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ABSTRACT

This capstone report describes the expected mine countermeasures (MCM) performance
of the Avenger class MCM ship (MCM 1), landing helicopter deck (LHD) support ship,
and MH-53E helicopter legacy systems and Increment 1 of the littoral combat ship (LCS)
and MH-60S helicopter future systems. The study focused on two measures of effective-
ness (MOES): area coverage rate sustained (ACRS) and percent clearance of mines. The
systems engineering (SE) approach used to address stakeholder needs identified founda-
tional requirements and developed functional and physical architectures for simulation in
conducting the comparative technical analysis. A design of experiments (DOE) method-
ology was used to determine which factors have the greatest influence on the MOEs. The
significant factors’ values were varied to develop a set of recommended improvements to
the future MCM systems. The study found that maintaining a constant search speed of 10
knots, improving the stream and recover time to 15 minutes, and improving the sortie
time to 24 hours for the remote minehunting system (RMS) would provide a future
ACRS performance greater than that provided by the legacy systems. When factoring in
risk and operating and sustainment (O&S) costs, the future capability and recommended

improvements provide better performance per cost than the legacy capability.
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EXECUTIVE SUMMARY

Since the Second World War, the U.S. Navy has lost four times as many ships from sea
mines than from all other forms of attack (Program Executive Office (PEO) Littoral and
Mine Warfare (LMW) 2009, 8). This makes effective mine countermeasures (MCM) crit-
ical to the safety of personnel and equipment, as well as for the unimpeded ability to op-
erate in any region in the world. MCM is extremely challenging and dangerous to the
personnel conducting the mine clearance operations (PEO LMW 2009). Currently, the
U.S. Navy uses specially designed ships, the Avenger class MCM ships (MCM 1), to
hunt for and destroy mines within minefields (PEO LMW 2009). Presently, the Navy is
moving towards a safer approach to conduct MCM using ships that can remotely control
unmanned equipment to clear areas of mines (PEO LMW 2009) thereby keeping MCM
ships and crew out of the minefield. This involves installing equipment on the new litto-
ral combat ships (LCS) (PEO LMW 2009).

This study began with an extensive literature review to understand MCM systems
and operations. The review was conducted concurrently with a stakeholder analysis to
develop the study’s problem statement, project scope, and project requirements. This was
necessary to define and limit the problem space to one that was both needed and realiza-

ble within the capstone project constraints.

The primary research questions that guided the reviews of the literature and pre-
vious studies centered around the current and planned MCM capabilities, gaps in desired
capabilities, systems and functions required or planned to provide a capability, the con-
cept of operations (CONOPS) that is followed by each of the MCM platforms, and the
evaluation metrics that the U.S. Navy uses to assess the effectiveness of the MCM capa-
bilities.

MCM is a complicated endeavor due to the impacts of multiple elements: types
and locations of mines, size and density of the minefield, sea and environmental condi-
tions, and the mission requirements of clearance time and effectiveness allocations (Er-
ickson et al. 2009; PEO LMW 2009; Truver 2012). The conduct of this comparative
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analysis project was further complicated due to the requirement to complete it using only
unclassified data, which prevented the study from using actual performance values for the
MCM systems.

The stakeholders need quantitative data for evaluating the effectiveness of future
MCM capabilities, the core of which is the LCS, as compared to the legacy MCM capa-
bilities, the core of which is the Avenger class MCM ship (MCM 1) (DON 2010). In or-
der to address the stakeholders’ need, it was important to gain an understanding of func-
tional and physical architectures that characterize both the legacy and future MCM capa-
bilities. A functional and physical analysis of MCM capabilities provided the basis for
developing the configurations modeled in this study. Four different configurations were
examined for the legacy capability (LT Andrew Watts, personal communication, 10 July
2014) and one for the future capability (see Table 1).

Table 1. Operational Scenario Configuration
Configuration Ship Helicopter Subsystems
1A MCM1 | MH-53E MCM 1: AN/SQQ-32, SLQ-48

MH-53E: AN/AQS-24

Hunt Method: Serial

1B MCM 1 MH-53E MCM 1. AN/SQQ-32, SeaFox
MH-53E: AN/AQS-24

Hunt Method: Serial

2A MCM 1 MH-53E MCM 1. AN/SQQ-32, SLQ-48
MH-53E: AN/AQS-24, SeaFox
Hunt Method: Parallel

2B MCM 1 MH-53E MCM 1. AN/SQQ-32, SeaFox
MH-53E: AN/AQS-24, SeaFox
Hunt Method: Parallel

3 LCS MH-60S LCS: RMS with AN/AQS-20
MH-60S: Archerfish

Hunt Method: Serial

Of the four legacy configurations studied, two utilize the older AN/SLQ-48 mine
neutralizer systems for 5" fleet and two utilize the newer SeaFox mine neutralizer system

for 7" fleet (LT Andrew Watts, personal communication, 10 July 2014). The legacy con-
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figurations consider MCM operations in two ways: one uses a serial search and neutralize
approach and the other operates with a more parallel approach (LT Andrew Watts, per-
sonal communication, 10 July 2014). The future configuration consists of systems operat-

ing in a serial fashion.

Since each configuration results in a MCM mission being executed in a different
manner, the comparative analysis was based on a common mission scenario profile: mine
clearing a rectangular area (10 nautical miles (NM) by 10 NM) that would be within a
deep water sea line of communication (SLOC) containing bottom mines. In collaboration
with the MIW subject matter experts (SMEs) and the advisors, the MIW Team focused
the study on comparing the effectiveness of the different MCM systems in completing a
minehunting operation against bottom mines in deep water (200 feet) in a predefined rec-
tangular area (Admiral Richard Williams 111, personal communication, 16 May 2014).
The evaluation was based on two measures of effectiveness (MOES) to provide a compar-
ison between the configurations in both the time to conduct the mission and the mission
effectiveness. These were the area coverage rate sustained (ACRS), calculated for the en-

tire clearance mission, and the percentage of mines cleared.

Models were developed to represent both legacy and future MCM performance in
accordance with the relevant activities and components characterized by the functional
and physical analysis. There were 65 input parameters included in each model, which al-
lowed for sufficient flexibility in the comparative study analysis and for the evaluation of
capability improvements. These parameters included characteristics of the various sys-
tems found in each of the four configurations, such as search and transit speeds of the
platforms, the stream and recover times for the various systems, and the probabilities of
the search, classify, reacquire, and neutralization systems and sensors. These parameters
were used as the factors in the subsequent design of experiments (DOE). As discussed
previously, the responses were the two MOEs: ACRS and percent clearance. The initial
DOE was developed using wide ranges for each variable, based on recommendations
from MIW SMEs (Brett Cordes, personal communication, 29 July 2014, 12 August 2014,
25 September 2014, and 2 October 2014). Actual performance data was classified, so in
order to keep this report unclassified, wide variable ranges were used and then pared
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down based upon what factors significantly impacted ACRS and percent clearance. The
factors that were found not to be significant were then set to constant values during the
development of a second DOE to allow more scrutiny of the results and the interactions
between the significant factors. Additionally, some of the ranges were refined to smaller
intervals based on the simulation results from the first DOE and consultation with the
MIW SME (Brett Cordes, personal communication, 25 September 2014, and 2 October
2014).

A sensitivity analysis was run on the second DOE to determine which factors had
the greatest impact on ACRS and percent clearance. Furthermore, all two-factor interac-
tions were analyzed to see which ones were impactful on the MOEs. The factors found to
be significant at o = 0.05 (that is, having a p-value of less than or equal to 0.05) for
ACRS include the speed of the surface search systems, the time to deploy and recover the
reacquisition, identification, and neutralization (RI&N) equipment, the percentage of the
minefield to be searched by the surface systems, and the airborne systems’ probability of
classifying a non-mine like contact (MILCO) as a non-MILCO. Table 2 provides the per-
formance comparison between the configurations that resulted from the simulation analy-
sis and Figure 1 displays the results graphically using the mean values for ACRS and

percent clearance.

Table 2. Summary of MCM Performance Results for Each Baseline Configuration
ACRS Percent Clearance
95% Confidence 95% Confidence
Mean Interval Mean Interval
Lower | Upper Lower | Upper
Configuration 1A 4.32 4.25 439 | 0.33 0.32 0.34
Configuration 1B 4.28 4.21 435| 0.31 0.30 0.32
Configuration 2A 5.35 5.25 545| 0.33 0.32 0.34
Configuration 2B 5.30 5.20 540| 0.31 0.30 0.32
Configuration 3 4.80 471 489 | 0.33 0.32 0.34
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Figure 1. Baseline Configuration Performance

The mission costs for each configuration were also compared using point esti-
mates for operations and sustainment (O&S) and neutralizer costs. A key result from the
cost analysis was that the per-mission O&S costs for the future systems are lower than for

the legacy systems.

Figures 2 and 3 contain the MOE performance and mission cost for each configu-
ration studied (note that the configurations are described in the tables above; configura-
tion 3 (LCS 1) is the United States Ship (USS) Freedom class ship and configuration 3
(LCS 2) is the USS Independence class ship—both have the same performance but each
has a different O&S cost).
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Figure 2. ACRS MOE vs. Mission Cost for Each Configuration

Figure 3. Percent Clearance MOE vs. Mission Cost for Each Configuration

Based on the analysis performed within this study, several recommendations were

developed to improve the performance of the LCS in clearing an area within a SLOC of
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bottom mines in deep water (greater than 200 feet) to match that of legacy MCM 1 sys-
tems evaluated by the MOEs. Three of the recommendations improve the ACRS and one
recommendation is provided for improving the mine clearance effectiveness in terms of
the percent of mines cleared. These recommendations are:

1. Operate the remote minehunting system (RMS) at its maximum search speed of
10 knots. This provides an increase in ACRS of approximately 27 percent over
the current capability.

2. Decrease the time required to stream and recover the RMS to 15 minutes each.
This provides an increase in ACRS of over 15 percent from the current capability.

3. Increase the RMS sortie time to 24 hours. This provides an increase in ACRS of
over 15 percent over the current capability.

4. Enhance the sensors’ performance to 0.95. This provides an increase in mine
clearance effectiveness of over 58 percent.

These modifications and improvements would result in the LCS MCM perfor-
mance capability exceeding that of the best performing legacy system configuration. As
identified, recommendation one is not an improvement in capability, but rather a recom-
mendation to operate the RMS at 10 knots instead of varying the speed from one to 10
knots. Therefore, it is very likely that additional incurred development costs would be

minimal.

Figure 4 shows the normalized performance in ACRS per estimated O&S mission
cost for the improvements listed above as compared to the baseline performance of the
future (shown in dark blue) and legacy systems (shown in green). The values are normal-
ized to the best performing configuration. As shown, the performance per cost of the
baseline LCS exceeds all legacy configurations and the recommended improvement to
the RMS search speed provides the best performance per cost ratio of all other configura-
tions (note that due to project constraints, the cost analysis was based on point estimates

and not probability distribution functions).
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Figure 4. Normalized ACRS per Total Estimated O&S Cost for Baseline and Im-
proved Configurations

Recommendations for future, follow-on studies in this area are proposed to allow
for the analysis described within this report to be extended to provide more utility to the
stakeholders. The future study recommendations involve expanding the operational sce-
nario from the one used within this project and expanding the models to allow for addi-
tional analyses. Specifically, modifying the models to allow the simulation to run until a

defined mine clearance level to determine the ACRS with respect to that clearance level
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would provide data that more closely represents how missions are planned for different
MCM mission scenarios. Additional modifications involving the incorporation of envi-
ronmental and sea factors as well as accommodating surface mines would extend the
analysis described within this report. Finally, using actual cost element distributions to
develop the cost analysis for each configuration is recommended to account for uncer-
tainty. These analyses could not be conducted within this project due to the constraints

within which it was conducted.
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l. INTRODUCTION AND BACKGROUND

This report is intended to provide the results of the defensive mine countermeas-
ures (MCM) capabilities study of the current, legacy system and the planned, future sys-
tem. The legacy system is based on the Avenger class mine countermeasures ship (MCM
1) as each is configured to support 5" Fleet and 7" Fleet operations. The future system is
based on the littoral combat ship (LCS) that will be incrementally updated in four stages
to fully develop the MCM capabilities. According to LT Andrew Watts, the MCM Tacti-
cian MCMRON Five, the United States Ship (USS) Independence (LCS-2), is slated for
5" Fleet and the USS Freedom (LCS-1) class is to be deployed with 7" Fleet (personal
communication, 10 July 2014). Additionally, as this study was conducted to satisfy the
Naval Postgraduate School’s (NPS) Masters of Systems Engineering (MSSE) and Mas-
ters of Engineering Systems (MSES) requirements, the processes followed in the comple-
tion of this study and the development of the included recommendations are detailed

herein.

To conduct this study, a thorough review of the mine warfare (MIW) literature
was conducted to gain an understanding of the complexity of MCM. A stakeholder analy-
sis was performed concurrently to develop the stakeholders’ needs so that the project
could be scoped in a manner to best satisfy the needs within the constraints. A systems
engineering (SE) approach was developed for the conduct of the study, which framed the
processes of transforming the stakeholders’ needs into requirements. These requirements
were the foundation of the functional and physical architecture that was developed. Ulti-
mately, the process concluded with this product that contains recommendations and anal-
ysis of the minehunting capabilities of the different platforms. As described within the
report, the problem statement and project scope had to be refined several times to develop
the appropriate plan to satisfy the stakeholders. A simulation was then built as a tool for
the comparative analysis and a structured design of experiments (DOE) approach was
developed and followed to produce results. Finally, a cost and risk analysis was per-

formed and recommendations were developed.



Nine MSSE and MSES students collaborated on this project, which began in
April 2014 and concluded in December 2014. Three NPS advisors and a primary consult-
ant guided the team through the execution of the project. Due to the tight schedule and
the small, disparately located team, the project had to be scoped so that a meaningful set
of analyses could be completed. Recommendations for follow-on studies are included in
Chapter X.

This section presents the summary of MIW and the associated challenges, the
problem statement, project constraints, and analytical approach. The background infor-
mation includes the historical use of sea mines, the types of mines, the challenges associ-
ated with different MCM operations, and the basic functions involved in MCM. Addi-
tionally, these descriptions draw from previous MCM studies and research, which enable
a more comprehensive understanding of MCM operations and requirements. The sum-
mary included in this section highlights the complex nature of conducting defensive
MCM operations as the processes employed and the effectiveness of the mission are af-
fected by many variables. These variables include the state of the MCM technology and
systems available, the mission parameters, the types and locations of the sea mines, the
sea state and type of sea bottom, the level of intelligence of the minefield area, and the
level of proficiency of the forces operating the MCM systems. The information derived
from the literature review enabled the MIW Team to develop the problem definition and

define the project scope, as well as the SE approach and analysis plan.

A. PROJECT BACKGROUND

The use of mines to impede an enemy naval attack is a warfare tactic employed
concurrent with an adversary’s ability to engage in a naval offensive. MIW includes de-
fensive mine laying, offensive mine laying, and MCM. MCM include those activities in-
volved with locating and destroying mines. According to the Program Executive Office
(PEO) Littoral and MIW (LMW), mines are those “‘weapons that wait’ [and] are the
quintessential global asymmetric threat, pitting our adversaries’ strengths against what
they perceive as our naval and maritime weaknesses” (PEO LMW 2009, 1). Figure 1 un-

derscores the importance of effective defensive MCM, as it illustrates that since the sec-



ond World War, more ships (by a factor of four) have been damaged or sunk by mines
than by any other threat (PEO LMW 2009, 8).

Figure 1.  U.S. Navy Mine Casualties (from PEO LMW 2007, 8)

The MIW Team, comprised of NPS students in the MSSE and MSES program,
were tasked to conduct a study to develop a comparison between the U.S. Navy’s current
and planned MCM capabilities. The MIW Team had members located in California, Ari-
zona, Maryland, and Rhode Island, which made communication and collaboration very
challenging. The study had to be scoped so that the team could accomplish a meaningful
analysis that would both satisfy the stakeholders’ needs and be accomplished within the
NPS timeline. This study involved the evaluation of the current MCM capabilities, as
they exist on the MCM 1 platforms, against those of the planned MCM capabilities,
which are to be installed on the LCS as part of Increment 1.

B. PROBLEM

The Department of the Navy (DON) needs to have an effective defensive MCM
capability that can be conducted in a manner that improves safety for sailors and the ships
they operate (PEO LMW 2009). The DON stakeholders need quantitative data for evalu-
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ating the effectiveness of future MCM capabilities, the core of which is the LCS, as com-
pared with the legacy MCM capabilities, the core of which is the MCM 1 (DON 2010).
Since each ship conducts the MCM mission differently, the MIW Team based the com-
parative analysis on a common mission scenario profile: clearing bottom mines from a
rectangular area in deep water (greater than 200 feet) that would be within a sea line of
communication (SLOC). This evaluation is primarily based on the area coverage rate sus-
tained (ACRS) metric for each ship type over a 24-hour period as well as the mine clear-
ance effectiveness in terms of percent of mines cleared (percent clearance). Although the
LCS MCM capabilities are increased through four MCM mission module increments, the
MCM comparison scenario chosen for this study dictated that only the first MCM module

increment on the LCS be compared to MCM 1.

C. APPROACH

The MIW Team performed a comparative analysis the MCM systems of the two
ship platforms with respect to one key operational mission scenario. This operational
scenario focused on the ability of these ship systems to clear a relatively small rectangu-
lar area as if part of a mission to perform SLOC clearance in key choke points during
times of conflict. An example of the need for this type of scenario is in the Straits of
Hormuz (SOH), a key strategic waterway (U.S. Energy Information Association 2012),
which ranges in water depths averaging “25 meters to 250 meters [82 to 820 feet]” (Rob-
ert S. Strauss Center 2008).

As there are many systems that perform the various functions that contribute to
the overall mine clearing operations, this study focused primarily on the evaluation of one
aspect of MCM operations. According to the stakeholders from Naval Surface Warfare
Center (NSWC), Panama City (PC), in a meeting on 6 May 2014, the two areas of inter-
est are the ACRS metric and residual risk of mines in the area after clearing operations.
Due to the lack of accessible, unclassified performance metrics and the limited time in
which to conduct this study, the MIW Team chose to focus this study on evaluating and
comparing the ACRS and percent clearance metrics in the conduct of minehunting opera-

tions during an area-clearing scenario. This involved a comparative analysis of the ACRS
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and mine clearance effectiveness between the MCM systems currently deployed on the
MCM 1 with the planned MCM baseline of Increment 1 on the LCS. This comparative

analysis considered both performance and cost metrics.

Through the performance of sensitivity analysis and simulation-based testing in
accordance with (IAW) a DOE approach, the study identified key features that have the
greatest impact on the ACRS of the MCM systems on the two primary platforms. Using
the key features identified in the analysis, recommendations for optimizing the effective-
ness of the MCM systems were developed. A secondary evaluation of mine clearance ef-
fectiveness (in terms of percent clearance) was also performed using a parametric ap-
proach to the performance capabilities of the systems found on each platform. Finally,

some recommendations are provided.

This analysis study was conducted within certain constraints and with the assump-
tions as identified. The constraints and assumptions that guided this study are described
in the following sections.

D. PROJECT CONSTRAINTS

A group of nine MSSE and MSES students from the NPS conducted this research
and analysis effort over a nine-month period as part of the NPS Systems Engineering
graduation requirements. This study was conducted within the following environment

and under the following constraints:

) The study had to meet all graduation requirements by December 2014.
. The study had to be conducted and completed at the unclassified level.
. No specific software, tools, or funding was provided for this study.

. Due to the direction provided by the MIW Consultant, Admiral Richard
Williams 111, on 16 May 2014, only SLOC operations conducted in deep
water (> 200 feet) were evaluated and included in this study.

o The sea mine characteristics used in the analysis were generalized; actual
data on sea mines was not precisely modeled. The study used generalized
types and characteristics of sea mines in the analysis.

. Only minehunting operations were studied; minesweeping functions be-
tween the various MCM platforms were found to be very different and
were therefore excluded from this study.
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To fully apply the problem statement above and to appropriately define the pro-
ject scope, extensive research and stakeholder interaction and analysis had to be conduct-

ed. The next section describes the assumptions used to frame the study.

E. PROJECT ASSUMPTIONS

The MIW Team developed the following assumptions to scope and bound the
project. The team used experience, research, and sponsor provided information to devel-
op these assumptions. The list evolved throughout the project as information and facts
were established. The final assumptions used are:

. Actual performance metrics were unavailable at the unclassified level and
were not used within this study. The MIW Team developed notional per-
formance parameter values and ranges based on research. These values
were evaluated by some project sponsors and determined to be reasonable.
Chapter VII contains the methodology and assumptions used to derive the
notional parameter values used within this study.

. This study only focused on a simplified geometry for the area clearance
operation; it did not use the complicated geometries as would be found in
actual SLOC clearance operations. A fixed rectangular mine field area of
10 nautical miles (NM) by 10 NM was used for the analysis.

. Minesweeping and shallow mines were not included in the study due to
the constraints listed in Section D.

. The study only evaluated time to clear and effectiveness in clearing bot-
tom mines.

From the problem statement, the MIW Team developed the project scope, which
is defined in the following section. This provided additional refinement and focus of the

problem set studied.

F. PROJECT SCOPE

While it would be desirable to evaluate the operational effectiveness of the com-
plete spectrum of defensive MCM operations in multiple scenarios and under a variety of
conditions, this comprehensive study could not be accomplished given the constraints
listed in Section D. After discussions with the MIW Consultant, SMEs, and advisors, it
was determined that a focused study of the ACRS and percent clearance of the legacy and

future MCM systems suites in a single operational scenario would result in a more satis-
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factory outcome. Therefore, this project focused on the elements that contribute to the
ACRS and mine clearance effectiveness metrics for each platform and associated MCM
system suite as they pertain to the completion of a 10 NM by 10 NM area of a SLOC
MCM mission in deep water of greater than 200 feet. Where actual performance parame-
ter values were not available, the MIW Team used estimated values based on research
and consultation with the MIW Consultant, MIW subject matter experts (SMEs), and
stakeholders. These assumptions and estimates are documented and described in this re-

port in Chapter VII.

As specified in the PEO LMW Instruction 3370.1A (PEO LMW 2008), the ACRS
must be “qualified by the level of coverage attained within the area covered” (72). This
level of coverage pertains to “the percent clearance level and the level of detec-
tion/classification” (72). As indicated in the PEO LMW Instruction (PEO LMW 2008),
the ACRS of each platform is a result of several parameters as described below.

The calculation for ACRS as described in Equation A-47 of the PEO LMW In-
struction 3370.1A (PEO LMW 2008, 72) is

Total (1)
where,

ACRSp = the area coverage rate sustained to level p,
Area = the area covered, and
Tiotar = the total mission time.

As indicated in the PEO LMW Instruction 3370.1A (PEO LMW 2008), there is a
clear distinction between the ACRS and the area coverage rate instantaneous (ACRI).
The ACRI is the “area coverage per unit time” of a “single pass along one track” (72).
This involves the following performance metrics:

e The speed of the system as it conducts search, sweep, cutting, actuation,
and/or neutralization functions.

e The mine hunting or mine sweeping subsystems’ search, sweep, and/or actua-
tion width.



e The mine hunting or mine sweeping subsystems’ search, cutting, and/or actua-
tion probability.

The calculation as described in Equation A-48 of the PEO LMW Instruction
3370.1A (PEO LMW 2008, 72) is

ACRI =(A*B)*V )
where,
ACRI = the area coverage rate instantaneous,
A = the characteristic search/sweep/actuation width,
B = the characteristic search/cutting/actuation probability, and
V = the system speed.

