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Abstract

This paper studies a quantum risk-sensitive estimation problem and investigates robustness
properties of the filter. This is a direct extension to the quantum case of analogous classical
results. All investigations are based on a discrete approximation model of the quantum system
under consideration. This allows us to study the problem in a simple mathematical setting.
We close the paper with some examples that demonstrate the robustness of the risk-sensitive
estimator.

I. INTRODUCTION

Filtering, which in a broad sense is a method for extracting information from a noisy signal,
is one of the principal tools in modern engineering science. In particular, when considering
a partially observed dynamical system, we can construct an optimal filter that computes the
least square estimate of a state variable of the dynamics. In the linear case, this results in the
so-called Kalman filter [28]. This dynamical filtering theory was rigorously established using
the classical Kolmogorov probability theory and its application to the theory of stochastic
differential equations (e.g. [29]). Moreover, it is well known as the separation theorem [44]
that the solution of a general optimal control problem for a partially observed system can be
represented in terms of a corresponding information state of the filter. For this reason, the
filtering theory is not only important in itself, but also essential in feedback control theory.

The situation is much the same in quantum mechanics. The Heisenberg uncertainty principle
shows that any quantum system must possess fundamental uncertainty originating from the
noncommutativity of its random variables. Therefore, we can never have complete observation
in the quantum setting, which implies the necessity of filtering in the quantum case. Fortunately,
there exists a quantum filtering theory as a beautiful parallel to the classical one. The theory
was pioneered by Belavkin in the remarkable papers [4], [S], [6], and the quantum filtering
equation or stochastic master equation is now widely used in the physics community [1], [8],
[16], [21], [31], [38], [40], [47]. Moreover, as in the classical theory, it is possible to show that
a separation principle holds in the quantum case [10].

The filtering for both classical and quantum cases is, as mentioned above, clearly an important
tool in control theory. However, we have to point out that the optimal filter is in general quite
fragile to unmodeled uncertainty of the system, and consequently the optimal estimation can
be largely violated. This fact requires us to develop a theory of robust estimation that allows
some model uncertainties and guarantees high-quality estimation performance. Guaranteed-cost
filtering [34], [45] is one such robust estimation method in the classical theory. It guarantees
that the variance of the estimation error is within a certain bound even when the linear system
under consideration includes unknown parameters. Moreover, risk-sensitive filtering [13], [15],
[32], [36] is known as a very efficient robust estimation method, for a wide class of classical
linear and nonlinear systems [7], [42], [48]. Recently, one of the authors has obtained a quantum
version of the guaranteed-cost filter mentioned above [46]. In this paper, we develop a quantum
risk-sensitive estimation theory.

Let us first briefly introduce the classical theory of risk-sensitive estimation.
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A. Classical risk-sensitive estimation

We are given a probability space (2, F,P) and a signal model of a discrete time system
zp = a(zi—1) + b(z—)wi, Y = c(zi-1) + v, )]

where x; is the signal state, y; is the output, and wy, v; are i.i.d. random Gaussian processes.
A version of the risk-sensitive estimator of x; is defined as
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where ), = o{y;;1 < i < I} is the o-algebra generated from the observation y;, and p =
(1, p2) are the weighting constants called the risk-sensitive parameters. Moreover, we use
the notation z; € ) to indicate that z; is a bounded );-measurable function. The risk-sensitive
estimator (2) can be represented by ;" = argmin,, .y, f1(21, '), where fi is a certain function
and o' () is an information state defined by
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for all test functions ((z). Here, Q is a probability measure defined by
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Moreover, «f () satisfies a recursive equation of the form o) = fo(a)' |, &) |, y;). Hence,
running this equation with the measurement data y;, we can recursively calculate fi(z;, o)")
and obtain the minimizer of this function, i.e., .

Note that Z]" differs from the standard optimal (or risk-neutral) estimator &; := argmin,, .y,
Ep[(z; — 2)?] and is thus not optimal in the sense of the mean square error. However, the risk-
sensitive estimator certainly has a great advantage over the risk-neutral one when we consider
an uncertain system. This can be seen as follows. If the true probability measure Py,e is
unknown, then we need to use a known nominal measure P, and design a nominal filter
based on P,,,. However, since Py.ye # Ppom, there is no guarantee that the nominal estimator
Z7°™ yields a bounded estimation error. The risk-sensitive estimator overcomes this issue. That

is, the nominal risk-sensitive estimator ;""" (i.e., based on P,y ) satisfies
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where R¢(Q||P) := [log(dQ/dP)dQ is the classical relative entropy of Q and P. Eq. (5)
implies that the unknown true estimation error is bounded if R¢(Pyyel/Pnom) is finite. This
robustness property is derived using the following duality relation (e.g. [18]) of two measures
P and Q:

logEple¥] = sup Eq(¥) — R°(Q|IP) : Q < P|, (6)

where Q < P means that Q is absolutely continuous to P.

B. Organization of the paper

This paper provides a quantum version of the risk-sensitive estimation method presented
above and shows its robustness properties against system uncertainty. The systems we consider
are taken from quantum optics and consist of a quantum system in interaction with the quantized
electromagnetic field. The field is described by a discretized model [9] that converges to a



quantum stochastic dynamics [23] when the discretization step is taken to zero [2], [3], [11],
[20], [30]. The discretized model has the advantage of being very tractable mathematically.
The estimator is based on the risk-sensitive information state introduced by James [14], [24]
in the context of quantum risk-sensitive control. We derive a bound on the estimation error in
the presence of uncertainty. We illustrate the robustness of the estimator by simulations.

The paper is organized as follows. In Section II we introduce quantum probability in a
finite dimensional context and a duality relation that will lead to the robustness property of
the estimator. Section III is devoted to describe a discrete approximation model of the field.
Section IV introduces the notion of composition of an operator and an operator valued function.
In Section V we introduce the risk-sensitive estimator and derive the filter propagating the risk-
sensitive information state. Section VI introduces a class of uncertain systems and derives a
bound on the estimation error, showing robustness. In Section VII we present the results from
simulations.

1I. QUANTUM PROBABILITY THEORY
A. Quantum probability space

In quantum mechanics, a random variable is represented by a linear self-adjoint operator
on a Hilbert space. Due to the noncommutativity of such operators, we need to replace the
conventional notion of a classical probability space (2, F,P) by the notion of a quantum
probability space defined below.

Definition 2.1 (x-algebra): Let H be a finite-dimensional complex Hilbert space. A *-algebra
A is a set of linear operators H — H such that I, A + 3B, AB,A* € A for any A,B € A
and o, 8 € C. A is called commutative if [A, B] = AB — BA =0 for any A, B € A.

Definition 2.2 (State): A state on A is a linear map P : A — C that is positive P(A*A) >
0, VA € A and normalized P(I) = 1.

Let d be the dimension of H. Let (eq,...,eq) be an orthonormal basis of H. The frace is
the state defined by Tr(A) = Zle(ei, Ae;) for all A € A. It is well known that this definition
does not depend on the basis.

Definition 2.3 (Quantum probability space): Let A be a x-algebra of operators on a finite-
dimensional complex Hilbert space H and IP be a state on A. Then, (A, P) is called a (finite-
dimensional) quantum probability space.

Let (A, P) be a quantum probability space. A self-adjoint element of A is called a quantum
random variable or observable. If A is a commutative x-algebra, then we call (A,P) a com-
mutative quantum probability space. In this case, all quantum random variables in .4 commute
with each other, which is the same as in the classical case. It is therefore not surprising that
a commutative quantum probability space is equivalent to a classical one. A formal statement
of this assertion is provided by the well known spectral theorem (Theorem 2.1 below). Note
that in the finite dimensional setting of this article the spectral theorem follows trivially from
diagonalizing the operators in A (see the proof of Theorem 2.1 below). In an infinite dimensional
setting an analogous result, which is closely related to Gelfand’s Theorem for commutative C*-
algebras (see e.g. [35]), is true.

Definition 2.4 (x-isomorphism): Let ) be a set and let F be a g-algebra on (2. A x-isomorphism
between a commutative *-algebra C and the set of bounded F-measurable functions ¢°°(F)
on  is a linear bijection ¢ : C — ¢°°(F) such that ¢(A*)(i) = ¢(A)(%)* and «(AB)(i) =
t(A)(i)e(B) (i) for all A,B € C and i € €.

