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US Students, postdoc participants

=2 Washington

University in St.Louis

=78 USC University of
Southern California

Emily Reed, Benjamin Sheller Jonathan Monroe Eliav Maas
Ph.D. student, Postdoc, Rutgers Univ., Microelectronics physicist at System engineer,
Univ. of South. Calif. Consultant, lowa State Univ. @BHEI/VE@ startup

Carrie Weidner

Ph.D., U. Col., Boulder,

Postdoc, Aarhus Univ.,
A =

— Denmark

Ké University of
B BRISTOL

Senior lecturer

“Carrie [Weidner] comes to Bristol with the
ultimate goal of developing a quantum gas
microscope with two orthogonal axes of high-
resolution imaging for use in quantum simulation,
but she plans to start with an ultracold atom setup
that will be used (among other things) to study
robust quantum control.”



US Students personal statements

“I enjoyed the experience very much. The environment was very conducive for learning and
exploring ideas, and especially the chance to engage with each other outside of the formal lecture
environment was very useful. | would highly recommend the experience to others, or take
advantage of it again if able. | am still in semi-reqular contact with several of the other
participants, and hope to work more with them in the future, as a result of the discussions we had

at the time.”
Benjamin Sheller,

Postdoc, Rutgers University

“I am grateful to have had the opportunity to attend the international robust quantum control
workshop in the UK in 2019. Not only did I learn a lot about the foundations of robust quantum
control, but | also was able to form relationships with new colleagues in this area of research. Out
of this, we were able to write and submit a tutorial paper that outlines robust quantum control
for new researchers and overviews the current challenges in this exciting area of study. | look
forward to continuing to research in this area and collaborate with my colleagues.”
Emily Reed,
Ph.D. student, Univ. of South. California

“The ASI was a phenomenal opportunity to learn from experts | would have otherwise not had the
pleasure of meeting. The subjects we covered opened incredible opportunities in my current
position, and | have benefitted immensely from the experience of learning alongside my new peers.
The fact that we were able to publish a paper based on our discussions is an apt testimony to the

depth of learning and productivity that | enjoyed at ASI.”
Jonathan Monroe,

Microelectronics physicist at Boeing



US postdoc personal statement

“In many ways the ASI was a highlight of my postdoc. It was excellent to connect with students,
postdocs, and professors in robust control, a field that | was (and still am) quite new to. |
bonded immediately with my peers and truly enjoyed the balance of study and leisure that the
program provided, because this facilitated discussion amongst all of us—even resulting in a
paper under review. The collaboration that | have built up as a result of the ASl is, without a
doubt, one of my most productive in terms of measurable research outputs and sheer

enjoyment, and | am very grateful to have taken part.”

Dr. Carrie Weidner
Lecturer, Bristol University



British student participants

e
e |
Anastasia Ugaste, Benedict Uttley,
Software engineer/ Bioinformatician/
HP computing Computational Biologist

Chris Davis-Jenkins,
Postdoc
at Johns Hopkins
specializing in
Magnetic Resonance
spectroscopy

Max Chandler,
Site reliability engineer
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 VVenue: Wales, United Kingdom
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* First week program in Cardiff: spintronics control



Programme

Mo 06724

Tu 0625

We 06726

Fr 06728

09:30-10:00
10:00-13:00
13:00-14:00
14:00-17-00
19:00-21-00
09:30-12:30
12:30-14:00
14:00-17-00
17-00

09:30-12:30
12:30-14:00
14:00-19:00
09:30-12:30
12:30-14:00
14:00-17-00
19:00-21-00
09:30-12:30
12:30-13:30
13:30-17-00
17-00-18:00
19:00-21-00

First Week Program in Cardiff

Admin and Visa Checks

Seszsion 1 (SMS) — Classical ve Quantum Control
Lunch

Seszsion 2 (SMS) — New |deas for Cuantum Control
Welcome Dinner in Cardiff

Session 3 (FCL) — Bayesian Leaming and Parameter Estimation
Lunch A=

Session 4 (FCL) — Machine leaming wn il

Free to explore on your own Z Z | =
Seszsion 5 — Guest lectures & discussion (Chriz, Carmmie, Anastazia)
Lunch

