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Optimal control with accelerated convergence: Combining the Krotov and quasi-Newton methods
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One of the most popular methods for solving numerical optimal control problems is the Krotov method,
adapted for quantum control by Tannor and coworkers. The Krotov method has the following three appealing
properties: (1) monotonic increase of the objective with iteration number, (2) no requirement for a line search,
leading to a significant savings over gradient (first-order) methods, and (3) macrosteps at each iteration, resulting
in significantly faster growth of the objective at early iterations than in gradient methods where small steps are
required. The principal drawback of the Krotov method is slow convergence at later iterations, which is particularly
problematic when high fidelity is desired. We show here that, near convergence, the Krotov method degenerates
to a first-order gradient method. We then present a variation on the Krotov method that has all the advantages of
the original Krotov method but with significantly enhanced convergence (second-order or quasi-Newton) as the
optimal solution is approached. We illustrate the method by controlling the three-dimensional dynamics of the

valence electron in the Na atom.
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I. INTRODUCTION

The field of quantum control has developed rapidly since
the 1980s. The key aspects of the theory were formulated by
Tannor, Rice, Kosloff, Shapiro, Brumer, and Rabitz [1-5], and
the first experimental demonstrations were performed a decade
later [6-8]. Today, with the advances in technology, one can
shape the amplitude, phase, and polarization of femtosecond
laser pulses. Recently, the production of attosecond laser
pulses has also been demonstrated [9], which opens the door
to the possibility of controlling fast electronic processes.

One of the main theoretical tools in quantum control is
optimal control theory (OCT). OCT provides a variational
framework for calculating the optimal shaped laser pulse to
maximize a desired physical objective. Its application to quan-
tum mechanics was first formulated in the late 1980s [5,10].
In rare instances, the equations for the optimal control field
that emerge from OCT can be solved analytically. However, in
the vast majority of cases, a numerical treatment is required.
Invariably, these numerical treatments are iterative—one starts
from an initial guess for the control and improves on it by
repeating some procedure over and over.

The standard optimization approaches are either gradient
methods [11], which use first-derivative information, or New-
ton and quasi-Newton methods, which use second-derivative
information. A somewhat unconventional approach is the
Krotov method [12], adapted for quantum control by Tannor
et al. [13,14]. A decade later, Sklarz and Tannor [15] adapted
the nonlinear Krotov method [16] for quantum control, where,
for example, the system equation of motion is nonlinear. The
Krotov algorithm has been used with great success in many
works for applications ranging from cooling [17] to quantum
communication [18] and quantum computation [19,20]. A
related algorithm was introduced by Zhu and Rabitz [21], and
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an illuminating comparison of the algorithms was carried out
by Maday and Turinici [22]. The Krotov method has several
distinct advantages over gradient and quasi-Newton methods:
(1) monotonic increase of the objective with iteration number,
(2) no requirement for a line search, leading to a significant
savings over gradient (first-order) methods, and (3) macrosteps
at each iteration, resulting in significantly faster growth of the
objective at early iterations than in gradient methods where
small steps are required. On the other hand, at high iteration
numbers, the method tends to become inefficient and it is hard
to achieve high fidelities. With the Newton and quasi-Newton
methods, one can achieve high fidelities; however, because of
its line-search procedure, it is nonmonotonic and restricted
to microsteps, i.e., a significant number of iterations are
usually needed to get a reasonable outcome. (The simple
gradient search suffers from both shortcomings: low fidelity
together with nonmonotonicity and microsteps. However, it
is a relatively simple procedure that can be useful in certain
cases.)

In this paper, we analyze the source of the inefficiency
of the Krotov method at later iterations, and show that it
is due to the degeneration of the method to a first-order
gradient method as convergence is approached. We then
present a variation of the Krotov algorithm that combines
the benefits of the original Krotov method with that of
Newton’s method—monotonicity and macrosteps, along with
significantly improved convergence at high iteration numbers.

The remainder of this paper is organized as follows.
Section II is devoted to methodology. We first formulate
OCT using continuous functions (Sec. I A); from now on, we
will call this the “function language.” We use this formalism
to show the degeneration of the Krotov algorithm to a
gradient method as convergence is approached (Sec. IIB).
We then proceed to describe the Newton and quasi-Newton
methods, focusing on a particular algorithm known as the
Broyden—Fletcher—Goldfarb—Shanno (BFGS) algorithm, after
its inventors applied [23-26]. To explain this algorithm, we
first reformulate OCT in a vector space (the “vector language,”
Sec. ITC). We then continue by explaining Newton’s method in

©2011 American Physical Society


http://dx.doi.org/10.1103/PhysRevA.83.053426

REUVEN EITAN, MICHAEL MUNDT, AND DAVID J. TANNOR

general and its approximation, the BFGS method, in particular
(Sec. IID). Finally we present our algorithm, which we call
Krotov—BFGS (or K-BFGS, Sec. I1 E). For each method, after
presenting the working equations of the method, we provide
a step-by-step description of the algorithm. Section III is
devoted to numerical examples. Section IV is a summary and
conclusion.

