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alternatives (AoA). This paper will describe
the trade-space models and the resultant
design tool that was developed for the Abrams
and Bradley VHMS designs, with specific
focus upon the underlying methodology and
approach.

ABSTRACT
The U.S. Army Program Management Office,
Heavy Brigade Combat Team (PM-HBCT) is
working towards embedding enhanced
diagnostic and prognostic capabilities onto the
current fleet of HBCT ground vehicles –
including the M1A2 SEPv2, M1A1 AIM,
M2A2 ODS/SA, M2A3, M109A6 Paladin
PIM, and the M88A2 – through the Vehicle
Health Management System (VHMS). In
order to focus the VHMS design and
development effort, and to apply solution
technologies to vehicle subsystems and
components that offer the greatest benefit, the
Applied Research Lab at Penn State
University (ARL/PSU) was tasked with
developing a cost-benefits based design tool
that provides decision-makers with the ability
to explore the trade-space of potential VHMS
design alternatives. The cost-benefit analysis
(CBA) trade-space tool does not automatically
identify the “best” design, but instead supports
a flexible methodology for examining the
relative costs and benefits of alternative
designs through the user’s selective
consideration and weighting of calculated
metrics. This approach allows stake-holders
with differing perspectives on decision criteria
to work collectively towards an optimal design
configuration, or set of designs.
The
developed tool is intended to be used as an
engineering design aid, and not as a
replacement for a formal CBA or analysis of
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VHMS PROGRAM BACKGROUND

The VHMS program is directed by U.S. Army PMHBCT within PEO Ground Combat Systems, and is
supported by TARDEC (Tank Automotive Research,
Development & Engineering Center), and ARDEC
(Armaments Research, Development & Engineering
Center). The VHMS program will apply embedded
diagnostic and prognostic vehicle health monitoring
capabilities to designated variants of the Abrams,
Bradley, Paladin, and Hercules systems.
The
program’s key performance parameter is to eliminate
the need for off-platform DSESTS (Direct Support
Electrical System Test Set) testing at the brigade level
and below by embedding those specific diagnostic
capabilities onto the platforms. These capabilities are
primarily focused on the vehicle’s electronic systems.
The scope of VHMS extends across all vehicle systems,
and much of the design considerations involve systems
not currently addressed with existing on-board or
DSESTS testing. The future embedded diagnostics
must achieve equal or better fault coverage in order to
justify the elimination of DSESTS, and gain the
subsequent financial and operational benefits. Whether
additional systems warrant diagnostic coverage, and the
extent of that coverage, constitute the primary decisions
addressed by this analysis.
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ARL/PSU has supported the VHMS development effort
by conducting field interviews and performing
engineering analyses that provided insight into high
failure rate components, dominant component failure
modes, and general maintainability issues. These
analyses involved interviews conducted with chief
warrant officers and OEM field service representatives
(FSR’s) at Ft. Hood, Ft. Carson, Ft. Sill, and Aberdeen
Proving Grounds. Information gleaned from these
interviews was supplemented with maintenance records
from FSR reports provided by BAE and GDLS, in
addition to input from subject matter experts from
TACOM and the U.S. Marine Corps. Components that
were found to degrade operational capabilities and/or
contribute towards high Operation and Support (O&S)
costs were described in vehicle degrader analyses

conducted by ARL that included Failure Mode Effect
and Criticality Analyses (FMECA). The components
and subsystems identified by these reports are
described in Figure 1. These analyses serve as the
primary reference point for the VHMS trade-space tool,
and are supplemented by O&S and logistics data. Data
sources include the Operating and Support
Management Information System (OSMIS) database,
AMSAA Sample Data Collection (SDC), LOGSA
Integrated Logistics Analysis Program (ILAP)
database, and Average Monthly Demand (AMD) data
from Army item-managers. The analyses also leverage
work conducted by the Logistics Innovation Agency
(LIA) for PM Stryker Brigade Combat Team and the
Common Logistics Operating Environment (CLOE).

Figure 1 Top Degraders Identified for the Abrams and Bradley Weapon Systems
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COST-BENEFIT ANALYSIS

A traditional CBA is used to provide a comparison of
alternative solutions that decision-makers can use to
identify the most cost-effective approach to
accomplishing a clearly defined goal. Typically, only a
small number of alternatives are presented, with the
purpose of determining and justifying a general course
of action. A CBA will also provide an understanding
of performance requirements that must be met in order
to make a particular alternative worthwhile. These