Cardiff Castie (£13, 09:00-18:040) and walking tour of city

Seszsion 6 (EJ) — Robust control fundamental limitations

Lunch

Seszsion 7 (BEJ) — Structured uncertainties in spin nebworks

Dinrer i Cardiff

Seszsion 8 — Participant presentation session

Lunch

Welsh Hentage Cenire, St Fagans (free, 10:00-17:00)

Transfer to Marriott-5t Pierre (from 5t Fagans or Candiff)

Dinner at Marmiott-St Pieme

Sa 06729

Su 06730

09:30-12:30
12:30-14:00
14:00-17-00
18:00

09:30-12:30
12:30-13:00
13:30-16:30
16:30

Session 9 — Practical work and discussion session
Lunch

Session 10 — Practical work and digcussion session
Dinner at Marmott-St Pieme

Seszsion 11 — Discussions and planning for week 2
Lunch at Marrioft St Pierre

Visit to Tintern Abbey (E7.30, 9:30-17-00)

Transfer to Swansea

New pitch in
guantum control
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The hint for this apparently aberrant behavior is a discrepancy between the
classical and the quantum concept of error:
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F. C. Langbein, S. G. Schirmer and E. Jonckheere, “Static bias controllers for XX spin-1/2 rings,” Data set, figshare,
DOI:10.6084/m9.figshare.3485240.v1, July 3, 2016.

E. Jonckheere, S. Schirmer and F. Langbein , “Jonckheere-Terpstra test for nonclassical error versus log-sensitivity
relationship of quantum spin network controllers, International Journal of Robust and Nonlinear Control, 28, pp. 2383-2403,
2018. arXiv:1612.02784 [math.OC].

S. Schirmer and E. Jonckheere and F. Langbein, “Design of feedback control laws for spintronics networks,” IEEE AC, 2018.
arXiv:1607.05294.



British and American students
interacting during a coffee break
in Cardiff University

Professor Schirmer
lecturing




Programme

Mo D624

Tu 0625

DE/26

O&f27

Fr 0625

09:30-10:00
10:00-13:00
13:00-14:00
14:00-17-00
19:00-21:00
09:30-12:30
12:30-14:00
14:00-17-00
17-00

09:30-12:30
12:30-14:00
14:00-19:00
09:30-12:30
12:30-14:00
14:00-17-00
19:00-21:00
09:30-12:30
12:30-13:30
13:30-17:00
17:00-18:00
19:00-21:00

End of First Week Program in Chepstow

Admin and Visa Checks

Seszsion 1 (SMS) — Classical ve Quantum Control

Lunch

Seszsion 2 (SMS) — New |deas for Cuantum Control

Welcome Dnner in Cardiff

Session 3 (FCL) — Bayesian Leaming and Parameter Estimation
Lunch

Session 4 (FCL) — Machine leaming

Free to explore on your own

Seszsion 5 — Guest lectures & discussion (Chriz, Carmmie, Anastazia)
Lunch

Cardiff Castie (£13, 09:00-18:040) and walking tour of city
Seszsion 6 (EJ) — Robust control fundamental limitations

Lunch

Seszsion 7 (BEJ) — Structured uncertainties in spin networks
Dinrer in Cardiff

Seszsion 8 — Participant presentation session

Lunch

Welsh Hertage Cenfre, St Fagans (free, 10:00-17.00)

Transfer to Marriott-5t Pierre (from 5t Fagans or Candiff)
Dinner at Marmott-St Pierme

Sa 06729

Su 06730

09:30-12:30
12:30-14:00
14:00-17-00
18:00

09:30-12:30
12:30-13:00
13:30-16:30
16:30

Session 9 — Practical work and discussion session
Lunch -
Session 10 — Practical work and digcussion session
Dinner at Marmott-St Pieme

Seszsion 11 — Discussions and planning for week 2
Lunch af Marmioft 5t Pierre R 9
Visit to Tintern Abbey (ET.30, 9:30-17-00) w -
Transfer to Swansea

Quantum dynamics is ergodic (there is Poincare recurrence of
the minimum fidelity error.)
Is it (exponentially?) mixing??? What is the distribution of the |
return time? Erlang? -
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e Second week program in Swansea: photonics



