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1. Introduction

\Vt' 1 the build-down of the inilit:ary scrvices and the ein;ha:-is on niaintaiii-
ing current systenms, the area of battle damage repair (1•1)1 is rceiving rcne\,ed
focus at all levels. Evidence of this is the inclusion of niaintainabilityv/BDR
requirements in the I)cpartnment of Defense (DoD) Directive 5000.1 and DoD
Instruction 5000.2. 1.nfortu nately. methodologies to asse- the iipact of 1 Dt{ on
individual svsteni performance or to perform BDR tradeoff analyses are not well
developed or document.ed. Additionally, there is no uniform treatment of repair
across the services, or even across mission areas within the U.S. Army. Conse-
quently, a standard accounting of the consequences of various levels of repair is
1ot. Cu, I eilat- pos&ible.

As an extension of the general Vulnerability/Lethality (V/L) Process Struc-
ture. the Ballistic Vulnerability/Lethality Division (BVLD) of the !,!.S. Army

Research Laboratory (ARI.) ha-s developed a methodology to perform analy'ses of
the effects of BDR on an individual system's performance. Furthermore, a
separate undertaking by\ the BVLD will permit the inclusion of BDIZ analysis in
force-level models such ,s .IANU'S.

II. Background

1. The V/L Process Structure (Taxonomy)

To understand the 13DR 1 methodology, one must first understand the N'/L
Process Structure, first defined by l)eitz (1989) and refined by \'albert and Roach
(1N03), and the Degraded. States Vulnerability Methodology (Abell, Roach, Starks
10,6q), (Ael!, Burdeshaw. Rickter 1991). A brief discussioni is provided here.

"Th' basis for hlhe taxonoiny of \',/, Spaces comes from the recognition that

\"1, analyses pas. through distinct levels of inform ation in a precise order. 'Thiese
level are:

l.vel 1": '1'hireat-T1arget Interaction, or Initial ('onfiguration
(includinig Initial Conditions).

Ltevel 2: Target ('oiiione' i)ani ag. St:ot,',s.

l ,,velI3: Iarge' t ('a:q,•hi lity Siates, and

"'oill tle 'I'lr vel (':ii:ililitv -itcts c:i ke derived the varioms iiission-oriented

losses of function sia'ch 'L- "lieio'l er Loss of 'unction (LO:)' and ''" ,,lilit Y
IL)F'.



The maappings by which one passes from one level to the next arc decelideni
Ofln different kiinds of inrformation at each level. For examnple, going iroi., Level 1
to Level 2 (threat-target initial configuration to target damage) :.sent i ally
'avol es p.hysics: going from Level 2 to Level 3 (target damnage to caplability)

iequiires engineering nieasurement. Tle process is show n 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 level
to a state it another.

A Level contains all the information required to define the state of the sys-
tern 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 % hos' 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/subsystemn. The spaces thus defined are the "-\/L Spaces", and
represent, at each level, the state of the target system.

A Atappi'ng represents all of the information (physics, engineering, etc.).
known or unknown, required to associate a point in a space at one level with a
poiint in a space at the next level. Mappings have access to information such as:
fundamental data (penetration parameters Il~evel I to Level 21. leakage rates
!Level 2 to Level 3]. etc.), intermediate data generated by the mapping (line-of-
sight thicknesses 1 to 2]. temperature rise in an uncooled engine 12 to 3]): and
algorithms (depth of penetration [1 to 2., fault trees 12 to 31 or 13 to 4]).

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

Note that at each transitioni to tlie next level, some detail -about the target
sysNtem inav he lost: a broken bolt in Level 2 may be the cause of degraded
mobilitv influencin g mission effectiveness, but at Level 3, the bolt is no longer
recogni zed Z.5 -III clitit v. It is now widelv acknoMwhedged that skipping over levels
(such a-s inferring remaining combat utility directly from the size of the hole in
the al-rmlor) loses so significant an aniouzit of information thal continmiiv and
auditabili ty are lost.

