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Abstract Physical inspection and sorting of foraminifera is a necessity in many research labs, as
foraminifera serve as paleoenvironmental and chronostratigraphic indicators. In order to gain counts of
species from samples, analyze chemical compositions, or extract morphological properties of foraminifera,
research labs require human time and effort handling and sorting these microscopic fossils. The presented
work describes Forabot, an open-source system which can physically manipulate individual foraminifera for
imaging and isolation with minimal human interaction. The major components to build a Forabot are outlined
in this work, with supplementary information available which allows for other researchers to build a Forabot
with low-cost, off-the-shelf components. From a washed and sieved sample of hundreds of foraminifera, the
Forabot is shown to be capable of isolating and imaging individual forams. The timing of the Forabot's current
pipeline allows for the processing of up to 27 foram specimens per hour, a rate that can be improved for future
classification purposes by reducing image quality and/or quantity. Along with the physical descriptions,

the image processing and classification pipelines are also reviewed. A proof-of-concept classifier utilizes a
finetuned VGG-16 network to achieve a classification accuracy of 79% on a validation set of foraminifera
images collected with Forabot. In conclusion, the system is able to be built by researchers for a low cost,
effectively manipulate foraminifera with few mistakes, provide quality images for future research, and classify
the species of imaged forams.

Plain Language Summary Foraminifera or “forams” are abundant microscopic organisms found
in the ocean, and their shells are a common component of seafloor mud. Mud cores can be used to understand
ancient ocean conditions, and the types and chemistry of forams in a sample are useful environmental
indicators. However, separating different types of forams is slow and tedious work which requires considerable
expertise. We have designed and built a robot called Forabot, which picks up individual shells, takes
high-quality photographs of them, and moves them to a bin for sorting. We describe the system so that other
researchers can build their own Forabot at low cost. The current version of Forabot is optimized for high-quality
imaging and is therefore relatively slow, but if it is instead used for classifying and sorting shells into different
types, it can be optimized for speed. We discuss the preliminary performance of a classifier based on artificial
intelligence, with overall accuracy of 79%. In conclusion, our robot can be built by researchers for a low cost,
effectively manipulate forams with few mistakes, provide quality images for future research, and accurately
classify the type of foram.

1. Introduction

Foraminifera, or forams for short, are ubiquitous in the world ocean (Sengupta, 1999). Along with their abun-
dance, their biodiversity and extent of geologic record make their fossils of particular interest to paleontologists
and paleoclimatologists (Schmiedl, 2019). The sand-sized fraction of deep sea sediments is often dominated
by planktic foraminifera, of which there are about 50 extant species (Schiebel & Hemleben, 2017). Although
modern benthic foraminiferal species number in the thousands, they are typically only abundant in shallow (shelf)
environments and in poorly preserved abyssal sediments. For this work, we focus on deep-sea sediment and as
such do not include analysis or commentary on benthic foraminifera. Due to the small size and great abundance
of planktic foraminifera, hundreds or possibly thousands can often be picked from a single cubic centimeter of
ocean floor mud. Foraminifera samples are normally sorted by species before they are used for either academic or
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can achieve micron-level precision. Where some require manual intervention for imaging (Campbell et al., 2014;
Sharkey et al., 2016), open-source projects leave room for customization for automated imaging or come with it
prepackaged (Steiner & Rooney, 2021). These are all great solutions for general microscopy, but one large draw-
back when dealing with foraminifera is the need to manually manipulate and orient all the samples, which is time
consuming by itself. For this reason, our work aims at addressing some of the specific challenges associated with
isolating, manipulating, and imaging such small specimens as foraminifera.

The specific challenge of imaging foraminifera has been noted by other groups (de Garidel-Thoron et al., 2020;
Elder et al., 2018) who have come up with their own solutions to address imaging and classifying foraminifera.
A large data set collected by Elder et al. (2018) contained approximately 61,000 complete or damaged foraminif-
era samples. The images are high quality and many of the foraminifera have been labeled (Hsiang et al., 2019)
with a species based on the images. Though the data is valuable for researchers, the means to repeat that level of
data collection in other labs may not be as accessible. Researchers looking to expand the Elder et al. (2018) data
collection by increasing the number of certain species represented, adding new species to the data set, or increas-
ing the representations of foram orientations would require a high-end microscope, stage, and control software
which may be prohibitively expensive. In addition, the foraminifera needed to be manually prepared and oriented
on a slide before imaging. Again, the human-hours required to perform data collection is something that could
be improved.

For automated foraminifera imaging and sorting, MiSo (de Garidel-Thoron et al., 2020) promises to be a system
which could be valuable. Though the information around the system is sparse, likely due to a pending patent,
they indicate that approximately 8,000 particles can be imaged per day, which is an impressive feat. While we
cannot speculate on the price, the patented nature of this system does not lend itself to community improvements
nor modifications. Our system aims at filling the space where low-cost open-source microscopes for generic
specimen imaging intersect with high end specialized systems for automated imaging and sorting of foraminifera.

2.2. Foraminifera Classification Systems

Previous works have explored the efficacy of deep learning models tasked with species classification of plank-
tonic foraminifera. In the classification systems mentioned below, the data collections required human interven-
tion which may have biased the orientation selected such that the viewpoint the humans found most informative
was used. Despite the human interaction component in some of the following works, they have made a great step
in moving toward a fully automated classification system.

Earlier works focused on small counts of foraminifera over a limited number of species due to the human effort of
individually imaging each foram (MacLeod et al., 2007; Zhong et al., 2017). Early work on species classification
(MacLeod et al., 2007) showed that interest existed though the computational resources and tools did not exist to
support true classifiers for unseen data. Later work (Zhong et al., 2017) began using transfer learning with larger
pretrained neural networks showing that the artificial intelligence tools had finally reached the required maturity.
The three pretrained networks VGG-16 (Simonyan & Zisserman, 2015), Inception-V3 (Szegedy et al., 2016),
and ResNet-50 (He et al., 2016) showed a performance that was comparable to human experts at classifying
foraminifera. An extension of this work (Mitra et al., 2019) further compared the variability of human classi-
fication with the neural network classifier. The neural network outperformed both experts and novices when
presented with images of a foraminifera for classification.

