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Abstract In this paper, a nonlinear optimal feedback tracking control based on
the nonlinear state estimator for a two-level bilinear open non-Markovian stochas-
tic quantum system is proposed. The proposed nonlinear state estimator is designed
by using state-dependent differential Riccati equation and constructed to optimally
estimate the state based on from the measurement output of the controlled quantum
system. The estimated state is continuously updated by the output data of continuous
weak measurement and used to design the nonlinear state feedback controller to track
the output of the reference model. The output state of reference model is chosen as
the desired performance. The numerical simulation results verify the achievability of
the proposed state feedback control method, and the capability to steer the state of
system from any arbitrary initial state to the final reference target state with high state
transfer success rate > 90%.

Keywords Open stochastic quantum system, Nonlinear optimal control - state-
dependent Riccati equation - Continuous measurement, Nonlinear state estimation

1 Introduction

Quantum information technologies consist of the quantum communication, quantum
computation, and quantum control, among them quantum control is one of very im-
portant areas and plays a key role in all application areas of quantum systems [[1,2}
3]]. When quantum systems interact with the environment, there will appear the quan-
tum disturbance, decoherence or/and white noise. The measurement is also a type of
interaction with the quantum system, which produces the back-action to the system

S. Qamar, S. Cong (*Corresponding author)
Department of Automation, University of Science and Technology of China, Hefei 230027, P. R. China
E-mail: scong@ustc.edu.cn

Kezhi Li
Institute of Health information, University College London, London, NW1 2DA, UK, E-mail:
Ken.li@ucl.ac.uk



2 Shahid Qamar et al.

and makes the system become an open stochastic quantum system [4,)5]. The open
quantum system in which the environment memory effect is ignored can be described
by Lindblad-type Markovian master equation under Born or Markovian approxima-
tion [331134.135]]. This model is widely used in many fields of quantum optics [36].
However, in some other cases, such as the initial state of correlation and entangle-
ment and the quantum system interaction with a nanostructure environment, there
exists a longer environment memory effect which makes the Markovian approxima-
tion invalid and the systems show non-Markovianain characteristics [37,38./39,/40]
existing in spin echo [41], quantum spot [42]] and fluorescence systems [43]]. Due to
the existence of memory effect, non-Markovian quantum systems show more com-
plex characteristics and the state manipulations become more difficult.

An important task of quantum control is to design an efficient control law for a
given quantum system by means of appropriate control theory to manipulate the ini-
tial states to the desired target states. Many researchers have designed control laws
for the quantum systems [[6i[7], however, what they designed was the open loop con-
trol strategy, or the states of quantum system used for computational control law
were not estimated by the estimator in real time, but determined from the system
dynamical equation. To overcome this issue, an estimator is required to estimate the
state of the system by using the output values of the quantum system, and then the
estimated state is used to design the state feedback control laws [8]]. Some work have
been presented for the feedback control based on estimate of linear stochastic quan-
tum system [9L[10]]. When the quantum system has some nonlinearities, such as the
bilinearities, to design a state feedback controller for the bilinear stochastic quantum
systems is a challenging work. There are several techniques to design the nonlinear
optimal feedback control for the nonlinear system, among them the optimal control
with nonlinearty is based on the state-dependent Riccati equation (SDRE).

Feedback control and state estimation using continuous weak measurement (CWM)
signal for the linear quantum system were studied in [[11,/12,/13]. The measurement
output continuously updates the state of the nonlinear state estimator (NSE), which
goes asymptotically towards the state of system. Using CWM, one can measure a
quantum ensemble and obtain the system measurement records. The measurement
records are used to construct a serial of optimization problems. Then reconstruct the
state of the quantum state by means of an appropriate optimal algorithm.

This paper focuses on the study of state transfer control of a two-level bilinear
open non-Markovian stochastic quantum system (ONMSQS) beneath spontaneous
emission of spin-% particle, i.e., the decoherence factor of quantum system. It is
known that in quantum computation the state transfer of ONMSQS with high state
transfer success rate is critical in the presence of environmental noise and decoher-
ence effect. Therefore, the objective is to move the state of ONMSQS to the reference
target state from any of this paper arbitrary initial state with high state transfer success
rate > 90%.

The main contribution and motivation in this paper is that we propose a nonlin-
ear optimal feedback tracking control (NOFTC) based on nonlinear state estimator
(NSE) for the two-level bilinear ONMSQS. The output data is used to estimate the
state continuously by NSE, and based on these estimated state. The NOFTC is de-
signed based on state-dependent differential Riccati equation (SDRE) to capture the
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nonlinearities of the system. The SDRE depends only on the current state. The com-
putation is carried out online, and the control goal is to minimize the quadrature
distance between the dynamical variable of the quantum system and that of the refer-
ence system model. The proposed NSE and NOFTC law are designed separately but
both parts can be combined to perform the desired control task. As far as we know,
such NOFTC has not been applied to the bilinear ONMSQS, and the work done in
this paper has the potential interest.

This paper is arranged as follows: Section 2 gives the description of the bilin-
ear two-level ONMSQS and NSE. NOFTC law designed is described in Section 3.
Closed-loop dynamics of the quantum estimated state feedback control system is de-
signed in Section 4. Section 5 is the numerical simulations and results discussion.
Finally, Section 6 is the conclusion of the proposed work.

