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(54) WEAPON SYSTEM INTEGRATION

(57)  Acomputer-implemented method of generating,
in an aircraft in flight, a feasibility display indicative of a

feasibility of a weapon carried on the aircraft successfully

engaging a target and/or a feasibility of a weapon carried
onthetarget successfully engaging the aircraft, the meth-
od comprising:

providing a database describing a performance envelope
of the weapon;

creating coefficients characteristic of that performance
envelope using a generic algorithm, wherein the generic
algorithm has the form of a polynomial, by steps includ-
ing:

a) generating candidate polynomials, the variables of the
polynomials being some or all of a group of weapon or
aircraft firing condition parameters;

b) for each candidate polynomial, computing coefficients

for that candidate polynomial which best fit that candidate

polynomial to a characteristic of the performance enve-
lope of the weapon using a criterion of least square error;
c) for each candidate polynomial, generating a candidate
score according to the quality of the fit of that candidate
polynomial to the characteristic of the performance en-
velope of the weapon;

d) applying a genetic algorithm to the candidate polyno-
mials and scores including selecting the best scoring pol-
ynomial(s) and discarding the other polynomial(s), there-
by identifying a best candidate polynomial and coeffi-
cients thereof; and

e) repeating said identifying process until all the required
characteristics of the performance envelope have corre-
sponding polynomial models;

uploading, to the aircraft, the coefficients of the identified
best candidate polynomial; and

selecting, by a reconstructor on the aircraft containing
the same generic algorithm, the coefficients for the ge-
neric algorithm according to conditions of the aircraft and
the target; and

using the selected coefficients, generating, by the recon-
structor, the feasibility display;

characterised by:

wherein step d) applying the genetic algorithm to the can-
didate polynomials and scores comprises:

i) defining a set of orders and/or types of the candidate
polynomials and dividing the defined set of orders and/or
types into a plurality of sub-sets thereof;

ii) iteratively applying the genetic algorithm concurrently
over the plurality of sub-sets of the defined set of orders
and/or types of the candidate polynomials, including it-
eratively applying the genetic algorithm over the varia-
bles of the polynomials for each order and/or type of the
respective sub-set thereof and saving the resulting re-
spective coefficients and scores thereof; and

ii) selecting the best scoring polynomial(s) using the
saved coefficients and scores and discarding the other
polynomial(s), thereby identifying the best candidate pol-
ynomial and coefficients thereof.
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Description
FIELD
[0001] This invention relates to the integration of sys-

tems and, more particularly, to the integration of weapons
on complex, highly integrated aircraft.

BACKGROUND

[0002] Integration of a weapon system with the other
systems on an aircraft is a complex and lengthy task, as
it affects all the major aircraft systems. Accordingly, there
is a requirement to improve weapon integration time and
affordability.

[0003] One of the requirements of weapon integration
is to enable the display of information to the aircraft pilot
as to whether or not a weapon is capable of successfully
engaging a particular target. For this purpose, weapons
are usually grouped into two categories, weapons de-
signed to engage targets on the ground (air to ground
weapons) and weapons designed to engage targets in
the air (air to air weapons). In the case of air to ground
weapons, a Launch Acceptability Region (LAR) is calcu-
lated, being the region where the probability of success-
fully engaging or hitting a selected target is above some
threshold value. The LAR s calculated in order to provide
cockpit displays in the launch aircraft indicating the fea-
sibility of successfully engaging the target, and is a func-
tion of the weapon performance characteristics, the rel-
ative positions and motions of the aircraft and the target,
and often ambient conditions such as wind speed and
direction.

[0004] For an air-to-air weapon, a Launch Success
Zone (LSZ) is calculated, indicative of the probability of
successfully engaging a selected air target being above
some threshold value. Again, the LSZ is used to provide
a cockpit display indicating whether the weapon is capa-
ble of successfully engaging the target. However, calcu-
lation of an LSZ is more complicated than the calculation
of an LAR because the relative speeds and directions of
travel of the launch aircraft and the target are much great-
er, the effects of ambient conditions are greater, and also
the physical properties of the weapons in flight are more
significant on the calculation.

[0005] The conventional approach has been to create
asimple, abstract model of the weapon, which is modified
according to the launch conditions (taking into account
the aircraft and target conditions (e.g. range, direction
and speed of travel, etc.) and the ambient conditions).
The model is used on board the aircraft to generate the
LAR or LSZ for display to the pilot. A disadvantage of the
conventional approach is that each model, for each dif-
ferent weapon type, is different. Storing the data relating
to several different implicit models consumes significant
storage capacity, and each model has to be comprehen-
sively integrated to ensure that there is no adverse effect
on any of the aircraft systems. Further, if there are any
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changes or modifications made to a weapon (such as an
improvement in performance) or if it is necessary to load
the aircraft with a completely new weapon, a lengthy and
expensive integration process has to be conducted be-
cause the weapon model is substantially different to an-
ything previously integrated with the aircraft systems.

SUMMARY

[0006] According to a first aspect of the present inven-
tion, there is provided a computer-implemented method
of generating, in an aircraft in flight, a feasibility display
indicative of a feasibility of a weapon carried on the air-
craft successfully engaging a target and/or a feasibility
of a weapon carried on the target successfully engaging
the aircraft, the method comprising:

providing a database describing a performance en-
velope of the weapon;

creating coefficients characteristic of that perform-
ance envelope using a generic algorithm, wherein
the generic algorithm has the form of a polynomial,
by steps including:

a) generating candidate polynomials, the varia-
bles of the polynomials being some or all of a
group of weapon or aircraft firing condition pa-
rameters;

b) for each candidate polynomial, computing co-
efficients for that candidate polynomial which
best fit that candidate polynomial to a charac-
teristic of the performance envelope of the
weapon using a criterion of least square error;

c) for each candidate polynomial, generating a
candidate score according to the quality of the
fit of that candidate polynomial to the character-
isticofthe performance envelope of the weapon;

d) applying a genetic algorithm to the candidate
polynomials and scores including selecting the
best scoring polynomial(s) and discarding the
other polynomial(s), thereby identifying a best
candidate polynomial and coefficients thereof;
and

e) repeating said identifying process until all the
required characteristics of the performance en-
velope have corresponding polynomial models;

uploading, to the aircraft, the coefficients of the iden-
tified best candidate polynomial; and

selecting, by a reconstructor on the aircraft contain-
ing the same generic algorithm, the coefficients for
the generic algorithm according to conditions of the
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aircraft and the target; and

using the selected coefficients, generating, by the
reconstructor, the feasibility display;

characterised by:
wherein step d) applying the genetic algorithm to the
candidate polynomials and scores comprises:

i) defining a set of orders and/or types of the
candidate polynomials and dividing the defined
set of orders and/or types into a plurality of sub-
sets thereof;

ii) iteratively applying the genetic algorithm con-
currently over the plurality of sub-sets of the de-
fined set of orders and/or types of the candidate
polynomials, including iteratively applying the
genetic algorithm over the variables of the pol-
ynomials for each order and/or type of the re-
spective sub-setthereof and saving the resulting
respective coefficients and scores thereof; and

iii) selecting the best scoring polynomial(s) using
the saved coefficients and scores and discard-
ing the other polynomial(s), thereby identifying
the best candidate polynomial and coefficients
thereof; and

wherein selecting, by the reconstructor on the aircraft
containing the same generic algorithm, the coeffi-
cients for the generic algorithm according to condi-
tions of the aircraft and the target comprises select-
ing, by the reconstructor on the aircraft containing
the same generic algorithm, the coefficients for the
generic algorithm, if the aircraft and the target are
within the performance envelope of the weapon, ac-
cording to the conditions of the aircraftand the target.

[0007] In this way, the method significantly improves
weapon integration time and cost. In more detail, typically
a genetic algorithm proceeds in an iterative manner by
generating new populations of strings from old ones. Eve-
ry string is the encoded version of a tentative solution.
An evaluation function associates a fithess measure to
every string indicating its suitability to the problem. The
algorithm applies stochastic operators such as selection,
crossover and mutation on an initially random population
in order to compute a whole generation of new strings.
The inventors have identified that these algorithms may
be adapted for use on multiple processor workstations
or distributed systems with transparent process migra-
tion. Every fitness evaluation and adaptation operation
may be performed within a separate process i.e. concur-
rently. In the case of a trivial fitness function, it is likely
that not much improvement in the evolution’s speed will
be observed because of the level of overhead. However,
for weapon aiming and many tasks on certain systems,
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this is obviously time consuming, reflecting the ad hoc
nature of the solution process. The accuracy of the fitting
depends on the complexity of the performance envelope.
To represent the performance envelope accurately and
achieve the required accuracy for the whole or a subset
of the envelope large data sets may be required. As the
data size increase, the amount of computation and the
processing time grow faster. The benefits of having the
fitness evaluations occur in parallel are significant.
[0008] In order to apply genetic algorithms to a partic-
ular application, an internal representation of the space
to be searched is selected and an external function that
assigns a fitness value to candidate solutions is defined.
The inventors have adapted the genetic algorithm to par-
allelise over the many polynomial orders (also known as
degrees) and input parameters that the genetic algorithm
has to run. Each run tests several parameter combina-
tions of polynomial order and inputs, reporting on the
execution time, memory and flops operations for the final
model requirement to solve the problem for each param-
eter combination, as described below in more detail.
[0009] The method can be used for different weapon
types, and a respective set of coefficients may be easily
determined for each weapon type e.g. for each of a plu-
rality of different firing conditions (i.e. aircraft and target
conditions). The aircraft and target conditions may in-
clude but are not limited to one or more of their relative
positions, distances, directions of movement, speeds
and ambient atmospheric conditions. The weapon or air-
craft firing condition parameters may include, but are not
limited to, parameters such as aircraft velocities, aircraft
height, aircraft attitude, slant range to target, target ve-
locities, target height, line of sight azimuth, target pitch
and aspect angles, and wind speed. The weapon or air-
craft firing condition parameters may include, but are not
limited to relative velocities and directions of travel of the
launch aircraft and the target and those of the weapon
relative to the target.

