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1. BACKGROUND

The air community has long had a need for a new vulnerability/lethality (V/L) methodology,
one usable by the triservice community. Current models range from manual calculations of total
vulnerable area to complex models of incendiary functioning, fragment penetration, and fire
initiation with component fault tree damage modes. Most, if not all, of these models make use of
expected value, or deterministic, methods which do not reflect accurately the actual, observed
phenomenology. In addition, technological advances in system design and weapon lethality have
outpaced the growth of these models. While the community has tried to come to grips with these
more complex systems and phenomenology clearly, the existing models have not.

Currently, there is only one joint-service endgame model (JSEM) computer code which is
available for a wide community of Government and contractor uses (Joint Technical Coordinating
Group for Munitions Effectiveness 1991). This model was developed by piecing together several
existing service submodels on a very limited budget. Users have complained that because of its
size and lack of modem data structure, JSEM is limited in its ability to adapt to new applications
and very difficult and costly to validate. These limitations and deficiencies also apply to the large
number of older, separate service models now in use.

Furthermore, there is a wide variety of analyses which must be supported within the air
community (these apply to the ground community as well). Of primary concern is the need to
support live-fire test nand evaluation programs. Clearly, these programs require metrics which
allow the analysis community to provide pre- and post-shot predictions which are measurable or
ob~ervable. The need for accurate ballistic vulne,-ability data on U.S. aircraft znd missiles, and,
conversely, the ballistic lethality of U.S. munitions (to include missiles) is a continuing mission of
the U.S. Army Research Laboratory (ARL), Ballistic Vulnerability/Lethality Division (BVLD).
Other analyses which must be supported are battle damage repair (BDR) and reliability,
availability, and maintainability (RAM), which can be related to vulnerability analyses (Roach
1993). The vulnerability/lethali:y data generated by the air community provide input to a number
of force-level models/simulations such as those used by the Army Battle Labs; these models and
simulations require a more robust set of data then currently generated. Finally, there is an ever
increasing need for tools which support the myriad of research, design, and development analyses
conducted within the community.

The purpose of this report is to describe the rationale behind the development of a new
stochastic, point-burst vulnerability model for zir systems which supports the aforementioned
analyses as well as to discuss, in general, the technical requirements which gen'-ated this need.



2. GENERAL DESCRIPTION

"The Modular Air-system Vulnerability Estimation Network (MAVEN) is a stochastic, point-
burst methodology, applicable to rotary wing, fixed wing, and missile systems, capable of both V/
L and BDR analyses. It is applicable during all phases of the system acquisition cycle; thus, it
represents a research, design, and development tool as well as a production tool for test and
evaluation analyses. Most importantly, it will provide results, at all stages, which are observable
and/or measurable. It should be noted at this point that MAVEN provides the basis of the
Advanced Joint Effectiveness Model (AJEM), a joint development project of the Joint Technical
Coordinating Group for Munitions Effectiveness (JTCG/ME), the Joint Technical Coordinating
Group for Aircraft Survivability (JTCG/AS). and ARL.

The MAVEN methodology is being developed as an approximation method in the Modular
UNIX-based Vulnerability Estimation Suite (MUVE3) environment and which follows the ARL-
BVLD V/L Process Structure (Walbert, Roach, and Burdeshaw 1993). The basis for the process
structure comes from the recognition that V/L analyses pass through four distinct levels of
information in a precise order. These levels are:

- Level 1: Threat-Target Interaction, or Initial Configuraticn (including initial conditions),

- Level 2: Target Component Damage States,

- Level 3: Target Cupabilily States, and

- Level 4: Tvget Combat Utility.

The mappings by which one passes from one level to the next are dependent on different kinds
of information at each level. For example, going from Level 1 to Level 2 (threat-target initial
configuration to target damage) essentially involves physics; going from Level 2 to Level 3 (target
damage to capability) requires engineering measurement. The process is shown pictorially in
Figure 1.

It is important at the outset to differentiate between "Levels," which are composed only of
states of existence, and the "Mappings." operators (with the data and algorithms to which they have
access) which relate a state at one lev;el to a state at another.

A Level contains all the information required to define the state of the system at the associated
stage of a V/L analysis/experiment. At each level, one can define a space of points, each point
being a vector whose elements correspond to the status of a particular entity related to the target.
For example, in Space 2 (Damage States), each element may refer to the status of a particular
component/subsystem. The spaces thus defined are the "V/L Spaces," and represent, at each level,
the state of the target system.
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Figure 1. The Vulnerability/Lethality Process Structure.
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A Mapping represents all of the information (physics, engineering, etc.). known or unknown,
required to associate a point in a space at one level with a point in a space at the next level.
Mappings have access to information such as fundamental data (penetration parameters [Level I
to Levcl 2], leakage rates [Level 2 to l.vel 3], etc.); intermediate data generated by the mapping
(line-of-sight thicknesses [ I to 21, temperature rise in an uncooled engine [2 to 3]); and algorithms
(depth of penetration [ I to 2], fault trees [2 to 3 or 3 to 4]). These are referred to as the 01,2 (Levet
1 to Level 2), 02.3 (Level 2 to Level 3). and the 03,4 (Level 3 to Level 4) mappings.

The V/L experimental and analytical processes then can be expressed as a series of mappings
which relate a state vector in one space (the domain) to a resultant state vector in a next higher-
level space (the range).

