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Abstrakt

Tato diplomova prace, vypracovand ve spolupraci se spolecnosti ERA a.s., se zabyva
problematikou presné lokalizace cile v trojrozmérném prostoru pomoci pasivnich mul-
tilateracnich systému, které vyuzivaji casové rozdily prichodu signdlu (TDOA) na vice
senzoril. Hlavni matematicky problém spociva v TeSeni soustavy nelinedrnich rovnic,
k cemuz tato prace pristupuje transformaci problému na soustavu tii kvadrik (3Q3).
Vyzkum vyhodnocuje nékolik zavedenych algoritmti, které porovnava z hlediska pres-
nosti, numerické stability a vypocetni efektivity. Jako nejvhodnéjsi zaklad byl identi-
fikovan algoritmus Efficient 3Q3 (E3Q3), jehoz neiterativni povaha umoznuje dosahovat
o dva az ¢tyti rady vyssi rychlosti nez konkurenéni metody, a to pfi zachovani vysoké
presnosti. Pro prekonani numerickych nestabilit zptisobenych chybami méreni jsme vyv-
inuli algoritmus Modified E3Q3 (ME3Q3). Tato metoda vyuziva unscented transformaci
k deterministickému posunu TDOA vektort prostfednictvim sigma bodi, coz vyznamné
zvysuje spolehlivost vypoctu. Vysledky ukazuji, ze zatimco ME3Q3 nabizi zasadni nartist
stability ve scénafich 3x TDOA, v piipadech 2x TDOA (vyuzivajicich ndhradni sféru) je
zlepseni méné vyrazné. Prace dale zkouma rtzné techniky odhadu chyb za tcelem efek-
tivniho vybéru nejlepsiho kandidata z vice potencidlnich priseciki.

Summary

This master’s thesis, developed in collaboration with ERA a.s., addresses the challenge
of precise target localisation in three-dimensional space using passive multilateration sys-
tems that rely on the Time Difference of Arrival (TDOA) of signals at multiple sensors.
The core mathematical difficulty involves solving a system of non-linear equations, which
this work approaches by transforming them into a system of three quadrics (3Q3). The
research evaluates several established algorithms, benchmarking them for accuracy, nu-
merical stability, and computational efficiency. The Efficient 3Q3 (E3Q3) solver is iden-
tified as the most suitable baseline, as its non-iterative nature allows it to operate two
to four orders of magnitude faster than competing methods while maintaining high ac-
curacy. To overcome numerical instabilities caused by measurement errors, we propose
the Modified E3Q3 (ME3Q3) algorithm. This method utilises the unscented transform to
deterministically shift TDOA vectors via sigma points, significantly improving reliability.
Results indicate that while ME3Q3 offers a major stability leap in 3xTDOA scenarios,
its improvement in 2xTDOA cases (utilising a substitute sphere) is more incremental.
Additionally, the thesis explores various error estimation techniques to effectively select
the best candidate from multiple potential intersection points.
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Rozsitreny abstrakt

Tato diplomova prace se zabyva problematikou presné lokalizace objektt v trojrozmeér-
ném prostoru pomoci pasivnich multilateracnich systému vyuzivajicich metodu Time Dif-
ference of Arrival (TDOA). Prace vznikla ve spolupraci se spole¢nosti ERA a.s. a zamétuje
se predevsim na matematické a numerické aspekty reSeni soustavy nelinearnich rovnic,
které vznikaji pri urcovani polohy cile na zakladé rozdili ¢ast prichodu elektromagnet-
ického signalu k jednotliviym senzorim. Motivaci prace je rostouci vyznam pasivnich
sledovacich systému v oblasti obrannych a navigac¢nich technologii, zejména v souvislosti
s omezenimi klasickych radarovych systémii vii¢i modernim stealth technologiim.

V multilateracnich systémech neni zndm c¢as vyslani signalu cilem, a proto neni mozné
primo urc¢it vzdalenost objektu od jednotlivych senzorti. Misto toho se vyuzivaji rozdily
casu prichodu signalu mezi dvojicemi senzort, které vedou na soustavu nelinearnich
rovnic. Tyto rovnice lze algebraickymi tpravami prevést na soustavu tii kvadratick-
ych ploch, tzv. 3Q3 systém (Three Quadrics in Three Dimensions). V pripadé TDOA
lokalizace maji tyto kvadriky charakter hyperboloidi dvou plasti. Jednim z hlavnich cili
prace bylo nalézt numericky stabilni a vypocetné efektivni algoritmus schopny spolehlive
resit prinik téchto kvadrik i za pritomnosti chyb méreni.

Prace nejprve analyzuje matematicky zdklad multilateracnich systémt a podrobné
popisuje prevod TDOA rovnic na kvadratické rovnice druhého stupné. Nasledné jsou stu-
dovany rtzné pristupy k feseni problému 3Q3. Mezi analyzované metody patii zejména
Efficient 3Q3 solver (E3Q3), metoda resultantu, homotopickd kontinuace a dalsi alge-
braické pristupy, naptiklad Grobnerovy baze nebo Levinova metoda. Kazdy algoritmus
byl implementovan v jazyce Python a testovan na rozsadhlych simulovanych datech s cilem
porovnat jejich presnost, numerickou stabilitu a ¢asovou naroc¢nost.

Klicovou ¢asti préace je detailni rozbor algoritmu E3Q3. Tento algoritmus prevadi sous-
tavu ti kvadratickych rovnic na jediny polynom osmého stupné, jehoz koreny odpovidaji
moznym Tesenim lokaliza¢niho problému. Diky tomu, ze metoda nevyuziva iterativni op-
timalizaci, dosahuje vyrazné vyssi rychlosti oproti ostatnim solvertim. Vysledky simulaci
ukazaly, ze E3Q3 prekonava ostatni metody nejen z hlediska rychlosti, ale také z hlediska
presnosti ve scénarich se tremi dostupnymi TDOA mérenimi. Bylo prokazano, ze algo-
ritmus dosahuje o dva az ¢tyri rady vyssi vypocetni efektivity nez konkurencni metody
zalozené na homotopické kontinuaci nebo symbolickych vypoctech.

Praktické pouziti multilateracnich systému je vsak vyrazné ovlivnéno Sumem a chy-
bami méreni. Proto se prace dale zaméruje na zvyseni numerické stability solveru E3Q3.
Za timto ucelem byl navrzen novy algoritmus Modified E3Q3 (ME3Q3), ktery vyuziva
unscented transformaci a sigma body k deterministickému posunu TDOA vektort. Hlavni
myslenkou je opakované feseni problému pro mirné modifikované vstupy, ¢imz Ize elimino-
vat pripady, kdy kvili chybam méreni neexistuje prunik hyperboloidi na spravné strané
kvadrik. Metoda umoznuje vyznamné zvysit pravdépodobnost nalezeni spravného reseni
bez zasadniho zvyseni vypocetnich narok.

Dalsi ¢ast prace se vénuje odhadu chyb a vybéru nejpravdépodobnéjsiho feseni z mnoz-
iny kandidatnich prisec¢ikli. Byly analyzovany geometrické i analytické pristupy, napiik-
lad vyuziti vrcholti hyperbol, planarni a sférické aproximace nebo linearizace problému.
Soucasti prace bylo také studium Mahalanobisovy vzdalenosti a optimalizace prahovych
hodnot pro rozhodovani o kvalité nalezeného teseni. Tyto metody slouzi ke zvyseni
spolehlivosti lokaliza¢niho systému zejména v situacich, kdy existuje vice matematicky
pripustnych feseni.



Experimentalni c¢ast prace byla realizovana pomoci simulovanych scénait zahrnujicich
rizné konfigurace senzorti, rizné vzdélenosti cile i rizné irovné Sumu méreni. Testovany
byly jak ptripady se tfemi TDOA rovnicemi, tak situace, kdy jeden ze senzorti nezachyti
signél a jedna kvadrika je nahrazena pomocnou sférou reprezentujici znamou vysku cile
nad zemi. Vysledky ukéazaly, ze algoritmus ME3Q3 prindsi vyrazné zvyseni stability ze-
jména ve scénarich 3xTDOA. V pripadech 2xTDOA bylo zlepSeni mensi, avSak stale
pozorovatelné. Soucasné bylo potvrzeno, ze i pres urcité zvyseni vypocetni slozitosti
zustava metoda ME3Q3 vyrazné rychlejsi nez alternativni algoritmy zalozené na homo-
topické kontinuaci.

Zavérem lze konstatovat, ze prace uspésné identifikovala vhodny numericky pristup
k Teseni problému pruniku t¥i kvadrik v kontextu multilateracnich systémi. Algorit-
mus E3Q3 se ukazal jako nejefektivnéjsi zakladni metoda diky své vysoké rychlosti a do-
bré presnosti. Navrzeny algoritmus ME3Q3 nasledné vyznamné rozsitil jeho praktickou
pouzitelnost zvySenim numerické stability v podminkach redlnych méteni. Vysledky
prace potvrzuji, ze algebraické neiterativni pristupy predstavuji perspektivni alternativu
ke klasickym optimaliza¢cnim metodam pouzivanym v pasivnich lokalizac¢nich systémech.
Soucasné prace otevira prostor pro dalsi vyzkum v oblasti adaptivniho odhadu chyb, op-
timalizace vybéru Teseni a vyuziti pokrocilych statistickych metod pro zpracovani TDOA
dat.
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1. Introduction

The precise localisation of targets in three-dimensional space is a fundamental chal-
lenge in modern navigation, surveillance, and defence systems. Traditionally, this task has
been performed by active radar systems. However, the emergence of stealth technologies
has created a need for alternative methods.

Multilateration systems offer a robust solution to this challenge by operating passively.
Instead of emitting a signal, these systems rely on the signals already emitted by the
target. However, the passive approach introduces a mathematical complexity: since the
emission time of the signal is unknown, the system must rely on the Time Difference of
Arrival (TDOA) at multiple sensors to determine the target’s location.

