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THE SHOOTING ALGORITHM FOR PARTIALLY
CONTROL-AFFINE PROBLEMS WITH APPLICATION TO AN
SIRS EPIDEMIOLOGICAL MODEL

M.S. ARONNA AND J.M. MACHADO

ABSTRACT. In this article we propose a shooting algorithm for partially-affine
optimal control problems, this is, systems in which the controls appear both
linearly and nonlinearly in the dynamics. Since the shooting system generally
has more equations than unknowns, the algorithm relies on the Gauss-Newton
method. As a consequence, the convergence is locally quadratic provided that
the derivative of the shooting function is injective and Lipschitz continuous at
the optimal solution. We provide a proof of the convergence for the proposed
algorithm using recently developed second order sufficient conditions for weak
optimality of partially-affine problems. We illustrate the applicability of the
algorithm by solving an optimal treatment-vaccination epidemiological prob-
lem.

1. INTRODUCTION

In this article we propose and study the convergence of a shooting algorithm for
the numerical solution of optimal control problems governed by equations of the

form
m

(1.1) z(t) = fo(z(t),u(t)) + Zvi(t)fi(x(t),u(t)), a.e. on [0,7].
i=1

Note that when m = 0 then a nonlinear control system arises and when the f;’s do
not depend on u, for all ¢ = 0,...,m, then the resulting system is control-affine (we
will call the latter totally control-affine to differentiate them from partially control-
affine systems). In this article, however, we are particularly interested in the case
where both m and the dimension [ of u are positive and then the two types of
control appear.

This study is motivated by many models that emerge in practice in which the
associated system is partially control-affine. Among them we can cite the followings:
the Goddard’s problem proposed in [20] and analyzed in Bonnans et al. [31], other
models for rocket motion studied in Lawden [27], Bell and Jacobson [§], Goh [22]
24], Oberle [37], Azimov [B] and Hull [26], an optimal hydrothermal electricity
production problem investigated in Bortolossi et al. [11], a problem of atmospheric
flight considered by Oberle in [38], and an optimal production process in Cho et
al. [I4 and Maurer et al. [33]. Regarding applications, in this article we analyse,
in particular, an epidemiological model inspired from Ledzewicz and Schéattler [28],
with treatment and vaccination as control policies (see Section [82)).

* The first author was supported by FAPERJ, CNPq and CAPES (Brazil) and by the Alexander
von Humboldt Foundation (Germany). The second author was supported by CAPES (Brazil) and
Fondation de Mathématiques Jacques Hadamard.
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For optimal control problems subject to the dynamics (ILI), with endpoint and
control constraints, we propose a shooting algorithm and show that its local con-
vergence is guaranteed if second order sufficient optimality conditions (established
in Aronna [2]) hold. These second order conditions are written in terms of the
second derivative of the associated Lagrangian function and are an extension of re-
sults proved in Dmitruk [I5] for control-affine systems. It is worth mentioning that
these conditions rely on Goh transform [23]. More details, references and timeline
for second order conditions for partially control-affine and (totally) control-affine
problems can be found in e.g. Aronna [2] and Aronna et al. [3], respectively.

Shooting-like methods applied to the numerical solution of partially control-
affine problems can be found in Oberle [36] [38] and Oberle-Taubert [39], where a
generalization of the algorithm proposed by Maurer [32] for (totally) affine systems
is given. These works present practical implementations of shooting algorithms,
but they do not deal with the issue of convergence through optimality conditions.

The article is organized as follows. In Section 2l we give the statement of the
problem, the main definitions and assumptions, and state the first order optimality
conditions. The differential-algebraic system (DAE) derived from the first order
conditions is deduced and analized in Section [B] while the shooting algorithm used
to solve this DAE is described in Section Ml In Section [l we recall second order
necessary conditions, and we state the main result of the article on convergence of
the shooting algorithm in Section Bl In Section [1] we extend our analysis to prob-
lems with control constraints by means of an auxiliary unconstrained transformed
problem. In Section 8 we work out examples and solve them numerically.

Notations. Throughout the text we shall omit the arguments of some functions
whenever the context is clear, e.g. the time dependence is frequently omitted. If h
is a function of time and some other variables, i.e. h = h(t,z), the time derivative
is frequently referred as h. For partial derivatives with respect to other variables
we write Dgh, hy or hy, if x; is a component of x. The same convention is adopted
for higher-order derivatives. Given two differentiable vector fields g, h : R™ — R™,
the Lie bracket between them is defined by

(1.2) g, h] := Doh(2)g(x) — Dag(x)h(z).

We use the same notation for functions depending on u and v as well; nevertheless,
the derivatives are always taken w.r.t. z.

By R* we denote the k-dimensional Euclidean real space, i.e. the space of k-
dimensional column vectors with the usual euclidean norm; and by R*¥* its dual
space consisting of k-dimensional row vectors. B denotes the open unitary ball
of R¥. By L?([0,T];R¥) we mean the Lebesgue space of functions with domain
being the interval [0, 7] and taking values in R¥; while W ([0, T]; R¥) denotes the
Sobolev spaces.

2. STATEMENT OF THE PROBLEM AND ASSUMPTIONS

We start with the control-unconstrained setting, the control-constrained case
being left for Section [l Considering the function spaces U := L*°([0, T]; R!), V :=
L>([0,T);R™) and X := W1°°([0,T]; R"), we define the optimal control problem
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in the Mayer form

(2.1) minimize ¢(z(0),z(T))

subject to
(2.2) z(t) = f(z(t),u(t),v(t)), a.e. on [0,T],
(2.3) n;(2(0),2(T)) =0, forj=1,---,d,.
We let (OC) denote problem ZI)-[2.3), where ¢: R*™ — R, 5;: R*™ — R, for
j=1,...,d,, and the dynamics f : R***™ — R" is of the form
(24) f(I,’U,,’U) = fO(I,U)"‘Zerf»L(I,U)

i=1

We make the following assumption for the aforementioned functions.

Assumption 1. All data functions fo, f1, -, fm, N and ¢ have Lipschitz contin-
uous second order derivatives.

A feasible trajectory is a tuple w := (x,u,v) € W := X x U x V that verifies
the state dynamics (Z2) and the initial-final constraints (2Z3]). In order to state
the Pontryagin Mazimum Principle (PMP), we consider the costate space X, :=
Wheo([0, T);R™*). Given an element A\ = (3,p) € R¥* x X,, we define the pre-
Hamiltonian

(25) H(,T,U,U,p) =p- (fO(x7u) + Zvifi(xvu)> )
=1

the endpoint Lagrangian

d

(26) g((EO,.’L’T,B) = ¢($07xT)+ZBjnj(:E07:ET)7

j=1

and the Lagrangian function

(2.7) L(w,\) :=£(x(0),2(T),B)

T m
+/0 p(t) - (fo(w(t)au(f)) + ) i) filw(t), ult) — 56@)) dt.

i=1
Before stating the PMP, we specify the notion of optimality that will be used.

Definition 2.1 (Weak minimum). A feasible trajectory @ = (&,4,9) € W is said
to be a weak minimum of problem (OC) if, for some € > 0, it is optimal in the set
of feasible trajectories w = (x, u,v) that satisfy

[ =2l + lu =l +llv =2l <e

For the reminder of the article we shall fix a nominal feasible trajectory w =
(Z,u,0) for which optimality conditions will be given. Whenever the arguments
of a function are omitted, we mean that it is evaluated at such trajectory. For a
proof of the Pontrygin’s Principle we refer the reader to the original work from
Pontryagin [40] or the more recent monographs [29] 42].
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Theorem 2.1 (Pontryagin’s Maximum Principle). If & = (&, 4, 0) is a weak mini-
mum of (OC), then there exists a multiplier A = (3,p) € R¥* x X,, satisfying the
costate dynamics:

(2.8) p=—-D,H(w,p), a.e. onl0,T];
the transversality conditions:

p(0) = =D £(2(0), 2(T), B),
P(T) = Doy £(2(0), &(T), B),
and the stationarity of the Hamiltonian

(2.10) D, H(w,p) =0and D,H(w,p) =0, a.e. on[0,T].

(2.9)

An element X that satisfies the PMP for a trajectory w € W is called a multiplier
and the pair (w,\) is called an extremal. For a solution w of (OC), we can, in
general, expect a set of multipliers, instead of a single one. This is problematic
for the shooting algorithm proposed later in this article, therefore we make the
following assumption which guarantees uniqueness of multiplier [40].