II. METHODOLOGY

A. General formalism for OCT: Necessary
condition for optimal control

Consider a system defined by the complex state function
¥ (r,t). The controllable parameters of the system are repre-
sented by the function £(¢). The state function i evolves under
an equation of motion of the general form

y(r,n) = fly,1r,0). (D

In Dirac notation, Eq. (1) is written as [y/(¢)) = | f[¥,£](1)).
We will frequently use Dirac notation in the rest of the paper,
and we will generally omit writing the dependence on ¢ except
in integrals over 7.

Given the equation of motion, one would like to maximize
the value of some target at time 7 [27]. The target could be
a specific state (“state-to-state transfer”), an observable, or
something else. One can generally write the objective in the
form

J = (MIPIY(T)), 2)

where P is some projection operator. For generality, we will
simply write J [y (T)].

Once the mathematical form of the objective functional
is defined, maximizing the target corresponds to maximizing
the objective under the constraint of Eq. (1). This is done by
adding to the objective the equation of motion using a Lagrange
multiplier function x (sometimes referred to as the “dual” or
“adjoint” function), and defining a new functional J as

T
J=17- 2Ref0 (XN (@) — fly.E1@)dr. 3)

It is sometimes useful to add other costs on the controls [28]:

T
Jo= fo MDglEN) dr. @)

There are two purposes that J, can serve. These two purposes
correspond to two different meanings for A: (a) If the purpose
of J. is to be an additional constraint, i.e., & fulfills some
equation, then A should be treated as a Lagrange multiplier.
In this case, the maxima of J still equal the maxima of J,
since adding J. is to add zero. (b) However, if the purpose
of J. is to be a penalty function, which means the system
has some freedom to deviate from an equation for £ but is
penalized for doing so, then A is a fixed predetermined function
that determines the penalty for deviation. For this option, J;
has to be nonpositive for maximization (and non-negative for
minimization). However, in this case, the maxima of J will
differ in general from the maxima of J. Nevertheless one can
still keep J, small enough relative to J so that the maxima of J
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will be approximately the maxima of J [29]. For the remainder
of this paper we assume that

glEl) = (@) — ¢()’, ®)

and therefore

T
Jo=— fo AMOE@) — L), (6)

where ¢ is the “reference control,” and A(z) > O.
Combining everything together, we obtain

J=J+N+ L+, (7a)
where

T

Ji = —2Re/ (x(Oly(n)dr, (7b)
0

T

= 2Re/0 (XOLf[Y.E1()dr, (70)

T T
J= /0 MOglEN) dt = — / MOE@) — c)dr. (1d)

0

The condition for an optimal control is that J be maxi-
. . F : 8 _ 8] _ 8] _
ml_zed, ie., VJ = 0 or, more specifically, 5z =5 =y =
% = 0. Using the maximization condition % = 0[30], one
gets an equation of motion for the Lagrange multiplier x and
its value at the final time T (see Appendix A):

8>
% .
[X) 50| (8a)
Xy = 22 (8b)
X = S

By taking x to fulfill Egs. (8a) and (8b), one can address the
% part of the gradient of J alone (since all the other parts are
zero), and one obtains

57 SFULET\ . Sgle]
E‘zReM 52 >“ 58
8 )
zzRe<x’—f[£‘§]>—zus—;), ©)

where we emphasize that both the left-hand side (LHS) and
the right-hand side (RHS) are functions of time. J is then
maximized by & = & that gives % =0 [31].

There are a few methods for finding (or at least approaching)
the &y that fulfills % = 0. Except for a few specific cases
where a full analytical solution is possible, all methods use
Egs. (7a)—(9) in an iterative, self-consistent manner. In this
paper, we present three such methods. On the one hand,
there are methods that do not use a line-search approach.
The premier example is the Krotov method, which as we
will see immediately below has the advantage of monotonic
convergence of J as a function of the iterations. On the other
hand, there are line-search methods—Newton’s method and, in

particular, the BFGS (and its limited memory version, LBFGS)
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method. These methods use second-order information to
approach &; but, due to their line-search, lack monotonic
convergence with iteration number. Finally, we present our
combined version of the two, the Krotov—BFGS (K-BFGS)
method, which preserves both the advantages of second-order
information with monotonicity in the iterations.