Second Week Program

in Swansea

mﬂm UNIVERSITY OF

=+ TOSHIBA

Quantum Light Sources using InAs quantum dots

David Ritchie'#

Mark Stevenson?, Robert Young™2, Andy Hudson™2, Cameron Salter’:2,
Raj Patel'-2, Antoine Boyer de la Giroday™2, Matt Pooley™2, David Ellis’-2,
Andre Schwagemann’2, Christiana Varnava®Z, Anthony Bennett?, Martin
Ward?, Joanna Skiba-Syzmanska?, Paola Atkinson?, Ken Cooper?,
Ayesha Jamil', Christine Nicoll’, lan Farrer!3 Peter Spencer', Andrey

Innovate UK

Technalogy Strategy Board

hl.l'c:r:n.ulnn ‘un:c:w

| dt SEREY | SAN[i‘iE [@secooc QA P

Krysa’, Jon Heffernan®, Andrew Shields?
32k = 1 Cavendish Laboratory, University of Cambridge
=T % 2Quantum Information Group, Toshiba Research Europe
z 3 University of Sheffield
4+ Swansea University
r{ Engineering and Physical Sciences
EPSRC Research Council

Mo 0701 09:30-12:30 Session 12

12301400 Lunch

14:00-17:00 Session 13

18:00 Swansea Marina and Dinner (Meridian Tower)
Tu 0702 09:30-12:30 Session 14 — Guest lectures, Lab Tours, Discussion

12:30-14:00 Lunch

14:00-19:00 Brecon Beacons or Pembrokeshire Trip
We 0703 09:30-12:30 Session 15

12:30-14:00 Lunch

14:00-17:00 Session 16

19:00-21:00 Dinner at Mumbles
Th 07104 09:30-12:30 Session 17 — Guest lectures, Lab Tours, Discussion

12:30-14:00 Lunch

14:00-19:00 Gower irip (Arrows, Talons and Tea af Pemiswood, Dinner af Wormshead)
Fr 0705 09:30-12:30 Session 18

12:30-14:00 Lunch

14:00-17-00 Session 19 — Participant final presentations

1700 Free time
Sa 0706 Welsh Nafional Airshow [Swansea)

Su

o7y

Welsh Nafional Airshow (Swansea)



Second Week Program
in Swansea

Mo

Tu

Fr

et
e

e

0701 09:30-12:30
12:30-14:00
14:00-17:00
15:00

0702 09:30-12:30
12:30-14:00
14:00-159:00

0703 09:30-12-30
12:30-14:00
14:00-17:00
19:00-21:00

0704 09:30-12-30
12:30-14:00
14:00-19:00

0705 09:30-12:30
12:30-14:00
14:00-17:00
17:00

Session 12
Lunch
Session 13

Applications of Entangled Photons

functionalities that are not possible using classical light

Quantum Cryptography verifiably secure way to distribute digital keys

quantum repeater
allows key
distribution over
long distances

: | optical

Briegel ot al, PRL 81,
5932 (1998)

1001011011000

O—r

+«—— fibre
1001011011000

O~

Quantum Imaging
using entangled photons to beat

the Rayleigh limit Boto etal, PRL 85 (2000)

two entangled beams

X 2

[T

“Resolution = A / (2Nsing)

Quantum Computing

auxillary
;'og."c ga fos detector
comprising linear ! sinal r:‘
. control single
opﬂcq{ elements F'*"“'“""'E"“
conditioned by illiary tri
. auxilliary triggere
auxiliary entangled photon pairs
measurements target photon=as
Knill, Laflamme & =
Milburn, Nature 409, 46 ¥
(20017) U
auxillary
detector

g

a
-

Swansea Marina and Dinner (Meridian Tower)
Session 14 — Guest lectures, Lab Tours, Discussion

Lunch

Brecon Beacons or Pembrokeshire Trip

Session 15

Lunch

Session 16

Dinner at Mumbles

Session 17 — Guest lectures, Lab Tours, Discussion

Lunch

Gower trip (Arrows, Talons and Tea af Pemiswood, Dinner af Wormshead)