The core of the multilateration problem lies in solving a set of non-linear equations
derived from these time differences. Traditionally, this has been done using iterative
optimisation due to its numerical stability. In this thesis, we attempt to develop a more
efficient and numerically stable solver by transforming the non-linear system of equations
into a system of three quadrics (a 3Q3 system) and finding their intersections.

This thesis was developed in close collaboration with ERA a.s., a leading developer of
passive surveillance and reconnaissance technology. To ensure the practical applicability
and rigorous testing of the proposed methods, all algorithms discussed in this work were
implemented in Python. This implementation allowed for extensive benchmarking against
simulated data to compare accuracy, numerical stability, and computational efficiency.

This work studies the problem from many numerical, algebraic and geometric points
of view. In chapter 2, we more closely introduce the TDOA equations, show how they
can be transformed into a 3Q3 system, and identify the types of quadrics. In chapter 3,
we introduce established algorithms for solving the 3QQ3 problem. These algorithms range
from highly universal, which can be used to solve more general non-linear equations, to
ones designed specifically for the 3Q3 system. In chapter 4, we compare the accuracy,
numerical stability and efficiency of these algorithms on a number of scenarios to select
the most suitable solver. In chapter 5, we introduce Modified E3Q3 (ME3Q3), a method
that can significantly improve the numerical stability and the accuracy of established
solvers using the unscented transform. In chapter 6, we attempt to further improve the
capability of the method to select the best solution using multiple geometric and analytical
approaches. Finally, in chapter 7, we compare the different approaches and arrive at a final
algorithm.



2. MULTILATERATION SYSTEMS
2. Multilateration systems

2.1. Time difference of arrival

Standard radar works by sending out an electromagnetic wave of given characteristics
and measuring the time it takes to reflect and return to a detector in a given direction.
This gives information as to how far the wave needs to travel to reach a potential target.
Combined with the angle at which the reflected signal is received, it gives us the target’s
location [I]. For a target to be detected, the EM waves need to be reflected in the
direction of the detector. This requirement can be exploited by constructing a target
with a geometry such that almost no waves are reflected back. This is the idea behind
stealth aircrafts such as the F-117 Nighthawk, the B-2 Spirit or the F-35 Lightning II
[2]. A multilateration system gets around this by not sending out any signal and instead
relying on the signals emitted by the target itself. Multilateration systems also have
a number of other advantages over traditional radars. For example, since they are not
emitting any signal, they are much more difficult to find and destroy in a potential conflict.
There are, however, some challenges with this approach.

Firstly, it relies on the target emitting a strong signal that can be detected. This
can come in the form of an on-board radar or telecommunications that a non-cooperating
target may use, or a calibrated signal emitter for a cooperating target. Secondly, for a non-
cooperating target, the signal has unknown properties such as frequency and modulation.
Additionally, the target can be actively trying to obfuscate its signal by, for example,
changing its frequency continuously. Finally, the signal is emitted at an unknown time,
so a different approach than that which radars use is required to find the position of the
target. This final problem is what the thesis focuses on.

In theory, the target can be found by using four detectors spread out over large dis-
tances (tens of kilometres) and measuring the times at which the signal is detected, then
subtracting the measured time of the central detector from the other times to get the
Time Difference Of Arrival (TDOA) vector. The target can then be found by solving the
following set of non-linear equations [3]:

Ve -z -yl + (-2 =
V(@ =202+ (y —y0)? + (2 — 20)? + cAty, i=1,2,3, (2.1)

where (x,y, z) is the position of the target, (x;,y;, z;) is the position of the i-th detector,
¢ is the speed of the electromagnetic wave in air, and At; is the i-th element of the
TDOA vector. We will refer to an equation from this system as a TDOA equation. More
generally, more than 4 detectors may be used, but such a scenario is outside the scope of
this work.



2.2, QUADRICS IN MULTILATERATION SYSTEMS
2.2. Quadrics in multilateration systems

In order to make the set of equations (2.1) easier to solve, we will transform it into a set
of polynomial equations. After squaring both sides of (2.1) and some manipulation we
get

1
QCAtl

(2z(zo—xi) + 2y(Yo—yi) + 22(20—2) + Ai) = V/ (x—20)> + (y—10)? + (z—20)?,
R R T I R R

Here we had to assume At; # 0. If At; = 0, the equation represents a plane where all
points are equidistant from the detectors (z;, y;, 2;) and (zo, Yo, 20)-

Squaring both sides of the equations (2.1) does not introduce more solutions if the
right-hand side is positive. This is automatically fulfilled in the ideal case without any
measurement errors; however, it needs to be verified in the general case.

After squaring both sides of the equation again and some further manipulation, we
get a set of quadric equations

Ci71$2 + Ci72.’17y + Ci,g.CEZ + C’i,4y2 + C’i75yz + Ci76Z2+
Cizx+Cigy+Cioz+Ci10=0, i=1,2,3, (2.2)

where
)2
G = o0y
’ A
O — o0 = )% — yi)
“2 A2 ’
C. . — 2(% — 7)(20 — %)
3 c2At? ’
(yo — ui)?
C; -1,
a AL
C . — 2(90 — i) (20 — 2i)
“o 2 At? ’
(20 — )
Cig = 2,
o A
Ai(l'o — l’l)
Cor="apg o
Ai(yo — vi)
Cig = TOAL + 2yo,
Ai(ZO - Zi)
Co=Tapg TP
2
Ciio = ZLCQ—AF — T5 =Yg — 20,

_ 2 2 2 2 2 2 2 2

The set of three equations (2.2) in general represents the problem of finding the intersec-
tion of three quadrics (3Q3). We will refer to a quadric with coefficients C;; — C; 19 as

4



2. MULTILATERATION SYSTEMS

a TDOA quadric. To find the type of quadric each equation represents, we first calculate
the eigenvalues of the matrix

0

=
Q
o
Q

O
I

Q

(V)
S
K

Q

ot

DO

Qo
o
£
El
Q

0,6

I
[\

If we make the substitutions

To — &y Yo~ Ui 7 20— &

CAtl ' N CAtl ’ CAtZ ’

we can write (); as
X?2-1 XY XZ

Q= XY Y*-1 YZ
XZ Yz Z72-1

The eigenvalues of this matrix are
Ma=-1, M=X>+Y*+2%-1.
If we assume no measurement errors, then due to the triangle inequality
X*+Y*+ 22> 1.

Additionally, the equality only occurs if the target is collinear with the Oth and ith radar.

In this case, the quadric would be the union of two half-lines, each starting in one of

the detectors and both lying on the line given by them. As this scenario is unlikely to

occur, we will not consider it from now on. Then the eigenvalues A; » have a different sign

from Az. Therefore, the equations (2.2) represent hyperboloids or a quadratic cone.
Next, we calculate the determinant of the matrix

Ci2 Cigs Ci7

C%l 2 2 2

Ci2 Cis Cig

M' _ 2 0174 2 2
v Ciz Cis O, Ciyo

2 2 1,6 2

Ciz Cig  Cig

5 5 5 Cio

This is equal to

ZCAtz

)2:_ <(1’0 — )’ + (ygc_AZi)z + (20 — 2)° ;)2

|M;| =— (Xaco +Yyo+ Z2p +

For the reasons stated above, |M;| < 0 and the equality case will not be considered. As
a result, the equations (2.2) represent hyperboloids of two sheets.

By squaring both sides of the equation a second time, we made it so that the equations
represent both sheets of the hyperboloids, not just one. This is likely to introduce more
solutions, making it necessary to verify the validity of any found solution.

One additional problem we would like to consider is the case where only 3 of the
detectors detect a signal. In such a case, we would lack the information to locate the target.

5



2.2. QUADRICS IN MULTILATERATION SYSTEMS

However, if we have some information about the height of the target above ground, we
can replace one of the missing TDOA equations with an equation of a sphere. Assuming
that the centre of the Earth is at the point (0,0, —r), where r = 6378 km is the radius of
the Earth, and the target is h above ground, the equation of the substitute sphere is

Py’ ()= () (2:3)

Additionally, if the detector that did not detect the signal is the central, zeroth detec-
tor, it is necessary to change the TDOA equations so as not to use it. We do this by using
the first detector to play the role of the central detector and replacing the first equation
with the substitute sphere.



3. SOLVERS

3. Solvers

The main goal of this thesis is to find the best numerical solver for the 3Q3 problem in
general and for the TDOA hyperboloids in particular. In order to compare the accuracy
and efficiency of the solvers, we have implemented all of them in Python and later tested
them on simulated data. In this chapter, we will introduce the mathematics behind the
solvers and comment on how they can be practically implemented.

3.1. One dimension

Many solvers applicable for 3QQ3 rely on transforming the system of polynomial equations
into a single high-degree polynomial whose roots need to be found. Here, we would like
to showcase some of the standard solvers for this problem. As many of these methods are
iterative, comparing their performance naturally requires the following notion [1].

Definition 1. If a sequence {x,}, -, converges to a value r and if there exist real numbers

A > 0 and o > 1 such that

n—00 |,]j‘n — 7"’0‘

then we say that « is the order of convergence of the sequence.

3.1.1. Durand—Kerner method

This is an iterative method that uses a fixed-point mapping to find all roots simul-
taneously [5]. Let f(z) = 2" + 12" ' + -+ + a,_17 + a, be a polynomial and let
ri, ©=1,2,...,n, be its roots. We can then write f in the factored form

f(@) = (z—r)(x—ra)...(x — ).
We can then get an expression for any root r; as

f(z)

(x—r1)...(x—ri)(x—rm1) ... (x—1p)

r, = —

We can turn this into a sequence

f(xx)

o —11) (e — i) (e — reg1) - (g — 1)

T+1 = Tk — (

where r; is a fixed point:

f(ri)

T, — :TZ'—OZ’T’Z'.
(ri—r1) ... (ri—rim)(rs — ra1) o (rs — 1)
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Given initial guesses r,...,r% we can iterate the following system:
PRk f(T]f)
1 -1 )
(rf —r5)(rt =) ... (rf — %)
k= gk G
(r§ =i ) (s =) ... (rk — 1)
k
7J§+1 _ rl?f . f(r3)

(5 =5 = =) G =)

k+1 k f(rlﬁ)

! B G A [ P PR (S peaty

This system uses Gauss-Seidel-like iteration, i.e., the later elements of the vector r*+!
use previously computed elements from r*+'. However, the updates of the roots may also
be executed as a simultaneous Jacobi-like iteration where r*! is computed only from r*.
Both approaches are viable and have their own advantages. For example, the Gauss—
Seidel-like iteration only requires one storage vector, while the Jacobi-like iteration is
much easier to implement in parallel.