Theorem 2.1 (Spectral theorem): Let (C,P) be a finite-dimensional commutative quantum
probability space. Then there exists a classical probability space (2, F,P) and a *-isomorphism
t:C — (°°(F) such that P(A) = Ep[t(A)], VA € C.

Proof: The theorem is proved by construction. First, let H = C™ and Q = {1,...,n}.
Since [4, A*] = 0 VA € C, all the elements in C can be diagonalized simultaneously. Hence,
we can set A = diag{as,...,a,} and define a classical random variable ((A4) : 2 — C by



t(A)(i) = a;. Let P be a projection in C, i.e., P = P* = P2, then «(P) is the indicator
function of a subset Sp of 2. We define F as the set of subsets Sp of {2 where P runs through
the projections in C. Furthermore, we define a probability measure P on F by P(Sp) =
P(P), VP € C. As a result, we have constructed a classical probability space (2, F,P). It is
easy to verify Ep[i(A)] = P(A). [

Note here that any observable A = A* € A is an element of the commutative *-subalgebra
C C A generated by A itself. Using the spectral theorem we see that we can always realize an
observable A as a classical random variable ¢(A) on a classical probability space (2, F,P),
where the measure P is given by the state. If we perform a measurement of A, we obtain one
of the values that ¢(A) can take, distributed according to P. Note that if two observables do not
commute with each other, then we cannot represent them both as classical random variables
on the same probability space. Such observables are called incompatible, they cannot both be
measured in a single realization of an experiment.

Example 2.1 (Quantum two-level system): Let H = C? and let M be the *-algebra of 2 x 2
complex matrices. Moreover, let 1 be a state on M. With the quantum probability space (M, 1)
we can model a two-level system. The state ¢ can be written as ¢(X) = Tr (pA), VA € M
for some operator p that is positive and normalized (i.e., Tr (p) = 1). Let us now consider a
commutative *-subalgebra D = {D = diag{d;,dz2}|d1,d2 € R} C M. From Theorem 2.1,
we can construct a classical probability space that is in one-to-one correspondence with (D, ).
The sample space is Q = {1,2}, and the set of events is F = {0,{1},{2},Q}. A classical
random variable (D) is then defined through ¢(D)(1) = d; and ¢(D)(2) = do. Now, D € D
has a spectral decomposition D = > d; P; with the projection matrices P; = diag{1,0} and
P, = diag{0, 1}, which yield classical indicator functions x1} = ¢(P1) and xq23 = t(Po).
Hence, the probability distribution of «(D) is given by P({1}) = ¥(P;) = Tr (pP1) = pn1
and P({2}) = paa.

Let (A;,P1) and (A, P3) be two quantum probability spaces, defined on the Hilbert spaces
H; and H,, respectively. We will now introduce the composite quantum probability space
(A1 ® Az, P; @ P3). Let a3 ® az be the tensor (Kronecker) product of two vectors a; € Hy and
as € Hs. Introducing an inner product (a; ® ag, by ® be) := {(ay,by){as, ba), we have a Hilbert
space Hy ® Hs. The composite quantum probability space (A; ® Az, Py ® Py) is then defined
on H; ® Hy as follows. First, we define an element A; ® A € A; ® As through the relation
(A1 ® As)(a1 ®az) = Aja; ® Azas. Any element of A; ® A is given as a linear combination
of such elements. Second, the state P; ® P» is defined by (P ®P2)(A; ® Ag) = Py (A1)Pa(As2).

B. Conditional expectation

Let (A,P) be a quantum probability space. Let A and B be two commuting self-adjoint
elements of 4. Using Theorem 2.1 we can present A and B as classical random variables
t(A) and ¢(B) on a classical probability space (€2, F,P). This allows us to form the classical
conditional expectation E[.(A)]|¢(B)]. The quantum conditional expectation P(A|B) can then
be defined as its pull-back

P(A|B) = (Ep[u(4) |«(B)]).

Now suppose that instead of the operator B, we want to condition A on a commutative *-
subalgebra C of A. As long as A commutes with every element in C, we can apply the spectral
theorem to the commutative x-algebra generated by C and A together, and define

P(A]C) = 17 (Ep[u(4) | ((C))]). @)

where o(¢(C)) stands for the classical o-algebra generated by «(K), K € C. This shows that
given a commutative *-subalgebra C, we can define the quantum conditional expectation onto
C for every self-adjoint element in the commutant of C. Here the commutant of C is given by

C={AecA|[AC]=0VCeC).



The formal definition of the conditional expectation follows below. It coincides with the standard
definition of the conditional expectation for operator algebras [43], [41] for the situation we
are interested in. Note, however, that our definition is more restrictive since we only allow for
conditional expectations from the commutant of a commutative algebra C onto C itself.

Definition 2.5 (Quantum conditional expectation): Let (A, P) be a quantum probability space,
and let C be a commutative x-subalgebra of .A. Then the map P(-|C) : ¢’ — C is called (a
version of) the quantum conditional expectation from C’ to C if P(P(A|C)K) = P(AK) VA €
C', VK eC.

Note that for every self-adjoint element A € C’, we have given an explicit expression for the
quantum conditional expectation in Eq. (7). Every element A in the commutant can be written
in a unique way as A = A; + iA,; with A; and A, self-adjoint. If we define the conditional
expectation of A onto C by linear extension of the definition in Eq. (7), then it is easy to
see that it satisfies the formal definition given in Definition 2.5. This means we have shown
existence of the quantum conditional expectation as defined in Definition 2.5.

Finally, we remark some basic properties that both the classical and quantum conditional
expectations satisfy: (i) P(A|C) is unique with probability one, (ii) P(P(A|C)) = P(A), (iii)
P(CA|C) = CP(A|C) if C € C and A € C’ (module property), and (iv) P(P(A|B)|C) =
P(A|C) if C C B (tower property). Note that it easily follows from the tower property that
P(- |C) is idempotent, i.e. it is a projection. Moreover, similar to the classical case, P(A|C) is
the least mean square estimate of A given C, i.e.,

[A=P(A[C)|lp < [A—=P(A[C)|lp + P(A[C) = Bllp = [A—Blle VBeC,  (8)
where we have defined || X ||2 := P(X*X).

C. Density matrix and quantum relative entropy

In Example 2.1, we have seen that the state IP can be represented in terms of a matrix p. If
the finite dimensional case we can always find a unique density matrix p that satisfies

P(A) =Tr (pA), p=p">0, Trp=1. ©)

The latter two conditions guarantee P(A*A) > 0 VA € A and P(I) = 1, respectively. In
particular, when p is a rank-one projection matrix p = bb*,b € H, then P(A) is expressed as

P(A) = Tr (bb*A) = (b, Ab), (10)

where (-, -) denotes the standard Euclidean inner product of two vectors.
In analogy to the classical relative entropy, which has been introduced in Section I, we can
define the quantum relative entropy of two states in terms of their density matrices as

R(p|lp') :=Tr [p(log p —log p')] if suppp C suppp’, (11)

where suppp represents the linear space spanned by the eigenvectors of p [33]. If suppp ¢
suppy’, then R(p||p") := +00. A quantum version of the duality relation (6) is given as follows.

Lemma 2.1 (Duality, see e.g. [33] Prop. 1.11): For any observable A € A and density ma-
trices p and p’, the following relation holds:

log Tr (e“1°2#") = max | Tr (pA) — R(p||p') : suppp C suppp’}. (12)
p

Proof: The proof is straightforward. Defining a density matrix p, = eA108¢" /Ty [eAtlogs'],
we obtain
Tr (pA) — Rlplle) = log Tr (**5¢) — R(plp,).

Then, as the quantum relative entropy R(p||p,) is always non-negative and takes zero only
when p = p,, we observe that Eq. (12) holds and the maximum is attained only when p = p,.
|



We can derive a relaxed form of Eq. (12), expressed in terms of the corresponding states.
From the Golden-Thompson inequality Tr (e*5) < Tr (e?ef) (see [19], [39]) with A, B
self-adjoint, we have

log Tr (eA11987") < log Tr (e2e!°8#") = log Tr (e”*p/).
Therefore, denoting the states corresponding to p and p’ by P and P’ respectively, we have
P(A) <logP'(e?) + R(pllp). (13)

This inequality will be used to show robustness properties of the quantum risk-sensitive esti-
mator.