Assumption 2. The derivative of the mapping
f: R" xU x YV — R
(@(0),u, v) = n((0), 2(T))

is onto. Here the vector x is the solution to [22)) given the control (u,v) and initial
condition z(0).

(2.11)

Throughout the reminder of the article, Assumption Pl shall be assumed without
declaration and the trajectory w is supposed to satisfy the first order necessary
conditions given by the PMP. Hence, in view of Assumption 2], @ possesses a unique
multiplier \ := (B,ﬁ)

3. THE EQUIVALENT DIFFERENTIAL-ALGEBRAIC SYSTEM

The Pontryagin Maximum Principle implies that the optimal state & together
with the multiplier p are solutions of a DAFE induced by equations (22)), (Z3]), 2.8)),
239), and 2I0). The next step consists in showing that there exists a represen-
tation of the controls as a function of x and p, in such way that one can eliminate
them and transform the DAE into a two-point boundary value problem (TPBVP).
This can be achieved by using the stationarity of the Hamiltonian along with a
suitable strengthened version of the Legendre-Clebsch conditions and application of
the Implicit Function Theorem (IFT).

3.1. Controls in feedback form. The conventional Legendre-Clebsch condition
assumes the form

Huu(ﬁ)vﬁ) H’U.'U(w5ﬁ)
(LC) = 0.

H’L}u(’li}7ﬁ) H’Uv(’wuﬁ)
A proof of (LJ) for the present setting can be found in Aronna [2, Corollary 1].
Note that, since H,,(10,p) = 0 and H,, = HL , condition (LJ) holds if, and only
if
(3.1) Hy(w,p) = 0 and Hy,(,p) = 0.
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Since the matrix in (LC) is singular we cannot apply the IFT to (2.I0) and obtain
our desired representations of the controls. Instead, what one usually does is com-
puting the time derivatives of the switching function H, that may depend explicitly
on the controls (see e.g. Bryson and Ho [12]). In order to simplify the calculations
involved in computing these derivatives, we consider a general formula for the time
derivative of a product p- F, where F' : R" x R™ — R" is a vector field. Employing
the notation of Lie brackets given in the notation paragraph, we get

d

(3.2) =

pF(#,a)) =p- [fo, F]+ D> _0;p-[fi, F] + p- DuFi.
i=1
We obtain Hvi by choosing F' = f;. Recalling that H,, = 0, we get

(3.3) H,, (i, ) = p- [fo, f5] + Y - [fis £

i=1
As a consequence of the following Proposition Bl equation ([B3.3) does not depend
explicitly of the linear control v.

Proposition 3.1 (Goh conditions). Assume that @ is a weak minimum. Then the
following identities hold

p-lfi,fil=0, fori,j=1,....,m.

Proposition Bl was proposed and proved by Goh [2I]. A generalization that
applies to the framework of the current paper was given by Aronna in [2, Cor. 5.2]
as a corollary of second order necessary conditions for optimality when the set of
multipliers is a singleton (see also [3] and [I8]). In view of Proposition[3.] equation

B3) reduces to
(34) H’Uz(w7ﬁ) =p- [f07f1]

By derivating the latter equation once more w.r.t. time, we obtain

(3.5) Hy, =9 [fo, o, fll + > 055 [f5. [fo. fill + B Dulfo, fill.
j=1
We aim at removing the dependence on @ from (3). This can be done by using the

stationarity condition H,(w,p) = 0. Assuming enough regularity, the total time
derivative of this expression gives

(3.6) H, (0, ) = HypZ + Hypp + Hyuti = 0,

where the term H,,0 vanishes in view of (BI). To make ([B.6) more rigorous, we
make the following assumption on the controls.

Assumption 3 (Regularity of the controls). The nonlinear control @ is continu-
ously differentiable and the linear control v is continuous.

This assumption is not restrictive since it follows from the IFT, once we assume
the strengthened generalized Legendre-Clesbch condition (SLC) below. In fact,
using equation ([B.6) and assuming the strengthened Legendre-Clebsch condition
w.r.t. u, i.e. Hyy = 0, we can lose the dependence of 4, by using the IFT on B39,
which yields

(3.7) 4 =T(a,0,%,p),
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for a C!'-function T .

Equation [B1) shows that the dependence on 4 can be removed from (3.3). We
are now in position to formulate a system that can be used to achieve our desired
representation. Consider the mapping

(3.8) (w, \) — :

_H’U(wyp)
whose Jacobian w.r.t. (u,v) at the extremal (@, \) is
Huu(’waﬁ) Huv(wuﬁ)
(3.9) J =

o, , . L
- u (wup) - v (w7p)

To apply (IFT) to H, = 0,—H, = 0 and retrieve the controls, we assume the
following strengthened generalized Legendre-Clebsch condition
oH,
Ov

(SLC) Hop (10, ) > 0, (@, ) = 0.

We get the following result.

Theorem 3.2. Assume that (SLO) holds. If i is a weak minimum with associated
multiplier A, then the optimal control (i,v) admits the feedback form

(3.10) a=U(&,p) ©=V(zp),
where U and V are C'-functions. Furthermore, the extremal (w,X) satisfies the
optimality system
&= f(z,U(z,p),V(z,p)), a.e. onl0,T],
p=—-p-Dyf(z,U(z,p),V(x,p)), a.e. on]0,T],
(0S) n;(x(0),z(T)) =0, forj=1,---,dy,
(1(0),p(T)) = (=Dayl, Duyl) (x(0), 2(T), B),
H, (2(T),U((T),p(T))) =0,  Hy(x(0),U(x(0),p(0))) = 0.

Proof. From our previous discussion, since H,, = 0, we can remove the dependence
of & from H,. Note that since H,, =0,

Hu 0 Ho 0 ! 0
B1) g=| oaf, oH, |-= oH, oH, ' oH,
_ _ 0o - v v
ou ov ov ov ou

Since the second matrix in (BII) is invertible from (SLC) and the third one is
invertible by inspection, J is also invertible. Representation [BI0) follows from
the IFT.

Moving on to (OS], note that it is derived from the PMP. However, the feedback
forms in [BI0) are equivalent to H, = 0, H, = 0. To obtain the stationarity of the
Hamiltonian w.r.t. v, we include the boundary conditions H,(T) = H,(0) = 0. We
could have chosen other pair of boundary conditions, but this choice will simplify
the presentation of the results that follow. O
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3.2. Computing the Linear Controls. To solve (OF]), we need explicit analytical
expressions for the controls in terms of z and p. The nonlinear controls usually
can be obtained from the stationarity H, = 0. We start by assuming that the
representation 4 = U (%, p) was already obtained.

In the sequel we introduce the Poisson bracket notation. Given two functions
g, h that depend on z, p, the Poisson bracket is given by

dg Oh  dg Oh
Ox; Op; 3}%‘ ox; )’

(3.12) {9,h} := DgD,h — DygD,h = Z(

The following result is a direct consequence of this definition.

Proposition 3.3. Let F = F(z,p,t) be a Ct-function. Then
oF

(3.13) %F(x P, ):{F,H}#—E,

provided that (x,p) follows the Hamiltonian dynamics & = H,, —p = H,.

As a consequence of Proposition B3] if the optimal control (@, 9) admits a feed-
back representation 4 = U(z,p), then

(3.14) W={UH}={Up- fo} +>_o,{U.p- f;}.

j=1
By substituting ([B.I4) in equation (3.H]), we obtain, for i, =1,...,m,
(3.15)

Hy, = yio+ ) 8575 =0, where vi; := - ([f5, [fo, fil] + Dulfo, Fl{U. B f3}).
j=1

4. THE SHOOTING ALGORITHM

A well-known method for solving TPBVPs is the shooting algorithm. Given an
initial guess for the states and costates, the method iteratively adjusts these initial
values in order to verify the boundary conditions.

Our goal is to numerically solve (OS] by applying a shooting algorithm. Note
that the unknown multiplier § is involved in the formulation of (OS], it is then
included as a shooting variable as shown below.