Session 18
Lunch

Session 19 — Parficipant final presentations

Free time

Sa
Su

070G

Welsh Nafional Airshow {Swansea)
O07m7T Welsh Nafional Airshow {Swansea)



US-UK international student research in robust

control of quantum networks y?
A

 Products
— Classical versus quantum fundamental limitations

— Structurally uncertain quantum network robustness



PREPRINT

Robust Quantum Control in Closed and Open Systems:
Theory and Practice

C.A. Weidnar, E.A. Read, J. Monrog, B. Sheller, E. Maas, E.A. Jonckheare, FC. Langbein, S.G. Schirmear

Abstract— Robust control of quantum systems is an increas-
ingly relevant field of study amidst the second quantum revolution,
but thers mmains a gap between guantum i
control. To develop general theories of robust quantum control,
thiz gap must be minimized, as general quantum sysiems are
not amenable to analysis via classical robust control echnigues,
2.g., the formulation as linear, time-invariant problems. This tutorial
is written for the control theorist and presents an introduction
to quantum sysems, issues that arise when ing classical
robust l:m‘ln?l theory to quantum systems, typical mef used
hgqmmum toexplor such i

ms to be addressad in the field. This turorial’'s focus

|:||1 nerd practical q)plmnnne allows the control researcher to

rstand and begin applying their knowledge to advance this
burpnnng field.

Index Terms— Quantum Systems, Quantum Information, Ouan-
tum Gontrol, Robust Control

I. INTRODUCTION

As quantum technologies continue 1o mame, their development
will transition from proofs-of-principle to well-engineered systems
with numerous commercial applications in computing, sensing. and
networking. However, the transformation of quantum technologies
into the real-world application space requires the development of
robust means to control znd manipulzie these gquantum sysems
Quantum control theory has been developad to the point whene a
number of Eexthooks [1]. [2] and comprehensive review papers [3}-
[8] have baen writien on the subject. While classical robust controd is
exkensively studied and well-understood [9], rigorous development of
robust control protocols for quantum mechanical sysems emains an
open field of research as classical methods cannot be readity applied
b quantum systems in general

Cpherent quanium control is natwrally formulated in Eerms of
bilinear control systems with time-dependent controls that do not
map easily to the framework of robust linear controd, and cobemnt
quantum systems are only marginally stable. Progess in decobemnce-
based state peparation [10], [11] and bath engineering [12] has not
stromgly leveraged robust control theory. Therefore, mone mesearch is

This work wes pariialy supporied by NSF IRIS 1829078

CAW i= with the ni of Physics and Astono
Aarhuz University, Ny Muni 120, 6000 Asrhuz G, De
cwaidnerfphys. au.dk.

EM, EAR and EAJ are with the Ming Hsieh Elsctrical and
Compuier  Enginearing Depﬂn.rnem. University of Southern
Cefforniz, Los Angeles, GA 90007, partialy supporied by NSF
IAIS 182007E; <liav.maasfusc.adyn, amilyrecbusc.edu,
jonckhoaBusc.adu.

JM is with the Department of Physics, Washingion University, St.
Louis, §.monroefwustl. edu

BS iz with the Depanmem of Mathematics and GCom-
putar Science, Flu't@'rs University, MNewark, NJ 07102,
shellarba.mathfgmail . com

FCL iz with the Edmul of Gomputer Science and Infermatics, Cardiff
University, UK, frank®langbain. org.

SGE is with the Faculty of Sclence & Engineering, Swansea Univer-
sity, Singieton Park, Swenses, SA2 8P, UIE lwilEbDRgmail . com

meeded indo the theomtical underpinnings of robust guantum control
as well as practical applications and eventual implementation into real
systems. The overarching questions still remain to be answerd Can
4 quantum sy sem ever be inherently robust. especially in the absance
of stability? What are the fundamental device limitations established
by guantum robust control protocols? Will we ever be able 0 move
past the cument noisy, inkermedizie-scale quantum (NS0 era and
buikd useful, scalsble. and robust devices that are promised by the
szcond quantum revolution? This remains to be ssen, but some hope
can be offered by the sucoess of mlated applications that rely on
quantum phenomena and control such as nuclear magnetic resonance
({NMR) and magnetic esonance imaging (MRI) (se, ez [13H[17],
among many others). If we can see a coberent signal from the many
protons contained in the water that makes wp {most of) the noisy,
squishy, and chaotic human body, there may yet be hope for large-
scale quAnium Compuiers.

