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Abstract

Technology Readiness Levels (TRLs) have been used extensively from the 1970s,
especially in the National Aeronautics and Space Administration (NASA). Their
application was recommended by the General Accounting Office in 1999 to be used
for major Department of Defense acquisition projects. Manufacturing Readiness
Levels (MRLs) have been proposed for improving the way manufacturing risks and
readiness are identified; they were introduced to the defense community in 2005, but
have not been used as broadly as TRLs. Originally TRLs were used to assess the
readiness of a single technology. With the emergence of more complex systems and
system of systems, it has been increasingly recognized that TRLs have limitations,
especially when considering integration of complex systems. Therefore, it is
important to use TRLs in the correct context. Details on TRLs and MRLs are
reported in this paper. More recent indices to establish a better understanding of the
integrated readiness state of systems are presented. Newer readiness indices, System
Readiness Levels (SRLs) and Integration Readiness Levels, are discussed and their
limitations and advantages are presented, along with an example of computing SRLS.
It is proposed that a modified SRL be considered that explicitly includes the MRLs
and a modification of the TRLs to include the Integrated Technology Index (ITI)
and/or the Advancement Degree of Difficulty index proposed by NASA. Finally, the
use of indices to perform technology assessments are placed into the overall context
of technology management, recognizing that factors to transition and manage
technology include cost, schedule, manufacturability, integration readiness, and
technology maturity.
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Purpose

The purpose of this report is to present information on Technology Readiness Levels,
Manufacturing Readiness Levels, and other indices to facilitate discussion on their application
within the overall context of technology management in the National Nuclear Security
Administration (NNSA) and their use in the development of the Component Maturation
Framework (CMF) for NNSA’s NA-12, Office of Stockpile Management. The CMF

“illustrates the timeline for future component insertion and provides Congress and
NNSA Senior Executive Managers with information to track progress towards
meeting important commitments for the United States’ active nuclear stockpile. The
CMF summarizes the underlying, complex integration across sites, and programs for
maturing technologies (using TRLs) and providing manufacturing capabilities (using
MRLs) early enough in the 6.X process to plan for timely and cost-effective insertion
of components into the weapon. The CMF can be used by decision makers to
integrate program funding for continued assurance of a safe, secure, and reliable US
nuclear stockpile.” (NNSA 2010)

Introduction

Governmental acquisition and developmental projects have been faced with difficulties
associated with insufficiently mature technology, lack of manufacturing maturity, and changing
designs due in a large degree from changing requirements. The General Accounting Office
(GAO) has issued reports addressing these issues (GAO 1999, 2006, 2008). These difficulties
are a direct outcome of increasing complexity in major acquisition projects. Complex systems
are now being connected as a system of systems (SoS). Further, SoS integration is complex,
having properties including “ambiguous boundaries, diverse stakeholders, fluid situations and
requirements, ill-defined problems, dysfunctional barriers, sophisticated technology, and
uncertain resources.” (Brooks and Sage 2005/2006)

Technology Assessment Techniques

As concluded by Azizian et al. (2009), objective and robust techniques/tools are needed to assess
technology maturity accurately to provide insight into risks that lead to cost overruns, schedule
delays, and performance degradation. Numerous qualitative and quantitative assessment
tools/techniques exist to assess technology maturity and readiness states. Two tools used in the
CMF Project are the Technology Readiness Levels (TRLs) and the Manufacturing Readiness
Levels (MRLs). However, it is important to note that there are many different tools/techniques
to assess the maturity states of technology, manufacturing, and systems in general (see Table 1).
In addition to these readiness indices, other readiness level indices (including those related to
project readiness) that are commonly used include:
e Capability Readiness Levels
Integration Readiness Levels (IRLS)
System Readiness Levels (SRLS)
Design Readiness Levels
Software Readiness Levels

Human Readiness Levels
Logistics Readiness Levels
Operational Readiness Levels
Innovation Readiness Levels
Programmatic Readiness Levels



Table 1. Qualitative and Quantitative Tools/Techniques Used to Assess Technology and
Manufacturing Readiness (modified from Azizian et al. 2009).

Tools

Description

Qualitative Maturity Assessment Techniques

Manufacturing
Readiness Level

The MRL is a 10-level scale used to define current level of manufacturing maturity, identify
maturity shortfalls and associated risks, and provide the basis of manufacturing maturation and risk

(MRL) management (GAO 2010).

Integration The IRL is a 9-level scale intended to systematically measure the maturity, compatibility, and
Readiness Level readiness of interfaces between various technologies and consistently compare interface maturity
(IRL) between multiple integration points. Further, it provides a means to reduce the uncertainty involved

in maturing and integrating a technology into a system (Gove 2007).

