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Abstract

Scientific high-speed digital cameras are essential for many ex-
perimental techniques in fluid mechanics. Their high cost is a
major constraint on the capability and accessibility of flow diag-
nostic facilities. Advances in semiconductor manufacturing in
recent decades have led to order of magnitude gains in the per-
formance of the sensors used in these cameras. However, due
to the small size of the market and the need for customisation
and flexibility in design, the scientific camera market has not
experienced the order-of-magnitude price decreases seen in the
consumer sector. Recent supply side changes in the Chinese
electronics market have led to an explosion of niche crowd-
funded electronics. The impact of this shift in the electronics
industry has not yet been fully appreciated, but it is now begin-
ning to impact the scientific research community. In this paper,
we present a technical overview and performance assessment
of one of the first custom built crowd-funded scientific cameras,
the Chronos 1.4. It is a low cost high-speed camera based on a
Luxima LUX1310 CMOS sensor package. It has 1280 × 1024
pixels at 6.6 μm pitch with a 1.2 μs global shutter, a bandwidth
of 1.4 Gpix/s, flexible external triggering, and an open source
development toolchain. It is capable of over 1000 frames/s (full
sensor) and 38,565 frames/s with reduced field of view (336
× 96 pixels). We assess the performance of the Chronos 1.4
with a well-characterised stroboscopic LED light source. Un-
der the same conditions and with an identical optical setup, the
Chronos 1.4 compares favourably to two other scientific high-
speed cameras. The small pixel pitch makes it ideal for highly
magnified measurements. The low cost (USD $3k) and rela-
tively small footprint is also ideal for multi-camera experiments
and as an educational aid. We demonstrate its application in two
experiments.
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Introduction

In recent decades, high-speed digital cameras have become
an essential component of nearly all fluid mechanics re-
search facilities. High-speed imaging (> 103 frames/sec) with
microsecond-range global shutter control is necessary for the
imaging of fast fluid mechanical phenomena. Example applica-
tions include combustion experiments [1] and multiphase flows
[2]. The ability of high-speed digital cameras to record orders
of magnitude more consecutive images than mechanical devices
such as drum cameras have made measurement techniques such
as time-resolved particle image velocimetry (PIV) feasible [3].

The history of digital imaging has in general terms been a
competition between two semiconductor design concepts; the
charge coupled device (CCD) invented in 1969 and the comple-
mentary metal-oxide semiconductor (CMOS) active pixel sen-
sor invented in 1985. The CCD uses a shift register to move
charge off the array where it is then converted to a voltage
which can be read by an analog to digital converter (ADC).
Conversely, the CMOS sensor incorporates a charge amplifier
into each pixel. A good comparison of these with relevance to

fluid mechanics experimentation is given by Hain et al [4].

Until the mid 2000s, CCD sensors were preferred due to their
superior noise and exposure control specifications. Recent im-
provements in dynamic range, global shutter capability [5] and
lower cost have since seen CMOS sensors supplant CCDs in
nearly all applications. The ability of the CMOS manufac-
turing process to include ADCs, readout electronics and pro-
grammable gain amplifiers (PGAs) on the imaging chip itself
[6] gives a major advantage in speed and cost. The CMOS ar-
chitecture allows the pixel charge to be rapidly reset between
exposures [7].

The CMOS architecture has one major weakness. To minimise
detector dead time for charge resetting, a penalty is paid in
the form of image lag [8]. This is the phenomena of over-
compensation of the pixel charge correction. It results in a
shadow of the prior frame in subsequent frames. The effect
is particularly pronounced if there are large changes in intensity
between frames [9]. Cheap sensors can be particularly suscepti-
ble and any assessment of a low cost CMOS chip must therefore
consider this effect.

Due to increased interest in high speed video in the entertain-
ment and mobile phone industries, semiconductor fabricators
are now mass producing high-speed CMOS chips that can com-
pete with more custom-built scientific sensor packages. Si-
multaneously, the crowd-funding infrastructure established in
North America over the last decade has led to a proliferation
of low volume niche consumer electronics. This paper re-
views the first high-speed digital camera using a mass-produced
high-speed CMOS chip to be manufactured via crowd-funding.
The Chronos 1.4 (http://krontech.ca) is a Linux system on chip
(SOC) build around the Luxima LUX1310 CMOS package. It
is battery powered and built into an aluminium handheld enclo-
sure for portable use. It retails for about USD $3k depending on
configuration. We assess its performance against two other sci-
entific high speed cameras, and give two example applications.

Methodology
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Figure 1: Chronos 1.4 form factor and connectivity.

