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Abstract—In this paper, we address the problem of finite-
horizon distribution steering of state-affine nonlinear systems
using open-loop control. The terminal distribution is con-
strained by an isotropy constraint which enforces uniformity
in all directions. With the nonlinear dynamics and the isotropy
constraint, a constrained nonlinear optimization problem is
formulated. To solve this nonlinear problem, this paper pro-
poses a sequential linearized algorithm that generates feasible
iterates. The main advantage of the proposed algorithm is
that it requires no a priori knowledge of the global Lipschtiz
property of the gradients of the cost and constraint functions.
The performance of the proposed algorithm is demonstrated
by a beamline calibration problem in proton therapy.

I. INTRODUCTION

This paper considers the problem of steering dynamical
systems from an initial distribution to some desired terminal
distribution while minimizing a given cost function. Such
a problem has received considerable attention in recent
years and it can be found in a wide range of engineering
applications, such as swarm robots [1], [2], nuclear magnetic
resonance (NMR) spectroscopy and imaging (MRI) [3], pro-
ton radiotherapy [4]-[6], and self-assembly of nanoparticles
[7]. Tt is can also be viewed as an optimal mass transport
problem [8] when the terminal distribution is fixed.

One typical distribution steering problem is the covariance
steering problem. This problem is especially important for
Gaussian distributions as they are fully defined by the first
two moments. The covariance steering problem, also known
as the covariance assignment problem, was first introduced
in [9], [10], where linear feedback controllers were designed
for continuous stochastic linear systems such that the state
covariance converges to a specified value. This work was
then followed by other infinite-horizon optimal solutions
[11]-[14] for both continuous and discrete stochastic linear
systems. Recently, the finite-horizon covariance control prob-
lem has also been extensively studied in [15]-[19], where the
state covariance is steered to the targeted value in a finite
horizon. In particular, the authors in [15], [16] discussed the
sufficient conditions for the existence of the state-feedback
gains to achieve finite-horizon optimal steering. These refer-
ences focus on state-feedback controllers and assume that
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the state of the system is observable. However, in some
circumstances, the state is not always observable and state-
feedback controllers cannot be implemented. For instance,
in proton radiotherapy, a group of protons will be driven
to a desired distribution by external electric fields in the
absence of state measurements. For this reason, this paper
will focus on open-loop distribution steering and the state
is assumed to be unobservable during the course of control.
Note that the state covariance of linear systems is always
uncontrollable using open-loop control. This paper studies
a family of nonlinear systems where the open-loop control
input affects the state covariance.

In this paper, we also aim to achieve an isotropy termi-
nal distribution that is uniform in all directions. An exact
isotropy distribution will restrict its covariance matrix to be
a multiple of identity. However, it is unrealistic to pursuit
an exact isotropy distribution in practical applications. Con-
sequently, an inequality of the covariance matrix will be
used to achieve an approximate isotropy distribution. The
issue of isotropy often arises in proton radiotherapy, where
the protons are required to be distributed uniformly in all
directions for better treatment. With this consideration, the
terminal distribution is not fixed but rather constrained in
a feasible set, from which this paper differs from many
works in the literature [15]-[19]. In the presence of the
nonlinear dynamics and the isotropy constraint, a constrained
nonlinear optimization problem has to be solved to achieve
open-loop distribution steering. To ensure the feasibility of
the isotropy constraint, this paper will use sequential convex
approximation methods [20], [21] which generate feasible
iterates. Unfortunately, the method in [20] is based on the
global Lipschitz property of the gradients of the cost and
constraint functions, which is difficult to obtain and may
lead to poor numerical performance for general nonlinear
problems. Attempts to improve the numerical performance
have been made in [21] where the global Lipschitz property
of the gradient of the cost function is not needed. While being
a great improvement, this method still requires the global
Lipschitz property of the gradient of a general nonconvex
constraint to construct a feasible approximation set of the
original constraint set. In order to circumvent the incon-
venience of the global Lipschitz property, this paper will
propose an iterative algorithm where the approximation set
is parameterized and updated until its feasibility is reached.

The rest of the paper is organized as follows. This sec-
tion ends with the notations needed, followed by the next
section on the formulation of the control problem. Section
IIT discusses the reachability of the covariance matrix of



the dynamical system. In Section IV, the solution of the
distribution control problem is discussed and a proximal
linearized algorithm is proposed with a feasible initialization
procedure. Section V shows the application of the proposed
algorithm on the beamline calibration in proton therapy. The
last section concludes the work. The proofs of some Lemmas
and Theorems are not provided in this paper due to page
limitation.