The dynamics of open quantum system can be described by the stochastic quan-
tum master equation, which interacts with surrounding environment. The general
form of the total Hamiltonian is

Hiota1 = Hy +Hc(t) + Hp, + Hipy (1)

where H,yq1, Hs, He(t), Hp are the total, free, control and bath Hamiltonian, respec-
tively. H;,; represents the interaction Hamiltonian between the environment and sys-
tem controlled. The bath Hamiltonian H, is consisted of Harmonic oscillators masses
m; and frequencies @; as

2m,-

N 2
Pi | Mi 5 o

H,,:Z( d +2’x,-w,-> )
i=1

where m; and w; are the Harmonic oscillators masses and frequencies, respectively.
(x1, X2, .. ., XN, P1, D2, - .. pN) are the coordinates and their conjugate moments.
Assuming that the quantum system initial state is defined by density matrix p(0) =
Po, for simplicity = 1. The Hamiltonian H;,; of interaction between the H; and Hj, is

assumed to be bilinear and can be defined as
Hing (1) = /et M)t =1y )1 (3)

=a) A, (t) @B, (1)

where ) denotes the tensor between two systems A, (r) and B,(¢), o is the coupling
constant, and there are

An (t) — eiHslAnefl‘Hsan (l) _ eiHbenefiHbl

The effect of the environment on the quantum system can be seen as interplay be-
tween the dissipation and fluctuation phenomena, which makes the quantum system
lose the coherence, also called decoherence of the system.

According to the quantum dissipation theory, the dynamical equation of a stochas-
tic quantum process can be described as a reduced density matrix p; of the quantum
system as

2

dp, = —i[Hy,pldt + Y ux (=i [Her, pr]) dr + Ly (1) [pi] di + Lo [pr] )
k=1
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where p; indicates state density matrix, u,() and u,(t) are the control fields, L [p;]dt
and L, (1) depicts the Lindblad terms, @y indicates the transition frequency. oy, o,
and o are the Pauli matrices. H, is the control Hamiltonian, and u;, are the control

2
fields. The term Y, ugH, = uy (t) 0y + uy (t) 0y, and Hy = Hy = 0, where oy is the
k=1

transition frequency. oy, 0y and o; are the Pauli matrices defined as

10 0—i 01
%=lo-1)2"io) * uo
The Lindblad terms L;[p;]dt and Ly (¢) can be described as

L) [pdr = [A (1) () + 7)) 2 [0 ] pedi + [A () +7(0)] 2 [o] pra

+MZ o] pdt ©)

where the parameters A(z) and y(¢) represents the diffusion and dissipation coef-
ficients of the quantum system, 0~ and o™ are the lowering and raising operators,
respectively. M is the interaction strength between the system and the measurement,
n is the detection efficiency and W; is the Weiner process noise. and

Ly [p] = M [0 prdW; (6)
and dW, can be described
dW, =dY, — \/Mntr(o,p;)dt @)

where dY; is the output of the observation process.
Then dynamics of system (4)) can be written as

dp, = iy [0, p)dt + —iuy (1) [Or, pi]dt —iuy () [0y, pildi +[A (1) +7(t)] 2 [07] ptd(rg )
+[A@)+y()] 2 [oF] pdt +MP [0, pidt + /M0 (0] pdW,

where 6~ = 12(0, —ioy) and 6" = 1/2(0y + ioy) are the lowering and raising op-

erators, M > 0 is the interaction strength between the system and the measurement,

0 < m < 1isthe detection efficiency, and dW; is the Weiner process which satisfies the

quantum It&’s rules, E[dW;] = 0, [dW;]> = dt.  and J# denote the superoperators.
The superoperators 2 and 7 are

|
Zo:lp = Gzptcg )

o] pr = 0,0 + Py 0, — [tr (0P +P; ;)] pr

—;— 1 €
O; Ozp: — EPz o, o;

The parameters A(z) and y(z) in Eq. (8) are the diffusion and dissipation coefficient
of the quantum system. The parameters A (¢) and y(¢) are given by [19].

Alr) = / dk (7) cos (@yT) ©)
0
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(1) = / i (7)cos (@) (10)

with
k(1) =2 / doJ (®)coth [@/2ksT] cos (07) (1)
u(z) = Z/dwj(w) sin (07) (12)

where kpT is the environmental temperature. J(®) is the spectral density of the
environment which has the form

2 ®?
J(o)==-0—"= 13
(@) T 0?4 o? (13)
where o is the bath frequency, and @, is the high-frequency cutoff.
Then the analytical expression in Eq. (I0) can be expressed as
(1) = oayr [1—e " cos (wyt) — rsin (wot)] (14)
1+72
where r is the ratio of @, and ay.
Analytical expression of Eq. (9) can be expressed as
2
At) = 052(001_’_7}2 <coth (7rg) — cot (zre) e " [rcos (wot) — sin (@t )]
1 _ _ _ _
+ n—rcos(wot)[F(frc,t)Jr F (re,t) — F (ire,t) — F (—ire,t)]
10 e V! - - (15
— —sin(apt)§ ——~ G 1)+ G (ro,
a0 { 5 (1) Gron) 4 (40 Gl

+%[F(—rc, 1)~ F (re,t )]})

where r = @ /o, and ry = @ /2zk,7/, in which kT is the environmental temperature,
and

