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Historical Perspective

Historical Perspective

‘Technology seems to advance in waves. Small advances in
science and technology accumulate slowly ... until a critical
level...

‘Woven into the rich fabric of technological history is an invisible
thread that has a profound effect on each of these waves...

‘This thread is the idea of feedback control.

Dennis Bernstein, History of Control, 2002
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Historical Perspective

Control Engineering Timeline
Control Engineering Timeline
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Quantum Technology

Quantum Technology

Quantum technology is the application of quantum science to develop new
technologies.

This was foreshadowed in a famous lecture:

1959: Richard Feynman, Plenty of Room at the Bottom

“What I want to talk about is the problem of manipulating and
controlling things on a small scale.”
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Quantum Technology

Key drivers for quantum technology:

Miniaturization - quantum effects can dominate

Microelectronics - feature sizes of 10s nm (Moore’s Law)
Nanotechnology - nano electromechanical devices have been made
sizing 10s nm

Exploitation of quantum resources

Quantum Information - (ideally) perfectly secure communications
Quantum Computing - algorithms with exponential speed-ups
Metrology - ultra-high precision measurements

[Dowling-Milburn, 2003]
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Quantum Technology

Quantum technology revolutions
[Dowling-Milburn, 2003]

First: [QM used to understand what exists]

wave-particle duality
semiconductors
information age

Second: [QM used to engineer new things]

artificial atoms
man-made quantum states
quantum engineering
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Quantum Control

Quantum Control

Quantum control

Now we want to control 
things at the quantum level
- e.g. atoms

Watt used a governor to 
control steam engines 
- very macroscopic.

[ANU atom laser, 
2007, Canberra]

[Boulton and Watt, 1788, 
London Science Museum]
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Quantum Control

Quantum control concerns the control of physical systems whose behavior
is dominated by the laws of quantum mechanics.

2003: Dowling and Milburn:

“The development of the general principles of quantum control
theory is an essential task for a future quantum technology.”
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Quantum Control

Types of Quantum Control:
Open loop - control actions are predetermined, no feedback is involved.

• Open loop - control actions are predetermined, no 
feedback is involved. 

controller quantum system

control
actions

Types of Quantum Control:
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Quantum Control

On the controllability of quantum-mechanical systems 
Garng M. Huang and T. J. Tarn 
Department o/Systems Science and Mathematics. Washington University. St. Louis. Missouri 63130 

John W. Clark 
Department 0/ Physics and McDonnell Center for the Space Sciences. Washington University. St. Louis. 
Missouri 63130 

(Received 25 August 1981; accepted for publication 10 June 1983) 

The systems-theoretic concept of controllability is elaborated for quantum-mechanical systems, 
sufficient conditions being sought under which the state vector ¢ can be guided in time to a chosen 
point in the Hilbert space? of the system. The Schrodinger equation for a quantum object 
influenced by adjustable external fields provides a state-evolution equation which is linear in ¢ 
and linear in the external controls (thus a bilinear control system). For such systems the existence 
of a dense analytic domain g w in the sense of Nelson, together with the assumption that the Lie 
algebra associated with the system dynamics gives rise to a tangent space of constant finite 
dimension, permits the adaptation of the geometric approach developed for finite-dimensional 
bilinear and nonlinear control systems. Conditions are derived for global controllability on the 
intersection of g w with a suitably defined finite-dimensional submanifold of the unit sphere S ;f-
in? Several soluble examples are presented to illuminate the general theoretical results. 

PACS numbers: 03.65.Bz, 02.20.Sv 

J. INTRODUCTION 
This paper is devoted to a formal investigation of the 

controllability of quantum-mechanical systems. Such a 
study is ultimately motivated by the importance, or potential 
importance, of precision methods for influencing the dyna-
mical behavior of microsystems. in such diverse contexts as 
particle acceleration and detection, plasma physics, magnet-
ic resonance, electron microscopy, modern solid-state tech-
nology, laser fusion, and optical communication. On the one 
hand, we may be interested in governing the time develop-
ment of certain pertinent average quantities. More ambi-
tiously, we may wish to guide the quantum state itself. It is 
this latter type of controllability which concerns us here. 

A. Problem formulation 
Consider a physical system whose state ¢(t ) evolves 

with time according to the law 
d r 

- ¢(t) = Ho¢(t) + L u,(t )H,¢(t), ¢(O) = ¢o' (1) 
dt , 

where ¢ is a point in some abstract state space, Ho,H" ... ,H, 
are operators in this space, and the u,(t) are time-dependent 
scalar control functions. For the case that Ho,H" ... ,H, are 
linear operators, we say, in systems-theoretic parlance, that 
(1) is a bilinear system' since the last term is simultaneously 
linear in the state ¢ and the controls u{. The formulation (1) 
includes as a special case the dynamical law followed by a 
pure state in quantum theory, i.e., the Schrodinger equation 

(2) 

where H b,H; , ... ,H; are linear. Hermitian operators in the 
underlying state space jF of the quantum-mechanical sys-
tem and the u, are real functions of t. The operator H b 
=if1.Ho is naturally interpreted as the Hamiltonian deter-
mining the free evolution of the quantum system, while the 

u/H ;-ifzutH, represent its couplings or interactions with 
certain external agents. Through suitable adjustment of the 
c-number controls u,(t), these interactions may be used to 
guide the state ¢(t )5:W'. 

One may also entertain linear control systems, such 
that none of the controls u, appears in the same addend with 
the state ¢, as well as nonlinear systems of the form (1) but 
with one or more of the operators of I Ho,H, I nonlinear. 
However, these cases are of no immediate relevance to con-
ventional quantum mechanics. 

In general, the quantum-mechanical state space dY' is 
an infinite-dimensional Hilbert space. Although the H" if 
not Ho, could in principle depend on t, we shall confine our 
attention to the case that all these operators are time-inde-
pendent. We further suppose that the u, are piecewise-con-
stant functions of t, the intervals of constancy being denoted 
[ t" ti + , ), i integral. Under the stated conditions, the exis-
tence and uniqueness of a solution ¢(/) between successive 
switching times ti and Ii +, is guaranteed by the assumed 
quantum dynamics. During the prescribed interval, 
Ho + L,u,H, is a constant, skew-Hermitian operator. Pa-
tently, there is associated with that operator a unique unitary 
operator U(t, til, parametrized by f on [I;, fi + ,), with the 
property U (f, fi )¢(ti ) = ¢(t), where U (ti • ti ) = E (identityop-
erator). One may therefore proceed to patch together the 
solutions for the separate intervals to obtain an acceptable, 
continuous solution ¢(t), over the full range tER +. 

Now, a differential system such as (1) is said to be con-
trollable if, given two states ¢o and ¢; , there exists a time 
interval [O,t;] and a set of admissible controls u,(t) (in our 
case, piecewise-constant controls), such that the system tra-
jectory beginning at ¢(O) = ¢o develops under the influence 
of u(t ) to arrive at lj;(t; ) = ¢;. This concept has become one of 
the touchstones of mathematical systems theory, 2 a disci-
pline deeply rooted in classical dynamics. It is our purpose to 
introduce the controllability concept into the quantum do-

2608 J. Math. Phys. 24 (11), November 1983 0022-2488/83/112608-11 $02.50 © 1983 American Institute of Physics 2608 
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Quantum Control

Closed loop - control actions depend on information gained as the system
is operating.

