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I'LL HAVE THE PORTER: INTERACTIVELY VISUALIZING THE
RESULTS OF STATISTICAL MANEUVER ANALYSIS

Rohan Patel; Jimmy Moore] Jeffrey Stuart; Sonia Hernandez; and Basak
Alper Ramaswamy*

Mission design and navigation relies on statistical maneuver analysis and Monte
Carlo simulations when evaluating candidate mission trajectories. Engineers must
analyze large quantities of data to optimize mission safety and propellant mar-
gins, but currently rely on static text files and dense PDF slide decks to review
simulation results. This approach is time-intensive, non-interactive, and difficult
to share or coordinate with other mission designers. To improve this process, we
present Porter: a web-based interactive mission analysis tool. This work describes
Porter’s user-centered design process, its processing pipeline for importing and
processing LAMBIC simulation data, core interactive features, and preliminary
user feedback.
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Figure 1. Porter supports analysts to interactively load and review Monte Carlo
aggregate statistics (background) and maneuver-specific detail data (foreground).
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INTRODUCTION

Statistical maneuver analysis is essential to the overall mission design and navigation process.
Deterministic maneuvers are placed by mission designers to build a reference trajectory. However,
execution errors, uncertainties in celestial ephemerides and the spacecraft state, as well as orbit
determination errors all warrant the need for statistical maneuvers along the trajectory. Their place-
ment and magnitudes are critical to the trajectory itself and subsequent mission requirements and
so extensive analysis is conducted to optimally place these maneuvers. A Monte Carlo simulation
of maneuver executions and their subsequent delivery and 'V statistics are beneficial to evaluate
the required propellant for the mission and trajectory sensitivity. These simulations generate large
sets of data which can be difficult to navigate without an intuitive interface to assist analysts in un-
covering important trends. In this paper we outline the development and discuss the core features
of Porter, a software tool designed to make accessing and interpreting Monte Carlo based maneuver
simulation data more visual, convenient, and informative.

Porter supplements existing analysis strategies with interactive visualization techniques to make
reviewing simulation data familiar and productive for maneuver designers. Researching existing
analysis practices showed that users were often cognitively burdened by the large sets of data cre-
ated from the Monte Carlo simulations. Some trajectories, like those used for tour missions, can
have hundreds of maneuvers making their data sets very difficult to study. This leads to a greater de-
pendence on aggregate statistics, which can give an incomplete assessment of the underlying sample
distribution.! Porter aims to unify the high level maneuver analysis needs regardless of the flight
project by displaying additional data that is commonly accessed when reviewing simulation data.

In this paper, we will discuss existing pain points in assessing large Monte Carlo data sets for
maneuver simulations, the extended functionality goals for an interface, how the Porter interface
addresses these goals through its design, and how it was received in initial user testing feedback
interviews from members of the Mission Design and Navigation (MDNav) section at NASA Jet
Propulsion Laboratory (JPL). Porter is designed to be a mission-agnostic visual interface tool and
compatible with multiple flight projects, allowing users to intuitively explore Monte Carlo generated
maneuver simulation results and subsequent related data.

BACKGROUND ON MANEUVER ANALYSIS

After designing a baseline trajectory and its corresponding deterministic maneuvers, analysts
must assess trajectory robustness toward various error sources, including dynamical mismodeling to
maneuver execution and orbit determination errors. Statistical maneuvers are commonly introduced
to the trajectory at key points in order to provide options for flight path control and error correction.
Finding the most suitable locations for such maneuvers is an integral aspect of trajectory planning
wherein designers must balance propellant consumption, tracking schedules, analysis turn-around
time, and other operational considerations. Maneuver and navigation plans are validated through the
use of Monte Carlo analysis simulating a variety of error sources and outputting large quantities of
data. JPL maneuver design teams use the Linear Analysis of Maneuvers with Bounds and Inequality
Constraints (LAMBIC) package to perform these Monte Carlo analysis tasks which is interfaced
through Mission Analysis, Operations, and Navigation Toolkit Environment (Monte). Execution
errors injected into the Monte Carlo simulation are determined based off the Gates model. In this
section, we summarize the LAMBIC tool set, current visualization techniques of simulation data,
and the flight project datasets that were employed in testing Porter to ensure compatibility.



