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Terrain Rough Rough & Smooth
Altitude 7000 (Meter) 500, 3000, 5000, 7000, 10000 Meter
Velocity 150 (m/sec) 25,50, 100, 150, 200, 250, 350, 500, 700, 900, 1000
Flight Duration 2.222 (hr.) 0.5,1,1.5,2.222,35,6
INS Drift Rate 2000 (m/hr.) 0.02,0.2, 2,20, 200, 2000, 20000, 200000
GAME Running Rate 1 (sec) 1,15,30sec, 1, 15,30 min, 1 hr.
GGI Noise 0.1 (Eo) 1E-6, 1E-5, 1E-4, 1E-3, 1E-2,0.1, 1,10
Map Noise 0.01 (E&) 1E-6, 1E-5, 1E-4, 1E-3, 1E-2, 0.1, 1, 10
GGI Components 5 I'ee,I'en,ep, Tnp, Top, 2, 3,4, 5
Mg’rif:;zgg)ns 3 3,6, 12, 24, 48,96, 192
Map Interpolation 3 3,1.5,0.75, 0375, 0.1875
(arcseconds)
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1)

2)

3)

4)

leals dl.’?u‘ RSy 4 Lg)l_‘i oli’]—)f‘ u.u‘gﬁ u.a‘).’Lu

Ri: If Txds guass(Txg 1.555 135.039)AND Tyy is guass(Txy; 4.844 36.142) AND
Ty is guass(Tx,; -16.588 99.457) AND Tyy is guass(Tyy; 35.989 205.775) AND Ty,
is guass(Tyz; 3.777 102.26), Then yi is wi1=-1.108e+05 -1.797e+03Tx +
5.777e+03Txy+5.155e+03Ty, - 730.106Tyy+ 79.475Ty,; y2 is wiz =53.239 +
0.0922Txx - 0.093Ty - 0.614Tx, + 0.958Tyy - 1.79Ty,; y3 is wiz = 36.649 -
0.012Txx— 0.072Txy— 0.44Tx,+0.654Tyy-1.199Ty;

Ro: If Txx is guass(Txx; 1.579 175.362) AND Tyy is guass(Txy; 4.348 39.986) AND
Tx. is guass(Txz; -19.803160.848) AND Tyy is guass(Tyy; 37.62105.847) AND Ty,
is guass(Tyz; -1.21499.988), Then y:1 is w21 = 6.193e+04 + 101.918Tx-
6.034e+03Txy+ 2.956e+03Tx,~4.735e+03Tyy+ 2.574e+04Ty,; y2 is wz
=26.237-0.531Tx - 0.272Tyxy — 1.1Tx,- 0.233Tyy - 2.339Ty,; y3 is waz =18.792 -
0.263Txx - 0.178Txy - 0.721Tx;- 0.169Tyy - 1.586Tyy;

If Txx is guass(Txg; 0.525 100.561) AND Tyy is guass(Txy; 2.044 30.094) AND Ty,
is guass(Txz; -19.915111.046) AND Tyy is guass(Tyy; 34.145105.354) AND Ty, is
guass(Tyz; -16.680144.706), Then y: is w31 = 1.293e+05 -2.536e+03Tx +
5.677e+03Txy+ 6.404e+03Tx,~5.256e+03Tyy-421.98Ty,; y2 is wsz = 37.099 +
0.216Txx+ 0.015Txy+ 0.114Tx, + 0.171Tyy - 0.317Ty,; y3 is wzz = 2591 +
0.136Txx+ 0.007Txy+ 0.081Tx, + 0.108Tyy - 0.221Ty;;

If Ty is guass(Tx; 1.203 102.79) AND Ty is guass(Txy; 3.29727.68) AND Ty, is
guass(Tx; -19.915125.416) AND Tyy is guass(Tyy; 36.721137.833) AND Ty, is
guass(Tyz; -8.03481.685), Then y: is ws1 = 1.607e+03 + 4.514e+03Tx« +
1.362e+04Tyy-1.036Tx, + 8.147e+03Tyy+ 1.104e+04Ty,; y2 is waz = 27.316+