III. THE DISCRETE FIELD AND QUANTUM FILTERING

In this paper we restrict ourselves to a system that consists of a two-level atom in interaction
with the quantized electromagnetic field. This is merely for reasons of convenience, the theory
can easily be extended to a large class of systems in interaction with the field. In this Section
we first introduce a discrete model for the electromagnetic field (see [9] and the references
therein). Second, we describe the interaction between the atomic system and the field. Due to
the interaction, the field carries off information about the system. In this way, by measuring the
field, we can perform a noisy observation of the system. Finally, using quantum filtering theory
we form optimal estimates of the atom observables. The quantum filtering equation recursively
propagates these estimates in time.

A. The discrete field

We first describe the quantum probability space with which we model the electromagnetic
field in a discrete manner. Imagine a one-dimensional field traveling towards a photo detector.
We divide the field into N time slices of length A\2. The total measurement time is 7 = N2,
If N is large enough, the photo detector detects either zero or one photon in each time interval.
Therefore, if N is large, each slice of the field can in good approximation be regarded as a two-
level system (M, ¢), see Example 2.1. The vacuum state ¢ on M is given by ¢(X) = (P, X )
where ® = [0 1]7 denotes the so-called vacuum vector. The field can then be constructed
as the N-fold tensor product of two-level systems representing the different time slices, i.e.,
Wh, ¢2N) = (MON | ¢®N) In particular, we assume that the system that interacts with the
field is a two-level atomic system (M, ), i.e., the total quantum probability space for system
and field together is given by

(M@ Wy, P) = (M@ M2V 4@ ¢2N). (14)

Let p be the density matrix corresponding to . Then, P(X) can be written as P(X) =
Tr [ X (p® (®0*)®N))] for all X € M @ Why.
Next, we introduce discrete noises. To this end, we define

X =1*"Veoxer®™Dewy, I=1,...,N,

where X is a 2 x 2 matrix and [ is the 2 x 2 identity matrix. Using the above notation, let us
define the following noise matrices:

AA(L) = Ao), AAQ)* = Noy), AN = (opo_), At() =MD,  (15)

where

1
0 ] . (16)



Furthermore, we define the following so-called fundamental noises living in the first [ slices:
l

! ! 1

A() =D AA®), A =D AA®D)*, Al =D AAG), tl) = At(i),
i=1 i=1 i=1 i=1
with the convention A(0) = A(0)* = A(0) = t(0) = 0. We now provide the following
physical interpretation to the fundamental noises. First, ¢; := ¢(¢(l)) always takes the value
IN2 = (I/N)T, and thus, we may regard t(I) as the time. Second, since A); := t(AA(l)) takes
either the value 0 or the value 1 at time [, it is reasonable to interpret A(l) as the total number of
photons counted by the photo detector up to time /. For the vacuum state, we have Prob(A\; =
1) = ®N(diag{1,0};) = 0, which implies that the photo detector detects no photons. Finally,
with regard to A(l) and A(l)*, we introduce an observable AW (I) := AA(l) + AA(l)* and a
commutative *-algebra generated from AW (i), (0 <i <1):

C:=alg{AW (i) = AA@G) + AA®G)" | 0<i<I}. (17)
AW (l) has the following spectral decomposition:

0

AW (1) = AA(l) + AA(D)* = [ \

A _
0 ]l = AR+ (-NP,

with the projection matrices

L 111 R U I R |

5"2{1 1}175‘_2[—1 1}1' (18)
Thus, for the vacuum state, the classical random variable Aw; := (AW (I)) takes +A with prob-
ability Prob(+)) = ¢®N (P7) = (®®V, P;"®®N) = 1/2 or —\ with probability Prob(—\) =
1/2 at each time. This implies that {w;};—1 .. n is a symmetric random walk. If we let N go
to infinity and X\ to 0, but keep the product 7 = N)? constant, then it easily follows from
Donsker’s invariance principle (see e.g. [26]) that w; converges weakly to a classical Brownian
motion. Note that the relation AW ()2 = At(l) becomes dw? = dt in the limit (see e.g. [37]).
In physics the observable A(l) + A(l)* is known as a field quadrature, see e.g. [12], [17].

B. System-field interaction

Let H; and H; be Hilbert spaces with which we describe two separate quantum systems.
The total interaction between these two systems over the first [ time units can be described by
a unitary transformation U (1) that acts on the composite space H; ® Hy. The time evolution of
an observable X of the composite system is given by the flow

Ji(X) =U )" XU().

Suppose we start with an observable X that acts non-trivially only on the first system. At time
[ this observable is given by j;(X) = U(I)*(X ® I)U(l) which in general will act non-trivially
on both components in the tensor product H; ® Hs. This shows that information has been
carried from the system that lives on H; to the system on H,. Note that a unitary U can always
be represented as U = e~ for some self-adjoint matrix H called the Hamiltonian.

In our model, a two-level atomic system repeatedly interacts with the slices of the field. Let
H™ () € M ® W, be the self-adjoint operator given by

H™ (1) = ji—1(L1)@AAD) +ji—1(L2) @A A1) * 4511 (L3) @ AA(L) 4511 (Ls) @ At(1), (19)

where the L;’s are elements in M (for ¢ = 1,2, 3) such that L; and L3 are self-adjoint. These
system operators determine which kind of interaction between the two-level system and the field
we are considering, i.e. they determine the physics of our problem. See Section VII for two



examples: a dispersive interaction and spontaneous decay. We let H'™*(l) be the Hamiltonian
for the interaction between the system and the [-th field slice, that is,
1

U(l) _ H e—iHi"t(i) _ e—iHi"t(l) o e_iHiut(l)’ U(O) - I (20)
i=1
We define another unitary operator M; by
M = ¢ HI1®AAD+L2@AA™ ()+L;®AA(D+Ls@ALD)]} (1)

Since e~ 1™ () = U(l —1)*M,U(l — 1), the unitary operator U(l) satisfies
Uly=U(l—1)e "0 = MU —1). (22)

The operator M, acts non-identically only on the system and the [-th slice of the field. Thus,
M; can be expressed as

M =T+ M*@ AN+ M@ AA)* + M~ @ AA(l) + M° @ At(l),  (23)

for some system operators M* € M (i = =+, +,—,0), which are uniquely determined by
L; (i =1,2,3). Note that the unitarity of M; implies certain relations between the operators
M?, e.g., M°+ M°* + MT*M™* + A2M°*M° = 0. From now on, we will use M; and M*
instead of H™(]) and L; to describe the interaction. We can write the following difference
equation for the unitary U (1)

AU =U1)-U(1-1) = [MEAAD)+MTAAQ)* +M~AA()+MCAt()|U(1-1). (24)

For simplicity we have omitted the tensor product ® between M and the noise operators. This
rule will be applied throughout this paper. The dynamics (24) is called the quantum stochastic
difference equation. It is a discrete version of the Hudson-Parthasarathy equation [23].

Next we describe a measurement performed on the field. Let us again consider the field
observables W (l) = A(l)+ A(l)*, (I=0,...,N). After the interaction, these observables are
given by

Y():=53W(Q0)=U)* [A(l) + A(l)*]U(l)7 0<I<N. (25)
The observation process Y;, (I =0,..., N) satisfies the following difference equation
AY (1) = UQ)* [AAQ) + AAD]U() = ji(AW (D). (26)

Here we have used Eq. (22) and [M;, A(l — 1)] = 0. Moreover, using [My, AW (1)] =0 (k >
1+ 1) we find that

AY () = U(k)" AW (DU (k) = jr(AW (1)), @7
for all k > . Therefore we find
[AY (i), AY (4)] =0, Vi,j. (28)
This means that the algebra generated by the observations
Yy =alg{AY (i) | 0<i <}, (29)

is a commutative *-algebra for all 0 < [ < N. This is called the self-nondemolition property
of the observations Y;. Due to this property, we can define the classical process Ay, =
(AY (1)), (I = 0,...,N). This classical process represents the data that we obtain while
running the measurement. Note that AY (1) has the following spectral decomposition

AY () = U)W U(1) = AU(1)*PFU(L) + (=NU )P U (1), (30)

where the projection matrices Pl+ and P, are given by Eq. (18). Hence, from Theorem 2.1,
the classical random variable Ay, = ((AY (1)) takes +X\ with probability Prob(+)) = ¥ ®
¢®N (U (1)*PtU(1)), which now depends on the interaction, or —\ with probability Prob(—\) =
1 — Prob(+\).