A large data collection effort and associated classification system came out of the Endless Forams project (Elder
et al., 2018; Hsiang et al., 2019). More than 34,000 planktonic foram images were collected and used for transfer
learning on VGG-16 (Hsiang et al., 2019). As the first large-scale collection effort and accompanied classifier,
the works (Elder et al., 2018; Hsiang et al., 2019) provide a strong case for automated species classification of
planktonic foraminifera. Subsequent works (Aagaard-Sgrensen et al., 2020; Marchant et al., 2020) showed similar
success in correctly classifying oriented foraminifera species, often around the low 90th percentile accuracy.

Though the existing works are quite successful, other works exist which aim to extract morphological character-
istics such as a chamber segmentation (Ge et al., 2017, 2021). While these features haven't been used in classi-
fication yet, they do provide an interesting extension in getting automated measurements of foram species. Each
of these works benefited from directional lighting when extracting morphology. The imaging process described
in Section 3.2.2 is designed with the idea of supporting future research aimed at extracting morphology in mind.
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Figure 1. To the left, a CAD (Computer-Aided-Design) model of the Forabot system hardware is shown along with an
illustrative simplification of the system. To the right, the stages of imaging and sorting a single foraminifer (red circle) are
shown.
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3. Methods

In this section we describe the components of our system which allow for automated manipulation, imaging, and
isolation of foraminifera. We split this section into two parts, hardware and software. In the hardware section,
we discuss the required structural materials, motors, imaging equipment, and electronics for the system. In the
software section, we discuss the software which controls Forabot system, controls the imaging conditions, and
detects errors that may occur during the isolation and imaging of foraminifera. The documentation, parts lists,
build steps, electronics wiring, and archived code base is made available by Richmond et al. (2022). For building
a system, our experience has shown that for a first time builder two or more months may be required depend-
ing on familiarity with robotics and 3D printing. An experienced builder can fully build a Forabot in under
2 weeks. Access to the most recent updates and community questions should be accessed at the github repository
(Richmond, 2022).

Let us begin by describing the major steps of foram isolation and imaging, using the system shown in Figure 1.
To start, a user selects a washed and size-sieved sample of forams for analysis and deposits them into the funnel
at the top of the Isolation Tower. The purpose of the funnel at the top of the Isolation Tower is to isolate a single
foram for imaging and classification. A single foram is picked in the Isolation Tower where a Boom Actuator
picks the foram from above using a vacuum pump and moves it to a second funnel. The second funnel is where
the foram is imaged, and its associated tower is thus called the Imaging Tower. Once the foram is imaged and
classified, the Boom Actuator picks the foram from the Imaging Tower and deposits it into a well in the Sorting
Station. On a foraminifer's way to being sorted, it will therefore pass through the Isolation Tower, Imaging Tower,
Boom Actuator, and Sorting Station. Now that the individual steps of the sorting process are defined, we explore
the components in more depth and describe some secondary systems which are vital in running the system.

3.1. Hardware

Now we describe each of the four major components which can be seen with labeled parts in Figure 2. The Imag-
ing Tower and Isolation Tower contain the same components and operate in the same manner. The purpose of
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Figure 2. Showing the major components of the Forabot: Imaging and Isolation Towers (green), Microscope Tower (red),
Boom Actuator (yellow), and Sorting Station (blue). Each component is more clearly labeled (a—d) where black parts indicate
custom 3D printed parts, pale parts indicate purchased specialty items and electronics, and black arrows indicate direction of
motion for the part.

these towers is to provide a means for reliably moving a single foram for processing. In the case of the Isolation
Tower that processing is isolating and lifting a single foram so that it can be passed to the Actuator Boom. For
the Imaging Tower, that processing includes both moving the foram to a precise distance from the microscope
objective for imaging, as well as passing the foram to the Actuator Boom after imaging.

A tower holds a single funnel mounted to a hinged piece which can be opened to provide easy access to the
needle and stepper motor within the tower. The funnel houses a coin vibration motor on the outside to encourage
a foram to fall into the base of the funnel. At the base of the funnel, a hole is present just large enough for a luer
lock dispensing needle to pass through. The dispensing needle is used to hold a single foram on its tip and can be
readily changed depending on the size of forams being sorted. In Section 4, we provide an analysis of how well
two different needle gauges are able to pick and isolate forams depending on the foraminifera size fraction. The
needle is connected to both a stepper motor and a vacuum pump via a single 3D printed part. To pick a single
foram, the vacuum pump is used to pull in air through the end of the needle. The stepper motor is connected in
such a way that it can raise or lower the needle. The needle tip can be moved to the base of the funnel for picking
a foram, to a raised position for passing a foram to the Actuator Boom, or at a user-specified height for imaging.

The Actuator Boom is the most complex part due to its multiple use cases related to physical manipulation, imag-
ing, lighting, and error detection. It is the central component of the system which rotates on a limited angle servo.
The boom arm has three important features: a suction port, a low-resolution error detection microscope, and an
isolation cover with integrated LED ring.