2n
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Figure 1. The Vulnerability/Lethality Process Structure
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2. Degraded States Vulnerability Methodology (DSV-0)

Tile DS\.\ I is an 02.3 methodologvy which maps tthe target d(:Iige state
into its remaining capability state; il is this III hd lidoklgy, :t1d the d:l viag''d ('o1l-
ponent information at Level 2. which allows the development of tlhe B3M mnth(,-
dology. As an example of the l)SVNI. an armored lightiig vehicles r.qiiirtd earn-

)ihities could he described in terms of a six-elemenlt vector (.ol lit.v, Firtpower
Acquisition. Crew. Coiu nilcations. Ammuniition). (onventional Degraded
States (DS) terminology refers to these elements as "capability categories"; each
DS capability category is further divided into capability levels which define a par-
ticular performance degradation (i.e. reduced speed, reduced accuracy. etc.).
Included within a capability category are all possible combinations of capability
levels that could occur simultaneously and a "no damage" capability level. ''heise
two properties of the capability category make the capability levels within a
category both mutually exclu!ive and exhaustive. For any set of components, one
and only one capabi lit" level will be satistied for each capability category. This
combination of capabililv levels, one from each categorv, represents the degraded
state of the vehicle.

Nlathematical fault trees are developed to represent the components and/or
subsystems which contribute to the capability levels in each capability category
(or element of the \VL vector). These fault trees consist of a list of critical vehicle
components that, if killed, result in that particular capability level being satisfied.
For a particular capabiiity category, a capability level achieved whet no uninter-
rupted path can be traced from top to bottom in the fault tree. The fault tree
path configurations can be described as having components arrmnged in series or
in parallel or as sowe combination of the two. If listed in series, the loss of any
component causes an interruption in the path whereas those components listed in
parallel must all be killed to interrupt the path. The components listed in the
fault trees can represent either a single critical component or a system of critical
coin ponents. The systems of components are usually" developed into fault tree
configurations during the criticality analysis. [Note, a criticality analysis is a pro-
cess where a fully functional combat system is analyzed system by system to
determine which ones contribute directly to mission functions. Each system is
described via a fault tree and. as indicated, is basically the deterinai naion uf 1)
which components, if lost, milh lit result in a reduction of system capability. and 2)
the structuringg of these "critical" componients into a faulIt tree format.]

111. BDR Methodology

Figure 2 depicts the structure 1bhind the P)1A? ticthliodology, laid out it,
teruts of the V/L taxonony. Batik h damage repair, or any kind of repmir, can be

Sod (led using the V/l. Process Struc'ture approach in the following mn alnner.
G;iven an init;ll set of comiponent damage at Level 2. a inappting can be per-
formed (using the I)SVNI) to determine the remaiiiing caplbilities. of the system



at Level i This rc'rescnt.'s the ca;p:kllilit , of the system ~iiv. li no r-pair is per-
formed. If one can establish repair 1rioritie,- :and required repair tinies. one can
perforni a sensitivity analysis to determiiie the usefulness of repair,, I-v attemptilng
Vt" (1(, what ever" rejh:lirs are pos-ibtik in the aliottcd timiC. This provides it swcond set
of I•amaged cornponent-,. o01 w hich is (possibly) a subset of the original set.
I .',i l t hiS- Ii(,' .a i;tigc c('0 ,nlip lt \eclor (l vel 2), it mapping is performedt ag:iiri
to d(eterliiiie t Ihe ren aining capabIilities of the I .ystem given t Ihe affected repair'-.

After - comparison is made between the original set of reinlaining capabilities :ind
tl.e new set resulting from repair. an assessment can be made of tihe usfultnes, of
the repairs, i.e., what did it gain the system in terms of capabilities.

. series of repairs can be identified, and sensitivity an~alyses performed, to
determine what capabilities the systemi gains as a result of varying aniounnts of
repair time and parts stockage. These analyses can indicate whal repairs are
nece-ssarv in terms of systeni perform ance, uhat. lypes of spare parts need to be
stocked and what the critical path is in terns of needed repair. It should Ibe iotted
t :ht wMlien the repairs are attep~ipted a systemn may rem ain at the sairne dainage
point aw the one before repairs were affected, i.e., not enough timie was allocated.
Conversely, a systein may be returned to fully funetional if all the damaged 1om-

ponents were repaired. In addit'n the sensitivity analyses may indicate whether
or rot the systemn can continue a certain mission, given the capabilities required
ale available.