Monte

Monte is widely utilized at JPL’s Mission Design and Navigation section and is routinely updated.
This object oriented Python-based library is capable of robust force modeling, numerical integration,
mission analysis tasks, and supports optimization routines for their data input and output (I0).
Generated data objects can be saved in the proprietary Binary Object Archive (BOA) file type with
some examples including: ephemeris files, spacecraft geometry, frame definitions, and any Monte
object.? A convenience with using Monte is its ability to import multiple BOA files into memory,
thus negating the need to open and close files when writing analysis scripts. The scripting layer of
Monte enables users to include Monte library functions into Python scripts (which are saved as .mpy
Monte Python files). The toolkit currently contains methods for accessing LAMBIC data in output
BOA files, thus making it a convenient platform to develop Porter’s processing functions from.
MDNav users at JPL are familiar with Monte making Porter easily expandable and maintainable.

LAMBIC

LAMBIC is used for the Monte Carlo analysis of maneuver executions and their subsequent
delivery properties. It operates by linearizing the dynamics relative to a baseline trajectory then
propagating samples across the mission timeline using the state transition matrix.> Each maneuver
is designed with a specific aimpoint, or target. This varies from a spherical coordinate set, Cartesian
position or velocity states, B-plane targeting, or a custom defined frame and epoch. Maneuvers
can act in chains to reduce the total 'V across the set to an aimpoint. Errors are introduced based
on state uncertainty, orbit determination knowledge, and maneuver execution while corrective ma-
neuvers are computed and propagated forward to simulate potential end-to-end missions.* Outputs
range from propellant consumption to targeting errors for tens of thousands to millions of sample
trajectories. By default, this multitude of individual samples is summarized and reported out as
text files representing a few key statistics, for example:  Vgg (the 991" percentile of ~ V required)
and impact probabilities for close approaches with celestial bodies. Covariance matrices, means,
and Gaussian assumed standard deviation error ellipse properties are generated and reported in the
resulting text files.

Gates Model

The Gates model is used when running LAMBIC to apply maneuver execution errors. It consists
of four sets of independent errors: fixed and proportional errors for the 'V magnitude and direction.
Directional errors are generated uniformly and all errors are Gaussian.*> Each maneuver in the
LAMBIC simulation can have its own Gates model properties which are defined in an input Monte
object. For example, the execution error properties can vary for different engines and at different
phases of the mission. Accordingly, having access to the Gates model inputs when analyzing output
data from LAMBIC is beneficial to give further context to the execution errors and subsequent
deliveries in the results.

The B-plane for Delivery Visualization

For hyperbolic trajectories, propagated samples are commonly mapped to the B-plane (Body
Plane).® This in itself is a visualization technique that maneuver analysts employ by the use of a
dispersion ellipse, assuming a Gaussian distribution for the LAMBIC outputs. Figure 2 is an exam-
ple of a hyperbolic reference trajectory and its associated B-plane, which shows position relative to
the flyby body. Trajectory errors, which are propagated Monte Carlo samples can be characterized
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Figure 2. The B-plane with a delivery dispersion ellipse.” Assuming a Gaussian distri-
bution of the Monte Carlo samples, a standard deviation ( ) ellipses can be generated.

The B is the reference B-plane vector.

by a standard deviation ( ) dispersion ellipse as show in the figure. The SMAA is the semi-major
axis, the SMIA is the semi-minor axis, and the ellipse is rotated about which is the orientation
measured clockwise from the T axis of the B-plane. Each sample has a slightly different state com-
pared to the reference so the linearized flight time (LTOF), or rectilinear time-to-go to the center of
the body, is also used to characterize these differences with respect to the reference LTOF. Alterna-
tively, a distribution plot of S R S T can be used to visualize the out of plane components with
respect to the reference flyby B-plane. The capture and impact radii can also be represented in the
B-plane giving the size of the dispersion ellipses and probability of impact statistics further context.
For mid-course maneuver dispersion ellipses that target the same encounter body, the progression
in the delivery can be investigated to meet navigational requirements in this visualization. It is im-
portant to note that the close approach radius and the B-plane vector, as seen in the figure, do not
coincide. This would only be the case if the gravity of the body were removed.