TRL for Non-System
Technologies

Expansion of the TRL definitions to account for non-system technologies such as processes,
methods, algorithms, and architectures (Graettinger et al. 2002).

Readiness Transfer
Level (TRRL)

TRL for Software Expansion of the TRL metric to incorporate other attributes specific to software development (DoD
2009).
Technology The TRRL is a 9-level scale describing the progress of technology transfer to a new application. It

expands and modifies the TRL definitions to address the transfer to space technology into non-
space system (Holt 2007 in Azizian et al. 2009).

Missile Defense
Agency Checklist

A tailored version of the TRL metric specifically in support of hardware maturity through the
development life cycle of the product (Mahafza 2005).

Moorhouses Risk
Versus TRL Metric

A 9-level metric mapping risk progression analogous to technology maturity progression. The TRL
descriptions are tailored specifically toward UAV (Moorehouse 2002 in Azizian et al. 2009).

Advancement Degree
of Difficulty (AD?)

Leveraging the concept of R&D?, the AD? augments TRLs by assessing the difficulty of advancing
a technology from its current level to a desired level on a 9-tier scale (Bilbro 2002, 2006, 2007).

Research and
Development Degree of
Difficulty (R&D%)

System Readiness

Quantitative Maturity Assessment Techniques

The R&D? is a 5-level scale intended to supplement the TRL by conveying the degree of difficulty
involved in proceeding from the current TRL state to desired level, with 5 being very difficult and
1 being least difficult to mature the technology (Mankins 2002).

The SRL is a normalized matrix of pair-wise comparisons of TRLs and IRLs of a system. It is a

Developmental Item
(NDI) Software

Level (SRL) guantitative method providing insight into system maturity as a product of IRL x TRL (Sauser et
al. 2006; 2007; 2008)

SRLmax The SRLmax is a quantitative mathematical model aiming to maximize the SRL under constraint
resources. The objective of the SRLmax is the achievement of the highest possible SRL based on
the availability of resources such as cost and schedule (Ramirez-Marquez et al. 2009).

Technology TRRA is a quantitative risk model that incorporates TRLs, the degree of difficulty (R&D®) of

Readiness and Risk moving a technology from one TRL to another, and Technology Need Value (TNV). The TRRA

Assessment (TRRA) expands the concept of the risk matrix by integrating “probability of failure” on the y-axis and
“consequence of failure” on the x-axis (Mankins 2009).

Integrated ITAM is a quantitative mathematical model that integrates various system metrics to calculate the

Technology Analysis cumulative maturity of a system based on the readiness of its constituent technologies. The system

Methodology metrics include TRLs, ATRL, R&D Degree of Difficulty (R&D?), and TNV (Mankins 2002).

(ITAM)

TRL for Non- A mathematical method to assess the maturity of Non- Developmental Item (NDI) software using

orthogonal metrics in combination with a pair-wise comparison matrix to examine two equivalent
technologies that are candidates for insertion into a system. Incorporates other attributes such as
requirement satisfaction, environment fidelity, criticality, product availability, and product maturity
(Smith 2004).

Technology
Insertion (TI)
Metric

TI involves the integration of various metrics that deal with insertion of technology and subsystems
into a current system in order to develop an “enhanced system.” The T Metric is a high-level
metric computed from sub-metrics or dimensions intended to evaluate the risk and feasibility of
technology insertion from a subsystem and a system level (Dowling and Pardoe 2005).

TRL Schedule Risk
Curve

This is a quantitative model that does not communicate the maturity of technology at a certain
point in time but instead leverages the TRL metric to identify the appropriate schedule margins
associated with each TRL level in order to mitigate schedule slips (Dubos et al. 2007).




TRLs and TRAs

As indicated by Mankins (2002), the term “technology readiness” originated within the National
Aeronautics and Space Administration (NASA) in the 1960s. This term evolved into
“technology readiness levels” (TRLS) in the 1970s.

A TRL is a metric that was initially pioneered by NASA Goddard Space Flight Center in the
1980s to assess readiness and risk of space technology. Mankins defined TRLs as follows:
“Technology Readiness Levels (TRLs) are a systematic metric/measurement system that supports
assessments of the maturity of a particular technology and the consistent comparison of maturity
between different types of technology.” (Mankins 1995) The overall TRL for a system should
not be any higher than the lowest TRL component (Engle et al. 2009). Similar logic would also
suggest that the TRL for a component should not be any higher than the lowest TRL technology
associated with the component. Definitions of approaches incorporating TRLs are given below.

