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IMAGING SYSTEMS AND METHODS FOR
DIMENSION MEASUREMENT
INDEPENDENT OF LASER ALIGNMENT

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims priority to the provisional
application with Ser. No. 63/575,598, titled “FISHSENSE:
A 3D CAMERA SYSTEM FOR IN-SITU FISH MEA-
SUREMENT IN AQUACULTURE AND MARINE PRO-
TECTED AREAS;,” filed Apr. 5, 2024. The entire contents
of the above noted provisional application are incorporated
by reference as part of the disclosure of this document.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

[0002] This invention was made with government support
under 1852403 and 2244123 awarded by National Science
Foundation. The government has certain rights in the inven-
tion.

TECHNICAL FIELD

[0003] The present technology relates to imaging, particu-
larly to imaging systems and methods for estimating physi-
cal dimensions of underwater objects.

BACKGROUND

[0004] Scientists are interested in tracking the health of the
fish species in the oceans, as it provides an indicator of the
overall health of a marine ecosystem. Fish length may be
used as an analog to monitor the health of a given species.
It can provide information about the weight and age distri-
butions of fish populations, and conclusions about the over-
all health of a population and ecosystem can be drawn.

SUMMARY

[0005] An aspect of the present document relates to a
method of estimating a physical dimension of an object
located underwater. In some embodiments, the method com-
prises: obtaining an image of the object captured underwater
using an underwater imaging system comprising a camera
and a laser source, wherein the image includes a represen-
tation of the object and a laser spot incident on the object;
identifying, in the image, at least two points of interest on
the object; determining an image-space distance between the
at least two points as represented in the image; determining
a location of the laser spot within the image; estimating a
camera-to-object distance based on the location of the laser
spot within the image and a calibrated spatial relationship
between the camera and the laser source, wherein the
calibrated spatial relationship is determined based on at least
one calibration image captured underwater as part of a field
calibration procedure; and estimating the physical dimen-
sion of the object based on the image-space distance using
the camera-to-object distance.

[0006] Another aspect of the present document relates to
a method of estimating a physical dimension of an object. In
some embodiments, the method comprises: obtaining an
image of the object, wherein the image includes a represen-
tation of the object and a laser spot; identifying at least two
points of interest on the object in the image; determining a
location of the laser spot within the image; estimating an
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object distance based on the location of the laser spot within
the image and a spatial relationship between a camera and a
laser source; and estimating the physical dimension of the
object based on the at least two points of interest and the
estimated object distance.

[0007] A further aspect of the present document relates to
a method of estimating a physical dimension of an under-
water object. In some embodiments, the method comprises:
obtaining an underwater image that includes a representation
of the object and a laser spot produced by a laser source;
identifying, in the underwater image, at least two points of
interest on the object; determining an image-space distance
between the at least two points; determining a location of the
laser spot within the underwater image; estimating a dis-
tance to the object based on the location of the laser spot and
a calibrated spatial relationship between an imaging device
and the laser source; and estimating the physical dimension
of the object using the image-space distance and the esti-
mated distance to the object.

[0008] A still further aspect of the present document
relates to a method of estimating a physical dimension of an
object. In some embodiments, the method comprises:
obtaining an image of the object captured underwater using
an imaging system comprising a camera and a laser source;
identifying at least two points of interest on the object in the
image; determining an image-space distance between the at
least two points; determining a location of a laser spot
produced by the laser source within the image; calculating a
camera-to-object distance based on the location of the laser
spot and a calibrated spatial relationship between the camera
and the laser source, wherein the calibrated spatial relation-
ship is determined without performing parallel alignment
between multiple laser sources; and estimating the physical
dimension of the object by converting the image-space
distance using the calculated camera-to-object distance.
[0009] A still further aspect of the present document
relates to a method of estimating physical dimensions of
underwater objects. In some embodiments, the method com-
prises: performing a field calibration procedure including:
capturing at least one calibration image of a reference object
with known dimensions underwater using an imaging sys-
tem comprising a camera and a laser source, identifying
positions of reference marks on the reference object and a
position of a calibration laser spot in the calibration image,
and determining a calibrated spatial relationship between the
camera and the laser source based on the identified positions.
[0010] A still further aspect of the present document
relates to a system for capturing images underwater used to
estimate a physical dimension of an object located under-
water. In some embodiments, the system comprises: at least
one processor; and memory with instructions stored thereon,
wherein the instructions upon execution by the at least one
processor, cause the at least one processor to perform
operations including: obtaining an image of the object
captured using a camera during an underwater deployment;
identifying at least two points of interest on the object in the
image; determining an image-space distance between the at
least two points; determining a location of a laser spot within
the image, wherein the laser spot incident on the object;
estimating a camera-to-object distance based on the location
of the laser spot within the image and a calibrated spatial
relationship between the camera and the laser source,
wherein the calibrated spatial relationship is determined
based on at least one calibration image acquired during the
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underwater deployment; and estimating the physical dimen-
sion of the object based on the image-space distance using
the calculated camera-to-object distance.

[0011] A still further aspect of the present document
relates to a system for capturing images underwater used to
estimate a physical dimension of an object, comprising: a
waterproof camera configured to capture images during an
underwater deployment; and a laser source mounted in a
fixed position relative to the camera, the laser source con-
figured to project a laser beam that produces a visible laser
spot on the object in a field of view of the camera, wherein:
the position of the laser spot within an image is used to
determine a camera-to-object distance, and a calibrated
spatial relationship between the laser source and the camera
during underwater deployment enables conversion between
image-space dimensions and physical dimensions using the
determined camera-to-object distance.

[0012] The foregoing general description of the illustra-
tive embodiments and the following detailed description
thereof are merely exemplary aspects of the teachings of this
disclosure and are not restrictive.

BRIEF DESCRIPTION OF FIGURES

[0013] Non-limiting and non-exhaustive examples are
described with reference to the following figures.

[0014] FIG. 1 is an illustration of fish length metrics.
[0015] FIG. 2 illustrates a fish being measured on a board
as part of the CCFRP catch and release program.

[0016] FIG. 3 illustrates a fully assembled system accord-
ing to some embodiments of the present disclosure.

[0017] FIG. 4 illustrates hardware components of a system
according to some embodiments of the present disclosure.
[0018] FIG. 5 shows percent depth error compared to
actual depth as modeled by simulation according to some
embodiments of the present disclosure.

[0019] FIGS. 6A and 6B are diagrams illustrating quanti-
ties of interest according to some embodiments of the
present disclosure.

[0020] FIG. 7 illustrates a process in which a single image
from the camera is transformed into a single length from a
fish according to some embodiments of the present technol-
ogy.

[0021] FIGS. 8A through 8C illustrate example calibration
objects according to some embodiments of the present
technology.

[0022] FIGS. 9A and 9B illustrate two reference objects
according to some embodiments of the present technology.
[0023] FIG. 10 illustrates results of length measurements
of reference objects with a camera system according to some
embodiments of the present technology.

[0024] FIG. 11 illustrates percent errors in length mea-
surements of reference objects with a camera system accord-
ing to some embodiments of the present technology.
[0025] FIG. 12 illustrates length measurements of a fake
fish used for reference in different salinities according to
some embodiments of the present technology.

[0026] FIG. 13 illustrates validation of laser calibration by
measuring a reference object according to some embodi-
ments of the present technology.

[0027] FIG. 14 illustrates length estimate of the box from
different laser calibration methods according to some
embodiments of the present technology.
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[0028] FIG. 15 illustrate measured lengths of individual
fishes in the Florida Keys using a camera system according
to some embodiments of the present technology.

[0029] FIG. 16 is a flowchart illustrating a process of
estimating a physical dimension of an object according to an
embodiment of the present disclosure.

[0030] FIG. 17 illustrates a block diagram of a system for
underwater dimensional measurement according to an
embodiment of the present disclosure.

DETAILED DESCRIPTION

[0031] The following description sets forth example
aspects of the present disclosure. It should be recognized,
however, that such description is not intended as a limitation
on the scope of the present disclosure. Rather, the descrip-
tion also encompasses combinations and modifications to
those example aspects described herein. In addition, section
headings are used in the present document only to improve
readability and do not limit scope of the disclosed embodi-
ments and techniques in each section to only that section.

0. INITTAL REMARKS

[0032] Fish populations around the world are under threat.
To successfully enact meaningful change, evaluating the
health of fish populations is crucial. One way to achieve this
is to collect data on fish length. The challenge is that current
methods are expensive, difficult to maintain, or require
regular and extensive training. This document describes a
system, that reduces the cost of data collection and provides
a user-friendly solution that may democratize the gathering
of fish length data to citizen scientists. In some embodi-
ments, it provides a low-cost, easy-to-maintain instrument
setup, built around a commercial camera, a single laser, and
a custom post-processing pipeline. The system can be built
on top of pre-existing equipment that divers already own.
Test results show that this system can achieve similar
accuracy to current methods (<10% error), while providing
the above noted benefits.

