spectral
response of the used event cameras [28].

C. Estimated Single-Pixel Latency

The estimated single-pixel latency can be determined by
computing the average latency on a small ROI according
to 3. Similar to the work by Sengupta in [16], the mea-
surements include nine ROIs located at the center of the
screen (see Appendix A). For each ROI, the latency was
measured with an event camera with or without a lens, for
different bias configurations and irradiance levels. Among all
the bias parameters, we varied only the bias diff on and
bias diff off values because they have the most impact
on the pixel latency as they change the event activation time
(RESET versus ON/OFF threshold) shown in Fig. 1. The value
of bias refr controls the refractory (reset) period and its

Fig. 9. (a) Nine 10 × 10 ROIs on the LED without integrating sphere and
(b) trigger event and pixel events’ position for the blue ROI.

Fig. 10. Nine red 10 × 10 ROIs used for the measurements (center). The
black rectangle represents the camera sensor. The gray circle is the entrance
of the integrating sphere.

impact was studied by McMahon-Crabtree et al. [29]. The
impact of other biases on latency such as the high- and low-
pass filters should be studied in a future work. Appendix D
includes numerical values of the two varying biases in the two
models of event cameras.

The results presented in this section were obtained using
a red foreground LED and a green background one. The
colors of the LEDs were chosen based on the highest values
of Prophesee sensor’s relative spectral responses to LED
wavelengths (i.e., quantum efficiencies [28]).

For these measurements, the intensity of the background
LED was smaller than the foreground one (Weber con-
trast is always larger than 100%) and was never changed
during the experiments. Note that if the background LED
has a high irradiance, the latency of the polarity 0
events drastically increases with the tested camera. The
global irradiance at the sensor level was controlled using
ND filters. The numerical pairs of irradiance values of
the foreground LED (red) and background LED (green)
are {(0.398, 0.07) (0.277,0.04) (0.166,0.03) (0.046,0.008)
(0.006, 0.001)} [ W/m2]. For the rest of this section, only
the irradiance of the foreground LED will be specified.

We generated 1626 figures characterizing latencies of event
cameras under various conditions. All the figures are acces-
sible via an interactive online interface that is available from
our public GitHub repository.

Fig. 6 shows the average latency measurements for three
event cameras without a lens, at each of the 3 × 3 ROI
locations, for each bias and irradiance configuration, and for
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polarities 0 and 1. The color mapping shows small latency
values as blue and latency values larger than 1 ms as yellow.
Based on Fig. 6, one can conclude that the average latency for
polarity 1 is smaller than the average latency for polarity 0.
Furthermore, the SilkyEvCam HD event cameras have smaller
latencies than the SilkyEvCam VGA as expected based on the
specifications in Table I. One can also verify the latency spec-
ifications of the two event camera models by examining the
ROIs in each plot corresponding to the default (zero) bias and
the irradiance 0.046 W/m2 (approximation of 0.0395 W/m2 -
5 lux). Finally, one can also observe that the HD event cameras
have higher latencies for the column with the highest tested
bias configuration while the VGA event camera has higher
latencies for the row with the lowest irradiance 0.006 W/m2.

Fig. 7 dives deeper into latency characteristics at a single
ROI level. While the HD event camera latency curves are very
similar except from the highest bias setting (denoted as 0.75
MAX), the VGA event camera exhibits latencies that depend
much more strongly on the bias settings (the spread of curves
is wider). On the other hand, the HD event camera shows
higher latencies for low irradiance 0.006 W/m2 than the VGA
camera. The results also show a higher latency for the polarity
0 events which is related to the pixel architecture/design of
the IMX636 sensor and is an inherent characteristic of the
IMX636 sensor [30]. Moreover, the pixel response to OFF
events could be improved by increasing the contrast, either
by increasing the brightness of the foreground LED or by
decreasing the one background LED.

D. Latency Dependency on ROI Size

EBS latency can vary depending on the size of the active
region. This latency is introduced by the hardware that reads
the pixel values and formats the events [31], [32]. It can be
determined by comparing the average latencies measured over
ROIs with different sizes [16].

