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Abstract

In this paper, we analyze the performance of estimation algorithms for discrete-time stochastic linear
hybrid systems. The problem of being able to estimate both the discrete and continuous states of a hybrid
system given only the continuous output sequence is a difficult one, and while algorithms [1, 2] exist for
this purpose, little has been proved on the limitations of these algorithms, or even the dependence of their
performance on system parameters. We find conditions that must be satisfied to guarantee the convergence
of these hybrid estimation algorithms. We also derive expressions to determine bounds on the discrete
mode detection delay. These conditions also provide a means to predict a priori which transitions in a
hybrid system are relatively easy to detect, as a function of the system parameters. Finally, we validate
our conditions and predictions using a simple yet illustrative 1-D example, and a more complex aircraft
tracking example.
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1 Introduction

Many complex systems can be modeled by hybrid systems with a number of discrete modes having different
continuous dynamics and discrete transition relations between the modes. There has been considerable interest
in hybrid estimation among researchers in estimation theory. The objective of hybrid estimation is to estimate
both the mode and the continuous state of a hybrid system at any given time. Hybrid estimators usually
consist of the combination of a bank of continuous state estimators (usually Kalman filters), designed for the
different discrete modes, and a hypothesis testing (mode selecting) algorithm. The form of the hypothesis
testing algorithm depends on the type of output data available. The class of hybrid estimators analyzed in this
paper addresses a challenging problem - that of mode detection and state estimation given only the continuous

output data of the system. In such cases, during hypothesis testing, it is necessary to use the differences in
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statistical properties (such as mean and covariance) of the outputs from the different Kalman filters to choose

the most likely mode.

Hybrid estimation algorithms have been developed for discrete-time stochastic linear hybrid systems in which
the discrete transitions are governed by finite-state Markov chains. The Multiple Model Adaptive Estimation
Algorithm (MMAE) [1] is an algorithm in which, during hypothesis testing, the residuals of the different Kalman
filters are used to form likelihood functions for the different modes, which in turn are used as adaptive weights
to find the most probable mode. A refinement of this algorithm, the Interacting Multiple Model Algorithm
(IMM) [2], mixes the initial conditions of each of the Kalman filters at each time-step. The original reason
behind this refinement was to enable keeping information from N? discrete time histories (where N is the
number of discrete modes) in just N Kalman filters, thus reducing the complexity. [1, 2, 3, 4] and references

therein give various other hybrid estimation algorithms and their applications.

The performance of hybrid estimators has been studied for several decades. Magill [5] provides sufficient
conditions for the convergence of the adaptive weights described above in the hybrid estimation of a specific
class of systems when a constant parameter vector is unknown and there is a single output from all the modes.
Lainiotis et al. [6, 7, 8] extend the results in [5] to multiple outputs and derive the recursive form of the
optimal adaptive estimator as well as its exact error covariance. Hawkes et al. [4] examine the asymptotic
behavior of the adaptive weights in hybrid estimation algorithms, which in turn determines the performance
of the hybrid estimators. The authors show, using the Kullback information function [9], that the weight
corresponding to the true model converges almost surely to unity and that the other weights converge to zero.
Many other approaches to the performance analysis of adaptive estimation (hybrid estimation in which the
hypothesis testing is performed using adaptive weights) can be found in the references cited in [4]. Baram
et al. [10] provide conditions under which, for a set of systems driven by stationary white Gaussian inputs
and no discrete transitions, the mode probability of the true model converges to unity, i.e,. the probability
that the estimated model is the true model converges asymptotically to unity. Baram [11] shows that for the
hybrid system in [10], the uniqueness of the prediction error covariance matrix is a sufficient condition for the
true model to be estimated asymptotically. However, the system in [10, 11] is a set of stochastic, stationary
Gaussian models which do not interact with each other. Thus, the conditions in [10, 11] are more relevant
to the observability of stochastic linear hybrid systems [12]. Caputi [13] derives a necessary condition for the
performance of hybrid estimation algorithms through the analysis of steady state residuals and shows that the
performance of the hybrid estimator depends on the DC gain of the linear systems. This condition is only valid
for a specific class of hybrid systems, in which the continuous dynamics for all the modes is the same, but the

inputs are distinct and consist of a constant bias vector and zero-mean white Gaussian random noise.

The research summarized above analyzes hybrid estimation in several special classes of systems, yet general
analytical analysis techniques for the performance of hybrid estimation algorithms have not been investigated
in detail. Maybeck [1] gives qualitative reasons for the performance of hybrid estimators but adds that no
rigorous general proofs are available for the (asymptotic convergence) properties of the hypothesis conditional
probabilities. In this paper, we analyze the properties of hybrid estimation algorithms and derive conditions
under which the computed hybrid estimates converge exponentially to the exact hybrid states. The results of

this analysis give some insight into which mode transitions are more detectable than others and also into how to



improve the performance of hybrid estimators. (We say that a mode transition is more detectable than another
if the time taken for the mode estimate to converge to the true mode is less for the former transition than for
the latter). We then compare the performance of the Multiple Model Adaptive Estimation (MMAE) algorithm
with that of the Interacting Multiple Model (IMM) algorithm which has been widely (and successfully) used
in the area of multiple target tracking. We show analytically why the IMM algorithm has better performance
than the MMAE.