The suction port consists of a vacuum pump connected to a downward facing circular hole with a nylon mesh
filter used to prevent forams from being sucked into the motor. When transferring a foram between funnels or to a
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Table 1
Array of Motor Types and Motor Controllers Used

Motor Count® Controller Count® Voltage

Servo 2 Micro Maestro 6-Channel USB Servo Controller 1 5V
Stepper 3 3 4V
DC Vibration 7 TB6612FNG Dual Motor Driver Carrier 2 5V

3 Adafruit DC/Stepper Motor Bonnet for Raspberry Pi 1 12V

Tic T825 USB Multi-Interface Stepper Motor Controller

Vacuum pump

[ndicates the total number of motors on the system. PIndicates the total number of boards on the system.

well, the suction port is positioned over the foram and the foram is pulled against the nylon mesh by the airflow.
Simply shutting off the vacuum pump is often enough to release a foram, but a vibration motor is affixed to the
port as a secondary precaution.

While the suction port and Luer lock needles are effective solutions for picking and maneuvering the forams, we
integrated an error checking module which reduces the likelihood of failing to transfer a foram from one location
to the next. The low-resolution error detection microscope is affixed to the Actuator Boom such that it is able
to image expected foram locations. In Section 3.2.3 we describe all the error detection states which utilize the
images coming from the error detection microscope.

The last component of the Actuator Boom is the isolation cover with integrated LED ring. In order to image a
foram in a controlled environment, the isolation cover is moved into place above the foram. The isolation cover
has a hole at the top which aligns with a microscope objective to prevent as much ambient light as possible from
reaching the foram during imaging. By isolating the foram from environmental light, the LED ring is able to fully
control the lighting conditions.

Next we describe the Sorting Station which has the least complexity. The purpose of the Sorting Station is to
provide isolated wells for forams to be deposited into once they have been imaged and processed. The Sorting
Station contains a servo which spins a 3D printed sorting tray. The sorting tray has individual wells; each of
which can be associated with a particular species once a classifier is fully integrated. The Sorting Station rotates
to a well so that the Actuator Boom is aligned and can deposit the foram sample. The well selected during data
collection is the next well over in the counter-clockwise direction, but future works to integrate a classifier could
return the well index of a species for sorting.

The final component of the system is the Microscope Tower for imaging the forams. The microscope is a single
tube system with a 4X objective and a c-mount 18MP camera. A frame, which is attached to the base structure of
the system, holds the microscope tube. Fine adjustment knobs have been integrated to allow for a simple mecha-
nism when manually aligning the microscope over the imaging needle. Due to the limited depth of the objective,
the foram is imaged in a z-stack with the microscope moving in 60 pm increments between focal planes. As
such, the microscope is attached to a stepper motor which controls the focal plane of each individual image. We
empirically determined the targeted distance between focal planes, but due to mechanical reliability the distance
was kept conservative to ensure there is at least some small overlap between the 90 pm depth of field images at
each focal plane.

The Forabot uses four motor types: stepper motors, servo motors, DC vibration motors, and DC vacuum pumps.
The electrical components for driving these motors are off-the-shelf driver board solutions with industry supported
operation. Table 1 shows all the boards which are used for controlling the individual motors. The boards are all
controlled by a single low-cost, credit card sized computer common in the education and makers communities.
The control computers supported are the Raspberry Pi 3b+ (2017) and Raspberry Pi 4. All electronic components
are powered through a single “laptop” power supply which can take an alternating current from 90 to 264 V as
input and produce a single 12 V DC output. A small electronics breadboard must be soldered to properly distrib-
ute the 12 V power to each of the electrical components of the Forabot.
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Table 2 3.2. Software

Runtimes for the Five Stages of the Forabot

Stage number

In this section, we discuss the software used for controlling the system. The
3 4 S Forabot is run as a client server architecture where a Raspberry Pi acts as

Stage Isolation
description pick

Transfer to Imaging
imaging Imaging pick Sort  Rasbperry Pi include 3b+ (2017) and 4 running Raspberry Pi OS Buster

the server and a personal computer (PC) is the client. Tested versions of the

Runtime (s)

97 6.5 10 while the PC has been tested to run on both Windows 10 and Ubuntu 18.04.

We begin by describing the controls system running on the Raspberry Pi,
which controls all hardware and electronics other than the camera sensors.
Afterward, we detail the image acquisition and processing which run on the
PC. Lastly, the PC-run error detection steps are detailed including the motivation, procedure, and potential result-
ing actions for the Raspberry Pi to resolve errors.

3.2.1. Controls System

The Raspberry Pi is setup as a server such that when it is powered on, it homes the hardware system so that all
components have accurate and known position, are in their starting locations, and are ready to receive forams for
processing. Once the Raspberry Pi homes the hardware, it sits in an idle state waiting for a connection from a
client. In order for the PC to connect to the system, the PC must be connected via USB ports to the error detection
microscope, the high resolution microscope camera, and a serial-to-USB cable to the Raspberry Pi. When the
client code is run on the PC, the Raspberry Pi and PC establish a connection using serial communication. Serial
communication was selected as opposed to a network protocol as it is expected many of the computers used will
be university owned and potentially have network protocols blocked.

Once the connection between client and server is established, the server (Raspberry Pi) controls all manipulation
of the foram steps outlined in Section 3.1. The server and client have a synchronized relationship so that only one
of the Raspberry Pi or PC is in control and the other is waiting for commands. When images need to be taken, the
server requests the client to take an image and waits for the client to acknowledge that the image is taken. When a
foram is imaged, the server controls the focal plane and lighting direction of the Forabot while the client controls
the image capture. The server must not move the focal plane or change the lighting direction until the image is
fully captured or imaging artifacts such as blurring could occur.

In addition to communication about imaging synchronization, the Forabot server also requests classification
information from the client for both error detection and species identification. In the case of error detection, the
client can issue commands which change the state of the server. After taking an image either through the micro-
scope or error detection camera, the client either responds by letting the server know it has completed imaging
and everything looks okay, or it will respond with an error state outlined in Section 3.2.3. Lastly, since the client
contains all images, it performs classification of the imaged foram when requested by the server.