As g result of the melative immaturity of robust quantum control,
the barrier to entry into the feld is quite high, as there ame fow good
references for students and researchers in related felds o gain an
overview of the state-of-the-art and the open guestions in the ama
This tutorial atempis to fll this gap It is wniten for beginning
graduate smdents and researchers from a variety of backgromnds,
including quantum chemisiry, opiical engineering. mathematics, or
quantum information, but we focus especially on the classical robust
contrd msearcher. Owr goal is to introduece quantum theory and
explain why classical robust control theory cannot be directly mapped
onto guanium sy sems. We further introduce the Lie algebraic the ory
of geometric guanmum control and discuss how gquantum controd is
currenily applied in practical seitings. Wher applicable, we include
basic examples a well as mlevant references. We do pot cover
measurement-based controd, coberent feadback control. or Lyapunov
controd, a5 these ae covered by existing mtorial papers and texts [ 181
[20], with an introduction to robust control for linear gquantum
systems found in [21). In panticular, for a special class of quantum
optical systems, the quantum system is mappable onto a linear, time-
imvariant (LTI} system; see [7], [22] for excellent reviews of these
systiems. All meferences listed previously are excellent resources for
the inieresied student Iooking 10 suppéement what they can keamn in
this tuiorial Our approach is 0 be as general as possible through
a discussion of closad and open quantum sysems, robust control
challenges framed in the conkext of classical control, and current
methods for finding optimal conirods with notions of robusmess in
practice.

The ttorial is organized as follows: Saction 11 introduces quantum
sysiems, starting from fully coherent Hamiltonian sysems and mov-
ing into dissipative Lindbadian systems and the Bloch representation
of such sysems. We also introduce the example problems that will
be mevisited throughowt the ntorial. Section 111 discusses the issues
that arise when applying classical robast control methods to gueantum
systems, particularty those semming from the differences between
classical linear systems to the bilinear sysiems described by queantum
mechanics. We discuss the notions of controllability and observability

Putting the students to work:
Asking them to write a survey paper
on guantum control

with emphasis on robustness of
quantum controllers under
structured uncertainties [under
review for Automatica]



B Robust Confral Formuwation

1} Closed Quanium Sysfems: Minimizing the tracking ermor
s0 that the desied final state matches the actual state is similar 1o
maximiring the fidelity between two states in quantum systems. Here,
the fidelity is represenied in the following equation

F = | (sha| U(H, 2f) [dheg) |*. (58)

It would be prudent io design a control that manipulsies a sysiem to
ensune that the actual final stae of sysem is close o the desined final
stae. This would translate to maximiring the fidelity and minimizing
the contred effort subject to the dynamics in Eg. (400, We can
represent this mathematically as

L
J mu( (Whalol ) [* f'ru{f:l?n!f\}].. (59

-] tn

wheme u(t) is the control and U{H + Heult), tg ey Vi

{Ome important remark is that the fideliy will mever overshood
past 1 a= it is defined to onty take on values between O and 1
Hence, designing a sysem that ensures a fast rise {ime is achieved
by maximizing the Adelity for all time. Therefore, in seeking a
minimum seady-stake emor and fast nse time without any overshoot,

the objective would take the following form

7" = mgx (| {al UCH + Heu(t), £) [ég) |

I L
} f ! | (g UCH & Henft), £) Igug) [P f ! um?ae).
ig in
(8l
Finally, it i5s desirable thai the settling time 15 minimized. This
transiaies (o minimizing the final time. Hence, we can add this to
the objective in the following manmer

b Iy T | 2
J IEI_?? (I (| U(H + Heu(#), £7) [ ) |

v ty
4 j' | {abg] T H + Heu(t), £) [y} | di f i) d e‘,}.
to io
(al)
The formulation in Eq (61} was expiored for Bose-Einsein condzn-
sabes im optical latbhoes in [&0].

To make these confrollers robust, we can maximize the worsi-case
soenario fidelity bto ensume that il is as large a5 possible under ali

Robustness of quantum controllers—and its
relation to the global phase—has been one of
the primary foci of the Advanced Study
Institute.