• Closed loop - control actions depend on information 
gained as the system is operating. 

controller

quantum system

control
actions

information

(feedback loop)
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Quantum Control

Types of Quantum Feedback:
Using measurement

The classical measurement results are used by the controller (e.g.
classical electronics) to provide a classical control signal.

Types of Quantum Feedback:

The classical measurement results are used by the controller (e.g. classical electronics) to provide a 
classical control signal.

classical
controller

quantum system

classical 
control
actions

classical
information

• Using measurement

measurement

11
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Quantum Control

Not using measurement

The controller is also a quantum system, and feedback may involve a
flow of quantum information, as well as direct couplings.

The controller is also a quantum system, and feedback may involve a flow of 
quantum information, as well as direct couplings.

quantum
controller

quantum system

quantum 
control
actions

quantum
information

direct couplings

[coherent feedback]

• Not using measurement

12
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Quantum Control

Iterative learning control

Same scheme for estimation from repeated identical experiments.
Fresh quantum system in each iteration.

• Iterative learning control
Same scheme for estimation from repeated 
identical experiments.
Fresh quantum system in each iteration.
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Quantum Control

Examples of quantum feedback control

Adaptive phase measurement [Wiseman 1995]

Examples of quantum feedback control

Adaptive phase measurement [Wiseman 1995]

- the first quantum measurement 
feedback control experiment (a 
very important experimental test)

15

[Armen, Au, Stockton, Doherty, Mabuchi 2002]

Matt James (ANU) Quantum Feedback Control 17 / 60



Quantum Control

Laser-cavity locking

[Huntington, James, Petersen, 
Sayed Hassen, Heurs, 2009]- quantum LQG measurement 

feedback control experiment

Laser-cavity locking

16

[Huntington Lab, ADFA@UNSW]
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Quantum Control

Coherent quantum feedback control

Coherent-feedback quantum control with a dynamic compensator

Hideo Mabuchi∗

Physical Measurement and Control, Edward L. Ginzton Laboratory, Stanford University
(Dated: March 12, 2008)

I present an experimental realization of a coherent-feedback control system that was recently
proposed for testing basic principles of linear quantum stochastic control theory [M. R. James,
H. I. Nurdin and I. R. Petersen, to appear in IEEE Transactions on Automatic Control (2008),
arXiv:quant-ph/0703150v2]. For a dynamical plant consisting of an optical ring-resonator, I demon-
strate ∼ 7 dB broadband disturbance rejection of injected laser signals via all-optical feedback with
a tailored dynamic compensator. Comparison of the results with a transfer function model pinpoints
critical parameters that determine the coherent-feedback control system’s performance.

PACS numbers: 02.30.Yy,42.50.-p,07.07.Tw

The need for versatile methodology to control quantum
dynamics arises in many areas of science and technol-
ogy [1]. For example, quantum dynamical phenomena
are central to quantum information processing, mag-
netic resonance imaging and protein structure determina-
tion, atomic clocks, SQUID sensors, and many important
chemical reactions. Substantial progress has been made
over the past two decades in the development of intuitive
approaches within specific application areas [2–9] but the
formulation of an integrated, first-principles discipline of
quantum control—as a proper extension of classical con-
trol theory—remains a broad priority.

In our contemporary view it is natural to distinguish
among three basic modes of quantum control: open-loop,
in which a quantum system is driven via some time-
dependent control Hamiltonian in a pre-determined way;
measurement-feedback, in which discrete or continuous
measurements of some output channel of an open quan-
tum system are used to adjust the control actions in real
time; and coherent-feedback, in which a quantized field
scattered by the quantum system of interest is processed
coherently (without measurement) and then redirected
into the system in order to effect control. The first two
modes are entirely analogous with classical open-loop and
real-time feedback control, and their relation to exist-
ing engineering theory is now well understood [1]. The
possibility of coherent feedback, however, gives rise to a
genuinely new category of control-theoretic problems as
it encompasses non-commutative signals and quantum-
dynamical transformations thereof [14]. While some in-
triguing proposals can be found in the physics literature
[15, 16], relatively little is yet known about the system-
atic control theory of coherent feedback [18].

This article describes an experimental implementation
of coherent-feedback quantum control with optical res-
onators as the dynamical systems and laser beams as
the coherent disturbance and feedback signals. It is
presented in the context of recent developments in con-
trol theory [19–21], which have shown that optimal and
robust design of quantum coherent-feedback loops can
be accomplished (in certain settings) using sophisticated

!"#$%&!!'(
!)

!"

*
+

%&!

!'(

!
,
-
.
#

.
#
+
/
,
,

0
/

#$ !"#1

FIG. 1: Schematic diagram of the experimental apparatus
showing the coupled plant and controller resonators, vari-
able optical attenuators (PBS/HWP), piezoelectric transduc-
ers (PZT) and photodetector (PD).

methods of systems engineering (the setup parallels the
quantum-optical system analyzed in [19]). From the per-
spective of quantum information science, the results pre-
sented here represent a first step towards the goal of de-
veloping embedded, autonomous controllers that can im-
plement feedback protocols for error correction without
ever bringing signals up to a classical, macroscopic level.

Fig. 1 presents a schematic overview of the appara-
tus and the coherent feedback loop. Two optical ring-
resonators represent the “plant” and “controller” dynam-
ical systems; the control-theoretic design goal is to tailor
the properties of the controller so as to minimize the
optical power detected at output z when a “noise” sig-
nal (optical coherent state with arbitrary time-dependent
complex amplitude) is injected at the input w. The com-
ponent y of the noise beam that reflects from the plant
input coupler is treated as the error signal, which is coher-

[Mabuchi, 2008]

[James, Nurdin, Petersen, 2008]

Coherent quantum feedback control

- quantum coherent feedback 
control experiment

17

[Mabuchi Lab, Stanford]
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Quantum Control

BECs and Atom Lasers

- measurement feedback control of 
atom laser coherence (theory)

 [Wilson, Carvalho, 
Hope, James 2007]

 [Thomsen, Wiseman, 
2002]

- stabilization via measurement 
feedback (theory)

- multiloop measurement feedback 
(theory)  [Yanagisawa, James 2008]

LQG loop

✛

✲ ✲

✲

✲ ✲

✛

✻
✛

✲ ✲

✻ ✻

HDb3(t)

u(t)

k

b3,out(t)

b2,out(t)

ic(t)

classical control signal

LQG

+

photocurrent

optical

b1(t)
b1,out(t)

output fields

b2(t)
BEC mode a

pump

atom

input fields

(atom laser)

proportional gain

u1(t)

u2(t)

proportional loop

Fig. 1. A schematic representation of the multi-loop atom
laser feedback system. The output corresponding to
the input b1 forms an atom laser beam. The optical
output, which corresponds to the optical input b3, is
detected by a photon detector (HD) which produces
a photocurrent using a standard homodyne scheme.
This current is used for proportional feedback u1 =
kic and LQG feedback control u2.