0
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0.565Txy — 0.55Tyy + 0.098Ty, — 0.052Tyy,~1.998Ty; y3 is waz = 19.41+ 0.317 Ty
- 0.404Tyy + 0.016 Ty, - 0.030Tyy~1.331Ty;

5) If Tu is guass(Txg 2.029 102.79) AND T,y is guass(Tyy; 5.35144.065) AND Tk, is
guass(Ty; -16.327148.7) AND Ty, is guass(Tyy; 34.453156.132) AND Ty, is
guass(Tyz; 12.612 77.628), Then yi is ws1 = -4.693e+04 + 1.607e+03Ty -
228.73Ty+276.429T, + 1.183e403Ty+ 1.295e+03Ty;; y2 is ws; = 69.217+
0.031Tx+ 0.023Ty + 0.088Ty, - 0.069T,,-0.274Tys; ys is wss = 47.17+
0.056 T+ 0.034Tyy + 0.0694 Ty, — 0.044T,y-0.175Ty;

d o lailiwl Gl il g € 35 00 b owslS 3lad b guass(T;c,d) (599 10 ool iy a3 (yilsd jo

Do oo siuled ) T (69959 59,

pr o2l sl Glaosls gl oal slml slaalss (Y-0) Jgo

M; (center)
o; (standar deviation)

Gy [-150.551, 64.894,89.546,-91.658, 233.0661]
[135.039,36.142,99.457,205.775,102.26]
G, [-96.788,70.019, 240.624 ,-224.895 , 93.905]
[175.362,39.386,160.848,105.847,99.988]
Gs [-288.465,21.406,43.19, -226.868 , 289.66]
[100.561,30.094,111.046, 105.354, 144.706]
Gs [-297.383,31.053, 193.381,-356.785, 118.308]
[102.79,27.689,125.416,137.833, 81.685]
Gs [-352.201, 2.778,-7.014,-381.184 , 134.537]
[143.90, 44.065,148.7,156.132,77.628]
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1) Ri: If Tx is guass(Txg; -70.698269.72) AND Tyy is guass(Txy; 92.146268.674)
AND Ty, is guass(Txz; 168.231269.679) AND Tyy is guass(Tyy; 6.506270.06) AND
Ty, is guass(Tyz; 6.506269.524), Then y; is w11 = 5.972e+04+353.78Tx« +
2.704e+03Txy -109.706Tx,-1.294e+03Tyy -522.52Ty;; y2 is wiz =50.891 +
0.018Txx+ 0.012Tyxy+ 0.018Tx, + 0.018Tyy - 0.006Ty,; y3 is wiz = 35.271 -
0.010Txx+ 0.022Txy+ 0.002Ty; + 0.0104Tyy - 1.008Ty;

2) Ro: If Ty is guass(Txyg; -16.934269.702) AND Ty is guass(Txy; 97.272268.674)
AND Ty, is guass(Tx; 319.309269.68) AND Tyy is guass(Tyy; -126.731270.06)
AND Ty, is guass(Tyz; 164.63269.524), Then y; is wzi = 1.92e+05-
3.499e+03Txx - 1.779e+03Tyy-3.193e+03Tx, - 6.586e+03Tyy + 2.85e+03Ty;;
y2 is wzz =45.174 -0.154Txx - 0.102Txy+0.033Tx,+ 0.171Tyy+0.049Ty; y3 is w23
=32.509 -0.077Txx — 0.012Txy - 0.005Tx; - 0.078Tyy+0.011Ty;

3) If Txxis guass(Txx -208.611269.702) AND Ty is guass(Txy; 48.659268.674) AND
Y-



4)