4.1. The shooting function. We define the shooting function as follows.

Definition 4.1 (Shooting function). Let S : R® x R™* x R% =: D(S) — R% x
R27+2m he the shooting function given by

n(wo, z(T))
p0+D10£(x07 ( )76)
(4.1) (%0, p0, B) =1 v = S(v) = | p(T) = Dorl(zo,x(T), ) |,

H, (x (T) (( ),p(T)))
H (w0, U(x0,p0))

where (z,p) is the solution of the initial value problem
j/':Hp(ZC,U(ZC,p),V(.’L',p),p), .’II(O):J:Q,

(42) D= _HI(‘Tv U(,T,p),V(iL‘,p),p), p(O) = Po-
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Solving the differential-algebraic system (OS]) is equivalent to finding the roots of
the shooting function §. Since the number of unknowns in S(#) = 0 may be smaller
than the number of equations, the Gauss-Newton method is a suitable approach.
At each step the method updates the current approximation vy by

(4.3) Vi1 < Uk + Ay,

where the increment Ay is computed by solving the linear approximation of the
least squares problem

in |S S (v)Al.
(4.4) Alén[g?s)I (k) + &' (v) Al

The solution of the linear regression ({4 is known to be
~1
(4.5) Ak = — (S/(Vk)TS/(I/;C)) S/(Vk)TS(I/k),

provided the matrix &’(v4)TS’(vx) is non-singular. One can prove that the Gauss-
Newton method [3)-([£E) converges at least linearly as long as the derivative S’ (7)
exists and is injective. If in addition it is also Lipschitz continuous, the method
converges locally quadratically (see e.g. Fletcher [I7], or alternatively Bonnans

[91)-

4.2. Computation of the derivative of the shooting function. In this para-
graph we aim at obtaining a linearized differential system to be used afterwards to
compute the derivative of the shooting function.

A general differential-algebraic control system can be written as

§=F( ),
(4.6) 0=9(§ a),
0 = Z(£(0),£(T)),

where F : R x R™ — R", G : R® x R™ — R% and 7 : R” x R® — R% are C!-
functions. The functions § and « represent the tuple of states and costates and the
control, respectively. Consider w = (£, &) a solution of (£&]), then the linearization

of Q) at w is given by

(4.7) 0= DeG(w)§ + DaG(w
0= De, T (£(0),€(T)) £(0) + De T (£(0),£(T) ) E(T).

€ = DeF(0)é + Do F(0)a,
)

Let us apply this procedure to get the linearization of (OS). We set & := (z, p),
a := (u,v) and w := (£, ). The linearized state and costate dynamics [2.2]), (2.8)
can be written as

(4.8) T =D,f(w)x + Dyf(w)u + D, f(w)v,
(4.9) p=—(pHyp + 3" Hyp + 0" Hyp + 0" Hyy) -
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The endpoint conditions are also easily linearized, giving
(4.10) 0 = Dn(&(0), 2(T))(2(0), z(T)),

dy
(4.12) p(T) = (l’T(T)Din(w,ﬁ) T(T) D3 par &BHZB}DWW)-

The linearization of the other components of (1)) gives

. n =pD,f+*T +u w
(4.13) Lin H, = pD.f +z ' HL, +a"H
(4.14) Lin H, = pD,f + z" HE,

(4.15) Lin Hy|,_p = pDofl,_p + 2" Hp, |,
(4.16) =5 » (pDof +2"HY,).

The linearized system (@L8)-@I2), (@I3)-(EIG6) is referred as (LS). Finally, the

evaluation of &’ in the direction 7 := (Zo, po, 5) gives:
Dn((0), &(T))(@o, ’(T))
Do + {xTD2 + jT( )D zong‘f' Zg 1 ﬁ] 1077]}
oy _ _ _
(417) S'@)7 = | p(T) - [7(T)D3, £+ &7 (T)D WTHZJ 1 B Day]
pDof + 2" H},|,_.
ai (PDy f"‘xTHT ‘t:O
5. SECOND ORDER OPTIMALITY CONDITIONS
In this section, we briefly review second order optimality conditions given in

Aronna [2] which we will apply later to prove convergence of the shooting algorithm.
The optimality conditions will be presented in terms of the quadratic form

T
+ / (ETngE +a" Hyyti + 22" Hypi + 227 Hyp0 + 207 Hypt) dt,
0
or some transformed version of it. A well-known result around such quadratic form,
obtained by means of a second order Taylor expansion, is that
(5.2) D?*L(w)? = Q(w).
We define the critical cone as
(5.3) C:={weW: [{@I) and (@I0) hold} .
Since we are interested in stating second order sufficient conditions, we will require
perturbations of the controls and states in L2. Hence, we extend  to the function
space Wy := Xy x Uy X Va, where Xy := WH2([0, T]; R"), Uy := L*([0,T];R!) and
Vy := L?([0,T];R™). The closure of C in W, becomes
(5.4) Cy = {’ITJ eWs . @) and (m hOld},

and one has C = Co N W. Hence C C Cy and the inclusion is dense, as discussed in
[15].
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5.1. Second Order Necessary Conditions of Optimality. The following result
holds.

Theorem 5.1 (Second order necessary condition [2B85]). Suppose that W is a weak
minimum of problem (OC). Then

(5.5) Q(w) >0,  for all w € Cs.

To state second order sufficient conditions one can not rely on coercivity of €2
w.r.t. the controls since Hy,, = 0. In order to overcome this problem, the Goh
transform is employed. The latter is a change of variables introduced by Goh in
[23] and applied by him and other authors to derive second order conditions [211 [T5].
For the linearized system ([@.8]), Goh transform is defined as

5:6)  §t) = /0 a(r)dr,  E(t) == (t) — £, (O)F(t), for t € [0,T].

One can easily check that the dynamics of the new variable £ is given by

(5.7) £ = f.€+ fuu+ By, £(0) = (0),
d
(5.8) where B := f,f, — Efv’

and B is well-defined since u is differentiable as stated in Assumption [31
We are interested in how the functional €2 and the critical cone are expressed in
terms of the transformed variables (£, 4, ). For this, consider a critical direction

w € C. Note that z(T) = &(T) + f,(T)y(T) and Z(0) = £(0). Hence we introduce
the new variable h := (T, which appears in the transformation of the quadratic
functional through integration by parts and becomes a value that is independent of
§ when passing to the limit in the L2-topology. Equation (ZI0) can be rewritten
as

(5.9) Dn;(2(0),2(T)) (£(0),&(T) + fo(T)h) =0, for j=1,---,dy,
so that the critical cones Co and C are respectively mapped into the sets

(5.10) Py = {(&,u4,5,h) € W2 x R™ : §(0) = 0,4(T) = h, (ED) and (EJ) hold},
(5.11) Pi=(P2NW) x R™.

The quadratic functional ) can also be written in terms of the new variables
(&,u, 9, h), and takes the form

T
(5.12) Qp(E.7,0,9.5) = g(€(0).&(T),F) + / (€7 Hyof + 26" Hoo

+2y" ME + @ Hyu + 257 Bu + 37 Ry + 207 Gy) dt,

where

(5.13) M := flHyy — Hyw — Hyafo, E:= fiHL, — Hyyfo,

(5.14) Si= % (Huafo+ (Huafo)"), Gi=3 (Huafo — (Hufo)"),
(5.15) R:= fTHyofo — (HoB + (HuB)T) - S,

(5.16) 9(&o. &1, h) == D*U(&o,&r + fo(T)R)? + T (2Hue (T)ér + S(T)h).



THE SHOOTING ALGORITHM FOR PARTIALLY CONTROL-AFFINE PROBLEMS 11

For every critical variation (Z, @, ¥) and its respective transformed version (£, @, 7, §(T)),
one can relate the quadratic functionals 2 and Qp through integration by parts, as

in [I5] 2], obtaining

(5.17) Oz, 1,7) = Qp(€,,9,75,5(T)).

In view of latter identity, one can obtain optimality conditions in terms of Qp and

its extension to to Wh x R™ introduced below.

An important issue is the presence of the term 2o7 Gy, which depends on the
untransformed variation o. The expression of G (see (512) and (B.14))) gives

(5.18) Gij = —p-[fi, f5]-

Hence, using Goh'’s conditions from Proposition 3.1l the matrix G vanishes and our
quadratic form does not depend on v. The new quadratic form Qp,, obtained from
continuously extending p to Ws x R™, assumes the form

(5.19)  Qp, (57 u, Y, B) = 9(5(0)7 ‘g(T)7 B)
T
+ / ({THMSJr 20" Huof + 25" ME + @" Huwti + 25" B+ ngjo) dt.
0
We are able now to state a version of necessary conditions which can be strength-
ened to sufficient conditions, once we assume coerciveness of Qp,.

Theorem 5.2 ([2]). If @ is a weak minimum of problem (OC), then
(5.20) Qp, (£, 1,5,h) >0, on Pa.
5.2. Second Order Sufficient Conditions of Optimality. We introduce the fol-

lowing y-order, which shall be used to state the sufficient conditions. For (z(0),u, g, h) €
R™ x Uy X Vo x R™, we define

T
(5.21) 9 (#(0), 7,7, ) = 2(0)[* + [A[’ +/0 (@) + [g®)*)dt.

