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STABILITY OF REGIONAL CONFIGURATIONS 

Gregory H. Canavan 

At moderate force levels the first strike stability index is proportional to 
the first strike cost, so as the attacker minimizes attack costs, he automatically 
minimizes stability. Weapons grow rapidly and saturate to levels comparable to 
the number of value targets held at risk. This growth could appear destabilizing to 
dominant regional powers, whose response could in turn appear threatening to the 
major nuclear powers, which could slow or halt efforts towards deep reductions. 
The fundamental way to alter these pressures appears to be through reducing the 
likelihood of regional crises by removing these fundamental antagonisms 

This note discusses the stability of moderate force levels of regional configurations using 
strikes, costs, and stability indices predicted by an aggregated, probabilistic model of two-sided 
exchanges. The analytic portion studies the stability of force levels below the number of military 
value targets held at risk, where stability indices depend only on the number of vulnerable 
missiles and the number of weapons and reduce to a product of the number of vulnerable 
missiles and the difference between the second and first strikes by vulnerable weapons. 

cost, so as the attacker minimizes the latter, he automatically minimizes the former. This stability 
reduction is greatest for attackers with high damage preferences. Increasing the number of 
vulnerable missiles decreases the first strike costs, which incentivizes their proliferation, the 
more so as the number of the weapons per vulnerable missile increases. This analysis is 
imbedded into a time dependent model that can treat large force levels where saturation occurs. 
Missiles and weapons grow rapidly to levels comparable.to the number of value targets held at 
risk, where procurement rates determined by damage preferences balance replacement rates. 

This adverse interaction of stability and first strike cost is also seen in build downs from 
large multi-weapon missile forces. However, events of the last decade have shifted the nature of 
the conflict from the narrow, unilateral pursuit of first strike advantage to the joint minimization 
of the likelihood of crises. If this cooperative framework is maintained at moderate force levels, 
these considerations need not be an impediment to further deep reductions. 

conflicts, for which nuclear weapons can be argued to be appropriate. In that mode of interaction, 
proliferation of weapons and carriers is the apparently rational response. That could lead to 
forces that could appear destabilizing to dominant regional powers, which could stimulate a like 
response. That response could, however, appear threatening to the major nuclear powers, which 
could slow or halt their efforts towards deep reductions. 

In that limit, the first strike stability index is shown to be proportional to the first strike 

Regional conflicts, however, are characterized by deep distrusts &d frequent, serious 



It does not appear likely that this process could be altered by external pressure, as these 
regional conflicts are based on fundamental military and political considerations, given the initial 
adversary configuration. The only fundamental way to alter these proliferation pressures appears 
to be through reducing the likelihood of regional crises by removing these fundamental 
antagonisms, the approach adopted in this decade by the major nuclear powers. Thus, it appears 
that the proliferation problem is essentially the same whether approached from above or below 
the saturation level and that the solution through the elimination of the reasons for crises is also 
fundamentally the same. 

Exchange Model. Appendix A describes the aggregated, probabilistic interaction of two 
arbitrary missile forces, in which exchanges are modeled in terms of the first and second strikes 
each side could deliver.’ The two sides are assumed to have identical, modest missile forces. 
Each side has M vulnerable missiles with m weapons each and N survivable missiles with n 
weapons each. The side that strikes first allocates a fraction f of his total of W = mM + nN 
weapons on the other side’s M vulnerable missiles, which gives r = fWM weapons per missile. 
The remaining weapons constitute his first strike on value targets, which is 

. 

F =  (1 - f)(mM+nN) = (1 -OW, (1) 

The average survival probability of vulnerable missiles is Q = qr, where p = 1 - q is the missile 

single shot probability of kill. Thus, the second strike is 

S=QmM+nN. 