This paper is organized as follows: Section 2 presents the structure of a stochastic hybrid system and the
probabilistic analysis of its sojourn time, as motivation for this research. In Section 3, we describe a generic
hybrid estimation algorithm, which could be the MMAE, the IMM, or any other refinement of the basic hybrid
estimation algorithm. In Section 4, we analyze the performance of this hybrid estimation algorithm and derive
upper bounds for the mode estimation delay, as well as conditions that guarantee instant mode estimation and
exponential convergence of hybrid estimation algorithms. We begin with a steady-state analysis in Section 4.1
to derive necessary conditions for mode detection. We then proceed to perform a transient analysis in Sections
4.2, 4.3 and 4.4 to find bounds on the mode detection delay, as well as sufficient conditions for instantaneous
mode detection. Section 5 presents a comparison of the performance of different hybrid estimation algorithms.

Tllustrative examples and conclusions are presented in Sections 6 and 7 respectively.

2 Discrete-time stochastic linear hybrid systems

We consider a discrete-time stochastic linear hybrid system [14]

H:{ w(k+1) = Az(k)+ Biu(k) + wi(k) ken Q
z(k) = Ciz(k) + vi(k)

where 2 € R", u € R! and 2z € R? are the continuous state, control input, and output variables respectively.
The index ¢ € {1,2,--- , N} requires the discrete state whose evolution is governed by the finite state Markov
chain

(e + 1) = Tp(k) (2)
where II = {m;;} € R¥*N is the mode transition matriz and p(k) € RY is the mode probability at time k.
The system matrices 4; € R**" B; € R"*! and C; € RP*" for i € {1,2,--- ,N} are assumed known. We

denote the covariance of the initial state x(kg) as mo € RY, and assume that the process noise w;(k) and the
measurement noise v;(k) are uncorrelated, zero-mean white Gaussian sequences with the covariance matrices
Elw;(k)w;(k)T] = Q; € R™™ and E[v;(k)v;(k)T] = R; € RP*P respectively. E[-] and (-)7 denote expectation
and matrix transpose respectively. It is assumed that w;(k) and v;(k) are both uncorrelated with the initial
state, i.e., Elx(ko)w;(k)T] = E[z(ko)vi(k)T] = 0. We define Z(k) = {2(0),---,2(k)} as the measurement
sequence up to time k. Since the state evolution of a hybrid system has continuous trajectories as well as

discrete jumps, we define a hybrid time trajectory:

Definition 1 (Hybrid time trajectory) A hybrid time trajectory is a sequence of intervals

(Ko, k1 — 1][k1, ko — 1] [ki, kipq — 1] - -



where k;i(i > 1) is the time at which the i-th discrete state transition occurs.
In this paper, by ‘exponential convergence of a hybrid estimator’ we mean:

Definition 2 (Ezponential convergence of a hybrid estimator) Given a hybrid system H with N discrete modes,
we say that a hybrid estimator is exponentially convergent if its discrete state estimate exhibits correct iden-
tification of the discrete-state transition sequence of the original system after a finite number of steps; and
at any given time, the continuous state estimate is unique, with an estimation error mean which converges

exponentially to zero.

2.1 Sojourn time analysis for stochastic linear hybrid systems

In [12], we derived a condition under which hybrid estimation algorithms converge exponentially to the true
hybrid state given the maximum mode estimation delay and the minimum sojourn time. If the minimum
sojourn time (A = min; A; where A, is the sojourn time at mode 7) satisfies the following condition, the hybrid

estimation algorithms converge exponentially [12]:
A>pB+6 (3)

where 3 is the time between mode changes required for the convergence of the Kalman filters and § is the
maximum mode estimation delay, i.e. § = max; J; where J; is the mode estimation delay in correctly detecting
a transition into mode i. Intuitively, until the correct mode is detected after a transition, the estimator is
mismatched and its error diverges (for a time § in the worst case) and therefore it needs enough time () in the
correct mode for the error to decrease before the next transition occurs. Therefore, A > B+ ¢ is the minimum
sojourn time of the system in any mode in order to guarantee exponential convergence of the hybrid estimator.
Since the sojourn time of the stochastic linear hybrid system is governed by a finite Markov chain, we cannot
compute the minimum sojourn time exactly, rather with some probability. The probability of mode j at time

k+ A; given mode 7 at time k (i.e. no mode transition in (k,k + 4A;)) is:

P(m;(k + Ag)|mi(k)) = w3~y (4)

%

where m; (k) denotes the event that the mode at time k is mode i. Thus, the probability that the sojourn time

is greater than or equal to A, is

(oo}
P(AiZAi): Z Wﬁiil(l—ﬂii):ﬂ'ﬁiil (5)
A=A
Proposition 1 Let A = min; A; (i € {1,---,N}) be the minimum sojourn time for the stochastic linear

hybrid system (1)-(2) and j = argmin; A;. If A > 3+, then hybrid estimation algorithms for the stochastic
linear hybrid system (1)-(2) can be guaranteed to converge exponentially to the true hybrid state with probability
A-1
T
3J

Proof: The proof follows from (5) and Theorem 3 in [12]. n



However, the probability in (5) becomes small rapidly as the required minimum sojourn time A becomes large.
In this case, Proposition 1 holds with very small probability and we can obtain very little useful information
about the performance of hybrid estimation algorithms through sojourn time analysis alone. This observation

motivates the present work.

