An Iterative Data-Driven Linear Quadratic Method to Solve
Nonlinear Discrete-Time Tracking Problems

Corrado Possieri, Gian Paolo Incremona, Giuseppe C. Calafiore and Antonella Ferrara

Abstract—The objective of this note is to introduce a novel
data-driven iterative linear quadratic control method for solving
a class of nonlinear optimal tracking problems. Specifically,
an algorithm is proposed to approximate the Q-factors arising
from linear quadratic stochastic optimal tracking problems. This
algorithm is then coupled with iterative linear quadratic methods
for determining local solutions to nonlinear optimal tracking
problems in a purely data-driven setting. Simulation results
highlight the potential of this method for field applications.

Index Terms—Data-driven control design, linear quadratic
control, optimal control, dynamic programming.

I. INTRODUCTION

Reinforcement learning seeks to determine an efficient
control policy without knowledge of the system model, by
coupling features of adaptive [1] and optimal [2] control.
These two methodologies are based on different paradigms: the
former learns on-line how to control an unknown system based
on measurements but does not have optimality as primary
objective [3], whereas the latter allows one to determine the
optimal feedback policy but requires a model for the system
dynamics [4]. In turn, reinforcement learning methods aim at
designing adaptive controllers that, on the basis of observations
of the correspondence between actions and penalties/rewards,
dynamically determine the optimal control policy [5].

The dynamic programming algorithm [6] constitutes one
of the most intuitive approaches for dealing with dynamic
optimization problems. It allows to break the complexity of
a cumulative optimization problem by subdividing it into
sub-problems in a recursive manner [7]. When dealing with
nonlinear optimal control problems, this reduces to computing
the solution of a recursive equation (see [6, Eq. (3.2), (3.3)]),
whose analytical expression is generically hard to obtain in
practice [8]. On the other hand, if the system is linear, the
dynamic programming algorithm reduces to a simple differ-
ence equation to be solved backwards in time: the so-called
difference Riccati equation [9]. In [10]-[12], iterative versions
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of linear quadratic (LQ) methods have been shown how to use
such a difference equation for finding the solution to nonlinear
optimal control problems. However, in all the above cases,
perfect knowledge of the model of the system is required.

Reinforcement learning (also referred to as approximate dy-
namic programming, or neuro-dynamic programming) meth-
ods have been proposed to overcome such a requirement and
for dealing with problems in which the dynamic programming
equation is not analytically solvable [13]. Among these tech-
niques, Q-learning is one of the most commonly used [14]. The
key idea behind Q-learning is to employ samples of the system
trajectories in order to find an approximation of the state-action
value function of the dynamic programming algorithm [15].

Q-learning for linear discrete-time systems has a relatively
long history. A policy iteration-based Q-learning algorithm
that requires an initial stabilizing feedback gain has been
proposed for instance in [16] to solve the LQ regulator prob-
lem. This requirement has been removed in [17] by designing
a value-iteration based Q-learning algorithm, while in [18]
both policy-iteration and value-iteration based algorithms have
been proposed to solve the LQ regulator problem by output
feedback. In [19], [20], similar techniques have been used to
solve the infinite-horizon LQ tracking problem.

Differently from [16]-[18], [20], in this note we deal with
LQ optimal tracking over finite-horizon rather than with the
LQ regulator problem over infinite-horizon. Furthermore, dif-
ferently from [19], where policy-iteration and value-iteration
based algorithms have been proposed to solve the determinis-
tic LQ optimal tracking problem, here we propose a value
function approximation method for dealing with stochastic
LQ optimal tracking problems over finite-horizon. This ap-
proximation method can be viewed as a particular instance
of the normalized advantage function method (briefly, NAF)
firstly introduced in [21], and suitable for systems featuring
continuous state and action spaces such as those commonly
found in robotics (see e.g., [22], [23]). This novel technique
is instrumental for determining a locally optimal control policy
for nonlinear tracking problems. In fact, it is readily amenable
to coupling with iterative LQ methods, thus allowing one
to break the complexity of nonlinear problems by iteratively
applying the proposed value function approximation approach.
Overall, our proposed method belongs to the class of data-
driven (model-free) control algorithms, which are gaining
increasing popularity, as testified by e.g., [24]-[29].

II. APPROXIMATION IN VALUE SPACE OF



LQ STOCHASTIC PROBLEMS
A. Linear quadratic finite-horizon optimal control problem

Consider the discrete-time stochastic linear system
D

where k € N is a time index, x; € R"™ is the state of the
system, u;y € R™ is the control input, and wy € RP is a
disturbance acting on the system. In particular, we assume
that {wy }ren is a sequence of independent random variables
with mean E[wy] = py and variance Var[wy] = Xj. Define
then the quadratic, finite-horizon cost function

Tip+1 = Az + Brug + Grwy,
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where N € N, W, € R, Wy, = 0, k € {0,...,N},
R € R™™ Ry =0,k €{0,...,N -1}, ||z||w = 2 Wa,
{x3}N_, is a desired trajectory for the state of (1), and
{u$}4_, is a reference control input. Note that, differently
from other techniques proposed in the literature, e.g., [30],
we do not require feasibility of the references {z§}2_, and
{ug}il,. ie., we admit the case that x5, | # Apx§ + Brus.