Costs and indices. First and second strikes are converted into strike costs through 
exponential approximations to the fractions of military value targets destroyed, as described in 
Appendix B. The calculations below assume that each side has l/k - 100 value targets. The cost 
of damage to self and incomplete damage to other are averaged with a weighting parameter L, 
which measures the attacker’s relative preference for damage to the other and prevention of 
damage to self? For small forces, the costs of striking first and second simplify to3 

( 1 + L)C1= kS + L( 1 - kF) = k[QmM + nN] + L[ 1 - k(W - rM)], (3) 

(1 + L)C2 = kF + L( 1 - kS) = k w  - rM] + L[ 1 - k[QmM + nN3. (4) 

For F and S << lk, the cost ratio stability index is approximately4 

I = C1/C2 = 1 + (C1- C2)(1+ L)/L = 1 + (1 + L)/L k(S - F), 

where I = 1 denotes stability. An appropriate stability index for small forces is 

J = (I - 1)L/(1 +L) = k(S - F) = k(QmM + nN) - k(W - rM), 

for which J = 0 indicates stability. 
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Attack allocation. First strikes are optimized by minimizing the cost of executing them; 
as determined by Eq. (3). The analytic minimization of C1 given in Appendix c6 is sufficiently 
accurate for modest force levels: giving 

which depends directly on M/W and logarithmically on L/m and q. The number of weapons 
allocated to vulnerable missiles is fW = M In(-L/mlnq)/lnq = rM, which can be satisfied by 
vulnerable missiles as long as r e m, as is the case below. With this allocation, the average 

f = (M/Wlnq) In(-L/mlnq), (7) 

number of weapons attacking each vulnerable missile is 

and the survival probability is 
r = fW/M = In(-L/mlnq)/lnq, 

Q = qr = -L/mlnq. (9) 

which are determined by L/m and q. 
Strikes. With optimal allocation, the first strike is 
F = (1 - f)W = [l - (M/Wliiq) In(-L/mlnq)]W= mM + nN - rM 

S = QmM +nN = -ML/lnq +nN. 

S - F = QmM + nN - [mM + nN - (M/lnq) In(-L/mlnq)] 

and the second strike is 

The difference between them is 

= [Qm - (m - r)]M, (12) 
in which the number of survivable weapons, nN, cancels out, as the number of survivable 
weapons delivered is the same in first and second strikes. S - F, and hence the stability index J, 
depend only on m, M, L, and q, not the survivable forces, although first and second strikes do. 
Given the form of Eq. (12), it is convenient to define the index 

where s and fare the normalized second and first strikes due to vulnerable missiles. This shows 
that stability depends bilinearly on M and s - f, in which s and f depend on m directly and on L/m 
and q through r. For moderate forces, neither s or f depends directly on M. 

Figure 1 shows r, Q, f, s, and j as m varies from 1 to 3 for p = 0.8. The number of 
weapons allocated to each vulnerable missile r starts at - 0.73 and increases as In m in accord 
with Eq. (8). Q falls as l/m in accord with Eq. (9), so s = mQ = -L/lnq is constant. The first strike 
f = m - r increases almost as rapidly as m. Thus, the index j = s - f - 0.3 - m falls to large 
negative values by m = 3, denoting instability. 

increases r, which decreases f and increases Q, which increases s. Thus, j = s - f falls-more 
slowly than in Fig. 1 and from an initial value of about 0.2-so that it does not go negative until 

j = J & = Q m - ( m - r ) = s - f ,  . - (13) 

Variations with other parameters are studied in a companion note.8 Briefly, reducing p 
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m - 1.75, which gives a wider range of parameters for stability. Decreasing the accuracy of 
vulnerable weapons increases stability for all m. Increasing L to 1, which represents a more 

aggressive attacker than Fig. 1, roughly reverses the magnitudes of r and f. Increased preference 
for damage to other shifts weapons from counter force to counter value attacks. However, Q and 
s are increased proportionally, so j = s - f experiences offsetting increases in s and decreases in f 
and remains much as in Fig. 1. 

