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ABSTRACT. This work analyzes the estimation performance of the Kalman
filter (KF) on transportation networks with junctions. To facilitate the analy-
sis, a hybrid linear model describing traffic dynamics on a network is derived.
The model, referred to as the switching mode model for junctions, combines
the discretized Lighthill- Whitham-Richards partial differential equation with
a junction model. The system is shown to be unobservable under nearly all of
the regimes of the model, motivating attention to the estimation error bounds
in these modes. The evolution of the estimation error is investigated via ex-
ploring the interactions between the update scheme of the KF and the intrinsic
physical properties embedded in the traffic model (e.g., conservation of vehi-
cles and the flow—density relationship). It is shown that the state estimates of
all the cells in the traffic network are ultimately bounded inside a physically
meaningful interval, which cannot be achieved by an open-loop observer.

1. Introduction. The unprecedented growth of sensing and computational capa-
bilities have advanced the development of real-time traffic estimation techniques.
However, many estimation algorithms proposed to monitor traffic conditions are
only verified through experiments (e.g., [5,13,26,27,42,43]), while a theoretical anal-
ysis on the estimator performance is lacking. This is mainly due to the complexity of
the models describing traffic (e.g., non-linearity and non-differentiability) [2], and,
more importantly, the non-observability [30,37] of the systems subject to conser-
vation laws. When a system is not observable, the available sensor measurements
(in conjunction with the model describing system dynamics) are insufficient to cor-
rectly reconstruct the full state to be estimated. In traffic estimation problems,
the non-observability issue is inevitable when a shock exists and the sensors cannot
measure every state variable in the road network of interest.

This work aims at addressing the issue of the lack of a theoretical performance
analysis for traffic estimation problems under unobservable scenarios occurring at

2010 Mathematics Subject Classification. Primary: 93B07; Secondary: 35L65,93C20.

Key words and phrases. network traffic flow, junction models, Kalman filtering.

This material is based upon work supported by the National Science Foundation under Grant
No. CMMI-1351717.


http://dx.doi.org/10.3934/nhm.xx.xx.xx

2 YE SUN AND DANIEL B. WORK

junctions. Note that in classical estimation / filtering theory, an unobservable sys-
tem is very likely to result in an estimation error that diverges [1,17]. Nevertheless,
in this work we derive theoretical error bounds for traffic estimation on unobserv-
able transportation networks (with junctions), where the state estimate is provided
by the Kalman filter (KF). Specifically, when the system is not observable, the error
bounds are derived through leveraging the intrinsic properties of traffic models (e.g.,
mass conservation and the flow-density relationship), and exploring the interactions
between these intrinsic properties and the update scheme in the Kalman filtering
algorithm.

1.1. Related work. The classical conservation law describing the evolution of traf-
fic density on a road link (i.e., a road section without junctions) is the Lighthill-
Whitham-Richards partial differential equation (LWR PDE) [25,32]. The cell trans-
mission model (CTM) [7,8,23] is a discretization of the LWR PDE using the Go-
dunov scheme [11]. In [30,35], the CTM is transformed to a hybrid linear system
known as the switching mode model (SMM) that switches among different linear
modes, and the observability of each mode is analyzed.

To extend the traffic model on road links to networks, a model is needed to
describe how the traffic exiting the road links on the upstream side of a junction is
received by the road links on the downstream side of the junction. A well known
issue is that the conservation of vehicles across the junction is insufficient to uniquely
define the flows at the junction. To address this issue, a number of junction models
[8-10, 12, 14, 15, 18-20, 22] have been proposed via additional rules governing the
distribution or priority of the flows on different road links.

In parallel to the ongoing development of traffic models, a number of sequential
traffic estimation algorithms have been proposed to integrate model predictions with
real-time sensor measurements. For example, the mizture Kalman filter is applied
to the SMM in [35] to estimate traffic densities for ramp metering. The parallelized
particle filters and the parallelized Gaussian sum particle filter are designed in [27]
for computational scalability. In [40], an efficient multiple model particle filter is
proposed for joint traffic estimation and incident detection on freeways. Other
treatments of traffic estimation include [5,26,29,38,41-43]. A comprehensive survey
of sequential estimation techniques for traffic models can be found in [34].

Although many traffic estimation algorithms proposed in the existing literature
are verified experimentally, very few theoretical results exist that analyze the perfor-
mance of traffic estimators (e.g., bounds on the estimation error), especially under
unobservable scenarios. The main results to date are as follows. In [16], the KF is
applied on a Gaussian approximation of a stochastic traffic model, and the stochas-
tic observability of the system is proved. To ensure observability of the system, a
warm-up period is required where the initial conditions are restricted to be free-flow
traffic conditions. In [6], the local observability around an equilibrium traffic state
is studied using a Lagrangian formulation of the traffic model. The authors of [28]
prove the performance of a noise-free Luenberger observer for traffic estimation
based on the SMM, which is the first work to provide theoretical performance anal-
ysis for any traffic estimator under both observable and unobservable scenarios. The
Luenberger observer in [28] discards measurement feedback in unobservable modes,
ensuring the spatial integral of the estimation error is conserved. Similarly in [39],
the estimator runs an open-loop predictor under unobservable cases to ensure that
the estimation error does not diverge. Although conserving the spatial integral of
the estimation error, it is illustrated in [36] that dropping measurement feedback
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can lead to physically unreasonable estimates. In our earlier work [37], we showed
that incorporating measurement feedback under unobservable scenarios is essential
in maintaining physically reasonable estimates, i.e., due to the interactions of the
model prediction and the measurement feedback in the filtering algorithm, the mean
estimates of all state variables are guaranteed to be ultimately bounded inside the
physically meaningful interval under unobservable modes. Note that the results
in [6, 16, 28,37, 39] are restricted to road stretches without considering junction
dynamics, which is the focus of the work in this article.

1.2. Contributions and outline of the article. The main contribution of this
article is the theoretical analysis of the estimation error bounds when using the
KF to estimate traffic densities on transportation networks with junctions. To
support a performance study of the KF, we first propose a switched linear system
to model the evolution of traffic densities on road networks with junctions, namely
the switching mode model for junctions (SMM-J). The SMM-J is an extension of
the SMM, in the sense that the SMM-J describes the traffic density evolution on a
road section with a junction, while the SMM only considers one-dimensional (i.e.,
without junctions) road sections. The SMM-J combines a switched linear system
representation of the CTM with the junction model developed in [24], however, other
junction models can also be incorporated in a similar fashion to derive linear traffic
models on junctions. We also provide the observability result on each mode of the
SMM-J, and show that nearly all modes are unobservable due to the irreversibility
of the conservation laws in the presence of shocks and junctions. Compared to
the one-dimensional road sections, the issue of non-observability is more frequently
encountered when junctions exists, motivating attentions to the error bounds under
unobservable scenarios. Next, we prove the estimation error properties of the KF
that uses the SMM-J to estimate an unobservable freeway section with a junction
inside. Although an unobservable system typically results in diverging estimation
errors [17], we show that by combining the update scheme of the KF with the
physical properties embedded in the traffic model, the following properties can be
derived for traffic estimation under unobservable modes:

1. For an unobservable road section, the Kalman gain has bounded infinity norm.
This is a necessary condition to ensure bounded mean estimation error for the
KF.

2. When a road section stays in an unobservable mode, the mean estimate of each
state variable is ultimately bounded inside a physically meaningful interval,
thus the mean estimation error of the enire state is also ultimately bounded.

This work complements our previous work studying the performance of traffic esti-
mators that use the SMM to monitor unobservable one-dimensional freeway traffic
conditions [37]. Thus, when estimating the traffic conditions in a large-scale road
network, we can partition the traffic network into local sections which are either one-
dimensional, or having a junction inside. The traffic condition in each local section
is estimated by a local estimator based on the KF and the SMM-J (or the SMM).
Under this distributed computing manner, the estimation errors for the sections
without junctions reside below the bounds derived in [37], and the error bounds
studied in this work are used to justify the estimation accuracy in the sections with
junctions.

This work is organized as follows. Section 2 reviews the KF and its error proper-
ties under observable and unobservable systems, and briefly summarizes the CTM.
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Section 3 introduces the SMM-J, its observability under different modes, and the
properties of the state transition matrices that reflect the intrinsic physical prop-
erties of the traffic model. The properties of the state transition matrices of the
SMM-J are applied in Section 4, where we prove the boundedness of the Kalman
gain and the ultimate bound of the mean estimation error under unobservable sce-
narios. Finally, some concluding remarks are provided in Section 5.

Notations. Let I, and 0,,, be the n x n identity matrix and the n x m zero
matrix, respectively. The subscripts of I,, and 0,, ,, are sometimes omitted, when
dimensionality is clear from the context. Denote as E[-] the expectation operator,
and the “bar” symbol is used to denote the expected value of random vector z, i.e.,
7 = E[z]. The symbol T is used to denote the transpose operator.

2. Preliminaries. In this section, we first review the Kalman filter and the prop-
erties of its error covariance as well as mean estimation error under observable and
unobservable scenarios. We also provide a brief overview of the cell transmission
model used to construct the SMM-J.

