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[bookmark: _Toc209596584][bookmark: _Toc359416615]Purpose
This document provides a set of guidelines for the Earth Systematic Mission Program (ESMP) missions/projects to use in assessing the Technology Readiness Level (TRL) of components/instruments that are being considered or have been chosen to be used.  At periodic reviews of the mission development status where technology maturity is being reported to ESMP or NASA HQ, the process outlined in this document should be the basis for developing the reported technology levels.  
[bookmark: _Toc359416616]Scope
In the past, TRL determination has been performed by missions/projects using an informal process and peer review has not been consistently applied.  The TRL Workbook was developed by the Earth Science Technology Office (ESTO) to evaluate new technologies intended for use in new Earth Science projects.  Use of the TRL Workbook (Appendix C) using the guidelines in this document, is intended to make TRL reporting more consistent and comparable across the ESMP program.  Help in completing the Workbook is available upon request from ESTO and peer review of the completed Workbook is available from the ESMP Systems Engineering Working Group (SEWG).  Each individual Project is responsible for completing the Workbook and is encouraged to use the resources offered from ESTO and SEWG.  Each NASA Center may also have requirements for management review of TRL reports, and those internal requirements are not affected by this document. 
All definitions and exit criteria within the workbook, as include in Appendix C of this document, are in accordance with NPR 7120.8.
[bookmark: _Toc359416617]Reference Documents

	Document No.
	Document Title

	NPR 7120.5
	NASA Program and Project Management Processes and Requirements

	NPR 7123.1
	NASA Systems Engineering Processes and Requirements

	NPR 7120.8
	NASA Research and Technology Program and Project
Management Requirements

	SP-6105
	NASA Systems Engineering Handbook

	420-01-01 
	ESM Program Plan

	N/A
	Technology Readiness Level White Paper, April 6, 1995, John C. Mankins, Office of Space Access and Technology



[bookmark: _Toc359416618]Applicability
This guideline applies to all Projects within the Earth Systematic Mission Program.
[bookmark: _Toc359416619]Authority
NPR 7120.5C – NASA Program and Project Management Processes and Requirements
[bookmark: _Toc359416620]Process and Procedure
[bookmark: _Toc148761481][bookmark: _Toc149017945][bookmark: _Toc149104712][bookmark: _Toc159304736][bookmark: _Toc159744376][bookmark: _Toc159744496][bookmark: _Toc159744647][bookmark: _Toc159744763][bookmark: _Toc159825580][bookmark: _Toc161027487][bookmark: _Toc161633583][bookmark: _Toc161634975][bookmark: _Toc161635376]Each Project within the ESMP is required to provide technology assessments during the Pre-Formulation and Formulation phases of development.  The Project management must provide these assessments using the TRL Workbook (Appendix C).  The Project should use the following general process prior to representing a TRL assessment to ESMP or NASA HQ.
[bookmark: _Toc359416621]Assessment at the project level;
[bookmark: _Toc359416622]The Project management should assign an assessor with appropriate knowledge, experience and abilities to provide a thorough assessment.
[bookmark: _Toc359416623]The assessor should follow the methodology outlined below, with subject matter expert advice, to perform the assessment.
[bookmark: _Toc359416624]The assessor should work with ESTO and SEWG on a collaborative basis to ensure data is consistent with the workbook within Appendix C definitions and exit criteria of NHB 7120.8 and that TRL assessments/levels are supported by documented evidence.
[bookmark: _Toc359416625]The Project management should ensure that any NASA Center level management approvals or peer reviews are obtained if required.
[bookmark: _Toc359416626]The Project management should submit a copy of the completed Workbook to ESMP SEWG prior to presenting TRL assessments to ESMP or NASA HQ. 
[bookmark: _Toc359416627]Determination of TRL;
[bookmark: _Toc359416628]The TRL assessment should address all systems, subsystems, and components associated with the new technology within the project being reviewed.
[bookmark: _Toc359416629]Projects that are “instrument only” or that are not developed to the point where spacecraft and ground systems have been defined should only assess those systems of the new technology that are actively under development.
[bookmark: _Toc359416630]Subsystems and components with no new technology elements should be listed in the Workbook with the notation “no new technology.” 
[bookmark: _Toc359416631]It is suggested that the Project management should hold an independent peer-review of the assessment in conjunction with the Center’s engineering or technology staff with appropriate subject matter experts and that panel should be primarily staffed with persons that are not assigned to the project.
[bookmark: _Toc359416632]Proprietary data protection;
The ESM Program Office, ESTO, and NASA HQ recognize that most missions in the pre-formulation and formulation phases are in a competitive environment and project managers may be reluctant to share certain technical information with potential competitors.  Project management should indicate which TRL assessment data they consider to be “competition sensitive”, and that information will not be shared with other projects without permission.
The ESM Program Office and ESTO will review all TRL assessments and will forward the assessments, with comments, to NASA HQ.  NASA HQ will be requested to not disclose “competition sensitive” data to other projects.
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[bookmark: _Toc359416633]7   Assessment Methodology
The TRL Workbook (Appendix C) is used by the technology assessor to record the readiness levels of the technologies being developed for the missions under evaluation.  The TRL definitions are established by NPR 7120.8, and are reproduced in Appendix A.  If the TRL Level Qualifications  are met, and can be substantiated with documented evidence, the technology can be assigned that level in the TRL Workbook. The Mission TRL Assessment Worksheet itemizes the parts of a system and tabulates the rationale for the Technology Readiness Level assigned to the components, assembly and the overall system.  The process  below should ensure all parts are accounted for and highlight those needing further efforts to improve their readiness for use. 
7.1   Define the Product Breakdown Structure
Decompose the system into its Subsystems, the assemblies within each subsystem, the components within those assemblies, and then the key technologies associated with those components.  For the mission assessment, the system is considered to be the collection of all of the subsystems that make up the mission.  Subsystems would include the spacecraft bus, the launch vehicle, ground station, MOC, SOC, and any other major part of the mission.  Each instrument is considered as a subsystem and should be identified in the subsystem column of the product breakdown.  Some subsystems, such as the ground station or launch vehicle, may not include any new technology and therefore do not have to be included in this product breakdown beyond identifying the subsystem and noting that no new technology is involved..