Another way to view this approach is as the multidimensional Newton’s method ap-

plied to the Vieta’s system [0]:

l=—r—rp—- —rp,

Ap_1 = (rirg +rirs + -+ 1) + (rars +rorg + -+ rory) + 0 A 1T,

ap = (=1)"ry...1p.

Therefore, the Durand-Kerner method shares some properties with Newton’s method.
Namely, for simple roots, if the initial guess is sufficiently close to the root, the Durand-
Kerner method converges quadratically. For a multiple root, this is reduced to a linear
convergence. Finally, the Durand—Kerner method is not generally convergent [7]. This
means that there are open sets of polynomials with open sets of initial conditions that
lead to a periodic cycle.

3.1.2. Aberth method

This method, introduced by Oliver Aberth [3], is a variation of Newton’s method, where
instead of taking
f(xx)

P =R [ ()

to get an estimate for the root r;, we take

_ F ()
Tl = T — F’(xk)’

where

_ f(x)
Fle) = H?:l;jyéz‘(x — ;)
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The advantage of this approach compared to Newton’s method is that it “pushes” the
individual roots away from each other. As a result, it is far less likely that multiple root
estimates approach the same root. This way, we get the following system:

G
1 _ ok f1(rf) 1
7y 7 NG — i=l..n

RGRR
Here we used the Jacobi-like iteration, but just like with the Durand—Kerner method,
Gauss—Seidel-like iteration is equally viable.

Another advantage of this method over the Newton’s method and even the Durand-—
Kerner method is that, for simple roots, if the initial guess is sufficiently close to the
root, the Aberth method converges cubically [9]. However, this is still reduced to a linear
convergence for a multiple root.

3.1.3. Eigenvalues of the companion matrix

Given a polynomial f(x) = 2"+ a 2" P+ ap_ 12+ a, a companion matriz is a square
matrix defined as:

00 - 0 =—a,
10 -+ 0 —ap
cf)=101 - 0 —a,
_0 0O --- 1 —(1,1_

The eigenvalues of C(f) are then exactly the roots of f. We have thus transformed
the problem of finding roots of a polynomial into the problem of finding eigenvalues of
a matrix. This can be solved, for example, using the LR or QR algorithms [10].

3.2. E3Q3

The efficient 3Q3 solver (E3Q3) is an algorithm that manipulates the equations to trans-
form a system of three equations of order two into a single equation of order eight that
needs to be solved numerically [11].

For the purposes of the following calculation, we will use a vector form of the equa-
tions (2.2):

2

q; = C’L ’ [$2,$y,$2,y2,y2,2 Ly Y, 2, 1] = Oa i = 17273'

The first step is to rearrange the equations so that they take the following form:

?J2 p11($) p12($) p13($) Yy

)
A |22 =P(x) |z| = |pulz) palr) ps(x)| |2
yz 1 psi(x) psa(z) pss(x)] [1
Here A is a 3x3 matrix of real numbers and p;; are polynomials. The polynomials
D13, P23, P33 are quadratic with the rest being linear.



3.2. E3Q3

To improve the numerical stability of further calculations, when doing this step numer-
ically, it is not advisable to always choose z as the variable that gets “hidden” in P(x).
Instead, the variable that results in the largest absolute determinant of A is selected.
Without loss of generality, let us further consider this variable to be x. Additionally,
when this algorithm is implemented, the polynomial 3 x 3 matrix P(x) is represented only
using the coefficients of these polynomials with a 3 x 7 numerical matrix.

In the next step, we multiply the equation by A~!, thus getting equations for [y?, 22, yz]:

yQ

22| = A7'P(a)
Yz
This step is the reason why we wanted to maximise the determinant of A. Similarly to
a linear system, taking the inverse of a near-singular matrix is highly unstable and is to be
avoided. However, it is still possible to use a singular A. In such cases, the problem would
simplify, and we could use different solvers. However, for our purposes, this scenario is
highly unlikely and will not be considered. Multiplying the equation by A~! from left can
be done even if the polynomial matrix P(x) is represented by the numerical matrix P:

— N

o
Ty
y? Tz
2 =A"P |2 (3.1)
Yz Y
z
- 1 -

Given that we just obtained an alternative representation of [y?, 22, yz], we can sub-
stitute them into the following trivial identities:

After doing so, we get:
P117°2 + P1ox(yz) + p1ax2® + prazz + prs(yz) + pre2® + prrz =

p3,1x2y + p372:c(y2) + p33x(y2) + p3ary + p3,5(’y2) + p36(yz) + ps7y,

p371x2z + p322(y2) +p3,3x(z2) + p3arz + p3s(yz) +P3,6(22) + P37z =
p2,19€2y + p2,2$(y2) + pasx(yz) + peary + p275(y2) + p26(y2) + D27y,

(p371x2 + P32y + P332 + P34T + P35y + P36z + p3,7)2 =
(p1,1$2 + P12%Y + P13TZ + Pra¥ + P15y + P16z + Div)
(p2,1$2 + Do o%Y + P23rz + P2k + P25y + P62 + Do)

10
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Notice that the order of these equations decreased by one in y and z. If we once again
substitute for 4%, 22, yz using (3.1), we get a system of equations linear in y and z. This
can be represented by the following matrix equation:

As before, if we think of M(x) as a polynomial matrix in x, it is a 3 x 3 matrix. However,
when implementing this algorithm, we need to represent it using the coefficients of the
polynomials. This way, we get a 13 X 3 matrix M

This matrix equation is a homogeneous equation, so to have a non-zero solution, we
need the determinant of M(z) to be 0. The solution must necessarily be non-zero, as
we know that the third component is 1. This way, we will get a polynomial equation
of order 8, which may be solved using other methods such as the ones mentioned in
section 3.1. This way, we will get up to 8 complex solutions for the value of x. For our
purposes, we will consider the real solutions only.

The last step is to find y and z for each solution. We do this by plugging each solution
z* into M(z) to get a numerical 3x3 matrix M(z*). Without any errors, this would
be a singular matrix. We then take the SVD decomposition M(z*) = U V'. Next, we
take the column v = ['Ul,’UQ,/Ug]T of matrix V that corresponds to the smallest absolute
eigenvalue. This column is then a multiple of [y, z,1]", so we can simply take y = v; /v3
and z = vy /vs.

3.3. Resultant

In this section we will consider two polynomials A, B over R such that
A=qapx" +az" -+ a,,

B = bol’k‘i‘blxk_l ++bk7

where k,n € N. We can solve a system of polynomial equations using the following
results [12].

Definition 2. For any polynomials A, B we define the Sylvester matriz to be the following
square matrix of dimension n + k:

B aop 0 A 0 bO 0 e 0 7
aq ag N 0 bl bO e 0
(05} aq . b2 bl :
agp . bo
ap Ap-1 - bk bkfl
: : a1 - : b
| 0 0 a, 0 0 br |

11
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Definition 3. For polynomials A, B over R, we define their resultant res(A, B) to be the
determinant of their Sylvester matrix. For the sake of clarity, if A and B are polynomials
in  we may write res, (A, B) instead.

Theorem 1. Let \;, i = 1,...,n, be the complex roots of A and p;, j =1,...,k, be the
complex roots of B. Then

res(4, B) = agbf [ (N —wy)
1<i<n
1<5<k

Corollary 1. Two polynomials A, B over R share a root if and only if res(A, B) = 0.

We can use this result to find the solution to the 3Q3 problem by “hiding” all but one
of the variables, say z, in the coefficients

Qi(x7 Y, Z) = a’i,O(y7 Z)'IQ + a’i,l(ya Z)'T + ai,Q(ya Z) = 07 1= 17 25 3
and taking the resultants

pl(?JaZ) = resw(Ql(x7y7 2)7(12(5’57% Z))7
p?(y>z) = resx(Ql(xaya Z)a%(%?/a Z))

The resulting functions pi, ps are degree 4 polynomials in y, z, so we can write them in
the form

pi(y, 2) = bjo(2)y* + bj1(2)y” + bja(2)y” + bjs(2)y" + bja(z), j=1,2.

Thanks to the properties of resultants, given y, z € R, pi(y, 2z) = 0 if and only if there is
an x such that ¢(x,y, z) = 0 and g2(z,y, z) = 0. Similarly, given y, z € R, pa(y,2) = 0 if
and only if there is an 2’ such that ¢;(2/,y, 2) = 0 and g3(2',y, z) = 0. Crucially, however,
x may not be equal to 2/, thus p;(y, 2) = 0 is only a necessary condition for there to be
an x such that ¢;(x,y,2z) = 0. This is reflected in the fact that, according to Bézout’s
theorem, ¢;(z,y, z) = 0 can have at most 8 solutions, but p;(y, z) = 0 can have up to 16
solutions.

The system of equations p;(y, z) = 0 has a nice interpretation. The equation p;(y, z) =
0 represents the intersection of the two quadrics, ¢;(z,y,2) = 0 and ¢(z,y,2) = 0,
projected to the yz-plane. Similarly, the equation ps(y, z) = 0 represents the intersection
of the quadrics ¢;(x,y, 2) = 0,¢3(z,y, 2) = 0 projected to the yz-plane. The entire system
p;(y,z) = 0 then represents the intersection of these curves. This interpretation makes
the fact that the system p;(y, z) = 0 has additional solutions more intuitive. Since we are
looking for the intersection of the projections of the curves to the yz-plane, we lost the
information about the z coordinate and introduced false solutions.

