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1 | INTRODUCTION

The Rosalind Franklin rover (see Fig. 1), part of the European Space Agency (ESA) ExoMars programme, is due to launch in
2028 and search for signs of life preserved in the sub-surface at Oxia Planum. Rosalind Franklin will carry a suite of scientific
instruments for this purpose, and possesses the ability to drill two metres into the surface to extract samples for molecular
analysis (Vago et al., 2017). The rover will be guided to potential sites of interest using images from the Panoramic Camera
system PanCam (Coates et al., 2017), which teams stereo multispectral Wide-Angle Cameras (WACs) with the variable focus
High Resolution Camera (HRC) which produces colour images using a Bayer pattern filter.

This paper introduces the PanCam Operations Toolkit (PCOT), a Python program and library being developed primarily
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to process and analyse images returned from the PanCam instrument, but lending itself to any kind of multispectral image
processing, including uncertainty and data quality.

In preparation for the mission, processes were developed to analyse the image data, e.g. (Allender et al., 2020). The initial
development in this area was ExoSpec, which allowed PanCam multispectral datasets to be processed to provide information
about the distribution of spectral properties in the scene (Allender et al., 2018). ExoSpec was developed using the widely
used ENVI framework and proprietary IDL language (NV5 Geospatial Solutions, 2024). However, the PanCam science and
engineering team involves a very broad spectrum of academic and industry contributors world-wide, with diverse specialisms
and career stages, many of whom do not have access to IDL or ENVI licences; therefore it was decided that an open-source
alternative was required.

PCOT was created as a replacement for ExoSpec, providing a modern, versatile open-source analysis package for use during
the mission. It has a strong focus on provenance, clarity of process, and repeatability. Given that most observational data contains
uncertainty and error information, all PCOT values contain uncertainty and data quality information and propagate them through
all calculations. PCOT is being developed in Python because of its wide use in the scientific community and the large number of
available packages that it may utilise.

We are opening PCOT’s source to the wider community and building extensibility into it from the ground up, in the hope

that the community will build on it.

2 | RELATED WORK

The PCOT application and upper layers of the PCOT library constitute a visual dataflow language in which data (multispectral
images, scalar values etc.) flow through a directed graph of operations (Johnston et al., 2004; Schwarzkopf, 2020). The systems
which have most directly inspired PCOT are Miller Puckette’s Max and Pure Data (Puckette, 1996) visual languages for audio
processing , although there are some influences from the popular LabVIEW system design platform (Kodosky, 2020) and from
the diagrams used by the MASCOT software engineering methodology (Simpson, 1986). One final system which should be
mentioned is Harpia - a visual dataflow language which can process RGB images using the OpenCV library (S2i, 2009).

However, PCOT differs from these systems in the following respects:

e itis written in Python for extensibility and interoperation with other systems;

e itserves as both an application and a library, where the lower layers are available to end users;

e itis primarily designed for multispectral image processing but can also process other kinds of composite data (including
user-defined data types);

e it can process data with uncertainty and quality information (see Sec. 3.4);

¢ all data carries source information specifying from which inputs it is ultimately derived, which can constitute an "audit trail."

In the context of other space exploration missions, NASA have significant heritage with their Multimission Image Processing
Laboratory (MIPL), Video Image Communication And Retrieval VICAR (NASA-AMMOS, 1966), and Integrated Software for
Imagers and Spectrometers v3 (ISIS3) (Rodriguez, 2024) software, which has been used over decades of missions (Maki et al.,
2012). In the Earth Observation domain, GDAL is a comprehensive open-source software library for geospatial data (Rouault
et al., 2024), and Orfeo Toolbox provides image processing aimed at remote sensing applications (CNES and CS, 2024).