We can also express it as a function of the original variations by setting

7(2(0), @, ) := vp(2(0), @, g, h),
where 7 is obtained from © through Goh’s transform (5.6) and h := §(T).
Definition 5.1 (y-growth). We say that a trajectory @ = (&,4,0) satisfies the
~v-growth condition in the weak sense if there exist €, p > 0 such that
(5.22)  6((0),2(T)) = 6(#(0), #(T)) + py(2(0) — #(0),u — i, v — D),
for every feasible trajectory w that verifies |[w — w|| , < e.
The following theorem was proved in [2] for a more general case allowing in-

equality endpoint constraints and possibly non-unique multiplier, and previously
proposed by Dmitruk in [I5] in the totally control-affine setting.

Theorem 5.3 (Sufficient condition for weak optimality [2]). Let & be a feasible
trajectory satisfying the PMP with unique associated multiplier A. If for some p > 0
the quadratic functional Qp, satisfies

(5.23) Op, (60,5, h) > pyp(2(0),4,7,h), on Py,
then W is a weak minimum satisfying the y-growth in the weak sense.

Conversely, if W is a weak minimum satisfying v-growth, then (5.23)) is satisfied
for some p > 0.
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Corollary 5.4 ([2]). Let w be a feasible trajectory satisfying the PMP with unique
associated multiplier X and satisfying the coercivity condition (&.23), then

H.. ET
(5.24) ( E R
Goh stated in [2] that (524 can be used to recover the strengthened Legendre-
Clebsch condition (SLC). This result (see Proposition[5.6]below) is of great use since
condition (SLC) is necessary to obtain the controls in feedback form and assemble
the optimality system (OS), as done in Theorem To prove this implication we
use the following Lemma 5.5 that can be found in [22] 21] and that was used in the
literature by numerous authors. Nevertheless, since we believe that in Goh’s work
[21] there were some miscalculations, we included a revisited proof of Lemma
in Appendix [Bl

Lemma 5.5. The following identities hold:
0H, 0H,
ou v’

Proposition 5.6. Let W be a feasible trajectory satisfying the coercivity condition
(E&24). Then, the strengthened Legendre-Clebsch conditions, in the form of (SLO),
hold.

) =pl, ae. onl0,T].

(5.25) E=- and R—EH,'ET = -

Proof. The argument is inspired by the discussion from Goh in [24]. If the matrix
in (5.24) is positive definite then, for any @ € RUF™*(+m) e have

(5.26) at Q" ( HE““ E; ) Qa > 0,

provided that the vector a is not in the kernel of (). Therefore, in order for the
product matrix to be positive definite, it suffices to choose @) with full rank.

—17 \T
Setting @ := (é _(H““I) E ) , we check that
H 0
T Huu ET _ Huu 0 o wu .
o (He B Yoo R_E(Hw)lET)_( 0 H)
(%

where the last equality comes from Lemmal[5.5l Since the matrix @ is non singular,

follows. O
(SLA)

6. CONVERGENCE OF THE SHOOTING ALGORITHM

Now we turn to the proof of convergence for the proposed shooting scheme. For
this we formulate an auxiliary linear quadratic system as follows.

6.1. The auxiliary linear quadratic problem. Let (LQ) denote the optimal
control problem defined by (61)-(64) below

(6.1) minimize Qp, (€, %, 7, h)
subject to
(6.2) € = fo + fuii + By,
(6.3) h=0,
6.4 0 = Dn;(2(0),2(T)) (£(0),&(T) + fo(T)h)
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where % and 7 denote the control variables, £ and h are the states. Note that the
feasible trajectories of (LQ) are the critical directions in Py. Once the coercivity
condition (5.23)) is assumed, the unique optimal solution of (LQ) is (£, 4,9, h) = 0.

In order to prove that the derivative of the shooting function S is injective at
a weak minimum, we exploit the correspondence between solutions of (LQ) and
solutions of the linearized system (LS) (see Lemma [6.T] below).

Let ¥ and x5, denote the costates associated with & and h, respectively. The
qualification condition for the original problem given in Assumptlon [l easily trans-
lates into an analogous constraint qualification for problem (LQ). Consequently,
the weak minimizer (£,,7,h) = 0 of (LQ) also has a unique multiplier, which we
shall refer as A\FQ := (X Xn, B9

Define the pre-Hamiltonian for problem (LQ) and the endpoint Lagrangian as

H(E, 0,5, %) = X(fof + futi + BY)
+ 38 Hyol + 0" Huof + 9" ME+ 30" Hyui +9' Eu+ 57" R,
049 (&0, &r,h, B*?) = Lg(&0, Er, B) +ZﬁLQDm (é0,&r + £u(T)R),

respectively, where g was defined in (516). The costate dynamics becomes
OH

(6.5) —X= g =Xfet § Hyy + 0" Hyw + 5" M,

with transversality conditions
d'ﬂ

(6.6) X(0) = —E7(0) D22l + (&(T) + fo(T)R) D2y b+ > Dagmy,
Jj=1

dy

(6.7) X(T) = E(T) D33 €+ € (0) D30 € + B How(T) + Z Do)y

The costate variable Y, vanishes identically since ¥, = 0 and 5 (0) = 0. Finally,
the stationarity of the Hamiltonian gives

(6.8) 0=Ha=Xfu+E& Hyy+ 0" Hu+7"E,
(6.9) 0=Hyg=xB+&'M" +u"E" +j"R.
The set of equations ([6.2)-(@4), [€3)-(@1) and (E8)-(@I) will be referred as the

Linear Quadratic System (LQS). Notice that for this system, the matrix of the
Legendre-Clebsch condition takes the form

2 _ Huu ET
(6.10) D(w)zH_( e )

Hence, if we assume coercivity for the original problem, Corollary [5.4] implies that
D(, 59) »H is uniformly positive definite and then, solving the linear quadratic opti-

mal control problem (LQ) is equivalent to solving its optimality condition (LQS).

6.2. Linking the auxiliary problem with the optimality system. Define the
mapping

(6.11) (#,4,0,p, B) = (& 1,7, h, X, Xn, B~9)
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through the equations
t
g(t) = / 6(5)d57 g =T - fv?% X:=p+ yTHvzv
0

Xni=0,  hi=gT), 9=
This Goh-type transformation is clearly one-to-one. Recalling the linearization (LS)
of the optimality system (OS], we show that this transformation maps solutions
of (LS) into solutions of (LQS). Afterwards we shall use this property and the
coercivity condition (5.23)) to deduce the uniqueness of solution of (LS).

(6.12)

Lemma 6.1. If is a weak minimum of (OC), the injective mapping (Z,u,v,p, B) +
(€,4,7, h, X, Xn, BY9) defined in (6I2) converts solutions of (LS) into solutions of
(LQS).

The proof of this lemma, is left for the Appendix [Bl

6.3. Convergence of the shooting algorithm. We are in position to prove the
convergence of the shooting algorithm given in (£3)-(£EH). We will use the following
result on the behavior of the Gauss-Newton algorithm.

Proposition 6.2 ([9,[17]). If the matriz S’ (D) is injective, then the Gauss-Newton
algorithm ([@3)-(&8) is locally convergent. If in addition S’ is Lipschitz continuous,
then the algorithm converges locally quadratically.

The main result of this article is the theorem below that states a sufficient
condition for the local quadratic convergence of the shooting algorithm.

Theorem 6.3 (Convergence of the shooting algorithm). Let @ be a feasible tra-
jectory satisfying the PMP that verifies the coercivity condition (5.23). Then the
shooting algorithm is locally quadratically convergent.