performance requirements will have some effect on
determining details of the final design, but are generally
insufficient for guiding the design and development
phases of the program. Additional methodologies must
be employed to ensure cost-benefit considerations are
incorporated as detailed design decisions are made.
Added challenges are encountered when costs cannot
be directly measured, or when there is no obvious
metric to use for quantifying particular benefits. This is
often the case when the considered benefits are process
improvements, for example.
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Performing a cost-benefits analysis for CBM-related
programs is a challenging task for several reasons.
Typically, the case for CBM implementation is made
using a large number of loosely stated, generic, benefits
that can be made to fit almost any system or
maintenance environment (Banks and Merenich, 2007).
Actually extending these arguments to a specific
implementation is a much more difficult task, and
requires a realistic assessment of the performance
capability of the implemented technology in light of the
operational context and support environment of the
system that will be monitored. This not only requires
an understanding of how the diagnostic/prognostic
capabilities will be utilized within the systems’
operational, maintenance, and logistics contexts, but
also requires a more critical assessment of how the
CBM technologies can be expected to perform, both
now and in the future (Byer, Hess and Fila, 2001),
(Wilmering and Ramesh, 2005). Which component
failure modes are detectable? What are the false alarm,
and missed detection rates? What is the detection
sensitivity? Is damage classification, localization or
progression monitoring possible? Answering these
questions is nearly impossible for a cost analyst, and
even for the average engineer, unless they happen to be
specifically knowledgeable in the developing field of
diagnostics and prognostics. Even then, the answers
are
incredibly
dependent
on
the
specific
implementation, and the actual performance capability
of a well-developed solution may not be known until a
variety of testability analyses have been undertaken
(Keller, et al, 2001). Yet, without answers to these
questions, it is impossible to begin drawing accurate
connections to the larger impact on items and processes
that can be more directly related to quantifiable costs.
An understanding of the performance capability will
determine how the system can be best integrated into
each context (operational, maintenance, logistic, etc.)
as well as determining the nature and potential extent of
specific benefits.
This will allow some general
assumptions to be made regarding how the system will
actually be used in the field under typical operational
conditions.
CBA development efforts for CBM-related programs
are also complicated by the fact that it is not possible to
concentrate on a single primary benefit, which means
that individual benefits need to be accurately
considered and their cumulative effects assessed in
order to make an effective business case for the
program2. This is compounded by the fact that most of
the proposed benefits are not easily quantified because
they are types of process improvements, or because it is
difficult to establish cost factors that relate them to
quantifiable costs. This leads to a need to creatively
account for, and compare, costs-benefits that cannot be

reduced to dollar estimates (or any other common
metric). Typically, in such scenarios, the cost analysts’
only recourse is to include a detailed explanation of
these costs within a final report.
There are other factors that must also be considered
before approaching a cost-benefits analysis. One of the
key steps is to determine a well-defined scope for the
analysis, and to understand the desired purpose.
Beyond any initial ground rules communicated by the
decision-makers’, any additional decisions made by the
cost analyst are effectively an assumption on the
decision-makers’ behalf.
These decisions and
assumptions are intrinsically affected by the
perspective of the analyst. In many scenarios, the
person preparing the analysis has only limited
knowledge of the decision-makers’ decision criteria,
preferences, and general thought process. As a result,
some pertinent information may inadvertently be
omitted, or less thoroughly identified in the analysis,
which may bias the decision-makers’ conclusion.
Attempting to capture the desired considerations and
criteria of the decision-makers is a difficult task, and
typically cannot be avoided since it is necessary to
focus the CBA in order to allow it to be thorough, and
able to be completed in a reasonable amount of time.
Performing a broader analysis that takes into account
detailed cost-factors and relationships for numerous
design alternatives often are not feasible. But it is still
desirable to present as much relevant cost-benefit
details and assumptions to the decision-makers so that
they can take on the responsibility of making inferences
and decisions about the analysis, as opposed to the cost
analyst making simplifying assumptions in order to
reasonably balance the depth of the analysis with the
practical limitations. (This is especially important for
CBM-related analyses because of the number of
benefits, and the indirect links between the system
performance and any directly quantifiable benefits.)
By presenting decision-makers with more of the uninterpreted data, there is less risk of errors that can lead
to poor decisions, and a better understanding of the
entire space of design alternatives. The general
approach to most CBA’s is to document all
assumptions made in the analysis so that these missteps
are avoided. However, if the decision-makers do not
agree with the assumptions, or if they respond with
“what if…” scenarios, a large portion of the analysis
often must be redone.
3

