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Abstract—This letter investigates parameter estimation
in quantum systems that undergo dynamical evolution.
Optimal control problems are formulated to maximize the
information, about an unknown parameter, extracted by a
given quantum measurement apparatus. This letter intro-
duces the concept of “admissible controls”—control laws
that do not depend on the unknown parameter they elicit.
For scalar parameter estimation in unital quantum systems
interrogated by binary measurements, this letter derives a
necessary and sufficient condition on quantum measure-
ment operators so that an information maximizing control
law is admissible. When the admissibility condition is satis-
fied, it is shown that the resulting optimal control problem
may be solved using well-established techniques.

Index Terms—Quantum parameter estimation, Fisher
information, quantum control, statistical inference,
control-enhanced parameter estimation.

I. INTRODUCTION

INFERRING a parameterized quantum state by optimally
controlling its dynamical evolution, a new problem at the

intersection of statistical inference and control, is investigated
in this letter. At a prescribed time instant, the quantum state is
measured using the physical apparatus that is available to the
experimenter. The goal is to extract as much information about
the unknown parameter as possible from the measurement out-
comes. To this aim, optimal control theory is used to maximize
the information extraction at the time of measurement. In
general, information maximizing control laws may depend
on the particular parameter that they elicit. However, such
a control law would be like a point estimator (in statistical
inference) that depends on the parameter it aims to infer, which
is absurd [1, pp. 211, 311]. Motivated by this observation, we
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introduce the concept of “admissible” control laws that do not
depend on the unknown parameter. This letter establishes a
foundation for optimally controlling the dynamical evolution
of a quantum state to maximize the information extracted by
a given quantum measurement apparatus.

Inference and control play a central role in quantum
engineering and enable many beyond-classical capabilities
in sensing, communications, localization, and synchroniza-
tion [2], [3], [4], [5], [6]. Prior works have studied the problem
of controlling information extraction in both classical [7], [8]
and quantum systems [9], [10], [11], [12], [13]. In partic-
ular, [9], [10], [11], [12], [13] considered scenarios where
the parameter dependence of a quantum state arises from
its dynamical evolution, and control laws for information
extraction were numerically generated using Pontryagin’s
maximum principle [10], [11] or gradient ascent pulse engi-
neering (GRAPE) [12], [13]. While parameter dependence of
a quantum state is a recurring theme, a characterization of the
parameter dependence of information maximizing control laws
is missing in the literature.

This letter puts forth a scenario where a quantum state is
initially dependent on an unknown parameter and then evolves
under known dynamics. The foundation established here can
address a broad class of control-enhanced quantum parameter
estimation problems. For scalar parameter estimation in unital
quantum systems interrogated by binary measurements,1 we:
• develop time-dependent Fisher information analysis for

density operators that are characterized by an unknown
parameter;

• derive a necessary and sufficient condition on the
measurement operators so that information maximizing
control laws are admissible; and

• show that, when the admissibility condition is met,
information maximizing control laws can be designed
using well-established techniques.

Our analysis allows for general time-local non-Markovian
quantum dynamics [16].

Notation: Random variables are displayed in sans serif,
upright fonts; their realizations in serif, italic fonts. For
example, a random variable and its realization are denoted by
x and x. The probability mass function (PMF) or probability
density function (PDF) of a random variable x is denoted
px(x). The symbol Ex{·} denotes the expectation with respect
to the random variable x. The set of linear operators and

1Binary quantum measurements are relevant, among others, for qubit-based
systems [14, p. 15] and for quantum communication systems [15, p. 316].
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density operators on a Hilbert space H are denoted L(H)
and D(H), respectively. Operators are denoted using bold
uppercase letters. The adjoint of a linear operator A ∈ L(H)
is denoted A†. The anti-commutator and commutator of A
and B ∈ L(H) are denoted �A,B�± = AB ± BA with
+ or −, respectively. The Hilbert-Schmidt inner product on
L(H) is denoted 〈A,B〉 = tr{A†B}. The adjoint of a linear
operator O : L(H) → L(H) with respect to the Hilbert-
Schmidt inner product is denoted O‡.2 The notation A � B
means that A − B is positive semidefinite. The imaginary
unit

√−1 is denoted ı. The symbol
∼∀ means “for almost all.”

A dot, as in
.
Ξθ(t), denotes the derivative with respect to

time t.