Note that at each transition to the next level, some detail about the target system may be lost; a
broken bolt in Level 2 may be the cause of degraded mobility influencing mission effectiveness,
but at Level 3, the bolt is no longer recognized as an entity. It is now widely acknowledged that
skipping over levels (such as inferring remaining combat utility directly from the size of the hole
in the armor) loses so significant an amount of information that continuity and auditability are lost.

3. SHORTCOMINGS OF THE CURRENT METHODOLOGIES

There are a number of service models available for a variety of applications and analyses. Each
model provides differing capabilities and results, which are thus not comparable. It is also difficult
to extend or modify these models for other applications. Consequently, no one model currently
exists to play the myriad of target and threat combinations now available. As an example, the
advent of tactical ballistic missiles (TBM) extends the realm of threat-target pairings which
analysis models are only now starting to address. Newly identified threat mechanisms such as hit-
to-kill (HTK) must be included in any new air system mocel or, minimally, hooks included to allow
new threats to be added with relative ease.

Vulnerability analysis models (for example, COVART3.0 [JTCG/ME, undated]) provide a
variety of analytical techniques, but no one model provides the complete set of tools needed to
analyze rotary-wing, fixed-wing, and missile systems. These models all provide input to the
endgame models yet the algorithms employed are not consistent nor are the results they generate.
They also make use of performance-oriented measures of effectiveness (MOE) such as "Forced
Landing," "Mission Abort," and "Time-Dependent Crash Landings." These measures are not truly
observable as they are subjective decisions, at best. In the missile community, models such as
PEELS (Ballistic Missile Defense Organization 1993) are deterministic where stochasticism is
clearly required. Target descriptions are I Ardwired into the model instead of being in a commonly
used format such as BRL-CAD. Their outputs, while referred to as probabilities of kill (Pk), are
not true probabilities. Finally, for both aircraft and missiles, the exiszing models are not modular,
nor does their architecture support research or the easy and efficient addition of new
methodologies. Thus, the vulnerability analysis codes used in the air community suffer from
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logical disconnects between weapon effects and target response (a problem, also, for ground
A targets).

Most importantly, none of the current models provides outputs which are observable and/or
measurable. As a consequencc, there is no method available to validate their results. Furthermove,
these models violate the fundamental tenet of the V/L Process Stricture. Neither a Pk nor a
vulnerable area (Av) can be measured or observed from any type of test. shot, or experiment. Oae
can certainly say that for a munition, a Pk of 0.5 is better than a Pk of 0.1. The point is, 0.5, 0.1, or
any other Pk has no empirical basis of support. The same is true of Avs.

4. REQUIRED CAPABILITIES OF THE NEW METHODOLOGY

MAVEN can rcplace a number of existing vulnerability/lethality codes throughout the
Department of Defense (DOD). The outputs, at all levels, provide results/information tiat are
measurable or observable. The existence of one triservice code for all air systeih, V/L analyses
reduces not only the maintenance costs but allows the services to concentrate their efforts toward
the improvement, modification, and documentation of a single code. A single code provides
comparable results, not only study to study, but agency to agency.

MAVEN provides better results through the use of better modeling of the physics of the threat-
target interaction and appropriate modeling of the vari3bility inherent in the stochastic processes.
This section will detail the capao* :ties that are, or will be, Inherent in the MAVEN methodology.
Following an introduction to the overall form of the methodology, the specific discussioiis of
MAVEN capabilities will follow the V/L process structure format.

The MAVEN methodology will reside under the BVLD-MUVES environment. MUVES is a
software environment under which all vulnerability/lethality analyses conducted by the BVLD will
be performed. It is a very general environment that is designed to evaluate the interaction of a
threat with a target where the target information is provided via ray-tracing. Currently, the ground
systems compartment-level V/L model and a prototype stochastic model have been implemented
under MUVES. The environment is written in the C programming language, using structured
programming techniques, and includes L user-friendly, menu-driven user interface and a set of
post-processors for the textual and graphical display of results (Hanes et al. 1991). In addition,
MUVES requires the geometric target description to be in the BRL-CAD format (Muuss 1991).
Consequently, as part of the combined MAVEN and AJEM effort, a translaior is being developed
to convert FASTGEN4 target descriptions into BRL-CAD format; other translator requirements
need to be identified and developed.

At Level I resides the information pertaining to initial threat-target configuration. Included
at this level is the information pertaining to what components are in the system, their location, and
material type. A variety of threat information is also detailed at this level. The type of threat is
specified, as is the velocity information (speed and direction), orientation (pitch, yaw, roll, and
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their as' ociated rates), and altitudc. The external burst location is also specified, if applicable.

MAVEN will model a variety of threat mechanisms. The main threat mechanisms in the initial
release of MAVEN include armor-piercing (AP), high-explosive (HE), the incendiary (I) versions

of both, and the FATEPEN2 penctration algorithms. The methodology will be expanded to include
the threat mechanisms, detailed in Table 1, as data and algorithms become available.

Table 1: Future Threat Mechanisms for MAVEN/AJEM Modeling
Blast Fire

Long rod penetrators Reactive fragments

Hydraulic ram Fuel-air exp!osives

Shaped charge Ballistic shock

Missile debris Missile body

In some instances, algorithms already exist and will be added according to the needs of the

analysis community. Several, though, will require experimentation t: generate the data upon
which the algoritbms can be built (for example, blast and hydraulic ram).

The Oi.2 mapping provides the mapping from Level I to Level 2; it is characterized by the

physics of the threat-target interaction. Within MAVEN, this characterization will take many

forms, as detailed Table 2.