[0033] The solution described herein can be implemented
in example embodiments that integrate minimalistic hard-
ware with computational algorithms to address these and
other challenges in underwater dimensional measurement.
An example system disclosed herein implement a calibra-
tion-based approach with laser triangulation to estimate
physical dimensions of submerged objects, such as fish. It
includes a waterproof imaging device (camera) and at least
one laser source rigidly affixed relative to the camera, such
that the emitted laser spot is visible within the captured
image frames. Image acquisition is performed non-inva-
sively-without physical contact with the target object. Each
image encodes both image-space geometry and depth infor-
mation, the latter obtained from the laser spot’s position via
triangulation. For example, by localizing the laser spot
within the image and applying a calibrated geometric trans-
formation that characterizes the spatial relationship between
the camera and laser source, the system computes the
distance to the object. This range data, when combined with
image-space measurements between features of interest,
enables accurate calculation of physical dimensions from the
visual data. Unlike conventional systems that require precise
parallel alignment between multiple lasers, the disclosed
embodiments accommodate flexible laser positioning
through field calibration. The described configurations offer
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reduced component complexity, supports in situ calibration
during deployment, and maintain measurement accuracy
despite potential alignment changes—making it particularly
suitable for low-cost, field-deployable applications in citizen
science, marine biology, and underwater surveying.

[0034] The following description of the technology is
provided with reference to fish. It is understood that this is
for illustration purposes only and not intended to be limiting.
The technology may be used to measure a relatively planar
object.

1. INTRODUCTION

[0035] Scientists are interested in tracking the health of the
fish species in the oceans, as it provides an important
indicator of the overall health of a marine ecosystem. Fish
length may be used as an analog to monitor the health of a
given species. It can provide information about the weight
and age distributions of fish populations, and conclusions
about the overall health of a population and ecosystem can
be drawn. Thus, retrieving fish length is desirable.

[0036] Fish length can refer to several metrics, including
total length, standard length, and fork length, demonstrated
in FIG. 1. Without loss of generality, “fish length” in
disclosed herein generally refers to fork length, but it is
understood that the disclosed embodiments can also be used
to obtain other lengths by converting between lengths for
different species.

[0037] Fish length data is often recorded through visual
census methods, where trained divers identify the fish spe-
cies and length. Divers can be trained to give sufficiently
accurate length estimates, though they must be retrained if
they do not practice these skills for approximately six
months. To address this, it may be desired to introduce
methods that take less training and provide greater accuracy.
[0038] Catch and release is an alternative method to obtain
length data. Catch and release requires less training than
previously mentioned diver-estimated length methods as it
can use volunteer anglers. This process can be cost-prohibi-
tive to do at scale. For example, the California Collaborative
Fisheries Research Program (CCFRP) recruits seventeen
thousand volunteer anglers. It employs the crews of thirty-
six ships, only going on to catch 262 fish per trip. This
process is time-consuming, expensive, and hazardous to
both the animals and researchers. The catch and release
process first requires catching the fish targeted for length
collection. Once the fish are on the boat, they are placed on
a length board, as seen in FIG. 2. This measurement is
collected and the fish are released back into the water.
However, even brief exposure to air can lead to adverse
effects. Some fish, such as Rockfish, may regurgitate their
stomachs and livers as a result. As such, catch and release is
undesired, since it is invasive, may result in the death of the
fish species the project aims to preserve, and is exorbitantly
resource intensive.

[0039] Since these previous length estimation methods are
expensive, require specialized training, or sometimes both,
data are hard to collect. The disclosed embodiments, among
other features and benefits, aim to democratize data collec-
tion by leveraging citizen scientists. As such, solutions
proposed herein may balance the interests of scientists and
citizen scientist divers.

[0040] The disclosed technology is configured to improve
a less invasive roving diver surveys where a team of divers
surveys an area. These surveys produce an estimated error of
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up to 25%. Thus, the systems of the present technology may
match or improve upon this. To track individual health,
scientists need to be able to identify an individual fish. Thus,
details such as color spots or scale patterns need be identi-
fied, some of which may be millimeter-scale. Finally, cap-
turing images of a fish may be difficult if the operational
range of the system is within its flight initiation distance
(FID). Fish populations that experience heavy spearfishing
pressure may have an FID of up to two meters. To disturb the
animals as little as possible while allowing for sufficient
detail, the disclosed technology aims for an effective range
of at least 5 meters, while in some implementations, a range
between 2 and 3 meters may be sufficient.

[0041] For a citizen scientist to leverage the system, it is
desired that the system is relatively inexpensive. The system
may integrate with existing underwater photography infra-
structure. Any additional parts that need to be acquired may
be either available to buy off the shelf or easily manufac-
tured. In some implementations, custom components of the
system are designed to be 3D printable. The disclosed
systems are robust enough to go months without being used.
A system that breaks or loses calibration too easily may
contribute noise that need to be thrown out. The disclosed
systems, however, can be used by recreational divers, and
thus may need to operate without specialized training.
Building a system within these constraints can help democ-
ratize fish length measurements, thus allowing citizen sci-
ence divers worldwide to contribute high-quality data, and
regardless of the end-user, the disclosed systems are easy to
implement and provide improved measurement results, as
further disclosed herein.

[0042] To meet these and other goals, an example system
may include a popular waterproof camera unit, with a laser
pointer attached rigidly to a custom 3D printed laser mount.
This technique provides better estimates than the human-
estimated state of the art and can be done non-invasively.

1.1 Underwater Ranging

[0043] A common method for collecting fish length mea-
surements uses stereo video technology. These are typically
diver-operated (known as stereo diver-operated video or
stereo-DOV) or placed in baited remote underwater video
(BRUV) systems. While stereo-DOV is a more cost-effec-
tive solution than deploying a remote system, the current
state of the art still requires purchasing proprietary hardware
and software, which can be prohibitively expensive for a
citizen scientist at a minimum of $4600 USD for a scientist
grade stereo video system. In addition, stereo video gener-
ates a large amount of data that requires great effort to
transport and process.

[0044] Commercial stereo video solutions include the
AQ1 AM100 and the AKVA Vicass HD, typically used in
aquaculture. Such systems are also costly and need a tether
to a surface-side computer with proprietary software that is
used to manage the system. This limits the regions of the
world where the data can be collected as it needs scientists
to interact with the system. The tether also limits the depths
at which the data can be collected.

[0045] Another solution for length measurement uses laser
calipers—two parallel lasers that are placed a known dis-
tance away from each other. When calibrated correctly, the
known distance between the two laser spots can be used as
a reference length to measure the entire fish. For these
measurements to be accurate, both lasers need to be per-
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fectly parallel with each other and the camera axis. Depend-
ing on manufacturing tolerances, such a requirement may
mean that lasers need to be carefully selected. Typically, this
system is calibrated by measuring the distance between the
two laser spots at a large distance before a dive and need
minute readjustments that may waste valuable deployment
time. While there are extra costs incurred in both the value
of two lasers and the time and effort needed to calibrate,
length estimation becomes relatively straightforward.
Lengths are then calculated by using the known distance
between the two points and the projection of the fish onto the
camera.

[0046] Single laser range finding also has precedence for
use in animal size studies. The primary benefit of this
approach is that it is more inexpensive than other solutions,
and takes less training to operate. In some studies, a range
finder are used as a completely separate module from a
regular digital camera. Data from both modules need to be
combined and processed manually to obtain lengths. This
differs from the system disclosed herein, where length data
is encoded directly into the image, and thus can be processed
automatically. This process disclosed herein further reduces
the training needed for citizen science divers since two
devices need not be operated independently.

[0047] According to some embodiments, the technique
used for range finding falls under a light projection-based
triangulation rangefinder system, as it uses spatial informa-
tion about the laser spot (or referred to as laser dot) to
determine the depth of the subject. This method can be
extremely accurate with the right combination of laser and
image sensor—e.g., up to 10 micrometers. Such sensors
have been experimented with as a cheap and simple solu-
tions for robot localization, quality assurance in manufac-
turing, and 3D scanning.

[0048] According to some embodiments of the present
technology, the system, which can be referred to as
FishSense Lite, contributes at least the following:

[0049] (1) An affordable, open-source, accessible hard-
ware unit that is easy to use, and can be built by anyone
worldwide.

[0050] (2) A calibration procedure which can be con-
veniently performed in the field without expensive
equipment.

[0051] (3) A software pipeline that can obtain length
measurements directly from captured images without
other, outside data necessary.

[0052] A summary of exemplary underwater ranging
methods can be seen in Table 1, including exemplary
FishSense Lite.

TABLE 1

Comparison of exemplary underwater ranging techniques

Minimum Accuracy

Estimated Cost (relative  Ease
Technique (USD) error) of Use Range
Stereo Video $4600 2.5% Intermediate 2-10 m
Laser Caliper $600%* 12% Intermediate 2-5m
Acoustic $20k 1.1%-35.2% Hard 1-16 m
Methods
Triangulation $1200 8.8% Easy 2-5m
Rangefinding (Table 2) (Section 5.2)
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[0053] Regarding the Laser Caliper in Table 1, the listed
cost refers to an above-ground system; the cost for under-
water system is estimated to be slightly higher.

