Event fields: Capturing light fields at high speed, resolution, and dynamic range
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Figure 1. We introduce Event Fields, a novel framework that leverages event cameras to capture light fields at high speed, resolution,
and dynamic range using innovative optical designs. Event fields integrate the unique advantages of event sensing—such as low latency,
data efficiency, and power-saving capabilities—with the detailed angular information provided by light field sensing. We demonstrate the
versatility of the event fields through three application scenarios: slow motion refocus (SloMoRF), instant true depth estimation, and high

dynamic range (HDR) light field imaging.
Abstract

Event cameras, which feature pixels that independently re-
spond to changes in brightness, are becoming increasingly
popular in high-speed applications due to their lower la-
tency, reduced bandwidth requirements, and enhanced dy-
namic range compared to traditional frame-based cameras.
Numerous imaging and vision techniques have leveraged
event cameras for high-speed scene understanding by cap-
turing high-framerate, high-dynamic range videos, primar-
ily utilizing the temporal advantages inherent to event cam-
eras. Additionally, imaging and vision techniques have uti-
lized the light field—a complementary dimension to tempo-
ral information—for enhanced scene understanding.

In this work, we propose “Event Fields”, a new approach
that utilizes innovative optical designs for event cameras to
capture light fields at high speed. We develop the underlying
mathematical framework for Event Fields and introduce two
foundational frameworks to capture them practically: spa-
tial multiplexing to capture temporal derivatives and tem-
poral multiplexing to capture angular derivatives. To re-
alize these, we design two complementary optical setups—
one using a kaleidoscope for spatial multiplexing and an-
other using a galvanometer for temporal multiplexing. We

evaluate the performance of both designs using a custom-
built simulator and real hardware prototypes, showcasing
their distinct benefits. Our event fields unlock the full ad-
vantages of typical light fields—like post-capture refocusing
and depth estimation—now supercharged for high-speed
and high-dynamic range scenes. This novel light-sensing
paradigm opens doors to new applications in photography,
robotics, and AR/VR, and presents fresh challenges in ren-
dering and machine learning.

1. Introduction

Capturing high-speed visual phenomena in real-time is es-
sential for advancing science and engineering. Traditional
high-speed frame cameras like Phantom, Photron, and IDT
can achieve impressive frame rates (up to 100,000 fps) but
are bulky, have finite capture duration, and are expensive
(exceeding $100,000), restricting accessibility. In contrast,
event cameras offer a more affordable and efficient solu-
tion with high temporal resolution (down to 1us) and con-
tinuous data acquisition, suitable for real-time applications.
Unlike traditional cameras, which require substantial band-
width (e.g., 100,000 fps, HD capture requires 100 GBps),
event cameras capture only changes in the scene using asyn-



chronous pixel readouts, reducing bandwidth demands and | Kaleidoscope Galvanometer
enabling continuous streaming. This approach has recently
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been harnessed for high-speed applications, including op- .
tical ow, object tracking, high-dynamic range imaging, CRtglcoorn- Performanc Sce\:\eesdep. Scer:\leolndep.
structured light scanning, and photometric stereo [6, 10]. .
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In this work, we extend event camera capabilities by in- Dynamic LF capture Yes Yes
troducing angular capture, allowing for post-capture manip-  Refocus Fidelity Choppy Smooth
ulation of high-speed video—a previously unexplored func-  gandwidth Required Low High

tionality. Capturing angular radiance information is known
as light eld imaging [24, 25, 53], enabling features such as Table 1. Relative advantages of kaleidoscope vs. galvanometer
post-capture refocusing and depth estimation. We proposedesign for capturing event elds.