Table 2: Threat-Target Interactions of Interest

Time depeadencies Multiple rounds

Contact fuzing Path deflections

Incendiary functioning HE projectile functioning

Threat mechanism propagation and damage processes

- body-to-body - fragments (breakup and spall)

- KE penetrators - shock

- fire initiation - penetration

- synergism - ullage explosion

- hydraulic ram - internal & external blast

- explosive initiation - HE projectile combined effects

- momentum transfer - energy transfer
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Initial efforts will be concentrated on those interactions which permit the proper modeling and
synergy of attack by AP(1), HE(I), and body-to-body threat mechan;sms. The most important

requirement during the initial stages of MAVEN development is time dependency; inclusion of this

phenomenon will permit more accurate and realistic modeling of the threat-target physical
interaction.

The outcome of the 01,2 mapping is a vector of damaged critical components of the system at

Level 2. MAVEN will output these Level 2 data as both an intermediate output and as the input
for the 02,3 mapping. The data at Level 2 provide not only the killed critical components but other

information which provides insights into the vulnerabilities of the air system. The information
should include (but is not limited to): hole size, depth of penetration, explosive reaction level,
structural deformation, and structure removed. These data will be required in MAVEN for both

the vulnerability and the BDR analyses.

The effects of the damaged components on system performance are assessed through the 02,3

mapping. The 02.3 mapping is achieved by mapping the damaged components through
mathematical fault trees which represent required functional capabilities of the system.
Components, or subsystems, are combined in the fault trees through the use of Boolean eperators.
Current 02,3 methodologies allow only "and" and "or" Boolean operators. As part of the MAVEN

development, the inclusion of additional Boolean operators is required and is, therefore, being
pursued as one of the initial development modules. At present, only one methodology exists for

performing the 02,3 mapping, the Degraded States Vulnerability Methodology (DSVM) (Abell,
Roach, and Starks 1989). Currently implemented for ground systems, additional work is required
to extend this methodology to include air systems. Further, more analog-type engineering

performan'ce models (EPMs), such as those developed and used by the Air Systems Branch (ASB)
of ARL, must be developed and incorporated into the MAVEN methodology to permit more robust
analyses of air systems.

Note, current implementation of the DSVM has been for traditional vulnerability analyses.
This methodology can be extended to permit battle damage repair analyses to be conducted in a

manner similar to the vulnerability analyses. Some effort has been expended to show the
usefu lness of this approach for BDR (Roach 1994; Bowers 1994) ,but additional work is required
to show the full advantages of this approach. Maturation of the BDR methodology will allow the

air community to conduct both vulnerability and BDR analyses within the MAVEN methodology.
The Level 2 information makes this possible, as vectors of damaged components are generated
which can then be mapped, using the 02,3 mapping, into the Level 3 remaining capabilities. If

repair priorities, times, and strategies can be established, sensitivity analyses can be performed,
within MAVEN, to determine the usefulness of the repairs by attempting to do whatever repairs

are possible within the given constraints. This generates a second set of Level 2 damaged
components, one which is (possibly) a subset of the original. Using this new damage vector, the
02.3 mapping is performed again to determine the remaining capabilities of the system given the
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affetcted rcpairs. After a comparison is made between the original set of remaining capabilities and
the new set resulting from repairs, an assessment of the usefulness of the repairs can be made (i.e.,
can the system continue its mission, and what capabilities were gained?).

The output of Level 3 is the probability of being in one or more remaining capability states. For
a single run, a single remaining capabili:y state iE generated, while, for multiple runs, a probability
distribution is generated, indicating the probability of being in various remaining capability states.
As this metric is different from the traditional A, or Pk estimates, care must be given to ensure that
MAVEN also generates the traditional data which are of use to the air community. Consequently,
both :ernaining capabilities and Av and Pk estimates will initially be calculated in MAVEN.
However, it is envisioned that Av and Pk generation will eventually be discontinued in favor of the
newer, more robust capability metrics.

At all levels, the requirements for animation and graphical results exist. The geometric target
description provides the basis for the computer rendition of the air system. Animation is required
to provide a visual picture of the threat and the target prior to and during interaction; it is also
needed following the interaction to allow the analyst to visually inspect/observe the remaining
capability of the system. This ability for visual inspection will allow the analyst to quicKly
ascertain if the encounter conditions are correct and what, if any, damage has been inflicted on the
target. The ability to observe, whether in animation form or a computer snapshot of the system,
can provide more useful information in a short period of time than the more time-consuming

analysis of numerical results.

Finally, MAVEN will be developed, under UNIX, in a modular format using the standard
ANSI C programming language and X Windows system. As MAVEN is being developed under
the MUVES environment, the methodology will be usable on any workstation running UNIX and
an X server, including, but not limited to, Silicon Graphics Incorporated (SGI) and Sun
Microsystems, Inc. workstations.

5. SHORT-TERM MAVEN/AJEM DEVELOPMENTS

A short-term development plan has been laid out for MAVEN to coincide with known and
anticipated projects of the ASB over ihe next 2 years; this plan has been agreed to by the JTCG/
ME and will apply to AJEM also. This section discusses the details of both the technical and
stochastic modeling aspects required by MAVEN to meet the needs of these projects.