APPROACH

In light of the various challenges associated with
performing a CBA for an integrated health monitoring
effort, an attempt has been made to introduce less
conventional methodologies for analyzing the cost-
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benefit problem. The initial approach toward a suitable
methodology involved the examination of the CBA task
from a systems engineering perspective, as a design
problem.
The intent was to develop a
tool/methodology that allows the comparison of a wide
range of alternative designs, while accommodating the
use of a large number of dissimilar parameters
(possessing different metrics, units, etc.). This was
desirable in order to allow for a more thorough
exploration of the design space than what is typically
possible within traditional CBA methodologies, which
tend to examine only a very small number of
alternatives. To facilitate such an analysis, an intuitive
means of displaying and exploring this large collection
of data would also be necessary.
The ARL Trade Space Visualizer (ATSV, an ARLdeveloped data visualization tool) was selected as a
graphical interface for this analysis because of the need
to explore large amounts of disparate data. The ATSV
had also been previously applied to engineering design
problems, where it was used in conjunction with
models that defined relationships between design
parameters. The exploration of design considerations
using the data visualization tool allowed engineers to
better understand dependencies within the trade space.
As an example, if one were designing a new combat
vehicle, a design relationship would exist between the
vehicle’s gross payload and its engine requirements to
meet a given performance specification (max speed and
acceleration). However, the engine specification would
affect the size and weight of the required transmission
components. This could result in less interior cabin
space for crew or equipment, or result in larger exterior
dimensions, which might make the vehicle too wide for
certain types of cargo transports. It is easy to see that
there are numerous interdependent design parameters
one could think of, stemming from this simple
example. As a consequence, it is extremely difficult to
understand exactly what designs are possible and which
aren’t, based on a given set of design criteria without a
suitable analysis tool.
The approach taken in this research was to create a set
of models that created relationships between both the
design parameters, and the cost factors, that would
allow for exploration of the design space in the ATSV.
Spreadsheet-based models were developed for dollar
quantifiable costs, and benefits. This approach requires
knowledge of cost factor relationships, identification of
the various dependent variables, and the anticipation of
near-term changes that might affect the cost
relationship.
In addition to dollar quantifiable
parameters, there are numerous benefits associated with
improvements to the operational, maintenance and
logistics processes that are extremely difficult to

translate into equivalent dollar amounts. A unique
process simulation, which modeled relevant aspects of
the vehicles’ operational and repair processes was
developed to quantify these improvements.

4

VHMS PRODUCT CONFIGURATOR

The product configurator tool was used to generate all
of the potential VHMS designs using the list of
components described within the degrader analysis, and
their proposed solutions. Each configuration is then
processed through the cost, benefit, and operational
models to assess the financial and non-monetary, costs
and benefits. These outputs populate the VHMS design
trade space. Figure 2 shows a block diagram of the
trade space models.
The degrader analyses describe multiple solutions for
each candidate component, based on desired
performance capabilities: current fault monitoring
coverage with software modifications only, a diagnostic
solution, a predictive diagnostic solution, and a
prognostic solution (if technically viable). The product
configurator then generates all of the potential
combinations of these solutions. For example, the
product configurator generates 172,186,884 unique
designs for the Bradley platform that consists of 18
different candidate components, and differing levels of
implementation. For example, one possible VHMS
configuration for the Bradley could use the diagnostic
solution for the PT fuel pump, the advanced diagnostic
solution for the transmission, the current diagnostic
capabilities on the generator, etc. One benefit of
describing potential solutions by performance
capability is that it makes it slightly more
straightforward to estimate the process improvements.
Diagnostic capability will result in greatly reduced
MTTD (mean time to diagnose), predictive capability
will translate into reduced probability of on-mission
failures, etc. While estimating the actual process
improvements is still difficult, this methodology
provides a capability to intuitively generalize the
benefits of each solution according to its performance
capability.
A predictive diagnostic solution has the ability of
providing an advanced warning of a failure without
specifying the anticipated remaining useful life until
failure. Whereas, a prognostic solution would require
the identification of the developing failure mode in
order to track fault development and predict the
remaining useful life. Few fully prognostic solutions
currently exist, and in many cases they are simply not
feasible to develop because of the unpredictable nature

4

Annual Conference of the Prognostics and Health Management Society, 2009

Figure 2 Block Diagram of VHMS Trade-Space Development Process

of some failures (for example, when cables are pinched
or stepped on). In these types of failures, there is no
progression from fault to failure, and thus there is no
opportunity to implement prognostics. The batteries
are the only components within this study that are
considered to currently have a prognostic solution. The
software modification scenario reflects what
improvements could be made without making any
hardware modifications. The majority of current
technologies employed by the Army, whether via
DSESTS or on-board BIT/FIT tests, generally fall
under the category of diagnostic solutions. However,
within this analysis, diagnostic capability is defined as
the real-time automatic detection and identification of a
component failure. It should be noted that the majority
of BIT/FIT capabilities do not identify faults in real
time, as they generally require sensors and processing
that are otherwise required for control purposes during
operation. While some tests do run continuously in the
background, the majority can only be performed during
system start-up, or from within maintenance-mode.
5