The Chronos 1.4 form factor is shown in Fig. 1. Specifica-
tions are given in Table 1. These are compared to several other
scientific high speed cameras. While the Chronos 1.4 ’s specifi-

http://krontech.ca


Sensor size Min. global Max. frame Max. frame Internal Bandwidth Dynamic Body dimensions Cost
Name Width Height Pixel shutter rate at rate memory Sensor (full frame) range Width Height Depth Weight factor

pitch exposure full-frame (absolute) (quoted) (approx.)
Chronos 1.4 1280 px 1024 px 6.6 μm 1.2 μs 1.057 kHz 38.565 kHz 8-32 GB 12 bit 1.4 Gpix/s, 56.7 dB 155 mm 96 mm 68 mm 1.06 kg 1×

(640 × 96 px2) CMOS 50 Gbit/s
IDT/Redlake 2048 px 2048 px 12 μm 1 μs 1.000 kHz 64.000 kHz 4 GB 8 bit 1.3 Gpix/s 59 dB 95 mm 95 mm 162 mm 1.9 kg 8 ×

MotionPro X3 (1280 × 16 px2) CMOS 40 Gbit/s
Photron FastCam 1280 px 1024 px 10 μm 2.76 μs 1.000 kHz 86.400 kHz 32 GB 12 bit 4.2 Gpix/s 57 dB 153 mm 165 mm 250 mm 7.3 kg 25 ×

BC2HD (256 × 32 px2) CMOS 151 Gbit/s
PCO Dimax S4 2016 px 2016 px 11 μm 1.5 μs 1.279 kHz 152.811 kHz 36 GB 12 bit 5.2 Gpix/s, 64 dB 200 mm 160 mm 311 mm 7.9 kg 30 ×

(240 × 16 px2) CMOS 187 Gbit/s
Phantom v2511 1280 px 800 px 28 μm 0.3 μs 25.6 kHz 1 MHz 96 GB 12 bit 26.2 Gpix/s not given 190 mm 280 mm 1775 mm 7.7 kg 50 ×

(128 × 16 px2) CMOS 944 Gbit/s
Photron FastCam 1024 px 1024 px 20 μm 0.159 μs 20 kHz 21 MHz 128 GB 12 bit 21 Gpix/s not given 262 mm 150 mm 376 mm 10.4 kg 50 ×

SA-Z (128 × 8 px2) CMOS 755 Gbit/s

Table 1: Specifications of cameras compared in the tests (top three rows). For comparison, several other scientific high speed cameras
from various manufacturers (not tested) are shown in italics.

cations are modest compared to many higher-end cameras, the
cost to performance ratio is noteworthy. Its bandwidth-to-cost
ratio is 3× higher than the next closest competitor. Along with
the small form factor, this makes it attractive for multi-camera
setups.

The Chronos 1.4 ’s system architecture is a Linux SOC con-
nected to the Luxima LUX1310 CMOS sensor via a field-
programmable gate array (FPGA) which is initialised from
memory at start-up. The FPGA controls the triggering, tim-
ing, and readout. These can be reconfigured from the SOC.
The FPGA sends data from the dual 12-bit ADCs on the CMOS
package to a standard laptop memory module, allowing easy
upgrades and reducing cost. Data is saved to flash memory via
USB or SD through the SOC. The camera is controlled via touch
screen. Support for control and image download over gigabit
ethernet are planned for a future firmware update.

The Chronos 1.4 has a small pixel pitch (6.6 μm) and sensor
footprint (8.4 × 6.8 mm) with a C mount and removable IR fil-
ter. This is advantageous for experiments such as digital holog-
raphy and microscopic imaging, but less useful for large field
of view experiments. There is no true double shutter mode.
However, the external trigger does allow direct frame by frame
triggering with both internal and external shutter gating down
to 1.2 μs with 22± 6 ns jitter. There is a delay offset of 0.3
to 1.0 μs from the input TTL trigger to start-of-exposure; this
varies with ROI and frame rate and is constant for a given set of
operating conditions. The auxiliary clock output can be used to
measure this delay. Further details are given in a forthcoming
paper.

Figure 2: Optical configuration for the tests.

The first three cameras in Table 1 were compared using a sin-
gle consistent optical setup (Figure 2). The light source was
a pulsed green LED [10]. A 5× microscope was used to im-
age a calibration target. The LED and camera exposure were
controlled using a Beaglebone programmable real time delay
generator [11]. The average flux was measured using a cali-
brated power meter (Thorlabs PM100USB), placed at the imag-
ing sensor plane. The timing accuracy of the LED relative to
the camera exposure time was confirmed using a reverse-biased
PiN photodiode (Thorlabs DET36A). Tests were conducted for
bright field signal to noise ratio with a constant train of 1 μs
LED pulses at a frame rate of 1 kHz at various brightness levels.
Dark-field and image lagging tests were conducted by strobing
the light source, with 50 bright fields followed by 50 dark fields
in a repeating pattern.

Results

Camera performance comparison

A sample image of a microscope resolution target with 2 μm
spaced marker lines is shown in Figure 3. With a 5× infinity-
corrected objective and 6.6 μm pixel pitch, resolution down
to the diffraction limit of the imaging system is demonstrated
without noticeable distortion.

Figure 3: Sample cropped image from Chronos camera of mi-
croscope resolution target ( 12 bits, 4.85 px/μm ).

