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ABSTRACT

By wusing Interactive computer graphlics (I1C6) It is
possible to discuss +the numerlical aspects of some arms
race Issues wlth more specificity and In a visual way.
The number of varlables Involved In these Issues can be
quite large; computers operated In +the (interactive,
graphical mode, can allow exploration of the varlables,
leading to a greater understanding of the Issues. Thls
paper will examine some examples of Interactlive computer
graphlcs: (1) the relatlonshlp between silo hardening and
the accuracy, yleld, and rellability of [CBMs; (2) tfarget
vulnerabllity (Minuteman, Dense Pack); (3) counterforce
vs., countervalue weapons; (4) civil defense; (5) grav{+-
ational bias error; (6) MIRV; (7) national vulnerability
to a. preemptive first strike; (8) radioactive fallout;
(9) digltal Image processing with charge~coupled devices,

I« INTRODUCTION

IoA, Methodologles: Words, Equatlons, Plctures,
and 1CG. In splte of the fact that so much has already
been written about the arms race, some general confuslon
about the strategic Importance of various mlssile systems
and strateglies continues, This paper explores +the
possibility of using the visual medum through
Interactive computer graphics (1CG) +o learn about the
arms race. ICG has three distinct advantages: - (1)
interactive, visual education; (2) debating pollcy; and
{(3) "networklng" information.

We often- have been told that "a picture [s worth a
thousand words;" +the Interactive plctures of ICG may be

an Improved medium for Increasing our understanding of
the arms race. The computer <can relate both to our
loglical, mathematical: left side of the brain as well as

to +the more Intuftive right side of the brain as has been
Indicated by Sperry! and others. Gradel and McGI|i% have
polnted out that "“The graphical presentation of the
resul ts of compl ex computer model <calculations s
frequently as important as the computation, since it Is
generally through such presentations that the modeler and
the modeler?!s audience derive +the maximum amount of
Information.," Since  the deluge of words In our soclety
has . weakened the strength of verbal communication,
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numbers have often +taken on a greater political power
than +they deserve, both because they appear to be more
rellable, and because +they are not understood. |ICG can
correct +thls tendency by allowing both sides to explore
and understand +the varlatlon 1In the data sets that are
used to prove the "bottom Illne." Thus, ICG can be used
both for educating and for debating national security
pollcy. 0f course, there 1is a |[|Imit +to what can be
quantified 1In +these debates slInce the uncertainties of
the arms race are larger than the certalinties;
nevertheless, we should +ry +to be as accesslible and
accurate as posslible when we do quantify. Lastly, ICG
diskettes can be <coplied and malled easily to those who
wish to study and +teach numerical aspects of the arms
race; thils ablllity to '"network"™ Information adds a new
dimension to printed words and equations,

In this paper we will <consider some simpllfled
models of "war games"™ +that can be used in Interactive
computer graphics. Most of these results can be obtalned
as easlily wlth mathematical equations alone; but our
purpoese 1Is to enhance the transfer of knowledge to those
who are uncomfortable with the use of equations. |In our
!CG program "First Strike" (Sec, VI) we will use ninety
adjustable parameters; only with IC6 can one keep track
of +hls plethora of parameters which seem +to become
further removed from reallity +the more we "talk" about
Them. Ultimately one can not use equations and
parameters alone to describe +the “action-reaction'
escalation of the arms race and the degree of stablllty
from mutually assured destructlon (MAD), but these
mathematical models do set some limits on what actually
could be done, and they do glive some meaningful inslghts
into +the interactions +that effect the outcomes of these
difficult Issues.

I.B. Graphlcs. Computer graphics involves a number
of +ricks of the +trade: +the abllity +fo '"page-filp"
between the +two pages of high~resolution graphics; the
use of toggle swltches to Input data to the computer; the
ablllty to rapidly scale and rotate shape tables for
animation; +the use of "Easy Draw" +to prepare |arge
figures -such as maps; the scaling and transformation of
Images; the wuse of |ight pens, Joy sticks, graphics
tablets, and graphics printers; and other processes. An
excellent +text on these graphlcs techniques has been been
written by R. Myers®; those who would like to learn more
about these +toplcs can purchase a diskette wlith about 70

graphlcs programs that accompany the text. I+ Is
Interesting to point out that undergraduate students are
often more creative and faster with developling

sophisticated graphics +than many faculty; perhaps, thls
Is  because learning +o use such terminology as peek and
poke are very much Ilke learning a new foreign language.

At any rate, perserverance can overcome most graphics
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problems. Some of these graphlics tricks are highlighted
In the manual on |CG which is available to accompany our
diskette (Sec. XI).

To demonstrate the power of Interactive computer
graphlcs, we wlll examine +the following Issues In the
sections |isted below: (11=-1V) Target Vulnerabl]f+ty:
The tradeoff between accuracy, yield, hardness,
rellablllty, and gravitational bias error; Minuteman
vulnerability; first and second strike weapons; Dense
Pack MX; and civil defense. (V) Multiple Independently
Targetable Reentry Vehlcles (MIRV), (V1) National
vulnerabl|l Ity to a preemptive first strike; 1s It
possiblie? (vil) Distribution of radioactive fallout
atter a nuclear attack. (VIil) Digital Image processing
to enhance verification; the use of charge~coupled device
cameras that can be used directiy with computers,

I'l. TARGET VULNERABILITY

We shall begln by considering in detall an exampie
that can be discussed with equations or ICG; the example
fs the case of an attack on the U.S. Minuteman force by
Soviet §8-18 missiles. Sec. Il will <consider some
equations, Sec, i1t witl consider 1CG, and Sec. IV will
broaden +the discussion +to Include +the effects of a
possible gravitational bias error.