II. FISHER INFORMATION ANALYSIS

The state of a finite d-dimensional quantum system may
be represented by a density operator, which is a positive
semidefinite, unit-trace linear operator on a complex Hilbert
space H of dimension d < ∞. To begin, consider a time-
independent state3 which is parameterized by an unknown
scalar θ ∈ R written as

Ξθ = 1
d I + θZ ∈ D(H) (1)

where I ∈ L(H) is the identity operator, I/d is the maximally
mixed state, and Z ∈ L(H) is an arbitrary non-zero, traceless,
self-adjoint operator. Note that, like the density in (1), all
density operators on H may be written as the sum of the
maximally mixed state and a traceless operator. Parameterized
states of the form (1) appear in many applications [17], [18]
and include depolarized states as well as two-qubit Werner
states. For Ξθ to be a valid density operator it must be positive
semidefinite; hence, there is only a finite range of values that
the parameter θ may take.

Lemma 1: The operator Ξθ is positive semidefinite if and
only if

θ ∈
[ −1

d λd

,
1

d |λ1|
]

(2)

where λd and λ1 are the largest and smallest eigenvalues of
Z, respectively. �

Proof: Since Z is non-zero, self-adjoint, and traceless, its
smallest and largest eigenvalues satisfy λ1 < 0 < λd.4

Given (1), the eigenvalues of Ξθ are exactly of the form
1
d +θ λi where λi is the i-th eigenvalue of Z [19, p. 55]. The
statement of the lemma follows. �

Henceforth the parameter space, denoted Θ, is allowed to
be a subinterval of that in (2). This letter considers quantum
measurement systems represented by binary positive operator-
valued measures (POVMs) [20]. In contrast to classical
measurement, a quantum measurement will generally alter
the state such that successive measurements using the same

2The Hilbert space of the operators O : L(H) → L(H) equipped with
the Hilbert-Schmidt inner product is known as a Liouville space.

3In the following, the term “quantum state” and corresponding “density
operator” will be used interchangeably.

4This can be proved using the spectral theorem and the fact that the trace
of an operator is the sum of its eigenvalues.

POVM system provide no additional information regarding
the state prior to measurement. Thus, once the state Ξθ

is measured, one must prepare an identical state before
another measurement containing information about θ can be
made.

Definition 1 (Binary POVM): A binary POVM system is
a set of non-zero, self-adjoint linear operators {M , I −M}
on H with 0 � M � I . The result of measuring the
state Ξθ using this system is a random variable y = ±1
where

P{ y = +1 |Ξθ} = tr{M Ξθ}, and (3a)

P{ y = −1 |Ξθ} = tr{ (I −M)Ξθ} (3b)

according to Born’s rule. �

A. Analysis for Time-Independent Quantum States
The Fisher information—a key quantity in statistical infer-

ence that is used to determine the fundamental limits of point
estimators—is defined below.

Definition 2 (Fisher Information): The Fisher infrmation
about ϑ contained in a random variable x with PMF or PDF
px(x;ϑ) is

Jϑ = Ex{j(x;ϑ)} (4)

where j(x;ϑ) = [ ∂
∂ϑ ln px(x;ϑ)]

2 for each x in the support of
px( · ;ϑ). �

The Fisher information about θ contained in y (obtained
via measuring Ξθ with the POVM system {M , I −M}) is
given by (5), which is presented at the bottom of the page.
Employing the Hilbert-Schmidt inner product of two operators
and the fact that tr{Z} = 0, the Fisher information in (5) can
be rewritten as

Jθ =
〈M ,Z〉2

am + θ bm〈M ,Z〉 − θ2〈M ,Z〉2 (6)

where

am � 1
d tr{M} (1− 1

d tr{M}) ∈ (0, 1/4) (7a)

bm � 1− 2
d tr{M} ∈ (−1, 1) . (7b)

The information inequality [1] states that, under appropriate
regularity conditions, the mean-square error of any unbiased
estimator θ̂(y) of θ satisfies

Ey{(θ̂(y)− θ)2} � 1

Jθ
. (8)

The importance of having a large Fisher information Jθ is evi-
dent from (8). Optimal control offers a way to systematically
increase the information and hence reduce the lower bound on
the estimation error.

B. Analysis for Time-Dependent Quantum States
In general, the state Ξθ(t) of the quantum system is a

function of time. Our goal in this section is to extend the prior
Fisher information analysis to the time-dependent setting. At
the initial time t = t0, the state is written as before

Ξθ(t0) =
1
d I + θZ (9)

and the evolution of the state is described by the Gorini–
Kossakowski–Sudarshan–Lindblad (GKSL) equation [21]

Jθ =
tr2{MZ}

1
d tr{M}+ θ tr{MZ} +

tr2{(I −M)Z}
1
d tr{I −M}+ θ tr{(I −M)Z} (5)
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.
Ξθ(t) = −ı �H(u(t), t),Ξθ(t)�−