Although the area to be covered in a single pass per unit of time is incorporated
indirectly into the ACRS calculation, the MIW Team did not have access to actual char-
acteristic width, probability, or speed data for the MCM systems under evaluation, so

these values were generalized and incorporated into the ACRS evaluation.

To determine the ACRS, the total time necessary to complete the mission is re-
quired. This total time includes the duty cycle (DC), which is defined in the 3370.1A In-
struction (PEO LMW 2008) as the descriptor for the “operational constraints” involving
operations, crew availability, and equipment availability (46-47). Therefore, the DC in-
cludes the launch-recovery time of the subsystems used to sweep, search, detect, classify,
identify, and neutralize. The DC can be found through the following equation, which is
identified as Equation A-17 (PEO LMW 2008, 47):

DC = o

(Ton + Tt )

where,
DC = Duty Cycle,
Ton = platform on-duty time, and

Toss = platform off-duty time.



Other factors, including the speed of the platform and mission vehicles as well as
the turn radius, rate of turning, and the amount of time required to return to the platform
and/or staging area to be refueled, reconfigured, and repaired, contribute to the time re-
quired from mission initiation until mission completion. Usually, the level of residual risk
that mines still exist in the area determines mission completion, as achieved by the mine

clearing operation.

Non-MCM system elements will also affect the performance capabilities of the
platform-based systems. These variables were not accounted for within the simulation or
this study due primarily to the complexity these elements have on the MCM performance
and operations and the limited time and resources available within which to conduct the
study. For the purposes of this study, only deep water operations in a steady-sea-state en-

vironment and bottom mines were evaluated.

The project scope was further detailed in order to derive the appropriate problem
definition and study focus. It was important to succinctly state these to enable effective

communication with the stakeholders as to the goals of this analytical study project.

G. RESEARCH QUESTIONS

The following questions for research were used to scope and define the problem
in order to provide a solution for the stakeholders. This section includes a top-level list of
research questions, which was refined as the research was conducted and the MIW Team

developed a better understanding of the problem space.
1. What are the critical capabilities required for successful MIW/MCM?

In order to identify and address the capability gap in MIW, there must be an un-
derstanding of the critical functions that need to be performed and the capabilities that
must exist. Preliminary research indicated that detection, classification, identification,
reacquisition, neutralization, and sweeping (including release and actuation) of mines, as
well as communication, and transit to the area of operations are critical tasks in MIW op-

erations.



The answers to this question, as uncovered by research and stakeholder input,
were verified through the modeling efforts as they address the next two questions.

2. What are the gaps and limitations in meeting these capabilities with the

current (legacy) force?

The current platform for the MCM mission is the MCM 1. In order to identify
gaps in the MCM capability of the U.S. Navy, it was important to understand the capabil-
ities of the Avenger. The Avenger’s defensive MCM operational performance metrics
and operating costs were required to provide a basis of comparison for the new LCS that

is the core of the future capability.

Capabilities were considered in the context of measures of effectiveness (MOEs)
and measures of performance (MOPS) in a particular operational scenario. Some example
measures include search speed, detection and classification capabilities, neutralization
effectiveness, operating costs, etc. A more comprehensive list of MOEs and MOPs are
contained within Chapter IV. As discussed in the project constraints, due to the classifica-
tion of much of the specific data about each ship’s MCM system capabilities, this re-
search question was primarily addressed by modeling, using reasonable ranges for the
parameters (factors) that directly impact the MCM capability. Reasonable ranges were
determined from research and input from SMEs.

Once the required set of system parameters and their values were defined, models

were used to identify those most critical to performance of the MCM mission.
3. What capabilities and limitations does the projected future force have?

The future platform for the MIW and MCM mission is the LCS. In order to com-
pare the capability of the legacy and future MCM systems, it was important to understand
the capabilities of the LCS. Furthermore, as the MCM mission packages will be deployed
in increments, the capabilities afforded the Navy with each delivery had to be examined.
It was found that only the MCM capabilities to be delivered with Increment 1 would af-
fect the study within the constraints and assumptions as described (see Section D and
Section E). The MIW Team did obtain concurrence of this decision from the SMEs. The

LCS’ defensive MCM operational performance metrics and operating costs were required
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to provide the basis of comparison against the Navy’s current MCM ship, the MCM 1. As
with the legacy MCM systems, performance capability data was unavailable for the fu-
ture systems; therefore, reasonable ranges were developed and used. These were verified

as reasonable by the SMEs.

4, What are the MIW operational situations (OPSITs) of primary interest and
what data and information are available for use within this study?

To ensure applicability of the results of this study, it was necessary to identify the
mission type and operational scenario that is of primary concern for the stakeholders and
sponsors. The performance of the defined mission type, (e.g., minehunting or minesweep-
ing, time to conduct operations) is affected by several variables that are outside of the
control of the MCM commanders; these include: the environment, objective, mine type,
and threats or enemy forces. To be informative, it was necessary to select a mission type
and scenario that would be particularly stressful to MCM capabilities, under the assump-
tion that this stress would make any capability gaps more apparent.

In addition to the mission type, the MCM operating scenarios in which to study
MCM effectiveness had to be identified. From the MIW Team’s research of the literature,
mine trigger type, mine emplacement method(s), minefield density, water depth, naval
objective, enemy objective, and geographic location greatly impact the method and effi-
cacy of the MCM operation. To conduct the comparative analysis, it was determined that
once these conditions were defined, each MCM configuration would use the same opera-
tional scenario and environmental and minefield conditions. The chosen MCM mission
scenario and conditions were defined by the MIW Team, in collaboration with the SMEs,
to select the most relevant context for the modeling and analysis.

In addition to the MIW and MCM research, it was essential to engage the stake-
holders, including the sponsors, consultants, and advisors. These discussions helped to
determine their primitive and effective needs so that these could be transformed into ac-

tionable requirements.
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H. LITERATURE REVIEW

This section provides a comprehensive summary of the research performed, re-
sulting in a detailed background of MCM history as well as an overall MIW history. Ap-
pendix A contains a detailed and comprehensive summary of the research conducted pri-
or to the development of the problem statement and project scope.

1. History of Mine Countermeasures

Tamara Melia, a Navy Department historian, produced a history of naval MCM
(1991) at the request of the Director of Naval History. The extensive bibliography con-
tained in Melia’s report is only part of her research efforts, which also included access to
a considerable body of original source material. In this historical summary, Melia (1991)
observes that the U.S. Navy has “not sustained an effective interest in mine countermeas-
ures” (1). Typically, neglect of MCM during periods of peace has occurred, while mine
technology has advanced. Then, with the next conflict there has been a hurried attempt to
deal with specific threats followed by another period of peace and neglect. Lessons are
continually relearned and this cycle has repeated several times. Melia’s work covers the
period from 1777 to 1991 and is used as the primary source to explore the way in which
MCM has changed over the years within the broader field of MIW. Although an attempt
was made to cast the net wider for sources of historical information, this proved to be
problematical because many other studies use Melia (1991) as their primary source of

historical information.

An example is Griner’s (1997) study of naval MCM. Looking through the lens of
expeditionary warfare (deployed forces), identifying this as the future posture of the ser-
vice, Griner argues that the development of MCM, and the procedures to employ them,
has been unfocused. In many cases, emphasis has been placed on technical solutions
without the development of a coherent doctrine. The primary recommendation of
Griner’s paper is to reverse this situation through “the development of a coherent doctrine

to focus the integration of forces and the development of technology” (49).
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2. Summary of Lessons Learned from History

The research into the history of MCM and the current state of MCM capabilities
highlights the need for the revolution in MCM operations. This revolution is driven by
doctrinal changes that demand safer and more effective mine clearing operations. The
lessons learned in Operation Desert Storm, in 1991, were the catalysts behind the defen-
sive MCM doctrinal shifts. A review of the MCM history highlights the need for sus-
tained focus on the area of MCM to protect the U.S. Navy as it performs its operations.
Appendix A contains a summary of the MCM history from 1777 through 2014. As de-
tailed in the summary, the U.S. has continually had to quickly learn the best ways to con-
duct MCM during conflicts, as it has not maintained a systematic approach to increasing
or maintaining its MCM competencies. At times, the systems employed have not been as
effective as other defensive systems, putting the U.S. Navy at risk and impeding its abili-

ties to operate in regions containing sea mines.

Although Melia (1991) indicates that capabilities have generally increased during
times of conflict and then decayed during time of peace, it seems that the U.S. capabili-
ties reached a peak in the decade following the Korean War, both in terms of MCM sys-
tems and operational capability. Figure 77, in Appendix A, is a graphical representation
of this evolving capability. The focus on riverine MCM during the Vietnam conflict and
subsequent neglect of a surface MCM capability during the 1970s resulted in a significant
decline in capability. Even though this trend was reversed, to some extent, with the intro-
duction of the MCM 1 at the end of the 1980s—the first new mine countermeasures
command ship (MCS) since the 1950s (Naval Mine Warfare Engineering Activity
1991)—that capability is now aging. The U.S. Navy needs a replacement system, current-
ly envisioned as the LCS with the MCM Mission Package, before its MCM capability

can improve.

. TRANSITION TO REVOLUTION IN MIW

Just as all warfare has changed and evolved, the history of MIW has been very
dynamic, and has required forward thinking strategies to maintain effective methods to
counter this effective method of warfare.
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As embodied in the Navy-Marine Corps post-Cold War operational con-
cepts, ‘Forward...From the Sea’, and ‘Operational Maneuver From the
Sea’, the primary objective of joint expeditionary operations is to provide
unencumbered maneuver within all dimensions of the littoral battle space.
This calls for a ‘(R)evolution in Mine Countermeasures’. Fortunately we
are not starting from scratch, but we do need to elevate mine counter-
measures (MCM) to a top priority by evolving, in a measured fashion, new
dimensions and applications of technology to defeat the mine threat, im-
prove the resources dedicated to this mission, and ensure that MCM war-
fare is integrated fully into the fleet. (Broughton and Burdon 1998,
Para. 3)

Based on the research and discussions with the stakeholders, the lack of persistent, in-
tense focus on MCM operations is insufficient for effective mine clearing that is required
for safe transit. The new revolution that Broughton and Burdon (1998) reference requires
new capabilities and a new way of thinking to ensure access to the vital littoral regions
and safe SLOC transits that are the focus of U.S. naval power projection and sea basing
operations in the future. The progression and development of the appropriate MCM ca-
pabilities that should ensure more reliable mine clearing of current sea mine technologies
in a safer manner does appear to be slow, as this reference is 16 years old; however, the

U.S. Navy appears to be moving in the right direction.

1. New Threats

Technological advances and the unrestricted proliferation of technologically ad-
vanced types of sea mines pose a significant threat to naval expeditionary forces, espe-
cially naval forces operating in the littorals. This is especially problematic as “the poten-
tial exists for non-state actors to acquire sea mines and subsequently employ mine war-
fare as a means,” of blocking, delaying or “crippling the Navy throughout the range of
military operations.” (Bahr 2007, Abstract). Also according to Bahr (2007),

[n]aval mine countermeasures warfare is a small but crucial element of

operational warfare that influences the balancing of naval objectives

against the operational factors of space, time, and force. Additionally, it is

one of the few critical warfare disciplines that can enable unimpeded

movement, maneuver, and operational logistics in the maritime environ-

ment. However, given its current status as a warfare specialty, its capabili-
ties, limitations, and training cycles, the Navy’s mine countermeasures
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community may struggle to meet future warfare requirements as well as
the challenges presented by an increasing asymmetric threat. (1)

The advances and proliferation of mine technology, combined with the impacts on U.S.
Navy operations, make the development and enhancement of MCM competencies an es-

sential part of U.S. Navy capabilities.

2. Mine Warfare: a Neglected Mission

The modern sea mine threat is sophisticated and deserves the diligent efforts of
the DON to protect U.S. forces and commercial shipping. State actors, like China have an
estimated “80,000 sea mines” (Rabirof 2011) that can be used to block approaches to its
vital shorelines. It is also reported that North Korea is developing “nuclear sea mines,”
(Rabirof 2011) which are intended to counter the U.S. naval superiority in the Pacific Re-
gion. Despite the fact that MIW has been the single most effective weapon enemies have
used against U.S. Naval forces since World War 11 (WWII), MIW has become one the
most misunderstood and neglected naval warfare missions. Based on the Department of
Defense (DOD) funding obligations in 2007, Bahr (2007) states, “one might assume that
naval mine warfare, particularly mine countermeasures, has ceased to exist as a core
competency, concluding that international partners surely must bear the burden in ac-
complishing the mine countermeasures (MCM) mission.” (1). Bahr (2007) bases this
claim after,

[a] cursory glance at currently funded projects within the Department of

Defense suggests that the only initiative of any importance related to naval

mine warfare is the Littoral Combat Ship (LCS) and even this program
may be in jeopardy due to contract issues. (1)

Bahr (2007) goes further in describing the importance of MCM and the apparent

neglect of MCM capabilities. Based on research conducted in 2007,

[t]hough it will likely never garner the attention of tactical aviation or Ae-
gis cruisers, U.S. Navy MCM can and likely will play a significant role in
future naval operations and it is a specific capability that the
Joint/Combined Forces Maritime Component Commander (JJCFMCC)
should expect at his disposal. Paradoxically, many operational command-
ers have little understanding of the complexities, limitations and im-
portance of fully integrating MCM into current operational plans and ex-
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ercises; instead treating it as an operational ‘afterthought’ or simply as-
suming it will be there when needed with little regard for its potential op-
erational impact. Generally seen as an inconvenience or, in many cases ig-
nored altogether during fleet exercises and routine deployments, Navy
mine countermeasures may soon find itself unable to fulfill its operational
roles pertaining to ‘full dimension naval power — from the stern gate, over
water, across the beach, and to the objectives ashore.” (Bahr 2007, 2)

Bahr (2007) also evaluates the doctrinal publications published by the U.S. Navy,

Joint Publication (JP) 3-15 and the current mine warfare doctrine in Naval
Warfare Publication (NWP) 3-15 thoroughly describe naval mine warfare,
but only in a very systematic and traditional sense. Both documents fail to
address developing asymmetric threats and the operational considerations
associated with them. (3)

Although both of these instructions were updated in 2010 and 2011 (DON 2010;
U.S. Joint Chiefs of Staff 2011), many of Bahr’s criticisms of the doctrines were not ad-
dressed in these updates. This failure to emphasize MCM operations may be overcome

with the planned introduction of the LCS MCM-capable platforms to the fleet.

As of 2014 a fleet of as few as 24 LCS ships is planned for acquisition (Secretary
of Defense 2014; O’Rourke 2014). Despite being dependent on allied partnerships for
MCM support, the United States (U.S.) does invest very heavily in a MCM capability.

3. Technology and the Current Threat

The current MIW trend that U.S. naval forces face is the intense proliferation of
technologically advanced sea mines that are very affordable and available to state and

non-state actors. The new sea mine systems are designed to make MCM more challeng-
ing.

Advanced counter-countermeasures mechanisms such as ship counting, in-
ter-look/inter-count dormant periods and new mine-case geometries exac-
erbate an already difficult mission. Technical advancement in counter-
measures systems inherently exceeds that of the mines themselves. Mines
employ many of the same basic principles with which they were devel-
oped over 200 years ago and it is their relative simplicity, in lieu of tech-
nological advances, that keeps production costs low and makes them a vi-
able weapon for use by small nations with limited budgets. Affordability
and availability make sea mines particularly appealing to rogue states and
terrorists looking to disrupt stability in keys parts of the world. They are
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an economical force multiplier in the denial of sea control. Of particular
concern to operational and theater commanders is technology proliferation
from friendly and ‘other’ nations to unfriendly actors. While some coun-
tries (for example, China, Russia and Italy) sell high-tech mines on the
open market, there is limited information to indicate the extent of the ex-
tent that advanced designs have been bootlegged and put into production
indigenously by countries with less-than-desirable intentions. Proliferation
can have as profound an effect on operational warfare and planning as it
does on regional security cooperation and stability. (Bahr 2007)

Current sea mines threaten naval expeditionary forces, and specifically the forces
that would disembark from these expeditionary task forces and project power ashore. The
very shallow water (VSW) area of less than 40 feet deep and surf zones are particularly
dangerous places, due to the new, advanced mine systems that are currently being em-

ployed specifically for these areas.

4. The Asymmetric Threat

Asymmetric warfare in its simplest terms means not to fight fair. Given the avail-
ability, affordability, and ease of deployment of sea mines, there is a fear that state and

non-state actors in the littoral regions of the United States could use these systems.

This concern is specifically illustrated in the National Strategy for Maritime Secu-
rity, which recognizes that “mines are...an effective weapon because they are low cost,
readily available, easily deployed, difficult to counter, and require minimal training”
(Alperen 2011, 200). Though the U.S. Coast Guard bears most of the burden for port pro-
tection, there is little doubt that close coordination between the Navy and Coast Guard is
required to meet the challenges in this unique environment. With the bulk of U.S. and
international trade occurring via maritime shipping, any disruption within the industry
from terrorist attacks could have severe economic fallout. Fortunately, the Department of
Homeland Security has at least identified the potential mine threat to commercial vessels,
which is the beginning of an effort to counter terrorist-planted sea mines near U.S. ports.
Seaports are not the only areas vulnerable to terrorist attack from a foreign mine threat.
International straits and strategic chokepoints also pose a hazard to navigation should
they be mined to accomplish terrorist or wartime objectives. Nations at war with the
United States are not likely to follow the guidelines of the 1907 Hague Conference and
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the United Nations Convention of the Law of the Sea regarding the use of sea mines, and
the only warning of presence might simply be a detonation. This assumes a defensive or
“traditional” approach to laying a minefield, but what about the use of asymmetric meth-
ods? With remote detonation capability and an indefinite dormant time, unfriendly actors
including terrorists might easily discriminate and attack U.S. or international vessels
when the best opportunity presents itself (Bahr 2007, 8-9).

The threat from MIW is exacerbated as terrorists and non-state actors routinely
strike targets of opportunity. For example, non-state actors, or terrorist organizations
might use sea mines as terrorist weapons, much like terrorist and insurgent militant
groups did with improvised explosive devices (IEDs) in Iraq and Afghanistan against our
forces. Sea mines can easily be deployed off any boat, ship, or low flying aircraft into
sea-lanes or harbors, which makes persistent intelligence, surveillance and reconnais-
sance (ISR) the first line of defense for the U.S. Persistent ISR must then be backed up
with a dedicated ability to counter such threats, in the form of MCM.

J. DEVELOPING NEW CAPABILITY AGAINST A NEW THREAT

Just as the revolution in naval airpower during WWII made the battleships obso-
lete, new capabilities and requirements drive the operational need to execute MIW more
efficiently and safely for the ships’ crew, and new technologies are driving new capabili-
ties for MIW. It is no longer considered advantageous or necessary to require personnel
to venture into mine fields with wood and fiberglass ships in order to hunt and neutralize
mines. The need to find and neutralize mines without jeopardizing the ship and crew has
developed new MCM requirements, and these new requirements have been transformed

into new capabilities.

Operational factors of space, time, and force are closely tied to the operational ob-

jective but within each, there is little flexibility with the current capability.

MCM exists on a linear scale with dedicated MCM on one end and [or-
ganic MCM] OMCM on the other, and this scale will only get wider as
dedicated assets age and/or retire and OMCM assets are fielded with fewer
and fewer capabilities. The Navy must quickly reconcile this issue with
technology as well as changes in doctrinal-employment. For traditional
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operations, the previous construct, even with its associated limitations,
may still provide enough options to get the job done. But what about the
ability to counter the already-recognized terrorist mine threat? No matter
the forces, whether dedicated, organic, future, legacy or other, the ability
to determine if a port entrance or chokepoint has been mined is extremely
limited. Short of continuous exploratory MCM at every chokepoint and
every harbor entrance around the world, defensive MCM is severely hand-
icapped. Preemption through aggressive intelligence, reconnaissance and
surveillance (ISR) to stop the laying of mines may be the only real solu-
tion. The focus on new devices must not surpass the importance of doc-
trine and the use of offensive mine countermeasures. (Bahr 2007, 11-12)

The threat of sea mines to U.S. interests is enormous, and is increasing in compar-

ison to investments in force capabilities to counter the threat.

Fortunately, there are several prominent initiatives that might bring MCM
out of its malaise and provide for not only new technological advance-
ments but also updated doctrine. These include development of the Litto-
ral Combat Ship (LCS), MCM participation in joint and interagency exer-
cises, and the merger of Mine Warfare Command with Fleet Anti-
Submarine Warfare Command to form Naval Mine and Anti-Submarine
Warfare Command (NMAWC). (Bahr 2007, 13)

The LCS is a multi-mission platform, which is optimized for littoral operations.
The LCS is fast; it can transit at over 40 knots, has a shallow draft of only 15 feet, and
has the capability to upload different modular mission packages based on the particular
mission. The three mission packages are anti-submarine warfare (ASW), surface warfare
(SUW), and MCM (Ailes 2011). The LCS with applicable MCM mission package is pro-
jected to take over the MCM role from the current MCM 1 by FY25 (Amador 2011).

The Littoral Combat Ship concept is the next step in fulfilling the organic
mine countermeasures vision and is to be part of the eventual replacement
for dedicated airborne and surface assets. The inherent flexibility of the
platform opens new possibilities and helps to mitigate long lead times and
decreased capability of dedicated and organic forces respectively. The
concept blends many of the features of a dedicated MCM capability into
an organic component of the fleet. As a multi-mission platform that re-
quires interchangeable force packages however, its technological ad-
vantages may ultimately be overshadowed by slow ‘real-time’ flexibility
at sea when converting from one package to the next (e.g., ASW to
MCM). This limitation could be overcome by designating specific ships in
the class to perform a particular mission on routine deployments with a
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strike group, but that would require several ships on each coast and a pre-
determined deployment cycle. (Bahr 2007, 13-14)

The U.S. Navy has historically been focused on other warfare capabilities, such as
ASW, anti-surface warfare (AsuW), and anti-air warfare (AAW); MCM is not normally a
focal point unless there is a problem with sea mines, and at that point it then becomes a

priority.

With the offensive combat power of the carrier battle group established
firmly as the bedrock of current naval warfare doctrine, it is unlikely that
the less glamorous role of naval mine countermeasures can compete for
funding and resources in a climate of constrained defense spending. The
threat of mines to U.S. military and commercial interests, however, is not
going away. Amid the increasing risk of terrorist-planted sea mines and
the potential for conflicts in worldwide trouble spots, the mine counter-
measures community may struggle to meet future warfare requirements.
Unless a fundamental shift in the perception of mine warfare occurs at the
operational level of war, it is unlikely that the Navy and Marine Corps will
be able to successfully execute littoral warfare against a competent enemy.
As much as mine warfare, particularly mine countermeasures, has been
neglected in the past, the loss of operational maneuver in the littorals is
something the military cannot ignore. (Bahr 2007, 17-18)

Littoral regions are the zones that the U.S. Navy must use, and be able to control
in the future, in order to project naval power inland when necessary to achieve national
strategic goals. The need for a countermine warfare strategy and a countermine warfare

capability is clear.

The primary difference between the current and new concepts in conducting MIW
operations, especially MCM operations is the location of the countermine combatant dur-
ing these operations. Countermine ships have historically been made out of wood, with

the most recent variant, the:

Avenger class ships are designed as mine sweepers/hunter-killers capable
of finding, classifying and destroying moored and bottom mines. The last
three MCM ships were purchased in 1990, bringing the total to 14 fully
deployable, oceangoing Avenger class ships. These ships use sonar and
video systems, cable cutters, and a mine detonating device that can be re-
leased and detonated by remote control. They are also capable of conven-
tional sweeping measures. The ships are of fiberglass sheathed, wooden
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hull construction. (Naval Sea Systems Command Office of Corporate
Communication n.d.)

