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I. Introduction

In 1988, the Ballistic Research Laboratory (BRL) and the Army Materiel
Systems Analysis Activity (AMSAA) began a joint program to develop improved
metrics for expressing the results of vulnerability assessmtints, especially of
ground combat vehicles. Phase I was completed in May 1989;" this report docu-
ments the Phase II effort of the pilot program.

For Phase I, vulnerability assessments were compared for four different
Damage Assessment Lists (DAL). In addition, the new Degraded States Vulnera-
bility approach was implemented and the results were compared with the DAL
results. Single shots involving a broad range of initial conditions (i.e. threat,
range, azimuth, etc.) were vsed to generate the results for the comparisons.

In Phase II, view average vulnerability estimates were calculated for a
representative set of initial conditions. An average estimate was calculated based
on the estimates of each cell in a particular view or azimuth of fire. This average
can be weighted uniformly or by the munition’s delivery error relative to a given
aimpoin'. These estimates were calculated for both the Degraded States Vulnera-
bility approach and the DAL approach.

The purpose of this report is to exhibit view average results for both the
Degraded States and DAL metrics. We will show, as we did in Phase I, that the
Degraded States metrics give a much more detailed vulnerability assessment of a
vehicle. A secondary purpose is to illustrate typical output from the Degraded
States metrics for view average vulnerability estimates.

II. Approach

The same methodology was used to calculate the view average vulnerability
estimates for both the Degraded States and DAL metrics. This methodology was
an adapted version of BRL's current Monte Carlo vulnerability code for point
burst modeling,

1. J. M. Abell, L. K. Roach, M. W. Starks, "Degraded States Vulnerability Analysis", USA
Ballistic Research Laboratory, TR-3010, June 1989, (Unclassified).




SQuASH (Stochastic Quantitative Analysis of System Hierau‘chies)2 8 , developed
by the Vulnerability Methodology Branch (VMB) of BRL. For this analysis, only
the portion of the code which calculates loss of combat functions was required.
This portion of the code, called "SQuASHed", was used to generate loss of func-
tion values given a hit (LOF/H) for the DAL and probability of Degraded States
given a hit (PDS/H) for the Degraded States approach. There are several pub-
lished reports which describe the SQuASH model, so there will be no further dis-
cussion of the model in this report. However, the specific changes which were
made for purposes of performing view average calculations will be addressed in
sections II1.3 and III.4.

The inputs to the "SQuASHed" model were provided by the VMB-BRL.
The model requires two separate sets of inputs. The first set contains the com-
ponent identification numbers from the computer generated target description of
the AFV, a verbal description of these components and the DAL. The verbal
description section, called the association table, acts as a liaison between the com-
ponent identification table and the DAL. When a componeat is killed,
"SQuASHed" uses this set of inputs to trace the component to the DAL.

The second set of inputs provides "SQuASHed" with a set of killed com-
ponents. For each cell in the view (i.e. azimuth), a series of iterations (i.e. shot-
lines) are performed by the main SQuASH program: ten iterations per cell were
made for this analysis. For each iteration, SQUASH generates a set of killed com-
ponents and initial loss of function (LOF) values and writes both to a file called
"Damage.States." The "Damage.States" file contains the initial loss of function
values for Mobility (M), Firepower (F), Catastrophic (K) and Mobility or
Firepower (M/F). These initial loss of function values are for hits to the ammuni-
tion and/or fuel compartments that do not result in a catastrophic event. When
a catastrophic event does occur, these values are all set to 1.00 (i.e. total loss of
function). The "SQuASHed" ccde uses this information to calculate M, F, K and
M/F final loss of function values via the DAL or probability of degraded states
via the Degraded States fault trees (see section II1.2).

2. Aivars Ozolins, "Stochastic High-Resolution Vulnerability Simulation for Live-Fire
Programs," The Proceedings of Tenth Annual Symposium on Survivability and Vulnerability
of the American Defense Preparedness Association (ADPA)," held at the Naval Ocean Sys-
tems Center, San Diego, CA, 10-12 May 1988, (UNCLASSIFIED).

3. Paul H. Deitz, Aivars Ozolins, "Computer Simulations of the Abrams Live-Fire Field Test-
ing," USA Ballistic Research Laboratory, MR-3755, May 1989, (UNCLASSIFIED).




A "Damage.States” file was generated for each threat, azimuth and range
combination. There were two kinetic energy (KE) penetrators fired from six
ranges {0.5, 1.0, 1.5, 2.0, 2.5 and 3.0 kilometers) at four azimuths (0, 30, 60 and
90 degrees). The elevation was zero degrees. In the "SQuASHed" code, the
delivery errors (1, 2, 3, 5 and 10 foot sigmas) were varied for each threat, range
and azimuth combination. Also, two exposures (fully exposed and hull defilade)
were used in the model for each of the combinations. For each combination
(threat, range, azimuth, delivery error and exposure), the "SQuASHed" code cal-
culated both loss of functions values (M, F, K and M/F) using the DAL and pro-
bability of degraded state using the Degraded States approach.

ITII. Methodology

1. Damage Assessment List

The Damage Assessment List used in this analysis was obtained from the
BRL-VMB. The list contains M, F, K and M/F loss of function values for each
component(s) addressed. This DAL is shown in Table 1.

2. Degraded States

The Degraded States (DS) methodology describes vehicle loss of function in
terms of six kill categories: mobility, firepower, acquisition, crew, communications
and ammunition. The ammunition kill category was recently developed and
added to the Degraded States approach; this is an improvement over the Phase I
work. This approach represents a more robust set of metrics when compared to
the traditional DAL metrics which provide only a single LOF value for both
mobility and firepower. Each DS kill category contains a set of kill definitions
which define degraded, but operational, states of the vehicle to include a "no
damage" state. Also, in a particular kill category (except for crew), it is possible
for two or more kill definitions to occur simultaneously; therefore, all possible
combinations of kill definitions are considered in each kill category. Due to the
inclusion of these combinations and the "no damage" state, the kill definitions are
both exhaustive and mutually exclusive within a particular kill category. For any
given damage to the vehicle, one kill definition from each of the six kill categories
will be satisfied. The kill category combination represents the degraded state of
the vehicle. The K-kill definition, K4, represents hits to the ammunition and fuel
compartments and is included in the ammunition kill category in order to reduce
the possible number of vehicle degraded states. The complete list of degraded
state kill definitions for each kill category is contained in Table 2.




TABLE 1. Damage Assessment List for AFV -

Event

Association

No. M F K | M/F Table No(s). Component(s)

1 30 50 | .00 50 | 472 -473 -474 -475 commander only

1 10 50 | .00 50 | 473 -472 -474 -475 gunner only

1 .10 .30 | .00 30 | 474 -472 -473 -475 loader only

1 .30 .20 | .00 30 | 475 -472 -473 -474 driver only

1 .35 75 | .00 75 | 472 474 -473 -475 commander & loader

1 .60 a5 | 00 75 | 472 475-473 -474 commander & driver

1 35 .80 | .00 B0 | 472 473 -474 -475 commander & gunner

1 20 .70 | .00 J0 | 473 474 -472 -475 gunner & loader

1 .60 75 | .00 5 | 474 475 -472 -473 loader & driver

1 .80 75 | .00 75 | 473 475 -472 -474 gunner & driver

1 .95 10 | .00 95 | 473 474 475 -472 commander sole survivor

1 .95 .90 | .00 95 | 472 474 475-473 gunner sole survivor

1 .95 95 | .00 95 | 472 473 475 -474 loader sole survivor

1 90| .95 1| .00 95 | 472 473 474 -475 driver sole survivor

1 1.00 | 1.00 | .00 | 1.00 | 472 473 474 475 no survivors

2 1.00 .00 | .00 | 1.00 | 481 engine

3 1.00 .00 ] .00 | 1.00 | 488 transmission

4 1.00 | .00 | .00 | 1.00 | OR4260R427 final drive (any side or both)
5 1.00 | .00 | .00 | 1.00 | OR5030R5040R4300R431 | sprocket (wheel & hub)

6 .05 00 | .00 05 | 478 -479 one sponson tank

6 .05 00 | .00 05 | 479 -478 one sponson tank

6 10 .00 | .00 10 | 478 479 both sponson tanks

7 A5 .00 | .00 A5 | 476 -477 one bow fuel tank

7 15 .00 | .00 A5 | 477 -476 one bow fuel tank

7 .20 .00 | .00 .20 | 476 477 both bow fuel tanks

8 1.00 .00 | .00 | 1.00 | 480 fuel supply

9 10 .00 | .00 10 | 553 intermediate roadwheel - 1
9 20| .00 | .00 20 | 554 intermediate roadwheel - 2
9 40 | .00 | .00 40 | 555 intermediate roadwheel - 3
9 50| .00 | .00 .50 | 556 intermediate roadwheel - 4
9 J0 1 .00 | .00 70 | 557 intermediate roadwheel - 5
9 .85 .00 | .00 .85 | 558 intermediate roadwheel - >5
10 1.00 | .00 | .00 | 1.00 | OR5070R5080R552 track (any side & edge)

11 .25 00 | .00 25 | 432 -433 right support roller - 1

11 25 .00 | .00 25 | 433 -432 right support roller - 1

11 .50 00 | .00 .50 | 432 433 right support rollers - both
12 .25 .00 | .00 25 | 434 -435 left support roller - 1

12 25| .00 | .00 25 | 435 -434 left support roller - 1

12 50 | .00 | .00 .50 | 434 435 left support rollers - both
13 1.00 | .00 | .00 | 1.00 | OR5050R5060R3460R351 | idler (wheel & hub)

14 1.00 .00 | .00 | 1.00 | OR3500R355 track adjusting link

15 65 .00 | .00| .65 | 489 490 Ist roadwheel (both sides)
15 65 | .00 | .00 | .65 | 489-490 361 1st roadwheel (both sides)
15 85| .00 | .00 | .65 | 490-489 356 1st roadwheel (both sides)
15 651 00} .00! .65 | -480-490 356 361 1st roadwheel {both sides)
15 50| .00 | .00 .50 | 490 -489 -356 1st roadwheel (one side)
15 .50 .00 | .00 .50 | 489 -490 356 -361 1st roadwheel (one side)




TABLE 1. Damage Assessment List for AFV (continued)

Event iati
No. M F K | M/F '?:;?: 'I:t(':g;. Component(s)
15 50| 00| .00] .50 489 -490 -356 -361 1st roadwheel (one side)
15 50| 00| .00 | .50 | -489-490 356 -361 1st roadwheel (one side)
15 SO | .00 | .00 | .50 | -489-490-356 361 1st roadwheel (one side)
16 30| 00| .00 .30 | 501-502 7th roadwheel (one side)
16 30| 00| .00 .30 | 502-501 7th roadwheel (one side)
16 40 | 00| .00 [ .40 | 501 502 7th roadwheel (both sides)
17 1.00 00| .00} 1.00 | 135 batteries
18 .65 00 | .00 .85 | 518 de - shift
19 1.00 .00 | .00 | 1.00 | 518 dc - steer
20 .85 00 | .00 .85 | 517 dc - throttle
21 25 .00 | .00 25 | 519-520 dc - service brake only
21 .00 .00 | .00 .00 | 520-519 dc - parking brake only
21 40 .00 | .00 40 | 519 520 dc - all brake
22 10 .00 | .00 .10 | 565 driver’s vis blk - 1
22 25 00 | .00 25 | 566 driver’s vis blk - 2
22 .50 .00 | .00 .50 | 567 driver’s vis blk - all
23 .00 .20 | .00 20 | 154 cmdr’s GPS extension
24 01 .05 | .00 05 | 155 cmdr’s weapon sight
25 .00 .00 | .00 00 | 559 cmdr’s vis blk - 1
25 .00 .05 | .00 .05 | 560 cmdr’s vis blk - 2
25 .10 05 | .00 .10 | 561 cmdr’s vis blk - 3
25 15 10 | .00 5 | 562 cmdr’s vis blk - 4
25 .20 .20 | .00 .20 | 563 emdr’s vis blk - 5
25 .50 25 1 .00 .50 | 564 emdr’s vis blk - all
26 .00 .10 | .00 .10 | -537 536 GPS - daylight only
26 00| .25 | .00 25 | 537 -536 GPS - TIS only
28 .00 75 1 .00 .75 | -153 537 536 GPS - both
26 00| .97 | .00 | .97 | 153 536 537 GPS (both) & GAS
27 .00 .00 | .00 .00 | 162 loader’s sight
28 .00 95 | .00 .95 | 531 main gun
29 .00 02 | .00 .02 | 532 coaxial weapon
30 .00 .02 | .00 .02 | OR5340R535 cmdr’s weapon
31 .00 .01 | .00 01 | 533 loader’s weapon
32 .00 .01 | .00 01 | 247 coax ammo ~ ready only
33 .00 .01 | .00 .01 | 256 loader’s ammo - ready only
34 .00 .01 | .00 .01 | 252 cmdr’s ammo - ready only
35 00 | .24 | .00 | .24 | 539-540-541 fc - MHP (normal)
3 00 | .24 | .00 .24 | 539-540 541 fc - MHP (normal & emergency)
00| 35| .00 | .35 | 539 540-541-542 fc - MHP & AHP (normal)
.00 35 | .00 .35 | 539 540 -541 542 fc - MHP (norm)
& AHP (norm & emerg)
.00 .35 | .00 .35 | 539 540 541 -542 fc - MHP (normal & emergency)
& AHP (normal)
.00 .80 | .00 .80 | -543 539 540 541 542 fc - all power
.00 97 | .00 .97 | 543 539 540 541 542 fc - all
.00 .40 | .00 .40 | 538 target range
.30 .30 | .00 .30 | OR5460R5470R549 intercoms
.30 .00 | .00 .30 | 548 driver’s intercom
.00 20 | .00 .20 | OR5500R551 external communications
5