+

Nl∑
k=1

Lk(t)Ξθ(t)L
†
k(t)− 1

2�L†
k(t)Lkt),Ξθ(t)�+

� F (Ξθ(t), u(t), t) (10)

for all t � t0. At any point in time, H(u(t), t) ∈ L(H)
denotes the system’s Hamiltonian (which is self-adjoint) and
Lk(t) ∈ L(H) for k ∈ {1, 2, . . . , Nl} denote noise operators,
where Nl ∈ N. While the time-independent GKSL equation is
generally used to model Markovian noise, the time-dependent
form shown in (10) can be used to model non-Markovian
noise [16].5 The time-varying Hamiltonian is

H(u(t), t) = H f(t) + u(t)Hc(t) (11)

where H f(t) ∈ L(H) is the free Hamiltonian, Hc(t) ∈ L(H)
is the control Hamiltonian, and u(t) ∈ R is a control input.
The set of allowable controls U is an arbitrary open subset
of the space of all regulated functions6 from the time interval
[t0, tf ] into R, with tf > t0. The free Hamiltonian describes
unitary evolution over which one has no control, whereas
the control Hamiltonian describes unitary evolution which can
be actively adjusted to alter the behavior of the system. The
Hamiltonian and noise operators are well-behaving functions
of time so as to ensure existence and uniqueness of solutions
to (10).

Denote the solution to the GKSL equation as Ξθ(t) �
Φ(t; t0,Ξθ(t0), u(·)) for t � t0, where Φ(t; t0, · , u(·)) is
known as the state transition map. Note that (10) is linear in
the state; therefore, the state transition map is linear and

Ξθ(t) =
1
d Φ(t; t0, I, u(·)) + θΦ(t; t0,Z, u(·)) . (12)

The GKSL equation preserves the trace, therefore
tr{Φ(t; t0,Z, u(·))} = tr{Z} = 0 for all t � t0 [21, p. 121].
Using this fact, Fisher information analysis may be conducted
as before, which results in the time-dependent Fisher
information (13) at the bottom of the page.

Let us turn our attention to the class of unital quantum
systems. Recall, a map Ψ : L(H) → L(H) is unital if it
maps the identity to itself, i.e., Ψ(I) = I .

Definition 3: The quantum system described by (10) is said
to be unital if the state transition map Φ(t; t0, · , u(·)) is a
unital map at all times t � t0. �

Lemma 2: The quantum system (10) is unital if and only
if one of the following equivalent statements hold:

1) The maximally mixed state 1
dI is a steady state of the

GKSL equation (10).
2) The following equality holds for almost all t � t0:

Nl∑
k=1

Lk(t)L
†
k(t) =

Nl∑
k=1

L†
k(t)Lk(t) . (14)

�

5The presentation in [16] has additional terms known as “decoherence
rates” in the GKSL equation. These may be absorbed by the noise operators
{Lk(·) : k = 1, 2, . . . , Nl} for notational simplicity.

6A function u : [t0, tf ] → R is regulated if it has (i) left and right limits
at each point t ∈ (t0, tf) and (ii) one-sided limits at end points t0 and tf .

Proof: Unitality is equivalent to the identity I being a steady
state of (10); however, since (10) is linear in the state, this
is equivalent to the maximally mixed state 1

dI being a steady
state. This proves that the first statement is equivalent to (10)
being unital. Let us now prove equivalence of the second
statement. The solution to the GKSL equation is

Ξθ(t) = Ξθ(t0) +

∫ t

t0

[
−ı �H(u(s), s),Ξθ(s)�−

+

Nl∑
k=1

Lk(s)Ξθ(s)L
†
k(s)− 1

2�L
†
k(s)Lk(s),Ξθ(s)�+

]
ds (15)

for t � t0. Under the hypothesis that I/d is a steady state, the
integral solution starting from the initial condition Ξθ(t0) =
I/d yields

0 =

∫ t

t0

Nl∑
k=1

[
Lk(s)L

†
k(s)−L†

k(s)Lk(s)
]
ds (16)

for any t � t0. This proves that (14) holds for almost all t � t0.
The reverse direction follows similarly. �

Remark 1: Closed quantum systems are unital. In this case
Lk(t) = 0 for all k ∈ {1, 2, . . . , Nl} and t � t0; the
corresponding GKSL equation is known as a Liouville–von
Neumann equation [21, pp. 110–111]. �

In unital quantum systems a major simplification of the
time-dependent Fisher information (13) occurs. Defining
Z(t) � Φ(t; t0,Z, u(·)),

Jθ(t) =
〈M ,Z(t)〉2

am + θ bm〈M ,Z(t)〉 − θ2〈M ,Z(t)〉2 (17)

where am and bm are given in (7a) and (7b), respectively.
The Fisher information can be increased if one is allowed to

alter the POVM [22, p. 234]. However, in many experimental
setups the physical apparatus that implements the POVM is
fixed, making information extraction challenging. We propose
alleviating this problem by controlling the time evolution of
the system to effectively alter the measurement performed
by the fixed physical apparatus. The extent to which control
can increase the information extraction is determined by the
controllability of the system.