The notation used in this paper is as follows. I,, is the
n X n identity matrix and 1,, is the column vector of all
ones (subscript omitted when the dimension is clear). For a
square matrix @, @ > (=)0 means @ is positive definite
(semi-definite). The p-norm of « € R” is ||z||, and |zl
denotes 2-norm. For @ > 0, |||, denotes 2" Qx. Given a
set S and matrices A, B, ASB = {Azb : x € S}. For a
square matrix A € R™"*™, p(A) denotes the spectral radius
of A. For a square matrix @ > 0, A\pnax(Q) and A\pin(Q)
denote the maximal and minimal eigenvalues, and x(Q) :=
Amax (@) /Amin(Q) denotes its condition number. Additional
notation is introduced as required in the text.

II. PROBLEM FORMULATION
A. System Description

We consider the following nonlinear state-affine system

Tep1 = fe(u)ze + ge(ug), 0<t< N -1

1
yt:C:Eh Ogtha ()

where x; € R", uy € R™,y, € R" are the state, input
and output vectors, f; : R™ — R™ "™ and ¢g; : R™ — R"
are proper functions, C € R"*", N is the given time
horizon, and z is distributed according to a known Gaussian
distribution N (119, Xo). The state x; is not measurable for
all ¢ > 0. The control input is subject to the constraint

w eUCR™ 0<t<N-1. )

The following assumptions are needed in the sequel.
Assumption 1: U CR™ is a convex and compact set.
Assumption 2: For any ¢, f;(u) and g;(u) are continu-

ously differentiable functions with Lipschitz gradients:

IDyr £ (') = Dyr fo(w) | < L = ul, 3)
[Durge(e) = Dyrge(u)]| < Lylla’ —ull, ¥, u € U, ()

where Ly > 0 and L, > 0 are the Lipschitz constants, and
D, denotes the derivative of a matrix-value function with
respect to u [22].

From Lemma 6.9.1 in [23], the following lemma is an
immediate consequence of Assumption 2. B

Lemma 1: Suppose Assumption (2) holds and let f;” (u)
and g!(u) denote the (i,7)-entry of f;(u) and i*" element
of g:(u) respectively, for all 0 < 4,5 < n and ¢t > 0. Then,
Vu',u € U,

£ ') = £ (u) = (VP ()T (' = w)| < %”“' B

l9:(u') = g1 (u) = (Vgi(w) ™ (u" —u)] < ZHu' —ul* (6)
The control objective is to steer the output distribution
to some desired distribution while minimizing a given cost

ull> (5)

function. Since the state information is not available, this
paper only considers open-loop control strategies and the
control signal u; in (1) serves as a universal input for any
realization of the initial state from N (g, 3o).

Let p; and X; denote the mean and the covariance matrix
at time ¢. As wu; is independent of z; for all ¢, it is easy to
verify that u; and ¥; evolve as follows

e = fo(w)pe + gi(uwe), Tepr = fi(u)Sef (). (7)
The output distribution can be given by

fry, = Cpt, By, = C%CT, 0<t<N. (8

B. The isotropy constraint

In this paper, we aim to achieve the uniformity of the
output distribution in all directions, motivated by the beam
specifications in proton therapy [4], [6]. The uniformity can
be represented as the isotropy of the distribution. For the
terminal output distribution N(p,,, %y, ), such a property
can be quantified by the relative difference between the
largest and smallest eigenvalues of the covariance matrix,
as shown below,

)‘maX(zyw) - )‘min(zyw)
/\min (Zyw )
Equivalently, it can be described as the condition number
k(2yy ). The following constraint is imposed at the terminal
time instant to achieve an isotropy output distribution
)\max (ET/N>
)\min (EyN )

where k > 1 is some given parameter.

9

K(Syy) 1= <k (10)

C. The distribution control problem
The control problem is to determine the control inputs
such that (10) is satisfied. The objective function is chosen
to be
N-1

Jun-1) = E{D_ (lyeld + luell®) + lynllB}
t=0

(1)

for some weighting matrices ), R > 0. Using this objective
function, the control problem can be cast as

N-—1
min BLY - (Ilyelld + lluel®) + lluw 13} (12a)
t=0
stz = fe(ug)ze + ge(ug),us € Ut < N —1 (12b)
y=Cxy, 0<t<N (12¢)
K (Syy) <R, o ~ N (o, So) (12d)

III. THE REACHABILITY OF THE COVARIANCE MATRIX
AND ITS CONDITION NUMBER

This section discusses the reachability of the covariance
matrix of the output distribution and its condition number in
system (1).