In order to determine a solution to the optimal control
problem (1), (2), it is possible to use the dynamic programming
algorithm [6]. Such a procedure iteratively constructs the cost-
to-go functions JZ(x.) = min,, .y, E] ,?:;(ka —
2ollw, + lux — wllr,) + low — 2% llwyle & = 0,...,N.
This method starts by letting JR (zn) = ||[xn — 2% ||wy . and,
going backwards for k = N —1,...,0, defining the Q-factors
(sometimes referred to also as state-action value function [5])

Qr(Tr,ue) = El |z, — mZHWn + lus — UZHRK

+ Jo 1 (A + Boue + Grwg) |, (3)
and solving the problem J2(z,) = min,, Q. (zx,u:).

The dynamic programming iteration can be equiva-
lently formulated in terms of the Q-factors by letting
Qn-1(zn-1,un-1) = Ellan-1 — 23y [lwy_, + lun-1 —
u_qllry 1 + |AN—12N—1 + Bno1un—1 + GN_1wn—1 —
% lwy ], and, going backwards for k = N —2,...,0, letting

Qr (@, ux) = Bl |z — aillw, + llus — uilr,

+ min QN+1<AH$N + Brug + Gmwmy unJrl) .

Uk+1

“4)

With such a construction, the input solving the optimal control
problem (1), (2) is given by

uy = argmin Q, (zy,ux), £=0,...,N —1.

The following theorem provides the solution to the optimal
control problem (1), (2), and its proof follows by classical
preview control (see, e.g., [31, Sec. 2.1]).

Theorem 1 (Solution to LQ stochastic problems). The solution
to the optimal control problem (1), (2) is given by

u; = _(RK + B;IPH-HBH)?l (B:PH+1A'€$”

+ B;Pfﬁ-lGnﬂn + %B};FDH"Fl - Rm”i)a (5)

where the matrices P, € R"*"™, D, € R", and c,, € R are
computed iteratively starting from

Py =Wy, Dy=—2Wyna%, cy =23 Wyzl. (6)
and proceeding backwards as
P, = Al Pip1A, + Wy
— A Poy1Bu(Ri + B, Poy1Bi) 'B Pey1As,  (Ta)

Dy = Al Dy —2W,oz® 4+ 2A] Py 1Gopi

~ Al Pui1By(Ry + B Pay1B,) "' B} D,y

+2A} Poi1By(Ry + B/l Poy1 By) ' Rouf,

— 24} Poy1Bo(Ry + B Poy1B.) ' B! Pot1Grpi, (7b)
cx = Cup1 + (Gl Py 1GoB) +ul T Reul

+ D1 Grpin + 3% Wt + i) G Py Grpin

- ,LLZGZP,Q_;_lB,{(R,{ + BZPK+1BK)7lBZPR+1GH#n
+ 24! G} Py B (R, + Bl Poy1B,) ' Roul

— D, 1 Bu(Ri + B Pe1By) ' B, Pey1Grpin

— 1D} \B.(Ry+ B/ Pit1B,) ' B! Dyy1.

+ D::Jran(Rﬁ + BIPKHB,{)ARKUZ

—u® "Ry (R, + B! P.y1B.) ' Reul. (7¢)

Furthermore, the cost-to-go functions J¢(x,) are given by
J:(mm) = HanPK +szn+cn- (8)
We thus consider the following corollary.

Corollary 1 (Q-factors in LQ stochastic problems). Define
N = col(x,,u,). There exist ©, € Rtm)x(ntm) g ¢
R™*™™ and ¢, € R such that

Q) = |nllen + ¥ 0w + br, 9)

with ©,, = 0, for k € {0,..., N—1}. Furthermore, if W,, = 0
for k =0,...,N, then ©q,...,On_1 = 0 and

;I’;n %I]E =0, k=0,...,N—1. (10)
Proof. By Theorem 1, we have that (9) holds with
r T T
o= prma B, | aw
o | ATDyyy = 2W,a, £ 2A] Poia Gty } (i1b)
" | Bg Duy1—2Reu, + 2B, Py 1Grpire |’
dp = 22 T Weal +ul T Roul + tr(G Poy1GLE)
+ g G Pt Grpin + D Grpie + cog1. (11c)

Furthermore, note that (7a) is the well-known discrete-time
Riccati equation. Thus, by classical results about LQ optimal
control [9], [32], one has P, = 0, x = 0,..., N. Therefore, we



have that ©,, = 0 for K = 0,..., N since R, + B, P, 1B, =
0 and the Schur complement of ©, equals P, > 0 [33].