3 Hybrid estimation algorithm

In this section, we consider a generic hybrid estimation algorithm [1] for the discrete-time stochastic linear hy-
brid system (1)-(2). Following the Bayesian estimation derivation in [1], the state estimate of hybrid estimation
is the conditional mean:

Bk +1) = Elx(k+1)|Z(k+1)] = /OO a(k+ Vp(a(k + 1) Z(k + 1))dz(k + 1) (6)

— 00

where p(+]-) is the conditional probability density function, given by:

Cpa(k+1),Z(k+1) SN plak+1), Z(k+ 1), m(k + 1))
plalk+DIZE+ 1) === ey - P20k + 1)) ™

Thus, the state estimate (6) is

#(k+1) = ffooo z(k+1) Zf-vzlp(x(k: + 1) Z(k+1),m;(k+1)p(m;(k+1)|Z(k + 1))dx(k + 1)

= S, @ik + Dp(ma(k + 1) Z(k +1) (8)

where &;(k+1) = [ a(k+ 1)p(x(k+1)|Z(k + 1), m;(k + 1))dx(k + 1) is the mode-conditioned state estimate
of z(k + 1) given m;(k 4+ 1). Z;(k 4+ 1) is computed by the state estimator matched to mode i. Therefore, the
state estimate (8) is a weighted sum of N mode-conditioned state estimates produced by each Kalman filter
with the weight p(m;(k 4+ 1)|Z(k + 1)). The weight can be expressed by

. _ plz(k+1)|m; (k+1),Z(k))p(mi(k+1)| Z(k))
p(mi(k+1)|Z(k+1)) = ECEDIFAD) )
Ai(k+1)p(m,i(k+1)|Z(k))

p(z(k+1)|Z(k))

where A;(k+1) := N (r;(k+1);0,5;(k+1)) is the likelihood function of mode 7, r;(k+1) = z(k+1)—C;&;(k+1)
is the residual produced by the Kalman filter i, S;(k 4+ 1) € RP*P is the corresponding residual covariance, and
N (a;b,c) is the probability at a of a normal distribution with mean b and covariance c¢. p(m;(k + 1)|Z(k)) is
the mode probability estimate at time k + 1. If the mode transitions are governed by a finite Markov chain,

the mode probability estimate is

p(ma(k+1)|Z(k) = S, pma(k + Dlmu(k))p(mu(k)| Z (k) (10)
= Sl map(mu(k)| 2 (k)
Thus, the weight (mode probability) (9) is
N
ploms -+ DIZ(E+ 1)) = s Al + 1) S maplma (B Z(08) = sk + 1) (1)
I=1



where c¢(k + 1) is a normalization constant. The mode estimate at time & is chosen to be the mode which has
the maximum mode probability at that time. The mode probability depends not only on the finite Markov
chain but also on the likelihood produced by each Kalman filter. The sojourn time analysis based on a finite
Markov chain in Section 2.1, takes into account only the discrete dynamics of the hybrid system, and suggests
that the typical sojourn time in any mode is very small. However, we know that the assumption that a finite
Markov chain models the discrete dynamics well is not very realistic, since most physical hybrid dynamical
systems have longer sojourn times. We therefore need to incorporate knowledge from the continuous dynamics
(obtained through the likelihood functions of the Kalman filters) while computing the mode probability. Thus,
the accuracy of the mode probability is affected greatly by the likelihood function. The state estimate (8) is

N

N
Bk+1) =Y @(k+1) [ﬁm(k +1) > mup(mu(k)| Z (k)] (12)
i=1 =1

(11)-(12) is referred to as the Multiple Model Adaptive Estimation (MMAE) algorithm [1]. In the MMAE,
all individual Kalman filters run independently at every time step (which is different from the Interacting
Multiple Model (IMM) that will be described next). Equation (12) shows that the state estimate depends on
the likelihood function, the performance of the hybrid estimator thus greatly depends on the behavior of the

likelihood function.

We now describe the general structure of the IMM algorithm [2]. The IMM has the same structure as the

R, (k-1]k-1), P,(k-1|k-1) R,(k-1lk-1), P,(k-1|k-1)

l l

’ Mixing/Interacting }47 r(k-1|k-1)

Roa(k-1]k-1), P, (k-1]k-1) Xop(k-1]k-1), P o, (K-1]k-1)
2(k) —» KF, — ALK 2(k) —» KF, = AL(K)
Xy (KIK), P, (KIK) X, (KIK), P, (KIK)

AL (k) —»] Mode ki) XK. Pk State estimate LK1
Probability R,(kIK), P,(k|k) — and covariance —# P (k|K)
A (k) — Update — (k) combination
(k) —>

>A<‘(k|k), Pj(k|k): state estimate of Kalman filter j at time k and its covariance

?(oj(k|k), POJ(k|k): mixed initial condition for Kalman filter j at time k

)Q(k|k), P (k|k): combined state estimate and its covariance (output)
H(k): mode probability at time k
H(k|k): mixing probability at time k

/\‘(k): likelihood function of Kalman filter j

Figure 1: Structure of the IMM algorithm (for two modes) from [15]

MMAE except that it has the Mizing/Interacting step at the beginning of the estimation process so that the
initial conditions for each Kalman filter are adjusted at the beginning of every time step, using a weighted sum

of the state estimates from the previous time step, as shown in Figure 1. The optimal hybrid estimator which



minimizes the mean-square estimation error has to keep track of all the mode histories up to the current time,
and the number of such histories grows exponentially with time. The optimal estimator is therefore impossible
to implement in practice. The IMM is a suboptimal algorithm which, at each time step, keeps information from
N? mode histories (where N is the number of modes) in just N mode histories by mixing the N mode histories
of the previous time step into inputs to the estimators that produce the N mode histories of the current time
step. Its complexity involves just N discrete histories, but its performance is close to that of more complex

algorithms that keep N? mode histories [2].