The signal-to-noise ratio of the bright field intensity is shown
in Figure 4. The Chronos 1.4 is compared to the MotionPro
X3, an 8-bit monochrome scientific camera, and the Photron
BC2HD, a 12-bit colour camera. All tests were conducted with
1 μs exposures at 1 kHz. The error bars represent the combi-
nation of both spatial variation in SNR across the sensor, and
uncertainty in the SNR for n=103 frames. Comparable perfor-
mance is achieved for all cameras from 1 to 99% of saturation
intensity. There is a loss of linearity for all cameras as they
approach saturation; the effect is slightly more marked for the
Chronos 1.4 . The lower SNR of the BC2HD camera is mainly
due to absorption in the Bayer filter, not the sensor response.
The absolute sensitivity of the cameras was also tested. Once
normalized by the pixel surface area, the Chronos 1.4 was found
to have a flux sensitivity equivalent to that of the Photron 12-bit
camera of approximately 30 nJ/cm2 (532 nm) at saturation.

Dark field dynamic range (i.e. dark noise) test results are given
in Table 2. The advantages of high bit depth for the Chronos
1.4 and BC2HD are mostly lost due to noise, although again
it should be noted that the Bayer filter puts the BC2HD at a
disadvantage and the reduced dynamic range is not an indica-
tion of any deficit in the sensor. The noise floor of the Chronos
1.4 is primarily dictated by the fact that the sensor is air-cooled
(the BC2HD is thermoelectrically cooled). A noticeable arte-
fact in images from the Chronos 1.4 is the presence of weak
vertical banding in the noise field, as shown in Figure 5. This
is likely due to the sensor readout design. The effect appears
as a weak horizontal fluctuation in the noise floor. It exhibits



Figure 4: Signal to noise ratio of three high speed cameras using
pulsed LED source in forward-scattering (1 μs at 1 kHz).

Figure 5: Spatial patterning of bright field standard deviation at
the limit of saturation in forward-scattering for the Chronos 1.4

a periodicity of 16 pixels. This effect must be taken into con-
sideration when small intensity changes are measured against a
bright background.

The final series of tests compared the effects of image lag. This
was achieved by imaging a sequence of 50 bright fields followed
by 50 dark fields. The spatially averaged, ensemble averaged in-
tensities for each frame after the last bright-field exposure (time,
horizontal axis) are shown in Figure 6 for various incident inten-
sity levels (vertical axis). Image lag causes the artificial dip in
the average recorded intensity below the noise floor for the first
frame after the last bright exposure. The effect becomes more
pronounced as the incident intensity increases; this is inherent
to all CMOS sensors. Results are not given for the MotionPro
X3, as the bit depth masks the effect. Several key differences
were observed between the BC2HD and the Chronos 1.4 in lag
performance. Like many high speed cameras, the BC2HD ex-

Camera Mean Standard Ideal
dynamic range deviation dynamic range

Chronos 1.4 -59.2 dB 2.1 dB -72 dB
Photron BC2HD -43.5 dB 4.9 dB -72 dB
MotionPro X3 -47.8 dB 4.9 dB -48 dB

Table 2: Dark field dynamic range from tests of three cameras,
as compared to the theoretical maximum dynamic range defined
by the camera bit depth.

hibits a shadow effect where the overcompensation occurs on
a per-pixel basis. However the Chronos 1.4 appears to exhibit
a global effect where the entire sensor output drops below the
noise floor after a bright exposure. This may be advantageous
as the effect is easier to correct. The BC2HD also exhibits over-
shoot; i.e. an artifically higher intensity in the second frame
after the last bright exposure. The Chronos 1.4 does not exhibit
this effect. Further details are given in a forthcoming paper.

Example applications

Figure 7 shows a sequence images of a compressed air jet
from a 2 mm diameter nozzle, conducted using a folded Z
type schlieren imaging facility at LTRAC with parabolic mir-
rors. The exposure time was 5 μs and the frame rate was 1,057
frames/s. Figure 8 shows a sequence of images of a flash-
evaporating R134a propellant spray with a nozzle exit diame-
ter of 0.33 mm. A 72 mm macro-zoom lens was used. In this
experiment the exposure time was 1 μs and the frame rate was
21,650 frames/s. At these frame rates, larger liquid structures
can be individually tracked from frame to frame (red arrows).
For both cases the light source was a pulsed LED of the same
type as the calibration tests described above.

Conclusions

In this paper we have tested the performance of a low cost high
speed CMOS camera with comparsion to an 8-bit monochrome
scientific camera with comparable specifications, and a more
modern colour high speed camera. The Chronos 1.4 compares
favorably in terms of linearity and signal to noise ratio, with
slightly increased nonlinearity at high intensities. The cam-
era’s dark field dynamic range is also comparable. Both the
Chronos 1.4 and the BC2HD colour camera exibit a lagging ef-
fect when large intensity changes between frames occur; this
is an unavoiable side effect of the CMOS architecture. How-
ever the Chronos does have an advantage in that the effect is
global rather than pixel-local and this makes correcting it eas-
ier. The Chronos has one noticeable disadvantage in perfor-
mance; a weak vertical patterning is seen in the RMS intensity
for high incident intensity levels. This effect must be accounted
for when measuring small changes in high intensity forward
scattering experiments. The small pixel pitch makes the camera
well suited to holographic and highly magnified experiments.
The low cost of these cameras makes them an attractive option
for multi-camera experiments and as a teaching tool.
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