Let Ty(u;) = fi(ug)... f1(u1)fo(up) for all ¢. For a
given initial distribution N '(po,Xo), the reachable set of
the covariance matrices at time ¢ is defined as Q(t,3) :=



{D1(w—1)S0T7_ (us—1) : wmy € U}t > 1, where
U, :=UxUx---xU C R"™. Via vectorization, (7)
becomes

Vec(Xip1) = (fe(ur) @ fi(ur)) Vee(Ey). (13)

Note that ¥; is symmetric, Vec(X;) can be represented by

the L;” variables in upper triangle. Let z; denote the "2#
variables and Vec(X;) can be represented by
VCC(Zt) = MZt, Vi > 0, (14)

712+n
2

"L2 n . .
where z € R"2™ and M € {0,1}"** is the selection
matrix. Since M is full column rank, (13) can be rewritten
as

zipr = M7 (fi(ur) © fi(ur)) Mz.

where M T denotes the pseudoinverse of M. Let
frwe) = M (fi(u) ® fe(u)) M and Ty(uy) =
fe(ue) ... fi(u1) fo(up) for all t. The reachability problem
of the covariance matrix boils down to the reachability
of the nonlinear system (15). With zg = M Vec(Z),
an equivalent reachable set can be defined 2.(¢,20) :=
{f‘t,l(ut,l)zo :ug—q € Ui, t > 1. Several algorithms,
see, e.g., [24], [25], are available in the literature to compute
bounds on (N, z). From (8), the reachable set of the
output covariance matrices can be given by CQ(t,%0)C7T
for all ¢ > 1. Considering the vectorization form (15), it can
also be expressed by C @ CMQ,(t, z) for all ¢t > 1.

As this paper is focused on the isotropy of the
output distribution, it is more important to investi-
gate the condition number reachable set. Similarly,
we define the following reachable set ,(t,%g) :=
{H (C’Ft_l(ut_l)EOFtT_l(ut_l)CT) DU € Uf} Let
Kmin denote the lower bound of €, (N, ). The feasibility
of problem (12) relies on the condition that k& > K. To
verify this condition, we do not have to compute the whole
set (N, Xg), but rather, we restrict our attention to K.
For notational convenience, we drop the subscript of un_;
and let

15)

é(u) = CFN_l(’U.N_1)20F71\}_1(’U,N_1)CT. (16)

To compute K,,in, We need in principle to solve the following
problem

min £(G(u)),

uel 17

where U := U x U x---xU C R¥N™ However, it is difficult
to obtain the exact K,,;, for general nonlinear systems.
Hence, we will aim to compute an upper bound of K,;p
as discussed in the next section.

IV. THE DISTRIBUTION CONTROL AND OPTIMIZATION:
A PROPOSED ALGORITHM

In this section, we will present a proximal linearized
algorithm to solve problem (12) with some given k.

A. Reformulation
Before we present the proposed algorithm, we first need to
reformulate problem (12). After several manipulations, .J(u)
can be rewritten as
N-1
J(w) = Y (trace(QCECT) + [|Cpegy + uell)
t=0

+ trace(PCENCT) + ||Cun||% (18)

As shown in Chapter 3 of [26], the isotropy constraint (10)
is satisfied if and only if there exists a v > 0 such that

I = CENCT < yRI (19)

Taking (18) and (19) into consideration, the problem (12)
can be reformulated as

min J(u)
u,y

s.topueyr = fr(ue) e + ge(ug) (20b)
Et+1 = ft(ut)EtftT(ut),ut S U70 S t S N -1 (2OC)
vl X CENCT <RI,y >0 (20d)

(20a)

Using the notation in (16), a compact formulation is given

ue%lglzo J(u) (21a)
st. vl X G(u) X vRI. (21b)

For notational convenience, let
Hy(w' u) = J(u)+ (VJ(w)" (v —u) (22)
He(u'u) = G(u) + Duyr Gu)((u' —u) @ 1)  (23)

for all w',u € U. The following lemma is needed for the

proposed algorithm.
Lemma 2: Suppose Assumptions 1 and 2 hold, there exist
Ls > 0and Ly > 0 such that the following inequalities hold

J(u') — Hy(u',u) < Ly|lu —ul?, (24)
—Legllw’ —ul®I 2G(') — Ha(uw',u) < Lgllu' —ul*I, (25)

for all w',u € U.