4 Performance analysis for hybrid estimation

In this section, we first analyze the performance of the hybrid estimation algorithm (either the MMAE or the
IMM)) by analyzing the steady-state mean residuals. Since the steady-state analysis gives only necessary con-
ditions on the performance of hybrid estimation, we then analyze the transient behavior of mode probabilities,

which are functions of the likelihoods and therefore the residuals.

4.1 Analysis for the steady-state mean residuals

Motivated by Caputi [13], we derive the steady-state mean residual for each mode i for the hybrid system
(1)-(2). Using the notations in [16], we define the following quantities:

AAZ = AT — Az
AB, = BT - Bl
ACl = Cp— Cl
’ (13)
Au; . = ur, — U, = limg_eo ur (k) — limg_ o0 u; (k)
€.. = limg_o Ele;(k)] =limg_ o E[(x(k) — Z;(k))]
where the subscript T € {1, -+, N} represents the true mode. Following a procedure similar to the one adopted
by Hanlon et al. [16], the steady-state mean residual for mode 7 is
Tigs = CTATéiSS + (CTAAZ + AC; Ar — ACZAAl).’i'M + CTBTAuiSS + (CTABl + AC;Br — ACiABi>uiss

= {CrAr[l — (I — K;Cp)Ar)| (I — K;Cr)AA; — K;AC; Aj] + (CrAA; + AC; Ar — AC;AA) Y.,

+{CrAr[I — (I — K;Cr)Ar]" (I — K;C7)Br + CrBr}Au,_,

+{CrAr[I — (I — K;Cr)Ar) (I — K;Cr)AB; — K;AC;B;] + (C7AB; + AC; By — AC;AB;) .,

(14)

where K; is the steady-state Kalman filter gain for mode i. We assume that the matrix inverse in (14) exists.

If mode 4 is the correct mode (i = T), then 7;,, = 0. If 7, # 0 (Vj # i), then the correct mode can

be detected. However, even if mode ¢ is not the correct mode (i # T'), the steady-state mean residual for

mode 7 is zero if the following is true: (I — K;Cr)AA; — K;AC; A; = ON(CTAA; + AC; Ar — AC;AA;) =

0A(I — K;Cr)AB; — K;AC;B; = 0O \(CrAB; + AC;Br — AC;AB;) = 0\ Au;,, = 0. This means that if

at least two models are identical and the corresponding control inputs are the same, then the steady-state



residuals of both the corresponding modes are zero. In this case, the hybrid estimation algorithm will not
work. In other words, the performance of the hybrid estimation algorithm depends on the differences between
the residuals which in turn arise from model differences and input differences. In the above condition, the
first four equalities come from model differences and the last equality comes from input differences. From this
condition, we know that the mode differences and/or the input differences should be large enough for hybrid
estimation to work; this supports Maybeck’s heuristic observation that the performance of the MMAE depends
on a significant difference between the residual characteristics [1]. We now study the transient characteristics
of the mode probability (a function of the residuals) in detail to estimate the mode estimation delay, which is

a good measure of the performance of hybrid estimation.

4.2 Transient analysis for mode probability

In this paper, we consider the mean behavior of a hybrid estimator, and analyze its performance in the sense
of exponential convergence as defined in Definition 2. A steady-state Kalman filter is assumed to be used as

the state estimator for each mode. For the sake of notational simplicity, we define:

pr (k) = Sy mam(k—1) (15)

Using p;(k) := p(m;(k)|Z(k)) in (11), the condition for correct mode detection at time k is: Vi # T

pr(k )>uz(k)
Ty Ar(B) g (k) >

m()
Ar(k) > <>;(’,:)

= Ai(k)p; (k) (16)
s

Since A, (k) = (2m)~"/2| ;| exp[— 37 (k)T'S; '7(k)] (S; = ST > 0) where 7 is the mean residual, (16) becomes

0 < 7p(k)T ST (k) < 7(k)T S (k) + 21n ( 5] > +2In (l’?gg) (17)

To detect the correct mode exactly for any k € N, (17) must hold for all k € N (Vi # T). If there is a time
delay (67) for correct mode detection when a mode transition into mode T' occurs at time k; (I € NT), (17)
holds for k € [k; + 07, kiy1). For the existence of a 7 (k) satisfying (17), the right-hand-side in (17) must be

greater than or equal to zero. The following condition holds for a positive definite matrix S, ! [17]:
Amin (S5 )i (k)T (k) < 73(k)TS7 (k) < Amaa (S5 )7 (k) 74 (k) (18)

where Apin(S; "

1) and Apas(S; ') are the minimum and the maximum eigenvalues of S; ' respectively. Thus,

we have the following condition:

Proposition 2 The correct mode can be detected in 1 time steps after a mode transition at time k; if there
exists o7 € N such that for k € [k, + 07, ki+1) (I € NT, Vi #T), Condition 1 holds and either Condition 2 or

Condition 3 is true.