I'1+A. Parameters. If the accuracy of a missile Is
Increased, It follows +that the yield necessary to carry
out a mlission against a hardened military target can be
correspondingly reduced. As accuracy Increased by a
factor of twenty from about 5 miles In 1954 to 1/4 mlle
In 1970, the U.S. decreased the yfeld of 1ts warheads by
a factor of about 100 from 9 megatons (Mt+) for the Ti+tan
ICBM to 50 kilotons (kt) for Polaris/Poseidon and 170 kt
for Minuteman. Increased accuracy was The necessary
precursor to the deployment of smaller warheads used wlth
Multiple Independently Targetable Reentry Vehlcles (MIRY)
for counterforce purposes. The new technologies
avallable +to the cruise missile have further increased
accuracy to less  than 10 m. The tradeoff between
accuracy and yield (for hardened targets) can be
qualitatively understood by considering the emplrical
refationship® for blast over-pressure derived from
nuclear testing (surface blasts):

p= (14.7)(Y/r3) + (12.8)(Y/rd)y? (1)

where p ts the overpressure In psi, Y |s the yleld in Mt,
and r 1s the distance [n nautical miles (1 nm = 1852 m).
For the «case of a "sllo-busting" attack on Minuteman
where high pressures are needed, one need consider only
the first term In Eq. 1. Slnce accuracy Improved by a
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factor of 20 from 1954 to 1970, It follows that the yleld
could have been reduced by a factor of (20)° = 8000 in
order to carry out the same military mission. Since the
yleld was reduced by a factor of only 100, the additional
effective yleld of MInuteman and Polarlis/Poseldon can be
used to overcome ' hardened misslle sites and to Increase
the probabil ity of a successful mission. The
minlaturlzation of nuclear weapons has also enhanced the
relative ability +to destroy surface area (as well as

polnt targets) since +the total destructive area Is
Increased (per Mt) wlith a larger number of smallfer
weapons.

I1.B Minuteman Vuinerabllity. In order Yo give
some feeling for +the numbers TInvolved In MInuteman
vulnerabllity, let wus calculate® +he single shot kill
probability (SSKP = P, ) for a missiie attackling a
hardened silo: k.

P =1 - o-(Y?73/B CEP2 H23) (2)

where B = 0,22 when Y Is In M+, H is the silo hardness [n
pst, and CEP (clrcular error probable) Is the accuracy In
nm. We can determine the SSKP of destroyling a Mlnuteman
sllo assuming the following parameters®-8 : (1) Minuteman
silos are hardened to about H = 2000 psi; (2Z) The Russlan
SS-18 warheads typlcally have a yleld Y = 0.75 Mt and a
CEP = 280 m (0.15 nm, at some point In the future); and
(3) The reliability of an SS-18 Is, perhaps, R = 0.8.

Usfng these parameters, +the SSKP for +the S§S5-18 on a
Minuteman silo Is P, =1 -e-1:05 =1 ~0.35 = 0.65. The
SSKP  should be mul+ipllied by the reliablilty of the $S-18
to obtaln +the success rate for each $5-18 warhead; we
obtaln 52% for R = 0.8, and 59% for R = 0.9. For the
case of alming two SS~18 reentry vehicles from different
launchers at a given silo, the kill|l probabllity Is Pro =
1 - (0.48)2 = 77% for R = 0.8 and 83% for R = 0.6.

Because one incoming warhead can destroy another Incoming
warhead (the fratriclde effect), +the +tTwo Incoming
warheads must arrive less than about 10 seconds from each
other. For +this reason we do not have to conslider the
case of +three or more Incoming warheads; nevertheless,
for the case of 3 Independent SS~18's, the success rate
would be P33 = 1 =~ (0.48)° = 89% for R = 0.8. Since
there are 1000 Minuteman missiles, these results Imply
that, perhaps, 170 to 230 would survive two S$35=18's, and
100 would survive 3 SS~-18's. The l|atter case would
consume +the entire $S~18 force since there are about 308
S§-18 |aunchers and each could be MIRVed about 10 times.

From this analysls we can conclude +that "M[nuteman
vulnerabill+y" means that the U.S. would have between 100
to 250 Minuteman launchers (200 to 600 warheads)
remalnlng after a Russian first-strike attack. These
calculations cons|der nelther the possibtlity of
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systematlc blas errors (Sec. IV) nor the other armaments
t+hat are avallable to deter such an attack (Sec. Vi),