The processing states of the Forabot controls system are depicted at the right in Figure 1. Table 2 depicts the
run times of each of these stages. The first stage consists of isolating a single foram and performing an error
check. Next, transfer to imaging consists of moving the foram from the isolation needle to the imaging funnel
and performing another error check. The imaging step consists of picking the foram, moving the microscope into
place, and the full imaging of the foram from a single orientation. After imaging, the foram is picked from the
imaging funnel and a species classification is requested. In the last step, the foram is moved from the imaging
funnel to the appropriate sort well and a final error check is performed. The total time required is about 2.2 min.

As of now, these timings are conservative. The stepper motors driving the needles move slowly so they are less
likely to skip steps and are more precise. Due to the small foram size, having a reliable needle location is vital
to take good images. Similarly, the servo motor driving the Actuator Boom is speed limited to allow for observ-
ing the system more closely during data collection. The third stage of the Forabot pipeline consists of taking
30 images which will be described in Section 3.2.2. A short delay between each of the 30 images is taken as a
precaution to prevent exposure from previous focal planes or lighting directions. While the runtime is possible
to improve by tweaking the system's motor speeds, the largest gain would be to reduce the image resolution and/
or number of images, as the image acquisition and write time have the largest impact. The current version of
Forabot is optimized for the collection of high quality images, whereas classification could ultimately be done
with smaller/fewer images and hence greater speed.
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Figure 3. Example RGB images under the first (a—c) and second (d—f) lighting conditions. Representative focal planes are
shown for the top of the foram (a, d), the middle of foram (b, e), and the bottom of foram (c, ). The corresponding extended
depth of field image (g) is generated as a grayscale image.

3.2.2. Imaging

The server-client relationship is required for one major reason—offloading image processing to a more powerful
computer (the client). The two imaging sources are the error detection microscope and the high-resolution micro-
scope. The error detection microscope will be described in Section 3.2.3. For now, we focus on the high-resolution
microscope and resulting images.

The specific high-resolution camera used in the presented system utilizes a proprietary driver from ToupTek which
is only supported on x86 architectures (PC) and not ARM (Raspberry Pi). Due to the lack of driver support, large
image sizes, and support for cloud data backup the client PC was integrated. Since the Forabot is a data-collection
system in the current stage, the highest quality images are of importance for research. If the Forabot develops into
use as a classification system, running all components on a single Raspbery Pi is quite doable with a change in
imaging sensor which would likely have lower resolution and thus faster imaging throughput.

Though the imaging setup is highly configurable, the parameters are set for work presented here. The camera is
set to have an exposure time of 200 ms, an analog gain of 200%, and a resolution of 4,912 x 3,684 pixels. In total
each foram is imaged from 15 focal planes where the first focal plane has the end of the imaging needle in focus.
As previously described, the focal planes are offset by 60 um resulting in a total z-axis coverage of 900 pm. At
each focal plane, the foram is imaged from two different lighting conditions. A representative selection of focal
planes under the lighting conditions described here can be seen in Figure 3. Each lighting condition contains a
single LED pixel of red, blue, and green for a total of three lighting directions. The three colors on the LED ring
are evenly spaced with each color getting captured by a single channel on the RGB imaging sensor. The second
lighting condition is similar to the first, except the lights are offset by 60°. By controlling the lighting in this
manner, we are able to extract 6 grayscale images of the foram where each grayscale image has a light source from
aunique direction. The further processing of these images to generate a single EDF image is detailed in Section 5.

The Imaging Funnel exists separately from the Isolation Funnel to allow for the Forabot to take images of a single
foraminifer from multiple orientations. By isolating a foram in the Imaging Funnel, the foram can be picked on
the needle for imaging and then a vibration motor can encourage the foram to fall. Afterward the needle lowers
to pick the foram again at a random orientation. The ability to image a single foram from multiple orientations
is helpful from a data collection viewpoint as it allows for a human to use all orientations for labeling the foram's
species. Once a classifier is integrated, the Forabot is not able to choose the orientation for imaging. If a classifier
does not have high confidence when classifying an image, the foram can be imaged again from a different view-
point which may have more identifying characteristics.

3.2.3. Error Detection

Manipulation of individual foram tests is an important step in both imaging and species sorting. Manipulating
objects which are measured on the micrometer scale is a challenge which is naturally prone to failure. To boost
the performance of the proposed imaging and sorting system, we integrate error detection steps utilizing the
OpenCV library (Bradski, 2000) to ensure the state of the system is as expected. Below we outline three error
check procedures, namely Error Checks I, II, and III, along with their motivation and resolution procedures in the
case of a detected error.
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Figure 4. The template matching algorithm for picked foram detection must identify a needle as either having a foram at the end or not. The template matching is run
using the positive (p) and negative (n) templates at the top. The input images (a, b) are run against the templates to produce response maps associated with the positive
template (c, d) and the negative template (e, f). The detected highest response locations are shown (g, h) with a green box if the highest response is associated with the
positive template and a red box if the highest response came from the negative template response map.

Error Check I occurs when isolating a single foram in the Isolation Tower from the deposited group of forams as
shown in Figure 4. As a first step in sorting forams, the Forabot isolates a single foram for imaging. Before the
foram is passed to the Actuator Boom, the error detection microscope takes an image of the raised needle. The
image is analyzed to detect the end of the needle and check if there is a foram on the end. If a foram is picked, it
is passed to the Actuator Boom. Otherwise, the needle lowers and repeats the process of attempting to isolate a
single foram. By checking a successful foram isolation at this step, processing time is sped up since the Forabot
will not go through the processing steps of imaging nothing.