B. The Krotov method

The main feature of the Krotov method (in fact, Krotov
originally derived his method to fulfill this feature) is the
monotonicity of J as a function of the iterations (i.e.,
J® > J&k=D for the kth iteration). We consider systems that
evolve under linear equations of motion [i.e., f in Eq. (1)
depends linearly on v and &]. The Krotov method achieves
monotonicity by updating the control in the kth iteration as
(see Appendix B)

£ — g0 4 1R < =)

SfIw®.&] k) =D,
8¢ > v
(10)

Notice that in the Krotov method, the i of the kth iteration,
1//("), is used to update the kth guess of the control, & &) while
also depending on it via Eq. (1). This differs from gradient
search approaches that use only information from the previous
iteration(s). The function ¢ is some reference control that in
principle can be chosen differently from iteration to iteration.
Choosing ¢® as fixed for all iterations (i.e, ¥ = ¢*=D = ¢)
requires that J3 be chosen as in Eq. (6) if monotonicity is
to be preserved. However, if one allows ¢ to change from one
iteration to the next, and takes ¢ ® = & &=1 then monotonicity
is achieved even if J3 = 0 (a proof is given in Appendix C).
Nevertheless, even in this case, the function A in Eq. (10) is
still needed as a calibration for the steps of the iterations (see,
in Ref. [15]).

Experience shows that the Krotov method is inefficient
as convergence is approached, i.e., one cannot reach high
fidelities with the Krotov method in a reasonable number
of iterations, while with second-order methods like Newton’s
method, one can reach high fidelities. In this section we give
a theoretical analysis of the Krotov method that sheds light on
this phenomenon.

Taylor expanding the ¥® equation of motion [RHS of
Eq. (1)] around ¥~ we obtain

Sf1y.€]
Sy
where Ay = & — *=D_(Since we assume linear depen-

dence of f on v, higher-order elements vanish.) Varying
Eq. (11) with respect to the control gives

LIy ®E1) = | Fly*DED + ' Aw>, (11)

SfIy®@.e1\ _ |8fly* D8] 8 fly.€]
‘ 5% >_‘ 5% >+ SESY A‘/’>' (2
Inserting Eq. (12) into Eq. (10) gives
50 =4 (sf")+é§“), (13a)
where “n
® _ Re<X(k—1) wa/(sg ,€]>’ (13b)

PHYSICAL REVIEW A 83, 053426 (2011)

(13¢)

582 ,
© _ Re<x<k—1) Sy S]Al//>.

SESY

According to Egs. (9) and (5), ‘Sj;;) is given by

5T~
58

(Sf[w;];_])vé]> _ 2)\(%—(/(—1) _ é-(k_l))

=2{5" —aE* " ). (14)

Combining Egs. (14) and (13a) gives

P 1)
g0 — 0 4 21x 6]55 + kD

A
8¢

where % = ¢® 4+ £*=D — =D ‘and o = 5-. We find that
the update rule is composed of two elements: the “simple”
first-order gradient element [the first two terms on the RHS of
Eq. (15)] and a correction term that depends on the change in
between iterations [the third term on the RHS of Eq. (15)]. We
show in Appendix D that, near convergence, this third term
goes to zero and therefore the Krotov method degenerates
to a first-order gradient method. The main disadvantage of
first-order gradient methods is that in many cases the first-
order information is not enough to reach high fidelities in a
reasonable number of iterations, since the neighborhood of a
maximum is almost flat. (A consequence of this is that one
gets a strong dependence on the value of A, which can cause
numerical instabilities.)

We conclude this section by giving the algorithmic steps of
the Krotov method, as follows, at iteration k:

(i) Using x*=D from the previous iteration and ¥* from
the present iteration, an improved control €% is calculated
via Eq. (10). This improved control is used to propagate y*’
according to Eq. (1). (Since £ depends on v ®), we solve the
equations self-consistently using what is known as an implicit
scheme. One can also use an explicit scheme, however, it is
known to be less stable.)

(i) At time T, Egs. (7a)—(7d) are used to calculate J ®,

(iii) Using Eq. (8b), one gets the final condition of the
Lagrange multiplier, x (7).

(iv) Using Eq. (8a), x® is propagated and calculated for all
times.

The procedure described above is repeated until conver-
gence. At iteration 0 in step (i), one guesses a control £@ and
uses it to propagate © up to time 7 with Eq. (1). A schematic
diagram of the algorithm is given in Fig. 1.