The resulting system p;(y, z) = 0 can then be solved using other methods, such as the
homotopy continuation method (see section 3.4) or by taking another resultant:

T(Z) = resy(pl(y, Z)ap2(y7 Z))

Here r(z) is a degree 16 polynomial where for each root z’ there is a y € R such that
p;i(y,2") = 0. We can find the set of the roots of r(z) by one of the methods mentioned

12
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in section 3.1. Then we can substitute each into p;(y, '), turning them into polynomials
only in y and find their common roots y. Then we repeat the same process for ¢;(x,y, 2).

It is not difficult to see how this approach could be generalised to an arbitrary number
of polynomial equations of an arbitrary degree. However, due to the need to take the
determinant of a large, polynomial matrix, this approach becomes extremely complicated
as it gets scaled further. In fact, even with just the 3Q3 problem, our attempts to get
an algorithm that does not need symbolic computations for calculating the coefficients
of the final polynomial using the initial coefficients as parameters came out short. This
means that we are using a symbolic approach and not a strictly numerical one, as is
the case for all other solvers. As a result, our resultant solver runs considerably slower
than it ought to. Of course, for a fair comparison with the other solvers, we would need
the strictly numerical approach. However, a partial comparison can be made with the
symbolic version of the E3Q3 solver, which is still significantly faster. Additionally, for
the reasons discussed in the following chapter, we would not use the resultant solver even
if it were faster than it is now.

3.4. Homotopy continuation method

The basic idea behind the homotopy continuation method (HCM) stems from the fact
that, given a system of polynomial equations, if we change their coefficients continuously,
the solutions also change continuously [13, 11]. Leveraging this idea, we start with a sys-
tem of polynomial equations with the same degrees as the original, that are solvable
analytically. In our case, this would be a different 3Q3 problem. We then change the
coefficients of the equations in a way that we are in some sense closer to the system of
equations we are interested in. The solutions to these shifted equations also get shifted by
a small amount. We can then use the old solutions as a good initial guess for an iterative
method, such as Newton’s method, for solving the shifted problem. We iteratively take
small steps towards the desired system of equations while tracking the solutions. There
is a number of ways to choose a trajectory in the space of coefficients, but we will only
work with the simplest one. Given a matrix of desired coefficients C and of the initial
coefficients Cy we consider for each t € [0, 1] the following coefficients:

C, =tC+ (1 —t)C,.

Taking a small step along this trajectory then means taking a small step in t.

There are some issues that this approach can run into. The first one we need to
consider is that the trajectories of the solutions in the complex plane can intersect one
another. If we only consider real coefficients, when a complex solution gets shifted to
a real solution and vice versa, so does its complex conjugate, causing their trajectories
to intersect. To avoid this, we will need to work with complex coefficients. There are
several ways to do this. For example, one could choose a different, non-linear trajectory
that avoids this problematic point. In our case, however, it is easier to instead consider
final coefficients C' = aC, where a is a strictly complex number (i.e., not real) [15]. We
chose a = €™ where ¢ = %5 is the golden ratio.

The second is that the number of (complex) solutions can change. This generally
happens when the system of equations is no longer linearly independent, and the solution

13
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quickly approaches infinity. To avoid this possibility, given the final coefficients (2.2), we
have chosen the initial system of equations to be

01'71562 + 01,43/2 + Ci,GZZ + Ci,lO =0.

All eight solutions of this system can be found by first solving the linear system for
[2, 92, 2% and then by taking all combinations of positive and negative roots +/22,
:i:\/?, ++1/22. Tt is clear that if this system of equations is linearly independent, so will
be all systems given by C,.

The final problem is in the size of the step for each ¢. There is a trade-off that needs
to be carefully balanced. Taking too large a step risks losing track of the solution when
the iterative algorithm either does not find any solution or finds a different solution to
the one being tracked. Taking too small a step results in unnecessary slowdown.

The simplest way is to take constant steps At at all times. This is implemented in the
algorithms HCM__ fast, where At = 0.01 and HCM__slow, where At = 0.001. A better
approach is to use adaptive steps, i.e., to take larger steps when the risk of losing the
solution is small and to take smaller steps if we would otherwise lose the solution.

Another way to allow for a larger step size is to have a more accurate initial guess
for the iterative solver. This can be done, for example, by fitting a polynomial to several
previous positions of the solution and extrapolating it.

We used both of these principles to develop the HCMP algorithm. For the extrapola-
tion, we have used a quadratic polynomial fitted to the past 3 positions. For the adaptive
step, we doubled the step size if the previous 4 steps had no changes, and if we lost
a solution, we divided the step size by 2 and tried again. Even with such precautions, it
is still possible to lose a solution. In such cases, we switch to the HCM_ fast algorithm
from the moment any solution is lost, i.e., the next solution is not found for a time step
smaller than 10719,

As was discussed above, we failed to get a fully numerical version of the resultant
solver. However, we were able to get a partial result. Specifically, we were able to get
a numerical expression for the system of two polynomial equations of degree four, which
we obtained after the first pair of resultants. As solving this system using a resultant
solver proved to be impractical, another approach is to solve it with a variant of the
HCMP solver, which we call the RHCM algorithm. The solver itself is universal, so only
minimal changes needed to be made to adapt it to this problem. The most notable one
is the change of the initial, analytically solvable system.

Assuming that we eliminated the z coordinate, we choose the system

Di,1$4 + Di,23/4 +D;15=0, i=1,2,

where D; 1, D; 2, D; 15 are the corresponding coefficients from the system we want to solve.
As before, this system is easily solvable using basic linear algebra, and if it is linearly
independent, so are all systems given by D;.

3.5. Other methods deemed not suitable

Here we would like to mention a couple of methods that could be used to solve the 3Q3
problem, but were unsuitable for our purposes. This was usually because the method
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needed to find the greatest common divisor of two polynomials. The exact methods for
finding the greatest common divisor require the coefficients to be rational, making them
inefficient when used on floating-point coefficients.

3.5.1. Grobner Bases

Given a polynomial ring R = Klxy,...,z,] over a field K, a system of polynomials
fi,..., fn generates an ideal I = (fi,...,f,). If 2 € K" is a root of all polynomials
fi,---, fn, it is a root of any polynomial p € I [16]. This means that if we find a different

system p1,...,p, that generates I, we get that fi(x) = 0,..., f.(x) = 0 if and only if
pi(z) =0,...,pm(z) =0.

Definition 4. Let G be a finite set of polynomials in R that generates an ideal I. The set
G is a Grobner basis of I (with respect to the monomial ordering) if the ideal generated by
the leading monomials of the polynomials in I equals the ideal generated by the leading
monomials of G.

Definition 5. A Grobner basis is minimal if all leading monomials of its elements are irre-
ducible by the other elements of the basis. A Grobner basis is reduced if every polynomial
in it is irreducible by the other elements of the basis, and has 1 as leading coefficient.

Theorem 2. Given a monomial ordering, any ideal I has exactly one reduced Grobner
basis.

Grobner bases are useful for solving systems of polynomial equations if we use specific
monomial orderings, for example, the Lexicographical ordering (x > y > z). Then the
basis often takes a “triangular” form that is easy to solve [12].

One of the algorithms that can be used to find a Grobner basis is Buchberger’s algo-
rithm, which proceeds as follows [17]:

1. Set G to be the set of polynomials that generate the ideal I.

2. For every f;, f; in G, denote by g, the leading term of f;, and by a;; the least
common multiple of g; and g;.
3. Choose two polynomials in G and let S;; = agﬂfZ — agﬂfj
i j
4. Reduce 5j;, relative to the set G until the result is not further reducible. If the
result is non-zero, add it to G.

5. Repeat steps 2.—4. until all pairs of polynomials in G have been considered (includ-
ing the ones added during the algorithm.

The reasons why we did not consider this approach are that the algorithms are not
designed to work efficiently with floating-point coefficients and that the resulting bases are
highly sensitive to the initial input, making them numerically unstable and more suited
for symbolic computations.
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3.5.2. Levin’s method

Unlike previous methods, this method aims to find the parametrisation of the intersection
of exactly two quadrics [18]. This could potentially be used to reduce the problem to
finding the intersection of two curves or one curve and a quadric.

The basic method works like this:

1. Represent the quadrics fi, fo with symmetric matrices Q;, Q2. These are defined so
that fi(z,y,2) = x'Q;x, wherex = [z y 2 1].

2. Define the pencil S(A, ) = AQ; + pQo. If for any x, the equation x7 Q;x = x7 Qyx =
0 is satisfied, then the equation x”S(\, u)x = 0 is satisfied for all A, u. Thus, the
intersection of quadrics fi, fo lies on the quadric given by S(A, ) for all A, p.

3. Find parameters A,  such that S(A, i) is one of the simple parametrisation surfaces.
That is either a degenerate case, such as a point, a line or a ruled quadric surface,
i.e., a surface S such that given any point P there exists a line L such that P € L
and L C S.

4. Find the canonical parametrisation of the surface and substitute it into f; or fs.
5. Solve the equation with the substitution.

Over the years, there have been numerous improvements to this approach [19], and it has
also been used for the 3Q3 problem [20].

We decided not to include it in further analysis as the base algorithm is numerically
unstable and designed for symbolic calculations, and the more modern versions, while
more stable, are highly complicated, even if we neglect the fact that we would still need
to find an intersection with the third quadric.

16



4. COMPARISON OF SOLVERS

4. Comparison of solvers

To compare the individual solvers, we used simulated data. We do this in four steps.
First, we choose the positions of the detectors. To make comparisons between different
runs easier, we only consider the most common configuration and do not change the
positions between different simulations. These positions were chosen to be (in kilometres):

[0,0,0.4],
[0,16,0.2],
[7V/3,—7.5,0.1],
[—6.5V/3, —8,0.26).