For Error Check I to determine whether a foram is on the tip of the needle in the Isolation Tower, a pattern
matching test is used. Representative images of the needle end with and without a foram are used as templates
to search for the end of the needle in the image. The template images are convolved with an isolation attempt
image. Whichever template image convolution has a higher response is how the image is classified. Figure 4
shows both the template images as well as the maximal response locations from the convolution. A shortcoming
of the approach used is that the template images do not consider or detect the isolation of multiple forams. Thus
the Forabot does not have any conditions in place to determine whether a single foram or multiple forams were
isolated for transfer or imaging. See Section 4.3 for the effectiveness of the error detection as well as the preva-
lence of multiple foram isolations.

After Error Check I, the Forabot proceeds to correct the error in the case one is detected or continues with
processing the isolated foram. If no foram is detected, the Forabot simply repeats the isolation process. If a foram
is detected, the foram is passed to the Actuator Boom. When the Actuator Boom handles a foram, the foram is not
visible from either of the cameras on the system. As such, there is some uncertainty when handling undesired
states that occur when moving a foram from one location to the next. To determine if any unexpected states have
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Figure 5. Foram detection in a funnel based on blob detection of a large grouping bright pixels on a black funnel. The
funnels with a foram (a) and without a foram (b) are shown where the presence of a bright grouping of pixels at the center of
the funnel is a foram.

occurred when moving the foram, Error Check II determines whether there is a foram present in the Imaging
Tower.

Error Check II is a simple blob detector which finds groups of bright pixels with a large enough area. Since
the funnels are printed using a black resin, detecting a white object on a black background is quite simple and
extremely accurate. Figure 5 shows the results of the detection when a foram is present and when one is absent.
Though both of the failure detection algorithms are quite basic, they work well for the system in its current state.
With a larger user base, more environments, and more data to consider, the error detection could become more
sophisticated.

Error Check II is run at two different steps during the Forabot processing. The first time it is run is right after the
attempt to transfer an isolated foram to the Imaging Tower. If a foram is present in the funnel, then the system
continues with imaging. If no foram is present, the foram was not passed to the Actuator Boom or the foram
is stuck in the Actuator Boom. The Actuator Boom attempts to drop the foram again using a vibration motor
to dislodge any stuck forams. The Forabot will repeat the drop attempt as long as Error Check II fails, up to a
predefined number of attempts. If the predefined number of failures occur, it is assumed there is no foram in the
Actuator Boom and the system will go back to isolating a foram.

The second instance in which Error Check II runs is after the Forabot attempts to transfer a foram to the Sorting
Station. In this case, Error Check II passes when no foram is in the Imaging Tower. A foram may be left in the
Imaging Tower if multiple forams were picked or if the handoff to the Actuator Boom failed. In either case, the
Imaging Tower must be cleared so the sorting process will repeat until the foram is transferred successfully.

Lastly, Error Check III is performed using the images from the camera on the Microscope Tower. At the start
of a session before any foram isolating, imaging, and sorting takes place, the Forabot images the needle in the
Imaging Tower with the imaging camera at each focal plane and lighting direction. The initial needle imaging
provides information useful for aligning data collections as well as providing a control image for what it looks like
when no foram is present. The histogram for each control image is saved for detecting if a foram is present during
imaging. Each image taken when attempting to image a foram has its histogram compared to the control for the
corresponding focal plane and lighting direction using a chi-square comparison of the histograms (Figure 6).
If the correlation is below a predefined threshold, the needle lowers to pick the foram again for imaging. The
Forabot overwrites any images which were taken before an Error Check III failure occurs, so all focal plane and
lighting direction images must have a foram present for the set of images to be kept.

The error checks are not only in place to prevent single foram manipulation or imaging failures, they are also used
as a mechanism for indicating to a user that the system may need to be cleaned if too many errors occur. There
are a few states which the system attempts to resolve on its own, but some cases may require user intervention.
The two most common states that may need human intervention are a foram getting caught in the nylon mesh of
the suction port and a foram sticking to the side of the imaging funnel due to static charge. In the case of a foram
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Figure 6. Box plots of the Chi-Squared values when comparing a control image against different samples that may be seen during imaging. Example images from the
first focal plane are shown for the control set (a), a set of images without a foram present (b), a set of images with a foram (c), a set of images with a foram fragment (d),
and a set of images with a different foram (e). The box plots are generated using the 30 Chi-Squared value generated; one for each focal plane and lighting direction of

the set of images.

sticking to the nylon mesh, it not only fails to drop but also prevents other forams from being picked. Simply
running a paintbrush around the mesh will dislodge the foram. In some cases, a staticky foram sticking to the
imaging funnel is not able to be knocked loose by the vibration motor. Simply removing the foram with a paint-
brush resolves the error. Each of these instances should be checked if the Forabot stops running before expected
due to the inability to resolve failures in the system.

4. Mechanical Evaluation

The main objective of this section is to quantify the Forabot's ability to manipulate forams and describe how
failures impact throughput. The foraminifera sample used in the manipulation analysis is presented first. We
begin by analyzing the physical movement of a single foram through the stages of imaging and sorting. To do
this, we present a simple test which is run to show how often the Forabot fails to manipulate a foram specimen
as intended. Next, the failure error detection algorithms are described along with their impact on improving
foraminifera throughput as compared to a system without checks. In Section 3.2.3, we explained how the Forabot
aims to resolve unintended situations. We use the resolution procedures along with the prevalence of failure to
find an expected runtime for a single foram. Lastly, we conclude by presenting the efficacy of the Error Checks
presented in Section 3.2.3.

4.1. Description of Sample

The tests described here are performed on washed (>63 pm) and size-sieved foraminifera from the 1-2 cm inter-
val of multicore MGL1208-38MC, which was retrieved from 2,859 m water depth at 6°49.6’N and 161°2.5°W in
the tropical central Pacific Ocean. These sediments are rich in calcium carbonate and preservation of planktonic
foraminifera is good.