COST MODEL

The cost model is a parametric model that uses a set of
rules and defined relationships to generate cost
estimates for a VHMS design based on the required
hardware, software, labor, etc. The model determines
the required quantity and type of sensors, data
acquisition,
processing
cards,
and
software
development effort for individual VHMS designs. The
resulting cost estimate is a bottoms up ROM that
includes labor hour estimates for assembly, integration,

and testing, as well as overhead rates (profit and fee),
and initial sparing costs. The material costs include
sensors, cables and intelligent nodes (data acquisition
and processing computers). Material cost estimates
were generated from manufacturer quotes and from
previous cost estimates for similar efforts. The labor
costs consist of the effort to build, install and test the
intelligent nodes, as well as install and test the sensors,
portable maintenance aid, and other components. Other
costs that were considered are updates to the technical
manuals, and adding new NSN’s. A 15% discount was
assumed for bulk purchase of sensors. A 110% labor
overhead rate, 10% material overhead, 25% general and
administrative rate, and a 10% profit rate were assumed
in this model. The initial spares cost was estimated at
15% of the system cost.
The development and production cost categories were
developed by ARL using mainly prototype cost
estimates available from only a few comparable
programs. Future feedback from the government and
OEM’s will help refine these cost estimates. This input
and validation is particularly important because of the
scarcity of historical cost estimates for CBM related
programs, and the difficulty in projecting program costs
from prototype efforts.
Currently, there are several cost parameters that are
independent of the overall design configuration, which
are not currently included in the model. The initial
emphasis has been on identifying and including those
cost parameters that vary between different
configurations because they are necessary for
accurately comparing designs. Those costs that are
common to all designs will be necessary for more
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accurately computing ROI, total life cycle costs, etc.
Eventually, it is desirable to add this level of detail to
the model, which would allow for more accurate
computation of life cycle costs, ROI and break-even
estimates.
6

BENEFITS MODEL

Performing cost-benefits analyses for programs that
involve the implementation of CBM technology has
traditionally been difficult because the anticipated
benefits are very difficult to accurately estimate. This
is generally due to the nature of the benefits as process
improvements, but it is also complicated by the
difficulty in projecting a new technology’s impact on
maintenance and support operations. In many cases,
the required information does not exist, or is not readily
available (Balling, 1999). This poses a significant
challenge for the development of a cost-benefit design
tool for CBM applications because it requires estimates
of specific benefits in order to allow for a comparison
of alternative designs.
Even if the benefits of CBM technology are difficult to
estimate, they are generally well understood by
industry. These include extended inspection and
overhaul periods, reduced downtimes, the ability to
schedule downtime when it is most convenient
(avoiding costly and inopportune downtime), reduced
collateral damage, reduced repair costs, and reduced
spares inventory, among others. For this effort, there
are other unique benefits, such as reduced instances of
no evidence of failure (NEOF’s), reduced use of
recovery vehicles (M88A2’s), and fewer aborted
missions due to component failures.
The benefits model developed for this effort is a
parametric model that estimates the cost benefits of
each VHMS design. The benefits associated with
collateral damage reduction, reduced part order errors
and reduced repair costs were estimated as a percentage
of total annual operating and support costs. In most
instances, these estimates are based solely on expert
opinion because of a lack of comparable programs,
which is common when implementing new technology.
The benefits model does not yet take financial credit for
NEOF reductions, extended service life between
overhauls, reductions in contractor and FSR man-hours,
reduced inventory of spare parts, reduced M88A2
usage due to fewer in-field failures, and some logistics
benefits (reduced fuel usage, for example, etc.). These
benefits have not yet been included due to a lack of
requisite information. As the program progresses, more
of the necessary information will be available, and

these benefits can be included. The ability to reduce
vehicle downtime by improving the efficiency of
various maintenance tasks through VHMS is assumed.
Ideally, it would be desirable to quantify this in terms
of a decrease in the rate of on-mission failures, as an
increase in the mean service life between overhauls, or
as the reduction of repairs requiring multiple part order
cycles (just as a few examples). It is difficult to
estimate these, however, because of the complex nature
of the operation and maintenance processes. Factors
such as OPTEMPO, location, maintainer availability,
maintainer experience, number of FSR’s, availability of
repair tools, support structure, and even budget
restrictions, all significantly affect the maintenance
process. Properly accounting for these factors is
extremely difficult without a detailed model. One such
model has been developed by LIA, and would be
appropriate for estimating these benefits. However,
due to run time requirements the LIA simulation could
not be used for this analysis. In order to process the
millions of simulations (corresponding to each of the
potential VHMS solutions) in a reasonable amount of
time, it was necessary to develop a less detailed model
that was tailored to this effort.
It has been
recommended that the LIA process model be used for
obtaining more refined estimates of benefits once a
design (or set of designs) has been determined.