Proof. From Theorem [5.3] the trajectory w is a weak minimum for problem (OC).
From Corollary 5.4l and Proposition 5.6l (SLC) holds. Consequently, Theorem
implies that (OS) is well-posed so that we can properly formulate the shooting al-
gorithm. Therefore, consider some solution (Z, @, 9, p, 3) of (LS), and the associated
transformed process (£,, 7, h, X, Xn, B*?) given by ([GI1Z). The latter is a solution
of (LQS) in view of Lemma [6Il However, once we assume condition (523), the
unique solution to (LQS) is the null trajectory and, since the transformation (6.12)
is one-to-one, the solution to (LS) is also null. But from equation [@I7), the vectors
7 in the kernel of §&’() are precisely the solutions of (LS). We conclude that &’(7)
is injective. In addition S8’ is Lipschitz continuous due to Assumption[Il The claim
follows from Proposition O

7. CONTROL-CONSTRAINED PROBLEMS

In this section we extend the proposed algorithm to problems where the controls
are subject to bounds. We denote by (CP) the problem obtained by adding the
following control constraints to (OC):

u(t) € U, a.e. on [0,T],

7.1
(7.1) 0<w;i(t)<1l,a.e. on[0,T],fori=1,---,m,

where U is an open subset of R!. The choice of the bounds 0 and 1 was made for
clarity of the exposition since it simplifies the notation, however all the results here
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presented hold for controls satisfying a; < v; < b; for any pair of bounds such that
a; < b;. Consider the following definition.

Definition 7.1. The component v; is said to have a singular arc in an interval I,
whenever 0 < 9;(t) < 1 a.e. on I. If a component 0; assumes the value 1 (resp. 0)
a.e. on an interval I, it is said to have an upper bang arc (resp. lower bang arc) on
this interval. If ©; has either an upper or a lower bang arc on I then we can say,
shortly, that it has a bang arc on I.

Assumption 4. We assume the following hypotheses on the optimal (@, ).

(i) Each linear control ¥;, with i = 1,...,m, presents a bang-singular struc-
ture, i.e. ¥; is a finite concatenation of bang and singular arcs.

(ii) The bang-singular structure of 0 induces a partition of the time interval
[0,T], that we write as

{OI:T0<T1<T2<"'<TN71<TN::T}.

At each interval fk = [Tk,TkH], every component v; s either bang or
singular, and at Ty, some control v; switches its arc type, and presents a
discontinuity of first kind. Hence, defining the sets

Sk :={1<i<m:v; is singular on fk},
Ap:={1<i<m:0;=0 ae on I},
Br:={1<i<m:0;=1 ae. onl}},

there must exist some p' > 0 such that

(7.2) Pl <bi(t)<1—p', forallie Sy ae ontely.
In addition, we assume that the nonlinear control satisfies
(7.3) ([0, T]) + p'B C U.
(iii) For each k = 1,...,N, let vs, denote the vector with components v; with

i € Sk. To obtain a feedback representation in a similar manner as done
in Section[3, we assume that

@ s continuously differentiable in [0,T],
Vg, 1s continuous in Iy, fork=1,... N,

and that, on each interval I, the following form of the generalized strength-
ened Legendre-Clebsch conditions holds

Hyu (0, p) = 0, —a—(ua,ﬁ) > 0.
vsk

Assumptions (i) and (ii) can be justified, in the context of control-affine problems,
by the theory of junction conditions. More precisely, in [34], McDanell and Powers
established that when a singular arc has odd order ¢, the singular controls are
obtained from the 2¢-th time derivative of the switching function, and the junction
between singular and bang arcs is either C' or discontinuous. Many examples
found in the literature fall in the latter category (see e.g. [32 [30]), as well as
the two examples treated in the Section [§ of this work. For further details and
examples concerning junction conditions, we refer to [7]. The regularity of the
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controls assumed in (iii) comes as a consequence of the feedback representation
derived in Section [B

As a consequence of the minimization of the Hamiltonian given by the PMP, if a
component v; is singular in some interval I, then H,,(t) = 0 a.e. on I additionally
to H,(t) = 0. Hence, as done in Section [3] we can use the system

H, A
(7.5) ( _ﬁvsk ) =0, a.e. on I.

along with item (iii) from Assumption [ to write the controls @& and @g, in feedback
form, which we represent as

(7.6) a=U(,p), s, =Vs, (& p), fork=1,...,N.

7.1. The transformed problem. Given a feasible control (a,v), we call control
structure the configuration of bang and singular arcs of ¢. In (CP), there may
be feasible trajectories with a bang-singular structure different from the one of
(@, 0). However, if (@, 0) is a local solution for (CP), it will also be a local solution
for a problem with a fixed control structure. We assume a priori knowledge of
the optimal control structure to formulate a new unconstrained problem whose
feasible controls correspond to controls of the original problem that have such fixed
structure. This is achieved by a reparametrization from [0, 7] to the interval [0, 1]
as described next.

In this new unconstrained problem, for each switching time we associate a state
variable T} having null dynamics, keeping the convention that Ty =0 and Ty = T.
Such variables are initialized in the algorithm as a rough estimate of the opti-
mal switching times, that will be iteratively tunned by the shooting scheme. For
each interval I := [Ty, Tk+1], we also associate a state variable z¥, that is the
reparametrization of the state restricted to Iy to the interval [0, 1].

The control variables of the new problem are defined as follows. For each interval
I}, of the partition we define a control variable u*: I, — R! that appears nonlinearly
and an affine control v*: I, — RIS¢|. This way, each v* has as many entries as the
number of singular components of ¢ in I;;. The bang components of v appear as
constants and not as control variables, i.e. are fixed to either 0 or to 1.

The trajectories of the transformed problem have the form

@) W () () () ).

and the transformed problem, denoted as (TP), is the following:
min ¢(z’ (0), 2" (1))

s.t. i = (T — Tr—1) ( Z fi(xk,uk) + Z vffi(xk,uk)) , k=1,---,N,

i€ BLu{0} i€Sk
T,=0, k=1,---,N—1,
n(z'(0),2™(T)) =0,
(1) =0), k=1,--- , N-1

Note that given some admissible trajectory (z,u,v) of (CP), and its associated
switching times (T%), we can obtain a feasible trajectory for (TP) via the following



THE SHOOTING ALGORITHM FOR PARTIALLY CONTROL-AFFINE PROBLEMS 17

transformation

a*(s) == a (Tpe1 + (Th — Th-1)s) ,
(7.8) u(s) = u (Timr + (Te = Tima)s),  for s €[0,1].
0¥(8) =0 (Ther + (Th — Th-1)s) -

In fact, we discuss below that we can derive the weak optimality of a solution for
(TP) from the optimality, in an appropriate sense, of a solution for (CP). To do
this, consider the definition of Pontryagin minimum [35] given next.

Definition 7.2. A feasible trajectory @ € W is a Pontryagin minimum of (CP) if,
for any positive N, there exists some ey > 0 such that @ is a minimum in the set
of feasible trajectories w = (x,u,v) € W satisfying

||‘T—j||oo <EéN, ||(u,v) - (ﬁvﬁ)Hl <EN, ||(u,v) - (ﬁ,’f})”oo <N.

Lemma 7.1. If @ is a Pontryagin minimum of (CP), then W obtained from w
using transformation ([8)) is a weak minimum of (TP).

The proof of this lemma follows as a direct extension of a similar result for the
totally control-affine case given in [4]. For the sake of completeness, we included
the proof in Appendix [Bl

7.2. The shooting algorithm for the transformed problem. In order to have
an algorithm suitable to solve control constrained problems, our final step is to
define a proper shooting function and apply the procedure described in Section [l

We start by stating the PMP for this unconstrained problem (TP). Define the
endpoint Lagrangian

dy N-1
(7.9) £:= (2 (0), 2N (1)) + Y Bymy (' (0),2N(T)) + Y 6% (a*(1) — 2*"1(0)).
j=1 k=1

Note that each multiplier §; is associated with the endpoint constraints that come
from the original problem and each 6* is associated with the additional constraints
of continuity of the state from (TP). The pre-Hamiltonian of (TP) is given by

N
H:=> (T} — Te_1)H",
k=1

where H* .= p". Z fi(z®,uF) + Z of f;(z",u*) | . Hence, from the PMP, the
i€BLU{0} 1€S)
costates follow the dynamics

(7.10) pF = —(Ty — T—1) D, HF,
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with transversality conditions

dn
(7.11) P (0) = =Dgad— > B;Dyan(a (0), 2™ (T)),

j—1

pF(1) = 6%, fork=1,---,N —1,

(7.12) pF(0) =61, fork=2,--- N,

dn
(7.13) PV(1) =Dond+ Y BiD,n;(a'(0),2™(T)).

j—1

Note that equation (ZI2) can be replaced by
(7.14) pF(1) = pF*t0), fork=1,--- N —1,

hence, eliminating the multipliers 8. We must also address the costates p’* asso-
ciated with the switching times, which satisfy

(7.15) pTh = —H* + H*' pTv(0) =0, p™*(1)=0, fork=1,---,N—1.