F(xvt) =2k ()C, L1, 1+xve_‘71t) ) G()C,l‘) =2F (2a 1+x,2+x, e_VIt)
where »F)(a,b,c,z) is the Guass hyoergeometric function and defined as

ab a(la+1)b(b+1) ,
Fila, b, ¢ z)=1+2, Q4T )07 )
2Fi(a, b, ¢, 2) +1' e 2

)n "
_,126 b
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where(a), is a pochhammer symbol. Under high temperature limit, the diffusion co-
efficient A(r) in Eq. has the form,

r2

A(t) =20%ksgT 2 {1 —e ! {cos(wot) - lsin(wot)} } (16)

The parameters A(¢) and y(¢) contain very important Markovian and non-Markovian
features of open quantum systems. The indispensable difference between Markovian
systems and non-Markovian systems is the presence of environmental memory ef-
fect. The environment behaves as a sink for the quantum system information. The
system loses quantum information into the environment, due to the system reservoir
interaction. If the environment has a non-trivial structure, the apparently lost infor-
mation can go back to the system in future time, which leads to the non-Markovian
dynamics with memory [20,21]]. Define the decay rate as B (1) = w, B >0,
the system behaves in a Markovian dynamics; when 8 < 0, the system presents the
non-Markovian dynamical characteristics. From Eqgs. (T14) and (I6) one can observe
that for the high temperature, | A(z) > ¥(¢) | and y(r) ~ 0, which means that the dif-
fusion coefficient A(#) plays a dominant role in affecting the dynamical behavior of
system. In high temperature dynamics, B4 () = B_(t) = #, as ¥(r) = 0. In order to
carefully investigate the transfer of quantum state, the effect of the dissipation coef-
ficient y(¢) can no longer be negligible, although it is small under high temperature,
thus B(¢) depends on both y(¢) and A(z).

The density matrix p; of a two-level quantum system can be defined by (x;, y, z/)
in the Cartesian coordinate system as

1 LTtz x—iy
where x; , y;, and z; represent the Cartesian coordinate system, and they are real
numbers. tr(p;) = 1, and tr(p?) < 1.

M
dx; = — (A (1) + 2) xedt — ooy, + uy (1) zedt + /MN X 2,dW;

M
dy; = — (A (t)+ 2) yedt + @ox; — uy () zedt + /M0y 2, dW,; (18

dz = —2y(t)dt —2A (t) zedt — uyxedt +uy (t) yidt + /M0 (7 — 1) dW,

In the weak measurement, a laser probe (along the z-axis) interacts with the atomic
ensemble, and then the output of the interacted system system is detected using a
photodetector which is called a homodyne detector. This provides a continuous mea-
surement of the spin component along the propagation direction, the measured ob-
servable is o in the z-direction. The quantum Weiner noise after interaction with
the system is also in the output of the quantum system. From Eq. the stochastic
differential equation of the output of quantum system can also be described as

dY; = —\/Mnzdt +dW; (19)
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where M is the interaction strength between the system and the measurement, 7
is the detection efficiency and W; is the Weiner process noise. d¥; shows the output
of the observation process, and Y; is the measurement process output of homodyne
detector [14.22].

Equation (I9) shows that the output of the system not only affects the Wiener
noise but also contains some information of the system state, and one can extract
the information about quantum states by making measurement output of the system.
Therefore, the output of the system can be processed to design an estimator and an
estimated state feedback control of quantum system [14].

Consider the equivalent dynamical system of SME (I8)) and output measurement

process (19),
dX; = Ao(t)dt +A(t) X, dt + B(X;)U (t)dt + G(X;)dW; (20)
dY, = CX,dt + dW; 2h

where X, is the actual state of the system, and X; = [x; y, z/]” € {X; e R*[|1X,| < [1|}
are values of p;; x;, y; and z; are the qubit Bloch sphere coordinates corresponding to
the density matrix p;, A, € R"*P), A € R"*" B(X,) € R"™™ C € RP*" G(X,) €
R("™<P) and W, € RP are real polynomial functions of X; and ¥, € RP*P. n, m and p are
positive integers, respectively,

0 —-(A+Y) - 0 7 0
Ao=| 0 |, A= o —(A@W+3) 0 [,BX)=|0 —
—2y(r) 0 0 —2A (1) —X Y
\/ATntht
i[5 o0- | =, | oo

The vector X; is a collection of 22 — 1 Gell-mann matrices, generating SU (2), which
should satisfy the following commutation relationship [2324],

X, X"] = xx7 - (xx7)" =2i0 (X,)

where O (X;) is the linear mapping.

The system Eq. and Eq. is realizable if there exists Hamiltonian operator
H = aX; with € R? and coupling operator L = QX, with Q € C3, such that, Ay =
2i0(2)Q7,A=2i0(a)+2TQ+QTQ* —207QI,B=2i0]-Q" QT)|I", where
I' is the complex matrix, G = @ (i(2* — Q)) and C = Q + Q*.

The quantum system coherence can also be described with purity. For an arbitrary
state py, the purity p; can be expressed as

pi=1r(p7) (22)

with p, = 1 denotes the pure state, and p; < 1 the mixed state. The coherence of
quantum state is an essential feature of quantum systems and is usually represented
by the non-diagonal elements of the density matrix p; in Block spheres as:

2 2
V Xi + i (23)

At: 2
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and the population
1+z -z
Py, = 5 Py = )
where parameters A, and p; relate with the coherence and purity of the real system.
P, and p;,,, are elements of the density matrix
Figure [I)is the schematic diagram of dynamical stochastic quantum system (20)
and measurement output process (21)).