In contrast to conducting countermine operations inside a mine field, the new
concept of conducting these operations, as designed into the new line of LCS type naval
warships, involves the ships staying outside of the minefield and conducting countermine
operations by use of a MH-60s and the Remote Minehunting System (RMS), which is
composed of the Remote Multi-Mission Vehicle (RMMYV), and the variable depth sensor
(VDS), the AN/AQS-20A sonar (PEO LCS Public Affairs 2013). Details about how the
LCS conducts MCM operations are discussed in Chapter IV, which covers physical ar-

chitectures.

K. MINE TYPES

In 2008, it was estimated that countries other than the U.S. have more than a quar-
ter-million sea mines in their inventories, comprised of over 300 different types of mines.
This estimate includes only proper sea mines, and does not include underwater impro-
vised explosive devices (UWIEDSs) (Truver 2008). These mines vary greatly in technical
complexity: ranging from contact mines designed before World War | (WWI) to rocket-
propelled mines with advanced target-detection systems (Truver 2012). Mines have taken
a wide variety of forms throughout the history of MIW, but most mines share some
common traits. Sea mines consist of a housing, sensors, detonation mechanisms, and ex-
plosive payloads. Mines are most often classified by their activation method, although
they may also be classified by their position in the water or their delivery method (Melia
1991). Figure 2, taken from Amador (2011), illustrates many of the mines and their likely
locations; these are discussed in detail following the illustration.
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Figure 2.  Types and Locations of Mines (from Amador 2011)

The four primary categories for classifying mines by their position in the water
are bottom mines, moored mines, drifting mines, and limpet mines. Bottom mines lie on
the sea floor; hence, they are often difficult to detect. Depth, sea floor clutter, amount of
burial, and sediment type all affect bottom mine detectability. Bottom mines can be used
in shallow water to target surface ships, or in deeper water to target submarines. Moored
mines float below the surface of the water, and are tethered to an anchor to maintain their
location. Moored mines are often limited to depths of less than 650 feet (200 meters) due
to the lengths of the mooring cables (Erickson, Goldstein, and Murray 2009). Drifting
mines float on or near the sea surface, and are carried freely by the sea currents. These
mines are prohibited by international law, but they are still used (Erickson, Goldstein, and
Murray 2009). Limpet mines are attached directly to a ship’s hull, generally by divers,
and detonated by a delayed timer (Truver 2012). The primary methods for mine delivery

are aircraft, surface ship, and submarine (Truver 2012).

The two primary methods of mine activation are contact and influence sensing.
The earliest sea mines were contact mines, which require physical contact with a target to
actuate the detonation. Jarring physical contact may initiate a chemical trigger within the
mine to initiate detonation, or an electric switch within the mine may initiate detonation

(Truver 2012). Antenna mines are a type of contact mine with a copper wire floating up-
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ward from the mine housing that detonates upon contact with a ship’s steel hull (Melia
1991). Contact mines are often moored below the sea surface. After initial detection, con-
tact mines are often cut from their moorings for easier neutralization (Melia 1991). Con-
tact mines are still used due to their low cost and relative effectiveness. In 1988, the USS
Samuel B. Roberts (FFG-58), a guided-missile frigate, was almost sunk by a $1,500 con-
tact mine. The WWI era mine caused damage that resulted in $96 million in repairs
(Truver 2008).

Influence mines use sensors to detect a target’s magnetic, acoustic, seismic, or
pressure signature (Erickson, Goldstein, and Murray 2009). When a ship moves through
the water it has emissive characteristics that can be detected using these sensors. As tech-
nology has advanced, the sensors used in influence mines have been able to identify a
target’s signatures with greater accuracy. The sensors allow for discrimination between
targets. Moreover, mines may employ ship-counters or delay timers to confound MCM
operations (Erickson, Goldstein, and Murray 2009). Ship-counters delay detonation until
a set number of ships have been detected, while delay timers delay detonation until a set
amount of time has passed after initial detection. These mines cost much more, but are
able to distinguish real ship targets, making them more difficult to counter. MCM plat-
forms have to simulate a combination of ship signatures to neutralize modern influence
mines effectively (Truver 2012). In addition to influence mines, which are moored or bot-
tom lying, they are also used on torpedoes and rockets and known as rising mines. The
Russian PMK-2 is an example of a rising mine; it is an acoustic influence mine attached
to a torpedo payload. These mines typically target submarines, can be laid at a depth of
6,500 feet (2,000 meters), and fire their payload upward after a target has been detected
(Erickson, Goldstein, and Murray 2009). These “smart” mines may also use sonar to lo-
cate and target ships (Melia 1991).

Several types of mines have been developed to counter minehunting and mine-
sweeping operations. Stealth mines are designed to blend in with the underwater envi-
ronment. Command controlled mines are detonated by remote control and are not vulner-

able to influence minesweeping (Melia, 1991). Figure 3 was developed after the infor-
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mation contained within Melia (2009) illustrating the significant advances in mine tech-

nology since the first mines in the eighteenth century.

Figure 3.  Advances in Mine Technology Since the 18th Century (after Melia
1991)

L. MCM CONCEPTS, CAPABILITIES, AND COMPENTENCIES

MCM concepts are best described in the context of the broader MIW discipline.
MIW encompasses both laying mines to deter an enemy’s warfare capability as well as
countering enemy laid mines to allow friendly forces to operate freely. It is the counter-
ing of enemy mines to reduce the mines’ inherent danger and the potential damage they
could cause that embodies the concepts of MCM. MCM competences include designing,
producing, and deploying equipment used for both offensive and defensive purposes. The
effectiveness of MCM capabilities is dependent on situational intelligence and mission
planning as indicated in NWP 3-15 (DON 2010).
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Offensive MCM involves addressing an enemy’s ability to pose a threat with
mines. Offensive MCM activities include destroying an enemy’s mine production capa-
bility, nullifying an enemy’s mine laying ability, and targeting an enemy’s mine storage
facilities. Offensive MCM attempts to reduce the risk of mine exposure to friendly forces

by effectively minimizing the enemy’s ability to deploy mines (DON 2010).

Defensive MCM can be passive or active. Passive defensive MCM involves de-
tecting enemy minefields and avoiding them so as to preclude interaction between enemy
mines and friendly forces. The aim of passive defensive MCM is to reduce the chances of
individual ships triggering a mine and to reduce the vulnerability of ships should a mine
be triggered. When passive defensive MCM does not sufficiently reduce the risk of ene-
my mine interaction or when the minefield area cannot be avoided, active defensive
MCM becomes necessary. Like passive defensive MCM, the aim of active defensive
MCM is to reduce the risk of a mine damaging a friendly ship. Active defensive MCM,
however, involves not only detecting the mines, but also neutralizing them to make safe a
particular area. Active defensive MCM resulting in the neutralization of enemy mines is
achieved through minehunting and minesweeping (DON 2010). Figure 4 shows a MCM
concept hierarchy.

MINE WARFARE

OFFEII\ISIVE || DEFEII\ISIVE || PROTEICTIVE | | OFFENSIVE || DEFENSIVE |

ACTIVE | PASSIVE

I I I I I
‘ MINEHUNTING ‘ ‘ MINESWEEPING H NEUTRALIZATION‘ ‘LOCATE THREAT‘ ‘LOCALIZETHREAT‘ ‘

|
REDUCE
PLATFORM RISK

Figure 4.  MIW Subdivisions and MCM Categories (from DON 2010)

Mine hunting involves the use of sensors to detect, classify, identify, and possibly
reacquire enemy mines leading to mine neutralization. Minesweeping involves the use of

systems that either trigger mines to detonate or sever the cables that attach mines to the
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sea floor so that the mines can be neutralized on the surface (DON 2010). Mechanical
sweeping involves either cutting the tether of moored mines or damaging a mine to ren-
der the mine safe for neutralization or analysis. Influence sweeping involves simulating
the acoustic, magnetic, electric, seismic, and/or pressure signature of a ship so that a mine
detonates (PEO LMW 2009).

There are several systems that provide MCM capabilities. This section will de-
scribe the basic capabilities of the MCM systems in general terms; they are described in
detail in Chapter IVV. The U.S. Navy performs MCM operations using airborne MCM
(AMCM), surface MCM (SMCM), and underwater MCM (UMCM) assets (DON 2010).
This MCM *“triad” is often employed simultaneously to provide a complementary capa-
bility for detecting and neutralizing enemy mines (PEO LMW 2009).

AMCM capabilities are provided by helicopters and their subsystems. The legacy
AMCM capability consists of 28 MH-53E helicopters that can be deployed anywhere in
the world within 72 hours (PEO LMW 2009). The next generation AMCM capability is
provided by MH-60S helicopters that are able to embark on LCS ships for rapid MCM
response (DON 2010). Both helicopters are configurable to support hunting, sweeping,
and neutralization missions by carrying systems that provide detection, localization, and
neutralization capabilities. Specifically, the helicopters can carry sonar, laser, mine-
sweeping, and mine neutralization systems (MNS) depending on the mission (PEO LMW
2009).

Two surface ships and their subsystems primarily provide SMCM capabilities.
The legacy SMCM capability consists of MCM 1 ships. The U.S. Navy currently deploys
13 MCM 1 vessels after the USS Guardian (MCM-5) ran aground in the Philippines in
2013 (Craggs 2013). The MCM 1 ships are capable of performing minehunting and
minesweeping missions using several different systems including towed sweep systems,
towed sonar, and remote MNSs (PEO LMW 2009). The next generation SMCM capabil-
ity will be provided by the LCS ships. As of 2013, the U.S. Navy plans to award con-
tracts to procure 24 LCS ships and 24 MCM mission modules to provide MCM capabili-
ties (U.S. Government Accountability Office (GAO) 2013). Like the MCM 1 ships, the

LCS ships are projected to provide minehunting and minesweeping capabilities using
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several different systems. The LCS will not have an onboard towed sweep capability but
instead will have a towed magnetic and acoustic influence sweep capability provided by
the Unmanned Influence Sweep System (UISS), a remote unmanned surface vehicle. The
LCS is also projected to have remote unmanned underwater vehicles to provide sensing
functionality from inherent or towed sonar. Moreover, the LCS will provide additional
minehunting and minesweeping capabilities from an embarked MH-60S helicopter (DON
2010).

UMCM capabilities are provided by explosive ordnance disposal (EOD) detach-
ments and Marine Mammal Systems (MMS). EOD detachments consist of personnel and
systems that specialize in locating, identifying, neutralizing, recovering, exploiting, and
disposing of enemy mines, torpedoes, and UWIEDs using non-magnetic and acoustically
silent diving gear, handheld sonars, and specialized recovery or neutralization equipment
(PEO LMW 2009). The MMS capability consists of trained dolphins and sea lions that
are able to detect and neutralize mines. MMSs are also able to perform recovery opera-
tions and detect buried mines (PEO LMW 2009).

M. MCM OPERATIONAL FUNCTIONS OVERVIEW

MCM operations are determined by MCM missions, which in turn are described
by MCM functions that are characterized by specific MOPs. MCM functions and MOPs
are described in detail in Chapter IV and Chapter V, respectively, but are described at the
top-level, as they pertain to the actual MCM operation, in this section to allow for a com-
plete understanding of MCM operations before the specific description of the study are
introduced. In PEO LMW Instruction 3370.1A (PEO LMW 2008), defensive active

MCM MOPs are divided into four functional areas: sense, engage, control, and logistics.

The sense function involves those sub-functions used in the non-neutralization as-
pect of mine hunting. Sub-functions include detection, classification, reacquisition, and
identification of mines. These functions, as they apply to acquiring contacts and targets,
are implemented with various sonar and laser MCM systems and described by several
MOPs including probabilities of detection, classification, reacquisition and their associat-
ed execution times (PEO LMW 2008).
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The engage function involves those sub-functions used in neutralization and
minesweeping. Sub-functions include mechanical sweep, influence sweep, and neutrali-
zation of mines. These functions, as they apply to the direct conflict between sensors and
mines, are implemented with various sweep and neutralization MCM systems and de-
scribed by several MOPs including probabilities of neutralization and neutralization time
(PEO LMW 2008).

The control function involves those sub-functions used in controlling whether a
mine acquires a ship or a sensor acquires a mine. Sub-functions include ship acquisition,
mine acquisition, and platform performance. These functions, as they apply to signature
and maneuver control, are implemented with particular MCM platforms and described by
several MOPs including transit times to minefields as well as the times to deploy and col-
lect gear (PEO LMW 2008).

The logistic function involves those sub-functions relevant to the MCM systems’
ability to perform their intended purpose. Sub-functions include system availability and
DC. These functions can sometimes be described through the application of other func-
tions and are described by several MOPs including platform availability and duty-cycle
(PEO LMW 2008).

Operational command, control, communications, computers, intelligence, surveil-
lance, and reconnaissance (C4ISR) functions are not explicitly addressed pending better
functional need explanations (PEO LMW 2008).

N. MIW CHALLENGES AND MISSIONS

Every Navy mission has its own particular challenges and dangers, and MIW is
no exception. As described in Section H, one of the most fundamental problems to date
has been the relatively low level of sustained attention on MCM by the Navy. According
to Melia (1991), one of the key trends in MIW has been the cyclical nature of its funding
and the attention paid to it. During most of the major wars and conflicts since the advent
of naval mining, the Navy has discovered that mines are a substantial threat to naval ac-
tions. For example, since WWII, naval mines damaged or destroyed more naval ships
than all other forms of enemy attack, to include missiles and small boat swarms (Marine
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Corps Combat Development Command and Naval Doctrine Command 1998) (see Figure
1). In both Korea and Iraq, mines were the only type of attack to damage or sink a U.S.
Naval ship (Marine Corps Combat Development Command and Naval Doctrine Com-
mand 1998). Yet, shortly after hostilities ended, the Navy reduced its funding and empha-
sis on MIW and mine clearing (Marine Corps Combat Development Command and Na-

val Doctrine Command 1998).

Another challenge has been the diversity and complexity of threats. As discussed
in Section K, there are numerous types of mines, each of which can be emplaced in sev-
eral ways and triggered in several more ways. The myriad potential combinations of mine
type, triggering mechanism, and emplacement impact the ability to detect and neutralize

the mines. This also affects how dangerous mine clearing operations are.

Finally, there is the problem of actually detecting and neutralizing the mines.
Mines are explosive devices capable of damaging ships and equipment and injuring sail-
ors. By their very nature, they are dangerous to handle. Historically, mine clearing efforts
have required ships to physically enter a suspected minefield in order to bring their detec-
tion systems to bear. This places the mine clearing ship in danger of being destroyed by
the very devices it hunts. Additionally, many historic methods of clearing required the
use of divers or very lightly protected ships, usually made out of wood so as not to trip
magnetic influence mines, and equipment to neutralize mines inside the minefield, plac-
ing personnel in danger. The LCS is the beginning of a shift away from putting Navy per-
sonnel directly in harm’s way for mine clearing operations inside minefields. The LCS
achieves this goal through extensive use of aerial and unmanned assets; however, the

problem still has not been completely solved.

An additional complicating factor is the wide range of mine clearing missions the
Navy has to perform. A partial list of potential missions includes:

. Deep water mine clearing: this mission is difficult because of the large
volume of water that must be cleared. This is partially mitigated by the
difficulty miners have in deploying enough mines to adequately cover the
area and prevent ships from passing through. One of the greatest examples
of a deep water minefield was the “North Sea Barrage” in WWI (Melia
1991). This field stymied German forces for several months.
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Opening a harbor: one of the historically common uses of mines has been
to deny access to harbors. When an enemy force uses mines to either block
U.S. force movements or to try to direct the ships through specific areas,
the Navy may need to clear some or all of the mines in order to transit and
maneuver as desired. Selective clearing may enable the Navy to accom-
plish its military objectives, but harbors and bays are often difficult envi-
ronments due to navigational hazards, non-combatants, and defensive em-
placements. A classic example of this type of mission occurred very early
in the history of MIW at Mobile Bay during the American Civil War. (Me-
lia 1991)

Landing Marines: this mission combines the difficulties of maneuvering in
shallow water, the hazards of being within observation and possibly firing
range of enemy forces, and the increased danger presented by bottom
mines. Bottom mines, as discussed, are particularly dangerous because
they can have larger charges and may be more difficult to detect depend-
ing on bottom features of the area. The landings at Normandy on D-Day
were planned around an assumed high likelihood of mines in the area.
Several ships and landing craft were lost on the approach to the beaches,
and it was primarily due to luck that the Allies managed to avoid most of
the particularly dangerous mines. The Allies only discovered the extent
and sophistication of the Axis minefields after the invasion was complete.
(Melia 1991)

Shipping lane clearance: this mission may take place in very deep or fairly
shallow water, but it is critical to note the presence of large amounts of
non-combatant shipping in the area. Additionally, enemy forces may also
be in the area, requiring mine clearing in conjunction with self-defense
and defense of non-combatants. Because of the smaller volume of water
that must be mined in order to be effective, minefields may be fairly dense
and comprised of large numbers of mines of various types. Threats made
by Iran to close the Strait of Hormuz would fall into this mission type.
(Melia 1991)

INTELLIGENCE IN MCM OPERATIONS

Nearly every practical component of MCM operations is contingent upon the

presence of high-quality ISR information prior to operations. According to PEO LMW

(2009), “90 percent of all mine hunting and sweeping operations have been conducted in

areas in which mines have not been deployed—underscoring the need for good actionable
intelligence” (22). A 2001 report by the Committee for MIW Assessment stated, “Im-

provement in ISR for mine warfare can have a greater impact on naval forces mine war-

fare capability than any other step that might be taken” (Committee for Mine Warfare
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Assessment 2001, 38). In their taxonomy of MCM ISR, PEO LMW (2009) provides a
convenient conceptualization of intelligence and its unique functions: strategic, opera-

tional, and tactical intelligence.

Strategic intelligence is coordinated and conducted at the national and interna-
tional levels. Specifically, strategic intelligence involves participation among the State
Department, DOD, and the Intelligence Community. These national and joint organiza-
tions participate in information sharing among foreign and coalition partners who have an
interest in creating safe seas (PEO LMW 2009). This involves the analysis of what poten-
tial threat countries are doing in the area of MIW, including the proliferation of MIW sys-
tems. Strategic intelligence may result in new indications of state-level adversaries that
are engaging in MIW.

Both the DOD and the DON conduct operational intelligence. These activities in-
clude monitoring “the development, acquisition, and sale of sea mines through intelli-
gence-collection activities and interaction with foreign militaries” (PEO LMW 2009, 23).
The objective of operational intelligence activities as they pertain to MIW is to obtain
scientific and technical intelligence regarding the technical characteristics of adversaries’
sea mines, such as mine types, firing methods, and explosive weights. This analysis is
informed by the acquisition of foreign mines, which are studied for the purpose of devel-
oping specific countermeasure strategies (PEO LMW 2009). Operational intelligence also
includes the analysis of doctrine; tactics, techniques, and procedures (TTPs); orders of

battle; and the number of each specific system in a country’s inventory.

Tactical intelligence is conducted by the Navy. The purpose of tactical intelli-
gence is to obtain information regarding the offensive and defensive mining strategies of
adversaries. Specifically, tactical intelligence is used to understand whether an adver-
sary’s objective is to mine in order to engage in a blockade, area denial, or harassment.
Moreover, tactical intelligence seeks insight into the specific complement of mines and
their deployment state for a specific event (PEO LMW 2009).

These varying types of intelligence generally result in two forms of actionable in-

telligence: predictive indications and warnings (I&W) and in situ intelligence. Predictive
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I&W are produced by strategic and operational intelligence collection efforts. The ulti-
mate objective of predictive I&W are to collect tips and cues on mining activities before
they occur. This level of predictive knowledge enables Navy forces to either prevent the
mine laying efforts altogether or, if possible, to engage in strategic planning to avoid the
minefields. In situ intelligence is produced by operational and tactical intelligence collec-
tion efforts. This level of intelligence equips Navy forces to engage in the MCM func-
tions of search, detect, identify, and neutralize with greater effectiveness (PEO LMW
2009).

A separate but related intelligence concern is the fusion of environmental consid-

erations into the common operating picture. PEO LMW (2009) wrote:

[a] critical factor contributing to U.S. mine domain awareness is good
knowledge of the physical, geographic, oceanographic, bathymetric, and
environmental characteristics of potential mining areas and data of suffi-
cient quality and currency to support mine countermeasures operations.
These factors will drive both the use and placement of mines and the tac-
tics and the choice of techniques used to counter them. (24)

The Navy relies on an automated tool called the Mine Warfare and Environmental Deci-
sion Aids Library (MEDAL) to provide decision support services for MIW forces. The
MEDAL fuses and synthesizes ISR information and local environmental conditions to
create a common operating picture that enables the command and control of MIW and
MCM forces. PEO LMW (2009) provides a thorough description of MEDAL, noting:
MEDAL provides tactical decision aid functionality to the warfighter, in-
cluding integrated mission planning, evaluation, and situational awareness
capability. MEDAL also provides the warfare commander and other sup-
porting commanders with coordinated mine warfare situational awareness.
MEDAL integrates intelligence preparation of the environment data, mis-
sion planning and evaluation, situation awareness, and command-and-
control capabilities to support the Mine Countermeasures Commander, or-

ganic and dedicated mine countermeasures operators, and all naval and
maritime forces requiring mine warfare situational awareness. (24-25)

James Bahr (2007) describes a 1987 incident involving the mine laying activities
of the Iranian vessel, Iran Ajr. Intelligence provided by the USS Jarrett (FFG-33) was

acted upon and the Iran Ajr was engaged before it could deploy its full cargo of mines
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within the Persian Gulf. This incident demonstrates how ISR is used to improve the ef-
fectiveness and efficiency of MCM operations. Table 2 describes the importance of sev-

eral types of intelligence used during MCM operations.

Table 1.  The Importance of Intelligence to MCM

Intelligence Importance to MCM

Activity levels at mine storage facilities or | Increased activity levels at mine storage
the presence of mines on transportation and | facilities may indicate that mines are being
deployment assets. prepared or transported for deployment.
When rules of engagement permit, mine
storage, transportation, and deployment
assets can be attacked before mines are de-
ployed. MCM operations become much
more difficult once mines are in the water
(Truver 2008).

The location of deployed mines. Knowing where mines are deployed makes
it possible to avoid them and provides a
starting point location for mine hunting and
mine sweeping operations.

Mining objectives, doctrine, tactics, and | This information greatly improves the ef-
inventories. Technical details about mine | fectiveness of mine hunting and mine
sensors, firing criteria, and countermeas- | sweeping operations, especially influence
ures. Ocean terrain and presence of mine- | minesweeping (Truver 2008).

like objects (MLOs).

The collection and transfer of intelligence data was not explicitly evaluated in this
study, however, their impacts on successful MCM operations would be an interesting fu-
ture study that may provide valuable insights to the Navy. The portion of intelligence in-
volving MEDAL (or post mission analysis (PMA)) was modeled in a limited form to cap-
ture the effects on time to complete and mine clearance effectiveness. This included the
time delay that contributes to the overall ACRS and the probability that the system will
select and prioritize mine-like contacts (MILCOs) for RI&N.