2 EXAMPLE IMAGING SYSTEM

2.1 Example Requirements

[0054] As presented in Section 1, the system may satisfy
competing needs: those desired by scientists and those
desired by citizen scientist divers.

[0055] According to some embodiments, the system
includes the following specifications to provide scientifi-
cally valuable data:

[0056] (1) System may determine fish size with a maxi-
mum error of 25%.

[0057] (2) System may resolve millimeter-scale detail
within our effective range.

[0058] (3) An effective range, e.g., a Maximum effec-
tive range, may be at or greater than 5 meters.

[0059] Additionally or alternatively, the system aims to
democratize the collection of fisheries data via recreational
divers (citizen scientists), which imposes additional needs:

[0060] (1) It may be inexpensive so that citizen scien-
tists are encouraged to purchase it.

[0061] (2) The parts to build the system may be acces-
sible and compatible with existing dive infrastructure.

[0062] (3) The parts may be available off-the-shelf or be
3D printable.

[0063]

[0064] (5) The final product may be usable with little
specialized training.

[0065] (6) The system may be handheld and diver-
operated.

[0066] Based on the analysis as exemplified in Section 1.1,
the technology approaches the problem by building off
equipment that many recreational divers already possess. In
some embodiments, a waterproof laser rigidly is attached to
an underwater camera. The technology uses laser triangu-
lation to determine a range for the resulting laser spot and
implement additional software to synthesize fish length data
from these images alone. Next, the technology leverages this
depth information to retrieve fish length by measuring the
distance between the head and tail fork, assuming they are
located at the same range as the laser spot.

(4) The system may be robust.

2.2 Example Hardware

[0067] FIG. 3 shows an example of what an assembled
imaging module looks like. FIG. 4 shows a system diagram
containing components used in the system. The exemplary
system includes: (a) Olympus TG6 camera, (b) lens ring,
used to block out lighting artifacts inside camera housing,
(d) 3D printed mount with screws, (c) waterproof housing,
(e) waterproof laser, (f) Backscatter wide angle lens. Image
date acquired by the Olympus TG6 camera may be pro-
cessed by a processing device, e.g., an external device
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(illustrated as off device processing in FIG. 4). This exem-
plary system comes down to a cost of roughly $1200USD.
A cost breakdown is shown in Table 2.

TABLE 2

Cost breakdown of the exemplary system

Item Cost (USD)
Olympus TG6 $499.99
Waterproof $299.99
Housing

Waterproof Laser $70-$180
Corrective optic $179

3D Printed Mount $ 2

Total Cost $1050.98-$1160.98

[0068] 2.2.1 Camera and Housing. For illustrating pur-
poses and not intended to be limiting, an exemplary system
includes a camera, e.g., an Olympus TG6. Desirable features
include that the camera is both relatively high resolution (12
megapixels), allowing for easy species identification, and
because it is a relatively standard camera that many divers
already own. The Olympus TG®6 is rated to be waterproof up
to 15m, though its official housing may be included to
protect it up to a depth of 45m.

[0069] 2.2.2 Wide Angle Lens. To determine whether a
lens is needed or beneficial, FIG. 5 shows modeled errors in
calculated depth caused by flat port distortion with a generic
camera. The distribution of the percent errors expands based
on the distance from the object to the camera, suggesting
that the model is nontrivial. The system may incorporate a
corrective optic to address these errors and prevent them
from propagating through to our length measurements.
[0070] For illustration purposes and not intended to be
limiting, the system includes a Backscatter M52 81° Wide
Angle Air Lens for this corrective optic. The corrective lens
may compensate for the refractive effects of the air-plastic
and plastic-water interfaces caused by the flat port of the
camera housing. Distortion from Snell’s law cannot be
eliminated with just the standard camera model, the correc-
tive optic may reduce or minimize the effect of this distor-
tion. In some embodiments, the lens is omitted.

[0071] 2.2.3 Laser. The system includes an underwater
laser to the camera on the housing’s built-in mounting cold
shoe mount using a 3D-printed laser mount as presented in
Section 2.2.4. Both lasers are rated as class II1A (<5 milli-
watts) to avoid the potential of divers damaging their eyes.
[0072] The color of the laser may affect: attenuation of
light underwater, and how fish reacted to the laser. Two
lasers were experimented: one green and one red. From the
testing, the red laser was difficult to spot at a range of 4.4m,
while the green laser was still clearly visible at 21.5 meters.
However, it was also noticed that fish tend to swim away
from the green laser more than the red laser. This follows as
biologists have confirmed that many fish species cannot see
light waves with above a 600-650 nm wavelength. Since red
light has a wavelength between 620 nm and 750 nm, it
would be expected that fish cannot perceive red light.

[0073] 2.2.4 Laser Mount. As part of the system defined in
FIGS. 3 and 4, the system includes a 3D-printed laser mount
that can be inserted into the camera (e.g., TG6), or the
camera’s waterproof housing’s cold shoe mount without
modifying the enclosure of the camera or the housing. For
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Olympus TG6, the laser mount includes three pieces. The
main body has a center hole for a 30 mm long M4 screw to
catch a nylon lock nut, press fitted into the bottom foot. This
design ensures the laser sits flat on the cold shoe mount.
Finally, the top portion of the mount is designed to put
pressure on the laser to prevent it from spinning about its
axis or transitioning in the Z direction. This portion also has
aridge along the top to match a mark on the body of the laser
to ensure that rotation has not occurred.

[0074] For ease of manufacturing, the laser’s axis may be
kept approximately parallel to the camera’s axis. Calibration
further accounts for any deviation from this intention. To
help meet the goals of providing a camera citizen scientists
can build themselves, this mount is designed to be able to be
printed on standard consumer 3D printers.

[0075] The current designs use an M4 thread tap to create
threads in the wings of the mount’s body. This helps to keep
the cost down. One or more nylon lock nuts can be added to
the screws on the wings to provide additional strength and
reduce fragility. The designs for these components can be
found on the project’s GitHub.

2.3 Example Operating Assumptions

[0076] Given the system design, there are some assump-
tions that may be used in processing data:

[0077] 2.3.1 Camera assumptions. The camera can be
modeled with a pinhole model. This example camera model
can simplify the process of relating image coordinates to
spatial coordinates. Previous works on underwater camera
calibration have demonstrated that the pinhole camera
model breaks down due to refraction caused by the material
separating the lens and water. The system circumvents this
problem by using the corrective optic mentioned in 2.2.2,
and employing a calibration procedure detailed in Section
3.1. In some embodiments, a Pinax model may be used. The
Pinax model is a hybrid camera model that combines the
pinhole camera model and a Snell’s Law-based correction
for underwater imaging.

[0078] 2.3.2 Laser assumptions. In order to use the laser
beam to measure distance, the laser’s relationship to the
camera need to be known with a high degree of accuracy.
Measuring the position of the laser with respect to the
camera lens may be insufficient. Small deviations in the laser
mount may prevent the laser beam from being parallel to the
camera axis, as well as small changes in the laser’s position
and orientation as the device is operated and transported.
Thus, a calibration procedure may be implemented, which is
detailed in Section 4.2.

[0079] 2.3.3 Fish assumptions. The main operating prin-
ciple of this system is that all depth on the object (e.g., a fish)
is (substantially) at the same depth as the point the laser hits.
Using this assumption, the points to be measured are all
approximated to be at the same depth as the laser. The laser
spot and the points of interest need to be visible within the
image.

[0080] In addition, to improve or maximize accuracy, the
object needs to be (substantially) perpendicular with respect
to the camera’s axis. This is because, in the system, the laser
spot provides the only source of depth information in the
image, so it is assumed that any other point in the image is
also at that depth. A fish may be treated as (substantially)
flat, which may bring in an error into the system, as the head
and tail fork points are not at the same depth as the laser spot.
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However, the results presented in Section 5.2 demonstrate
that despite this, the system may maintain 25% error or
better.

2.4 Example Quantities of Interest

[0081] The camera’s focal point is the origin of a reference
frame. In addition, unless specified, all positions used are in
optical coordinates, i.e., positive x is to the right of the
camera, positive y is down, and positive z is away from the
camera. Without loss of generality, all distances are mea-
sured in meters. The following quantities are defined, shown
in FIGS. 6A and 6B. In FIGS. 6A and 6B, 610 illustrates a
laser, 620 illustrates the fish plane, and 630 illustrates the
image sensor.

[0082] £ &R *: the location of the laser origin. To further
constrain the problem, one can fix £ =0.
[0083] o< R >: a unit vector that determines the direc-

tion (or referred to as orientation) of the laser from the
laser origin.

[0084] pe R >.: the 3D point at which the laser beam
intersects the fish.

[0085] peR ?: the image coordinates of the laser in
pixels, assuming the center of the image is (0,0).

[0086] feR : the focal length of the camera (distance
between the origin and the image sensor). This is more
clearly shown in FIG. 6B.