[0010] Advantageously, the above described generic
polynomial/algorithm may be used (e.g. simultaneously)
by multiple different types of aircraft. In other words, dif-
ferent types of aircraft may use the same generic algo-
rithm to calculate LARs/LSZs. Also, the same generic
algorithm may be used to calculate LARs/LSZs for dif-
ferent weapon types. Thus, aircraft software comprising
the generic polynomial and means for allowing loading
of coefficients for each weapon loaded on aircraft is pro-
duced only once. The software algorithm and coeffi-
cients, forany given weapon, are the same for any aircraft
type. This tends to be different to conventional method-
ologies in which, although common tools may be used
for polynomial and coefficient generation, both the soft-
ware (including an algorithm/polynomial) and coefficients
are generated for every weapon type and every time the
weapon performance is changed. This need to rewrite
the software and the certification of it tends to be partic-
ularly costly. The above described method and system
advantageously tend to provide that the aircraft software
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does not have to be rewritten and hence no new certifi-
cation is required.

[0011] In some embodiments, each aircraft within a
fleet comprising a plurality of different aircraft is loaded
with the same, common generic polynomial. When a
weapon is loaded onto an aircraft in the fleet, the specific
coefficients corresponding to that weapon may also be
loaded onto that aircraft. This tends to be in contrast to
conventional systems in which, although the tools for
generating LAR/LSZs may be common across multiple
different aircraft, when a weapon is loaded onto an air-
craft, both a polynomial/algorithm and corresponding co-
efficients for generating LAR/LSZs are generated for that
aircraft and weapon load-out.

[0012] The coefficients can be implemented as loada-
ble data so as to allow accurate and precise weapon
behaviour to be implemented within the weapon system.
Also, using one or only a few generic algorithms would
allow different weapon systems to be cleared or certifi-
cated/qualified for use with the aircraft with reduced effort
and more quickly than with the extensive testing which
is required with conventional approaches. Thatis, a min-
imal number of generic weapon aiming algorithms may
be used in order to take account of all weapon types.
[0013] The use of generic algorithms for weapon aim-
ing also enables increases or significant changes in
weapon system capability to be integrated with the air-
craft systems with significantly less effort than heretofore.
[0014] By determining a feasibility of a weapon carried
on the target successfully engaging the aircraft, it is dis-
played whether or not, or to what extent, the aircraft is at
risk of being successfully engaged by a weapon carried
by a hostile target. This calculation of opposing
LSZs/MEZs and allows better assessment of engage-
ments. This in turn could lead to confident predictions of
advantage and likely outcome of engagements.

[0015] Advantageously, the above aspects provide a
generic polynomial/algorithm that may be used (e.g. si-
multaneously) by multiple different types of aircraft. Dif-
ferent types of aircraft may use the same generic algo-
rithm to calculate LARs/LSZs. Also, the same generic
algorithm may be used to calculate LARs/LSZs for dif-
ferent weapon types. Thus, aircraft software comprising
the generic polynomial and means for allowing loading
of coefficients for each weapon loaded on aircraft is pro-
duced only once. The software algorithm and coeffi-
cients, forany given weapon, are the same for any aircraft
type. This tends to be different to conventional method-
ologies in which, although common tools may be used
for polynomial and coefficient generation, both the soft-
ware (including an algorithm/polynomial) and coefficients
are generated for every weapon type and every time the
weapon performance is changed. This need to rewrite
the software and the certification of it tends to be partic-
ularly costly. The above described method and system
advantageously tend to provide that the aircraft software
does not have to be rewritten and hence no new certifi-
cation is required.
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[0016] In one example, iteratively applying the genetic
algorithm concurrently over the plurality of sub-sets of
the defined set of orders and/or types of the candidate
polynomials comprises iteratively applying the genetic
algorithm concurrently over the plurality of sub-sets of
the defined set of orders and/or types of the candidate
polynomials on respective processors and/or different
threads.

[0017] In this way, iteratively applying the genetic al-
gorithm concurrently is enhanced since the genetic al-
gorithm is iteratively applied on the respective threads
and/or processors.

[0018] Inone example, iteratively applying the genetic
algorithm over the variables of the polynomials for each
order and/or type of the respective sub-set thereof com-
prises:

selecting combinations of the variables of the poly-
nomials for each order and/or type of the respective
sub-set thereof; and

iteratively applying the genetic algorithm over the se-
lected combinations of the variables of the polyno-
mials for each order and/or type of the respective
sub-set thereof.

[0019] In this way, the genetic algorithm is iteratively
applied over the selected combinations of the variables
(also known as inputs) of the polynomials, for example
only to the selected combinations of the variables of the
polynomials, thereby accelerating the method.

[0020] Inone example, iteratively applying the genetic
algorithm over the selected combinations of the variables
of the polynomials for each order and/or type of the re-
spective sub-set thereof comprises iteratively applying
the genetic algorithm concurrently over the selected com-
binations of the variables of the polynomials for each or-
der and/or type of the respective sub-set thereof.
[0021] In this way, the genetic algorithm is iteratively
applied over the selected combinations of the variables
of the polynomials for each order and/or type of the re-
spective sub-set thereof concurrently, thereby acceler-
ating the method.

[0022] Inone example, iteratively applying the genetic
algorithm concurrently over the selected combinations
of the variables of the polynomials for each order and/or
type of the respective sub-set thereof comprises itera-
tively applying the genetic algorithm concurrently over
the selected combinations of the variables of the polyno-
mials for each order and/or type of the respective sub-
set thereof on respective threads and/or processors.
[0023] In this way, iteratively applying the genetic al-
gorithm concurrently is enhanced since the genetic al-
gorithm is iteratively applied on the respective threads
and/or processors.

[0024] Inone example, iteratively applying the genetic
algorithm concurrently over the plurality of sub-sets of
the defined set of orders and/or types of the candidate
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polynomials, including iteratively applying the genetic al-
gorithm over the variables of the polynomials for each
order and/or type of the respective sub-set thereof and
saving the resulting respective coefficients and scores
thereof comprises conditionally iteratively applying the
genetic algorithm concurrently over the plurality of sub-
sets of the defined set of orders and/or types of the can-
didate polynomials, including iteratively applying the ge-
netic algorithm over the variables of the polynomials for
each order and/or type of the respective sub-set thereof
and saving the resulting respective coefficients and
scores thereof.

[0025] In this way, iteratively applying the genetic al-
gorithm concurrently over the plurality of sub-sets of the
defined set of orders and/or types of the candidate pol-
ynomials is conditional, for example upon not meeting a
predetermined threshold, thereby accelerating terminat-
ing of an iteration, for example.

[0026] In one example, conditionally iteratively apply-
ing the genetic algorithm concurrently over the plurality
of sub-sets of the defined set of orders and/or types of
the candidate polynomials comprises terminating apply-
ing the genetic algorithm over the variables of the poly-
nomials for each order and/or type of the respective sub-
set thereof if the respective scores do not meet a thresh-
old.

[0027] Inoneexample,the threshold is predetermined.
[0028] In one example, the method comprises deter-
mining the threshold based on a previous score.

[0029] In this way, applying the genetic algorithm over
the variables of the polynomials for each order and/or
type of the respective sub-set thereof is terminated if the
respective scores do not meet a previous score i.e. do
not improve a fit.

[0030] In one example, the types of the candidate pol-
ynomials of the set thereof include univariate polynomi-
als, multivariate polynomials and modifications thereof.
Other polynomial types are known.

[0031] Inone example, the orders of the candidate pol-
ynomials of the set thereof are in a range from 1 to 100,
preferably in a range from 2 to 25, more preferably in a
range from 3 to 10, most preferably in a range from 5 to
9, for example 5, 6, 7, 8, 9.

[0032] In one example, the generic polynomial (i.e.
wherein the generic algorithm has the form of a polyno-
mial) is of the form:

Mp
_ Pimn ,.P2mn
Yn = Z AmnXy Xy
m=1

where:

amn representthe m coefficients required to compute
output n;
{x4 ...xpj} represent the normalised inputs;
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{¥4 ---yni} represent the outputs; and
P1mn represents the power (exponent) of the x; var-
iable of the mtf term of the nt" polynomial.