CAPEL Plot Visual

For a hyperbolic reference trajectory, the Capability Ellipse (CAPEL) analysis yields insight
into optimal maneuver placement. CAPEL is a method to evaluate how the resulting variations
of miss parameters, or gradients, change as a function of a unitary V applied at any time along
the approach hyperbola.® This is created by a sphere of new velocity states at some time preceding
the flyby, and the resulting variations in the flyby target miss parameters, such as B and the LTOF,
can be calculated.® Studying these gradients uncovers trends in the sensitivity of the trajectory,
thus yielding optimal locations for maneuver placement. Figure 3 is an example CAPEL plot of
the B Rand B T gradients for the flyby named “E12”. Placing a maneuver shortly before the
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Figure 3. Example of a CAPEL plot showing the B R and B T gradients as a
function of time till the next flyby (E12). Maneuvers are shown as yellow lines in the
plot and flyby encounters are black.

flyby yields the smallest change in the B-plane gradient and therefore can be used for slight aimpoint
corrections. Variations in the LTOF, ellipse geometry, and B-plane gradients are commonly assessed
when determining optimal maneuver locations.

Mission Datasets

At JPL, LAMBIC is utilized for numerous flight projects. Through Porter’s development, we
routinely tested mission datasets from Europa Clipper, Juno, and Double Asteroid Redirection Test
(DART). Each mission contains unique results, uses varying sets of input parameters, and can help
gauge the multi-flight project capability of Porter. However, we primarily focused our testing on
different simulations for Europa Clipper as it is a lengthy mission incorporating: an interplanetary
and tour” portion using several Gates models, different targeting strategies like a Cartesian state or
B-plane parameters, different optimization strategies for chains of maneuvers, and a large quantity
of maneuvers. The spacecraft is modeled in LAMBIC with a main engine and a reaction control
system both having different Gates model properties in the interplanetary segment as well as during
the tour.* Including a Jovian orbital insertion and subsequent high V maneuvers (on the order of
several hundred m/s) along with tour course corrections (often less than 1 m/s) can help to stress
the visual design and ensure the interface is capable of displaying a wide variety of maneuver data
without losing details or the sense of scale. Europa Clipper’s tour portion follows maneuver place-
ment strategies employed during the Cassini mission'? which include resonant orbits with respect to
the Jovian moons and a set of deterministic and statistical maneuvers per flyby encounter.* Figure 4
illustrates the maneuver sequence applied to Europa Clipper’s tour. Near apojove, a deterministic
trajectory shaping maneuver (TRG) targeting the next flyby’s aimpoint B-plane B R, B T, and
LTOF values is conducted. If required, one or two statistical approach maneuvers (APR) refine the
course several days prior to the flyby with the same aimpoint. Post-flyby, a cleanup maneuver (CU)
is performed targeting the Cartesian state, either position or velocity, of the next TRG maneuver.*
Backup maneuver opportunities are available between these locations, however were not modeled
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Figure 4. Europa Clipper’s tour maneuver strategy.* The shaping, approach, and
cleanup maneuver strategy is used for flybys of the Galilean moons.

simultaneously in the LAMBIC simulation.

MOTIVATION FOR PORTER

When prototyping maneuvers for a trajectory using LAMBIC, maneuver designers rely heavily
on aggregate statistics to evaluate the feasibility of candidate trajectories. At this step, simulation
outliers or inconsistencies can indicate problematic maneuvers or flybys, and should quickly be
identified. For example, analysts search for maneuvers that grow too large in  Vgg or significantly
deviate from aimpoint and present too high of an impact risk. When discovered, designers seek
an appropriate remedy, such as increased tracking, changing maneuver timing, or adding additional
burns. However, finding outliers can be difficult when analyzing large, static data sets. Identifying
the best corrective action usually requires both expert intuition as well as trial and error.