Combining all conditions from (715, we obtain
1
(7.16) / (H* — HY) dt = p™(0) — p"*(1) = 0.
0

Since the dynamics are autonomous, the Hamiltonian is constant for the optimal
trajectory and we equivalently express the conditions (Z.16) for p’* as

(7.17) H* = H*' fork=1,---,N—1.

Now we are in position to adapt the shooting scheme for solving (TP). Following
the steps from Section [] we start by finding the feedback form for the controls. It
suffices to use the representation given in equation (.6

(7'18) uk:U(xk7pk)7 Uk:VSk (xkupk)a fork:(),"' ,N.

By Lemma [Tl such controls must also be feasible for (TP) and when the feedback
arguments #* and p¥ correspond to the nominal trajectory, we obtain optimal
controls.

We must also define an appropriate shooting function that will express the sta-
tionarity of the Hamiltonian, the initial-final constraints and transversality con-
ditions. Stationarity with respect to the nonlinear controls is equivalent to the
feedback representation for u given in equation (Z.6). For the linear controls, the
feedback form is equivalent to ﬁvsk = 0. Hence we must also impose H fﬁ“ (0)=0

and ka (0) = 0 to ensure the stationarity H,, = 0.

Note that we can choose to include the constraints related the continuity of
the states and costates or integrate each z* and p”* using the final values of z*~!
and pF~! as initial conditions. The clear advantage of the latter strategy is the
smaller number of shooting variables, i.e. the initial conditions for states and
costates at the switching times can be omitted. On the other hand, explicitly
including these constraints makes the algorithm more stable numerically and favors
the parallelization of computational implementations, see [41].
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The following is the shooting function associated to (TP) with the full set of
shooting variables
(7.19)
S: RV7  RNn* o« RN—1 o Rdn _y R(Nfl)nern % R(NJrl)nJerlJrQZ |Sk],*

n(@(0), 2N (1))

(z™(1) - ‘TkJrl(O))k:l,m N—1
(pk(l _pk+~l(0))k:1,m,N—1
p'(0) + Dyl (21 (0), 2™ (1))
v S(v) = pN (1) — Dyn il (21(0), 2V (1))
HY(1) = BH10), L, oy
(p*- fi (25, U%) (0)) e S
(Pi : [an fz]m(o)) i€ Sy
E=1,..., N
where we define the vector of shooting arguments as
k N k N N—-1
(7.20) v = ((x (O))k:1,(p (0))k:1,(Tk)k:1 ,5).

We recall equation ([B.4]) that gives a concise analytical form for HW and was used
in the formulation of the last component of the above shooting function.

Since the new problem (TP) falls in the same category of unconstrained problem
(0C), we join Lemma [Tl and Theorem [6:3]in the following result.

Theorem 7.2. If @ is a Pontryagin minimum of (CP) such that W given n
[T0) satisfies the coercivity condition [B23) for problem (TP), then the shooting
algorithm for (TP) is locally quadratically convergent.

8. EXAMPLES

8.1. Degenerate Linear Quadratic Problem. In this section we discuss the
application of the shooting algorithm to a toy problem. We consider the following
partially-affine problem, inspired by the examples in [16], [1].
2
minimize —2z2(2) + / (22 + 23 + u® + 10220) dt
0

subject to 1 = x3 + u,

(8.1) o
0<wo(t) <0.5, ae. on|0,T],
T (T) = 1,

I (O) = 1'2(0) =0.

We start by obtaining an estimate for the optimal control structure. This was
done by using the BOCOP package [10], where we found that the optimal solution
presents a bang-singular-bang structure.

Figure [[l shows a comparison of the solutions of our shooting algorithm and the
one obtained from BOCOP. The latter already shows a good approximation of the
singular control, however it has poorer performance around the switching times.
Another interesting numerical phenomenon usually observed in direct methods, is
the fact that the control variables have a tendency to have a slower convergence than
the state and costate variables, see [25]. This can be perceived in the comparison
graph of the nonlinear controls (see also Figure [[l). Since the shooting algorithm
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uses the analytical expression of the optimal controls in feedback form, we can
expect more accurate results.

States Trajectories Costates Trajectories

= 0.0
10 il P1

—_— X2 — P2
-05

— running cost

0.8

-1.0

0.6

04

02 -20
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000 025 050 075 100 125 150 175 2.00 000 025 050 075 100 125 150 175 2.00

Linear Control Non Linear Control
05 -+- BOCOP solution 08 —-=- BOCOP solution
—— Shooting solution ' —— Shooting solution

0.4

03

02

0.0

FIGURE 1. Optimal trajectories and controls for problem (BTl

8.2. Optimal Control of an SIRS Epidemiological Model. In this section we
follow [19] 28] where the authors discuss problems regarding the optimal control
of various SIR (susceptible-infected-recovered) models used to describe the spread
of an epidemic in some demographic population. The control is performed either
through a term v representing vaccination of susceptible individuals .S, leading them
to the recovered, and temporarily immune, class R; or through the treatment of
infected individuals that is represented by a second control variable u, taking in-
dividuals from the infected compartment I to R. In this article, we consider the
variation known as SIRS model, which takes into account the effect of temporary
immunity of recovered individuals R, gradually reintroducing them into the sus-
ceptible class S. This brief discussion is encapsulated in the system below, the
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description of the involved parameters being given in Table [T}

N
(8.2)

[ = F(N) -6l —pN,
S =F(N)-pL —vS+wN-5—1I)—pus,

I =pL —(y+d6+u) - pul

Here N represents the total number of individuals in the population, N = S+ I+ R,
the function F : [0, K) — R, is the population growth function assumed to be
logistic of the form F(N) =aN(1 — N/K).

Parameter Biological Meaning Values

Ny initial total population 5000 humans
So initial susceptible population 4500 humans
Iy initial infected population 499 humans
«a population growth rate 4 x 1075 days™!
K carrying capacity 5000
1 natural death rate of population 107° days™!
153 incidence rate 0.5 days~!
w waning rate 0.01 days™*
~ recovery rate 0.1 days™!
) death rate due to disease 0.1 days~!
By cost per infection 1
B cost per vaccination 50
Bs cost per treatment 1000

VUmax maximum vaccination rate 0.25
T horizon of analysis 100 days

TABLE 1. Biologically feasible parameters.

Our goal is to minimize the amount of ill individuals with the lowest cost of
vaccination and treatment over a time window, hence we choose the cost function

(8.3)

C(t) = /0 (B1I(s) 4+ Bav(s) + Bsu®(s)) ds

The choice of the terms BiI and Bzu? follows [19]. When compared to treatment
policies, vaccination is more easily implemented and hence appears we choose to
make it appear linearly in the cost, as done in [28]. The linear dependence on
the vaccination might result in bang-bang optimal controls as in [6], however, the
parameters values in Table [Il were chosen to favor the appearance of singular arcs
among realistic parameters given in [19].

Now we introduce the optimal control problem in Mayer form

c(T)

B.2),

0 <0(t) < Vmax, 0<u(t) a.e on[0,T]

N(0)=Ng, S(0)=Sy, I(0)=1I, C(0)=0.

We show below that the restriction of non negativity on the nonlinear control w is
redundant, since a “negative treatment” is never optimal.

minimize

(8.4) subject to

Proposition 8.1. If (@, 0) is optimal for 84), then 4 >0 a.e. on [0,T].
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Proof. Suppose an optimal solution (i, ) is such that @ presents negative values in
a set of positive measure. Define a new control strategy, where ¢ remains unchanged
and exchange @ by @ := max{,0}. The cost associated with ¢ is unaffected, the
term depending on the treatment, fOT u?(s)ds, is clearly less expensive for @ and
it remains to be checked the influence on the cost associated with the amount of
infected individuals of this strategy.

With this in mind, let (N,S,I) and (N,S,I) be the solutions for ([82) with
the control strategies (@, ?) and (@, ), respectively. To conclude our argument, it
suffices to show that the quantity z := I — I is non positive. Note that

z . ~ S’ S ~
N N
Hence, we can define a continuous function ¢(t), depending on S , N ,S, N, such that

< (Be(t) = (406 + p+a€gasoy)) 2 + @l x{a<o}-

Setting a(t) := Bc(t) — (v + 6 + p+ @xqaso0y) and b(t) := @Ix{a<o}, by Gronwall’s
lemma, we have that

2(t) < 2(0) exp ( /O t a(s)ds) + /O "b(s) exp ( /O ) a(a)da> ds.