The decision to develop PCOT rather than using an existing package stemmed from several requirements, the primary
one being the intention to prioritise provenance and accuracy of the data through error propagation, data quality tracking, and

traceability, features not available in the previously mentioned software. Secondary requirements were to be easy-to-use through
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a graphical user interface — while the packages noted above are largely command-line based — and to support users in writing

Python plugins.

3 | SOFTWARE DESCRIPTION AND DEVELOPMENT

PCOT is designed to help scientists and engineers analyse PanCam data and produce useful secondary data products, although it

lends itself to any task involving processing multispectral image data. For example, with PCOT you can:

¢ load ENVI multispectral images - currently only band-sequential (BSQ) interleaved 4-byte float although more subtypes can
easily be added;

¢ load PDS4 (Planetary Data System 4 - the current iteration of NASA’s data standard) multispectral images - again, currently
limited to the "spec-rad" (spectral radiance) end products of the calibration pipeline although more can be added;

¢ load multiple images in other formats (e.g. PNG and raw data) and combine them into multispectral images;

¢ perform calibration tasks on these images;

¢ define and annotate regions of interest in the data;

¢ perform mathematical operations across entire images;

e view spectra, histograms, spectral parameter maps with false colour palettes as a result of these mathematical operations

and many other things besides. PCOT is highly extensible and open-source, so any missing functionality is easily added.

Following ExoSpec, PCOT is designed to aid the ExoMars science teams in meeting the science objective fo search for signs
of past and present life on Mars (ExoMars Project Team, 2010) by supporting the use of PanCam and Enfys (previously ISEM)
in characterising the geological context and guiding target selection (Vago et al., 2017). It acts downstream from the Rover
Operations Command Centre (ROCC) on PanCam images which have already been radiometrically and geometrically corrected
(Fig. 2), and will form part of a suite of tools designed to exploit the stereo and multi-focus capabilities of PanCam (Paar et al.,
2016; Traxler et al., 2022). As PCOT has been developed as a successor to ExoSpec, its primary purpose is to generate relative
reflectance images and spectral parameter maps - images which are derived by mathematically combining and processing the
values of the bands in the source image to highlight particular features in the spectrum. It is not intended to work directly
with stereo or 3D datasets, as these will be handled by PRo3D and associated tools (Paar et al., 2016; Traxler et al., 2022)
however there is scope in the future to develop interoperation between these tools, for example, allowing users to overlay spectral

parameter maps onto the 3D data.

Spectral parameter maps are particularly useful for planning science activities, and much work has already been done on
the discovery of useful spectral parameters for Mars exploration (Viviano et al., 2014). It will also be able to produce spectra
from regions of interest. Beyond the already planned tasks, the flexible and adaptable nature of PCOT will allow it to perform a
wide range of unforeseen calculations. It is anticipated that PCOT would be used at all stages of the PanCam teams’ surface
operations (Fig. 3), facilitating quick, data-driven decisions on a day-to-day tactical timescale, broader strategic work in the

medium term, and longer-term analysis of collected data.

Although PCOT is designed to fit within the PanCam ecosystem of processing and tools, it functions independently, allowing

it to be used for a far wider variety of purposes beyond ExoMars.
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3.1 | A PCOT Document

The verifiability and reproducibility of data generated by PCOT is of paramount importance. To this end, a PCOT document is a
data product which can be shared between users, which fully describes how the data was generated from the initial import to the
final output of processed secondary products. Users are encouraged to exchange PCOT documents in addition to, or instead of,

the generated images or data.

A PCOT document consists of:

¢ The inputs - data loaded from sources external to PCOT. These are kept separate from the graph (see below) to allow a
different graph to be used on the same inputs, or the same graph to be used on different inputs.
¢ The graph - a set of nodes and connections between them which define operations to be performed on inputs.

¢ The settings - these are global to the entire application and hold information such as caption styles and font preferences.

3.1.1 | Inputs and Parameters

PCOT can handle many kinds of data. It is particularly suited to processing multispectral images with uncertainty and error data
and can currently read ENVI and PDS4 formats, along with more common RGB formats (such as PNG) which can be collated
into multispectral images. It is also possible to read raw binary data, provided some format information is specified by the user.