5.1 Technical Developments

The most pressing requirement for ASB will be to support the live-fire testing of the Longbow

Apache. To this end, the MUVES interaction and evaluation modules (IMs and EMs) for the AP
and HE threats will be the first modeled in MAVEN/AJEM in fiscal year (FY) 1994.
Simultaneously, the capability categories and levels, for use in the DSVM, are also being
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Figure 2. Probability Distributions in the V/L Process Structure.
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developed and modeld. In addition. because the DSVM Approach II not vt unirsally xcepted.

the traaitional A, cstlimaics will al.3 be provided. consequently, another effort within ASB is
aimed at the development ,.f a MAVEN module to peaform A, calculations. These diverse
modeling efforts will allow ASB to pro%,ide prc-shot predictions for the Longbow Apache in FY95.

ASB also supporis the missile community and as a result has identified MAVEN developments

in this area. In support of the CORIPSAM missile. ASB %,ill begin work on additional IMs and
EMs, tcntativcly scheduled for FY95, to support lethality studies of missile interceptors. Modules
to support body- to-body damage mechanisms will be developed as well as modules for the
FATEPEN2 equations. 'Tentative compietion dates are Novemrier 1994 for FATEPEN2 and
September 1995 for the body-to-body work. Additional work will ensue for modules representing
the U.S. Army Missile Command (MICOM) MULTIFRAG program. Finally, in the 02,3 area,
five targets have been identified for which DSVM fault trees wi!l be developed; these inciude three
TBMs and two cruise missiles.

Additional work is ongoing in areas not identified with specific targets or threat mechanisms.
One of the main thrusts of the FY94 MAVEN work is the development of an event qu•=ze process
(Hanes 1994). This process will allow MAVEN to account for, in a physically realistic manner,
time-dependent phenomena that occur immediately following threat impact or detonation as well
as appropriately model synergistic effects. Because thesu phenomena happen so quickly, they are
'reated simultaneously with the threat impact/detonation in current vulnerability analysis models.
Examples of these phenomena include buckling plates, aerosolization of fuel, and the punching of
holes in components.

5.2 Stochastic Modeling Requirements

Recently, the MUVES environment was expanded to include a stochastic approximation
methcd for ground veh. -les. Tnis work provides a starting point for the stochasticism required for
MAVEN. Any new air system vulnerability model must address the proper modeling of the
stochastic nature of the threat -target interaction and target response. Several areas for which
further work is necessary have been identified by ASB. These areas are discussed in this section
in terms of the process structure mappings. First, though, is a discussion of the V/L process
structure mapping procedure and the generation of probability distributions.

5.2.1 Repeated Mappings and Probability Distributions

Consider the following procedure: Construct spaces at Levels 1 and 2 (VL1 and VL2). Also
construct a "scorecard" at Level 2 which allows one to count how many times each damage state
point in VL2 is reached. Then select only one set of initial conditions (a fixed point inVLl) and
iterate the mapping 012, counting the number of times each point in VL2 is reached. It is clear
that, following a large number of mappings, the information in the scorecard provides an indication

of the likelihood that a certain damage state point in VL2 will occur from a given set of threat-target
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initial conditions in VLI. In fact, it is a straightforward process to inf'er from the scorecard
informration a probability distribution associated with the mapping and the initial conditions. The
boxes marked "EVENT COUNTER" or "STATE COUNTER" in Figure 2 represent such
S(N-recards.

In principle, the process could be repeated for several sets of initial conditions. In this way,
one can arrive at an understanding of the stochastic nature of the physics o,- engineering underlying
the 012 and 023 mappings. IL is essential to appreciate two points:

I. These likelihoods, or probabilities, are functions of the mappings and not of the spacus; if
the mappings are changed, the probabilities which they associate with the vectors in the spaces will
change.

2. The mappings have their domains and ranges in the V/L spaces, not in the sets of
probabilities.

5.2.2 MAVEN Stochastic Needs

Although not previously discussed in this document (it is a level above the V/L. process
structure), the stochastic nature of the 0o.1 mapping is of importance as it results in varying initial
conditions at Level 1. Three stochastic events have been identified for this mapping. The first is
the 6-degrees-of-f-eedom (6D1F) motion resulting from the trajectory and flyout models. Next is
the impact or initiation location which varies as a result of dispersion. Finally, we must include
target configuration as it varies simply because of the observed variability in configuration. These
variations must be properly modeled in order to obtain realistic initial conditions at Level 1.

For the 01,2 mapping, the variability is inherent in the threat-target interactions. ASB has
identified the immediate areas of concern for rotary-winged aircraft and missiles. For AP,
perforation, ricochet and breakup must be modeled stochastically; it is felt this can be achieved by
making use of the JTCG/ME methodology [JTCG/ME 1977]. More work is necessary for the HE
munitions as there is known round-to-round variability as well as variability in the fuzing;
however, there is no current methodology which can easily be adapted to allow stochastic
modeling of these phenomena. As a result, the JTCG/ME penetration equations will be used up
to the burst point. Then, the FATEPEN2 equations will be applied for fragments, and the ASB
internal blast envelopes methodology will be used for blast. The inclusion of time dependencies
will allow synergistic effects to be investigated. Note, currently there is a triservice group

investigating the best available models for HE; it is anticipated that the algorithms the group selects
will be iicorporated into the MAVEN methodology. Finally, the incendiary versions of these
rounds must be modeled stochastic.ally to account for jacket stripping; again, existing JTCG/ME
methodology can be adapted for this purpose. In ihe area of missile work, the missile community
(primarily the MICOM) must provide the necessary methodologies and rationale to allow the
stochastic modeling of the missile 01,2 mappings.