2.1. Kalman filter. In this subsection, we briefly review the KF and introduce
necessary notations in this article. Consider a general linear time-varying system

P41 = Appr +up +wi,  pr € R", (1)
2 = Hypr +v, 2, € R, (2)

where p and zj are the state vector and sensor measurement vector at time k£ € N,
respectively. The matrices Ay and Hj are the state transition matrix and the
observation matrix at time k. The term u in (1) is a deterministic system input.
The noise terms wy ~ N(0,Qy) and vy, ~ N(0, Ry) are the white Gaussian model
and measurement noise, where (Q; and Ry denote the model and the measurement
error covariance matrices at time k. Given the sensor data up to time k denoted
by Zr = {20, , 2k}, the prior estimate and posterior estimate of the state can be
expressed as pyjr—1 = E[pr|Zr—1] and py, = E[px| 2], respectively. Let nyp—1 =
Prlk—1 — Pk and Ny = pr|x — pr denote the prior and posterior estimation errors.
The estimation error covariance matrices associated with py,_1 and py are given
by Tijk—1 = E[yie—17)5_11Z5—1] and Ty = Elnyeny) 5] 2x]. The KF sequentially
computes py;, from py_yx—1 as follows:

e Prk—1 = Ak—1pr—1jk—1 + Uk
Prediction: 3
{ Dijp—1 = Ap—1lh1p—1 451 + Qr—1, 3)

Prik = Prik—1 + Ki (2 — Hiprjr—1)
Correction: Fk\k = Fk\k*l — Kk:Hk:FkUcfl (4)
Ki =Typp—1H] (R + HiTy—1 HY )7L

In (4), the matrix K}, is denoted as the Kalman gain at time k. Note that for
all k, the state estimates pyp—1 and py | are random vectors. The mean posterior
estimate and the mean posterior estimation error!
respectively.

are denoted as Pk and Tk |k>

IFor the remainder of this article, the term state estimates/estimation errors/error covariance
refers to the posterior estimates, unless specified otherwise.
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Observability. The discrete system (1)-(2) is uniformly completely observable if there
exists a positive integer N and positive constants «, 8 such that

oly, <Ipp-n < pl,, forallk>N, (5)
where Ty, , is defined as the information matrix for time interval k € [ko, k1]:

k1
Thoko = 3 Zhp HY Ry "HyZ,
k=ko

where

ki—1 k

Bk = H A;17 and Ep, = EI;}Q = H Ag. (6)

rk=k rk=ky1—1
The observability of a system characterizes whether the sensor measurements of the
system is sufficient for the KF to correctly estimate the state vector. Given the
positive definiteness of the information matrix, the observability grammian matrix
linking the the initial state py to the sensor measurements up to time N (i.e., Zy)
is invertible. The next lemma states the boundedness (both from below and above)
of the estimation error covariance and the convergence (to zero) of the estimation
error, when using the KF (3)-(4) to estimate a uniformly completely observable
system.

Lemma 1 (Chapter 7.6 in [17]). If the dynamical system (1)-(2) is uniformly com-
pletely observable and the following conditions hold:

(C.1): there exist positive constants q1, g2, r1 and ro such that g11, < Qr < g2I,
and r L, < Ry < roly, for all k;

(C.2): the initial error covariance is positive definite, i.e., Igjg > 0;

(C.3): the state transition matriz Ay is nonsingular for all k,

then there exist positive constants c; > 0 and co > 0 such that the error covariance
of the KF' (3)-(4) satisfies

ity < T < caln, for all k > 0.
Moreover, there exists positive constants a > 0 and 0 < q¢ < 1 such that the 2-norm?
of the mean estimation error satisfies

7| < ad® |||, for all k > 0.

When system (1)-(2) is not observable, the mean estimation error 7;, will di-
verge, unless the unobservable part of the state is bounded or converges to zero
automatically. In Appendix.1, we present an example illustrating the evolution of
the mean estimation error given by the KF when tracking an unobservable system.

2.2. Cell transmission model. The classical conservation law describing the evo-
lution of traffic density p(¢,z) on a road at location x and time ¢ is the Lighthill-
Whitham-Richards partial differential equation (LWR PDE) [25,32]:

dp + 0:F(p) = 0. (7)

The function F(p) = pv(p) is called the flux function, where v(p) is an empirical
velocity function used to close the model.

The cell transmission model (CTM) [7,8,23] is a discretization of (7) using a
Godunov scheme [11]. Consider a uniformly sized discretization grid defined by

2For the remainder of this article, we denote as || - || the 2-norm of a matrix or a vector.
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a space step Az > 0 and a time step At > 0. Let [ index the cell defined by
z € [lAz, (I + 1)Az), and denote as p the density at time kAt in cell [, where
k € N and [ € N*. Moreover, denote as f(pﬁc*l?pff) the flux between cell I — 1 and
I. In the CTM, the discretized model (7) becomes

At
Pt = Ph+ A (t(oi ", pk) — ok, pT1)) (8)

where f(pl ', pt) is computed by

fpi s pk) = min {s (o) v (o) } - 9)
In (9), s(py ') is the sending capacity (i.e., maximum sending flow) of cell I — 1
at time k, which is a function of p5;17 and r(pff) is the receiving capacity (i.e.,
maximum receiving flow) of cell [ at time k, which is a function of pl. Note that if

the Courant-Friedrichs-Lewy (CFL) condition is satisfied, the solution of the CTM
converges in L! to the weak solution of the LWR PDE as Az — 0 [33].

Remark 1. Note that the terminologies sending capacity and receiving capacity
are equivalent to the notions of demand and supply. Both sending/receiving and
demand/supply terminologies are widely used in the traffic community, with the
former introduced in [7,8], and the latter introduced in [23]. In this work we use
the sending/receiving terminology, which is consistent throughout the article, and
is also consistent with our previous work [37].

3 o 7
FIGURE 1. The triangular fundamental diagram in (10).

The flux function [8] used in this work is the triangular flux function (shown in
Figure 1) given by

_J PUm if p €0, oc]

Flp) = { w(om —p) if p € [0c, Om), (10)
f:%“;c, vy, denotes the freeflow speed, and o, denotes the mazimum
density. The parameter g, is the critical density at which the maximum flux is
realized. For the triangular fundamental diagram, the flux function has different
slopes in freeflow (0 < p < o.) and congestion (g < p < om). In freeflow, the slope
iS vy, and in congestion, it is w. Under the triangular flux function, the sending

and receiving capacities are determined by:

o pom ifpel0, o] | m if p [0, 0]
= { Gn ip€foom] TP { wlom—p) ifp€lomon], D

where ¢, is the maximum flow given by ¢, = v 0c-

where w =



ERROR BOUNDS FOR KALMAN FILTERS ON TRAFFIC NETWORKS 7

3. The switching mode model for junctions. In this section, we derive the
hybrid linear model describing traffic density evolution on a road section with a
junction, namely the switching mode model for junctions (SMM-J). The SMM-
J combines a switched linear system representation of the CTM (i.e., the CTM
where the flux function is the triangular fundamental diagram) with a junction
solver. This section starts with a review of the applied junction solver. Next, we
introduce the SMM-J and provide examples regarding its explicit formulas. Finally,
the observability of the SMM-J is discussed.

oo cell

> flow P g \l —» flow
v \\)///./ C f\(,o/
(P /ce\\\ ¢y, {"0/)
11/ j
ce /‘(e/’\/: \SS/// o&) :\ :;3»\ cell /
»O/) x\\ e ;—\\Q»
\'\\ /./
A iverge junction B erge junction
(4) Diverge juncti (B) Merge juncti

FIGURE 2. A diverge and a merge junction connected by three cells
indexed by i, j, and [.

3.1. Junction solver on traffic networks. This subsection introduces the junc-
tion solver proposed in [24]. As shown in Figure 2a, the junction solver computes
flux f(pl, pi) and f(pl, p{g) between the connecting cells I, ¢ and j forming a diverge
junction. In the merge junction shown in Figure 2b, the junction solver computes
f(pi, pl) and f(py, p}) between the connecting cells. This solver is later applied in
Section 3.2 to develop the SMM-J.

3.1.1. Diverge junction. At a diverge junction in Figure 2a, the junction solver is
governed by the following rules:

(R.1): The mass across the junction is conserved.

(R.2): The throughput flow f(p!, pi) + f(pl, pi), i.e., the outgoing flow of cell I, is
maximized subject to the maximum flow that can be sent or received on
each connecting cell. _ _

(R.3): The distribution of flux f(pl, pi) and f(pl,, p7.) satisfies f(p}, p3) = caf(pl,, pi.),
where agq is the prescribed distribution parameter that models the routing
preference to the downstream cells. When (R.3) conflicts (R.2), i.e., the
flow solution that satisfies the distribution equation does not maximize the
throughput, then (R.3) is relaxed, such that the solution satisfies (R.2) and
minimizes the deviation from the prescribed distribution parameter, e.g.,
(ol 1) /Pl P},) — exal.

The diverge junction solver is posed as a convex program with a carefully con-
structed objective function to accommodate the throughput maximization (R.2)
and the flow distribution (R.3). The mathematical formula of the diverge junction
solver is given below (see [24, Section 3.2] for more details).
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Definition 1 (Convex program for the diverge junction solver). Define the objective
function J(f1, f2) as:

I(f,f2) = Q=X (fr+ f2) = A fa — aafr)?,

where 0 < A < 1 and X is chosen such that g—f‘]l > 0 and 8‘9—;2 > 0°. The conditions

on A is used to prioritize maximizing the throughput f(pl, pt) -+ f(ol, pi) (as stated
in (R.2)), then minimizing the deviation from the prescribed distribution parameter
aq (as stated in (R.3)). The fluxes f(p!,pi) and f(pﬁf,pi) are obtained by solving
the following convex program:

f(ph. py), f(ph.pl) = argmax J(fi, f2)

fi,f2
st fi <x(ph) (12)
fa <x(p}) (13)
fi+ f2 < s(oh). (14)

Figure 3 provides a graphical illustration for the solutions of the convex program
defined in Definition 1. The blue vertical solid line denotes the receiving capacity of
cell i, i.e., r(p}), and the blue horizontal solid line denotes the receiving capacity of
cell j, ie., r(pi). The intercepts of the blue dashed line (with slope -1) denote the
sending capacity of cell [, i.e., s(p}). The shaded area denotes the feasible values of
the flux from cell [ to 7 and the flux from cell [ to j, the feasible area is obtained
based on (12)-(14). The slope of the black dotted line is the prescribed distribution
ratio aq. The fluxes computed by the junction solver in Definition 1 is marked by
the red dot, whose horizontal axis and vertical axis values are the obtained f(péC7 pL)
and f(pl, pf;)7 respectively.