1. 7ak)T ST (k) + 21 ({5 )+21n(“?8§;) > 0.



2. 7r(k)T S 7 (k) < 7i(k)T 8747 (k) + 21n ( ‘g;n) +2In (Zz—g’;;)

- )\'m'in S'il = SL —(k
b I < SO ¢t [ (1) 410 CEE).

Condition 3 in Proposition 2 is a sufficient condition on, and might be a very conservative test for, the correct
mode detection. However, Condition 3 gives valuable insight into the performance of hybrid estimation. Fast

mode detection is dependent not only on the magnitudes of the residuals produced by each Kalman filter but
. -1 .
also on the residual covariances. If ;\\m”’i((z,li is small and/or “g;l‘ is small, it is difficult for Condition 3 to hold
maz(Sz

and thus to detect the correct mode. Therefore, by checking the eigenvalues of S 1 and the determinant of its

inverse, we can tell which mode transitions are more detectable than the others. This is similar to the idea of
the observability grammian as a measure of which states are more observable than others [18]. If we consider

the steady-state mean of the residual, Condition 3 becomes

Amin(si_l)

2
— +
Amaz (ST 1)

177, |I* <

7i..

|55 Br,, .
ln(|ST>—|—ln( = )‘|,VZ7QT (19)

lss

)‘maw(Sq_“l)

Therefore, if the asymptotic behavior of the residuals satisfies (19) and the minimum sojourn time is long
enough for the residual to converge to its steady-state value, then the MMAE is guaranteed to estimate hybrid

states correctly.

4.3 Mode estimation delay

In this section, we derive the mode estimation delay §; using Condition 3 in Proposition 2. The mean residual
of the correct filter at time k; +d; (I € NT), when ¢ = T, are:

rr(ki+0r) = CrAr|(I — KrCr)Ar)°™ter (k) (20)

The mean residual and the mean estimation error of the incorrect filter i (i # T') at time k are

Fk) = CrApe(k— 1)+ [CrAA; + AC A — AC;AA#:(k — 1) + [CrAB; + ACi By — AC;ABJu(k — 1)
ek — 1)
= | CrAr CrAA;i+ ACAr — ACAA; CrAB; + AC:Br — AGAB; | | ik — 1)
u(k —1)
ak) = (I—K:Cr)Arei(k—1) + [(I — K:Cr)AA; — KiAC; Alds(k — 1) + [(T — K,Cr)AB; — K, AC:Bilu(k — 1)
&k —1)
= | U-KCr)Ar (I-KCr)AA — KiAGA; (- KCr)AB; — KGACB; | | ik — 1)
u(k —1)

(21)



For the sake of notational simplicity, we define

Fr = (I-KiCp)Ar

F, = (I-K.Cp)Ar

HE = CrAA+ ACAr — ACAA,

H* = CrABi+ACBr — AC,AB; (22)
G = (I— K,Op)AA; — KiACA,

GY = (- K.Cr)AB; — K;AC,B;

L = [ CrAr HP HY }

The norm of the mean residual of the correct filter at time k; + o1 is
177 (ki + 67)|| = |Cr AT ™ e (ky)|| < 5(CrAr)a(Fr)’ ! |er (k)| (23)

where 5(-) denotes the maximum singular value. Similarly, from (21), the norm of the mean residual of the

incorrect filter at time k; + o7 is
(STfl
7k +07)| = e(Lo)|@k +0r =V = eLe (| B 67 6r |) " Itk (24)

where o(-) denotes the minimum singular value. We define

Amin(S71)
Amaz (S ) (25)

Bk = s [ (f5) +in (626

Using (23), (24), and (25) in Condition 3 of Proposition 2, we obtain the following condition:

o(Crano (B ek < oo@e ([ Focr v ) lat)lP+Blk+ o) (20)

Even though we cannot find the mode estimation delay o1 explicitly from (26), (26) will be used to derive
a condition for instantaneous mode estimation in the next section. To find dr explicitly, we try a different

approach. From (21), the mean residual of the incorrect filter at time k; + dr can be written as:

Filky +07) = CrApF ™Y (k) + HE@i(ky + 67 — 1) + CpAp[FIT2G% (k) + - - - + G2 (ky + 07 — 2))]
+Hu(ky + 67 — 1) + CrAp[F7 7 2G%u(ky) + - - - + Glu(ky + 0r — 2)]
(27)
We define
bk +67 1) i= Hid(ki+or = 1) + CrAg[FT Gk + -+ Gid(h 60 2] o0
+H u(k; +0r — 1) + CTAT[FET_2G;LU(/€1) + -+ GYu(ky + or — 2)]

Then, Condition 3 of Proposition 2 becomes

a(CrAr)*a(Fr)?OrVler(k)|IP < aa(CrAr)®a(F)* OV e(k)|* + Ji(k + or) (29)
f — (ki +61 .

where Ji (ki +67) = albi(ki -+ 67 = )| + Bk + 7). Blki+0r) = 5—2o=r; [m (llg;‘) +1n (%)] might

be negative, yet its magnitude is usually not big because it is in a logarithmic scale. Thus, J;(k; + dr) > 0 is
easily satisfied. If J;(k; + d1) > 0, we can have the following condition:

5p > 1+ {2111 [?((FF;))} }_1 {—1na+21n {%} +2In [w]} (30)

10



Proposition 3 The correct mode can be detected dr time steps after a mode transition if Condition 1 of
Proposition 2 holds and there exists 6 € NV, p < ko1 — ki, | € NT, Vi #£ T, such that either of the following

conditions is true.

