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Topics

• Introduction to the planned Europa mission

• MBSE Application to Europa Clipper Formulation

• What we’ve learned from the experience... so far

18 Nov 2016 2Copyright 2015 California Institute of Technology.  US Government sponsorship acknowledged.



Jet Propulsion Laboratory
California Institute of Technology

The Ocean That Beckons
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“Europa, with its probable vast subsurface ocean sandwiched
between a potentially active silicate interior and a highly
dynamic surface ice shell, offers one of the most promising
extraterrestrial habitable environments, and a plausible
model for habitable environments beyond our solar system”“Visions and Voyages”, 2011 Planetary Decadal Survey 
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Europa: Ingredients for Life?
Water:

– Probable saltwater ocean, indicated by 
surface geology and magnetic field

– Possible lakes within the ice shell, 
produced by local melting

Chemistry:
– Ocean in direct contact with mantle 

rock, promoting chemical leaching
– Dark red surface materials contain salts, 

probably from the ocean
Energy:

– Chemical energy could sustain life
• Surface irradiation creates oxidants
• Mantle tidal heating could create 

reductants 
– Geological activity would “stir the pot”
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hydrothermally produced reductants:
H2S, H2, CH4, Fe

[after Stevenson, 2000]

radiation-produced oxidants:
O2, H2O2, CH2O

e-, O+, S+, … 

The planned Europa mission 
would test habitability hypotheses
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The long road to the current concept
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Mission Studies 2011
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Ice Penetrating 
Radar (IPR)

Magnetometer 
(MAG)

Fanbeam Antenna supporting 
Gravity Science (GS) (x3)

Shortwave Infrared 
Spectrometer (SWIRS)

Topographical Imager 
(TI)

Thermal Imager 
(Thermal)

Neutral Mass 
Spectrometer (NMS)

Langmuir Probe (LP)
(x2) 

Reconnaissance Camera 
(Recon)

Model Payload

Acronym Instrument

IPR Ice Penetrating Radar

SWIRS Shortwave Infrared 
Spectrometer

TI Topographical Imager

NMS Neutral Mass 
Spectrometer

MAG Magnetometer

LP Langmuir Probe

GS Gravity Science

Recon Reconnaissance Camera

Thermal Thermal Imager

Europa Clipper Mission Concept 
Overview
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Mission Plan

Launch Window Opens 6 June 2022

Jupiter Arrival 5 Mar 2025

Science Tour 45 Europa Flybys

Primary Mission End 6 Dec 2028 
(Ganymede Impact)

Intro to project.  Few people will know what 
Europa is, few have experience in deep space

- Make it clear how deeply we've gone in pre 
and phase A compared to what most people 
in the audience are used to (their pre-phase 
A/phase A is more conceptual)

Update for 
- selected instruments 
- latest config
- Latest trajectory (or not)

Fix art so graphics backgrounds match 
slide background Copyright 2015 California Institute of Technology.  US Government sponsorship acknowledged.
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Innovative Mission Design is Enabling

SWIRS

Topographic Imager

Stripped out videos to fit 
in email
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Europa Flyby’s Are Repetitive (and that’s good!)
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Stripped out videos to fit 
in email
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Europa Clipper Project Schedule

18 Nov 
2016 9

Formulation Implementation

We are 
here

Fix art so graphics backgrounds match 
slide background

Fix “we are here” line
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Systems Engineering Challenges
During Formulation Phase

• Managing multiple architectural alternatives

• Making the correct choices in system trades

• Reliably determining whether design concepts “close” on key 
technical resources

• Ensuring correctness and consistency of multiple, 
disconnected engineering reports  

• Managing design changes before a full design exists

• Developing a coherent, complete and concise requirement set 
from L1 (Sponsor) to L4 (Subsystems)

18 Nov 2016 10Copyright 2015 California Institute of Technology.  US Government sponsorship acknowledged.



Jet Propulsion Laboratory
California Institute of Technology

Model-Based System Engineering Approach
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• Define formal semantics for 
technical information

• Construct patterns defining 
allowable element relationships and 
facilitating auditing and 
completeness checking 

• Ensure consistency across all 
generated products through single-
source-of-truth enforcement 

• Make best use of modern 
information infrastructure to track 
details and calculate metrics; 
freeing engineers to consider 
design alternatives 

Stakeholders

Concerns

Concepts

Elements

Requirements

Components

Functions Behaviors

Interfaces Resources Metrics

MB Point Design 
Capture and Analysis

MB Architecture 
and Requirements 
Development
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Europa System Model Framework
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SysML Models
System, Programmatic, etc.