Total Qty Avg Qty/HBCT
Abrams
M1A1
M1A2

958
1610

31
52

Bradley
M2&3A2
M2&3A3

1540
2530

50
82

Figure 3 Average HBCT Vehicle Quantities
7

MAINTENANCE OPERATIONS MODEL

A discrete event simulation model of the maintenance
process was created using the Flexsim process
modeling software to estimate the impact of VHMS on
weapon system operation and support processes. The
model simulates a brigade sized element for each
weapon system, and assumes mission profiles
consistent with high OPTEMPO (67% on-mission). An
average brigade structure was estimated from figures
provided by TACOM, based on fleet plans and an
assumption of 31 HBCT’s. This is shown in Figure 3.
These figures are not necessarily representative of each
brigade, but are instead an average across all brigades.
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For the purposes of this analysis, it was possible to
combine the M1A1 AIM and M1A2 SEPv2 into a
single model, because all of the components currently
being considered are common to both platforms. The
Bradley variants were also examined in a single model
to simplify the analysis.
The model simulates maintenance and operation
activities over time, with tasks modeled as statistical
distributions and probabilities. For example, the time
to perform each specific task is modeled as a
probabilistic distribution that was estimated from
AMSAA SDC records and from maintainer interviews.
This was done in order to more accurately capture the
variability in process times that occur due to
differences in maintainer experience, training, parts
availability, and availability of tools (to name a few
factors). Component failure rates associated with nonmission capable (NMC) events are estimated from
historical records, and are used to drive the simulation.
The maintenance process is broken down into specific
tasks: in-field recovery operations, fault diagnosis,
parts order and logistics delay, repair (actual wrenchturning), and additional delays due to misdiagnosis or
incomplete diagnosis. The recovery scenario allows for
the possibility of self evacuation to the forward
operating base (FOB) when failures occur on-mission.
The probabilities and process times to conduct these
specific actions are modeled individually for each of

the candidate components identified in the degrader
analyses (see Appendix A). Each candidate component
has different sets of parameters correlating to the
different VHMS solutions (i.e., the different scenarios:
as-is, diagnostic, predictive, etc.). An “other” category
was used to capture the effects of failures of
components not included in the degrader analyses that
remain constant throughout the analysis. A high level
view of the maintenance and operations process for
HBCT combat vehicles is shown in Figure 4 for
demonstrating the effect of predictive monitoring. A
more detailed schematic is included in Appendix B.
The benefits of potential VHMS solutions were
modeled individually based on results of the degrader
analyses and expert opinions provided by subject
matter experts. While the benefits are uniquely
modeled for each component, there are some
generalizations that can be made.
Benefits of
diagnostic capability include increased fault coverage,
reduced MTTD, and reduced probability of
misdiagnosis. In addition to these benefits, predictive
coverage has reduced MLDT and reduced probability
of collateral damage. In order to simulate predictive
capabilities, an alarm time distribution was generated
for each component that allows the diagnosis and part
ordering process to begin prior to the platform
becoming NMC.

Figure 4 – Modeled Effect of Predictive Diagnostics on Downtime
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Many of these benefits (reduction in MTTD, MTTR,
and MLDT for example) ultimately result in
improvements to AO, however, this is a difficult
parameter to estimate because of how it is computed
in practice. Mission critical component failures do
not always result in downtime that counts against AO,
but for the purpose of this model it is assumed that
they do. This results in AO estimates that are lower
than reported rates, but which more accurately reflect
the process improvements. This also highlights an
important clarification that should be made
concerning AO. Current assessments of readiness that
are 95% or greater provide an impression that there is
no opportunity or need for improvement. However,
this doesn’t accurately represent the full picture, due
to the guidelines for reporting vehicles down. For
instance, repairs that can be completed by the end of
the day are not required to be included in daily
deadline reports. For instance, the ability to reduce
the average downtime for unreported repairs from 8
hours to 2 hours would not result in a change in AO,
despite its obvious impact. This is most significant
during combat operations, where such “minor” NMC
failures can be critical force degraders. For these
reasons, every mission critical failure counted against
AO for the purpose of this simulation.
One limitation of the model is that it does not
consider the effects of limited manpower resources
for maintenance and logistics, which in reality
restricts the amount of work that could occur at any
given time.
In addition, the maintenance and
logistics associated with the non-NMC repairs (which
aren’t modeled) will absorb some of the available
manpower resources as well.
These shared
manpower resources are a relevant cross-link
between platforms. For example, an improvement to
the AO of one platform would have a carry-over
effect on the AO of other platforms because
maintainers would have increased availability. There
are some other nonlinear effects that would be
captured in a more detailed model (which are
modeled in the LIA simulation) that could not be
included due to difficulty in acquiring the necessary
data and the need to limit simulation run times.
While these modeling aspects would improve the
accuracy of the simulations, they are not necessarily
required because the platforms are modeled
individually (owing to the sheer number of unique
designs), and because the effects would be generally
consistent across all designs.
Another benefit that was extracted from the
simulation was the percentage of on-mission faults
that provide an alarm time greater than 8 hours,
which assumes that 8 hours is sufficient time to avoid

a mission interrupt (implying that a vehicle on
mission would have sufficient time to self-evac to a
nearby FOB for repair, or avoid leaving on a mission
entirely).