H0 = k0a
†a†aa + (u1 + u2)a

†a, (1)

and three (respective) field coupling operators

L1 =
√
κ a, (2a)

L2 =
√

µa†, (2b)

L3 =
√
γ a†a. (2c)

The first term in the Hamiltonian H0 represents the atom-
atom interaction and the second one is the classical control
term. The optical output field b3,out is given by

db3,out = L3dt + db3. (3)

The output of homodyne detector (HD in Figure 1) is the

real quadrature z = b3,out + b†
3,out which satisfies

dz = (L3 + L†
3)dt + d(b3 + b†

3). (4)

Formally, the photocurrent ic(t) is related to this quadra-
ture by dz(t) = ic(t)dt.

Now consider the system after the proportional feedback
of Thomsen and Wiseman (2002) has been applied, but
before the LQG feedback is implemented; formally, u1(t) =
kic(t). This corresponds to the part above the dashed line
in Figure 1. This system is described by a Hamiltonian

H = k0a
†a†aa + u2a

†a +
i

2
(L†

3L4 − L†
4L3), (5)

where the third term is an additional Hamiltonian which
results from the proportional feedback , and

L4 = −ika†a.

The three field coupling operators are

L =

�
L1

L2

L3 + L4

�
. (6)

The third operator L3 + L4 is the result of a series
(cascade) connection, Thomsen and Wiseman (2002) (see
also Gough and James (2007)).

For an arbitrary BEC operator X, the infinitesimal time
evolution is given by (Hudson and Parthasarathy (1984),
Gardiner and Zoller (2000))

dX = LXdt + [L†db − db†L, X], (7)

where

LX = L†XL +
�
−1

2
L†L − iH

�†
X (8)

+ X
�
−1

2
L†L − iH

�

and the quantum noise input vector

b =

�
b1

b2

b3

�
. (9)

The atom laser beam is given by

db1,out = L1dt + db1. (10)

It follows from (5), the commutation relation [a, a†] = 1,
and the relation

i

2
(L†

3L4 − L†
4L3) =

√
γ ka†aa†a (11)

=
√
γ k(a†a†aa + a†a) (12)

that the nonlinear atomic interaction term can be can-
celled by the choice of proportional gain k = −k0/

√
γ. We

shall henceforth assume that this choice has been made.
The term

√
γ ka†a corresponds to a shift of the input

u, and will be ignored. Note that even though the main
nonlinear terms has been cancelled, the dynamics (7) is
still nonlinear.

3. LQG LOOP DESIGN

The nonlinearities remaining in the system after the pro-
portional feedback has been implemented may also de-
grade performance of the atom laser. To analyze this
decoherence and design the LQG feedback input for the
reduction of the decoherence, we consider linearization. In
general, the effectiveness of a linear model may only be
limited to a certain period of time, which is determined
by the coupling constant of the optical field in this case.
The purpose of the estimate feedback is then to extend the
effective time of linearization because it is proportional to
the coherence time of the atom laser beam. This can be
thought of as noise reduction. It will be shown that the
noise from the optical field can be effectively reduced by
modifying the conditional evolution with the control input
u2.

The measurement through the optical field is providing
information about the number of the condensate atoms.
As a result, the phase of the BEC mode fluctuates and
phase uncertainty increases while the number observable
is invariant in time. Fortunately, our control input is
given by the rotation operator so that one can expect the
fluctuation in the phase can be reduced by rotation control.

For the mode operator a, (7) and (4) can be written as

da =
�
−κ

2
+

µ

2
− |λ|2

2
+ iu2

�
adt (13a)

−√
κdb1 +

√
µdb†

2 − (λdb†
3 − λ∗db3)a,

dz = 2λra
†adt + (db3 + db†

3), (13b)

18

 [Close Lab, ANU]
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Quantum Control

Kangaroo Mom and baby  
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Some Quantum Mechanics

Some Quantum Mechanics

A little history

Black body radiation (Plank)
Photoelectric effect (Einstein)
Atomic quantization (Bohr)
Quantum probability (Born)
Spontaneous and stimulated emission of light (Einstein)
Matter waves (De Broglie)
Matrix mechanics, uncertainty relation (Heisenberg)
Wave functions (Schrodinger)
Entanglement (EPR)
Axiomatization, quantum probability (von Neumann)

vacuum emitted photon

atom
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Some Quantum Mechanics

Non-commuting observables

[Q,P] = QP − PQ = i~ I

Expectation

〈Q〉 =

∫
q|ψ(q, t)|2dq

Heisenberg uncertainty

∆Q∆P ≥ 1

2
|〈i [Q,P]〉| =

~
2

Schrodinger equation

i~
∂ψ(q, t)

∂t
= − ~2

2m

∂2ψ(q, t)

∂q2
+ V (q)ψ(q, t)
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Some Quantum Mechanics

The Postulates of Quantum Mechanics

Observables - self-adjoint operators on a Hilbert space H

X ≡




x1 0 0 0
0 x2 0 0
0 0 · · · 0
0 0 0 xn




Represent physical quantities

position Q
momentum P
spin σz
energy H

Matt James (ANU) Quantum Feedback Control 24 / 60



Some Quantum Mechanics

States - allow for the calculation of probabilities and expectations of
observables

E[X ] = 〈ψ|X |ψ〉, or E[X ] = Tr[ρX ].

Pure states |ψ〉 ∈ H
E.g.

ψ(x) = C exp(−1

4
x2) or ψ =

1√
2

[
1
1

]

Density operators ρ (self-adjoint, non-negative, trace one)
E.g.

ρ =
1

2

[
1 c

c∗ 1

]

Matt James (ANU) Quantum Feedback Control 25 / 60



Some Quantum Mechanics

Measurement - in a measurement, the numerical outcomes are the
eigenvalues of observables.

Probability of outcomes:

Prob[xj ] = Tr[ρPxj ]

measurement

outcomes 

(numbers)

Matt James (ANU) Quantum Feedback Control 26 / 60



Some Quantum Mechanics

Conditioning - if a measurement result xj occurs, the state changes to

ρ 7→ PxjρPxj

Tr[ρPxj ]

before after

measurement measurement

This is known as the “projection postulate”.
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Some Quantum Mechanics

Evolution - U(t) unitary satisfies Schrodinger equation

i~
d

dt
U(t) = H(t)U(t)

states [Schrodinger picture]

|ψ(t)〉 = U(t)|ψ〉

ρ(t) = U(t)ρU∗(t)

observables [Heisenburg picture]

X (t) = U(t)∗XU(t),

Matt James (ANU) Quantum Feedback Control 28 / 60



Some Quantum Mechanics

Example - Stern-Gerlach experiment

The observable representing spin in the z-direction is a 2× 2 complex
matrix

σz =

(
1 0
0 −1

)

Measurement values are
{1,−1}

which correspond to spin up and spin down, respectively.