If, additionally, one has W, > 0, kK =0,..., N, then P, >
0, Kk =0,...,N, thus implying that ©, > 0, K = 0,..., N,
by the same reasoning given above. Therefore, by (3) and
Theorem 1, it results that Q. (n,) > 0 for all , € R**™,
Hence, by completing the squares in (9), one obtains

Qr(nx) = [ms +

which implies that ¢,, — $ ¥, ©, ¥ > 0. Thus, the inequality
in (10) follows by classical Schur complement arguments. [

10, ', lo, — 30OV + 6,

By partitioning ©,; and ¥, kK =0,...,N —1, as
®n 1 6572 _ \Ijm,l
@K, |: (_) ®n73 :| \IJK - |: \IIN,Q 9 (12)

with O, 1 € R"*", 0,2 € R"*™, O, 3 € R™*™, U, ; € R,
V.2 € R™, by Corollary 1, if W,; = 0 for k = 0,..., N,
then ©,; = 0 and ©, 3 > 0. Furthermore, under such an
hypothesis, letting P,, € R"*", D, € R" and ¢ € R be such

that (8) holds, by (11), it results that, for k =0,..., N — 1,
uh = =040,y + 3Vs2), (13a)
P, =0,1—0,20, 3652, (13b)
Dn = \Ijn,l _GH 29,% S\Ijn 2 (130)
Ch = — TV 0 5T, 5. (13d)

As shown in Theorem 1 and Corollary 1, the optimal policy
is unaffected when the disturbances {wk}{f:o are replaced by
their means {ux}Y_, i.e., the certainty equivalence property
[13] holds for the stochastic optimization problem (1), (2).
In particular, as shown in (7) and (8), the presence of wy
resulted in an additional constant term tr(GZPNH G.X,), that
is irrelevant for the optimal control policy. Therefore, solving
the stochastic optimal control problem (1), (2) is equivalent to
minimizing (2) with respect to the deterministic dynamics

Tpt1 = ATk + Brug + Grpig. (14)
Thus, define for each xk € {0,..., N — 1} the function
Qe (T, Uy ) = [0 — zy,
+ JlZ-‘,—l(ARxK + Bruy + Gn,um), (15)

which is the certainty equivalent of the Q-factor @, given
in (3), and consider the following corollary, whose proof is
identical to that of Corollary 1.

Corollary 2 (Certainty equivalent of Q-factors in LQ
problems). Let (,, = col(x,,ux, pr). There exist 11, €
R(vtmtp)x(ntm+p) D e RP+m+P gnd o, € R such that

QK,(CK) == ||</-c 11 +FZCK +0f€7

k€ {0,...,N—1}. (16)

Although Corollary 2 is of theoretical interest, it cannot be
used in practice since the values i, are not usually known.

B. Approximation of the Q-factors

We propose a technique to approximate the Q-factors of LQ

stochastic control problems. Assume to have at one’s disposal
state-control-successor tripl O W 2@ h ;
plets (zx’,ux’, 2., 1), Where i €

{1,...,S} is the experiment number and € {0,..., N — 1}
is the discrete-time in the i-th experiment, with
29 = 4,29 + Bau® 4+ Gw® (17)

fori=1,...,Sand k =0,...,N — 1. In view of the results
given in Section II-A, Algorithm 1 allows one to approximate
the Q-factors on the basis of the available data.

Algorithm 1 Data-driven approximation of the Q-factors
(), (@)

Input: state-control-successor triplets (zx,ux’,2,},), i =
1,...,8, k=0,...,N — 1, reference 51gnals {us 3N

and {2}, welghts {W N, and {R, }
Output: estimates of the Q-factors @, k =0, . N -1
1: for k =N —1to 0 do
2:  if k=N —1 then

3: fori=1,...,5, define

Yo = 2y = el

1l =1kl + e — X lwy (18)
. else
5: fori=1,...,5, define

YD =z — 22w, + [ul) — ug |k,

+ ||519,-;+1||Ph+1 + Dn+1$n+1 +Chp1 (19)

let ) = col(zl),ul), i=1,...,S
let ©,, V,,

and qb,Q be the s01ut10n to
l 2
o ; (Imlle, + w0 + 65 —42)
with ©, 3 > 0, 0.,-0 (20)
8:  letting O, and ¥, be partitioned as in (12), let
e én@ — 0,26 ;’}3@2,27
D, = ‘iln,l —€ ) 8 ;7%;\1/5,2,
e =0 — U] ,0, 50,
9: return Q,(n,) = 17l +\I! T ie+éek=0,...,N—1

The following theorem shows that the outputs of Algo-
rithm 1 are unbiased estimates of the Q-factors.

