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Estimation of Obstacle and Terrain Impact Probabilities

Robert S. Swanson* and Samuel A. Musat
Institute for Defense Analyses, Arlington, Va.

This paper presents some new methods for estimating the probability of impact of a terrain-following cruise
missile into obstacles, terrain anomalies, and bald terrain. Estimates of the impact probability are determined
for a missile penetrating an area with randomly located obstacles and the effects of navigational-reconnaissance
errors on the impact probabilities are investigated. The bold terrain impact probability of a missile with a linear
altitude control system having either a downward or a forward looking sensor is determined with emphasis en
terrain whose power spectral density decays at 20 dB/decade for which previously published methods could not

be used.

Introduction

HE realistic estimation of terrain- and obstacle-

impact probabilities is a very difficult problem. Methods
of estimating the probability of impact for flight over bald
terrain have been extensively studied for about two decades.
3 On the other hand, methods of estimating the probability of
impacting obstacles have not been discussed in the literature
except in the sense of recommending some minimum value of
the flight altitude to allow a margin to avoid such obstacles.
During the study treated here it became apparent that for
many regions of interest the probability of impacting ob-
stacles for very low-altitude flight (less than 60 m) exceeds the
probability of impacting relatively flat bald terrain. Methods
of analyzing the obstacle problem were therefore developed
and are discussed in the following section.
- Also presented are analytic estimates of the probability of
impact for cruise missiles traversing bald terrain using either
an altimeter or a forward-looking sensor. Analytic estimates
had been previously given for linearized terrain-following
altimeter-only controlled cruise missiles for the cases where
the terrain characteristics in terms of power spectral density
are such that the power spectral density decreases at a rate of
40 dB/dec or greater. The analytic techniques previously used
were not suitable for terrain whose power spectral density
decreases at 20 dB/dec.

Obstacle and Terrain Anomaly Impact Probability
Estimates for Downward-Looking Sensor Systems

Generally, analyses of downward-looking control systems
indicate small probabilities of impact of cruise missiles for
low-altitude flight over bald terrain. Unfortunately, there are
a large number of natural and man-made obstacles as well as
terrain anomalies which, if not accounted for, considerably
increase the probability of impact for -downward-looking
systems. Typical obstacles which must be considered are
power lines, church steeples, smokestacks, windmills,

vegetation (including forests, stand-alone tall trees, tree-lined-

highways, etc.), and tall buildings. In addition to these ob-

stacles, it is convenient to group certain classes of ‘‘terrain -

anomalies’” with the obstacles, since the impact probability
estimation procedures are similar for the two cases. Un-

fortunately, a terrain-anomaly must be defined as a piece of

terrain which, if the missile attempts to overfly at a particular
altitude and speed and with particular control characteristics,
it will impact the terrain. Thus, the impact probability de-
pends not only on the characteristics of the terrain anomaly it-
self, but also on the flight characteristics of the missile. The
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concept of ‘‘design profiles’’ is proposed as a way of
analyzing the. terrain anomaly problem. The design profiles
are idealized models of terrain anomalies for which some
specific characteristics of the profile for the particular com-
mand altitude, vehicle speed, and control system gain settings.
Under these conditions the specified ramp or any ramp with
steeper slopes becomes a “‘terrain anomaly.’’ The grouping of
terrain anomalies and obstacles together allows a more
straight-forward appreciation of the accuracy of linearized
terrain following altimeter-only controlled cruise missile
probability predictions over bald terrain; i.e., these estimates
require that we be able to characterize the terrain amplitude
distribution as gaussian, and if it deviates from the gaussian

* distribution we may characterize that deviation as con-

i3]

tributing to ‘‘terrain anomalies.”” Note that a terrain
anomaly, therefore, can be a critical terrain profile which oc-

_curs between two individually homogeneous terrain

populations; each of these may have gaussian amplitude
distributions and a critical terrain profile occurring in a

uniform population of terrain which has a non-gaussian

distribution superimposed on a gaussian amplitude
distribution.