Parameters are currently stored in nodes and are initialised/defaulted when a node is created. Nodes which are copied create
independent duplicates of the parameters. Parameters are also stored in PCOT document files (as part of the graph). A system for
modifying these parameters from text files as part of a "batch processing system" is in progress. and graphs can be edited and run

from Python programs without starting PCOT itself, using PCOT as a library.

PCOT parameters can be supplemented by data included in configuration files: for example, camera filter data such as

bandwidth and bandpass are stored in text files, allowing easy modifications and additions by users.

3.1.2 | The Graph

A PCOT document manipulates data in a graph - a network of nodes, each of which takes some data, performs some operation on
it, and may display or output derived data as the user requires. Crucially, this is a directed acyclic graph: each connection has a
direction going from an output of one node to an input of another, so there cannot be any loops.

Fig. 5 shows the main PCOT interface with no nodes opened - this is PCOT as it would appear when first started. The two
most important areas are the graph view on the right and the node view on the left. Fig. 6 shows PCOT with some nodes added to

the graph and one of them (a sink node) open for editing.

3.2 | Nodes

Nodes are the basis of operations within PCOT; Fig. 7 shows two example nodes in the graph with key features annotated. Each
node has a display text - this is usually the node’s type, but in the case of the expr node(as shown in one of the examples in Fig. 7)
it is the expression being calculated. Each node is shown as a box with input connections on the top and output connections at
the bottom, and each connection may have a display label. The inputs and outputs are coloured by type: blue is perhaps the most

common and indicates an image. Each node has a pop-up help box that gives information on its usage.

Nodes already available include:
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¢  image recolouring methods such as contrast stretch, gradient and decorrelation stretch;

e region of interest selection, including basic shape selection, point selection, and painted regions;

¢ band depth calculation;

e anumber of powerful region-of-interest editing nodes;

¢ radiometric calibration target detection assistance;

e image registration, with both auto and manual methods; and

e apowerful expression evaluator which allows users to manipulate data with arithmetic operators and functions - for example,
"a$671 / a$438" divides the values in the 671nm band by the values in the 438nm band for the image on input g, providing a
spectral parameter map for ferric minerals and dust (Allender et al., 2018). This is the calculation performed by the graph in
Fig. 6.

Comment and constant nodes are also available but are the exception to the structure given above in that both take direct
input from the user, allowing values to be typed into the node box in the graph. Examples are shown in Fig. 8. To support
reproducibility and verifiability, the current versions of any nodes contained within the graph are recorded when saving a PCOT
document, both by recording the node’s version number and by creating an MDS5 hash for the node’s file. This ensures that
the contents of the node file are checked regardless of whether the version number has been incremented. On loading a PCOT
document, the versions of the nodes in the document are compared with those available in the local directory; if there is a

variance then the user is warned of potential incompatibility as this may produce different results to what was expected.

3.2.1 | The Node Tab

Each node in the graph view can be "opened" by double-clicking, which will open a view of the node and its editable parameters
in the node area. Multiple nodes can be open at a time, with each node getting a tab as shown in Fig. 6. Nodes can be "undocked"

into separate windows by double-clicking the tab.

3.2.2 | The Canvas

All nodes which are linked to images make use of a standard "canvas" user interface component, as shown in the sink node open

in Fig. 6. This has several features uniquely suiting it to multispectral work:

¢ the image can easily be panned and zoomed.

¢ The mapping of the image bands to the RGB channels of the viewed image can easily be modified (and if the "Guess RGB"
button is clicked the closest bands to those visible colours will be selected).

* A "quick spectrum" view can be opened to show a spectrum of the pixel currently under the cursor which changes as the
user navigates through the image.