Theorem 2 (Estimation of the Q-factors). The function Q N-1
returned by Algorithm 1 is a feasible and unbiased estimate
of Qn—1. Similarly, the function Qk returned by Algorithm 1
is a feasible and unbiased estimate of Qy, given the estimate

Qr+1 of Quyr, for k=0,...,N —2.

Proof. Let 77,@ = Qol(a:,(f),u,(f)), k=0,...,N — 1,
., 5. Letting '71(\7})—1 be defined as in (18) and following

i =



the construction given in the proof of Corollary 1, we have

’YN 1 =Qn- (77]\7 1)+€5V) 15 (21a)

e = MY @+ loWoiller  pean

—tr(GN_1 PNGn-1Y), (21b)
‘M(Z)1*2 (z)TAT _1PNGN- 1+2u(z)TBN 1PNGN_1
+ 245G PNGN-1+ DX G, (21c)
wﬁv) 1= wgv) 1~ HUN-1- (21d)
Since Elwy-1] = pn-1 and E[|@n-ille]  pyey_.] =

tr(G]T\,_leGN_lZ), we have that E[ey_1] = 0. Hence, by
[34, Thm. 10.1], since E[ey—1] = 0, the function QOn_1 ob-
tained solving the ordinary least squares (OLS) problem (20)
with k = N — 1 is a feasible and unbiased estimate of Qx_1.

Following the construction given in (3), (8), (13), and using
the results given in [13, Sec. 2.1.4], one has that

7 = llz) = 2 lw, + ul - i,

+ g;lﬁ Qn+1(xf€3rl7 Up1) + €D, (22a)
e = MPwY + 1w lgrp, 0.
—tr(G) Per1GRY), (22b)
MO = 2D TATE G+ 20D BT B\ G
+ 24l G Poi1Gy + D)1 G, (22¢)
oW = w — . (22d)

Note that, given the estimate Qk+1 of the Q-factor 1, the
matrix P, is fixed and is given by (13b). Therefore, by the
same reasoning given above, E[e;] = 0. Thus, the function
Qk obtained solving the OLS (20) is a feasible and unbiased
estimate of (J, given the estimate Qkﬂ of Qi41- O

Once an estimate of the Q-factors has been obtained via
Algorithm 1, and letting O and ¥y, be partitioned as in (12),
an estimate of the optimal control u} is obtained as

= —é;é(ég2$k + %\i’kﬂ)'
Building upon the proof of Theorem 2, the next remark

deals with the case of noisy samples xg) and u(z).

Remark 1 (Noisy samples). Let the measured samples j,(f)

a(j) be affected by zero mean random noise, that is

70 = 20 1 90,
where xg), ug) satlsfy (17), E[¢s] = 0, and [_E[%K] = 0.
Letting g,(q) = 001(19,(5 ,%,2)) this implies that 7,(5) computed
as in (21a) or as in (22a) with x,(.@)_ and u,g) substltuted by ac( 2
and u,(g), respectively, satisfies ’y,.i QN( ) + XEJ, where

X =200 70,00 + 16V le, + T, o) + €.

and

w0 = uld ),

Since E[x.] = tr(©,Var[p.]), the presence of measurement
noise leads to biased estimates ¢, although, by construction,
it does not alter the estimated optimal control @7. A

Note that, although the estimates of the Q-factors obtained
via Algorithm 1 are unbiased, they need not be the best esti-
mates in terms of variance of col(vec(On_1), Un_1,dN—1)

due to the presence of heteroscedasticity (see (21), (22)
and [34, Sec. 11.1]). In particular, since Var[e,] de-
pends on the values of T],Ef), statistical inference based on
OLS may be misleading, i.e., the OLS variance estima-
tor Var|col(vec(O,), U, b )], where vec(O,) is the vector
formed by stacking the columns of matrix ©,. does not provide
a consistent estimate of the variance of the OLS estimates (see
[34, Sec. 10.2.2]). In principle, this aspect can be mitigated
by letting S — +oo and using the feasible generalized least
squares estimator (see [34, Sec. 11.6]). However, for small
and medium sizes of S, it may be convenient to use the OLS
estimator (20) since it is more efficient (see [34, Chap. 11]).

In the following corollary, we characterize the minimum
number of samples that are generically required in the certainty
equivalent so as to let the output of Algorithm 1 be the Q-

factors Qo(zo,u0), - -, @N-1(TN-1,uN-1)-

Corollary 3 (Sample complexity in the certainty equivalent).
Let wy, = py, for all k € {0,...,N —1}. If
1
52§(m+n+1)(m+n+2), (23)
then, for almo;t all initial conditions :c( i) € R™ and control
sequences {u,(j)}kzow,)N_l, 1=0,...,4 the output of Algo-
rithm 1 are the Q-factors Qi (xg,ur), k=0,...,N — 1.