An assembly is defined as a distinct box.  For example, on a spacecraft bus, star trackers, reaction wheels, antennae will be considered assemblies.  On an instrument, it might be a separate optics module, electronics module, or a pointing platform.  A simple instrument might not have any assemblies if it is a single box.  Limit this list to major items that might include components with new technology.  This is not intended to be a comprehensive description of the mission.

A component is defined as anything within an assembly.  For a spacecraft, a component could be a motor, gimbal assembly, electronics module, etc.  For an instrument, a component could be a laser sub-system, a scan motor/encoder assembly, a focal plane, optical assembly, etc.  For a ground station or operations center, a component could be an electronics module or software package.  Only identify those components that involve new technology.  This workbook is not intended to be a data base of every hardware and software item on the mission.

7.2   Define the Target Environment
Identifying the “Relevant Environment” is critical to determine if the system and its parts can actually operate as intended and is required for meeting the criteria for higher TRL levels.

7.3   Define Technology Items
Write a short phrase defining the new technology, i.e., developments that have not been done before.  This should include any items that are beyond the limits of routine engineering and that might require some form of verification that the item designed performs in the manner consistent with the intended purpose.  This may include, but not necessarily be limited to items such as these
a. Totally new capabilities (e.g., aps arrays)
b. Extended capabilities never demonstrated before (e.g., higher density pixels)
c. New processes being employed (e.g., foundry techniques)
d. Use of new materials (e.g., new thermal coatings)
e. Scaling to levels not achieved previously (e.g., higher power laser transmitters, Airborne instruments transitioning to Space)
f. New method of implementing heritage components, like power, signals, processing, storage, radiation, thermal, etc.
                                               
7.4   Assess TRL Levels for each Component 
Use the Qualifications in Table 6-1 to assess the TRL of a Component
	TRL 3
	Has a science measurement driver been identified?

	 
	Has an analytical or experimental critical function proof of concept been completed?

	TRL 4 
	Have the criteria for TRL 3 above been satisfied?

	 
	Have the component/assembly critical functions and performance parameters been derived from science measurement requirements?

	 
	Have laboratory tests shown that the component and/or breadboard meets the critical functional and performance parameters?

	TRL 5 
	Have the criteria for TRL 4 above been satisfied?