Table 2. List of AFV Kijll Definitions

Mobility Kill Category

MO--> No mobility damage
M1--> Reduced speed (slight)
M2--> Reduced speed (significant)

M3--> Total immobilization

Firepower Kill Category

FO--> No firepower damage
F1--> Loss of main armament

F2--> Unable to fire on the move
F3--> Increased time to fire

F4--> Reduced delivery accuracy
F5--> Loss of secondary armament
F6--> F2 and F3

F7-->F2 and F4

F8--> F3 and F4

F9--> F2 and F3 and F4

F10--> F2 and F5
F11--> F3 and F5

F12--> F4 and F5
F13--> F2 and F3 and F4 and F5

F14--> F2 and F3 and F5
F15--> F2 and F4 and F5

F16--> F3 and F4 and F5
F17--> F1 and F5 (total loss of firepower)

Combinations

M(0-3) F(0-17) A(0-3) C(0-4) X(0-5) K(0-4)

4 X 18 X 4 X 5 X 6X

6

Acquisition Kill Catogory

AO--> No acquisition damage
A1l--> Reduced acquisition capability

A2--> Unable to acquire while moving
A3--> Al and A2

Crew Kill Category

CO--> 0 crew casualties
C1--> 1 crew casualties

C2--> 2 crew casualties

C3--> 3 crew casualties
C4--> 4 crew casualties

Communications Kill Category

XO0--> No communication damage

X1--> No internal communications

X2--> No external communications >300 feet
X3--> No external communications

X4-->X1 and X2

X5-->X1 and X3

Ammo Kill Category

5

KO--> No ammo lost

K1--> Bustle ammo lost

K2--> Hull ammo lost
K3-->K1 and K2

K4--> K Kill

43,200 states




For shorthand purposes, the alphanumeric name assigned to each of the Kkill
definitions in Table 2 will be used thronghout the remainder of this report. For
example, state M3 represents the kill definition for total immobilization of the
vehicle. The total number of possible combinations of vehicle degraded states is
shown at the bottom of Table 2.

Mathematical fault trees were developed to represent the degraded state kill
definitions in each kill category. These fault trees consisted of a list of critical
vehicle components that, if killed, would result in that particular kill definition
being satisfied. For a particular kill category, a kill definition is achieved when
no uninterrupted path can be traced from top to bottom in the fault tree. The
fault tree path configurations can be described as having components arranged in
series or in parallel or as some combination of the two. If listed in series, the loss
of any component would cause an interruption in the path whereas those com-
ponents listed in parallel must all be killed to interrupt the path. The com-
ponents listed in the fault trees can represent either a single critical component or
a system of critical components. The systems of components were developed intz
fault tree configurations in the criticality analysis performed by the BRL-VMB.
The criticality analysis also provided a list of approximately five hundred critical
components from which the degraded state fault trees were developed. After the
initial strawman trees were developed, they were reviewed by the appropriate per-
sonnel at BRL, AMSAA, the US Army Ordnance Center and School (USAOC&S)
and the US Army Armor Center and School (USAAC&S). Recommended changes
to the trees from these groups were incorporated in the final fault tree
configurations for each kill definition in all six kill categories. The final fault
trees are shown in Appendix A.

The fault trees were incorporated into the "SQuASHed" code using the
BRL-VMB's Interactive Criticality Evaluator (ICE) program. The ICE program
translated the fault trees into mathematical FORTRAN statements -called
SHOTPK equations. These mathematical expressions depict the appropriate
Boolean operation for each component (i.e. series or parallel). Once the set of
killed components has been determined (via the "Damage.States" file), the
SHOTPK equations use them to determine which fault trees have been cut. Since
cutting a fault tree equates to achieving that kill definition, the SHOTPK equa-
tions determine which kill definition is satisfied for each of the six kill categories.
The combination of one kill definition from each of the six kill categories
represents the degraded state for the vehicle.

4. Joseph J. Ploskonka, Theodore M. Muchl, Cynthia J. Dively, "Criticality Analysis of the
MI1A1 Tank,” US Army Ballistic Research Laboratory, BRL-MR-3671, June 1988,
(UNCLASSIFIED).




3. View Average Required Code Changes

As stated earlier, the purpcse of this report is to compare view average
results for both the Degraded States and the DAL approaches. To produce view
average results, several changes had to be made to the "SQuASHed" program used
in the Phase I analysis. As part of the SQUASH program processing (performed
by the VMB), a grid system must be overlaid on the target in order to perform
the cell by cell analysis; a 4 inch grid cell system was used for this analysis. The
results of the cell by cell vulnerability analysis are stored in the "Damage.States"
file; recall, this file contains the set of killed components for each iteration (i.e.
shotline) of each grid cell. Since there were ten Monte Carlo iterations per grid
cell and 749, 1400, 1630 and 1503 cells for 0 , 30 , 60 and 90 azimuth, respec-
tively, VMB provided the data in packed binary form to reduce the required com-
puter storage. To read this data as input for "SQuASHed," an input routine was
developed to unpack the packed binary input file, assign the values to the
appropriate variables, and print the header information to confirm that the {le
was read correctly. The data were provided for all cells which covered any part
of the vehicle.

After the "Damage.States” file was read, "SQuASHed" calculated the vulner-
ability estimates via the DS fault trees or the DAL for each iteration. The next
change to the program involved the handling of the ten iterations per cell. For
the DAL case, the output for each shotline was the four LOF values, M, F, K, and
M/F, thus, generating ten sets of LOF values for each grid cell. The LOF values
for each cell were calculated by taking the average of the ten values in that cell.
Then, averaging over the number of cells in that view, an unweighted view aver-
age LOF value was computed for these four kill criteria.

For the Degraded States case, the process was more complex. The Degraded
States procedure produced a single vehicle degraded state per iteration; therefore,
each cell could have contained up to ten different vehicle degraded states. For
example, Table 3 shows the different vehicle degraded states that could be
obtained from a single cell (see Table 2 for Degraded States kill definitions).




-«

TABLE 3. Example Degraded States for One Cell

ITERATION STATE

M F A C X K
i o 1 3 1 0 O
2 o o 0 0O O O
3 o 1 3 1 0 O
4 o 1 3 1 0 O
5 0 1 3 1 5 0
8 0o 1 3 1 0 0
7 6 1 383 1 0 O
8 6 1 3 1 0 O
9 o 1 3 1 5 O
10 0 1 3 1 0 0

Since a different vehicle degraded state could occur for each iteration,
"SQuASHed" kept track of each different vehicle degraded state and its probabil-
ity for each cell. For example, given the set of vehicle degraded states in Table 3
for a certain cell, Table 4 shows how the data would be consolidated and sorted.

TABLE 4. Example DS Cell Output

STATE PROBABILITY CUMULATIVE
M F A C X K
o 1 3 1 0 O 0.7 0.7
o 1 3 1 5 0 0.2 0.9
0o 0 0 0 0 o 0.1 1.0

After the degraded states of the vehicle were calculated for each cell, a
consolidating/sorting algorithm was used to combine like degraded states. This
routine summed the probabilities of identical vehicle degraded states and sorted
them in descending order by their probabilities. The DS average was taken uni-
formly, as was the LOF average.

Up to this point in the calculations it has been implicitly assumed that each
cell has the same probability of being hit. This probability distribution, relative
to the aimpoint, is unrealistic for assessing the vulnerability of vehicles given the
de'ivery error of tke threat. A more realistic approach is to assume a normal pro-
bability distribution about the aimpoint, weighting the probability of hitting the
target more heavily about the aimpoint and less for cells farther from the aim-
point; therefore, a normal distribution was assumed on the horizontal and verti-
cal axes of the vehicie with the mean on the aimpoint and the standard deviation
representing the delivery error of the threat (i.e. dispersion value). Dispersion
values used were 1, 2, 3, 5, and 10 feet.




The changes to the "SQuASHed" program to implemen®, the weighted view
average procedures involved creating a weighting algorithm to calculate the pro-
bability of hitting a certain cell on the target given an aimpoint and dispersion
value. The aimpoints used for the four azimuths and two exposures were center
of presented area. Once the processing for each cell was completed, the values in
the ceil, both DAL LOF values and DS probabilities, were weighted by the proba-
bility of hitting that cell. The consolidating/sorting algorithm described above
was used to calculate the weighted view average results.

4, Outputs

For this analysis, the "SQuASHed" program provided two forms of output.
The first form of results was the DAL and Degraded States individual cell results,
unweighted and weighted. An example of a single cell result for Degraded States
was displayed in Table 4. The second form of results was the vehicle degraded
states/DAL metrics and their associated probabilities/LOF values given a hit to

the vehicle in descending order. An example of the DS form of output is shown
in Table 5.

10




TABLE 5. Example of Degraded States Output

STATES PROBABILITY CUMULATIVE
M F A C¢ X K
3 9 3 1 5 0 0.108 0.108
0 0 0 O0 O O 0.107 0.215
’ 3 17 3 4 5 4 0.090 0.305
3 1 3 1 5 0 0.084 0.389
. 3 1 3 1 0 0 0.062 0.451
. 3 9 3 o0 5 0 0.038 0.489
0 1 3 1 0 © 0.037 0.526
3 0 0 0 0 0 0.036 0.562
0 1 0 o0 o0 0 0.036 0.598
3 1 3 2 5 0 0.034 0.632
3 9 3 1 o0 O 0.033 0.665
0 1 3 0 0 O 0.031 0.696
0 1 3 2 0 0 0.028 0.724
3 1 3 2 0 o0 0.028 0.752
S 1 3 o0 5 0 0.017 0.769
0 1 3 3 5 0 0.014 0.783
3 1 3 3 5 0 0.014 0.797
3 8 3 1 o0 o0 0.013 0.810
3 9 3 2 5 0 0.013 0.823
6 1 3 3 0 0 0.013 0.836
3 1 38 0 0 O 0.011 0.847
0 1 2 0 5 0 0.001 0.992
2 1 3 0 0 2 0.001 0.993
1 0 1 1 0 0 0.001 0.994
2 1 3 1 5 1 0.001 0.995
6 1 1 0 0 1 0.001 0.996
3 0 1 0 ©0 o0 0.001 0.997
2 1 3 2 5 1 0.001 0.998
2 ¢ 3 3 0 O 0.001 0.999
3 8 3 0 5 0 0.001 1.000

Finally, an output algorithm was developed to consolidate the DS and DAL
output according to initial conditions (threat, exposure, azimuth, range, and
dispersicn). An example of the DS output is shown in Table 6. The first column
contains the vehicle degraded states; the next four columnns contain the probabili-

' ties for the four azimuths (views); the sixth column contains the uniform average
probability over the four views; and the final column contains the cardioid aver-
age probability.
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IV. Results

The results of this analysis were voluminous due to the number of initial
condition combinations and the nature of the degraded states output; therefore,
when appropriate, only examples or portions of the results will be presented. All
DAL or Degraded States results (except the individual cell plots) are LOF or pro-
bability of degraded states (PDS), respectively, given a hit.

