
24th INTERNATIONAL CONGRESS OF THE AERONAUTICAL SCIENCES

INTEGRATION OF SURVIVABILITY ASSESSMENT INTO
COMBAT AIRCRAFT DESIGN FOR OPERATIONAL

EFFECTIVENESS

John P. Fielding, Otsin Nilubol
School of Engineering, Cranfield University, Cranfield Beds

MK43 0AL United Kingdom

Keywords: Survivability, Design Methodology, Operational Effectiveness

Abstract

In this study, a methodology for combat aircraft
design will be introduced by using the Unmanned
Air Vehicle, U-99, as the case study (Fig. 1). The
methodology aims at integration of the surviv-
ability assessment into the early stage of combat
aircraft design for operational effectiveness. By
using the shotline and square counting methods,
the vulnerability probability values of the U-99
can be evaluated. The external shape has been
separated into several simple geometrical shapes
for detection probability prediction. The reliabil-
ity and maintainability values can be predicted
using the Pareto distribution and historical data
analysis. Reliability block diagrams have been
chosen for developing the flight phase probability
in each sortie throughout the mission simulation.
This enables the number of available aircraft to
be found. Several parameters may be varied to
see what effect they have. An optimiser then in-
dicates how effective conceptual design changes
may be on producing optimum effectiveness.

1 Introduction

New generations of combat aircraft need be more
operationally and cost-effective. This paper will
describe the development of a suitable methodol-
ogy for use in aircraft conceptual design, where
most benefits can be produced.

Several aspects and methodologies were con-
sidered, such as Reliability & Maintainability

(R&M); Supportability; Survivability and Life
Cycle Cost (LCC).[1] [2] [3] and [4] have devel-
oped methodologies, designed to integrate mod-
els of aircraft component effectiveness and life
cycle costs into either the conceptual or prelim-
inary design processes. One such methodology
integrates operation simulation and cost estima-
tion into the early design process at the same time
as the other design disciplines, such as Surviv-
ability, Reliability and Maintainability [5]. This
paper describes the extension of this methodol-
ogy to include integration of all necessary design
disciplines, but will concentrate on Susceptibil-
ity, Vulnerability, and Operation Simulation. The
other disciplines will be held as default constant
parameters.

“Bombing Mission” has been chosen as a
baseline for calculation of operational effective-
ness. There are many measures used to evaluate,
how effective an aircraft is, such as sortie rate,
availability rate, targets destroyed. The “Bang
per Buck” philosophy is an alternative objective,
which evaluates the optimal ratio between the to-
tal operational cost and number of destroyed tar-
gets. For this paper, the cost evaluation module
is still not available; thus, the main objective will
be maximum number of successful sorties.

Due to restricted information available to val-
idate the methodology, the Cranfield Unmanned
Air Vehicle, U-99, has been chosen [6] as a case
study (see Fig. 1).
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Fig. 1 Drawing of the Cranfield U-99

2 Methodology

This design methodology is based on two fun-
damental design aspects; the conventional design
process and the system of systems. The conven-
tional design methodology can be divided into
three major phases, ie. Conceptual, Preliminary
and Detail Design [7]. Design parameters for
this methodology will be in the form of the basic
shape and size of airframe and of components.
Aerodynamic variables will be fixed in the con-
ceptual design process, based on traditional per-
formance and mission requirements. Any change
of design parameter, performance and/or mission
requirements in preliminary and/or detail design
stage can result in cost and time problems.

[3] defined an alternative design methodol-
ogy, the operational design aspect, which inte-
grates survivability assessment into the prelimi-
nary design process. By this method an aircraft
is treated as a sub-system of the overall system,
which represents an operation or campaign. Air-
craft performance is measured and used to access
the "goodness" of the system. The aircraft op-
erational effectiveness in the theatre level can be
measured by transforming performance measures
into effectiveness measures, such as probability
of kill, detection, defect arising rate and mean
time between repair.

Fig. 2 shows a proposal for integration of the
conventional design process and operational de-
sign aspects. This methodology intends to in-
tegrate all design aspects into the early design
stage, conceptual and preliminary, with opera-
tional and cost effectiveness considerations.