“Event Fields” that rgcord radian(marivgtive_sacross an- 2 Related Work

gular and temporal dimensions, extending light eld imag-

ing principles to high-speed, high-dynamic-range scenariosLight eld sensing: One of the rst approaches to light
(see Fig. 1). To capture these Event Fields, we introduce eld capture [54] involves using multiple sensors to gather
two complementary hardware systems: a kaleidoscope-angular information from various perspectives. However,
based design and a galvanometer-based design, each witthis setup is bulky, costly, and requires high bandwidth
unigue advantages for this purpose. communication. An alternative is time-sequential capture,

The kaleidoscope design (see Fig. 3), inspired by Man- Which mounts a sensor on a mechanical gantry to capture
akovet al. [30], captures angle-resolved time derivatives by the light eld of a static scene [12, 25]. Rather than moving
placing a rectangular kaleidoscope in the optical path. Thisthe sensor itself, a mirror can be used to redirect the view.
approach allows for capturing angular information afford- Ihrke et al [19] proposed using a movable planar mirror to
ably and simply aB 3 views. The galvanometer design Shift the view temporally. However, this method requires
(see Fig. 4) uses a galvanometer positioned in the opticapndmdual calibration for each image, adding complexity.
path to capture angular derivatives directly. By controlling Fuiii et al [8] uses a galvanometer and pairs it with & high-
the mirrors at 250 Hz, the incoming rays are shifted along SPe€ed camera. Inspired by their approach, we developed
a curve, enabling the capture of both angular and temporaf@ Similar design, precisely controliing the galvanometer's
derivatives. As angular derivatives are sparse [21, 56], thismovement. A key distinction is that our galvanometer op-
design does not signi cantly increase bandwidth require- €rates continuously, while their system selects discrete po-
ments. Table 1 compares the relative advantages of thes&itions from a lookup table, making it slower.
two hardware approaches. In addition to time-sequential capture, angular informa-

To systematically evaluate the relative merits of the hard- tion can al_so be _m_easured with s_pat|al multiplexing. Qne
ware designs, we build a Blender plugin to render event- way to achieve this is through a microlens array [39], which

elds with physics based light simulation. We also build has been widely adopted in commercial light eld cameras

hardware imaging prototypes with kaleidoscope and gal- like Raytrix [44] and Lytro [28]. While effective, microlens

vanometer, and algorithms to demonstrate new imaging cg.arrays are challenging to manufacture and install. Taguchi

pabilities in challenging environments. These include post- &t & [4:3(1 Sl]fggeSteg usw;lg E\'mlrror ball tol expanhd the cam-
capture refocusing on dynamic scenes (e.g., a rotating fan agra_\s el 'k())l v]ewht oug tbls”:setup resu tSAI\In the qanpera
480 RPM), focus tracking of nerf darts traveling at 20 m/s, P€IN9 Visible in the mirror ball's re ection. Alternatively,

high-speed depth reconstruction, and high-resolution, highManakOV et al [30] introduced a kaleidoscope-like m.ir—
dynamic range light elds. ror array that can be attached to a standard camera without

modi cation. Inspired by this design, we adapted it to con-

vert a conventional event camera into a device capable of

capturing the event eld.

* Introducesevent elds spatial and temporal multiplexing  Event camera designsfFrom the rst neuromorphic sensor
techniques to capture them. by Mahowaldet al. [29] to the recent Sony IMX636, event

* Builds a physics-based simulator and two hardware proto-sensing saw exponential growth. We brie y review designs
types to systematically evaluate the merits and limitations most relevant to our manuscript and refer the readers to re-
of the multiplexing techniques. cent surveys [6, 10]. Event cameras are regularly used in

* New applications and related algorithms, including slow ropotics and autonomous navigation for optical ow com-
motion refocus (SIoMoRF), true-depth estimation, and putation [2, 11, 52], feature tracking [49], and motion seg-
high dynamic range light eld imaging. mentation [34, 57], but event cameras cannot detect edges

* Open source simulator, data, and processing codes [43]. in the direction of the camera motion. Inspired by microsac-

Contributions. To state explicitly, the manuscript makes
the following contributions:



cades in human eye movement, étal. [17] placed arotat- mathematical models for event elds.

ing wedge mask before the event camera aperture to capture ) .