Variation of first strike cost with stability index. An interesting, though unwelcome, 
result follows directly from the equations of the previous section. From Eqs. (1 1) and (9), 

S = QmM +nN = -ML,/lnq + nN, (14) 
which is independent of m. From Eq. (6), J = k(S - F), and from Eq. (3), 

(1 + L)C1 kS +L(1- kF) = kS +L - Lk(S - Jk)  = L  + kS(1- L) +LJ, (15) 
so that for variations of m, which do not change S, AC1 - AJ, i.e., the change in first strike cost is 
proportional to that in first strike stability. Thus, in minimizing the cost of the first strike, the 
attacker automatically minimizes stability at the same time. 

Figure 2 shows the variation of C1 with I for L = 0.25,0.5, and 1. On each curve, the top 
point is for m = 1; the middle is for m = 2; and the bottom for m = 3. On the first curve, at m = 1, 
single weapon missiles, C 1 = 0.3 and I = 1.4, which are both positive. However, the attacker can 

decrease, C1 to = 0.2 by increasing to m = 2, and to = 0 by increasing m to 3, which would 
I decrease I to = 0.7 and -0.25, respectively. Note that the decrements in C1 (and I) increase with 

increasing m, which encourages further payload fractionation. 
For L = 0.5, a more aggressive attacker, I starts at = 1 and drops to = 0 as C1 falls to = 

0.2, as the cost of striking first is greater for a more aggressive attacker, who attacks value rather 
than attempting to limit damage to self. For L = 1, a very aggressive attacker who is indifferent 
between damage to self and other, I starts below 1 and drops to = 0.3 as C1 falls from = 1 to 0.6. 
As L increases, the maximum I decreases and the minimum I increases, though not to useful 
levels. The maximum and minimum C1 both increase, with a roughly constant interval between 
them. The slope of the lines shifts such that the rate of change of L with respect to C1 is the 
greatest for small L, which means the fractional reduction of stability by fractionation is greatest 
for the least aggressive attacker. 

variation of first strike cost as the number of carriers is varied for a given degree of fractionation. 
From Eq. (3) 

Variation of strike cost with number of carriers. These results also determine the 

(1 + L)C1= L + k[QmM + nN] - Lk(mM +nN - rM)] 
= L + [Qm - L(m - r)]kM + (1 - L)knN, (16) 
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from which the variation of C1 with survivable forces is 
ac1/aknN = (1 - L)/( 1 + L), (17) 

which shows that the first strike cost to an attacker with L < 1 would increase due to the larger 
second strike from the opponent's survivable forces. The variation of C1 with the number of 
vulnerable missiles is 

aCi/akM = [Qm - L(m - r)]/(l + L), (18) 
which is shown in Fig. 3. For single weapon missiles, aCl/akM = -0.1, -0.15, and -0.2 for L = 
0.25,0.5, and 1, that is, aCl/akM falls roughly in proportion to L. This rough proportionality 
also holds for large m, although the values are about twice as negative by m = 3. The attacker 
minimizes C1, so this negative aCl/aM means he does so by increasing M. For m = 3 and l/k = 

100 targets, increasing M by 100 missiles would decrease the C1 of a L = 1 attacker by = -0.4 x 
0.01 x 100 = -0.4. Figure 2 shows that this decrease would also decrease the stability index I by a 
like amount to = 0.6. These variations can be summarized by the observation that for a given 
number of missiles, the attacker has a strong incentive to increase the number of weapons per 
missile, which increases the incentive to increase the number of missiles. These mutually 
reinforcing effects are both destabilizing. 

imbedding the above analysis into a model that treats time dependence explicitly. That can be 
done by augmenting the equations above with an equation for the procurement and replacement 
of missiles and weapons 

dM/dt = P - MA', 
in which M d t  is the net rate of change of missiles given a procurement rate P and a 
replacement time T or rate 1R. The equation for the rate of expenditure in a given year is 

where U is the cost of a carrier and u that of a weapon. The appropriate extended metric is 

Growth in carriers over time. This growth in missiles can be made more quantitative by 

(19) 

dV/dt = (U + mu)dM/dt, (20) 

(21) <C1> = J c d t  Cl(t) / T, 
which integrates the potential first strike costs to the attacker over the whole time interval T of 
interest. The model is closed by varying P to minimize subject to appropriate constraints 

on procurement rate P, expenditure rate dV/dt, and total expenditures l d t  P(t) / T, by. The 
calculations below assume a nominal U = $lOMlcarrier and u = $low weapon. They use a fixed 
m = 2 weapons per missile, although varying L produces much the same effect as varying m. 