[0087] weR : the distance between the center of two
pixels on the camera sensor, otherwise known as pixel
pitch.

[0088] p,cR 2: the principal point. This is the true
“center” of the imager found using camera calibration.

[0089] oc R >: the origin, which may be defined using
the principal point.
[0090] Specifically, the origin may be located at p +[0 0
fl”.

2.5 Example Processing Pipeline

[0091] This system allows for easy data collection. The
data may be post-processed to obtain fish lengths. FIG. 7
illustrates a process 700 in which a single image from the
camera is transformed into a single length from a fish
according to some embodiments of the present technology.

[0092] Operation 702 including taking the RAW Image
from the Olympus TG6. Operation 704 includes processing
the raw image. Operation 706 includes confirming, using the
processed image, that a fish is within the frame and that the
laser is on the fish. Operation 708 includes obtaining the lens
calibration parameters calculated in Section 3.1. Operation
710 includes undistorting the image based on the lens
calibration parameters. Operation 712 includes estimating a
distance to the object the laser hits using the undistorted
image as well as the laser location obtained at 714, and laser
calibration parameters obtained at 716. It is assumed that all
points within the image are at the same depth and project the
fish onto a plane at this depth. Accordingly, the distance
obtained at 712 is used to indicate the camera-to-object
distance. Given the snout and tail fork obtained at 718,
operation 720 includes calculating the fork length of the fish,
and operation 722 includes returning it to the user.
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[0093] 2.5.1 Raw Processing. Cameras have internal
image processing pipelines. This pipeline may be avoided
since it is unclear how any individual pipeline works and
Any distortion corrections may interfere with the calcula-
tions.

[0094] The system implements a software pipeline for
processing raw image sensor information into color-cor-
rected images. A debayering algorithm is applied to raw
files, followed by a white-balancing algorithm. Manually
selecting a true white value within the images, with which
the color space may be re-scaled, increases labor costs.

[0095] The system uses the grey world assumption. This
approach assumes that changes in the illuminant color can
be modeled by scaling each channel by a constant factor and,
therefore, proposes that a color constancy solution can be
achieved that is independent of the illuminant color. To do
this, each color channel may be divided by its respective
mean value:

@R, G, yB)— | —% G 5
, BG, — ,
;ZIR SZiG %ZIB

[0096] This method allows automation of the color cor-
rection process and stretches out the color values which
results in improved brightness and contrast. In some
embodiments, the color correction to the image (distinct
from the targeted color analysis used for laser spot identi-
fication described in element 1640 of process 1600 in FIG.
16) may be omitted.

3 EXAMPLE CALIBRATION PROCEDURES

3.1 Example Camera Calibration

[0097] A common procedure is followed to calibrate a
standard camera model—a pinhole camera model with
added lens distortion coefficients. Many (e.g., over 50)
images of a checkerboard of known size may be captured to
determine the camera’s intrinsic matrix and lens distortion
coefficients. This may be done underwater to take distortion
from the refractive index of water into account. Notably, the
intrinsic matrix contains the focal length f and principal
point pp, which defines the camera’s focal point.

[0098] Other images may be rectified using the retrieved
intrinsic matrix and distortion coefficients. The pinhole
camera model can then be used for all calculations of depth.
In some embodiments, the camera calibration is part of the
technical calibration performed before a field deployment.

3.2 Example Laser Calibration

[0099] To obtain an accurate estimate of a laser spot p in
3D space given the image dot p, the laser spot needs to be
on a known planar object which image coordinate frame
may be related to the camera’s coordinate frame.

[0100] To get the planar object’s pose, coordinates of
known relationships within the image may be leveraged. The
analysis includes drawing correspondences between the
points on the object and the points in the image, finding a
transformation between the two reduces to a Perspective
from n Points (PnP) problem.
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[0101] Letqbe apointin this plane, n be the normal vector
of the plane calculated by solving the PnP problem and
recall that p is defined as the location of the laser spot. It is
known that p—q is a vector that lies in the plane, and so

al(p—q)=0. M®

[0102] Hence,

nfp=nlqg. @

[0103] Using Equation 4 to get a unit vector u that points
in the direction of the laser spot. For some scale factor p,
p=uu. p may be determined using Equation 2:

[0104] The 3D location of the laser spot is calculated
according to p=pu.

[0105] Like the previous step, this may be performed
underwater to have the correct refractions. The following
two methods may be used to find a plane.

[0106] 3.2.1 Calibration with Checkerboard. The same
checkerboard pattern mentioned in Section 3.1 may be used
since it has distinct point features that can be relatively
easily found and refined with sub-pixel accuracy.

[0107] It is assumed that the dimensions of the checker-
board pattern, in terms of the number of squares on each side
and the size of each square, are known. Harris corner
detection gives a way of calculating where each corner of the
checkerboard is. Then using this the PnP problem presented
above may be solved.

[0108] 3.2.2 Field calibration. The above calibration pro-
cedure needs many pictures of a single checkerboard, which
most people may not necessarily have access to. For cali-
bration in the field, one can use a planar surface with
identifiable features by placing duct tape with known width
on a dive slate, e.g., in either an ‘H’ formation (e.g.. FIG.
8A), a “cheveron” formation (e.g., FIG. 8B), or a Tic-Tac-
Toe formation (e.g., FIG. 8C). This creates either eight (e.g.,
FIG. 8A), six (e.g., FIG. 8B), or sixteen (e.g., FIG. 8C),
respectively, which can be used to estimate the pose of the
dive slate, using a similar procedure to the checkerboard.
[0109] A comparison between the two methods is shown
in FIG. 14. Once points from each calibration image are

found, one can estimate the laser parameters ¢ and £ using

the arithmetic in Section 4.2. ¢
4 EXAMPLE LASER TRIANGULATION

4.1 Example Distance Determination

[0110] Here, it is assumed that o (a unit vector that
determines the direction of the laser from the laser origin)

and £ (the location of the laser origin) are known, and the
3D laser spot location p (e.g., as illustrated in FIG. 6A).
Starting with an image of the laser spot, the image coordi-
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nate of the laser spot p is known, so one can calculate the
vector representing the location the laser spot lands on the
image sensor, denoted by p,:

—pw (©)]
ps = [ —pw ]
-f

[0111] Then one flips this vector and normalize it to get

__Ps @
s’

[0112] Here, u points toward the laser spot as observed by

the camera. Recall that the laser beam follows a ray #§,

constrained by the laser’s departing point £ and direction c.
Since the laser spot is projected by the beam and perceived
by the camera, one knows that these rays intersect at p. This
gives

(’+7L1(}’=7L2U=p, (5)

where A, and A, are unknown scale factors. One can refactor
Equation 5 into the following form:

[Z; :Z;][;;]:[IZ]_ o

[0113] Because u is quantized by pixel numbers, a sce-

nario where £ +\,0i=A,u may be impossible, though one can
still find a linear least squares solution that minimizes the
difference.

[0114] Define the following quantities:

ax _Ux] (A1)

[0115] One makes the following observation

ATAx=-4"r. (A2)

[0116] Simplifying both the LHS and RHS, one gets
r, | llal} —aTU] (A3)
! A‘[—a% A 1
B AT{_[—W] ad
LT ]
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[0117] Equation A3 and Equation A4 can be combined to
create an augmented martrix.

lledi3 —oTv

_W] (A5)
—a’v ||u||% o |

[0118] One can then row reduce Equation A5

—aTe (AG)
VTl 1

T 22 :
o ](”a”z llodlz ]
———=-a"v

Q’TU

2 _ T
”Cf)”z @’ (_a%

[0119] Using the results in Equation A6

-t —aTv+ vt e} (A7)

oo T T -
Iz llelly — o' va'v

2 =

[0120]
that

Since o and u are both unit vectors, one observes

lledi3 =1 and [[uAl3 = 1.