[0033] Inone example, the best candidate polynomial
is of the form:

Pim pzm Psm
Yy = zamyl y3

where:
I
y, = Z o xi’il x§21x§31
i=1
J
P1j p2] Psj
=Y
J
— Z kxpik szx§3k .
[0034] In one example, the order of the generic poly-

nomial is 3 or greater. In one example, the order of the
generic polynomial is in a range from 10 to 25, for exam-
ple 20. Surprisingly, the inventors have found that using
ageneric algorithm with an order of around 20 adequately
describes most air-to-air engagements accurately in an
appropriate runtime for on-aircraft implementation. Nev-
ertheless, the generic algorithm may have an order great-
er than 2.

[0035] Inone example, step b) for each candidate pol-
ynomial, computing coefficients for that candidate poly-
nomial which best fit that candidate polynomial to the
characteristic of the performance envelope of the weap-
on using the criterion of least square error comprises: 1)
generating an initial population of candidate polynomials;
2) for each candidate polynomial, computing a set of co-
efficients which fit that polynomial to the performance
envelope according to one or more criteria; and 3) for
each candidate polynomial and respective set of coeffi-
cients, computing a score function indicative of the quality
of the fit of that candidate polynomial and that set of co-
efficients to the performance envelope; and 4) recursively
applying a genetic algorithm to the set of candidate pol-
ynomials until one or more criteria are met, including re-
taining at least the best scoring polynomial and discard-
ing the other polynomial(s). In one example, the outputs
of the retained polynomial(s) are a layer of a Self-Organ-
ising Polynomial Neural Network and are used to provide
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inputs for creating higher order candidate polynomials.
In one example, these steps are iterated on the higher
order candidate polynomials. In one example, a final re-
sult is obtained from the path ending with the best can-
didate score.

[0036] In one example, the target comprises and/or is
an aircraft. In one example, the feasibility display is in-
dicative of a Launch Success Zone of the aircraft and/or
the target.

[0037] In one example, the target comprises and/or is
a ground-based target. In one example, the feasibility
display is indicative of a Launch Acceptability Region of
the aircraft and/or a Missile Engagement Zone of the tar-
get.

[0038] Inone example, step b) for each candidate pol-
ynomial, computing coefficients for that candidate poly-
nomial which best fit that candidate polynomial to the
characteristic of the performance envelope of the weap-
on using the criterion of least square error comprises:

generating an initial population of candidate polyno-
mials;

for each candidate polynomial, computing a set of
coefficients which fit that polynomial to the perform-
ance envelope according to one or more criteria (e.g.
a least squares criterion);

for each candidate polynomial and respective set of
coefficients, computing a score function indicative of
the quality of the fit of that candidate polynomial and
that set of coefficients to the performance envelope;
and

recursively applying a genetic algorithm to the set of
candidate polynomials until one or more criteria are
met, including retaining at least the best scoring pol-
ynomial and discarding the other polynomial(s).

[0039] Inone example, the outputs of the retained pol-
ynomial(s) are a layer of a Self-Organising Polynomial
Neural Network and are used to provide inputs for cre-
ating higher order candidate polynomials. In one exam-
ple, these are iterated until a final result having the best
candidate score is obtained.

[0040] In one example, the performance envelope of
the weapon is the weapon’s performance, for example
the minimum envelope defining the weapon’s perform-
ance, when the weapon is implemented on the aircraft.
In one example, the performance envelope of the weap-
on is the weapon’s respective performance when the
weapon is implemented on aircraft of different aircraft
types. In one example, the method comprises acquiring
respective performance envelopes for one or more dif-
ferent aircraft types, for example for a plurality of different
aircraft types.

[0041] In one example, the method comprises deter-
mining the performance envelope using a plurality of air-
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craft performance envelopes, including determining a
performance envelope defining the performance of all of
the different aircraft types (i.e. a "maximum aircraft per-
formance envelope"), and, using the performance enve-
lope that is representative of the performance of all of
the different aircraft types and the weapon performance
envelope, determining a performance envelope defining
the weapon’s performance when that weapon is imple-
mented on each of the different aircraft types. In one ex-
ample, the performance envelope is the minimum sized
envelope that defines the weapon’s performance when
that weapon is implemented on each of the different air-
craft types.

[0042] In some aspects, a database is generated by:
defining the range of conditions for which the weapon
may be required to be fired, the range of aircraft condi-
tions for which it is feasible for the aircraft to fire the weap-
on and the range of weapon conditions for which it is
feasible to fire the weapon; generating data indicative of
the weapon performance for each weapon firing possi-
bility from within the defined ranges; and creating a da-
tabase defining the weapon'’s overall performance enve-
lope. The coefficients may then be determined from this
database and the generic polynomial. In this way the da-
tabase can be generated on a ground-based system, so
that the aircraft system needs the capacity only to store
the generic polynomial and process the coefficients with
the aircraft and target conditions in order to generate the
feasibility display. Thus, the amount of data stor-
age/processing capacity required on the aircraft tends to
be reduced.

[0043] The coefficients can be implemented as loada-
ble data so as to allow accurate and precise weapon
behaviour to be implemented within the weapon system.
Also, using one or only a few generic algorithms would
allow different weapon systems to be cleared or certifi-
cated/qualified for use with the aircraft with reduced effort
and more quickly than with the extensive testing which
is required with conventional approaches.

[0044] The step of uploading, to the aircraft, the gen-
erated coefficients may be performed when the weapon
is loaded as an aircraft store. When loading a new weap-
on store, to integrate the weapon and aircraft aiming sys-
tem, the coefficients associated with that weapon may
be uploaded to the aircraft at the same time as the weap-
on. Preferably, the coefficients are stored on a hardware
device with the weapon, and the device is connected to
the aircraft to upload the coefficient data as the weapon
is loaded.

[0045] In this way, a Capability Filter (CF) is provided
that finds the limits of the capable envelope of a weapon
system in any chosen region of the engagement enve-
lope and examines the feasibility of weapon engagement
for current launch conditions - i.e. for finding out if the
current firing is inside or outside the "hit zone" for the
weapon. This offers the prospect of classifying large,
highly dimensional spaces using relatively concise mod-
els, thus saving in both processing and storage for the
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host system. Firstly, the capability filter assesses whether
ornotthe weapon has capability. Secondly, if the weapon
has capability, the relevant LSZ/LAR parameters are
then estimated.

[0046] Inoneexample, the method comprises inferring
if the aircraft and the target are within the performance
envelope of the weapon, according to the conditions of
the aircraft and the target, using a trained machine learn-
ing model, for example a trained neural network.
[0047] In this way, whether or not the aircraft and the
target are within the performance envelope of the weap-
on, according to the conditions of the aircraft and the
target, may be determined.

[0048] In one example, the method comprises training
the machine learning model using training data of per-
formance envelopes of respective weapons, according
to conditions of respective aircraft and respective targets.
[0049] In this way, the machine learning model may be
trained using training data of performance envelopes of
respective weapons, according to conditions of respec-
tive aircraft and respective targets.

[0050] Inoneexample,the method compriseslabelling
the training data based on if the respective aircraft and
the respective target are within the performance enve-
lope of the respective weapon, according to the condi-
tions of the respective aircraft and the respective target.
[0051] In this way, the training data may be labelled,
for example capability = 1 while no capability = 0.
[0052] Inone example, the method comprises creating
respective coefficients characteristic of the performance
envelopes using the generic algorithm, by steps including
identifying respective best candidate polynomials from a
plurality of candidate polynomials, the variables of the
polynomials being some or all of a group of respective
weapon or aircraft firing condition parameters.

[0053] In this way, the respective coefficients are cre-
ated for the training data, for example in the same way
as for the performance envelope of the weapon.

[0054] In one example, inferring if the aircraft and the
target are within the performance envelope of the weap-
on, according to the conditions of the aircraft and the
target, using the trained machine learning model, com-
prises thresholding a result of the inferring.

[0055] In this way, a binary output, for example capa-
bility = 1 while no capability = 0, may be determined from
the result of the inferring.

[0056] In one example, selecting, by the reconstructor
on the aircraft containing the same generic algorithm, the
coefficients for the generic algorithm, if the aircraft and
the target are within the performance envelope of the
weapon, according to the conditions of the aircraft and
the target, comprises selecting, by the reconstructor on
the aircraft containing the same generic algorithm, the
coefficients for the generic algorithm, if the aircraft and
the target are currently within the performance envelope
of the weapon.

[0057] In this way, the coefficients for the generic al-
gorithm are selected if the aircraft and the target are cur-
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rently within the performance envelope of the weapon,
thereby optimising the coefficients for the generic algo-
rithm and hence improving determination of the feasibility
of the weapon carried on the aircraft successfully engag-
ing a target and/or the feasibility of a weapon carried on
the target successfully engaging the aircraft according
to the conditions of the aircraft and the target.

[0058] Inone example, selecting, by the reconstructor
on the aircraft containing the same generic algorithm, the
coefficients for the generic algorithm, if the aircraft and
the target are within the performance envelope of the
weapon, according to the conditions of the aircraft and
the target, comprises selecting, by the reconstructor on
the aircraft containing the same generic algorithm, the
coefficients for the generic algorithm, only if the aircraft
and the target are within the performance envelope of
the weapon.