A Technology Readiness Assessment (TRA) is a “formal, systematic, metrics-based process
and accompanying report that assesses the maturity of technologies called Critical Technology
Elements (CTES) to be used in systems. CTEs can be hardware or software.” (DoD 2009)

A Critical Technology Element (CTE) is “critical” “if the system being acquired depends on
this technology element to meet operational requirements (within acceptable cost and schedule
limits) and if the technology element or its application is either new or novel in an area that poses
major technological risk during detailed design or demonstration.” (DoD 2009)

An Integrated Technology Index (IT1) is “a measure of the cumulative maturation that must be
achieved for each technology, amplified by the anticipated difficulty of this maturation and the
project importance of the technology of the system in which it will be used — and normalized by
total number of technologies that have been documented.” (Mankins 2002).

Benefits in using TRLs include:

e Provides an ontology by which stakeholders can evaluate component technologies
(Sauser et al. 2010);

Provides for a component TRA;

Initiates a discussion among the stakeholders to consider other factors;

Provides a mechanism whereby the process can be easily repeated during development;
Is easy to understand and use; and

Conveys a great deal of information in a projects status and in its relative risk in the life
cycle of the project.



Limitations in using TRLs include:

Does not address uncertainty (and difficulty) in technology development and application
and how to best coordinate research and development (R&D) with advanced systems
concepts studies (Mankins 2002; Azizian et al. 2009);

Provides a subjective assessment of maturity (Cornford and Sarsfield 2004) or lacks a
standard guidelines for implementing (Mahafza 2005 and Graettinger et al. 2002 in
Azizian et al. 2009);

An assessment of many technologies can become very complex without the use of a
systematic method of comparison (Michaud et al. 2008);

Lacks focus on system-to-system integration as the TRLs focus on a particular element of
technology (Cornford and Sarsfield, 2004; Smith 2004);

Does not include many of the Department of Defense’s (DoD’s) system needs such as
manufacturing, integration, transition and difficulty of advancing (Azizian et al. 2009;
Michaud et al. 2008; Sauser and Ramirez-Marquez 2007);

Focuses on hardware (when originally developed), not software (Cornford and Sarsfield
2004; Smith 2004);

Not well integrated into cost and risk modeling tools (Cornford and Sarsfield, 2004) or
does not give a complete picture of risk in integrating a technology into a system
(Azizian et al. 2009);

Lacks definition of terminology as terms are open to interpretation (Cornford and
Sarsfield 2004; Minning et al. 2003);

Captures only a small part of the information that stakeholders need to support their
decisions (Azizian et al. 2009);

“Blurs” several aspects of technology and product readiness into a single number (Smith
2004); and

Does not account for product aging (Smith 2004).

In using the TRLs it is important to consider these benefits and limitations. It is also important
to consider that TRL increments are not a linear scale, especially when considering cost and
schedule. To illustrate this point Table 2 describes the cost associated with each TRL step.
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Table 2. Correlation of Qualitative Cost Descriptions with TRL Levels (from Mankins 2002).

TRL Definition Cost Description
Level

1 Basic principles observed and The cost to achieve this level of maturation is typically a very low “unique”
reported. cost. The investment is typically borne by scientific research programs.

2 Technology concept and/or The cost to achieve to achieve TRL 2 is usually a very low “unique” cost
application formulated. compared to later investments. Typically, this investment cost is borne by

advanced concepts studies or basic research programs.

3 Analytical and experimental The cost to achieve this level of maturation is relatively low, but unique to the
critical function and/or technology involved; it is much less than the cost of achieving TRL 4 for the
characteristic proof-of-concept. | same technology.

4 Component and/or breadboard | Achieving TRL 4 usually involves a relatively low-to-moderate “unique”
validation in laboratory cost. This investment will be technology-specific, but will probably be several
environment. times greater than the investment required to achieve TRL 3 for the same

technology.

5 Component and/or breadboard | The cost to achieve this TRL is usually a moderate “unique” cost. The
validation in relevant investment will be technology-dependent, but is likely to be several multiples of
environment. the cost to achieve TRL 4 for the same technology.

6 System/subsystem model or The cost to achieve this TRL will be technology- and demonstration-specific;
prototype demonstration in a however, it will typically be a fraction of TRL 7 (see below) if on ground, and
relevant environment (ground nearly the same if a demonstration in space is required.

Oor space).

7 System prototype The cost to achieve this level would be specific to the details of the technology
demonstration in a space and demonstration to be implemented, but will be a significant fraction of the
environment. cost of achieving TRL 8.

8 Actual system completed and The cost to achieve this TRL is mission-specific; it is typically the greatest
“flight qualified” through test unique cost for a new technology. The investment is roughly equivalent to that
and demonstration (ground or needed to achieve “Phase C/D” through TFU (theoretical first unit) for a
space). demonstration system.