Fig. 8 depicts the evolution of the average latency per pixel
for different ROI sizes and cameras. Since the latency of the
older camera (CAM3) is higher, the plot uses a logarithmic
scale to fit all the data in one graph. The measurements
are obtained by averaging the pixel latencies of ROIs over
ten replicate measurements. The measurements use an irra-
diance of 0.398 W/m2 and the default biases configuration.
Ideally, the latency should increase linearly with the number
of activated pixels since an event camera must read out more
pixels as the active region becomes larger (we should have
log(latency) = α log(npixels) + β on Fig. 8). In the ideal case,
knowing the average pixel latency for 10×10 ROIs and similar
experimental conditions, it is possible to deduce the readout
latency.

Depending on the shape of active ROIs, the latencies can
have a nonlinear dependency on the number of active pixels.
For instance, if the camera is optimized to read values row
by row, a ROI composed by one row and multiple columns
will be read faster that a ROI composed by one column
and multiple rows. Based on our latency measurements in
Fig. 8, the variability of latencies was more concerning than
the linearity of the curve.

IV. DISCUSSION

In this section, we compare our latency measurements
to previous work, stability and reliability of latency limits,
latency measurements for event cameras with and without a
lens, and our considerations for latency measurements using
LED light, and the total cost of measurement hardware.

A. Comparison to Past Latency Measurements

Our results differ from those presented by Sengupta [16].
The major difference is the fact that the ROI latencies are
closer to each other, which is due to the fact that we use of an
integrating sphere to homogenize the LED signal, instead of
recording the LED directly. Furthermore, our results present
smaller latencies at comparable irradiance. For instance, using
the default bias settings, Sengupta’s results show a mean
latency smaller than 300 µs at 0.006 W/m2, whereas our
measurements report a mean latency larger than 100 µs at
0.046 W/m2 for the HD cameras. This can be explained by
the fact that we are using a newer sensor compared with
Sengupta’s one.

The homogeneity obtained using the integrating sphere
improves the quality of the measurement since light deflected
by the border of the LED impacts the latency. Fig. 9 shows
the events for an ROI located at the edge of the LED without
using the integrating sphere. Events that are close to the LED
center have a lower latency than those that are close to the
edge. A diffuser can also be used to homogenize the LED
output, but the integrating sphere will give the best results. A
downside of these tools is that they decrease the irradiance on
the sensor.

Table II summarizes the key differences between our method
and the previous one.

B. Stability and Reliability of Latency Limits

Most of the measurements present an instability issue as
documented in Appendix D when we measure standard devi-
ation of latency measurements. Fig. 6 also demonstrates some
variability of average values within each group of 3×3 ROIs.

C. Measurements With and Without a Lens

The experiments conducted in this work include measure-
ments with and without a lens. The measurements with a
lens may require a manual adjustment of the focus, although
the adjustment is minimal due to the LED setup. Additional
measurements realized with a lens did not present a large
difference compared with measurements without lens. This is
due to the fact that the ROIs are located in the middle of the
sensor, which is an area that is less affected by lens distortion.
Furthermore, lenses available with the camera are small, and
therefore, the amount of light that is lost when using them is
negligible.

D. Latency Measurements Using LED Light

The quality of the latency measurements depends on the
small response time of the blinking foreground LED light.
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TABLE II
MAJOR DIFFERENCES BETWEEN OUR METHOD AND THE PREVIOUS METHODS

The LED response time can be determined from the vendor-
provided LED specifications or by measuring the blinking
LED light with a fast photodiode and an oscilloscope as
detailed in Appendix B. Note that it is also important to make
sure that the circuit sending a signal ON or OFF to the LED
does not introduce too much delay. For instance, we observed
more than 200 −µs delay in our measurements when we used
the power-source, LEDD1B T-Cub LED driver for turning the
LED ON and OFF. To minimize delays from the ON and OFF
signals, we used a standard LED that is directly connected to
the circuit board and measured the delay to be less than 1 µs.