Figure 4 shows the variation of purchases and potential strikes for L = 1. The number of 
missiles climbs from 10 to about 90 in about 3 years. The rate of purchase is limited to the 33/yr 
maximum for a $lB/yr maximum for the first two years; then, it falls to about 10 missiles and 20 
weapons per year per side. The f21l in the last period is an artifact of the termination of the 
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calculation. First strikes grow grown from = 10 to 55; second strikes to = 20. After 3-5 years, 
purchases and strikes reach a rough equilibrium between procurement and retirement rates. 

The fraction of weapons allocated to vulnerable missiles increases from = 0.6 to 0.7. As the 
number of weapons grows, and the number of weapons attacking each vulnerable missile 
increases from 1.2 to 1.4, the survival probability falls from = 0.15 to 0.1. Figure 6 shows these 
shifts decreases the stability index from = 0.9 to 0.55 through a slight decrease in the first strike 
cost accompanied by a large increase in second strike cost as forces grow. 

during which it reaches a level more than twice the steady state for L = 0.5. First and second 
strikes also continue to grow. Figure 8 shows that the variation in f and strike parameters is also 
stronger: f increases from = 0.4 to 0.65; r increases from = 0.8 to 1.3. Q falls from = 0.3 to 0.15 
since this more aggressive attacker allocates fewer weapons to missiles. Figure 9 shows that 
these shifts decrease the stability index from = 0.9 to 0.45 due to a significant decrease in first 
strike cost and increase in second strike cost. 

While the time dependent results are graphic, their main result is the same as the static 
results above, because in each time interval, the time dependent calculations attempt to minimize 
the first strike cost, which makes them largely a sequence of snapshots of largely equilibrium 
configurations in each frame. The interesting effects due to limited procurement rates and 
budgets are worth exploring-as are the potentially stabilizing effects due to production limits, 
inspection constraints, and latency of production-but they require more detailed calculations 
than the illustrative calculations presented here. 

Summary and conclusions. This note discusses thestability of moderate force levels 
typical of regional configurations using the strikes, costs, and stability indices produced by an 
aggregated, probabilistic model of two-sided exchanges. The analytic portion studies the stability 
of force levels below the number of military value targets held at risk, where the costs and 
optimal allocations are linear in the forces. In this limit, stability indices depend only on the 
number of vulnerable missiles and the number of weapons on them. The number of survivable 
weapons cancels out, because the number delivered is the same in first and second strikes. The 
stability index reduces to a bilinear product of the number of vulnerable missiles and the 
difference between the second and first strikes by vulnerable weapons. 

attacker minimizes strike cost, he also minimizes stability. This reduction is greatest for attackers 
with high damage preferences. For a given number of weapons per carrier, increasing the number 
of survivable carriers increases the first strike cost (though not the stability index) for damage 
preferences less than unity. Increasing the number of vulnerable carriers decreases the first strike 

Figure 5 shows the missile allocation and strike parameters, which change little over T. 

Figure 7 shows the buildup in forces for L = 1. It is not complete in the first decade, 

In that limit, the first strike stability index is proportional to the first strike cost, so as the 

I .  
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costs, which incentivizes proliferating the number of vulnerable carriers. This incentive increases 
as the number of the weapons per vulnerable missile increases, so these effects are mutually 
reinforcing and destabilizing. 