(24)

Fig. 1 Schematic diagram of two-level ONMSQS with output measurement process

2 Design of nonlinear optimal feedback tracking control of ONMSQS

In this section, nonlinear state estimator (NSE) and nonlinear optimal feedback track-
ing control (NOFTC) based on NSE are proposed for the ONMSQS. The NOFTC
includes the estimated behavior of the quantum system for reconstructing the dynam-
ical variables of the ONMSQS. Continuous weak measurement (CWM) is usually
used for the quantum feedback control system. The state of system can be estimated
based on the output of CWM process, to design a state feedback control law. How-
ever, the state p; cannot be completely estimated with only one measurement record
Y;, it should be estimated by the output data obtained from CWM, because the mea-
surement operator related with ¥; contains the partial information of the system state.
Therefore, it is an optimal estimation problem, to do this the output ¥; are applied to
drive the state estimator to estimate the system state. Assuming that all the parameters
of the system are known except the state, and the state p; can be estimated precisely
by state-dependent differential Riccati equation (SDRE) estimator. Then the NOFTC
law is designed based on estimated state of NSE to perform desired control task.

2.1 Nonlinear state estimator design of ONMSQS

The estimator of ONMSQS is designed by constructing a NSE with the structure of a
linear observer, whose matrices and the gain can be depend on the state estimate X;.



Title Suppressed Due to Excessive Length 9

The proposed NSE is based on the dual of the SDDRE nonlinear control by allowing
the coefficient matrices of state-dependent [25,26,27,28].

Consider the system and measurement output the objective is to design
the NSE to be able to estimate X; of X, that minimizes the error at time ¢ by means
of measurement data [Y; : fop < s < t]: the conditional expectation value of X;. We
establish the estimator with the same construction of the dynamic system[20} in which
by adding the correction term K, (X;,7)(dY; — dY;) into (20) to ensure the realization
of state estimation. Where K, ()?t,t) is the NSE gain matrix, d¥, — d¥, is the innovated
error between the system output and that of NSE, which describes the information
gain from output ¥;, dY; is the actual measurement output of the system , and d¥; is
the estimated output of the NSE. Thus the proposed NSE in this paper has the form

dX, = Ao(t)dt + A(t)X,dt + B(X,)U (t)dt + K, (X, ,1)(dY, — CX,dt)  (25)
d¥, = CX,dt + aw, (26)

The Egq. can also be written as

dX, = (A(t) — K. (X,,1) C) X;dt + B (X,) U (t) dt + K, (X;,1) CX,dt

. 27)
+ K. (Xi,1) dW, +Ao (1) dt
where X; is the estimated state, and X; = [%; % 2,]T € {)A([ cR” | |Xt| <1 } are the
estimated variables of p; in Eq.(I8), where £, §; and 2 are the qubit Bloch sphere
coordinates corresponding to the density matrix p,. K, (X;,t) is the estimator gain
matrix.
Considering density matrix must satisfy the conditions: 7(,) = 1 and tr(p?) < 1,
with X,=X, and the commutation relationship

Notice that there is the partial information of p; in the output Eq. (I8), and in such
a case, if there is no noise, we can estimate the two-level state’s variables in Eq.
(I7), but the noise makes the estimated state remains with error, we need to design
an optimal algorithm to minimize this error. The error between the X; and X;, can be
defined as

e — X[ — }?[
where rate of error is
de, = dX, — dX,

The design purpose of the NSE is to find the estimator gain K, (X;,7) that minimizes
the estimation error covariance matrix P,(X;,t) = E[e, - ¢! ], so the rate of error dy-
namics of the systems (20) and (25), we have

de; =[A(t)— K, (X,t)C] e;dt —B(X,) U (t)dt + B (X,) U (t) dt

+(G(X) — K, (Ri.1)) dW, (28)
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If the gain matrix K, (X;,?) is properly designed, then the error will approach to zero
with arbitrary decay. The fulfillment of above requirement means that the system is
to be asymptotically stable. Now the rate of error covariance has the form

dP.(X,,t) =E [de,-e] +e,-de] ] (29)

where E[-] is the expectation function.
Substituting Eq. in the above Eq. (29), and by using then by straight forward
computation we have

B.(X,,t) =[A — K. (X;,t)CIP (X;,t) + Po(X;,1)[A — Ko (X;,1)C)T

, S (30)
+G(X1>FWG (Xt)+K€(XI7t)FWKe (Xt,t)

where Fiy is noise intensity, and Fydt = E[dW,dW[].

The objective is to minimize the error covariance, i.e., min tr P, (Xt,t) w.I.t.,
Ke (Xt 1)

observer gain K, (X;), we have
d(tr (X))
K. (X, ,1)

where ¢r denotes the trace of matrix.
Rearranging the above equation to find the observer gain K, (X;,t), we get

Ko(X;,t) = P(X;,1)CT Fyy! 31)

By using Eqgs. (31)) and (30), the state dependent differential Riccati (SDRE) equation
can be expressed as

B(X,t) =AP(X, 1) + (X, ) A+ Ow (X)) — P.(X,,t)CTFy 'CP.(X, 1) (32)

where Qw (X;)dt = G(X,)Fy G (X;)dt.