Second, we randomly pick the position of the target. All targets are generated within
a cylinder with a height of 20 km and a radius of 500 km. The centre of the base of this
cylinder is located at the origin. This cylinder is then further divided into four regions
based on the radius r for further analysis: r < 125 km, 125 < r < 250 km, 250 < r < 375
km, and 375 < r < 500 km. Third, we calculate the time that it would take for a signal
from the target to reach each detector. Finally, we add random error sampled from the
normal distribution with 1 = 0 s and o = 10~% s to represent the measurement errors. In
this approach, we have made a number of simplifying assumptions. Firstly, we assumed
that the location of the detectors is known with an arbitrary precision, otherwise there
would be an inherent bias to the measurements. Secondly, we assume no atmospheric
effects such as refraction. Finally, we assume that all possible errors in the measurement
(unsynchronised clocks of the detectors, detectors picking up different parts of the signal
as the start, differences in the index of refraction, etc.) add up to a normal distribution.

We considered five scenarios as benchmarks for the solvers. The first is that all detec-
tors detect the signal (3xTDOA), and there are no measurement errors. This is mostly
to get a baseline to compare to when addressing the influence of measurement errors. The
second is that only three detectors detect the signal (2xTDOA), there are no measure-
ment errors, and the substitute sphere has the correct parameters. This is to verify if
any of the solvers have an inherent problem with the 3Q3 problem involving a quadric
with parameters orders of magnitude larger than the rest. The remaining all have the
normal measurement errors and are in order: 3xTDOA, 2xTDOA with known height
above ground, and 2xTDOA with an unknown height, where we simply use the sphere
that represents the height of 10 km above ground.

The resultant solver was an order of magnitude slower than the remaining solvers. To
maximise the reliability of the results, while retaining reasonable computation time, we
first simulated 500 targets for each radius interval for each solver, and then we simulated
5000 targets for all solvers except for the resultant solver.

In the first scenario, we say that the solver has failed to find the target if the closest
solution to the target is off by more than 1 km. As can be seen in Figure 4.1 E3Q3
has the best accuracy in this scenario, with HCMP and HCM_ slow being close behind.
HCM_ fast and RHCM have overall poor performance. The relatively poor performance
of the Resultant solver is somewhat surprising, given that it is mostly an analytical solver
like E3Q3. Perhaps this lowered accuracy would disappear if it had been allowed to work
with more decimal places, but given that it is by far the slowest solver, we did not want
to slow it down further.
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Figure 4.1: Comparison of the accuracy of solvers in the first scenario (3xTDOA, no
errors) with 5000 simulations (left) and 500 simulations and the resultant solver (right).

In the second scenario (Figure 4.2), the results are similar, with the most notable
changes being that now E3Q3 is less accurate for smaller radii, and the Resultant solver
is overall the most accurate. Additionallyy, RHCM is more accurate relative to other
solvers.
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Figure 4.2: Comparison of the accuracy of solvers in the second scenario (2x TDOA, exact
height, no errors) with 5000 simulations (left) and 500 simulations and the resultant solver
(right).

From here on, we will be considering the scenarios with measurement errors. As such,
we no longer expect the solvers to give us accurate results. Instead, we will focus on how
often the solvers will give us a roughly correct area of the target. For this reason, we say
that the solver has failed to find the target if the closest solution to the target is off by
more than 100 km.

In the third scenario (Figure 4.3), the relative performance of the solvers remains the
same as in the scenario with no measurement errors. The main difference is that now
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there is a sort of minimum error that grows with distance. This is caused by unstable
problems, i.e., such configurations where a small change in the TDOA vector causes large
changes in the best solution or even makes it disappear altogether.
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Figure 4.3: Comparison of the accuracy of solvers in the third scenario (3xTDOA, with
errors) with 5000 simulations (left) and 500 simulations and the resultant solver (right).

One of the potential ways to improve the accuracy of a final solver would be to use
a combination of multiple solvers. Then, in cases where one of the solvers fails, the second
solver might find the solution. To study this possibility, we kept track of how frequently
each combination of solvers failed to find the solution. For this scenario, the only possible
improvement would be to use RHCM with any of the most accurate solvers. Under ideal
circumstances, this would reduce the total number of failures by approximately 2% to
3% across all distances; that is, the number of failures would be multiplied by 0.98-0.97,
not reduced by 2-3 percentage points (e.g., from roughly 3% to 1%). Percentages are
interpreted in this relative sense throughout the remainder of the text. This is only a small
improvement and not worth considering compared to a different method introduced in
chapter 5.

In the fourth scenario (Figure 4.4), the situation is pretty much identical to that in
the third scenario. Again, there is a sort of minimum failure rate that gets added to
the scenario where there are no measurement errors. When it comes to combining two
solvers, if we only focus on adding the RHCM solver to a case when the E3Q3 solver fails,
we could theoretically reduce the number of failures by around 40% for the radii smaller
than 125 km and by around 20% for the rest.
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Figure 4.4: Comparison of the accuracy of solvers in the fourth scenario (2x TDOA, exact
height, with errors) with 5000 simulations (left) and 500 simulations and the resultant
solver (right).

In the fifth scenario (Figure 4.5), there are two major differences from the fourth
scenario. Namely, the minimal failure rate is overall higher, and it does not increase the
error rate of RHCM as strongly as for the other solvers. This is to the point that RHCM
becomes the most accurate solver for large radii. Adding the RHCM solver to a case when
the E3Q3 solver fails, we could theoretically reduce the number of failures by around 20%
across all distances.
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Figure 4.5: Comparison of the accuracy of solvers in the fifth scenario (2xTDOA, es-
timated height, with errors) with 5000 simulations (left) and 500 simulations and the
resultant solver (right).

One thing to keep in mind for these results is that we have considered the closest
solution to the target without worrying about how to identify that solution. This means
that the graph might be biased in favour of solvers that give more solutions

The final thing we need to consider is how efficient the algorithms are. We have tested
this by running the final three scenarios with each solver for roughly 5 minutes. Given
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4. COMPARISON OF SOLVERS

that these are all results from a single computer and not a proper analysis, the results
are not very precise. However, it gives us a rough idea of the overall performance. The
results are summarised in this table:

Table 4.1: The number of simulations solved per second by each solver

3xTDOA 2xTDOA known h 2xTDOA unknown h
E3Q3 2616.5 1550.7 1556.4
Resultant 0.195 0.150 0.109
HCMP 22.7 18.9 16.6
HCM fast 6.44 5.85 9.07
HCM slow 1.17 1.07 1.03
RHCM 1.67 2.79 2.60

The fact that E3Q3 doesn’t need iterative algorithms or symbolic calculations allows it
to run faster by two to four orders of magnitude compared to other solvers. This, combined
with having the best accuracy in the case with three TDOA hyperboloids, makes it the
clear best choice for this scenario. In the scenarios with two TDOA hyperboloids and
a substitute sphere, other solvers or a combination of E3Q3 and another solver are more
accurate, especially for small radii. However, because E3Q3 runs much faster than the
other solvers, a viable strategy is to run it several times with varying inputs to improve
accuracy.

The simplest way to leverage this is to run the algorithm again if it fails to find any
possible solutions, with the difference being that we chose the variable with the second
largest absolute determinant of A to play the role of z. What we mean by a possible
solution in this case is that the solution is on the correct sheets of the TDOA hyperboloids,
and that it is not unreasonably far (more than 1000 km) from the origin. This can give
us a correct solution if E3Q3 ran into issues due to near-singular matrices. This leads
to major improvement in the case with a substitute sphere and small radii, where E3Q3
previously struggled. With this simple change, it matches the accuracy of other solvers.
As this is a major improvement with little additional computing cost, we will use this
method by default going forward.
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5. Modified E3Q3

Based on the previous analysis, it is clear that the E3Q3 algorithm is the most suitable
both for the case where we have all three TDOA hyperboloids and for the case where we
replace one with a substitute sphere. Still, if we could use another algorithm, most notably
RHCM, in tandem with E3Q3 and accurately select the best solution of them both, we
could theoretically get better results at the cost of significantly more computing time.
Here, we try to improve the reliability of E3Q3 by having it run multiple times with
slightly altered TDOA vectors. We call this algorithm Modified E3Q3, or ME3Q3 for
short. The goal is to achieve more accurate results than other algorithms while still being
faster to run than all other algorithms outside of E3Q3 itself.

For the statistical analysis in chapter 4, we used the minimal distance from a solution
to the target to determine which solution is the most accurate. In a real scenario, however,
we are not privy to this information. We are thus in need of an approximate measure
of accuracy. The simplest way to obtain a measure of accuracy for a given solution is to
calculate what TDOA vector this solution would give, assuming no errors, and find its
Euclidean distance from the measured TDOA vector (in the 2x TDOA scenario, we ignore
the unknown row). Let us call this measure of accuracy erpoa. This measure is enough
to reliably determine if the solution lies on the correct sheets of the hyperboloids. If there
is no solution with sufficiently small erpoa (for now we will consider erpoa < 1071%), we
say that there is no precise solution.

Running the E3Q3 algorithm using shifted TDOA vectors is especially helpful in cases
where no precise solution was found. In those cases, the measured TDOA got shifted due
to a measurement error in such a way that the quadrics no longer had an intersection on
the correct side. This means that if we can shift the TDOA in the opposite direction, the
quadric will once again have an intersection, giving us a precise solution.