Figure 5 – M1A1 and M1A2 Failure Estimates

Figure 6 – M2A2 and M2A3 Failure Estimates

The input data for this simulation was compiled from
a variety of resources. Annual quantities of parts
demanded from supply were used to estimate failure
rates, and were validated against first-hand accounts
from maintainers in the field. Logistics records from
item managers, the OSMIS database, and from the
AMSAA SDC analysis were additional sources of
information. Due to numerous issues pertaining to
the interpretation of the logistics data, first-hand
accounts were given preference when estimating
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Figure 7 – Maintenance and Operations Simulation Results: Percent Change in Process Model Parameters
failure rates. These interviews were conducted with
FSR’s, CWO’s, and motor pool mechanics from Ft.
Hood, Ft. Carson, Ft. Sill and Aberdeen Proving
Grounds. Estimates of MTTD, MTTR and MLDT
for specific components were obtained from
maintainer interviews. Estimates of MTTR were also
taken from the AMSAA SDC analysis. These times
were modeled as distributions because of the
variability in circumstances that occur in the field.
The estimated number of failures per HBCT per year
for Abrams and Bradley are shown in Figures 5 and
6, respectively. The estimates for the batteries and
in-tank fuel pumps are for the number of failures, not
the quantity of items replaced.
Sample output of the maintenance and operations
simulation is shown in Figure 7, for the cases of all
diagnostic,
and
all
predictive
diagnostic
implementation on the proposed components. The
simulation results show an improvement in AO as a
result of VHMS implementation. As expected,
predictive capabilities provide a greater increase in
AO than diagnostic capabilities.
Because the
simulation models failure events by the mean time to
failure, any reduction in downtime will translate into
an increase in the number of failures per year. The
simulation results point toward a 1% increase in
failures with diagnostic capabilities, and 4-6.5%
increases in failures with predictive capabilities.
These results assume that increased AO translates
directly into increased usage. In reality, this is only
true for HBCT’s with high OPTEMPO’s (namely,
those operating in theatre). Units operating in
CONUS, where there is not consistent usage, will be
less likely to see an increase in failure rates because
of the intermittent nature of their use for training and
maneuvers. Whereas vehicles operating in theatre
have mission profiles such that any unscheduled
downtime for repair necessarily results in less use.
As a result, the estimated Ao benefit for low
OPTEMPO units would be much greater than the
figures generated by the simulation.

8

QUALITATIVE RISK SCORECARD

The consideration of risk within this analysis was
incorporated by using a qualitative scorecard
approach. This approach allows risk to be loosely
quantified using qualitative definitions of risk
severity levels.
Such an approach helps to
differentiate between acceptable and unacceptable
levels of risk. Five different risk areas were
identified: schedule, development, performance,
reliability, and supply. Schedule risk is the risk that a
VHMS solution for a particular vehicle subsystem
might require development efforts that exceed the
allowable timetable. Development risk is the risk
that the required technical development of a suitable
solution is not technically possible, even given
extended timeframes and maximum resource
allocation. Performance risk is the risk that the
developed solution will experience high rates of false
alarms, missed detections, or otherwise fails to
perform at an acceptable level. Reliability risk is the
risk of frequent failure of physical components of the
VHMS
hardware,
with
consideration
for
environmental and operational effects related to the
locations of VHMS hardware on the vehicle. Supply
risk is the risk that manufacturing capabilities of
certain unique items may suffer from inefficiencies,
unpredictable resource scarcities, production
bottlenecks, etc., that could affect reliable supply.
The qualitative definitions of risk levels and the
assigned scores for each of the described areas are
shown in Appendix C and D, for reference. The
cumulative sum of these scores for alternative
designs can be utilized as a comparison metric, either
as a total score across all risk areas, or as individual
scores for each risk area. These scorecards allow less
concrete information to be integrated into the analysis
in a way that helps decision-makers understand
aspects of the design that could not be captured
quantitatively.

9
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9

TRADE SPACE TOOL

The ARL Trade Space Visualizer (ATSV) is a data
visualization tool that was selected for analyzing the
cost-benefits data of the different VHMS designs
because of its unique ability to graphically explore
multidimensional design trade spaces. It employs a
design by shopping paradigm (Balling, 1999),
(Stump, et al, 2002) that enables a decision-maker to
form a preference after having viewed the multidimensional trade space of possible designs (a
posteriori). This is in contrast to most optimization
procedures that require a priori specification of
optimization criteria. An a priori approach to the
design process blindly assumes that the chosen
optimization criteria will lead to the best design.
However, there may exist more preferable design
possibilities that were unforeseen by the decisionmaker, and thus are not discovered. With an
understanding of the design trade space using the
ATSV, the decision-maker can select an optimal
design without being limited by a priori assumptions.
The ATSV is a JAVA-based software package that
utilizes multi-dimensional visualization techniques
and optimization algorithms to compare design trades
(Stump, et al, 2002), (Stump, et al, 2007). The tool is