1. Probability Distribution of Degraded States

A probability distribution of vehicle degraded states was generated for each
set of initial conditions (all possible combinations of threat, range, azimuth, expo-
sure and dispersion). The distribution consisted of a set of vehicle degraded
states listed in descending order according to their probabilities, to include their
associated cumulative probabilities. The vehicle degraded states are combinations
of the six kill categories and represent the form of output provided to AMSAA for
input to their force-level model, Degraded States Weapons Analysis Research
Simulatior (DSWARS). In all the runs, the number of vehicle degraded states
realized was considerably less (no more than approximately 200) than the 43,200
possible combinations. Table 5 provided an example of a probability distribution
of vehicle degraded states. For force-level comparisons, a set of traditional DAL
metrics (M, F, K & M/F) for each set of initial conditions was also provided to
AMSAA. In addition to the probability of vehicle degraded states and the final
loss of function values for each view, uniform and Cardioid averages were calcu-
lated over the four views or azimuths (0, 30, 60 and 90 degrees). For the Car-
dioid average, the weighting factors for 120, 150 and 180 degrees were added to
the factor at 90 degrees azimuth.

A numerical comparison of the two approaches is not possible with tvhis
form of output. The damage to a particular kill category is accounted for in
several vehicle degraded states and probabilities whereas the DAL provides a sin-
gle LOF value. Later in this report, these DS probabilities will be aggregated sn
that numerical comparisons can be made with the DAL LOF values.

The probability distribution of these vehicle degraded states provides a
much fuller description of the damage to the vehicle than does the traditicnal
DAL metrics. The distribution describes, in detail, the frequency and degree of
the damage to each of the six kill categories. The higher resolution of the
Degraded States output provides information which is aggregated away in the
DAL process. For example, using the Degraded States distribution, the frequency
of inflicting one, two, three or four crew casualties can be determined. Also, the
probability of a particular kill definition in one kill category occurring simultane-
ously with a particular kill definition in another kill category can be calculated.
For example, when making the numerical comparisons (discussed later) to the
DAL metrics, it was of interest to know how probable it was to have no firepower
damage, yet still have crew and/or communications damage.
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The remainder of the results involve comparisons between the two
approaches, Since the DS full probability distribution cannot be compared to the
DAL LOF values, each individual kill definition and its associated probability
were extracted from this distribution (see Appendix D). There were two reasons
for displaying the DS output in this manner. First, the kill definition probabili-
ties clearly illustrate the detailed data on vehicle damage available with the full
distribution of degraded states. Second, it allows for numerical comparisons in
magnitude between the two methodologies. In the following sets of DS results,
the DS probabilities were aggregated in one of two ways to allow for comparison
with the DAL LOF values. Either, the kill definition probabilities were summed

* within each of the six kill categories, referred to as "hardware only" aggregations,

or the kill category probabilities were aggregated in order to include those com-
ponents which are lumped into the DAL M, F and M/F LOF values. Table 7
identifies these two DS aggregations.

TABLE 7. Aggregated DS Probabilities

Hardware Only

P(M) = P(M1) + P(M2) + P(M3)

P(F) = P(F1) + P(F2) + .... + P(F17)

P(A) = P(A1) + P(A2) + P(A3)

P(C) = P(C1) + P(C2) + P(C3) + P(C4)

P(X) = P(X1) + P(X2) + P(X3) + P(X4) + P(X5)
P(K) = P(K1) + P(K2) + P(K3)

K-Kill = P(K4)

M or F = P{M) or P(F)

Aggregated

M = P(M) or P(C) or P(X) or P(K)

F = P(F) or P(A) or P(C) or P(X) or P(K)

K-Kill = P(K4)

Mor F = P(M) or P(F) or P(A) or P(C) or P(X) or P(K)

2. Individual Cell Plots

The highest resolution form of the "SQuASHed" output was used to gen-
erate individual cell plots for both the DAL LOFs (M, F, K, M/F) and DS proba-
bilities. This output contained the PDS or DAL LOFs for each of the ten itera-
tions in each four inch cell. The number of cells output depended on the azimuth
of fire. The PDS/LOF values used for these individual cell plots were not
weighted.

The cell-by-cell output was reformatted so that the BRL program, “cell-Fb",
could be used to generate the individual cell probability plots. For the DAL, the
average (over the ten iterations) LOF values for M, F, K and M/F were read for
each cell. For the Degraded States, the vehicle degraded states and their
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probabilities were read, but certain calculations had to be performed before the
plots could be made. The probability of a particular kill definition was calculated
by summing the number of times that kill definition was satisfied in a given cell
and dividing by the number of iterations. For a Degraded States kill category,
the probabilities of all the kill definitions in that kill category, except the "no
damage"” state, were summed; therefore, the M or F Degraded States probability
represents the union of the two kill category probabilities. It is important to note
here that the Degraded States cell plots do not contain the damage to other kill
categories, such as communications, crew and acquisition, which are aggregated
into the DAL LOF cell plots. The Degraded States K-kill value was the probabil-
ity of kill definition K4 for each cell. Finally, the probabilities or LOF values were
formatted for the “cell-Fb" program which generated the plots. The plots are
color coded on a scale of 0 (white) to 1 (red).

Individual cell plots were generated for Degraded States kill definitions and
kill categories, and DAL LOF values. All of the plots are for the larger KE pene-
trator (P1) at a range of 1 kilometer for a fully exposed target. These plots are
contained in Appendix B of this report.

a. Degraded States Kill Definitions. The individual kill definition cell
plots illustrate the amount of detail that is available from these new, improved
metrics. The probability of a kill definition is depicted in each cell by color. The
following kill definitions were plotted:

TABLE 8. Kill Definitions Plotted

M1 - Reduced speed, slight F1 - Loss of main armament

M2 - Reduced speed, significant  F8 - Increased time to fire &

M3 - Total immobilization Reduced delivery accuracy

C1 - One crew casualty F9 - Unable to fire on the move &
C2 - Two crew casualties Increased time to fire &

C3 - Three crew casualties Reduced delivery accuracy

C4 - Four crew casualties F17 - Total loss of firepower

In the mobility kill category, Figure B-1 shows that when kill definition M1
is satisfied, components in the lower portions of the vehicle are killed. In a couple
of the higher probability cells, roadwheels were the most frequently killed com-
ponents. The kill definition M2 plot, also in Figure B-1, shows a concentration in
the driver’s area, Analysis of various cells proved that the loss of driver's controls
is the main reason for satisfying this kill definition, Even the cells in the upper
portion of the vehicle reflect killed cables which ultimately eliminate some driver’s
control. A large concentration of high probability cells exists in the lower half of
the vehicle for kill definition M3 as shown in Figure B-2. The loss of systems such
as engine, transmission, track and fuel control was the cause.
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In the firepower kill category, kill definitions F1, F17, F8 and F'9 were plot-
ted. As seen in Figure B-3, kill definition F1 showed a high probability concen-
tration near the center of the vehicle which represented losing the main gun, all
gunner's sights and/or all ability to traverse or elevate the turret. The majority
of the occurrences of kill definition F17 are due to catastrophic events; therefore,
Figure B-3 mainly shows hits to the fuel and ammunition compartments. As seen
in Table 8, kill definition F9 included the vehicle’s inability to fire on the move
and kill definition F8 did not. This equates to losing the main hydraulic power
(traverse or elevation), which will achieve kill definition F'8, or losing the main
and auxiliary hydraulic power (traverse or elevation) which equates to achieving
kill definition F9. As Figure B-4 shows, the probability of losing the main and
not the auxiliary power (i.e. kill definition F'8) was small.

In the crew kill category, Figures B-5 and B-6 show where and how fre-
quently, one or two and three or four crew casualties, respectively, occurred. The
location helps determine which particular crew member(s) was killed. Loss of
four crew members is due mainly to catastrophic events; therefore, the C4 plot in
Figure B-6 depicted hits to the fuel and ammunition compartments. Figure B-7,
the plot for all crew casualties, shows the summation of the probabilities of kill
definitions C1 through C4 in each cell.

This resolution of vehicle damage can not be obtained with DAL LOF plots.
For this reason, there was no comparison to the DAL at this level. These indivi-
dual cell plots show the location and frequency of kill definitions and allow partic-
ular component losses to be associated with specific loss of capability.

b. Comparison of Degraded States and DAL. To compare the two
methodologies using cell plots, the kill definition probabilities were summed over
the mobility and firepower kill categories, respectively. This comparison was not
completely appropriate for two reasons. First, the Degraded States kill category
probabilities did not include components from other kill categories such as
acquisition, crew and communications whereas the DAL plots represented LOF
values due to all killed components. The second reason was that, numerically,
probabilities were being compared to LOF values.

The comparisons revealed similar plots for both mobility and firepower as
seen in Figures B-8 and B-9, respectively. Recall, no conclusions can be drawn
numerically since the values (represented by colors) for each cell had different
meanings for the two methodologies. Comparing the location of the colored areas
indicates that both methodologies considered the same group of components as
critical to the function of the vehicle in terms of mobility and firepower. Also,
those colored areas that were not in common revealed components which were
treated differently by the two methodologies. For example, when killing only the
batteries, the DAL reported total loss of function in terms of mobility whereas the
degraded states approach, which follows the VMB criticality analysis, reports no
mobility damage. Also, the loss of sponson and/or bow fuel tanks gave M LOF
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values, but were not included in the Degraded States fault trees.

3. Excursions

For both methodologies, a set of excursions was performed to determine the
sensitivity of the results to changes in the initial conditions. The intent of these
excursions was to show that no unexpected trends occurred in the results. This
was accomplished by comparing the results across the various parameters which
represented the initial conditions (range, dispersion, threat, exposure and
azimuth). For the DAL, the kill eriterion compared was the M/F LOF value. For
the DS methodology, the probability of some mobility kill definition (other than
MO) or some firepower kill definition (other than F0) was used. This probability
was calculated from the probability distribution of vehicle degraded states. The

results of sensitivity comparisons are displayed in bar charts contained in Appen-
dix C.

a. Range Sensitivities. There were two range sensitivity excursions per-
formed. One kept the delivery error constant across the six ranges and the other
varied the error according to the range. The error selected for each range was
based on a "rule of thumb"" as shown in Table 9.

TABLE 9. Range/Delivery Error Pairings

Range  Associated Delivery Error (sigma)

0.5 km 1 foot
1km 2 foot
1.5 km 3 foot
2.0 km 5 foot
2.5 km 5 foot
3.0km 10 foot

The comparisons were performed for both threats and exposures at zero and
ninety degrees azimuth.

Figures C-1 through C-4 display the results of the excursions where the
dispersion was held constant. As these figures show, the results decrease as the
range increases (for both bullets and exposures) since residual penetration
decreases. The same was true when the dispersion values were varied, as one can
see from Figures C-5 through C-8. However, there was one exception; in Figure
C-7, the vehicle was fully exposed and the smaller KE penetrator’s results slightly
increase as the range increases at zero degrees azimuth. In most armored fighting

1. Private conversation with Cynthia Dively of the VMB.
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vehicles, the front, center portion of the vehicle is the most heavily armored area;
therefore, the smaller threat does not penetrate. In this excursion, the dispersion
values increase with range, thus presenting target area that is not as heavily
armored. In all of the range sensitivities, both methodologies show similar trends
for this kill criterion.

b. Dispersion Sensitivities. Excursions were performed to show the sen-
sitivity of the results to dispersion values. For both threats and exposures, the
results were compared at two different ranges (1 and 3 km) and azimuths (0 and
90 degrees) for the five dispersion values (1, 2, 3, 5 and 10 foot sigmas).

The results, contained in Figures C-9 through C-16, decrease when the
dispersion values increase in all cases except one. Since the aimpoint is at the
center of the target, the more dispersed the threat is from the aimpoint, the less
damage is inflicted. The exception is with the smaller KE penetrator for a fully
exposed vehicle at zero degrees azimuth. Inspection of Figures C-11 and C-15
illustrates the opposite trend for both ranges (1 and 3 km). The explanation
given in the range sensitivity excursions, where dispersion values were varied with
range, also holds true for these cases. Both trends are consistent with results
from previous studies involving this vehicle. The trends for both methodologies
are similar for all dispersion excursions.