9 Actual system “flight proven” The cost to achieve this level of technology maturation is mission-specific; it is
through successful mission typically less than the cost of TRL 8; it includes the cost of launch plus 30 days
operation. of mission operations.

To address some of the limitations associated with the original development of TRLs, Mankins
(2002) introduced a new approach to strategic technology management. This approach was
termed the Integrated Technology Analysis Methodology (ITAM). This methodology
introduced a standard Integrated Technology Index (ITI),” which is intended to be a “discipline-
neutral, quantitative measure of the relative technological challenge inherent in various
candidate/competing advanced systems concepts.” It makes possible the overall “technological
challenge” associated with the system, including cost, schedule, and performance consideration

across the system options. The ITAM includes four elements:

1. Formulation of a consistent hierarchy of subsystems and technologies across the various
system options.
2. Identification of discipline neutral system/subsystem metrics. These metrics include:
a. TRL
b. Delta TRL (ATRL)
c. Research and Development Degree of Difficulty (R&D?) (Mankins 1998)
d. Technology Need Values (TNVSs).
Synthesis of technology metrics across technologies and subsystems.
4. Comparative ranking of advanced systems concepts using ITI.

w
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The individual technology index (for each technology) is part of the ITI and is defined as:
Technology Index (TI) = ATRLx R&D3 x TNV
The ITI is defined as:

_ ZSubsystem Technologies(ATRL X R&D3x TNV)
Total No.of Subsystem Technologies

ITI

The ITI can be characterized as the average TI values for all of the subsystem technologies for
the new system.

The Advancement Degree of Difficulty (AD?) leverages the concept of R&D? proposed by
Mankins (1998). The determination that results from the AD? assessment is what is required to
advance a technology from its current TRL to what is required to infuse it into the
project/program with an acceptable level of risk (Bilbro 2007 and 2008). As suggested by
Bilbro, it takes into consideration:

Design Readiness Level,

Manufacturing Readiness Level,

Integration Readiness Level,

Software Readiness Level,

Operational Readiness Level,

Human Readiness Level,

Capability Readiness Levels, and

Organizational Aspect (ability of an organization to reproduce existing technology).

12



Figure 1 illustrates a technology assessment process with the insertion of AD? and use of TRLS.

Identify systems,
subsystems, and
components perthe based on lowest TRL of
hierarchical product assessment of components + TRL
breakdown of the Work : i i
Breakdown Structure maturity State of Imegraton

Assign TRL to

Assign TRL to all subsystems based on

components

A 4

\4

A 4
Assign TRL to
Systems based on
lowest TRL of
subsystems + TRL
state of integration

Identify all components,
subsystems, and
systems that are at
lower TRLs than
required by the
program

Baseline Technological
Maturity Assessment

A

A4

Perform AD2 on all
identified components,
subsystems, and systems
that are below requisite
maturity level

A 4
Technology Development Plan
Cost Plan
Schedule Plan
Risk Assessment

Figure 1. The Technology Assessment Process at NASA (from Bilbro 2007).

MRLs

As identified by Foden and Berends (2010), “less attention is paid to management of
manufacturing technologies, even though many organizations compete on the basis of their
manufacturing capabilities.” In a recent report, the GAO concluded that better manufacturing
outcomes can be achieved by standardizing the way in which manufacturing risks are managed
(GAO 2010). The GAO has also characterized successful program as having (1) mature
technologies, stable designs, and production processes in control and (2) ST&E organization
responsible for maturing technologies, rather than the program or product development manager
(Morgan 2008).

For the NNSA production complex, because of the nature of nuclear weapons, many of the
products, and their associated manufacturing critical processes, are unique and should adhere to
industry standards and best manufacturing practices, where applicable, and should be
“repeatable, sustainable, and consistently producing parts within the quality standards set.”
(GAO 2010) A tool to assess the maturity of a technology’s associated manufacturing processes
is termed the MRL.

13



Manufacturing Readiness Level (MRL) is:

““ a measure used by some United States government agencies and many of the world's
major companies (and agencies) to assess the maturity of manufacturing readiness, serving
the same purpose as Technology Readiness Levels serve for technology readiness.

“(MRLs) are designed to be measures used to assess the maturity of a given technology,
component or system from a manufacturing prospective. The purpose of MRLs is to provide
decision makers (at all levels) with a common understanding of the relative maturity (and
attendant risks) associated with manufacturing technologies, products, and processes
being considered. Manufacturing risk identification and management must begin at the
earliest stages of technology development, and continue vigorously throughout each stage
of a program’s life-cycles.