¢ The image can be normalised for viewing using all bands, just the visible bands, or just the visible bands with each band
being separately normalised. Additionally, the image can be normalised to the entire image or just the visible region.

¢ Uncertainty and Data Quality bits (see Sec. 3.4) can easily be viewed as overlays.

3.3 | Internal Architecture

The architecture of PCOT is shown in Fig. 4. The application is built upon a Python library consisting of:
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¢ ImageCube and Value classes, encapsulating multispectral, scalar and other array data with uncertainty and data quality and
with operations which propagate those quantities;

¢ The Datum class, which wraps all quantities in PCOT allowing them to interoperate, so that it is easy (for example) to define
the result of multiplying an image by a scalar.

¢ Datum functions which can be called from both the application’s expression parser and from Python code, and can be
extended by the user. These operate on and return Datum objects.

e Datum type classes which describe the behaviours of different kinds of Datum, and allow new types to be easily registered

by the user.

Within the application itself, new types of nodes can be created by writing new classes to define their behaviour.

3.4 | Uncertainty, data quality and internal image format

Most data types (such as images and scalars) can be derived from observational data, which often has associated uncertainty and
data quality information. PCOT stores data of these types as triplets of nominal (mean) value, uncertainty (as standard deviation),
and a set of data quality (DQ) bits. Nominal, uncertainty and DQ in images are stored on a per-pixel, per band basis. Both the
nominal and uncertainty values are stored as 32-bit floating point values, while the DQ bits are 16-bit integers. This means each
pixel is stored as 10 8-bit bytes per band, and a 1024x1024 image requires 10Mib of memory for each band.

Uncertainty calculations are propagated and compounded where appropriate, following the principles defined in the ISO
standard Guide to Uncertainty Measurement (GUM) (JCGM, 2008). The calculations within PCOT were verified using the
Python uncertainties package (Lebigot, 2009), which was not used directly to keep PCOT as lightweight as possible.

DQ bits are used to indicate whether the data has no uncertainty, whether it stems from an error in the observation, an invalid
calculation (e.g. division by zero), or whether there is simply no data. These bits are also propagated through calculations - any
value calculated from a value with a DQ bit set will also receive that DQ bit.

This data is propagated through all calculations where possible, and if this is not possible, the special data quality bit
NOUNC (no uncertainty) is added. This generally happens where the calculation is intractable or uncertainty is irrelevant, such
as a decorrelation stretch.

We are forced to assume that all quantities are independent, so care must be taken by users to avoid grossly incorrect results.
For example, consider the graph in Fig. 9, consisting of a scalar constant node with the value O =+ 1, feeding into an expression

node as the variable a , where the expression calculated is a — a. This should produce O =+ O, but the actual resultis 0 + V2.

3.5 | Source tracking

Each datum handled by PCOT has information describing where that datum ultimately comes from:

¢ Non-image Datum objects have a source set, which is a collection of Source objects. Only data which are not derived from
observational inputs are permitted to have a "null source set" consisting only of a single "null source."

e Images have a "multiband source", consisting of a source set for each band. This is still considered as a single source set -
the union of the sets for each band - for some operations.

e Each individual source in a set can have information describing the origin of the data (for example a PDS4 Logical and
Version Identifier or just a filename for other image sources), an integer giving the input number into which the source was
originally loaded, and information describing the camera filter used to capture the data. Some of these may be absent: an

image loaded from an RGB file will not contain specific bandwidth and bandpass data in its sources, for example.
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When an operation is performed that combines two or more source sets, the resulting data’s source set is the union of those
sets. For example, adding two images together band-wise will result in an image in which the source set for each band is the

union of the corresponding source sets of the addends.

3.6 | Extensibility

As noted above PCOT is highly extensible, with the user being able to manage multiple directories of Python "plugins” which

can:

e  (Create new menu items,
¢ Create new node types,
¢ Create new functions for use in both the expression parser and Python code, and

e Create new PCOT data types for use in any of the above.

