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balance these two objectives, but we are convinced that the attempt is absolutely essential if
any real improvement is to be realized.
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Abstract

Most systems now provide multiple functions and multiple capabilities (MFMC) in a
single solution. Yet, it has become increasingly challenging for managers to properly
assess the development and acquisition of these systems to ensure the achievement
of adequate system maturity. Moreover, such a challenge is compounded when the
systems are not only comprised of MFMC but have multiple or competing technology
and integration alternatives. This challenge then raises a fundamental question: How
do we effectively assess the maturity of a system for acquisition when considering
technology and integration alternatives or trade-offs in a MFMC system? This paper
introduces an approach to begin to address this question and provide results that
can be used to evaluate systems development maturity, track progress, and form
corresponding strategies for further development and trade-offs in technology and
integration alternatives.

Introduction

In practice, a system evolves with time from a single capability or a specific function
to a more complicated one that affords multiple functions with an operational performance of
several capabilities. These systems comprise a number of subsystems and components that
are interconnected in such a way that affords the system to be able to perform multiple
required functions (Kim, Kim, & Kim, 2009). Moreover, in order to ensure the success of the
development or acquisition of a system, even for a specific function, these systems are often
required to be open and flexible to further integration of other mission packages in order to
satisfy future requirements for a yet-to-be-defined service (GAO, 2008). In the evolution of
systems development, the advancement of technology options is progressing faster than the
systems themselves, and the engineering knowledge of systems is rapidly advancing
beyond our understanding of traditional systems engineering. Conversely, our ability to
effectively acquire these systems is challenged with the increasing complexities of and
integration among the systems themselves. Thus, multiple functions and capabilities are
common to the development of most systems, which raises the need to balance
development objectives when facing multiple component alternatives. As a result, managers
require metrics that enable the assessment of multi-function, multi-capability (MFMC)
system development to manage the potential risks in life cycle management (Volkert, 2009).
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In recent development, a System Readiness Level (SRL) and supporting methods
have been proposed and accepted as a valid metric to measure the readiness of a system
throughout its development life cycle (implementations of this metric have been performed
by U.S. Navy-PMS420, U.S. Army-ARDEC, Lockheed Martin, and Northrop Grumman;
Sauser, Ramirez-Marquez, Magnaye, & Tan, 2008). However, to date, this scale has
focused on the management of a system as a whole or its technology and integration
components and lacks the ability to measure development maturity from a system’s function
or capability viewpoint. The relevance of SRL is limited considering that MFMC systems are
common in today’s system development and the managers are usually concerned with the
progression of critical functions and capabilities for meeting stakeholder needs. Even the
most basic weapons, such as assault rifles, have become multi-functional. As such, during
the development process, these systems may be called upon to deliver some of their
capabilities, even as the development of other capabilities is still behind. Often, this requires
an Analysis of Alternatives (AoA) among technology choices and architectures to take
advantage of those systems that are already mature, though not originally intended for use
in the development of the desired function. This, in turn, requires a thorough understanding
of the technical aspects of the components but, more significantly, the relative importance of
each choice on the readiness of the system vis-a-vis its desired capability.

In this paper, we present the development of a MFMC approach for systems maturity
assessment to be used in a typical AoA process in order to begin to address these
fundamental questions in system development and acquisition: Will a new, more functional
system or technology supersede the old? Has the system or technology become inadequate
due to changes in other systems or technologies? Is it more effective to invest in the
development of a new technology or system? Has the system or technology lifetime been
shortened by recent developments? What is a robust methodology that can effectively and
efficiently analyze, compare, and trade off technology alternatives?

System Maturity for MFMC Systems

Previously, the metric of System Readiness Level (SRL) has been defined as the
function of TRLs of the technologies and IRLs of the integrations that constitute the system
(Sauser et al., 2008). This research builds on this SRL definition and enhances it to a SRL
hierarchy that adds two layers to measure capability and function maturity. The motivation
for this approach is predicated on a common scenario described by Forbes et al. (2009).
They described a system with six capabilities that are realized by six threads of components.
The architecture of this system is represented in Figure 1. As described in their paper, this
system had undergone a system maturity assessment with summary charts also depicted in
Figure 1. The initial system architecture represented in Figure 1(a) resulted in an
assessment with an overall SRL of 0.60 (see MP SRL in the upper right box); the
identification of an insufficiently mature technology and supporting integrations (circled); and
analysis of the technology-integration maturity of all the system components (horizontal line
at the bottom of the diagram). An alternative systems solution based on a trade-off, see
Figure 1(b), considered replacing a single technology (i.e., MVCS) with another two
technologies (i.e., DLS OB; DLS RMMV). This alternative does not significantly improve the
overall SRL value (increase of only 0.04), but it does improve the technology-integration
maturity of all the lagging system components (horizontal line at the bottom of the diagram).
While this analysis may seem sufficient in increasing systems maturity toward an effective
acquisition decision, it does not consider the maturity of system functions or capabilities and
the influence of different alternatives on various capabilities’ and functions’ current or future
maturity. Thus, a decision made purely on an increase in maturity for the whole system may
be insufficient and cannot accommodate the current systems development reality. This
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proposed research intends to address this concern by enhancing the SRL approach to take
into account the multiple system functions and capabilities that allow for the opportunity to
better understand an analysis of alternatives in technologies and integrations to more