From Eq. one can see that the SDRE is the function of state variables and
can be integrated with some initial condition of P, to compute P, (X, ,1). Therefore, its
computation needs to be carried out on-line at each update step to obtain estimation of
the system states continuously. The error between the NSE and the ONMSQS tends
to zero if the gain matrix K, (X;,?) is properly designed. Then the error will approach
to zero asymptotically and it will tracks the systems states trajectory. This means that
the estimator is asymptotically stable and detectable.

Figure [2] shows the schematic diagram of system model (23] and output (26),
where EMO stands for estimated measurement output ¥; and Table 1 depicts the entire
procedure of estimation of the system

Table (1| depicts the entire procedure of estimation of the system.

= —P,(X,,1)CT — P,(X,,1)CT +2K,(X;,t)Fy =0

2.2 Design of nonlinear optimal feedback tracking control law of ONMSQS

In this subsection, NOFTC law is designed by using the state dependent Riccati equa-
tion (SDRE) for control of ONMSQS. The whole closed-loop control is performed
online due to state-dependent equation of both controller and NSE, which allows the
NOFTC to achieve the control results even the quantum system is under the environ-
mental noises.
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A(D)

A

Computation of |
K. (X, ,t)

| AWP,(X,1)+ B(X,,0)4" (1) ' Computation of P, ()A(“t)

Computation of P,(X,.¢) and K, (X,.7)

Fig. 2 Schematic diagram of NSE of ONMSQS

Table 1 Procedure of the ONMSQS state estimation

Consider the systemand output
dX; = Aodt + AX,dt + B(X;)U (t)dt + G(X;)dW;
dY; = CX,dt + dW;

Initialize

Update P, (X;,7)
Bo(Xi,1) = AP(Xe,t) + P.(R, )AT + 0w (X)) — P.(X,,t)CT F ' CP(X;)
Estimator gain K, (X;,?)
K. (%:,t) = P(X:,1)CT !
Estimate update
dX, = Aodt + AX,dt + B(X)U (t)dt + K. (X,1) (dY; — CX,dt)

2.2.1 Reference system model

A reference system model should have the required dynamics, the output of reference
system is selected as a desired quantum state as

RT=AX (33)
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with
II, 0 O
A,=10 II, O
0 0 II;

where —1 < IT; < 1,i =1, 2, 3 are the constant of the reference model. The dynam-
ical variable vector X/ of this reference is denoted as X/ = [£/ 7 2/]7, where Xx; §/
and Z; are the desired Cartesian coordinates of the reference model state in the Bloch
sphere. When the dynamical ONMSQS closely tracks these reference system state
variables, then the desired quantum control goal can be achieved.

2.2.2 Control problem formulation

Considering the non-Markovian SME (20), measurement output (2I) and the esti-
mator (23)), and the reference system model (33). The NOFTC problem is to design
the control field U (¢) based on estimated state X; and desired state X/ using SDRE
strategy to minimize the following cost functional of error

lf
R 1 1 R 5 A
J(X;. X, U(t) =E Eég_se;f + 5/ (el o (X)e+UT (X,t)R(X)U (X)) at
fo

(34)
where é, = X, —X,’, Y[ is the desired final state, Q()?t), and S are the symmetric pos-
itive semi-definite matrices, and R(X;) is a symmetric definite matrix. The &/ Q(X;)é;
and UT (X;,1)R(X;)U (X;,t) represents the control accuracy and measure of control
effort.

The utmost advantage of SDRE control is that there always exists physical intu-
ition, and designers can directly control performance by adjusting the weight matrix
Q(X;) and R(X;). Furthermore, Q(X;) and R(X;) not only are constants, but also can
be varying functions of state. In this way, different behavior patterns can be applied
in different regions of the system’s state space [29,30].

2.2.3 NOFTC law design

The optimal form of the SDRE control can be obtained by using Hamilton-Jacobi
equation (HJB) theory. The corresponding stochastic HIB expression for the cost
functional Eq. and estimated state equation Eq. can be derived as

~av (%) =in <;UT (%) R(E)U (Rr) + LT 0 (%)
+(VeV () () +ANX+B(R)U (K1) 39
F16(R) ViV (Rr) 6 (R) >

where V (X,,1) is the optimal value function, and Vg , Vg ¢ depict the partial deriva-

tives of V(X;,¢) w.rt., X, and twice w.r.t., X;, respectively. In order to solve for the
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optimal value function we will guess its parametric form which should satisfy the
HIB Eq. (33). Due to quadratic nature of Eq. (33)), we consider the value function of
the form as

V(X.1) = EX,TPC X)X —Xs (X,1) +q(X:.1) (36)

where V (X;,) is symmetric with boundary condition V (X; polf) = X,;SX, ;- Now from
Eq. (36) we can compute the required derivatives for HIB Eq. (33)), i.e.,

oV (Xi,t) = EXZTPC (X)X = X5 (Xet) + ¢ (X,,1)

V)?IV (XAHI) = PC (XA“t) X[ +S (XAht)
V)?I)?[V (Xt,l‘) =P, (Xt,l‘)
The approximations are done for the NOFTC law designed in skipping terms, i.e.,
81)‘;9(;(”[), asg);’t) and aq{g?’l) are skipped in state-dependent differential equations
1 1

and in the control equation for the sake of computational simplicity and avoiding
mathematical complexity [18].