Access to the aggregate LAMBIC output data is currently accomplished by using Monte’s BOA
Dump feature which exports results to dense text tables. These text files contains various result data:
99™ percentile V ( Vgg), the B-Plane delivery 1- ellipse geometry, the Cartesian or Spherical
means for the delivery, covariance matrices, and other generated statistics. For simulations involv-
ing many maneuvers, these text files can be several thousand lines long, making even high-level
analysis quite difficult. Once this is completed, designers closely review individual result sets in the
aggregate statistics text file. Means and standard deviations can inform how well data distributions
fit the Gaussian assumption, but can obscure more fine-grained distribution characteristics! that is
essential for evaluating true trajectory robustness. Consequently, mission analysts create their own
tools for reviewing and sharing simulation results, and commonly include custom Monte scripts
to generate static plots of sample data. In maneuver strategy meetings, several-hundred page slide
decks containing static images of distributions and dense result tables are shared with other analysts.
This current analytic workflow is slow, cumbersome to review, and inefficient from having to source
data from different locations.

Porter addresses these shortcomings by providing a conversion layer between the raw simulation
output and mission analysts’ exploratory data analysis workflows, and incorporates these common
exploratory analysis tasks within an interactive web-based tool. We improve the visualization and
data presentation techniques related to maneuver design by creating a multi-flight project friendly
interface that groups commonly accessed data and reduces the cognitive burden for reviewing Monte



Carlo samples. This allows for a more streamlined analysis process, and simplified sharing with
other analysts. Porter’s interactive environment also supplements analyst’s capabilities with addi-
tional Monte visual analysis prototypes!'! and further supports maneuver designers to more conve-
niently and effectively work with Monte LAMBIC output and supplemental data. The following
sections describe how Porter processes and organizes LAMBIC simulation data for interactive anal-
ysis.

PORTER CONSTRUCTION

The Porter environment consists of a Python back-end to convert Monte LAMBIC simulation
output to a generalized format, an Express.js API for hosting content, and a React.js front-end to
load and explore mission data. Porter is designed from the bottom-up to be used with multiple
flight projects and simulations, as well as automatically handling all native LAMBIC data types and
result sets. The following sections outline how Porter processes and organizes LAMBIC output files
into a JSON format, serves this data through an API, and supports browser-based visual review and
analysis.

Processing Monte Data

Figure 5 shows the flow of data from post-simulation LAMBIC results to the inputs for the Porter
server API and React.js interface. Tracing the flow of data, a completed LAMBIC simulation yields
an outputs directory folder containing specifically formatted BOAs and a Python pickle (.pkl) results
overview file. The results pickle file compiles the aggregate statistics into accessible Monte objects
making it a useful file for data extraction. There are several BOAs that store the Monte Carlo
samples for the maneuvers including: pre and post maneuver execution offsets at the target as well
as the V information. In addition to the LAMBIC outputs, this processing step also integrates
several supplemental files to generate the necessary output data contents. Ephemeris BOA or SPICE
BSP files are necessary for Porter’s trajectory visualization. Each flight project has a lockfile BOA
that defines constants, frames, and other essential information.!! This lockfile is a required input if
the flight project does not import Monte’s default frame definitions and constants. This workflow
also illustrates a standalone bulk processing script that additionally writes the converted JSON files
to multiple sheets in a Microsoft Excel file, plus PNG image files for individual maneuver delivery
and CAPEL plot figures. This functionality was added in response to user requests for standalone
bulk processing and data exports, and currently exists separately from Porter’s front-end interface.

Porter’s data processing script is called via a terminal window, but it can be cumbersome to have
to define input file paths and settings in a user entered command. Therefore, a wrapper script named
”porterstart. mpy” is included that is able to read a configuration JSON file containing the LAMBIC
outputs directory, ephemeris files, and lockfile locations. Users can set custom analysis start and
stop periods, toggle flags, and define certain output parameters like the trajectory visual frame and
center body in this file as well. The JSON’s key names are defined in the Porter users’ manual
enabling the user to set specific conditions for their analysis as well as specify where the required
BOA and pickle files are located. For example, if the user is only interested in the tour portion of
the entire trajectory, they can add in a start and end date key/value pair into the JSON defined by the
manual. Other key/value pairs for the configuration JSON include: solar conjunction assessment
angles, defining a custom frame and center body, step sizes, and more. The Porter Processing scripts
are designed to copy the required inputs to a temporary directory located in the Porter directory for
data extraction. This ensures operation both server-side or locally and that any modifications do not



Figure 5. Flow of data inputs and products for Porter Processing data extraction scripts.

affect the main ight project les.