¢. Threat Sensitivities. The next set of excursions illustrates the sensi-
tivity of the results to the threat employed. The results of threats P1 and P2
were compared for two range/dispersion combinations, both exposures and all
four azimuths. The range/dispersion combinations were 1 and 3 kilometers with
two and ten foot sigmas, respectively. In all cases, as shown in Figures C-17
through C-20, the damage inflicted by threat P1 was more severe, as expected.
The trends between the two threats’ results are similar for both methodologies for
this kill criterion.

d. Exposure Sensitivities. Next, the sensitivity of the results to exposure
(either fully or hull defilade) was investigated. The same set of initial conditions
for the threat excursions was used for these comparisons. Figures C-21 through
C-24 show, as expected, that the larger presented area for the fully exposed vehi-
cle results in a higher PDS/LOF in all of the comparisons. Again, the trends for
each azimuth are similar for both methodologies with respect to this kill criterion.

e. Azimuth Sensitivities. The final set of sensitivity excursions was per-
formed on the azimuth or view. Using the same range/dispersion combinations,
the results for all threat/exposure combinations were compared across the four
azimuths (0, 30, 60 and 90 degrees). In general, the lowest PDS/LOF values are
observed at O degrees azimuth and the highest at 60 or 90 degrees azimuth. This
is due to the armor protection afforded and the presented area for each azimuth.
These results are contained in Figures C-25 through C-28. The trends across the
azimuths are similar for both methodologies with respect to this kill criterion.
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4. Degraded States vs. DAL Comparisons

Ultimately, the goal of this analysis was to make comparisons between the
two methodologies. In addition, AMSAA is using the BRL data for a comparison
of DAL and DS results in an adapted version of their force-level model,
GROUNDWARS. GROUNDWARS, which uses the traditional DAL metrics, was
adapted to also accept the DS metrics. The new model, DSWARS, was run using
the BRL results for both methodologies and the5 outputs compared. AMSAA’s
analysis was completed in the third quarter FY90.

There were two numerical comparisons of the Degraded States probabilities
and the DAL LOF values. Both comparisons were made at the 1 kilometer range
with a 2 foot dispersion value for both KE penetrators and exposures across all
four azimuths (0, 30, 60 and 90 degrees). In the first set of comparisons, the basic
and modified DAL M and F LOF values were compared to the DS "hardware
only" aggregated M and probabilities (see Table 7). The DAL was modified so
that the contributions of crew, communications and acquisition components were
not included in M and F LOF values since the DS "hardware only" aggregated
probabilities for mobility and firepower do not include contributions from these
components. In the second set, the DS kill category probabilities were aggregated
such that mobility and firepower included the contributions from the other kill
categories which are in the DAL LOF values (see Table 7). Also, the format of
the comparisons was different; one was tabular and the other graphical.

Before discussing the implications of these comparisons, the difference in the
numerical calculations of both methodologies will be discussed. The numerical
comparison of the two was an apples/oranges type of comparison. However, since
the DAL LOF values have been used incorrectly as probabilities for years, it was
of interest to compare magnitudes. These calculations are the same once the
results of each cell have been determined. The difference comes when calculating
the DS probabilities and DAL LOF values for each cell. The DS calculation
counts the number of times a kill definition is satisfied and divides by the number
of iterations (i.e. ten). The DAL calculation involves combining the various DAL
LOF values for the killed components (via the survivor rule) and taking the aver-
age LOF value over the ten iterations. It is important to note that the closer the
DAL LOF value is to 1.06 for a given iteration, numerically, the closer the two
calculations are to each other since achieving a LOF value of 1.00 is equivalent to
satisfying a kill definition.

5. Gary R. Comstock, "The Degraded States Weapon Analysis Research Simulation
(DSWARS): An Investigation of the Degraded States Vulnerability Methodology in a Com-
bat Simulation”, US Army Materiel Systems Analysis Activity, DRAFT, (Unclassified).
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a. Modified DAL Comparisons. The first set of comparisons matched
the Degraded States, by kill category, to the basic DAL LOF values for M, F and
K. Since the DAL lumped crew, communications and acquisition into the M and
F LOF values and DS provided these probabilities separately, additional DAL M
and F LOF values, which excluded the crew, communications and acquisition
components’ contributions, were calculated and then compared. The DAL LOF
values, which do not include the crew, communications and acquisition contribu-
tions, will be called the modified DAL LOF values. The probability of each kill
definition was extracted from the full probability distribution and reported by kill
category. The sum of the kill definition probabilities for the mobility and
firepower Kkill categories was compared to the DAL M and F LOF values, respec-
tively. These comparisons are contained in Appendix D.

Some explanation is required for the format of the tables in Appendix D.
The top of the table shows the initial conditions for that set of results. A verbal
description of the realized kill definitions and their associated probabilities are
listed by kill category and are read from top to bottom. Within a kill category, if
more than one individual kill definition occurred simultaneously, then the verbal
descriptions are read sequentially with the associated probability found next to
the last verbal entry. The kill definition probabilities are summed for each kill
category and compared to the DAL LOF values. This procedure is consistent
with the DAL’s intended purpose of capturing both those missions that cannot be
executed at all and those that can be done "less well".

There were three different cases seen in these comparisons. The first case
has the basic DAL LOF value larger than the DS probability, but upon removing
the countributions of the crew; communications and acquisition components, the
DAL LOF value is smaller than the DS probability. In the second case, the DS
probability was larger than the basic and modified DAL LOF values. The third
case has both the basic and modified DAL values larger than the DS probability.
Table 10 shows the percent differences between the DS probabilities and both
basic and modified DAL values for all three cases. The term "hardware only"
means the DS mobility and firepower probabilities are summations of probabili-
ties of kill definitions in their respective kill categories only. The differences are
reported for mobility and firepower separately. The cases refer to the 16 sets of
initial conditions selected for these comparisons as described above. Although, in
all 32 cases, no average difference is larger than 12 percent, the figures in Appen-
dix D illustrate that the DS approach provides higher resolution results which
give a much fuller assessment of the damage to the vehicle.
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TABLE 10. Numerical Differences Between DS (Hardware Only) and DAL

Mobility Differences

Basic DAL vs. DS | Mod DAL vs. DS

e e e m———————

Case range average range average

1) Basic DAL > DS > Mod DAL 1-21% 10% 0-13% 5%
(12 cases)

2) DS > Basic DAL > Mod DAL 9.4% 3% 6-15% | 12%
(3 cases)

3) Basic DAL > Mod DAL > DS 3% 3% 0% 0%

(1 case)
Firepower Diflerences
Basic DAL vs. S | Mod DAL vs. DS
Case range | average | range | average

1) Basic DAL > DS > Mod DAL

(7 cases) 2-12% 7% 0-1% 0.8%

2) DS > Basic DAL > Mod DAL
(8 cases)

0-3% 2% 0-9% 5%

3) Basic DAL > Mod DAL > DS
(1 case)

2% 2% 1% 1%

There were two reasons for the first case. The basic DAL LOF value was
larger because it included contributions from the crew, communications and
acquisition components which are reported separately within the Degraded States
approach. The DS probability was greater than the modified DAL LOF values
because of the way that calculations are performed for the two methodologies.
Since, numerically, every occurrence of a kill definition is equivalent to a DAL
LOF value of 1.00, components which gave DAL LOF values less than 1.00 and
satisfied a kill definition, caused the DAL calculations to be less than the DS cal-
culation. This is true for both the basic and modified DAL LOF values, but it’s
effect on the basic DAL LOF comparisons is overcome by the contributions of the
crew, communication and acquisition components.

For the mobility kill category, this case can be seen in the following figures:
D-1, D-2, D-4, D-5, D-6, D-7, D-8, D-12, D-13, D-14, D-15 and D-16. Kill
definitions M1 and M2 components yielded DAL LOF values ranging from 0.20 to
0.50 and 0.65 to 0.87, respectively. The higher the DS probability of these two
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kill definitions, the larger the difference between the DS probability and the
modified DAL LOF value. The DAL LOF value was almost always 1.00 for kill
definition M3 components.

In Figures D-5, D-6, D-7, D-8, D-14, D-15 and D-16, the firepower Kkill
category comparisons reflect the first case. Components killed when achieving kill
definitions F'8 and F9 yielded DAL LOF values ranging from 0.24 to 0.43 and 0.80
to 0.96, respectively. The higher the DS probability of these two kill definitions
(especially F8), the greater the difference between the DS probability and the
modified DAL LOF value for firepower. Kill definition F1 and F17 components
yielded a DAL LOF value of 1.00 for the firepower.

The reason for the second case was different for the two kill categories. In
the mobility kill category, this case was seen in Figures D-3, D-10 and D-11. In
these cases, the probability of kill definition M1 (rcduced speed, slight) simultane-
ously occurring with the "no damage” states of the other five kill categories was
high. This caused both the basic and modified DAL LOF values to lag behind the
DS probability. In the firepower kill category, this case occurred in Figures D-1,
D-2, D-3, D-4, D-9, D-10, D-11 and D-12. The probability of satisfying crew,
communications and/or acquisition kill definitions (other than "no damage")
without firepower damage was low; therefore, the numerical contributions of
crew, communications and/or acquisition components to the DAL LOF value were
overcome relative to the DS probability by the simultaneous satisfaction of a DS
firepower kill definition. Specifically, the basic and modified DAL LOF values
lagged due to the occurrences of kill definitions F8 and F9.

The third case was due to the effects of the initial DAL LOF values calcu-
lated by the main SQuASH program. The basic DAL LOF value was larger for
the same reason as the first case. However, the modified DAL LOF values were
larger than the DS probability because the initial LOF values, which contribute to
the final DAL value, have no impact on the DS probability. In the mobility kill
category, this occurred in Figure D-9. In this case, 95 percent of the mobility
probability came from kill definition M3 (total immobilization) whose components
contribute a 1.00 to the DAL LOF value. This caused the modified DAL LOF
value and the DS probability to be equivalent except for the small contribution of
the initial LOFs to the DAL. The same case occurred in Figure D-13 for the
firepower kill category comparison. In this case, kill definition F'9 contributed
DAL LOF values close to 1.00. Along with the other two kill definitions (F1 and
F17), this caused the two methodologies to be numerically equivalent in magni-
tude except for the contribution of the initial LOF values.

There are two general observations concerning the above comparisons which
need to be mentioned. First, the vehicle degraded state combination(s) which had
the most impact on these comparisons was the simultaneous occurrence of the "no
damage" state for mobility or firepower and some crew, communications and/or
acquisition kill definition(s). These occurrences contributed to the basic DAL LOF
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value, but not to the DS probability or the modified DAL value; therefore, the
higher the probability of these occurrences, the greater the basic DAL LOF value
was relative to the DS probability. Using the full probability distribution of vehi-
cle degraded states (see section IV.1) for the various sets of initial conditions, it
was determined that this combination of kill definitions was more likely to occur
in the mobility than the firepower kill category. The second observation is that
the Degraded States approach, with its robust metrics, provided more information
on the vehicle’s damage assessment. The DS assessment was more informative
because the kill definitions and their probabilities were calculated for six different
kill categories as opposed to a LOF value for only two kill categories. Since the
DS probability represented the sum of the probabilities of the kill definitions in
that kill category and the DAL value represented total loss of function to the
vehicle, numerical agreement couid be misleading.

b. Aggregated DS Probability Comparisons. The second set of com-
parisons took the opposite approach from the first. That is, the first set
extracted, from the DAL LOF value, the contributions of kill categories which
were not included in the DS probability, while the second set added them to the
DS probability. These comparisons were made for the same set of initial condi-
tions as the first set. The basic DAL M, F and M/F LOF values were used. The
DS probabilities aggregated the kill categories which contributed to the DAL.
Table 7 illustrates how the DS aggregated M, F, K and M or F probabilities are
calculated. When aggregating ammunition into the mobility and firepower pro-
babilities, kill definition K4 was not included. Catastrophic events were implicitly
included since the most severe kill definition for each kill category was selected
upon the occurrence of a K-kill. In order to make these aggregations, the kill
categories were assumed to be independent of one another, an assumption which
is no worse than present practice with the DAL metrics. The DS probabilities
denoted as "hardware only" are also described in Table 7. All compa.isons were

made at 1 kilometer with a 2 foot dispersion value and are contained in Appendix
E.

These aggregated comparisons exhibit similar trends between the two
methodologies. As seen in Figures E-1 through E-12, the aggregated DS probabil-
ities were always larger than the DAL LOF values because of the difference in the
way the two values are calculated. The comparisons of the DS "hardware only"
probabilities to the DAL LOF values were discussed in the preceding section of
this report. The differences in magnitude between the two methodologies were
calculated for the aggregated comparisons and a summary of the percent
differences are provided in Table 11 for M, F and M or F. The firepower com-
parisons exhibited closer agreement because the probability of simultaneously
achieving thc "no damage” statc and some damage to ancther kill category was
lower than for the mobility kill category; therefore, both the basic DAL LOF
value and the aggregated DS probability were numerically closer to the DS
"hardware only" probability for firepower. This phenomenon was more pro-
nounced for the hull defilade results. Similar results were obtained for identical




comparisons made at ranges of 2 and 3 kilometers with dispersion values of 5 and
10 feet, respectively.