Proof. Following the proof of Theorem 2, since wy_1 =
iN_1, one has 'y = Q@Qn_ 1(1]N 1)- Note that the Q-
factor given in (9) can be rewritten as Qn-_1(nn-1) =
col(nn—1 ® Nn—1,Mn-1,1) T col(vec(On—_1), ¥n_1,PNn_1),
where ® is the Kronecker product. Following the construction
made in [35, p. 40], note that ny_1 ® ny—1 is the quadratic
polynomial vector containing all possible products of the
n + m components of 77N 1. Since Opy_; is a symmetric
matrix and it has only %(n 4+ m)(n + m + 1) independent
elements, it is possible to define a quadratic basis set 7 _1
having 1(n + m)(n + m + 1) independent elements by
removing redundant entries from nx_1 ®ny—_1. Hence, letting
Vec(O n_1) be the vectorization of the correspondlng elements

of ©Oy_1 and yy_1 = col(%(\})l,...,v](v 1) An_1 =
(7)

col(vec(On—_1), YN_1,PN-1) 5N) ) = col(y .0y 1)
i=1,...,5 Ey_1 = 001(5](\})717 .. .,5&2?), the objective
function of the optimization problem (20) with x = N — 1
can be rewritten as ||Ex_1Ax_1 —yn_1]/?. By [36], if (23)
holds, that is the number of rows of =x_; is greater than or
equal to the dimension of the vector Aj_1, then the matrix
=n—1 has full rank for almost all :z:é) and control sequences
{uk)}k —0,...N—1, 9 = 0,...,£. In all these cases, there is an
unique solutlon to the unconstrained ordinary least squares
problem miny,_, |[Env_1ANn_1 —yn_1]%

—1=

Anv—1 = (EN1Env-1) BN vt

Reshaping A ~N_1 in order to obtain the matrices 6 N—1, 1\ N—_1
and the constant qAS ~N—1, one obtains the matrix given in (11)
with kK = N — 1, which satisfies the constraints of the con-
strained ordinary least squares problem (20) with k = N — 1
and let the corresponding value of the objective function be 0.
Hence, the matrix 6 ~N_1, the vector v ~n—1 and the constant



qASN,l obtained reshaping A ~N—1 are the unique solution to
the ordinary least squares problem (20) with x = N — 1 and
On-1 = On-1, Un_1 = Un_1, ¢n—1 = Pn_1. Thus,
the function Qny_1 returned by Algorithm 1 is the Q-factor
QN —_1. Therefore, following the same induction employed in
the proof of Theorem 2 and repeating verbatim the reasoning
given above with N — 1 substituted by k, we have that the
output Q r of Algorithm 1 matches with the Q-factors Q. [

Note that if (23) does not hold, then the matrix =, is
singular and hence such a condition is necessary and sufficient
in the certainty equivalence case.

The proof of Corollary 3 suggests how to simplify the
computations to be carried out in Algorithm 1 when the
certainty equivalent system (14) is considered. Namely, if
the disturbances acting on the system are small (so that the
dynamics of the system are essentially given by its certainty
equivalent) and (23) holds, then, following the notation and the
constructions used in the proof of Theorem 2 and Corollary 3,
the solution to the optimization problems (20) is

Aw = (B0 TED . (24)
Then, the matrix (;),{, the vector \i/,i and the constant an can
be obtained by reshaping A,. In this case, if singular value
decomposition (SVD) is used to compute the pseudo-inverse
of =, the computational complexity of using the formula
given in (24) is O(S?) [37, Sec. 5.12]. On the other hand, by
[38, Sec. 6.4] the computational complexity of determining a
solution to (20) via interior point methods is O(S?). Therefore,
using (24) may be preferred for solving (20) provided that
certainty equivalence essentially holds.

Algorithm 1 has been presented as a batch learning method.
However, such an algorithm can be easily modified into an
iterative learning algorithm, as discussed in the next remark.

Remark 2 (Iterative implementation of Algorithm 1). Assume
that the disturbance acting on the system is small so as to allow
to use the formulas given in (24) to determine a solution to
the optimization problem (20) and let (23) hold. Note that,
following the notation used in the proof of Corollary 3, the
formula in (24) can be rewritten as

s s
b= (Spaa ) 3o
i=1 i=1

Hence, if a new sequence of state-control-successor triplets
(x,(.;sﬂ),u,(isﬂ),xiitl)), k € {0,...,N — 1}, is gathered,
the estimates of the Q-factors can be updated using recursive
least squares (see [39, pp. 8-12]). Namely, assuming that the
matrices (;),Hl, \i/,Hl, ¢2,€+1 are known, define IE’HH, D,ﬁl,

and ¢, as in Step 8 of Algorithm 1 with x substituted by

k + 1. Hence, defining Z7 = (Eil 6,@6,(;)—'—)—1 , pY =
ZS 'YH)(S( 9 and ’Y(S+l) |z (S+1) _ 22w, + [lul (S+1) _
=t (S+1) T5+1) (8+1)