edges in all directions. Similar to them, our galvanome- S-1- Light Field

ter design detects edges oriented in all directions, indepen-The plenoptic model of light (x; % ;t ) is a comprehen-
dent of camera and object motion, as shown in Fig. 6. Our sive representation that captures all the dimensions of light
galvanometer design also nds inspiration from the designs emitted by a scene [1, 33]. Here,= (x;y;z) represents

of Mugalikar et al. [37], who used a rotating polarizer in the spatial coordinates of the observer through which the
the aperture plane to capture high- delity polarization in- light passes* = (!;!y) are the angular coordinates;

formation for shape-from-polarization and Y al. [55], is the wavelength, andis the time. At a given time,
who used a rotating light source and event camera for fastthe measurement of a monochromatic light is 5D function.
photometric stereo. Levoy and Hanrahan [25] and Gortletral. [12] showed that

Habuchiet al. [16] captured light elds for static scenes the 5D representation has redundancies and have reduced it
by placing an LCOS device in the aperture plane of eventto 4D by assuming that the light eld is measured in free
cameras and using CNN to recover the light eld. While space. Under this assumption, as the radiance of a ray re-
the technique is quite novel, itis limited to static scenes due mains a constant in a straight line, the static monochromatic
to the LCOS response tim@Z mg. Guoet al. [14] placed light eld is a 4D functionL (4;9), wheret = (u;Vv) is a
a microlens array (MLA) on the event sensor to capture point on the virtual sensor argl= (s;t) is a point on the
the light eld for dynamic scenes and showed microscopic virtual aperture.

imaging applications with their prototype. We built our pro- To synthesize an image from a given light eld, we inte-
totypes for macroscopic applications, and our kaleidoscopegrate the light eld over the aperture as:

design is functionally same as MLA design. However, the 7

galvanometer design can capture angular information even l(y)= L(u;9ds: 1)
for static scenes without trading off the spatial resolution s

[ . [14]. . .
like Guoet al. [14] Light eld allows us to change the focus plane after imag-

Event processing algorithms: Event cameras capture . . _ )
scene information at higher temporal resolution (8) and ing by computationally changing the distance between the
sensor and aperture planes [3, 25]d{fis the original dis-

dynamic range (140 dB) compared to standard cameras . . .
(60 dB) [10]. These features enable solutions to challenges'[ance betwgen the planes qmcb the distance requwgd 0
where standard frame-based sensors struggle, such as higltu(—)c'“ls at. a 9_"’9” depth,_the .I|ght eld that focus_esdamll
speed motion estimation [9], high frame rate reconstruction belq(4; 9 -~ L (4 +_( do_d)?’ 9. The refocused image carn
[45], and high dynamic range imaging [45]. Besides, event be synthesized by integrating angles, as shown in Eq. (1).
cameras and standard frame-based cameras are complemeg-2  Event Camera

tary; event cameras provide high-speed, sparse data, while )
standard cameras capture color and ne details. By fusingA" €Vent gamera asynchronously records the brightness
these two types of sensors, algorithms like Timelens [50] (B = 109( . Ld*)) change event for each pixel indepen-
and Timelens++ [51] effectively interpolate RGB frames dently [4, 26, 29, 42]. Speci cally, in an ideal and noise-

. . - NG :
using event information. We adapt these event processing€€ Scenario, a pixet = (xi;yi)" will be triggered at
algorithms for processing event eld data. time ty as soon as the brightness change reaches a prede-

Other event-based fusions: Apart from RGB cameras, ned thresholdC siqce Fhe Iast_triggered e\_/ent. The polarity
other computational imaging systems can also be made fasP« 2 f +1: 19, which is the sign of the brightness change,
by fusing with event sensors [58]. Event-based structuredWill b€ recorded for each trigger. Mathematically,

light sensing techniques [18, 23, 31, 32, 35, 47] reconstruct oy . . _
3D scenes at high speed by replacing standard intensity sen- Bluit) = BOuGt) Bl ) = pC
sors with event cameras. Event cameras are also used for @BXi;it)  pC ) @lxi; te) L PC @)
foveated depth sensing [36] to scan moving objects at a @t tk @t ty

higher spatial resolution. Muglikegt al. [38] combined
single-photon avalanche diodes (SPADs) with event cam-
eras to achieve high-speed, low-light, low-bandwidth imag-
ing capabilities.

Therefore, event cameras capture a high-speed temporal
derivative slice X; tx) of the plenoptic function.

