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Over the past five years, pre-project formulation experts at the Jet Propulsion Laboratory 
(JPL) has developed and implemented a method for measuring and communicating the 
maturity of space mission concepts.  Mission concept development teams use this method, and 
associated tools, prior to concepts entering their Formulation Phases (Phase A/B).  The 
organizing structure is Concept Maturity Level (CML), which is a classification system for 
characterizing the various levels of a concept’s maturity.  The key strength of CMLs is the 
ability to evolve mission concepts guided by an incremental set of assessment needs.  The CML 
definitions have been expanded into a matrix form to identify the breadth and depth of 
analysis needed for a concept to reach a specific level of maturity.  This matrix enables 
improved assessment and communication by addressing the fundamental dimensions (e.g., 
science objectives, mission design, technical risk, project organization, cost, export compliance, 
etc.) associated with mission concept evolution.  JPL’s collaborative engineering, dedicated 
concept development, and proposal teams all use these and other CML-appropriate design 
tools to advance their mission concept designs.  
 
This paper focuses on mission concept’s early Pre-Phase A represented by CMLs 1- 4.  The 
scope was limited due to the fact that CMLs 5 and 6 are already well defined based on the 
requirements documented in specific Announcement of Opportunities (AO) and Concept 
Study Report (CSR) guidelines, respectively, for competitive missions; and by NASA’s 
Procedural Requirements NPR 7120.5E document for Projects in their Formulation Phase. 
 

 
I. Introduction 

 
JPL has been developing Concept Maturity Levels (CMLs) since 20083 when the Strategic Planning & 

Project Formulation Office’s Chief Engineer first developed the concept.  This terminology is used to objectively 
assess the technical progress that has been achieved for a mission concept during Pre-Phase A.  Prior to the advent 
of CMLs, there were no methods available to 1) determine how much work was placed into a mission concept, 2) 
explicitly know when in a pre-project’s lifecycle trade space exploration would be most advantageous to ensure that 
a mission concept is the most scientifically relevant and cost-effective, 3) determine which concepts had the same 
level of work and could be compared on the same terms, and 4) how much work a mission concept required to get to 
a subsequent level of maturity. 

This paper will, for the first time, release the Concept Maturity Level Matrix externally to the non-JPL 
astronautics community.  The authors and laboratory management have determined that the CML Matrix has 
reached a level of readiness that those outside of JPL could benefit from its use.  The laboratory views this product 
as extremely valuable to NASA’s Planetary Science Directorate (PSD) and its mission centers and is interested in 
collecting input from PSD and the other centers for broader use for spacecraft mission concepts.  This point will be 
discussed in Section VII “Future Plans / Conclusions” section of this paper. 

 
 

II. Concept Maturity Levels 
 

Concept Maturity Levels (CMLs) provide a tool to effectively advance mission concept designs as well as 
to assess the current state of mission concepts.  The CML vocabulary provides a standardized mechanism for 
describing and communicating the products / accomplishments required for achieving a given CML and for 
identifying work remaining to proceed to the next level.  CMLs address the broad scope of engineering, science and 



programmatic objectives and are useful for identifying analysis gaps and areas requiring more in-depth evaluation.  
Another use of CMLs is to provide a guideline / structure for internal concept reviews.  

 
CMLs are defined as follows: 

 
CML 1          Cocktail Napkin - The science questions have been well articulated, the type of science 

observations needed for addressing these questions have been proposed, and a rudimentary 
sketch of the mission concept and high-level objectives have been created. The essence of what 
makes the idea unique and meaningful have been captured. 

 
CML 2          Initial Feasibility – The idea is expanded and questioned on the basis of feasibility, from a 

science, technical, and programmatic viewpoint. Lower-level objectives have been specified, 
key performance parameters quantified and basic calculations have been performed.  These 
calculations, to first-order, determine the viability of the concept 

 
CML 3  Trade Space - Exploration has been done around the science objectives and architectural trades 

between the spacecraft system, ground system and mission design to explore impacts on and 
understand the relationship between science return, cost, and risk  

 
CML 4          Point Design – A specific design and cost that returns the desired science has been selected 

within the trade space and defined down to the level of major subsystems with acceptable 
margins and reserves.  Subsystems trades have been performed. 