It is envisaged that a typical user might have a private plugins directory in their home directory and access to an organisation-

wide plugins directory (or more than one).

3.7 | PCOT as alibrary

As well as being run as an application, PCOT allows users to write Python scripts which use PCOT components. This script can
use core components like Datum, ImageCube and Value objects, but also parts of the application code such as documents and
graphs. A typical example might be a script to read a PCOT document and run some data through that document’s graph. We

show an example of this in full, to show how simple this is:

# This example opens a graph, processes some ENVI files

# through that graph, and saves them as ENVI files.

import pcot
from pcot.document import Document
from pcot.datum import Datum

from pcot.dataformats import envi

# initialise PCOT
pcot.setup()
# load the document - this contains the graph we want to run

doc = Document("1.pcot")

# run the graph for some ENVI files. We’ll just do one here.
for file in ("1",): # extension omitted
# load the given ENVI file into input O
rv = doc.setInputENVI(O, f"{file}.hdr") # extension added
if rv is not Nonme:

raise RuntimeError(f"{rv}")
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# run the graph by telling the document it has changed
doc.changed ()

# get the "sink" node

outNode = doc.getNodeByName ("sink")

# get its output Datum and, assuming it’s an image,

# get the image from it.

img = outNode.out.get (Datum.IMG)

print(f"Image size: {img.w} x {img.h} x {img.channels}")
# write to new ENVI, e.g. 1b.hdr

envi.write(f"{file}b",img)

It is also possible to load and process data without using the document/graph mechanism at all, using just the core operations

on Datum objects:

from pathlib import Path
import pcot
from pcot.dataformats import load

import pcot.datumfuncs as df

pcot.setup()

# get a list of the files in the test data directory which are LWAC images
# (images from the left Wide Angle Camera)

testdatadir = "PCOTdata/rcp_output"
filenames = [str(x) for x in Path(testdatadir).glob("*10%.xml")]

# and now load those files assuming they are PDS4 labels with data in files with corresponding
# names, merging them into a single image Datum. Each band in this

image will have a source set

# consisting of a single source, which contains information about the filter that was used

d = load.pds4(filenames)

run the expression "norm((d%670)/(d%540))". The "%" operator has been overridden to allow
individual bands to be extracted from images, so this will divide the 670nm band by the

540nm band, and then normalise the result to [0,1]. Then apply gamma correction by raising

# O H O O

the result to the power 0.3 and extract the image from the resulting Datum.

res = df.norm( ((d%670) / (d%540))**0.3 ).get(Datum.IMG)

# write the resulting single-band image as a monochrome RGB.

res.rgbWrite("testout.png")
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4 | SOFTWARE ACCESS AND USE

While PCOT is being developed primarily for PanCam science and engineering operations, it is relevant to any application where
images are manipulated for scientific analysis, where the propagation of uncertainty data is important, and where the process
used to manipulate them should be recorded. As it is primarily designed to work with multispectral images, PCOT is particularly
suited to geoscience and biological science applications provided those images fit in memory (see Sec. 3.4 for a discussion of

data size).

PCOT is actively in development, but is maintained using tested releases to ensure users can be involved in the develop-
ment and work with functional releases. It is version-controlled, fully open-source and available under an MIT License on
GitHub: https://github.com/AU-ExoMars/PCOT. Anaccompanying repository has recently been established to collect plu-
gins for sharing amongst users: https://github.com/AU-ExoMars/PCOT-Plugins, and a ‘cookbook’ to record commonly

used PCOT recipes which will be linked from the GitHub repository.