.Another way to view the BDI). methodology is to start at Level -I and a.sk
the question, what is the system's mission and what capabi!ities are needed to
accomplish it? This returns the system to Level 3 to determine wvhether or not
the capabilities are available. If not, the path is traced back to Level 2 to deter-
mine what. components are needed to permit the functioning of t, e capabilities
requii ed to accomplish the mission; this gives an indication of whiat comnportits
need to be rpaired.

IV. A Simple Application of the BDR Methodology

"To further illustrate, a simple example is provided. Information availableI
from previous DS\.I analyses of the NIIAl Abrams tank will be us.-d (Abell,
Roach, Starks. 1%9S). (..Rbell, Burdlesh:ia., Rickter, 1991). The capability
'ategtoli,- an d h-v elI deliied for the Nil.-kl I)S\.\, analyses are provided in Table
I w hile the faulIt trees repiesenting these levels can be found in Ap pendix .-\.

.-Xssueic the follo.wing comrIonents on the vehicle have been rendered non-
functional. either (fit( to comibat damage or reliability failure: throthte steering
h,,risir, p:rlkring biatk,e lock, liaer rangelInder, and the breech miechnni-in :jsseiii-
Hy. T he effect of thliese coltIipoe ieits, in torms of I)SVN1 capability levels, is con-
taili(..l iii Tle 2 while th ie asvociated repair time for each componeint is listed iii
"Table 3.
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Table 1. MIA1 Degraded States Capability Categories and Levels

Mobility Capability Category.' Acquisition Capability Category

MO--> No mobility damage AO--> No acquisition damge

Mil--> Reduced speed (slight) Al.-> Reduced acquisition capability
A2--> Unable to acquire while moving

M2--> Reduced speed (significant) A3--> Al and A2

M3--> Total immobilization Crew Capability Category
CO--> No crew casualties
Cl--> Commander

Firepower Capability Category C2--> Gunner
C3--> Loader
C4--> Drver

FO--> No firepower damage C5--> CI and C2
F) --> Loss of main armament C6--> CI and C3
F2--> Unable to fire on the move C7--> I and C4

C8--> C2 and C3
F3--> Inrcrased time to fire C9--> C2 and C4
F4.-> Reduced delivery accuracy CI10--> C3 and C4
F5--> Loss of secondary armament C11--> CI andC2 and C3

C12--> Cl and C2 and C4
F6--> F2 and F3 C13--> C2 and C3 and C4
F7--> F2 and F4 C14--> CI andC3 and C4
Fg--> F3 and F4 C15--> Cl and C2 and C3 and C4

F9--> F2 and F3 and F4 Communications Capability Category
FIG--> F3 and F5 XO--> No communkation damage

FIl--> F3and F5 Xl--> No internal communication
Fl2--> F4 and FS X2--> No external communication > 300 ft
F13--> F2 and F3 and F4 and F5 X3--> No external communication
F1 4--> F2and F3 and F5 X4--> XI and X2
F15--> F2and F4 and F5 X5--> X Iand X3
F16--> F3 and F4 and F5
F17--> Fl and F5 (total loss of firepower) Ammo Capability Category

KO--> No ammo lost
KI--> Bustle ammo lost
K-2--> Hull ammo lost
K3..> K1 and K2

K4--> K-kill

7



TABLE 2. Damaged Components Effects in Terms of DSVMN Capability Levels

COMPONENT CAPABILITY LEVEL

Throttle Steering Housing M2 - Significant reduction in speed
N13 - Total Immobilization

Parking Brake Lock M2 - Significant reduction in speed
Laser Rar.gefinder F1 - Loss of main armament

F2 - Unable to fire on the move
F3 - Increased time to fire
F4 - Reduced delivery accuracy
A2 - Unable to acquire while moving

Breech Mechanism Assembly F1 - Loss of Main Armament

TABLE 3. Component Repair Times (in manhours)°

Component Repair Time

Throttle Steering Housing 0.7
Parking Brake Lock 3.0
La.ser Rangcfinder 0.4
Breech Mechanism Assembly 1.2

*Technical Manual, Maintenance Allocation Chart - Tank, Combat,

Full-Tracked: 120-MM Gun, MIA1 General Abramns , TM 9-2350-26.|-.1-MC.
Headquarters, Department of the Army, February 1986.