According to the convex program in Definition 1, to obtain f(p, pi) and f(p}, pfc)
we need to find the solution point (i.e., the red dot) in Figure 3 that satisfies the
following requirements:

e The point lies in the shaded feasible area, so that conditions (12)-(14) are

satisfied;

e The point is as close as possible to the blue dashed line (with slope -1), so that
the throughput f(pl, pt) + f(pl, pff) is maximized; this is due to the fact that
the distance dy between the point and the blue dashed line is proportional
to the disparity between the sending capacity of cell [ and the throughput,
Le., [s(ph) — (f(pk, pL) + £(pL, p1))| = V2dy (as illustrated in diverge case I of
Figure 3);

e Conditioned on prioritizing maximizing the throughput, the point is as close
as possible to the black dotted line (with slope agq), so that the distribution
ratio is respected; this means that when maximizing the throughput conflicts
with the distribution ratio, the requirement f(pl,p}) = aaf(pl,pi) can be
relaxed.

As shown in Figure 3, there are in total three scenarios depending on the values
of s(pL), r(pl) and r(py). The three scenarios are: (i) diverge case I, when s(p}) >
r(pk) +r(pl); (i) diverge case II, when s(pl) < r(pi) + 1(p].), and the prescribed
distribution ratio aq can be followed exactly; and (i) diverge case I1I, when s(pl) <

30One possible choice of A is A = min {(1 4+ 2a%qm + €)™, (1 + 2gm +£) "'}, where £ > 0 can be
any positive value.
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A Diverge case | A Diverge case IT A Diverge case III
s(A]. (PR (PN
N - N
AN Solution point:
Solution point: r(p] )ﬁ Solution point: r(p}) = / 1N e
/ AR WD)
r(p!) (10’/ POk P))) / (GO AR ) __\( s
\\ Ja \\ 0 RN
1/9\\ _ = B N R _ ~lay N R _
i g i ! = i =
(o)) s(oy) (o) s(pl) (p;) s(o})

FIGURE 3. Three scenarios in the junction solver [24] for the di-
verge junction shown in Figure 2a, where cell [ diverges to cell ¢ and
cell j. The blue vertical (resp. horizontal) solid line denotes the
receiving capacity of cell ¢ (resp. cell j). The intercepts of the blue
dashed line denote the sending capacity of cell [. The shaded area
denotes the feasible values of the flux from cell [ to ¢ and the flux
from cell [ to j. The slope of the black dotted line is the prescribed
distribution ratio ag. The fluxes computed by the junction solver
is marked by the red dot, whose horizontal axis and vertical axis
values are the obtained f(p, p}) and f(p}, p7), respectively. Note
that in diverge case IT and diverge case III, the receiving capacities
of cell i and cell j are not necessarily smaller than the sending ca-
pacity of cell [, and the graphical illustration of the flux solutions
is also applicable for r(pi) > s(p}) and/or r(p) > s(pl).

r(p};)—i—r(pi), but (due to throughput maximization) the prescribed distribution ratio
agq cannot be followed exactly.
Under diverge case I, the fluxes f(pl, pt) and f(p!, 7913) are computed by:

tpks k) = v(o),  £(phs k) = 1(p]). (15)

)
Under diverge case 11, the fluxes f(p}, pi) and f(pl, pi. ) are given as follows:
) =

o sk, (16)

Under diverge case III, the junction solver first ﬁnds the two vertices of the
shaded area that lie on the dashed line, and next define the point closer to the
dotted line as the flux solutions f(p!, pi) and f(pfc,pf;). Hence, depending on the
magnitude of s(pl), r(pl) and r(pi), the solutions could be either

f(ph. pl,) = s(pk),  f(ph. oL

f(pk, k) =1(p}), (o, pl) = s(pk) — r(p}), (17)

(o pk) = s(pk) = x(01),  £pk. k) = 1(o})- (18)
Note that the diverge case III shown in Figure 3 illustrates the flux solutions pre-
sented in (17).

Remark 2. The diverge junction solver described above is a non- First-In-First-Out
(FIFO) model [8,10]. The FIFO diverge model maximizes the outgoing flow of cell {
subject to the distribution ratio f(p}, p{c) = aqf(pl, p). Although the FIFO model
circumvents the conflicts between throughput maximization and flow distribution,
it produces unrealistic solutions in some circumstances. Several diverge junction
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models have been proposed to resolve this issue [14,20,22]. In the same spirit
of these models, the diverge junction solver applied in this article is developed to
produce similar traffic condition dependent solutions without introducing additional
complexity on the traffic dynamics [24]. As a related note, the results proved in
this article can be extended to FIFO models with minor changes to the proof.

3.1.2. Merge junction. At a merge junction in Figure 2b, the junction solver con-
serves mass, and maximizes the throughput while minimizing the deviation from
a prescribed priority parameter «;, denoting the flow assignment ratio f(p7, pL) =
apf(pl, pﬁc) This priority equation is relaxed if it conflicts with flow maximization.
The reader is referred to [10,12] for a detailed description of the merge model.

The structure of the diverge and merge models are similar, in the sense that
both maximize the throughput while minimizing the deviation from the prescribed
distribution or priority parameters. Therefore, the remainder of this article focuses
on deriving the linear traffic model and analyzing the performance of the KF on
the road network with a diverge junction. The analysis can be transferred to the
merge case via combining the merge junction solver with the switched linearized
representation of the CTM, exploring the properties of the resulting state transition
matrices as in the diverge case, and analyzing the effect of these properties on the
boundedness of the Kalman gain and the mean estimation error.

o—=o cell

== sensor location

R Vo
I

FIGURE 4. A local section with n cells, three links and a junction.

3.2. The switching mode model for junctions. As stated in Section 1.2, when
monitoring traffic on large-scale networks, the road network is partitioned into local
sections which are either one-dimensional, or having a junction inside. The traffic
states on the one-dimensional local sections evolve according to the SMM, and the
SMM-J is used to describe the evolution of traffic states on local sections with
junctions.

As shown in Figure 4, consider a local section with n cells, three links and a
junction. The number of cells on each link is ny, no, and ng, respectively, with

n1 + no + ng = n. The state variable at time k£ € N is constructed as py =
T
(Prs - opt T pptne et ,py) . As a common treatment [28,

30, 35, 38, 39], the boundary flows, denoted by ¢4, ¢%, and @3, are considered to
be deterministic system inputs (please refer to [3] for the concept of using ghost
cells to compute boundary flows using boundary state measurements). The SMM-J
describes the evolution of p; using a switched linear dynamics, and is derived under
the following assumptions:
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(A.1): For each local section, there is at most one transition between freeflow and
congestion in each of the three links.

(A.2): The three connecting cells forming the junction (i.e., cell ny, n; + 1 and
ny + ng + 1 in Figure 4) are either all in freeflow or all in congestion.

Assumption (A.1) is practically meaningful since the local sections are usually parti-
tioned sufficiently short such that at most one queue is growing or dissipating within
each link, which is also a commonly used assumption in the SMM [28,30,35,37,39].
Assumption (A.2) is imposed to simplify the model by reducing the number of
modes considered. Note that when (A.2) is relaxed, the number of modes is greatly
increased, but without yielding new insights into the estimation performance at
junctions. The analysis in this work still holds, the only difference is to consider an
enormously increased number of modes.

Given the assumptions stated above, on each local section with a junction, the
SMM-J may switch among 32 modes (defined in Table 1) depending on (i) the
freeflow /congestion status of the boundary cells and the connecting cells near the
junction, and (#1) the flux solution of the junction solver characterized by the three
scenarios shown in Figure 3.

In the SMM-J, the density update scheme for the interior cells in each link (i.e.,
cellsindexed by I € {2,--- ,ni—1}U{ni1+2,- - ,n1+no—1}U{ni1+no+2,--- ,n—1})
is given by (8), where the flow between two adjacent cells is computed according to
(9). For the three boundary cells, their density updates are given as follows:

Phy1 =Pkt % (01 — f(p 17)) -

n At — n
P = o+ Ar (F(pp ==t ) — )

n At n—
Pry1 =P+ Ar (f(py, LoR) - ¢2) ,

where f(p},, p2), f(leJr”rl, P t"2) and f(p) !, p}) are also obtained from (9). The
density update scheme for the three cells near the junction reads:

At
Pty = ot s (T o) — £k, o) — £, o 7))

At
Py = ot o (R ) = f T o)

nit+nz+1 _ n1+n2+1+

Pt Py n1+n2+1) . f(pz1+nz+1,pz1+nz+2)) ,

At n
Az (f(Pkl s Pg

where f(p* 71, ppt), f(op T pp ), and f(ppr T pp T2 12) are computed by
(9), and the flows between neighboring cells (i.e., f(p*, pp* t1) and f(p}*, ppr T2 1))
are computed based on the junction solver discussed in Section 3.1.