effectively manage system maturity and acquisition.
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Figure 1 (a & b).

Technology/Integration Trade-Off Analysis

Taking into consideration the notions of function and capability in a system, we
propose a hierarchical SRL (see Figure 2), where the SRL is defined at three different
levels: capability-based SRL (SRL_C), function-based SRL (SRL_F), and the whole system-
based SRL. The capability-based SRL calculates the SRL for a particular capability thread
that includes a set of components to enable an intended capability. Based on the calculation
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of SRL_C's, the function-based SRL addresses the SRL for a specific function that
encompasses one or several capability threads. The Composite SRL indicates the SRL for
the whole system, which includes multiple functions with multiple capabilities. We adopt and
extend the rationale from Ramirez-Marquez and Sauser (2009) for calculating the SRL at
capability, function, and system levels.

System
Composite SRL

] j

Function F; Function F, Function Fy Function F,
SRL_F, SRL_F, SRL_Iy SRL_F.

Capability C;; Capability Cp, Capability C
SRL_Cy, SRL_Cp, SRL_Cy,

Capability Cpr
SRL_Cgx
- i

[ Technology TRLg,;, ]_

_[ Integration /RLy ;)

[ Technology TRLgy, ]__[ Integration [RLg, 0,

[ Technology TRLgy; ]- ------------ -[ Integration /R Ly
[Technology TRij("m ]. L -[Integration IR‘Lﬁ(ﬂm)("n)
Figure 2. SRL Hierarchy

Procedurally, this approach can be described as the following:

1. Quantifying how a specific technology is being integrated with every other
technology to develop the system (i.e., Integration-Technology Readiness
Level, ITRL). Note that this quantifier should be a function of both the
integration of a technology with every other technology that it has to be
integrated with (as dictated by the system architecture) and the maturity of
the different technologies. That is, for each technology, this metric should be
a function of both TRLs and IRLs. Thus, for technology fk(i), one can view
this metric (ITRLg;) as “subsystem” measurement of this technology
integrates within the system. In a mathematical representation: ITRLg) =
f(TR Lfk(j), IR Lfk(i)(j)) .

Based on such a metric (ITRLx), SRL_C should provide a capability level
measurement of readiness. Note that this new metric should be a function of
the different ITRLs of each technology, or in a mathematical representation:
SRL_Cx=f(ITRLxq), ITRLtk2), ..., ITRLfk(nfk)) under the assumption that the

capability contains ng technologies.

Given that the Capability SRL, SRL_Cg, the Function SRL, SRL_F;, is to
provide a function level measurement of readiness. Since there are multiple
capabilities to back up a specific function, this metric should be a function of
the different SRLs of each capability, or in a mathematical representation:
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SRL_F=f(SRL_Cy, SRL_Cy,,..., SRL_Cy, ) with the assumption that the
function contains K capabilities.

4. Based on the calculation of Capability and Function SRL, the system
composite SRL is to provide a holistic picture of the system by enabling
system level measurement of readiness. Since there are multiple functions
with multiple capabilities to be performed by a composite system, this metric
should take into account all functions and capabilities, or in a mathematical
representation: Composite SRL=f(SRL_Cy) where f=1,...,r and k=1,... K;with

;
the assumption that the system contains r functions and z K; capabilities.
f=1

Mathematically, the enhanced procedure to calculate SRL is defined as follows:

System Definition

Assume that a system includes a total of n technologies, and let T denote the
technology set: T={TRL;, i=1,2,..,n}.

The system includes r functions and let F denote the function set:
F={F, =1, 2,..1}.
Within each function F;, there are K; Capabilities: F;={C, k=12,..,K; }.

Within a set Cy, there are ng technologies and integrations among these
technologies: Cu={TRLy, IRLgiyjy» 1r j=12+-.n4 } - Finally, myg is the number of

integrations of technology Ty with itself and all other technologies within Capability Cg.