There are two general procedures for avoiding obstacles.
The first is to use a forward-looking sensor to detect the ob-
stacle and to use a missile-borne computer to command the
control system to avoid the obstacle, by either going around it
or over it. (This is the way almost all aircraft terrain-following
systems are employed.) The second case proposed for cruise
missiles involves using a downward-looking sensor system
and preplanning the flight path to avoid all known obstacles.
If the navigational and reconnaissance errors are small, a
downward-looking terrain system will be satisfactory. The
downward-looking terrain following system does involve 1)
very extensive and expensive reconnaissance data, and 2)
keeping a complete catalog of obstacle positions and charac-
teristics in the computer memory of the cruise missile. The
second case is analyzed below.

Let us consider a rectangular area containing randomly
located obstacles. The axis of this rectangular area will be
parallel and perpendicular to the general average flight path
direction, the distance along the flight path being designated
the X direction and across the flight path the Y direction. In
general, the density of the obstacles will not be constant, that
is, the mean distance between obstacles will be different in the
two orthogonal directions, along the flight path and at right
angles to the flight path. The mean distance between obstacles
along the flight path will be designated Sy (km) and the mean
distance between obstacles in a direction at right angles to the
flight path is Sy (km). If the density of obstacles is equal in
both directions then Sy=Sy=S=1/Vp (km), where p is the
average density of obstacles (per km?). On the average,
R/Sx obstacles will be potentially encountered in traversing a
distance R (range in km).

It is probably easiest to visualize the case where Sy #= Sy for
a general area over which the cruise missile will traverse,
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which is composed of many equal-sized rectangles, each of
which (on the average) contains one obstacle and whose
dimensions are Sy in the direction of the flight path and Sy in
the direction perpendicular to the flight path. Of course, in ac-
tuality, these dimensions are the mean distances between ob-
stacles. Some rectangles will contain no obstacles and others
will contain two or more obstacles, but, on the average, each
rectangle SyS, will contain a single obstacle somewhere
within the rectangle.

The probability of encountering an obstacle in passing
throught the first series of rectangles P, rispy=n (.€., tra-
versing the first mean distance between obstacles, Sy) is
calculated assuming there is, on the average, a single obstacle
in rectangle SxSy. The probability is equal to

P=+D/S, (1)

where D is the effective encounter diameter of a cruise-
missile/obstacle combination (cruise missile wing span plus
obstacle lateral dimensions in kms). The term v is the clear-
ance histogram factor and is numerically equal to the fraction
of the distance along the flight path for which the vehicle
altitude is less than the altitude of the top of the obstacle being
considered. Estimating v involves the effective use of
histograms of the clearance altitudes for each particular
situation considered. A feel for the numerical magnitude of v
can be derived from the following case, estimated for smooth
terrain with a detrended standard deviation, 67 =30 m and a
cruise missile terrain-following control system with a control
bandwidth of about 1 rad/sec so (0,/07) =0.2 and 0, =6 m,
where ¢, is the standard deviation of the terrain-following
control system errors. For a randomly placed obstacle 30 m
high, a cruise missile with mean altitude of 30 m will hit the
obstacle one-half the time if its flight path is straight toward
the obstacle. If the mean flight altitude is 30 m, the cruise
missile will go over the top of the obstacle 25% of the time
(y=0.75) if the obstacle is 34 m (0.67 o.=4 m) high. The
missile will go over the top of the obstacle 75% of the time
(y=0.25) if the obstacle is 26 m high. Note that - changes
rapidly with obstacle altitude and again for the mean flight
altitude of 30 m if the obstacle is over 40 m (1.64 ¢, =9.8 m)
high v=0.95, and if the obstacle is less than 20 m high,
v¥=0.05. Note that the standard deviation of the error is di-
rectly proportional to the standard deviation of the terrain.
Thus, vy will change twice as fast with flight altitude if the
terrain standard deviation is only 15 m than it will for the
previous example for a 30 m terrain standard deviation.

If one traverses along the flight path a distance R, then, on
the average, one will encounter R/Sy independent regions,
each containing an obstacle. Strictly speaking, R/Sy should
be evaluated at the closest integer value. It makes little dif-
ference, however, for large values of R/Sy. The probability
of impact during this traverse is

P=1—[1—-(yD/Sy)]1%"* )

Figure 1 gives the probability of impact as a function of
ayDR/SySy for a range of values of the mean number of ob-
stacles traversed R/Sy. The navigational-reconnaissance fac-
tor o will be defined in the following, and is equal to 1 for the
random obstacle location case of Egs. (1) and (2).