useful for identifying relationships between design
variables, and has a variety of tools that enable the
user to identify an optimal design(s).
The
visualization techniques include glyph plots,
histograms, parallel coordinate plots, scatter matrices,
brushing and linked views. A glyph plot represents
each design as an individual data point, and
multivariate information is represented in the
position, size, shape, color, orientation and
transparency of the icon. Brushing allows userdefined filter settings to be implemented, which
removes designs from the trade space that fall outside
the designated bounds of selected variables. This can
be useful for applying a maximum acquisition cost
limit, or a minimum return on investment, etc.
Preference shading can be used to graphically reflect
the rankings (or weights) applied to selected
variables. This is useful for comparing dissimilar
benefits, such as AO, ROI, and Total Life Cycle Cost,
where decision-makers may have different opinions
of which benefits are more important.
The
preference weightings can also be used to identify the
Pareto frontier, which defines the maximum potential
benefits that can be achieved from the selected
variables. The ATSV user-interface, with a sample
dataset is shown in Figure 8.

Figure 8 – ATSV Interface with Sample Dataset
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The data describing each VHMS design configuration
generated by the cost, benefit and maintenance
operations models are displayed with the Trade Space
Visualizer software. Due to the large number of unique
designs that are possible for each platform, it was
necessary to develop a surrogate model of the trade
space. It would not be feasible to display and analyze
hundreds of millions of points at once. The surrogate
modeling process involves mapping the trade space,
and then re-sampling with fewer data points (Ligetti,
2003). This makes it more manageable to analyze the
data, but also results in hidden data points. At any
point it is possible to examine all the data points within
a specific area of the trade space, but it simply is too
cumbersome to examine the entire trade space at once
(Stump, et al, 2007).
The sheer number of potential design configurations
also justifies the need for a more efficient CBA analysis
methodology. For this analysis there were in excess of
one hundred million possible scenarios for each
platform, based on the selected design options.
Whereas a traditional CBA considers only a few broad
alternatives, there are in actuality, a large number of
engineering design alternatives that must be compared
during the design and development. Some design
decisions are formally examined as they are identified,
but many are considered ad hoc, without any formal
methodology or approach. The ability to examine all
(or at least a majority) of the pertinent design
alternatives would allow for a more thorough design
analysis, and could result in the discovery of
advantageous designs that would not otherwise be
known.

Figure 9 – Bradley Model, Color linked to
Subsystem Grouping
Sample views of the Bradley CBA trade-space are
shown in Figures 9 and 10. The color scheme in Figure
9 is used to group components from similar vehicle
subsystems. The color scheme in Figure 10 is linked to
the cumulative risk scores, which helps to understand
which design configurations are most feasible.

10 ATSV MODEL RESULTS
The developed ATSV models are intended to be used
interactively by decision-makers and program
stakeholders to explore the design space.
By
selectively applying weights to different metrics, and
discriminating alternative designs with userconfigurable limits, it is possible to analyze the design
space from a variety of perspectives. For instance, a
stake-holder from the logistics community might have
different preferences concerning the benefits that
should be maximized, than a company commander or
chief warrant officer. Bringing these decision-makers
together, and allowing them to explore the data in a
manner that lets them collectively work towards a
mutually agreeable optimum design (or set of designs),
provides a unique design capability that integrates costbenefit relationships into the systems engineering
process.

Figure 10 – Bradley Model, Color linked to Risk
While the tool does not lend itself to a single
authoritative conclusion as to the optimum design,
some general observations can be made from the
Abrams and Bradley VHMS models. The results of the
model generally point towards an optimum VHMS
configuration that implements improved diagnostic
solutions for items in the engine, drivetrain and
electrical power subsystems. Even though track and
suspension components have high replacement rates,
and are critical components, the cost and risk associated
with developing adequate VHMS solutions is relatively
high. More precise results would rely upon the
preferences of decision-makers. Are cost savings more
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important than improvements to operational
availability? Is the avoidance of mission interruption
due to failures a greater benefit than minimizing parts
storage? Questions like these dictate an understanding
of current needs and awareness of the future Army
vision. For example, more emphasis has been placed in
recent years on having smaller units of action that can
be increasingly more operationally independent. From
this perspective, reducing spare parts requirements may
be more critical than achieving process improvements.
Selection of an optimum VHMS design is thus
dramatically dependent upon the decision-makers’
perspective and decision criterion.
The ATSV tool has a variety of other applicable
capabilities for examining the data sets. By selecting
weighting factors for different cost and benefit metrics,
it is possible to develop a Pareto frontier of optimum
designs, as shown in Figure 11. The tool makes it
possible to link the color, size, shape, transparency and
visibility of data points to specific parameters. In this
way it is possible to examine multidimensional data in
a 3-dimensional view.