TABLE 11. Numerical Differences Between Aggregated DS and DAL

Aggregated DS > DAL

R

. M F MorF

Exposure  range | average | range

average | range | average

cnmanse | ceses ——————

Fully 3-18% 12% 2-12% 7% 1-9% 6%

Defilade  3-24% 14% 2-6% 4% 2-5% 4%

V. Summary

As the results in this report illustrate, the Degraded States methodology
provides a more detailed assessment of the vehicle’s damage than can be obtained
using the DAL approach. The Degraded States approach assesses the damage in
terms of six different vehicle kill categories (mobility, firepower, acquisition, crew,
communications and ammunition). For a given damage to the vehicle, a kill
definition for each of the six kill categories is determined based on the critical
components killed. The probabilities of the various combinations of the kill
definitions far each kill category are then calculated. The DS probability distri-
bution explicitly shows how frequently the vehicle could complete its mission and
how frequently it could do "less well" at its mission.

The Phase II results were provided to AMSAA for support in demonstrating
the new metrics in force-level modeling. The DS full probability distribution, DS
aggregated probabilities and DAL LOF values for all the initial condition combi-
nations were provided to AMSAA as input to the force-level model, DSWARS.
DSWARS ran both methodologies to allow for comaprisons of results.

Numerically, the DS aggregated probabilities were compared with the DAL
LOF values and the percent differences are shown in Table 11. To compare the
numerical results of the two methodologies, the DS probability distribution was
aggregated to represent the damage in terms of mobility and firepower only.
Although the percent differences, on the average, are not higher than 14 percent,
a more rigorous statistical analysis must be performed to determine the statistical
significance of the differcnces belween the resuiis of the vwo methodologies. An
analysis of variance (ANOVA) will be performed on the aggregated DS probabili-
ties and DAL LOF values. The ANOVA will determine if the difference in the
results of the two methodologies are statistically significant. A BriL. technical
report”~ will fully document this effort and is forthcoming. Finally, the ability to
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make numerical comparisons between the two methodologies shows that the
Degraded States apprcach can provide both a detailed acccunt of the damage
assessment and an aggregated set of results analogous to the traditional set.

The sensitivity comparisons of the two methodologies indicate similar
trends. The Degraded States and DAL results were analyzed for their sensitivity
to the various initial conditions (range, dispersion, azimuth, exposure and threat).
These excursions, found in Appendix C, exhibit similar sensitivities for the «wo
methodologies to these initial conditions for this vehicle. A quantitative statisti-
cal test of these sensitivities will be completed in the ANOVA.

A recommendation as a result of this analysis, is that, the DS methodology
should be extended to other targets and classes of targets. Calculation of the
more robust metrics for other classes of targets will provide a more detailed
account of their vulnerability than is presently available.

Combined with AMSAA’s proof that DS results can be practically imple-
mented in force-level modeling, sufficient evidence exists for the Army to relinqu-
ish its reliance on the DAL methodology in favor of the Degraded States. This
report demonstrates the feasibility of using this methodology in assessing view
average vulnerability estimates.

6. Jill H. Smith, "Quantitative Analyses of Vulnerability /Lethality Models", USA Ballistic
Research Laboratory, DRAFT, (Unclassified).
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Degraded States Fault Trees
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This appendix contains the fault trees developed for each of the Degraded
States kill definitions used in this analysis. Components and/or systems are listed
in either series or parallel. If in series, the loss of any component or system will
result in the tree being cut; if in parallel, all components and/or systems must be
killed in order to cut the tree. A kill definition is achieved if no uninterrupted
path exists from the single asterisk to the double asterisk.
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APPENDIX B

Individual Cell Plots
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The color coded cell plots are contained in this appendix. The plots show
either the DS probabilities or DAL LOF values for each cell given a hit to the
vehicle. These results assumed that each cell had the same probability of being
hit (i.e. unweighted).
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APPENDIX C

Sensitivity Excursions
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The following bar charts show the sensitivity of the two methodologies
(DAL and DS) to range, dispersion, exposure, threat and azimuth. The DAL LOF
values given a hit are the traditional M/F metrics. The DS values represent the
probability of some kill definition (other than the "no damage" state) from either
the mobility or firepower kill categories giver a hit to the vehicle.
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Figure C-1. Degraded States and DAL Range Sensitivity
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Figure C-3. Degraded States and DAL Range Sensitivity
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Figure C-5. Degraded States and DAL Range Sensitivity
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Figure C-6. Degraded States and DAL Range Sensitivity
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APPENDIX D

Degraded States vs. DAL Comparisons

D-1
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D-2




This appendix contains the numerical comparisons of the two methodolo-
gies’ results. At the range of 1 kilometer and with a 2 foot dispersion value, the
DS probabilities and DAL LOF values are compared for both threats and expo-
sures. The DS values are proliabilities given a hit extracted from the probability
distribution output for each set of initial conditions. The DAL values are LOF
given a hit from the basic and modified DALs.
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Threat: P1
Range: 1 km
Azimuth: 0 degrees

Exposure: fully
Dispersion: 2 ft

DEGRADED STATES

MOBILITY

FIREPOWER

ACQUISITION

CREW

Reduced speed, slight
Reduced speed, significant
Total immobilization

Loss of main armament
Increased time to fire
Reduced delivery accuracy
Unable to fire on the move
Increased time to fire

Reduced delivery accuracy
Loss of main armament

Loss of secondary armament

Reduced acquisition capability
Reduced acquisition capability
Unable to acquire while moving

One crew casualty
Two crew casualties
Three crew casualties

Four crew casualties

No internal communications
No external communications

0.005
0.038
0.615
0.658

0.487

0.021

0.229

0.090
0.827

0.020

0.090

Figure D-1. DAL vs. DS numerical comparison

D-5

DAL
No crew or
Basic commo or
acquisition
0.725 0.645
0.810 0.783
?
?
?
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0.090 0.090




Threat: P1
Range: 1 km

Azimuth: 30 degrees
Exposure: fully

Dispersion: 2 ft

DAL
DEGRADED STATES

No crew or

; commo or

Basic acquisition
MOBILITY Reduced speed, slight 0.021
Reduced speed, significant 0.119
Total immobilization 0.587

0.727 0.768 0.679

FIREPOWER Loss of main armament 0.512
Increased time to fire
Reduced delivery accuracy 0.036

Unable to fire on the move
Increased time to fire

Reduced delivery accuracy 0.165
Loss of main armament
Loss of secondary armament 0.093

0.806 0.779 0.756

ACQUISITION Reduced acquisition capability 0.026
Reduced acquisition capability
Unable to acquire while moving 0.770

0.796 ?
CREW One crew casualty 0.254
Two crew casualties 0.122
Three crew casualties 0.038
Four crew casualties 0.091
0505 7
COMMO No internal communications
No external communications 0.561
0.561 ?
AMMUNITION Bustle ammo lost 0.004
Hull ammo lost 0.004 ? ?
0.008

K-kill 0.090 0.090 0.090

Figure D-2. DAL vs. DS numerical comparison
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Threat: P1
Range: 1 km
Azimuth: 60 degrees

Exposure: fully
Dispersion: 2 ft

DEGRADED STATES

MOBILITY

FIREPOWER

ACQUISITION

CREW

COMMO

Reduced speed, slight

Reduced speed, significant
Total immobilization

Loss of main armament
Increased time to fire
Reduced delivery accuracy
Unable to fire on the move
Increased time to fire
Reduced delivery accuracy
Loss of main armament

Loss of secondary armament

Reduced acquisition capability
Reduced acquisition capability
Unable to acquire while moving

One crew casualty
Two crew casualties
Three crew casualties

Four crew casualties

No internal communications
No external communications

AMMUNITION Bustle ammo lost

K-kill

0.063

0.268
0.417

0.748

0.528

0.045

0.198

0.046
0.817

0.026

0.789

0.815

0.256
0.155

0.032
0.045

0.488

0.600

0.600

0.005
0.005

0.045

Figure D-3. DAL vs. DS numerical comparison

D-7

DAL
No crew or
‘ commo or
Basic acquisition
0.731 0.606
0.790 0.753
?
?
?
? ?
0.045 0.045




Threat: P1

Range: 1 km
Azimuth: 90 degrees
Exposure: fully
Dispersion: 2 ft

DAL
DEGRADED STATES
No crew or
Basic commo or
acquisition
MOBILITY Reduced speed, slight 0.035 )
Reduced speed, significant 0.307
Total immebilization 0.278
0.620 0.652 0.487
FIREPOWER Loss of main armament 0.383
Increased time to fire
Reduced delivery accuracy 0.057

Unable to fire on the move
Increased time to fire

Reduced delivery accuracy 0.252
Loss of main armament
Loss of secondary armament 0.028

0.720 0.711 0.638

ACQUISITION Reduced acquisition capability 0.036
Reduced acquisition capability

Unable to acquire while moving 0.713
0749 7
CREW One crew casualty 0.194
Two crew casualties 0.140
Three crew casuaities 0.116
Four crew casualties 0.028
0.478 7
COMMO No internal communications
No external communications 0.497
0.497 ? J
AMMUNITION Bustle ammo lost 0.001
0.001 ? ? -
K-kill 0.028 0.027 0.027

Figure D-4. DAL vs. DS numerical comparison
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Threat: P1

Range: 1 km
Azimuth: 0 degrees
Exposure: defilade
Dispersion: 2 ft

DAL
DEGRADED STATES
No crew or
Basic commo or
acquisition
MOBILITY Reduced speed, significant 0.022
Total immobilization 0.183
0.205 0.324 0.197
FIREPOWER Loss of main armament 0.529
Increased time to fire
Reduced delivery accuracy 0.007

Unable to fire on the move
Increased time to fire

Reduced delivery accuracy 0.050
Loss of main armament
Loss of secondary armament 0.094

0.680 0.730 0.674

ACQUISITION Reduced acquisition capability 0.066
Reduced acquisition capability

Unable to acquire while moving 0.498
0.564 ?
CREW One crew casualty 0.212
Two crew casualties 0.129
Three crew casualties 0.027
Four crew casualties 0.094
0.462 7
COMMO No internal communications
No external communications 0.233
0.233 ?
AMMUNITION Bustle ammo lost 0.009
0.009 ? ?
K-kill 0.094 0.093 0.093

Figure D-5. DAL vs. DS numerical comparison
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Threat: P1
Range: 1 km

Azimuth: 30 degrees
Exposure: defilade

Dispersion: 2 ft

DAL
DEGRADED STATES
No crew g;
: commo

Basic acquisition
MOBILITY Reduced speed, significant 0.088
Total immobilization 0.148

0.236 0.374 0.206
FIREPOWER Loss of main armament 0.526

Increased time to fire

Reduced delivery accuracy 0.005

Unable to fire on the move
Increased time to fire

Reduced delivery accuracy 0.085
Loss of main armament
Loss of secondary armament 0.098

0.714 0.757 0.707

ACQUISITION Reduced acquisition capability 0.122
Reduced acquisition capability
Unable to acquire while moving 0.535

0.657 ?
CREW One crew casualty 0.271
Two crew casualties 0.120
Three crew casualties 0.023
Four crew casualties 0.098
0.512 ?
COMMO No internal communications
No external communications 0.386
0.386 ?
AMMYUNITION Bustle ammo lost 0.008
Hull ammo lost 0.004 ? ?
0.012
K-kill 0.098 0.097 0.097

Figure D-6. DAL vs. DS numerical comparison
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Threat: P1
Range: 1 km

Azimuth: 60 degrees
Exposure: defilade

Dispersion: 2 ft

DAL
DEGRADED STATES

No crew or

. : commo or

Basic acquisition
, MOBILITY Reduced speed, significant 0.167
Total immobilization 0.099

0.266 0.437 0.208
FIREPOWER Loss of main armament 0.490

Unable to fire on the move
Increased time to fire

Reduced delivery accuracy 0.1589
Loss of main armament
Loss of secondary armament 0.056

0.705 0.784 0.697

ACQUISITION Reduced acquisition capability 0.125
Reduced acquisition capability
Unable to acquire while moving 0.530

0.655 ?
CREW One crew casuaity 0.255
Two crew casualties 0.213
Three crew casualties 0.034
Four crew casualties 0.056
0558 ?
COMMO No internal communications
No external communications 0.467
0.467 ?
AMMUNITION Bustle ammo lost 0.009
0.009 ? ?
' K-kill

0.056 0.056 0.056

Figure D-7. DAL vs. DS numerical comparison
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Threat: P1
Range: 1 km

Azimuth: 90 degrees

Exposure: defilade
Disperzi..o: 2 ft

DEGRADED STATES

MOBILITY

FIREPOWER

ACQUISITION

CREW

COMMO

AMMUNITION

K-kill

Reduced speed, significant
Total immobilization

Loss «f main armament
Jnabie to fire on the move
Increased time to fire
Reduced delivery accuracy
Loss of main armament
Loss of secondary armament

Reduced acquisition capability
Reduced acquisition capability
Unable to acquire while moving

One crew casualty
Two crew casualties
Three crew casualties

Four crew casualties

No internal communications
No external communications

Bustle ammo lost

0.287
0.044

0.331
0.429

0.214

0.013
0.656

0.105

0.576
0.681

0.141
0.298

0.174
0.013

0.626
0.609

0.013

Figure D-8. DAL vs. DS numerical cocmparison
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DAL

No crew or
Basic _Ccommo or
acquisition

0.543 0.230

0.775 0.642

? ?