[0059] In this way, the coefficients for the generic al-
gorithm are selected only if the aircraft and the target are
within the performance envelope of the weapon, thereby
optimising the coefficients for the generic algorithm and
hence improving determination of the feasibility of the
weapon carried on the aircraft successfully engaging a
target and/or the feasibility of a weapon carried on the
target successfully engaging the aircraft according to the
conditions of the aircraft and the target.

[0060] Inone example, selecting, by the reconstructor
on the aircraft containing the same generic algorithm, the
coefficients for the generic algorithm, if the aircraft and
the target are within the performance envelope of the
weapon, according to the conditions of the aircraft and
the target, comprises selecting, by the reconstructor on
the aircraft containing the same generic algorithm, the
coefficients for the generic algorithm, while the aircraft
and the target are within the performance envelope of
the weapon.

[0061] In this way, the coefficients for the generic al-
gorithm are selected while the aircraft and the target are
within the performance envelope of the weapon, thereby
optimising the coefficients for the generic algorithm and
hence improving determination of the feasibility of the
weapon carried on the aircraft successfully engaging a
target and/or the feasibility of a weapon carried on the
target successfully engaging the aircraft according to the
conditions of the aircraft and the target.

[0062] Inone example, selecting, by the reconstructor
on the aircraft containing the same generic algorithm, the
coefficients for the generic algorithm, if the aircraft and
the target are within the performance envelope of the
weapon, according to the conditions of the aircraft and
the target, comprises repeatedly selecting, by the recon-
structor on the aircraft containing the same generic al-
gorithm, the coefficients for the generic algorithm, if the
aircraft and the target are within the performance enve-
lope of the weapon.

[0063] In this way, the coefficients for the generic al-
gorithm are repeatedly, for example periodically (e.g. ms
timescale) or intermittently, selected if the aircraft and



13 EP 4 235 082 A1 14

the target are within the performance envelope of the
weapon, thereby repeatedly optimising the coefficients
for the generic algorithm and hence improving determi-
nation of the feasibility of the weapon carried on the air-
craft successfully engaging a target and/or the feasibility
of a weapon carried on the target successfully engaging
the aircraft according to the conditions of the aircraft and
the target.

[0064] In one example, selecting, by the reconstructor
on the aircraft containing the same generic algorithm, the
coefficients for the generic algorithm, if the aircraft and
the target are within the performance envelope of the
weapon, according to the conditions of the aircraft and
the target, comprises deselecting, by the reconstructor
on the aircraft containing the same generic algorithm, the
coefficients for the generic algorithm, if the aircraft and
the target are no longer within the performance envelope
of the weapon.

[0065] In this way, the feasibility display is not gener-
ated by the reconstructor if the aircraft and the target are
no longer within the performance envelope of the weap-
on.

[0066] In one example, the types of the candidate pol-
ynomials of the set thereof include univariate polynomi-
als, multivariate polynomials and modifications thereof.
Other polynomial types are known.

[0067] Inone example, the orders of the candidate pol-
ynomials of the set thereof are in a range from 1 to 100,
preferably in a range from 2 to 25, more preferably in a
range from 3 to 10, most preferably in a range from 5 to
9, for example 5, 6, 7, 8, 9.

[0068] Inone example, the generic polynomial is of the
form:
My,
— Pimn .Pomn
Yn = Z TmnX1 X
m=1
where:

amn representthe m coefficients required to compute
output n;

{x1 ...xn;} represent the normalised inputs;

{y4 ...yn} represent the outputs; and

P1mn represents the power (exponent) of the x, var-
iable of the mth term of the nth polynomial.

[0069] In one example, the best candidate polynomial
is of the form:

Pim pzm Psm
Yy = zamyl y3

where:
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[0070] In one example, the order of the generic poly-
nomial is 3 or greater. In one example, the order of the
generic polynomial is in a range from 10 to 25, for exam-
ple 20. Surprisingly, the inventors have found that using
ageneric algorithm with an order of around 20 adequately
describes most air-to-air engagements accurately in an
appropriate runtime for on-aircraft implementation. Nev-
ertheless, the generic algorithm may have an order great-
er than 2.
[0071] Inone example, step b) for each candidate pol-
ynomial, computing coefficients for that candidate poly-
nomial which best fit that candidate polynomial to the
characteristic of the performance envelope of the weap-
on using the criterion of least square error comprises: 1)
generating an initial population of candidate polynomials;
2) for each candidate polynomial, computing a set of co-
efficients which fit that polynomial to the performance
envelope according to one or more criteria; and 3) for
each candidate polynomial and respective set of coeffi-
cients, computing a score function indicative of the quality
of the fit of that candidate polynomial and that set of co-
efficients to the performance envelope; and 4) recursively
applying a genetic algorithm to the set of candidate pol-
ynomials until one or more criteria are met, including re-
taining at least the best scoring polynomial and discard-
ing the other polynomial(s). In one example, the outputs
of the retained polynomial(s) are a layer of a Self-Organ-
ising Polynomial Neural Network and are used to provide
inputs for creating higher order candidate polynomials.
In one example, these steps are iterated on the higher
order candidate polynomials. In one example, a final re-
sult is obtained from the path ending with the best can-
didate score.
[0072] In this way, the method significantly improves
weapon integration time and cost. In more detail, typically
a genetic algorithm proceeds in an iterative manner by
generating new populations of strings from old ones. Eve-
ry string is the encoded version of a tentative solution.
An evaluation function associates a fithess measure to
every string indicating its suitability to the problem. The
algorithm applies stochastic operators such as selection,
crossover and mutation on an initially random population
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in order to compute a whole generation of new strings.
The inventors have identified that these algorithms may
be adapted for use on multiple processor workstations
or distributed systems with transparent process migra-
tion. Every fitness evaluation and adaptation operation
may be performed within a separate process i.e. concur-
rently. In the case of a trivial fitness function, it is likely
that not much improvement in the evolution’s speed will
be observed because of the level of overhead. However,
for weapon aiming and many tasks on certain systems,
this is obviously time consuming, reflecting the ad hoc
nature of the solution process. The accuracy of the fitting
depends on the complexity of the performance envelope.
To represent the performance envelope accurately and
achieve the required accuracy for the whole or a subset
of the envelope large data sets may be required. As the
data size increase, the amount of computation and the
processing time grow faster. The benefits of having the
fitness evaluations occur in parallel are significant.Ac-
cording to a second aspect of the presentinvention, there
is provided a system for generating in an aircraft in flight,
a feasibility display indicative of a feasibility of a weapon
carried on the aircraft successfully engaging a target
and/or a feasibility of a weapon carried on the target suc-
cessfully engaging the aircraft, the computer, the system
comprising a first computer, comprising a memory and
a processor, remote from the aircraft and a second com-
puter, comprising a memory and a processor, onboard
the aircraft;

wherein the first computer is configured to:

provide a database describing a performance enve-
lope of the weapon;

create coefficients characteristic of that performance
envelope using a generic algorithm, wherein the ge-
neric algorithm has the form of a polynomial, by steps
including:

a) generating candidate polynomials, the varia-
bles of the polynomials being some or all of a
group of weapon or aircraft firing condition pa-
rameters;

b) for each candidate polynomial, computing co-
efficients for that candidate polynomial which
best fit that candidate polynomial to a charac-
teristic of the performance envelope of the
weapon using a criterion of least square error;

c) for each candidate polynomial, generating a
candidate score according to the quality of the
fit of that candidate polynomial to the character-
isticofthe performance envelope of the weapon;

d) applying a genetic algorithm to the candidate
polynomials and scores including selecting the
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best scoring polynomial(s) and discarding the
other polynomial(s), thereby identifying a best
candidate polynomial and coefficients thereof;
and

e) repeating said identifying process until all the
required characteristics of the performance en-
velope have corresponding polynomial models;

upload, to the second computer, the coefficients of
the identified best candidate polynomial;

wherein the second computer is configured to:

select, by a reconstructor containing the same
generic algorithm, the coefficients for the gener-
ic algorithm according to conditions of the air-
craft and the target; and

using the selected coefficients, generate, by the
reconstructor, the feasibility display;

characterised by:

wherein step d) applying the genetic algorithm
to the candidate polynomials and scores com-
prises:

i) defining a set of orders and/or types of the
candidate polynomials and dividing the de-
fined set of orders and/or types into a plu-
rality of sub-sets thereof;

ii) iteratively applying the genetic algorithm
concurrently over the plurality of sub-sets
of the defined set of orders and/or types of
the candidate polynomials, including itera-
tively applying the genetic algorithm over
the variables of the polynomials for each or-
der and/or type of the respective sub-set
thereof and saving the resulting respective
coefficients and scores thereof; and

iii) selecting the best scoring polynomial(s)
using the saved coefficients and scores and
discarding the other polynomial(s), thereby
identifying the best candidate polynomial
and coefficients thereof; and

wherein the second computer is configured to
select, by the reconstructor containing the same
generic algorithm, the coefficients for the gener-
ic algorithm according to conditions of the air-
craft and the target, if the aircraft and the target
are within the performance envelope of the
weapon, according to the conditions of the air-
craft and the target.