	 
	Have the component and/or brassboard assembly critical functions and performance parameters been validated in a relevant environment? List environmental tests completed.


Table 6-1 Component TRL

Notes:  
 ALL of the questions listed with that TRL must be completed to claim that readiness level.  If not, a lower TRL should be used.  
 A justification should be provided for each component’s TRL in the form of a written description of the TRL rationale or a reference to other documents (test reports, white papers).  
This step is done for all components in the PBS.
For components that are truly NOT new technology (i.e., are routine, proven engineering) the TRL assessment entry is simply “Not technology.”  This should not be used if the component is used in a way that differs significantly from past, proven designs.

7.5   Assess TRL Levels for each Assembly

Use the Qualifications in table 6-2 to Assess the TRL of an Assembly
	TRL Level
	Qualifications

	TRL 3 
	Are all of the assembly's components at TRL 3?

	TRL 4
	Are all of the assembly's components at TRL 4?

	 
	Have the criteria for the assembly TRL 4 been satisfied?

	 
	Have the assembly's critical functions and performance parameters been derived from science measurement requirements?

	 
	Have laboratory tests shown that the assembly breadboard meets the critical functional and performance parameters?

	TRL 5 
	Are all of the assembly's components at TRL 5?

	 
	Have the criteria for assembly TRL 5 been satisfied?

	 
	Have the assembly brassboard's critical functions and performance parameters been validated in a relevant environment? List environmental tests completed.

	TRL 6
	Are all of the assembly's components at TRL 6?

	 
	Have the criteria for assembly TRL 6 been satisfied?

	 
	Have all essential assembly functional and performance requirements been derived from science measurement requirements?

	 
	Has an assembly prototype demonstrated that it meets these requirements in a relevant environment? List the environmental test completed?

	TRL 7
	Have the criteria for assembly TRL 7 been satisfied?

	 
	Have a complete set of functional and performance requirements for the instrument been derived from science measurement requirements?

	 
	Has an engineering model or flight model assembly demonstrated that it meets these requirements in a relevant environment?

	 
	Has the assembly been fully calibrated/qualified for its intended operational environment?


Table 6-2 Assembly Assessment
Notes: 
The integration process itself could be a technology item, particularly if the assembly contains new technology components.
The TRL of an assembly cannot be higher than the lowest TRL of its constituents.  
 If an assembly is qualified to a higher TRL, then the components of that assembly are elevated to the assembly TRL.

7.6   Assess the TRL levels for each Subsystem
Having completed assessment for assemblies, the process proceeds to subsystems.  The assessment is done in a similar fashion and similar rules apply as for assemblies.  Use the Qualifications in Table 6-3 to assess the TRL of a System or Subsystem 
	TRL 3 
	Are all of the system's components and assemblies at TRL 3?

	TRL 4 
	Are all of the system's subsystems at TRL 4?

	 
	Has each subsystem (instrument, bus, etc) undergone analysis or functional testing in a laboratory?

	TRL 5
	Are all subsystems at TRL 5?

	 
	Have all of the system's critical functional and performance requirements been derived from science measurement requirements?

	 
	Has each subsystem (instrument, bus, etc ) demonstrated by test or analysis that it meets these requirements in a relevant environment? List environmental tests completed.

	TRL 6
	Are all subsystems at TRL 6?

	 
	Have the criteria for subsystem TRL 6 been satisfied?

	 
	Have all of the system's essential functional and performance requirements been derived from science measurement requirements?

	 
	Has the integrated system engineering model or prototype demonstrated that it meets these requirements in a relevant environment? List the environmental test completed.

	TRL 7
	Have all subsystems and assemblies been calibrated/qualified for their intended operational environment?

	 
	Have the criteria for system TRL 7 been satisfied for each instrument, bus, subsystem etc?

	 
	Have a complete set of functional and performance requirements for the mission been derived from science measurement requirements?

	 
	Has an engineering model or prototype demonstrated that it meets these requirements in the final intended operating environment?


Table 6-3 Subsystem Assessment

7.7   Assess the TRL level of the  Instrument/System as a whole 
This is the last step and is similar to the subsystem step.
In all of these assessment steps, the TRL selected must include some justification.  Documentation should be available for designs, test setups, test results, etc.