P. INTRODUCTION AND BACKGROUND SUMMARY

Before, during, and after the research of the information contained within pub-

lished material, the MIW Team developed and refined a list of research questions to
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guide efforts in identifying the necessary information for the conduct of the study and for
the formulation of the topics to discuss with the stakeholders. The focus was on systems
used to perform each function of MCM operations, types of mines and the methods used
to neutralize them, and the sequence of events for MCM operations. These focused areas
of interest helped to shape the problem definition and project scope. The research was
conducted to develop a baseline understanding of the MCM systems (legacy and
planned), MCM operations and function, MCM systems and subsystems, mine threats,
and operational requirements for MCM operations. The findings summarized within this
section helped to shape the discussions with the stakeholders and SMEs to develop their
needs and to formulate the project scope and plan for completion IAW with the project’s
SE process. The research also scoped the MCM analysis study to compare MCM perfor-
mance of the legacy MCM 1 MIW ship to the new LCS ship.
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Il.  SYSTEMS ENGINEERING APPROACH

This section describes the SE approach and processes used to conduct the MCM
comparative analysis study. The results and outcomes of each SE process are included in
other sections within this report; the purpose of this section is to describe the SE process-
es and approach used for this study. The MIW Team selected the classic “Vee” process
model and then tailored it to accommodate project specific objectives and constraints.
This section describes the rationale for selecting and tailoring the “Vee” process model
and identifies steps taken to conduct the analysis in a disciplined manner in which the

stakeholders can have confidence.

A. PROCESS OVERVIEW

The objective of the MCM comparative analysis study was to use a model based
systems engineering (MBSE) approach, where such an approach uses modeling tools to
develop requirements and MOEs, as well as functional and physical architectures, to
compare MCM performance of the legacy MCM 1 ship, and legacy MCM MH-53E heli-
copter, to the new LCS ship, with the MH-60S helicopter and incremental MIW packag-
es. To accomplish this objective, the MIW Team performed an analysis of alternatives
(AoA) using scenario-based modeling and simulation (M&S). Based upon stakeholder
feedback, an operational scenario was developed and ACRS was selected as the primary
MOE for comparison. Lifecycle cost and risks were also considered, and are detailed in
Chapter IX.

The waterfall, spiral, and “Vee” process models were considered for the MCM
comparative analysis study (Forsberg and Mooz 1991; Sikder 2009). The purely sequen-
tial waterfall model was not selected because it does not accommodate changes in the
overall SE process or requirements changes that occur partway through the process. Con-
versely, the spiral process model was not selected because it was deemed excessively
process-oriented and not well suited for the aggressive timeline of the MIW research pro-
ject. The classic “Vee” model was selected because it provides the required balance of

flexibility and rigor.
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The classic “Vee” model, originally developed by Forsberg and Mooz (1991, 5),

is depicted in Figure 5. The process begins at the upper left side of the “Vee” with the

refinement of stakeholder requirements into a system performance specification. Decom-

position and definition continue down the left side, resulting in “design-to” specifications

and “build-to” documentation. Construction of system components begins at the base of

the “Vee” and continues up the right side with the assembly of components into configu-

ration items (CIs) and integration of Cls into a coherent system. The scope of the MCM

comparative analysis was to evaluate existing systems rather than to design and build a

new system. For this reason, activities on the right side of the “VVee” were not included in

the tailored SE process.
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and System Verification

A
Expand Performance I
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A
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“Build-to” Documentation
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Code to “Build-to”

Fab, Assemble, and
Documentation

Figure 5.  Classic Systems Engineering “Vee” (from Forsberg and Mooz 1991,

Exhibit 5)

Though the classic “Vee” model has long stood as the paragon of SE models for

manufactured systems, a key criticism is the lack of intrinsic iteration offered by the
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model (Mohammed, Munassar, and Govardhan, 2010). To overcome this shortfall, itera-
tive feedback was included in the tailored SE process. The practical effects of this itera-
tive feedback included: (1) the ability to adjust the model and simulation design as stake-
holder needs and system requirements were further refined and (2) the implementation of
M&S changes with minimal effort. Figure 6 depicts the tailored SE process used for the
MCM comparative analysis study.
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Figure 6.  Tailored SE Process used for the MCM Comparative Analysis Study

B. REQUIREMENTS ANALYSIS

In order to produce an accurate and meaningful comparison of the current and
planned MCM systems, the team had to first understand the functional and performance
requirements for this type of system. A requirements analysis was conducted to obtain

stakeholder requirements and translate them into system requirements to serve as a basis
38



for comparison. Figure 7 depicts the requirements analysis process used for the MCM

comparative analysis study.

Controls
+ (Capstone project constraints (time and resources).
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!
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L —> —’ ecomposition.
* Currentcapabilities. + Refinement of primitive needs into effective P

* Performancerequirements
(MOEs/MOPs).

* Common operational scenario.

* Planned capabilities. needs.
Functional decomposition.

Scenario development.

Requirements development.

Figure 7. Requirements Analysis used for the MCM Comparative Analysis
Study

Inputs to the requirements analysis included information related to stakeholder
objectives, current capabilities, and planned future capabilities. This information was ob-
tained through a literature study and during several conversations with SMEs in the field
of MCM. To begin the requirements analysis, a stakeholder analysis was conducted to
identify MCM stakeholders and their primitive needs. Although somewhat ambiguous
and in need of further development, these primitive stakeholder needs provided an initial

definition of the problem to be solved.

Next, through a series of conversations with stakeholders and SMEs, primitive
needs were refined into a less ambiguous effective need and an overarching capability
need statement. Project constraints, such as the time and resources available to complete
the study, were carefully considered and a problem statement was developed. This prob-
lem statement clearly defined the problem to be solved by conducting the MCM compar-
ative analysis study. A common operational scenario was created to allow for a fair com-

parison to be made in a small subset of the larger MCM problem set. The M&S efforts
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were based upon this common operational scenario. The requirements analysis produced
a set of high-level functional requirements describing functions that an MCM system
must perform in order to satisfy stakeholder needs. For each high-level functional re-
quirement, one or more performance requirements were developed along with the associ-

ated MOEs and corresponding MOPs.

C. FUNCTIONAL ANALYSIS

The high-level functional requirements identified during the requirements analysis
did not provide sufficient detail for the upcoming physical synthesis. A functional analy-
sis was performed to decompose high-level functions into lower-level functions. Figure 8

depicts the functional analysis process used for the MCM comparative analysis study.

Controls
* Capstone project constraints (time and resources).
* (lassification requirements (unclassified environment).

’

Inputs Functional Analysis Outputs
. . * Lower-level functional
. H\gh—le\.vellﬁfnctmnal —> + Literature study and conversations with —> decomposition.
decomposition. stakeholders and SMEs.

. . * Functional flow block diagrams.
+ Functional decomposition.

Figure 8.  Functional Analysis used for the MCM Comparative Analysis Study

The input to the functional analysis was the high-level functional decomposition
resulting from the requirements analysis. The team consulted available literature, stake-
holders, and SMEs to determine how best to decompose the high-level functional re-
quirements. This also resulted in the functional architecture that is described in Chapter
IV. MOPs identified during the requirements analysis were likewise decomposed and as-
signed to the new lower-level functions. Iterative feedback led to minor revisions to

products developed during the requirements analysis.
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D. PHYSICAL SYNTHESIS

A physical synthesis was performed to transform the functional architecture in or-
der to develop the physical architecture (see Chapter 1V) and then develop a computer-
based model. Figure 9 depicts the physical synthesis used for the MCM comparative

analysis study.

Controls

+ Capstone project constraints (time and resources).

+ Classification requirements (unclassified environment).
+ Capabilities of modeling and simulation software.

Inputs l
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. ; 5 Outputs
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; & . —> + Literature study and conversations with —’ model.
* Common operational scenario. stakeholders and SMEs. + Performance parameters for
* Performance requirements + Model build and test activities. currentand planned systems.
(MOEs/MOPs).

Figure 9.  Physical Synthesis used for the MCM Comparative Analysis Study

Inputs to the physical synthesis included the low-level functional decomposition,
functional flow block diagrams (FFBDs), common operational scenario, and performance
requirements in the form of MOEs and MOPs. Available literature and SMEs were con-
sulted to determine how best to model the MCM mission and to obtain performance pa-
rameters for use within the model. A simple proof-of-concept model was first created us-
ing Microsoft Excel; this was followed by a more complex model, developed using Imag-
ine That Inc.’s ExtendSim software. Iterative feedback led to minor revisions of products

developed earlier in the SE process.

E. ANALYSIS OF ALTERNATIVES

An AoA was performed to compare the tools and methods available for use in as-
sessing the current and planned MCM systems. Platforms for both developing the model
and performing the analysis on the simulation results had to be considered and analyzed
to see what platforms were able to fulfill the requirements of the study. This AoA consid-

ered both ExtendSim and Map Aware Non-uniform Automata (MANA) software for
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model platforms with which to simulate the MCM 1 and LCS. A description of each
software tool is included in Chapter VI and the evaluation is extended in Appendix B.

After carefully considering both ExtendSim and MANA as possible platforms for
the models to be built on, it was determined that ExtendSim was the better platform for
this project. MANA had numerous technical drawbacks for this application, and there
was also a lack of familiarity in programming with MANA. Given the project constraints
in resources (time and people) it was determined that ExtendSim was a better fit for the
team involved. Furthermore, the scope of the project would use little of MANA’s ad-
vantages, and relies mostly on the sensitivity analysis, DOE, and subsequent performance
analysis, where ExtendSim had the clear advantage over MANA.

Figure 10 depicts the factors that were considered during the AoA used for the

MCM comparative analysis study.

Controls
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Figure 10. Ao0A used for the MCM Comparative Analysis Study

Inputs to the AoA included the executable computer-based model, performance
parameters for the current and planned systems, performance requirements, common op-
erational scenario, and life cycle cost information. ACRS and percent clearance were se-
lected as the primary MOEs for a quantitative system performance comparison based up-
on a common operational scenario. Life cycle cost and risk analyses were conducted by

examining the risks associated with the various models, and the various systems, as well
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as looking as cost as an independent variable (CAIV). Sensitivity analysis using a DOE
was used to determine the impact of various mission-based and environmental parameters
for performance analysis and overall comparison of the two models. Iterative feedback

led to minor revisions of products developed earlier in the SE process.

DOE was performed to characterize the performance of various MOEs and MOPs
under a representative range of conditions for each input parameter (factor). The objec-
tive behind the DOE methodology was to (1) use a systematic method of varying input
values into the architecture models, (2) maximize the yield of useful information as the
output of model-based analysis, and (3) create a statistical model by which results could
be analyzed for quantitative comparison (Hernandez 2013).

Upon completion of the DOE, the sufficient information, including raw output da-

ta and statistical models, was available to perform quantitative comparison.

F. MODEL BASED SYSTEMS ENGINEERING APPROACH

The SE team used a MBSE approach to develop the requirements, MOEs, and
functional and physical architectures that drove the development of the tool and method-
ology used to compare current and planned MIW architectures in a scenario-based analy-
sis. The tailored SE process was in keeping with the International Council on Systems
Engineering (INCOSE) definition of MBSE as “the formalized application of modeling
to support system requirements, design, analysis, verification, and validation activities
beginning in the conceptual design phase and continuing throughout the development and

later life cycle phases” (Crisp 2007).

In an MBSE framework, the following steps are followed:
The system boundary is defined.
The requirements are captured.

The system logic is implemented.
The model is tested (Scott 2011).
In practical terms, the MIW Team worked with stakeholders to define an opera-

1
2
3. The system logic is defined.
4
5

tional scenario, capture system requirements, and define system boundaries. A computer-
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based model was then built and simulations were conducted under a spanning set of vari-

ants. CORE was used to develop the physical and functional architectures for this project.

G. SYSTEMS ENGINEERING PROCESS MANAGEMENT

For planning purposes, the tasks described above were divided into three project
phases. The first phase, planning and research, included the requirements analysis. This
phase involved initial research, stakeholder analysis, needs definition, and problem defi-
nition development. Once the SE process was defined and the initial research was con-
ducted, the MIW Team focused on the development of the problem statement and project
scope. The importance of clearly identifying the stakeholders’ needs and defining the
problem allowed the MIW Team to focus on what needed to be built. This ensured that
the final product met the stakeholders’ needs. Also during this phase, additional effort

was devoted to the development of the preliminary functional analysis and architecture.

The second phase, AoA, included the functional analysis, physical synthesis, and
the beginning of the AoA. The functional and physical architectures were defined and the
requirements were refined. These were then mapped to each other to ensure that all re-
quirements were being met. This phase also included activities required for planning,
building, and exercising the computer-based model.

The final phase, implementation, included completing the AoA, which involved
exploring alternative architectures and analyses in addition to the cost, risk, and decision
analysis tasks. As necessary, the MIW Team cycled back to previous tasks to refine the

products and approach regardless of the phase in which the need was identified.

H. STRENGTHS AND LIMITATIONS

The tailored version of the classic “Vee” process model worked well within the
scope and constraints of the MIW research project. The MIW research team had no prior
experience in the field of MIW and, unlike the waterfall process model, the classic “Vee”
model with iterative feedback allowed products to be revisited as the team became more

knowledgeable about the subject. The classic “Vee” model, unlike the excessively pro-
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cess-oriented spiral process model, was also well suited for the aggressive timeline of the
MIW research project.

l. SE PROCESS SUMMARY

The team used a tailored SE process that best fit the scope of the project. The first
step of the process evaluated the stakeholders’ needs and developed the problem state-
ment. Following that, a MBSE approach that developed the requirements, MOEs, as well
as functional and physical architectures was then be used to develop the methodology for
the comparative study. These products were then used as the foundation for the AcA
phase, which was initiated by modeling the MCM configurations AW the requirements.
DOE was used to generate the run matrices that allowed for the factors to be screened and

evaluated.

The final output of the process were the recommendations, which are specified in
this report in Chapter VIII and summarized in Chapter X. Cost and risk analyses were
performed on the current and future MCM configurations and a cost-benefit analysis was
performed on the recommendations developed by the MIW Team after the initial analysis

was completed.
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1. STAKEHOLDER ANALYSIS

Concurrent with the literature review and research into previous, related studies,
the MIW Team worked with the stakeholders, advisors, and MIW SMEs to develop the
problem definition and project scope. This process involved identifying the stakeholders
and eliciting their primitive needs and then transforming those into an effective need
statement and a detailed problem statement. The familiarization with the scope of the
MCM problem domain’s challenges and the constraints within which the project had to
be conducted assisted the MIW Team in its efforts to develop a relevant, useful, and real-

izable project scope.

This section identifies and describes the stakeholders, their primitive needs, and
their roles in MIW countermeasures development and then describes the transformation
of those primitive needs into an effective need. Following that description, the definition
of the problem statement and project scope is described. Additionally, the project’s con-
straints and the assumptions used in the definition of the project’s scope and approach are
listed in this section. As summarized, the problem definition evolved throughout the ini-
tial planning and research phase of the project as the MIW Team and the key stakehold-
ers increased their knowledge of and appreciation for the environment within which the

study had to be conducted.

A STAKEHOLDER IDENTIFICATION AND ANALYSIS

For this project, the stakeholders included any individual, group, or institution
with a vested interest in MIW. Conducting stakeholder analysis ensured the appropriate
stakeholders’ needs were identified, analyzed, and addressed early in the SE process. The
stakeholders’ needs drive the system requirements, so an attempt to thoroughly and accu-
rately identify all stakeholders and capture their needs was imperative to correctly form-
ing, scoping, and bounding the system architecture. The following steps were taken to
perform the stakeholder analysis:

1. Identify potential stakeholders and their interests in MCM.

2. Classify potential stakeholders.
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Determine key stakeholders and prioritize the needs of those stakeholders.
Identify stakeholders’ primitive needs.
Identify stakeholders’ effective need from the primitive needs.

o o &~ w

Transform stakeholders’ effective need into requirements and a problem
statement.

7. Communicate the captured needs and resulting requirements to the stake-
holders for feedback.

8. Incorporate stakeholder comments into a final list of requirements.

The initial list of stakeholders was developed from the initial project description
in which the project sponsors were identified. Research into MIW and MCM systems
identified additional, potential stakeholders as those organizations involved with the de-
velopment and operational use of MCM systems. Attention was given to the entire lifecy-
cle of the MCM system to ensure a comprehensive list of potential stakeholders was iden-
tified. After all potential stakeholders were identified, classification to define the roles of

each of the potential stakeholders began.

The first step in classifying potential stakeholders was determining the level of
involvement in the MCM systems and operations for the identified stakeholders. Internal
stakeholders are those who have direct interaction with the MCM systems. Stakeholders
identified as having direct contact with the system, but no direct interaction with internal
stakeholders were classified as first-order stakeholders. Stakeholders whose only connec-
tion to the MCM systems is through interaction with first-order stakeholders were identi-
fied as second-order stakeholders. The first-order and second-order stakeholders com-
prise the boundary stakeholders. After the internal and boundary stakeholders were clas-

sified, the relationships between the stakeholders and the MCM systems were analyzed.

The interest and influence that stakeholders have over funding, design and devel-
opment, system acceptance, operations, and disposal were used to prioritize the stake-
holders. Typically, the prioritization of stakeholders aids in determining the key system
stakeholders and assists the SE team in identifying and focusing on the most important
stakeholders and their needs in the event of a conflict. In this case, it assisted the MIW

Team to understand and appreciate the spectrum of the needs for the MCM study.
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For complex systems, determining the key stakeholders is critical to allow for
proper identification of needs that shape the system design, development, acquisition, and
operation (INCOSE 2010, Section 4.1). Each stakeholder’s importance, influence, inter-
actions with other stakeholders, and duration of involvement with the subject under study
must be considered. After being identified as a key stakeholder, each key stakeholder was
ranked as either primary or secondary. Primary stakeholder’s needs must be addressed.
Secondary stakeholder’s needs are addressed if and when possible. In this project, the
stakeholders’ needs were communicated via the MIW consultant. The primitive needs
were discussed, evaluated, and analyzed until an effective need could be developed. This
effective need formed the foundation for the problem statement. These were refined and

modified until acceptable need and problem statements were developed.

The requirements for the project were finally derived by analyzing the effective
need of the key stakeholders. Research into the current state of MCM systems coupled
with the key stakeholder’s requirements for future MCM capabilities helped define the
project’s scope. Table 2 summarizes the results of the stakeholder analysis and includes
the stakeholders, their interest in MIW, their classification and priority ranking, and their
influence in systems that are related to MIW operations and capabilities. As shown in
Table 2, there were two types of primary stakeholders identified as designated with the
classifications of either project or internal. The groups and personnel who had a direct
interested and involvement with the successful completion of this project were consid-
ered project, primary stakeholders. Those who were primarily involved with the conduct

and outcome of this study were characterized as internal, primary stakeholders.
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Table 2.

Stakeholder Identification and Analysis

Classification

(Project _Type i
’ Prioritization Level of Interest in MIW & MCM
Stakeholders Internal, 1st, . . o
ond (Primary, Involvement in MIW (Primitive Need)
Boun déry) Secondary)

NPS Project Primary Conducting research and development tofinterested in developing new strategies and
support the warfighter. Provide qualitylsystem for MIW Operations. Interested in
educational environment to prospectiveldeveloping skilled DOD SE personnel.

SEs for DOD.

Admiral Richard Williams [l1[Project Primary Primary MIW expert consultant for NPS|Interested in providing expert advice for the

(Ret.) led study. MIW Team to ensure the development of]

quality, useful research-based product.

NSWC PC Internal Primary Conduct research, development, test and|interested in all aspects of MIW. As stated
evaluation (T&E), in-service support oflin 9 May 2014 meeting and in personal
MIW systems, mines, naval special war-communication dated 15 May 2014, particu-
fare systems, and other systems primarily|larly interested in increasing the ACRS for
occurring in coastal regions. (Naval Sealdefensive MCM operations.

Systems Command n.d.—b)

NSWC, Future Ship Concept|internal Primary Specializes in ship design & integration.|Interested in requirements for ship designs

Branch (Naval Sea Systems Command, n.d.—c) [and equipment integration that enable best]

performance of MIW operations.

PEO LCS Internal Primary Responsible for acquiring and maintaining|interested in capabilities assessments and

(Formerly PEO LMW) the littoral mission capabilities of the LCS|recommendations for enhancements to
class including programs to support MIWi|shipboard, deployable vehicles
(Secretary of the Navy n.d.)

PEO Ships Internal Primary Responsible for executing the development|interested in capabilities assessments and
and procurement of all destroyers, amphib-[recommendations for enhancements to
ious ships, special mission and supportshipboard, deployable vehicles
ships, and special warfare craft. (Naval Seg|
Systems Command n.d.—d)

Personnel: Navy and Marines |Internal Secondary Operational involvement Interested in the best equipment and meth-

ods to destroy enemy sea mines.
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Classification

(Project _Type i
Stakeholders Internal 1’st Prlor_ltlzatlon Level o_f Interest_ln_l\_/IIW & MCM
an’ ' (Primary, Involvement in MIW (Primitive Need)
Bound é ry) Secondary)
PMS 340: Naval Special Warfare|Internal Secondary Involved in the development of systems|interested in outfitting the War Fighters
Program Office and procedures for naval special warfarejwith the best equipment and training possi-
operations. ble to accomplish the mission.
PMS 403: Remote Mine Hunting|Internal Secondary Involved in the development of systems|interested in outfitting the War Fighters
Program Office and procedures for remote mine hunting.  |with the best equipment and training possi-
ble to accomplish the mission.
PMS 406: Unmanned Maritimellnternal Secondary Involved in the development of systems|interested in outfitting the War Fighters
Systems Program Office and procedures for maritime surveillancejwith the best equipment and training possi-
operations. ble to accomplish the mission.
PMS 420: LCS Mission Modules{Internal Secondary Involved in the development of systems|interested in outfitting the War Fighters
Program Office and procedures for LCS Mission Modulejwith the best equipment and training possi-
Systems. ble to accomplish the mission.
PMS 495: MIW Systems Internal Secondary Involved in the development, fielding, and|Interested in developing the highest value
—n-service support for all mining and minelMIW systems possible.
countermeasure systems in the areas of
minehunting, minesweeping, mine neutral-
ization, and the development of mines for|
offensive MIW. (PMS 495 Mine Warfare
Program Office 2008)
Nation’s Allies Boundary Secondary Direct stakeholders as mines can affect any|Interested in protecting their naval and
allied nation with littoral coastline. commercial shipping, and keeping their
SLOCs open.
PMS 480: Anti-Terrorism Force|Boundary Secondary Involved in the development of systems|interested in outfitting the War Fighters
Protection Afloat Program Of- and procedures for maritime anti-terrorismjwith the best equipment and training possi-
fice operations. ble to accomplish the mission.
PMS 485: Maritime Surveillance|Boundary Secondary Involved in the development of systems|interested in outfitting the War Fighters

Systems Program Office

and procedures for maritime surveillance
operations.

with the best equipment and training possi-
ble to accomplish the mission.
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Classification

(Project _Type i
Stakeholders Internal 1’st Prlor_ltlzatlon Level o_f Interest_ln_l\_/IIW& MCM
an’ ' (Primary, Involvement in MIW (Primitive Need)
Bound é ry) Secondary)

N81 (Assessments) 1st Order Secondary Involved with the determination of system|Interested in methods to enhance and/or
effectiveness through the conduct of capa-jupgrade existing MIW scenario and warf-
bility assessment analyses for warfighting|ighting models
and warfighting support. Also responsible
for the integration and prioritization of]
enhancements and upgrades to capabilities.