 
CML 5  Baseline Concept - Implementation approach has been defined including partners, contracting 

mode, integration and test approach, cost and schedule.  This maturity level represents the level 
needed to write a NASA Step 1 proposal (for competed projects) or hold a Mission Concept 
Review (for assigned projects) 

 
CML 6  Integrated Concept - Expanded details on the technical, management, cost and other elements 

of the mission concept have been defined and documented.  A NASA Step 2 CSR is at this 
level of maturity.  There is no corresponding milestone for assigned projects 

 
CML 7  Preliminary Implementation Baseline - Preliminary system and subsystem level requirements 

& analyses, demonstrated (& acceptable) margins and reserves, prototyping & technology 
demonstrations, risk assessments and mitigation plans have been completed.  This is the 
maturity level needed for competed missions to hold their Preliminary Mission System Review 
(PMSR) and for assigned projects to hold their Mission Definition Review (MDR) 

 
CML 8  PDR (Integrated Baseline) — Design and planning commensurate for a Preliminary Design 

Review (PDR) 
 
CML 9  CDR — Design and planning commensurate for a Critical Design Review (CDR) 
 
This framework, to first order, is a sequential construct.  It was developed to provide structure in Pre-Phase 

A where none existed before.  It provides mission architects a way to communicate the amount of progress 
incorporated into a mission concept that allows the architects to know how much design work is needed to mature a 
concept to Phase A – The Concept & Technology Phase; and compare mission concepts with comparable levels of 
design effort.   

 
 



  
 
 

Figure 1.  The Concept Maturity Level “spine” defining each step in the CML scale.  This diagram 
illustrates how a mission concept matures as a function of time.  Notice that between CMLs 2 – 4 
there is an iterative nature between initial feasibility, trade space and point design. This highlights 

the fact that mission concept design is not usually a linear process, especially early on in a 
concept’s development.  

 
 
Figure 1 shows the sequential nature of CMLs.  However there is a feedback loop between CMLs 2- 4.   

This is not a weakness of the CML scale but rather its strength.  All too often mission concepts move forward 
without understanding the science partials, that is how science return changes as a function of some mission 
parameter (e.g., spacecraft mass, data volume, orbital period, etc.).  This loop allows study teams to return to an 
earlier stage of concept development if mission design problems are encountered.  Typically, study teams return 
from point design to trade space exploration to find an alternate approach for capturing the desired science.  Trade 
space exploration is a key part of concept maturation and is needed to provide an increased likelihood that a global 
optimum is identified in the design of a viable concept.  Prior to the development of CMLs, some study teams would 
move directly into point design with their mission concept without first having done sufficient trade space 
exploration.  This resulted in mission concepts that 1) did not have a maximum science return, 2) had inefficient 
spacecraft and ground system designs, and 3) a less efficient overall mission concept because trades between 
science, mission, spacecraft, and ground system design for a particular cost point never occurred. 

 
 

III. The Early CML Phases (CML 1 – 4) 
 

The greatest challenge for mission architects in Pre-Phase A occurs at the start of the mission design 
process, rather than near the end.  In the early stages of Pre-Phase A, a mission concept may have as little structure 
as a single science objective and perhaps a kernel of an idea of how to get accomplished.  It is important that all 
major components of a mission concept be addressed at a high level and hopefully in parallel. It is at this time in the 
development of a concept that mission architects can have the most impact on the overall system design.    Having a 
structure to refer to, such as the CML Matrix and the CML Checklists, would be a helpful tool for mission architects 
and program managers.   At the end of Pre-Phase A, the study team is preparing for their Mission Concept Review 
(MCR) (for assigned projects) or their Step 1 proposal (for competed projects).  Assigned projects have MCR 



guidance from NASA’s Procedural Requirements NPR 7120.5E document.  Competed projects have guidance from 
NASA’s Announcement of Opportunity (AO).  As such, the early CML phases are the focus of this paper.  For 
completeness, the CML Matrix goes from CML 1 – 7 and CML Checklists have been generated from CML 2 – 6.  
Since the mission concept must comply with NASA’s Procedural Requirements NPR 7120.5E document for CML 7, 
the CML checklist does not duplicate that guidance.  A complete discussion of CML Checklists will be discussed in 
section V of this paper. 