7.8   Complete the Implementation Approach Section
Implementation approach is not used to establish a TRL per se.  It is instead to be used to assess the relative maturity of implementation.  For items with TRL less than 4, indicate which organization will perform the technology development and if they are currently under contract.  State if there is a technology development plan in place.

8.   Summary
Creating a TRL Assessment should not be a difficult process for any Project.  The only “tool” required by this process is Microsoft EXCEL.  The Product Breakdown Structure should be the same one used for cost estimates, etc.  If the technologies involved have been funded by ESTO, there will already be workbooks for these items which can be easily incorporated.  The goal of a TRL assessment is to ensure that all technology areas are being addressed and to highly those needing further efforts to improve their readiness for use.  The goal of a Program-level process is to ensure consistency in these assessments across all Projects within the ESMP Program. 

[bookmark: _Toc359416634]




Appendix A - Technology Readiness Levels

	TRL 
	Definition 
	Hardware
Description 
	Software
Description 
	Exit Criteria 

	1 
	Basic principles observed and reported. 
	Scientific knowledge generated underpinning hardware technology concepts/applications. 
	Scientific knowledge generated underpinning basic properties of software architecture and mathematical formulation. 
	Peer reviewed publication of research underlying the proposed concept/application. 

	2 
	Technology concept and/or application formulated. 
	Invention begins, practical application is identified but is speculative, no experimental proof or detailed analysis is available to support the conjecture. 
	Practical application is identified but is speculative, no experimental proof or detailed analysis is available to support the conjecture.  Basic properties of algorithms, representations and concepts defined.  Basic principles coded.  Experiments performed with synthetic data. 
	Documented description of the application/concept that addresses feasibility and benefit. 

	3
	Analytical and experimental critical function and/or characteristic proof of concept. 
	Analytical studies place the technology in an appropriate context and laboratory demonstrations, modeling and simulations validate analytical prediction. 
	Development of limited functionality to validate critical properties and predictions using non-integrated software components. 
	Documented analytical/experimental results validating predictions of key parameters. 

	4
	Component and/or breadboard validation in laboratory environment. 
	A low fidelity system/component breadboard is built and operated to demonstrate basic functionality and critical test environments, and associated performance predictions are defined relative to the final operating environment. 
	Key, functionally critical, software components are integrated, and functionally validated, to establish interoperability and begin architecture development.  Relevant environments defined and performance in this environment predicted. 
	Documented test performance demonstrating agreement with analytical predictions.  Documented definition of relevant environment. 

	5
	Component and/or breadboard validation in relevant environment. 
	A medium fidelity system/component brassboard is built and operated to demonstrate overall performance in a simulated operational environment with realistic support elements that demonstrates overall performance in critical areas.  Performance predictions are made for subsequent development phases. 
	End-to-end software elements implemented and interfaced with existing systems/ simulations conforming to target environment.  End-to-end software system, tested in relevant environment, meeting predicted performance.  Operational environment performance predicted.  Prototype implementations developed. 
	Documented test performance demonstrating agreement with analytical predictions.  Documented definition of scaling requirements. 

	6
	System/sub-system model or prototype demonstration in a relevant environment. 
	A high fidelity system/component prototype that adequately addresses all critical scaling issues is built and operated in a relevant environment to demonstrate operations under critical environmental conditions. 
	Prototype implementations of the software demonstrated on full-scale realistic problems.  Partially integrate with existing hardware/software systems.  Limited documentation available.  Engineering feasibility fully demonstrated.  
	Documented test performance demonstrating agreement with analytical predictions. 

	7
	System prototype demonstration in operational environment. 
	A high fidelity engineering unit that adequately addresses all critical scaling issues is built and operated in a relevant environment to demonstrate performance in the actual operational environment and platform (ground, airborne, or space). 
	Prototype software exists having all key functionality available for demonstration and test.  Well integrated with operational hardware/software systems demonstrating operational feasibility.  Most software bugs removed.  Limited documentation available. 
	Documented test performance demonstrating agreement with analytical predictions. 