+ Crt1, and let 6,

kbl B, T DK+1‘TH+1

be defined as in the proof of Corollary 3. The matrix Z2 and
the vector p° can be then updated as

ZSé£S+1)5’gS+1) TzS

ZS+1 ZS 5(S+1) TZs(gt(f‘H)’ (25a)
Pt = 8 +VS5(S+1) " (25b)

and the estimate of the matrix A, can be updated as
Ay =21 p3H (25¢)

The matrix (:),{, the vector \fl,{ and the constant (jAJ,ﬂ can be then
obtained by reshaping the vector A... Hence, as new state-
control-successor triplets (:c,({),u,{ , ,(Qil) k€ {0,...,N —
1}, are gathered, the formulas in (25) can be used to iteratively

update the estimates of the Q-factors. A

The references {z$}2_, and {uk)}k o are used in Algo-
rithm 1 to define the samples vk of the Q-factors. The
following remark shows how to apply Algorithm 1 in the case
that such references are not known explicitly.

Remark 3 (Unknown references). Algorithm 1 can be used
even if the reference trajectory {x$}Y . and input {u{}i_,
are not known explicitly. Namely, if these references are not
known, but the running cost ¢ (zx, ug) = ||k —z4||w, +|lur—
uj||r, and the final cost n(zn) = ||[zn — 2% ||w, are mea-
surable, as, e.g., when dealing with output tracking problems
or with vision based control where relative positions error can

be measured but not absolute positions, it suffices to redefine
(@) @ @

Yy—1 in (18) as 'YJ(V) L = sv-1(Tn_y un_y) + CN(xgxlf))
and 'y,g in (19) as 7( ) = g,g(x,(.f), u,(.f)) + Hxﬁil | Poyy +
D, +195,(@4)r1 + c,g+1 This aspect, together with the fact that the
references {5}, and {u$}1_, need not be feasible, further
motivates the interest in the technique given in this section. In
particular, note that it does not require any dynamics inversion
but just samples of the state, of the input, and of the cost. A
The next remark discusses the relation between Algorithm 1
and the normalized advantage function method [21].
Remark 4 (Relation with NAF). Algorithm 1 can be viewed as
a particular instance of the NAF method [21]. In fact, by parti-
tioning the matrices O,; and ¥,; as in (12), since Q. (xy, uyx) =
xz@mlx,{+2x26n¢2un+u:@,{yguﬁ—&—\I!Z‘lx,i—l—\lllzu,{—|—qb,,@,
by completing the squares [37] with respect to u,;, one obtains

Qn(fkmum) = ”un + 923(@T2x:‘€ + \IJK 2)||@n 3
_ H@ 2Tk + ‘I/*ﬂ”@ L +x, @,@,133,.@ + \I'mx,.i + ¢

Therefore, by defining the advantage functions

Am(xna un) = QH(J:FMUH) - J:('rﬂ)7

for k =0,...,N —1, by (13), one obtains that A, (x,,us) =
[l + @;’é(@z’ﬂ,{ + 1V, 5)|le,.,. Hence, Algorithm 1 es-
sentially consists in a NAF with affine policies. A

III. DATA-DRIVEN ITERATIVE LQ CONTROL

In Section II, an algorithm has been proposed to estimate
the Q-factors of LQ stochastic optimal tracking problems from
data. In this section, we show how such an algorithm can be



coupled with the techniques given in [10] to solve a class of
nonlinear optimal tracking problems in a data-driven setting.
Namely, consider the system

Tk, Vi),

where &, € R™ is the state, v € R™ is the input, fi : R™ X

R™ — R™ is at least C2, k= 0,..., N — 1, and the cost
N-1

® = (& — &llwi + Ivellr) + 1€n = EXllwys 27D

k=0

where N € N, R, = 0, k € {0,...,N — 1}, W}, = 0,

k€{0,...,N}, and {& 1} is a given reference signal. By

coupling Algorithm 1 with the techniques given in [10], the

following Algorithm 2 allows us to determine a locally optimal

solution to the optimal control problem (26), (27) from the

initial condition &y € R™ in a data-driven setting.