11



Finally, stochasticism will be added to the 02.3 mapping to account for the variability in system
response to damage. For rotary-wingcd aircraft, the areas of interest include leakers (fuel,
lubrication, and hydraulics) and structural failure (rotor blades, hub, tail rotor drive, control rods,
and other structural elements). The nete for stochasticism in modeling these phenomena is based
on empirical data and observed variability in system response. For missiles, the concern is also
with structural failure (in particular, the aeroshell, control surfaces, airframe integrity and warhead
integrity).

In all these areas, experimental data either exist or must be generated to determine appropriate
statistical distributions to represent accurately the phenomena in the MAVEN model. Each of
these phenomena represents elements of the threat-target interaction and response. Not only does
each element need to be modeled in MAVEN but also how these individual elements interrelate.
Thus, the work of identifying these elements and their statistical disiibutions and appropriately
modeling these elements goes beyond merely deciding the correct statistical distribution and
including it in the methodology. How the elements interrelate, now the disribution is used, what
parameters are required, and what the basis is for the distribution are important factors. Finally,
one must note that the outcome of the MAVEN model will, itself, be. random and, thus, only
representative of all possible outcomes. Confidence in this answer will depend on our conflidence
in the modeling of the stochastic phenomena in the various mappings.

6. SUMMARY

This document describes the MAVEN methodology's short- and long-term requirements
which adhere to the BVLD V/L Process Structure. Included in the requirements are the current
FY94 and FY95 strategy for MAVEN as well as the longer range strategy. In addition, areas have
been identified for which data and algorithms exist and those for which experimentation is needed
to generate the data required to support the methodology developmen:; these requirements are
listed in Table 3. MAVEN and, subsequently, AJEM will provide the triservice air community the
necessary methodology to perform siochastic, point-burst vulnerability and BDR analyses for
rotary-wing, fixed-wing, and missile systems.

12



LUU

E En

o .E E >' -

_ LU

EýE < 00<

U. az

c l3



IPZfMXONALLY LEFf BLANK.

14



7. REFERENCES

Abell, J. M., L. K. Roach, and M. W. Starks. "Degraded States Vulnerability Analysis."
Technical Report No. 3010, U.S. Army Ballistic Research Laboratory, Aberdeen Proving Ground,
MD, June 1989.

Ballistic Missile Defenst C)rganization. "Parametric Endo/Exoaimospheric Lethality
Simulation (PEELS)Volumc VI, Part I - Valid..tion Document." Contract DASG60-91 -C-0035,
Report No. MCAL-93-759, Redstone Arsenal, AL, I October 1993.

Bowers, R. A. "Application of the Battle Damage Repair Methodology to the M I i% I Abrams
Main Battle Tank." Draft Report, U.S. Army Research Laboratory, Aberdeen Proving Ground,
MD, January 1994.

Hanes, P. J., S. L. Henry. G. S. Moss, K. R. Murray, and W. A. Winner. "Modular UNIX-based
Vulnerability Estimation Suites (MUVES) Analyst's Guide." Memorandum Report No. 3954,
U.S. Army Ballistic Research Laboratory, Aberdeen Proving Ground, MD, December 1991.

Hanes, P. J. "A Means for Incorporating Time Dependent Phenomena in Existing
Vulnerability Analysis Methods." Draft Report, U.S. Army Research Laboratory, Aberdeen
Proving Ground, MD, March 1994

Joint Technical Coordinating Group for Munitions Effectiveness. "Penetration Equations
Handbook for Kinetic-Energy Penetrators." 61 JTCG/ME-77-16, Aberdeen Proving Ground, MD,
1 November 1977.

Joint Technical Coordinating Group for Munitions Effectiveness. "Joint Services Endgame
Model (JSEM) Computer Program, Volume I - User Manual." 61 JTCG/ME-88-3-1, Aberdeen
Proving Ground, MD, 28 Febiuary 1991.

Joint Technical Coordinating Group for Munitions Effectiveness, "COVART 3.0 User's
Manual." Aberdeen Proving Ground, MD, Undated.

Muuss, M. "'he Ballistic Research Laboratory CAD Package Release 4.0." U.S. Army
Ballistic Research Laboratory, Aberdeen Proving Ground, MD, December 1991.

Roach, L. K. "Fault Tree Analysis and Extensions of the V/L Process Structure." Technical
Report No. 149, U.S. Army Research Laboratory, AI3erdeen Proving Ground, MD, June 1993.

Roach, L. K. "A Methodology for Battle Damage Repair (BDR) Analysis." Technical Report
No. 330, U.S. Army Research Laboratory, Aberdeen Proving Ground, MD, January 1994.

Walbert, J. N., L. K. Roach, and M. D. Burdeshaw. "Current Directions in the Vulnerability/
Lethality Process Structure." Technical Report No. 296, U.S. Army Research Laboratory,
Aberdeen Proving Grcund, MD, October 1993.

15



INMMilOKALLY LEFT BLANK.