	8
	Actual system completed and “flight qualified” through test and demonstration. 
	The final product in its final configuration is successfully demonstrated through test and analysis for its intended operational environment and platform (ground, airborne, or space). 
	All software has been thoroughly debugged and fully integrated with all operational hardware and software systems.  All user documentation, training documentation, and maintenance documentation completed.  All functionality successfully demonstrated in simulated operational scenarios.  Verification and Validation (V&V) completed. 
	Documented test performance verifying analytical predictions. 

	9
	Actual system flight proven through successful mission operations. 
	The final product is successfully operated in an actual mission. 
	All software has been thoroughly debugged and fully integrated with all operational hardware/software systems.  All documentation has been completed.  Sustaining software engineering support is in place.  System has been successfully operated in the operational environment. 
	Documented mission operational results. 





Technology Development Terminology
Proof of Concept: Analytical and experimental demonstration of hardware/software concepts that may or may not be incorporated into subsequent development and/or operational units.
Breadboard: A low fidelity unit that demonstrates function only, without respect to form or fit in the case of hardware, or platform in the case of software. It often uses commercial and/or ad hoc components and is not intended to provide definitive information regarding operational performance.
Brassboard: A medium fidelity functional unit that typically tries to make use of as much operational hardware/software as possible and begins to address scaling issues associated with the operational system. It does not have the engineering pedigree in all aspects, but is structured to be able to operate in simulated operational environments in order to assess performance of critical functions.
Proto-type Unit: The proto-type unit demonstrates form, fit, and function at a scale deemed to be representative of the final product operating in its operational environment. A subscale test article provides fidelity sufficient to permit validation of analytical models capable of predicting the behavior of full-scale systems in an operational environment
Engineering Unit: A high fidelity unit that demonstrates critical aspects of the engineering processes involved in the development of the operational unit. Engineering test units are intended to closely resemble the final product (hardware/software) to the maximum extent possible and are built and tested so as to establish confidence that the design will function in the expected environments. In some cases, the engineering unit will become the final product, assuming proper traceability has been exercised over the components and hardware handling.
Mission Configuration: The final architecture/system design of the product that will be used in the operational environment. If the product is a subsystem/component, then it is embedded in the actual system in the actual configuration used in operation. 
Laboratory Environment: An environment that does not address in any manner the environment to be encountered by the system, subsystem, or component (hardware or software) during its intended operation. Tests in a laboratory environment are solely for the purpose of demonstrating the underlying principles of technical performance (functions), without respect to the impact of environment.
Relevant Environment: Not all systems, subsystems, and/or components need to be operated in the operational environment in order to satisfactorily address performance margin requirements. Consequently, the relevant environment is the specific subset of the operational environment that is required to demonstrate critical "at risk" aspects of the final product performance in an operational environment. It is an environment that focuses specifically on "stressing" the technology advance in question.
Operational Environment: The environment in which the final product will be operated. In the case of space flight hardware/software, it is space. In the case of ground-based or airborne systems that are not directed toward space flight, it will be the environments defined by the scope of operations. For software, the environment will be defined by the operational platform.
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Appendix B – Acronyms

AETD		Applied Engineering and Technology Directorate
AO		Announcement of Opportunity
CDR		Critical Design Review
ESMP		Earth Systematic Missions Program
ESMO		Earth Science Mission Operations
ESD		Earth Science Division
ESTO		Earth Science Technology Office
GSFC		Goddard Space Flight Center
HQ		NASA Headquarters
ICESat		Ice, Cloud, and Land Elevation Satellite
ITA		Independent Technical Authority
JPL		Jet Propulsion Laboratory
LaRC		Langley Research Center
LDCM		Landsat Data Continuity Mission
LSE		Lead Systems Engineer
MDR		Mission Design Review
MSE		Mission Systems Engineer
MSR		Monthly Status Review
NASA		National Aeronautics and Space Administration
NOAA		National Oceanic and Atmospheric Administration
NPR		NASA Procedural Requirement
OCE		Office of the Chief Engineer
PDR		Preliminary Design Review
PMC		Program Management Council
RMB		Risk Management Board
RMP		Risk Management Plan
SEMP		Systems Engineering Management Plan
SEWG		Systems Engineering Working Group
SRR 		Systems Requirements Review
[bookmark: _Toc359416636]Appendix C – TRL Assessment Workbook

The TRL Workbook is an Excel spreadsheet. 

To access the TRL Workbook in this PDF version, please double click on the icon in the lower attachment window. 
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