Fig. 2 Flowchart for operational and cost effec-
tiveness design methodology

3 Operation simulation

The operation simulation Module is the main
trunk of this methodology, as it links all the de-
sign aspects and shares information between de-
sign aspects to evaluate aircraft effectiveness for
a specific mission. For this study, the "Bombing
mission" has been chosen.

[8] calculated the number of available, dam-
aged, or destroyed aircraft directly from mission
probability at the end of sortie and operational
day. The result could be a floating number with
decimal notation. Simple optimisers require re-
sults in integer number form, so [9] used oper-
ation time, t, to check the aircraft status at the
end of sortie, to see whether the aircraft required
maintenance or could return to the fleet.

In this study, a sortie is divided into five
phases, ie Preflight, Outbound, Attack, Inbound
and Postflight Phases. In each phase aircraft have
different flight characteristics and performance,
and also occupy different distances from threats,
thus the probability values of aircraft effective-
ness have to be evaluated separately. The reliabil-
ity block diagram (RBD) technique has been cho-
sen to be used for the calculation of the probabil-
ity values of flight phase success, maintenance,
damage, kill, and so on. Each aircraft will have
separate phase success probability, due to random
encounters. The number of available aircraft in
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each phase, sortie and operation day are thus in
the form of integer numbers.

Fig. 3 Sample of different flight characteristic in
a mission

In the operation simulation module, in each
flight phase the aircraft will have different flight
characteristics, such as the percentage the front
view faces to the threat (See Fig. 3). The result
is that the survivability probability in each flight
phase will be different. An alternative way to
evaluate these values is to use weighting factors
for each view in each flight phase.

Table 1 Percentage of Weighting factors for op-
tion 2 for each view in flight phases

Flight phase Top Right Left Front Rear Bottom
Preflight 25 0 0 75 0 0
Outbound 5 15 15 60 0 5
Attack 15 15 15 40 0 15
Inbound 5 15 15 0 60 5
Postflight 25 0 0 0 75 0

4 Survivability

Aircraft combat survivability is the capability of
an aircraft to avoid and/or withstand a man-made
hostile environment and the survivability assess-
ment process can be divided into several parts to
determine the effectiveness of the aircraft for the
given campaign[10].

Aircraft survivability can be measured by the
parameterPS, the probability of survival, which
in turn is related to the probability of kill,Pk, by
the following equation:

PS = 1−Pk (1)

Aircraft kill probability is the product of two
survivability concepts: susceptibility,PH, and
vulnerability,PK/H.

Pk = PH ·PK/H (2)

The result is that the survivability will be en-
hanced when susceptibility and vulnerability are
reduced as following relationship:

PS = 1−PH ·PK/H (3)

In many combat situations an aircraft might
be shot at several times by one weapon and/or
more. It is assumed that each threat can en-
counter only one aircraft and be independent.
The aircraft mission survivability depends on
number of encounters and type of weapons. An
aircraft can survive from the mission only when
it survives each encounter during the mission,
and the probability the aircraft survives inith en-
counter refers to its(i − 1)th encounter surviv-
ability probability (see figure 4).

Fig. 4 Block diagram for independent encounters
survivability probability

The aircraft survives the encounters when it
survives all shots; therefore the encounter surviv-
ability probability can be determined as follows:

PS|E = PS1PS2PS3 = (1−PK1)(1−PK2)(1−PK3)
= 1−PK|E (4)

If an aircraft encounters several weapon
types; each type has expected numberEi . The
aircraft mission survivability is calculated as fol-
lows:
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PS(mission) = PS(weapon type 1)PS(weapon type 2) · · ·
PS(weapon type I) (5)

where

PS(ith weapon type) = (1−PKi)Ei

= exp(−EiPKi) (6)

4.1 Susceptibility assessment

Susceptibility is the probability that the aircraft
will be detected and be hit. This value is a func-
tion of those things that would make the air-
craft more difficult to be seen and tracked, such
as stealth, maneuverability, tactics, and avionics.
The probability of hit, susceptibility, can be di-
vided into five phases with conditional probabil-
ities, ie. probability of the threat being active
when the aircraft arrives (PA); the probability of
the aircraft being detected given the threat is ac-
tive (PD/A); the probability of the threat weapon
being launched, given the threat is active and de-
tects the aircraft (PL/D); the probability that the
threat weapon intercepts the aircraft given the
threat propagator was launched (PI/L); and the
probability that the threat propagator hits the air-
craft or the proximity warhead fuzes, given the
propagator intercepts the aircraft. The condi-
tional probability of hit is (PH/I or PF/I ).