“Manufacturing Readiness Level (MRL) definitions were developed by a joint
DoD/industry working group under the sponsorship of the Joint Defense Manufacturing
Technology Panel (JDMTP)®. The intent was to create a measurement scale that would
serve the same purpose for manufacturing readiness as Technology Readiness Levels serve
for technology readiness — to provide a common metric and vocabulary for assessing and
discussing manufacturing maturity, risk and readiness. MRLs were designed with a
numbering system to be roughly congruent with comparable levels of TRLs for synergy and
ease of understanding and use.”” (From Wikipedia)

MRLs are proposed as the standardized way/criteria to be used for improving manufacturing

risks

and readiness and subsequently contributing to achieving successful programs. The

definitions of MRLs are given in Table 3. They are structured into five categories:

o s wnN e

MRL 1-3, Pre-Concept Development (Invention Stage)
MRL 4, Concept Development

MRL 5-6, Technology Development

MRL 7-8, Engineering and Manufacturing Development
MRL 9-10, Production and Deployment.

MRLs have been recognized (Morgan 2008) as providing a common language and standard to
(1) assess the manufacturing maturity of a technology or product for its future maturation and
(2) understand the level of manufacturing risk.

! The JDMTP established an MRL working group in 2001. An initial set of MRL definitions were published in an
appendix to the Technology Readiness Assessment Deskbook in September 2003. The MRL working group hosted a
workshop in 2005 with government and industry representatives from the ST&E and acquisition communities.
Extensive details on MRLs were subsequently published in the May 2005 version of the Technology Readiness
Assessment Deskbook. (see AFRL 2010).

14



Guidance on how to perform a Manufacturing Readiness Assessment (MRA) is given in a draft
MRL Deskbook (DoD 2010), similar to the TRA Deskbook (DoD 2009; AFManTech 2008).
Additionally, the Air Force prepared a Manufacturing Readiness Assessment Tool (MRAT) to
help structure and efficiently complete an MRA to determine the MRL of a chosen product or
technology. MRAT helps standardize the process and reporting of the product’s or processes
current MRL (1-10). An additional tool called the MRL Assist Tool is also available (Best
Manufacturing Practices Center of Excellence 2007).

While the implementation of MRLSs has the potential for the DoD to achieve savings and
efficiencies, they have not been adopted DoD wide and their usage is being met with resistance
similar to that experienced by the TRLs when first introduced (GAO 2010).

IRLSs

Integration Readiness Level is a metric that is to be used to evaluate the integration readiness
of any two TRL-assessed technologies (Sauser et al. 2010).

In the development of the IRL (Sauser et al. 2006a), it is important to consider physical
properties of integration such as interfaces or standards but also interaction, compatibility
reliability, quality performance, and common ontology when the two pieces are integrated.

As summarized by Sauser et al. (2010), its strengths include:

e |t is based on open, widely accepted standards (ISO/OSI).

e Technology readiness is included in the overall assessment.

e Subjective assessment is made on technical data (however, this can also be considered a
weakness).

Its weaknesses include:

e Requires a Work Breakdown Structure (WBS)/System architecture to be complete and
accurate before the assessment.

e Requires a TRL assessment before the IRL assessment.

e Lacks the ability to assess criticality and R&D effort.

e Requires a more quantitative algorithm to reduce integrations into a single assessment for
complex, net-centric systems.

e Does not evaluate cost and schedule.

Sauser et al. (2010) translated the limitation of TRLs into requirements for an Integration
Maturity Metric (IMM). These requirements were:

(1) “IMM shall provide an integration specific metric...

(2) IMM shall provide a means to reduce the risk when integrating and maturing a
technology into a system...

(3) IMM shall provide the ability to consider meeting of system requirements in the
integration assessment...

15



(4) IMM shall provide a common platform for both new system development and technology
insertion...”

These requirements were contrasted to other integration metrics including Mankins’ ITI, the
Service Interoperability Assessment Model (Fang et al. 2004), the four-level scale (Nilsson et al.
1990), and the IMM. It was concluded, in part, that ITI was able to factor in R&D effort and
technology criticality into the assessment and it may be “that a hybrid metric that uses IRL and
ITI is the solution to this situation.”

SRLs

A systems approach to expanding the TRL concept has been discussed elsewhere, e.g. Sauser et
al. (2006b, 2008a, 2008b) and Magnaye et al. (2009).

System Readiness Levels (SRLS)

“have been developed as a project management tool to capture evidence, and assess and
communicate System Maturity in a consistent manner to stakeholders. SRLs define a set of
nine maturity steps from Concept to in-service across a set of systems engineering
disciplines. Each of the SRL steps align to key outputs from systems disciplines such as
Training, Safety and Environmental, or Reliability and Maintainability. SRLs track a
project’s progress against the systems engineering ‘V’ diagram.” (Tetlay and John, 2009).