SRL Calculation Procedure

Note, those formatted in italic and bold denote matrices.

1. Normalize the [0, 9] scale original TRLs and IRLs into [0,1] scale TRLs and
IRLs by dividing each of them by 9 and denoting them by matrices:

[ TRLyq | [ TRL 4 |
TRL i TRL TRL'
TRL,, = [TRL]n 0= fk(2) Normalize STRL', = *_ (2)
fk L 9 N
_TRLfk(nfk)_ _TRL' (n) |
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IRLfk(1)(1) IRLfk(l)(Z) IRLfk(l)(nfk)

IRL 2y0) IRL 422y - IRLfk(z)(nfk) Normalize
IRLfk = [IRL]nkanfk - 4
IRLfk(nfk)(l) IRLfk(nfk)(z) IRLfk(nfk)(nfk)
IRL fk(1)(D) IRL k(1)(2) IRL fk(D(ng)
. IRLg | RUgom  IRUgo 0 o IRL g0,
IRL', = =
IRL fk(ng )(2) IRL fk(ng)(2) IRL fk(na)(ng)

where IRLg iy j) = IRLgjyiy - When there is no integration between two technologies, an

original IRL value of 0 is assigned; for integration of a technology to itself, an original IRL
value of 9 is used, that is original IRL gy =9 .

2. ITRL_Cs matrix is the product of TRL'g and IRL ¢ matrices:
ITRL_C g = Normg x TRL" 4 xIRL" ¢

That is,
[ ITRL_Cyq
ITRL_C

ITRL_Cy = - k@

|ITRL_Cyyqn,

mgy 0 0 RU'sqmon  Rlamez  ~ R x@o,) TRL 4
_ 0 1/ mfk(z) 0 y IRL' fk(2)(1) IRL'fk(Z)(Z) IRL' fk(2)(n4) « TRL' fk(2)
0 0 Umuay | |RUkewo Rkm@ -~ IR kmgme | | TR gy,

(IRL gy TRL ey +IRL e ay2) TRL 2y +--- + IRL KN g) TRLfk(nfk)) Mgy
(IRL' g2y TRL 1y +IRL g 2y(2) TRL g2 +--- + IRL' k() ng) TRL fk(ng) ) My2)

| ORL sn @ TRL ey + IR t(ny2) TR w2yt + IRL g ) g0) TRE tk(mge) ) M)

where myg is the number of integrations of technology TRLyg with itself and all other
technologies within capability Cg, and Normg, is to normalize the SRL_Cygy from [0, M)
scale to [0, 1] scale for consistency. Thus, matrix

Norm g =diag[l/mgyy, /Mgy, oo UMl

3. SRL_Cydenotes the SRL for capability Cy. It is defined as the average of the
all the normalized technologies’ ITRL values, which is given by the following:
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N ik
ITRL_ka(i)

ITRL_Cpy +ITRL _Cpepy ++ ITRL_Cyn,) &

SRL_ka =
N g N g

4. SRL_Fyis the SRL for function F;. With Consideration 3 in mind, although
there are multiple capabilities to ensure the same function, the maximum of
these Capability SRLs represents the readiness of that function and is
defined as

SRL_F matrix includes all the Function SRLs and is denoted by the following:
SRL_F,
SRL_F,
SRL_F =
SRL_F,
5. Finally, the Composite SRL for the whole system is the average of all
Capability SRLs to address Consideration 4:

r

K K K, K
(XSRL_CNH (ZZSRL_CZk)+...+(ZSRL_Crk) ZZfSRL_ka
k=1 k=1

Composite SRL = K=t _ f=lk=t

K, +K,+..+K
1 2 r sz

r
f=1
This enhanced SRL hierarchy enables more accurate system maturity assessment

by adding two layers to the previous definition. It accommodates the development of MFMC
systems.

Analysis of Alternatives

According to Ullman (2006), AoA is an effort of military process to move from
narrowing to a single solution for the examination of multiple alternatives so acquisition
agencies have a basis for funding the best possible solutions in a rational, defensible
manner considering risk and uncertainty. It is mandated by the DoD in support of each
decision milestone and serves as the primary input to the program documents that direct the
development of a weapons acquisition program (USD[AT&L], 2008). The AoA establishes
and benchmarks metrics for Cost, Schedule, Performance (CSP) and Risk (CSPR)
depending on military needs (Ullman, 2009). It also assesses critical technology elements
(CTESs) associated with each proposed materiel solution, identified in the Initial Capabilities
Document (ICD), including technology maturity, integration risk, manufacturing feasibility,
and, where necessary, technology maturation and demonstration needs. The results of the
AO0A provide the basis for the Technology Development Strategy (TDS) and have to be
approved by the Milestone Decision Authority (MDA) at Milestone A.