When applying the triangular fundamental diagram (10) to compute the flow
across the cells, the traffic state pg in a local section evolves with linear dynamics

in each mode stated in Table 1, forming a hybrid system:
pr1 = Aipre + B{Llom + Bilam + By ¢, (19)

where 1 is the vector of all ones, the vector ¢, = (é1, 0%, ¢3)", and Ay € R**™,

B e R™", Bl € R"*™, B,f € R"*3 are constructed based on the current mode of
the local section, the locations of the shocks and expansion fans (if they exist), and
the moving direction of the shocks.
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TABLE 1. Mode definition and observability of the SMM-J

Mode F/C! status of cell(s) Transition® on link Diverge Obser—
1 ny;+mne n near junction? 1 2 3 case  vability*
1 F F F F none none none I O
2 F F F C Sh. Ep. Ep. 1 U
3 F F F C Sh. Ep. Ep. I U
4 F F F C Sh. Ep. Ep. 11 U
5 C C C C none none none I U
6 C C C C none none none I U
7 C C C C none none none 11 U
8 C C C F Ep. Sh.  Sh. I U
9 F C C C Sh. none none 1 U
10 F C C C Sh. none none 1I U
1 F C C C Sh. none none 111 U
12 F C C F none Sh.  Sh. I U
13 C C F C none none Ep. I U
14 C C F C none none Ep. II U
15 C C F C none none Ep. 111 U
16 C C F F Ep. Sh. none 11 U
17 C F C C none Ep. none I U
18 C F C C none Ep. none II U
19 C F C C none Ep. none 11 U
20 C F C F Ep. none Sh. II U
21 C F F F Ep. none none 11 O
22 C F F C none Ep. Ep. 1 U
23 C F F C none Ep. Ep. 1T U
24 C F F C none Ep. Ep. 11 U
25 F C F F none Sh. none II U
26 F C F C Sh. none Ep. I U
27 F C F C Sh. none Ep. 11 U
28 F C F C Sh. none Ep. 11 U
29 F F C F none none  Sh. II U
30 F F C C Sh.  Ep. none I U]
31 F F C C Sh. Ep. none 1I U
32 F F C C Sh. Ep. none 111 U

L “F” and “C” stand for freeflow and congestion, respectively.
2 Cells indexed by n1, nq + 1 and ny +ns + 1.

3 “Sh.” and “Ep.” stand for shock (i.e., transition from freeflow to congestion)
and expansion fan (i.e., transition from congestion to freeflow), respectively.
4 “0” stands for uniformly completely observable and “U” stands for unobserv-
able. Note that the observability results are derived under sensor locations

shown in Figure 4.

The next two examples demonstrate the construction of matrices Ay, By, B}
and B,f. Specifically, the construction of matrices Ay provides insights on the
properties of the state transition matrices of the SMM-J that reflect the intrinsic
physical properties of the traffic model. These properties are critical in proving
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the estimation error bounds of the KF on traffic networks. Before showing the
examples, we first introduce some notation which will be used as elements of the
matrices to be constructed. For p € Nt define ©, € RP*? and A, € RP*P by their

(i, 7)™ entries as
1— Bt f = j
Op(i,4) = ¢ mat ifi=j+1 (20)
0 otherwise,
1— AL jfj=j
Ap(i,j) = “at ifi=j—1 (21)
0 otherwise.

For p; € N*, pp € N*, p3 € N* and ps € NT, define EF$ P4 € RP1*P2 as the p1 X pa
matrix with all entries zero except its (p3, ps)'™" entry, which is one. Explicitly,

. 1 ifi=psand j =py
P3,P4 —
Eplmz (,5) = { 0 otherwise. (22)

Moreover, define ép € RP*P and Ap € RPXP ag:

Op_1 Op-11 .
~ _ ’ >
6, = ( wAtple=t o=z
1

wp—1 ’
ifp=1,

and

1 wAt pl,l )
< Az ~1,p—1 if p> 2,
Ap = ( Op-11  Bp r=

P
ifp=1.

Example 1 (System dynamics of the SMM-J under Mode 1). Consider the local
section in Figure 4 where all the cells are in freeflow. Within a single link, the flux
between two neighboring cells indexed by i and i + 1 is given by f(p}, pit") = vmpl.
At the junction, it holds that s(p}") = vmpp* < r(pf* ™) +1(pf ™) = 2¢p,. Also
note that s(py") < r(pp* ™) = g and s(p}*) < r(p* T2t = gy, the distribution
ratio oy can be followed exactly. Hence, the state is under Mode 1 at time k, and
the junction solver computes fluxes f(p}*, pi* ') and f(p;'*, pp*t"2*1) according to

diverge case IT (16) as follows:
71 1
f ny  ni+1 _ pk Um f n1 ni+ng+1 — adpk Um.
(pkv k ) 1+Old’ (kapk ) 1+Old

Substituting the flows computed above into the update scheme of the traffic density
on each cell, it follows that the explicit forms of Ay, Bf, B{, and B,‘f in (19) are

@nl
v At 1,n a
A = (14 aa)Az E”zﬂlh @"2 5 BZ = B[Z = 0n,n7 (23)
aqUmAt plng 1)
(I4aq)Az—n3,n1 n3
¢ _ At 1,1 ni+nsz,2 n,3
Bk - Ax En,B - En,S - En,S

in Mode 1. Note that in the above definitions and for the remainder of this subsec-
tion, blocks in the matrices which are left blank are zeros everywhere. O
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Example 2 (System dynamics of the SMM-J under Modes 2-4). Consider the local
section in Figure 4 where the three boundary cells indexed by 1, n; + no and n are
all in freeflow, and the three cells near the junction, i.e., the cells indexed by nq,
ni1—+1 and n; +ns+1 are in congestion. Given the assumption that there is at most
one transition between freeflow and congestion in each of the three links connecting
the junction, it can be concluded that there is a shock (i.e., transition from freeflow
to congestion) on link 1, while link 2 and link 3 each has an expansion fan. Let [y
be the location of the shock on link 1, i.e., the transition from freeflow to congestion
on link 1 occurs between cell I; and Iy + 1. Moreover, we define

i l1 if the shock has positive velocity or is stationary
Y7 ;4 =1 if the shock has negative velocity,

and
Zl = N1 —1—[1,

which are later used to simplify the notations to define matrices Ay, By, B{, and

B,‘f. Similarly, denote as Iy (resp. [l3) the location of the expansion fan on link 2
(resp. link 3), i.e., the transition from congestion to freeflow on link 2 (resp. link
3) occurs between cells Iy and Iy + 1 (resp. cells I3 and I3 4+ 1). To simplify the
notation, we also define

lo=1ls—n1, lo=ng—1ly, l3=I3—n1—ng, I3=nz—I

At the junction, the sending capacity of cell ny is s(p;') = ¢m, and the receiv-

ing capacities of cell n; + 1 and cell n; + ny + 1 are r(leH) = w(om — leH)
and r(le+”2+1) = w(0m — leJr”zH), respectively. Depending on the magnitudes

of s(pp), r(pp* ), and r(pp T t1), the junction solver follows one of the three

possible scenarios shown in Figure 3.

1. Diverge case I: when s(p}") > r(pp* ™) +1(pp* T72™1). In this case, the state is

under Mode 2 at time k, and the junction solver computes fluxes f(p}*, pi* 1)

and f(p}*, ppr T2 11 according to diverge case I (15) as follows:
fopts o ™) = (o) = wlom — pi ™),
fpit, ) = (o ) = wlom — ppt .

Hence in Mode 2, the explicit forms of Ay, By, B}, and B;f in (19) are

©;
1
wmAt Ll 1 wAt ol 1
Az 10 Az 1l . .
! At l1,1
A wAtE} 1 w ‘1,1
L Az T Az Ty g
Ak = A~ ’
lo -
@A
2
Al},
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wAt FqT
Bg = v (7E£L17j;1,l1+2 _ E:Ll}ﬁnﬁrﬂfrl + Efzz,;lf + Eizg,,rlf) 7
B? — At (_Elz-lz + Elz-&-l,lz _ ElaJs +El3+1’l3)
k Ax n,n n,n n,n n,n ’
¢ _ At 1,1 n1+mnz,2 mn,3
Bk - Azx En,3 - En,B - En,3 .

2. Diverge case II: when s(p}*) < r(pp* ") + r(pp t">™1), and the prescribed
distribution ratio agq can be followed exactly. In this case, the state is under
Mode 3 at time &, and the junction solver computes fluxes f(p;*, pp* ') and
f(pp*, pp T2 1) according to diverge case IT (16) as follows:

k
1 1
f nl’ ni+1ly _ s(p™) = ,
(orts Pt ™) g+ 1 (Prt) ad+1Qm
aq aq
f(p™, nit+na+1ly s(p™) = )
(Pk P ) g + 1 (Pk ) ad+1‘]m
In Mode 3, the explicit forms of Ay, By, B}, and B,f in (19) are
O;
1
vm At 1,0 1 wAt 1,1
Ax 1,0 Az 10y
il ~
A = Ap ;
@}
A~3
@A
3
wAt FoqT
=2 (e g e
l2,l 1, 2 l3,l
+En2,n2 _ E:lej-"m-i' ni+nz+ + En?:n3) ,
At agq
B =" _gmitm 4 n1+1,n; + En1+n2+1,n1
k Al’( n,n 1+ad n,n 1+ad n,n
l2,l lo+1,1 3,1 ls+1,1
_En2,n2 + Enz,jz_ ? - E7L3,n3 + ETE,Z 3) )
At
B =5 (Byh— Eps™? — B}3).

3. Diverge case IIT: when s(p;*) < r(pf*™') + r(pp* T"2*!), but the prescribed
distribution ratio agq cannot be followed exactly. In this case, the state is
under Mode 4 at time k. Depending on the magnitudes of s(p}"), r(pp* 1)
and r(p* ™) the fluxes f(p}, pp* ) and f(p}*, ppr T ) computed by

the junction solver are either obtained from (17), i.e.,

fopts o ™) = x(pp ™) = wlom — pp* 1), 24
(o™ ni+na+1y __ niy ni+1y _ _ o ni+l ( )
(pr*s P )=s(pp") = (o) = qm — wlom — pp* "),
or obtained from (18), i.e.,
fpi s o) = s(pi) = x(p ™) = g — wlom — o T, 25)
f(p217p21+n2+1) — r(pz1+nz+1) — w(Qm _ p;€n+nz+1).

For conciseness of the presentation, we provide next the explicit formulas of
Ay, By, B, and Blf when the fluxes are computed according to (24), and the
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construction of the system dynamics when the fluxes are given by (25) can be
done in a similar fashion. The matrices Ay, Bf, B}, and B,f read

O;
1 ~
vmAt plh 1 wAt 1,1
Az 1,0, Az 1,01 .
N wAt pl1,1
All Az Eil,[g
A = A[ s
2 ~
®A2
wAt 1,1 A~
Az Tyl 3
@A
3
wAt FoqT
p I1+1,014+2 l2,l2
Bk - Ax (_En,n + En,n
ni+na+1,n1+n2+2 ni+no+1,n1+1 I3,l3
_En,n - Hnn + En,n ) )
At
q __ ls.1o lo+1,l2
Bk _A.’E (_En,n + En,n
ni+nzs+1,n1+1 3,0 l3+1,1
+En,1n 2 ! - En?’,n3 + En?’,n 3) )
¢ _ At 1,1 ni+nz,2 n,3
Bk _AJZ‘ En,S - En,S - En,S .