B. The Proposed Proximal Linearized Algorithm

Similar to [20], [21], we propose an algorithm that solves
(12) via sequential linearization. As will be shown, the
proposed algorithm ensures the feasibility of the solution as
long as the initialization is feasible.

We use the epigraph form of (21):

min 3 (26a)
u,y,8

st. welU (26b)
vI X G(u) X yRl,y >0 (26¢)
J(u) < 8. (26d)

To convert the problem above into a convex problem, we will
linearize the constraints (26c¢) and (26d) based on Lemma
2. Suppose there is a feasible solution (@, 7, B) that satisfies
(26b), (26¢) and (26d), the following linearized set is defined
based on Lemma 2: ®(u; L, L}) := {(u,7, ) : Hs(u,@) <



B — Llu—all%, (3 + Ly Ju — a2 < H(u.i) = (v& -
Lj|lu —u|*)I,u € U,y > 0} for any L/, Lj > 0. This
is a convex set and can be represented as ®(u; L, Ly) :=
{(ua77 ﬂ) : HJ(’UH’&') < ﬁ_L:lHu_ﬂ||27 /\maX(HG‘(u"a)) <
V& — Lillu — |y + Lyl — @2 < Ain(He (w,@)),u €
U,y > 0}. The size of this set largely depends on the
parameters L/, and L. The properties of the linearized set
are stated in the following lemma.

Lemma 3: Given a & € U, suppose there is (7, 3) such
that (26c¢) and (26d) are satisfied. Then, the following results
hold.

(i) ®(w; L', L},) is non-empty and (u&,7, ) € ®(w; L), L})
for any L/, L} > 0.

(ii) Suppose L, > L and Lj > L, for any (u,7,0) €
®(u; L, Ly), (u,, ) is feasible to problem (26).

With the linearized set, problem (26) can be linearized
and the following proximal linearized problem is invoked at
every iteration

(’U,k+17’yk+1, Bk-{-l) « arg:}}}%ﬂ + 7_”“ _ ukHQ (278.)

st. (u,7,8) €dw”; Ly, Ls);  (27b)

where 7 > 0. This is a convex constrained optimization
problem with a quadratic cost function and can be easily
solved by general convex solvers, such as CVX [27] and
MOSEK [28]. The convergence properties of the solution of
problem (27) are stated in the following theorem.

Theorem 1: Suppose (u®,~°, 3°) is a feasible solution to
(26) and let {u*,~* ¥} be obtained from solving problem
(27) with 7 > 0. Then, the following results hold.

() (uk,~*, p*) is feasible for all k > 0.

(i) g+t < B — 7lluktt —wk||? for all k > 0.

(iii) The sequence {u”,~+*, 3*} converges.

Proof of Theorem 1: (i) This statement can be easily proved
by induction. Suppose (u”, ", 5¥) is feasible to (26), from
property (ii) of Lemma 3, (uf*! A*+1 gE+1) is also a
feasible solution.

(ii) From property (i) of Lemma 3, (u”,~*, 3¥) is always
a feasible solution to (27). As (uF+l 4F+1 gF+1) is the
optimal solution, we can know from the optimality that
BEFL 7 [[ut T — wb |2 4 7B =gk < Bt -
w7 4+ 7lly* = AR = 5

(iii) From property (ii), we can see that {8*} is a non-
increasing sequence that is bounded from below by 0. This
means that {3*} is convergent. Finally, this implies the
convergence of {u*} and {~*}. O

C. The Proximal Linearized Algorithm without a priori
Lipschitz constants

The main limitation of problem (27) is that it requires
the knowledge of L; and L. In practice, it is difficult to
obtain tight bounds on L; and L5 and conservative bounds
may restrict the size of the set ®(u*;L;, L) in (27). To
circumvent this problem, we propose an iterative algorithm
where the lower bounds on Ly and L is refined during the
convergence of the algorithm. At the k*” iteration, an inner
loop is introduced to update the parameters L; and L in

®(u*; Ly, Lg). Let @(uk;L’;’Z,Lf’z) denote the linearized
set at the £*" inner loop iteration with L0 = 0 and L"? = 0.
With this set, problem (27) is solved and the solution is
denoted as (uF+1¢ ykTLE gE+L.0) The parameters L¥+* and
1kt .