17 EP 4 235 082 A1 18

[0073] Inoneexample,the system comprises a display
for displaying the feasibility display.

[0074] Accordingto a third aspect of the presentinven-
tion, there is provided an aircraft comprising the second
computer according to the second aspect.

[0075] According to a fourth aspect of the present in-
vention, there is provided a computer, comprising a proc-
essor and a memory, configured to implement a method
according to the first aspect.

[0076] According to a fifth aspect of the presentinven-
tion, there is provided a computer program comprising
instructions which, when executed by a computer, com-
prising a processor and a memory, cause the computer
to perform a method according to the first aspect.
[0077] According to a sixth aspect of the present in-
vention, there is provided a non-transient computer-read-
able storage medium comprising instructions which,
when executed by a computer, comprising a processor
and a memory, cause the computer to perform a method
according to the first aspect.

BRIEF DESCRIPTION OF THE FIGURES

[0078] Embodiments of the invention will now be de-
scribed by way of example only with reference to the
figures, in which:

Figures 1A and 1B schematically depict a Launch
Acceptability Region (LAR) for an air-to-surface
weapon;

Figure 2 schematically depicts a Launch Success
Zone (LSZ) for an air-to-air weapon;

Figure 3 schematically depicts a system according
to an exemplary embodiment;

Figure 4 schematically depicts the system of Figure
3, in more detail;

Figure 5 schematically depicts the system of Figure
3, in more detail, showing construction of the
SOPNN;

Figure 6 schematically depicts the system of Figure
3, inmore detail, showing GA-SOPNN parallelisation
over the many polynomial order and input parame-
ters;

Figure 7 schematically depicts the system of Figure
3, in more detail;

Figure 8 schematically depicts the system of Figure
3, in more detail, showing GA-SOPNN models ap-
plication for classifying weapon capability and for
LSZ/LAR parameters estimation in the region of the
engagement; and

Figure 9 schematically depicts the system of Figure
3, in more detail, showing a Polynomial Neural Net-
work Based Capability Filter.

DETAILED DESCRIPTION

[0079] Figure 1A schematically depicts the LAR in the
plane of flight of a launch aircraft 1 flying along a flight
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path 3in respect of atarget 5 for an air-to-surface weapon
(notshown)loaded on the aircraft. The LAR is calculated
to provide cockpit displays in the launch aircraft 1 con-
cerning the feasibility and firing opportunities for the sit-
uation. Figure 1B schematically depicts the display gen-
erated for the LAR of Figure 1A, which is in the form of
a down range and cross range display (shaded area),
where the weapon flight path 7 coincides with the aircraft
flight path 3; to successfully engage the target 5 as shown
in the display, the target must fall inside the shaded LAR.
As the aircraft 1 moves in the downrange direction, the
displayed LARis bounded by the minimum and maximum
ranges, R, and R,

[0080] In addition to the LAR for the launch aircraft 1,
a Missile Engagement Zone (MEZ) for the target 5 may
be determined and displayed to the pilot of the aircraft 1.
This MEZ may indicate a region in which the likelihood
of a ground-to-air weapon (e.g. a missile) carried by the
target 5 successfully intercepting the aircraft 1 is above
a threshold value.

[0081] The LSZ shown in Figure 2 is the region where
the probability of an air-to-air weapon hitting an airborne
target T is above a threshold level. Calculation of the LSZ
is more complicated than for the LAR, because a greater
number of factors are involved, such as the relative ve-
locities and directions of travel of the launch aircraft and
the target, and those of the weapon relative to the target.
Also, the shape of the LSZ is more complex than that of
the LAR; as with the LAR, there are maximum and min-
imum ranges, R,,;, and R,,.,, between which the target
T can be successfully engaged, but there is a zone
bounded by R, within which the target T cannot be
engaged successfully because it is outside the capability
of the weapon to manoeuvre and hit the target when the
launch aircraft is so close to the target, given the speeds
and directions of travel of the launch aircraft and the tar-
get T. In this example, the LSZ further includes a so-
called "no escape range" Rye. The zone bounded by Ry e
and R,,;, is a zone in which the likelihood of the Target
T successfully evading the weapon is below a threshold
likelihood. This range may be determined using perform-
ance parameters of the weapon, the launch aircraft 1 and
the target T. As is known in the art, there are two LSZs,
one for the launch aircraft to engage the target 7 and the
other for the target to engage the launch aircraft.
[0082] Itis often a requirement to calculate the LAR or
LSZ for an engagement to display to the crew of the
launch aircraft information regarding the feasibility, or
likelihood of success, of the engagement, and to aid fire
control and steering decisions. The traditional approach
has been to create a simple, abstract model of the weap-
on that has parameters defined by the launch conditions;
this model is then used on board the launch aircraft to
generate the LAR, LSZ, or MEZ and the appropriate dis-
play.

[0083] Traditional Weapon Aiming Process usually in-
volve bespoke design, implementation and qualification
for every weapon/platform combination. Bespoke ap-
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proachis extremely costly and time intensive. Even minor
changes in weapon performance trigger complex loops
around the bespoke process. Such process was also
subject to limited on board computational capacity. How-
ever, todays platforms have passed the critical capacity
limit. In order to improve weapon integration time and
affordability, the inventors have developed a Data Driven
Weapon Integration (DDWI) approach that uses a gener-
ic algorithm, which can be "customised" for a particular
weapon by using a unique set of data coefficients. In
doing so, DDWI breaks the dependency on the bespoke
model for weapon aiming creation. It reduces avionics
life cycle cost and improves timescales delivering a sig-
nificant saving, and offers flexibility in service to "tune"
and/or "sanitise" weapon aiming performance. The mis-
sion data coefficients uploaded onto the platform are de-
rived from a sophisticated multi-dimensional weapon
model. Performing parallel computations on multicore
computers, GPUs, and computer clusters let the inven-
tors solve such computationally and data-intensive prob-
lems, unlock more performance and reduction in
processing time.

[0084] Figure 3 schematically depicts a system ac-
cording to an exemplary embodiment. The DDWI has
three elements:

*  Fitting Toolset, an office based design tool for Mis-
sion Systems engineers to turn weapon truth data
into a set of weapon coefficients;

¢ Data loaded coefficients, a common format that can
be software build/theatre/mission data loaded into
different platforms for the same weapon; and

¢ Common on board algorithm, which can represent
any weapon on any platform and only becomes
weaponised when coefficients are loaded.

[0085] Figure 4 schematically depicts the system of
Figure 3, in more detail, and is divided between those
processes 11 which are carried out on the ground and
the processes 13 which are carried out on the launch
aircraft 1. The system is for generating in an aircraft in
flight, a feasibility display indicative of a feasibility of a
weapon carried on the aircraft successfully engaging a
target and/or a feasibility of a weapon carried on the tar-
get successfully engaging the aircraft, the computer, the
system comprising a first computer, comprising a mem-
ory and a processor, remote from the aircraft and a sec-
ond computer, comprising a memory and a processor,
onboard the aircraft.

[0086] The first computer 11 is configured to: provide
a database describing a performance envelope of the
weapon; create coefficients characteristic of that per-
formance envelope using a generic algorithm, wherein
the generic algorithm has the form of a polynomial, by
stepsincluding: a) generating candidate polynomials, the
variables of the polynomials being some or all of a group
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of weapon or aircraft firing condition parameters; b) for
each candidate polynomial, computing coefficients for
that candidate polynomial which best fit that candidate
polynomial to a characteristic of the performance enve-
lope of the weapon using a criterion of least square error;
c) for each candidate polynomial, generating a candidate
score according to the quality of the fit of that candidate
polynomial to the characteristic of the performance en-
velope of the weapon; d) applying a genetic algorithm to
the candidate polynomials and scores including selecting
the best scoring polynomial(s) and discarding the other
polynomial(s), thereby identifying a best candidate poly-
nomial and coefficients thereof; and e) repeating said
identifying process until all the required characteristics
of the performance envelope have corresponding poly-
nomial models; upload, to the second computer, the co-
efficients of the identified best candidate polynomial.
Step d) applying the genetic algorithm to the candidate
polynomials and scores comprises: i) defining a set of
orders and/or types of the candidate polynomials and
dividing the defined set of orders and/or types into a plu-
rality of sub-sets thereof; ii) iteratively applying the ge-
netic algorithm concurrently over the plurality of sub-sets
of the defined set of orders and/or types of the candidate
polynomials, including iteratively applying the genetic al-
gorithm over the variables of the polynomials for each
order and/or type of the respective sub-set thereof and
saving the resulting respective coefficients and scores
thereof; and iii) selecting the best scoring polynomial(s)
using the saved coefficients and scores and discarding
the other polynomial(s), thereby identifying the best can-
didate polynomial and coefficients thereof.

[0087] In more detail, the core of the DDWI is the off-
line coefficient generator 21. The coefficient generator
21 identifies coefficients for the generic algorithm to make
it 'fit' the performance envelope shape. The form of the
generic algorithm is usually decided in advance e.g. any
polynomial equation of degree (i.e. order) up to n. The
coefficient generator 21 receives the true performance
envelope and calculates coefficients for the generic al-
gorithm. The coefficients ‘fit’ the generic algorithm to the
performance envelope shape.