So far, we have estimated the probability of impacting ob-
stacles if the obstacles were randomly located. We can extend
this basic method to include the case where we have deter-
mined the position of the obstacles from reconnaissance data
and have preprogrammed the cruise missile to go between
pairs of obstacles. Since the navigational system, as well as
the reconnaissance data, contains errors, it will be quite
possible for the missile to run into one of the obstacles. The
discussion is limited to the downward-looking terrain-
following system, since a properly designed forward-looking
system could avoid the possibility of impact because it can
““see’’ the obstacles and then maneuver to avoid them.
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The equation for determining the impact probability, in-
cluding the influence of navigational and reconnaissance
errors on a preprogrammed downward-looker can be
arranged in the same format as the random case [Eq. (2)]. A
parameter o, whose numerical value lies between zero and
unity, can be used to multiply the lethal encounter diameter to
obtain an ‘‘effective” lethal encounter diameter. The
parameter « is a function of the distance between the ob-
stacles and the standard deviation of the reconnaissance and
navigational errors oy g, Where oy z = (d%+0%) " and oy is
the standard deviation of the navigational errors, km, and o,
is the standard deviation of reconnaissance errors, km. That
is, Eq. 2 becomes

_M>R/SX (3)

P=]- <I
Y

The reconnaissance and navigational error factor o can be
estimated by assuming the navigational errors to be normally
distributed about the desired lateral location of the flight path
and the reconnaissance errors to be normally distributed
about the location of the obstacles. For purposes of analysis,
the obstacles are assumed to be exactly equally spaced. In ac-
tual practice, of course, they will be randomly spaced with a
mean distance between obstacles equal to Sy. For a general
flight path position located a fraction b between (N/2) ob-
stacle pairs, o can be determined as

Sy i/f[ ( (n-1+b)zszy)
= ex _
o Prong =i P 263k

(n—b)zszy)]

2
ZON,R

+exp ( - @
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Numerical values of « are given in Fig. 2 for two cases, 1)
where the vehicle is preprogrammed to go exactly halfway
between an obstacle pair (b=0.5), and 2) where the cruise
missile is preprogrammed to go one-quarter of the way bet-
ween the obstacle pair (b=0.25), a case where one attempts to
decrease the flight path deviations required to go halfway bet-
ween obstacles. Note that it is clearly desirable to go halfway
between obstacles when at all possible unless the mean dis-
tance between these obstacles is very great.

If the locations of all obstacles are known with high
precision relative to the mean distance between obstacles S,
the parameter (S/oy z) is larger and « is small, and thus the
probability of hitting the obstacles is small. To make realistic
estimates of the probability of impacting. obstacles, it is
necessary to have statistical data on the mean distance be-
tween obstacles of different heights and to estimate numerical
values of oy .

Using these equations, we can estimate the obstacle-impact
probabilities for several representative cases. Because, in most
instances, accurate obstacle statistics and accurate estimation
of o and oz are not available, the data in the following
paragraphs will be primarily presented in parametric form.

Figure 3 gives the obstacle-impact probability as a function
of the mean distance between obstacles and of the standard
deviation of the navigational and reconnaissance errors, for
the case where the vehicle is flying well below the height of the
obstacles, i.e., v=1. The envelope of the upper curves is the
case where o =unity, i.e., the navigational errors are suf-
ficiently large relative to the mean distance between obstacles
that it makes no difference whether we attempt to go between
obstacles, or simply assume the obstacles are randomly
located and make no attempt to avoid them. Over the
reasonable range of the mean distance between obstacles, and
of the standard deviation of the navigational and recon-
naissance errors, it can be seen therc is a significant
probability of impacting obstacles in a 1000 km flight.