Matt James (ANU) Quantum Feedback Control 29 / 60



Some Quantum Mechanics

Compatible and incompatible observables
One of the key differences between classical and quantum mechanics
concerns the ability or otherwise to simultaneously measure several
physical quantities. In general it is not possible to exactly measure two or
more physical quantities with perfect precision if the corresponding
observables do not commute, and hence they are incompatible.

A consequence of this is lack of commutativity is the famous Heisenberg
uncertainty principle.

We may think of quantum mechanics as the description of physical
systems using a non-commutative probability theory.

Matt James (ANU) Quantum Feedback Control 30 / 60



Some Quantum Mechanics

Classical probability
Classical physics is built on foundations of classical logic, which is closely
related to classical probability.

sample

space events

probability

distribution

= prob. of event 

= expected value

    of random variable
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Some Quantum Mechanics

Quantum probability
We may think of quantum mechanics as the description of physical
systems using a non-commutative probability theory.

events

(projections)

random variables

(operators)

state

= prob. of event 

= expected value

    of random variable

States may be defined using pure states |ψ〉 or density operators ρ:

E[X ] = 〈ψ|X |ψ〉, or E[X ] = Tr[ρX ].

Algebras A of events describe information in both classical and quantum
probability.
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Some Quantum Mechanics

The spectral theorem tells us that a commutative quantum probability
space is equivalent to a classical probability space.

The spectral theorem tells us that a commutative quantum probability space

is equivalent to a classical probability space.

The conditional expectation

E[X|C ]

is well defined if

• C is commutative

• X is affilliated to the commutant C � of C

11

We may think of quantum mechanics as the description of physical systems

using a non-commutative probability theory.

(A , P)

There is a theory of quantum stochastic processes, Ito calculus, filtering

theory, and the beginnings of quantum optimal feedback control theory.

∗-algebra

state

(Ω, F ,P)

(C , P)

10

We may think of quantum mechanics as the description of physical systems

using a non-commutative probability theory.

(A , P)

There is a theory of quantum stochastic processes, Ito calculus, filtering

theory, and the beginnings of quantum optimal feedback control theory.

∗-algebra

state

(Ω, F ,P)

(C , P)

10

We may think of quantum mechanics as the description of physical systems

using a non-commutative probability theory.

(A , P)

There is a theory of quantum stochastic processes, Ito calculus, filtering

theory, and the beginnings of quantum optimal feedback control theory.

∗-algebra

state

(Ω, F ,P)

(C , P)

commutative

10

The spectral theorem tells us that a commutative quantum probability space

is equivalent to a classical probability space.

The conditional expectation

E[X|C ]

is well defined if

• C is commutative

• X is affilliated to the commutant C � of C

This provides the mathematical basis for quantum measurement theory and

quantum filtering.

11

21

Sunday, 3 October 2010

This is the mathematics corresponding to the measurement postulate.
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Some Quantum Mechanics

Example (spin)
Measurement in the x , y and z directions correspond to non-commuting
observables

σx =

(
0 1
1 0

)
, σy =

(
0 i
−i 0

)
, σz =

(
1 0
0 −1

)

and so are incompatible (cannot be simultaneously diagonalized).
These correspond to distinct commutative subspaces:
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Some Quantum Mechanics

Conditional expectation
Let X commute with a commutative subspace C. The conditional
expectation

X̂ = π(X ) = E[X |C]

is the orthogonal projection of X ∈ A onto C.

X̂ is the minimum mean square estimate of X given C.

By the spectral theorem, X̂ is equivalent to a classical random variable.

Matt James (ANU) Quantum Feedback Control 35 / 60



Some Quantum Mechanics

Probe model for quantum measurement

measurement model

outcomes 

(numbers)

system probe

Information about the system is transferred to the probe.

Quantum conditional expectation is well defined.

The von Neumann “projection postulate” is a special case.

In continuous time, this leads to quantum filtering.
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Some Quantum Mechanics

Kangaroo Mom and baby  
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Measurement Feedback Quantum Control

Measurement Feedback Quantum ControlTypes of Quantum Feedback:

The classical measurement results are used by the controller (e.g. classical electronics) to provide a 
classical control signal.

classical
controller

quantum system

classical 
control
actions

classical
information

• Using measurement

measurement

11
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Measurement Feedback Quantum Control

Quantum systems with inputs and outputs

4

acting on a Hilbert space H (as in subsection III-A), called
the initial space). The partially transmitting mirror affords the
opportunity for this mode to interact with an external free
field, represented by a quantum stochastic process b(t) (to be
discussed shortly). When the external field is in the vacuum
state, energy initially inside the cavity mode may leak out, in
which case the cavity system is a damped harmonic oscillator,
[8].

isolator

input beam

beam
output

partially
transmitting
mirror

reflecting
mirror

cavity

B

B̃

Fig. 4. A cavity consists of a pair of mirrors, one of which is perfectly
reflecting (shown solid) while the other is partially transmitting (shown
unfilled). The partially transmitting mirror enables the light mode inside the
cavity to interact with an external light field, such as a laser beam. The external
field is separated into input and output components by a Faraday isolator.

a

B

B̃

Fig. 5. A simplified representation of the cavity from Figure 4 which omits
the Faraday isolator. It shows input B and output B̃ fields and the cavity mode
annihilation operator a. This representation will be used for the remainder of
this paper.

Quantization of a (free) electromagnetic field leads to an
expression for the vector potential

A(x, t) =

�
κ(ω)[b(ω)e−iωt+iωx/c + b∗(ω)eiωt−iωx/c]dω,

for a suitable coefficients κ(ω), and annihilation operators
b(ω). Such a field can be considered as an infinite collec-
tion of harmonic oscillators, satisfying the singular canonical
commutation relations

[b(ω), b∗(ω�)] = δ(ω − ω�),

where δ is the Dirac delta function.
An optical signal, such as a laser beam, is a free field

with frequency content concentrated at a very high frequency
ω0 ≈ 1014 rad/sec. The fluctuations about this nominal
frequency can be considered as a quantum stochastic process
consisting of signal plus noise, where the noise is of high
bandwidth relative to the signal. Indeed, a coherent field is
a good, approximate, model of a laser beam, and can be
considered as the sum b(t) = s(t) + b0(t), where s(t) is a

signal, and b0(t) is quantum (vacuum) noise. Such “signal
plus noise” models are of course common in engineering.

The cavity mode-free field system has a natural input-output
structure, where the free field is decomposed as a superposition
of right and left traveling fields. The right traveling field
component is regarded as the input, while the left traveling
component is an output, containing information about the
cavity mode after interaction. The interaction facilitated by
the partially transmitting mirror provides a boundary condition
for the fields. The two components can be separated in the
laboratory using a Faraday isolator. This leads to idealized
models based on rotating wave and Markovian approxima-
tions, where, in the time domain, the input optical field (when
in the ground or vacuum state) is described by quantum white
noise b(t) = b0(t) [8, Chapters 5 and 11], which satisfies the
singular canonical commutation relations

[b(t), b∗(t�)] = δ(t − t�). (5)

In order to accommodate such singular processes, rigorous
white noise and Itō frameworks have been developed, where in
the Itō theory one uses the integrated noise, informally written

B(t) =

� t

0

b(s)ds.