0.014 0.014




Threat: P2
Range: 1 km

Azimuth: 0 degrees
Exposure: fully

Dispersion: 2 ft

DAL
DEGRADED STATES
. No crew or
Basic  JGquisition
" MOBILITY Reduced speed, significant 0.004
Total immobilization 0.075
0.079 0.113 0.082
FIREPOWER Loss of main armament 0.127
Increased time to fire
Reduced delivery accuracy 0.002

Unable to fire on the move
Increased time tc fire

Reduced delivery accuracy 0.013
Loss of main armament
Loss of secondary armament 0.005

e ——

0.147  0.147 0.144

ACQUISITION Reduced acquisition capability 0.018
Reduced acquisition capability
Unable to acquire while moving  0.114

0.132
CREW One crew casualty 0.031
Two crew casualties 0.023
Three crew casualties 0.027
Four crew casualties 0.005 9
0.086
COMMO No internal communications
No external communications 0.038
0.038 ?
. AMMUNITION Bustle ammo lost 0.003
0.003 ? ?
) K-kill 0.005 0.005 0.005

Figure D-9. DAL vs. DS numerical comparison
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Threat. P2
Range: 1 km

Azimuth: 30 degrees
Exposure: fully

Dispersion: 2 ft

DEGRADED STATES

MOBILITY Reduced speed, signiticant
Reduced speed, slight
Total immobilization

FIREPOWER Loss of main armament

Increased time to fire
Reduced delivery accuracy
Unable to fire on the move
Increased time to fire

Reduced delivery accuracy
Loss of main armament

Loss of secondary armament

ACQUISITION  Reduced acquisition capability
Reduced acquisition capability
Unable to acquire while moving

CREW One crew casualty
Two crew casualties
Three crew casualties

Four crew casualties

COMMO No internal communications
No external communications

AMMUNITION Bustle ammo lost

K-kill

0.066

0.057
0.297

0.420
0.135

0.021

Figure D-10. DAL vs. DS numerical comparison
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DAL

No crew or
Basic COmMmo or
acquisition

0.377 0.356

0.225 0.218

?

?

?

? ?
0.011 0.011




Threat: P2
Range: 1 km

Azimuth: 60 degrees
Exposure: fully

Dispersion: 2 ft

DEGRADED STATES

MOBILITY

FIREPOWER

ACQUISITION

CREW

COMMO

AMMUNITION

K-kill

Reduced speed, slight
Reduced speed, significant
Total immobilization

Loss of main armament
Increased time to fire

Reduced delivery accuracy
Unable to fire on the move

Increased time to fire
Reduced delivery accuracy
Loss of main armament

Loss of secondary armament

Reduced acquisition capability
Reduced acquisition capability
Unable to acquire while moving

One crew casualty
Two crew casualties

Three crew casualties
Four crew casualties

No internal communications

No external communications

Bustle ammo lost
Hull ammo lost

0.075
0.258
0.348

0.681
0.447

0.044

0.194
0.011

0.696
0.021

0.689

0.710

0.211
0.121

0.032
0.011

0.375

0.487
0.487

0.002
0.001

0.003

0.011

Figure D-11. DAL vs. DS numerical comparison
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DAL

No crew or
Basic ¢ommo or
acquisition

0.646 0.533

0.676 0.632

0.010 0.010




Threat: P2
Range: 1 km
Azimuth: 90 degrees
Exposure: fully
Dispersion: 2 ft

DEGRADED STATES

MOBILITY

FIREPOWER

ACQUISITION

CREW

COMMO

AMMUNITION

K-kill

Reduced speed, slight
Reduced speed, significant
Total immobilization

Loss of main armament
Increased time to fire
Reduced delivery accuracy
Unable to fire on the move
Increased time to fire
Reduced delivery accuracy
Loss of main armament
Loss of secondary armament

Reduced acquisition capability
Reduced acquisition capability
Unable to acquire while moving

One crew casualty
Two crew casualties

Three crew casualties
Four crew casualties

No internal communications
No external communications

Bustle ammo lost

0.036

0.284
0.250

0.570
0.341

0.058

0.255

0.025
0.679

0.036

- e W

0.025

Figure D-12. DAL v=. DS numerical comparison
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DAL
No crew or
: commo or
Basic acquisition
0.605 0.447
0.667 0.594
?
?
?
? ?
0.024 0.024




Threat: P2
Range: 1 km

Azimuth: O degrees
Exposure: defilade

Dispersion: 2 ft

DEGRADED STATES

MOBILITY

FIREPOWER

ACQUISITION

CREW

COMMO

AMMUNITION

K-kill

Reduced speed, significant
Total immobilization

Loss of main armament
Unable to fire on the move
Increased time to fire
Reduced delivery accuracy
Loss of main armament

Loss of secondary armament

Reduced acquisition capability
Reduced acquisition capability
Unable to acquire while moving

One crew casualty
Two crew casualties
Three crew casualties

Four crew casualties

No internal communications
No external communications

Bustle ammo lost

0.002
0.021
0.023

0.130

0.024
0.020

0.174
0.026

0.073

0.099

0.039
0.019

0.012
0.020

0.090

0.025

0.025
0.007
0.007

0.020

Figure D-13. DAL vs. DS numerical comparison
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DAL
No crew or
Basic commo or
acquisition
0.054 0.022
0.197 0.179
?
?
?
? ?
0.020 0.020




Threat: P2
Range: 1 km

Azimuth: 30 degrees
Exposure: defilade

Dispersion: 2 ft

DEGRADED STATES
MOBILITY Reduced speed, significant 0.020
Total immobilization 0.005
0.025
FIREPOWER Loss of main armament 0.116
Unable to fire on the move
Increased time to fire
Reduced delivery accuracy 0.048
Loss of main armament
Loss of secondary armament 0.005
0.169

ACQUISITION Reduced acquisition capability 0.042
Reduced acquisition capability
Unable to acquire while moving  0.078

———————

0.120
CREW One crew casualty 0.045
Two crew casualties 0.011
Three crew casualties 0.002
Four crew casualties 0.605
0.063
COMMO No internal communications
No external communications 0.020
0.020
AMMUNITION  Bustle ammo lost 0.001
0.001
K-kill 0.005

Figure D 14. DAL vs. DS numerical comparison
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DAL

No crew or
Basic commo or
acquisition

0.036 0.017

0.187 0.168

?

? ?

0.005 0.005




Threat: P2
Range: 1 km

Azimuth: 60 degrees

Exposure: defilade
Dispersion: 2 ft

DEGRADED STATES

MOBILITY

FIREPOWER

ACQUISITION

CREW

COMMO

AMMUNITION

K-kill

Reduced speed, significant
Total immobilization

Loss of main armament
Unable to fire on the move

Increased time to fire
Reduced delivery accuracy
Loss of main armament
Loss of secondary armament

Reduced acquisition capability
Reduced acquisition capability
Unable to acquire while moving

One crew casualty
Two crew casualties
Three crew casualties

Four crew casualties

No internal communications
No external communications

Bustle ammo lost

D-19

0.115

0.007
0.290

0.058

0.247
0.305

0.113
0.127
0.293
0.007

0.046

0278
0.278
0.004
0.004

0.007

Figure D-15. DAL vs. DS numerical comparison

DAL
No crew or
Basic commo or
acquisition
0.241 0.093
0.361 0.285
?
?
?
? ?
0.007 0.007




Threat: P2
Range: 1 km

Azimuth: 90 degrees

Exposure: defilade
Dispersion: 2 ft

DEGRADED STATES

MOBILITY

FIREPOWER

ACQUISITION

CREW

COMMO

AMMUNITION

K-kill

Reduced speed, significant
Total immobilization

Loss of main armament
Unable to fire on the move
Increased time to fire
Reduced delivery accuracy
Loss of main armament
Loss of secondary armament

Reduced acquisition capability
Reduced acquisition capability
Unable to acquire while moving

One crew casualty
Two crew casualties
Three crew casualties

Four crew casualties

No internal communications
No external communications

DAL

Basic

No crew or
commo or
acquisition

0.265 0.466

0.474 0.594

0.011 0.012

Figure D-16. DAL vs. DS numerical comparison
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APPENDIX E

Aggregated Degraded States vs. DAL Comparisons

E-1




INTENTIONALLY LEFT BLANK.

E-2




This appendix contains line graphs which illustrate the numerical comparis-
ons of the aggregated DS probaoilities and the basic DAL LOF values. The
values being compared are described as follows: DS "hardware only” probabilities
give the probability of some damage to a particular kill category; DS aggregated
probabilities give the probability of some damage to any of several kill categories;
and, DAL LOF values are from the basic DAL.
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1  American Defense Preparedness
Association (ADPA)
ATTN: Bill King
1700 N. Moore Street, #900
Arlington, VA 22209-1942

9  Defense Advanced Research Projects Agency

ATTN: Mr. B. Bandy
Dr. R. Kahn
Dr. C. Kelly
Mr. P. Losleben
Dr. J. Lupo
Mr. F. Patten
Dr. Reynolds
Mr. S. Squires
COL J. Thorpe

1400 Wilson Boulevard

Arlington, VA 22209

[

Central Intelligence Agency

ATTN: ORD/PERD (Ray Cwiklinski)
(Tom Kennedy)

Washington, DC 20505

1 Central Intelligence Agency
ATTN: ORD (Jim Fahnestock)
Washington, DC 20505
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1

Central Intelligence Agency
ATTN: ORD/IERD (J. Fleisher)
Washington, DC 20505

Central latelligence Agency
ATTN: ORD (Marvin P. Hartzler)
Washington, DC 20505

Central Intelligence Agency

ATTN: OIA (Barbara A. Kroggel)
(Monica McGuinn)

Washington, DC 20505

Central Intelligence Agency
ATTN: ORD (Peter Lew)
1820 N. Fort Meyer Drive
Arlington, VA 22209

Central Intelligence Agency
ATTN: ORD (Donald Gorson)
1820 N. Fort Meyer Drive
Arlington, VA 22209

Chief of Naval Operations
OP-03.C2

ATTN: CPT Robert K. Barr
Rm 4D537, The Pentagon
Washington, DC 20350-2000

Mr. Robert Gomez/OSWR
PO Box 1925
Washington, DC 20013

Commander

US Army Materiel Command
ATTN: AMCDE-PI (Dan Marks)
5001 Eisenhower Avenue
Alexandria, VA 22333-0001

Headquarters

US Army Materiel Command
ATTN: AMCDRA (R. Black)
5001 Eisenhower Avenue
Alexandria, VA 22333-0001
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1

Commander

US Army Materiel Command
ATTN: AMCMT (John Kicak)
5001 Eisenhower Avenue
Alexandria, VA 22333-0001

Commander

US Army Materiel Command
ATTN: AMCPD (Darold Gniffin)
5001 Eisenhower Avenue
Alexandria, VA 22333-0001

Commander

US Army Materiel Command
ATTN: AMCPD-PM (Jim Sullivan)
5001 Eisenhower Avenue
Alexandria, VA 22333-0001

Commander

US Army Materiel Command

ATTN: AMCPM-LOTA (Robert Hallj
(MAJ Purdin)

5001 Eisenhower Avenue

Alexandria, VA 22333-0001

Commander

US Army Materiel Command
ATTN: AMCSP

5001 Eisenhower Avenue
Alexandria, VA 22333-0001

Commander

US Army Materiel Command
ATTN: AMCTD-PT (Alan Elkins)
5001 Eisenhower Avenue
Alexandria, VA 22333-0001

Commander

US Army Laboratory Command
ATTN: AMSLC-CT (K. Zastrow)
2800 Powder Mill Road

Adelphi, MD 20783-1145

Commander

US Army Laboratory Command
ATTN: AMSLC-CG

2800 Powder Mill Road
Adelphi, MD 20783-1145




No. of
Coni 0 . L.