Substituting the above derivatives 9,V (X;,1), Vx,V(X;,1) and Vg ¢ V(X;,1) into
Eq. (35), one can get

ST (Rt) K4 TS (1) — 34 (%)
1 5 PN N 1 5
= min (UT (X0 R(X) (X)) U (Xi,1) + 87 0 (X)) &
ut.lf 2 2 (37)
+ (P (1) X 45 (%,1)) (A0 () +A @)X +B (%) U (X,,1))
1 A A N
F A (G (%) 67 () B (8.)) )

Taking derivative of Eq. w.r.t., U (Xt , t) and set to zero, we can obtain the corre-
sponding nonlinear optimal control U* (Xt , t) as

U* (1) = =R (R) B(R)" (P (%i,1) X — 5 (X,.1)) (38)
Substituting the value of U* (}?,,t) in Eq. , the term HJB can be re-written as
Loroio o oo 1, o
- EX,TP (X, 0) X+ X5 (X,,1) — 54 (X1)
= X7 [A(r)TPC (Xit) + P (Xi,t)A(t) — P (X,,) B(X) R (X)) BT (X)) P (X1.1)
Lo(R) ]x %7 {(A ()~ BR)R™ (%) BT (%) 2 ($01))"s (%0) + 0 (%) £139)
— P (X,1) Ao (r)] —s(X,1) A9 (1) — Es(Xt,t)TB (X)R"(X)B" (X) s (Xi,)

1o , 5
- EG(X,)PC (X.1)G" (X))
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From Eq. one can get,

N

—B (Reyt) =A@ P (Riyt) + P (Ret) A1) + 0 (X))

, Sy onT o o (40)
—P.(X,1)B(X;) B(X,) P (X:.1)
§(80) == (A0 -BR) R (%) B (%) B (%) s (),
-0 (X)X +P.(X,1) Ao
q (Xt,t) :S(Xt7t)TB (Xt> Ril (Xt) BT (Xt> N (Xt,t) +2S(Xt7t)TAO (t) (42)

-G (X,) P. ()?t,t) GT ()?t)
where P.(X,,t) is symmetric, and it is the suboptimal solution of SDRE with P.(X, ol 7)

S. The terms s(X;, ) is the solution of the nonhomogeneous equation with s (Xt ool f) =

X[f and g <X, ” tf) = 0. Obviously, the characterization advantage of resulting NOFTC

Eq. by solving the corresponding Egs. and is that it provides a possi-
bility to deal with the nonlinearities of the systems. Moreover, because the SDRE
depends only on the current state, the computational calculations can be performed
online, in which case the Eqs. and are then solved at each point X; to obtain
U*(X;,t) in NOFTC .

2.2.4 Approximate Lyapunov-based solution

There still is a problem in the solution of Eq. (38)) by using Egs. (40) and (41) with the
final conditions P, (X,f,tf) =Sands (th,tf = X,’/.: the ststes used in the future are

not known ahead of time. One cannot calculate SDCs of Egs. and backward
in time from ¢ to 9. To solve this problem, the original nonlinear SDRE is converted
to the differential Lyapunov equation (DLE) using an approximate analytical method,
which can be solved in closed form at each time step [20, 22, 23, 36]. Furthermore,
the states’ values in the Riccati equation are frozen their current values from each
time step of the current time ¢ to the final time 7.

Now in order to get the closed-form solution of SDRE and non-homogeneous
Eq. @I) we have following steps:

(a) Closed-form solution for Riccati equation

In order to get the solution of P.(X;,t) in Eq. , solve the algebraic Riccati equation
(ARE) to calculate the steady state value Py(X;,7)

AW) P (R0,) + Pos (R00) A (6) = Pos (£0,1) B () B(R) " Py (R1.1)
+0 (Yt) =0
Subtract Eq. @3) from Eq. (0)
—B. (R,1) =AW)" (P (%it) — Py (Ris1)) + (P (Rit) — Py (Ris1) ) A(2) "
— Py (Xz,t) B (Xt) B(Xt)Tva (Xtat) + Py (Xt,t) B (Xt) B(Xt)Tva (Xnt)

(43)
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Use the change of variables in Eq. and let
Kp (80,) = [P (%,1) = Py (R1)] (45)

The final condition of Eq. (3] is

Kp (Riyt7) = [S= Py (%,1)] (46)

Calculate the closed-loop value A.(X;)
Aa (X)) =A@ —B(X) R (%) B(X)" Py (%.1) (47)
Solve the DLE
Kp (X,1) = Kp (%,0) AT, (%) +Aa (%) Kp (X,1) =B (%) RV (%) B(X)"  (48)
The solution Kp(X;,?) of equation (48) is [16]
Kp (R,1) = ) 00) [Kp (1) — D] () (0r) 4 (49)
where D is the solution of the following algebraic Lyapunov function [32}/31]
A (X)D+DAL (X)) -BX )R (X)B" (X) =0 (50)
Then calculate the value of P.(X;,t)
P (X,1) =Kp' (X,1) + Py (Xi1) (51)
(b) Closed-Form Solution for Non-homogeneous Equation

Calculate the steady state value of s ()A(t,t) according to Eq. (41)

N N N N -1 PN
sss (Rt) = (A —BR)R (R)B" (R) Py (X,1))" (Q(R) R — Py (X,1) Ao (1))
(52)
Use the change of variables and define
K; (Xtvt) = [S(Xnt)*sss (Xht)] (53)

The solution K (X;,?) is given as
K, (%) = e~ (AO-BERIRT ()5 (R)Pe0) (111) [5(%,,1,) — 5,5 (R01)] (54)
Then calculate the value of s(X;,#) from the equation below as
s (Xi,1) = Ky (X;,1) + 555 (X1,1) (55)
Finally calculate the NOFTC law U*(X;,?) by using Egs. and

U* (%,1) = =R (%) B(X)" (P (X,,0) R, — 5 (X,,1)) (56)



16 Shahid Qamar et al.

In summary, the online implementation of NOFTC in Finite-horizon SDRE strategy
is shown in the following Algorithm.