The operators B(t) are defined on a particular Hilbert space
called a Fock space, F, [21, sec. 19]. When the field is in the
vacuum (or ground) state, this is the quantum Wiener process
which satisfies the Itō rule

dB(t)dB∗(t) = dt

(all other Itō products are zero). Field quadratures, such as
B(t) + B∗(t) and −i(B(t) − B∗(t)) are each equivalent
to classical Wiener processes, but do not commute. A field
quadrature can be measured using homodyne detection, [8,
Chapter 8].

The cavity mode-free field system can be described by the
Hamiltonian

H = ∆a∗a − i�
�

k(ω)(a∗b(ω) − b∗(ω)a)dω, (6)

where the first term represents the self-energy of the cavity
mode (the number ∆ is called the “detuning”, and represents
the difference between the nominal external field frequency
and the cavity mode frequency), while the remaining two terms
describe the energy flow between the cavity mode and the
free field (a photon in the free field may be created by a
loss of a photon from the cavity mode, and vice versa). This
Hamiltonian is defined on the composite Hilbert space, the
tensor product H⊗F; the tensor product is not written explicitly
in the expression (6).

The Schrödinger equation for the cavity-free field system is
derived from (6) under certain assumptions [8], and is given
by the Itō quantum stochastic differential equation (QSDE)

dV (t) = {√γadB∗(t) −√
γa∗dB(t)

−γ
2
a∗adt − i∆a∗adt}V (t), (7)

with vacuum input and initial condition V (0) = I , so that
V (t) is unitary. The complete cavity mode-free field system

cavity modeexternal free field with 
input and output components

Quantum systems with inputs and outputs

22
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Measurement Feedback Quantum Control

Schrodinger equation

dU(t) = {LdB∗(t)− L∗dB(t)− (
1

2
L∗L + iH(u))dt}U(t)

where B(t) is a quantum Wiener process.
[Hudson-Parthasarathy (1984), Gardiner-Collett (1985)]

System operators X and output field B̃(t) evolve in the Heisenberg picture:

X (t) = jt(X ) = U∗(t)(X ⊗ I )U(t)

B̃(t) = U∗(t)(I ⊗ B(t))U(t)

Measurement of the output field (e.g. amplitude quadrature observables)

Y (t) = B̃(t) + B̃∗(t)

filterHD

measurement

signal
estimatessystem

detector

input output
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Measurement Feedback Quantum Control

Dynamics for X (t) = jt(X )—a quantum Markov process (given u)—and
output Y (t):

djt(X ) = jt(Lu(t)(X ))dt + dB∗(t)jt([X , L]) + jt([L∗,X ])dB(t)

dY (t) = jt(L + L∗)dt + dB(t) + dB∗(t)

where

Lu(X ) = −i [X ,H] +
1

2
L∗[X , L] +

1

2
[L∗,X ]L
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Measurement Feedback Quantum Control

Quantum conditional expectation

πt(X ) = E[jt(X )|Y (s), 0 ≤ s ≤ t]

Quantum filter [stochastic Schrodinger equation]

dπt(X ) = πt(Lu(t)(X ))dt

+(πt(XL + L∗X )− πt(X )πt(L + L∗))(dY (t)− πt(L + L∗)dt)

[Belavkin (1993), Carmichael (1993)]

Matt James (ANU) Quantum Feedback Control 42 / 60



Measurement Feedback Quantum Control

Conditional density operator ρ̂(t) is defined by

πt(X ) = tr[ρ̂(t)X ]

For a two-level spin system, we use Bloch sphere coordinates:

ρ̂(t) =
1

2
(I + x̂(t)σx + ŷ(t)σy + ẑ(t)σz),
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Measurement Feedback Quantum Control

The quantum filter is then given by

dx̂(t) = (−ωŷ(t)− κ

2
x̂(t))dt

+
√
κ (1 + ẑ(t)− x̂2(t))dW (t)

dŷ(t) = (ωx̂(t)− κ

2
ŷ(t))dt

+
√
κ x̂(t)ŷ(t)dW (t),

dẑ(t) = (−κẑ(t)− κ)dt

−√κ x̂(t)(1 + x̂(t))dW (t).

The innovations process is given by dW (t) = dY (t)− x̂(t)dt.

The quantum filter is driven by the measurement signal Y (t) and can be
used for measurement feedback control.
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Measurement Feedback Quantum Control

Quantum optimal control (measurement feedback)

HD

classical

measurement

signal

detector

classical

controller
classical

control

signal

Problem: minimize

J(K ) = E[

∫ T

0
C1(s)ds + C2(T )]

with respect to the controller K , where

C1(u) =

(
c1
2 |u|2 0

0 1 + c1
2 |u|2

)
, C2 =

(
0 0
0 c2

)
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Measurement Feedback Quantum Control

Using properties of conditional expectation, the cost function can be
expressed in terms of the quantum conditional expectation

J(K ) = E[

∫ T

0
πs(C1(u(s)))ds + πT (C2)]

= E[
1

2

∫ T

0
(1− ẑ(t) + c1|u(t)|2)dt +

c2
2

(1− ẑ(T ))].

This converts a quantum measurement feedback problem to a classical full
information control problem that can be solved using standard classical
optimal control methods.
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Measurement Feedback Quantum Control

Optimal measurement feedback controller:

dπt(X ) = πt(Lu(t)(X ))dt

+(πt(XL + L∗X )− πt(X )πt(L + L∗))(dY (t)− πt(L + L∗)dt)

u(t) = u?(πt , t)

Note the separation structure:

estimation part (filter, the equation for πt)

control part (u?)

HD

classical

measurement

signal

detector

classical

controller
classical

control

signal

[Belavkin (1983), Doherty-Jacobs (1999), James (2005)]
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Measurement Feedback Quantum Control

Quantum risk-sensitive optimal control (measurement feedback)

Let R(t) be defined by

dR(t)

dt
=
µ

2
C1(t)R(t), R(0) = I .

Risk-sensitive cost (average of exponential cost)

Jµ(K ) = E[R∗(T )eµC2(T )R(T )].