I1.C Dense Pack. |+ has been proposed to base the
MX missile in a very closely packed matrix (545 m apart)
s0 that Incomlng mlssiles would destroy each other
(fratricide). Let wus determline the minimum value of the
hardness (H In psl) of the MX sllos that would prevent
Incoming warheads of yleld Y = 0.75, 1, 5, and 25 Mt from
destroying more than one MX silo. Since the nearest
nelghbor spacing 1Is 545 m, an Incomlng warhead that
landed halfway between two silos would be 273 m from each
sllo. Using the formula for overpressure from surface
blasts (Eq. 1), we obtain the following values: H > 3500
psi for 0.75 Mt warheads; H > 5000 psi (1 Mt); and H >
22,000 psi (5 Mt), and H > 110,000 psi (25 Mt¥). In
add!tion, one must consider the slze of the craters from
these warheads; |[f +the radius of the crater™® Is greater
than 275 m, both slios could be destroyed. By using the
Rand Corporation "Bomb Damage Effect Computer" (1964),
we have obtained +t+he radil of the craters in rock: r =
142 m (0.75 Mt), r = 158 m (1 Mt), r = 279 m (5 M+), and

r = 485 m (25 Mt). These crater radil (In rock) can be
approximately described by r 2 160 Yos where r Is In
meters and Y 1Is in M+, By bullding silos In more

resilient rock media it is possible to reduce the effect
of +these craters somewhat, but i+ is clear that a very
large warhead would c¢reate a large enough «crater to
destroy +two MX sllos. (There 1is some recent evidence
that +these crater radil for very large weapons must be
reduced by about a factor of two.)

I11. TARGET VULNERABILITY WITH I1CG

I1.A 1CG. The compiexity of +the equations of
Sec., Il is wusually enough to dissuade most people from
moving from a discusslion of the trees (equations) to a
broader dIscussion of +the forest (stablifty in the arms
race as affected by numbers). To obtain a view of the
forest we wlll use [CG to obtaln a "physlcal feel™ for
the parameters and equations deallng wlith “target
vulnerability. We will brlefly describe the ICG program
"Bombs" which has five adjustable parameters: yleld (Y),
accuracy (CEP), hardness (H), number of warheads almed at
a silo (L), and gravitational bias error (Sec. V)., The
program "Bombs" assumes 100% reliablility for the Incoming
warheads; 1t could be modifled wlith a random number
generator to .account for less +than 100% relliabillty.
Bombs does the following: |t calculates the kill radlus
(rk ) of a warhead as a function of the yleld of the
warhead and the hardness of the slilo; [t scatters clrcles
wlith a radius of r, about the alm polint with an accuracy
of CEP using Gausslian statistics; it simulates
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gravitational blas error by shifting the alm point with a
Joy stick; the key "Q" can be used to call up the menu to
scale the graphics and to vary Y, CEP, and H.

The program calculates the kill radius (in nm) of a
surface blast as a functlon® of the yleld of the weapon
and the hardness (H = p In Eq. 1) of the target;

r, = {Y/(0.068H - 0.23H % + 0.1913%7% , (3)
For example, +the kill radlus of an $S-18 warhead (0.75
Mt} wlll vary depending on the hardness of the Intended

target: For a Minuteman siio. (2000 psi), e =335 m
(0.18 nm); for superhardening Minuteman to H = 5000 psi
for MX depioyment, r, = 245 m (0.13 nm); for a horlzontal
MX (600 pst), rp = 5%0 m (0.28 nm); for clities wlth H =5
psty rx = 6.7 km (3,6 nm); and for clvil defense with H =
30 opsl, re = 1.7 km (0,92 nm). Simllarly, the kill
radlus will vary depending on the yleld of the warhead
that 1is aimed at a Minuteman silo (H = 2000 psi): for Y
= 0,75 M, r, = 335 m (0.18 nm), for Y = 0,35 Mt (MX), n

= 260 m (0.14 nm); and for Y = 0.1 Mt (Trident), r, = 17

m (0.093 nm). In Figure 1, the computer graphlics has
d

rawn the circles assoclated with these kIl radil.
The accuracy of the Incoming misslles Is

tncorporated 1into +he program In the following way: The
program assumes that the indlvidual missiles are randomly
spread about the alm polnt with a normal Gausslan
distribution;

_Y.Z/ZOJ

P(r) = (1/2m0%)e , (4)
with o = CEP/1.17. This Implles no systematic bias
error; the distributfon 1is centered about the alm polnt
at r = 0, The program does 1its calculatlion on a

rewritten form of Eq. 4 to obtaln the random radius for
thls Gausslan dlstribution,

r(random) = - (2% ) [n(Rnd) (5)

where Rnd Is a random number between 0 and 1 generated by
the computer. In addition, the program assumes random
angles for +the missiles with respect to the alm polnt,

With +these assumptions, "“Bombs" can graph the case of
§§-18 (Y = 0.75 Mt) almed at Minuteman sllos (H = 2000
psl) with an accuracy of CEP = 0.15 nm = 280 m (In
198517). For +the case of 100 independent SS-18 warheads
falllng on Minuteman, "Bombs" calculates (see Flg. 2)
that 30 misslles survive and +that 70 missiies are
destroyed., This 1s statistically consistent with Eq. 2
which Indlicates +that 35% of +the Minuteman force would
survive an attack of one SS-18 of 100% rellablility on one
stlo. In 1981 and 1983 the U.S. government has proposed
placing the MX missile In superhardened Minuteman silos
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Flg. 1. KELL RADI}: The kill radius of a misslile Is &
functlion of the yleld (Y) of the missile and the hardness
(H) of +the sllo (Eq. 3). The dots in the flgure are 0.2
nautical mlles (1 nm = 1852 m) apart, and the matrix of
dots Is 1.6 nm (1.85 miles) on a side. For the case of
the §5-18 missile (Y = 0.75 Mton) the ICG program "Bombs"
has drawn +the followlng circles: (1) H = 2000 psi for
the MInuteman slio, (2) H = 5000 psi for the
superhardened Mlnuteman sllo, (3) H = 600 psl for the
horfzontal MX misslle, and (4) H = 30 psl for the urban
area with clvil defense. For normal urban areas of H = 5
psl, the kil radius Is offscale since It Is 3.6 nm (6.7

km = 4.2 mliles). ' For +the case of the Minuteman silos
with - H = 2000, circies have been drawn for (1) Y = 0.75
Mton (SS-18), (5) Y = 0.35 Mton for the MX missile, and
(6) Y = 0.1 Mton for the Trident submarine. The clrcles

appear elllptical In shape because of the Apple graphics.