C. Quantum filtering

The purpose of quantum filtering is to calculate the least mean square estimate of the
observable j;(X) = U(I)*XU(l) for a given system observable X € M. More specifically,
we aim to find an element in the commutative *-algebra ), that minimizes the mean square
error, i.e., Z;™" = argminy ¢y, P(|5:(X) — Z|?), where |A|? := A*A for an operator A on a
Hilbert space. Note that Eq. (27) leads to the following nondemolition property

[i1(X), AY (k)] =0, VN >1>k>0, 31)

which implies that j;(X) € )/, Vi. Due to the self-nondemolition and nondemolition properties
the quantum conditional expectation P(j;(X)|)) exists. Moreover, in Subsection II-B we have
seen that the quantum conditional expectation is an optimal estimator. Therefore the optimal
estimator Z;™" is given by Z;®' = P(5;(X)|))).

Since P(5;(X)| ;) is linear, positive with respect to X, and normalized, i.e. P(5;(1)|;) = 1,
we can define an information state on the two-level atomic system by

m(X) = P(u(X)[I), X eM. (32)

Note that the state 7; on M is stochastic, it depends on the observations up to time /. We are
now going to derive a difference equation for m;(X), i.e., the quantum filter. The following
noncommutative Bayes formula [10] is useful to derive the filter

U (VO XvV@)|[C)U(l)
U PV v lenu) -
Here, C; is the commutative *-algebra defined in Eq. (17) and V (I) is the unique solution to
the following difference equation:

AV(l) = [MTAW (1) + M°At()]V (I - 1), V(0)=1. (34)

m(X) =P (X) | V) =

(33)

We note that the conditional expectation in Eq. (33) is well defined, because V'(I) is driven by
At(l) and AW (I) and thus commutes with any element of C;. This means that V (1)* XV (1)
is an element of C; for all system observables X € M. We now introduce an unnormalized
information state o; by o1(X) := U(D)*P(V()* XV (1)|C)U(I) for all X € M. Eq. (33) now
reads m(X) = 0(X)/oy(I), which is a noncommutative analogue of the classical Kallianpur-
Striebel formula [27]. It easily follows from Eqs. (24) and (34) that o;(X) satisfies the following
difference equation

Acy(X) = 011 (L(X)At() + 011 (T (X)AY (1), o0 =1, 35)
where the operators £ and J are given by
LX) =M™ XM 4+ NM*XM° + XM° + M°*X,
J(X) = NMT*XM + MM XM+ XMT + MT™X. (36)
The filter can now be obtained immediately from m;(X) = 0;(X)/o;(I). We, however, will
always use the unnormalized version of the filter given in Eq. (35).

Note that o;(X), At(l), and AY (1) are all elements in the commutative *-algebra };. Due
to Theorem 2.1 they can be diagonalized simultaneously, which yields the following classical
random variables «(0;(X)), At; = «(At(l)) = N2, and Ay, = (AY(I)). Moreover, since
t(o1(X)) is a linear and positive functional of X, we can define a 2 x 2 positive semidefinite

matrix g; that satisfies ¢(o7(X)) = Tr (9,X). The unnormalized density matrix g; is called the
unnormalized information density matrix. It is easy to derive a difference equation for g;:

Ao = L(0o1-1)At + T(01-1)Ayi, 00 = p, 37

where the operators £ and J are given by



L(0) := MToM™ + X\2M°oM°* + M°p + oM®*, (38)
T(0) := N2MC oM™ + N2M*oM°* + Mt o+ oM™, (39)

IV. COMPOSITION OF AN OPERATOR-VALUED FUNCTION AND AN OBSERVABLE

In the following section we will formulate risk sensitive estimation as an optimal control
problem for a given cost function, see Eqs. (43) and (44) below. The idea of risk-sensitive
control is to absorb the running cost of the cost function into the dynamics, see Eq. (48) below.
This means that the new dynamics depends on past estimates (the controls in the optimal
control formulation of risk-sensitive estimation) which are a function of the observations thus
far. Therefore we need to make precise mathematically what we mean by operator coefficients
(see for example the coefficients in Eq. (49) below) that depend on a function of the observations
thus far. We address this topic in this section.

Let A; be a finite dimensional x-algebra and let A5 be a commutative finite dimensional
«-algebra. Let K be an .A;-valued function on C, i.e. K : C > u — K(u) € A;. Let u be an
element in A,. Note that since A, is commutative, we have u*u = uu*, i.e. u is normal. The
spectral decomposition of u can be written as u =} ) @Pu(z), where sp(u) denotes the
spectrum of wu, i.e. the set of eigenvalues of u. The composition K (u) € A; ® As of K with
u is defined as [9]

K= Y K()Py(z) € A ® A, (40)

z€sp(u)
This is a natural generalization of the composition of K with a classical random variable
a: (Q,F,P)— C, given by
K@) = Y K@)xia-sw) €A (41)
z€ran(a)

Here ran(a) denotes the range of o and X{,—,} is the indicator function of the set {w €
Qla(w) = x}.

Let u; be an element of the observation algebra ), defined in Eq. (29). This means that we
can write 1; as a function of AY (i), 1 <i<1[:

w = f(AY(1),...,AY (1)) € Y,

for some function f; : R! — C. Moreover, we can also write 1; in terms of the observables
AW (i) = AA(G) + AA(1)*, 1 <i<las

w = fii(AW(Q)), ..., (AW 1)) = j(fill AW (1),..., AW (1)),
where we have used Eq. (27). Therefore, if we define an element 1i; in C; by
iy = f1i(AW(1),...,AW()) € (i,

then u; can be written as u; = j;(1;). An M-valued function K : C 5 u — K (u) € M and an
element 1i; in C; give rise to the composition K (ii;), which is an element in M ® C;. Denoting
the spectral decomposition of ii; as i, = ) ) zPy, (x), we obtain

z€sp(iy
aE@) = Y, UO'K@UOUD Py, @)UD) = > (K@) Pywy-wua ()
xEsp(ily) xzEsp(ily)
= Y K (@) Py (@) = ju(K)(w), (42)
xzEsp(ur)

where we have introduced the notation j;(K)(1;) in the last step. Note that j;(K)(1;) is an
element in U(1)*(M @ C)U(I).



V. QUANTUM RISK-SENSITIVE FILTERING
In this section we study a quantum risk-sensitive estimation problem. Let X, be a fixed
element of the two-level atomic system M. Then, the risk-sensitive estimator of j;(X,) is
defined as follows:

()/(\e#(l),...,Xe (N)) = argmin F(uy,...,uy), (43)
U1 €YV1,..,uNEYN

where the cost function F' is given by
Flur,...,ux) =P R(V) exp (palin (Xe) = unl?) RV, (44)

and the matrix R(l) € M ® W,_ is given by

R<Z>=Hexp[ Nji(Xe) —wl?]. R = R(O) = I. (45)

Note again that |A|? := A*A. Here, u = (1, u2) are weighting parameters that represent
risk-sensitivity. Using the M-valued function

K: C—M: u— K()=|X.—ul?

we can write K (1) = | X, — 1y|? and j;(K)(w;) = |1(Xe) — w|?. Using these compositions,
we can obtain a recursive form of R(1):

-1
= Hexp[ Nji(K } Hexp[ A5 (K (1 1))}
= eXp{%)‘lefl(K(ulfl))} R(l—1) =ji (GMAQK(L'”“)/Q) R(l—1). (46)

Remark 5.1: If all matrices in Egs. (44) and (45) commute with each other, the quantum
risk-sensitive estimator reduces to

N—1
(X @, X () = argmin  Plexp(ind? Y i (Xe)—wilP+pelin (Xe)—un?) .
ur€Y1,... . uNEYN i—1

which is identical to the definition of the (generalized) classical risk-sensitive estimator in
Eq. (2). Hence, Eq. (43) is a natural noncommutative extension of the classical risk-sensitive
estimator to the quantum case.