[James (2004, 2005)]
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Measurement Feedback Quantum Control

Can define an information state σµi (X ) so that

Jµ(K ) = E0[σµT (eµC2)]

Optimal risk-sensitive measurement feedback controller:

dσµt (X ) = σµt ((Lu(t) + µC1(u(t)))X ))dt + σµt (L + L∗)dY (t)

u(t) = uµ?(σµt , t)

Modified stochastic Schrodinger equation: [James (2004, 2005)]

knowledge
purpose

Schrodinger’s cat

The study of quantum feedback control has practical and fundamental
value.
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Quantum Feedback Networks

Quantum Feedback Networks (QFN)

Quantum information is lost when measurements are made.
Coherent feedback loops need not involve measurements, and so
allow for the flow of quantum information. The controller is another
quantum system.The controller is also a quantum system, and feedback may involve a flow of 

quantum information, as well as direct couplings.

quantum
controller

quantum system

quantum 
control
actions

quantum
information

direct couplings

[coherent feedback]

• Not using measurement

Monday, 4 April 2011
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Quantum Feedback Networks

• builds on laws of physics (Maxwell, Faraday, 
Ohm,...)

• evolved to meet the needs of electrical 
system designers (Thevenin, Kirchhoff,...)

• includes
- device models
- rules for interconnection
- methods for analysis, simplification, and      
synthesis

Modern electrical circuit theory...

Monday, 4 April 2011
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Quantum Feedback Networks

In a quantum feedback network (QFN)

The nodes are open quantum systemsThe nodes are open quantum systems.

The links describe how nodes interact:
- directly

- via a field channel or quantum wire

The branches are

direct physical couplings

The nodes are open quantum systems.

The links describe how nodes interact:
- directly

- via a field channel or quantum wire
or
indirect couplings using freely travelling quantum fields serving as
‘quantum wires’.

The nodes are open quantum systems.

The links describe how nodes interact:
- directly

- via a field channel or quantum wire

[Yurke-Denker (1984), Carmichael (1993), Gardiner (1993), Wiseman-Milburn (1994),

Yanagisawa-Kimura (2001), Gough-James (2008,2010)]
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Quantum Feedback Networks

A quantum feedback network theory

Quantum Behaviors and Networks

11.03.08 Submitted to IEEE CDC, 2008

Matthew R. James John Gough

Abstract—The purpose of this paper is to discuss how
Willems’ behavioral modeling might be applied to physical
systems governed by the laws of quantum physics. As we shall
explain, this entails shifting the emphasis from trajectories of
values to variables. A quantum behavior is defined in terms
of the evolution of physical variables according to quantum
mechanics. This evolution is given in terms of parameters that
specify the internal energy of the system, and any interfaces to
other systems or fields. A simple framework for modeling open
quantum systems and networks of such systems is described;
this framework provides tools for determining quantum behav-
iors. The ideas are illustrated by an example from quantum
optics.

I. INTRODUCTION

The behavioral approach to dynamical systems modeling

has been developed by Willems and collaborators (e.g. [9],

[11], [12]) to provide general model structures that are in-

tended to be appropriate for applications. Behavioral models

describe the range of possibilities that are allowed by the

system being considered, and do not depend on notions

of state nor inputs and outputs. While these notions can

be accommodated and may play important roles, behavioral

modeling is focused on trajectories of values (usually numer-

ical) of system variables and how they are determined. In

particular, the problem of control is seen as finding a control

system that can be connected to the plant being controlled

so that the behavior of the combined system has desirable

properties.

The purpose of this paper is to discuss how behavioral

modeling might be applied to physical systems governed by

the laws of quantum physics. As we shall explain, this entails

shifting the emphasis from trajectories of values to variables.

The unitary dynamical postulate from quantum mechanics

determines how physical variables may evolve in time, thus

determining the quantum behavior. This unitary flow is spec-

ified from physical considerations concerning the energy of

the system, and is usually expressed in terms of a differential

equation, the Schrodinger equation; this may be regarded as

the quantum behavioral equation. Energy specifications may

be regarded as a (non-numerical) parameterization of the

quantum behavior.

In order to get a feeling for what is involved, consider the

quantum optical network shown in Figure 1, which illustrates

a pair of optical cavities coupled by an optical medium

Department of Engineering, Australian National University, Canberra,
ACT 0200, Australia. Matthew.James@anu.edu.au. Research supported by
the Australian Research Council.
J. Gough is with the Institute for Mathematical and Physical Sciences,
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beam

output

V
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a2

Ã2

A1

Ã1

A2

Fig. 1. A pair of optical cavities coupled by an optical medium and an
optical interconnect, [13, Fig. 1]. Each cavity consists of a pair of mirrors,
one of which is perfectly reflecting (shown solid) while the other is partially
transmitting (shown unfilled). The partially transmitting mirror enables the
light mode inside the cavity to interact with an external light field. The
external field is separated into input and output components by a Faraday
isolator. The optical interconnect is formed when light from the output of
one cavity is directed into the input of the other, here using additional
mirrors.

and an optical interconnect (a light beam). To describe the

behavior of such a network, one needs a mathematical model

that can represent the physical properties of the components

(the cavities), and the mechanisms for interconnection. In

quantum mechanics, the variables (represented as operators

on a Hilbert space, and called observables) that are used

to describe the cavity include ones that do not commute—

this is a fundamental feature of quantum mechanics, and

well known consequences include the famous Heisenberg

uncertainty principle, [7]. It is because of the presence of

observables that do not commute that quantum behavioral

modeling needs to focus on variables, instead of numerical

values; the latter suffice for classical (i.e. non-quantum)

deterministic situations. Since the network of Figure 1

includes the use of an external free field channel (light

beam) as an interconnect, the modeling framework needs

an efficient and tractable quantum mechanical description

for such field channels. Quantum noise models [8], [4] can

be used to describe the random influence of the optical

fields on the cavities. Quantum noise modeling is much like

classical white noise modeling, except that the quantum noise

includes components that do not commute, and is therefore

fundamentally quantum mechanical. A wide range of such

cavity pair is given by the reducible system

N = G1 ∧ G2 = (Gf2 �Gf1) � (Gd1 �� Gd2)

= (1,
√
γ2 a2 +

√
γ1 a1, ,

∆1a
∗
1a1 + ∆2a

∗
2a2 − ig(a2a

∗
1 − a∗

2a1))

This expression simply and transparently describes the net-

work in terms of the interconnections used in forming it, and

is illustrated in Figure 9.

A1 �✲

✛ ✲

✲✲
A2 = Ã1

f1

N

d1 �� d2

f2

Ã2

�

Fig. 9. Network representation of the connected cavity pair.

The connected cavity pair may be considered as an open

system with a single field channel and no direct connection

channels, as described by the parameters N given by (??),

as shown in Figure 10 (equivalent circuit). This determines

the quantum behavior of the connected cavity pair system

through the quantum behavioral (Schrodinger) equation (3).

�✲ ✲

N

Fig. 10. Equivalent representation of the connected cavity pair.

VI. DISCUSSION AND CONCLUSIONS

In this paper we have discussed some ideas underlying

how the “behavioral approach” might be applied to open

quantum systems. Important points to note include:

1) In modeling open quantum systems, emphasis is placed

on variables, not values. The signal space of values U
is replaced by a ∗-algebra U of physical variables.

2) The behavior of an open quantum system is determined

by parameters (S,L,Z,H) (recall (11)) through the
quantum behavioral equation (Schrodinger) equation

(3). As a consequence, the time evolution of a typical

system variable X ∈ U is given by (5), while that of

any output field channels is given by (8) and (10).