The likely proliferation of missiles can be made more quantitative by imbedding this 
analysis into a model that treats time dependence explicitly and that can be extended to large 
force levels where saturation occurs. While the details are sensitive to the number of weapons, 
production constraints, and budgets, the general result is that from low levels, missiles and 
weapons rise rapidly in about a decade to force levels comparable to the number of value targets 
held at risk, at which the procurement rates determined by damage preferences balance 
replacement rates at. 

large multi-weapon missile forces, for which the analysis becomes linear at levels of a few 
thousand weapons and targets for the same reasons discussed above. Should the major nuclear 
powers remain antagonistic at that level, the logic of stability would become at cross purposes 
with the goal of further arms reduction. However, in that arena, events of the last decade have 
apparently shifted the nature of the conflict from the narrow, unilateral pursuit of first strike 
advantage to the joint pursuit of means to minimize the likelihood of crises. To the extent that 
this cooperative framework is maintained at moderate force levels, these considerations need not 
be an impediment to further deep reductions. 

This adverse interaction of stability and first strike cost is also seen in build downs from 

Regional conflicts, however, are characterized by deep distrusts, if not hostility, and 
frequent, serious conflicts, for which nuclear weapons can be argued to.be appropriate. In that 
mode of interaction, the above analysis indicates that proliferation of weapons and carriers is the 
apparently rational response, apparently on a time scale of years or decades. Those 
considerations are likely to lead to the development of forces that saturate at levels 
commensurate .with the value target sets of the immediate adversary. However, they are likely to 
reach thereby levels that could appear destabilizing to dominant regional powers, which could 
stimulate a like response on his part. That response could, however, appear threatening to the 
major nuclear powers, which could slow or halt their efforts towards deep reductions. 

It does not appear likely that this process could be altered by external pressure to alter the 
internal logic of the regional conflict, as it is based on fundamental military and political 
considerations, given the initial adversary configuration. The only fundamental way to alter these 
proliferation pressures appears to be through reducing the likelihood of regional crises through 
removing the fundamental antagonisms that cause them, which is the approach that has been 
adopted in this decade by the major nuclear powers. Thus, it appears that the proliferation 
problem is fundamentally the same whether approached from above or below the saturation level 
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and that the solution through true crisis stability through the elimination of the reasons for crises 
are also fundamentally the same. 
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APPENDIX A. EXCHANGE MODEL 

It is possible to model exchanges between equal missile missiles forces in terms of the 
first, F, and second, S, strikes one side could deliver. That analysis can be extended to unequal 
forces by treating the strikes F’ and S’ that the second side forces (denoted by primes for 
simplicity) could deliver. In it, the symbol convention is that unprime has M vulnerable missiles 
with’m weapons each and N survivable missiles with n weapons each, and prime has M’ 
vulnerable missiles with m’ weapons each and N’ survivable missiles with n’ weapons each. If 
unprime is the first striker and a fraction f of his weapons is directed at prime’s vulnerable 
missiles, unprime’s first strike on value targets is 

. 
’ 

F = ( l  -f)(dVltnN). (Al) 

r = f(mM + nN)/M’. 

Q’ qr efWlnq/M’ (A3) 

The average number of weapons delivered on each of prime’s vulnerable missile is 

For r large, their average probability of survival is approximatelyg 
(A21 

where q = 1 - p, and p is the attacking missile’s single shot probability of kill, which is taken to 
be p = 0.6 for all missiles. Prime’s second strike is 

S’ = m’M’Q + n’N’ = m’Mqr + n’N’, (A41 
which is delivered on value, as missiles remaining at the end of the exchange are taken to have 
no value in this two strike engagement. The corresponding equations for prime’s strike can be 
derived either by repeating the logic from his perspective or simply by conjugating the equations 
above, Le., interchanging primed and unprime symbols in Eqs. (Al) - (A4). 

APPENDIX B. STRIKE COSTS AND STABILITY INDICES. 