SRLs provide the following ‘benefits’ / implications on defense acquisitions as captured by
Sauser et al. (2008a).

e Can be used as a “trade-study tool to select the most appropriate technologies and
integrations to obtain the lowest amount of risk.”;

e The SRL model can “improve customer confidence...by providing qualification of
system maturity...to system functionality”;

e Provides “insight into the interdependencies of different subfunctions” and their
relationship to the larger architecture.

e Provides for a fast, iterative, and repeated assessment allowing for system understanding
and (re) formation;

e Allows for other factors as measures of maturity such as obsolescing and optimization of
technology investment;

e Provides for a common ontology; and,

e The IRL portion of the approach reduces the uncertainty associated with integrating a
technology into the system.

Additional benefits, as captured by the UK MoD (2010) include:
e A common language (ontology) for technology planning, business cases, and stakeholder

communications;
e Improvements in project planning by addressing all system discipline needs;
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e Information for system maturity assurance; and
e An established auditable statement of maturity.

A key limitation to the SRL approach is that: the SRL for one system cannot be compared to
the SRL of another system unless they are the same system. “Likewise, the SRL can be effective
for assessing the progressive maturity of the system of interest, but it is questionable to compare
the maturity progression of two systems against each other because of other inherent factors
related to the context in which the system is being developed.” (Sauser et al. 2008a)

Application of the SRLs

To compensate for some of the shortcomings of using the TRLs, an approach has been developed
around the concept of SRLs. Mathematically, they are defined as:

[SRL],x1 = [IRL]xn X [TRL] 1 OF Where n=3

SRL,] T[IRL;; IRL;,; IRL3] [TRL,
SRL,| = |IRL,;, IRL,, IRLys| X |TRL,
SRL,] lIRLy;, IRLs;, IRLs;l |TRL,

CompositeSRL=1/n[S:iL_1+ S:ZL_2+ S::s], where

SRL,

mi

= SRL for technology 1

‘n’= number of technologies
‘m;’ = is the number of integrations of technology “i” with itself and all other technologies.

Another application of the SRL process is an optimization model with the objective to maximize
the SRL under constraints associated with cost and schedule (Sauser and Ramirez-Marquez
2007; Ramirez-Marquez et al. 2009).

Technology Management As A Whole

Organizations, in order to manage their technology development portfolio, should employ an
integrated framework to ensure timely technology investment decisions and capability
development (Foden and Berends 2010). As in any organization, the need for the technology
must satisfy the business needs and product requirements (i.e., technology pull). A technology
management framework can be structured in several stages. This framework is replicated here as
Table 3 illustrates the breadth of tools used in the technology framework used at Rolls-Royce.
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Technology maturation assessment is only a part of the overall framework, which includes
additional tools such as Technology Watch, Technology Roadmapping, Technology Make-Buy,

and Technology Risk Management.

Table 4 gives definitions for technology assessment techniques and SRL values.

Table 3. Typical Technology Management Tools Addressing Each of the Framework Stages
and the Context of Technology Maturity and Readiness Tools
(taken from Foden and Berends 2010).

Framework Stage Tool

Description

Identification and Monitoring Technology Networking
Technology Watch
Make-the-Future

— Technology Maturity Assessment

Technology Benchmarking

Selection and Approval Make-the-Future Selection

Technology Roadmapping

R&T Funding Approval

Capability Development: Technology Make-Buy
Development Research,
Acquisition & Adaptation, and  Capability Acquisition

Exploitation & Review stages
d Technology Readiness Scale

Protection Technology Risk Management
Knowledge Base Protection
Intellectual Property (IP)
Protection

Exploratory tool for increasing external environment
awareness through participant networking.

Identification of organization’s critical established, competing
and disruptive technologies.

Inward-facing technology opportunity identification aligned
with product development programs.

The assessment of the position of a technology’s maturity
along its S-curve/life cycle.

Internal benchmarking of technology alternatives with the
organization + benchmarking against competitors.

Inward-facing technology opportunity down-selection aligned
to new product drivers.

Convergence of inward and outward-technology opportunities
aligned to market and product drivers to enable selection of
R&D programs.

Technology investment decision-making for technology
opportunities presented by Technology Roadmapping.

Make or buy decision-making for development of down-
selected technology program capabilities.

Definition, launch and management of technology programs
aimed at developing technology maturity through R&D.

A gated process against which current technology maturity can
be gauged and managed.

Management of risks arising from R&D technology programs.