Due to the customizable nature of LAMBIC and different uses for ight projects, varying sets
of results can be present in the outputs. This led to the creation of the "respkl2json.mpy” script,
containing a comprehensive set of Python functions from the Monte library, that search for required
results and handle cases where certain data is not found. The script receives the user settings from
the wrapper and unpacks the BOA and results pickle le into memory. It uses the settings to call
sub-functions designed to handle speci c result sets per maneuver or encounter, with error checking
and handling along the way. If the process is unable to nd results or encounters an error, the user is
alerted in the terminal window with the exact point of failure for diagnosis. The completed output
from the script is passed back to the wrapper to be exported to a master results summary JSON
and additional JSONs containing the individual Monte Carlo samples and CAPEL points. Output
products are formatted speci cally to be read by the React.js front-end for to be displayed. Figure 6
details the outermost level of keys and some sub-keys present in a Europa Clipper results summary
JSON. At the top of the JSON header information is provided such as the spacecraft name, number
of samples used per maneuver, discarded samples, and the number of maneuvers. A list of all the
maneuver names are also included along with the various Gates execution error models de ned in
the simulation. The "State Data” key contains the trajectory from the de ned start/end date pairs in
the step size. Note that if users do not specify this information, Porter will automatically nd the
analysis start and end dates and use a default step size. The "Maneuvers” key makes up the bulk
of the JSON as it includes all the aggregate data blocks for each maneuver shown in the "Included
Blocks”. Monte Carlo samples are not included in this le, but a sub-key/value pair exists within
this section that points to the separate JSON le. The same concept is applied for the CAPEL data
in the "Encounters” section, and additional yby information is also provided there.

Simulation outputs can quickly grow to several hundred or hundreds of megabytes for longer



missions. To avoid transferring and storing the entire mission in memory, we divide the converted
JSON output data into smaller les that can be requested as needed. This helps reduce overhead
and improves interface responsiveness. Porter's back-end includes an application programming
interface (API) that allows analysts to dynamically load mission data through the Porter interface.
In its prototype state, the Porter APl is a locally-hosted server that organizes simulation data by
mission name, simulation name, and maneuver.

For example, an analyst working &imulation-Output-1 from theEuropa-Clipper
mission can access all data related toEié-TRG maneuver at thePorterServerAddress>
/data/Europa-Clipper/Simulation-Output-1/E11-TRG API endpoint. The Porter

interface utilizes this API format to request speci ¢ data on-demand to reduce browser memory
loads during use.

Figure 6. Key structure in the primary results summary JSON le. This example
is speci c to a Europa Clipper test case, but the keys will be identical for other ight
projects.

Designing Porter

We designed Porter's interface in close collaboration with JPL maneuver analysts and trajectory
engineers to assist their simulation analysis work ows. Using methods informed by user-centered
design®? participatory desigi? and presumptive desidft,we conducted various user interviews,
design critiques, and a creativity worksiepo help characterize analysis work ows and validate
candidate designs for the Porter interface. We translated these qualitative outcomes into an organi-



Figure 7. Workshop participants collaboratively de ne, group, and rank design criteria.

zational design that groups commonly accessed data and supplements analysts' existing techniques
to leverage their experience and familiarity. The following sections describe these activities, their
results, and how it has informed Porter's design and organization.