Remark 5.2: Tn the limit of zi1, o — 0, X. (l) coincides with the standard quantum optimal
estimator 7;(X) in Eq. (32). This is easily seen as follows. The estimation error cost function
in Eq. (44) is expanded to first order in p1 and po as

F(ur,...,uy) =14 pu N\’ Z (17:(Xe) = wil?) + paP(ljn (Xe) — un|?) + o1, p2).

Thus, in the limit p, uo — 0, the minimizers of this function are given by u‘l)pt = m(Xo),
(I=1,...,N),ie., we have
lim X, (1) = m(Xe). @7
p1,p2—0
For this reason, m;(Xe) is called the risk-neutral estimator.

The remainder of this section is organized as follows. First, we introduce a risk-sensitive
information density matrix o}‘, which is the quantum analogue to the classical information
state of' (x) discussed in Section I-A. Second, we derive a recursive equation for g}'. As in the
standard quantum filtering case, o]’ contains all information needed to calculate the estimator
(43). More specifically, Eq. (44) can be represented only in terms of o}’, see Section V-C.



A. Quantum risk-sensitive information state
We start by defining the following modification of the unitaries given by the difference
equation (24):
U#(1) :=U(()R(). (48)
Here R(l) is given by Eq. (45). Note that R(l) depends on p = (p1, pi2), but only through ;.
Using Egs. (22) and (46), we find the following difference equation for U* (1)

AUM(1) = U()R(1) — U1 — 1)
= MU — D)U(l— 1) N K2y — 1) R — 1) — UM — 1)
= M X E 2 plura 1), UM0) = 1.

Here, we have used K;_; as a short hand for K (i;_1). Using Eq. (23), this can be rewritten
as

1
AUM(l) = [{Moe/h/\szfl/z 4 F(elil)\QKl—l/Q _ 1)}At(l>
o+ MEHNFEALRAN(D) 4 Mt N EI A A + M*e““\zK*-l/QAA(Z)} Ur(l—1).
Now, let us define V#(1) as the solution to the following difference equation

AVH() = {{Moem)‘zK“l/Q—l—%(e“l’\zK“l/Z—l)}Aﬁ(l)—I—M"'_e“l)‘?Kl*l/QAW(l)} Vi(I-1),

(49)

with V#(0) = I. Note that this equation is identical to Eq. (34) when p; = 0. Two crucial
properties of V#(I) are given in the following lemma.

Lemma 5.1: For all 1 <[ < N the matrix V#(I) is an element of M ® C; C C;. Moreover,

we have
P U“(l)*XU“(l)} = IP’[V“(Z)*XV“(Z) : (50)

for any X in M ® Wy.

Proof: To prove the first assertion, we assume that V#(I — 1) € M ® C;_;. Since V#(I)
is calculated recursively, using AW (I), At(l), and V#(I — 1), all of which are included in
M ® C;, we obtain V#(I) € M ® C;. The assertion follows by induction.

For the second claim, we note that U*(I)v @ ®®V = VH#([)v @ ®®V holds for all vectors
v € C? due to the relations AA() PN = AA()®®N = 0 and U#(0) = V*(0) = I. Therefore,
when the system density matrix is of the form p = vv*, any X € M ® Wy satisfies

(U (v @ @*N, XU (v @ V) = (VAo ® N, XVH (1)o@ o¥N),

which directly implies Eq. (50) due to Eq. (10). Since every density matrix p is a convex
combination of vector states, the lemma is proved. [ |

Definition 5.1: Since by Lemma 5.1 V#([) is an element of the commutant of C;, we can
define the following unnormalized risk-sensitive information state [14]:

ol (X) =U)"P(V*(1)* XVHD)|C)U(1) € . (51
Moreover, we define Qf as the unnormalized risk-sensitive information density matrix corre-
sponding to o}’ by
L(al“(X)) =Tr (ng), VX e M. (52)
Lemma 5.2: Let 1i; be an element in C;. Let Z : C — M be an M-valued function. Then
we have
(ot (Zw))) = T [ Z(w)

where u; = (i (1)) = ¢(u;) is a function of Ay; = ((AY (7)), 1 <i <.



Proof: Denote the spectral decomposition of i by i, = Exesp(ﬁl) Py, (z) € C;. Then,
it follows from the definitions (40) and (51) that we have

ol (2(@) = U@ B[VE (Y Z@)Pu@)Vio|aluw

z€sp(iy)
- Y v ( (1) Z(x)VH( ‘C;)U(l)U(l)*Pﬁl(x)U(l)
-
= > o'(Z@)Pupavn@) = D, of(Z(x))Py ().
ssplin) —

In the first step we used Py, (z) € C; and [Py, (), V#(1)] = 0. Note that o}'(Z(z)) € Y, and
P,,(xz) € ), can be diagonalized simultaneously by a s-isomorphism ¢. Using ¢(Py,(z)) =
X{c(u)=z} (see Theorem 2.1), we get

L(Uf(Z(ﬁl))) = Z L(aﬁ(Z(a:)))e(Pul (x)) = Z Tr (Qétz(x))X{L(u,):z}

x€sp(uy) xz€sp(ur)

“n o Y 2| = T [ 2 ()],

reran(u;)

where we have used the definitions (41) and (52). Since w; € Y, u; = ¢(u;) is obviously a
function of Ay, ..., Ay;. This completes the proof. [ ]

B. Dynamics of risk-sensitive information density matrix

The objective here is to derive a recursive equation for gf’. Let X be an element of M. A simi-
lar calculation to Eq. (26) yields the following difference equation for j/'(X) := V#(1)*XV*#(l)

NG (X) = J{y (LH(X, B ) AR + 1y (T (X i) AW (D),
where
[:,LL(X) ’U,) = e#l)\QK(u)/Q I:M—Q—*XM—Q— + )\2MO*XMO + XM° + M*X epl)ﬁK(u)/Q
+ % (em)\zK(U)/QXeuw\zK(u)/Q _ X) e M,
TH(X,u) 1= @A KR A X MO+ XM X MY
XM 4 MEX e K2 ¢ .
Note that K (u) = | X, —u|?. Since j/'(X) is an element of the commutant C;, we can define the
quantum conditional expectation &, (X) := P(j/'(X)|C;). This satisfies the following difference

equation
A7 (X) = 672 (LM(X 1)) AL(I) + 672, (TH(X, 1)) AW ().

Eq. (51) can now be written as o} (X) = U(l)*5}'(X)U(l). This means we find the following
difference equation
Aoy (X) =U(l = 1)" M AG) (X)MU(1 - 1)
U =1y HW‘(K 1)Ul = 1)AL(I)
U(l—1)"e) ((JMX, 1)U = 1)U AW )U(1)
= 010 (LH(Xs i-0) )AL + oy (TH(X, 1-1))AY (D), (53)

where in the last step Eq. (26) was used.



We can now represent Eq. (53) in terms of the unnormalized risk-sensitive information density
matrix o}'. Since o} (X), At(l), and AY () are elements in ), they can be simultaneously
diagonalized by a x-isomorphism ¢, which leads to

Au(of (X)) = tlof (L"(X,1-1)) At + (o) (TH(X, 1y-1)) Ay, of = .

where At; = (At(l)) and Ay, = t(AY(1)). It then follows from Lemma 5.2 that the above
equation leads to

Aol = LMo}, w—) At + TH (0 wi-1)Ay, oy = p. (54)

where u;_1 = t(i—1(_1)) = t(u;_1) is a function of Ayy, ..., Ay, ;. The operators £* and
JH are defined as follows

LH(0,u) = MFTH(0,u) M + N> M°H(o, u) M°*
.1
+ MOH(Qv u) + H(Qv u)MO + F(H(‘Qv u) - 9)7
TH(0,u) == NMTH (0, u) M + N2 M°H(o,u) M + M H(o,u) + H(o,u)MT*,

H(o,u) := e“lAZK(“)/QQQMMZK(u)/Q_

Eq. (54) is a simple recursion for a 2 x 2 matrix and is thus easily implementable on a digital
computer. Note that the operators L and J* reduce when w1 =0 to LO=Land T =T,
where £ and J are given in Egs. (38) and (39). This implies that the solution of Eq. (54)
converges to that of Eq. (37) when u; goes to zero.