PH = PAPD/APL/DPI/L(PH/I or PF/I) (7)

4.1.1 Radar cross section

Radar Cross Section (RCS) is a measurement
value used to estimate the size of the aircraft sig-
nature,σ, by using the transmitting and receiv-
ing radar signal collocation. One unit of mea-
surement ofσ is the square meter, and another
is the decibel (dB), where the reference level is
usually1 m2(dBsm). The RCS depends strongly
upon the direction from which the signal arrives
and the direction of the receiving antenna. The
total cross section of a complex aircraft can be
computed by an assembly of simpler shapes and
by a number of techniques of different levels of

complexity [11]. A simple approximation, called
the random phase method, simply averages the
contributions of theσk’s over all possible phase
angles. This leads to the formula:

σtotal =
N

∑
k=1

σk (8)

[12] described the equation and how to cal-
culate the probability of detection (Pd), which
is a function of antenna characteristics such as
Signal-to-Noise Ratio (S/N), Loss factor (L),
probability of false alarm (Pn) and so on. Starting
with the fundamentals of radar systems, theS/N
is a function of target cross section and radar sys-
tem characteristics as:

S
N

=
PG2λ2σ

(4π)3FkTBnL
(9)

whereP is the radar power;G is the gain of
the antenna;λ is radar wave length;σ is target
cross section;FT is the effective noise tempera-
ture; Bn is equivalent received noise bandwidth;
L is the loss factor andk is the Boltzmann’s con-
stant.

Thus the probability of detection can be de-
termined as follows:

Pd = 1−e−S/N
∫ 1

Pn

I0

{√
−4

S
N

ln(u)

}
du (10)

where

Pd = Probability of Detection

S/N = Signal to Noise Ratio

Pn = Probability of False Alarm

I0 = Hyperbolic Bessel Function of zero order

Due to complex integration and the effect
of significant fluctuations in the magnitude ofσ
seen by the radar (the scintillation phenomenon),
an alternative to evaluate the detection probabil-
ity of the target cross section is to use fig.5.

4.1.2 Conditional probability of hit

This probability value depends on the threat
weapon type which intercepts the aircraft, and
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Fig. 5 Probability of Detection[12]

whether it has a contact warhead (PH/I ) or a prox-
imity warhead (PF/I ).

The probability that the aircraft is hit, given
the intercept,PH/I , depends upon the miss dis-
tance and upon the physical size of the aircraft
presented area to the propagator. We assume that
an aircraft has been shot with N propagators at
N locations ofx,y pairs. The distance from the
aircraft aim point to anyx,y pair is the miss dis-
tance for that shot, and the distancesx andy are
the coordinate errors. The frequency of the miss
distanceρ(x,y) can be expressed as:

ρ(x,y) =
1

2πσxσy
exp

(
− (x−µx)2

2σ2
x

− (y−µy)2

2σ2
y

)
(11)

where the meanµx and µy and the standard
deviationsσx andσy relate to the sample means
and variances. For the general aircraft whose ex-
tent in the intercept plane is defined by the two-
dimensional functionL(x,y), the probability of a
propagator hit on the aircraft is given by:

PH/I =
∫∫

L

ρ(x,y)dxdy

=
∫∫

L

1
2πσxσy

exp

(
− (x−µx)2

2σ2
x

− (y−µy)2

2σ2
y

)
dxdy (12)

To compute the probability of the above
equation, two alternative aircraft shape repre-
sentation have been used, the "shoe box" and
"Carlton" or the diffused Gaussian [10]. If circu-
lar symmetry about the aim point is assumed for
the miss distance distribution, and if the aircraft
presented area is taken as a circle of radiusr0 and
σx = σy = σr thePH/I can be estimated from one
of following equations:

Shoe Box

PH/I = 1−exp

(−Ap

2πσ2
r

)
(13)

Carlton

PH/I =
Ap

2πσ2
r +Ap

(14)

whereπr2
0 = Ap.