4.2. Physical Manipulation

In order to properly analyze the physical manipulation efficacy of the Forabot, we describe the foram sample and
preparation done for the data presented in this section. Foraminifera are sieved into >600, 500-600, 425-500, and
355-425 pm size fractions. Exactly 100 forams are then randomly chosen from each size fraction. Due to the size
of the foraminifera, we have found that they can be noticeably influenced by electrostatic forces. As a result of the
electrostatic forces, the forams may stick together which causes failures in isolating a single foram, they may stick
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Table 3 to the boom actuator which results in failure when moving a foram, and they
Failure Rates of Common Foram Size Fractions Tested Using Two Needle may stick to the edge of a funnel which results in failures when trying to pick

Gauges, With Stages as Given in Table 2

a foram in the imaging funnel. To reduce the impact of these complications,

Stage Stage Stage Expected Multiple each group of foraminifera is wetted using a paintbrush dipped in water and
Needle Size 1 1->2  4->5 additional runtime  forams allowed to fully dry. Lastly, the foraminifera from a given size fraction are all

gauge  fraction error  error  error (seconds) picked placed in the isolation funnel for processing.
27 S 2 LU L 23 0.07 We present a size fraction analysis of the four different groups of foraminif-
425-500 0.16 007  0.02 2.7 0.08 era. Two different needle gauges are tested for picking the forams, 25 and 27
500-600 0.12 0.04 0.03 2.1 0.01 gauge. In order to have a comparable test across changing needle gauges, the
600+ 035 002 0 3.4 0.02 same 100 forams are used for each size fraction. The lower bound on the size
25 500-600 004 005 005 1.8 0.05 fractions tested for each needle was selected based on the ability to isolate a
single foram from a group. When foram size is too close to the inner diameter

600+ 0.05 0.04 0.03 1.5 0.04

Note. The Forabot is able to recover from Stage Errors, but unable to detect
and recover from treating an isolation of multiple foram specimen as a single
foram specimen (far right column). Average expected additional run times are
based on the failure rates and the time to correct a given error. Size fractions

of a needle, finding a suction strength which is able to hold a single foram
without also picking up multiple other forams proves difficult. As such, the
performance presented can be used as a guide when selecting a needle gauge
for imaging a sample of foraminifera.

are bolded under the recommended needle gauge.

The analysis includes running through an entire imaging pipeline with 100

forams initially deposited in the isolation funnel. As forams are imaged, the

isolation funnel depletes until it is empty when all 100 forams have been
imaged. If multiple forams are ever moved from the isolation to imaging funnel, then all but one foram are manu-
ally returned to the isolation funnel after the system images and sorts the forams. As the sorting tray would become
more cluttered with forams, the tray is cleared for every 10 forams deposited to ensure all forams are tracked and
accounted for at each stage of the process. Clearing the sorting tray is only done to ensure proper tracking of
the performance and is not necessary in a normal operation. No other manual intervention is done to the system
during the size fraction analysis to represent a normal use over 100 forams.

The stages of processing a foram and the probabilities of failure in moving on from each stage are shown in
Table 3. The most important takeaway we want to emphasize is that the needle gauge has a substantial impact on
the performance of Forabot. The 27 gauge needle performs significantly better on forams under 500 pm, while
the 25 gauge needle performs better on forams over 600 pm. As noted above, the 25 gauge needle performance
on the smaller foram size fractions aren't presented as there was no suction strength which was able to find a
reasonable balance between isolating a foram and not always picking multiple forams. By selecting the proper
gauge needle when sorting forams, a user can expect to see forams successfully moved at any single step more
than 90% of the time with some variation into the mid-eighties depending on size. The probability of successfully
moving a single foram through the full pipeline with no issue ranges from 77% to 88%.

While success rates provide insight, we show the impact of failing to move a foram as expected on the overall
run time for sorting a single foram in Section 4.3. One previously mentioned condition which we cannot handle
through error detection is the isolation of more than a single foram. In these cases, the Forabot images a group
of forams that is isolated as a single specimen and sorts them all into the same well. The last column of Table 3
shows the rate at which more than a single foram was isolated over the 100 imaged forams. As the foram size
becomes larger relative to the size of the needle, they tend to block the opening of the needle and prevent the
suction from picking multiple forams during isolation. Wider ranges of foram sizes (e.g., everything greater than
355 pm) would likely result in poorer performance because of degraded optimization of the needle size.

Finally, there is a possibility of breaking specimens during manipulation. During setup the needle height is
adjusted to prevent the foram from forcibly contacting the nylon mesh on the suction port. Once that is set,
breakage is infrequent, but we have not quantified it. In Section 5.2 we present data collected with the Forabot
which imaged over 300 specimen from three orientations where no forams were lost or completely destroyed.
Approximately 5 were shown to have some breakage, though the samples were not checked prior to imaging and
thus we cannot comment on the impact of the Forabot. Very poorly preserved specimens, of the sort that break
when touched with a picker's paintbrush, would likely be damaged by Forabot.
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4.3. Failure Detection

The failure detection checkpoints presented in Section 3.2.3 are able to make running the system with the
presented failure rates manageable. Resolving an isolation failure (Stage 1) takes 9 s. A transfer to imaging fail-
ure (Stage 2) adds 14 s, because three repeated three-second drop attempts over the imaging funnel ensure the
foram isn't stuck to the top suction, and repeating an isolation pick takes another 5 s. To correct a foram falling
off during imaging or not being successfully picked for imaging (Stage 3), the imaging needle needs to attempt
to pick the foram again and the microscope may need to slightly adjust focal planes which takes approximately
14 s total. It should be noted that although rare, the foram could fall off toward the end of imaging which means
that all the time that it took to image the failed orientation is lost. We don't take into account the foram falling off
during imaging since it hasn't been observed in an undisturbed Forabot. Though for a Forabot in an environment
where the system or its foundation may be bumped into or otherwise disturbed, the Error Check III is vital for
preventing the Forabot from imaging a needle with no foram. In an earlier iteration of the Forabot, Error Check
III true positives were more prevalent as the needle moved to change focal planes with respect to a fixed micro-
scope; it was not uncommon for forams to fall when moving to a new focal plane. Lastly, the foram could fail to be
transferred to the sorting well (Stages 4 and 5). The Forabot will simply repeat the sorting procedure which takes
approximately 15 s. Using these error correction times and the corresponding failure rates, we get the expected
time increase per foram considering the foram size fraction and needle gauge which is presented in Table 3.