B 2(67—1)
1. 3(CrAr2o(Fr)** Vler(k)|? < ac(Lo?e ([ £ 6r ay ) les(k) |12 + Bk + 67)

_1 _ _
2 6p>1+ {21n {gfﬁ;ﬂ } {—lna+2ln [;Eg;‘f‘;ﬂ +2In {W” when J; (ki + 07) > 0.

For a system with only two discrete modes, we can further simplify (29) and also relax the condition that

Ji(k; 4+ 07) > 0. To do this, we first consider (16). For a system with two modes, for any time k € [k, kj11), if

T is the true mode in the interval [k, kiy1),
pitk+1)  Ai(k+1) (ﬂz‘#z‘(k) +(1- WTT)MT(@) (31)
pr(k+1)  Ap(k+1) \ (1 —mi)pi(k) + mrrpr (k)

Let Q(k) = “"(’Z) . Then, for a diagonally dominant transition matrix II,

wr (k)
Al(kj + 1) 71'“9(]{3) + (1 — WTT))
Qk+1 32
( ) AT(kJ+1) ((1 77T¢i)Q(k)+7TTT ( )
(33)
AT(k‘—Fl) (1 —Fii)Q(k‘)—FTFTT
We assume that the estimator converges before the transition takes place, which gives us
pilk—1) ~ 1 (34)
pr(ki—1) =~ 0 (35)
A(kl) T4
Q = :
(K1) Ar(h) \T—7m (36)
After the transition at time k; and before detection,
1 < Qk) < o (37)
Ai(k+1) T A (k+1) i
= AT(k-‘rl) ((l—ﬂ'”)-'rﬂ'TT) S Q(k+ 1) S AT(k+1) (1—7‘(1'73>
Detection occurs at the smallest é7 when Q(k; 4+ d7) < 1. Thus we try to find the smallest 7 such that
Ai(ky + o7) < T4 )
<1 38
Ap(ki 4+ 07) \1 — 7y (38)
S. g
= (ki + 5T)TS;1FT(kl +07) < 7k + 5T)T5i_1f¢(kl +07)+2In <||SZ||) —21In (1 ﬂ-z; ) (39)
T — Tii

Using (23), (24), and (25) in (40), we obtain the following condition:

Proposition 4 For a hybrid system with two discrete modes, the correct mode can be detected §t time steps

after a mode transition if there exists o7 € NT, 61 < kji1 — ki, | € NT, i £ T, such that

2(67—1

_ )
o(CrAr)?a(Fr) " Vlerm)P < ac(L’e (| G Gy s (k)|

2 [Si] Tis
T e (521 [ln (\ST\) —In (14_“)}

Proposition 4 implies that if (40) is satisfied, then the mode probability of the correct mode is definitely greater

(40)

than those of the other modes after 47 time steps after a mode transition at time k;. Thus, the correct mode

is detected 7 time steps after a mode transition.
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4.4 Instantaneous Mode Estimation

In this section, we derive the conditions under which the mode change detection is instantaneous. Consider the
case of a system with two modes. Assuming that the time between discrete transitions is sufficient to allow the
Kalman filters to converge, we can assume that the mode probabilities before the transition have converged.

Following a procedure similar to (31)-(40) in Section 4.3, we obtain

#(Crarlert - DI? < ao(Lfe ([ £ cr ar]) et - DI (41)

5 [ (i) 625 (42

We can extend this to the instantaneous detection of a transition in a system with n modes.

Proposition 5 The correct mode is detected instantaneously if the following condition holds:

2
o(CrarPller(k = DI? < acLe([ B 67 6y ) letk— 1)
e [ () 0 (]

>mm is the smallest ratio of off-diagonal to diagonal elements in any row of the transition matrix.

(43)

;T
Tjj

where (

4.5 Exponential convergence of hybrid estimation algorithms

Finally, to present a complete picture, we present a result from the authors’ previous work [12], of the conditions

to guarantee exponential convergence of the hybrid estimator once the correct mode sequence has been detected.

Theorem 1 (Theorem 3 from [12]): Consider a given stochastic linear hybrid system, an error convergence
set My and rate of convergence ¢, || < 1, |a(A; — K;C;)| < [(| for alli=1...N, where a(A) is the maximal
absolute value of the eigenvalues of A. Let (A) = [|Q|[|Q™"|, the condition number of A under the inverse,

where Q7YAQ = J, the Jordan canonical form. Then if the following seven conditions are satisfied:

1. The system is observable in the sense of a hybrid system [12]
2. {A;, C;} couples are observable for alli=1...N
3. {4, Q;ﬂ} couples are controllable for alli=1...N

4. (A; — K;C;) is stable for alli=1... N with all distinct eigenvalues

5. There exists X > 0 such that ||x(k)]|eo < X, 4,5 =1..N, k=1,2,... such that
I1(A: = Aj) = Ki(Ci = G| 2(F) || < U = max [|(Ai — 4;) — Ki(Ci = Cj)[; X (44)

6. The discrete decision time, § satisfies the relation

5§ < Mo
~ VnUmax[k(A; — K;C;)]

12



7. The time between switching events (sojourn time), A satisfies the conditions

A > Bpin + 0, where (46)
1 \/EU(SKZ(AZ — K101)>
min > 1ax lo 1-— ,
y [|10gC| & ( Moy

max log[m(Ai — KZCl>] ]
|log[a(4; — K;C3)]|

(47)

we can design a hybrid estimator that converges to the set My with a rate of convergence greater than or equal

to C.