In the domain of system architecting and AoA, identifying, prioritizing, and ranking
components with respect to their impact on the system is key to understanding the
importance of any one component to another and is notable for suggesting trade-offs among
key parameters during their development and acquisition. This research contributes to the
body of knowledge by bridging the gap in the analysis of traditional system architectures
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with system maturity assessment. It assists in the establishment of system development and
acquisition strategies from the quantification of the relationship between component maturity
and system maturity and distinguishes the importance of different components for making
informed decisions when deciding to trade off technology and integration alternatives
without rushing to judgment on a preferred systems solution or architecture.

In an AoA, the main objective is to execute an extensive analysis that would result in
preferred system architecture. What we are proposing is a variation on a traditional AoA in
that the key performance indicator would be the maturity of the technologies and
integrations supporting the systems’ functionalities and capabilities. This paper incorporates
AOA analysis to the MFMC systems development. The preferred alternative will be selected
for system acquisition through the comparison of the impact of various technology and
integration alternatives on the maturity of system functions and capabilities. See Figure 3 for
a typical AoA that incorporates the methods proposed in this paper.

Capabilities
Optimization
Criteria S Model, Index
TRL, IRL, SRL, Me:‘\hFﬁc“"a of Capability
SRL_F, SRL_C Satisficing
(FUTURE)

Evaluation Evaluation

Input:

Alternatives guiput
Architecture % . Preferred
5 Analysis and B
Design and Evaluation - System
Synthesis v Architecture

|

Importance Measures
Lifecycle Cost, Schedule,
Key Performance
Parameters

Figure 3. Alternative Analysis

lllustrative Example

The proposed MFMC AoA methodology is demonstrated with a system that was
previously discussed and shown in Figure 1. There are basically two functions—Mine
Detection and Mine Neutralization—to be performed by this system. There are four
capabilities in the first function and two capabilities in the second, as shown in Figure 4 (the
first function is shaded in green and the second is shaded in yellow). There are six
capabilities that are realized by six threads of components, as listed in Figure 4: (1) Bottom
Mapping & Change Detection; (2) Shallow & Littoral Water Mine Detection; (3) Bottom &
Volume Mine Detection-I; (4) Bottom & Volume Mine Detection-Il; (5) Contact Mine
Neutralization; and (6) Influence Mine Neutralization.
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Figure 4. A MFMC System With Two Functions and Six Capabilities

Figure 5 shows the results from using a tool that utilizes the proposed SRL hierarchy
to assess system maturity. The left side of the figure displays the new hierarchy for the
estimates of system development maturity at different levels: ITRL, capability, function, and
system levels. It adds two layers (capability and function) to the original SRL definition to
provide more accurate assessment and more insights for systems engineering managers to
track the progression on life cycle of the systems development. In addition, three other user
inputs are added to the assessment:

» Expected SRL: this is the SRL value that is expected at the time of the
assessment or a projected time in the life cycle.

» Red Bar: this is the lower threshold value of the SRL. If an ITRL, capability, or
function assessment falls below this level, it is indicated in red.

» Yellow Bar: this is the upper threshold value of the SRL. If an ITRL,
capability, or function assessment falls above this level, it is indicated in
yellow.

Any value for the ITRL, capability, or function assessment that falls within the
thresholds is indicated in green. The development of this illustrative system is mapped to the
DoD Acquisition Life Cycle to determine the development progression. As shown in Figure

Qi)
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5, with a 10% margin of the expected SRL 0.53 as the risk thresholds, we can observe the
following:

1. The system level SRL indicates that the whole system is progressing on
schedule, with a SRL value of 0.51 compared to the expected value on this
particular assessment date.

2. Although the development of Function 1 is ahead of schedule, with an SRL
value of 0.59, there is variability in the development of the individual
capabilities that make up Function 1.

3. The ITRLs in Figure 5 are for the selected Capability 2.2, which is within the
target threshold, but ITRLs 2 and 4 indicate a risk in falling behind, though the
rest of the ITRLs in this capability are being developed as planned.

How to Use this Template
1-input the date; 2-move the selector in the
System Development Lifecycle chart to choose
an expected SRL for this date; 3-specify the r
percentage for RED and GREEN threshold; £
check the CAPABILITY of interest; 5-for
scenario analysis, change the TRL/IRL in t{e
lgraph.
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Figure 5.