Capture of valuable knowledge such that it can be re-used.

Protection against unauthorized transfer of IP outside of the
organization.

*Development Research, Acquisition and Adaptation, and Exploitation and Review stages have been absorbed into an overarching Capability

Development stage for the purpose of simplification.
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Summary

Technology Readiness Levels (TRLs) have been used extensively from the 1970s, especially in
NASA. Their application was recommended by the GAO in 1999 to be used for major
Department of Defense (DoD) acquisition projects. Manufacturing Readiness Levels (MRLS)
have been proposed for improving the way manufacturing risks and readiness are identified by
DoD. These criteria have been introduced to the defense community more recently, in 2005
(GAO 2010), but have not been used as broadly as TRLs. Originally TRLs were used to assess
the readiness of a single technology. With the emergence of more complex systems and system
of systems (SoS), it has been increasingly recognized that TRLs have limitations, especially
when considering integration within and between complex systems. Therefore, it is important to
use TRLs in the correct context, especially when considering complex systems.

Details on TRLs and MRLs have been presented in this report. Recognizing that there are
limitations in using TRLs, other approaches have been proposed to address some of these
limitations. Most notably, the System Readiness Levels (SRLs) approach, which incorporates
Integration Readiness Levels (IRLs), has been proposed, specifically to address limitations when
integrating system elements, given the presumption that most systems fail at the integration
point. Details on both readiness levels are presented in this report. In addition, a simplified
example is presented in this report on how to apply the SRL approach. The approach was
modeled after papers from Stevens Institute of Technology.

It is proposed that a modified SRL be considered that explicitly includes the MRLs and a
modification of the TRLs to include the Integrated Technology Index and/or the Advanced
Degree of Difficulty (AD?) index proposed by NASA. It is also important to note that using
technology readiness assessments is only one tool to manage technology within an organization.
Other common tools include technology roadmapping, technology watches, and technology risk
management. Key factors to transition and manage technology include cost, schedule,
manufacturability, integration readiness, and technology maturity.
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Appendix A. Example of Computing System Readiness Levels

This example assumes 12 technologies are embedded in five components. Their
interrelationships are illustrated in Figure A-1. Technology Readiness Levels (TRLS),
Manufacturing Readiness Levels (MRLs), and Integration Readiness Levels (IRLs) are given in
Table A-1.

Figure A-1. Schematic Architecture of Hypothetical System.

Table A-1. TRL, MRL and IRL Values for Each Technology in the System.

Component | Tech | TRL | MRL | Integrating |, o,
Technologies
1 6 5 1,2 6
1 15 3
2 5 4 2.3 6
3 5 4 3,12 3
4 8 3 4,5 6
4,6 6
2 4,7 6
5 3 1 57 6
5,6 6
58 3
511 3
6 9 2 6,7 6
7 4 2 see above
8 4 2 8,9 6
3 9 4 4 9,10 6
10 4 4 10,12 3
4 11 8 9 11,12 3
5 12 9 9 see above
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It is assumed in this example that the IRL values between technologies within a component are
relatively mature, and the IRLs for technologies between components are much lower, i.e.,
MRL=3. For the majority of the components the MRLs are assumed to be low, i.e., MRL=3.

The matrix formulas used to compute the individual System Readiness Levels (SRLs) and the
composite, system SRL (Tan et al. 2009 and Sauser et al. 2008a and 2008b) are given below.

TRL, TRL,

TRL

[TRL]nx1 = TR;LZ normalize l . 2‘

TRL, TRL,

MRL, MRL,

MRL

[MRL] 1 = M}?Lz normalize . 2

MRL, MRL,
IRL11 oo IRLlTl IRL11 oo IRLlTl
[IRL]pxn = : : ] normalize : : ]
IRL,, -+ IRL,, IRL,; -+ IRL,,

The component SRL matrix is the product of the TRL and the IRL matrices

[SRL]nxl = [Norm]nxnx [IRL]nxnx [TRL]nxl

SRL]_ 1/m1 O e 0 IRLll IRLIZ e IRLln [TRLl]
SRL,[ _| o 1/my .. 0 ‘xllmn IRLyy . — IRLym |_|TRLy
SRL, 0 0 1/m,l | IRL,, IRL,, ..  IRLy, TRL,

where “m;” is the number of integrations of technology “i” with itself and all technologies, and
[Norm] is to normalize the SRL; from the (0, m;) scale to the (0,1) scale.
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norm:= (%) TRL :=

© 0o A A A b O© W 00 O O O

MRL :=

© ©O© A B D NN DN PP WO P> b o0

normTRL =

0.667

0.556

0.556

0.889

0.333

—_

0.444

0.444

0.444

Ol N|o|la|h|W|IN|=2|O

0.444

N
o

0.889

—_
—_

The 1/m; matrix is given below to normalize to the “0, 1 scale.”