“nature-made”
fidelity criterion

independent of global phase “man-made”

energy and time criteria
depending on global phase

—> possible perturbations ani conirol schemes. Hence, we

following formulation

J* = max min (I {whal U(H + H o) + &

iy J'”lﬁ.l'”‘

t
- ff (whal UCH + HopbtT+ Ha, £) o) [de (620
8

i
f‘ru{n?de a‘,r).
t

This problem formulation is the orux of quantum robest controd and
heas bean examinead for guantum molecular systems [34]. Furthermone,
imposing upper and lower bound constraints on the controd w requines
complex optimization methods for mote pemeral objectives as we

overview in the pext subsection.



PREPRINT

Robust Control Performance for Open Quantum
Systems

S. G. Schirmer, Member, IEEE, F. C. Langbein, Member, IEEE, C. A. Weidner,
E. Jonckheere, Life Fellow, IEEE

Abstract— RODUSt performance of control schemes for
open quantum systems is investigated under classical un-
certainties in the generators of the dynamics and non-
classical uncertainties due to decoherence and initial state
preparation oIrors. A formalism is doveloped to measure
performance based on the transmission of a dynamic per-
turbation or initial state preparation error to the quantum
Stae error. TNis makes it poSsibie to apply tools from clas-
sical robust control such as structured singular value anal-
ysis. & difficulty arising from the singularity of the closed-
100p BIOCH @qUations fOr the quUantum state is overcome by
introducing the £ inversion lemma, a specialized version of
the matrix inversion lemma. Under some conditions, this
guaran®es continuity of the structured singular value at
= = 0. Additional difficulties occur when symmetry gives
rise to multiple open-loop poles, which under symmetry-
breaking unfold into single eigenvalues. The concepts are
applied t0 SyS©mMs SuDECt 10 pure gecoherence and a
general dissipative system example of two qubits in a
leaky cavity under laser driving fields and spontaneous
emission. A nonclassical performance index, steady-state
entanglement quantified by the concurrence, a nonlinear
function of the system state, is introduced. Simulations
confirm a conflict between entanglement, its log-sensitivity
and stability margin under decohersnce.

Index Terms— QUantum information and control, UNcer-
tain sy stems, robust control, H-Infinity control.

I. INTRODUCTION
Q UANTUM control offers technigues to sicer the dynam-
aw

ics of guantum sysems. This is essential for enabling

1de range of applicabons for quantum technologies. How-
ever, uncemainties ansing from limited knowledge of Hamil-
tonians, decoberence processes and mitial state preparation
cmmors impact the effectivencss of the control schemes. Whilke
classical robust control has developed effective solutions for
such situations that apply relatively easily to quantum op-
tics [1], they do not apply staightforwardly to other areas
of guantum control such as spin sysiems. To consider the
mobustness of guantum control strategies in the presence of

This resaarch wes su inpart by NSF Grant IRES-1829078.

BG5S is with the Faculty of Science & Enginearing, Swanzea Univer-
aty, Swanses SA2 8PF UK fe-mail = m.shermen@gmail.com).

L is with the School of Compuler Science and Informatics, Cardiff

University, Cardiff CF24 4AG, UK (e-mail: hank@l\li_zraein. .

W'I'WE- with the Quantum Enginesring Technology momnﬁea
University of Bristol Bristol B56 1FD, United Kingdom fe-mail
cweidnen@bristol.acuk).

EA. is with the Depariment of Elecirical and Compuier Egneenngl.
University of Sowthern California, Los Angeles, GA 90083 USA f2-mait
ponckhesi@uscedu)