Lastly, interested in the development and
validation of analytic tools and techniques.
(“N81 Alignment Warfare” 2006)

N95 (Expeditionary Warfare)  |Lst Order Secondary Responsible for assessing requirements for|interested in capabilities assessments and
naval expeditionary warfare missions andfrecommendations for enhancements to
programs, including MIW. Also responsi-[shipboard, deployable vehicles
ble for determining characteristics and
structure for all MIW ships. (“[Office of]
the Chief of Naval Operations] OPNAYVj
95" 2013)

N96 (Surface Warfare) 1st Order Secondary Responsible for determining requirements|interested in developing improvement mod-

for surface combatants and support ships,
as well as to coordinate, supervise, and
execute Navy shipbuilding for above sur-
face combatant ships. (“OPNAV N96”

ifications to the LCS current design

2013)
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B. REQUIREMENTS ANALYSIS

After the stakeholder analysis, it was necessary to analyze their needs in order to
translate the primitive needs into an effective need. This section includes the progression
from the identification of the primitive needs to the development of the effective need
and then the problem definition as detailed in the SE Process (Chapter Il). These tasks
were necessary to develop the requirements and architecture to ensure that the project

would satisfy the stakeholders’ needs.

1. Primitive Need Summary

Consistent among the many stakeholders is the need to develop the most capable
and cost-effective MIW resources and to deploy those systems to the fleet for operational
use. Initially, this was translated into the project requirement for a comprehensive com-
parative analysis that would result in sufficient data to provide an extensive assessment of
the current MIW capabilities and that could be used as a foundation for decisions and
plans that will result in the most effective MIW systems. Due to the project constraints
(listed in Chapter 1), however, it was deemed infeasible to conduct such a broad study.
This reality combined with advice and guidance resulted in the need for a study that was
focused on one aspect of MIW: the analysis of the MCM effectiveness and the ACRS in
defensive MCM operations in deep water SLOC missions (see Chapter | for a detailed

description of this metric).

2. Effective Need Summary

After extensive research to collect all available, unclassified performance data and
through several iterations with the stakeholders at NSWC PC, the MIW Consultant, and
MIW Team Advisors, the following effective need statement was developed: the stake-
holders need to quantitatively analyze the MCM effectiveness involving the capability to
clear a minefield and the ACRS between the current and planned MCM capabilities to
base procurement and planning decisions. The problem statement was then refined from

this effective need.
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Once the effective need was determined, the MIW Team transitioned to identify-
ing the stakeholders’ capability needs. This was essential to develop the MCM problem

set into a manageable, focused effort as described in the problem definition.

3. Capability Need Statement

According to PEO LMW (2014) and the Joint Chiefs of Staff (2011) the DON
needs to have an effective and responsive defensive MCM capability in order to ensure
“successful maritime and joint force access and power projection, and is essential to the
protection of shipping, friendly forces, and noncombatants” (Joint Chiefs of Staff, 2010,
1-1). Keeping the SLOC clear is necessary to support safe commerce, enable naval ma-
neuverability, and maintain the ability of the U.S. Navy to project power from the sea.
Clearing littoral regions is necessary to support beach landings and amphibious assaults.
There are many scenarios in which areas need to be cleared of sea mines and, as de-
scribed in Chapter I, each one presents significant challenges to the overall MCM opera-
tion. Furthermore, with the current fiscal environment and reductions in force, this capa-
bility must be effectively and efficiently operated without excess personal requirements
and costs. Moreover, there is a requirement to conduct effective MCM missions with
minimal risk to the lives of the service men and women controlling the MCM systems
and platforms (DON 2010; PEO LMW 2009, 27; Secretary of Defense 2014).

The MIW Team developed the problem statement based on the project goals and
constraints as identified by the stakeholders. This more focused problem statement al-
lowed the project goals and objectives to take form in a manageable project that could be
completed within the constraints contained within the next section.

4, Problem Statement

As described in the first paragraph of this section and in Section 3, the DON
needs to have an effective defensive MCM capability that can be conducted in a manner
that improves safety for sailors and the ships they operate (PEO LMW 2009). The DON
stakeholders need quantitative data for evaluating the effectiveness of future MCM capa-
bilities, the core of which is the LCS, as compared with the legacy MCM capabilities, the

core of which is the MCM 1 (DON 2010). Since each ship conducts the MCM mission
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differently, the MIW Team based the comparative analysis on a common mission scenar-
io profile: mine clearing a rectangular area (10 NM by 10 NM) that would be within a
SLOC. This evaluation was primarily based on the ACRS metric for each ship type over
a 24-hour period. Additionally, the mine clearance effectiveness as represented by the
percent clearance metric was analyzed to provide a comparison between the MCM plat-

forms in both time to conduct the mission and the mission effectiveness.

Initially, the MIW Team pursued a study that would comprehensively evaluate all
MCM functionality in the performance of multiple mission types. Due to the constraints
to use unclassified data and the time required to complete the study, the MIW Team had
to revise the original project scope. After extensive research and guidance provided by
Admiral Richard Williams and Professor Eugene Paulo on 16 May 2014, the MIW pro-

ject team updated the problem statement and project focus, with favorable results.

C. REQUIREMENTS

According to Beude (2000), requirements for a system address the needs of the
stakeholders. These initial requirements are the originating requirements, which focus on
the boundary of the system in the context of the mission and use the stakeholder termi-
nology (Buede 2000). As first discussed in Chapter 11, the goal of the requirements analy-
sis for this project was to produce a set of high level requirements for the models that,
when met, adequately describe the MCM system functions relevant toward meeting the
stakeholders’ effective need to quantitatively analyze legacy and future MCM effective-
ness. Taken in this context, the system requirements for this project outline the need for a
MCM comparison method, or model. The extent to which the MCM functional and phys-
ical system architectures, as described in Chapter IV, relate to the system requirements
for generating a model is characterized by those parameters which the model must utilize
or describe. That is, while traditional system development provides a direct mapping
from system to functional to physical requirements, this project dictates not that a system
be developed but rather that a tool be created to simulate systems that perform defined
functions with existing physical architectures in order to analyze their performance.

Therefore, the purview of the system requirements is to define the scope of the model and
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not to specify MCM system performance. Given the stakeholder analysis and needs anal-

ysis the originating requirements were:

R.1 An unclassified model shall be developed to determine the operational
effectiveness of the LCS versus MCM capabilities

R.1.1 The model shall take unclassified inputs for various perfor-
mance parameters for the LCS and MCM to enable sensitivity
Analysis

o R.1.1.1 The model shall use best estimates of input factors
in cases when real values are unavailable

R.1.2 The model shall identify parameters with high predictive
power (relative to other parameters)

R.1.3 The model shall use an operationally relevant situation as the
basis of comparison, focusing on system effectiveness in a SLOC
scenario

R.2 The model shall provide quantitative estimates of overall mine clear-
ing effectiveness

R.2.1 The model shall produce a metric of ACRS

R.2.2 The model shall produce a metric of percent clearance to
evaluate the minehunting effectiveness.

These originating requirements were translated into top-level system requirements

for the model, in the correct terminology. There are five top-level requirements for the

study and for the development of the models and simulations necessary to complete the

analysis. Table 3 lists the requirements and the type of requirement, the description of

each follows the table.

Table 3.  Requirements

Number

Type/

Requirement MOE Mapping

1.0

The simulation shall enable the determination of the ACRS for each
MCM configuration in the performance of mine hunting.

Top-Level

11

The simulation shall represent the time required to perform each
minehunting function within the minehunting operation: travel, de-
tect, classify, identify, reacquire, and neutralize for each MCM con-
figuration.

ACRS

1.2

The simulation shall calculate the ACRS (time required to conduct
the entire minehunting sequence).

ACRS

2.0

The simulation shall model the effectiveness of each minehunting
function.

Top-Level

2.1

The simulation shall calculate and store the effectiveness of each

Percent Clearance
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Type/

Number Requirement MOE Mapping
minehunting function.
2.2 | The simulation shall calculate and output the overall minehunting | Percent Clearance
effectiveness in terms of the number of mines cleared, number of
mines remaining, and the number of non-mines that were neutralized.
3.0 The simulation shall contain models of the minehunting sequence of | Top-Level
events for the different configurations.
3.1 | The simulation shall represent each of the three MCM configura- | ACRS and
tion’s minehunting functions: search, detect, classify, identify, reac- | Percent Clearance
quire, and neutralize.
3.2 | The simulation shall represent the minefield size and location for use | ACRS and
in the effectiveness and ACRS calculations. Percent Clearance
3.3 | The simulation shall transition the state and minehunting results of | ACRS and
the previous function to the subsequent function IAW PEO LMW | Percent Clearance
Instruction 3370.1A.
4.0 The simulation shall support setting and modifying the listed perfor- | Top-Level
mance parameters without requiring modifying the simulation.
4.1 | The simulation shall import specified input parameters without re- | Non-Functional
quiring modifications to the code.
4.2 | The simulation shall support the export of the resulting effectiveness | Non-Functional
and time-to-complete parameters to a form that can be analyzed by
statistical software products such as Excel and Minitab.
4.3 | The simulation shall be developed in a modular method that allows | Non-Functional
for each function to be replaced.
5.0 The simulation shall include documentation that facilitates the use of | Top-Level
the simulation tool by future study groups. Non-Functional
5.1 | The simulation shall include documentation that describes the use of | Non-Functional
the code and descriptions of the input and output parameters.
5.2 | The simulation shall include documentation that describes the code, | Non-Functional

the structure of the code, and the required inputs and outputs of each
functional block.

Requirement 1.0: Determine the ACRS for each MCM configuration in

the performance of mine hunting.

The top-level requirement was to calculate the ACRS of each configuration based

on specified performance parameters. The calculation of the ACRS supports one of the

MOEs described in Chapter I. This requirement was decomposed into two lower-level

requirements.

. Req. 1.1: The simulation shall represent the time required to per-
form each minehunting function within the minehunting operation:
travel, detect, classify, identify, reacquire, and neutralize for each

MCM configuration.

. Req. 1.2: The simulation shall calculate the ACRS (time required

to conduct the entire minehunting sequence).

Requirement 2.0: The simulation shall model the effectiveness of each

minehunting function.
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As with the time to complete measure, the effectiveness of each function had to
be represented; therefore, the following requirements were derived. The overall effec-
tiveness was measured as the percentage of mines cleared from the minefield, which is a
function of the performance of each function involved in the minehunting operation.

. Req. 2.1: The simulation shall calculate and store the effectiveness of each
minehunting function.

. Req. 2.2: The simulation shall calculate and output the overall minehunt-
ing effectiveness in terms of the number of mines cleared, number of
mines remaining, and the number of non-mines that were neutralized.

In order to satisfy the above requirements, the MIW Team had to build a simula-
tion to use as a basis for the comparison. The next set of requirements reflects the objec-
tive for the tool, that is, to represent the minehunting functions in a modular manner that
provides the ability to replace functional modules. For future studies, it will be necessary
to completely replace some functions with those having alternative attributes and opera-
tions. To be useful, the structure of the simulation had to be modular to support the ease
of use and modification in the future. Two requirements were developed to decompose
this objective.

J Requirement 3.0: The simulation shall contain models of the minehunting
sequence of events for the different configurations.

As stated, this project evaluated three different MCM configurations; therefore,
the performance and operation of the different systems for each had to be represented in
the simulation. This single requirement was decomposed into three requirements. Re-
quirements 3.1 and 3.3 deal with the modeling of the MCM functions and transition of
results from one function to the next and requirement 3.2 was required to allow for the
specification of the mine field size and location.

. Req. 3.1: The simulation shall represent each of the three MCM configura-
tion’s minehunting functions: search, detect, classify, identify, reacquire,
and neutralize.

. Req. 3.2: The simulation shall represent the minefield size and location for
use in the effectiveness and ACRS calculations.

o Req. 3.3: The simulation shall transition the state and minehunting results
of the previous function to the subsequent function IAW PEO LMW In-
struction 3370.1A.
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There was a requirement to represent the minehunting functions in a manner that
supports varying the performance capabilities of the represented functions to support ex-
cursions and “what if” analyses. The MIW Team determined that a simulation that was
capable of using tables and/or databases containing the many input parameters would best
satisfy this objective. Three requirements were developed to decompose this top-level
requirement.

. Requirement 4.0: The simulation shall support setting and modifying the
listed performance parameters without requiring modifying the simulation.

As stated, this project evaluated three different MCM configurations; therefore,
the actual performance parameters of the different MCM systems and subsystems were
unavailable. In order for the model to be useful, the tool needed to have a way to allow
for relatively easy manipulation and modification of the many parameters that affect the
effectiveness and ACRS for the minehunting operation. The following lower-level re-
quirements decompose this top-level requirement.

. Req. 4.1: The simulation shall import specified input parameters without
requiring modifications to the code.

. Req. 4.2: The simulation shall support the export of the resulting effec-
tiveness and time-to-complete parameters to a form that can be analyzed
by statistical software products such as Excel and Minitab.

This requirement was needed to specify that the calculated performance parame-
ters had to be exported for evaluation in standard tools.

. Req. 4.3: The simulation shall be developed in a modular method that al-
lows for each function to be replaced.

This requirement relates to best practices for developing code, the modular nature
of the simulation not only enables future users the ability to modify it, but also allows for

easier debugging.

The last top-level requirement pertains to the documentation necessary to allow
the simulation tool to be used in future studies.

. Requirement 5.0: The simulation shall include documentation that facili-
tates the use of the simulation tool by future study groups.

Appropriate documentation was required that specifies the way the simulation
was developed and the way in which the parameters can be varied. Without this docu-
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mentation, the tool would be useless for further studies. Two requirements decompose
this top-level requirement.

. Req. 5.1: The simulation shall include documentation that describes the
use of the code and descriptions of the input and output parameters.

. Req. 5.2: The simulation shall include documentation that describes the
code, the structure of the code, and the required inputs and outputs of each
functional block.

1. Verification of Requirements

The team verified the results to ensure the project met the requirements. Most of
the requirements (requirements 3.x, 4.x, and 5.x) were verified through inspection to vis-
ually check that the requirements were met. Requirements 1.x and 2.x were verified
through comparison between an Excel model and the ExtendSim models. Test cases were
modeled in Excel in which the effectiveness and time-related factors were used to com-
pute the ACRS and Percent Effectiveness values. These values were compared to the
simulation results to indicate that the calculations and sequence of events were represent-
ed correctly. Chapter VI contains the detailed results from the verification and validation

of the simulation in achieving the above requirements.

D. REQUIREMENTS ANALYSIS SUMMARY

This study was to conduct a comparative analysis of the ACRS metric as applied
to defensive MCM operations employed to clear an area within a SLOC in deep water for
the MCM 1 and the four variants of the LCS class ships. Once the problem was defined
and the project focus identified, the context in which the MCM operations occur, includ-
ing the relationships between the entities, was defined. This step helped to further bind
the problem space. The material within this section of the report describes the process
with which the MIW Team defined the problem and scoped the project as part of the SE
process used to conduct the study. Once concurrence was provided in the approach as
outlined in this section, and 1AW the SE approach, the MIW Team initiated the opera-
tional analysis. This analysis detailed the MCM operational concepts and the scenarios to

be modeled and studied as part of the comparative analysis.

60



IV. SYSTEMS ARCHITECTURE

A system architecture for each of the MCM systems is detailed in this chapter and
provides fidelity to a model structure as it relates to various MIW systems. As stated by
Blanchard and Fabrycky (2011), “Given an identified need for a new improved system,
the advanced stages of system planning and architecting can be initiated. Planning and
architecting are essential and coequal activities for bringing a new or improved capability
into being” (58). Though this research project did not involve the physical development
of a new system, it did involve the development of simulations to represent the actual
systems for the conduct of the analysis. Therefore, the conceptual needs that were ante-
cedent to the actual MIW systems (both legacy MCM 1 and future LCS) and their result-
ant system architectures were necessary in order to understand the system on which this
project was based. Moreover, a thorough understanding of the system architecture was
required in order to trace the component functional and physical architectures to their
specific system functions, which were studied during this project. The goal was to gain an
understanding of the MIW systems from a SE perspective, versus attempting to construct

a new MIW system, in order to develop a model for MCM analysis.

This chapter contains the contextual description for the MCM system, the func-
tional architecture, physical architecture, and the requirements. Additionally, the MOEs
and MOPs are described and mapped to the system’s objectives and the requirements.
These definitions were necessary to develop the approach to, and structure of, the simula-

tions that were used to conduct the analysis.

A. SYSTEM CONTEXT

As described, MCM requires the operation and interaction of many systems.
These systems need to perform the various functions of detection, classification, identifi-
cation, neutralization, control, movement, and communications. As these systems are in-
tegrated to function as part of the larger MCM capabilities, performing MCM requires a

system-of-systems (SOS).
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Before developing the functional decomposition for the MCM SQOS, it was neces-
sary to define the system boundaries and the context within which the MCM system op-
erates. This section begins with a top-level view of the MCM system context and then
describes the portion of the system that is the focus of this study. The overall system
boundaries or scope of the project is focused on understanding the functional capabilities
of legacy MCM systems and comparing them to the future MCM capabilities as the en-

terprise transitions to new MCM systems.

Figure 11 displays the MCM SOS context diagram. Shown in the diagram are the
external factors that affect, or are affected by, the MCM SOS. The SOS terminology is
used because the MCM systems and sub-systems of each MCM platform are independent

systems that are functionally linked in performing MCM operations.
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Figure 11. MCM SOS Context Diagram
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The MCM mission or operation (as seen in the upper right corner of Figure 11) is
initiated by orders to commence operations. These orders involve the area of interest, the
assets that can be made available to conduct the operation, the need (requirement) for the
particular MCM operation (e.g., the clearance type, type of support required), the amount
of time in which the MCM operation has to be completed, and the mission type (e.g., ex-
ploratory, reconnaissance, breakthrough, clearing, attrition). This information informs the
MCM commander of the requirements for the mission so that he/she can determine the
appropriate course(s) of action (e.g., whether to perform minesweeping, minehunting, or
both, or whether to investigate and mark the area as dangerous or safe). This also deter-
mines the functions that are to be performed and allows for the selection and sequencing
of the proper MCM systems to employ based on the operational conditions and circum-
stances. Based on SME feedback, this study assumed that the mission requirements were

for mine clearing of a limited area in deep water using minehunting in a SLOC.

Moving clockwise through the figure from MCM mission description, it shows
that ISR also provides valuable data to the MCM operation such as the area of interest,
the density and types of mines, and other non-mine threats that the assets must evade.
This is a two-way link because the MCM SOS will provide updated intelligence regard-
ing the area(s) as it conducts its operations. None of the ISR capabilities were included in

this study.

The sea conditions also affect the MCM operations. The depth of the sea, the clut-
ter, and the type of bottom directly impact the performance of the MCM systems and
therefore the overall effectiveness of the MCM SOS. None of these elements are being

varied within this study.

In addition to the sea conditions, the sea state conditions contribute to the overall
effectiveness and operation of the MCM systems. Some systems likely cannot be operat-
ed in certain conditions or their effectiveness will be adversely impacted in high or low
sea state conditions. This study assumed a steady-state sea condition during operation;

therefore, the impacts of varying sea states were not evaluated.
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Not only do the conditions of the sea affect the MCM operations, but the envi-
ronment will also play a role in the operation and effectiveness of the MCM SQOS. The
sea state is directly correlated to wind, but there are other factors that may impact the
MCM SOS. These include the amount of ducting and environmental attenuation, which
affects the communications between the MCM systems, the MCM platform, and other
assets. The visibility, rain, and temperature may also affect the way in which the MCM

operation is conducted. Environmental factors were not included in this study.

The mine fields and their conditions both impact and are impacted by the MCM
SOS. The location and size of the mine field will directly impact the operations due to
range limitations of the various MCM systems and the amount of time required to clear
the area. Additionally, the actual number and types of mines (as opposed to the suspected
conditions provided by the ISR data) obviously impact operations. Different mine types
and mine densities directly impact the operational effectiveness of the MCM SOS as well
as the time to complete operations. This link is bidirectional due to the impact on the
mine field as the MCM SOS begins clearing mines. Again, this study only accounted for
a fixed mine field area containing bottom mines with the numbers and densities modeled

as variable parameters.

Finally, the MCM SOS and all assets supporting the MCM operation are affected
by, and affect, the external, non-mine threats in the area. These include threats from guns,
missiles, small boat attacks, and torpedoes. In the conduct of the mine clearance opera-
tion, the ships’ commanders must watch for and respond to these external threats. The
threats are affected by the response provided by the MCM platforms including guns, mis-
siles (both cruise and surface-to-air), and torpedoes. No external threats were accounted

for within this study.

B. FUNCTIONAL DECOMPOSITION

The next step in defining the architecture was to develop the functions that are
performed in MCM operations. The definition and decomposition of the functions result-
ed in the functional architecture for the MIW project. This section describes the function-

al architecture.
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1. MCM Operational Functions Overview

MCM operations are determined by MCM missions, which in turn are described
by MCM functions that are characterized by specific MOPs. MCM functions and MOPs
are described in detail in this section. In PEO LMW Instruction 3370.1A (PEO LMW
2008), active defensive MCM MOPs are divided into four functional areas: sense, en-
gage, control, and logistics. These functional areas are described in detail in Chapter I.
Operational C4ISR functions are not explicitly addressed due to the constraints within

which the study was conducted.

2. Top-Level Functional Description

As introduced in Chapter I, the basic functions of MCM operation include: detec-
tion, classification, identification, and neutralization. The top-level view of the MCM
functions in the form of a functional flow block diagram (FFBD) is shown in Figure 12.
During detection (sometimes referred to as sensing), the system searches for and records,
or transmits, mine-like echoes (MILECS), which are indications of possible mines. These
MILEC items are then interrogated with higher resolution in order to classify them as ei-
ther MILCOs or non-MILCOs and this information is then passed to the next stage: iden-
tification. The systems that perform the identification function may first have to reacquire
the MILCO signals and then resolve the objects to identify each as either a mine or a non-

mine.

An important characteristic that mine hunters use to determine if a moored MIL-
CO is suitable for identification is the contact persistence of the MILCO. If the contact is
persistent to sensors, with respect to time, or persistent through multiple interrogations of
the same area, this factor weighs heavily on a MILCO being selected for identification.
For bottom mines, it is more important that the search tracks be chosen to ensure MIL-
ECs are within the range of classification systems. Once an object has been detected and
classified as a persistent MILCO, identification is used to identify a MILCO as a mine.
Once an object has been identified as a mine, the MCM platform (ship or aircraft) at-

tempts to determine the type of mine.
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The identification stage in the mine hunting chain of events usually happens just
before a mine is neutralized, but if a mine is identified as a new type of mine, the mine
can be designated for exploitation (where the mine is captured for analysis). This process
continues as mines are either exploited or subsequently neutralized in order to clear the
mine field of mines to make the waterway safe for follow-on forces or as dictated by the
mission. The information regarding the identified mines, specifically their location and
type (if resolved), is sent to the next function, neutralization, to clear the mines. The neu-
tralization function may reacquire the mine contacts and then either destroy the mines or
render them safe for collection and exploitation. Not shown in Figure 12, but very rele-
vant to the effectiveness of mine clearance operations, are the reacquiring functions that
must occur when the signals from one function have to be transferred to another system
to perform the next function; it is assumed, at this top-level, that the reacquisition of the

signals is accomplished within the function receiving the signals.
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Figure 12. Defensive MCM Functions—The Top-level FFBD View of the MCM
Functions (from PEO LMW 2008)

Two primary approaches are used to accomplish these functions: minehunting and
minesweeping, although each performs the MCM functions differently. In minehunting,
each function is accomplished sequentially and generally results in a higher probability of
mine clearance. Minesweeping operations are primarily focused on the neutralization

function and skip the detect-classify-identify functions so they can be accomplished
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much faster. There are missions where minesweeping is performed first (especially for
surface mines) and then followed by minehunting, and others in which minehunting and

minesweeping occur simultaneously.