 
 

Figure 2.  Concept Maturity Levels for NASA Assigned and Competed Projects.   This diagram 
shows how CMLs align with NASA’s project milestones.  By the middle of Phase B, there is not 

an assigned project and a competed project lifecycle but rather a single project lifecycle. 
 

Figure 2 shows the major NASA and JPL reviews as a function of CML.  Concept Maturity Levels provide 
an efficient shorthand for describing the maturity of a mission concept and what level of maturity is needed for a 
particular portion of a project lifecycle.  As an example, an Assigned Projects should have a mission concept at 
CML 5 by the time of their Mission Concept Review (MCR); and for competed proposals, a mission concept should 
have a maturity of CML 5 by the time of their Baseline Commitment Review (BCR).  In both cases, if the content of 
a mission concept is known, mission architects can compare the state of their concept to that identified in the CML 5 
Checklist.  The result is an explicit list of areas where the concept is at the desired level of maturity and a list of 
deficiencies.  Armed with that information, the study team can efficiently marshal its resources to get their mission 
concept up to the desired level of maturity in time for their reviews. 

 
 

IV. Concept Maturity Level Matrix 
 

The CML Matrix contains 7 columns (for CML 1 – 7) and 24 rows. These rows are binned into a set of 
Science rows (2), Technical rows (13), Management rows (5), a Cost row (1), and 3 “Other” rows.  These bins are 
aligned with the way NASA evaluates mission concepts. NASA first holds a science review followed by a TMCO 
Review.  TMCO is an acronym for Technical, Management, Cost and Other.  

The CML Matrix was not designed to contain every mission design attribute at all possible levels of 
fidelity.  Rather it is a high-level guide for study and proposal teams through the early stages of mission design.  
There are two high-level approaches for using this matrix.  The first is as a way to determine the content of a 
mission concept at the time of a particular review.  As an example, by looking at the contents of the cells in the 
CML 5 column, a mission architect can quickly see the material that is needed for a study team to pass their Mission 



Concept Review.  Of course, the matrix only identifies what is needed at each CML, not what is necessary to 
achieve a winning proposal.  An alternate approach is to look across a row.  As an example, if you are a project’s 
Mission Assurance Manager (MAM), then by reviewing the “Mission Assurance Management” row, the MAM can 
easily see the products required as a function of time. 

Because of the large size of the CML Matrix (24 rows), for this paper the matrix has been divided into 5 
smaller matrices (i.e., Science, Technical, Management, Costing, and Other) (Figure 3 – 7)   

 

 
 

Figure 3.  The two science rows of the CML Matrix.  These rows capture both ends of the mission 
concept process, namely the science objectives (the why are we doing this mission?) and the 

science data products (the what will be produced?) portions of the mission concept.  The science 
portion of the mission design is typically the entire reason for proposing this mission and must be 

included in all system trades. 
 



 

 
 



 

 
 
 
 
 



 
Figure 4.  The 13 technical rows of the CML Matrix are listed in this figure.  One key aspect of 
this portion of the matrix is the concurrent design of the mission with both the spacecraft and 

ground systems included as an integrated system.  
 
 

 

 



 
Figure 5.  The 5 Management rows of the CML Matrix.  In some cases, mission concepts omit 

some programmatic portion of the concept that results in either an entire mission concept redesign 
or an unacceptable growth of the overall mission lifecycle cost.  This matrix will help to minimize 

the likelihood of omitting these areas. 
 

 



Figure 6.  The Cost rows of the CML Matrix.  This row captures the need for a mission concept 
cost estimate as well as the cost uncertainty, the cost sensitivities across the trade space, and the 

validation of the cost estimate and its associated level of reserve. 
 