E. Latency Measurements Using Low-Cost Hardware

As documented in Section III, the total cost of the control
circuit board, integrating sphere, LED, LED power source,
and neutral optical density filters is around 60 + 1200 +
125 + 360 + 355 = $2100. While the largest cost is for
the integrating sphere 1200, the importance of homogenizing
the input LED light is critical for latency measurements as
seen when comparing the spread of our latency measurements
with the measurements in Sengupta’s work [16] without the
integrating sphere. Opal diffusers can also be used as a cheaper
alternative to the integrating sphere (the cost is approximately
100). Careful positioning of the LED and placing a limiting
aperture on top of the opal glass can ensure that a uniform
light filed is observable by the camera.

V. CONCLUSION

The objective of this work was to design an experimental
procedure for measuring EBS pixel latency at a relatively small
cost. Currently, event camera vendors only specify the typical
pixel latency. However, the typical setting is not quantifiable
and can vary depending on the camera vendor. Furthermore,
pixel latency varies depending on the irradiance and the device
configuration. For a wide adaption of event cameras in a
variety of applications, event camera specifications should
move toward industry standardization of information about
latency dependencies and our work was presented toward that
goal (see also Appendix E).

We presented a protocol and a hardware setup for pixel
latency measurements of event cameras. Pixel latency was
measured by computing the difference between the timestamps
of the trigger signal, generated using the trigger input of
the camera, and the events detected by the event camera
pixels stimulated with a blinking LED. To improve the qual-
ity of the measurements, the LED signal of the stimulus
was homogenized using an integrating sphere. Furthermore,
the camera was synchronized with an external clock for

which the precision was verified. We conducted the mea-
surements for multiple bias and irradiance configurations,
and three cameras with and without lenses. Finally, the
readout latency can be estimated by comparing the laten-
cies obtained using ROIs of different sizes. More than 1600
plots with latency characteristics of three event cameras
are accessible via an interactive online interface at usnist-
gov.github.io/pixel latency eventcameras. The code is avail-
able from github.com/usnistgov/pixel latency eventcameras.

Future work will address several topics discussed in Sec-
tion IV. First, stability and reliability of latency measurements
need to consider faulty pixels and their detection. Next, the
tradeoffs between measuring latencies in the low-light ver-
sus high-light scenarios require understanding and measuring
suitable LED characteristics (switching speeds, wavelength
dependencies, power) and the LED combinations to control
Weber contrast. The current results illustrate the effect of the
biases on the latency; however, they remain difficult to use for
finding the optimal configuration. Future work will explore
a method for finding the optimal bias settings at a partic-
ular light level based on latency measurements. Finally, the
widespread adoption of latency measurements needs additional
explorations of methods and inexpensive hardware that could
become an industry standard.

DISCLAIMER

Certain commercial equipment, instruments, or materials
(or suppliers, or software) are identified in this article to
foster understanding. Such identification does not imply rec-
ommendation or endorsement by the National Institute of
Standards and Technology, nor does it imply that the materials
or equipment identified are necessarily the best available for
the purpose.

APPENDIX A
LAYOUT OF MEASURED ROI

Fig. 10 illustrates the relative positions of the selected nine
ROIs in red with respect to the camera sensor size (black)
and the size of an opening in the integrating sphere (dashed
gray). The purpose of the integrating sphere is to homogenize
the light reaching the camera sensor. The chosen ROIs are
small and placed in the middle of the FOV to reduce the
probability of the measurements to be corrupted by faulty
pixels. Indeed, according to Prophesee’s, quality standard,
sensors are validated if they include only a very small number
of defective pixels, and those pixels should not be located in
the middle of the sensor.
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Fig. 11. High-speed photodetector mounted on the integrating sphere.

Fig. 12. High-speed photodetector signal of the blinking LED.

Fig. 13. Photodiode signal (cyan) and trigger signal (yellow) viewed on our
oscilloscope.

APPENDIX B
VERIFYING CHARACTERISTICS OF LED

To verify the response time of the LED activation, we
used a DET110 High-Speed photodetector, and we read the
output signal using an oscilloscope. To convert the current
produced by the photodetector, we used a VT1 variadic
resistor from Thorlabs. The resistor values should be set to
the minimum resistance required for the signal to be readable
on the oscilloscope. The minimum resistance can be found
by incrementing the value from the minimum until the signal
is readable. Having this minimum value minimizes the delay
introduced by the resistor. Note that the larger the resistance,
the larger the delay will be. Fig. 11 shows the high-speed

Fig. 14. Camera flowchart.