In fact, following the construction in [10], Algorithm 2
iterates the next procedure until convergence. Letting {£,}1_,
be a nominal trajectory of system (26) corresponding to the
control sequence {175}5:_01, the linearization of system (26)

about {(&.,7,)} = is given by (1) with
Ofx

Ofx

Ehv1 = (26)

A , B , 28
T = (&, ), E= gy, == (&, ). (28)
Furthermorei, letting ), and uj; denote the increment with
respect to &, and U, respectively, k = 0,..., N — 1, the

corresponding value of the cost function ® given in (27) is

N—1 B
¢ = (llzk = (€8 = Ellwi + lluw — (=2n) | r,,)
k=0

+llzn — (€% — En)lwn- (29

Therefore, Steps 2—10 of Algorithm 2 perform a data-driven
approximation of the Q-factors of the optimal control prob-
lem (28), (29) using the results given in Section II-A. Then,
Step 11 of Algorithm 2 determines an improved control
sequence using the solution to the problem (28), (29). The
following remark details how Algorithm 2 can be employed
in a data-driven scenario.

Remark 5 (Data-driven scenario). Algorithm 2 can be used
even if a closed-form for the functions fy,..., fy—_1 is not
available. In fact, such functions are used in Steps 2, 7,
and 11 to generate state-control-successor triplets to be fed
to Algorithm 1. However, the same steps can be carried out
either performing experiments or simulating the behavior of
system (26) in a purely data-driven setting. A

The next theorem discusses the convergence of Algorithm 2.

Theorem 3 (Convergence to local minima). Suppose that (23)
holds There exists ¢ > 0 such that if ||A§0 I < e and

HAV )H < ¢, then Algorithm 2 converges locally to a solution
of problem (26), (27).

Proof. By [12, Eq.s (4)—(11)], the deterministic prob-
lem (26), (27) is locally approximated by the LQ stochastic
problem given by (29) and

Ty = Anxn + Bnun + Gn(xﬂa un)wﬁa (30)

Algorithm 2 Data-driven iterative LQ control

Input: initial condition &y, weights {W,.}N_ and {R,}) -},
reference signal {£9}%_, initial guess {7} on the
optimal solution to (26), (27), number S € N of experi-
ments to perform the approximation

QOutput: a locally optimal control sequence for (26), (27)

1: repeat
2. compute &y = fu(€xy Vi), for K = 0,...,N — 1,
starting from the initial condition &, = & and let

N—-1

®= Z 1€k — &llw, + 17l ry) + 1En — EX W

32 letxy =& — {N, k=0 N

4 letul=-0g, k=0,...,N—1

5: fori=1to S do

6: pick at randqm sufficiently small
AElD. AVOZ - LAY |

7: compute §K+1 f,g( S ,yﬁ + Ay,(.f)), for k =
0,.. N 1 starting from 50 =&+ A{él)

: let xm 55 §H, k=0,...,N
9: letu( AV ),H—O N -1

10:  use Algorithm 1 with the data gathered in Steps 2-9 to
compute .., \II,E, and ¢, k=0,...,N —1
11:  letting O, and V¥, be partitioned as in (12), compute

G = Fu (G = 075 (0126 — &) + $00) ).

k=0,...,N — 1, starting from éo =&y and let
N—1
b = ey - Gl + 2 (160 €l
k=0
o - O75(6T (6~ &) + bra)ln, )
12 if ® < & then R ) X ) X
13: assign v, — Uy — @,;é(@lz(fn — &) + %\Il 2)s

k=0,...,N—-1
14: until & < &

1s: return {7, }N !

where A,, B, are as in (28), G,. is a continuous function,
and w, are independent random variables. Therefore, there
exists £ > 0 such that if [|A&(| < ¢ and |AVY] < e,
then Gy (z,,u,) can be further approximated as a constant
matrix. Thus, Step 11 of Algorithm 2 determines an improved
control sequence using the solution to the LQ optimal tracking
problem (29), (30), which, by Theorem 2 and Corollary 3, is
determined in Steps 2—10 by approximating its Q-factors using
Algorithm 1. By the discussion given in [11, Sec. VI], these
steps correspond to a Newton method using the true Hessian.
Thus, by Kantorovich theorem [40, Thm. 2.2] Algorithm 2
converges locally to a solution of problem (26), (27). O]

In view of Theorem 3, the following remark shows how to
determine a locally optimal policy from Algorithm 2.



Remark 6 (Locally optimal policy). Algorithm 2 can be used
also to generate a policy that locally solves the optimal control
problem (26), (29). In fact, letting {©, } " and {¥,. } - be
the matrices computed at Step 10 of Algorithm 2 partitioned
as in (12), and letting {f_ﬁ}fjgol be the solution to system (26)
with input {7, }"=!, the control policy 7 = {mq,...,7x_1},

T (§r) = Vi — é;&% (él—,z(fﬁ — &) + %\i’n,Q) )
k =0,...,N—1, constitutes a local solution to (26), (29). A

The next remark shows how to adapt the step size in Algo-
rithm 2 in order to improve its convergence proprieties.