C. Calculating the risk-sensitive estimator

We will now represent the cost function F' of Eq. (44) in terms of g}’ only. To this end, we
define a new state Q' on M ® Wy by

Q'(X) =PUMOXUWD],

for all X € M ® Wy. Since ) is a commutative *-subalgebra of M ® Wy, we can apply
Theorem 2.1 to (), Q"). That is, there exists a classical probability space (£, 7, Q') and a
*-isomorphism ¢ : ), — ¢>°(F;) such that Q'(A) = Equ[.(A)] for all A € . We now have
the following theorem.

Theorem 5.1: The cost function in Eq. (44) can be written as

F(uy,...,u) = Eq {Tr (g{‘e“z‘Xe_“”Q)}, (55)

where u; = «(1;) is a function of the measurement data Ay, ..., Ay, and g} is the risk-
sensitive information density matrix that satisfies Eq. (54).

Proof: We define 1, = j; ' (;) € C; as before. Since [7;(Xe) —w|? = ji(| Xe — 1]?), we
find

Flu,... ) = IP’{R(l)*e“m('Xe‘ﬁlmR(l)} - IP’{R(Z)*U(l)*e‘”‘xe‘f‘l‘ZU(Z)R(Z)}
= P[Ur(py e Xemm )]

where UH(l) is defined by Eq. (48). Using Eq. (50) in Lemma 5.1 and the tower property of
the conditional expectation, we find

Flu,... ) = ]P’[V”(Z)*eW'Xe*f”'zV”(l)} - IP{P(Vﬂ(l)*euz‘XHWVM(I) ’cl)}
= Q' [U@yp(veresXmtye@) e um)] = @ of (=¥



where we have used the definition of U;” in Eq. (51). Note that the above conditional expectation
is well defined due to X, —1; € C; and V*(I) € C;. Let u; be given by u; = ¢(j;(i7)) = ¢(w).
It now follows from Lemma 5.2 that

~ 12 2
L(Ul“(e“""XC*ul' )) =Tr {g?e“ﬂxﬁull ]
Consequently, the cost function can be written as

F(uy, ... w) ::IEQZ{L<U#(GH2LXe—ﬁH2))} ::IEQZ{q&-(gfeM2LXe—uﬂ2)}.
This completes the proof. ]
As a result of Theorem 5.1, our estimation problem is now cast as a classical optimal control
problem. The resulting problem can be solved systematically by dynamic programming. We
will only provide a brief summary of this. Consider the following optimal expected cost-to-go
fi(0) at time [, given that o}' = o
. —Uu 2
file) = min Bqx [Tr [ghe =] | gf = o], fysa(e) = Tr (o).

ur,

This leads to the following dynamic programming equation; denoting Eq. (54) simply as o]’ =
L(o) 1, w—1,Ay), we have

fici(o) = gi?EQN [fl(F(Q, Up—1, Ayz))} = 2%111 % [fl(F(Q> ui—1,A)) + fi(T(o,ui—1,—=N))|.

Note here that Probg~ (Ay, = \) = QN[U(1)*PU(1)] = P(P") = 1/2. We can run the
above algorithm efficiently in a digital computer and obtain the optimal sequence u?pt (I =
1,...,N), which yields )/(\eu(l) = 1~ H(uf®") through a verification theorem (e.g., see [25]).
Theorem 6.1 below will lead to a robustness result for the risk-sensitive estimator.

Remark 5.3: Running the dynamic programming recursion on a digital computer is very
costly computationally. Therefore we define a suboptimal risk-sensitive estimator by

— ,sub —~ ,sub —~ p,sub
Sy = argmin F (Xe’“‘ @),...,. X - 1),ul) . (56)
wey

. <msub .
That is, X, (1) is to be calculated based on the assumption that we have already performed
the above minimization procedure up to time [ — 1 and obtained the suboptimal risk-sensitive

—~p,sub .
estimators X, (1) € Yy (i =1,...,1 —1). As shown in [7] (Theorems 2.2 and 4.2), the
minimizer of the trace function inside the expectation in Eq. (55), u™, leads to the suboptimal

,sub

. . . M
risk-sensitive estimator X,
simply as follows:

(1) = ¢~ (u™™). Hence our algorithm in this case is represented

(B 0) = angmin s [gfe 5] gp =1 (ot (B0 1) am).
u ER

(37
which is of the same structure as the classical algorithm presented in Section I-A. In Theorem
6.2 we will derive a bound for the conditional estimation error. The suboptimal risk sensitive
estimator minimizes this error bound. This provides a sound theoretical foundation for the
suboptimal risk-sensitive estimator. Since the algorithm (57) is computationally much cheaper
than the dynamic programming equation, we will consistently use the suboptimal estimator in
the example part, Section VIIL.

VI. QUANTUM UNCERTAIN SYSTEMS AND ROBUSTNESS OF THE RISK-SENSITIVE FILTER

In realistic situations, we often have to deal with a system that includes some model un-
certainty. From the classical case, we expect that the risk-sensitive estimator has an enhanced
robustness property against such uncertainty. In this section, we first describe a class of uncertain
quantum systems for which the uncertainty is quantified by the quantum relative entropy. We
will then show robustness properties of the estimator.



A. Quantum uncertain systems

Uncertainty can enter the system in many ways. It could for instance be the case that the
state ¢ is unknown to us. The uncertainty then enters the system density matrix p through the
relation P(X) = ¢ ® ¢®N(X) = Tr [X(p @ (®D*)®V)]. We assume that the field state is
known and fixed to the vacuum ¢. This, however, is not the only way uncertainty can enter our
model. We will also allow for uncertainty in the coefficients of the dynamics, i.e. the difference
equation (24). We can push this uncertainty into the initial state, as described below.

Let (Q, F,P) be a classical probability space. Let p be an element of L>°(Q, F,P), i.e. p
is a random variable on (€2, F, P). Let p be the operator on L?((2, F,P) given by pointwise
multiplication with p, i.e.

(pf)(w) =pw)f(w), feL*QF,P), we

We denote the commutative x-algebra of all such multiplication operators with functions in
L>*(Q,F,P) by P. On P we can define a state 7 as integration with respect to the measure
P,ie. 7(p) = |, p(w)P(dw). For simplicity we will take the operator p to be self-adjoint, i.e.
it is a multiplication with a real-valued function. Next, let M*, (i = &+, +, —, 0) be M-valued
functions on C, i.e. M*: C — M, such that the matrix M; in Eq. (23) is unitary. Then, using
the compositions of M and p € P, we can define the following difference equation

AU(l) = [Mi(p)AA(l)—l—MJr(p)AA(l)*+M‘(p)AA(l)+M°(p)At(l)]U(l—l), Uu)=1
(58)
on the extended quantum probability space

POMWN,P)=(POMe M 1+ ¢®).

We now assume that the state 7 ® 1) is unknown to us. This means that Eq. (58) is equivalent
to the difference equation (24) such that its coefficients include uncertain parameter p. That is,
the uncertainty in the model has been pushed completely into the state 7 ® ).

Now, let ptTie = pg“e ® ptrue be the true density matrix corresponding to the unknown state
7 ® ). Then, the true filter is initialized to oo = p“u". However, as ,ot”‘C is unknown, we fix a
nominal density matrix p"°™ = pp™ ® pg°™, which in general differs from p¥¢ and construct
the nominal filter that starts from oo = p"°™. The nominal estimator of j;(X) is then given by

nom X _ Olnom(X) nom X _ —1 T IlOmX — nom
™ ( )_ nom y 01 ( )_L I'(Ql )7 0o =p .
o™ (1)

Example 6.1: If p is a discrete random variable that takes the values p; (i = 1,...,m) with
unknown probability r;, then the corresponding multiplication operator is p = diag{p1,...,Dm}
€ P, where the commutative x-algebra P is the set of m x m diagonal matrices, and the true
density matrix is pgue = diag{r1,...,rm}. To design a nominal filter, we choose a nominal
density matrix of the form p;°™ = diag{r,...,ry,}. In general, r; # r}. It is easily seen that

the quantum relative entropy between the above two distributions is equal to the classical one:
R(py™lpp™) = D _rilog 7 = Re({ri}|{ri}).
i=1 i

Note that an important example for a true density matrix is pgue = diag{1,0,...,0}; that
is, p is not a random variable but an unknown deterministic system parameter p = p;. If
we have no information about p at all, it is natural to take a uniform distribution pgom =
diag{1/m,...,1/m} as the nominal distribution.