1 Commander
US Army Laboratory Command
ATTN: AMSLC-LO (LTC P. Fardink)
2800 Powder Mill Road
Adelphi, MD 20783-1145

Commander

US Army Laboratory Command

ATTN: AMSLC-TP (J. Predham)
(D. Smith)

2800 Powder Mill Road

Adelphi, MD 20783-1145

Commander

US Army Laboratory Command
ATTN: SLCTO (Marcos Sola)
2800 Powder Mill Road
Adelphi, MD 20783-1145

Commandant

US Army Logistics Management College

ATTN: AMXMC-LS-S (CPT(P) Stephen
Parker)

Ft. Lee, VA 23801

Commander

US Army Materials Techrology
Laboratory

ATTN: SLCMT-ATL

Watertown, MA 02172-0001

Director

US Army Research Office

ATTN: SLCRO-MA (Dr. J. Chandra)
(Dr. K. Clark)
(Dr. Wu)

P.O. Box 12211

Research Triangle Park, NC 27709-2211

Director

US Army Survivability Management Office
ATTN: SLCSM-C31 (H. J. Davis)

2800 Powder Mill Road

Adelphi, MD 20783
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1

Director

US Army Survivability Management Office
ATTN: SLCSM-D (COL H. Head)

2800 Powder Mill Road

Adelphi, MD 20783-1145

Commander

US Army, ARDEC

ATTN: SMCAR-CCH-V (Paul H. Gemmill)
Picatinny Arsenal, NJ G7806-5000

Commander

US Army, ARDEC

ATTN: SMCAR-FSS-E (Jack Brooks)
Picatinny Arsenal, NJ 07806-5000

Commander

US Army, ARDEC

ATTN: SMCAR-TD (Jim Killen)
Picatinny Arsenal, NJ 07806-5000

Commander

US Army, ARDEC

ATTN: SMCAR-TDS (Vic Lindner)
Picatinny Arsenal, NJ 07806-5000

Commander

US Army Aviation Systems Commaznd
ATTN: AMSAV-ES

4300 Goodfellow Blvd

St Louis, MO 63120-1798

Commander

US Army Aviation Systems Command
ATTN: AMSAV-GT (R. Lewis)

4300 Goodfellow Blvd

St. Louis, MO 63120-1798

Commander
US Army Aviation Systems Command
ATTN: AMSAV-NC (H. Law)
(S. Meyer)
4300 Goodfellow Blvd
St. Louis, MO 63120-1798
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1 Commander
Belvoir Research, Development
and Engineering Center
ATTN: STRBE-FC (Ash Patil)
Fort Belvo.r, VA 22060-5606

1 Commander
Belvoir Research, Development.
and Engineering Center
ATTN: STRBE-JDA (Melvin Goss)
Fort Belvoir, VA 22060-5606

1  Commander, USACECOM
R&D Technical Library
ATTN: ASQNC-ELC-I-T, Myer Center
Fort Monmouth, NJ 07703-5000

1  Director
Center for Night Vision and Electro-Optics
ATTN: AMSEL-NV-V {John Palmer)
Fort Belvoir, VA 22060-5677

1 Director
Center for Night Vision and Electro-Optics
ATTN: AMSEL-RD-NV-V (John Ho)
Fort. Belvoir, VA 22060-5677

1 Director
Center for Night Vision and Electro-Optics
ATTN: DELMV-L (Dr. R. Buser)
Fort Belvoir, VA 22060-5677

1 Commander
US Army Foreign Science and Technology
Center
ATTN: AJF (Bill Rich)
220 Seventh Street, NE
Charlottesville, VA 22901-5396

3 Commander
US Army Foreign Science and Technology
Center
ATTN: AIFRC (T. Walker)
{S. Eitleman)
(R. Witnebal)
220 Seventh Street. NE
Charlottesville, VA 22901-5396
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1  Commander
US Army Foreign Science and Technology
Center
ATTN: AJFRS (Gordon Spencer)
220 Seventh Street, NE
Charlottesville, VA 22901-5396

1 Commander
US Army Foreign Science and Technology
Center
ATTN: AIFRT (John Kosiewicz)
220 Seventh Street, NE
Charlottesville, VA 22901-5396

1 Commander
US Army Foreign Science and Technology
Center
ATTN: AIFRC (Dave Hardin)
290 Seventh Street, NE
Charlottesville, VA 22901-5396

1  Commander
US Army Foreign Science and Technology
Center
ATTN: AMXST-WSI (John R. Aker)
220 Seventh Street, NE
Charlottesville, VA 22901-5396

1 Commander
US Army Harry Diamond Laboratories
ATTN: SLCHD-RT (Peter Johnson)
2800 Powder Mill Road
Adelphi, MD 20783-1197

1 Comiaander
US Army INSCOM
ATTN: IAOPS-SE-M (George Maxfield)
Arlington Hall Station
Arlington, VA 22212-5000

[ 3]

Commander

US Army Missile Command

ATTN: AMSMI-RD-GC-T (R. Alongi)
Redstone Arsenal, AL 35898-5000

1 Commander
US Army Missile Command
ATTN: AMSMI-RD-SS-AT (Ed Vaughn)
Redstone Arsenal, AL 35898-5000
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Commander
US Army Missile Command

ATTN: AMSMI-RGT (J. Bradas)
Redstone Arsenal, AL 35898-5000

Commander

US Army Missile Command

ATTN: AMSMI-YTSD (Glenn Allison)
Redstone Arsenal, AL 35898-5070

Commander

US Army Missile Command

ATTN: AMSMI-REX (W. Pittman)
Redstone Arsenal, AL 35898-5500

Director

US Army Missile and Space Intelligence
Center

ATTN: AIAMS-RT (Pat Jordan)

Redstone Arsenal, AL 35898-5500

Director

US Army Missile and Space Intelligence
Center

ATTN: AIAMS-YLD (Vernon L. Stallcup)

Redstone Arsenal, AL 35898-5500

Director
US Army Missile and Space Intelligence
Center
ATTN: AIAMS-YRS, Thomas Blalock
Pete Kirkland
Redstone Arsenal, AL 35898-5500

Director
US Army Missile and Space Intelligence
Center
ATTN: AIAMS-YRT, Francis G. Cline
Don A. Slaymaker
Redstone Arsenal, AL 35898-5500

Director

US Army Missile and Space Intelligence
Center

ATTN: Randy L. Smith

Redstone Arsenal, AL 35808-5500
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Commander

US Army Natick R&D Center

ATTN: STRNC-CI (Stephen A. Freitas)
Natick, MA 01760

Commander

US Army Tank-Automotive Command
ATTN: SPAE-ASM-PEO/COL Don Derrah
Warren, Ml 48397-5000

Commander

US Army Tank-Automotive Command
ATTN: AMSTA-CF (Dr. Oscar)
Warren, Ml 48090

Commander

US Army Tank-Automotive Command
ATTN: AMSTA-CK (G. Orlicki)
Warren, M1 48090

Commander

US Army Tank-Automotive Command
ATTN: AMSTA-CR (Mr. Wheelock)
Warren, MI 48387-5000

Commander

US Army Tank-Automotive Command
ATTN: AMSTA-CV (COL Kearney)
Warren, Ml 48397-5000

Commander
US Army Tank-Automotive Command
ATTN: AMSTA-NKS (D. Cyaye)
(J. Rowe)
Warren, MI 48397-5000

Commander

US Army Tank-Automotive Command

ATTN: AMSTA-RGE (R. Munt)
(R. McCleliand)

Warren, M1 48297-5000

Commander ’

US Army Tank-Automotive Command

ATTN: AMSTA-RSC (John Bennett)
(Wally Mick)

Warren, Ml 48397-5000
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1

Commander

US Army Taak-Automotive Command
ATTN: AMSTA-RSK (Sam Goodman)
Warren, Ml 48080-5000

Commander

US Army Tank-Automotive Command
ATTN: AMSTA-VS (Brian Bonkosky)
Warren, Ml 48090-5000

Commander
US Army Tank-Automotive Command
ATTN: AMSTA-ZE (R. Asoklis)
AMSTA-ZEA (C. Robinson)
(R. Gonzalez)
AMSTA-ZS (D. Rees)
AMSTA-ZSS (J. Thompson)
(J. Soltez)
Warren, Ml 48397-5000

Director

HQ, TRAC RPD

ATTN: Asst Dep Chief of Staff
for Combat Operations

Fort Monroe, VA 23651-5000

Director

HQ, TRACRPD

ATTN: ATRC-RP (COL Brinkley)
ATRG-RPR (Mark W. Murray)

Ft. Monroe, VA 23651-5143

Director

US Army Cold Regions Research and
Development Laboratory

ATTN: Technical Director (Lewis Link)

72 Lyme Road

Hanover, NH 03755

US Army Corps of Engineers

Assistant Director Research and Development
Directorate

ATTN: Mr. B. Benn

20 Massachusetts Avenue, NW

Washington, DC 20314-1000
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Commander

US Army Vulnerability Assessment
Laboratory

ATTN: SLCVA-CF (Gil Apodaca)

White Sands Missile Range, NM 88002-5513

Director

TRAC-WSMR

ATTN: ATRC-RD (McCoy)
WSMR, NM 88002-5502

US General Accounting Office
Program Evaluation and Methodology
Division
ATTN: Robert G. Orwin
Joseph Sonnefeld
Room 5844
441 G Street, NW
Washington, DC 20548

Director

Office of the Deputy Under Secretary
of the Army, Operations Research

Study Program Management Agency

ATTN: SFUS-SPM/E. Visco

Washington, DC 20310-0102

Director

US Army Industrial Base Engineering Activity
ATTN: AMXIB-MT

Rock Island, IL. 61299-7260

Director

US Army Industrial Base Engineering Activity
ATTN: AMXIB-PS (Steve McGlone)

Rock Island, IL. 61299-7260

Director
US Army Engineer Waterways Experiment,
Station
ATTN: WESEN (Dr. V. LaGarde)
(Mr. W, Grabau)
WESEN-C (Mr. David Meeker)
PO Box 631
Vicksburg, MS 39180-0631

US Army Engineer Topographic Laboratories
ATTN: Technical Director (W. Boge)
Fort Belvoir, VA 22060-5546
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1

Commander

US Army Operational Test and Evaluation
Agency

ATTN: LTC Gordon Crupper

4501 Ford Ave. #870

Alexandria, VA 22302-1435

Lawrence Livermore National Laboratory
PO Box 808 (L-3321)

ATTN: Mark Wilkins

Livermore, CA 94551

Los Alamos National Laboratory

ATTN: MS 985, Dean C. Nelson
MS F600, Gary Tietgen
MS G787, Terrence Phillips

PO Box 1663

Los Alamos, NM 87545

Los Alamos National Laboratory

ATTN: MS F681, LTC Michael V. Zichmn
USMC

PO Box 1668

Los Alamos, NM 87545

Sandia National Laboratories
Department §13

ATTN: Ron Andreas
Albuquerque, NM 87185-5800

Sandia National Laboratories
Division 1611

ATTN: Tom James
Albuquerque, NM 87185

Sandia National Laboratories
Division 1623

ATTN: Larry Hostetler
Albuquerque, NM 87185

Sandia National Laboratories
ATTN: Gary W. Richter
PO Box 969

Livermore, CA 94550
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Commander

US Naval Air Systems Command
JTCG/AS Central Office

ATTN: 5164J (LTC James B. Sebolka)
Washington, DC 20361

Commander

US Naval Ocean Systems Center
ATTN: Earle G. Schweizer
Code 000

San Diego, CA 92151-5000

Commander
US Naval Surface Warfare Center
ATTN: Gregory J. Budd
James Ellis
Barbara J. Harris
Constance P. Rollins
Code G13
Dahlgren, VA 22448-5000

Commander
US Naval Weapons Center
ATTN: Ed Patterson

Dr. Helen Wang
Code 3313
Bldg 1400, Room B17
China Lake, CA 93553

Commander

US Naval Weapons Center
ATTN: Mark D. Alexander
Code 3894

China Lake, CA 93556-6001

Commander

US Naval Weapons Center
ATTN: Melvin H. Keith
Code 39104

China Lake, CA 93555

Commander

US Naval Weapo.s Center

ATTN: Tim Horton
Dave iali

Code 3386

China Lake, CA 93555
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1

Commander

US Naval Weapons Center
ATTN: Robert Cox

Code 3917

China Lake, CA 93555-6001

Commander

US Naval Civil Eng Laboratories
ATTN: John M. Ferritto

Code L53

Port Hueneme, CA 93043

Naval Pustgraduate School
ATTN: Dr. Michael J. Zyda
Department of Computer Science
Code 52

Monterey, CA 93943

Naval Postgraduate School
Department of National Security
ATTN: Dr. Joseph Sternberg
Code 73

Monterey, CA 93943

Commander

Intelligence Threat Analysis Center
ATTN: PSD-GAS/John Bickle
Washington Navy Yard
Washington, DC 20374

Commander

Intelligence Threat Analysis Center

ATTN: Bill Davies

Washington Navy Yard, Bldg 203 (Stop 314)
Washington, DC 20374-2136

Commander

Intelligence Threat Analysis Center
ATTN: Ron Demeter

Washington Navy Yard, B-213, Stop 314
Washington, DC 20374

Commander
Intelligence Threat Analysis Center
ATTN: Tim Finnegan

Wl mdnee AT, VL) T O
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Washington, DC 20374

No. of
Coni 0 .

