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Problem Statement

&Na = m.ﬁ Aun@v + Qu Aumﬁv&ﬁ\? X0
53 Aunzﬁv + Vn

Ynr
Or

Xn+1 = W:Aunzv + QzAN\;vﬁﬁ;u X0

Yn = TzANSV + Vp.

We want to find
mi(dx) = P(x; € dx|y"),

where

\_

y'={y:;, i=1,---,n, nt < t},
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(A1) LOCAL LIPSCHITZ CONTINUITY: V x, X' € B, and t € [0,T],

where B, is a ball of radius r, we have

Ife(x) = £(x)]| < Krfx=x'||, and 3)
IG(x)Q:GY (x) = Ge(X)QGL (X)| < krllx = X|].
(A2) NON-EXPLOSION: there exists k > 0 such that
xI'fi(x) < k(1+|x||*), and (1)

trace(G:(x)Q:GE (x)) < k(1 + ||x]|]?).

Vte[0,T] and V x € R".

o k
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P (t,)

AP (ty,)

p(tk) + cldT () —
+1I'(ty) + E4(tg) +
p(tk) + c[dT (tx)
+E (tg) — AN' + 7' (tr,)

€' (tr)

H.a Aunﬁv &ﬁ n Qu Aunﬂv
0 0

h, (x(n7) + Jpz(n1)) + v,

— dt*(tg)] + T (tg)

dt* (te)] + T* (t)

— I'(ty)
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o I :

[ ] €:

e

e 7 :

e P :

e dT :

e dt :

e F :

e T :

o & :

e N :

GPS time at epoch k (s)
code observation(m)

satellite number

distance between the receiver and the satellite position(m)

speed of light (m/s)

receiver clock bias(s)

ionospheric delay(m)
tropospheric delay(m)
code observation noise(m)
carrier wavelength(m)

carrier phase observation(cycles)
integer ambiguity(cycles)

carrier observation noise (m)

satellite clock bias including SA clock error(s)

effect of ephemeris error including SA orbit error(m)
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\PEOH#FE 1 Particle Filtering /

o Step 1. Initialization

o Sample x5, -+, x, N i.i.d. random vectors with the density
po(x).
o Step 2 . Diffusion

o Find X x3+f v w&mi from the given xL.---, xX | using the

dynamic rules:

dx: = fi(x¢)dt + Ge(x¢)dwy, nT <t< (n+1)7

or

Xn+1 — H.SAumS\v + QSAuniv/\

o Step 3. Find the empirical density

N
1
ﬁzu_nH_S m M §+H

\_
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o Step 4 . Use Bayes Rule

N
Prn+1|n+1 ANV —

H
mq
2 .
.MU mt :+Hv 63+ixw~+~v

where ¥, (x) is the conditional density of the observation given the

state.

o Step 5. Resample

1 N : N
o Sample Xy, 11, -+, Xp41 according to ﬁ:+::+HANv

o Step 6. n < n+1; go to Step (2).

\_
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(o)
U1
)
\ v )
n+1
NS.TH —
Yn
Y

(1 At 0 0 )
0 1 0 0
0 0 1 At
\o 0 0 1 )
Zy,

= llx = si|| +on

= llx = sill + 2 + 0}

T
where w = (w1, w2, w3, ws)” and v = Aemf@

[ o

U1 w2

L2

\ v )

w3

i=1,2,3
0 =1,2,3,

H
wgemu@wv@mvewV are zero

mean white Gaussian noise with covariance matrices
Yw = diag (1,0.5,1,0.5) and Xy = diag (5,0.2,5,0.2,5,0.2), respectively.

o k
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\ The Estimated and Actual Integer Ambiguity z1 /
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Figure 1: Estimated integer ambiguity versus the actual integer ambiguity
of pseudo satellite (1). At time 100 there is a cycle slip of strength —20

for the measured phase of the carrier from pseudo satellite (1) .

o k
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The Estimated and Actual Integer Ambiguity z2
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Figure 2: Estimated integer ambiguity versus the actual integer ambiguity
of pseudo satellite (2). At time 100 there is a cycle slip of strength —20

for the measured phase of the carrier from pseudo satellite (1) .
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The Estimated and Actual Integer Ambiguity z3
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Figure 3: Estimated integer ambiguity versus the actual integer ambiguity
of pseudo satellite (3). At time 100 there is a cycle slip of strength —20

for the measured phase of the carrier from pseudo satellite (1) .
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Figure 4: Estimated z1 component versus the actual z; component of
the position of the car. At time 100 there is a cycle slip of strength —20

for the measured phase of the carrier from pseudo satellite (1) .
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Figure 5: Estimated z2 component versus the actual z2 component of

the position of the car. At time 100 there is a cycle slip of strength —20
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The actual trajectory versus the estimated trajectory /
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Figure 6: Estimated trajectory versus the actual trajectory of the car.
At time 100 there is a cycle slip of strength —20 for the measured phase

of the carrier from pseudo satellite (1)
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Definition 1 Let {ci1,---,c,} be linearly independent scalar

functions defined on 'R™, and assume that the convex set
Og={0cR™: YT(0) = Nob\m&@ (0" c(x)) dx < oo},

has nonempty interior. Then,

S ={p(-,0), 0 €O}, p(x,0):=exp [0 c(x)—T(6)],

densities.