Fig. 2. HARDENED MINUTEMAN SILOS: The pattern of
missfles Is distributed about the aim point according to

Gausslan statistics (Eq. 4). in +he upper portion of
this figure we have considered +the case of the 55-18
missile (Y = 0,75 Mton) with a circular error probable
accuracy of CEP = 0.15 nm (perhaps, In 1985%) on the
Minuteman sitos (H = 2000 psi). In this example, 5 of

the 7 sljos were destroyed under the assumption of 100%
reltabllity for - the $5-18. The same parameters are used
fn the lower portion of the flgure (Y = 0.75 Mton, CEP =
0.15 nm), but the Minuteman sllos have been hardened +o H
= 5000 psl; 4 of +the 7 missiles were successful (wl+h
100 refiability), If the rellabllity of the SS-18 had
been 85%, only 6 of the 7 missiles would have |anded.
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Flg. 2 HARDENED MINUTEMAN SILOS:
(Caption on previous page)
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Flg. 3. U,S. COUNTER-FORCE WEAPONS: (A} The MX misslie
(Y = 0.35 Mton, CEP = 0.05 nm) Is aimed at sllos with H =
2000 psl; the smaller, but very accurate MX could be used
as a first-strike weapon. (B) The Trident | missile (Y =
0.1 Mton) may have modest accuracy (mlddle of figure, Y =
0.1 Mton, CEP = 0.25 nm), or (C) the Trident |l may have
& very good accuracy (bottom of flgure; CEP = 0.1 nm).

191

The former case of  0.25 nm could imply a second-strike

role agalnst urban targets (or a first strike agalnst an
airfield), whlle +the later case of 0.1 nm could Imply a
first-strike role against Sovliet silos.
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by Increasing H from 2000 psi +o 5000 psi. The IC6
display In Flg. 2 shows +that the consequence of thls
Improvement are not very great. These results are
consistent with the calculation of the SSKP which
decreases from 65% for 2000 pst to 44% for 5000 psi for
the case of R = 1.0.

Hil.s Counter - Force Weapons. Figure 3 shows qulte
graphlcaliy +hat the MX missite (Y = 0,35 M+, CEP = 100 m
= 0.05 nm, and |et us assume H = 2000 psi for Soviet
silos}) 1Is a counterforce weapon that could destroy a
hardened target 1In a first-strike attack. In spite of
the fact +that +he MX has a smaller yleld than the SS-18
(0.35 M+/0.7% WM+ = 50%), Its greater accuracy (0.05

nm/0.15 nm = 1/3) allows the MX to have a considerably
larger SSKP (99%) +han the S5-18 (65%). Flgure 3 shows
that the Trident | submarine (Y = 0.1 Mt) would not be

used as a flrst-strike weapon 1If its CEP = 0.25 nm
because of 1ts minimal kill ablility, but that (depending

on the hardness of the target) the Trident || could be a
first-strike weapon |f Its CEP = 0.1 nm or less.
iti.c Civil Defense. Lastly, one can examlne the

ability of warheads fo destroy cities (H = 5 psl). In
Flgure 4 +the ICG plot of a "random" attack by $5-18
warheads Indlicates +that one warhead of 3/4 megaton can
easlly destroy (rp = 6.7 km) the city In the figure (3 km
By 3 km). If a clvil defense pollcy Is establlished to
harden shelters wlith H = 30 psi, IC6 shows that the
hardened wurban targets are still destroyed (r, = 1.7 km).
The hardening of <clties 1s very dIfflicult; hence the
Federal Emergency Management Agency (FEMA) Is

establishing controversial evacuation plans for U.S.
clitles,

Fig. 4., CIVIL DEFENSE: Typlcal

bulldings in urban areas have a

hardness of H = 5 psl; the $S-18 (Y =

0.75 Mton) can. easily destroy large

areas (ftop of flgure; ry, = 6.7 km;

clrcles seperated for visualization

and a scale factor of 1:10)., Using

hardened, <civil defense sheiters (H =

30 psi) doesn't effectively mitigate
the situation (bottom of figure; r
1.7 km; circlies seperated wlith CE
1 nm and a scale factor of 1:2}.

i
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IV. MISSILE ACCURACY AND GRAVITATIONAL BIAS ERROR

The Issue of "blas error"™ In ICBM targeting has been
raised recently!?; It has been suggested that systematic
errors from gravitatlional uncertainties may reduce the
accuracies of US/USSR mlissiles so that they may not
attaln their stated accuracles for trajectorlies over the
peles. {(This Inaccuracy Is probably less than the
uncertalinty 1In +the 1lsted aim point.) This reduction In
accuracy could result because the ICBM's would experlence
a dlifferent gravitational fleld for ballistlc
tfrajectories over +the poles (which are not tested) as
compared to the trajJectory to Kwajalein Atoll (which Is
often tested); +the uncertalnties . In correcting for the
dlfferent "g" force for the polar trajJectory (as well as
other gravitational shifts) might shift the "alim polnt"
away from the Intended target In an undeterminable way.
The Executlive Branch has Indicated that the blas errors
are lIncluded In +the |lsted accuracles of the ICBM's.