In the related work, we referred to several techniques
that excel at extracting high-speed spatial information from
sparse event streams. These algorithms can do so as the
scene information typically changes slowly [10], making
We will brie y review the image formation models for light  the temporal gradien% inherently sparse. This re-
eld and event cameras that are useful in developing the dundancy also applies to angular dimension as light eld

3. Technical Background



is mostly smooth [21, 56] and henc@%—;;t) and
% are sparse. We exploit this sparsity to capture

event elds with a single event camera in the next section.

4. Event Field

As mentioned briey in Sec. 3.2, an event camera’'s pho-

todetector measures brightness by taking the logarithm of

radiance integrated over all angles. This integration results

in a loss of angular information. Our objective, through

event elds is to retain this angular information. To

achieve this goal, we need to multiplex angular informa-

tion into either the spatial or temporal dimensions that the Fi 5 Blender plugin for phvsics-based ¢ eld renderi
event camera captures. We advocate for and design both igure 2. Blender plugin for physics-based event €ld rendering.
spatial and temporal multiplexing techniques, as they offer more events than spatial multiplexing. At any given time in-
complementary advantages. stant, the angular view will be &(t mod T) and the tem-
porally varying light eld isL (x; C(t mod T);t). For static
scenes, the event camera measurement is

@Rx; 1) _ @Rx;!) @Xt) PC.

4.1. Spatial Multiplexing

We encode discrete angular informatidn)(into the spatial
dimension using a mapping function de ned as: :
@t @! @t ., tk

(ixs(ti)) 7 x; 3 N ,
Therefore, temporal multiplexing technique measures the

where xs(! i) represents the spatial coordinate for each angular derivatives of the light eld'*) along the scan-
measured view(! ;). Let the number of discrete angular ning curve.

®)

views ben, the spatial resolution of the sensor@ndr is While we restricted the scanning curves to be Lissajous
an integral multiple oh. The speci ¢ mapping functiom curves, speci cally circles in most of the results, in princi-
varies based on the hardware design. The two commonlyple, the scanning curve can be any periodic curve, including
used mapping functions are: space- lling curves [15, 46]. Space- lling curves result in
» Multi-sensor array [54] or kaleidoscope [30] In this dense angular light- eld capture at the cost of loosing tem-
design, the mapping functionxs, = x mod (r=n). poral information. However, typically light eld is highly
* Microlens array [39]: In this design, the mapping func-  redundant and smooth and a circular scan captures most of
tionisxs = x==n. the light- eld diversity as we show in the results.
By applying this mapping function to Equation (2), the
measurements are: 5. Simulator and Hardware Design
QB( 1) pC. 4) To validate our approach, we built a physics-based simula-
@t i(-zi?}’ ty’ tor and two hardware prototypes, kaleidoscope for spatial
k

multiplexing and galvanometer for temporal multiplexing.
and the event camera will now measure the temporal bright-The simulator allows us to precisely control the scene and
ness changes across both spatial and angular dimensionslesign parameters, enabling an accurate and fair compar
Note that the brightness derivatives are still related to time, ison between the two multiplexing techniques. Hardware
and we lose spatial resolution (by a factomgfto improve prototypes show the real-world feasibility of our designs as
angular resolution. well as new capabilities.

4.2. Temporal Multiplexing 5.1. Simulator

To encode angular information in the temporal dimension, We have used a straightforward approach to simulating
we steer the incoming rays along a closed periodic curveevents, which involves rendering the full plenoptic func-
C(t) with periodT. This steering could be accomplished by tion, calculating brightness by propagating the plenoptic
either moving the camera or placing steerable galvanometedata through optics, and tracking the brightness difference
in the optical path of the camera. The galvanometer can befrom the previous event. A new event is triggered for each
steered fast along Lissajous curves [8, 41]; hence, we use ipixel when this difference exceeds a manually set threshold.
in all our experiments. We chose Blender [7] as our backend as it is open-
The temporal multiplexing does not sacri ce spatial res- source, physically based, supports GPU acceleration (Cy-
olution but sacri ces temporal resolution and always detects cles), Python APls, and brandishes a user-friendly GUI. We
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