4.1 | Citing the software

If you use PCOT in your research we would be grateful if you could cite it as follows:

Finnis, J., Miles, H., Gunn, M., & Ladegaard, A. (2024). PanCam Operations Toolkit: PCOT. Zenodo. https://doi.org/
10.5281/zenodo. 12819549

5 | FUTURE WORK

PCOT is under active development in collaboration with the ExoMars science and engineering teams. The immediate priorities

are:

¢ Allowing conversion of raw digital numbers (DNs) into radiance values by flat-fielding and exposure compensation - this
duplicates work done in the ROCC pipeline, but will be useful for testing and for users of other camera systems.

*  Allowing conversion of radiance images into reflectance using mission images of the PanCam Calibration Target and
pre-flight recorded reflectance values.

¢ Processing data from the Enfys IR reflectance spectrometer instrument and combining it with PanCam data.

¢ Further developing support for source tracking and provenance; in the case of ExoMars we will explore the potential for
PCOT graphs and parameters to be stored in the data archive.

¢ A Parameter Management and Batch System that will facilitate writing batch files by describing inputs and parameters and
passing these to a runner application.

¢ Improving the user documentation and holding workshops, building a user community.

We will continue to build PCOT toward the launch in 2028 and beyond, for both the ExoMars mission and for others, with

the direction and help of a user community of which we fervently hope readers of this short paper will be a part.
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6 | CONCLUSIONS

PCOT is a Python application and library primarily intended for processing geological data from the PanCam instrument on
the Rosalind Franklin Mars rover, although it has broad potential to be used for any task involving processing multispectral
image data. PCOT can be used through a GUI or as a library, and uses a graph model to process data in steps that can be easily
described and understood. Work done in PCOT is saved as a document which describes the graph, with the intention that this
will facilitate the sharing of repeatable, shareable and explainable data analysis.

PCOT also stores uncertainty and data quality information with all its data, and propagates these through all calculations.

PCOT is open source and being co-designed with collaborators within the PanCam science team already, but there is
enormous potential for PCOT to be used for a wide variety of geoscience applications. We encourage interested readers to get
involved at every level, from using PCOT and sending feedback, to developing your own plugins, or contributing to the core

development of the software. The source code is available online, see Sec. 4.
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9 | SUPPORTING INFORMATION

The following supporting information is available as part of the online article:

Source code S1. PCOT is open source software released under the MIT license. It is available online at https://github.
com/AU-ExoMars/PCOT and at the DOl https://doi.org/10.5281/zenodo.12819549.

Video S2. A brief video demonstration of PCOT is available at https://youtube. com/watch?v=FWEU3n01lqWg demon-
strating construction of a spectral parameter map of part of an image, and plotting spectra of a few points.

Table S3. The table at https://au-exomars.github.io/PCOT/gettingstarted/connectors/ shows the patterns

and colours currently used to indicate data type in node connectors.
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FIGURE 2 An overview of the PanCam ground processing pipeline components and the rover operations activities they feed
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FIGURE 4 Primary PCOT software components
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FIGURE 5 The PCOT graphical user interface, with red text noting the main areas of the interface.
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FIGURE 6 Anexample of PCOT being used to extract a region of interest from an image, manipulate the region of interest,
then reinsert it into the original image
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Image inputs are blue

Connector names

AN

Name of node input \
Display text is the annotation ‘ ) )
given to the rectangle ~ | 671/438 /Reglon—of—mterest output
X o —
Image output — img
In expr nodes, name is 2 Inputs which can accept

the expression itself any type of data are red

28671/384138
IMG[1 ‘ >

Help box (click here)

Display text is some info
about the result - a 1-band image
in this case

FIGURE 7 Two example nodes of a PCOT graph, annotated to show the inputs, outputs, and key features.

The box containing this text is a comment node.

Below this comment node is a constant node with a
numeric output (green) which is being edited (by
clicking inside it). It holds the value 7, which is being
fed to an expr node which calculates the square.

an2
0.49+0

FIGURE 8 Examples of comment and constant nodes; these are distinct from the other types of node available in PCOT.
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0+1.4142

FIGURE 9 A graph producing an incorrect uncertainty due to an assumption of independence
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