However, I+ 1s Important +to consider +the Issue of
gravlitational bilas since It questlions whether either slde
could ever have confidence In |ts abillty to successfully

carry out a preemptive first strike. We will not be able
to determine the uncertalntles caused by these blas error
corrections; however, we wlli simulate bias error wilith

IC6 In order to graphlically describe the problems.

In order to avold the mathematical complications'®
from an |ICBM's Keplerian elllptical trajectory, let us
cansider’” +the ‘trajectory of an |ICBM that follows a
parabolic path above a large flat earth. Slince the
earth's polar radius of 6357 km Is 21 km (0.3%) smaller
than I+s equatorlial radius of 6378 km, we should expect
dlfferent "g" values for the polar trajectory as compared
to . the trajectory to the U.S. misslle target at Kwajaleln

Atol l. In the normal three dimensional problem one would
consider +the earth to be made up of a varlety of
"mul +ipolar® shaped mass = objJects (hamburger shaped,

oblate spheroidal, etc.), and then apply Newton's second
faw to a complicated force function which described thls
nonspherical, multipolar earth. We shall allow our
pedagoglcal earth +to be flat In order fo estimate the
uncertalnty In the range

x = v2 sin(20)/g (6)
that Is caused by +the uncertalinty ag In the different
gravitational fleld of an untested +trajectory. The
uncertalnty In the range wiil be

AX/X = 2(Av/v) + 2(A6/tan(28)) - Ag/g- (7)
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The difference 1In g between trajectorlies over the
pole and along the equator «can be approximately
determined from the ratio of the mass In the bulge (AM)
of the earth +to +the mass of +the wearth (M), For
trajectories which stay reasonably close +to the earth
(withIn about 1000 mlles), we can crudely approximate
Ag/g = AM/M, Since AR/R 2 0.,3% 2 10™%, we can expecti?
approximately +that Ag/g & AM/M 8 1073, From this we see
t+hat the potential uncertainty 1In the ICBM fllgh+3pa+h
from an wuncorrected gravitatlonal bias error (107°) is
considerably larger +than the uncertalinty In the range due
to uncertainties 1In veloclty and angles which are about
10°% = (0.1  km/10,000 km). Thus, It 1Is clear that
gravitational corrections (due +to a nonspherlcal Earth,
local gravlty anomallies, and the Earth's rotatlon) must
be made for polar tfrajectorles; the only question Is the
degree of accuracy with which one must be able to perform
these ~ corrections in order to reduce the uncertalinty In
Ag/g to better than 10~ Since neither the US, nor the
USSR wiil be allowed +o test +the quality of thelr
calculations wlth [ICBM Jaunches over +the pole to the

territory of +the other side, a government would have to
belteve +that +helr aerospace experts are capable of
measurements and calculations with better than 1%
accuracy In the correctlion for the g forces In order to
have any KklInd of confldence that a strike on land-based
. missile sllos would have any chance of success. ICG cah
be wused +to 1l|lustrate these effects; In Figure 5 we have
simulated a substantlal gravitational blas error by
shifting +the pattern of clrcles from the alm point with
the "Joy stick" of the computer. |In this flgure we have
set the magnitude of +the blas error equal to 0.3 nm In
both the x and y directions. Since the magnitude of the
total blas error 1in +this example Is 0.45 nm (or three
times +the CEP of 0.15 nm used In thls |CG example) all of
the missliles (in +thls figure) missed the target. The
actual magnitude of +the Inaccuracy In the blas error
correctlon Is less than this figure, but ICG
descriptively Indlcates how small the blas error has %o
be in order to neglect its consideration.

.. . . . . . . . Fig. 5 GRAVITATIONAL BIAS ERROR:
AG/GBIS: X=Y=03 , . Corrections for different trajectories
. CEP=O15 . ( Ag/g ® 107%) must be carried out to

- about 1% 1f +the blas error Is not to
dé?l\ degrade the CEP of missiies (CEP/Range

Y075 &,‘ 2 1075 ). In Fig. 5, the aim point of
He2000° \, the §S-18 (Y = 0.75 Mf, CEP = 0.15 nm,

H = 2000 psi) was moved from the silo
with a very large blas error of 0.4 nm
with the "joy stick" of the computer.



195

V. MIRV/ASW

In this section we wlll briefly describe two I1CG
programs that were developed by Kent Norvilie, a student
In my class on the arms race; these programs on MIRV and
ASW (anti~submarine warfare) are intended to be
provocative "teachlng +ools"™ rather +han sophisticated
"pollcy making tools."

The MIRY technology s capable of spreading Its
indlvidual warheads over a distance of about 1000 km; the
actual calcutation of the ellliptical, ballistlic
trajectories of +the reentry vehicles can be approximated
as a shift 1In +the range and tracking position from the
orlglnal ballistic +trajectory., In order to simplify the
mathematics, the program uses the "flat earth"
approximation (Fig. 6) for the ballistic projectiles; the
program allows +the user ‘o vary the number of reentry
vehicles, and +thelr Individual velocities (magnltude and
angle) wi+h respect +to the bus., This approach allows
only a varlfation In +t+he range dlirectlon, and not the

tracking directtion; nevertheless, +this approach has
assisted those students who are unfamlliar with MIRV to
understand [+ more completely.
km [ ‘ "
1
‘. 2 . ' .