uncertainties, we develop a formalism where the performance
15 measured by the transmission Tz e (2, §) from the dynamic
perturbation w (including state preparation emors) to the eror
z on the quantum state when such transmission is subject o
structured uncertainties of strength 4. It is tacitly assumed that
this response has been made H*-small by the control design
under nominal values of the parameters in the Hamiltoman
and decoherence. Fobust performance 1s therefore defined
as the ability of Tzap(ww. ) to remain within identifiable
bounds for § # 0. Since uncertainties in the Hamilionians
and Lindbladians are ofien sirucrured, it 15 natural to quantify
robustness of the performance using structured singular values.
A generic difficulty that anises for quantum systems is that
trace conservation of the density matrix p imposes a closed-
loop pole at 5 = 0 in the Tz wis, #) dynamics. This creates
a simgulanty in the dynamics at low frequencics, w = 0,
mandating some mevision of the tradiional machinery of
structured singular values and a special marriv & inversion
lemma, similar to, but distinct from the mainx pscudo-
iversion kemma [2], [3). Other difficultics addressed by our
formalism include multiple poles, cither structurally stable like
the pole at # = 0 or removable by perturbation of physically
meaningful parameters. We further demonsirate applicability
of the vanous concepts o two cases that have no classical
counterparts: pure dephasing acting i the Hamiltoman basis
(ie., an eigenbasis of the Hamiltonian) and dissipative cavity
dynamics. A deeper underlying issue is whether the classical
limitation of conflict between performance and sensitivity
of performance to unceramntics holds 1in coberent guantum
control and in the presence of decoherence.

Afer reviewing guanwum dynamics in Sec I, the gen-
eral emror dynamics with transfer matrix T ., that should
be robust agamst uncertmnties m the Hamiltonian [4] and
decoherence [3] 1s introduced in Scc. 1L Preparation emor
response mquires a different formulation departing from clas-
sical robust performance as in [6], [T] In Sec. IV, the case
of pum dephasing in an eigenbasis of the Hamiltonian is
developed and analytic bounds for the error transmission Tz
are derived. Sec. V deals with genenc dissipative quantum
systems and develops a generalized framework to deal with
the = 0 singulanty. In Sec. VI, robust performance for
genenic dissipative dynamics 15 illustrated by the case study
of two qubits in a cavity. This simpk cxample allows the
formulation of another novelty in robust control: 2 nonlinear
performance index in the form of the concurmrence, a measune
of entanglement. We note, however, that the analysis here can

[To appear,
I[EEE Transactions
on Automatic Control]

For such nonlinear measure

as the concurrence

(or entanglement) error,
some form of the classical
§+7=/ limitation reappears!
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Fig. 4: Maximum of the real part of the eigenvalues A of A 4
A(83+8,), concurrence of seady-stare and log-sensitivity of
steady-state concumence as function of detuming A for o

7 = 1. All three figures of ment are concordant,

decrease with increasing detuning.
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The key-point of this article is a
new—physically inspired—
measure that captures both
the fidelity and its robustness.
It is the p-Wasserstein distance
between the ideal fidelity
distribution, a Dirac §, at 1, and
the probability density p# of the
fidelity F subject to
uncertainties:

Wp (p?' ) 51

Robustness of quantum operations or controls is important to build reliable quantum devices.
The robustness-infidelity measure (RIM) is introduced to statistically quantify the robustness and
fidelity of a controller as the porder Wasserstein distance between the fldelity distribution of the
controller under any uncertainty and an ideal fidelity distribution. The RIM, is the p-th root of
the p-th raw moment of the infidelity distribution. Using a metrization argument, we motivate
why RIM;, or the average infidelity, sufflces as a practical robustness measure. Exploiting the
Wasserstain distance, we deflne an algorithmic robustness-infldelity measure (ARIM) to quantify
the robustness and infldelity of controller acguisition strategies. The utility of the RIM and ARIM is
demonstrated by considering the problem of robust control of spin-4 networks using energy landseape
shaping subject to Hamiltonian uncertainty. The robustness and infidelity of individual control
solutions as well as the robustness of different popular quantum control algorithms with respect
to the noise model are characterized. For algorithm eomparisons, stochastic and non-stochastic
optimization objectives are considered, with the goal of effective tarpet RIM optimization in the
latter. Although high fdelity and robustness are often conflicting objectives, some high fldelity,
robust controllers can usually be found, irrespective of the choice of the quantum control algorithm.
However, for noisy optimization objectives sdaptive sequential decision making approaches such
a5 reinforcement learning have a cost advantage compared to standard control alporithms and, in
contrast, the infidelities obtained are more consistent with higher RIM for low noise levals.