 

 
Figure 7.  The “Other” rows of the CML Matrix. In many cases, these areas are considered after-
the-fact and can lead to cost growth or worse, the inability to implement the particular mission 

concept in the manner conceived. 



 
V. Concept Maturity Level Checklists 

 
Once the CML Matrix was developed, it became immediately obvious that a tool to assist in CML 

evaluation was required.  To be most helpful to the study teams, an evaluation tool should be able to be applied 
quickly and generate an assessment of gaps for the various CMLs.  Specifically, such a tool should be able to 1) 
quickly measure the concept’s maturity, 2) be repeatable (i.e., be able to be applied to many proposals and provide 
the same level of maturity score for concepts with the same level of maturity) and, 3) provide clear information as to 
what areas of the concept need additional work to get to the overall mission concept to the desired level of maturity.  

The checklists themselves are based on the products identified in the specified column of the CML Matrix.  
CML Checklists have been generated for CMLs 2 – 6.  No checklist was created for CML 1 due to the free-form 
nature of a mission concept design very early in the design process.  In addition, at CML 1, the concept design is 
driven more by the objectives of the mission and myriad of implementation possibilities.  This is not to say that there 
are no required mission design attributes at CML 1, but rather the emphasis is on the original concept and returning 
the desired science.  CML 1 highlights what is novel about the mission concept and its motivation.  The only areas 
considered in CML 1 are 1) the science objective, 2) the unique mission characteristics, 3) an approximate 
timeframe for the launch of the mission, and 4) target cost class.  On the other side of the spectrum, there were no 
checklists created for CML 7 or greater due to the fact that CML 7 is well into a Project’s Phase A’s Concept & 
Technology Development phase.  By the CML 7 (and in reality, by the start of CML 6), the mission concept must 
comply with NASA’s Procedural Requirements NPR 7120.5E document and no longer needs the guidance provided 
by CMLs. 

As for the use of checklists, these provide guidelines for proposal and study teams to correct areas that are 
found deficient by this tool.  The tool provides an independent check on where the concept is weak and where work 
should be applied to make the mission concept implementable and robust.  Once maturity is assessed, the proposal 
and study teams are faced with a choice.  Of the areas that are identified as “not at the desired maturity level,” where 
should the team’s limited resources be applied to help their overall concept’s maturity?  In most cases, teams do not 
have the resources (i.e., time, funds, and personnel) to correct all deficiencies found by the tool.  It is a decision for 
the Principal Investigator, Capture Lead, Proposal Manager, Study Lead, System Engineer and/or any other key 
team personnel to decide how best to apply the team’s limited resources to most efficiently correct the most critical 
omissions.  

 Figures 8a, 8b and 8c show the CML 4 Checklist as an example. The checklist has three columns and 
consists of 1) functional area, 2) criteria, and 3) status.  Each cell in the status column can be given a color to 
represent the status of each attribute.  The color of a cell is interpreted as follows: green (G) = completed, yellow (Y) 
= in the process of being completed, or red (R) = not yet started.  A mission concept is considered to be at a 
particular concept maturity level if 80% of the attributes in that column have been completed (green).  Of course 
there is nothing special about 80%.  A mission concept coming in with a maturity assessment of 78% “green” is 
probably at the desired level of maturity.  On the other hand, it would be difficult to consider a mission concept 
complete and robust if it is assessed as at 90% completeness but is missing their Science Traceability Matrix, Level 
1 requirements, and Master Equipment List.  Engineering judgment must be applied when interpreting results of 
each maturity assessment. 



 
Figure 8a.  The first part of a partially completed CML 4 Checklist.  This is an example of a CML 

4 maturity level assessment of a collaborative design team’s mission point design effort. 
 
 
 



 
Figure 8b.  The second part of the CML 4 Checklist.  This contains the last portion of the technical attributes of the 
checklist.  Notice that there are no requirements for propellant, data storage and attitude control technical margins at 

CML 4, as those are not required by the AO. 



 
Figure 8c.  The third and final part of the CML 4 Checklist.  This contains the management, cost and “other” 

portions of the checklist.  The “Other” portion of the checklist contains those programmatic areas that extend past 
the pre-project itself and must be coordinated with other NASA organizations. 