The discrete decision time assumed in this theorem is in fact the mode detection delay ¢ that we have now
derived. This theorem presents the conditions under which if there is a mode detection delay ¢, the sojourn
time is long enough for the error convergence during the period of correct detection (A — 4) to balance the
divergence of the error during the mode mismatch. From the present results, we now have a way of determining
0. Therefore, combining the two results, we can evaluate the performance of a given hybrid estimator and also
find the minimum sojourn time required in each mode to guarantee exponential convergence of the mean square

error.

5 Performance comparison between hybrid estimation algorithms

In this section, we discuss the performance of hybrid estimation and also compare the performance of the
MMAE and the IMM algorithms. We focus on the mode estimation delay since usually, the smaller the mode
estimation delay, the smaller the estimation error. By investigating (30), we can explain the performance of
hybrid estimation algorithms qualitatively. For the mode estimation delay to be small, the following must be
small if J;(k; + 6r) > 0:

{10 <Am—(51)> + 210 |20 otog | FE I e g vy vz G

Amin (S o(CrAr) llei (Rl
-1
where mode T is the correct mode after the mode transition at time k; (I € NT). Firstly, ;""LE;?TI; must
be small. Here, the pre-computed residual covariance S; = C;P#*C; + R;, and P?*® (the steady—state error
Amaz (S71)

covariance matrix computed by Kalman filter ) satisfies the algebraic Riccati equation. Therefore, (50T

depends only on the system parameters A;, C;, Q;, R; and Ap,Cp,Qr, Rp. Thus, by checking the residual
covariance matrices for each Kalman filter (which can be done without any measurements), we can tell which

mode transition is more detectable than the others. In addition, since @); and R; are design parameters for
Amaz(S71)
Amin(S; 1)
small by adjusting these parameters (also known as Kalman filter tuning) and thus reduce the mode estimation

the Kalman filter ¢, and Qr and Ry are design parameters for the Kalman filter 7', we can make

delay. Secondly, if the condition number of Cr A7 is close to 1, the second term becomes small. Thus, we also

say which mode is more easily estimated than the others by checking the condition number of Cr At for all T

Thirdly, ll‘\ééf((:z l))ﬂ' must be small, i.e. the mean state estimation errors produced by mode-mismatched Kalman

filters should be small (and close to the error produced by the correct Kalman filter).

13



The mixing step was originally devised to reduce the complexity of the algorithm, yet it also keeps the estimation
errors produced by mismatched Kalman filters small. The IMM readjusts, through the mixing step at each time
instant, the initial conditions for each Kalman filter, and shifts them closer to the (correct) estimate computed
by the IMM at the previous time step. Therefore the means of the state estimation errors produced by the
incorrect Kalman filters are close to that of the correct Kalman filter. Thus, the mode estimation delay of
the IMM is smaller than that of the MMAE (which does not have this mixing mechanism). The smaller time
delay translates to better estimation performance of the IMM compared to the MMAE. Maybeck [1] proposes
two ad hoc methods to improve adaptability of the MMAE: enforcing a lower bound on the mode probabilities
and adding pseudonoise to the the Kalman filter models. The IMM does both inherently. We illustrate this

through examples in the next section.

6 Examples

We first consider mode detection in a simple, one-dimensional system such as the one in [14]. The dynamics is

of the form

x(k) = az(k—1)+bju(k) + w;(k) (49)
y(k) = ciz(k) +vi(k) (50)
u(k) = 5003(%) (51)

where the state variables and model parameters are scalar, there are 2 discrete modes, and the input is
deterministic and sinusoidal. We estimate the hybrid state sequence from the output sequence using both
the MMAE and the IMM. We first check for instantaneous mode detection at a switch using (42). We then
compute the maximum mode detection delay (or the minimum sojourn time needed to guarantee correct mode
detection) using (30) and (40). We perform this experiment for various values of the model parameters and

compare our predictions with the simulations.

MMAE and IMM Performance vs. Parameters (Monte Carlo Simulation, 100 trials)

Instant Detection | Mode detection delay Amaz(S70)

Case | Algorithm Mode Parameters (T

(b1=by=1) Condition Predicted | Observed

al a2 cl |2 |[2—-1]|1—2 o7 | 63 01 | 02 T=1 | T=2

1 MMAE | 0.95 | 025 | 1 0.8 | / X 2 0 2 0.48 | 2.09
IMM V X 2 0 |2

2 MMAE | 0.85 | 0.85 | 0.8 | 0.2 | x X 2 4 0 1.29 | 0.77
IMM X v 0 0 |0

3 MMAE | 0.95 | 0.85 | 1 0.4 | x X 10 | 2 5 |1 1.13 | 0.89
IMM v v 0 |0 010

Table 1: Two mode example

Clearly, the IMM performs better than the MMAE, especially in cases 2 and 3. Also, since we only compute
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MMAE and IMM Performance vs. Parameters (Monte Carlo Simulation, 100 trials)