This simplifies Equation A7. The quantity of interest is A2,
which has the closed-form solution:

—ata v+ ule @

Ay =
: 1- (ozTu)z

[0121] Once A, is determined, the depth of interest is given
by A,u,. When one wants to measure a fish length, one
assumes the head and tail points are at the same depth as this
laser spot. Defining pn and p¢ as the head and tail points of
the fish, one uses Equations 3 and 4 to define two unit
vectors u, and u,. One can then define the 3D head and tail
coordinates p, and p;:

have ®

Uphz ’

Aot ®

Ph=Up-

Pr =Yy .
[

[0122] One now obtains the fish length L using the Euclid-
ean distance:

L=|lps - pill,. 10

4.2 Example Estimating Laser Parameters

[0123] One assumes that ¢ and f are unknown, but one
has n calibration images for which image i has a known laser
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spot point p; as obtained from Section 3.2. One can find o
and £ that satisfies the following system:

pr=llpr—tlla+¢ an
p2=llp2—tlla+¢ 12)
P =llpy—fle + ¢ a3

[0124] One observation about these equations is that they
effectively constrain the norm of o to 1, since if the equality
holds, one gets

pi—t
a= .
llp: =4I

[0125] If the difference between the projected and real
point is small, ||o| is forced to be close to 1. To combine the
equations defined in (Equation 13), the following stacked
vectors are defined:

m (14)
P2
pP=1
Pn
llp1 = tlla + ¢ 1)
llp2 =l + £
gla, )= :
lpn =l + £

[0126] Note that g is a non-linear function of o and 7,
making linear-least squares solutions useless. The goal is to
solve the following optimization problem:

argmax||r(a, D)3, (16)
af

ri@, f) = p-gl@, ). an

[0127]

components of £ since £ ,=0. (Equation 16) can be solved
via iterative non-linear least square algorithms. The Gauss-
Newton algorithm may be used. Defining

Note that one only needs to solve for the x and y

© [a(k)] (18)
x\W = ,

where k is the iteration number of x and

W= &Y.
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one performs the following iterations:
D =3 (T T, 0), 19

where J_ is the Jacobian of r with respect to x®. Since r is

of the form p—g(a,?), one can simplify this to be
0 =By (T T, 0, 20

where J, is the Jacobian of g with respect to x®. The
derivation of J, is outlined in below:

[0128] Recall the function g(c,?):

llp1 =4l + £ B1)

llpz — Al + ¢
g = :

>

lpn = fller + ¢

where p, is the laser spot in optical coordinates from cali-
bration image i.

[0129] One can split J, into two block columns represent-
ing the Jacobians with respect to different vectors:

Jo=lga gl B2)

[0130] Calculating J_, is fairly trivial, as the function is
linear in o

llpr = AlI1 B3)
[lp2 = AII1
Jga = e

lps = €Il

[0131] One can take the Jacobian with respect to ¢ by
taking the Jacobians of each row individually. For a par-
ticular image i one has:

gila, O) =|lp:—flla+{ (B3)
P (P —t)ax + 1 (py —1fy)o (= £2)0x
agi(w, )= "ol x =10y (py—{yay,+1  (p -,
! Px— e, (py —ty)a,  (po—f)a, +1
=I-——api -0
-

[0132] Only the first two columns of this are needed, so
one gets

i _[Dhx 1 (B6)
I :[ ](1 e _wpi—t T) R
“Lo K= )e
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[0133] The results of the derivation of J, are given below:

JL Jl (21)

ga Vgt
Jg = ‘]gza ‘]ng e R3S
T
S =llp — Al eRP? 22

p @3)

_ [hxz
gt =

1
T — i_{;T) R372
0 ](M TR

[0134] Here unknowns are the x and y components of

£ and all three components of @, totaling 5 unknowns. The
above approach assumes that

T
VA

is invertible. If one only has a single calibration image (n=1),
Jg is 3x5. It follows that

T
VA

cannot be full rank, and is thus not invertible. Therefore, one
needs at least 2 calibration images. In some example uses,
multiple calibration images, e.g., around 50, may be
obtained to allow one to reject images if needed.

[0135] The above approach also needs an initial guess for

o and £, and for some cases, it is sufficient to start with

rough measurements with a ruler for £, and assuming the
laser is parallel with the camera axis (o‘®=(0 0 1)7).

5 RESULTS

5.1 Example Reference Objects

[0136] To evaluate the laser camera system, many mea-
surements of test objects were taken and compared to the
actual lengths of the objects.

[0137] 5.1.1 Reference Fish. One such object is a refer-
ence fish, shown in FIG. 9A. This reference fish is around 31
cm long (indicated by “L”) and 8 cm wide at his widest point
(indicated by “W”). Some experiments were conducted by
placing the reference fish and the camera system in a
swimming pool, taking pictures at varying distances with the
laser spot on the reference fish, and evaluating the accuracy
of measured length of the reference fish.

[0138] 5.1.2 Box. A 15-cm segment of tape placed along
the side of the box between two corners, as shown in FIG.
9B, was used to verify the results using an object with no
thickness—i.e., the laser spot lies on the same plane as the
“head” and “tail” points.

5.2 Example Length Measurements

[0139] This experiment was conducted by placing the
reference fish and the box in a pool and capturing images of
the reference fish with the laser projected onto it, first while
increasing the distance until the laser was no longer visible,
and then while decreasing the distance. All points of interest
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in the images, including the laser spot (“A”), snout tip, and
tail fork points, were manually labeled. The ground truth
distance from the camera to the laser spot may be measured,
e.g., using direct physical measurement with a measuring
tape, as illustrated in FIG. 9B. In the experimental results
shown in FIG. 10, the laser triangulation procedure
described in Section 4.1 was used to estimate this distance.
As shown in FIG. 10, some deviation from the true object
length is expected, as the object plane cannot be guaranteed
to be perfectly perpendicular to the camera axis. This likely
contributes to the consistent underestimation of measured
lengths. The measurement error also appears generally con-
sistent, except when the camera is positioned very close to
the object, which may be due to the camera being angled
above the object as a result of space constraints in the pool.
[0140] FIG. 11 shows the percentage errors from these
tests. The results are notably similar, which is unexpected
given the anticipated higher error in the measurements of the
reference fish. It is suspected that additional error in the box
measurements may result from misalignment, specifically
the box not being perfectly perpendicular to the camera axis.
Nonetheless, the average percentage error across these tests
is 8.83%, which represents a substantial improvement over
the initial target of 25%.

[0141] 5.2.1 Different salinity levels. The system may be
used with marine animals, any variation in length estimation
caused by differences in salinity between the test pool
environment and ocean water must be quantified. To assess
this, measurements were taken during a dive off the South-
ern California coast, with images of the reference fish
captured at varying distances at a depth of 40 feet of salt
water (FSW), approximately 12 meters. As shown in FIG.
12, the change in environment significantly affects the length
measurements, with estimated lengths increasing by
approximately 10%. This may result primarily from the
change in the refractive index of the water. Nevertheless,
these estimates remain within the acceptable margin of error
of 25%.

6 EXAMPLE FIELD TESTING

[0142] Current field testing of the example FishSense Lite
system has been successtul. User feedback indicates that the
system is manageable for divers during underwater opera-
tion. Additionally, the system provides immediate visual
confirmation that the target is within the frame, as the laser
beams converge near the center of the image when the
subject is within the specified distance range.

6.1 Southern California

[0143] To verify the robustness of the camera system
under field conditions and to identify potential design
improvements, several field tests were conducted with div-
ers off the coast of Southern California. Initial evaluations
focused on qualitative assessments of user experience with
the camera unit and observations of changes in fish behavior.
It was observed that the green laser, selected for its superior
visibility, caused disturbance to marine life and frequently
scared away fish. As a result, experimentation with a red
laser was initiated.

[0144] In a subsequent test, a direct comparison was
conducted between a unit equipped with a green laser and
another with a red laser. Data collection was primarily
performed at depths of 40 feet and 20 feet. The objective was
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to evaluate differences in usability and determine which
laser configuration would be more suitable. Results indi-
cated that the red laser had a noticeably lower impact on fish
behavior compared to the green laser. However, at a depth of
20 feet, where water turbidity was reduced, the green laser
also exhibited a diminished effect on fish behavior.

6.2 Florida Keys

[0145] Deployments conducted in collaboration with part-
ners in the Florida Keys identified several design limitations.
Repeated handling of the dive camera on and off boats
introduced vibrations that caused screws to loosen and back
out of their threaded holes. To address this issue, longer
screws were implemented, and a new in-field recalibration
procedure was developed. Additionally, it was observed that
the plastic threading for the laser mounting eventually
stripped, allowing the laser to shift. This was mitigated by
adding lock nuts to secure the screws that hold the laser cap
in place.

[0146] Field tests included teams of volunteer citizen
scientists who used the camera systems during roving sur-
veys. During these surveys, fish encountered were recorded,
with the laser spot positioned as accurately as possible on the
center of mass of each fish. Prior to each dive, an image of
a dive slate with attached duct tape was captured to verify
that system calibration remained intact.

[0147] FIGS. 8A-8C show example calibration objects
800A, 800B, and 8000, respectively, suitable for field cali-
bration of the underwater imaging system. The calibration
object 800A may include a dive slate with black tape applied
in an “H” pattern configuration. Eight points of interest are
marked and labeled with letters A through H (or numbers 1
thorough 8) at the corners of the tape pattern. The calibration
object 800B may include a dive slate with black tape applied
in a “cheveron” pattern configuration. The calibration object
8000 may include a dive slate with black tape applied in a
checkboard pattern configuration. Sixteen points of interest
are marked and labeled with letters A through H (or numbers
1 thorough 16) at the corners of the tape pattern. Six points
of interest are marked and labeled with letters A through F
(or numbers 1 thorough 6) at the corners of the tape pattern.
These and other example shapes allow the pose of the
calibration board to be measured. These reference points
with known relative positions (including known distances
between any pair of feature points A-H in FIG. 8A, A-F in
FIG. 8B, or A-P in FIG. 8C) are used during field calibration
to determine the spatial relationship between the camera and
laser. The labeled corners serve as identifiable features that
allow the system to calculate the pose of the reference object
relative to the camera. This field calibration method elimi-
nates the need for precisely aligned parallel lasers by estab-
lishing the actual spatial relationship between the camera
and laser during underwater deployment.