\_

where © C B¢ is open, is called an exponential family of probability

k
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\PEOH#FE 2 Particle Filtering for an Exponential Famaily of /
Distributions.

o Step 1. Initialization

o Sample x5, - -+, x, N i.i.d. random vectors with the density,
Po(x).
o Step 2. Diffusion
033& wwi.f ..;um:i\,,ﬁoswbm%emﬁ xwu..;xwﬂ@%ﬁmﬁbm

dynamic rule:
dx; = fi(x¢)dt + Gi(x¢)dw, nT<t< (n+1)7

o Step 8. Find the MLE of %:JL given w&if e wnwm_;
N

Oni1 = arg E%x- mxwgﬁogwiv —Y(0))

N /

17
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o Step 4 . Use Bayes Rule

Nwin_.H_i._.HAunu %3+Hv — N

o Step 5. Resample

1 N : A
o Sample Xy 11, +, Xpq1 according to pri1jn+1(X, Ont1).

o Step 6. n<+n+1; go to Step (2).

\_

18
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Theorem 1 For System (1) assume that £.(-), G¢(-), and h(-) are such

that for Brownian motion w¢, and the Gaussian noise v,, the conditional

probability of the state x¢, conditioned on the observations, admits a
distribution in the family S for © bounded and for t € [0,T]. We also
assume some mild condition on c(x). Then, if g~* (0) Eg, (Lic (X)) s
Lipschitz with the Lipschitz constant L and g(0) is positive definite and

bounded away from zero, there exist l1 and la such that

l2
N1/2

E||0nr — On-| < MU@N@ (LiT) A?k +

1=0

v ,  nt€[0,T],

where m:a 18 the estimate of 0,-, and N and h are the number of

particles and the time step, respectively.

where g(6) is the Fisher information matrix and

n
— .0
Le=), Jiga; MU ay’ 82,0z, mau
i=1

1,7=1

\___ Y,
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We seek to estimate

P(n|®7™)

form.

\_

__P(®ny1n, @7)P(n|®7)
> P(®nya|n, 87)P(n|@T)’

It can be shown that if P(n|®7) has an exponential form (or more
specifically Gaussian), then P(n|®"1!) has approximately the same

k
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\PEOH#FE 3 Particle Filtering for a Gaussian Shape Distribution.

o Step 1. Initialization
o Sample ng,---, nd, N i.i.d. random variable with the
distribution, Po(n).
o Step 2. New measurement and Bayes Rule
1w .
L3 6,5 (0) - P(®nia|nd)
PN (m@ptt) = — =
N 2 0pi (07) - P(@nia|ny)
j=1
o Step 3. Find the MLE of npy1 and Xn, , given n. -, n?, an
PY (n|®7+!h).
2 . .
g1 = . PY(n},|®7 " )n,
Mb:.: — M wZAUN_@Ml' XSN T HI-SVASN T HI-SV\

/ =

d

21
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o Step 4 . Resample
o Sample ny,q,---, n 4 according to P(n|®7T).

where

@vﬁn_nH — 1
PWIST) =

exp A 1 Ab — 5:+L MUM:iL AS - m:Lva

o Step 5. n<n+1; go to Step (2).

\_
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In Algorithm 3, if the number of particles is small, a bad initialization causes significant

estimation error.

In the Integer Ambiguity Resolution problem, we first initialize the Conditional Probability
Distribution of the Integer Ambiguity using the pseudo range measurement.

Since the noise power of the pseudo range is significantly larger than the noise power for the
Carrier Phase measurement, one of the integer vectors, that has probability greater than the
others, ends up with probability one and the rest of integer vectors end up with zero

probability.
we alter the covariance matrix for the Carrier Phase measurement and the covariance matrix

for the Conditional Probability Distribution of the Integer Ambiguity given the

measurement as follows:

Sn = X, +n"2I

where « is a constant coefficient.

23
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Using two Novatel GPS receivers, we collected the navigation data
on April 2, 2000. From the collected data, we extracted the
position information of the satellites, the pseudo range and carrier

phase measurement noise powers for the L1 frequency. Using the
collected information we generated the pseudo range and carrier
phase data for one static and one moving receiver (base and rover,
respectively). To be able to check our method we added an
artificial integer ambiguity to the simulated data.

(z,9,2) 41 = (2,9, Dn +(2,1,1) + 2,

where €, is a three dimensional unit power zero mean Gaussian
random vector. The spatial and temporal units are assumed to be
meter and second, respectively.

o k
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No. of Ep. | No. of Ptcl. | No. of trials | Err. Pctg.
2 5000 1000 % 40
3 5000 1000 % 28
5 5000 1000 %15.8
10 5000 1000 7%5.8
20 5000 1000 %2.9

Table 1: The percentage of error for IA estimation

No. of Ep. | No. of Ptcl. | No. of trials | Rej. Pctg. | Err. Pctg.
5 5000 3 x 1000 %2.1 %13.7
10 5000 3 x 1000 7%0.7 %1.2
20 5000 3 x 1000 %0.6 7%0.0

\_

Table 2: The percentage of error for TA estimation

k
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