16



Ne Of No. of

2 Ahnmkinl Comnmander
Def , Techmical Info Coer U.S. Army Missile Command
AT7N. ;JTIC-DDA ATlN: AMSMI-RD-CS-R (DOC)
CNwon Swaion Redstone Arsena, AL 35898-5010
Alexandria, VA 22304-6145

1 Commander
SCommoder U.S. Army Tank-Autanotive Command
U.S. Army Materiel Command ATIN: AMSTA-JSK (Armor Eng. Br.)
ATTN: AMCAM Warren, MI 48397-5000
5001 isenmmwer Ave.
Alemandria, VA 22333-0001 1 Director

U.S. Army TRADOC Analysis Command
Direcwr ATIN: ATRC-WSR
U.S. Army Reaech Laboratory White Sands Missile Range, NM 88002.5502
ATTN: AMSRL-OP-SD-TA,

Records Management I Commandant
2800 Powder Mil lRd. U.S. Army Infantry School
Adeiphi, MD 20783-1145 ATlN: ATSH-WCB-O

Fort Benning, GA 31905-5000
3 Director

U.S. Army Research Laboratory
ATN: AMSRL-OP.SD-TL. Aben Prov Ground

Technical Ubrary
2800 Powder Mill Rd. 2 Dir, USAMSAA
Adephi, MD 20783-1145 AThN: AMXSY.D

AMXSY.MP, H. Cohen

U.S. Army Research Laboratory 1 Cdr, USATECOM
ATTN: AMSRL-OP-SD-TP. AT7N: AMSTE-TC

Technical Publishing Branch
2800 Powder Mill Rd. 1 Dir. USAERDEC
Adeiphi. MD 20783-1145 ATTN: SCBRD-RT

2 Commander 1 Cdr, USACBDCOM
U.S. Army Annumnmt Resessch, ATTN: AMSCB-CII

Development. and E•n•e•g Cenmer
ATIN: SMCAR.TDC 1 Dir, USARL
Pcatinny Arsenal, NJ 07MW6-5000 ATIN: AMSRL-SL-I

Director Dir, USARL
Benw Weons Laboratory A7TN: AMSRL-OP-AP-L
U.S. Army Armament Reaemoth,

Deoveopment, and Engieering Center
ATTN: SMCAR-CCB-TL
Walavllet NY 12189-40=0

Director
U.S. Army Advanced Syseams Research

and Anlysis Office (ATVOM)
ATIN: AMSAT-R-NR, MKS 219-1
Ames Research Ceuta
Moffett Feld, CA 94035-1000

17



No. of No. of
c Qpi Qrianization

HQDA (SARD-TR/Dr. R. Chait) 1 SAF/AQT (Mr. George Warren)
WASH DC 20310-0103 The Pentagon. Rm BE939

Washington, DC 20330-1000
HQDA OUSDA(A), DDRE(T&E)
ATTN: COL Bernard (Chip) B. Ferguson 1 Defense Advanced Research Projects Agency
The Pentagon ATTN: Mr. B. Bandy
WASH DC 20301-3110 3701 North Fairfax Dr.

Arlington. VA 22203-1714
2 HQDA OUSDA(A), DDRE(R&AT.ET)

ATN: Mr. Rick L. Menz I Department of the Navy
The Pentagon, Rm 3D1089 ATTN: RADM Charlts R. McGrail, Jr.
WASH DC 20301-3080 The Pentagon, Room 4E536

Washington, DC 20350-2000
HQDA (SARD-ZD, Dr. Herbert K. Fallin. Jr.)
WASH DC 20310-0102 1 Commander

U.S. Army Materiel Command
OffMice of the Assistant Secretary of the Army ATIN: AMCDE-PI, Dan Marks
Research, Development, and Acquisition 5001 Eisenhower Ave.
ATTN: LTG Cianciolo, Military Deputy Alexandria, VA 22333-0001
Washington, DC 20310-0100

1 Commander
Office of the Secretary of the Army U.S. Army Materiel Command

Research, Development, and Acquisition ATlN: AMCPD, Darold Griffin
ATTN: Deputy for Systems Management, 5001 Eisenhower Ave.

MG Beltson Alexandria, VA 22333-0001
Washington, DC 20310-0103

2 Director
Deputy Under Secretary of the Army U.S. Army Research Office

for Operations Research ATTlN: SLCRO-MA, Dr. J. Chandra
ATIN: SAUS-OR, Hom Walt Hollis P.O. Box 12211
The Pentagon, Room 2E660 Research Triangle Park. NC 27709-2211
Washington, DC 20310-0102

1 Commander
Office of the Deputy Director of Defense, R&E U.S. Army Armament Research, Development,
ATIN: Dr. William Snowden and Enginmring Center
The Pentagon, Room 3D359 ATTN: SMCAR-TD, Jim Killen
Washington, DC 20301 Picatinny Arsenal, NJ 07806-5000

OUSD(A), DDT&E 1 Commander
ATIN: James O'Bryon Belvoir Research, Development,
The Pitngon, Room 3D1084 and Engineering Center
Washington, DC 20301-3110 ATTN: STRBE-FC, Ash Patil

Fort Belvoir, VA 22060-5606
2 OUSD(A), DDT&E

ATTN: A. Rainis 1 Commander
The Pentagon, Room 3E1081 Belvoir Research, Development,
Wahington, DC 20301-3110 and Engineering Center

AMiN: STRBE-JDA, Melvin Goss
Fort Belvoir, VA 22060-5606

18



No. of No. of
CM&A Omni-tion Qdu Qmvanizt

Commander I Director
U.S. Army Missile Command U.S. Army Model Improvement and Study
ATTN: AMSMI-RD, J. Bradas Management Agency
Redstone Arsenal, AL 35898-5000 ATTN: SFUS-MIS, Eugene P. Visco

Crystal Square 2. Suite 808
Commander 1725 Jefferson Davis Highway
U.S. Army Missile Command Arlington, VA 22202
ATTN: AMSMI.YTSD, Glenn Allison
Redstone Arsenal, AL 35898-5070 1 Director