) ! ! ] ) T I |

0 5000 10000 km

Fig. 6. MIRV: The equations for the "flat earth" (Sec.
V) are used +to obtaln +the trajJectorties for the
Individual reentry vehlcles and the missile bus. An
fnfttat veloclty of 10% m/s Is used for the ICBM., The
number of reentry vehlicles and fthelr veloclities and
angles (in range only) can be varied in the program.
Momentum 1s conserved 1In the system as the reentry
vehlicles are released. The range, helght and spread In
range for +the re-entry vehicles from the "flat earth"
calculations are very simliiar to +those for the actual
"round earth."
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The 1ICG program "ASW" applles an ASW technology that
determines +the position of a submarine by comparing the
tIme delays of signals reflected from a submarine to
several hydrophones; more recent technologlies!?® use
sonobuoys t+hat +transmlit and recelve thelr own sonar
slgnals, Infrared observations from satellites, Fourler
transformlng sonar signals, lasers, and other
technologles. The "ASW" program stimulates consideration
of these more modern technologies as well as making clear
the unlqueness of the ocean-going leg of the triad.

Vi. FIRST STRIKE

The question of wvulnerability to a flirst-strike Is
continually belng debated. The Issue of "vulnerabi|ity"
usually means "wiil we have enough nuclear weapons t+o
assure destruction on +those who would attack us." The
debates on this Issue often use words |lke "superlority,
parity and sufficlency." In splite of the fact that the
uncertainties In flrst~-strike slituations are |ikely to be
greater +than the <certalinties, both sides In this debate
do use nhumerical data to buttress thelr arguments. (For
example, it would be difficult to quantify the
uncertainty In the command, control, and communications
systems caused by the electromagnetic pulse.)

| f one chooses +to answer these questions wlith
numbers -and equations, one soon |earns that the size of
the data base, and the complexity of the manipulations,
requires a computer; It Is for this reason that we have
developed the program "First-Strike." This program
analyzes +the strategic balance by letting us vary 90
adJustable parameters +to explore how the many parameters
affect +the question of vulnerability. Each side (America
= A and Russia = R) has a 6 by 6 matrix of parameters to
describe thelir weapon systems. The matrix formulation Is
merely a way of Kkeeplng track of the parameters; we do
not use matrix algebra. Three data sets (the present,
the future without arms control, and the future wlth arms
control) are included with +he program. Table | shows
the A and R matrices as they approximately appear at the
present time (1980-85):

Table |I. The A and R matrices for the present time
(1980-85). The rows are the 6 different misslle classes
(land, sea, alr, Intermedlate range ballistlic misslile,
tactlical weapons, and cruise missile). The columns are
the &average values of the parameters which describe each
system (yleld, average number of reentry vehicles per
launcher, number of launchers, <clrcular error probable
accuracy (nautlcal mliles), rellabillty (0-1), sllo
hardness (psl)).



197

AMERICAN A MATRIX (198577) RUSSIAN R MA"I'RIX

1=Y  2=M 3=N 4=CEP 5=R 6=H 1=Y 2=M 3=N 4=CEP 5=R  f=H
I=LAND| .335 2.1 1052 .12 8 2000 .75 3.2 1398 .15 7 2000
2=5EA .1 8 656 .25 8 5 .5 2 950 .5 7 5
3=AIR {1 4 36 .1 8 3 1 4 156 .1 8 3
A=IRBM| .1 1 1500 .1 .8 5 .1 1 4500 .1 .8 5
5=TAC. | .02 1 20000 .1 8 5 02 1 10000 .1 8 5
6=CM .2 1 1000 .01 8 5 0 0 0 .0 0 0

This data set can be updated easily to account for
changes 1In the parameters. For example, we might want to
take Into account +hat +he 52 Titan ICBM's are belng
decommlssloned; by “+typing 1,3 (row,column), and 1000, we
will have changed +the number of Amerlican land-based
missiles from 1052 +o 1000. if we are content wlth the
data set, we would type 0,0 to accept It. One cah easlly
take Issue wlth the averaglng process that we have used;
for example, we -have properly taken Into account the
MIRVIng of Minuteman (1}, and I11) by using M = 2.1, but
we have further assumed +that they wll] have an average
vleld comparable +to +the Mark 12-A warheads of 335
kilotons, The malin polnt of "First-Strike"™ is to create
a method of changlng the parameters as one dlscusses (and
updates) +the data base; after the data base Is acceptable
to +the debators, the numerical operations can be carried
out, In addition, there are other parameters which deal
with the number of warheads sent to attack a silo (L),
gravitational bias error (BE = CEP(wlth)/CEP(wlthout)),
submarine duty factor, effectivness of ASW, and varlious
other parameters.