1. Initial BDR Analysis

For the purpioses of this example, it is assumed that all required spare parts
ar, available and that the tank's orgaInizational repair unit is nearby and can
egii re'pa;irs i in iidi;,ttely (thu.,. no ti te is lost aw aitirg repair person nel and

.T-p1aic parts). It is also a;•ssinwd that the repairs will be performed sequentially,
froii shortest to longest time period. Since the laser rarigefinder only requires 0.1
manhours, it. is repaired first. Recall from Table 2, that the loss of this coin-
[l1ltent causes the loss of niost firepower capabilities, and some acquisition capa-
Ii lities, of the tia uk. WiLh repair, thle F2, F1.3 F-. and A2 capabilities are



restored. However, the main armament (FI) is not as thie breech mechanism
assembly has yet to be repaired. After approximately 24- minutes, the tank has
most of it's firepower and acquisition capabilities restored but still does not have
the use of its main armament or its mobility capability. Repairing the throttle
steering housing next, after 0.7 manhours, the tank is no longer totally immobil-
ized but still has significant speed loss until the parking brake lock is repaired.
Based oil the repair times, hlie breech mechanism assembly is repaired next, res-
toring full firepower capability to the system. Finally, requiring 3.0 manhours of
repair time, the parking brake lock is repaired, restoring the vehicle to full capa-
bilitv. Thus, if sequential repair is done, the tank is fully functional again after
5.3 manhours.

2. Additional BDR Sensitivity Analyses

If the a.sumptions are changed, then additional ana!yses may be conducted
to give further insight into the problem. For example, if the repairs are done con-
currently, it would require 3.0 manhours to restore the vehicle to full capability
though some capabilities (such as the firepower and acquisition) would be restored
earlier. One may also wish to examine only a subset of the needed repairs - those
which would enable the system to continue it's current mission. For example,
suppose our example tank was in an overwatch position, where mobility was not
required. In this case, the repair of the parking brake lock and the throttle steer-
ing housing could be by-passed in favor of repairing the breech mechanism assem-
bly and the laser rangefinder. These components would enable the tank to con-
tinue with it's assigned mission in less than 1.5 hours, assuming the time until
mission continuance was reasonable. Of course, those components not repaired
may affect the tank's ability to do other missions. If, for example, the tank must
subsequently move, the parking brake lock and the throttle steering housing must
first be repaired. This factor could also be considered.

Another area which lends itself to these types of analyses is spare parts
requirements and stockage. With the 012 mapping, a series of damage vectors
CanII be computed to infer a distribution for the likelihood of component dam age.
This in f,,rniation ca-I then bic used to determine wartime spare parts stockage for
the different components. Additional analyses can be conducted comparing these
wartime requirements with those currently computed for peacetime. Insights can
be gained as to whlether or not tihe wartitne and peacetime requireirents are sihni-
I " :Iand( what types of comnponents. and in what quantities, need to be stocked. If
the systeni's capabilities are considered(. onle can concen trate on the components
inost likely .iced,.d for anticilpared m]issi( ; •.

FiilrIly, a nio(r, detailed apllichation of this incthfiodology will be discussed in
a fortliconlinig AMII technical report. U'nder sutpptort of thc U.S. Army Training
and 1).'trinfi Co(ininand (T!R..kI))C')'s Ordnance ('enter and Schoo•l Battle I)ani-
ýLLt,.X' S lTi(.lt andi~l Iielair (I)A.I{) office, the approah J ,rurllulgated in this
ic1roit uw. ipplied to existing daniagcd comnponcnit infoirmation on the NI.A\1
tank and the f )f th, metfl ,,dolog) discuissed.