U.S. Army Research. Laboratory
Commander ATFN: AMSRL-SL-E
U.S. Army Miile Command White Sands Missile Range, NM 88002.5513
ATTN: AMSMI-REX, W. Piuman
Redstone Arsenal. AL 35898-5500 1 Commander

U.S. Naval Air Systems Command
Commander JTCG, AS Central Office
HQ, TRADOC ATTN: 5164J, J. Jolley
ATIN: Assistant Deputy Chief Washington, DC 20361

of Staff for Combat Operations
Fort Monroe, VA 23651-5000 1 Commander

U.S. Naval Air Systems Command
Commander Code AIR-516J (LTC Exum)
TRADOC Washington, DC 20361
ATIN: ATAN-AP, Mark W. Murray
Fort Momroe, VA 23651-5143 1 Commander

ADR Program Manager
Commander CODF AIR-411121
U.S. Army Operational Tea and Evaluation ATTN: Tom Furlough

Agency U.S. Naval Air Systems Command
ATIN: MG Stephenso Washington, DC 20361-4110
4501 Ford Ave.
Alexandria, VA 22302-1458 2 Commander

U.S. Naval Weapons Center
Commander ATTN: David H. Hall, Code 21806
U.S. Army Operational Test and Evaluation Tim Horton, Code 3386

Agency China Lake, CA 93555-6001
ATIN: LTC Gordon Crupper
4501 Ford Ave.. #870 1 Naval Postgraduate School
Alexandria, VA 22302-1435 Department of Aeronantics and Astronautics

ATTN: Professor Robert i. Ball
Director Monterey, CA 93943
TRAC-WSMR
AT7N: ATRC-WEC, P. Shugart I Commander
White Sands Missile Range, NM 88002-5502 Naval Air Systems Command

ATrN: Philip Weinberg
Ji-/AS5
AIR-51615
Washington, DC 20361-5160

19



No. of No. of
Quai Qmwwatffi Cu Qmaniiatiin

2 omnumdI CommanderASB/DXRM 
HQ U.S. Army Aviation Center and Fort Rucker

ATfN: Gerald Bennett ATITN: ATZQ-CDC
Martin Lentz Fort Rucker, AL 36362-5000

Wright-Panerson AFB, OH 45433
I Commander

Commander HQ U.S. Army Aviation Center and Fort Rucker
FIDISDMBU ATlN: ATZQ-TDS-SM
ATIN: Kevin Nelson Fort Rucker. AL 36362-5000
Wright-Patuerson AFB, OH 45433

I Director

Commander U.S. Army Concepts Analysis Agency
FTD 8120 Woodmont Ave.
ATTN: Tom Reinhardt Bethesda, MD 20814-2797
Wright-Patterso APB, OH 45433

1 Institute for Defense Analyses (IDA)
Coummander ATrN: Mr. Irwin A. Kaufman
FTD/SDAFEA 1801 N. Beauregard St.
ATTN: Joe Sugrue Alexandria, VA 22311
Wright-Paitrmon APR, Oh 45433

1 Institute for Defense Analyses
Commander ATTN: Carl F. Kossack
AFWAL/AARA 1005 Athens Way
ATTN: Vincent Velten Sun City, FL 33570

•Wright-Pattro AF-B, OH 45433
1 Institute for Defense Analyses

Commander ATTN: Dr. Natarejan Subrarnonian
Air Force Armament Laboratory 14309 Hollyhock Way
A:I'rN: AFATIJDLY, James B. Flint Burtonsville, MD 20866
Egki AFB, FL 32542-5000

1 ADPA

Commandant ATIN: Donna R. Alexander
U.S. Army Air Defense Artillery School Two Colonial Place, Suite 400
ATTN: ATSA-DTN.SY 2101 Wilson Blvd.
Fort 'lliss, TX 79916-7090 Arlington, VA 22201-3061

Commandant 1 Dale Atkinson
U.S. Army Air Defense Artillery School 7703 Cmrrleight Parkway
ATTN: ATSA-CDC Springfield. VA 22152

-F-st Biia, TIX 79916-7090 1 AFELM. The Rand Corporation
Commandant ATTN: Libray-D
U.S. Amy Ordnance Missile and Munitions 1700 Main Si

Center and School Santa Monica. CA 90406
ATTN: ATSK-CD
Redstoe Arsenal, AL 35897-6500 2 Air Force Wright Aeronautical Labs

ATTN: CDJ.
CPT Jost
Joseph Faison

Wright-Patterson AFB. OH 45433-6523

20



No. of No. of
Qgiu Omanization Q •U Organization

ASI Systems, International 1 Commander
ATTN: Dr. Michael Stamatelatos Combined Arms Combat Development
3319 Lone Jack Road ATTN: ATZL-CAP, LTC Morrison
Encinitas, CA 92024 Director, Surv Task Force

Fort Leavenworth, KS 66027-5300
Battelle
TWSTIAC 1 Commander
505 King Ave. Combined Arms Combat Development
Columbus, OH 43201-2693 ATTN: ATZL-HFM. Dwain Skelton

Fort Leavenworth, KS 66027-5300
Battelle
Edgewood Operations I Commander
ATTN: Roy Golly Carderock Division
2113 Emmorton Park Road Naval Surface Warfare Center
Edgewood, MD 21040 ATTN: Code 1210. Seymour N. Goldstein