3) The quantum behavioral modeling framework does

not depend on system states. States are used only

when needed—to compute statistical quantities for a

complete system. State specification is an important

part of physical modeling, but is independent of the

behavior.

4) Quantum behavioral modeling does not demand in-

puts and outputs. The framework allows for direct

connections between systems in a natural physical

manner, without imposing an input output structure. It

also allows for indirect connections via field channels,

where an input-output structure is natural.

In the spirit of systems theory, we have provided efficient

algebraic tools for describing open quantum networks using

parameters, complete with rules for decomposition and as-

sembly. The example discussed in subsection V-B employed

the techniques of “tearing (examining the interconnections)

and zooming (examining the subsystems) in a hierarchical

fashion” [12, sec. 9]. One could consider Willems’ terminol-

ogy of manifest and latent variables in the present context,

although we have not done so here. For instance, in the

example of subsection V-B one might think of the input

A1 and output Ã2 as manifest variables, while the variables

associated with the connections may be regarded as latent.

The internal cavity variables could be regarded as latent also.

Clearly, our discussion of quantum behaviors has been at

a general level. It is not clear what, if any, meaning may

be given to behavioral notions and methods developed in

detail for deterministic classical linear systems in [9] (such as

controllability) in the quantum context. It is possible that they

may depend too much on the context of numerical values and

linearity.

We remark that classical (i.e. non-quantum) systems, de-

terministic or stochastic, linear or nonlinear, may be regarded

as special cases by considering them as commutative sub-

systems of open quantum systems. This will be discussed in

more detail in a journal version of this paper.

It seems that the behavioral ideas we have discussed for

open quantum systems and networks, with their focus on

the behavior of physical variables, is consistent with much

of the behavioral philosophy advocated by Willems and

collaborators, e.g. [9], [11], [12]. However, it appears that we

need a quantum probability space (U , P)2: the big quantum
physical variable space in the sky (cf. [9, page 7])!

Acknowledgment. The authors wish to thank Ian Petersen

and Jochen Trumpf for helpful discussions.
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γ1 a1, , (19)
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∗
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work in terms of the interconnections used in forming it, and
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The connected cavity pair may be considered as an open

system with a single field channel and no direct connection

channels, as described by the parameters N given by (??),

as shown in Figure 10 (equivalent circuit). This determines

the quantum behavior of the connected cavity pair system

through the quantum behavioral (Schrodinger) equation (3).
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VI. DISCUSSION AND CONCLUSIONS

In this paper we have discussed some ideas underlying

how the “behavioral approach” might be applied to open

quantum systems. Important points to note include:

1) In modeling open quantum systems, emphasis is placed

on variables, not values. The signal space of values U
is replaced by a ∗-algebra U of physical variables.

2) The behavior of an open quantum system is determined

by parameters (S,L,Z,H) (recall (11)) through the
quantum behavioral equation (Schrodinger) equation

(3). As a consequence, the time evolution of a typical

system variable X ∈ U is given by (5), while that of

any output field channels is given by (8) and (10).

3) The quantum behavioral modeling framework does

not depend on system states. States are used only

when needed—to compute statistical quantities for a

complete system. State specification is an important

part of physical modeling, but is independent of the

behavior.

4) Quantum behavioral modeling does not demand in-

puts and outputs. The framework allows for direct

connections between systems in a natural physical

manner, without imposing an input output structure. It

also allows for indirect connections via field channels,

where an input-output structure is natural.

In the spirit of systems theory, we have provided efficient

algebraic tools for describing open quantum networks using

parameters, complete with rules for decomposition and as-

sembly. The example discussed in subsection V-B employed

the techniques of “tearing (examining the interconnections)

and zooming (examining the subsystems) in a hierarchical

fashion” [12, sec. 9]. One could consider Willems’ terminol-

ogy of manifest and latent variables in the present context,

although we have not done so here. For instance, in the

example of subsection V-B one might think of the input

A1 and output Ã2 as manifest variables, while the variables

associated with the connections may be regarded as latent.

The internal cavity variables could be regarded as latent also.

Clearly, our discussion of quantum behaviors has been at

a general level. It is not clear what, if any, meaning may

be given to behavioral notions and methods developed in

detail for deterministic classical linear systems in [9] (such as

controllability) in the quantum context. It is possible that they

may depend too much on the context of numerical values and

linearity.

We remark that classical (i.e. non-quantum) systems, de-

terministic or stochastic, linear or nonlinear, may be regarded

as special cases by considering them as commutative sub-

systems of open quantum systems. This will be discussed in

more detail in a journal version of this paper.

It seems that the behavioral ideas we have discussed for

open quantum systems and networks, with their focus on

the behavior of physical variables, is consistent with much

of the behavioral philosophy advocated by Willems and

collaborators, e.g. [9], [11], [12]. However, it appears that we

need a quantum probability space (U , P)2: the big quantum
physical variable space in the sky (cf. [9, page 7])!

Acknowledgment. The authors wish to thank Ian Petersen

and Jochen Trumpf for helpful discussions.

REFERENCES

[1] V.P. Belavkin. Quantum stochastic calculus and quantum nonlinear
filtering. J. Multivariate Analysis, 42:171–201, 1992.

[2] L. Bouten, R. Van Handel, and M.R. James. An introduction to
quantum filtering. SIAM J. Control and Optimization, 46(6):2199–
2241, 2007.

[3] C.W. Gardiner. Driving a quantum system with the output field from
another driven quantum system. Phys. Rev. Lett., 70(15):2269–2272,
1993.

[4] C.W. Gardiner and P. Zoller. Quantum Noise. Springer, Berlin, 2000.
[5] J. Gough and M.R. James. The series product and its application

to quantum feedforward and feedback networks. arxiv.org/quant-
ph/0707.0048 2007.

[6] A.S. Holevo. Statistical Structure of Quantum Theory. Springer,
Berlin, 2001.

[7] E. Merzbacher. Quantum Mechanics. Wiley, New York, third edition,
1998.

[8] K.R. Parthasarathy. An Introduction to Quantum Stochastic Calculus.
Birkhauser, Berlin, 1992.

[9] J.W. Polderman and J.C. Willems. Introduction to Mathematical

Systems Theory. Springer Verlag, New York, 1998.

2See [2] for a definition.

cavity pair is given by the reducible system

N = G1 ∧ G2 = (Gf2 �Gf1) � (Gd1 �� Gd2)

= (1,
√
γ2 a2 +

√
γ1 a1, , (19)

∆1a
∗
1a1 + ∆2a

∗
2a2 − ig(a2a

∗
1 − a∗

2a1)).

This expression simply and transparently describes the net-

work in terms of the interconnections used in forming it, and

is illustrated in Figure 9.

A1 �✲

✛ ✲

✲✲
A2 = Ã1
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Fig. 9. Network representation of the connected cavity pair.
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Fig. 10. Equivalent representation of the connected cavity pair.
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systems of open quantum systems. This will be discussed in

more detail in a journal version of this paper.