[0148] During each dive, volunteers also captured mul-
tiple images of a reference object (e.g., the dive slate as
illustrated in FIG. 8A through 8C) to assess whether cali-
bration had drifted. This method confirmed that laser cali-
bration may deviate from specification (see FIG. 13). As a
result, a convenient field calibration procedure was devel-
oped. This procedure mirrors the standard calibration
approach but replaces the checkerboard with a dive slate
featuring clearly identifiable reference points, with known
distances between all points, as illustrated in FIG. 9B. FIG.
14 presents measurements of the box obtained using differ-
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ent calibration methods and demonstrates that the field
calibration procedure provides sufficiently accurate results.

[0149] FishSense Lite was also evaluated on live fish in
open-water field conditions. Representative results from
these tests are shown in FIG. 15. BG=Black Grouper,
BP=Blue Parrotfish, DS=Dog Snapper, GS=Gray Snapper,
HF=Hogfish, NG=Nassau Grouper, SP=Stoplight Parrotfish.

7 CONCLUSION

[0150] The results indicate that the proposed system pro-
vides improvements over existing fish length estimation
techniques. It may be used as a non-invasive alternative to
methods that are training-intensive or high in cost, such as
diver-based visual estimation, as well as to techniques that
may affect marine life, including catch-and-release prac-
tices.

[0151] The example system disclosed herein has been
shown to estimate fish length within the target margin of
error of 25%, and consistently achieves an average error of
approximately 8.8%, which represents a notable improve-
ment compared to conventional approaches.

[0152] In addition to improvements in underwater rang-
ing, the system may be assembled using components already
commonly available to many recreational divers, and the
additional components may be obtained at relatively low
cost. This configuration may provide a cost reduction of up
to 75% compared to similar solutions and may need minimal
user training. The system may be used to support broader
participation in the collection of fish length data, thereby
facilitating the development of larger datasets that may
assist scientific efforts in monitoring and managing fish
populations globally.

8. EXAMPLE EMBODIMENTS OF PROCESS
AND SYSTEM

[0153] FIG. 16 is a flowchart illustrating a process 1600 of
estimating a physical dimension of an object according to an
embodiment of the present disclosure. Operation 1610 of
process 1600 includes obtaining an image of the object
captured underwater using an underwater imaging system
comprising a camera and a laser source. The image includes
a representation of the object and a laser spot produced by
the laser source impinging on the object. In some embodi-
ments, the process 1600 includes the underwater deploy-
ment during which the image and calibration images are
acquired.

[0154] Operation 1620 of the process 1600 includes iden-
tifying, in the image, at least two points of interest on the
object. This identification may utilize an artificial intelli-
gence system to determine bounds of the object within the
image, such as applying a segmentation model trained to
distinguish between the object and background in underwa-
ter images. When the object is an aquatic animal (e.g., a
fish), these points may comprise a snout point and a tail fork
point defining a fork length of the fish, identified using the
artificial intelligence system trained to recognize fish species
and their morphological feature points in underwater
images. Prior to this identification, the image may be pro-
cessed to compensate for underwater visual effects including
light backscatter and color attenuation, which may involve
applying a debayering algorithm and performing white
balancing by normalizing color channels.
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[0155] Operation 1630 of the process 1600 includes deter-
mining an image-space distance between the at least two
points as represented in the image, which provides the
dimensional information in pixel space.

[0156] Operation 1640 of the process 1600 includes deter-
mining a location of the laser spot within the image. This
location determination may be based on expected color
characteristics of the laser spot and/or an expected shape of
the laser spot in the image. The expected color characteris-
tics of the laser spot may be determined based on wave-
length-dependent light attenuation in water at different dis-
tances. For example, the expected color characteristics may
be determined by obtaining a baseline color associated with
the laser source and estimating color shifts from the baseline
color based on wavelength-dependent light attenuation at
different possible distances. The expected shape may be
determined based on known characteristics of the laser
source. The determination process may involve identifying
candidate regions in the image and locating the laser spot by
searching for the expected color characteristics or expected
shape in these candidate regions.

[0157] In some embodiments, the image may include
more than one laser spot, produced by one or more laser
sources impinging on the object. Process 1600 may include
determining a location of each of the laser spots within the
image. This location determination may be based on
expected color characteristics of each of the laser spots
and/or an expected shape of the laser spot in the image.
[0158] Operation 1650 of the process 1600 includes esti-
mating a camera-to-object distance from the camera to the
object (or referred to as “depth information”) based on the
location of the laser spot within the image and the calibrated
spatial relationship between the camera and the laser source.
This calibrated spatial relationship is determined based on at
least one calibration image captured underwater in a field
calibration. The calibrated spatial relationship describes the

three-dimensional position (£ in FIG. 6A) and orientation
(o in FIG. 6A) of the laser source relative to the camera’s
optical center and imaging plane, including parameters that
define the laser beam’s trajectory in the camera’s coordinate
system.

[0159] Inembodiments utilizing multiple laser spots, each
laser spot can independently provide depth information
based on its respective calibrated spatial relationship
between the corresponding laser source and the camera, and
these multiple depth measurements may be combined to
improve measurement accuracy. Unlike conventional multi-
laser systems that require precisely parallel alignment
between lasers to establish a fixed reference distance, this
approach calibrates each laser source independently relative
to the camera. This eliminates the need for parallel align-
ment between multiple laser sources while still benefiting
from the additional measurement points they provide. Each
laser source has its own calibrated spatial relationship deter-
mined through the field calibration process, enabling the
system to leverage multiple non-parallel laser sources for
enhanced measurement precision.

[0160] The field calibration may involve determining a
pose of the reference object relative to the camera based on
identified reference marks and then determining the position
and orientation of the laser source relative to the camera
based on this pose and the position of the laser spot in the
calibration image. The field calibration may be performed
using one or more calibration images of a reference object
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with known dimensions. See, e.g., the exemplary calibration
objects in FIGS. 8 A-8C. The field calibration enables deter-
mination of a calibrated spatial relationship between the
camera and the laser source. This calibration may involve
identifying positions of the reference marks and the position
of the laser spot in the calibration image, and determining
the calibrated spatial relationship based on these identified
positions and the known dimensions. The one or more
calibration images of the field calibration may be acquired
during the same underwater deployment as the object imag-
ing. Additional description of the field calibration may be
found at, e.g., section 3.2.2 and FIG. 13.

[0161] In some embodiments, the field calibration may
build upon a technical calibration performed previously to
determine camera intrinsic parameters such as focal length
or principal point. Additional description of the technical
calibration may be found at, e.g., sections 2.1, 3.1,3.2.1, and
4.2 of the present disclosure.

[0162] Operation 1660 of the process 1600 includes esti-
mating the physical dimension of the object by converting
the image-space distance using the camera-to-object dis-
tance. This conversion translates the pixel-based measure-
ments into real-world physical dimensions, enabling accu-
rate estimation of the object’s size.

[0163] FIG. 17 illustrates a block diagram of a system
1700 for underwater dimensional measurement according to
an embodiment of the present disclosure. The system
includes an imaging system 1710, a user interface 1720, one
or more processors 1730, and memory 1740. The imaging
system 1710 encompasses the underwater camera and laser
source components that capture images containing the object
of interest and laser spot. The user interface 1720 provides
means for user interaction with the system, allowing for
control of image capture parameters, calibration procedures,
and visualization of measurement results. The processor(s)
1730 executes the computational algorithms that perform
image analysis, laser spot location, calibration processing,
and dimensional calculations. The memory 1740 stores
captured images, calibration data, object recognition mod-
els, and measurement results. Together, these components
form an integrated system that enables the capture, process-
ing, and analysis of underwater images to determine physi-
cal dimensions of objects without requiring precisely
aligned parallel lasers.

[0164] While the system is well-suited for underwater
applications such as measuring fish dimensions, the tech-
nology can extend well beyond marine environments. The
calibration-based approach can be adapted for above-water
measurements across various fields, including forestry (mea-
suring tree diameters and heights), construction (determin-
ing dimensions of building elements or materials), archae-
ology (documenting artifact dimensions without physical
contact), agriculture (assessing crop growth and fruit sizes),
and industrial quality control (verifying component dimen-
sions). The system can also be modified for microscopic
applications by adapting the laser-camera relationship to
smaller scales, enabling non-contact measurement of bio-
logical specimens or microelectronic components. In medi-
cal and veterinary contexts, it can provide non-invasive
dimensional assessment of external features. Additionally,
the technology can be integrated into drones or remotely
operated vehicles to measure inaccessible structures such as
bridges, wind turbines, or electrical towers. The technology-
eliminating the need for parallel laser alignment through
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calibration-offers flexibility across these diverse applica-
tions, providing an alternative approach to dimensional
measurement in situations where physical contact is imprac-
tical, unsafe, or potentially damaging to the measured
object.