L
;.(k 1)+X%—é)

=V +a + 208", (15)

C. Translation of the optimal control formalism
to vector language

The formalism of Newton’s method (and its approximation,
BFGS) is most easily presented using discrete vectors rather
then continuous functions. Therefore, we start by reformulat-
ing OCT in this “vector language.” For the sake of generality,
we write the formalism for a general vector space. However,
at the end we “translate” the results to Dirac notation.
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£O(t)

0 > %(0) yO(T) "L JO
UEq (8b)
£9)
x®(0) xO(T)
1 > 9(0) £00) " Ly 0 1), (1) $O(T) PLD F)
UEq (8b)
£t
x(0) X(T)
(&) () FILO 13 (k=1) () (k) -
k> %(0) §0 () yIx TP @) @) ¢(k)(T) Ba (72) 7k)
UEq. (8b)
W)
x®(0) X®(T)

FIG. 1. Schematic diagram of the Krotov algorithm.

Following Sec. Il A, we consider a complex state vector, v,
where

7vn)7 (16)

and where each of the components here are functions of the
Hilbert space. The jth vector component obeys the following
update rule:

1_5 = (Ul,vg,

v = fl0.€], (17)
where § is the control vector,
E= (&b, .. £ (18)

Although this formalism is general, for our purposes the
components of the vectors play the role of a discrete version of
the continuous time dependence of the functions in Sec. IT A
(one could look at them as a numeric time grid).

For any two vectors in the space, w and w, we define a
notation for the inner product of their kth and /th components,
wy and Wy, respectively, as

wle)] = /_OO wk(r)wl(r) dr. (19)

o0

We now can reformulate Eqgs. (7) with the help of a Lagrange

multiplier vector, u = (uy,uy, ... ,uy,) as
J=J+ N+ h+ ], (20)
where
J = Jlval, (21a)
i.e., the objective functional J depends only on v,, and
Ji = =2Re [ ujv, + Y v, | (21b)
n—1
Jy=2Re ) ujfil0.€], 2l¢)
n—1 =1 n—1
13=Z)»jgj[§]=—zlj(§j—§j)2, (21d)
j=1 j=1
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where Z’ is a reference control vector, and the discussion of
J;3 in Sec. IIA is also relevant here. Using the maximization

condltlon = 0, one gets the analog of Egs. (8),
8J:
wj=———=,j #n, (222)
v}
8J
Uy = . (22b)
Svk

Equations_ (22a) and (22b) lead to an equation for the
gradient of J [the analog of Eq. (9)],

5T w LShI0.E . 8glE]
55, e Z " s, £ 5,

Jj=1

n—1

)
=2Re) f,[;é “ 5. (23)
j=1 §

With this “vector formalism of OCT” in hand, we can now
explain Newton’s method and its BFGS approximation.

D. Newton’s method and the BFGS method

Newton’s method uses a line-search approach to minimize
a function F (i.e., a search along the gradient of the function
to find a minimum). The method minimizes a function, F :
C" — R (for maximization one can minimize —JF), if its
gradient, V.F, and its Hessian matrix A (or its inverse A~!) are

known (where A;; = %, ,X,) € C"). The
i0X;j

actual implementation of the method is iterative, moving along

a path until minimization has been achieved. The kth iteration

step for ¥ (¥®) is given by

)? = (xl,xl,

3D = 30 _ A OV FED). (24)

Unfortunately, in many cases, the Hessian A is unknown
or unfeasible to calculate on a computer. The BFGS method
[23-26] approximates the Hessian matrix of the kth iteration,
A ~ B®), using the known quantities X*~, ¥®), VF@EED),
VF (x(k)) and B*~ (usually B© is taken as the unit matrix).
These kinds of methods are referred to as “quasi-Newton”
methods. For the kth iteration, we can therefore rewrite Eq. (24)
as

BOEK+D _ 300y — _ g FG®0), (25)

where ¥**1 is yet unknown. Solving the equation
BY 50 = —VFEW) (26)

gives a vector p©. If F were truly quadratic, then ¥*+ would
be completely determined by Eq. (26); however, because in
general the function is not quadratic, one performs a line-
search,

FD — 300 4 oW 50, 27)

to minimize JF (sometimes another condition, e.g., on the
gradient, is added). «® is a scalar that one should change until
the minimum is found. After finding the minimum, one updates
the Hessian approximation for the next iteration according to
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the formula [23-26]
FOGH)
(0T 50

B30 BRF0)T
(GO HOKON

B*+D = B® (28)

where y© = VEE*+D) — VEE®), and 5% = ¢® p®. The
process is continued until convergence.