2 Commander
Intelligence Threat Analysis Center
Intell Image Prod Div
ATTN: John Creighton
Al Fuerst
Washington Navy Yard, Bidg 213 (IAX-O-II)
Washington, DC 20374

o

Commander
David W. Taylor Naval Ship and
Development Center
ATTN: W. Conley
J. Schot
Bethesda, MD 20084

1 Commander
Eglin Air Force Base
AD/ENL
ATTN: Robert L. Stovall
Eglin AFB, FL 32542

1 Commander
USAF HQ ESD/PLEA
Chief, Engineering and Test Division
ATTN: Paul T. Courtoglous
Hanscom AFB, MA 01730

1 Commander

USAF-HQ
ATTN: AFTDEC/JT (COL Victor A.
Kindurys)
Kirtland AFB, NM 87117-7001
2 Commander
AFATL
ATTN: AGA (Lawrence Jones)
(Mickie Phipps)

Eglin AFB, FL 32542-5434

1 Commander
AFEWC
ATTN: AFEWC/SAXE (Bod Eddy)
Kelly AFB. TX 78243-5000

1 Commander

ATNITATY /A AT A
ALYy AL AnWA

ATTN: Ed Zelano
Wright-Patterson AFB, OH 45433
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1

Commander

AFWAL/FIES

ATTN: James Hodges Sr.

Wright-Patterson AFB, OH
45433-6523

Commander
AFWAL/MLTC
ATTN: LT Robert Carringer
Dave Judson
Wright-Patterson AFB, OH
45433-6533

Commander

ASB/XRM

ATTN: Gerald Bennett
Wright-Patterson AFB, OH

Commander

WRDC/AARA

ATTN: Michael L. Bryant
Wright-Patterson AFB, OH 45433

Comma der

FTD/SLMBA

ATTN: Charles Darnell
Wright-Patterson AFB, OH 45433

Commander

FTD/SDMBU

ATTN: Kevin Nelson
Wright-Patterson AFB, OH 45433

Commander

FTD/SQDRA

ATTN: Greg Koesters

Wright-Patterson AFB, OH
45433-6508

Commander

FTD

ATTN: Tom Reinhardt
Wright-Patterson AFB, OH 45433

Commander

FTD/SCRS

ATTN: Amy Fox Schalle
Wright-Patterson AFB, OH 45433
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1

Commander

FTD/SDJEO

ATTN: Robert Schalle
Wright-Patterson AFB, OH 45433

Commander

FTD/SDAEA

ATTN: Joe Sugrue
Wright-Patterson AFB, OH 45433

Commander

AFWAL/

ATTN: Vincent Velten
Wright-Patterson AFB, OH 45433

Commander

FTD/SQDRA

ATTN: Larry E. Wright
Wright-Patterson AFB, OH 45433

Commander

AD/CZL

ATTN: James M. Heard
Eglin AFB, FL 32542-5000

Commander

AD/ENY

ATTN: Dr. Stewart W. Turner
Director of Engineering Analysis
Eglin AFB, FL 32542-5000

Commander

AD/ENYW

ATTN: 2LT Michael Ferguson
Jim Richardson

Eglin AFB, FL 32542-5000

Commander

Air Force Armament Laboratory
ATTN: AFATL/DLY (James B. Flint)
Eglin AFB, FL 32542-5000

Commander
US Army FSTC

ATTN: AIAST-RA-SG1 (Dr. Steven Carter)

220 Seventh Avenue
Charlottesville, VA 22901-5396
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4

Commander
US Army FSTC
ATTN: Greg Crawford
David P. Lutz
Suzanne Hall -
Charles Hutson
220 Seventh Avenue
Charlosttesville, VA 22901-5396

Commander

US Army FSTC/CA3

ATTN: Scott Mingledorfl

220 Seventh Avenue
Charlottesville, VA 22901-5396

Commander

US Army FSTC (UK)

ATTN: MAJ Nigel Williams
220 Seventh Avenue
Charlottesville, VA 22901-5396

Commander

US Army FSTC

ATTN: Dr. Tim Small

220 Seventh Avenue
Charlottsville, VA 22901-5396

Defense Intelligence Agency
ATTN: DB-6E3 (Jay Hagler)
Washington, DC 20340-6763

Institute for Defense Analyses (IDA)
ATTN: Mr. Irwin A. Kaufman
Mr. Arthur O. Kresse
Mr. Arthur Stein
Dr. Lowell Tonnessen
Mr. Benjamin W. Turner
Ms. Sylvia L. Waller
1801 N. Beauregard Street
Alexandria, VA 22311

Institute for Defense Analyses
ATTN: Carl F. Kossack
1005 Athens Way

N ©T 22870
LA wuoiy

Cainn N
Sun iy,
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Department of Commerce
National Bureau of Standards
Manufacturing Systems Group
ATTN: B. Smith
Washington, DC 20234

AAI Corporation

ATTN: H. W. Schuette

PO Box 126

Hunt Valley, MD 21030-0126

ABEX Research Center

ATTN: Dr. Michael J. Normandia
65 Valley Road

Mahwah, NJ 07430

Adelman Associates

ATTN: Herbert S. Weintraub
291 North Bernardo Avenue
Mountain View, CA 94014-3205

The Armed Forces Communications and
Electronics Association

ATTN: Kirby Lamar, BG{Ret)

4400 Fair Lakes Court

Fairfax, VA 22033-3899

Aero Corperation

ATTN: David S. Eccles
Gregg Snyder

P.O. Box 92957, M4/913

Los Angeles, CA 90009

AFELM, The Rand Corporation
ATTN: Library-D

1700 Main Street

Santa Monica, CA 90406

Air Force Wright Aeronautical Labs
ATTN: CDJ, CPT Jost

CDJ, Joseph Faison
Wright-Patterson AFB, OH 45433-6523

Alliant Computer Company
ATTN: David Miceiche

1 Monarch Drive

Littleton, MA 01460
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Alliston Gas Turbine 1  Battelle Research Laboratory
Division of GM Columbus Division

ATTN: Michael Swift
PO Box 420, SC $22B
Indianapolis, IN 46260-0420

505 King Avenue
Columbus, Ohio 43201-2693

1  Battelle Research Laboratory
Aluminum Company of America ATTN: Bernard J. Tullington
ATTN: Charles Wood 1300 N. 17th Street, Suite 1520
Alcoa Technical Center Arlington, VA 22209
Alcoa Center, PA 15069

1 The BDM Corporation
ANSER ATTN: Edwin J. Dorchak
ATTN: James W. McNulty 7915 Jones Branch Drive
1215 Jeflerson Davis Highway McLean, VA 22102-3396
Arlington, VA 22202

1 The BDM Corporation
ARC C-500 ATTN: Fred J. Michel
ATTN: John H. Bucher 1300 N. 17th Street
Modena Road Arlington, VA 22209
Coatesville, PA 19320

1 Bell Helicopter, Textron
Armament Systems, Inc. ATTN: Jack R. Johnson
ATTN: Gerard Zeller PO Box 482
P.O. Box 158 Fort Worth, TX 76101
211 West Bel Air Avenue
Aberdeen, MD 21001 3 BMY, Division of Harsco

ATTN: William J. Wagner, Jr.
Armored Vehicie Technologies Ronald W. Jenkins
ATTN: Coda M. Edwards Ed Magalski
PO Box 2057 PO Box 1512
Warren, MI 48090 York, PA 17404
ASI Sytems, International 1  Board on Army Science and Technology
ATTN: Dr. Michae] Stamatelatos National Research Council
3319 Lone Jack Road Room MH 280
Encinitas, CA 92024 2101 Constitution Avenue, NW
Washington, DC 20418

Auburn University
Electrical Engineering Department 2  Boeing Aerospace

ATTN: Dr. Thomas Shumpert
Auburn University, AL 36849

A.W. Bayer and Associates

ATTN: Albert W, Bayer, President
Marina City Cluh

4333 Admiralty Way

Marina del Rey, CA 90292-5469

38

ATTN: Dr. Robert Chiavetta
Dr. John Kuras

Mail Stop 8K17

P.O. Box 3999

Seattle, WA 98124-2499
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2

Boeing Corporation

ATTN: MS 33-04, Robert Bristow
MS 48-88, Wayne Hammond

PO Bex 3707

Seattle, WA 98124-2207

Boeing Vertol Company

A Division of Boeing Co.

ATTN: MS P30-27, John E. Lyons
PO Box 16858

Philadelphia, PA 19142

Booz-Allen and Hamilton, Inc.
ATTN: Dr. Richard B. Benjamin
Suite 131, 4141 Colonel Glenn Hwy.
Dayton, OH 45431

Booz-Allen and Hamilton, Inc.
ATTN: Jay A. Lobb

200 E. Big Beaver Rd.

Troy, MI 48053

Booz-Allen and Hamilton, Inc.
ATTN: Lee F. Mallett

1300 N. 17th Street, Suite 1610
Rosslyn, VA 22209

Booz-Allen and Hamilton, Inc.

ATTN: John M. Vice (2 cys)

WRDC/FIVS/SURVIAC

Bldg 45, Area B

Wright-Patterson AFB, OH
45433-6553

John Brown Associates

ATTN: Dr. John A. Brown

PO Box 145

Berkeley Heights, NJ 07922-0145

Chamberlain

ATTN: Mark A. Sackett
PO Box 2545

Waterloo, 1A 50704

Commandsr

Combined Arms Combat Development

ATTN: ATZL-CAP (LTC Morrison)
Dir, Surv Task Force

Ft. Leavenworth, KS 66027-5300
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[

Commander
Combined Arms Combat Development
ATTN: ATZL-HFM (Dwain Skelton)
Ft. Leavenworth, KS 66027-5300

Computer Sciences Corporation
200 Sparkman Drive
Huntsville, AL 35805

Computervision Corporation
ATTN: A. Bhide

V. Geisberg

R. Hillyard
201 Burlington Road
Bedford, MA 01730

Cray Research, Inc.

ATTN: William W. Kritlow
2130 Main Street, #280
Huntington Beach, CA 92648

CRS Sirrine, Inc.

ATTN: Dr. James C. Smith
PO Box 22427

1177 West Loop South
Houston, TX 77227

CSC

ATTN: Abner W. Lee
200 Sparkman Drive
Huntsville, AL 35805

Cypress International

ATTN: August J. Caponecchi
James Logan

1201 E. Abinjdon Drive

Alexandria, VA 22314

DATA Networks, Inc.

ATTN: William E. Regan, Jr.
President

288 Greenspring Station

Brooklandville, MD 21022

Datatar Ine
2/ ang.

2Lauly,

ATTN: Donald E. Cvdney
President

326 Green Acres

Fort Walton, FL 32548
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University of Dayton 1
Graduate Engineering and Research
Kettering Lab 262
ATTN: Dr. Gary Thiele, Director
Dayton, OH 45469

Delco Systems Operation 1
ATTN: John Steen

6767 Hollister Avenue, #P202

Goleta, CA 93117

Denver Research Institute 1

Target Vulnerability and Survivability
Laboratory

ATTN: Lawrence G. Ullyatt

PO Box 10127

Denver, CO 80210 8

Denver Research Institute
University of Denver
ATTN: Louis E. Smith
University Park

Denver, CO 80208

Dow Chemical, US.A

ATTN: Dr. P. Richard Stoesser

Contract R&D

1801 Building

Midland, MI 48674-1801 1

Drexel University

ATTN: Dr. Pei Chi Chou

College of Engineering

Philadelphia, PA 19104 1

DuPont Company FPD

ATTN: Dr. Oswald R. Bergmann
B-1246, 1007 Market Street
Wilmington, DE 19898

Dynamics Analysis and Test Associates 1
ATTN: Dr. C. Thomas Savell

2231 Faraday Ave

Suite 103

Carlsbad, CA 92008

E. I. Dupont TED FMC

ATTN: Richard O. Myers Jr.
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