J. SPACECRAFT

1.0 I

0.8f———+- "

4.0 km l
1 [ VR E——
R=120 km
ALTIMETER - ONLY CONTROL

a
= BARE TERRAIN h
= L o =15m o .n.=10
=2 0.6 o1 ) 0.8 radisec; ;=10 " radm
g | 20 dB/dec TERRAIN
2 i 30 m TREES CLEARED BY 15 m
[ Y| SRS N b e
— | i
o 1
= 1
o
= 1
= o -
1
1
0 \
0 10 ) 30 40 50 60 70 80

MEAN FL1GHT ALTITUDE, meters

Fig. 5 Two-dimensional obstacle (tree-lined highways for a 1202
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In order to account for the actual height of the obstacles, it
is necessary to assume some variation of obstacle height and
of the mean distance between obstacles. It is clear that there
are very few, very tall obstacles, but a great many short ob-
stacles. Although there is little actual data from which one can
make an estimate of the relation between obstacle height H g
and mean distance between obstacles of a height greater than
H,,, one reasonable variation is shown in the inset diagram
of Fig. 4. It is believed that if this model errs in any way, it is
probably overly conservative in specifying too few high ob-
stacles. Using the variation of obstacle height and mean
distance between obstacles, one can evaluate the terrain-
following control system histogram for specific con-
figurations and thus determine the impact probabilities as a
function of the mean altitude which it is desired to fly for a
given range. For comparison purposes, the impact
probabilities associated with bare terrain are included in this
figure. The parameter wy given on Fig. 4 is the control system
bandwidth, rad/sec, and 57 is the spatial bandwidth frequen-
cy (the frequency where the power spectral density is 3 dB
down from the asymptotic value at zero frequency) rad/m.
Actual numerical procedures for calculating the bald terrain
impact probabilities will be discussed in the next section. For
flight at very low altitudes, the probabilities of impacting ob-
stacles exceeds the. probability of impacting bald terrain,
especially if the average o over the 1000 km of low altitude is
about 15 m and o r is greater than 1 km.

So far, we have discussed one-dimensional (stand-alone)
obstacles and terrain anomalies. A different type of analysis is
required for two-dimensional obstacles and terrain anomalies.
Two-dimensional obstacles are defined as those obstacles too
wide for the cruise missile flight path to conveniently be
rerouted to go around, thus it is necessary to go over them.
Two-dimensional obstacles are typically power lines, tree-
lined highways, the edge of forests, cliffs, mountain ridges,
and man-made barriers such as steel cables hung between
trees, towers, or barrage balloons.

As an illustrative example of the two-dimensional obstacle
problem, let us assume that tree-lined highways have a mean
spacing of about 8 km for a particular region, 1202°km?. The
trees have an average height of 30 m. The impact probability
as a function of mean flight altitude and standard deviation of
the navigational and reconnaissance errors is given in Fig. 5.
The dotted curves are the terrain-impact probabilities which
will be estimated in the next section. If the standard deviation
of the navigational and reconnaissance errors is more than a
couple of kilometers, then it will be necessary to fly at a mean
flight altitude of at least 45 m for the 1202km? area. The
desirability of having a forward-looking sensor is evident.

Bald Terrain Impact Probability Estimates

This section, provides an analytic estimate of the probability
of impact of a terrain-following cruise missile with a linear
altitude control system having either a downward-looking
(altimeter) or a forward looking sensor. The forward-looking
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sensor enhances the terrain-following capability, since it
provides more anticipation of the terrain to be overflown;
however, such a sensor increases the chance of enemy detec-
tion of the terrain-following missile. '

The probability of impact of a missile equipped with a
second-order control system flying over a terrain whose power
spectral density is of the Butterworth form is investigated,
with special emphasis on the first-order terrain (¢ decreases at
20 dB/dec). The analytic model of the downward-looking
control system is believed to give quite realistic results. The
model for the forward-looker is more approximate, but
should give a conservative estimate of the degree of lower-
altitude flight over bald terrain that is possible with forward-
lookers. Of course, the main advantage of forward-lookers is

that they provide a capability for obstacle avoidance, as .

discussed in the body of this paper. The limitations of the
analytic model for the terrain-following control system with
the forward-looking sensor are carefully discussed.

The probability of impact of a terrain-following cruise
missile can be evaluated analytically, given a statistical model
of the terrain and a linearized version of a missile’s altitude
control system. The linearized altitude control loop is shown
in Fig. 6, where: 1) h(¢) is the altitude (as a function of time,
t) of the missile above a fixed reference; 2) hr(z) is the
altitude of the terrain above the same reference; 3) A, is the
command value of the constant clearance altitude; and 4)
e(ty=hy—[h(t) —hp ()] =hy+hr(t) —h(?) is the altitude
error. The linear look-ahead case can be treated by con-
sidering the control system for which the driving terrain is just
the real terrain displaced by the look-ahead time (Fig. 7) The
primary limitation of this model of the linear look-ahead case
is that it assumes the sensor can “‘look through’’ any in-
tervening terrain.