[0088] The estimation and fitting process uses a Ge-
netic Algorithm for self-organising polynomial neural net-
work approach. It calculates the sets of coefficients that
would allow the geometric shapes of LAR/LSZ regions
to be modelled (and subsequently reconstructed) by
standard polynomial "algorithms", see Figure 5. It uses
an evolutionary technique called Genetic Algorithm as
the central mechanism for Self-Organising Polynomial
Neural Network (GA-SOPNN), and automating the der-
ivation of a number of polynomial model’s coefficients
within each layer. The process involves the following
steps:

1. Create an initial population of candidate polyno-
mials, of different order with inputs comprising some
or all of the firing parameters, in which each polyno-
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mial function is a unique solution to the problem;

2. Compute coefficients to fit these candidates to the
weapon performance envelope for the chosen char-
acteristic of the LAR/LSZ; using the criterion of least-
squares error;

3. Compute a score function for each candidate;

4. Improve this population recursively using a Ge-
netic Algorithm:

a) Retain the best scoring candidates;
b) Reject the worst candidates;

c) "Breed" a new population with randomly cho-
sen combinations of characteristics drawn from
the best group;

5. Iterate until it stops improving or it meets your ac-
curacy criteria;

6. The result is the first layer of a Self-Organising
Polynomial Neural Network (SOPNN);

7. Each subsequent layer of the SOPNN takes the
best outputs of the previous layer as its inputs, and
then proceeds as described above;

8. The effect is to create higher-order candidate pol-
ynomials for consideration;

9. Optimisation within the new layer uses the same
Genetic Algorithm as before;

10. Layers are added until improvement stops or
reaches the maximum layer as set by the user;

11. Only the single best polynomial and coefficient
set of interest - i.e. the output of the final layer with
the best score;

12. All other outputs of the final layer are rejected;

13. Allnodes in the lower layers that do not contribute
to the best polynomial are rejected.

[0089] In order to apply genetic algorithms to a partic-
ular application, an internal representation of the space
to be searched is selected and an external function that
assigns a fitness value to candidate solutions is defined.
The inventors have adapted the genetic algorithm to par-
allelise over the many polynomial orders and input pa-
rameters that the genetic algorithm has to run, as shown
in Figure 6. Each run tests several parameter combina-
tions of polynomial order and inputs, reporting on the
execution time, memory and flops operations for the final
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model requirement to solve the problem for each param-
eter combination, as described below in more detail.
[0090] In this example, the polynomial is parameter-
ized into a string of binary string comprising three param-
eters (also known as sub-chromosones):

1st parameter is order;
2nd parameter is number of inputs; and

3rd parameter identifies which inputs are used by
that polynomial.

[0091] In this example, iteratively applying the genetic
algorithm over the variables of the polynomials for each
order and/or type of the respective sub-set thereof com-
prises:

selecting combinations of the variables of the poly-
nomials for each order and/or type of the respective
sub-set thereof; and

iteratively applying the genetic algorithm over the se-
lected combinations of the variables of the polyno-
mials for each order and/or type of the respective
sub-set thereof.

[0092] Inthisexample, the genetic algorithm starts with
an initial population of randomly generated strings and
hence a corresponding initial population of randomly gen-
erated polynomials (orders, inputs). Each polynomial is
scored using a least squares fit and the best polynomials
are selected. These best polynomials are mutated by
switching the binary in the corresponding strings to mod-
ify (orders, inputs). The modified strings are used to gen-
erate new polynomials in a new layer of the SOPNN. The
order of the polynomial increases from layer to another.
[0093] In this example, iteratively applying the genetic
algorithm over the selected combinations of the variables
of the polynomials for each order and/or type of the re-
spective sub-set thereof comprises iteratively applying
the genetic algorithm concurrently over the selected com-
binations of the variables of the polynomials for each or-
der and/or type of the respective sub-set thereof.
[0094] In this example, iteratively applying the genetic
algorithm concurrently over the plurality of sub-sets of
the defined set of orders and/or types of the candidate
polynomials comprises iteratively applying the genetic
algorithm concurrently over the plurality of sub-sets of
the defined set of orders and/or types of the candidate
polynomials on respective processors and/or different
threads.

[0095] In this example, iteratively applying the genetic
algorithm concurrently over the selected combinations
of the variables of the polynomials for each order and/or
type of the respective sub-set thereof comprises itera-
tively applying the genetic algorithm concurrently over
the selected combinations of the variables of the polyno-
mials for each order and/or type of the respective sub-
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set thereof on respective threads and/or processors.
[0096] In this example, the maximum polynomial order
is capped and the maximum number inputs is capped.
Capping the maximum order and number of inputs
means that the randomly generated polynomials during
the GA training can be of any order and inputs up to their
maximum values respectively. In this example, the re-
spective coefficients for each polynomial order are com-
puted by individual processors. In this example, the re-
spective coefficients for each input for each polynomial
order are computed by individual processors.

[0097] Parallelising the operation of the GA-SOPNN
itself will/allow us to unlock more performance, as shown
in Figure 7. By allocating NUM_THREADS for each proc-
ess, individual solution in the population can be divided
between threads. For example, for a GA population of
100 individuals, and 4 CPU cores, the 100 iterations
would be divided into 4 so thread 0 would do 1-25, thread
1 26-50 and so on, which result in the GA-SOPNN algo-
rithm do the work about 4 times faster.

[0098] In more detail, the processes 11, 13 begin with
the generation of the data space, which is the range of
conditions over which the weapon performance envelope
is to be defined; this is effected by a data space generator
15, and depends on the ranges of conditions: for which
it is required to fire the weapon (which is defined by the
weapon user/operator); for which it is feasible to fire ac-
cording to the launch aircraft capability, and for which it
is feasible to fire according to the weapon capability/per-
formance.

[0099] In this example, the data space generator 15
comprises data which describes performance parame-
ters for each of a plurality of different aircraft types. Dif-
ferent types of aircraft may have different capabilities
from one another, thus, for example, aircraft having the
same or similar capabilities may be regarded as being
the same "aircraft type". Different types of aircraft may
be different models or makes of aircraft and/or may have
different manufacturers. Different types of aircraft may
have different operational parameters (maximum speed,
maximum altitude, g limit, etc.). Different types of aircraft
may be configured for different purposes or function (e.g.
bombers, fighters, re-fuelling etc.). These aircraft per-
formance envelopes may be supplied by the aircraft man-
ufacturers or through testing. The plurality of different
aircraft types includes the type of the launch aircraft 1
and, preferably, the target aircraft T. The performance
parameters for each of the aircraft types may include,
but are not limited to, a maximum achievable altitude, a
maximum achievable g-force, and a maximum achieva-
ble climb angle. The values of the performance param-
eters for different types of aircraft may be different from
one another. For example, a first type of aircraft may
have a maximum altitude of 45,000ft whereas a second
type of aircraft may have a maximum altitude of 55,000ft,
and so on.

[0100] In this example, the data space generator 15
further comprises data which describes performance pa-
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rameters for each of a plurality of different weapon types,
e.g. different weapons that may be loaded onto to the
launch aircraft or may be expected to be carried by a
hostile target. These weapon performance envelopes
may be supplied by the weapon manufacturers or
through testing. The plurality of different weapon types
includes the type of the weapon that is carried by the
launch aircraft 1 and, preferably, the target. The perform-
ance parameters for each of the weapon types may in-
clude, but are not limited to, a maximum altitude at which
the weapon may be released, a maximum g-force at
which the weapon may be released, and release mech-
anism of the weapon. The values of the performance
parameters for different types of weapon may be different
from one another. For example, a first type of weapon
may be able to be released up to an altitude of 35,000ft,
whereas a second type of weapon may be able to be
released up to an altitude of 45,000ft, and so on.
[0101] The data space generator 15 may define the
release, weather and commanded impact conditions for
training and verification sets which are run by a truth data
generator 17.

[0102] The truth data generator 17 determines the
weapon performance for each firing case in the data
space; this depends on the weapon performance model
which is usually provided by the weapon manufacturer.
[0103] The productofthe truth data generator 17 is the
truth database 19, which is a set of data specifying, for
each weapon type, the further weapon performance en-
velope for each of a plurality of exemplary weapon firings.
The truth data generator 17 may produce the training and
verification sets which are used by a coefficient generator
21.

[0104] Conventionally, the truth database is used as a
model which can be employed onboard the launch air-
craft in order to generate the feasibility of engagement
displays (LAR or LSZ, as appropriate).

[0105] In this example, the coefficient generator 21 re-
ceives the further weapon performance envelopes stored
by the truth database 19 and calculates, for each weapon
type and for each example weapon firing, coefficients
according to a generic LAR/LSZ algorithm 23 that "fit"
the generic algorithm to the further weapon performance
envelope shape.

[0106] What will now be described is a method of de-
termining coefficient values that fit a generic algorithm to
the performance envelope of a particular weapon type
and particular example weapon firing. It will be appreci-
ated that in reality, a set of coefficients is determined for
each of the weapon types for each of the example weap-
on firings.