On the other hand, the propagator with a
proximity warhead does not have to hit the air-
craft to kill it (see Fig. 6). Instead, the aircraft
is killed when the proximity warhead fuzes in a
location that causes one or more warhead frag-
ments or penetrators to hit the aircraft and these
hits are sufficient to kill the aircraft. The num-
ber of fragments that hit the aircraft depends on
the number and the location of the fragment im-
pacts and on the terminal effects parameters, such
as the fragment mass and impact velocity. Once
the number of fragments along the aircraft length
can be evaluated, all fragments will hit the air-
craft. In this case, the probability of fuze,PF/I ,
become value of 1.

n = ρAp (15)

ρ =
N

2πs2(cosφ1−cosφ2)
(16)

wheren is the number of hits on the aircraft,ρ
is the average number of fragments per unit area
of fragment spray, knows as the fragment spray
density,Ap is the aircraft presented area at the
aspect,N is the total number of fragments in the
warhead,s is distance from detonation point to
the fragment spray, andφ1 andφ2 are the leading
and trailing fragment spray angles.

4.2 Vulnerability assessment

Vulnerability is the probability that the aircraft
will be killed if hit; and is a function of detailed
aircraft configurations, including specific arma-
ment, system locations and redundancies. Air-
craft consist of many components, and each in-
dividual component has a level of vulnerability,
thus each component’s vulnerability contributes
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Fig. 6 Assumed encounter with a horizontally
moving Aircraft [13]

in some measure to the overall vulnerability of
the aircraft [10]. There are four major cate-
gories for calculating the probability of the vul-
nerability value. These are the shotline assess-
ment technique, vulnerable area assessment, in-
ternal burst assessment, and endgame analysis.
For this study, the third and the fourth categories
will not be considered because the threat in this
study is limited to the penetrator and single frag-
ment damage mechanisms.

4.2.1 Shotline

[9] used the Shotline technique with the solid
modelling CAD technique to evaluate aircraft kill
probability. A planar grid was superimposed over
the aircraft and parallel shotlines from the threat
direction were passed towards the grid nodes. A
list of the penetrated components was generated.
These components were then used to quantify the
aircraft kill probability, based on the threat inten-
sity and direction.

4.2.2 Vulnerable Area

Vulnerable area is a theoretical threat-presented
area that, if hit by a damage mechanism, would
result in an aircraft kill. The vulnerable area of
the ith component,Avi depends on the presented
area of the component in the plane normal to
the approach direction of the threat (Api ) and the
probability of kill of the component, given a hit
on the component (Pk/hi

) as following:

Avi = Api ·Pk/hi
(17)

The kill probability of the ith component
given a random hit on the aircraftPk/Hi

is the
product of the probability the component is hit,
given the hit on the aircraftPh/Hi

and the proba-
bility that the component is killed, given a hit on
the componentPk/hi

. Thus:

Pk/Hi
=

Avi

Ap
(18)

This form of vulnerability assessment is the
simplest to perform and was chosen for this
study.

4.2.3 Kill probability of aircraft using the vul-
nerable area method

The calculation of the probability value of air-
craft kill (Pk/H), is the summation of the kill prob-
ability values of each critical component. The
Pk/H for each view aspect is slightly different
because of the projected area of critical compo-
nents, location of overlapped critical component
and probability of kill of critical components.

By using a less critical component as a shield
and duplicating the critical components are alter-
natives of vulnerability reduction enhancement.
One of the difficulties in vulnerability assessment
is estimation ofPk/hi

, it needs experiment or great
experience. Therefore, thePk/hi

values used in
this study are set up as default (see Table 2).