,  are updated according to

LR kit 4 9%5’@ (28)

‘ T max{ut T w71
LB e ey (29)

max{[uf 10— w7, 1)

where
wht = max{J(uh+1) — gELE 0} (30)
wpt = max{Amax(Gf ) — /R,

AL i (G 19)), 0}, 31)

and 6° > 0 is the stepsize. The inner loop will be terminated
when the following conditions are satisfied:

J(ukJrl,E) < ﬁk*ﬂl
,yk+1,€I =< é(uk+1,€) < 7k+1,€,—€[.

(32)
(33)

Suppose the inner loop terminates at /y, let uFt1 « ub+ 1.0,
ARl ARFLEe and pEHL « pEFLE The proposed
algorithm is summarized in Algorithm 1.

Algorithm 1 The iterative proximal linearized algorithm
without a priori Lipschitz constants

1: Initialization: set k = 0 and obtain (u°,~+°, 3°);
2: Inner loop Initialization: Set £ = 0 and L** = Lf’o =0;
3 Obtain (uF*1f yk+1.L] 3k+1.0) by solving

(W B g min B+ - o (4)
u,7,

st (u,v,8) €@(u”; LY, L") (34b)

Obtain wg’e and wf’e from (30) and (31);

Update L***! and Lf’“l according to (28) and (29);

. If (32) and (33) are satisfied, terminate and let £, = ¢;
otherwise, let £ <— ¢ + 1 and go to Step 3;

: Let uftl «— ufthbe AR+l o AktLbe gpd ghtl

Bk-‘rl,[k;

8: k<« k+ 1 and go to Step 2.

AN A

~

The convergence properties in Theorem 1 still hold for
Algorithm 1 if the inner loop terminate successfully. Hence,
we only need to discuss the convergence of the inner loop,
which is stated in the following lemma. This lemma also
gives the motivation of the inner loop stopping criterion.

Proposition 1: For any k > 0, suppose (u* ~v*, gF) is
feasible to problem (26), let {uf+1¢ AF+LE gEHLAL pe
generated from (34) and { L}, L)} be generated from (28)
and (29) with L*° = 0 and ng,o =0, and 6° > ¢ for some
¢ > 0. Then, the following results hold.

G If Lk* > L; for some ¢ > 0, the solution
(k14 ARHLE BR+LE) qatisfies (32);if ng,z > L for some
¢ > 0, the solution (uF+1¢ k1L gE+1.E) satisfies (33).
(ii) There exists some finite ¢ such that (32) and (33) will
be satisfied.



D. Feasible Initialization

As we have mentioned in the beginning of this section,
the proposed algorithm requires a feasible initial solution.
One way to find a feasible solution is to compute K, by
solving (17). The optimal solution of (17) will be a feasible
solution to (21) if Ky, < K. However, it is impractical to
obtain K, due to the nonlinearity in (17). Usually, we can
only get an upper bound of k,,;, and use the upper bound
to evaluate the feasibility of the solution.

A reformulation of problem (17) is given by

min « (35a)
uelU,a>0,1>0
st. 0l < G(u) < anl. (35b)

The additional variables o and 7 are coupled in (35b). To
handle this issue, an alternating algorithm will be used.
Suppose (u, @, 7) is feasible to problem (35), the constraint
(35b) can be linearized around (@, @, 7)) and the following
linearized set is defined based on Lemma 2: ®(a, 7j; L') :=
{w,0) ;ueU,a >0, +L|u—1u|?)I < Hs(u,u) <
(afj— L'|lu—wul|/?)I}, for any L' > 0. It is easy to verify that
this is a convex set. Based on this set, a proximal alternating
algorithm is proposed in Algorithm 2 to solve problem (35).
The convergence of Algorithm 2 can be guaranteed, although
not mentioned due to page limitation.

Algorithm 2 The iterative proximal linearized alternating
algorithm without an a priori Lipschitz constant
0

1. Initialization: set k = 0 and obtain (u°,a, n°)
2: Inner loop initialization: set { = 0 and L*° =
3 Obtain (uF*t1¢ oF 1) from

s
>

(uF e oF ) —arg (mln) a+7lu—u*||> (36a)
w,o

st (u,0) € d(u®,n*; LY (36b)
4:  Obtain w*? and Lt from
Wkt max{)\max(é(ukﬂ’é)) — oF Lk
7" = Amin (G(@"*15)), 0} (37)
PN
J I d (38)

max{|[|ub+¢ — |2, 1}

I pFT < Gkt < oF BRI terminate and let
{y, = {; otherwise, set £ + ¢+ 1 and go to Step 3;

6: Let uFt! < uF+1% and o1 « o1 and update

n* 1 from

et (Gl )
20k+1

wn

Amin ( (“k+l )
2

+ (39)

7: Set k <— k+ 1 and go to Step 2.