[0107] Inthis method the coefficientgenerator21 starts
by creating an initial set of candidate polynomials whose
variables are some or all of the weapon or aircraft firing
condition parameters. Each of the candidate polynomials
is a unique solution the fitting problem. Some or all of the
candidate polynomials may have different order, or di-
mension, from some or all of the other candidate poly-
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nomials. For each candidate polynomial, a set of coeffi-
cients is then computed that best "fit" that candidate pol-
ynomial to the weapon performance envelope. This may
be done using a criterion of least square error or any
other fitting method. For each candidate polynomial, a
score indicative of the quality of this fit is then computed.
[0108] The number of inputs 27 and the form of each
polynomial descriptor, PD Layer Node, are determined
by an optimisation method known as the Genetic Algo-
rithm. The Genetic Algorithm is applied to the candidate
polynomials and scores. In this example, the best scoring
polynomials are retained and the other (i.e. worst scoring)
polynomials are rejected. New candidate polynomials
that have similar features to the retained candidate pol-
ynomials are then created to replace the rejected ones
(e.g. by 'breeding’ and 'mutating’ the retained candidate
polynomials). A set of coefficients and score values are
then calculated for this new generation of candidates,
and so on.

[0109] The Genetic Algorithm is repeated until im-
provement in the scores of the best candidates ceases
or some other criteria are satisfied. The result is the first
layer, Layer 1, of a Self-Organising Polynomial Neural
Network (SOPNN).

[0110] The whole process is then repeated with the
outputs of the first layer providing the inputs to create a
second layer, Layer 2, of the SOPNN. The new layer has
the effect of creating higher-order candidate polynomials
and coefficients for consideration. The selection of poly-
nomials in the new layer is again governed and optimised
by the Genetic Algorithm.

[0111] Layersare added tothe SOPNN in this way until
improvementin the scores of the best candidates ceases
or some other criteria are satisfied. A completed network
comprising two layers is represented in Figure 5. The
final network is obtained recursively from the path ending
at the output node with the best score in the final gener-
ation of candidates (the "Optimum Solution"). Any node
with no connection to this path is discarded as shown in
Figure 5, where nodes which contribute to the optimal
solution are lightly shaded and discarded nodes are
black.

[0112] As described above, the inventors have adapt-
ed the genetic algorithm to parallelise over the many pol-
ynomial orders and input parameters that the genetic al-
gorithm has to run.

[0113] The best single candidate polynomial and co-
efficient set is identified and stored. This process is re-
peated until all the required characteristics of the
LAR/LSZ have corresponding polynomial models. In oth-
er words, the process is repeated until, for each firing
condition, and for each weapon type, a polynomial model
fitted to the further weapon performance envelope for
that weapon type and firing condition is generated.
[0114] The generic LAR/LSZ algorithm is predeter-
mined, and in this example, the generic polynomial is, as
described previously, of the form:
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[0115] In this example, the best candidate polynomial
is, as described previously, of the form:

M
— Pim . P2m ., Pzm
y—zamy1 Yo Yz e
n=1

[0116] In this example, the order of the generic poly-
nomial is in a range from 10 to 25, for example 20.
[0117] Referring again to Figure 4, the output of the
coefficient generator 21 is the set of coefficients which
is loaded onto the launch aircraft by a data uploader.
Following this step, the onboard processes 13 comprise
a reconstructor 25, which brings together the generic
LAR/LSZ algorithm 23 (which is held in the aircraft sys-
tems) and the uploaded coefficients, so as to reconstruct
the LAR, LSZ, or MEZ for a particular engagement by
selecting the appropriate algorithm and coefficients for
the current launch conditions (i.e. the weapon or aircraft
firing conditions).

[0118] Once the LAR, LSZ, or MEZ has been recon-
structed for a particular engagement by the systems on-
board the aircraft, the LAR, LSZ, or MEZ is displayed by
conventional means onboard the aircraft. In this example,
in operation, when the launch aircraft 1 engages with a
hostile target aircraft T, the reconstructor 25 onboard the
launch aircraft 1 may select, from the uploaded coeffi-
cients, those coefficients that correspond to the weapon
being carried by the launch aircraft 1 and that correspond
to the relevant firing condition (altitude, angle of attack,
environmental conditions, g-force being experienced
etc.). The selected coefficients may then be used to re-
construct the LSZ of the launch aircraft 1 for display to
the pilot of the launch aircraft 1. The reconstructed LSZ
ofthelaunchaircraft 1 may also be used by other systems
onboard the launch aircraft 1 to recommend actions to
the pilot of the launch aircraft 1 (e.g. a recommendation
that the weapon is fired etc.).

[0119] When the launch aircraft 1 engages with a hos-
tile target aircraft T, the aircraft type of the hostile target
T may be determined by the pilot of the launch aircraft 1
(or by other means) and input to the reconstructor 25.
The reconstructor 25 onboard the launch aircraft 1 may
then select, from the uploaded coefficients, those coef-
ficients that correspond to the weapon most likely being
carried by the hostile target T and that correspond to the
relevant firing conditions. The selected coefficients may
then be used to reconstruct the LSZ of the hostile target
T for display to the pilot of the launch aircraft 1. The re-
constructed LSZ of the hostile target T may also be used
by other systems onboard the launch aircraft 1 to recom-
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mend actions to the pilot of the launch aircraft 1 (e.g. a
recommendation that certain evasive manoeuvres are
performed etc.).

[0120] In this example, in operation, when the launch
aircraft 1 engages with a hostile ground target 5, the re-
constructor 25 on-board the launch aircraft 1 may select,
from the uploaded coefficients, those coefficients that
correspond to the weapon being carried by the launch
aircraft 1 and that correspond to the relevant firing con-
dition (altitude, angle of attack, environmental conditions,
g-force being experienced etc.). The selected coeffi-
cients may then be used to reconstruct the LAR of the
launch aircraft 1 for display to the pilot of the launch air-
craft 1. The reconstructed LAR of the launch aircraft 1
may also be used by other systems onboard the launch
aircraft 1 to recommend actions to the pilot of the launch
aircraft 1 (e.g. arecommendation that the weapon is fired
etc.).

[0121] When the launch aircraft 1 engages with a hos-
tile ground target 5, the type of the ground target 5 may
be determined by the pilot of the launch aircraft 1 (or by
other means) and input to the reconstructor 25. The re-
constructor 25 onboard the launch aircraft 1 may then
select, from the uploaded coefficients, those coefficients
that correspond to the weapon most likely being carried
by the ground target 5 and that correspond to the relevant
firing conditions. The selected coefficients may then be
used to reconstruct the MEZ of the ground target 5 for
display to the pilot of the launch aircraft 1. The recon-
structed MEZ of the ground target 5 may also be used
by other systems onboard the launch aircraft 1 to recom-
mend actions to the pilot of the launch aircraft 1 (e.g. a
recommendation that certain evasive manoeuvres are
performed etc.).

[0122] The second computer 13 is configured to: se-
lect, by a reconstructor containing the same generic al-
gorithm, the coefficients for the generic algorithm accord-
ing to conditions of the aircraft and the target; and using
the selected coefficients, generate, by the reconstructor,
the feasibility display. The second computer 13 is con-
figured to select, by the reconstructor containing the
same generic algorithm, the coefficients for the generic
algorithm according to conditions of the aircraft and the
target, if the aircraft and the target are within the perform-
ance envelope of the weapon, according to the conditions
of the aircraft and the target.

[0123] In this way, a Capability Filter (CF) is provided
that finds the limits of the capable envelope of a weapon
system in any chosen region of the engagement enve-
lope and examines the feasibility of weapon engagement
for current launch conditions - i.e. for finding out if the
current firing is inside or outside the "hit zone" for the
weapon. This offers the prospect of classifying large,
highly dimensional spaces using relatively concise mod-
els, thus saving in both processing and storage for the
host system.

[0124] Figure 8 shows how the capability filter fits in
the assessment of the whole envelope. The diagram rep-
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resents the process carried out for a candidate engage-
ment. Firstly, the capability filter assesses whether or not
the weapon has capability. Secondly, if the weapon has
capability, the relevant LSZ/LAR parameters are then es-
timated.

[0125] Figure 9 outlines the three main steps involved
in the CF implementation. First, all capability ranges in
the training data are converted to one and the no capa-
bility cases are kept as zero, then the fitting and estima-
tion method described above is used to numerically learn
the binary outputs, and finally a threshold is applied to
the predicted values, (somewhere between 1 and 0), to
determine the true binary output.

[0126] Apparatus, including the any of the above men-
tioned processors, forimplementing the above described
arrangement, may be provided by configuring or adapting
any suitable apparatus, for example one or more com-
puters or other processing apparatus or processors,
and/or providing additional modules. The apparatus may
comprise a computer, a network of computers, or one or
more processors, for implementing instructions and us-
ing data, including instructions and data in the form of a
computer program or plurality of computer programs
stored in or on a machine readable storage medium such
as computer memory, a computer disk, ROM, PROM
etc., or any combination of these or other storage media.