5.1. Sigma points

Sigma points are used within Unscented transform [21] to estimate the mean ¥ and the
covariance matrix Py, of a random variable y = f(x), where x is a random variable with
a known mean X and the covariance matrix Py,. For our purposes, we assume that x
follows a normal distribution. The first step in the Unscented transform is to find the
sigma points §;, ¢ = 0,...,2n, from the nxn matrix Py and the mean X. This is done
by computing the matrix Q = \/(n + k)Py, where k is an arbitrary constant (usually
k = 3 —n to match the moments of a Gaussian random variable up to the fourth order).
We then set £, = X and get &,,...,&,, by first adding to and then subtracting from &,
each column of Q. We can then estimate the mean as

y= {mﬂso) +%Zf<si>}

and the covariance matrix as

1

n—+ kK

Pyy =

{m 7(60) ~ 7 11(&0) — 71" +5 D" 7€) — 51 7€) - y]T} .
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5. MODIFIED E3Q3

The main issue with applying the Unscented transform to our problem directly is that
for us, f represents the function that, given a TDOA vector (represented by X), returns
a solution. This means that it is not applicable when we do not have a precise solution
from E3Q3, and when we do, we need to determine which shifted solution corresponds
to which original solution. Further, when we shift the TDOA vector, the problem may
no longer even have a solution corresponding to the original best solution. Despite these
restrictions, all sigma points can be transformed in most cases. However, using y to
improve the solution yielded only minimal results with a major impact on runtime. Thus,
it will not be considered further. However, we can still use sigma points to get a good
estimate of the covariance matrix, which can be used for further analysis.

5.2. Shifting the TDOA vector

As was mentioned before, running the E3Q3 algorithm with a shifted TDOA towards the
accurate value may create new solutions that are closer to the real position of the target.
Assuming that the measurement errors have a normal distribution, we have no information
as to the direction of the needed shift. However, there are ways to get an estimate of
the covariance matrix of the measurement error, giving us some information as to the
magnitude of the shift. Using the covariance matrix, we can use its sigma points to try to
correct the measurement errors. We use sigma points, as they give us a deterministic way
to go through the most representative shifts. In figure 5.1, there are the accuracy results
for this approach with scales 1, 3, and 7, compared with the E3Q3 algorithm. By a scale,
we mean a value s with which the vector &, — &, gets multiplied to get the scaled sigma
point & = &, + s(&, — &;). Clearly, our approach constitutes a significant improvement
in this metric, especially for the 3xTDOA scenario.
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Figure 5.1: Comparison of accuracy between E3Q3 and prototype ME3Q3 solvers. Left
to right, 3XxTDOA scenario, 2xTDOA scenario with known height, 2xTDOA scenario
with unknown height.

Simply going through each sigma point once may still fail if the shift was bigger
than predicted, or it may deviate too far from the target if the shift was smaller than
expected. Thus, choosing the right scale of the sigma points (equivalent to choosing the
right ) is essential for accuracy. The approach we chose is to go through each point
with three scales, which were chosen to maximise the resulting accuracy. This was done
using an exhaustive search through all possible combinations of scales from a preselected
set. In the first run, the set was {279,278 ... 26 27}  This yielded the optimal scalings
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5.2. SHIFTING THE TDOA VECTOR

of {%, 1, 2} for the 3xTDOA scenario and {%, 1,2} for both 2xTDOA scenarios. For
the second run, based on the results from the previous run, we chose the next set to
be {0.1,0.15,0.25,0.35,0.5,0.7, 1, 1.5, 2,2.5,3}. This gave the result of {0.35, 1,2} for the
3xTDOA scenario and {0.35,0.7,1} for the 2xTDOA scenarios.

One of the important considerations when it comes to running the E3Q3 algorithm for
each sigma point to find a new intersection is that some of them are more likely to produce
a result than others. If we are only interested in finding one approximate solution, we
can stop searching when we find it, thus saving computing time. For this reason, it is
necessary to identify which sigma points are most likely to produce a solution and go
through them first. What we have found is that what influences the rate at which the
sigma point is precise is how it affects the absolute value of elements of the TDOA vector.
For example, regardless of the situation, the sigma point most likely to find the solution
is the one that lowers the absolute value of the largest absolute component of the TDOA
vector the most. As such, we used the information on how they affect the absolute values
of elements of the TDOA vector to determine the order of the sigma points and the scales.

One final consideration when it comes to sigma points is that in the case where we
have a 2x TDOA system with a substitute sphere, the altitude of the target usually comes
with uncertainty. For this reason, it may be beneficial to also try shifting the altitude
to find missing solutions and to estimate their uncertainty. The easiest way to do this
is by combining the covariance matrix of the known part of the TDOA vector and the
variance of the substitute sphere into a single matrix (where we consider the radius to be
independent of the TDOA vector) and using that to find the sigma points.

With correctly chosen parameters, it was possible to make it so that there was always
a solution within 100 km of the target in the 3xTDOA case. This came at the cost of the
sigma points being highly shifted from the original TDOA vector, lowering the precision
for the more stable cases. For this reason, from now on, we will be using a stricter
condition of a solution being within 30 km of the target to be considered successful.
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6. ERROR ESTIMATION

6. Error estimation

Until this point, we were assuming that the solver could select the solution closest to
the actual target. In this chapter, we will focus on how to estimate the error of a solution
and use it to select the point with the smallest error. The best estimate of the TDOA
vector of the target is the measured TDOA vector. This means that the best we can hope
for is to find how far our solution is from the point that would have this TDOA or that
comes closest to it if no such point exists. The simplest way to get some measure of errors
of solutions is to compare the actual time difference of arrival (TDOA) vector with the
simulated TDOA vectors from the solutions. In our case, we simply used the Euclidean
distance between the two vectors to get erpoa.-

This, on its own, is enough to see which solutions lie on the correct halves of the
hyperboloids, assuming no measurement errors (usually erpoa < 107'%). If multiple
solutions lie on the correct halves, additional information is required to find the solution
that is most likely to be the correct one. This is beyond the scope of this work; however, it
can be accomplished using, for example, predictive algorithms based on previous positions
of the target.

In the case that, due to measurement errors, there is no precise solution and the
ME3Q3 algorithm needs to be used, etpoa is not necessarily a good measure of error.
This is especially true for unstable solutions, where, depending on the direction of the
shift of the TDOA vector, the shift of the solution can be different by orders of magnitude.
It is worth noting that when using the ME3Q3 algorithm, there are two approaches to
calculate etpoa. The first is to use the measured TDOA, not the version shifted with
sigma points. This approach treats the solutions as if they were the solutions of the
original 3Q3 problem. The second approach is the opposite, where we only take the error
from the shifted TDOA vectors and ignore the error caused by the shift. For now, we will
only consider the former approach. However, both approaches have their advantages, as
will be shown below. It is important to distinguish between cases where an error estimate
“thinks” that a solution is close to the target and when it actually is. As such, we will say
that a solution is precise, when the estimate is accepted as the best solution and does not
search further, and we will say that a solution is accurate, when it is close to the target
(usually within 30 km).

One way to evaluate how well erpoa selects an accurate solution is to compare two
error measures. The first uses the minimum distance from any candidate solution to the
target. The second uses the distance from the single solution with the smallest erpoa to
the target. As can be seen in Figure 6.1, the difference between the optimised ME3Q3
solver using erpoa and the ideal case is significant. Therefore, a better estimate of errors
may improve the solver.

One way to estimate the errors is to find the numerical derivatives of the position of the
solution in the direction of erpoa. However, this is often not possible as even with small
changes in TDOA the solutions can be significantly displaced or can disappear entirely.
Additionally, this approach would be computationally expensive, at least doubling the
computational time. However, as is shown below, there is an analytical workaround that
allows us to calculate the Jacobi matrix exactly. Linearization only works well for solutions
with small errors. As is evident from Figure 6.1, the 2x TDOA scenarios are significantly
more likely to have larger errors. As such, most error estimates in this section focus on the
2XxTDOA scenarios. For the sake of simplicity, in the 2xTDOA case, by a TDOA vector
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6.1. HYPERBOLA VERTICES

we mean the known 2 values plus the height. Given a solution (zs,ys, 2s), the measured
TDOA, and the shifted TDOA, our goal for this section is to estimate the error of the
solution.
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Figure 6.1: The accuracy of the closest sigma point to the target (red) and the accuracy
of the two most precise solutions of ME3Q3 solver based on erpoa (blue). Left to right:

3xTDOA scenario, 2x TDOA scenario with known height, 2x TDOA scenario with un-
known height.

6.1. Hyperbola vertices

Let us consider a simplified two-dimensional case of our problem. Here we have two
detectors A = [0,1] and B = [0, —1] and a circle, which represents the substitute sphere
(see Figure 6.2), given by the equation

z+71) 4y’ =R
(z+7)

where 7 is the scaled radius of the Earth and R is the scaled distance of the target from
the centre of the Earth.

When we detect a TDOA signal from the target in this simplified problem, we know
that it lies on a hyperbola, whose foci are A and B. As such, its transverse axis is identical
to the y axis, and its centre is the origin. All hyperbolae with these properties are given
by 2 2

x
where, due to the position of the detectors (foci) a = /1 — % and b is given by the
TDOA vector.

Notice that, thanks to the inherent symmetry of this simplified problem, this equation

does not contain any mixed terms. This allows us to find the position of the target

analytically:

1-b2
r = 1 )
-2 (6.1)
b2
y == 1_b2x2+b2
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6. ERROR ESTIMATION

Figure 6.2: The detectors (A4, B), TDOA hyperbola (blue), substitute circle (green), and
the target (C'). The radius of the circle is smaller than a typical problem for demonstration
purposes.

We can use this result as an estimate for our more complicated case. The position
of the supposed target in the simplified case corresponds to the extreme point of the
intersection between the substitute sphere and a TDOA hyperboloid. In the case where
we would use a plane instead of the sphere, this point would be a vertex of the resulting
hyperbola. As such, we call this approach the vertex estimate. We can find the estimated
error by doing this calculation both for the measured TDOA and the simulated TDOA
of the solution, and by finding the Euclidean distance between them.

In the formula for = (6.1), we choose + if the z; > 0 and — if 2z, < 0. If we are to
simply use this method to estimate the error of the solution directly, the sign of y is not
important, as long as it is consistent. However, we will use this result in other methods,
where we need to know the sign of y. To do this, first we need to find the position of both
vertices in 3D space. This is simple thanks to the fact that the vertex will always lie on
the plane given by the two detectors and the centre of the Earth. Then we can simply
choose the vertex that is closer to the solution.