Algorithm: Steps for online implementation of NOFTC SDRE strategy

At each time-step repeat:
{
: Estimate the system state X, using NSE (25)) and calculate Ao (), A(z) and B(X,).
: Solve SDARE 1.» for Py X,,
: Evaluate Kp(X,,tf u%mg E
: Calculate A (X;) in Eq. (47|
: Solve algebralc Lyapunov functlon @) to find ©.
: Find Kp(X;, 1) using Eq. (4
: Calculate P.(X;,t) using Eq

O 00 1O\ WL AW —

: Using Eq. (52) calculate the steady state value of sy (X;,7).
: Solve Eq. (54) to calculate K, (X;,t7).

10: Find s(X,,1) using Eq. .
11: Calculate the NOFTC law using Eq. (56).
12: Apply NOFTC law on the ONMSQS and NSE.

Figure 3| shows the flow chat of the NSE based ONFTC process for ONMSQS.

rAt 'Eime t=t,

v .
I _ Nonlinear state estimator of ONMQS |
dX, = 4, (t)dt+AX,dt+ B(X,)U(X,.t)dt ||

| +K,(X,.1)(dY, - CX dr) i

Next time step |I Solve Differential Solve Differential Riccati |
| /=¢+Ar 1' | Equation for S(X,,l) Equation for PL,(X,,t) |

R S 7

A
Solve Nonlinear Optimal Control
U (X,.1)

Fig. 3 Flowchart of the NSE based NOFTC process for ONMSQS
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3 Closed-loop system dynamics

By applying the NSE-based NOFTC to the ONMSQS, we can get the closed-loop
dynamics of the system which includes the NOFTC, principle ONMSQS, the NSE
and reference system model. Denoting the closed-loop dynamical variables as X, =
(X X,]T and X, = [¥, Y,]T, from the system nd measurement process output
(21), NSE , estimated output (26), NOFTC (38), and the reference system model
(33), the dynamical equation of the closed-loop system is described as

dX; = (Ao +AX, + B(X,))dt + G(X,)aw, (57)
XZ‘ XZ‘ Xt
d |2 = [Aot) +A (1) | &7 +E<X,> b dt+é()?,)dW,
Xt Xt Xt
d¥, — % 1D {df)"] (58)
i <X « |dW,;
el ol
where
5 [Ag (1) 5 A(t)  0O3x3 033
Ag(t)=|03x1 |, A(t) = 0353 A, 03x3
[ Ao (1) Ko (X,1)C 03,3 A(t) — K. (X;,1)C
o [oss BX)E —BX)E] [ GX)
B(X;) | 03x3 0353 0353 , G(X) = 031
0343 B(X/) E2 —B(X,) &4 K. (X:,1)
’ C 01x3 O1x3 q
. . DO
C=101x3 01x3 O1x3 |, D= 00
01><3 01><3 C -

where Z; = —R~' (%) B(X,)" P. (X,1) and Z, = R~ (%) B(%) "5 (X,).

The Egs. and (58) are the closed-loop dynamical model of NSE based NOFTC
for the ONMSQS. The closed-loop NSE-based NOFTC structure for the ONMSQS
is shown in Figure[d]

4 Numerical simulation and results analyses

In this section, we apply NOFTC on a two-level ONMSQS to demonstrate the advan-
tages of NSE-based NOFTC system for the state transfer of ONMSQS. The control
fields transfer the system from arbitrary initially state pg to the target eigenstate py.
For the two-level ONMSQS there are all two eigenstates: |0) and |1). Experimen-
tal performance of the state transfer success rate > 90% is selected for the quantum
system state transfer from arbitrary state to the desired state.
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Open Non-Markovian | X

. t | Homodyne dy,
P Stochastic Quantum > Y !
Detection

System

Nonlinear State Estimator based Nonlinear
Optimal Feedback Tracking Control J

U(t) | Nonligear O;I)timal p )%, Nogl?r?er:?rsntate < |
| OerA Estimator |
tx |
| Reference
| Model |
|
|

Fig. 4 Schematic diagram of the closed-loop NOFTC of the system

We first do the experiment of the free evolution of the system without external
control fields, i.e., u(t) = uy(t) = 0. The initial state is chosen as: Xo = [xo yo 20" =
[0.1 —0.20.85]7, and other parameters are selected as: & = 0.1, wy = 10, KT = 30,
r=0.2, M =2 and n = 1. Figure 5| shows the free evolution of the system (20) in
the Bloch sphere, in which mg and m are the initial and final state of the ONMSQS ,
from which one can see that the system states eventually terminate on the equilibrium
state: the maximum mixed state, which is the stable point of the system. Due to the
characteristics of the non-Markovian, the trajectory of the state does not directly but
spirally attenuate to the center of ball.