Table 2 DefaultPk/h values
Critical component Pk/h

Pilot 1.0
Fuel 0.3
Engine 1 0.6
Engine 2 0.7
Avionic 0.8

By using a Markov chain, or the state transi-
tion matrix method, the kill probability of mul-
tiple hits by fragment or nonexplosive penetra-
tors can be calculated. This method can handle
the problem of redundancy by assuming no in-
crease in theith component probability of kill,
Pk/hi

. The sum of the elements of state vector

S( j) is unity and the kill probability of aircraft
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given j hits is defined by the states that specify
either a kill of any of the nonredundant compo-
nents (Knrc) or a kill of the members of the sets
of redundant components (Krc).

{S}( j) =





Knrc
ke1
ke2

...
Krc
NK





( j)

= [T]{S}( j−1)(19)

and
P( j)

K/H = Knrc( j) +Krc( j) (20)

The proximity-fuzed high explosive warhead
produces primary damage from blast and high ve-
locity fragments or penetrators generated by the
detonation. The blast effect in this study is not
considered due to external detonation and com-
plexity of estimation. On the other hand, the frag-
ment effect depends on detonation distance, num-
ber of fragments, velocity and direction of mis-
sile and aircraft. The Markov chain, binomial ap-
proximation and Poisson approach may be used
to determine the probability of an aircraft being
killed after being hit byN fragments. The bi-
nomial approximation, based the distribution of
fragments in a fragment spray zone, assumes that
the number of fragments that hit the aircraft is a
random number. TheN hits by the Poisson ap-
proach are assumed to be uniformly distributed
over a spray zone.

5 Reliability & Maintainability

Reliability can be quantified as the probability
of successfully completing the mission without
failure, and maintainability concerns the ability
to be maintained. The probabilities of reliability
and maintainability values are evaluated and inte-
grated into the operation simulation module. Due
to lack of system and component details during
the conceptual and preliminary design stage, his-
torical data were statistically analysised and used
to develop prediction techniques.

[14] developed equations to estimate defect
rate (DR) and defect man-hour rate (DMHR) of

thirteen main systems for both combat aircraft
and jet airliners. The method chose two design
parameters for each system based on correlation
and technical relationships. On the other hand,
[9] used the Pareto distribution to predict the to-
tal aircraft failure rate (FR) and established equa-
tions for the highest and lowest failure-rate fig-
ures, and the number of system per aircraft.

The difficulties in estimating reliability are
design age and advanced technology factors of
aircraft systems; therefore those effects will not
be considered in this study. From data in [9] and
[14] the 40:70 Pareto distribution has been found
and used to predict the total failure rate. This
means that 40% of total systems led to 70% of
the total aircraft failure rate (See Fig. 7).

The scheduled maintenance effort is based
mainly on aircraft mass and thrust [15]; unfor-
tunately this effort will not be of concern in this
study due to the simulating war time not peace-
time operations .

Fig. 7 Pareto distribution for system failure rates

6 Life Cycle Cost

Life Cycle Cost (LCC) can be divided into five
major portions, ie. research, development, test
and evaluation (RDT&E); production; ground
support equipment and initial spares (GSE&IS);
operation; and disposal cost. [4] showed that
around 70% of the total LCC of the last gener-
ation of combat aircraft is spent on the operation
and support costs. It also described the method-
ology used to minimise combat aircraft life cy-
cle cost in peace time through conceptual design.
Most cost models in this work were based on
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aircraft, systems and components mass; thrust;
number of aircraft and personnel factors.

The operation and support costs include op-
eration (mission) personnel; support personnel;
service allowances, personnel support, and train-
ing; unit level consumption; contract costs for
airframe, avionics and propulsion; sustaining
support funds; and basing overheads and upkeep.
For the current study, some modifications will be
done to establish the appropriate operation and
support cost models.

Maintainability effort is one of the largest el-
ements of operation and support costs, and it is
also particularly difficult to predict at the con-
ceptual design stage due to lack of detailed sys-
tems and component information. [15] presented
a methodology to predict the cost of maintenance
from the total arising maintenance effort and the
total scheduled inspection and maintenance ef-
fort, and this approach will be used.