I. INTRODUCTION Standard quantum control methods for steering quan-
turmn devices mostly focus on finding controls that have
Fault-tolerance is crucial for quantum technology and high fidelity using mathematical models [20-22]. How-

presents & particular challenge for noisy Intermediate-  ever, if the operation of quantum deviees is subject to

Scale Quantum (NISQ) devices [1]. Broadly, there are
three proposed ways to deal with noise and errors and
achieve fasult-tolerance: (1) via error correction pro-
tocols, eg., Shor codes [2-4] and syndrome measure-
ments [5]; (2) using error mitigation schemes, e.g., revers-
ing noisy dynamics [6-9], active variational noise min-
imization [10], or parametric modelling of architecture
defects in trapped qubits [11, 12]; (3] robust solutions en-
gineering, &.g., landscape shaping of the quantum control
optimization problem in search of noise-free regions [13
15], decoherence-free subspaces (16, 17), or noise spec-
tral density based filter functions [18, 19]. Uncertain-
ties that require fault-tolerance in quantum devices have
two flavors: (a) intersction with the environment that
lesds to non-unitary dynamics; (b) inaccuracies in the
control mode] representing & specific physical implemen-
tation that affect the evolution but do not cause non-
unitary evolution.
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noise, high fidelity itself & insufficient to gauge perfor-
mance of a control scheme, and extra effort is required to
systematically search for solutions that are both robust
against noise and have high fdelity [23, 24]. This requires
s notion of robustness and ideally & single messure that
can capture robustness and fdelity, allowing for the iden-
tification and construction of more efficient methods to
find controls that satisfy both properties.

In this paper, we introduce & general statistical diag-
nostic based on the Wasserstein distances of order p [25]
to evaluate the robustness and fidelity of quantum eontrol
solutions and the schemes used to generate them, which
is applicable to any quantum econtrol problem where the
fidelity is & random variable with a probability distribu-
tion. The Wasserstein distance between probability dis-
tributions is & measure of the minimal costs of probahil-
ity mass transport between two distributions. In See. I1,
the p-th order Robustness-Infidelity Measure (RIMg) is
defined to quantify the robustness and fidelity of a quan-
turn controller. It is based on the p-th order Wasserstein
distance between the probability distribution for the fi-
delity induced by model uncertainties and the ideal dis-
tribution for a perfectly robust controller, described by a
Dirae delts function at fidelity 1. We show that the RIMp
is the p-th root of the p-th raw moment of the infidelity

I
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e Social (or aerospace?) activity: Wales Air show



End Second Week Program
in Swansea
and end of Advanced Study Institute

Red Arrows pilot reveals one key secret to not
crashing into other jet planes.

In control jargon, “formation control”



Demonstration of the Herbst maneuver

n X-31 enters maneuver at high speed (M 0.5 or greater)

Ed x-31 decelerates rapidly while increasing “angle-of-attack”

ﬂ ...exceeds conventional aerodynamic limit (Stall)
- needs thrust vectoring for control

[} Angle-of-attack Increases to maximum of 70°

X-31 rapidly “cones” to new
flight direction

3 x-31 lowers nose and
accelerates to high speed

X-31 now flying in opposite
direction

The “canards” of the Eurofighter
Typhoon
making it supermaneuverable,

but statistically unstable

A Fixed H* Controller for a
Supermaneuverable Fighter Performing the
Herbst Maneuver

R. Y. CHIANG, M. G. SAFONOV,K. HAIGES, Il K.
MADDEN and J. TEKAWY

A non-scheduled H* robust flight controller has
been designed for a

supermaneuverable fighter to fly the Herbst
maneuver. The complete design

approach and plant uncertainties are
documented with detailed linear

robustness analysis and nonlinear six degree-
of-freedom simulation.




Thank you for your attention!
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Video clip of Prof. Schirmer’s statement

https://urldefense.com/v3/ https://www.you
tube.com/watch?v=Mc62|Egg-

mg  ;!LIr3w8kk Xxm!oWbJWQN4N4ZP7Ufm
0DQ1b-

S5ktcgXIMI60 0zMwknnD9hi09ejOI3PmZgELos
RELBAOXGEFI-aWv2-QS$
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