The impact probability can be calculated from the zero-
crossing theory for random gaussian processes*®. In par-
ticular, we have to evaluate the probability that the altitude
error e(f) crosses the command clearance altitude 4,
[A(r) =hr (1) so that e(r) =h,] with the error slope e’ (£) >
0 for a given flight path of duration T sec. The probability
that e(f) crosses h, with e’ (¢) >0 in the time interval (¢,
t+7), where 7 is small, is given*by

2[R.(0) Re(T)]}

-13/2R,(0) 5)
R.(0)

p(r)= T{
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where R, (1) is the autocorrelation function of the altitude
error, and R,(0) is the variance of the altitude error (¢2). For
small 7, R, (7) can be approximated by

RI(0)7?
Re(T)=Re(0)+R;’(0)T+~T— +... (6)

Since R, () is even, then its derivative, if it exists, must be
equal to zero at the origin. Hence Eq. (5) reduces to

ko)

P =MA= 2~ Roc0)

o-#3/2R,(0) )

where \ is the number of zero crossings per second. Since —
R(0) is the variance of the altitude error rate o2, the terms in
the brackets in expression (7) reduce to (o, /0,) and the well-
known expression for A is obtained. Assuming that the events
of ground impact in a time interval 7 are Poisson-distributed
with mean frequency A, then the probability of # impacts in T
secis [ (AT)"/n!} exp (—AT). The probability of not hitting
the ground in T sec is then exp (—AT). Therefore, the
probability of impact (one or more impacts in T sec) is

T o, = hi
P:I-exp[—-z—7r fexp(—ﬁ)] : 8)
i e e

This relationship can be used to evaluate the impact
probability from simulation data on (hy, o,, o,, T),
assuming the altitude error process is ergodic and both
altitude error and error rate are normally distributed.

Detailed investigations of the probability of impact were
made in Ref. 3 for terrains with power spectral densities of the
Buiterworth form:

K,,U%'/T]T

I+ (n/9r)?" @

e(n) =

where 77 is the terrain-break frquency (rad/m). However, the
probability of impacting a first-order terrain (n = 1) could not
be evaluated in Ref. 3 because the expression for g2, diverges.

The expression for o2 can be made to converge by ap-
proximating the power spectral density of a first-order terrain

with that of a higher-order terrain.

2(1+2¢) *(o%/7)
I+ m/nr)?+e2(g/nr)?

20%/q7
I+ (n/n7)?

e(n) = (10)

Although the approximation to the first-order terrain by
Eq. (10) with e=10"* appears to be reasonable, a com-
putation of the probability of impact as a function of € shows
better agreement is obtained, assuming a value of e=10 ~2. It
should be emphasized that it is difficult to assess the accuracy
of the probability of impact via the approximation [Eq. (10)}]
without the results of the direct method to be presented
below. One would resort to such an approximation only if one
did not realize that a direct estimate was possible.

A more direct method for computing the probability of i 1m-
pact for a first-order terrain is to use the singluar case of the
zero-crossing theory.® In the singular case, where the
derivative R/ (r) is discontinuous at 7=0, Eq. (6) becomes
R, (0)+R,(0%)r. The second-order terms in 7 are neglected
and R,(0%) is the right-side derivative of R, (7). Thus, Eq.
(5) reduces to

_ L [_2RiOT)TY" 42/2R,(0) 1
pin= 5 [~ e an)

If we let =713, then p, =\,7,, where

1 2R, (0T
)\1: l:——*(‘_*)

et ] exp (/2R (0))
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Again, assuming the events of ground impact in time interval
VT to be Poisson-distributed, with mean frequency \;, the
probability of impact becomes

where R, (0) =02 and R, (0o™") is the right-side derivative of
the autocorrelation function of the altitude error.