B. Robustness properties of the risk-sensitive and suboptimal risk-sensitive estimators

The nominal estimator 7™ (X, ) differs from the true one 7}""°(X.). Hence, 7™ (X,) is
no longer the optimal estimator in the sense of the mean square error and thus can possibly
take a large estimation error. However, as shown below, if one uses the nominal risk-sensitive
estimator (given by Eq. (43)), the estimation error is guaranteed to be within a certain bound.
This implies that the risk-sensitive estimator does have a robustness property against unknown
perturbation of the system state and the system parameters.

The quantum relative entropy (11) will be used to express the robustness property. We here
assume that the unknown true density matrix p'™¢ = pfri® @ pi™e jg within a certain distance

p

from a known nominal density matrix p"°™ = pp°™ @ pg™:

R(ptruernom) < 4o00. (59)

The following theorem will lead to a robustness property of the nominal risk sensitive estimator
defined in Eq. (43).

Theorem 6.1: Let u; (I = 1,...,N) be an element of );. Then, we have the following
inequality

Pue [ g (R(V)erlv X -ox (1)) |
< Log Poom | R(N) e 2N P R(N)| 4 R(p™=[lp™™),  (60)

where R(N) is defined by Eq. (45), and Pyye(X) = Tr [X (p'¢® (@P*)®N)] and Ppom (X) =
Tr [X (p™™ @ (20%)%N)).
Proof: Setting p = p'™' @ (®®*)®N and p' = p"°™ ® (®P*)®N in Eq. (13), we have

IP)truc(Z) S IOg IP)nom(ez) + R(ptruernom)’ vZ € 7) ® M ® WNv
where we have used the following additivity property:

R(p™ @ (20°)°N]|p™" @ (@7)2V) = R(p™[|o"™) + R((@2") V|| (227)°)
— R(ptruernom).

Therefore, taking Z = log[R(N)*eW'jN(XC)*“N‘2R(N)} yields the theorem. [ |
Eq. (60) is a quantum version of the classical robustness result (5), because the left hand
side of Eq. (60) can be expanded up to second order in the estimation error as

N-1
Purue [ D it(Xe) = w2 + pialiv (Xe) = unl?] + O(1jn(Xe) = w]*)
=1

g log Pnom |:R(N)*eH2IjN(Xe)_UN‘2R(N)i| + R(ptrue”pnom).
That is, as in the classical case, the nominal risk-sensitive estimator u; = )/(;“’nom(l), defined
by Eq. (43), does have a robustness property, because it minimizes the upper bound of the
estimation error under the unknown true state P, e.
We remark that the relative entropy in Eq. (60) can be written as

R(p™)[p7™) = R(p™ [0™) + R(pt"™ 02"

The first term is a classical relative entropy as shown in Example 6.1. Thus, if there is no
uncertainty in the quantum state, the estimation error bound is written in terms of classical
quantities only.

We now change our focus to the suboptimal risk-sensitive estimator )/(\eﬂ’sub(l) defined in
Remark 5.3. The following Theorem shows that the conditional estimation error at time [ also
has an upper bound. This will lead to a robustness property for the nominal suboptimal risk-

sensitive estimator of Remark 5.3.



Theorem 6.2: Let u; (I = 1,...,N) be an element of ;. Then, we have the following
inequality

. 1 ,nom gy —uy|? 1 rue nom
(P 131 0Xe) — |90 < - tog T [ et Xe ) - R "), (61)
2 2

where p{™¢ = pi"™¢/Tr [pj™°] and p}"""™ = o}""*™ /Tr [0}""°™] are the conditional density
matrices corresponding to the true filter and the nominal risk-sensitive filter, and u; = ¢(1;).

Proof: Using the definition of the optimal estimator 7;(X,), the left hand side in inequality
(61) can be rewritten as

(Perue [0 Xe = @) [2] ) = (71 (1Xe = w[2) ) = Tr ™| Xe = wl?],

where the last equality follows directly from Lemma 5.2 with u; = ¢(j;(i;)) = ¢(u;). Then,
from Eq. (13) we have the assertion. [ |
The first term of the right-hand side in Eq. (61) is minimized when choosing the nominal

— p,sub

suboptimal risk-sensitive estimator u; = ¢ (Xe (l)) given by Eq. (57). Theorem 6.2 there-
fore shows a robustness property of the suboptimal risk-sensitive estimator defined in Remark
5.3.

VII. EXAMPLES

In this section, we study two examples in detail. The first example is a two-level atom that is
coupled to the field via a dispersive interaction. This coupling can be obtained by putting the
atom in a cavity that has a resonance frequency far detuned from the transition frequency of
the two-level atom. The second example deals with a two-level atom that decays to the ground
state due to spontaneous emission into its environment. We consider the situation where the
quantum state of the two-level atom and a physical parameter are unknown to us. In particular,
we employ the nominal suboptimal risk-sensitive estimator given by Eq. (57). We compare this
estimator with both the true risk-neutral and nominal risk-neutral estimators.

A. Dispersive interaction model

The interaction Hamiltonian (19) in case of a dispersive interaction with the field, is given
by the following system matrices:

L1 = 0, LQ = i\/§0'27 L3 = 0, (62)

where o, = diag{1l,—1} and g > 0 represents the interaction strength. From Egs. (21) and
(23), we see that the matrices M*® (i = +,+, —,0) are given by
sin(g\)

B B _ ., sin(gA) cos(g\) — 1
M*(g) =0, M*(g)—Taz, M~(g) = —— e

We assume that g is a classical random variable that takes the values g; with unknown prob-
abilities Prob(g;) = 7;. As seen in Section VI-A, g can be regarded as an observable g =

1.

0., M°(g) =

diag{g1,...,9m} € P, where P is a commutative *-algebra given by the set of m x m
diagonal matrices. The corresponding unknown true density matrix is pg'“e = diag{r1,...,"m}
In particular, we now study a toy model in which g can take 20 discrete values, g; = 0.4 +
0.03i (i = 1,...,20). Moreover, we choose p;"® to be given by

plre = diag{0,0.01,0.04,0.1,0.7,0.1,0.04,0.01,0,0,0,0,0,0,0,0,0,0,0,0},  (63)

which is illustrated in Fig. 1 (al). For instance, g takes g3 = 0.49 with probability Prob(gs) =
0.04. Furthermore, we assume that the true density matrix is given by

e | 05 0.5
Ps = [ 05 05 } ' 64



Again, note that p*""® = pl'"® ® pl™ is unknown to us.
Now, let us consider estimating the system observable X, = o,. To design a nominal filter,
we use the following nominal density matrix in P @ M:

PR = pp @ i, i = ding 210 o % boopem = { 09'255 06?55 ] . (65)
pp°™ is depicted in Fig. 1 (a2). The nominal risk-neutral estimator 7°™ (o) and the nominal
risk-sensitive one 7, "" bub(l) are then calculated from Eq. (37) with gy = p*°™ and Eq. (57) with
0y = prom, respectlvely. The risk-sensitive parameters are chosen to be (1, t2) = (0.1,0.182).
Note that the filter equations include the composition M*(g) and are driven by the true output
data Ay;. We compare those two nominal estimators with the ideal true risk-neutral estimator
mj™(0,), which is calculated from Eq. (37) with gy = p™"°. To do this, we use the averaged
total estimation errors

Z o) ) 87 = S o) - (7).

=1 =1
(66)

The histogram for these values are depicted in Fig. 1 (b) for 200 sample paths with A\? = 0.001
and N = 2000. Overall, A™ is smaller than A™, showing the better performance of the risk-
sensitive estimator over the risk-neutral one. Figs. 1 (¢) and (d) illustrate an example of sample
paths of the estimators; in Fig. 1 (c) the solid line shows (""" (1)), while in Fig. 1 (d) the
solid line is ¢(7]°™(c)). In both figures, the thick dotted line is ¢(7[™(c)). In Fig. 1 (c),
both estimators are quite close to each other in spite of the difference in their initial states.
On the other hand, as depicted in Fig. 1 (d), the nominal risk-neutral estimator fails in the
estimation, although it finally converges to the true value —1. As a summary, the risk-sensitive
estimator outperforms the nominal risk-neutral estimator in the presence of uncertainty.