By definition, z(0) = 0 and b < 0, thus z < 0, this is I<I. O

With the aid of the previous Proposition Bl our control problem ([84)) satisfies
all assumptions from Section [7] since the constraint u > 0 can be removed, and
we can apply our algorithm. The singular vaccination strategies are obtained using
the expression for H, derived in (3I5). The complete analytical computation can
be found in Appendix [A] however, our computational implementation relies on
SymEngine - a Computer Algebra System (CAS), see [I3] - that automates this
laborious task and other computations necessary to formulate our algorithm.

As done for the previous example, we used BOCOP [I0] to get an estimate of
the shooting parameters and switching times in order to initialize our algorithm.
The results are shown in Figures [2] and

9. CONCLUSION

In this article we have studied the shooting algorithm for partially-affine optimal
control problems, this is, problems where some control components appear linearly
and others non linearly in the Hamiltonian. Many of the results here discussed
are extensions of previous works concerning the totally-affine case. Such extensions
were only possible after the development of no-gap second order necessary and
sufficient conditions for weak optimality (given in [2]). We have also revised second
order analysis results that enabled us to provide a more detailed characterization
of singular controls. Additionally, we were able to relate the mentioned sufficient
conditions to the well-known strengthened generalized Legendre-Clebsch conditions.
Concerning the implementation of the shooting algorithm, we were able to automate
lengthy and tedious computations necessary for its formulation.

The case with control constraints is also tackled, by means of a transformation
that reduces this case to the unconstrained one. Both this transformation and the
computation of singular controls are automated in our implementation, which is
demonstrated by two numerical examples. The first one was chosen to illustrate
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how even simple problems can become fairly large once we introduce the associated
transformed problem. The second example discusses the optimal control problem of
an SIRS epidemiological model with vaccination and treatment acting as controls.
This problem requires lengthy computations to obtain the analytical expressions of
the singular arcs and serves as a proof of usefulness of our automated implementa-
tion.

APPENDIX A. COMPUTATION OF SINGULAR VACCINATION STRATEGIES

In this appendix we develop the computations of the singular vaccination strate-
gies from Section in full detail. To shorten notation, we define the state vector
x:=(N,S,I,C)T and rewrite the dynamics as

(A1) i = folz,u) +vfi(z)
where
F(N) — 6 — uN 0
2 e = | B IR S w-|
ByI + Bsu? By

Following the arguments from Section [3] the singular arcs for the linear control,
i.e. vaccination, satisfy the following expression

(A.3) Yo1 + UsingV11 = 0.

Let us compute the quantities o1 and 11, as defined in BI3). Initially note that

F'(N) 0 -6 0
D= | FOVHGEAR e by ety
—Bi= ~ B —(@+y+ut+p) 0 |’
0 0 By 0
0 0 0 O
0 -1 0 0
Dfi 0 0 0 O
0 0 0 O

In order to compute 1 and 711, we start with the Lie bracket [fo, f1]:

0
— (F(N) +w(N —1))
5
0

[fo, fi] = Dfifo— Dfofi =

Notice that [fo, f1] does not depend on the nonlinear control u, hence the expres-
sions for 791 and 11 become p - [fo, [fo, f1]] and p - [f1, [fo, f1]], respectively. For



THE SHOOTING ALGORITHM FOR PARTIALLY CONTROL-AFFINE PROBLEMS 25

p - [f1, [fo, f1]] we have
[f1, [fo, f1]l = Dlfo, filfr — Dfrlfo, f]

0 0 0 o0 0
| -F'(N)-w 0 w 0 -S
—bxs  Bx Bx O 0
0 0 0 o0 B
0 0 0 0 0
0o -100 (F(N) +w(N —1))
0 0 00 BaL
0 0 0 0 0
0 0 0
0 F(N)+w(N —1) 0
= - =2 + [fo, f1]-
_6% 0 6% [fO fl]
0 0 0

Using the Goh conditions (31 and the fact that H, = 0, we obtain

Slp;
T

(A4) yi1 =p - [f1, [fo, f1]] = -2

Moving on to [fo, [fo, f1]], after some algebraic simplifications, we have

[fo, [fo, f1]] = Dlfo, falfo — D folfo, f1]

0 0 0 0 F(N) — 61 — uN
| -F(Ny-w 0 w0 F(N) - B + wR — S
N -B3E  Bx By O BR —O+y+utpl
0 0 0 0 Byl + Bsr?
F'(N) 0 ) 0
| F(M)4w+BSE —w-—B% —w— B2 0
—Bxs ~ S _Gtytutp o |UoA
0 0 B 0

_ 5%101 +wy + <ﬂ% —|—w> [f1, [fo, f1]l,

where the vectors w; and wso are given by

)
2w+ %
—(F(N) = 8I)/N + 2852 |
_B1

0

—(F'(N) 4+ w)(F(N) = 8I) —wI(§ +~ +u)
0
0

w1 =

wa =

Notice that the appearance of the term [f1, [fo, f1]] simplifies the final expression of
the singular controls since this term cancels out with the denominator v;;. Hence,
the expression for the singular control becomes

Yo1 I P N
A. Sin = —n——— = — —_— —_— —_— s
( 5) v g - <w + BN) + 2]9[ <’LU1 + ﬁSIwQ)
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APPENDIX B. PROOF OF TECHNICAL LEMMAS

B.1. Proof of Lemma In this section we prove the following identity

of, . oh,

ou v

(B.1) E=— =R—-EH,E",

that are relevant in the recovery of the strengthened Legendre-Clebsch conditions
(SLO) from the sufficient conditions stated in Theorem Our strategy will be
to establish the equality of the matrices involved entry wise.

The first identity in (B is easily obtained with the definition of F in (G.13).
Before proceeding to the second one, let us establish some conventions that will
make the computations clearer. Many conditions throughout the text state that
some quantity @ is null when evaluated along the optimal trajectories. For instance,
we can recall the Goh conditions p - [f;, f;](@) = 0. We want to stress out a
distinction from the case that some other quantity N identically assumes the value
0, as is the case for H,, = 0. We will make a distinction of these two cases with
the following notation

(B.2) Q=0 N=0.

Naturally, if we take the time derivative of some quantity Q = 0, this property is
maintained and we obtain Q = 0. However, this is not true when we take partial
derivatives, this is, 0,Q is not necessarily null. With this in mind we recall the
expressions from ([BI0) that were used to obtain the linear controls. While these
expressions are suitable for this task, we cannot use them to compute the partial
derivatives 0, H » since we have removed terms that vanish due to the Goh conditions
in Proposition (B.1]) or as a consequence of the Legendre-Clebsch conditions (B1]).

The full expressions we are interested in are still easily obtainable by using
formula (BZI) We get,

'ul—p [fv[vafz]]"’p D, [vafZ]

B.3 . .
(B9) +Z{Ukp fk,fz]+vk [fk,fl]} i(Hviu)ﬂ—i-Hviuﬁ,

Notice that the coefficient of 4 is zero, so we do not require further regularity for
4. Taking the partial derivative w.r.t. v; in (B3)) yields

(B.4)
oH, . X ot
8’Uj _p[f]u[fOufl]]J’_pDu[fOufz]a_%
UL BT vy, d o
+y = b+ [fis fi] 00 - [fkufz] : Nfrs fil ok 57— D [, fi]
'Ujhv_/ 8 8 dt ov; dt
= = e
=0 - =:Ag
a9 d .od ot 9 ot
oy @ o) 1+ @ (o) 08 o How ot Hov
=:B =0 =0 -

Once again, the coefficients of & and @ vanish so we do not require any further
regularity on the optimal controls. By computing the remaining time derivatives,
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we obtain the expressions

g d. O

B5) A= g (£ =+ (U Fl)+5- Dulh f 5
_ad . (0% Ofj 0fi\ = | - O
(B.6) B= a_U]E( vu) U =P - (ax(’?ufj_ %8u)u+uTHviuu6_vj'

The proof of identity (B.)) is organized in the following 3 claims.
Claim 1. The entries of the matrix R = fUTHme — (HmB + (HMB)T) —S, given

in equation (I3), satisfy
2 .
Ry =—{p- sl +o- (ois, - S0 ).

Claim 2. It holds .
ot
an

where the matriv E = fTHL — H,, f, was introduced in (5.13).