Mode detection del -1
Case | Algorithm Mode Parameters ode detection delay maxi”"’f‘””—gflg

(b1 =by=03=1) Predicted Observed
al | a2 a3 cl | c2 | e3 |67 |05 |05 |01 |d2|d3| T=1|T=2|T=3
1 MMAE | 1.2 102509508 |10(08 |2 |0 |7 |1 |0 |5 |12 0.80 | 1.26
IMM 1 70 |5 |1 |0 |4

Table 2: Three mode example

a conservative estimate of the mode detection delay, it is quite possible that the observed delay is less than
the computed bound (as in cases 2 and 3). Figure 2 shows the mode probabilities and estimates for case 2.
The reason for the difference in the performance of the MMAE and IMM algorithms is clear when we consider
the estimation errors in Figure 3. At the mode transition times, the errors of the matched and mismatched

filters of the IMM are almost equal, thus keeping (48), and therefore the mode detection delay, small. In our
Amaz (S71)
)\min(Sizl)
different transitions with the values of the delay in Table 1, it is seen that as predicted, the smaller the value

example, (48) simply reduces to in the case of IMM estimation. Comparing these values for the
of (48), the smaller the mode detection delay. The biggest advantage of this result is that given a system and
its error bounds, this gives us a way to determine a priori transitions to which modes are the most detectable.

We also try a three-mode example for the same system. The results are as expected, and are shown in Table 2.

We now consider an aircraft tracking example, which has two discrete states, the constant velocity (CV) mode
and the coordinated turn (CT) mode. This represents flight trajectories composed of straight lines and circular
arcs. For brevity, we only include the two mode example in this paper but the performance analysis conditions

can be applied to multiple-mode cases. The dynamics of both modes is given by

1 T 0 0 T2/2 0
0 1 0 O T 0
z(k+1) = z(k) + w; (k) + w; (k 52
(k+1) 00 1T (k) 0 T2 (k) (k) (52)
00 0 1 0 T
100 0
y(k) = z(k) +vi(k),  (i€{CV,CT}) (53)
00 10
where v = [ 21 41 xo 4o | where z1 and x5 are the position coordinates, u = [ u; g ]! where u; and

ug are the acceleration components. The control input has a different constant value for each mode:

[0
uCV:
0

T is the sampling interval, w; is the process noise, and v; is the sensor noise. We choose an operating velocity

for CV mode, ucr =

1.5
L5 ] for CT mode (54)

of 150 knots. We design a flight trajectory such that the mode change from CV mode to CT mode occurs at
time=45 seconds and the mode change CT mode to CV mode occurs at time=>56 seconds. Using Proposition
3 for the IMM, we find that the mode estimation delay for the mode switching from mode CV to mode CT is
det = 1 and the mode estimation delay for the mode switching from mode CT to mode CV is d., = 2. Thus,
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Mode transition detection (IMM): A1=A2=0.85,81=B2=1,C1=0.8,C2=0.2
Mode probability

Mode transition detection (MMAE): A1=A2=0.85; B1=B2=1; C1=0.85, C2=0.2
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Figure 2: Mode estimates by (a) IMM and (b) MMAE: 100 trial Monte Carlo simulation results. The asterisks

denote mode estimation delay.

Mode transition detection (IMM): A1=A2=0.85,B1=B2=1,C1=0.8,C2=0.2
Estimation Error

35 T T T T T T

30

Norm error

Norm error

Mode transition detection (MMAE): A1=A2=0.85,B1=B2=1,C1=0.8,C2=0.2
Estimation Error

35

30

Figure 3: Estimation error by (a) IMM and (b) MMAE: 100 trial Monte Carlo simulation results.

we expect the mode switching from mode CV to CT is more detectable than the mode switching from mode
CT to CV. Similarly, we obtain 6., = 7 and d., = 12 for the MMAE. Figure 4-(a) shows that the IMM detects
the mode change from mode CV to mode CT after a 1 time step delay and the mode change from mode CT
to mode CV after a 2 time step delay. Similarly, Figure 1-(b) shows that the MMAE detects the mode change
from mode CV to mode CT after a 6 time step delay and the mode change from mode CV to mode CT after
a 10 time step delay. The performance analysis predicts that the IMM performs better than the MMAE and

the simulation results support this.
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Flight Mode (IMM) Flight Mode (MMAE)
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Figure 4: Mode estimates by (a) IMM and (b) MMAE: 100 trial Monte Carlo simulation results (mode CV =
0, mode CT = 1).

7 Conclusions

Although several algorithms have existed for many years to estimate stochastic linear hybrid systems, the issues
of their performance and limitations have not been addressed in much detail. In this paper, we have performed a
detailed steady-state and transient analysis of the behavior of these algorithms and derived necessary conditions
for correct mode detection, bounds on their performance in terms of the mode detection delay and the minimum
sojourn time, and also proposed a way to predict a priori which mode transitions are the easiest to detect. We
have also validated our results using simulated experiments. Most importantly, our results give a mathematical
yet intuitive explanation for why the IMM algorithm achieves its high levels of performance in the estimation

of stochastic linear hybrid systems.
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