V. APPLICATION TO THE BEAMLINE CALIBRATION IN
PROTON THERAPY

Proton therapy uses a beam of protons to irradiate the
diseased tissues. It is an attractive cancer treatment modality

for its precision and low overall toxicity as opposed to
the conventional X-ray radiotherapy. Recently, a compact
proton therapy technology, called Proteus® ONE, has been
developed by IBA, a world leader in proton therapy. Figure
1 shows the configuration of Proteus® ONE, which consists
of the extraction beam line and the compact gantry. The
gantry is equipped with energy selection and beam transport
elements.

STATICPART  DYNAMICPART
Ts—p—>

Cyclone230 beam line

Fig. 1: Proteus® ONE Configuration

A therapeutic proton beam is typically specified by a
number of characteristic quantities at the isocenter, where
the tumor is positioned for treatment. The quantities include
the size and the shape and they are determined by the transit
of the beam through a number of beamline magnets, whose
magnetic properties are set by the bias currents feeding the
magnets. An important beam feature is the uniformity in the
horizontal and vertical directions and it is mainly affected
by the quadrupoles in the beamline as they are used to focus
(or defocus) the beam. Since the whole beamline calibration
is complicated, we restrict the problem to an easier one
where only 5 quadruples(between B1G and B2G in Figure
1) are involved. We want to achieve an isotropy beam at exit
of the last quadrupole. For the entire beamline, there are
more elements and constraints. We will handle those using
a similar idea. This is a work in progress.

The behavior of the protons can be described by dynamical
equations, see [6] for details,

T = Mi(ug)ay, 0<t<4 (40)

where x; is the state of the proton, u, is the current, and M;
denotes the transfer matrix of the ¢*" element.

In the simulation, the energy of the proton beam is set to
be 200.23MeV and the maximal current is 100A. The time
horizon in system (1) is set to be N = 5. The constraint is
given by

)\mam(zy5) - Amzn(zy5) .
< 9%, ie., k(X,;) <1.09
/\min(Zys) v
Let @ = 0, R = 0 and P = I in (18). Before

we solve (21), we first need to get a feasible solution
using Algorithm 2. Let 7 = 107* and #° = 0.1 +
0.01e%-3¢, In the initialization step, u® is set to be u;n;; =
(4.265, 63.52, 28.19, 53.86, 69.52, 12.7609), n is set to
be Amin(G(u)) and a? is set to be x(G(u)). The stopping
criterion is |[u* 1 —u¥||/||u¥|| < 1073, At the termination, a
feasible solution uy = (23.87, 77.53, 35.87, 48.25, 71.55)
is obtained and the condition number is reduced from



12.7609 to 1. With the feasible initialization, we can use
Algorithm 1 to solve (21). We also let 7 = 10~* and
6 = 0.1 4 0.01e%3 in Algorithm 1. In the initialization
step, let u° be the feasible solution uy from Algorithm 2,
70 = Amin(G(u0)) and ° = J(u®). With the stopping
criterion [[uf*! — u¥||/|lu*|| < 107°, the optimal solution
Uope = (0, 58.57, 44.05, 0, 100) is obtained. The cost
function is reduced from 88.2353 to 4.3892. At the optimal
solution, the condition number is 1.09. Hence, the constraint
is satisfied. Note that the optimal solution in this section
refers to the solution obtained from Algorithm 1 with the
stopping criterion |[uf*! — u*||/|lu¥|| < 1075. For different
sets of currents, the proton distributions along horizontal and
vertical directions are shown in Figure 2.

(a) The initial distribution (b) The initial currents

(c) The feasible currents

(d) The optimal currents

Fig. 2: The distributions of the proton beam for different sets
of currents

VI. CONCLUSIONS

We studied the distribution steering of state-affine non-
linear systems using open-loop control. An isotropy con-
straint is imposed on the terminal distribution to achieve
the uniformity in all directions. The nonlinear dynamics
and the isotropy constraint result in a constrained nonlinear
optimization problem. In order to ensure the feasibility of
the solution, a sequential linearized algorithm is proposed
without any a priori knowledge of the global Lipschitz
property. In this paper, we also discuss the application
of the proposed algorithm to the beamline calibration in
proton therapy. Numerical simulation of a set of quadrupoles
is made to demonstrate the performance of the proposed
algorithm.
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