_ —1 T
=—Hu B ),

Claim 3. For the matriz E given in (BI3), the following expression holds
_E(i,:) = ﬁ . Du[fu fz] + ’aTHviuu-

Proof of Claim [1 In our case, where we assume uniqueness of multipliers, the
matrix S given in (514) takes the form S = H,, f,, since H,, f, is symmetric due

to Goh conditions. For i,7 =1,..., m, we obtain
J i N afl afl N f’L )3
o 5= (- axf) [f, L]+ D S
' " aflf Ly (00055 82f1f N
’ or Ou  Oxou’’

We will make use of the following expression that comes directly from the definition

3] _Ofi
of Lie brackets: ﬁ-a—if Ji f+p [fi, f], for i =1,...,m. Clearly, the additional

term p - [f;, f] vanishes, however as we have discussed, we cannot neglect it once
2

we take partial derivatives Summing and subtracting the term p- 922 fifj from the
x

Ofi
expression for p - [f, 8—ffj} we obtain
z

L of; afaf,, . 0%
[ﬁ Ji ] - <8$ (895 f) f- Oz Oz it or2 fsz)
?) afz af’L 82f
b <8:C ((%cf) or < f+[fuf]> fj"‘wfifj)

df;i 0?
b (SEur 1+ st + S0
Hence, from (B), we have
6fz

Sz_] = (ngmmfv)w b

0
[f?f]] ax[fu fz]f]+ O 8’[1, M J
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Moving on to the terms (HMB)” and (HMB)i (HuzB);» and recalling the
definition of B = f, f, — § d ¢, given in (5.8), we obtain that the column of index j

for this matrix assumes the form B, j) = — ([f, fil+ %ﬁ) , so that
8 f of
Hoain B.,j) = <[f f;]+—U)-
Summing all terms to get the matrix R, we obtain the desired identity. |

0
Proof of Claim[2. To obtain an expression for a—u, we start by solving the equation
Uy

Hu =0 for 4. We obtain

ﬁ_—Huu< e —% >

Taking the partial derivative w.r.t. v; in the latter equation yields

S T T
% = Huu < Uxfj % m'u > _HJul <H'U ux.f - LHw)
Ov; i I ou

_E;T]) :%HUju£+aipHUjuls:_Hu1LUjﬁ
OH ! 8f
- - Hux T A —Z u
an < f] f >
=—Hy
— aHu’U« aHuul —1 5T
= H E( ) (H 8’Uj 81)] Huu) = _Huu E(:.,j)'

—_0 —1 —
7WjHuu Huufo

Proof of Claim[3. Let us expand D, (p - [f, fi]):
DL+ 15 = 5 (951 501,

Or
ofi0f .1 T ofi AT
= ku H’U zu T Hw_ =-F i) H’U'UU'
=p- 5 u - [ + f7 Hy, 9 (i) — U Hy,
|
Finally, we add the contributions of all these claims to prove Lemma
Proof of Lemma[5.3. It suffices to check the expression for dv;H,, in (B.4):
oH,, O fi af; 0f:\ - - o
I i - = q A'Du s Ji AH’U'uu a
ooz =0 U L0+ (ot = GE O )ik g DUl + 6 Ho,
—Eq,) \/
—Rij —Hq aET

(:9)
_ —1 7T
—(R—EH,E"),,.

This concludes the proof. |
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B.2.  Proof of LemmalG.1]

We must check that given a solution (Z,u,,p, 8) of (LS), the corresponding
transformed variables (,4, 7, h, X, Xn, B%?) solve (LQS).

Starting with the state £, we recall the dynamics of the linearized variable 7
given in (@) so that one has £ = & — fuj — foij = fof + fuli + Bjj, retrieving the
dynamics in ([6.2)). The initial conditions are trivially satisfied since §(0) = 0. The
dynamics for h are satisfied by the definition. For the costate dynamics we recall
the dynamics of the linearized costates from ([£9) and the definition of the matrix

M in (BI3). We get

_i( = _ﬁ - :leHULE - gTva
= (]5 + gTHv;E) fm + (i' - f'ug)T H;E;E + ?3 (ngLIJLE - H’uw - vafm)
=X —gr =M

= )_(fz +§_THII +gTM-

Hence the dynamics of x matches ([G35). From equation ([6.12]) we obtain x(0) =
p(0) and deduce (6.6). For the final conditions one substitutes the expressions
for #(T) and p(T) into (AI5) and conclude since S = H,.f, = fI HL  which is
a consequence of the Goh conditions ([B1]).This way we recover the transversality
condition for x(T).

Finally we must check the stationarity (68) and (6:9) of the Hamiltonian for
(LQS). Starting from @I3]) and ([E.I12), we obtain

0=(Xx—7 " Hpa)fu+ E+ fo5) HL + a” Hy,
= Xfu+ & Hyy + 0" Hu + 5" (f0 Hip — How fu),
——

=F

which corresponds to the stationarity with respect to . On the other hand, the
same substitutions applied to [@I4) yield 0 = yf, + (T HE . Differentiating with
respect to time and using the definitions of B in (5.8]) and E in (5.13]), we recover the
stationarity (G.9) with respect to §. This shows that the tuple (¢, @, 7, h, X, Xn, 3%)
is a solution of (LQS) and concludes the proof. [ |

B.3.  Proof of Lemma[7d] Since w is a Pontryagin minimum of (CP), from Defi-
nition [[.2] there exists ¢ > 0 such that

(B.8) e =&l <& [l(u,0) = (@,9)[l; <e [[(w,0) = (@,0)][ < 1.

Let W be the transformation of @ through (Z.8). We now prove that W is weakly
optimal for (TP). Hence we search appropriate 0, & for which all feasible trajectories
W = ((z"), (u¥), (%), (Tk)) of (TP) that satisfy

(B.9) ‘Tk—Tk‘<g, |k, o) — (a5, %) _ <& forallk=1,--- N
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will be mapped into a neighborhood of w where it is optimal. Such mapping W — w
is done as follows

(B.10) x(t):—xk<i>, u(t):_uk<i>, for t € I,

Tk — Tk—l Tk - Tk—l
0, if t € I, and ¢ € Ay,
(B.11) vit) = { of (;;_T;:;l) , ifte I, andie Sy,

1, ift € I, and i € By.

The dynamics ([2.2) are clearly satisfied by (z,u,v) obtained from (BI0)-(BII).
The end-point constraints in ([2.3]) are also easy to verify since z(0) = z'(0) and
2(T) = 2V (1) along with the feasibility of W.

The last step to check feasibility of w are the control constraints. For the non-
linear controls, note that since |ju* —ﬁkHoo < &, we have that |lu—1af < &
Recalling p" given in (T.2)-(73)), if we choose & < p/, then « ([0,T]) C U. To discuss
the feasibility of the linear controls, from equation (2], we can choose & so that,
whenever ¢ € I, and i € Sy,

(B.12) 0<p —e<ut)<l1-p +e<1.

On the other hand, for i € Ay U By, we know that v;(t) € {0,1} in view of (BII)),
so that the control constraints are still satisfied. This concludes the proof of the
feasibility of (z,u,v).

In the sequel, we find & and & so that, if W satisfies (B.9)), then the transformed
w verifies (BR) for the given e. The analysis is analogous for both controls v and
v, hence we will conduct the calculations only for u. We have

N t—qu) Ak<t—Tk,1>’
wi(t) — a(t)|dt < b (TRl ) gk (TR ) gy
/Iknfk fuat) = a:(0) - /Iknfk <Tk —Tk-1 Tk — Ti—1
+/ ar (7t_T’“*1 ) Cak (LT ) gy,
I,Ni

Tk - Tk—l ’ Tk — kal
The first integral in the r.h.s. of latter display is bounded by &|I; N fk| in view
of (B9). For the second term, recall that @ is continuous on [0,7] and so are
the components of @* over I, so that they are uniformly continuous over these
intervals. Therefore, for each k = 1,--- , N, we can find some §; > 0 such that, if
|Tk - Tk| < Sk, then

(B.13)

t — T — Ty
af(i’“ ! )—af LT Vg
Tk - kal Tk — Tk,1
for every component of @*. Hence we only need to choose ¢ := k_rlninNgk. We
proved that o
(B.14) / s (£) — s (8)|dt < 281 O L.
Ikﬁfk

Next, we need to estimate the integral outside the intersection I N I 1. We assume
w.l.o.g. that T}, < T} hence, in view of (B.9)),

(B.15) /Tk lu (t) — @;(t)|dt < de.

Ty
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Adding up all the terms, we get from (B.I4)-(BI5), that

ui = tslly <&@T + (N —1)0).

An analogous estimate can be obtained for |jv —9||;. Finally, taking into account all
the control components m of the linear controls and ! from the nonlinear controls,
we get that, if

3

BT+ (N~ 1)3) < =,

then |Ju — 4|, < e, as desired.
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