O

3.3. Properties of the state transition matrices of the SMM-J. Some prop-
erties of the state transition matrix Ay are summarized below, which will be demon-
strated in Section 4.1 to assume important roles in proving the boundedness of the
Kalman gain (a necessary condition to ensure the ultimate boundedness of the
mean estimation error) when using the KF to estimate traffic conditions based on
the SMM-J.

(P.1):

(P.3):

For Ay in all modes, each element satisfies
0<Ai(r,c) <1, forallkeNandr,ce{l,---,n}.

This property is due to the CFL condition [33] in the discretization scheme

(8).

: When Aj is derived under diverge case I and diverge case II, the sum of

the elements in A;, at the same column c satisfies
ZAk(T,C) <1, forallkeNandce {1, ---,n}.
r=1

This property is due to the CFL condition as in (P.1) and the conservation
law embedded in the traffic model.

When Ay, is derived under diverge case 111, the sum of the elements in A
at the same column c satisfies

ZAk(r,c) <1, forallkeNandce{clce{l,---,n},c#L},
r=1

where ¢ = ny + 1 if f(p*, pp* ™) =
fppts o ™) = s(pp) —

r(p ™) and £ = ny + ng + 1 if
r(ppr T2t Moreover, it also holds that for Ay
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under diverge case III,
Ap(r,e) =0, forallk,re{ny+1,--- ,n}andce{1,---n1}.

This is due to the facts that (i) the flows from cell n; at the junction to
the two downstream cells (i.e., cell ny + 1 and cell ny + ny + 1) do not
depend on the densities of the cells on link 1, as shown in (24)-(25), and
(4i) the internal flows between adjacent cells on link 2 and link 3 are also
independent of the densities of the cells on link 1.
Based on the above properties, the following lemma derives the bounds on each
entry of the product of the state transition matrices, which will later be applied to
prove the boundedness of the Kalman gain (see Lemma 3).

Lemma 2. Consider the local section in Figure 4 that stays inside a SMM-J mode
while k € (ko, k1]*, where 0 < ko < ky < 400. Recall from (6) that the product of
the state transition matrices is defined as

ko+1

Ertlkot+1 = H Ag,  fork € (ko,ki]. (26)
rk=k

The (i,7)" entry of Zx11.ky+1 Satisfies
0<Ekt1ko+1(6,7) <1 forallk € (ko, k1] and i,j € {1,--- ,n}. (27)
Proof. The proof applies properties (P.1)-(P.3), and is reported in Appendix.2. 0

3.4. Observability of the SMM-J. From an estimation point of view, it is as-
sumed that the sensors are located on the far ends of the three links connecting the
junction (as illustrated in Figure 4), measuring the densities of the boundary cells

of the local section (i.e., pt, pp' 7" and p}).
Incorporating model noise in the SMM-J (19) yields:
Pr1 = Appe +uk +wk,  pr € R, (28)

where wy, ~ N (0, Q) is the white Gaussian model noise, and define the determin-
istic system input as:

U = legm + B,Zlqm + ngﬁk
The sensor measurements are modeled as follows:
2p = Hppe + v, 21 € R3, (29)

where the observation matrix Hy = E3’} + E§::111+n2 + E?Z, and vy ~ N(0, Ry) is
the white Gassian measurement noise. Hence, as shown in (28)-(29), the system
dynamics of the SMM-J is rewritten in the form of (1)-(2).

The observability of system (28)-(29) under different modes are listed in Table 1,
which can be derived directly from the definition of observability stated in Section
2.1, i.e., checking the boundedness of the information matrix. According to Table
1, most of the modes are not observable except (i) when all cells in the local section
are in freeflow, and (i7) when an expansion fan sits on link 1 and no other tran-
sitions between freeflow and congestion exist in the local section. From a physical
viewpoint, the non-observability of the SMM-J is due to the irreversibility of the
vehicle conservation law given the available sensor measurements in the presence
of shocks, and the presence of the junction. It is indicated that compared to the

4Recall that the time instant k € N, hence k € (ko, k1] denotes k € {ko + 1,--- ,k1}.
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observability of the SMM [30], the issue of non-observability is more critical when
junctions exist. For example, a one-dimensional road section where the traffic is in
congestion everywhere is observable given measurements of the upstream boundary
cell [30], while a congested local section with a junction is not observable even with
the measurements of all the three boundary cells (as shown by the cases for Modes
5-7). The performance of the KF under uniformly completely observable systems is
widely studied (as summarized in Lemma 1). In this article, we focus on analysing
the theoretical performance of the KF under the unobservable modes of the SMM-J.

4. Performance analysis of the KF for unobservable traffic network es-
timation. Challenges for estimating an unobservable system stem from the fact
that the estimation error covariance could grow unbounded, thus the mean estima-
tion error also potentially diverges (as shown in Example 3 in the appendix). In
this subsection, we show that when combining the physical properties of the traffic
model (i.e., vehicle conservation and the flow—density relationship) with the update
scheme of the KF, the mean estimation errors of all the cells in an unobservable local
section are ultimately bounded inside (—¢, oy, + €) for all € > 0, provided that the
density measurements of the three boundary cells are available. This ensures that
the mean estimates of the KF for unobservable modes are always physically mean-
ingful to within e. Comparatively, it is shown in [36] that an open-loop observer
may result in non-physical state estimates in unobservable modes.

Note that the three conditions (C.1)-(C.3) in Lemma 1 are necessary for proving
the properties of the KF for traffic estimation under unobservable systems. For
system (28)-(29), we assume that conditions (C.1) and (C.2) can be ensured when
setting up the parameters in the KF. It can also be directly verified that condition
(C.3) always holds for all the modes of the SMM-J.

4.1. Boundedness of the Kalman gain. Let (kY,kV] be the time interval in-
side which the local section shown in Figure 4 stays in an unobservable mode of
the SMM-J. In this subsection, we present a lemma stating the boundedness of the
Kalman gain for k € (k§, kY], which is obtained based on the boundedness of the
cross-covariance of the observable and unobservable subsystems in the Kalman ob-
servability canonical form (see Appendix.3). According to the KF update scheme
in (4), the boundedness of the Kalman gain is a necessary condition for the bound-
edness of the state estimate.

Lemma 3. Consider an unobservable local section shown in Figure j. The local
section stays inside an unobservable mode of the SMM-J while k € (k{, kY], where
0 < kY < kY < +00. Given density measurements of the three boundary cells, the
infinity norm° of the Kalman gain computed by the KF (3)-(4) satisfies

1Kulloo <% (Tapig ) for atl k€ (k8 kY], (30)
where k (+) is a function of the error covariance at time kg .

Proof. The explicit formula of k (Fk}” k}{) is presented in Appendix.4.1, and is de-
rived in Appendix.4.2. O

5Recall that for matrix M € RPX4, its infinity norm is defined as |[M|o =

9, |M(r,c).
reipax | Dem [M(rc)l
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In the proof of Lemma 3, the Kalman gain is partitioned into blocks correspond-
ing to the observable and unobservable subsystems (as shown in (49)). The part
corresponding to the observable subsystem is a function of the estimation error co-
variance of the observable subsystem (see (50)), thus its boundedness is relatively
straightforward to justify. On the other hand, the block of the Kalman gain that
corresponds to the unobservable subsystem is a function of the cross-covariance of
the observable and the unobservable subsystems (see (51)). By exploring the in-
teraction between the evolution equation of the cross-covariance (shown in (48))
and the physical properties of the traffic model (reflected in (P.1)-(P.3)), we also
derive the boundeness of the unobservable block of the Kalman gain. In summary,
the combination of the update scheme of the KF and the intrinsic properties of
the traffic model is critical in showing the boundedness of the Kalman gain under
unobservable modes.

4.2. Ultimate boundedness of the mean error. In this subsection, we show
that for an unobservable local section, the mean estimate of each cell will ultimately
achieve the physically meaningful interval, thus the mean estimation error is also
ultimately bounded. Unlike typical unobservable scenarios where the mean estima-
tion error diverges (as shown in Example 3), the boundedness of the mean error
here is ensured by the intrinsic physical properties of the traffic model, i.e., the
relationship between the density and the sending/receiving capacity for each cell,
as illustrated in the proof of the next proposition.

Proposition 1. Consider an unobservable local section as shown in Figure 4 that
stays inside an unobservable mode while k € (k§,00). For alle > 0, a finite time t(¢)
exists such that ﬁﬁf‘k € (—€,0m +¢) for all k > ki +t(e) and for alll € {1,--- ,n},
independent of the initial estimate. Moreover, the mean estimation error satisfies
[Tkl < V/1(om + €) for all k> k§ + t(€), independent of the initial estimate.

ne =

Proof. Denote as 77}3‘ e = (ﬁil s ﬁlelj ) .) | the mean error of the three boundary

cells. Since the three boundary cells are all inside the observable subsystem, it
follows that Hﬁ}glkH — 0 as k — oo.

The proof is by induction. In Step 1, we use an induction from cell 1 to the
downstream cells to show that if the estimate of cell 1 converges to the true state,
then the estimate of all cells will ultimately be greater than —e for all ¢ > 0. In
Step 2, we use an induction from the two downstream boundary cells (i.e., cell
ny + ng and cell n) to their upstream cells to show that if the estimates of the two
downstream boundary cells converge to the true state, then the estimate of all cells
will ultimately be smaller than g, + € for all € > 0. In Step 3, we combine Step 1
and Step 2 to derive an ultimate bound for the mean estimation error.