The performance of error detection itself does have an impact on runtime, though it is not included in the expected
additional runtime per foram presented in Table 3. Each error check algorithm was run using a data set with 100
positive and 100 negative samples. Both Error Check II and Error Check III were able to correctly classify all
200 images as containing a foram or not. Though there is a possibility of failure in these error checks, the chance
of a misclassification is low enough that they do not have a negative impact on runtime. Due to the slightly more
complex classification problem for Error Check I, the classifier was able to get all of the failed (negative) isolation
images correct and 92 of the successes (positives) correct. It is preferred to have Error Check I with a low false
positive rate since the system will have to go through more steps to process a foram when nothing is picked. The
associated increase in false negatives is not as impactful since it only consists of performing the isolation step
again. In the worst case of the presented isolation successes in Table 3, a false negative rate of 8% increases the
expected additional runtime of a foram by 0.7 s.

5. Image Processing and Classification Evaluation

Given that the system is able to move a foram through each stage in its imaging and sorting pipeline with a high
degree of reliability, we are next interested in getting a classification of the foram's species so it can be accu-
rately separated from other species. As discussed in Section 2, prior works have shown that the classification
of foraminifera species at an accuracy comparable to that of human experts is possible (Hsiang et al., 2019;
Marchant et al., 2020; Mitra et al., 2019). For this reason, we do not focus on improving the classification in
this paper, but only aim to show that the presented system is capable of capturing images which can be success-
fully used in existing classification pipelines. The rest of this section will focus on the data collection efforts,
the image processing steps, the challenges associated with classification in our imaging pipeline, and lastly the
performance evaluation of transfer learning using our data to refine a classifier trained using the data set from
Hsiang et al. (2019).

5.1. Image Processing

For each orientation of a specimen, the 30 images from 15 focal planes and 2 lighting conditions are fused into
a single grayscale EDF image. First, the two lighting condition images at each focal plane are fused into a single
grayscale image by converting each lighting condition into a single grayscale image, and then averaging the pixel
intensity between the two grayscale images. The result is a 15 focal plane grayscale image set which is then stack
aligned to correct for any shift in the foram between focal plane images. A rigid-body translation alignment
provided by a python library for stack registration (Thévenaz et al., 1998) is used. The Sobel operator (Tinku &
Ajoy, 2005) is applied to each image as a metric to determine which focal planes are most in focus. The metric has
the high responses at specularities, which are bright spots where light is more intensely reflected to the camera.
Specularity metric values decrease but remain large relative to the rest of the image as they are moved out of
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Figure 7. View point variability shown from three random samples of a single Neogloboquadrina dutertrei specimen during
data collection. The umbilical view (a) and two side views (b, ¢) are shown.

focus, but that same blurring increases their area in an image. To prevent the blurred area of a specularity from
being confused with in-focus features of the foram, an in-focus focal plane is determined for each specularity of
a foram. The in-focus focal plane for each specularity is considered the root of a specularity growing algorithm.
The algorithm takes a mask of the in-focus focal plane specularity and compares that mask with a specularity
detection of the next focal plane. All pixels in the focal plane of comparison mask which are reachable from
the in-focus specularity mask (i.e., that form a connected component) are considered a blurred specularity. This
comparison is done for adjacent focal planes starting with the in-focus plane and moving to subsequently more
blurred focal planes. At the end, each focal plane has a mask which is used to ignore blurred specularities as these
locations falsely appear to be in focus due to their high metric response. The specularity masks are combined with
the Sobel responses to generate the final EDF image by taking the focal plane with maximal response at each
pixel where blurred specularities are ignored via the specularity mask.

5.2. Species Classification

As just mentioned, the initial data set used to train a base classifier for foraminifera classification is obtained from
Hsiang et al. (2019). A similar network structure is used, but since our images use directional lighting we cannot
source accurate colors from the test of the foram. Due to the difference in data collection methods, we modify the
network presented by Hsiang et al. (2019) to take in grayscale images which don't have directional lighting. After
training the initial grayscale classification network, we perform fine tuning of the network using our data set so
that we can evaluate the performance on images coming from our imaging domain.

The data set collected from our system is comprised of 6 species which were all present in the (Hsiang et al., 2019)
data set with at least 500 specimen present in each species. The species used (with associated counts) were
Globigerinella siphonifera (51), Globigerinoides sacculifer (53), Globorotalia menardii (56), Neogloboquad-
rina dutertrei (59), Globigerinoides conglobatus (43), and Pulleniatina obliquiloculata (54). These species
were selected as they were available in high counts at size fractions greater than 355 pm. Each specimen in the
collected data set is imaged from three random orientations which provides more orientations for training at the
cost of increasing the total time of imaging (Stage 3) from 97 to 291 s Figure 7 provides an example of a specimen
that was imaged during data collection which provides one umbilical view and two different lateral views.