The disadvantage of the method—the need to perform
a line-search—is apparent from Eq. (27) and causes the
method to lack monotonicity with respect to iteration number.
Although the dimension of the vector space is n, since
B is symmetric, only %n(n + 1) data points need to be
stored. Nevertheless, in some systems, even this is too large.
The limited-memory BFGS (LBFGS) method [32,33] uses a
smaller amount of space to store the BFGS approximation to
the Hessian.

Translation of this notation to Dirac notation is
straightforward: X corresponds to ¢ which corresponds to
W) = (|¥1), 1Y), ..., |¥,)), and similarly, i corresponds to
Ix) = Ux1)1x2)s---,1xn)).- Therefore, after the translation,
the steps in 1terat10n k are as follows:

(i) Propagate |®) using the €% calculated [via Eq. (17)]
at the previous iteration.

(i) At time T, use Egs. (20)—(21d) to calculate J®.

(iii) Use Eq. (22b) to get the final condition on the Lagrange
multiplier | x ).

(iv) Use Eq. (22a) to calculate | x}k)
Eq. (23) to calculate VJ®.

(v) Calculate p® via Eq. (26).

(vi) Guess (smartly) a value for g(k).

(vii) Update £® via Eq. (27) to §*+D.

(viii) Propagate [{**+D) with £%+D via Eq. (17).

(ix) At time T, use Egs. (20)—(21d) to calculate JUED

(x) Check: if J**D is not at the minima, guess (smartly)
a new o® and go back to step (vii); else continue to
step (xi).

) for all j’s, and use

(xi) Accept £*+D = g*+D_and update the Hessian approx-
imation B**D via Eq. (28).

As in the Krotov algorithm, at iteration O in step (i), one
guesses a control £© and uses it to propagate |©@) up to time
T via Eq. (17). When performing the algorithm in practice,
note that every time one reaches step (xi) one can skip steps
(i) and (ii) by setting [y * D) = | *+Dy and J*+D = Jk+D,
The procedure described above is repeated until convergence.
Figure 2 presents a schematic diagram of the algorithm.

E. Combining the Krotov and the BFGS methods (K-BFGS)
1. The form of Krotov in vector language

Before combining the Krotov and BFGS methods, we need
to reformulate the Krotov update rule [Eq. (10)] in vector
language:

Z (ke 1)5f][v ] (29)

k k
%—() C()

=P %R < *(k— 1>5ff[(;’é E]> (30)

where Eq. (30) follows from the fact that 5f / = %8 s
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£k (1) Eq._(306)

k)(T) J®

e (21b)

k> 9(0)

W)
®(0) —————— xP(T)
UEq. (22)
vJ®
qu» (25)
™
UEqA (26)

fﬁ(kﬂ)[a(k)] If J*+D g not
13 at the minimum

guess a new a(®
$(0)

KGR0 @ 02 (et1)

k+1) (T)
If J&+D g
at the minimum

JH) — jlkD)

FIG. 2. A schematic diagram of the kth iteration in the BFGS
algorithm.

2. Combining Krotov and BFGS

As mentioned above (Sec. I A), the only restriction for
Js (if taken as a penalty) is that it has to be nonpositive
(for maximization) [34]. The Hessian matrix A of a function
near its maxima is non-negative, and if one uses the BFGS
approximation of the Hessian B, it will be non-negative
everywhere. Hence we do not have to restrict ourselves to
the usual form of the penalty function—we can also write
Eq. (21d) as

Js=—h Y Bi& — &) & — &), 31

k.j=1

where A > 0. In the function language of Sec. IL A, this is
similar to claiming that J3 [Eq. (7d)] can take the form of a
quadratic integral, i.e., J3 = fOT fOT At,t)glE1(t,t")dtdt’ . This
generalized form for J’; allows us to incorporate second-order
information such as 52— g 5 3 into the Krotov algorithm.

Using Egs. (21a)—(21c¢) for J, Ji, and J,, and Eq. (31) for

J3, Eq. (20) becomes

n—1

Z(ujvj — uj-fj[ﬁ,g]) —utv

j=1

—A Y By — t)(E) — ). (32)

k,j=1

The gradient of J [Eq. (23)] is given by

8.]_ . *fs[l_jgg] n » |
s_a_zRe’(”s 5E, )_”;Bsﬂ%—f/)- (33)

From the maximization COIldlthIl =0, we get

Re(u; fs[ﬁ,é])' (34)
8&s

1
Cj)zx

ZBSJ(Ej -
Jj=1
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Our goal now is to get an expression for €, s = 1,...,n,
i.e., the value of the control of each time point s at the kth
iteration. To do this, we rewrite Eq. (34) as

n

! fs[v‘if
By IR(‘ 5€, ) Y By =&y,

j=1,j#s

Es:§s+

(33)

where we have isolated the sth term from the sum. By analogy,
with the usual Krotov procedure, we replace v — 1%, i —
ii*=D and & — E® [see Eq. (30)]. But, in addition, we replace
B — B¢ , exactly as in the usual BFGS method, since B is
an estimation of the Hessian based on the previous iteration.
This leads to the following update rule for the kth iteration:

L1 i K9]
g (e M

n

S Y B oy (36)

J=1j#s

k k
g0 = ¢®

However, this update rule raises a problem: the sth component
of the updated control depends on later time elements that are
as yet unknown (i.e., £%) depends on Sﬁk)’s for j > s, which
are unknown) through the second term in the parentheses of
the RHS of Eq. (36).

The solution is based on the idea that, to paraphrase George
Orwell’s words, “he who knows the past controls the future”
[35]. We set &; = O for all j > s, which reduces Eq. (36) to

1|1 ) LIB0 €]
k) _ (k) _ w(k—1) /3
SUEGTH pE {kRe<u3 8¢,
ZB(k )] é:(k) ](k)) . (37)

Now all of the elements on the RHS of the equation are known.
As s increases, we use the past information [all S;k) where j <
s, according to Eq. (37)] to determine the present (§*') in such
a way that the maximization condition of Eq. (34) is obtained.
Equation (37) is the central result of this paper. It gives an
update rule for the control that combines the monotonicity of
the Krotov method with the second-order information of the
BFGS method. We call the combined method Krotov—BFGS
or K-BFGS. In Dirac notation, the K-BFGS update rule takes

the form
1 1
: (k—1)
+ BED (}LRe<XS

s—1
- > BiE -] (38)

Jj=1

g®R = ¢® fswf—(k)g]>

88

Finally, we want to avoid the line-search of Eq. (27)
while preserving monotonicity. Therefore, we fix & = p®,
skipping the line-search of Eq. (27). However, the BFGS
update equation for the approximate Hessian [Eq. (28)] is
retained.
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§W(H)=Eq.(37) o™ (T) Fa. (30) 7k)

(Pa (21b)

k » (0

) (t)

x*(0) x®¥(T)

st (22)

vJ*®

llEq' (25)

™

llset 5%)=p(*) and use Eq. (27)

B(k+1)

FIG. 3. A schematic diagram of the kth iteration in the K-BFGS
algorithm.

As before, we conclude by giving the algorithm steps at
iteration k as follows:

(i) Using |x*~") and the Hessian B*~! from the previous
iteration, and |®) of the present iteration, the improved
control £® is calculated using Eq. (36). The new control is
then used to propagate | ) according to Eq. (17).

(ii) At time T, Egs. (20)—(21d) are used to calculate J®©.

(iii) Eq. (22b) is used to get the final condition of the
Lagrange multiplier |x ().

(iv) Eq. (22a) is used to calculate | X;k)
Eq. (23) is used to calculate V.J®.

(v) Calculation of p® is done via Eq. (26) and set s*) =

0.

) for all j’s, and

(vi) The Hessian approximation B**D is updated via
Eq. (28).

The procedure described above is repeated until conver-
gence. [As in the Krotov and BFGS algorithms above, at
iteration 0 in step (i), one guesses a control £© and uses it
to propagate ¥ up to time T with Eq. (17).] The algorithm is
given in a schematic diagram in Fig. 3. Note that the K-BFGS
algorithm, like the original Krotov algorithm, avoids the need
for aline search. As such it has a significantly simpler structure
than the BFGS algorithm shown is Sec. II D.

III. RESULTS

We consider the Na atom, treating its single valence electron
fully quantum mechanically, and its core electrons as an
external pseudopotential. This results in a linear Schrédinger
equation of motion. We take the control to be an x-polarized
electric field ¢, () [we are using the dipole approximation, i.e.,
e(x,t) = —fiye,(t), where i, is the x element of the dipole
operator]. The initial state |1/ (0)) is taken as the ground state
of sodium.

We choose as the target a state |¢) that is the sum of two
Gaussians, i.e.,

(x,y,2) = A(e—ax(x—xaf—a_v(y—ya)2—az(z—zu)2
+ e*ﬂx(X*Xﬂ)Z*ﬁy(y*yﬁ)zfﬁz(zfzﬁ)z)7 (39)

where {a;}, {B;}, x«, xg, etc. are constants and A is a
normalization factor. We would like to achieve this target up
to a global phase. Then, the objective functional J can be
rewritten with the help of a projection operator Py as

J = (P |Y (1)) = W (D)|p)(pY(T)).  (40)
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- KBFGS
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02t
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FIG. 4. (Color online) The objective J vs iteration number for
the double-Gaussian target in the sodium atom. o, = oy = @, =

==Xy =5 yo=yp=2a=25=0,and T = 10fs.