One can examine +the one-on-one match-ups between
varlous systems by calculating the =single shot kill
probabllity (P in Section Il) with relfabliity (T = R x
Py ), and then the kIl| probablility with L warheads (from
seperate missiles), . L
Kb =1 - (1 - T (8)

p k

After we have examined these Initlal one-to-one results,
"First Strike" matches up the land-based mlssiles agalnst
each other. In the example discussed below we have used
2 warheads (L = 2) agalnst each silo. fn the next
verslon of +thils program, we Intend +o. add further
flexabll1tles® to allow any system +to attack any other
system, To allow for the attack of citles, and to allow
for a "launch on warning" situation and other operational
factors., , v

We have allowed for ©broad uncertalnties In "First
Strike" by allowlng for fractional (0-1) parameters; for
our "base case" we have used the followlng:
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FSUB = submarine duty factor = 0.6 for A; 0.2 for R.
FASW = effectiveness of ASW = 0.5 for A and R.
FIRBM FTACTICAL = FCRUISE = FBOMBER

1

fractions destroyed 0.5 and 0.5 for A and R.

It would not be difflcuit to show that al| the parameters
(other +than FSUB) should be smaller than 0.5; thus, the
destructiveness of +he results from "First Strike" are

actually an upper bound estimate. The number of
surviving launchers are merely the products of +the
approprlate fractional probabllities and the number of

launchers, except for +the case of an attack on the
land-based missliles where we have used the probabillity
formulation from Eq. 2 and 8. The resultant numbers of
remalning warheads after a flrst strlike were obtalned
from +The base case of the "present" data set and they are
displayed 1In Fig. 7. We see that approximately 50% {(an
upper bound) of +the flrst triad {(land/sea/alr) and the
second triad (IRBM/tactical/crulse missile) would be
destroyed!® 1+ elther side should be tempted to carry out
such a scenarlo. Slnce the number of warheads surviving
would be rather large, there is still a large
second~strtke force +to retallate. Since the fractional
probablilitles are not certain; debators can change these

parameters on +the next run of +the program. "First
Strike" also keeps +track of the total yleld, lethality
{K), and +he numbers of launchers before and after.
8841 2
6997
1
WW Mm
ior it ot I f
uUs Su us SuU.
FIRST TRIAD ; SECOND TRIAD
(LAND/SEA /AIR) (IRBM/TACTICAL/CRUISE MISSILE)

Flg. 7. FIRST STRIKE: The number of US/USSR warheads
are compared before and after a M"flrst strlike." The
present (1980-85) data base and the parameters described
In the text were used Yo obtaln these results.
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Vil. FALLOUT,

If a nuclear attack ever occurred, there would be
radloactive plumes extending from the target polnts. The
ICG program "Fa!lout" calls up a map of the United States
(Flg. 8) and allows the user to locate the targets and
t*he number of weapons used oh each. Parallelograms are
used to simulate the more complex shapes® of the plumes;
the area of +the parallelograms agree with the more
accurately calculated affected areas by about 25%. The
final shapes for +the plumes are highly dependent on the
wind veloclties; our ICG program allows for two different
wind velocities, 20 mph and 60 mph where the later Is
approximately 50% of the stratospheric veioclty. Two
pfumes are located at each +target; +the Inner plume
represents a minimum dose of 1350 REM outside of
bulldings and 450 REM Inside +the bullding; the outer
plume represents 450 REM outside and 150 REM [Inslde.
These dose levels would vary conslderably wlthin the
plumes and wlithin +he buildings. A radiatlon dose of
about 450 REM would kIll about 50% of the poputbation.
The present verslion of +thls program does not determine
the number of fatalltles; a future verslon will Include
population density and a biological couplling factor In
order to do this even +though +there would be great
uncertalntles in the absolute numbers of fatalitles.
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N ‘|| 300 Mt I"'
1-0:— ‘7-,‘l 60 MPH 'l‘l
- 1"."“—_—‘ {". USA
— "n\l' P _"""‘\\ I‘-,‘
— .‘"-_:'ﬂ ""!‘ IIIII ,:""I \ l"
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Fig. 8. FALLOUT: (Figure caption on next page.)



200

Fig. 8. FALLOUT: Four different attacks are considered
with "Fallout;"™ (1) one megaton weapon (50% fisston), (2)
10 one megaton weapons, (3) 300 one megaton weapons with
a wind veloclity of 20 mph, and (4) 300 one megaton
weapons with a wind veloclty of 60 mph (about 50% of
stratospheric velocity). The Inner plume represents an
area In which a minimum dose of 1350 REM |s recelved for
those who are outside of buildings, and a minimum dose of
450 REM Inslde of bulldlngs; the outer plume represents
an area wlth a dose of 450 REM outside and 150 REM
Inslde. The bases attacked are (1) Ellsworth
(x=82,Y=50), (2) Malmstrom (55,28), (3) Warren (78,67),
and (4) Whiteman (115,85).