Claims

1. A computer-implemented method of generating, in
an aircraft in flight, a feasibility display indicative of
a feasibility of a weapon carried on the aircraft suc-
cessfully engaging a target and/or a feasibility of a
weapon carried on the target successfully engaging
the aircraft, the method comprising:

providing a database describing a performance
envelope of the weapon;

creating coefficients characteristic of that per-
formance envelope using a generic algorithm,
wherein the generic algorithm has the form of a
polynomial, by steps including:

a) generating candidate polynomials, the
variables of the polynomials being some or
all of agroup of weapon or aircraft firing con-
dition parameters;

b) for each candidate polynomial, comput-
ing coefficients for that candidate polynomi-
al which best fit that candidate polynomial
to a characteristic of the performance enve-
lope of the weapon using a criterion of least
square error;

c) for each candidate polynomial, generat-
ing a candidate score according to the qual-
ity of the fit of that candidate polynomial to
the characteristic of the performance enve-
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lope of the weapon;

d) applying a genetic algorithm to the can-
didate polynomials and scores including se-
lecting the best scoring polynomial(s) and
discarding the other polynomial(s), thereby
identifying a best candidate polynomial and
coefficients thereof; and

e) repeating said identifying process until all
the required characteristics of the perform-
ance envelope have corresponding polyno-
mial models;

uploading, to the aircraft, the coefficients of the
identified best candidate polynomial; and
selecting, by a reconstructor on the aircraft con-
taining the same generic algorithm, the coeffi-
cients for the generic algorithm according to con-
ditions of the aircraft and the target; and

using the selected coefficients, generating, by
the reconstructor, the feasibility display;
characterised by:

wherein step d) applying the genetic algo-
rithm to the candidate polynomials and
scores comprises:

i) defining a set of orders and/or types
of the candidate polynomials and divid-
ing the defined set of orders and/or
typesinto a plurality of sub-sets thereof;
ii) iteratively applying the genetic algo-
rithm concurrently over the plurality of
sub-sets of the defined set of orders
and/or types of the candidate polyno-
mials, including iteratively applying the
genetic algorithm over the variables of
the polynomials for each order and/or
type of the respective sub-set thereof
and saving the resulting respective co-
efficients and scores thereof; and

iii) selecting the best scoring polynomi-
al(s) using the saved coefficients and
scores and discarding the other poly-
nomial(s), thereby identifying the best
candidate polynomial and coefficients
thereof; and

wherein selecting, by the reconstructor on
the aircraft containing the same generic al-
gorithm, the coefficients for the generic al-
gorithm according to conditions of the air-
craft and the target comprises selecting, by
the reconstructor on the aircraft containing
the same generic algorithm, the coefficients
for the generic algorithm, if the aircraft and
the target are within the performance enve-
lope of the weapon, according to the condi-
tions of the aircraft and the target.
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2,

The method according to claim 1, wherein iteratively
applying the genetic algorithm concurrently over the
plurality of sub-sets of the defined set of orders
and/or types of the candidate polynomials comprises
iteratively applying the genetic algorithm concurrent-
ly over the plurality of sub-sets of the defined set of
orders and/or types of the candidate polynomials on
respective processors.

The method according to any previous claim, where-
in iteratively applying the genetic algorithm over the
variables of the polynomials for each order and/or
type of the respective sub-set thereof comprises:

selecting combinations of the variables of the
polynomials for each order and/or type of the
respective sub-set thereof; and

iteratively applying the genetic algorithm over
the selected combinations of the variables of the
polynomials for each order and/or type of the
respective sub-set thereof.

The method according to claim 3, wherein iteratively
applying the genetic algorithm over the selected
combinations of the variables of the polynomials for
each order and/or type of the respective sub-set
thereof comprises iteratively applying the genetic al-
gorithm concurrently over the selected combinations
of the variables of the polynomials for each order
and/or type of the respective sub-set thereof.

The method according to claim 4, wherein iteratively
applying the genetic algorithm concurrently over the
selected combinations of the variables of the poly-
nomials for each order and/or type of the respective
sub-set thereof comprises iteratively applying the
genetic algorithm concurrently over the selected
combinations of the variables of the polynomials for
each order and/or type of the respective sub-set
thereof on respective threads.

The method according to any previous claim, where-
in iteratively applying the genetic algorithm concur-
rently over the plurality of sub-sets of the defined set
of orders and/or types of the candidate polynomials,
including iteratively applying the genetic algorithm
over the variables of the polynomials for each order
and/or type of the respective sub-set thereof and
saving the resulting respective coefficients and
scores thereof comprises conditionally iteratively ap-
plying the genetic algorithm concurrently over the
plurality of sub-sets of the defined set of orders
and/or types of the candidate polynomials, including
iteratively applying the genetic algorithm over the
variables of the polynomials for each order and/or
type of the respective sub-set thereof and saving the
resulting respective coefficients and scores thereof.
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The method according to claim 6, wherein condition-
ally iteratively applying the genetic algorithm concur-
rently over the plurality of sub-sets of the defined set
of orders and/or types of the candidate polynomials
comprises terminating applying the genetic algo-
rithm over the variables of the polynomials for each
order and/or type of the respective sub-set thereof
if the respective scores do not meet a threshold.

The method according to claim 7, wherein the thresh-
old is predetermined.

The method according to any of claims 7 to 8, com-
prising determining the threshold based on a previ-
ous score.

The method according to any previous claim, where-
in the types of the candidate polynomials of the set
thereof include univariate polynomials, multivariate
polynomials and modifications thereof.

The method according to any previous claim, where-
in the generic polynomial is of the form:

where:
an, represent the m coefficients required to

compute output n;

{x4 ...xpj} represent the normalised inputs;

{v4 ...yn} represent the outputs; and

P1mn represents the exponent of the x4 variable

of the mth term of the nth polynomial.

A system for generating in an aircraft in flight, a fea-
sibility display indicative of a feasibility of a weapon
carried on the aircraft successfully engaging a target
and/or a feasibility of a weapon carried on the target
successfully engaging the aircraft, the computer, the
system comprising a first computer, comprising a
memory and a processor, remote from the aircraft
and a second computer, comprising a memory and
a processor, onboard the aircraft;

wherein the first computer is configured to:

provide a database describing a perform-
ance envelope of the weapon;

create coefficients characteristic of that per-
formance envelope using a generic algo-
rithm, wherein the generic algorithm has the
form of a polynomial, by steps including:
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a) generating candidate polynomials,
the variables of the polynomials being
some or all of a group of weapon or air-
craft firing condition parameters;

b) for each candidate polynomial, com-
puting coefficients for that candidate
polynomial which best fit that candidate
polynomial to a characteristic of the
performance envelope of the weapon
using a criterion of least square error;
c) for each candidate polynomial, gen-
erating a candidate score according to
the quality of the fit of that candidate
polynomial to the characteristic of the
performance envelope of the weapon;
d) applying a genetic algorithm to the
candidate polynomials and scores in-
cluding selecting the best scoring pol-
ynomial(s) and discarding the other pol-
ynomial(s), thereby identifying a best
candidate polynomial and coefficients
thereof; and

e) repeating said identifying process
until all the required characteristics of
the performance envelope have corre-
sponding polynomial models;

upload, to the second computer, the coeffi-
cients of the identified best candidate poly-
nomial;

wherein the second computer is configured to:

select, by a reconstructor containing the
same generic algorithm, the coefficients for
the generic algorithm according to condi-
tions of the aircraft and the target; and
using the selected coefficients, generate, by
the reconstructor, the feasibility display;

characterised by:

wherein step d) applying the genetic algo-
rithm to the candidate polynomials and
scores comprises:

i) defining a set of orders and/or types
of the candidate polynomials and divid-
ing the defined set of orders and/or
typesinto a plurality of sub-sets thereof;
ii) iteratively applying the genetic algo-
rithm concurrently over the plurality of
sub-sets of the defined set of orders
and/or types of the candidate polyno-
mials, including iteratively applying the
genetic algorithm over the variables of
the polynomials for each order and/or
type of the respective sub-set thereof
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and saving the resulting respective co-
efficients and scores thereof; and

iii) selecting the best scoring polynomi-
al(s) using the saved coefficients and
scores and discarding the other poly-
nomial(s), thereby identifying the best
candidate polynomial and coefficients
thereof; and

wherein the second computer is configured
to select, by the reconstructor containing
the same generic algorithm, the coefficients
for the generic algorithm according to con-
ditions of the aircraft and the target, if the
aircraft and the target are within the per-
formance envelope of the weapon, accord-
ing to the conditions of the aircraft and the
target.

The system according to claim 12, comprising a dis-
play for displaying the feasibility display.

An aircraft comprising the second computer accord-
ing to any of claims 12 to 13.

A computer, comprising a processor and a memory,
configured to implement a method according to any
of claims 1 to 11, a computer program comprising
instructions which, when executed by a computer,
comprising a processor and a memory, cause the
computer to perform a method according to any of
claims 1to 11, or a non-transient computer-readable
storage medium comprising instructions which,
when executed by a computer, comprising a proc-
essorand a memory, cause the computer to perform
a method according to any of claims 1 to 11.
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Fig. 2
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