J3 was chosen to be zero. Figure 4 shows that J is a monotonic
function of the iteration number for the Krotov and K-BFGS
algorithms (remember that J and not just J is monotonic, see
Appendix C). On the other hand, high fidelities are achieved
only with the LBFGS and K-BFGS algorithms. Only the K-
BFGS algorithm is monotonic and has high fidelity.

IV. CONCLUSIONS

We started by showing that the low fidelity in the Krotov
algorithm arises from its degeneration to a simple gradient
search as the algorithm reaches convergence. By rewriting the
Krotov update equation for the control such that it includes
the Hessian information given by Eq. (32) (actually the BFGS
approximation to the Hessian), we established a variation on
the Krotov algorithm that is both monotonic in the iteration
number and achieves high fidelities. Although the inclusion
of the Hessian raises a difficulty [the dependence of a control
component on the future unknown control components, see
Eq. (36)], we established a procedure that fulfills the necessary
condition for monotonic convergence with Eq. (37). We also
provided a detailed description of the K-BFGS algorithm
steps.

Regarding the numerical costs, the CPU time for K-BFGS
is essentially identical to that of the usual Krotov method, and
a factor of m more efficient then the usual BFGS method,
where m is the average number of line searches per iteration.
The K-BFGS method, as in the usual BFGS method, requires
storing the matrix B, the approximate Hessian. The dimension
of B is ~N2, where N is the number of steps. In the usual
BFGS approach, this memory requirement can be avoided
using the limited-memory BFGS (LBFGS) method. A natural
extension of the present work would be to construct a limited-
memory K—BFGS (LK-BFGS) method, but this is a somewhat
specialized task.

For processes such as quantum computing, where extremely
high fidelities are necessary, as well as for other processes
where one seeks high fidelities, the K-BFGS method appears
to be a promising alternative to the existing algorithms.
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APPENDIX A: DERIVING THE EULER-LAGRANGE
EQUATIONS FOR QUANTUM OPTIMAL CONTROL

We give l_1ere the derivation of Eqs. (8a) and (8b). The
variation of J [Eq. (7)] with respect to ¥* is given by

87 _ 81 Sh b by
Sl sl syl syl syl

Note that % = O since J3 is independent of (y|. Furthermore

(AL)

J depends only on (y(T)| so that
8J 8J
—_— = (A2)
Syl S(y(T)

Integrating J; of Eq. (7b) by parts gives

T
Ji= —2Re((X(T)I¢(T)> — (x (O} (0)) —/0 (x(r)hp(r))dr)

(A3)
Therefore (since the initial condition /(0) is fixed),
(;i—{pl' = 1x) — 1x(T)). (A4)
Inserting Eqs. (A2) and (A4) into Eq. (A5) gives
O O Ix(T) + |x) + & (A5)
Syl o(y(D)l S(y|

Using the necessary condition (‘% =0, we get Egs. (8a)
and (8b):

0 = o
=TS
8J

7)) = .
[x(T)) 50 ()

In a similar way one can derive Egs. (22a) and (22b).

APPENDIX B: DERIVING THE KROTOV UPDATE RULE
FOR THE CONTROL FIELD

We give here a short derivation for the Krotov update rule
for linear equations of motion [Eq. (10)]. For a more complete
treatment, including nonlinear equations of motion, one should
refer to Ref. [15].
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In the Krotov method, one needs to defines an auxiliary
function as follows:

T
L& 0] = Gy (T)] —/ R[y.£1(n)dt — ¢[¥(0),0],

0

(Bla)
where
GL (T = JW(D)] + $Lw(T).T],  (Blb)
0 0
R[¥.£] = Re {ﬁf[w,él glEl+ 8—‘?} . Blo)

and ¢ is a scalar function that depends on 1/, which one is
free to choose as desired. In Ref. [15], it is shown that L = J,
which means that one should maximize G and minimize R.
The Krotov algorithm achieves this by an iterative method. At
the kth iteration, one maximizes R with respect to the control
&, while at the same time maximizing G and minimizing R
with respect to ¥, i.e.,

§% = argmax R[y.£], (B2a)
R[I//(k),é'(k)] = arg II:binR[llf,S(k)], (B2b)
Gly®] = arg mlfx Gyl (B2c)

For linear equations of motion, ¢ = (x| ), and Eq. (Blc)
becomes

R[Y.§] = Re {(x| f[¥.§]) — Agl€]1+ (xl¥)}.  (B3)