As described in previous sections, this study will focus on minehunting operations
in deep water (water depths greater than 200 feet). For completeness, the functional hier-
archy for MIW is shown in Figure 13. The MIW functions that are beyond the scope of
this study are in grey. The primary functions associated with minehunting are shown in
green. Other functions that are necessary to include in order to capture and analyze the
ACRS for the operation are the control equipment functions (shown in orange) and the
analyze function data (shown in blue). This last function is referred to as PMA and is de-
scribed in Section B. Additionally, the maintain equipment function will be considered,
as the Ao affects the ACRS and the conduct of the mission. It is important to note that
those functions not directly associated with the primary minehunting functions are of in-
terest due to their impact on the time required to conduct and complete the minehunting

operation.

69



MINE
WARFARE

———

Note: These functions are not Included inthis study. ‘

Figure 13.

70

1.4
Maintain
Equipment

Transfer
Assets to
Area

Parfor 1.1 Perform Defensive Operations 1.2 Control 1.3 Gather
Offensive Mine Countermleasures (MCM) Equipment or Receive
I
Operations I I I ] 191 | fData &
S 1.1.2 113 1.1.4 Transit nformation
Place Mines Mine Sweep Perform Neutralize Exploit 5 raln5|
in‘Area Mine Hunt Mines Mines ystems 131
,—l—l — 1 — || 1.2.2locad | H Analyze
Partorim c] [-Pertorm 1121 1131 Fuel Data
Mechanical{ | Influence| 1 Detect H Reacquire 123 132
Swleep Sweep Mines Mines - Maneuver | || Decide
l 11.2.2 1132 Systems Course of
Rel.ease Simulate | H Classify - Destroy 194 Action
Mines Signatures Mines Mines "L
to Tri H Recover
|| Unbury. 0 rigger 1.1.2.3 1.1.3.3 Equipment
Mines S H Reacquire| ::-Disarm
cut MILCOs Mines 125
H--Mines H Stream
e 1.1.2.4 Equipment
S ldentify 126
Drag for Mines o
1 Mines “ Reload/
Rearm
Collect
Mines
|_|-Secure
Mines

MIW Functional Hierarchy (after PEO LMW 2008)

Area

Transit
Assets to

Communicate
—_—1
Communicate
H - Results &
Status
Control
Systems

| 'Update Map /
Database

|--Send Alert /
Warning




3. Minehunting Functional Description

Figure 14 displays the functional hierarchy involved with minehunting operations.
Again, those functions in grey are not included in this study. The descriptions of those

functions that are included in the study are detailed in this section.

1.1
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[ | . |
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Figure 14. Minehunting Functional Hierarchy

71



a. 1.1.2.1 Detect Mines

The first step in mine hunting is to detect mines and MILECs. This is usually per-
formed through sensing, in which sensing systems detect the returns from the mines, sea-
floor, and other objects. This can be extremely challenging and is dependent upon the sea
state, the depth of the water, the conditions of the sea floor, and the materials used to
build the mine. Humans, mammals, or sonar systems can perform this operation. Once
the detection of the area is complete, the system will report that it either detected or did
not detect possible mines in the area. If no possible mines are detected, these results are
communicated to the personnel and platforms in the area and the system moves to the
next mission area. Objects that are detected are designated as MILECs. These MILECs

are passed to the next function for classification.

b. 1.1.2.2 Classify Mines

Once objects have been detected and designated as MILECSs, they must be classi-
fied as either a MILCO or a non-MILCO based on the sonar image of the MILEC. This
function is performed to determine which MILECs have a high probability of being a
mine. This information is used to direct assets (systems) to further interrogate those ob-

jects to determine which are mines and which are not mines.

C. 1.1.2.3 Reacquire MILCOs

This reacquisition function is only performed when a different system is used in
the next phase, identification. This function involves the tasks to search for and find the
MILCO signal sources so that they can be investigated and identified as mines or non-

mines.

d. 1.1.2.4 Identify Mines

The identification process will further interrogate the MILCO objects to deter-
mine if they are mines or non-mines. At this point non-mines are designated as false tar-
gets. The type and location of the mines are then communicated to the supporting plat-
form and the other ships in the area. The Mine / Non-Mine information is then used to

direct neutralization assets and to mark the area as a minefield to warn other vessels.
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e. 1.1.3 Neutralize Mines

This function involves rendering the mines impotent so that they cannot cause
damage. This can be accomplished by destroying the mines or by disarming the mines.
Disarming mines may be necessary if the U.S. Navy desires to collect the mines for study
and analysis. In this study, the focus is on destroying the mines.

f. 1.1.3.1 Reacquire Mines

Similar to function 1.1.2.3 (Reacquire MILCOs), this reacquisition function is
performed when a different system is used for neutralization. Again, this function in-
volves the tasks to search for and find the mine signal sources so that they can be neutral-

ized.

g. 1.1.3.2 Destroy Mines

The mine destruction function involves making mines safe so that their explosions
do not cause damage or harm. There are a number of ways to destroy mines, dependent
upon the type of mine, the location of the mine, the destruction capabilities present, and
the speed with which the mines must be destroyed. In this study, the focus was on de-
stroying the mines through a neutralization system and not with a sweep system, as de-

scribed in Section C.

4. Other Functions Related to Minehunting

In addition to the minehunting functions, the simulation had to account for the
time delays imposed on the completion of the mine clearance mission due to movement
of the equipment and the analysis of the signals data from the minehunting systems that is
necessary to determine the next course of action in a minehunting operation. These func-

tions are described within this section.

a. 1.2 Control Equipment

The functions decomposing this top-level function involve the actual movement
of the MCM systems to the correct location, as well as the functions necessary to ensure

each system is configured properly and is fueled. These functions were important to
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model as each contributes to the amount of time that is captured in the ACRS metric. The
hierarchy for these functions is shown in Figure 15.

Figure 15. Control Equipment Functional Hierarchy

b. 1.2.1 Transit Systems

This function involves the tasks necessary to move the appropriate system be-

tween the staging area and the minefield of interest.

C. 1.2.2 Load Fuel

This function involves the critical tasks of loading fuel onto the systems so that
each system can perform its tasks.

d. 1.2.3 Maneuver Systems

This function involves the tasks necessary to put the systems in the right altitude,
longitude, latitude, and depth such that the tasks performed by each system can be ac-

complished. This function also includes turning to the next track to continue operations.

e. 1.2.4 Recover Equipment

This function involves the tasks necessary to load the MCM systems onto the car-

rying and support platform. This is accomplished after each system has completed its
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tasks and when the systems need to be refueled, rearmed, reconfigured, maintained, and
repaired.

f. 1.2.5 Stream Equipment

This function involves the tasks necessary to configure and launch the appropriate
MCM systems so that each can perform its tasks.

g. 1.2.6 Reload / Rearm

This function involves the tasks necessary to either reload or rearm equipment

(e.g., armament, equipment) onto the MCM systems so that each can continue its tasks.

h. 1.3 Gather or Receive Data and Information

This top-level function involves the gathering or collecting of data and infor-
mation regarding the minefield, to include: the types and quantities of mines, type and
condition of the sea-floor, etc. Additionally, this function involves receiving the various
signals from the MCM systems as they go through the detect-classify-identify-neutralize
sequence of operations. The signals of interest (e.g., MILEC, MILCO, Mine) are pro-
cessed and analyzed in this function to determine the appropriate course of action. This
function was important to model as the time spent on receiving and analyzing the signal
data contributes to the ACRS metric, which was analyzed for this study. Additionally, the
probability that the analysis function will direct MCM neutralization assets to particular
mines and/or MILCOs was required to develop the effectiveness MOE. The functional
hierarchy for the gather/receive data and information functions is shown in Figure 16.
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Function
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(PMA) Action
Function Function

Figure 16. Gather/Receive Data and Information Functional Hierarchy

i. 1.3.1 Analyze Data

This function involves the PMA that is performed to determine the MILCOs that
are most likely to be real mines. Although time-consuming, this crucial function in mine-
hunting allows the MCM commander to expend precious resources wisely. The fidelity
of the data from this function (from the PMA process and system) is much better than
that of the signal processing capability on the MCM systems involved with classifying
and identifying mines and MILCOs.

J. 1.3.2 Decide Course of Action

This function involves the processing of the analysis data from the PMA tool in
the conduct of the analyze data function. The processed data will result in a recommend-
ed course of action for the MCM SOS. The human-in-the-loop decision-making process
was not explicitly modeled in this study. The PMA results that determine the mines and
non-mines were modeled using a probability distribution function to replicate the accura-

cy of the post-processing analysis.

k. 1.4 Maintain Equipment

This function involves the tasks required to maintain the MCM equipment so that
it attains the highest possible operational time. This function was not modeled in the sim-
ulation, although including the related Ao for the different equipment in future studies
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would provide more information in evaluating the ACRS metric. The functional hierar-
chy for this function is not shown as it was not modeled or analyzed within this project.

5. Functional Flow Block Diagrams and Descriptions

Once the functions were identified, defined, and organized, the interactions be-
tween the functions that were required in the conduct of the minehunting operation were
developed. This step resulted in a number of FFBDs and enhanced FFBDs (EFFBDs).
Due to the inclusion of the data transferred between functions, the EFFBDs allowed the
MIW Team to analyze the functions and steps involved in minehunting operations and to
define the detailed requirements for the models. The EFFBDs made it possible to develop
a model that properly accounted for the necessary functions and parameters (variables)
for the scenario being modeled. The EFFBDs further allowed for the development of the

physical architecture as well as the model requirements.

a. Top-Level Minehunting Functions

Figure 17 displays a top-level EFFBD for functions involved with minehunting
operations. The individual functions were described previously within this section. The
basic flow begins after the MCM systems have transited to the minefield area and
streamed the equipment. The system then goes through the minefield looking for MIL-
ECs. As the system gets to the end of the current track through the minefield, it must ma-

neuver to the next track (shown in another EFFBD) to continue searching for MILECs.

The next function is reacquire MILECs, during which the MILECs transferred
from the detect function are located. This is then followed by the classify function, which
interrogates the MILEC sources to classify the signal return as either a MILCO or a non-
MILCO. This is particularly important, as there could be thousands of MILECs trans-
ferred by the detect function, many of which are not mines. Through the elimination of as
many non-MILCOs as possible, the MCM system can expend resources where they are
most needed. The MILCO returns are sent to the next function, analyze data, which is
also known as the PMA system. This system is able to more accurately resolve the signal
returns from the classification function to further eliminate false targets. Additionally, the

results of the analyze data function (or PMA) are processed to identify highly critical
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mines that are the most dangerous due to their type and location and to assist with plan-
ning of the remainder of the MCM operations. Once the data has been analyzed and deci-
sions are made, the remaining MILCO signals are sent to the reacquire MILCOs function
for localization so they can be processed by the identify mines function. The identify
mines function examines the sources of the MILCOs to determine which are mines and
which are non-mines. These mine objects are then sent to the reacquire mines function to

be located and sent to the neutralize mines function.

78



Equipment
Ready

1121 1122 131 132 1123 1124 1131 1.1.3
Detect Classify Analyze Decide Reacquire Identify Reacquire Neutralize
Mines Mines Data = Course of MILCO Mine Mine Mine
(PMA) Action
Sensors Classification PMA System PMA System Reacquisition Identification Reacquisition Neutralization
System System System System System System

Figure 17.

Location of
MILCOs

Identified

EFFBD for Minehunting Functions—Overview

79




These functions are repeated until the minefield has been cleared, with an ac-
ceptable probability that all mines have been neutralized, or until the MCM commander
orders an end to the operation. Not shown in Figure 17 are the other functions involved
that have to do with the movement, control, and maintenance of the MCM systems. Due
to the project’s focus on ACRS, these functions were important to define. The following
sections and figures will describe these functions in more detail.

b. Transit Function

Figure 18 displays the EFFBD for preparing the equipment for MCM operations.
Shown are the transit from staging area to minefield area function and stream equipment
function. Once the equipment has been configured and put into the correct position, the
equipment is ready. This green bubble indicates that this condition is a trigger that causes

another function to activate.

1.2.1.1 125
Transit from Stream
- Staging Areato P Ecui . >
Minefield Area quipmen
MCM Platform MCM Platform

Equipment
Ready

Figure 18. Prepare for Operations EFFBD

C. Detect Function

Figure 19 displays the first portion of the minehunting operations, the detect func-
tion. Once the MCM system maneuvers into position, the detect mines function is acti-
vated. Two items are output from the detect mines function: MILEC or Non-MILEC. The
MILEC will trigger subsequent functions to resolve the signals to determine which are
actually mines and which are not. At the end of the track, if the MCM detecting system

has enough resources (e.g., fuel), it will loop back around, maneuver to the next track and
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repeat the detecting function. If the MCM detecting system is out of fuel or requires

maintenance, it will transit from the minefield to the staging area for service.

Next Track

Equipment
Ready MILEC
End of Track

1.2.3 1.1.2.1 0.9
Maneuver ]
° Systems —»  Detect Mines @ °
MCM Platform Sensors System

Non-MILEC

1.2.1.2

R L Transit from
Oels"”rces ow Minefield to
: Staging Area

MCM Platform

Figure 19. Detect Mines EFFBD

d. Classify and Analyze Functions

Figure 20 displays the EFFBD associated with the classify and analyze functions.
Once the MCM system maneuvers into position, the reacquire MILECs function will at-
tempt to locate the MILECs from the detect function. These reacquired MILECSs are sent
to the classify mines function to be interrogated in more detail. The classify mines func-
tion outputs non-MILCOs or MILCOs. The MILCO contacts are sent to the analyze data
(PMA) function to be analyzed as previously described. The resultant information is
passed to the decide course of action function for MCM planning information regarding
highly critical MILCOs and high probability MILCOs.
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Figure 20. Classify and Analyze EFFBD

e. Identify Function

Figure 21 displays the EFFBD associated with the identify function. Once the
MCM system maneuvers into position, the remaining MILCOs from the analyze function
are sent to the reacquire MILCOs for contact location and then to the identify mines func-
tion. The outputs from the identify mines function are mines or non-mines. As with the
detect function, once the identify mines function has reached the end of the track, it will

proceed to the next track or location and the sequence will repeat. If the MCM system

requires maintenance, service, or fuel, it will return to the staging area.

Figure 21. Identify EFFBD
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f. Neutralize Function

Figure 22 displays the neutralize mines EFFBD. As in the previous stages, the
system first maneuvers to position and then the reacquire mines function attempts to lo-
cate the mine objects that were identified by the identify mines function. Once located,
the destroy mines function destroys the mines. Again, this sequence is repeated until the
system performing the neutralization requires maintenance tasks, such as refueling or re-

arming, at which time it returns to the staging area.

Figure 22. Neutralize Mines EFFBD

g. Control and Maintenance Functions

Figure 23 displays the EFFBD for the control and maintenance functions. Once
the MCM system has trasited from the minefield to the staging area, the recover gear
function is initiated to reload the MCM system onto the support platform. At that time,
dependent upon the system’s need, the platform will load fuel, reload and rearm equip-
ment, and perform maintenance activities on the system as needed. Once all necessary
service has been provided, the MCM system is again streamed so that it can transit back
to the minefield to continue operating.
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Figure 23. Control and Maintenance EFFBD

6. Conclusion of the Functional Architecture

The functional architecture was developed and refined to represent those func-
tions of interest to this study of minehunting operations and capabilities within the prede-
fined scenario. To verify the functional architecture was complete, the MIW Team used
MBSE methods, specifically CORE’s simulation capability, to ensure that all functions
and data transfers were accurately represented. Once the functional architecture had been
developed, using the FFBDs, EFFBDS, hierarchy, and decomposition, it was necessary to
define and develop the physical architecture. As described in the next section, this in-
volved mapping the physical systems to the functions ensuring that every physical entity

had a function and vice versa. The physical architecture was then transformed into mod-
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els that represent the functions and the configurations that are described in the physical

architecture section.

C. PHYSICAL DECOMPOSITION

The MCM functions described above are performed by several systems. For the
purposes of this report, MCM systems can be thought of as being legacy, future, or both.
Figure 24 shows the first three levels of MCM Systems. As with the functional hierar-
chies, those systems not part of this study are colored in grey. As described in Section B,
both legacy and future MCM systems consist of AMCM, SMCM, and UMCM systems.

MCM.0
MCM Systems
System of
Systems
T
I
MCM.1 MCM.2
Legacy MCM Future MCM
Systems Systems
Family of Systems Family of Systems
| | | I
fMcM.I1 CM.1.2 fMCM.1.3 ) CM.2.1 fMCM.2.2 fMCM.2.3
Legacy AMCM:| | Legacy SMCM: Legacy UMCM Future AMCM: Future SMCM: Future UMCM
MH-53E MCM 1 Family of MH-60S LCS Family of
System of System of Systems System of System of Systems
Systems Systems Systems Systems

Figure 24. MCM Physical Systems Hierarchy

1. Legacy MCM Systems Operational View and Physical Architecture

Figure 25 shows a graphical depiction of the concept of operations (CONOPS) for
the legacy MCM 1 MIW operations in terms of tasks, activities, operational elements,
and data flow paths. It was necessary for the MIW Team to understand these details in
order to develop the functional and physical architectures that led to the model design
requirements and representation of the operational scenario under evaluation. Shown in
Figure 25 is the MCM 1 ship platform towing the detection sonar systems through the

minefield. Also depicted are the other support platforms that are required to support the
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helicopter, MH-60S and MH-53E, with the AMCM equipment for detection and neutrali-

zation.
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Figure 25. MCM 1 CONOPS (from MIW C4ISR 2001, Slide 14)

Once the airborne surface sweep systems clear the area of surface mines, the
MCM 1 ships move through the minefield, towing the sensor equipment to detect mines.
Once mines are detected, classified, and identified, they are either neutralized immediate-
ly or their locations are sent to other systems (airborne, underwater, and/or surface) to
reacquire the contacts and then to neutralize the mines. There are many neutralization op-

tions available in this operational view including the MCM 1 platforms.

Figure 26 shows the legacy AMCM, SMCM, and UMCM family of systems bro-
ken down into their respective systems or systems of systems. The legacy AMCM, con-

sisting of the MH-53E helicopter, contains both sensing (detecting) and neutralizing sys-
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tems that carry out minehunting and minesweeping functions. Similarly, the legacy
SMCM consisting of the MCM 1 ship contains both sensing and neutralizing systems.
Legacy UMCM consists of the EOD divers and MMSs.

MCM.1

Legacy MCM
Systems

Family of Systemg

MCM.1.1 MCM.1.2
Legacy AMCM: Legacy SMCM:
MH-53E MCM 1
System of Systems System of Systemsg
—T1
MCM.1.1.1 MCM.1.1.2 MCM.1.2.1 MCM.1.2.2
Legacy AMCM Legacy AMCM Legacy SMCM Legacy SMCM
Sensors Neutralizers Sensors Neutralizers
Family of Systems Family of Systems Family of Systems Family of Systems

MCM.1.1.1.1 CM.1.1.2.1 MCM.1.2.1.1 TM.1.2.2.1
AN/AQS-24A Legacy AMCM AN/SQQ-32 Legacy SMCM
System Hunting System Hunting

Family of Systems Family of System:

Figure 26. Legacy MCM Physical Systems Hierarchy

Figure 27 and Figure 28 show the legacy AMCM minehunting and minesweeping
neutralizers and SMCM minehunting and minesweeping neutralizers; respectively. The

descriptions of the legacy MCM systems are in Table 4.
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Table 4.

Legacy MCM Systems (after PEO LMW 2009)

System of | Family of System Description
Systems Systems
. AN/AQS-24A Side-looking sonar that can detect and classify bottom
Sensing . . . :
and moored mines as well as identify bottom mines
. SeaFox Unmanned underwater vehicle (UUV) capable of detect-
Hunting . e e L .
ing, classifying, identifying, and neutralizing mines
MK103 Mechanical sweep with a tow wire, cutters, and floats to
target shallow-water moored mines
MK104 Acoustic sweep with a self-rotating cavitating disk in-
AMCM side a venturi tube
MH-53E MK105 Magnetic sweep consisting of a gas turbine generator
Sweeping mount_ed ona sled _
MK106 Combination sweep consists of both the MK104 and
MK105
AN/SPU-1/W Magnetic and acoustic sweep consisting of parallel pipes
or bars
AN/37U-1 Mechanical sweep with cable cutters that actuate when
in contact with mooring cables
. AN/SQQ-32 Sonar that can detect and classify moored, close-
Sensing .
tethered, and bottom mines
SeaFox UUV capable of detecting, classifying, identifying, and
neutralizing mines
SMCM Hunting AN/SLQ-4 Remote and unmanned subrr_lersible MNS that can neu-
MCM 1 tralize bottom and moored mines
Archerfish UUV capable of identifying and neutralizing mines
AN/SLC-37 Magnetic and acoustic sweep consisting of a straight-tail
Sweeping magnetic sweep and an acoustic sweep device
AN/SLC-38 Mechanical sweep able to cut the mooring cable of
buoyant mines that are near the surface
Support MCM operations in locating, identifying, neu-
tralizing, recovering, and disposing near surface sea
EOD . )
mines, torpedoes, and other undersea weapons, includ-
UMCM ing underwater IEDs
Specially trained dolphins and sea lions used for detec-
MMS tion and neutralization, swimmer defense, and recovery
of mines, torpedoes, and other objects
2. Future MCM Systems Operational View and Physical Architecture

Figure 29 is a graphical depiction of the CONOPS of the LCS capabilities, indi-
cating the tasks, operational elements, data flows, and activities performed within the
MIW mission. As seen within the CONOPS depiction, the conduct of MIW operations

involves the integration of several systems working together. It was essential to represent

these elements shown in Figure 29 in the architectures to be able to translate them into

the models that were used to develop the comparative data. This approach instilled rele-

vance to the project, because the functional and physical architecture were mirrored from
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fleet MIW legacy and future operations. This MCM operation is conducted by the use of
a Sea Hawk helicopter, which departs the ship, flies a track search pattern over the mine-
field, and scans below the surface of the water with a laser scanner pod to hunt for
MLOs. Once the helicopter has scanned the suspected minefield, the helicopter returns to
the ship and the data from the laser scanner is downloaded and analyzed by countermine
mission personnel aboard the ship (Broughton and Burdon 1998).

Figure 29. LCS CONOPS (from Broughton and Burdon 1998)

Based on the analysis of the data, one of two courses of action then takes place,
dependent upon the identification of shallow-water mines. If the laser scan results indi-
cate that there are no shallow water mines in the area that could endanger the ship, the
ship enters the suspected mine field and initiates a search pattern with its semi-
submersible RMMYV that is towed behind the ship. Attached to the RMMYV is a tethered

sonar that is winch-controlled to search different depths with its high-resolution, high
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frequency sonar. The Sea Hawk helicopter also continues searching the minefield with a
tethered sonar that it winches into the water and tows through the water to locate the deep
water mines (mines located 200 to 600 feet below the surface). Once the deep-water
mines are located, the helicopter is used to carry another pod to neutralize the mines. This
pod is also winched into the water and maneuvered close to the mines where individual
torpedo-like modules, called Archer Fish, then separate from the pod. A flight crew oper-
ator remotely controls the Archer Fish from the helicopter to direct them to the mine, at
which point they are detonated to destroy the mines. If shallow water mines are found by
the initial laser scan from the Sea Hawk, the pod containing the Archer-Fish can be load-
ed and the helicopter can then deploy to destroy the shallow water mines, making it safe
for the ship-towed sonar and helicopter-towed sonar to continue the search for the deep
water mines. This process is continued until all the mines are neutralized. See Figure 30

for a flow chart of this mine hunting operation (National Geographic Channel 2014).
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Figure 30. LCS Countermine Warfare Flow Chart
(after National Geographic Channel 2014)

Figure 31 shows the future AMCM, SMCM, and UMCM family of systems bro-

ken down into their respective systems or systems of systems. The legacy AMCM, con-
sisting of the MH-60S helicopter, contains both sensing (detecting) and neutralizing sys-

tems that carry out minehunting functions. The future SMCM, consisting of the LCS
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ship, contains both sensing and neutralizing systems. Future UMCM, like legacy UMCM,
consists of the EOD divers and MMSs.
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Figure 31. Future MCM Physical Systems Hierarchy

Table 5 shows the future MCM system hierarchy and provides a description of the

future MCM systems.