III. INFORMATION MAXIMIZING CONTROL

Suppose that the state Ξθ(t) is measured using the binary
POVM {M , I − M} at some predetermined measurement
time tf > t0. One may seek to determine a control law
which maximizes the Fisher information, or equivalently
minimizes

J−1
θ (tf) =

am

〈M ,Z(tf)〉2
+

θ bm
〈M ,Z(tf)〉

− θ2 . (18)

This task may be written as the following optimal control
problem

P1(θ) : minimize
u(·)∈U

J−1
θ (tf) +

∫ tf

t0

K1(u(t), t) dt (19a)

subject to
.
Z(t) = F (Z(t), u(t), t), (19b)

Z(t0) = Z, t ∈ [t0, tf ] (19c)

Jθ(t) =
〈M ,Φ(t; t0,Z, u(·))〉2

1
d 〈M ,Φ(t; t0, I, u(·))〉+ θ 〈M ,Φ(t; t0,Z, u(·))〉 +

〈M ,Φ(t; t0,Z, u(·))〉2
1
d 〈I −M ,Φ(t; t0, I, u(·))〉 − θ 〈M ,Φ(t; t0,Z, u(·))〉 (13)
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where K1(·, ·) : R × [t0, tf ] → R characterizes the control
cost. This cost is allowed to be quite general but will adhere
to the following regularity conditions:

1) K1(·, ·) is continuously differentiable with respect to its
first argument;

2) for any u(·) ∈ U the function K1(u(·), ·) is integrable
on the time interval [t0, tf ]; and,

3) for all fixed t ∈ [t0, tf ], gt(μ) � ∂K1(μ, t)/∂μ : R→R

is invertible and gt(0) = 0.
The first two conditions are standard in optimal control
literature [23, pp. 73, 113] whereas the third condition is used
in the proof of the next result. Note in P1(θ) that the inverse
of the Fisher information represents a terminal cost whereas
the control cost is a running cost. One possible choice is to
consider K1(u(t), t) = κ

2 |u(t)|2 where κ > 0 may be tuned
to balance the terminal and running costs. Then, the integral of
K1(u(·), ·) over the domain [t0, tf ] is proportional to the squared
norm

‖u(t)‖2 �
∫ tf

t0

|u(t)|2 dt (20)

on U , which is the energy of the control signal. A control law
u(·) ∈ U is said to be non-zero energy (NZE) if ‖u(·)‖ > 0.

A. Admissibility of Optimal Controls
In general an optimal control law which solves P1(θ),

denoted by u(t) = μ�
θ(t), will depend on the unknown

parameter θ since J−1
θ (tf) is parameter-dependent. However,

a control law that depends on the parameter it elicits would
be like a point estimator that depends on the parameter it
aims to infer, which is absurd [1, pp. 211, 311].7 Motivated
by this observation, we define admissible control laws
below.

Definition 4: A control law μθ : [t0, tf ] → R for regulating
Jθ(·) is said to be admissible if it does not depend on θ. �

The following theorem provides a necessary and sufficient
condition for information maximizing controls, i.e., controls
which solve P1(θ), to be admissible.

Theorem 1: Any NZE optimal control law μ�
θ(·) ∈ U which

solves P1(θ) is admissible if and only if bm = 0, i.e.,

tr{M} =
d

2
. (21)

�

Proof: If bm = 0, then the admissibility of μ�
θ(·) follows

immediately from (18) and (19a) with bm = 0. This proves the
sufficiency of the condition (21). Proving the necessity of (21)
involves two steps: (i) constructing the necessary conditions
for optimal control in a Hilbert space, see, e.g., [23, pp. 112–
117]8; and (ii) showing that bm = 0 if the necessary conditions
for optimal control hold simultaneously for any two different
values θ = θ1 and θ = θ2 in Θ. The Hamiltonian functional
hc : L(H)× L(H)× R× [t0, tf ] → R corresponding to the
optimal control problem P1(θ) is9

hc(Z(t),Λ(t), u(t), t)

=K1(u(t), t)+〈Λ(t), F (Z(t), u(t), t)〉 . (22)

7A point estimator is first and foremost a statistic, and the analytical
expression of a statistic cannot be a function of an unknown parameter.

8The presentation in [23] is a more general treatment in Banach spaces;
however, quantum mechanical problems are always formulated in Hilbert
spaces. For a tutorial on necessary conditions for optimal control of quantum
systems in finite dimensions see [24].

9This is not to be confused with the Hamiltonians of the quantum system.