Now let us compute the probability of impact for a first- '

order terrain as expressed by the power spectral density (Eq.
9) with n=1, K,=2. The autocorrelation function of the
altitude error is given by

1> o
Re(=1 | ec@evrda (13)

where ¢, (w) is the power spectral density of the altitude
error. Note that w=7V rad/sec, where V is the missile
velocity. Since the power spectral density of the output of a
linear system with a transfer function A4 (w) is given by the
product of |4 (w) | ? and the power spectrum of the input, the
power spectral density of the altitude error ¢,(w)=IH,
(w)1?¢(w). H,(w) denotes the transfer function from com-
mand altitude [Ay+ Ay (£)] to altitude error. Note that
H,(w)=1-H(w), where H(w) =G(w)/[I+G(w)] is the
closed-loop transfer function of the control system in Fig. 6.
The autocorrelation function of the altitude error R, (7) for a
second-order control system with transfer function

1

H) = Ve s/an) 11

is evaluated by using Eq. (13) to yield

R, (7) V56 —opip/N2 (wB|Tl >
= @ _‘_‘I,
o3 (14097 ° Nz

(1—-20%)

=2 e (14)

6° -3
where 6= (wp/wr), and ¥ =tan ( FITY)
The derivative of R, (7) as expressed in Eq. (14) is discon-
tinuous at 7= 0. The right-side derivative R;(o* ) is equal to
—wy. Thus, Eq. (12) becomes

1 6% +V260+1\ %
P=]— [——{2 T(——)} Z] 15
KL o BT\ 3902 +1 13

1000_ n (rad/m) SYMBVOL' T 2/,1T

C gt s en= ;(H.)Zﬂ
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Fig. 8 Effect of terrain characteristics.

J. SPACECRAFT

where

_ hy (82 +V20+1)
Z=ex ( 202362 +1))

which is the probability of impact of a terrain-following
missile with a second-order control system flying over a first-
order terrain. To examine the relationship between the com-
mand altitude clearance 4, and the missile normal ac-.
celeration, the expression for the variance of the normal ac-
celeration has to be computed. The power spectral density of
the normal acceleration is given by |H, (w)|%¢(w), where
H,(w) = —w?H(w). Clearly then,

PRI 2
g5= WS-aIH”(w)' o(w)dw (16)

is the variance of the normal acceleration. For a first-order
terrain and a second-order control system, Eq. (16) reduces to

o 8?(1+0.5V26) .
wiod  1+V20+6? a7

which is the normalized variance of normal acceleration.

The relationship between the command altitude and the
normal acceleration variance is evaluated from Egs. (15) and
(17), and is shown in Figs. 8 and 9. Figure 8 gives the dimen-
sional characteristics of the mean clearance altitude and ac-
celeration variance for several different terrains while Fig. 9
gives the normalized command altitude and acceleration
variance for first-order terrain. In Fig. 8 the control frequency
bandwidth is fixed at wg =1 rad/sec, while the terrain-break
frequency 77 is varied from 10 ~* to 10 =3 rad/m. The higher
the terrain-break frequency, the greater the command
clearance altitude (since the mean of altitude error is zero, the
mean clearance altitude is equal to command clearance
altitude A,) necessary to achieve a fixed level of probability of
impact (P=0.01 for a range of 1000 km or P=0.001 for a
range of 100 km). As expected (Fig. 9), the rougher the terrain
(greater standard derivation ¢;), the higher the command
clearance altitude. The command c¢learance altitude and nor-
mal acceleration for a second- and third-order terrain are
derived and shown in Fig. 8 for o7 =30 m.

‘The result is that the increase in command clearance
altitude and normal acceleration with decreasing order terrain
is quite significant. The effect of increasing the probability of
impact on the command altitude is shown by an arrow in Fig.
8. As expected, the lower the command clearance altitude, the
higher the probability of impact.

The varying parameters in Fig. 9 are the control system
break frequency and missile velocity. The acceleration vari-
ance increases with increasing bandwidth of the terrain-
following control system, terrain standard deviation, and
missile velocity. By increasing the control bandwidth, it is
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Fig. 9 Effects of speed and control system bandwidth parameter, wg
(first-order terrain).
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possible to reduce the command altitude, but with a con-
siderable increase in acceleration variance and resulting range
loss. Furthermore, the command altitude increases with in-
creasing missile velocity and associated increase in ac-
celeration variance. '