Bethesda, MD 20084-5000
The BDM Corporation
ATIN: Edwin J. Dorchak 1 Denver Research Institute
7915 Jones Branch Drive BW 228
McLean, VA 22102-3396 ATIN: Lawrence G. Ullyaut

2050 E. Iliff Ave.
Bell Helicopter, Textron Denver, CO 80208
ATIN: Jack R. Johnson
P.O. Box 482 1 FMC Corporation
Fort Worth, iX 76101 ATTN: Ronald S. Beck

881 Martin Ave.
Board on Army Science and Technology Santa Clara, -A 95052
National Research Council
Room MH 280 1 BDM International
2101 Constitution Ave.. NW ATIN: Mr. Steve Church, FX2B307
Washington, DC 20418 7915 Jones Branch Drive

McLean, VA 22102.3396
Booz-Allen and Hamilton, Inc.
ATrN: Dr. Richard B. Benjamin 1 BDM International
Suite 131, 4141 Colonel Glenn Highway ATTN: Mr. Tom Hooker, FF2B304
Dayton, OH 45431 7915 Jones Branch Drive

McLean, VA 22102-3396
Booz-Allen and Hamilton, Inc.
ATIN: Lee F. Mallett I General Dynamics Corporation
1300 N. 17th St. Suite 1610 ATMN: MZ-2650, Dave Bergman
Rosslyn. VA 22209 P.O. Box 748

Fort Worth, TX 76101-0748
2 Booz-Allen and Hamilton, Inc.

ATTN: John M. Vice 1 California Institute uf Technology
WRDC/FIVS/SURVIAC Jet Propulsion Laboratory
Bldg 45. Area B ATTN: D. Lewis
Wright-Pauerson AFB, OH 45433-6553 4800 Oak Grove Drive

Pasadena. CA 91109

21



No. of No. of
i Organio Organization

Kaman Sciences Corporation Aberdeen Provin2 Ground
ATTN: Timothy S. Pendergrass
600 Boulevard South. Suite 208 2 Dir, USAIMSAA
Huntsville, AL 35802 ATTN: AMXSY-A. W. Clifford

AMASY-J, A. LaGrange
Ketron, Inc.
ATTN: Robert S. Bennett 2 Cdr, USATECOM
901 Dulaney Valley Road, Suite 220 ATTN: AMSTE-.CG
Baltimore, MD 21204-2600 AMSTE-TA-L, N. Harington

Oklahoma State University I Cdr, USAOC&S
College of Engineering, Architecture ATTN: ATSL-CD-Th

and Technology
ATTN: Thomas M. Browder, Jr. 24 Dir, USARL
P.O. Box 1925 ATTI: AMSRL-SL-BA,
Eglin AFB, FL 32542 Dr. James N. Walbert (1068)

Mr. Ronald Bowers (1068)
Southwest Research Institute Mr. Mark Burdeshaw (1068)
ATTN: Martin Goland Mr. Stephen Polyak (1068)
P.O. Drawer 28255 Ms. Lisa K. Roach (10 cp)(1068)
San Antonio, TX 78228-0255 Mr. Robert Walther (1068)

Mr. Wilbur Warfield (1068)
Sparta, Inc. Mr. Earl Weaver (1068)
ATTN: David M. McKinley M&. Jeff Hanes (168)
4901 Corporate Drive Mr. Robert Kunke' (1068)
Huntsville, AL 35805-6201 Mr. Dirck Ten Broeck (1068)

AMSRL ,sL-BL.
SRI International Mr. Dennis Bely (328)
ATTN: Donald R. Curran AMSRL-SL-I,
333 Ravenswood Ave. Dr. Michael W. Starks (328)
Menlo Park, CA 94025 AMSRL-SL-BV,

Ms. Jill H. Smith (247)
TASC AMSRL-SL-N,
ATFN: Richard E. Kinsler Mr. William Hughes (E3331-EA)
1992 Lewis Turner Boulevard
Fort Walton Beach, FL 32548-1255

SURVICE Engineering
ATTN: Jim Foulk
Suite 103
1003 Old Philadelphia Road
Aberdeen, MD 21001

Coleman Research Corporation
ATTN: GEN Glenn Otis USA (Ret)
5950 Lakehurst Dr.
Orlando, FL 32819

22



USER EVALUATION SHEET/CHANGE OF ADDRESS

This Laboratory undertakes a continuing effort to improve the quality of the reports it publishes. Your
comments/answers to the itenis/questions below will aid us in our efforts.

1. ARLReportNumber ARL-TR-581 DateofReport September 1994

2. Date ReportReceived

3. Does this report satisfy a need? (Comment on purpose, related project, or other area of interest for
which the report will be used.)

4. Specifically, how is the report being used? (Information source, design data, procedure, source of

ideas, etc.)

5. Has the information in this report led to any quantitative savings as far as man-hours or dollars saved,

operating costs avoided, or efficiencies achieved, etc? If so, please elaborate. _

6. General Comments. What do you think should be changed to improve future reports? (Indicate
changes to organization, technical content, format, etc.)

Organization

CURRENT Name
ADDRESS

Street or P.O. Box No.

City, State, Zip Code

7. If indicating a Change of Address or Address Correction, please provide the Current or Correct address
above and the Old or Incorrect address below.

Organization

OLD Name
ADDRESS

Street or P.O. Box No.

City, State, Zip Code

(Remove this sheet, fold as indicated, tape closed, and mail.)
(DO NOT STAPLE)