Remark 7.1: The performance of the nominal estimator depends on the magnitude of un-
certainty. For example, if there is no uncertainty in the nominal distribution, the nominal risk-
neutral estimator coincides with the true optimal estimator and clearly works better than the
risk-sensitive one. However, under the existence of some uncertainty, the risk-neutral estimator
is no longer optimal and will be inferior to the risk-sensitive one, as seen in Fig. 1. To make
a more quantitative observation, we consider the following nominal distribution characterized
by one parameter 3 € [0, 1] that represents the uncertainty magnitude:

(™ )11 = (0p™ 9,0 = .. = (p"™)20,20 = 0.058,
(05722 = (Pp™ )88 = 0.046 +0.01, (g™ )33 = (pp™ )77 = 0.018 + 0.04,
(pP), 4 = (phomP)g 5 = —0.050 + 0.1,  (pio™F)5 5 = —0.658 + 0.7,

pnom B _ 0.5 0.5 — 025ﬂ
S 0.5—-10.253 0.5

When 3 = 0, the nominal distribution is equal to the true one; ppo™° ® ppo™0 = plrue g plrue,
Hence § = 0 implies there is no uncertainty. On the other hand when § = 1, the nominal
distribution is the one given in Eq. (65). We consider the nominal risk-neutral estimator and
the risk-sensitive one with 1 = 0.01, us = 0.05. Note that these two estimators are close to
each other due to the small risk-sensitive parameter. To evaluate their performances, we calculate
the averaged total estimation errors (66) and compare them. In Fig. 2 (al), the horizontal axis
shows the uncertainty magnitude 3, while the vertical axis shows the average of A™ and A™
over 100 sample paths, which are denoted by A™ and A, respectively. Fig. 2 (a2) shows
examples of the nominal parameter distribution pg"m*ﬁ . The risk-sensitive estimator clearly
shows a better performance than the risk-neutral one, except in the case of a small 3.
Remark 7.2: The robustness property of the risk-sensitive filter is based on the fact that the
estimation error is upper bounded, as presented in Theorems 6.1 and 6.2. Fig. 2 (b) illustrates
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Fig. 1. For the dispersive interaction model of the atom, (a) the true and nominal parameter distributions, (b) the

histogram of the averaged total estimation errors, (c) sample paths of the nominal risk-sensitive estimator (solid line)
and the true risk-neutral one (thick dotted line), and (d) sample paths of the nominal risk-neutral estimator (solid line)
and the true risk-neutral one (thick dotted line). For the figures (c) and (d), the notation (¢) is omitted.

sample paths of the conditional estimation error and its upper bound given in Theorem 6.2:

o= o (Pune [[0(X0) ~wP|)), f = - log T [ppometel el L R(pteee o),
H2 2 67)
From this, we see that the bound is much larger than the actual estimation error. This is very
similar to the classical case where one also often finds a very conservative upper bound.
Remark 7.3: As in the classical case, there is no theoretical procedure to determine the best
risk-sensitive parameters (i1, t2). We here only maintain that a non-zero pi, the weighting
parameter of the running estimation error cost, is actually helpful in obtaining a high-quality
risk-sensitive filter. To show this fact, we apply a nominal risk-sensitive filter with p; = 0,
initialized to Eq. (65), to the same uncertain system as discussed above. For this filter, po =
0.281 appears to be the best parameter. Fig. 2 (c) illustrates the mean values over 200 sample
paths of the conditional estimation error ¢; in Eq. (67). The upper dotted line and lower solid
one corresponds to the risk-sensitive estimation with (p1, p2) = (0.0,0.281) and (uq1,p2) =
(0.1, 0.182), respectively. This shows that a non-zero i1 does improve the performance of the
estimator.

B. Spontaneous emission model

In the case of spontaneous decay, the interaction Hamiltonian (19) is given by

L1 =0, Ly=iyeo_, L3y=0, (68)
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Fig. 2. For the dispersive interaction model of the atom, (al) the averaged total estimation errors of the nominal
risk-sensitive filter (solid line) and the nominal risk-neutral one (dotted line), (a2) examples of the nominal parameter
distributions, (b) the conditional error (dotted line) and the guaranteed error bound (solid line) in Theorem 6.2, and
(c) the averaged conditional estimation errors of the nominal risk-sensitive filters with (11, u2) = (0.0, 0.281) (upper
dotted line) and (p1, p2) = (0.1,0.182) (lower solid line).

where o_ is defined in Eq. (16) and e > 0 represents the emission rate. The matrices M? (i =
+,+4, —, 0) are determined from Egs. (21) and (23) and read

sin(e)

M*(e) = (1 — cos(eN))o., M*(e)= — -
M~(e) = 7%% M°(e) = ‘m(i#aw_.

Similar to the dispersive interaction case, we here assume that e behaves as a classical discrete
random variable with an unknown probability distribution; e is then replaced by an observable
¢ = diag{es,...,em} € P. In particular, we assume e; = 0.2+ 0.047 (i = 1,...,20) with the
true density matrix

plre = diag{0,0,0,0,0,0,0,0,0,0,0,0,0,0,0.01,0.04,0.9,0.04,0.01, 0},

which is illustrated in Fig. 3 (a). The system true density matrix pf™¢ is given by Eq. (64).
For a nominal density matrix, we take pp°™" in Eq. (65) and assume that pg°™ = pirue In the
above setting, we consider estimating X, = o, := i(0_ — 04 ), investigate the performance
of the nominal risk-sensitive filter, and compare it with the nominal risk-neutral one. The risk-
sensitive parameters are chosen as (p1, o) = (0.15,0.25). Fig. 3 (b) shows the histogram for
the averaged error A™ and A™ for 200 sample paths with A2 = 0.001 and N = 5000. Fig. 3
(c) shows the sample paths of ¢(7™°(c,)) and (,"*""(1)), while in Fig. 3 (d) +(7{™(0,))
and ¢(7}°™ (o)) are shown. These figures clearly show that the nominal risk-sensitive estimator
is superior to the nominal risk-neutral estimator.

Remark 7.4: While in this paper we have considered the estimation problem over the finite-
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Fig. 3. For the spontaneous emission model of the atom, (a) the true and nominal parameter distributions, (b) the
histogram of the averaged total estimation errors, (c) sample paths of the nominal risk-sensitive estimator (solid line)
and the true risk-neutral one (thick dotted line), and (d) sample paths of the nominal risk-neutral estimator (solid line)
and the true risk-neutral one (thick dotted line). For the figures (c) and (d), the notation (¢) is omitted.

time horizon, let us here look at the asymptotic behaviour as | — oo of the following quantity
0 = |m"e(Xe) — o™ (Xe),

where 77™¢(X,) and 7™ (X.) correspond to the standard risk-neutral estimator for the true
and nominal initial states, respectively. If lim;_,, &; = 0 for all observables X, then we say
the filter is stable. Recently, Van Handel [22] has provided the following characterization for
filter stability in continuous time. For all X, included in the observable space

O =span{L TN L ... LFTW(I) : K, c;,d; > 0},

we have §; — 0. Here, £ and J are the continuous time analogues of the quantities defined in
Eq. (36). Therefore, the filter is stable if dimO = dim.A.
In our examples the observable spaces are given by

0% = span{I, 0.}, O%°" =span{I, oy, 0.}.

Therefore, for a dispersive interaction where we estimate o, € O%, it is guaranteed by Van
Handel’s theorem that 77*°™ (o) with any initial state converges to the true estimator. On the
other hand, in the spontaneous decay case, due to o, ¢ O®P°R | we cannot expect that §; — 0.
This could be the reason why the increase in performance by the nominal risk-sensitive estimator
over the risk-neutral one is more pronounced in Fig. 3 than in Fig. 1. We must note here that
in simulations we do see that, with the settings used in Fig. 3, 7}"°™ (o, ) eventually converges

to the true value 0. However, this convergence is very slow.
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