 
 
There are three other caveats about the CML Checklist tool that need to be clearly articulated.  They are 1) 

the tool does not measure the quality of a particular attribute; it just measures the state of completeness.  As such, if 
a proposal team states they have completed their Draft Science Traceability Matrix, there is no attempt to determine 
how well that traceability matrix was done.  Rigorous engineering analysis needs to be performed on each mission 
concept attribute to determine its quality.  Next, 2) there is no attempt to weight the relative value of different 
attributes.  As such, the tool cannot distinguish the difference in maturity between a team that does not have their 
Key Performance Parameters completed over their Telecom Approach defined. And finally, 3) it is very dangerous 
to let proposal and study teams “self assess.”  An independent assessor should have a half-hour discussion with key 
members of the study (at least the Proposal Manager and System Engineer).  Self-assessments have a tendency to 
result in overly optimistic scores. 

 
 

VI. How CMLs are used at JPL to Advance Concept Design Maturity 
 

JPL uses CMLs for its mission studies in Pre-Phase A.  These studies encompass both new concepts and 
innovative variations of previous mission concepts.  These variations may include changes to the mission design, 
science investigations or payload, subsystem technologies or programmatic options (e.g., foreign partnership, in-
house (JPL) or out-of-house implementation, distributed operations or centralized, etc.).  The earliest stages of the 



CML process (CMLs 1-3) are typically addressed by JPL’s A-Team.  The A-Team enables study of high-leverage, 
open-ended ideas that are not ready for a Team X (CML 4) point design study.  The scope of the A-Team’s 
responsibilities include idea generation, feasibility assessment, architecture trade space evaluation, science 
traceability, technology infusion, and strategic evaluation.  The intent of the CML 1-3 process is to create innovative 
missions that respond to the science and programmatic (e.g., cost cap) needs and evaluate them to a sufficient level 
of detail that the most promising mission concept “seeds” are available for additional analysis.  

The A-Team typically conducts one or more collaborative sessions in response to customer needs, based on 
an agreed-to study plan.   The sessions are facilitated to enable rapid, broad investigations.  Subject matter experts 
participate to provide innovative concept generation and technical analysis expertise.  A number of technical 
products can be generated ranging from mission design (trajectory) evaluations, science traceability, cost & risk 
studies, technology assessments, etc. 

The A-Team develops and utilizes engineering analysis and costing tools for each CML for its internal use.  
In this way, the A-Team can apply the right tool for each level of maturity.  For example, a CML 2 cost tool will 
have large uncertainties due to the low fidelity of the estimate.  However, these tools are designed to be of a 
sufficient fidelity that they support the level of decision-making consistent with the CML (e.g. at CML 2, a costing 
tool should be able to adequately model and determine which cost class a mission concept is in).  The A-Team’s 
strength is the team’s small size, diversity of participation by subject matter experts having significant mission 
experience, and emphasis on systems engineering and integration.  It is designed to rapidly and inexpensively 
explore the design space to identify the mission concepts that can return the type of desired science for the particular 
mission’s class (e.g., Explorer, Discovery, New Frontiers, or Flagship). 

JPL’s Team X is also using the CML approach and terminology to generate tools and to define consistent 
products when Team-X evaluates mission concepts.   Team-X is a team that initiated the collaborative engineering 
capability within NASA.  JPL’s Team X was created in 1995, in response to an era of tighter federal budgets.  Since 
then, Team X has conducted over 1000 studies.  Mission point design studies (CML 4) support early concept 
development and are the primary focus of Team X.  This includes support for proposals for new work (e.g., 
responding to Discovery or New Frontiers Announcements of Opportunity) and limited design trades.  To 
accomplish this, the team typically conducts a small number of collaborative design sessions (usually 3 over the 
span of a week) and generates a set of mission design, spacecraft design and cost and risk results.  In addition, Team 
X is evolving to provide a variety of new analysis capabilities (e.g., engineering and cost review) consistent with the 
CML 4 point design level of fidelity.  