9



V. Consistency with Other Analyses

An important side benefit to this approach is its comparability with other
analyses performed in support of the acquisition process, namely,
vulnerability/lethality (V/L) and reliability, availability, and maintainability
(RAM). As stated above, the BDR approach is an extension of the general V/L
process structure. Using the same structure for these analyses provides a common
basis for comparison. All three analyses are concerned with non-functional com-
ponents and their affect on system performance. The V/L process structure
approach provides explicit information on the functionality of components (Level
2); it is immaterial how the component was rendered non-functional. This infor-
mation is then directly related to system performance via the 02,3, mapping with
remaining capability reported at Level 3. One can use this approach to study vul-
nerability or vulnerability reduction concerns, RANI requirements, and the affect
of various repair considerations. By using the same approach for the three types
of analyses discussed, a basis for comparison is provided throughout the acquisi-
tion cycle. The analyses are performed using the same methodology and the
results are reported in the same metrics. This facilitates comparisons among
these concerns at all junc',ures throughout the acquisition cycle.

XI. Use in Force-Level Models

Finally the introduction of DSVM metrics in force-level models will permit
explicit consideration of BDR (and RAM) in these models. A current effort
between the B\LD and the Training and Doctrine Command (TRADOC)
Analysis Centec" at White Sands Missile Range (TRAC-WSMR) will enable the
inclusion of BDR concerns in force-level models such as JANUS and CAST-
FOREM. Specifically, the BVLD and TRAC-WSMR are modifying the JANUS
and CASTFOREM models to accept the DSVIM metrics as well as store the dam-
aged component vectors availabie from the 012 mapping. This work could be
expanded to allow specific modeling of repair strategies and repair times.

The inclusion of the I)SVII metrics and component information in these
models will allow BI)R to be played directly in the models and its affect on the
systems and battle outcome to be measured directly. Specifically, the battle could
be played several times employing various repair strategies, i.e., no repair, com-
plete repair, and intermediate lcvels. The overall affect on battle outcome can

10



then be quantified and the usefulness of the various strategies measured. Sup-
pose, using our example M1 tank again, we devise the following possible repair
strategies:

1. No repair;
2. Repair breech mechanism assembiy (1.2 hrs) and the

throttle steering housing (0.7);
3. Repair breech mechanism assembly (1.2 hrs), throttle

steering housing (0.7 hrs) and the laser rangefinder
(0.4 hrs);

4. Complete repair.

The force-level model then could be run four times, playing these four strategies.
Information could be gleaned on the affect of the repair on overall battle outcome,
the timeliness of the repair, i.e., was it repaired in time to have an affect on the
outcome, and which strategy made the most sense given mission of the tank.
Further analyses could be performed using information on wartime parts stock-
age; one could examine spare parts availability given the selected repair strategy.

Note. the BVLD/TRAC-WSNV:R effort provides the groundwork for eventu-
ally performing these kinds of repair analyses. Additional work on JA.NUS and
CASTFOREM, beyond the current undertaken, would be required to make repair
analyses a reality within these force-level models.

VII. Summary

Currently, there is no uniform treatment of repair across the tri-services or
even across combat arms within the Army. The BDR methodology presented in
this report solves the problem and provides auditability and consistency of
results. It also provides an approach whereby a standard accounting of conse-
quences, in terms of performance and cost, of various levels of repair can be
determined; this permits uniformi comparisons across the mission areas.

As this report indicates, there are a number of analyses that can be per-
formed. One can investigate concurrent versus sequential repair priorities and
organizational versus crew repairs; one might also investigate expedient repairs
that may enable the vehicle to continue more quickly its current mission. Addi-
tionally, the problem of peacetime versus wartime spare parts stockage require-
ments can be addressed in detai!ed. Furthermore, analyses can be performed
investigating the full gamut of repairs, or concentrating only on those repairs
which will allow continuation of a given mission.