[0165] The technology offers several technical benefits
directly stemming from its features. The elimination of strict
parallel alignment requirements reduces manufacturing pre-
cision demands and associated costs, while enabling more
robust operation in field conditions where equipment may
experience minor impacts or vibrations. The field calibration
capability allows the system to adapt to changing conditions
and correct for alignment shifts without requiring recalibra-
tion in controlled environments. The single-laser approach
reduces power consumption, simplifies hardware integra-
tion, and reduces or minimizes the complexity of optical
path management compared to dual-laser or stereo systems.
The computational approach to distance determination
through laser spot positioning enables accurate measure-
ments despite environmental optical challenges including
light refraction, atmospheric distortion, variable lighting
conditions, environmental particulates, and medium-depen-
dent (e.g., water, air) attenuation effects that would other-
wise distort traditional measurement methods.

[0166] Additionally or alternatively, the separation of
hardware capture from computational processing allows for
resource optimization, with computationally intensive tasks
performed offline after image acquisition. The system’s
ability to operate without reference markers in the measure-
ment image increases versatility across varying object sizes
and distances.

[0167] The integration with machine learning for object
segmentation and feature identification enables automated
processing of large image datasets, improving throughput

and consistency compared to manual measurement
approaches.
[0168] The following examples are illustrative of several

embodiments of the present technology:

[0169] Solution 1. A method of estimating a physical
dimension of an object located underwater, comprising:
obtaining an image of the object captured underwater using
an underwater imaging system comprising a camera and a
laser source, wherein the image includes a representation of
the object and a laser spot incident on the object; identifying,
in the image, at least two points of interest on the object;
determining an image-space distance between the at least
two points as represented in the image; determining a
location of the laser spot within the image; estimating a
camera-to-object distance based on the location of the laser
spot within the image and a calibrated spatial relationship
between the camera and the laser source, wherein the
calibrated spatial relationship is determined based on at least
one calibration image captured underwater as part of a field
calibration procedure; and estimating the physical dimen-
sion of the object based on the image-space distance using
the camera-to-object distance.

[0170] Solution 2. A method of estimating a physical
dimension of an object, comprising: obtaining an image of
the object, wherein the image includes a representation of
the object and a laser spot; identifying at least two points of
interest on the object in the image; determining a location of
the laser spot within the image; estimating an object distance
based on the location of the laser spot within the image and
a spatial relationship between a camera and a laser source;



US 2025/0315981 Al

and estimating the physical dimension of the object based on
the at least two points of interest and the estimated object
distance.

[0171] Solution 3. A method of estimating a physical
dimension of an underwater object, comprising: obtaining
an underwater image that includes a representation of the
object and a laser spot produced by a laser source; identi-
fying, in the underwater image, at least two points of interest
on the object; determining an image-space distance between
the at least two points; determining a location of the laser
spot within the underwater image; estimating a distance to
the object based on the location of the laser spot and a
calibrated spatial relationship between an imaging device
and the laser source; and estimating the physical dimension
of the object using the image-space distance and the esti-
mated distance to the object.

[0172] Solution 4. A method of estimating a physical
dimension of an object, comprising: obtaining an image of
the object captured underwater using an imaging system
comprising a camera and a laser source; identifying at least
two points of interest on the object in the image; determining
an image-space distance between the at least two points;
determining a location of a laser spot produced by the laser
source within the image; calculating a camera-to-object
distance based on the location of the laser spot and a
calibrated spatial relationship between the camera and the
laser source, wherein the calibrated spatial relationship is
determined without performing parallel alignment between
multiple laser sources; and estimating the physical dimen-
sion of the object by converting the image-space distance
using the calculated camera-to-object distance.

[0173] Solution 5. A method of estimating physical dimen-
sions of underwater objects, comprising: performing a field
calibration procedure including: capturing at least one cali-
bration image of a reference object with known dimensions
underwater using an imaging system comprising a camera
and a laser source, identifying positions of reference marks
on the reference object and a position of a calibration laser
spot in the calibration image, and determining a calibrated
spatial relationship between the camera and the laser source
based on the identified positions.

[0174] Solution 6. The method of any one or more solu-
tions disclosed herein, wherein the field calibration proce-
dure comprises: obtaining the at least one calibration image
of a reference object captured underwater, the reference
object including reference marks with known dimensions,
the calibration image includes a representation of the refer-
ence object and a test laser spot produced by the laser source
impinging on the reference object; identifying positions of
the reference marks and a position of the test laser spot in the
at least one calibration image; and determining the cali-
brated spatial relationship between the camera and the laser
source based on the identified positions and the known
dimensions.

[0175] Solution 7. The method of any one or more solu-
tions disclosed herein, wherein the reference object com-
prises a planar item (e.g., dive slate) bearing the reference
marks arranged in a predetermined geometric pattern.
[0176] Solution 8. The method of any one or more solu-
tions disclosed herein, wherein determining the calibrated
spatial relationship comprises: determining a pose of the
reference object relative to the camera based on the identi-
fied positions of the reference marks; and determining a
position and orientation of the laser source relative to the
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camera based on the pose of the reference object and the
position of the test laser spot in the calibration image,
wherein the calibrated spatial relationship comprises at least
one of the determined position or orientation.

[0177] Solution 9. The method of any one or more solu-
tions disclosed herein, wherein the calibration image is
acquired during a same underwater deployment in which the
image of the object is acquired.

[0178] Solution 10. The method of any one or more
solutions disclosed herein, wherein determination of the
calibrated spatial relationship is further based on a technical
calibration performed prior to an underwater deployment in
which the image of the object is acquired.

[0179] Solution 11. The method of any one or more
solutions disclosed herein, wherein the technical calibration
determines one or more camera intrinsic parameters includ-
ing at least one of a focal length or a principal point.
[0180] Solution 12. The method of any one or more
solutions disclosed herein, wherein identifying the at least
two points of interest on the object comprises: using an
artificial intelligence system to determine bounds of the
object within the image; and selecting the at least two points
for measurement within the determined bounds.

[0181] Solution 13. The method of any one or more
solutions disclosed herein, wherein using the artificial intel-
ligence system to determine bounds of the object comprises
applying a segmentation model trained to distinguish
between the object and background in underwater images.
[0182] Solution 14. The method of any one or more
solutions disclosed herein, wherein: the at least two points of
interest comprise feature points of the object along a mea-
surement axis, and the method comprises: identifying the
feature points within the object segmented by the segmen-
tation model.

[0183] Solution 15. The method of any one or more
solutions disclosed herein, wherein: the object is an under-
water object; the artificial intelligence system is trained to
identify at least one of a category of the underwater object
or a structural feature or feature points of the at least one of
the categories in underwater images. For example, the object
is an aquatic animal; and the artificial intelligence system is
trained to identify at least one of species of the aquatic
animal or morphological features or features points of the at
least one of the species in underwater images.

[0184] Solution 16. The method of any one or more
solutions disclosed herein, comprising: processing, prior to
identifying the at least two points of interest, the image to
compensate for underwater visual effects including light
backscatter and color attenuation.

[0185] Solution 17. The method of any one or more
solutions disclosed herein, wherein processing the image
comprises: applying a debayering algorithm; and perform-
ing white balancing by normalizing color channels.

[0186] Solution 18. The method of any one or more
solutions disclosed herein, wherein determining the location
of the laser spot within the image is determined based on at
least one of: an expected color characteristic of the laser spot
based on wavelength-dependent light attenuation in water at
different distances; or an expected shape of the laser spot in
the image.

[0187] Solution 19. The method of any one or more
solutions disclosed herein, wherein determining the
expected color characteristic comprises: obtaining a baseline
color associated with the laser source; and estimating a color
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shift from the baseline color based on wavelength-dependent
light attenuation in water at different possible distances.

[0188] Solution 20. The method of any one or more
solutions disclosed herein, wherein determining the
expected shape of the laser spot is performed based on
known characteristics of the laser.

[0189] Solution 21. The method of any one or more
solutions disclosed herein, wherein determining the location
of the laser spot within the image comprises: identifying
candidate regions in the image; and locating the laser spot by
searching at least one of the expected color characteristic or
expected shape in the candidate regions.

[0190] Solution 22. The method of any one or more
solutions disclosed herein, wherein: the object is an aquatic
animal (e.g., fish); and the at least two points comprise
morphological points (e.g., a snout point and a tail fork point
defining a fork length of the fish).

[0191] Solution 23. A system for capturing images under-
water used to estimate a physical dimension of an object,
comprising: at least one processor; and memory with
instructions stored thereon, wherein the instructions upon
execution by the at least one processor, cause the at least one
processor to performing the method of any one or more
solutions disclosed herein.