6.2. Planar approach

Another way we can use an approximate approach to get a 2D problem is to replace the
substitute sphere with a plane. Then the problem of finding the intersection of three
quadrics turns into finding the intersection of two hyperbolae. Given that we already
know the position of a solution, we can use it to find the best parameters of the plane to
get the best approximation of the actual problem. There are several ways we can select
the plane parameters. The most obvious one is to choose the plane to be tangent to the
sphere at the solution. This gives us an excellent approximation around the solution.
The second is to simply choose it to be given by z = z,. This approximation works
rather well thanks to the fact that the radius of the substitute sphere is at least an order
of magnitude larger than the typical distances in our problem. We chose the second
approach for its simplicity, because it provides a better approximation of the area right
above the detectors, and because it makes projecting between the plane and the sphere
around the detectors more accurate.
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6.2. PLANAR APPROACH

By using the plane, we have reduced the problem from finding the intersection of two
hyperboloids and a sphere to finding the intersection of two hyperbolae. However, as the
hyperbolae have some general orientation, a numerical approach would still be necessary.
Thus, an additional approximation is required.

The simplest approximation that can be made here is to replace the hyperbolae with
tangent lines at the solution point. This gives us a problem that can be approached
analytically. First, we find the intersection (points A and B) of the tangent line with
the transverse axis for both hyperbolae. Next, we form a triangle ABC' (see Figure 6.3),
where C' is the solution. In order to estimate the error, we need to estimate the change in
positions of vertices A and B to A’ and B’, and the change in angles Aa and AS when we
change from the TDOA vector of the solution (TDOAy,) to the measured TDOA vector
(TDOA,,).

Figure 6.3: (Spherical) triangle ABC, where A and B are bound to the transverse axes
of (spherical) hyperbolae (blue) and C' is the solution.

Points A" and B’ are bound to their respective transverse axes of hyperbolae, thus
we only need to estimate the direction in which they move and the distance. We will
estimate both of these using the estimated changes in the positions of the vertices of the
hyperbolae. Consider the point A’; B’ can be done in a similar way. The direction of the
change can be simply taken to be the same as the direction of the change in the position
of the vertex. Given d is the Euclidean distance between the vertex with TDOA,, and
TDOAg,, h is the y coordinate of the vertex with TDOA,, in the coordinate system
used for its derivation, and [ is the Euclidean distance between A and the centre of the
hyperbola, we estimate the distance D between A and A’ as

l
D d| Bl
This approximation was chosen based on the observation that in most cases it closely
matches the real value.

The change in angles Aa, AS can be estimated to be the same as the change of the
respective angles of the asymptotes of the hyperbolae. This way, we get the lines, whose
intersection is C’. As in the vertex estimate, the estimated error is the Euclidean distance
between C and C’. We call this approach the flat estimate.
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6.3. Spherical approach

This approach attempts to improve the method from section 6.1 to estimate the error of
the position of the solution, instead of just the vertex of the intersection of the sphere
and the hyperboloid (spherical hyperbola) it is located on. We can use a similar approach
as with the planar approximation, where we replaced the hyperbolae with lines. The two
main differences are that we do not have the equation of the spherical hyperbolae and that
we use great circles instead of lines. This makes it impossible to find the tangent great
circles at the solution and the asymptotes (which globally do not exist). For this reason,
we use (an admittedly worse) approximation, where we replace each of the spherical
hyperbolae with a great circle given by the solution and the estimated vertex on the
spherical hyperbola.

We consider a spherical triangle ABC (see Figure 6.3). Note that in spherical trigonom-
etry, the length of a side is defined as the central angle (angular length) of the correspond-
ing arc at the centre of the sphere, measured in radians. On a unit sphere, this angular
length coincides with the arc length along the surface. This time, A and B represent the
vertices given TDOA, while C' is still the solution. As can be seen in Figure 6.4, this
triangle can estimate the hyperbolae reasonably well, at least in the planar approxima-
tion. We can find the positions of A" and B’ easily, as they are the vertices for TDOA,,,.
Now we do not have a good estimate for the change of angles Aa and Af, so we will
use an approach that only works with the points. Firstly, we find sin a using the law of
cosines (see Figure 6.5):

H@HZ = 2R*(1 — cos a),
4B

2R? 7

L \/ IABI? 1A
4R*
where R is the radius of the sphere. Secondly, we need to use the spherical rule of sines
to find b (see Figure 6.3):

cosa=1— ———

. . sina
b = arcsin | sina— )

sin y

Figure 6.4: Approximation of the hyperbolae using their vertices (A and B) and the target
().
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6.3. SPHERICAL APPROACH

D
Figure 6.5: Triangle ABD, where A and B are vertices of the spherical hyperbolae and
D is the centre of the substitute sphere (red). The angle a is the angular length of side a
of the spherical triangle ABC' from Figure 6.3.

Using this, we can estimate how the solution changes when we change the position of
vertices A and B using partial derivatives.

ob sin o
8 SiIl a - : sin? a sin? o ’
S 7y 1-— W
ob —sinasina
8’7 e sinasina
sinytanvy,/1 — Rt
ob sin a cos o

8& o sin? a sin? o ’
S 7y 1-— W
This way, we can get the estimated error

0b 0b 0b
Ab — :
b Jdsina 0y

in the direction of B7>' and
Ac=sinb Ap

in the direction perpendicular to it. Here, A« is the difference between « and the angle
given by CA'B’, and Ap is the difference between 8 and the angle given by C'B’A’. Unlike
in a planar case, we need to measure the angle v and the angle given by B’C'A’ to calculate
A~ as the angles in a spherical triangle add up to more than 180°. Of course, the total
error of the spherical approximation is then

€spherical = V Ab? + Ac?.

Another approach is to partially use a planar approximation and project it onto the
sphere. The first way to do this is to project the entire planar estimate, i.e., points A’,
B’, and the angles o/, 5’. However, this is equivalent to projecting the estimated original
solution C” onto the sphere, making the difference between this approach and the planar
one rather small. As such, we call this approach the flat 2 estimate.

The second is to use the planar tangent lines to find the intersections with the trans-
verse axes and then project them onto the substitute sphere. Then we used these points
in place of A and B to calculate the derivatives, while still using the changes in position
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of the vertices as the difference between A and A’, and B and B’. This way, we can
get a better approximation of how stable the position of the solution is at the cost of
having a good idea as to how much the parameters change. We call this approach the
flat-spherical estimate.

6.4. Linearisation

Given that || - || is the Euclidean norm, the original system of equations (2.1) can be
linearised in the following way. First we take the partial derivatives of the TDOA vector
At with respect to the position vector of the target r = (z, vy, 2):

OAt;  (z — ;) (x — z9)

o cllr—xi|| |t —xo||

i=1,2,3,

and likewise for y and z. Then we form the Jacobi matrix

OAt OAt OAt

oAt X, o
J — to to to . (62)

ox Ay 0z
0Ats O0Ats 0Ats
ox oy 0z

This can be used to estimate how a small change in the position of the target dr changes
the TDOA vector
dAt = Jdr,

or more importantly, the inverse relation
dr = J7'dAt.

This way, we can estimate the error in the position of the target from the difference
between the measured TDOA vector and the TDOA vector of the solution. Unlike the
previous estimates, this one can also be used for the 3xTDOA case.

In the 4xTDOA case, we can get a similar estimate by replacing the unknown time
difference in the TDOA vector with the difference between the measured radius of the
substitute sphere R = r+h and the radius of the solution, and replacing the corresponding
row in the Jacobi matrix with the partial derivatives of (2.3):

orR x
0r TPt ()
OR _ Y
Oy el +yr+ (2412
OR z+r

EZ V2@ + ()2

Similarly to the flat approaches, here we estimate the position of the solution for the
unshifted TDOA vector to estimate the error. This begs the question of whether this
estimated, unshifted solution is more accurate than the shifted, precise one. Testing this
gave us mixed results, with the possible improvements being negligible.
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6.5. HEIGHT ERROR
6.5. Height error

Except for linearisation, all of the methods included so far have assumed that we have the
correct altitude of the target. Since we are also considering shifts in altitude in ME3Q3,
we also need to estimate how big an error these shifts introduce. As will be shown in the
chapter 7, there is very little difference between the individual estimates. Thus, we chose
a simple estimate as the sum of the distances by which the hyperbolic vertices get moved
when we shift the altitude.
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7. Results

In order to compare the possible approaches fairly, we should not use the actual
position of the target to select the best solution. However, simply choosing the solution
with the lowest estimated error could introduce a bias to our results. This is because up
to two solutions can correspond to the same TDOA vector, with one of them often being
outside the bounds of the possible generated targets. An error estimate that would more
often select the closer solution to be the best one would thus be more often correct than
one that did not have this preference, simply due to how we generated the targets and
not because it would actually be better. Therefore, to compare the approaches, we will
be taking the best two solutions according to each estimate and choosing the one closest
to the actual target.

There are several ways to make use of the error estimates. The first is to only use
them to order the solutions, and use erpoa to determine if a solution of E3Q3 is precise
both in the shifted and unshifted case. This has led to minimal results, partially because
if erpoa is used in the unshifted case, there is little room for improvement to begin with
(see Figure 7.1). Thus, to improve the results, it is necessary to use the different error
estimates already in the unshifted case not only to sort the solutions, but to determine if
the best solutions are precise enough. Doing so yields the results seen in Figures 7.2-7.4.
Here, we presented the results as a box plot as opposed to the regular accuracy graph, as
it shows the results more clearly in this case. a small caveat in creating the box plot of
the error distance is that some TDOA vectors result in no suitable solution being found,
even with the ME3Q3 solver. Not including these likely highly unstable solutions would
not accurately represent the capabilities of the individual solvers, as it would benefit the
solvers that return no solution in these cases. To prevent such bias, if the solver fails to
find any suitable solution, we add an artificial data point where the error distance is very
high (10,000 km). As was mentioned above, we are using three scales for each solver,
hence the “3s” prefix in the names of solvers.