 
 

VII. Future Plans / Conclusions 
 

CMLs, the CML Matrix and the CML Checklists are not the entire answer to advancing concept maturity 
and fidelity.  As JPL gains more and more experience with CMLs, we see that there are other factors that can 
directly impact a mission concept’s maturity.  One such factor is complexity.  Mission complexity can have a large 
bearing on a project’s maturity as well as on its risk posture and overall lifecycle cost.   But complexity is difficult to 
determine in Pre-Phase A due to the lack of information.  In addition, complexity can be further obscured by 
whether the engineering required for this concept has been developed before.  A future effort to address the issues of 
weighting elements of the CML Checklist and complexity is planned.  

Due to the success of CMLs, JPL is now beginning the process of introducing CMLs and the CML tool set 
(i.e., the CML terminology, matrix and checklists) to other potential users.  The National Research Council’s 
Planetary Science Decadal Survey panels used the CML terminology and found it very useful for comparing mission 
concepts.  To make these tool accessible to a larger community, the laboratory is in the process of placing them on 
an externally available website.  Members of JPL’s Innovation Foundry have modified the tool’s content to make it 
generally applicable for other NASA Centers, rather than being JPL-specific.   Once the site becomes operational, 
individuals can use these CML tools as they see fit.  However, these web-based tools are still based on JPL 
developed methodologies.  JPL and its Innovation Foundry believe that CMLs should have a much broader appeal 
and could benefit from adding mission design experience from other NASA centers.  To this end, JPL is interested 
in working with NASA’s Planetary Science Division to develop such a task.  This task would require forming a 
working group from across NASA (e.g., ARC, JPL, GSFC) and its partners (e.g., Johns Hopkins’ APL, Aerospace 
Corporation, etc.) to work together to expand the CML tools from a JPL-specific tool set to one that can be used 
across the industry. 

 The CML tools are just now reaching a level of readiness that makes the time right for a broader use 
outside of JPL.  For over five years, JPL has been developing this tool set and applying them to various mission 



concepts in the various programmatic areas (i.e., Earth, Mars, Solar System and Astrophysics).  The value of the 
CML tool set in evaluating concept maturity and recommending actions to improve lagging elements of the concept 
has been demonstrated in practice.  The detailed definition and applications of the CML tool set will continue to 
evolve as they gain wider acceptance outside of JPL. We expect that the use of CMLs will facilitate discussions of 
concept maturity, provide a basis for improved concept development practices, and help establish reasonable 
expectations based on the maturity of the concepts in consideration. 

 
 

VIII. Acronyms 
 

AO – Announcement of Opportunity 
APL – Applied Physics Laboratory (John Hopkins University) 
ARC – Ames Research Center (NASA) 
BCR - Baseline Commitment Review 
BOE – Basis of Estimate 
C&DH – Command & Data Handling 
CDR – Critical Design Review 
CML – Concept Maturity Level 
CSR – Concept Study Report 
dB - Decibels 
FSM – Flight System Manager 
GDS – Ground Data System 
GSFC – Goddard Space Flight Center (NASA) 
I/F – Interface 
I&T – Integration & Test 
JPL - Jet Propulsion Laboratory (NASA) 
L/V – Launch Vehicle 
MAM - Mission Assurance Manager 
MCR – Mission Concept Review 
MDR – Mission Definition Review 
MEL – Master Equipment List 
MOS – Mission Operations System 
MOU – Memorandum of Understanding 
NASA – National Aeronautics and Space Administration 
NEPA – NASA Environmental Policy Act 
NPR - NASA’s Procedural Requirements 
PDR – Preliminary Design Review 
PF&S – Project Formulation & Strategy 
PI – Principal Investigator 
PLRA 
PM – Project Manager 
PMSR – Project Mission System Review 
PSD - Planetary Science Directorate 
PSE – Project System Engineer 
QQCL – Quantity, Quality, Continuity and Latency 
RFI – Request for Information 
S/C- Spacecraft 
SRR – System Requirements Review 
TMCO - Technical, Management, Cost and Other  
TRL – Technology Readiness Level 
V&V – Verification and Validation 
WBS – Work Breakdown Structure 
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