Table 5.  Future MCM Systems (after PEO LMW 2009)
System of | Family of System Description
Systems Systems
Airborne laser mine | Electro-optic laser system to detect, classify, and
Sensing detection system | localize floating and near-surface moored sea mines
AMCM (ALMDS)
MH-60S Airborne mine neutral- | Remotely operated MNS that reacquires and neutral-
Hunting ization system | izes previously identified targets with Archerfish
(AMNS)—Archerfish
RMS-AN/AQS-20A Unmanned, semi-autonomous vehicle that tows the
SMCM Sensing AQS-20A, a sonar for detecting, classifying, locat-
LCS ing, and identifying bottom, close-tethered, and
moored sea mines
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System of | Family of System Description
Systems Systems
Knifefish Autonomous unmanned undersea system that pro-
vides buried mine detection capability
S . UISS Unmanned surface craft that tows a magnetic cable
weeping . .
and acoustical signal generator
Support MCM operations in locating, identifying,
neutralizing, recovering, and disposing near surface
EOD .
sea mines, torpedoes, and other undersea weapons,
UMCM including underwater IEDs
Specially trained dolphins and sea lions used for de-
MMS tection and neutralization, swimmer defense, and
recovery of mines, torpedoes, and other objects
3. Physical Traceability to Functions

Table 6 shows the traceability of the functions described in Section B to the phys-

ical systems described in this section. Only the minehunting functions and systems rele-

vant to the scope of this report are shown. This mapping, in addition to the value hierar-

chy described in Section D, acts as a tool to validate that the basis for the project model is

grounded to actual functions and physical systems.
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Table 6.  Functional/Physical Traceability Matrix

Physical Systems
Legacy MCM Future MCM
w Sho
3l |x]s ok
T 215 S|l &1z n
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il Bl Bl Bl Bel Bl Bl B Bel Bl Bl Bl B
— - - - i - - - o~ - o o~ -
| o N[N N] A = | N
Functions - I I
1.1.2 | Perform Mine Hunting Operations
1.1.2.1 | Detect Mines X | X X X X X
1.1.2.2 | Classify MILECs X1 X X X X X
1.1.2.3 | Reacquire MILCOs X | X X X X X
1.1.2.4 | Identify Mines X | X X | XX X X
1.1.3 | Neutralize Mines
1.1.3.1 [ Reaquire Mines X | X X | X X X
1.1.3.2 | Destroy Mines X X | XX X
1.2 | Control Equipment
1.2.1 | Transit Systems X X X X | X
1.2.2 | Load Fuel X X X X
1.2.3 | Maneuver Systems X X X X | X
1.2.4 | Recover Gear X X X X | X
1.2.5 | Stream Gear X X X X | X
1.2.6 | Reload and Rearm X X | X X | X | XQX X | X
1.3 | Gather/Receive Data and Information
1.3.1 |PMA X X
1.3.2 | Decide Course of Action X X
1.4 | Perform Maintenance Activities XX XXX ]|X]|X|XEX]|X]|X]|X]|X

VALUE HIERARCHY

The value hierarchy is based on the objectives derived from the functional hierar-

chy described in Section B. The functional hierarchy portrays the sub-functions derived

from the MCM research and from analyzing stakeholder needs; these sub-functions acted

as objectives for the SE team in developing appropriate qualitative functional evaluation

measures.

After the system functional hierarchy was developed, the MIW Team performed a

value system design analysis as a precursor to considering design implementation alterna-

tives. Value system design allows the association of evaluation measures to sub-functions
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and objectives so that stakeholders have a metric by which they can later score design
alternatives. In this project, the value system design allowed for the definition of the re-
quirements for the simulations that were used to develop the performance comparisons
between the different MCM configurations. A fundamental tool used as part of value sys-
tem design is the value hierarchy. The value hierarchy depicts a value tree where the
stakeholder effective need is traced to functions and objectives and their corresponding
evaluation measures. The evaluation measures identify qualitative metrics for verifying
that stakeholder needs are being met. Evaluation measures are further decomposed into
MOEs and MOPs. MOEs formalize the qualitative evaluation measure for a particular
function/objective while MOPs provide a foundation for formulating a performance re-

quirement to meet the MOEs.

The performance and evaluation measures for MIW operations is defined in PEO
LMW Instruction 3370.1A (Hagan 2008) and was used as the foundation for the MOEs
and MOPs used within this project. The measures associated with defensive MCM are

shown in Figure 32.
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Characteristic probability of cutting (B)

Probability of Reacquisition (Prmm, Prmns Prams Pran)
Reacquisition Time (Trmm, Trmns Trams Trnn)

Contact Localization Accuracy (CLA)

Probability of Identification (Pimm, Pimns Pinm, Pinn)
Identification Time (Timm, Timns Tinm, Tinn)

Characteristic Search/Sweep/Actuation Width (A)

Probability of neutralization (Pn)
Neutralization time (Tnm, Tnn)
Placement accuracy (Ppa)

Risk
(Vulnerability to Platforms)

MCM Mission Time (Trotal)

MCM Vulnerability: Transiting Vessels

P(Mines Remain) (P(m))
Percent Clearance (P)
No. Mines Cleared (n)

Probability Detect/Sweep/Actuate vs. Lateral Range (Pp(Y))

Time to Hunt (Thun)
Time to Sweep (Tqweep)
Opnl. Avail (A,)

On Duty Time (T,)

MCM Vulnerability: Patrolling Vessels OFf Duty Time (Tog)

Time Patrolling Area (T)
Speed of Vessel (V)
No. Mines Cleared (n)

KEY

Probability(n encounters) (P(n)) Number of Sorties (Ns)
Transit Time to Target Area (T.)
Time to Stream MCM Gear (Tsiream)
Time to Recover MCM Gear (Trecover)

MCM Vulnerability: MCM Platforms

Probability(Mission Abort) (P(ma)) a :
MOP Area Under P(y) Curve (W) (aggregate width) Mine Damage Width (Wp)

Sortie Time Required in the Area (Tsortie)

Avg. Time in Field per Sortie (Typs)

Transit Time to Staging Area (T,)
Time to refuel/rearm/reconfigure(T,)

Length of Patrol Area (L)

Mine Damage Width (Wp)

Variables No. Mines Remaining (m)
Constants Channel or Area Width (C)

No. Mines Remaining (m)
Channel or Area Width (C)
Length of Patrol Area (L)
Width of Patrol Area

Figure 32. Defensive MCM MOEs and MOPs Per PEO LMW 3370.1A

Not all of the measures identified in Figure 32 applied to this project. Due to the
study’s focus and the project’s constraints, only a subset of the measures were required
for this analysis. Therefore, the MIW Team developed the value hierarchy depicted in
Figure 33. This figure contains the objectives, MOEs, and MOPs associated with the

overall purposes and goals for the simulation to be run in order to develop the compara-

tive analysis.

The MIW Team also used the MOPs from the value hierarchy as a basis for gen-

erating requirements described in Section E. These requirements are associated with the

(after PEO LMW 2008)

functional hierarchy shown in Figure 13.
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Effective Need
The stakeholders need to analyze and compare MCM effectiveness of the two
capabilities offered by the two MCM 1 configurations and the future,
Increment I installed on the LCS platforms.

Objective
Perform a comparative analysis of the
ACRS and Percent Clearance for
Minehunting Operation,

MOE 1.1
Calculate the ACRS for the minehunting operation
based on the specified performance parameters
IAW PEO LMW 3370.1A
The ACRS; must be maximized
{p = Clearance Level)

MOE 1.2
Calculate the mine clearance effectivenss for each
configuration based on the specified perfromance
parameters [AW PEQ LMW 3370.1A
The Percent Clearance must be maximized

Sortie Time Required in the Area (T,,.)

Maximum Endurance Time per System
(Sortie_Time)

Time to Hunt (T,

Opnl. Avail (A,)

Avg. Time in Field per Sortie (T,,.)

On Duty Time (T,,)

Off Duty Time (T )

Number of Sorties (N}

Transit Time to Target Area (T,,)

Time to Stream MCM Gear (T reum)

Time to Recover MCM Gear (Tocover)

Transit Time to Staging Area (T.,)

Time to refuel/rearm/reconfigure(T,)

Time to deploy (T ey )

Time to turn (Ty,,)

Classification time (Temm, Temas Teams Tenn)

Reacquisition for Identification and for
NeutralizationTime ( Tymms Temns Lroms L enn)

Identification Time (T, Tinne Tinms Linn)

Neutralization time (T, Tog)

Probability of detection vs. lateral range [Pu(y)]
Probability of classification (Penme Pemns Peams Pean)
Non-mine density for classification (lambda,,, )
Probability of Reacquisition (P, Prse Prms Pron)
Probability of [dentification (Pi,m. P Pioms Pion)
Characteristic Search Width (A)

Probability of neutralization (P,,)

KEY

MOE

MOP

Figure 33. Value Hierarchy (after PEO LMW 2008)

The effective need is to conduct a comparative analysis between the five different

MCM configurations (four MCM 1 and one LCS configuration) in terms of ACRS and

effectiveness. This overarching need was decomposed into a single objective and then to

two MOEs and further decomposed into multiple MOPs.



1. Effective Need

The effective need is shown in Figure 33 and is restated here: the stakeholders
need to analyze and compare MCM effectiveness of the two capabilities offered by the
two MCM 1 configurations and the future, Increment 1 installed on the LCS platforms.

This need was decomposed into one primary objective.

2. Primary Objective

The primary objective was to perform a comparative analysis of the ACRS and
percent clearance for the three MCM configurations in the conduct of minehunting in a
predefined area in deep water. The MIW Team determined that a simulation containing
models of the minehunting functions was the best way to represent the functions in repre-

sentative mission scenarios.

The first MOE is to determine the ACRS for the conduct of the minehunting op-
eration.

. MOE 1.1: Calculate the ACRS for the minehunting operation based on the
specified performance parameters IAW PEO LM 3370.1A (2008).

As stated, this project evaluated three different MCM configurations; therefore,
the performance and operation of the different systems for each had to be represented in
the simulation. This single MOE was decomposed into 18 MOPs to provide evidence of
satisfying this MOE.

o MOP 1.1.1 Sortie Time Required in the Area (Tsortie): This MOP sup-
ports the ACRS MOE and is the total sortie time in an area. It is a function
of the number of sorties, the average time in the area per sortie, the plat-
form duty-cycle, and systems’ availabilities, and the time to sweep or
hunt.

o MOP 1.1.2 Transit Time to Target Area (Tta): This MOP supports the
ACRS MOE and is the time to transit from the staging area to the area of
the mine. In this study, this is calculated within the simulation using the
supplied transit speed in knots and the distance from the current location
to the mine location.

o MOP 1.1.3 Transit Time to Staging Area (Tsa): This MOP supports the
ACRS MOE and is the time to transit from the mine area to the staging ar-
ea. In this study, this is calculated within the simulation using the supplied
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transit speed (in knots) and the distance from the current location to the
staging location.

MOP 1.1.4 Time to Stream MCM Gear for Search Equipment (Tstream):
This MOP supports the ACRS MOE and is the time required to deploy the
MCM equipment from the platform.

MOP 1.1.5 Time to Recover MCM Gear (Trecover): This MOP supports
the ACRS MOE and is the time required to recover or load the MCM
equipment to the platform.

MOP 1.1.6 Time to Refuel/Rearm/Reconfigure (Trr): This MOP supports
the ACRS MOE and is the time required to refuel, rearm, or reconfigure
the MCM equipment.

MOP 1.1.7 Time to Turn (Tturn): This MOP supports the ACRS MOE and
is the time required for the MCM platform to turn from one track to the
next.

MOP 1.1.8 Time to Deploy for RI&N Equipment (Tdeploy): This MOP
supports the ACRS MOE and is the time required to deploy the MCM
equipment from the platform.

MOP 1.1.9 Average Time in Field per Sortie (Taps): This MOP supports
the ACRS MOE and is the average time in the field per sortie for each
MCM platform.

MOP 1.1.10 Number of Sorties (Nst): This MOP supports the ACRS
MOE and is the number of sorties needed to complete a mission.

MOP 1.1.11 Operational Availability (Ao): This metric primarily supports
the ACRS MOE and is the probability that the MCM equipment is capable
of performing its function when it is needed. This metric is not explicitly
modeled within the simulation, but is accounted for by a delay in the oper-
ation time.

MOP 1.1.12 On Duty Time (Ton): This metric supports the ACRS MOE
and captures the operational constraints of the use of the MCM equipment.

MOP 1.1.13 Off Duty Time (Toff): This metric supports the ACRS MOE
and captures the operational constraints of the use of the MCM equipment.

MOP 1.1.14 Time to Hunt (Thunt): This MOP supports the ACRS MOE
and accounts for the total amount of time to perform minehunting. It is a
function of the search time, time to classify, time to reacquire for identifi-
cation, time to identify, time to reacquire for neutralization, and time to
neutralize.

MOP 1.1.15 Classification Time (Tcmm, Tcmn, Tcnm, Tcnn): This MOP
supports the ACRS MOE and is the total time to classify. Classification
time is a function of the number of classification attempts on mines, the
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number of classification attempts on non-mines, the time to classify a
mine as mine (Tcmm), the time to classify a non-mine as mine (Tcnm),
the time to classify a non-mine as a non-mine (Tcnn) and the time to clas-
sify a mine as a non-mine (Tcnm).

MOP 1.1.16 Reacquisition Time for Identification and for Neutralization
(Trmm, Trmn, Trnm, Trnn): This MOP supports the ACRS MOE and is
the total time to reacquire a mine for identification or neutralization. Re-
acquisition time is a function of the number of reacquisition attempts on
mines, the number of reacquisition attempts on non-mines, the time to re-
acquire a mine as mine (Trmm), the time to reacquire a non-mine as mine
(Trnm), the time to reacquire a non-mine as a non-mine (Trnn) and the
time to reacquire a mine as a non-mine (Trnm).

MOP 1.1.17 ldentification Time (Timm, Timn, Tinm, Tinn): This MOP
supports the ACRS MOE and is the total time to identify a mine. Identifi-
cation time is a function of the number of identification attempts on mines,
the number of identification attempts on non-mines, the time to identify a
mine as mine (Timm), the time to identify a non-mine as mine (Tinm), the
time to identify a non-mine as a non-mine (Tinn) and the time to identify a
mine as a non-mine (Tinm).

MOP 1.1.18 Neutralization Time (Tnm, Tnn): This MOP supports the
ACRS MOE and is the total time to neutralize a mine. Neutralization time
is a function of the number of neutralization attempts on mines, the num-
ber of neutralization attempts on non-mines, the time to neutralize a mine
(Tnm) and the time to neutralize a non-mine (Tnn) (PEO LMW 2008).

The second MOE is to determine the effectiveness of the minehunting operation

in terms of the percent clearance.

MOE 1.2: Calculate the mine clearance effectiveness for each configura-
tion based on the specified performance parameters IAW PEO LMW
3370.1A (2008).

There are five MOPs for this MOE.

MOP 1.2.1 Probability of Detection vs. Lateral Range [PD(y)]: This met-
ric deals with the probability that a mine will be detected by the search so-
nar system as a function of the lateral range from the sonar system to the
mine object.

MOP 1.2.2 Probability of Classification (Pcmm, Pcmn, Pcnm, Pcnn): This
metric supports the effectiveness MOE and deals with the probability that
a mine, once detected, is properly classified as a MILCO. The MOP deals
with the probability of classifying a MILCO as a MILCO (Pcmm), the
probability of classifying a MILCO as a non-MILCO (Pcmn), the proba-
bility of classifying a non-MILCO as a MILCO (Pcnm) and the probabil-
ity of classifying a non-MILCO as a non-MILCO (Pcnn).
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. MOP 1.2.3 Probability of Reacquisition (Prmm, Prmn, Prnm, Prnn): This
metric supports the effectiveness MOE and is the probability that the next
MCM system used either for identification or for neutralization can accu-
rately locate the MILCO or identified mine so that the object can be either
identified or neutralized. The MOP deals with the probability of reacquir-
ing a MILCO or mine as a MILCO or mine (Prmm), the probability of re-
acquiring a MILCO or mine as a non-MILCO or non-mine (Prmn), the
probability of reacquiring a non-MILCO or non-mine as a MILCO or
mine (Prnm) and the probability of reacquiring a non-MILCO or non-mine
as a non-MILCO or non-mine (Pcnn).

. MOP 1.2.4 Probability of Identification (Pimm, Pimn, Pinm, Pinn): This
metric supports the effectiveness MOE and is the probability that a MIL-
CO is accurately identified as a mine. The MOP deals with the probability
of identifying a MILCO as a mine (Pimm), the probability of identifying a
MILCO as a non-mine (Pimn), the probability of identifying a non-
MILCO as a mine (Pinm) and the probability of identifying a non-MILCO
as a non-mine (Pinn).

. MOP 1.2.5 Probability of neutralization (Pn): This metric supports the ef-
fectiveness MOE and is the probability that a mine is successfully neutral-
ized. Although this MOP refers to detonation of the mine by any means
(i.e., mechanical sweeping, influence sweeping, or charge placement), this
study only evaluated this metric as it pertains to minehunting operations
(charge placement, detonation, and accuracy) (PEO LMW 2008).

Not captured in the listed MOPs are the set of elements that are required for the
simulation to function such that the MOPs can be represented and calculated to provide

the resultant MOEs, ACRS and percent clearance.

E. REQUIREMENTS

The following describes the detailed requirements for the study. IAW the defined
SE process, the top-level requirements (Chapter I11) were decomposed into detailed re-

quirements as listed in Table 7. The top-level requirements are shown in bold.
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Table 7. Detailed Requirements (after PEO LMW 2008)
REQ. NO. REQUIREMENT
1.0 The simulation shall enable the determination of the ACRS for each MCM
configuration in the performance of mine hunting.

1.1 The simulation shall represent the time required to perform each minehunt-
ing function within the minehunting operation: travel, detect, classify, identi-
fy, reacquire, and neutralize for each MCM configuration.

111 The simulation shall represent the sortie time required in the area (Tsortie).
1.1.1.1 The simulation shall represent the maximum endurance time per system (Sor-
tie_Time) for surface platforms between 336 and 504 hours.
1.1.1.2 The simulation shall represent the maximum endurance time per system (Sor-
tie_Time) for airborne systems between one and four hours.
1.1.2 The simulation shall represent the transit time to target area (Tta).
1121 The simulation shall represent the transit speed of MCM 1 between 10 and 15
knots.
1122 The simulation shall represent the transit speed of LCS between 20 and 40 knots.
1.1.2.3 The simulation shall represent the transit speed of helicopter between 80 and 150
knots.
1.1.2.4 The simulation shall represent the transit speed of airborne deployed neutralizer
between zero and five knots.
113 The simulation shall represent the transit time to staging area (Tsa).
114 The simulation shall represent the time to stream MCM gear (Tstream)
1.1.4.1 The simulation shall represent the time to stream MCM gear (Tstream) for search
equipment for surface platforms between 0.25 and two hours.
1.1.4.2 The simulation shall represent the time to stream MCM gear (Tstream) for search
equipment for airborne systems between 0.2 and 0.5 hours.
1.15 The simulation shall represent the time to recover MCM gear (Trecover).
1151 The simulation shall represent the time to recover RI&N equipment for surface
platforms between 0.1 and two hours.
1.1.5.2 The simulation shall represent the time to recover the search equipment for sur-
face platforms between 0.25 and two hours.
1.15.3 The simulation shall represent the time to recover RI&N equipment for airborne
systems between 0.2 and one hour.
1.15.4 The simulation shall represent the time to recover the search equipment for air-
borne systems between 0.2 and 0.5 hours.
1.1.6 The simulation shall represent the time to refuel/rearm/reconfigure (Trr)
1.16.1 The simulation shall represent the time to refuel/rearm/reconfigure (Trr) for sur-
face platforms between four and eight hours.
1.16.2 The simulation shall represent the time to refuel/rearm/reconfigure (Trr) for air-
borne systems between four and eight.
117 The simulation shall represent the time to turn (Tturn).
1.1.7.1 The simulation shall represent the time to turn (Tturn) for surface platforms be-
tween 300 and 600 seconds.
1.1.7.2 The simulation shall represent the time to turn (Tturn) for airborne systems be-
tween 120 and 240 seconds.
1.18 The simulation shall represent the time to deploy (Tdeploy) for RI&N equipment.
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REQ. NO. REQUIREMENT

1.1.8.1 The simulation shall represent the time to deploy (Tdeploy) for RI&N equipment
for surface platforms between 0.1 and two hours.

1.1.8.2 The simulation shall represent the time to deploy (Tdeploy) for RI&N equipment
for airborne systems between 0.1 and one hour.
1.19 The simulation shall represent the average time in field per sortie (Taps).
1.1.10 The simulation shall represent the number of sorties (Nst).
1.1.11 The simulation shall represent the operational availability (A,).
1.1.12 The simulation shall represent the on duty time (Ton).
1.1.13 The simulation shall represent the off duty time (Toff).
1.1.14 The simulation shall represent the time to hunt (Thunt).

1.1.14.1 | The simulation shall represent the speed in search area for surface platforms be-
tween one and five knots.

1.1.14.2 | The simulation shall represent the speed in search area for airborne systems be-
tween 10 and 30 knots.

1.1.14.3 | The simulation shall represent the number of search tracks per NM for surface
platforms between 10 and 40.

1.1.14.4 | The simulation shall represent the number of search tracks per NM for airborne
systems between 10 and 40.

1.1.14.5 | The simulation shall represent the number of passes per track for airborne systems
between one and four.

1.1.15 The simulation shall represent the classification time (Tcmm, Tcmn, Tcnm, Tenn).
1.1.16 The simulation shall represent the reacquisition for identification and for neutrali-
zation time (Trmm, Trmn, Trnm, Trnn).
1.1.16.1 The simulation shall represent the mean reacquisition and identification for sur-
face platforms between 0.25 and one hour.
1.1.16.2 The simulation shall represent the standard deviation time for reacquisition and
identification for surface platforms between 0.1 and 0.5 hours.
1.1.16.3 The simulation shall represent the mean reacquisition and identification for air-
borne systems between 0.5 and one hour.
1.1.16.4 The simulation shall represent the standard deviation time for reacquisition and
identification for airborne systems between 0.1 and 0.5 hours.
1.1.16.5 The simulation shall represent the mean reacquisition and neutralization for sur-
face platforms between 0.2 and 0.5 hours.
1.1.16.6 The simulation shall represent the standard deviation time for reacquisition and
neutralization for surface platforms between 0.10 and 0.25 hours.
1.1.16.7 The simulation shall represent the minimum safe stand-off distance during neu-
tralization (MCM 1) between 250 and 300 yards.
1.1.16.8 The simulation shall represent the minimum safe stand-off distance during neu-
tralization (helicopter) between 300 and 350 yards.
1.1.16.9 The simulation shall represent the minimum time for reacquisition for identifica-
tion, airborne deployed neutralizer between 0.25 and 0.50 hours.
1.1.17 The simulation shall represent the identification time (Timm, Timn, Tinm, Tinn).
1.1.18 The simulation shall represent the neutralization time (Tnm, Tnn).
1.1.18.1 The simulation shall represent the number of neutralizers for MH-53E between
zero and six.