Step 1: We use induction to show that for all e > 0 and [ € {1,--- ,n}, there exists
a finite time t} (¢) such that ,bi,lk > —e for all k > kY + t4 ().

Since the upstream boundary cell (i.e., cell 1) is in the observable subsystem, we

have ﬁ,ilk — 0 and ﬁ}g‘k — pi, where pi > 0. Hence a finite time t}(e) exists such

that py,, > —% for all k> kg’ +t](e).
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For all interior cells on link 1, i.e., cells indexed by I € {2,3,--- ,n1}, suppose
ﬁﬁc‘kl > = 1)6 , if pk| (l_nl)g, we obtain from (9) that
-1 - g (I—1)e
f (pﬁc\k17p§€\k> = Umpéqkl > —Un " s (31)
f (pk\k7pk|k) < Umpk|k' (32)

It follows that the estimate of cell [ satisfies
_ ~ A -1 - ]
Phrijhe1 = Pry T A (f (pk|k , pklk) f (pk\k’pkUc ))
_Kk:Jrl(la 1>77k+1|k; - Kk+l(l7 2)"7:_1;,_?‘7]22 KkJrl(la 3)772+1|k (33)
(l:Ll)E _k(Fk[t)J‘k(L]J> HﬁEIkHOO

where the inequality is due to [[Kx[lc < k(I'yv|zv) given in Lemma 3. Thus there

Amk(rkgwg)

= v At | =1
> Pk T "Rz ‘pk\k +

exists a scalar vy > ———2—2% such that
=l - =l (I—1)e
Pryilk+1 ~ Prik V0 |Prjk + .
34
1 (I—1)e b (34
for all | py ), + Z U1 || N

vmAt k(FkOU\kOU)
Az v

> 0. Also note that Hﬁ}zlk

where vy = ‘ — 0 as k — oo,
oo

which indicates that the one-step change of the estimates is ultimately positive,
and large enough so that a finite time t (¢) exists such that ﬁéﬂlk > —% > —e for all
k> kY +t(e) [21].

We now show that for the two cells on the downstream side of the junction, i.e.,
cell ng +1 and cell ny +ny + 1, there exist finite times t7' 7 (¢) and t71 "2+ (¢) such

that pjf" > — U > e for all k > kY +t77F () and gt > — e
—eforall k > kY +t71"2 %1 (¢). Suppose ﬁz‘lk > — T if ﬁzlll:rl — e theJunctlon

solver follows diverge case II or diverge case III. Hence, the flow from cell ny to cell
n1 + 1 satisfies:

1 . .
¢ ([)7” ﬁ"1+1> _ ) aart® (Pka) —Upm "t diverge case II
Kk Cklk S (ﬁz‘lk) -1 (pn|1+n2+1) > —vp ™€ diverge case 111,

and the outgoing flow for cell n; + 1 satisfies:

ni+1 —ni ni+1
f<pk|1k ’pk|k )<Umpk|k :

Following the similar arguments as in (33)-(34), it can be concluded that there exist

a finite time t7' ™ (¢) such that pz‘l,:'l > —w > —¢ for all k > kY +t7*F(e).
Applying the same analysis for cell n; + ny + 1, it can be concluded that there

exist a finite time t7' """ (¢) such that pzllljnﬁl > —(nlni)e > —e for all k >

kY 4 7T F 1 (e).  Continuing the induction on link 2 from cell n; + 1 to cell
n1 + na, we obtain that for all e > 0 and I € {ny + 1,n1 + 2,--- ,n1 + na}, there
exists a finite time t} () such that ﬁ%lk > —le > —eforall k >k +ti(e). As for
the cells on link 3, we process the same induction from cell ny + ng + 1 to cell n,
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which yields that for all e > 0 and [ € {ny +no+ 1,71 +n2+2,--- ,n}, there exists
a finite time t} () such that ﬁqu > —(l_nﬂ > —e for all k > kY +t! ().

Let t1(€) = maxje(q,... n3{th(€)}, it is concluded that ﬁ%ﬁlk > —e for all k >
kY +ti(e) andl € {1,--- ,n}. This proves the ultimate lower bound of the estimates.
Step 2: We use induction to show that for all e > 0 and [ € {1,--- ,n}, there exists
a finite time t}(€) such that ﬁfclk < om +eforall k > kY + th(e).

Since the two downstream boundary cells (indexed by ni + ng and n) are in
the observable subsystem, we have nk‘ﬁ'”"‘ — 0 and pklllj'"2 — pp ™ as well as

M = 0 and Pk = Pk Given the facts that p"l'*'"2 < om and p}! < on, there exist
finite times t5* "2 (¢) and t3 (¢) such that pk‘f"z < om+< forall k > kJ +t51772(e),
and pj, < om + ; for all k > kY + t5(e).

For all interior cells on link 3, i.e., cells indexed by I € {ny +ns + 1,n1 + no +

2,--+,n— 1}, suppose ﬁﬁkl < Om + (n;l)e’ if 'Eéﬂlk > Oom + (n— l) , we obtain from (9)
that
(Bt Ay ) < (om — A ) (35)
a0 n—1)e
() = 0 (om0 > w (-2, )

It follows that the estimate of cell [ satisfies

_ - A -1 - Sl1+1
Prrfkr1 = Phje + Az <f (pk|k ’ pk|k) £ <pk\k’pk|k ))
—Kpq1(l, 1)77k+1|k — Kyt1(l, 2)772:{\71? LS 3)77Z+1|k (37)

_ _ l
< Phyp = K [Pk — om = BT +k<FkU|kU) H”k\k”
. Amk<FkU|kU)
Thus there exists scalar wy such that ———=8—=0> < wy, and
- T I R )
Pe+1lk+1 ~ Pk < — W0 Pk — Om " ;
( ) (38)
_ n—1tu)e _
for all |ph, — om — | = wr [
o0

Also note that Hﬁ}:‘ ’“H — 0 as k — oo, which indicates that the one-step change
o0

of the estimates is ultimately negative, and large enough so that a finite time t}(e)
exists such that ﬁm < Om + w < om + ¢ for all k > kY + th(e).

The above arguments can be generahzed for all cells on link 2. Hence for all
e>0andl € {ny+1,n1 +2,---,n1 +ny — 1}, there exists a finite time t} () such
that o, < om + 2= < g 4 € for all k> K+ th(e).

We now show that for the cell on the upstream side of the junction, i.e., cell

nq, there exists finite time t5*(e) such that pzllk < Om + (n%iﬂ)e < Om + € for
all k > ki + th*(e). Suppose ﬁzlllj'l < Om + 2¢ and ﬁ;;”'l;"”l < om + 725, if

pk‘k > Om + (nT"l)E = Om + W—Tnsk, the incoming and outgoing flows of cell ny

satisfy

=1 = _
f (pZU@ ’PZUC) sw ( PZ\lk)
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and
(o) + £ (A i)

8 ﬁz\lk) = g > w (—"2na) diverge case II or III
e F)ka“) tr (ﬁZfJHZH) > w (—"2E"e)  diverge case L

Following the similar arguments as in (37)-(38) it can be concluded that there
exist finite time t3*(¢) such that g} < om + "ZUFE < g 4 ¢ for all k >

n

k§ + t5*(e). Continuing the induction from cell n; to cell 1, it follows that for all
1 €{1,2,--- ,n1} there exists a finite time t)(¢) such that ﬁﬁc‘k < Om + ("—;7“)6 <
Om + € for all k > kY + t4(e).

Let t3(€) = max;e(i,... n}{th(€)}, we obtain ﬁi;\k < om + € for all k > kY + ta(e)
and [ € {1,--- ,n}. This proves the ultimate upper bound of the estimates.
Step 3: Combining Steps 1 and 2, and define t(e) = max;{t1(€),t2(€)}, we obtain
ﬁi‘k €(—€,0om+e) forallle{l,--- ,n}and k > k{ +t(e). Consequently, |7, <
Vn(om + €) for all k > k§ + t(e). O

Proposition 1 indicates that when the mean estimation error of the three bound-
ary cells converges to zero, it will drive the state estimate of all the interior cells
inside [0, o] due to the conservation law and the flow-density relationship embed-
ded in the traffic model. For example, when the state estimate ﬁél i is smaller than
zero, the sending capacity of cell [ is much smaller than the receiving capacity of
cell I (as shown in equations (31)-(32)). Consequently, the update equation of the
estimate (33) ensures that the one-step change of the state estimate of cell [ is
always positive, and the magnitude of the one-step change is proportional to the
distance between zero and the current state estimate ﬁ§c| x- This ensures that the
estimate of cell [ is constantly pushed towards zero unless it is sufficiently close to
zero. The ultimate upper bound can also be derived under the same fashion.

5. Conclusions. In this article, we establish the theoretical performance of the KF
applied to estimate the traffic density on transportation networks under unobserv-
able scenarios. To facilitate the performance analysis of the KF, a linear SMM-J
model is introduced which combines a junction solver with the switched linear sys-
tem representation of the CTM. It is shown that in addition to the existence of
shocks, the presence of junctions contributes significantly to the non-observability
of the system.