Figure 12 – Effect of Abrams EMFS Diagnostic
Implementation Level on ROI and AO

Figure 13 – Effect of Abrams Engine Diagnostic
Implementation Level on ROI and Ao
Figure 11 - Sample Bradley model, after filtering
and application of a Pareto frontier
Another useful capability of the ATSV is in identifying
trends within the design space. In the Abrams model,
trends were identified between the benefits and the
level of diagnostic implementation on the EMFS and
turbine engine, as shown in Figures 12 and 13. This
indicates that the resulting benefits are more
significantly affected by the contributions of these
components.

11 CONCLUSION
The developed models were used to successfully
integrate large amounts of dissimilar cost and design
parameters in an intuitive way that allows for a more
thorough cost-benefit/design analysis than what is
typically possible using a traditional CBA
methodology. This is particularly important due to its
applicability to health monitoring efforts in general,
where insufficient quantitative cost information is
available to make an adequate business case. The
incorporation of a discrete-event simulation of the
system operation and support processes was a critical
component of this analysis, and allowed for the
inclusion of many difficult to estimate process
improvements.
The simulation development was
performed in cooperation with LIA, using a very

12

Annual Conference of the Prognostics and Health Management Society, 2009

detailed process-flow model that LIA had developed
for previous Army analyses. Owing to a variety of
factors (including simulation run times), it was
necessary for ARL to develop a more simplified
simulation for this effort that was tailored specifically
to the health monitoring CBA task.
The LIA
simulation remains a more thorough, and more flexible
simulation that would be preferable if additional detail
and accuracy is desired. The primary distinction
between the ARL developed simulation, and the LIA
model, is that the LIA model accounts for limited
resources (manpower, special maintenance equipment,
etc.), which can have significant impact on the repair
process. However, for a first-order analysis, the ARL
simulation provides more than enough detail for a
relative comparison of designs, but may not be
sufficiently accurate to capture the precise magnitudes
of these benefits. The simplified model was also
advantageous for this effort, in order to process the
millions of simulations in a reasonable amount of time.
There are a number of additional cost categories and
factors that could be included in the trade-space model
that would allow for a more thorough analysis. LRU’s
could not be included in this analysis due to the
inability to obtain applicable historical cost estimates.
Without these estimates, the return on investment and
total life cycle cost metrics are not reflective of the
entire VHMS program. The cost estimates used in this
analysis are rough estimates based on comparable
programs, using industry standard cost estimating
assumptions. The estimates can, and should be refined
as better information becomes available. This will
allow the tool to be utilized for making informed
engineering design decisions as the program moves
forward. In addition to existing cost estimates, there
will also be a more detailed understanding of the cost
relationships and interdependencies that should be
reflected in the cost model in order to make it more
accurate.
There are significant benefits that have not yet been
added to the cost benefit models because of difficulty in
assessing the necessary cost relationships. NEOF’s
were not included in the model because there is
relatively little uncontested information available on
what causes them, how many occur, and what impact
they have on operations. Logistics benefits related to
reduced support vehicle usage and fuel consumption
were not included either because of the difficulty in
relating VHMS benefits to the logistics operations. The
modeling accuracy of the ARL operations model is
probably insufficient for estimating these secondary
benefits, and government cost analysts at TACOM
have recommended against quantifying monetary
benefits related to logistics improvements.

The elimination of DSESTS is the primary benefit of
VHMS, but as it is associated with the LRU’s, it is not
included in this analysis. This benefit is both financial
and process oriented. The financial benefits come from
the elimination of the recurring support of the DSESTS
equipment and vans, as well as the elimination of
related FSR and OEM technical support. The process
improvements result from a quicker diagnosis time and
diagnosis accuracy that ultimately improve AO. The
operations model does not include LRU’s, but the
conducted interviews clearly point towards LRU fault
diagnosis as a significant degrader of vehicle uptime.
This benefit could be estimated using the operations
model provided that subject matter experts could
provide estimates of various process times associated
with each LRU, and that necessary cost factor
relationships and estimates are available.
The trade-space model does not currently take
advantage of the various government cost models, such
as Visual SESAME, LCET, CASA and COMPASS.
Integrating these tools into the trade-space model
would allow for a more detailed analysis. However,
these software packages cannot be automated to
perform multiple simulations. Thus, the integration of
some of these tools would require significant effort to
develop surrogate or meta-models. Cost relationships
and calculations from CASA are available, and could
be more readily incorporated into the model. However,
the development of a more detailed model is
particularly dependent on the availability of necessary
data, which is exceedingly difficult to obtain. Any
future work would require further cooperation from the
government and from the OEM’s.
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APPENDIX A – MAINTENANCE AND OPERATIONS MODEL PARAMETERS
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APPENDIX B – MAINTENANCE AND OPERATIONS MODEL (GENERAL MODEL PROCESS FLOW)
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APPENDIX C – RISK SCORECARD GUIDELINES
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