1.1.18.2 The simulation shall represent the number of neutralizers for MH-60S between
zero and four.
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REQ. NO.

REQUIREMENT

1.2

The simulation shall calculate the ACRS (time required to conduct the entire
minehunting sequence).

2.0

The simulation shall model the effectiveness of each minehunting function.

2.1

The simulation shall calculate and store the effectiveness of each minehunting
function.

211

The simulation shall represent the probability of detection vs. lateral range
[PD(y)] between 0.3 and 0.9.

2.1.2

The simulation shall represent the probability of classification (Pcmm, Pcmn,
Pcnm, Pcnn).

2121

The simulation shall represent the probability of classifying a mine as a MILCO
for surface platforms between 0.5 and 0.9.

2122

The simulation shall represent the probability of classifying a non-mine as a non-
MILCO for surface platforms between 0.5 and 0.9.

2123

The simulation shall represent the probability of classifying a mine as a MILCO
for airborne systems between 0.5 and 0.9.

2124

The simulation shall represent the probability of classifying a non-mine as a non-
MILCO for airborne systems between 0.5 and 0.9.

2.1.3

The simulation shall represent the probability of reacquisition (Prmm, Prmn,
Prnm, Prnn).

2131

The simulation shall represent the probability of reacquiring a mine as a MILCO
for identification for surface platforms between 0.3 and 0.8.

2132

The simulation shall represent the probability of reacquiring a mine for neutraliza-
tion given mine was already identified as a mine for surface platforms between 0.3
and one.

2.1.3.3

The simulation shall represent the probability of not reacquiring a non-mine as a
MILCO for identification for surface systems between 0.01 and 0.30.

2134

The simulation shall represent the probability of not reacquiring a non-mine for
neutralization given non-mine was already identified as a mine for surface sys-
tems between 0.01 and 0.30.

2.1.35

The simulation shall represent the probability of reacquiring a mine as a MILCO
for identification for airborne platforms between 0.3 and 0.8.

2.1.36

The simulation shall represent the probability of not reacquiring a non-mine as a
MILCO for identification for airborne systems between 0.01 and 0.50.

214

The simulation shall represent the probability of identification (Pimm, Pimn,
Pinm, Pinn).

2141

The simulation shall represent the probability of identifying a mine as a mine for
surface platforms between 0.5 and one.

2142

The simulation shall represent the probability of identifying a non-mine as a non-
mine for surface platforms between 0.5 and one.

2143

The simulation shall represent the probability of identifying a mine as a mine for
airborne systems between 0.5 and one.

2144

The simulation shall represent the probability of identifying a non-mine as a non-
mine for airborne systems between 0.5 and one.

2.15

The simulation shall represent the probability of neutralization (Pn) between 0.5
and 0.9.

2.2

The simulation shall calculate and output the overall minehunting effective-
ness in terms of the number of mines cleared, number of mines remaining,
and the number of non-mines that were neutralized.

3.0

The simulation shall contain models of the minehunting sequence of events
for the different configurations.

105




REQ. NO.

REQUIREMENT

3.1

The simulation shall represent each of the three MCM configuration’s mine-
hunting functions: search, detect, classify, identify, reacquire, and neutralize.

3.2

The simulation shall represent the minefield size and location for use in the
effectiveness and ACRS calculations.

3.2.1

The simulation shall represent the search area.

3211

The simulation shall represent the length of search area between one and 100.

3212

The simulation shall represent the width of search area between one and 100.

3.213

The simulation shall represent the percentage of area covered by surface search
(MCM 1) between zero and 100.

3214

The simulation shall represent the percentage of area covered by surface neutrali-
zation (MCM 1) between zero and 100.

3.2.2

The simulation shall represent the staging position's coordinates for use in the
ACRS and effectiveness calculations.

3221

The simulation shall represent the staging position—X-Coordinate between -50
and zero.

3.22.2

The simulation shall represent the staging position—Y-Coordinate between zero
and SLOC width.

3.23

The simulation shall represent the number of mines between one and 1000.

3.24

The simulation shall represent the non-mine density for classification (Acnm) be-
tween one and 1000.

3.3

The simulation shall transition the state and minehunting results of the pre-
vious function to the subsequent function IAW PEO LMW Instruction
3370.1A (2008).

4.0

The simulation shall support setting and modifying the listed performance
parameters without requiring modifying the simulation.

4.1

The simulation shall import specified input parameters without requiring
modifications to the code.

4.2

The simulation shall support the export of the resulting effectiveness and
time-to-complete parameters to a form that can be analyzed by statistical
software products such as Excel and Minitab.

4.3

The simulation shall be developed in a modular method that allows for each
function to be replaced.

5.0

The simulation shall include documentation that facilitates the use of the
simulation tool by future study groups.

5.1

The simulation shall include documentation that describes the use of the code
and descriptions of the input and output parameters.

5.2

The simulation shall include documentation that describes the code, the
structure of the code, and the required inputs and outputs of each functional
block.
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Table 8 displays the mapping of the MOPs to the detailed requirements indicating
that each MOP has a matching requirement. Note that some of the requirements do not
map directly to specific MOPs, these requirements ensure that the simulation developed
is sufficient to be used as the tool for performing the comparative analysis. These are
marked on the table as “Non-functional—Ease of Use” to indicate that the satisfaction of
these requirements had been addressed.
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Table 8.  MOP to Requirement Mapping Matrix

MOP(s)

REQUIREMENT

[

N

2.1

2.2

3132|3341

N

4.3

5.1

5.2

Sortie Time Required in the Area (Tsortie)

X | X | X

Transit Time to Target Area (Tta)

X

Transit Time to Staging Area (Tsa)

X

Time to Stream MCM Gear (Tstream) for Search
Equipment

Time to Recover MCM Gear (Trecover)

Time to Refuel/Rearm/Reconfigure (Trr)

Time to Turn (Tturn)

Time to Deploy (Tdeploy) for RI&N Equipment

Average Time in Field per Sortie (Taps)

Number of Sorties (Nst)

XX X [ X[X[X| X | X|X]|X

X[ X
XX

Operational Availability (Ao)

On Duty Time (Ton)

Off Duty Time (Toff)

Time to Hunt (Thunt)

Classification Time (Tcmm, Tcmn, Tcnm, Tcnn)

Reacquisition for Identification and for Neutralization
Time (Trmm, Trmn, Trnm, Trnn)

Identification Time (Timm, Timn, Tinm, Tinn)

Neutralization Time (Tnm, Tnn)

XIX| X XXX X XXX X [ X[X[X]| X |X|X|X|F=

XX X XXX X|X[X[X| X | X[X[X| X |X|X|X|=

Probability of Detection vs. Lateral Range (PD(y))

XXX X [X[X
XXX X [X[X
XXX X [X[X
XXX X [X[X

XXX X XXX X| X[ XX X [ X[X[X] X | X|X|X|»

108




REQUIREMENT

MOP(s)
1111202112231 |32[33[41[42[43|51]5.2
E(r:cr)]tr)]z;blllty of Classification (Pcmm, Pcmn, Pcnm, x Ix Ix Ix Ix Ix |x
E:;)g;lblllty of Reacquisition (Prmm, Prmn, Prnm, x Ix Ix Ix Ix Ix |x
Eirr?rt?;lblllty of Identification (Pimm, Pimn, Pinm, x Ix Ix Ix Ix Ix |x
Probability of Neutralization (Pn) X | X [ X | X [ X | X [X
Non-Functional—Ease of Use X | X | X
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F. SYSTEM ARCHITECTURE SUMMARY

A methodical, MBSE methodology was used to develop the system architecture
that included the functional, physical architectures as well as the mapping of the perfor-
mance parameters required to fully represent the two MCM SOS. The development of the
architectures was initiated with an evaluation of the various tasks and elements required
for the conduct of MCM from a top-level perspective. This was then transformed into the
functional and physical architectures through the development of a functional decomposi-
tion, FFBDs, and EFFBDs. The physical systems that perform the various functions were
then evaluated and the physical decomposition and mapping to the functional architecture
was performed. Subsequent to the development of these architecture designs were the
identification of the MOEs and MOPs and the development of the value hierarchy to as-
sociate these with the performance of the MCM systems. Once the functional and physi-
cal architectures were developed and the requirements and MOPs defined, it was neces-
sary to evaluate the scenario within which the study was to be performed. The infor-

mation regarding the scenario is included in the next chapter.
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V. OPERATIONAL CONCEPT AND SCENARIO ANALYSIS

This chapter provides an operational analysis of the U.S. Navy’s MCM missions
as well as the operational concept for legacy and future MCM operations and capabilities.
This chapter also lists and describes different operational vignettes for a particular MCM
scenario based on relevant operational context that were modeled and studied as a basis

for comparative analysis between the legacy and future MCM systems.

A OPERATIONAL CONTEXT

As described in Chapter I, naval MIW has not sustained a consistent level of in-
terest, historically, as compared to some other primary naval warfare disciplines, such as
ASuUW, ASW, and AAW. Consequently, organic fleet surface assets for MCM have con-
sisted of wood ships optimized for hunting or sweeping for sea mines by venturing into
minefields to conduct MCM operations. These MIW ships were made small and maneu-
verable so that they could negotiate operations inside the minefields. Limitations of these
ships are that they need to be carried to the minefield by heavy lift ships (one heavy lift
ship carries two MCM 1 ships) and must rely on other large ships, such as Landing Heli-
copter Dock (LHD) ships, in the fleet to carry any MIW aviation assets, such as the CH-
53D Sea Dragon. As a result, MCM warfare has had to maintain a very large footprint,
due to the large number of specialized equipment and personnel as well as the logistics
requirements to move this equipment to the minefield in case an operational need arises.
This operational concept is shown on the left side of Figure 34 where four smaller MCM
platforms, a larger LHD ship with aerial MCM assets, and a separate LSD with EOD de-
tachment are needed to carry out a particular MCM mission. As a result of the past ineffi-
cient and dangerous methods of conducting MCM, the new line of MIW capable ships,
the LCS, is planned to provide the fleet with an organic MCM capability through the
four-phase LCS MIW package integration plan. This new operational concept is shown
on the right side of Figure 34 where five LCS ships with their inherent aerial MCM capa-
bility are able to perform the same MCM mission with fewer personnel (390 instead of

2,300 sailors) and equipment.
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Figure 34. MCM Roadmap (from Amador 2011)

The LCS MIW deployment mission packages will be a four-phase process, begin-
ning in 2014, and scheduled to be completed in 2024. Each phase of LCS MIW develop-
ment and fielding process will add MIW capabilities to the LCS platform. As can be seen
in Figure 35, as the LCS MIW capabilities are fielded (indicated by the label “LCS/MIW
Ramp-Up”), new fleet MIW capabilities will be gained. Simultaneously, during the LCS
MIW ramp-up period, the legacy MCM ship, MCM 1 ships, will be decommissioned, as
indicated by the arrow labeled “MCM 1 Ramp-down.”
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Figure 35. MCM Transition

It is this transition, from the MCM 1 being the cornerstone of naval MIW and op-
erating inside the minefield, to the LCS taking over this responsibility that poses a chal-
lange to maintaining an effective MCM capability. The LCS will primarily operate out-
side of the minefield (for initial phases of MCM) and then venture into the minefield
once it is verified that mines have been neutralized and are not a threat to the ship. During
this transition phase, occurring between 2017 and 2024, both MCM systems will be in
operation, with the simultaneous ramp-down of the legacy MCM system and ramp-up of
the LCS over the four phases of its MIW mission package deployment. This LCS MIW
mission package deployment schedule can be seen in Figure 36. Note that in the legend
for Figure 36, the reduction of the MH-53E Sea Dragon is tied to the reduction of the
MCM 1, as each is part of the legacy MIW mission package despite the MCM 1 not be-
ing an aircraft capable ship. Figure 36 also depicts the simultaneous ramp down of the
MCM 1 and MH-53E and ramp up of the LCS and MIW Increment 1 (Spiral Alpha)
MCM Mission Package.
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Figure 36. Transition from Legacy to Future MCM Capability
(from Amador 2011)

B. OPERATIONAL CONCEPTS

As described in Chapter I, MCM operations involve minehunting and minesweep-
ing. The comparative analysis focused on the minehunting capabilities of the legacy
MCM 1 including the MH-53E and future incremental minehunting capabilities of the
LCS including the MH-60S. In comparing legacy and future MCM effectiveness, it was
important to consider differences in the way the legacy systems perform an MCM opera-

tion as compared to future systems.

Legacy systems are able to perform a complete minehunting mission, from detec-
tion to neutralization, but must perform the functions of the mission in a more serial fash-
ion compared to future systems (LT Andrew Watts, personal communication, 10 July
2014). Typically, the MH-53E is first deployed from a LHD ship outside the minefield to
detect and classify mines with towed sonar. For surface mines, EOD divers or legacy
sweep systems are needed for neutralization. The MH-53E also checks for moored
MILCOs using “persistence by checking MLO track position with respect to time during
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several runs, which is an indication a MLO is a mine” (Brett Cordes, personal communi-
cation, 12 August 2014). Following a PMA of MILCOs, a target list is generated for neu-
tralization. If the list contains a large number of targets then both the MH-53E and MCM
1 are utilized for neutralization; otherwise, the MH-53E is the primary neutralizer. If the
helicopter is not outfitted with a neutralization system, such as SeaFox, then the MCM 1
is brought in to reacquire the MILCOs, identify them as mines, and neutralize them. The
MH-53E can fly for approximately four hours. Each stage of hunting has an associated
execution time, making the serial aspect of legacy MCM operations for particular mis-

sions especially time consuming (DON 2010).

The future MCM capabilities afforded by the incremental LCS phases will also be
able to complete a minehunting mission, from detection to neutralization, but several of
the functions may be executed in parallel (LT Andrew Watts, personal communication 10
July 2014). With the embarked MH-60S that is outfitted with both detection and neutrali-
zation systems, the LCS will not have to wait on another ship to provide aerial assets.
Furthermore, the assets themselves will be able to carry out an entire minehunting mis-
sion for certain types of mines. For near surface mines in shallow water the MH-60S will
use the ALMDS for detection and classification and the AMNS for neutralization. For
subsurface mines in deeper water, the LCS will deploy the RMS with towed sonar for
detection and classification and then utilize the MH-60S outfitted with an Archerfish for
neutralization. Like the legacy systems, the future systems will be reliant on EOD and

sweep systems for surface mines (Brett Cordes, personal communication, 8 May 2014).

For minesweeping, the legacy and future capabilities differ in how they deploy
surface sweep systems. Both are able to sweep from the air using the MH-53E and MH-
60S for legacy and future, respectively. The legacy surface sweep capability requires the
MCM 1 to drag the sweep systems in the minefield while the future surface sweep capa-
bility will be provided by a remote unmanned vessel controlled by the LCS outside the

minefield.
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C. OPERATIONAL SCENARIO

MCM operations are defined by the type of MCM mission objectives where the
purpose of the attack conducted against the minefield defines the MCM mission (PEO
LMW 2008). There are five basic objectives that are considered for MCM missions
(DON 2010):

J Exploratory: Determine whether mines are present within a certain confi-
dence level.

. Reconnaissance: Determine the minefield characteristics including the
number of mines.

. Breakthrough: Reduce the threat to shipping in an area within a certain
amount of time through mine clearance.

. Clearing: Remove the greatest number of mines from an area to an ac-
ceptable level of risk.

. Attrition: Remove mines from a field as they are added to maintain a cer-
tain risk level.

Though different strategies are used, with some missions meeting several objec-
tives, a clearance mission in deep water was considered for analysis based on stakeholder

feedback as to the relevant scenario to study.

Deep water is defined as water deeper than 200 feet and was selected for this pro-
ject because this depth is the common depth for SLOCs, such as shipping channels, and
has the potential to have less variability due to terrain effects of shallow water. The goal
was to use the scenario context to answer the following questions:

. What are the capabilities (parameters) that have the largest impact on the
effectiveness of the MCM operations?

. How does the method of mine clearing (i.e., serial or parallel) impact the
effectiveness of the different MCM platforms?

o What are the performance and execution time differences of the different
configured platforms in the conduct of mine clearing operations?

Figure 37 depicts a general scenario in which two variants of legacy MCM sys-
tems and one variant of future MCM will be compared, with respect to the clearing of a
10 NM by 10 NM (100 NM?) portion of a SLOC. Given that each MCM 1 and LCS vari-
ant conducts MCM differently, the common metrics of ACRS, defined as the area (in

Cleared oT mines In a -hour period, and the percent effectiveness, defined as the
NM?) cleared of mines in a 24-hour period, and the p ffecti defined as th
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percentage of mines successfully neutralized, were used to compare each variant for

minehunting.

Figure 37. Common Deep-Water SLOC Scenario

The aforementioned transitional environment is the situation considered by this
project in addressing and analyzing some important stakeholder questions. The compara-
tive analysis accounted for the first LCS MCM increment capabilities as well as two dif-
ferent configurations of the MCM 1 platforms with a complement of MH-53E helicop-
ters. As described in Chapter I, the MCM 1 platforms assigned to the 7™ Fleet area of re-
sponsibility are equipped with the newer SeaFox mine neutralizer system, and the MCM
1 platforms assigned to the 5™ Fleet have the older AN/SLQ-48 mine neutralizer systems
(LT Andrew Watts, personal communication, 10 July 2014). Consequently, a robust sce-
nario was developed that helped to drive the M&S process to ensure that a thorough
analysis was conducted to evaluate the performance in terms of percent clearance (effec-
tiveness) and ACRS between the different MCM configurations. A total of three specific
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alternative system configurations were required to conduct a direct comparison between
two MCM 1 platforms with their complement of MH-53E helicopters and Increment 1 of
the LCS MCM systems. Table 10 lists the system complement and capabilities projected
to be afforded by the four increments of the LCS MCM mission package (GAO 2013).

Table9.  LCS Incremental Capabilities (after GAO 2013)

MCM Miission Package II\1IC INZC |N3C Il\iC Capability
ALMDS X Detect, classify, and local-
ize near surface mines
AMNS Identify and neutralize bot-
tom and moored mines in
X X*
shallow water.
*add near surface mines
AN/AQS-20A X Detect, localize, classify of
bottom mines in deep water
RMS X Remote vehicle that tows
AN/AQS-20A
Coastal Battlefield Recon- Provide intelligence prepa-
naissance and Analysis Sys- X ration for the minefield
tem
UISS Unmanned surface vehicle
X that tows an influence
sweep
Knifefish X Unmanned undersea system
that detects buried mines

To normalize the basis for comparison, the same general operational deep water
SLOC scenario was used to compare the system specific configurations shown in Figure
37. In addition, it was assumed that the SLOC had already been cleared of surface and
near surface mines. This assumption allowed the focus to be on hunting bottom mines in
deep water, where each configuration had comparable capability based on system com-
plements. This assumption also allowed the analysis to be limited to the first LCS mis-
sion package, Increment 1, since it provides all necessary systems for hunting bottom
mines. Additionally, the following MCM system context assumptions were made:

. Only bottom mines were evaluated.
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. The area was predefined.

. The density and number of mines were fixed.

o The locations of the mines and non-mines was randomly selected.
. No effects of different sea conditions were considered.

o No external threats were modeled or studied in this project.

The stakeholders wanted the comparison to include the current MCM 1 configura-
tions for 5" Fleet and 7" Fleet. Furthermore, as the minehunting operations of the MCM
1 ships are conducted in different ways (parallel and serial), two different scenarios for
each configuration had to be evaluated for a total of four MCM 1 scenarios. The LCS
configuration and operation made the fifth configuration to be studied. Table 10 summa-

rizes these five configurations.

Table 10.  Operational Scenario Configuration

Conflgura- Ship Helicop- Subsystems
tion ter
1A MCM 1 | MH-53E MCM 1: AN/SQQ-32, SLQ-48

MH-53E: AN/AQS-24

Hunt Method: Serial

1B MCM1 | MH-53E MCM 1: AN/SQQ-32, SeaFox
MH-53E: AN/AQS-24

Hunt Method: Serial

2A MCM 1 | MH-53E MCM 1: AN/SQQ-32, SLQ-48,
MH-53E: AN/AQS-24, SeaFox
Hunt Method: Parallel

2B MCM 1 | MH-53E MCM 1: AN/SQQ-32, SeaFox
MH-53E: AN/AQS-24, SeaFox
Hunt Method: Parallel

3 LCS MH-60S LCS: RMS with AN/AQS-20
MH-60S: Archerfish

Hunt Method: Serial

The actual M&S for these comparative configurations was conducted using a
combination of M&S tools including Excel and ExtendSim. Additional modeling pro-
cesses such as DOE, nearly orthogonal Latin hypercube (NOLH), and linear regression
were utilized, as introduced in Chapter 11 and described in Chapter VII, to determine the

system parameters that have the highest impact on the performance of the minehunting
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functions. The configurations considered in addressing the scenario based on stakeholder

feedback are shown in Tables 11-13.

Table 11.  Configurations 1A and 1B: MCM 1 with MH-53E (Serial Hunt)

Situation:

A red force navy has laid a minefield in a blue force SLOC. The di-
mensions of the minefield are 10NM x 10NM (100 NM?). Currently
there is a MIW task group on station consisting of four MCM 1 ships
outfitted with SQQ-32 sonar and SLQ-48 (Configuration 1A) or Sea-
Fox (Configuration 1B) neutralizers. For air support, one LHD is on
station carrying four MH-53E Sea Dragons outfitted with the side scan
AQS-24A sonar. Currently the task force is located outside of the
minefield, only the MH-53Es have been operating inside of the mine-
field due to a large number of shallow water mines that have been neu-
tralized with the MH-53E’s minesweeping gear. Currently, 100 per-
cent of the surface and shallow water mines have been neutralized by
the MH-53Es, MCM 1s, or EODs. The rest of the mines in the SLOC
are deep water bottom mines which will require the cooperative mine
hunting efforts of the MCM 1 and the MH-53Es. The MCM 1 will de-
tect, classify, identify and neutralize mines while the MH-53E will, in
parallel, detect and classify mines to be neutralized later by a MCM 1.

Mission:

Complete the clearing of the deep water mines in the SLOC with the
MCM 1 and MH-53E.

Execution:

On my command clear the mines out of the SLOC in the most efficient
manner and with the highest level of confidence possible.

Admin &
Logistics:

The MIW task force will be supplied with fuel, ordinance, spare parts,
food, and water from a constant rotation of maritime prepositioning
force ships (MPF) ships on rotation from Diego Garcia.

Command &
Signal:

The LHD will be the flag ship, all commands and status reports will be
communicated through encrypted blue force radio frequencies and da-
ta link. Report mission status updates to task force commander, as well
as all mission MIW performance parameters and metrics. The task
force commander is especially interested in the ACRS for each opera-
tional unit. MH-53E MILCOs will undergo PMA prior to being con-
sidered for neutralization
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The complete physical architecture and functional flows are described in de-
tail in Chapter V. Figure 38 provides a high-level representation of how configura-

tion 1 executes the scenario described in Table 11.
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