Yi Ty

Fig. 5 Free time evolution trajectory of the ONMSQS with Xo = [xo yo zo]” =[0.1 —0.20.85]7

It should be noted that moving the system to the desired state with high transfer
rate depends not only on the control fields but also the joint relationship of system
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parameters, i.e., the relations of o, @y, KgT, r, M, and 1 and [u,(t); u,(t)]. we do
the experiments to verify the validity of the NOFTC, and the comparisons between
the estimated and real states, in which the initial values of the ONMSQS controlled
has been selected randomly and the NSE is initialized at Xo = [—0.2 0.15 0.6]7, at
t =0, and K, = 1 and P,; = L3x3. The respective state and input weighting matrices
are selected as Q = 3 x diag[2 12 5], R = 10 x diag[0.01 0.09], S = diag[111], and
the reference targeted final state is the eigenstate |1), i.e., X, =[00 —1]7. a = 0.1,
wp =10, KpT =30,r=0.1,M =3, and = 1. 1y = 4 seconds. The variance of dW,
is 0.1 and C = [0 0 \/Mn)]. Figure 6 shows the state transfer of real and estimated
ONMSQS with NSE-based NOFTC, from which one can see that the estimated
state can track the system state and achieve error within +2% about 1 sec. time, and
NOFTC designed can drive the system in the direction of the given desired trajectory
with high state transfer success rate, i.e., > 90%.

1 . . .
0 1 2 3 4
Time (sec)

Fig. 6 State transfer of the actual and the estimated ONMSQS with F,, = 1 and P, = I3x3

Figure [7] shows the control fields of NOFTC. Figures [8] 9] and [I0] are the time

15 T T T T T T T

— — —u(t)
uy (1)

=
o
T
L

o o

Control field
&

-10

-15

0 0.5 1 15 2 25 3 35 4
Time (sec)

Fig. 7 State transfer control fields with Q =3 x diag[2 12 5], R =10 x diag[0.01 0.09] and S = diag[111]
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evolution of coherence (23), purity (22) and occupation probability of the real and
the estimated system (24), respectively. Figure [T1] shows the errors between the

0.4 T T T T T T T

A
———A

Ay, Ay

0 0.5 1 15 2 25 3 35 4
Time (sec)

Fig. 8 Evolution of coherence function A,

Pe
---7

P> Dr

0.2 b

02 . . . . . . .
0 0.5 1 15 2 25 3 35 4

Time (sec)

Fig. 9 Evolution of the purity of the system

Cartesian coordinates of the real and estimated ONMSQS, i.e.,e; =x, — X1, e1 =y —
and ez = z; — Z, from which one can see that the error between the estimated and real
system is small enough for each individual value about 1 sec. time.

Non-Markov quantum system has many parameters, and some of them are chang-
ing with the time. In order to demonstrate the robustness of the performances of the
system for the different parameters, in the experiments, for the total 6 different pa-
rameters, we first do one experiment for a given group parameters, then we let one of
them are equal to different two values and at the same time let the other parameters
un-changed, the total number of the experiments of desired and designed states of
the system for these 6 parameters are 2+12=14. i.e., « = 0.1, wy = 10, KgT = 30,
r=01,M=3,n1=1,00=0.05, 0y =10, KgT =30,r=0.1,M=3,n=1,a=0.1
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occupation propabilties

0 0.5 1 15 2 25 3 35 4
Time (sec)

Fig. 10 Evolution of occupation probabilities of the system

04 . . . . . . .
0 0.5 1 15 2 25 3 35 4

Time (sec)

Fig. 11 Error between real and estimated system withe; =x, —%,e; =y, —Vande3 =z — 2

,00=15KgT =30,r=0.1,M=3,n=1,a=0.1, oy =10, KgT =50, r=0.1,
M=3,n=1,00=0.1,0=10,KpT =30,r=02,M=3,n1=1,a=0.1, 0y =10,
KpT =30, r=0.1,M=5,n=1land a =0.1, wy =10, KgT =30, r=0.1,M =3,
n = 0.8 . Figure[T2]shows the states transfers of estimated and real ONMSQS with
different system parameters, from which one can see that with higher M and the more
noise introduced in the system, when the effect of KzT and r increase the coherence
becomes shorter, and with smaller r the system can achieve high success state trans-
fer rate. Under the all different parameters, the characteristics of the quantum system
have little changed, and the designed control quantum system can well track the de-
sired state and have good performances in any cases. The experiments demonstrate
that the NOFTC designed has ability to track the states of the control quantum system
to the desired trajectory.
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Fig. 12 Evolution of state transfer of the real and estimated system with different system parameters

5 Conclusion

In this paper, a closed-loop NSE-based NOFTC was proposed and designed for the
state transfer of two-level ONMSQS. The proposed, which included a NSE to con-
tinuously estimate the system state by the measurement data, and then the NOFTC
law was designed via SDRE. The closed-loop NSE based NOFTC for ONMSQS was
implemented online at each time step to get the high control performance for the
tracking of reference model. Numerical simulations results demonstrate that the NSE
was able to track the real ONMSQS with the error +2%, and the NOFTC proposed
had the ability to steer the state of ONMSQS from any initial arbitrary state to the
final target state.
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