[0192] Solution 24. An underwater imaging system for
capturing images underwater used to estimate a physical
dimension of an object, comprising: a waterproof camera
configured to capture underwater images; and a laser source
securely mounted in a fixed position relative to the camera,
the laser source configured to project a laser beam that
produces at least one visible laser spot on the object in a field
of view of the camera, wherein the position of the single
laser spot within an image is used to determine a camera-
to-object distance, and wherein a calibrated spatial relation-
ship between the laser source and the camera during under-
water deployment enables conversion between image-space
dimensions and physical dimensions using the determined
camera-to-object distance. In some embodiments, the sys-
tem comprises at least one processor and memory storing
instructions, wherein the instructions upon execution by the
at least one processor, cause the at least one process to
perform the method of one or more solutions disclosed
herein.

[0193] Solution 25. An imaging system for capturing
images used to estimate a physical dimension of an object,
comprising: a camera configured to capture images, and a
laser source mounted in a fixed position relative to the
camera, the laser source configured to project a laser beam
that produces at least one visible laser spot on the object in
a field of view of the camera, wherein the position of the at
least one laser spot within an image is used to determine a
camera-to-object distance, and wherein a calibrated spatial
relationship between the laser source and the camera during
underwater deployment enables conversion between image-
space dimensions and physical dimensions using the deter-
mined camera-to-object distance. In some embodiments, the
system comprises at least one processor and memory storing
instructions, wherein the instructions upon execution by the
at least one processor, cause the at least one processor to
performing the method of one or more solutions disclosed
herein.

[0194] Solution 26. The system of any one or more
solutions disclosed herein, comprising a mount configured
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to rigidly secure the laser source to the camera to maintain
a calibrated spatial relationship between the laser source and
the camera during.

[0195] Solution 27. The system of any one or more
solutions disclosed herein, comprising a waterproof housing
enclosing the camera, wherein the mount is attached to an
exterior portion of the waterproof housing.

[0196] Solution 28. The system of any one or more
solutions disclosed herein, comprising a wide-angle lens
attached to the camera, wherein the wide-angle lens is
configured to compensate for refractive effects caused by
underwater imaging.

[0197] Solution 29. The system of any one or more
solutions disclosed herein, wherein the laser source com-
prises a red laser or a green laser.

[0198] Solution 30. The system of any one or more
solutions disclosed herein, comprising a reference object,
wherein the reference object includes reference marks
arranged in a predetermined pattern to enable field calibra-
tion of the spatial relationship between the laser source and
the camera.

[0199] Solution 31. The system of any one or more
solutions disclosed herein, wherein the reference object
comprises a planar item (e.g., a dive slate) with the reference
marks arranged in a predetermined geometric pattern.
[0200] While this patent document contains many specit-
ics, these should not be construed as limitations on the scope
of any invention or of what may be claimed, but rather as
descriptions of features that may be specific to particular
embodiments of particular inventions. Certain features that
are described in this patent document in the context of
separate embodiments can also be implemented in combi-
nation in a single embodiment. Conversely, various features
that are described in the context of a single embodiment can
also be implemented in multiple embodiments separately or
in any suitable subcombination. Moreover, although features
may be described above as acting in certain combinations
and even initially claimed as such, one or more features from
a claimed combination can in some cases be excised from
the combination, and the claimed combination may be
directed to a subcombination or variation of a subcombina-
tion.

[0201] Similarly, while operations are depicted in the
drawings in a particular order, this should not be understood
as requiring that such operations be performed in the par-
ticular order shown or in sequential order, or that all illus-
trated operations be performed, to achieve desirable results.
Moreover, the separation of various system components in
the embodiments described in this patent document should
not be understood as requiring such separation in all
embodiments.

[0202] Only a few implementations and examples are
described and other implementations, enhancements and
variations can be made based on what is described and
illustrated in this patent document.

What is claimed is:

1. A method of estimating a physical dimension of an
object located underwater, comprising:
obtaining an image of the object captured underwater
using an underwater imaging system comprising a
camera and a laser source, wherein the image includes
a representation of the object and a laser spot incident
on the object;
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identifying, in the image, at least two points of interest on

the object;

determining an image-space distance between the at least

two points as represented in the image;

determining a location of the laser spot within the image;

estimating a camera-to-object distance based on the loca-

tion of the laser spot within the image and a calibrated
spatial relationship between the camera and the laser
source, wherein the calibrated spatial relationship is
determined based on at least one calibration image
captured underwater as part of a field calibration pro-
cedure; and

estimating the physical dimension of the object based on

the image-space distance using the camera-to-object
distance.

2. The method of claim 1, wherein the field calibration
procedure comprises:

obtaining the at least one calibration image of a reference

object captured underwater, the reference object
including reference marks with known dimensions, the
calibration image includes a representation of the ref-
erence object and a test laser spot produced by the laser
source impinging on the reference object;

identifying positions of the reference marks and a position

of the test laser spot in the at least one calibration
image; and

determining the calibrated spatial relationship between

the camera and the laser source based on the identified
positions and the known dimensions.

3. The method of claim 2, wherein the reference object
comprises a planar item bearing the reference marks
arranged in a predetermined geometric pattern.

4. The method of claim 2, wherein determining the
calibrated spatial relationship comprises:

determining a pose of the reference object relative to the

camera based on the identified positions of the refer-
ence marks; and

determining a position and orientation of the laser source

relative to the camera based on the pose of the reference
object and the position of the test laser spot in the
calibration image, wherein the calibrated spatial rela-
tionship comprises at least one of the determined
position or orientation.

5. The method of claim 1, wherein the calibration image
is acquired during a same underwater deployment in which
the image of the object is acquired.

6. The method of claim 1, wherein determination of the
calibrated spatial relationship is further based on a technical
calibration performed prior to an underwater deployment in
which the image of the object is acquired.

7. The method of claim 6, wherein the technical calibra-
tion determines one or more camera intrinsic parameters
including at least one of a focal length or a principal point.

8. The method of claim 1, wherein identifying the at least
two points of interest on the object comprises:

using an artificial intelligence system to determine bounds

of the object within the image; and

selecting the at least two points for measurement within

the determined bounds.

9. The method of claim 8, wherein using the artificial
intelligence system to determine bounds of the object com-
prises applying a segmentation model trained to distinguish
between the object and background in underwater images.

10. The method of claim 9, wherein:
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the at least two points of interest comprise feature points

of the object along a measurement axis, and

the method comprises: identifying the feature points

within the object segmented by the segmentation
model.

11. The method of claim 9, wherein:

the object is an aquatic animal;

the artificial intelligence system is trained to identify at

least one of species of the aquatic animal or morpho-
logical features or feature points of the at least one of
the species in underwater images.

12. The method of claim 1, comprising:

processing, prior to identifying the at least two points of

interest, the image to compensate for underwater visual
effects including light backscatter and color attenua-
tion.

13. The method of claim 12, wherein processing the
image comprises:

applying a debayering algorithm; and

performing white balancing by normalizing color chan-

nels.

14. The method of claim 1, wherein determining the
location of the laser spot within the image is determined
based on at least one of:

an expected color characteristic of the laser spot based on

wavelength-dependent light attenuation in water at
different distances; or

an expected shape of the laser spot in the image.

15. The method of claim 14, wherein determining the
expected color characteristic comprises:

obtaining a baseline color associated with the laser; and

estimating a color shift from the baseline color based on

wavelength-dependent light attenuation in water at the
different distances.

16. The method of claim 14, wherein determining the
expected shape of the laser spot is performed based on
known characteristics of the laser.

17. The method of claim 14, wherein determining the
location of the laser spot within the image comprises:

identifying candidate regions in the image; and

locating the laser spot by searching at least one of the

expected color characteristic or expected shape in the
candidate regions.

18. The method of claim 1, wherein:

the object is a fish; and

the at least two points comprise a snout point and a tail

fork point defining a fork length of the fish.

19. A system for capturing images underwater used to
estimate a physical dimension of an object located under-
water, comprising:

at least one processor; and

memory with instructions stored thereon, wherein the

instructions upon execution by the at least one proces-

sor, cause the at least one processor to perform opera-

tions including:

obtaining an image of the object captured using a
camera during an underwater deployment;

identifying at least two points of interest on the object
in the image;

determining an image-space distance between the at
least two points;

determining a location of a laser spot within the image,
wherein the laser spot incident on the object;
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estimating a camera-to-object distance based on the
location of the laser spot within the image and a
calibrated spatial relationship between the camera
and the laser source, wherein the calibrated spatial
relationship is determined based on at least one
calibration image acquired during the underwater
deployment; and
estimating the physical dimension of the object based
on the image-space distance using the calculated
camera-to-object distance.
20. A system for capturing images underwater used to
estimate a physical dimension of an object, comprising:
a waterproof camera configured to capture images during
an underwater deployment; and
a laser source mounted in a fixed position relative to the
camera, the laser source configured to project a laser
beam that produces a visible laser spot on the object in
a field of view of the camera, wherein:
the position of the laser spot within an image is used to
determine a camera-to-object distance, and
a calibrated spatial relationship between the laser
source and the camera during underwater deploy-
ment enables conversion between image-space
dimensions and physical dimensions using the deter-
mined camera-to-object distance.
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