The operator Λ(t) is known as the costate. Suppose that a
NZE optimal control μ�

θ(t) and optimal state trajectory Z�(t)
exist which solve P1(θ). Then, the objective (19a) evaluated
along the optimal control and state trajectory is finite, implying
via (18) that 〈M ,Z�(tf)〉 
= 0. By continuity there exists
a neighborhood of μ�

θ(t) in U such that 〈M ,Z(tf)〉 
= 0
for any control law in this neighborhood. Let us apply
the necessary conditions for optimal control within this
neighborhood where J−1

θ (tf) is continuously differentiable
with respect to Z(tf). The necessary conditions involve the
costate variable Λ�(t) which solves the following final value
problem: {

Λ̇
�
(t) = −F ‡(Λ�(t), μ�

θ(t), t)

Λ�(tf) = ∇Z
�
(tf )

J−1
θ (tf)

(23)

where ∇Z
�
(tf )

J−1
θ (tf) denotes the gradient of J−1

θ (tf) with
respect to Z�(tf). Supplemental calculations for (23) are given
in the Appendix. It can be shown that

∇Z(tf )
J−1
θ (tf)=

[ −2am
〈M ,Z(tf)〉

−bmθ
] 1

〈M ,Z(tf)〉2
M .

(24)

The necessary conditions state that the optimal control law
satisfies ∂hc(Z

�(t),Λ�(t), μ�
θ(t), t)/∂μ

�
θ(t) = 0 for almost all

t ∈ [t0, tf ]. Using the regularity conditions on K1(·, ·), this
means that the optimal control is

μ�
θ(t) = g−1

t

(〈Λ�(t), ı �Hc(t),Z
�(t)�−〉

)
(25)

for almost all t ∈ [t0, tf ], where gt(μ) = ∂K1(μ, t)/∂μ.
Suppose that the optimal control law (25) is admissible,

which completely determines Z�(t), irrespective of θ, via the
GKSL equation and the initial condition Z�(t0) = Z. Consider
any two different values θ = θ1 and θ = θ2 in Θ. With the
control and state fixed, existence and uniqueness of solutions
to (23) determines the costate Λ�

1(t) when θ = θ1 and Λ�
2(t)

when θ = θ2. These costates satisfy the following boundary
conditions:

Λ�
1(tf) =

[ −2am
〈M ,Z�(tf)〉

− bmθ1

] 1

〈M ,Z�(tf)〉2
M (26a)

Λ�
2(tf) =

[ −2am
〈M ,Z�(tf)〉

− bmθ2

] 1

〈M ,Z�(tf)〉2
M . (26b)

The terms in brackets must be non-zero. To prove this, suppose
the contrary. Then Λ�

1(t) or Λ�
2(t) (or both) is zero for

all time since the dynamics (23) are linear in the costate.
Consequently, using the regularity conditions on K1(·, ·), the
optimal control (25) is zero for almost all t ∈ [t0, tf ] and thus
‖μ�

θ(·)‖ = 0. However, this is a contradiction since the control
law μ�

θ(·) is NZE. This proves that the terms in brackets
in (26a) and (26b) are non-zero.

To prove that bm = 0 is necessary for the same control law
μ�
θ(·) to be optimal for both cases θ = θ1 and θ = θ2, suppose

the contrary: bm 
= 0. Defining Λ�
1−2(t) � Λ�

1(t)−Λ�
2(t),

Λ�
1−2(tf) =

bm(θ2 − θ1)

〈M ,Z�(tf)〉2
M (27)

which is non-zero since the parameters were assumed distinct.
Applying the linearity of the dynamics (23) in the costate, it
follows that

Λ�
1−2(t)=bm(θ2 − θ1)

[ −2am
〈M ,Z�(tf)〉

−bmθ1

]−1

Λ�
1(t) (28)

for all t ∈ [t0, tf ]. On the other hand, recalling (25) and the
fact that μ�

θ(·) is optimal for both θ1 and θ2, it follows that
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〈Λ�
1(t), �Hc(t),Z

�
(t)�−〉

= 〈Λ�
2(t) , �Hc(t),Z

�
(t)�−〉,

∼∀t ∈ [t0, tf ] (29)

and subsequently that

〈Λ�
1−2(t), �Hc(t),Z

�
(t)�−〉=0 ,

∼∀t ∈ [t0, tf ] . (30)

Combining this with (28) proves that
〈Λ�

1(t), �Hc(t),Z
�(t)�−〉 = 0 for almost all t ∈ [t0, tf ].

However, using (25) and the regularity conditions on K1(·, ·)
this means that the control is zero for almost all t ∈ [t0, tf ]
and consequently ‖μ�

θ(·)‖ = 0. This is a contradiction since
μ�
θ(·) is NZE. It is therefore necessary that bm = 0, and the

theorem is proven. �
A few remarks are in order regarding Theorem 1.
1) Though the optimal control is admissible if bm = 0,

the Fisher information Jθ(tf) still depends on θ as seen
in (17). Therefore the performance of an estimator of θ
may well depend on the unknown parameter.