7 Methodology optimisation approach - Ge-
netic Algorithms

Due to the integer number of objective values, the
gradient-based optimisation method is not appro-
priate to this study. An alternative is the genetic
algorithm method (GA). This search methodol-
ogy is based on the mechanics of natural selec-
tion and natural genetics. They combine survival
of the fittest among string structures with a struc-
tured yet randomized information exchange, to
form a search algorithm with some of the innova-
tion flair of human search methods. In every gen-
eration, a new set of artificial creatures (string)
is created using bits and pieces of the fittest of
the old; an occasional new part is tried for good
measure [16].

[17] provides a program library in the C++
langauge, and offers several methods of stop cri-
terion, such as number of generations, goodness-
of-best solution, convergence-of-population, and
also can be self defined problem-specific crite-
rion. This library was used for optimising the op-
eration simulation module.

8 Results with the U-99 Test Model

Once the RCS of the U-99 had been calculated as
0.00610207m2, the probability of detection and
probability of hit for both for penetrator and ex-
ternal explosion could be evaluated and then fed
into the operation simulation module. The proba-
bility of detection and probability of hit were then
held as constants throughout the simulation.

Table 3 shows the results of the U-99 kill
probability given a hit by a single penetrator with
and without the shielding effect of critical com-
ponent overlapped area. In the shielded effect
case, the overlapped critical component will sur-
vive after the first hit and decrease itsPk/hi

by
10%. The result is a reduction of aircraft kill
probability and vulnerable area.

Table 3 Kill probability of U-99 by single pen-
etrator with weighting factor option 2 in attack
phase

View No shielding effect Shielding effect
Top 0.05876994 0.05902689
Right 0.21187566 0.12471783
Left 0.21187566 0.12471783
Front 0.25742697 0.20224718
Rear 0.25742697 0.17752809
Bottom 0.05876994 0.05902689
Total 0.18416446 0.13602222

In the operation simulation, each aircraft en-
counters two different main threats; nonexplosive
and external explosive threats. The number of
encounters and the detonation distances in each
phase, and for each aircraft are random. Table 4
shows an example for the kill probability of U-99
by encounters from the two main threats.

Fig. 8 shows the effect of weighting factors
on the total number of sorties flown, successful
sorties and complete sorties. The weighting fac-
tors vary the percentage of exposure of the air-
craft to each of six main views and will vary ac-
cording to flight phases (see Table 1 for an ex-
ample of option 2). The Option 5 produces more
successful sorties because the aircraft is flown in
attack phase such that there was less exposure of
the top and bottom views. These views have high
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Table 4 Kill probability of U-99 with shielding
effect of overlapped area for different Threats for
weighting factor option 2 in attack phase

View
Non Explosive External Explosive
1 Hit 20 Hits 14 m 140 m

Top 0.0584 0.7402 0.9984 0.0629
Right 0.1247 0.9423 0.9089 0.0236
Left 0.1247 0.9423 0.9089 0.0236
Front 0.2022 0.9915 0.9559 0.0307
Rear 0.1775 0.9861 0.9355 0.0270
Bottom 0.0584 0.7402 0.9984 0.0629
Total 0.1358 0.9013 0.9545 0.0382

susceptibility but low vulnerability, thus the for-
mer dominates.

Fig. 8 Result from Operation Simulation module
with different weighting factor options

Fig. 9 shows option 2 results from the GALib
optimisation program. The maximum of 169 suc-
cessful sorties is produced with a probability of
detection of 0.409442.

Fig. 9 Result from Optimisation with GALib

9 Conclusion

Alternative ways to increase survivability proba-
bility value are to use less critical components as
shields, and to increase performance of the air-
craft to achieve better weighting factors.

This study has shown that the effects of sur-
vivability and weighting factors on the number
of successful sorties, complete sorties and sorties
flown in the operation simulation. There are other
important effects, such as reliability & maintain-
ability, which have not been modeled.

Integer objective values can be evaluated by
genetic algorithm optimisation; unfortunately the
result are given in the form of a range instead of
an exact value.

Future developments of this methodology
will search for and integrate the relationships
between other design aspects and survivability,
such as reliability and life cycle cost. This will
increase the effectiveness of the design method-
ology, to give a fuller representation of realistic
aircraft operations.
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