To derive the error bounds for the KF under unobservable traffic estimation
problems, we analyze several properties of the state transition matrices of the SMM-
J, which reflect the intrinsic physical properties (e.g., vehicle conservation and the
CFL condition in the discretization scheme) of the traffic model. Based on the
above properties of the SMM-J, we show that the infinity norm of the Kalman gain
is uniformly bounded under unobservable modes. Finally, we show that the mean
estimate of each cell is ultimately bounded inside the physically meaningful interval,
provided that the density measurements of the boundary cells are available. The
ultimate lower and upper bounds are derived based on the convergence (to zero) of
the mean estimation error of the boundary cells, the boundedness of the Kalman
gain, and the flow—density relationship embedded in the model prediction step of
the KF. As indicated in the proof, feeding sensor data back to the estimator is
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critical to ensure physically meaningful estimates under unobservable system, which
cannot be naturally achieved by an open-loop observer. These results provide some
theoretical insights into the performance of sequential estimation algorithms widely
used in traffic monitoring applications.
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pi‘ , are the location, speed, and acceleration of the moving object at time k € N,
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respectively. The moving object travels with a constant acceleration. The system
dynamics is given by

Pr1 = Appr +wi,  pr € R, (39)

where wy, ~ N (0,Qy), the state transition matrix and the model error covariance
matrices are given as follows:

1 1 05 1 00
Ay,=1 0 1 1 , Q=10 1 0 |, forallk.
00 1 0 01
The initial state is pg = (2,1,0.05) ". The sensor measures the acceleration of the
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FIGURE 5. The evolutions of the estimation errors (A) and the
trace of the error covariance (B) when using the KF to track the
unobservable system (39)-(40).

moving object, i.e., the measurement is modeled by
2z = Hypp +vi, 2z €R, (40)
where
Hy=(0 0 1), w~N(0Ry) with By =1, for all k.
We use the KF (3)-(4) to estimate the state, where the initial condition is set to be
ﬁ0|0 = (3, 2, OQ)T and Fo‘o = 13.
The system (39)-(40) is not observable, which can be concluded by computing its

observability matrix [4, Theorem 6.01], and showing that the observability matrix
is not full rank. The mean estimation error evolves as the following equation:

e = (I — K Hy) Ap_10p—1)k—1- (41)
In Figure 5a, the solid curve shows the analytical evolution of Hﬁk‘k H which follows
(41). A Monte Carlo test of N, = 10,000 realizations of the KF is also conducted,
and the dashed curve in Figure 5a shows the empirical evolution of the estimation
error ||77k|k|’, where 7, = N% Zi\’;l Nrk|ks and 7, px is the posterior estimation
error at time k on the r'" realization. We also plot in Figure 5b the trace of the
estimation error covariance tr(I'y);). It is shown that unlike the observable scenarios

described in Lemma 1, the error covariance and the estimation error diverge as k
increases in this example, which is typical for unobservable systems. O
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Appendix.2. Proof of Lemma 2. The proof is divided into two steps. In Step 1,
we apply properties (P.1) and (P.2) to show that (27) holds for the modes where
the junction solver follows diverge case I or diverge case II. In Step 2, properties
(P.1) and (P.3) are applied to show that (27) holds for the modes where the junction
solver follows diverge case III.

Forall ko +1<¢ <k <k and i,j € {1,---,n}, the (i,5)™ entry of [T-_, A«
is given by

4 n £+1
<H Am> G4) = ((H Am) (M)) (A (r,4)) - (42)
K=k r=1 K=k
Step 1: Suppose Ay is under a mode where the junction solver follows diverge case
I or diverge case II. Recall from (P.2) that
> Ap(rj) <1, forallke (ko ki] and j € {1,--- ,n}.
r=1

Hence, the (i, j)*" entry of Hf;:k A, is no greater than the convex combination of

all the entries on the i*" row of Hf;lk Ag. Moreover, recall from (P.1) that

0 < Ag(r,c) <1, forall k€ (ko,k1] and r,c € {1, -+ ,n},
it follows that

¢
0< (H AH> (i,7) <1, forall k € (ko, k1], £ € [ko+ 1,k) and i, 5 € {1,--- ,n},
rk=k

thus (27) follows directly by setting £ = ko + 1 in the above equation.
Step 2: Suppose Ay is under a mode where the junction solver follows diverge case

IT1. We prove for the case where f(p}*, pi* ') = r(p* ™), and the proof for the case
follows by symmetry.

where f(pt, pit ) = s(p) — r(prr T

Recall from (P.3) that
ST Aw(rj) <1, forall k€ (ko ki) and j € {jlj € {L,---,n},j #ni+1}. (43)
r=1
For j = n; + 1, the sum of all entries of A on column j is given by

ZAk(r, ny+1)=Ag(ni,n1 + 1)+ Ag(n1 + 1L,n1 + 1) + Ag(ny + na+ 1,01 + 1)
r=1

AL AL AL 1+ Ar for all k € (ko, k1].

Additionally, one may note that for all k € (ko, k1],

wAt wAt wAt wAt
—F (1l -—— |+ — =

1 ifr=ni+ny+1

Ap(r,ni+na+1) = { 0 otherwise.

It follows that for all kg +1 < ¥ < k < kq,

‘ 1 ifr=mn +ns+1
(HAK> (r,m +n2+1){ Lo (44)
r=k

0 otherwise.

Combining (43) and (44) with (42), we obtain that for all (¢, j) # (n1+n2+1,n1+1),
the (i,7)t" entry of Hi:k A is no greater than the convex combination of all the
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(non-zero) entries on the i'" row of Hf;lk Ag. Also recall from (P.3) that for all
k € (ko, k1],

Ak(r,e) =0, forallre{ni+1,---,n}andce {1, ---ni},
which yields that for all kg +1 < /{ < k < kq,

041
<H AH> (r,e)=0, forallre{n;+1,---,n}andce{l,---n1},
k=k
thus

{+1
(HAH>(R1+TLQ+1,’H,1)—O, fOI‘&llk0+1§€<k§k1
rk=k

Hence for (i,7) = (n1 + na + 1,n1 + 1), the (4,7)*" entry of Hf;:k A, is also no
greater than the convex combination of all the (non-zero) entries on the i*® row of
Hfj:lk A,. Moreover, according to (P.1) it holds that

0 < Ai(r,c) <1, forall ke (ko,ki] and r,c € {1, --- ,n}.
It can be concluded that

14
0< (II4AH>(Lj)§'L for all k € (ko, k1], £ € [ko + 1,k) and 4,5 € {1,--- ,n},
rk=k

thus (27) follows directly by setting ¢ = ko + 1 in the above equation.

Appendix.3. Observable and unobservable subsystems in the unobservable
modes. In an unobservable mode, the SMM-J can be transformed to the Kalman
observability canonical form. The transformed state consists of the observable and
the unobservable parts of the system, i.e.,

() oy
pr =Upk = 2 |-
Pk

where U is an orthogonal matrix, pg) € R% and p,(f) € R% are the state in the
observable and unobservable subsystems, respectively, with d; + dy = n. Moreover,
since the densities of the three boundary cells are directly measured, it holds that
dy > 3. As a consequence, system (28)-(29) is transformed to the following formula:

Al = A + 0 ), e
2, = H,gt)p,(:) + vk, 2 € R3,

where the transformed state transition matrix A;Ct) and the transformed observation

matrix H. ,Et) can also be partitioned according to the observable and unobservable
subsystems, i.e.,

Al(cl) Odl ,d2

Al(ct) =UAU" = ( 21 2
APY AP

>, H;i“:HkUTz(H,g” o), (45)

with H ,51) € R3*% defined as follows:

w_J I if dy =3
Hk - { ( 13 03’d173 ) if d1 > 37 for all k.
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Moreover, the transformed system input is given by ufct) = Uuy, and the transformed
model noise is given by w,(:) = Uwy ~ N(O,Qg)), where the transformed model

error covariance Q;ct) can be partitioned to blocks corresponding to the observable
and unobservable subsystems, i.e.,

1 o)
¢ Q, Q
;(g)—UQkUT—< Gy ) >
k k

The prior estimation error covariance matrix partitioned into the observable and
unobservable subsystems is constructed as follows:

1) (12)
- (1 T )
klk—1 — :
| Pz Theoa

In the KF, the prior error covariance matrix is computed recursively by the Riccati
equation

—1

T T
® A0 (p® (t) () () (t) ()
Fk+1\k =A, (Fkk—l - Fk\k—l (Hk ) (H,C Fklk—l (H]~C ) +Rk> X

.
7T, ) (4) + el (46)
Define
1) _ 40 4OpQ) O\ " (O ®\ " R
T, =A — A Fk|k—1 (Hk ) (Hk Fk\k—l (Hk ) JrRk) Hy,

_ A](gl) . A](gl)K](cl)ngl)

)

and apply partition into observable and unobservable subsystems to both sides of
(46), we obtain the following two blocks of equations describing the evolutions of

(1) (12) |
Dpype and Iy 2y
.
1) _ A()p(1) (1) (1)
Dyt = T Thppe (Ak ) + Q5 (47)
T T
(12)  _ ~A~(1)p(12) (2) (L)1) (21) (12)
Dodipe = T T <Ak ) + 15 Tk (Ak ) + Q- (48)

Appendix.4. Explicit formula of the Kalman gain bound and proof of
Lemma 3. In this section, we present the explicit formula of k (Fkg‘kg) and prove

Lemma 3. As detailed in Appendix.3, we transform the state vector according to
observable and unobservable subsystems, i.e.,

(t) oy
pr =Upk = 2 |-
Pk

where p,(cl) € R% and p,(cz) € R?% are the state in the observable and unobservable
subsystems, respectively. The transformed Kalman gain is given by

[0
EY = UK, = ( K(km > : (49)
k
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where K ,(:) and K ,izl) correspond to the observable and unobservable subsystems,
respectively, with

1 1 D\ " (1 A
K =r, () (mee ot ()L 6o
(@) _pe)  (gm)" (Dp(1) O
Ky =T (Hk ) Ry + Hy"Ug 4 (Hk ) : (51)
Appendix.4.1. Ezplicit formula of the Kalman gain bound. Define
" iy (A o=, gy Uil
and
. (1) . @) "
ap = max ||A, H , ay = max (Ak ) ,
ke (kg kY] o0 ke (kg kY] o
P (1) = (21)H
BT kelutwn T (A’“ ) = B I

Moreover, define as ¢; and é; the lower and upper bounds of the error covariance
of the observable subsystem, i.e.,

ol <Tj) <&l forall ke (K, kY, (52)

and let
—1

. 1 1
, t:nQ\/ d1 (5261_1)2 , (j: (17&351)2
(a1a2)? + nv/naiasgs + Vngo.