Fig. 15. Program flowchart.

photodetector mounted on the sphere; Fig. 12 shows the output
signal on the oscilloscope.

To illustrate the characteristics of our LED, we included
a picture of the photodetector signal and the trigger signal
viewed on the oscilloscope in Fig. 13. One can see that the
photodiode detects the LED light before the trigger signal
reaches the maximum voltage, which demonstrates the activa-
tion speed of the LED (i.e., the LED activation in response to
the trigger). The oscilloscope shows a small delay that comes
from the hardware (photodiode and resistor).

APPENDIX C
PROGRAMS FOR COLLECTING LATENCY MEASUREMENTS

Fig. 14 illustrates the computational workflows occurring at
the event camera. Fig. 15 shows the computational workflow
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Fig. 16. Board flowchart.

TABLE III
BIASES VALUES FOR bias diff on AND bias diff off. THE BIAS

SAMPLE REFERS TO THE MULTIPLIER IN (4)

executing at the computer receiving events and computing the
latency values. In parallel, the circuit board shown in Fig. 2
runs a workflow in Fig. 16 that sends a clock signal, waits
500 ms, and flips the LED ON/OFF state via the trigger pin
before sending another clock signal.

APPENDIX D
VARIABILITY OF LATENCY MEASUREMENTS

Table III shows the varying bias values for the two models of
event cameras and two bias parameters. The values correspond
to the experimental design and are defined by (4).

Fig. 17 illustrates the repeatability of latency measurements
by displaying the standard deviations of latency measurements
for three event cameras without a lens, at each of the 3×3 ROI
locations, for each bias and irradiance configuration, and for
polarities 0 and 1. The color mapping shows small standard
deviation of latency values as blue and standard deviation
values larger than 100 µs as yellow. Based on Fig. 17, one
can conclude that there is no guarantee that the latency of
event cameras will be meeting the specifications each time an
event is presented. Fig. 17 visually characterizes the likelihood
that the 100-µs latency specification will be met based on the
measurement grid of 3×3 ROIs over 5 s time period at multiple
configurations of bias and irradiance parameters.

As indicated based on Fig. 17, the latency measurements
have fluctuations outside the expected performance as shown
in Fig. 18. One anticipates neighboring 10 × 10 nine ROIs
to respond to input LED light with the same latency. Fig. 18
illustrates certain randomness of out-of-specification latency
values for the default bias configuration and two identical
event camera models.

With the configuration of our experiment, we observed
that the latency increases when the bias diff on and

Fig. 17. Standard deviation of latency per ROI over the bias and irradiance
configurations for the three tested event cameras without a lens. The yellow
color corresponds to values exceeding 100 µs.

Fig. 18. Average latency as a function of irradiance for each ROI and the
bias value fixed to the default value (no lens).

bias diff off values are increased in the HD event cam-
eras. However, when the bias values are decreased, the latency
for most pixels is reduced, while the amount of unstable pixels
increases. We hypothesize that the FPGA’s event buffer is
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filled faster than the time needed by the event camera to send
the events to the host computer. The fact that the camera uses
a standard USB-3.0 cable, which has a bandwidth limitation
(ideal speed is up to 5 Gbit/s and real speed is between 3.2
and 4 Gbit/s), supports this hypothesis.

We know that the event structure is composed by two
unsigned shorts for x and y (2 × 16 = 32 bits), one short
for the polarity (16 bits) and one long for the timestamp (64
bits), which gives 32+ 16+ [16]+ 64 = 128 bits in total (the
polarity is stored on 32 bits because of the alignment). For the
SilkyEvCam HD camera, we noted that the maximum event
buffer size is equal to 320 events, so we can deduce that it takes
(320 × 128)/(3.2 × 109) = 12.8 µs to send one event buffer.
Since the transmission of one event buffer plus packing and
unpacking events take longer than the event sampling at 1 µs
and the event camera is a black box to a user, it is unknown
how the event camera handles any events during that time.
This event handling can be a source of instability.