VIII. DIGITAL IMAGE PROCESSING,

In order for the Senate to ratlfy an arms control
agreement, It must have confldence 1In its '"natlional
technical means" to verify +that the various conditions of
the treaty are belng wupheld by the other party.
UltImately, the Senate must decide how likely It would be
that +the other party could carry out a significant
Infraction (In +terms of national security) before we
could discover +the infraction. One of maln techniques
for verificatlon Is photogrephy from spy satellltes. The

Informatlon 1in the photographic Images can be enhanced by
digitizing the Intenstity at varlous reglions of a
photograph; +the digltization is followed by mathematical
operatlions!® on the dlgital Informatlon 1in order. to

enhance the signal wlith respect to the background noise,
More recently |t has become possible to directly process
the electronic output of a charge-coupled device (CCD)?'’
without +the necessity of using fllm; the CCD devices are
much more efficlent +han fllm, have a broader spectral
range (into +the infrared), and can be used directly wIth
computers without requlring ditgitizing that Is needed for
flim. In addition +the CCDs are preferable to vidicon
television techniques since they can have better
resolutffon, <can be operated with low voltages, and are
more resl|lent under Impact. Some commerclal CCDs
contaln 640,000 reglons (plxels) of diglital Information;
a pixel reglon can be about 15 microns on a slde. CCD
cameras are presently commerclally avallable (Micron
Technology, Bolse, ldaho for about $300) that can be used
with Apple computers (54,000 pixels). The techniques of
digital 1Image processing (DIP) have been used In a wide
variety of applications beyond verification such as In
astronomy, medicine, geology, and criminology.

On balance, the "spy satellltes" and DIP are thought
to be stabilizing for +the arms race because they (1)
enhance verfflcation glving greater confldence +to the
SALT/START process, and (2) because more information from
satellltes can reduce the tendency ‘towards '"worst
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pessible case analyslis."™ Some Senators objJected to SALT
11 because of +the loss of veriflication facilitles In
Iran, President Johnson made the comment In 1967 when he
jndicated +that +the $35-40 billion spent on space was
worth It because "] know how many missiles the enemy
has, "
This section of our paper wlll do the followlng:

(1) Brilefly discuss some - mathematical applications of
DiP, and (2) demonstrate some initlal results of CCD with
Apple computers, Ih Fig. 9 we have created a one
dimensional silo (20 pixels wide) +that 1s partially
blurred by nolse developed from a random number
generator. When +the signal-to~nolse ratio (S/N) Is very
high, one does not need to process the data to see the
sllo, but when the S/N ratlo is less than one [t becomes
necessary +to process +the Image In order to be able To
'see" +he sifo. In Filg. 9, we have subtracted the Image
from a verslon of the same Image that has been shlfted by
t to 20 pixels. Thils technique allows us to examine the
data for an auto-correlation wlthin +the data; If we
expect the silo to be 20 pixels wlide, we would look for a
flgure that looks |like a square wave with a wavelength of
40 pixels. In order to work wlth lower S/N ratios, one
could +then Fourfer analyze the difference Image and |ook
for Fourler «components <consistent with the size of +the
silo.
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Fig. 10. FOURIER TRANSFORM: The spatial data can be
Fourier analyzed +to obtain 1Iits fequency spectrum; by
reversing the process the spatial representation can be
reestablished. The silo appears more clearly when only

the 4 lowest frequency components are used and the 46
higher components containing the "noise" are rejected.
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Fig. 11, S/N  RATIO, The approach of Fig. 10
successfully Identifiles a silo with a S/N of 1/4. Two
dimensional +transforms would use the geometry of the silo
to Improve the results.
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Another approach of DIP Is to Fourler transform the
digltal Information of the Image, remove +the high
frequency components +that are assoclated with the nolise,
and then Fourfer “transform +The remalning low frequency
{long wavelength) signal! back to the spatial Image. By
analyzing the data we convert [t from a spatial
representation +to a freqency spectrum; the second Fourier
transform then synthesizes (reconstructs) +the spatial
Image from the truncated frequency spectrum. In Flg. 10,
we have obtalned a 101 pixel array In one dimension from
the equation y = (NN)(Rnd(1)) + S where NN Is the peak
noilse and S 1s the intensity of the signal. The Image In
Flg., 10 has a favorable signal-to-noise ratio of S/N =
5/(NN/2) = 8; when +thls Image Is Fourler analyzed, one
obtalns large components [n +the Jlow frequency reglon
whlich |[s associated with +the silo signal, and small
components at the high frequency reglen which Is
assoclated wlth random nolse. When +he Image Is
reconstructed from these components, we observe that only
the 4 Jowest components are necessary to easl!ly detect
the silo, and that a greater number of components tends
to blurr the reconstructed Image. In Fig. 11 we have
Increased +the noise level to glve S/N = 1/1 and 1/4; the
reconstructed Images wlth +the Ilowest four components
clearly show +the Jlocation of the sllo. These examples
must next be extended +to the reglime of two dimensions;
the convolution theorem must be applled to remove
distortlon by the vlewing system. Other transforms can
be wused In order +to apply mathematics +that [s more
"tallor-made"™ +to the geometry of the object. Finally, we
have obtalned some grey leve! presentations of plctorial
Images by using a charge-coupled device, an opticRAM
with 128 x 256 plxels. The grey levels In the final
picture are obtalned by comparing Images of the same
object that were obtained with different exposure fimes.
Since the cost can be as low as 3 cents/pixel, [t Is
clear that the CCD +technology wlll have a tremendous
impact on verliflcation and diglitial Image processsling.

[X. THE SCIENCE AND SOCIETY PUBLIC POLICY DISKETTE

A dlskette and manual of 15 programs Is avallable
from wus (553 Serrano, San Luls Obispo, CA 93401) on a
nonprofl+t, noncopyright basls for $10. Please send us
your results for ©possible Inclusion on future diskettes
sc that we can create an Imformation network. | would
Ilke to thank James Hauser, Fred Jaquin, Alan Lyon, Kent
Norviile, Dietrich Schroeer, and Walt Wilson for
assistance on thls project.
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