The extended depth of field images are used as a proof of concept input when training a simple foram species
classification network. The classification network largely follows (Hsiang et al., 2019) with some modifications
due to image modality differences. Both the data collected for fine-tuning in Hsiang et al. (2019) as well as data
collected with the presented system are used in training. Because the automorph (Hsiang et al., 2019) EDF data
is in RGB format and the EDF data as part of this research is in grayscale, the automorph data is transformed to
grayscale and back to RGB by repeating the intensity into all channels. The data collected as part of this research
is first cropped so that the foram occupies approximately 80% of the image, then the intensity channel is repeated
in to the RGB channels (Figure 8). A VGG-16 (Simonyan & Zisserman, 2015) network was fine-tuned using
Tensorflow (Abadi et al., 2015) with the model weights ported from the original model trained using Caffe (Jia
et al., 2014). The preprocessing used when training the VGG-16 model was used in fine-tuning on the foram data
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Figure 8. For species (left to right) Pulleniatina obliquiloculata, Neogloboquadrina dutertrei, Globorotalia menardii, Globigerinella siphonifera, Globigerinoides
conglobatus, and Globigerinoides sacculifer, the first (a—f) and second (g-1) lighting directions are shown for a selected focal plane. The reconstructed extended depth
of field images (m-r) are also shown for each species.

set. Preprocessing is comprised of rearranging the channels of the RGB image to BGR (which has no affect in our
data) and subtracting the mean BGR value of the original training set from each pixel in an image.

The final fully connected layers of the original VGG model are replaced for fine tuning with two fully connected
layers consisting of 512 and 36 nodes to generate logits for the 36 classes of foraminifera species in the (Hsiang
et al., 2019) data set. The layer with 512 nodes uses a dropout of 50% with a ReLU activation function. The final
logit connection uses a softmax activation function. Only weights representing connections with the two added
layers are set to trainable, while the rest of the VGG-16 network weights are fixed during training.

The network was trained with a learning rate of 0.0001 following (Hsiang et al., 2019) over 200 epochs. Training
data consisted of both data sets shuffled for each epoch, and the validation set consisted of only Forabot images.
Figure 9 shows a confusion matrix of the validation data after completing training. Note only 6 species are present
in the validation set. The classifier was able to discern that each of the validation images were from the Forabot
imaging domain as it only classified the validation data as one of the six Forabot species. The full accuracy for the
validation set was 78.75% which is good considering the Forabot images only contributed to less than 3% of the
training set. By continuing to build the data set of images from the Forabot system over a larger group of species,
we would expect to see a classification accuracy in the high 80th percentile as reported by Hsiang et al. (2019).

6. Conclusion

The work in this paper describes an imaging and manipulation system which could benefit the paleoceanogra-
phy community by providing a standard system for sorting cleaned planktonic foraminifera based on species.
Through low-cost and easily accessible parts, the system is able to move, image, and isolate individual forams
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Figure 9. Confusion matrix of the validation data after 200 epochs of training.

to aid researchers in their efforts. Though the system's throughput as presented isn't particularly high with an
approximate throughput of 648 samples sorted per day, slight modifications can be made to change the system
from a high fidelity data acquisition system into a classification system optimized for speed. The three factors
which affect throughput the most are image resolution, number of focal planes, and number of orientations. When
considering the system as a classification system for automated sorting, future work will aim to optimize these
factors. Decreasing the resolution and number of focal planes will directly improve the presented throughput. A
classifier with the option to resample orientations would need to be optimized to consider the cost of time in its
loss function to minimize resampling orientation.

As the Forabot currently stands, it is a system which can isolate and image forams for data collection. Though the
system presented only is run as a data collection system, it was built with the aim of being used as a classification
and sorting mechanism once a sufficient data collection has occurred for training a classifier with a larger number
of species. Over time, the database of species labeled forams imaged using the Forabot will grow enough to train
a classifier on enough species to deem it useful as a classification system. The future work of building the data set
to enable a classifier which works well with the Forabot is the vital last step to enable it to become a classification
and sorting mechanism. Once the classifier is completed, the code base and hardware were designed to allow for
a seamless transition from a data collection system to a species sorting system.

Despite the limited presented throughput, the system end-user may be most interested in human effort per sample.
Limiting the user interaction was a main objective when designing the system presented here. At the time of writ-
ing there exist no other publicly-available automated means for researchers to image, classify, and sort cleaned
foraminifera samples. With continued use of the Forabot, future improvements based on feedback could greatly
improve the usability, efficiency, and classification performance. As the system matures, it is entirely possible
other groups such as the benthic foraminifera research community may test the system and find small adaptations
to make an effective system for their efforts.

RICHMOND ET AL.

16 of 17

QSUQOIT suowwoy) aAnear) ajqeaidde ay) £q pauroaos ale sa[one YO asn Jo sa[ni 10y A1eiqi auruQ A9[IA\ U0 (SUOIIPUOD-PUE-SULID) /W0 Ka[im Kreiqrjaul[uo//:sdny) suonipuo)) pue suud [, oy 23S [7z0g/c1/£z] uo Areiqr aurjuQ A3[1M ‘6890100DTT0T/6T01°01/10p/wod Kaim KreiqiaurjuosqndnSe//:sdyy woly papeojumo( ‘1 ‘270 ‘LT0TSTS1



A7t |
NI
ADVANCING EARTH
AND SPACE SCIENCE

Geochemistry, Geophysics, Geosystems 10.1029/2022GC010689

Acknowledgments

This material is based upon work
supported by the US National Science
Foundation Grants OCE-1829930 and
OCE-1829970. The authors thank those
who have helped with previous versions
and incremental improvements of a
system over the years. Namely, we thank
two teams: Eric Davis, Robert Macpher-
son, and Joseph Berman as well as Harri-
son Klas, Akshay Paruchuri, and Shannon
Pinnel for their work on two earlier
iterations of a foram picking system.

Data Availability Statement
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dating the research presented. The software for generating figures, merging raw image stacks into EDF images,
error detection examples, as well as the species classification is available under the same archive. Lastly, the build
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