Mass Margin 
Viewpoints

Mass Margin 
Analysis & Report

Mass Equipment 
List Viewpoints

MEL Table

Data Margin 
Viewpoints

Data Margin
Analysis &Report

Power Equipment 
List Viewpoints

PEL Table

Block Diagram 
Viewpoints

Block Diagram

Power Scenario 
Viewpoints

Power Margin 
Analysis

18 Nov 2016

Update to include requirements, 
concepts.
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More Meaningful System Diagrams
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Automated Mass Accounting
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Integrated Power/Energy Analysis
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System Model: 
- Equipment List
- Demand vs Mode
- Scenario Definitions

Subsystem Power Models
- Power Source Models
- Battery Models
- Load Profile Simulation

Integrated Power/Energy Analysis

Power 
Profile 

Analysis

18 Nov 2016

Update power to show the real 
integrated analysis?
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Integrated Data Throughput Analysis
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Additional New Product Types
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Just quickly flash these and move 
on

Copyright 2015 California Institute of Technology.  US Government sponsorship acknowledged.
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Instrument Accommodations 
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Just quickly flash these and move 
on
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Subsystem Views
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Just quickly flash these and move 
on
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Organization Charts
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Just quickly flash these and move 
on
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Requirements
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Add a L3 example
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Configuration-Managed, Web-Based 
Reporting

2218 Nov 2016

Update – use the latest solar 
model.
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Typical Information Release Cadence
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Project Timeline (typical):

Information Release strongly align with gate reviews

Long durations with stale 
documents

Project personnel relied upon to know what information is reliable and what is in 
the (long) process of being changed

Fix art so graphics backgrounds match 
slide background
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MBSE Enhanced Information Release 
Cadence
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Project Timeline (typical):

Iterative approach sets regular release cadence; independent of review 
schedule

Increments set much shorter duration between change request and updated documentation

Fix art so graphics backgrounds match 
slide background
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Benefits Seen: 
MB Point Design Capture and Analysis:

• More efficient and accurate technical communication

• Greater re-use of system designs

• Better control over evolution of system designs

• More consistent system metrics

• More efficient generation of project documentation 

• Better bridge from universities to project best practices
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Benefits seen: 
Architecture & Requirements

• Deriving requirements from fundamental concepts has 
– promoted more disciplined thinking, more complete coverage, better early 

integration with science and operations needs, and better rationale
– Enabled explicit incorporation of analyses as part of requirements flowdown
– Enabled explicit association of requirements with system components

• Other benefits seen so far
– Improved understanding of impacts on mission concept of implementation 

changes 
– Improving ability for rapid assessment of system performance against 

requirements, and assessment of impacts from performance shortfalls
– Improved visibility, management and disbursement of system margin 

• Verification & validation planning, replanning & documentation
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Issues and Lessons
1 of 2

• Architecting/Requirements effort has been more difficult than Point 
Design Capture, and is not yet complete
– Entailed concurrent methodology, tooling, process, and training development
– Methodology mostly complete but difficult to grok

• Process methodology lags the end-state data model (missing practitioner guidance)
• Methodology requires significant re-training of how engineers think

– Significant in-house tooling development only partly successful
• Significant performance issues with scaling
• Lacks support for process of mapping resulting requirements into traditional 

requirements documents
• Lacks support for process of deriving requirements from concepts/constraints

– It is most mature at L2 (Project).  
• L3 (Spacecraft, Ground System) have adopted hybrid approach between new 

approach and traditional to meet project needs
• L4 (Subsystems) remains traditional (per original groundrule)

– Offramps and adjustments were necessary along the way 
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Issues and Lessons
2 of 2

• Selected lessons *
– Culture change doesn’t happen overnight, and it may not look 

like one expects

– It’s not just a new software tool 

– Scope is critically important to get – and keep - right

– In order to stay relevant, models must evolve as the project 
moves through its lifecycle 

* more in the referenced papers

18 Nov 2016 Copyright 2015 California Institute of Technology.  US Government sponsorship acknowledged. 28



Jet Propulsion Laboratory
California Institute of Technology

Conclusion

• Europa team has embraced MBSE as core to our formulation 
effort

• The shift from document-based to model-based culture is 
slow but progressing

• Not everything has worked out as expected, but

• Carefully scoped applications have shown compelling benefits

• A fuller assessment will be possible when formulation has 
finished (PDR in October 2018)
– Much work remains, and many challenges lie ahead
– The path ahead is becoming clearer. MBSE is on that path.