It seems that the behavioral ideas we have discussed for

open quantum systems and networks, with their focus on

the behavior of physical variables, is consistent with much

of the behavioral philosophy advocated by Willems and

collaborators, e.g. [9], [11], [12]. However, it appears that we

need a quantum probability space (U , P)2: the big quantum
physical variable space in the sky (cf. [9, page 7])!

Acknowledgment. The authors wish to thank Ian Petersen

and Jochen Trumpf for helpful discussions.

REFERENCES

[1] V.P. Belavkin. Quantum stochastic calculus and quantum nonlinear
filtering. J. Multivariate Analysis, 42:171–201, 1992.

[2] L. Bouten, R. Van Handel, and M.R. James. An introduction to
quantum filtering. SIAM J. Control and Optimization, 46(6):2199–
2241, 2007.

[3] C.W. Gardiner. Driving a quantum system with the output field from
another driven quantum system. Phys. Rev. Lett., 70(15):2269–2272,
1993.

[4] C.W. Gardiner and P. Zoller. Quantum Noise. Springer, Berlin, 2000.
[5] J. Gough and M.R. James. The series product and its application

to quantum feedforward and feedback networks. arxiv.org/quant-
ph/0707.0048 2007.

[6] A.S. Holevo. Statistical Structure of Quantum Theory. Springer,
Berlin, 2001.

[7] E. Merzbacher. Quantum Mechanics. Wiley, New York, third edition,
1998.

[8] K.R. Parthasarathy. An Introduction to Quantum Stochastic Calculus.
Birkhauser, Berlin, 1992.

[9] J.W. Polderman and J.C. Willems. Introduction to Mathematical

Systems Theory. Springer Verlag, New York, 1998.

2See [2] for a definition.

[Wiseman-Milburn, 1994]

Reducible networks in quantum optics

[Gough and James (2008, 2010)]
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Quantum Feedback Networks

According to Mabuchi 2008:

“. . . a genuinely new category of control-theoretic problems
as it encompasses non-commutative signals and
quantum-dynamical transformations thereof” and
“. . . relatively little is yet known about the systematic
control theory of coherent feedback”.

measurement. However, if the controller is another quantum system, then measurement is not needed and
the resulting feedback system is fully at the quantum level. This is known as coherent quantum feedback
control, of which there are several variations. Our primary interest in this project concerns coherent feed-
back that is mediated by a freely travelling field, or ‘quantum wire’ (carrying photons or electrons capable
of transmitting quantum information), [33, 42, 46, 48, 49]. According to Mabuchi [48], this “. . . gives rise
to a genuinely new category of control-theoretic problems as it encompasses non-commutative signals and
quantum-dynamical transformations thereof” and “. . . relatively little is yet known about the systematic con-
trol theory of coherent feedback”. Figure 4 illustrates a coherent quantum feedback system, [46,48]. In the
near future, it will become possible to implement quantum feedback networks like this on microchips, e.g.
photonic crystals, [4, 6]. Such enabling developments are of critical importance for quantum technology.

(b) Quantum optics experiment (c) Photonic crystal cavity(a) Schematic  

Figure 4: A coherent quantum feedback system. (a) Schematic, [46, 48], (b) experimental demonstration
(H. Mabuchi, Stanford, [48]). (c) An optical cavity implemented on a photonic crystal microchip, [4, 6].

Innovation

At present there is little in the way of systematic engineering methodologies for system integration and
coherent feedback control available to quantum technology researchers. This project addresses this deficit
through the following key innovations:

1. Access to powerful systems and control approaches through the use of quantum stochastic models for
describing quantum networks.

2. Application of quantum network models for description of systems to be simulated on quantum ana-
log computers (QAC).

3. Combination of quantum network models and quantum analog computation for coherent feedback
control design.

The first key innovation of this project is based on the recognition of the importance of quantum stochastic
models (by which I mean quantum stochastic differential equation (QSDE) models, as described below) for
the analysis and design of quantum technologies. At the present time, the potential of QSDE models has
yet to be fully exploited. This project uses the fact that QSDE models give Heisenberg picture dynamical
equations for physical quantities (like energy, spin, position, etc). These equations are a natural quantum
generalisation of the differential equation models so frequently used in classical engineering and physics.
This recognition allows us to adapt, where possible and appropriate, the powerful approaches of classical
systems theory to the quantum context,1 and this will lead to advanced techniques that capture and exploit
the unique resources of quantum mechanics. In particular, the first major outcome of this project will be
quantum network models and tools that allow for the interconnection of a wide range of physical systems,
and the inclusion of mechanisms for decoherence. The network theory provides a powerful way of encoding

1Classical systems theory does not apply to quantum technology because it does not take quantum mechanics into account.

[James, Nurdin & Petersen (2008)] [Mabuchi (2008)]
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Future Directions

Future Directions

• quantum computers

• quantum communications

• quantum metrology

• other quantum technologies

Integration of solid-state and optical approaches 
Quantum memories/repeaters for long-distance communication, computation 
Optical interfacing between solid-state spin qubits 
On-chip photonics for optical/solid-state quantum computation  

Quantum repeater memories & end-stations 
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Future Directions

CQC2T Strategic Plan and Vision 

Quantum 
Communication 

Optical 
Quantum 

Computation 

Silicon 
Quantum 

Computation 

Quantum 
Resources & 
Integration 

Quantum crypto in the 
Parliamentary Triangle 

Quantum repeater 

4 year goals 
7 year goals 
Multi-qubit gates 
Quantum circuits 

Si quantum photonics 

Multi-qubit gates 
Spin qubit transport 

Optical-silicon interface 

Quantum memory 
Photon sources 

Photon detectors 

Ultra-Secure Global Quantum Network 

photonic quantum processor silicon quantum processor 

photonic 
interconnects 

quantum 
repeaters 
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Future Directions

Role of Systems and Control Researchers

To develop holistic, systems-oriented concepts, theories, methods and
tools based on quantum mechanics (in place of classical mechanics)

Participate in the development of quantum technologies

• To develop holistic, systems-oriented concepts, 
theories, methods and tools based on quantum 
mechanics (in place of classical mechanics)

• Participate in the development of quantum 
technologies

Role of Systems Theorists and Engineers

...quantum mechanics as a science 
has matured
...quantum engineering as a 
technology is now emerging...

[Dowling-Milburn, 2003]

Monday, 4 April 2011
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Future Directions

Quantum feedback control

quantum feedback network modelling and analysis

large scale quantum networks
dynamical behavior
quantum coherence and entanglement
quantum - classical systems

fully quantum coherent feedback design

non-commutative variables and signals
design by interconnection
optimization
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Future Directions

‘...the most fruitful areas for growth of sciences were those ...
between various established fields.’

‘It is these boundary regions of science which offer the richest
opportunities to the qualified investigator.’

Norbert Wiener, Cybernetics, 1948

Kangaroo Mom and baby  
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Milky way (see from southern hemisphere ) 
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