The probability of impact of a terrain-following missile
with a forward-looking sensor can be approximated by using
the analysis of the previous sections and by driving the control
system with the real terrain displaced by the look-ahead time.
In this case, the closed-loop transfer function of the control
system becomes H{(s)e*?, where ¢, is the look-ahead time
(Fig. 7). The autocorrelation function of the altitude error
[Eq. (13)] becomes, in this case

e

1 .
Re(r) = S_mHo(w)Ho(~w)¢(w)e’”’dw (18)

where H,(w) =1—H (w)e™0, Expression (18) was evaluated
for a first-order terrain [Eq. (9) with n=1] and the second-
order control system, and the normalized variance of the
altitude error becomes

0 1+1.5V26+26°  20%e Tl
ob  14V20+07 1-V20+6°

4\/§0€ —wplp/V2 wp
+WCOS(\/—§Q)+‘I’> 19)

The derivative of R, (7) is discontinuous at 7 =0, with a right-
hand side value of R;(0* )= —wy. Thus, the probability of
impact as expressed by Eq. (12) becomes

1 [ 20T\ " h3/o%
P=1—-¢ [——( ) ex <— )] 20
P 27 \ol/c% P a2/a% 20)

where 02/0% is given by Eq. (19). Equation 20 represents the
probability of impact of a terrain-following missile with a for-
ward-looking sensor and a second-order control system flying
over a first-order terrain. The variance of the normal ac-
celeration for the forward-looking sensor is the same as the
downward-looking altimeter as expressed by Eq. (17), because
the model of the linear look-ahead case assumes the missile is
flying over the look-ahead terrain.

The improvement in the terrain-following capability with a
forward-looking sensor is demonstrated in Fig. 10. As the
look-ahead time increases to 1.5 sec (at Mach=0.7, 1.5 sec
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corresponds to 357 m), the command clearance altitude can be
reduced by a factor of one-half in comparison with the down-
ward-looking case (¢, = 0) for the same probability of impact.

The reason that the command clearance altitude increases
for larger look-ahead times is because of the assumption that
the look-ahead sensor can essentially see through intervening
terrains, resulting in increased impact probability for ex-
tended look-ahead times. In particular, the model for the for-
ward-looking sensor, as described in this section, is limited, in
that the sensor is capable of seeing only the terrain at the look-
ahead interval rather than scanning the terrain in this interval.
Thus, if the terrain at the look-ahead interval has a lower
altitude than the intermediate terrain, the control system will
follow the lower-altitude terrain and the missile will strike the
intermediate terrain. A more realistic model would consider a
control system which has memory regarding the maximum
altitude in the look-ahead interval; however, such a model is
difficult to evaluate by analytic means, but can be investigated
via an extensive computer simulation. Such a simulation has
recently been performed® and resulted in command clearance
altitude about 25% lower than that generated by the method
of this section.

Conclusions

The bald terrain impact probability of a terrain-following
missile with a linear altitude control system, having either a
downward or a forward-looking sensor, has been determined
with emphasis on a terrain whose power spectral density
decays at 20 dB/dec. In this case, previously published
methods could not be used. For a downward-looking altitude
control system bandwidth of 1 rad/sec and a terrain break
frequency of 10 ~* r/m, a cruise missile can be flown (see Fig.
9) with a very low impact probability (0.01 for 1000 km flight)
at a mean clearance altitude of about 0.8 terrain (detrended)
standard deviations at subsonic speeds (M ~0.7) and 1.5
terrain (detrended) standard deviations at supersonic speeds
(M ~3). For faster responding control systems, it is possible
to reduce the mean clearance altitude, but with a considerable
increase in acceleration variance and corresponding range
loss. If one assumes an accurate forward-looking sensor with
a range of about 0.35 km, the mean clearance altitude can be
reduced by a factor of one-half in comparison with a down-
ward-looking case for the same impact probability.

A significant probability exists for a cruise missile flying at
very low altitudes with a downward-looking control system to
impact obstacles for reasonable values of the mean distance
between obstacles and of the reconnaissance and navigational
errors. For example, from Fig. 4 for subsonic flight at an
altitude of 15 m, the probability of impacting an obstacle is
about 0.15 for a standard deviation of navigational and
reconnaissance errors of 1 km, compared to a 0.01 probability
of impacting the bare terrain which has a standard deviation
of 15 m and otherwise meets the terrain and control con-
ditions previously specified.
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