5)
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Tx. is guass(Txz; 121.874269.68) AND Tyy is guass(Tyy; -128.703270.06) AND Ty,
is guass(Tyz; 360.386269.524), Then y; is w31 = -7.12e+03+162.422Tx +
768.67Tyxy + 1.138e+03Tx,+505.603e+03Tyy - 421.911Ty,; y2 is waz = 51.777 +
0.012Txx- 0.011Txy- 0.004Ty, + 0.012Tyy+ 0.007Tyy; y3 is wszz = 35.745 +
0.006Txx- 0.006Txy- 0.001 Ty, + 0.009Tyy+ 0.0027Ty;

If T is guass(Txyg; -217.523269.702) AND T,y is guass(Txy; 58.3 268.674) AND
Tx. is guass(Txz; 272.066269.679) AND Tyy is guass(Tyy; -258.621270.06) AND
Ty, is guass(Tyz; 189.034269.524), Then y1 is wa1 = -1.82e4+05 + 2.787e+03Tx«
+ 4.814e+03Txy +2.594Tx, + 5.891e+03Tyy-2.359e+03Ty,; y2 is waz = 56.807 +
0.142Tx+ 0.123Txy—-0.054Tx, - 0.14Tyy - 0.035Ty; y3is waz = 38.519 + 0.071Tx
+ 0.037Txy + 6.06e-05Tx, - 0.063Tyy - 0.01Ty;

If Txx is guass(Txy -272.347269.702) AND Tyy is guass(Txy; 30.03268.674) AND
Ty, is guass(Txz; 71.67 269.68) AND Tyy is guass(Tyy; -283.02270.06) AND Ty, is
guass(Tyz; 205.262269.524), Then y: is wsi = -5.659e+04 -4.935Tx -
2.482e+03Txy-212.723Tx, + 859.198Tyy + 1.512e+03Ty; y2 is wsz = 52.57 -
0.021Txx + 0.003Tyy + 0.007Tx+ 0.006Tyy — 0.019Ty;; y3 is wsz = 35.822 +
0.018Txx + 0.004Txy + 0.013Tx,+ 0.015Tyy - 0.002Ty;

Aircraft Lattitude and Longitude versus Time
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Smooth Terrain
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Noisy GGI Signals with a STD of 1 Eotvos along True Flightpath
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GAME Position Error versus Time
(flying at 150 m/s and 3000 meters above rough terrain with a 2000 m/hr INS drift)
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Abstract

Precision navigation in an effective way has become an important aspect of
many applications such as military and commercial applications. Currently, GPS
stands as the preferred navigation system to the wide variety of users and has pro-
vided an unprecedented sub-meter level of accuracy, but whose signals are vulner-
able to interference and jamming. There are various approaches to determine the
position and navigation in a GPS denied environment in the literature including,
but are not limited, Inertial Navigation System (INS), Terrain Referenced Naviga-
tion (TRN) and so on. Nowadaysanother method of navigation that has been given
a large amount of attention is by use of a device known as Gravity Gradient In-
strument (GGI) devices which measure the spatial derivatives of gravity and Now-
adays have experienced remarkable improves in accuracy.

This Thesis proposes two methods to navigate using Earth’s gravity field data.
The first is a novel and robust method for position determination by using Neuro-
fuzzy modelling and GGI's Data which doesn’t have aforementioned weaknesses.
The parameters of Generated TSK network is optimised by a new hybrid learning
algorithmwhich uses Modified Shuffled Frof Leaping Algorithm (MSFLA) and Least
Square Stimator (LSE).The obtained acuuracy in smooth terrain is about 16.61
meters, which reveals that proposed method have a good potential for position
determination in smooth terrain . Also the suitability of proposed method for use
in different altitudes is compared. At the end of this paper current limitations of
this method areidentified.

The second method uses a linear kalman filter to fuse INS navigation data and
gravitational navigation system. This system is suitable for Vehicles with long
flight duration. At defult condition we can achieve the accuracy of 45.92 meters

and 25.35 meters on Rough and Smooth terrain.

vy