&3 = (&2 + ¢ ' 3as)

P = diéady (@182 + g2) q1 ' + 2, 7 =nv/n Hrkgwg
The upper bound of || Ky ||« for k € (k§, k7] in (30) is defined as

k (Fkg kY )

V3d, v 1 . ipd
5 F )77 a1a2C 7~7t~~ ~77~ D ¢ .
o g (H KYIKY || @102 + G2 m(alazﬁ-ﬂh) V. tqy +p 1_q+p

Appendix.4.2. Proof of Lemma 3. The proof consists of the following five steps.
‘ K Ky “H . Step 2 derives an upper bound of

Step 1 derives an upper bound for

HK,(CU H for k € (k§ +1,kY]. In Step 3, we study the convergence rate of the error

dynamics of the observable subsystem, which is also related to the boundedness of
K ,(fl). Based on the convergence rate obtained in Step 3, Step 4 derives an upper

bound of HK,(fl) H for k € (k§ +1,k{]. Step 5 combines the above steps together

and concludes the proof.
Step 1: At time step k{ + 1, the Kalman gain is computed as follows:

-1
_ T T
Kkg+1 = Fkg+1\k}fHkg+1 (Rk};ﬂ +Hk8+1rkg+1\kngg+1> )

.= WHWW}E

_ T .
where Dy 1y = Apg iy ey Apy + Quy - Given that
|Qkll o < v/ng2, and define

_ _ T
ar= mex {4l ar= mex {[lA]]}.

Lryiny

b
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the prior error covariance at time k§ + 1 satisfies

AT
| A

Moreover, since

<]
o0

Ak[I)J

Lry 1 pky - Hrkg\kg o Hng

o0

<Vn Hrkg‘kg aras + v/iga.

-1
.
H (ng+1 + Hkg+1rkg+1\kngg+1>

o0

1
<V3 H (ng+1 + Hkg+1rkg+1|kgH1;EJ+1>

=V3 (Umin (Rk}jﬂ + Hngrleé“rllkoUH;E“rl))

<3 (1))
V3

<
1

it follows that

HOO

T T
T T e N [T

V3n
< (e

Step 2: As stated in (50), Kalman gain associated with the observable subsystem
is given by

ayaz + (I2) .

T T L
1 (1 1 (1 1
i =1 () (Reenr L (5)")

According to Lemma 1, there exist constants ¢; and ¢ such that the error covariance
of the observable subsystem satisfies

al <Tj) <&l forall ke (kK. (53)
Given that
.
1) (L)1) (1 (1)
Dot = A Thli s (Ak )) + @’y
we have

2 < 2]+ o2 < Vit
with a; and ao defined as
T
(")

a; = max
ke (kg kY]

1 -
A,(~C )H , G2 = max
o ke(ky kY]

o0

Following the similar argument as in Step 1, we obtain

(@1G262 + q2), for all k € (k§ +1,k)).

V3d
=], <5

Step 3: Define the Lyapunov function of the observable subsystem as

v = () (r®) A,



ERROR BOUNDS FOR KALMAN FILTERS ON TRAFFIC NETWORKS 31

According to Lemma 3 in [31], the one-step change of Vk(l) is given by:

1 1
v v
-
(1) O N ONIO)
(nk|k> (Fkk Lk (A ) X
_ —1

(1) r® gD (H(1) (1)(1) =(1)

< k+1\k< ) Rk+1H Fk+1|k) Ay Fkk) M| ke
T

LT (A(l)) x

<~ [t e

-1

!
(08 + 1 () m 0T, ) A

where

. _
M ) (40 W, 0 (O W) (W)
I+ Thn (A1) ( + T (A ) Ryl H r,mk) AT

~ =1 {|p@) (1) (L)1)
<C2 +q k|k (A ) A Fk|k
ea o [ | (a7) a2 i

<62 + q1_ &2a3a
with as defined as

1
a3 = max Omax (A,(c )) ,
ke (kg k{]

and omax(M) is the maximum singular value of matrix M. It follows that for all
k € (kY , kY], the Lyapunov function Vk(l) satisfies
~_1 (1 ~_1 (
[ < v < ki

and Vk(i)l Vk() —C3

where
~ ~ —1~2~
€3 = C2 + q; "Cyas.

Hence, for all k& € (k§ + 1,kY], the 2-norm of the mean estimation error of the
observable subsystem satisfies

i < )

; 2 B (54)
]

&y I kg +11kG+1

N U
=(2) | H(l‘ AN

(&1> (1 —2¢&¢1) ) .
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Moreover, for all k € (k{ + 1,k{], the mean estimation error of the observable
subsystem is given as follows:

kg +2

(1) _ (151

Mkl = H T, ey 411kY +1° (55)
K=k

—1
) AWM Combining (54) and (55), it is concluded

K—1"

where T = 1) (F(”

K|k Kk|k—1
based on the definition of matrix induced norm that

kg +2 &\ 2 i\ b—kY —1
IT 10 <(2) (a-awi) ™7 oree@+1 60
rk=k

Step 4: Vectorizing both sides of (48) yields that for k € (k7 , kY],
vec {Fgﬂ‘k} = (A,(f) ® Tg)) vec {F,&l‘zll}
.
wvee {00 (42) }vee {0,

which implies that for all k& € (k{ + 1, k7],

kg +2
(12) _ 2 1 (12)
vec {Fk+1|k} = H (A,({) ®T,(§)) vec {Fkg+2\kg+1} + Py, (57)
K=k

where

]
By —vec {rgwr;;;l (a0)" + Q;m}

2 1 1 1 21 T 12

(42 01 vee {0, (40) 4 0l

-
(2 1) 2 1) (1) (1) 21) 12)
+ (Ak '@ T§c ) (Al(c—)l ® T/&—l) vec {Tk—2rk—2k—3 (Al(c—2) + Qi(e—2}
k§+3 T
2 1 (1) (1) (21) (12)
T H (A,g) ® T} )) vee {Tkg+2rkg+2kg+1 (Akg+2> + ng+2} :
K=k

The explicit form of A,(f) ® Tg) reads

AP, Y o AP a1l
AP @) = : s : :
Az(f) (da, 1)T§€1) e Af) (da, dz)Tff)
hence
Wi (LD 91, do) [T T
I1 (42 01) = : ; ,
= Doy DITEZ T e (o) TTEE2 T

19)
where 9 (i, j) is the (i, )" element of H:O:ZQ A®. Define
P: ( Odz,n—(iz Id2 )7
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and given that the top right block of Ag) is a zero matrix Og4, 4, (as shown in (45)),
it can be concluded that

kg +2 kg +2 kg +2 kg +2
H AP =p H A® | pT =P H UAUT | PT = PU H A, |UTPT.
— K:k J—

Based on Lemma 2, the (i,5)"" element of Hk 2 A, satisfies

kY +2
0< HA (i,j) <1, foralli,je{l,---,n}.

Hence, it can be derived from (58) that

kg +2 kg +2 kg +2 kg +2
IT A2 <|[ 11 4| <|v| II 4« U"|| <vu|J] 4| <»
K=k K=k K=k rk=k
o0 o0 oo
Consequently,
kg +2 kJ +2
[T (42 ex®)| <o) [T &
K:k - ) - (59)
o\ 2 1\ kb—kY—1
<n?Vd (02) (a-a@et)
o tqk k —l
where the last inequality is due to (56). Recall from (53) that é&1 < T < &1 for

k|k
k € (kY,kV]. Since

.
(1) (1)(1) (1) (1)
Do = A Tl 1<Ak ) +Qp1

it follows that Hl"k‘}C 1H < \/dy (@126 + go) for all k € (k§ +1, kY], and the prior

error covariance of the observable subsystem satisfies g1 1 < Ffﬁl‘l)c_lfor k€ (kY,EY].

As a consequence,

-1
HT(DH = \/> lc1|1)c (Pl(vlll)c 1) H < \/aéQQII7 for k € (kg , ky'. (60)
Define a4 as
G4 = max A,(fl)H ;
ke (kg kY] oo
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it follows that® for k € (k§ + 1, kY],

{1 () o)
HTU W 1<Af107" *‘HQSQW

<\/diC2qy a4HFkU€ 1” + q2
<d1G2dy (@1G282 + q2) @1 " + ¢
:ﬁ'

o0

max (61)

Substituting (59) and (61) into (57), we obtain that for k& € (k§ + 1, k],

k—ky —2

12 12 _ -
Hvec {Fl(ﬁilk}H <b (k)£ ko Hvec {FéUi_Z‘kU_H}HOO%—p-I-tP Z i,
=1

where b(k) is either a non-increasing or a non-decreasing function of k. Hence, we
obtain that for k € (kY , kY],

(12
[ee {riie ..

< max { Hvec {Fi¥i2lkU+l}H b(k§ +2), lim b(k)}

(12) e 2 p
< { [ {1+ (g} o5 ),
where

(12) (12)
[vee {riy o . = eyl
< \/ﬁalag H + \/ﬁ(]g
< Vnaias Hrkg+1|kg + Vnga

<nyn kag‘kg (a1a2)” + nyv/naiasgs + vngs

~-Ql

Also since

K = (e (1) (e mrgy, () 7))

it follows that for k € (k§ + 1, k],

T diV3
(12) 1
L) | <

1

v3

o tpqg
HK(zl)H max{"y, tqy + p, 1]iq(j+p}.

e
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Step 5: Combining Steps 1, 2 and 4, it can be concluded that for k € (kY , kY]
1Kkl = U7 KL

<t

oo

V3d; Vn 1 3 i
S dy F + )’ / ~~~+ 7~7t~~+~77~+~
max d (H kY |k aiaz - q2 @ (a1a202 q2) ¥,tGY + p - D

T1 1
2k [Py )

which completes the proof.
E-mail address: yesun08@gmail.com
E-mail address: dan.work@vanderbilt.edu
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