2) The theorem also applies to control laws corresponding
to local optima of problem P1(θ) since the proof
relies only on necessary conditions for locally optimal
control [25]. This is relevant for computing control laws.

3) The theorem does not specify the sensitivity of optimal
control laws to changes in θ when bm 
= 0. Such
sensitivity would depend on the dynamics F , param-
eter space Θ, control cost K1, and constants am
and bm.

Suppose that M is a projection (implying that I −M is a
projection), which is frequently the case in quantum systems.
Then, the spectrum of M contains only ones and zeros, thus
the trace of M equals the rank of M . We have the following
corollary to the admissibility condition of Theorem 1.

Corollary 1: Let M be a projection. Any NZE optimal
control law μ�

θ(·) ∈ U which solves P1(θ) is admissible if
and only if

rankM =
d

2
. (31)

�

Notably the condition in this corollary cannot occur in
systems of odd dimension, but there is still hope of satisfying
the more general condition (21). On the other hand, many
systems arising in quantum information applications are of
even dimension: e.g., any system comprised of n qubits is of
dimension 2n.

B. Design of Admissible Optimal Control

The prior section proved that an information maximizing
control law is admissible if and only if bm = 0. If bm = 0 then
the expression for the inverse of the Fisher information (18)
is significantly simpler, and minimizing J−1

θ (tf) is equivalent
to making 〈M ,Z(tf)〉2 as large as possible. This corresponds
to concentrating the probability mass on one of the outcomes
y = +1 or y = −1. Minimizing J−1

θ (tf) can be formulated as
the optimal control problem

P2 : minimize
u(·)∈U

−〈M ,Z(tf)〉2 +

∫ tf

t0

K2(u(t), t) dt (32a)

subject to Ż(t) = F (Z(t), u(t), t) , (32b)

Z(t0) = Z, t ∈ [t0, tf ] (32c)

where K2(·, ·) : R×[t0, tf ] → R characterizes the control cost
and is potentially different than K1(·, ·) in problem P1(θ).

Fig. 1. Control laws solving P2 for varying levels γ of dephasing noise.

This control problem is well-posed: control laws which solve
the problem are admissible by construction. Techniques to
solve P2 are well-known [26].

C. Case Study: Qubit Subject to Dephasing Noise
Consider a parameter estimation problem involving a qubit

(d = 2) subject to dephasing noise, as appears in many practi-
cal scenarios [27]. The free Hamiltonian, control Hamiltonian,
and noise operator can be modeled respectively by

H f =
ωq

2 P z , Hc = P x and L =
√
γ P z . (33)

In (33), ωq > 0 is the qubit frequency and γ � 0 is
the strength of the dephasing noise. The Pauli operators are
denoted P x, P y , and P z . Using the fact that P z = P †

z ,
Lemma 2 shows that the quantum system described by (33) is
unital. For d = 2, any projective measurement system satisfies
tr{M} = d/2 = 1. Then, Theorem 1 or Corollary 1 shows
that optimal control laws which solve P1(θ) are admissible.
Consider the particular projective measurement system

M =

[
1 0
0 0

]
and I −M =

[
0 0
0 1

]
. (34)

Suppose that the initial state of the qubit is Ξθ(t0) = I/2 +
θP y (the only requirement is that Z in (9) is traceless).
According to Lemma 1, the range of possible θ values is
[−1/2, 1/2]. Take the parameter space Θ to be this entire
interval. For any θ ∈ Θ, the Fisher information (6) at
time t0 is zero. That is, no information regarding θ may be
obtained by measuring Ξθ(t0) with the projective measure-
ment system (34). Moreover, it can be shown that Jθ(tf) = 0
for any tf � t0 if no control is applied. Thus, if there is any
hope of inferring θ ∈ Θ, control is essential.

Since the admissibility condition (21) or (31) is satisfied,
maximization of Jθ(tf) at some time tf > t0 translates to
solving problem P2. As an example, suppose that t0=0 s,
tf = 5 s, ωq = 2 Hz, and K2(u(t), t) = κ

2 |u(t)|2 with
κ = 0.01. The optimization problem is solved computa-
tionally by employing the gradient method [23, p. 147].10

Control laws generated for four different values of dephasing

10The gradient method uses the same ideas as the necessary conditions for
optimal control employed in the proof of Theorem 1, which makes it a natural
computational method to use in this context.
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noise strength γ are displayed in Figure 1. In all cases the
Fisher information Jθ(tf) is non-zero, which demonstrates the
efficacy of control-enhanced quantum parameter estimation.
Notice that as the dephasing noise strength γ increases,
the maximized Fisher information Jθ(tf) decreases and the
control transforms from an almost-periodic signal to a damped
oscillation. For large noise levels, we find that the control
exerts high-energy upfront and quickly moves Z(t) to the
null-space of the noise contribution in (10), i.e., the space of
A ∈ L(H) such that LAL† − 1

2�L†L,A�
+
= 0.