Remark 7 (Levenberg-Marquardt adaptation of the step-size).
Following [11], it is possible to improve the convergence of
Algorithm 2 by using a method related to the Levenberg-
Marquardt algorithm [41]: by defining an additional positive
parameter ) and letting \ be its upper bound (which essentially
governs the minimum step size), we can substitute Step 11 of
Algorithm 2 with the following procedure:

1: compute an eigenvalue decomposition of én’g =VDVT,

with D being a nonnegative diagonal matrix

2: repeat

3 let Y=V(D+AX)VT

4:  letting O, and ¥, be partitioned as in (12), compute

éﬁ+1 = ffi (émﬁw -1t (92,2(511 - gn) + %\Pm,?)) )

k=0,...,N — 1, starting from éo =& and let

N—-1
b = ley — &l + 3 (16 - €l

k=0

I — O MO (6 — &) + ;mz)m)

5. if A < ) then

6: assign A < 2\
7:  else

8: assign A < 1A

9: until & > & and \ < X
As shown in [11], if A is close to zero, then we have a Newton
method using the true Hessian of the optimization problem,
whereas, if )\ is large, then the Hessian of the optimization
problem is replaced by AI, that is the algorithm takes small
steps in the direction of the gradient. This procedure has been
proved empirically to perform better than the plain Algo-
rithm 2 in terms of robustness and convergence speed!. A

IV. NUMERICAL EXAMPLE

Inspired by [22], [23], where, motivated by the uncertain
nature of the plant, deep reinforcement learning methods with
NAF have been applied to robot manipulators, hereafter the
proposed algorithm is assessed relying on a model of a robot
by Comau (see Figure 1), identified on real data.

'A MATLAB package implementing this procedure is available at the link:
https://github.com/Corrado-possieri/iterative_LQ_Qlearning.

At the same link, the MATLAB code that has been used to carry out the
simulation reported in Section IV is made available together with other
examples of application of the proposed algorithm.

() (®)

Fig. 1. The robot manipulator. (a) Comau industrial robot manipulator setup.
(b) Schematic view of the simulated three joints robot manipulator

During our tests, for the sake of simplicity, making reference
to the model identified in [42], only vertical planar motions
of the robot manipulator were enabled, by locking three of
the six joints. Note that the proposed algorithm is valid for
any configuration of the manipulator, even in the spatial case.
Hence, the dynamics of the system can be described in the
joint space, by using the Lagrangian approach [43], as

B(&)E + C(&,€)E + Fu& + Fysgn(€) + g(€) = v,

where & € R3 is the vector of joint variables, B(£) € R3*3 is
the inertia matrix, C(&,€) € R3*3 represents centripetal and
Coriolis torques, F, € R3%3 is the viscous friction matrix,
F, € R3*3 is the static friction matrix, g(¢) € R? is the vector
of gravitational torques and v € R3 represents the motors
torques. The ode45 solver with input sampled each T = 1s
is used also in this example. The initial position of the joints
is set equal to & = [0 0 0 ]T, the weights are W, =
1x107%I, Wy = I and R, = 1 x 107121, while the desired
targetis §§ = [ 3 T % }T. The horizon is set equal to
N = 3 and the initial guess is {71, }2—5 = {130,160,200}
for joint 1, and {7} = {-100,70,20}, {3, }N-)} =
{=50, 50, —20} for joints 2 and 3, respectively. The number
of experiments for Q-factors approximation is S = 200.

The value of the cost function ® is minimized after few
iterations (see its logarithmic value in Figure 2). In Figure 3,
instead, the joint space and the corresponding velocity space
are illustrated. More specifically, the dotted lines represent
the case when the initial guess 7;,_,¢ = 1, 2, 3 is given as
input. On the other hand, the solid lines refer to the case
when Algorithm 2 is applied until convergence, and it can
be observed that the joint positions reach the reference target,
as well as velocities start from zero and, after N — 1 steps,
are zeroed again in correspondence of the desired points.

V. CONCLUSIONS

In this paper we discussed dynamic programming solutions
for linear quadratic optimal control problems in a data-driven
setting. More precisely, a solution to stochastic problems in
terms of Q-factors has been presented, and an approximation
algorithm has been proposed. It is worth noticing that the
approximation of Q-factors can be viewed as a particular case
of the NAF algorithm, usually applied for deep-learning prob-
lems where the value function is approximated as a quadratic
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Fig. 2. Logarithmic value of the cost function ® for the robot example
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3. Joint space and the corresponding velocity space in case of initial

guess (dotted lines) and after the learning procedure (solid lines)

expression. Further, we proposed a new data-driven iterative
linear quadratic control, capable of determining locally optimal
solutions for a class of nonlinear tracking problems in a data-
driven setting. A possible way for improving the convergence
speed of the algorithm has been also suggested, and satisfac-
tory simulated results have been obtained.
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