Alternative i

The use of the enhanced SRL hierarchy and the employed assessment tool provides
developers and managers with a holistic picture to investigate the system development and
the ability to easily identify system development weaknesses as indicated by variations
around a threshold. This example also manifests the multi-dimensional nature of system
maturity assessment, which should be examined at different levels within the same system
architecture for which an assessment using a single number would have overlooked.

This tool and approach facilitates the aforementioned AoA to examine multiple
alternatives to get the best possible solution to satisfy customer requirements. Figure 6
shows the assessment of a different alternative to Figure 5 with only replacing Technology
2-i with 2-ii that is assumed to provide the same functionality (see the circled technology).
While more mature in its TRL and IRLs with Technologies 4 and 6, the inclusion of
Technology 2-ii leverages the progression of Capabilities 1.1 and 1.3, which were previously
identified to be lagging in Alternative-i (Figure 5). Meanwhile, at the ITRL level for Capability
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2.2, all ITRLs are balanced to be either on or ahead of development schedule. Compared
with Alternative-i, Alternative-ii (Figure 6) significantly outperforms in terms of meeting and
balancing development maturity and potentially mitigates some of the risk of meeting
customer expectations. Therefore, based on the analysis of these two alternatives, the
second option with Technology 2-ii is the preferred alternative.

How to Use this Template
1-input the date; 2-move the selector in the
System Development Lifecycle chart to choose
an expected SRL for this date; 3-specify the
percentage for RED and GREEN threshold; 4. 7
check the CAPABILITY of interest; 5-for  »
scenario analysis, change the TRL/IRL in tife
|araph.
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Figure 6. Alternative ii

It should be noted that although it seems quite simple and intuitive from the
comparison of these two alternatives, this example is only for illustration purposes. In
practice, the method presented in this paper will have more value when utilized on more
complicated architectures that involve a number of different components (i.e., technologies
and integrations) and the interplay among them. In such situations, it will not be
straightforward and intuitive like this one and can hardly be cognitively comprehended,
where the use of such a tool and multi-layer-hierarchy is very necessary for trade-offs in
MFMC systems acquisition.

Conclusion and Future Research

In order to address a challenging system acquisition problem of effectively assessing
the development maturity with the consideration of technology and integration alternatives in
MFMC systems, this paper proposes an enhanced SRL hierarchy and an AoA methodology.
With the use of a tool, the proposed methodology was demonstrated with an illustrative
example. As evidenced, this methodology moves use closer to facilitating more informed
maturity assessments for MFMC systems development and AoA that can assist the
acquisition of DoD weapon systems.

Previous efforts funded by the Acquisition Research Program addressed some
recurring issues that were revealed through conversations with our industry and government
research partners. In essence, we were answering the question: What are the effects of
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necessary trade-offs in functionality, capability, cost, schedule, and maturity that will allow
the acquisition of a system that can still satisfy warfighters’ needs? Our research funded via
the Acquisition Research Program helped to answer the question by 1) identifying the critical
components to system maturity, that is, which components (i.e., technologies or
integrations) have the greatest impact on system maturity; 2) prioritizing component
development based on constrained resource availability; and 3) balancing between system
capabilities and functions with a given developmental budget.

While the previous research has proven necessary and relevant for a better
understanding of how to achieve effective maturity, capability, and functionality of a system
for acquisition, it does not address the fundamental activity in the development of system
solutions that this paper introduces. To clarify, in any systems solution, a systems engineer
or acquisition manager must make critical, necessary, and sufficient trade-offs with respect
to technologies and integrations based on AoA, and these trade-offs come at a cost/benefit
to the functionality and capability of the system and its existing architecture. There is
increasing development and acquisition of systems that are built upon open and flexible
platform designs that can accommodate multiple functions and capabilities as well as the
ability for adopting future mission packages (e.g., modularity, system of systems). With such
a trend, decisions to trade off among multiple alternatives that enable necessary functions
and capabilities will be unavoidable. In conclusion, Figure 7 represents the gestation and
evolution of the research funded by the Acquisition Research Program in the exploration
and development of innovative concepts in system maturity assessment.

System Capability
Satisficing

A

+ the effects of necessary
trade-offs in system
functionality, capability,
cost, schedule, and
maturity.

«to minimize
development cost
under constraints
associated with
schedule and the
required maturity.

«to determine the
maturity of a system
and its status within
the acquisition life

cycle.

«the earned readiness
or maturity of systems
development as it
equates to defense
acquisition

«to maximize the
maturity under

constraints associated
with resources.

Figure 7. Evolutionary Development Plan
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