18 Nov 
2016
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Further Information

Recent papers on Europa MBSE
• Update on the Model Based Systems Engineering on the Europa Mission Concept Study, IEEE Aerospace Conference 

Proceedings, 2013, Todd Bayer, Seung Chung, Bjorn Cole, Brian Cooke, Frank Dekens, Chris Delp, Ivair Gontijo, Dave 
Wagner.

• Model Based Systems Engineering On The Europa Mission Concept Study, IEEE Aerospace Conference Proceedings, 
2012,  T. J. Bayer, S. Chung, B. Cole, B. Cooke, F. Dekens, C. Delp, I. Gontijo, K. Lewis, M. Moshir, R. Rasmussen, D. 
Wagner, 

• Model-Based Systems Engineering Approach to Managing Mass Margin, in Proceedings of the 5th International Workshop 
on Systems & Concurrent Engineering for Space Applications (SECESA), Lisbon, Portugal, 2012, Seung H. Chung, Todd J. 
Bayer, Bjorn Cole, Brian Cooke, Frank Dekens, Christopher Delp, Doris Lam.

• Early Formulation Model-centric Engineering On Nasa’s Europa Mission Concept Study, Proceedings of 22nd Annual 
International Symposium (IS2012), Rome, Italy, 2012, T. J. Bayer, S. Chung, B. Cole, B. Cook, F. Dekens, C. Delp, I. 
Gontijo, K. Lewis, M. Moshir, R. Rasmussen, and D. Wagner.

• Update – Concept of Operations for Integrated Model-Centric Engineering at JPL, IEEE Aerospace Conference 
Proceedings, 2011, T. Bayer, M. Bennett, C. Delp, D. Dvorak, J. S. Jenkins, S. Mandutianu.

• An Operations Concept for Integrated Model-Centric Engineering at JPL, IEEE Aerospace Conference Proceedings, 2010, 
T. Bayer, L. Cooney, C. Delp, C. Dutenhoffer, R. Gostelow, M. Ingham, J. S. Jenkins, B. Smith.

30

For this work the joint Europa/JPL 
Integrated Model Centric Engineering 
Teams were awarded the 
NASA SE Excellence Award in 2013

18 Nov 2016

https://nen.nasa.gov/web/se/announcements/-/announcements/detail/2070
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Backup
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Five System Engineering Challenges

1. Mission complexity is growing faster than our ability to manage it
…increasing mission risk from inadequate specification & incomplete verification

2. System design emerges from the pieces, not from an architecture
…resulting in systems which are brittle, difficult to test, and complex and 

expensive to operate.

3. Knowledge and investment are lost at project lifecycle phase boundaries
…increasing development cost and risk of late discovery of design problems.

4. Knowledge and investment are lost between projects
…increasing cost and risk; damping the potential for true product lines

5. Technical and programmatic sides of projects are poorly coupled
…hampering effective project decision-making; increasing development risk.
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Key Lessons Learned from 
Point Design Capture papers

• Investment is crucial
• Unity of leadership is essential
• Early efforts draw from a limited pool of talent
• Team organization matters
• Everyone needs to be trained, but not to the same level
• Just Do It
• CM can start modestly
• Models are meant to be abstractions
• First description then analysis
• Separate the model from the analysis
• Keep the focus on engineering products
• Real examples are powerful
• Synergistic work leverages learning
• Innovation is a bottoms-up process
• Models evolve along the project lifecycle
• Automated web-based model reports are critical
• Outside expertise accelerates learning
• Peer pressure pays

18 Nov 2016 Copyright 2015 California Institute of Technology.  US Government sponsorship acknowledged. 33
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Instrument Overview
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