.333
0

O O O O O O o o o o

0

333

0
0
0
0
0
0
0
0
0
0

0 0 0 O
0 0 0 O
333 0 0 0
0 25 0 O
0 0 143 0
0 0 0 .25
0 0 0 O
0 0 0 O
0 0 0 O
0 0 0 O
0 0 0 O
0 0 0 O
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333
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o

0

0| 0.556
1| 0.444
2| 0444
3| 0.333
4( 0.111

normMRL =[5 0222
6| 0.222
7| 0.222
8| 0.444
9| 0.444
10 1
11 1

0 0 0 O

0 0 0 O

0 0 0 O

0 0 0 O

0 0 0 O

0 0 0 O

0 0 0 O

0 0 0 O

333 0 0 O

0 33 0 0

0 0 333 0
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normIRL =

960030000000
696000000000
06900000000 3
000966600000
300696630030
000669600000
IRL :=
000666900000
000030096000
000000069600
000000006 903
0000300000093
003000000339
0 1 2 3 4 5 6 7 8 9 10 11
0 1| 0.667 0 0| 0.333 0 0 0 0 0 0 0
1| 0.667 1| 0.667 0 0 0 0 0 0 0 0 0
2 0| 0.667 1 0 0 0 0 0 0 0 0| 0.333
3 0 0 0 1| 0.667| 0.667| 0.667 0 0 0 0 0
4| 0.333 0 0| 0.667 1| 0.667| 0.667| 0.333 0 0| 0.333 0
5 0 0 0| 0.667| 0.667 1] 0.667 0 0 0 0 0
6 0 0 0| 0.667| 0.667| 0.667 1 0 0 0 0 0
7 0 0 0 0| 0.333 0 0 1] 0.667 0 0 0
8 0 0 0 0 0 0 0| 0.667 1] 0.667 0 0
9 0 0 0 0 0 0 0 0| 0.667 1 0| 0.333
10 0 0 0 0| 0.333 0 0 0 0 0 1] 0.333
11 0 0| 0.333 0 0 0 0 0 0| 0.333| 0.333 1

[SRL], (O,n;scale) = [Norm] x [IRL] x [TRL] =

INORM-TNORM =
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0

1.148

1.37

1.259

2.074

2.556

2111

1.926

0.852

1.037

Ol N|o|a|l~|WIN|=]|O

1.074

—_
o

1.333

-
—_

1.63




[SRL], (0, 1 scale) = mi x [Norm] x [IRL] x [TRL] =

miINORM-TNORM =

The results are summarized in Table A-2.

0

0.382

0.456

0.419

0.519

0.365

0.528

0.481

0.284

Ol N|o|ga|s|lw|Np=|O

0.345

0.358

—_
o

0.444

—_
—_

0.407

Table A-2. SRL for Individual Technologies 1 to 12.

Composite SRL not considering MRLs = 0.416

Composite SRL considering MRLs = 0.189
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SRL; |SRL, [SRL; |[SRL,; |SRLs [SRLg |SRL; |SRLg [SRLg |SRL;o |SRL4; [SRL;»

(O,n;) scale
not
considering
MRLs 1.148| 1.37| 1.259] 2.074| 2.556( 2.111] 1.926| 0.852| 1.037| 1.074( 1.333| 1.63
(0,1) scale

not
considering

MRLs 0.382| 0.456| 0.419 0.519] 0.365( 0.528| 0.481| 0.284| 0.345( 0.358| 0.444( 0.407
(0,1) scale
considering

MRLs 0.212 0.202| 0.186] 0.173| 0.041| 0.117] 0.107| 0.063| 0.153| 0.159( 0.444| 0.407

n=12
Composite SRL = M




Figure A-2 demonstrates the correlation of project life cycle and SRLs when considering MRLSs.

System Readiness Level

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
US Department Fre-Systems Acquisition System Acquisition Sustainment
of Defense System ] Oooralions s "
Product 1 perations LIppOr
(DoD) 5000.2 Concapt and Technology Development ﬁ::f‘::::: D,;:,.\::.T,T {including Disposal)
] L | T ¥ ] |
4\ 4\
Span of
technology

specific SRLs
not considering

MRLs
4\ 2\
Span of
technology
specific SRLs
considering
MRLs

Figure A-2. Correlation of DoD Project Life Cycle, SRLs, and the Effects in SRLs when
considering MRLs (upper part of figure from Sauser and Ramirez-Marquez 2007).
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