Creativity WorkshopCreativity workshops are an adaptation of creative problem-solving and
software requirements workshops, and used as a part of visualization design research. These work-
shops accelerate problem characterization and task analysis by engaging participants with brain-
storming and analysis activities to help us more quickly generate a wide-range of design goals,
compared to other research methés®

We conducted a 2-hour creativity workshop with 12 JPL MDNav engineers, including orbit de-
termination specialists, trajectory analysts, and maneuver designers. We conducted this workshop
early in Porter's design cycle to elicit people's simulation analysis priorities and pain points during
their day-to-day tasks. These data were captured on sticky notes and discussed with the group to
establish a shared understanding of individual goals and meanings (Figure 7). Afterwards, all partic-
ipants collaboratively grouped these goals into core workshop themes and ranked them by selecting
their top three thematic priorities (Table 1).

The resulting theme categories re ect a diverse range of analytic goals from the workshop group.
Follow-on discussion reminded everyone of the workshop's overarching visualization- and design-
focus, and led participants to collectively prioritize more interactive and exploratory work ows.
The numerical and computational themes at the bottom of Table 1 remain important aspects of their
work, but are outside the scope of work for this design project.

The results of this exercise emphasized the need for simpli ed data review sharing tools. Work-
shop discussions also surfaced three engineering work ows within this top-voted theme: (1) Inter-
actively exploring high-level summary statistics, (2) drilling-down to visualize Monte Carlo simu-
lation data, and (3) comparing different simulation outputs between various simulation conditions.
The available data and design timeline led us to focus on the rst two work ows, leaving between-
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Table 1. Creativity workshop themes. Design priorities ordered by participant votes.

Workshop Theme Theme Description \otes
Accessing and sharing data Reduce effort to nd, process, and share simulation output 8
Delta-V minimization Understand and compar®yg totals and distributions 7
Maneuver placement Optimize statistical maneuver placement to improve deliv-

ery, reduce V
Sensitivity studies Review parameter variation, distribution over a simulation 6
Probability of impact Review and reduce the probability of impact 4
Numerical sensitivity Access LAMBIC's convergence properties 3
Computational time Improve underlying algorithms' performance and runtime 0
Reference trajectory design Design, revise spacecraft trajectories 0
Ops. Analysis Ability to reoptimize parts of the LAMBIC simulation 0

given operational O.D. data
Non-linear solvers Create improved algorithms to deal with non-linear trajed@

tory characteristics

simulation comparisons for future work.

Sketching and iterating Porter's interface design proceeded remotely due to the COVID-19 pan-
demic. Authors created numerous digital mock-ups and shared these high- delity prototypes through
online whiteboard and collaborative design websites, including MURaXd invisiod. These tools
helped maintain the participatory design process by enabling us to collect feedback on candidate de-
signs while people worked from home.

Building on themes and work ows discussed during the creativity workshop, we used existing
analyst charts and tables as inspiration for our organizational layouts. Starting with familiar work-
ows would help to both reduce end-user confusion and improve buy-in with any revised designs.
As we unpacked LAMBIC simulation data, frequent meetings with authors and analysts helped
establish the most relevant variables to include for reviewing both high-level statistical data and
low-level Monte Carlo distributions.

Informed by user interviews and creativity workshop feedback, we used analysts' predominant
work ows to group commonly accessed data into overview- and detail-level views to provide a
visual summary for V and Delivery data (Figure 8). This approach prioritizes showing analysts
mission summary data to more quickly determine whether a simulated trajectory meets engineering
criteria. Incorporating previously distributed data into a centralized interface lets analysts to more
conveniently perform their exploratory analysis tasks. Adding visual styling and supplementing
previously static tables with interactive, analytic Iters further improve maneuver evaluation and
assist in discovering outliers.

Porter Interface: Interactive Visual Elements

The Porter interface organizes data according to the “overview rst, details on demand” visu-
alization mantrd’ When loading data, Porter presents a mission-wide summary to the analyst.
This goal of this view is to help facilitate an interactive and holistic visual review of LAMBIC's

“www.mural.co
"www.invisionapp.com
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Figure 8. Porter design sketches (a,b) and prototype interface (c,d). Mission data is
organized to ow from a high-level mission overview (a,c) to more detailed maneuver-
speci ¢ views (b,d). Views (a) and (c) show the mission V statistical summary data
table, while (b) and (d) show detailed maneuver delivery data.
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