IV. CONCLUSION

This letter established a foundation for optimally controlling
the dynamical evolution of a quantum state to maximize the
information, about an unknown parameter, extracted by a
given quantum measurement apparatus. Inspired by notions
from statistical inference, the concept of admissible control
laws was introduced. For the class of unital quantum systems
interrogated by binary measurements, we derived a necessary
and sufficient condition on the POVM operators such that
information maximizing control laws are admissible. This
condition concerns the trace of the POVM operators. When
such condition is satisfied, it was shown that information max-
imizing control laws can be designed using well-established
techniques. The utility of this methodology was demonstrated
on a dephasing qubit system.

APPENDIX

THEOREM 1 SUPPLEMENTARY CALCULATIONS

Following [23, p. 115], the costate associated with an
optimal state trajectory Z�(·) and optimal control μ�

θ(·)
satisfies

Λ̇�(t) = −∇Z
�
(t)hc(Z

�(t),Λ�(t), μ�
θ(t), t) ∀ t ∈ [t0, tf ](35)

subject to the terminal condition Λ�(tf) = ∇Z
�
(tf )

J−1
θ (tf).

The right-hand side of (35) becomes

−∇Z
�
(t)〈Λ�(t), F (Z�(t), μ�

θ(t), t)〉 (36)

since K1(μ
�
θ(t), t) that appears in the Hamiltonian

functional (22) is not a function of Z�(t). At any given time
t ∈ [t0, tf ], the operator F is a linear operator mapping L(H)
into itself. Applying the definition of the adjoint with respect
to the Hilbert-Schmidt inner product

〈Λ�(t), F (Z�(t), μ�
θ(t), t)〉

= 〈F ‡(Λ�(t), μ�
θ(t), t),Z

�(t)〉 (37)

and subsequently

Λ̇�(t) = −F ‡(Λ�(t), μ�
θ(t), t) . (38)

REFERENCES

[1] G. Casella and R. L. Berger, Statistical Inference, 2nd ed. Pacific Grove,
CA, USA: Duxbury Press, 2002.

[2] C. L. Degen, F. Reinhard, and P. Cappellaro, “Quantum sensing,” Rev.
Mod. Phys., vol. 89, no. 3, 2017, Art. no. 035002.

[3] S. Guerrini, M. Z. Win, M. Chiani, and A. Conti, “Quantum discrimi-
nation of noisy photon-added coherent states,” IEEE J. Sel. Areas Inf.
Theory, vol. 1, no. 2, pp. 469–479, Aug. 2020.

[4] M. Reichert, R. D. Candia, M. Z. Win, and M. Sanz, “Quantum-
enhanced doppler lidar,” Npj Quantum Inf., vol. 8, no. 1, pp. 1–9,
Dec. 2022.

[5] V. Giovannetti, S. Lloyd, and L. Maccone, “Quantum-enhanced posi-
tioning and clock synchronization,” Nature, vol. 412, pp. 417–419,
Jul. 2001.

[6] M. Clouâtré, M. J. Khojasteh, and M. Z. Win, “Model-predictive
quantum control via hamiltonian learning,” IEEE Trans. Quantum Eng.,
vol. 3, pp. 1–23, Oct. 2022.

[7] N. A. Vickers, F. Sharifi, and S. B. Andersson, “Information optimization
of laser scanning microscopes for real-time feedback-driven single
particle tracking,” Optics Express, vol. 31, no. 13, pp. 21434–21451,
2023.

[8] M. J. Khojasteh, A. A. Saucan, Z. Liu, A. Conti, and M. Z. Win,
“Location secrecy enhancement in adversarial networks via trajectory
control,” IEEE Control Syst. Lett., vol. 7, pp. 601–606, 2023.

[9] S. Pang and A. N. Jordan, “Optimal adaptive control for quantum
metrology with time-dependent Hamiltonians,” Nat. Commun., vol. 8,
no. 1, 2017, Art. no. 14695.

[10] C. Lin, Y. Ma, and D. Sels, “Optimal control for quantum metrol-
ogy via Pontryagin’s principle,” Phys. Rev. A, vol. 103, no. 5, 2021,
Art. no. 052607.