These fiirst and second strike magnitudes can be converted into the costs of striking first 
and second through exponential approximations to the fractions of value targets destroyed. The 
cost of damage to unprime when he strikes first is approximated by 

cis = (1 - e-kS’)/(l+ L), (B 1) 
where the constant k c- 1/1000 is roughly equal to the inverse of the size of unprime military 
value target set that prime wishes to hold at risk,” and L is a parameter. For a small prime 
second strike, C1 - kS’ /(1+ L), which is small; for a large prime second strike, C1 - 1/(1 + L). 
The cost to unprime of incomplete damage to prime is approximated as 

cl0 = Le-k’F/(l+ L), (B2) 

9 



where k' = 1/1000 is roughly the inverse of unprime value that unprime wishes to hold at risk. 
Clo is small for F large and large for F small. Cis and Clo are formally incommensurate, as 

they represent damage to different parties, but a conventional approximation to a total cost for 

striking first is their weighted sum" 
C I =  c i s  + ~ 1 0  = (1 - e-ks' + L&F)/(I + L), (B3) 

where L is a constant that represents the attacker's relative preference for inflicting damage on 
the other and preventing damage to self. L small means that as a first striker, unprime is 
primarily concerned about denying damage; L large means he is more concerned about inflicting 
damage on the other. The conventional assumption that L I 1 and construction of C1 as a 

weighted average is plausible but not unique.12 Second strike costs are also composed of damage 
to self and other. The former is approximated for unprime by 

~2~ = (1 - e-@'>/(l+ L); 

~2~ = Le-k'S/(l+ L); 

~2 = ~2~ + ~2~ = (1 - e-w + ~e-k'S>/( 1 + L), 

the latter by 

and the total cost for unprime striking second by 

(B6) 
The first and second strike costs for prime can be obtained either by re-deriving these results 
from prime's viewpoint or by conjugating Eqs. (B3) and (B6), which introduces a second 

constant L' , which reflects prime's attack preferen~e'~ 

There is some arbitrariness in converting C1 and C2 into stability in dice^.'^ It is 
conventional to use the ratio of first and second strike costs, I = C1/C2, as a stability index for 
unprime, and I' = C i C T ,  as a stability index for prime. When this index is large, there is no 
advantage to striking first, and when it is small, there is an advantage, which may be perceived as 
an incentive to first attack in a crisis. For unequal forces, the product of the stability indices of 
the two sides is used as a compound index 

Index = I x I' = (Ci/C2)(Ci'/C2'). 

APPENDIX C. OPTIMAL ATTACK ALLOCATION. 

For unprime, optimal attack allocation amounts to choosing f that minimizes his first 
strike cost C1, which is accomplished by differentiating Eq. (B3) with respect to f, setting the 
result to zero, and solving for f. For large forces the resulting equation is transcendental, but the 
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optimal f for small forces (F, S << lk) holds sufficiently accurately for moderate forces (F, S < 
lk), for which Eq. (B3) reduces to 

(1 t L) C1= k(m’M’efWlnqM’ t n’N’) t L[1- k’(1- f )W], (C1) 
whose derivative with respect to f has a minimum at 

fo = (M’/Wlnq) In(-Lk‘/km’lnq). 
The equation for prime’s first strike allocation is the conjugate of Eq. (C2). fo scales directly on 
the opponent’s vulnerable missiles M’ and inversely on one’s own total weapons W = mM + nN. 
In a first strike, the distinction between vulnerable and survivable missiles is not significant, so 
the degree of fractionation of each is unimportant, only W matters. It is plausible that the number 
of weapons allocated to missiles should be proportional to the number of missiles, Le., Wfopt - 
M’, so that the vulnerable missiles are roughly covered. If in addition, the number of vulnerable 

weapons mM is proportional to the number of survivable weapons, mM - nN, then fo a 

M’/mM., Le., fo scales in proportion to the relative number of the opponent’s vulnerable missiles 
and inversely with one’s own weapon inventory. 

If the number of vulnerable nlissiles on each sides change proportionally, M - M’, then 
fo - l/m. If the number of weapons per missile does not change, fo is constant. For m = n, i.e., 
equal fractionation of vulnerable and survivable weapons, W = m(M + N), so that the allocation 
only depends on the total number of missiles, not on whether they are vulnerable or survivable. 
To first order it is unprime’s weapons per missile that determines his allocation; prime’s 
weapons per missile m’ enters only logarithmically, as do L, k, and k’. The allocation decreases 
with L; it is insensitive to prime’s attack parameter L‘, which does not enter C1. 
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