II
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U.S. Army Armament Research, I Cdr, USACBDCOM
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HQDA OUSDA(A), DDRE(T&E) 1 Defense Advanced Research Projects Agency
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Office of the Secretary of the Army

Research, Development, and Acquisition 1 Headquarters
ATTN: Deputy for Systems Management, U.S. Army Materiel Command
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Agency I Commander
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White Sands Missile Range, NM 88002-5502 ATTN: Tom Furlough

U.S. Naval Air Systems Command

Director Washington, DC 20361-4110

U.S. Army Research Laboratory
AITN: AMSRL-SL-E, Mr. Gilberto Mares 3 Commander

White Sands Missile Range, NM 88002-5513 U.S. Naval Weapons Center
ATTN: David H. Hall, Code 3181

Melvin H. Keith, Code 35104
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China Lake, CA 93555-6001
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Department of Acronautics and Astronautics U.S. Army TRADOC Analysis Command
ATTN: Professor Robert E. Ball ATTN: ATRC
Monterey, CA 93943 White Sands Mtssilc Range. NM 88002-5502

Commander 1 Dtrector
Naval Air Systems Command U.S. Army TRADOC Analysis Command
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Washington, DC 20361-5160 1 Commander

U.S. Army Combined Arms Combat
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McClellan AFB, CA 95652 Fort Lcavenworth, KS 66027-5300

Commander I Commander
ASB/XRM U.S. Army Combined Arms Training Activity
ATTN: Gerald Bennett ATTN: ATZ1.-TAS-P, MAJ Smith

Martin Lenu Fort Leavenworth, KS 66027-7000
Wright-Pautrson AFB, OH 45433

1 Commandant
Commander U.S. Army Air D"Xefesns Artillery School
FTD/SDMBU ATTN: ATSA-DTN-SY
ATTN: Kevin Nelson Fort Bliss, TX 79916-7090
Wright-Pauerson AFB, OH 45433

1 Commandant
Commander U.S. Army Air Defense Artillery School
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ATTN: Tom Reinhardt Fort Bliss, TX 79916-7090
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1 Commandant
Commander U.S. Army Armor School
FTD/SDAEA ATTN: ATSB-CD
AT-IN: Joe Sugrue Fort Knox. KY 40121-5215
Wright-Paucrson AFB, OH 45433

1 Commandant

Commander U.S. Army Chemical School
AFWAI/AARA ATTN: ATZN
ATIN: Vinccnt Vcltcn Ft. McClellan, AL 30205-5020
Wnght-Pauerson A0E, OH 45433

I Commandant
Commander U.S. Army Field Artillery School
WLwFIVS, D. Voyls ATIN: ATSF
Wnght-Paucrson AFB, OH 45433 Fort Sill, OK 73503-5600

Commander
Air Forae Armament Laboratory
ATTN: AFATL/DLY. James B. Flint
Eglin AFB, FL 32542-50"0
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U.S. Army Concepts Analysis Agency ATTN: Dr. Michael Stamatelatos
8120 Woodmont Ave. 3319 Lxrne Jack Road
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Institute for Defcnse Analysws (IDA) I Bauclle Research Laboratory
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Insutute for Dcfense Analyscs I Bauelle Research Laboratory
ATTN: Carl F. Kossack Dcfense and Space Systems Anal.sis
1(X)5 Athens Way ATIN: Dr. Richard K. Thatcher
Sun City. FL 33570 505 King Ave.

Columbus, OH 43201-2693
Institute for Defense Analyses
AITN': Dr. Natarajan Subramonian I Battelle
14309 Hollyhock Way Edgewood Opcrations
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2O



No. of No. of
Copies Organization C2pie Organization

The BDM Corporation 1 Commander
ATTN: Edwin J. Dorchak Carderock Division
7915 Jones Branch Drive Naval Surface Warfare Center
McLean, VA 22102-3396 ATIN: Code 1210, Seymour N. Goldstein

Bethesda, MD 20084-5000
BeUl Helicopter, Textron
ATTN: Jack R. Johnson I Denver Research Institute
P.O. Box 482 BW 228
Fort Worth. TX 76101 ATVN: Lawrence G. Ullyau

2050 E. lliff Ave.
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National Research Council ATTN: Ronald S. Beck
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I BDM International
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13(K0 N. 17th St., Suite 1610 McLean, VA 22102-3396
Rosslyn, VA 22209

1 General Dynamics Land Systems
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Fort Lcavenworth, KS 66027-53(K)
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ATTN: Timothy S. Pendergrass DA Consultant
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