In both 2xTDOA scenarios, the results are again nearly identical for the approaches
using erpoa, base spherical approximation, flat approximation and its spherical version.
There is a surprising result in the 3x TDOA scenario, however. Here, the spherical version
of the flat approximation significantly outperforms all other solvers despite the fact that it
was not designed for it. The reason for this stems from how we handled the 3xTDOA case
for exclusively 2xTDOA estimates. We would remove the TDOA equation corresponding
to the largest absolute time difference and use the accurate height above ground of the
target. However, if we had no information about the height of the target above ground
and had to use the estimate of A~ = 10 km, it performs much worse than erpoa. If we
add a normal error to the height with a standard deviation o = 3 km, the performance
is roughly on par with erpoa, being worse for smaller distances and better for larger
distances. This means that we can use this approximation to improve our results for the
3xTDOA case, but only if we have a good estimate of the height of the target independent
from the TDOA vector.

When looking at which point contains the best (actual) estimate of the target, the
points given by E3Q3 appear disproportionately less often. Despite that, we lose a lot of
accuracy by not including them. This explains the large difference between Figures 6.1
and 7.1. In the former, we often don’t select the central case, even though it is the best
estimate with the information available.
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7.1. THRESHOLD OPTIMISATION
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Figure 7.1: The accuracy of the closest E3Q3 solution if it is deemed as precise by erpoa,
or the closest sigma point to the target if it is not(red), and the accuracy of the two
most precise solutions of ME3Q3 solver based on erpoa (blue). Left to right: 3xTDOA
scenario, 2x TDOA scenario with known height, 2x TDOA scenario with unknown height.
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Figure 7.2: Box plot of the minimum distance out of the two best solutions as determined
by each estimate.

7.1. Threshold optimisation

When selecting which solutions from the unshifted E3Q3 would be sent to ME3Q3 for
improvement, there is an initial threshold for each error estimate, where if the estimated
error is below this threshold, we accept the solution. So far, the value of the initial
threshold was set to be 1071° for the epppa estimate and roughly proportionally for the
other estimates, as that seemed like a reasonable boundary between the correct and in-
correct solutions. However, this threshold can be increased without significantly affecting
the accuracy of the solutions. Before, the percentage of solutions from E3Q3 that were
accepted as precise was between 14% and 90%, depending on the scenario and distance
from the detectors. By optimising the values of this threshold for all estimates, we were
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Figure 7.3: Box plot of the minimum distance out of the two best solutions as determined
by each estimate.
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Figure 7.4: Box plot of the minimum distance out of the two best solutions as determined
by each estimate.

able to increase this to around 80% to 95% for all cases. This led to a major increase in
computation speed without significantly affecting the accuracy of the solvers.

Additionally, when calculating erpoa or its equivalent for other estimates, we may
compare the TDOA vector of the solution to the shifted TDOA vector or the measured
one. The main practical difference between these approaches is that the shifted TDOA
makes it more likely for a solution to be regarded as precise. This allows it to end the
search sooner, at the cost of possibly not checking a better solution. For most estimates,
the negative aspect ended up being negligible, so the shifted TDOA vector is used. The
notable exceptions to this were the flat and flat2 estimates, where the measured TDOA
vector was significantly more accurate.
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7.2. TIME EFFICIENCY
7.2. Time efficiency

Given that there are multiple error estimates that give results that are near-identical to the
best results, the main deciding factor as to which solver is the best is their time efficiency.
We tested all error estimate methods on 40,000 simulations for all three scenarios. The
fastest error estimate in all cases after threshold optimisation is the approach using erpoa .
It takes essentially the same time as the default E3Q3 solver in the 3xTDOA scenario,
roughly 30% longer in the 2xTDOA scenario with known height above ground, and
roughly 80% longer in the 2xTDOA case with unknown height. The full results are in
Table 7.1.

Table 7.1: The ratio of the average time required by each solver to the time required by
E3Q3.

3xTDOA 2xTDOA with 2xTDOA with
known h unknown h

3sME3Q3dt 1.0228 1.2995 1.8166
3sME3Q3vertex 1.2691 1.4410 1.8709
3sME3Q3spherical 1.4651 1.4883 2.0110
3sME3Q3flat-spherical 1.5710 1.6451 2.0629
3sME3Q3flat 1.7091 2.0295 2.5346
3sME3Q3flat2 18.6672 2.2308 2.6489
3sME3Q3linear 1.1615 1.4519 1.9087

One result that stands out is the time for flat2 estimate in the 3xTDOA scenario.
Even with further attempts to optimise the thresholds, we were unable to significantly
reduce the computing times in this case without affecting the accuracy. So, despite the
increased accuracy of flat2 estimate in the 3xTDOA case under ideal conditions (well-
known height), this approach may still be unsuitable due to being an order of magnitude
slower.

7.3. Comparison of E3Q3 and ME3Q3

In Figures 7.5 and 7.6, we compare the accuracy of the final ME3Q3 solver with the E3Q3
solver. Clearly, the best improvement is in the 3x TDOA scenario, with the improvements
in other cases being more marginal. In the 3xTDOA scenario, the improvements are most
notable in higher quantiles (30 km threshold). This means that the distribution of the
distance of the solution from the target had a very long tail for E3Q3 (seen in Figure 7.7),
which was successfully cut using the ME3Q3 method.

We believe that this is the case since in the 3xXxTDOA scenario, the measurement
error generally affects the position of the best possible solution (given a TDOA vector)
less than in the 2xTDOA scenarios, and rather causes the TDOA hyperboloids to no
longer intersect. Then the best possible solution lies close to the actual target, but not
on all hyperboloids. This would explain why ME3Q3 has much better performance in the
3xTDOA scenario than in the 2xTDOA scenario with known height, despite the E3Q3
solver having similar performance in both scenarios.
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7.4. MAHALANOBIS DISTANCE
7.4. Mahalanobis distance

So far, whenever we evaluated the effectiveness of a solver, we were checking whether the
solution the solver deems the best is within a certain Euclidean distance from the actual
target. While it is easy to interpret what this measure actually means, it lacks certain
nuance. For example, what maximum error is appropriate may be different if the target
is on the edge of being detectable compared to when it is within a few kilometres from
the detectors. It is also important to note that the problem itself is simply less stable in
certain areas due to the nature of the problem and not due to the flaws of any particular
solver. This is why, instead of Euclidean distance, it may be more appropriate to use
a distance that also takes into account how volatile the situation is. The most common
way to do this is using the Mahalanobis distance [22].

Definition 6. Given a probability distribution @ on RY with mean g = (pu1, a2, ..., pin) "
and a positive semi-definite covariance matrix 3, the Mahalanobis distance of a point
x = (21,3, ...,2x)" from Q is

A%, Q) =/ (x— ) TS (x — ).

If we are to use this definition, we need to know the first two moments of the random
distribution of the position of the target. Due to the non-linearity of the problem, this
proves to be difficult. However, for our purposes, it is sufficient to use the linearised
expression from Section 6.4. Since we are now considering a linear problem, the normal
distribution of the TDOA vector gets mapped to the normal distribution of the position
of the target, with the mean of the distribution being the position of the target. As such,
we can take the Mahalanobis distance to be

dr(x,Q) =/ (x 1) TI TS b0, I (x — ),

where r is the position of the target an J is the Jacobian matrix from (6.2) evaluated at r.

In this case, we say that a solution is accurate if it is within the 99.9th percentile of
the linearised Mahalanobis distance. The results are in Figure 7.8. These results include
the majority of solutions that only used the E3Q3 method and were never shifted. If we
only include the cases where the initial solution was deemed to be imprecise, we get the
Figure 7.9. Here we can see that the majority of these solutions in E3Q3 were indeed
inaccurate and were significantly improved with the ME3Q3 method.

38



20

Percentage of falled solutions
15

100

200

300

400

7. RESULTS

—e— E3Q3
95 —e— 3sME3Q3dt

20
12 85
80
31
75
10 70
100 200 300 400

Average distance in xy plane from origin (km)
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8. Conclusion

The primary objective of this thesis was to identify and develop a numerically stable
and computationally efficient solver for the problem of the intersection of three quadrics
(3Q3), specifically those stemming from the Time Difference of Arrival (TDOA) multi-
lateration systems. By transforming the non-linear TDOA equations into a system of
three hyperboloids, we established a mathematical framework that allows for analytical
and semi-analytical approaches to target localisation.

Through extensive benchmarking against simulated data, we compared several estab-
lished algorithms, including the Homotopy Continuation, the Efficient 3Q3 (E3Q3) solver,
and Resultant-based solvers. Our analysis revealed that while universal solvers like Ho-
motopy Continuation offer robustness, they often lack the speed required for real-time
surveillance applications. Conversely, the Efficient 3Q3 (E3Q3) solver emerged as the
most suitable baseline due to its high accuracy and computational efficiency.

To address scenarios where measurement errors or geometric configurations lead to nu-
merical instability, we introduced the Modified E3Q3 (ME3Q3) algorithm. By leveraging
the unscented transform and shifting TDOA vectors using sigma points, we significantly
improved the reliability of the solver in cases where standard E3Q3 failed to find an ac-
curate intersection. Furthermore, we developed and evaluated several error estimation
techniques, ranging from planar and spherical approximations to linearization, to more
reliably select the best candidate solution from the multiple intersections produced by the
quadric system.

The final results demonstrate that in the 3xTDOA scenario, the ME3Q3 algorithm
provided a major improvement in stability at only slightly higher computation cost, suc-
cessfully resolving many unstable problems where standard E3Q3 previously failed to find
an accurate intersection. While ME3Q3 remains beneficial when utilising a substitute
sphere for missing sensor data (2xTDOA scenario), the improvement over the baseline
E3Q3 was notably less substantial than in the 3xTDOA case.

This work was developed in close collaboration with ERA a.s., a leading developer of
passive surveillance technology. The algorithms were rigorously tested using a specialised
Python implementation. Future research could focus on further optimising these solvers
for systems with five or more detectors to increase redundancy and precision, and on
further optimisations of the position of the shifted TDOA vectors.
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