Using the necessary conditions 2—5

obtains Eqs. (8a) and (8b) for x®, to be used in the next
iteration. Using the minimization condition ‘;—I; = O for R, with

g given by Eq. (5), one gets Eq. (10) as follows:

8f[¢<k>,é]>}
8 '

_ 3G _
=0 and W_O’ one

f(k) — {‘(k) _ %{Re<x(k—1) (B4)

APPENDIX C: SUFFICIENT CONDITIONS FOR J
AS WELL AS J TO INCREASE MONOTONICALLY

We prove here the following claim: for the Krotov method
(as presented in Sec. II B), if in the update rule for the control
[Eq. (10)] one takes ¢® = £%=D_then J (not only J) is
monotonic with iteration number.

For the proof, we can take J3 to be as in Eq. (6), and rewrite
Eq. (2) as

T
J=J+ L +h+h=J - / AOIER) — (D dt,
0
(CD)

where A(¢) > 0. However, according to Eq. (1), J; + J, = 0;
therefore we can rewrite Eq. (C1) as

T
J=1J —/(; MOIE®) — £ dt. (C2)
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If & is updated according to the Krotov update rule [Eq. (10)],
then for the kth iteration we know that

JO > je=b, (C3)

By inserting Eq. (C2) into Eq. (C3), we get

T
JO - / MOEY D) — c@Pdr > J

0

T
- / AOES V() — ¢ () dt. (C4)

0

However, ¢ can be chosen arbitrarily, so we can choose { =
£*=D and we get

T
JO g > / ADOER@®) — X D)Pdt > 0. (C5)
0
Therefore we get

J® > J(kfl)’ (C6)

which concludes the proof.

Following these same steps, one can prove the above claim
also for the K-BFGS update rule [Eq. (37)], where J3 is written
asin Eq. (31).

APPENDIX D: THE DEGENERATION OF THE KROTOV
METHOD TO A FIRST-ORDER GRADIENT METHOD
NEAR CONVERGENCE

We prove here that the Krotov method degenerates to a first-
order gradient method near convergence. Our starting point is
Eq. (15). If we assume that the reference field is the same at
all iterations, ¢® = ¢*~D = ¢, we obtain

J(k—=1)
g0 — gk=1 —i—an

+ 20Re(x P ply® -y ).
(D1)

Moreover, @ = 5‘?7’; is independent of £ and v, since f is
linear in both.

The strategy of our proof will be to start from ¢ =0
and show that as ‘;—j — 0 the Krotov and first-order gradient
methods give the same field at all future values of . According

to Eq. (D1), the updated control £ at time t = 0 is given by

jk—1)

8£(0)
+2aRe(x *V(0) 1| (0) — ¥ (0))
7(k—1)

— gD 87
=770+ 520)

£00) =% D0) + a

(D2)
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where ¥ ®(0) = y*~D(0) = y(0) is the initial condition of . For small enough At, Eq. (1) can be rewritten as

[Vt + An) =~ [ (1) + | ¥ (0).6(D]) At. (D3)

Therefore, near convergence, ¥*) at At is given by

[y ®(An))

Eq.(D2)

Hence the updated control £®) at At is given by [Eq. (D1)]
7(k—1)

*-1) 8
[ (0)) + ‘f|:1ﬂ(0),f 0)+ «

[y (0)) + | F1¥(0),X(0)]) At

T T
SEQ) ]>At =2 % DAn). (D4)

DA DA + sean 20Re(x “V(ADIuly @ (ar) — ¢4 P(An)
Eq. D4 . x-1) JEb (k—1) (k—1) (k—1)
= ¢ (At)+a8€(At)+2aRe(x (AD |y (Ar) — ¥V (AD))
k—1) §J*+=
(At . D5
EN( )+a5$(AI) (D5)
Using the above, near convergence, ¥* at 2Ar is given b
g g g y
lwPean) = WO +HIflvPan.sPan)ar
F(k—1)
Eqs. DA&DS) | (k1) 5 (=D AP E*-D(Af 8J A
[V (AD) + | 1 (ADET( )+oz3€(m)
sJk=D 0
= [y *h2A), (D6)
and therefore £ at 2At is given by
Flk—1)
£M@2An g% arn + “saan 20Re(x VAN Iy P AN — y*V2AD)
Eq. (D6) ¢ (k1) Job (k=1) (k=1) *k=1)
=& (2At)+am+2aRe(X QA v P2Ar — y*D2AL))
k-1) J'(k—l)
VAt _— D7
EN( )+aag(2m) (D7)

and so on until final time 7.

From Egs. (D2), (D5), and (D7), we see that near convergence, as

gradient method.
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