[11] C. Lin, Y. Ma, and D. Sels, “Application of Pontryagin’s maximum
principle to quantum metrology in dissipative systems,” Phys. Rev. A,
vol. 105, no. 4, 2022, Art. no. 042621.

[12] J. Liu and H. Yuan, “Quantum parameter estimation with optimal
control,” Phys. Rev. A, vol. 96, no. 1, 2017, Art. no. 012117.

[13] J. Liu and H. Yuan, “Control-enhanced multiparameter quantum estima-
tion,” Phys. Rev. A, vol. 96, no. 4, 2017, Art. no. 042114.

[14] M. A. Nielsen and I. L. Chuang, Quantum Computation and Quantum
Information. Cambridge, UK: Cambridge Univ. Press, 2000.

[15] G. Cariolaro, Quantum Communications. Cham, Switzerland: Springer
Int. Publ., 2015.

[16] M. J. Hall, J. D. Cresser, L. Li, and E. Andersson, “Canonical form of
master equations and characterization of non-Markovianity,” Phys. Rev.
A, vol. 89, no. 4, 2014, Art. no. 042120.

[17] S. Marano and M. Z. Win, “Distributing quantum states with finite
lifetime,” Phys. Rev. A, vol. 107, May 2023, Art. no. 052413. [Online].
Available: https://link.aps.org/doi/10.1103/PhysRevA.107.052413

[18] S. Marano and M. Z. Win, “Distillation and swapping for quantum
dragonflies,” Lab. Inf. Decis. Syst. (LIDS), Massachusetts Inst. Technol.,
Cambridge, MA, USA, Rep. LIDS-P-3435, Apr. 2024.

[19] R. A. Horn and C. R. Johnson, Matrix Analysis, 2nd ed. New York, NY,
USA: Cambridge Univ. Press, 2013.

[20] X. Feng, G. Jin, and W. Yang, “Quantum interferometry with binary-
outcome measurements in the presence of phase diffusion,” Phys. Rev.
A, vol. 90, no. 1, 2014, Art. no. 013807.

[21] H. P. Breuer and F. Petruccione, The Theory of Open Quantum Systems.
Oxford U.K.: Oxford Univ. Press, 2002.

[22] C. Helstrom, “The minimum variance of estimates in quantum signal
detection,” IEEE Trans. Inf. Theory, vol. 14, no. 2, pp. 234–242,
Mar. 1968.

[23] R. E. Kalman, P. L. Falb, and M. A. Arbib, Topics in Mathematical
System Theory, vol. 33, New York, NY, USA: McGraw-Hill,
1969.

[24] U. Boscain, M. Sigalotti, and D. Sugny, “Introduction to the Pontryagin
maximum principle for quantum optimal control,” PRX Quantum, vol. 2,
no. 3, 2021, Art. no. 030203.

[25] M. Athans and P. L. Falb, Optimal Control: An Introduction to the
Theory and Its Applications. New York, NY, USA: McGraw-Hill,
1966.

[26] J. Salomon and G. Turinici, “A monotonic method for nonlinear optimal
control problems with concave dependence on the state,” Int. J. Control,
vol. 84, no. 3, pp. 551–562, Mar. 2011.

[27] P. Krantz, M. Kjaergaard, F. Yan, T. P. Orlando, S. Gustavsson,
and W. D. Oliver, “A quantum engineer’s guide to superconducting
qubits,” Appl. Phys. Rev., vol. 6, no. 2, 2019, Art. no. 021318.

Authorized licensed use limited to: MIT. Downloaded on September 27,2024 at 01:02:32 UTC from IEEE Xplore.  Restrictions apply. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Helvetica
    /Helvetica-Bold
    /HelveticaBolditalic-BoldOblique
    /Helvetica-BoldOblique
    /Helvetica-Condensed-Bold
    /Helvetica-LightOblique
    /HelveticaNeue-Bold
    /HelveticaNeue-BoldItalic
    /HelveticaNeue-Condensed
    /HelveticaNeue-CondensedObl
    /HelveticaNeue-Italic
    /HelveticaNeueLightcon-LightCond
    /HelveticaNeue-MediumCond
    /HelveticaNeue-MediumCondObl
    /HelveticaNeue-Roman
    /HelveticaNeue-ThinCond
    /Helvetica-Oblique
    /HelvetisADF-Bold
    /HelvetisADF-BoldItalic
    /HelvetisADFCd-Bold
    /HelvetisADFCd-BoldItalic
    /HelvetisADFCd-Italic
    /HelvetisADFCd-Regular
    /HelvetisADFEx-Bold
    /HelvetisADFEx-BoldItalic
    /HelvetisADFEx-Italic
    /HelvetisADFEx-Regular
    /HelvetisADF-Italic
    /HelvetisADF-Regular
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryITCbyBT-MediumItal
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Recommended"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