When it comes to the reproducibility of latency measure-
ment, there are also several sources of fluctuations to take
into account. First, using low-quality or old LEDs can lead
to unstable irradiance. The quality and the stability of the
LED signals can also be impacted by the quality of the power
supply (for the background LED), or the circuit board (for
the foreground one). Since the circuit board is responsible for
providing the camera clock, it is important to verify that it is
capable of outputting a constant and precise 1 −MHz signal.
Furthermore, the board must be powerful enough to drive the
blinking LED and send the trigger signal. Note that the power
outputted by the pin on the board is also related to the power
that the board itself is receiving. In our setup, we noted that
our Linux computer was not outputting enough power on the
USB port, which was causing issues when adding probes to the
circuit. The quality of the USB connection between the host
computer and the camera can also impact the measurement,
especially if the FPGA implements error recovery mechanisms
that would cause the same buffers to be sent multiple times,
or add extra synchronization delays. Finally, there are also
possible sources of fluctuations that could affect the light
that is traveling from the sphere to the sensor. A damaged
integrating sphere can impact the homogeneity of the stimulus;
furthermore, a low-quality, uncleaned or damaged ND filter
will also change the result of the measurement. For measure-
ments made with a lens, the quality and integrity of the lens
should also be taken into account.

APPENDIX E
TOWARD A STANDARD SPECIFICATIONS OF PIXEL

LATENCY

The ultimate goal is to motivate the development of a
consensus for describing pixel latency in the specifications
of EBCs. Due to multifactor dependencies of pixel latency,
a set of graphs with such multifactor dependencies are needed
for users to match event camera specifications with a variety
of application requirements. Toward this goal, Section II-B
describes an experimental procedure for measuring the pixel
latency with low-cost hardware, and Section III shows the
results of the measurements on three test cameras. While

we are sharing all the supporting software infrastructure, the
community of vendors and users still needs to agree on
a subset of 1600 graphs that sufficiently characterize event
camera models.

A. Potential Sources of Latency Measurement Variability
Due to the Choice of Measurement Hardware

When the ultimate goal is to prepare an industry standard,
one must be concerned with the potential sources of latency
measurement variability due to the choice of measurement
hardware. We list measurement hardware components that
must be selected carefully.

1) LED affects the photon count (intensity) and spatial
illumination cone.

2) Integrated sphere affects the homogeneity of the LED
light impinging on the event camera sensor.

3) Board generating the clock signal affects the trigger time
precision.

4) Neutral filters affect the irradiance value (calibration
quality) and spatial homogeneity (cleanliness).

5) Power supply for the background LED affects the sta-
bility of the background illumination.

6) USB cable and protocol affect error recovery when
events are sent to a computer.

B. Latency Measurements Using Low-Cost Hardware

We included additional notes about low-cost hardware that
can replace the integrated sphere. Opal glasses were listed
as an alternative solution. Opal glass diffuses the light but
does not completely homogenize and an integrating sphere.
Nonetheless, this will be adequate for this type of measure-
ment. Instead of a combination of the calibrated photodiode
with the gain amplifier and voltmeter, which we use here
for highly accurate measurements, an ordinary optical power
meter (e.g., Thorlabs PM120D or equivalent, approximately
2K) set in irradiance mode can be used. The respositivity
setting of the power meter (with a silicon photodiode sensor)
needs to be set to the wavelength closest to the LED wave-
length. Portable power meters can be purchased calibrated, or
can be calibrated for the needed wavelength. It is significantly
less expensive and more convenient to use that the combination
used here, albeit has higher uncertainty in the irradiance
values. It is also possible to lower the estimated cost by
just buying individual LEDs instead of the Arduino kit and
replacing the LED power source with a cheaper solution. Our
goal was to provide the cost estimates for the value added in
better latency characterization of event cameras.

Another note is about replacing LEDs as stimulus generators
with fast lasers. As event cameras use faster event sensors,
one can use fast lasers to create a blinking light pattern.
Lasers emit coherent unidirectional light in a narrow range of
wavelengths, while LEDs emit incoherent and multidirectional
light. These properties of lasers make them more suitable for
high-precision measurements, but they also increase the cost
of hardware and introduce safety hazards. To explore our low-
cost objective and accessibility to all the event camera vendors,
we opted for the hardware setup with LEDs.
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