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Bi-Level-Based Inverse Stochastic Optimal Control
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Abstract—In this paper, we propose a new algorithm to
solve the Inverse Stochastic Optimal Control (ISOC) problem
of the linear-quadratic sensorimotor (LQS) control model. The
LQS model represents the current state-of-the-art in describing
goal-directed human movements. The ISOC problem aims at
determining the cost function and noise scaling matrices of the
LQS model from measurement data since both parameter types
influence the statistical moments predicted by the model and are
unknown in practice. We prove global convergence for our new
algorithm and at a numerical example, validate the theoretical
assumptions of our method. By comprehensive simulations,
the influence of the tuning parameters of our algorithm on
convergence behavior and computation time is analyzed. The
new algorithm computes ISOC solutions nearly 33 times faster
than the single previously existing ISOC algorithm.

I. INTRODUCTION

Inverse Optimal Control (IOC) methods [1] have gained
significant research interest in the last years, from a
theoretical- as well as application-oriented perspective. IOC
methods answer the inverse question of OC problems: when
are observed trajectories or control laws optimal, i.e. the
result of an OC solution. Hence, IOC approaches aim at
identifying the unknown cost function from observed trajec-
tories, the so-called ground truth (GT) data, that are assumed
to be optimal. An important application of IOC methods
is the identification of goal-directed human movements.
While there are strong indications (see e.g. [2], [3]) that
goal-directed human movements can be described by an
OC model, the corresponding cost function is unknown in
practice and needs to be identified from measurement data
to verify the model hypothesis or to use the identified model
for the design of human-machine systems (e.g. prediction,
classification or support of human movements). For deter-
ministic OC models (see e.g. [3]), IOC methods are applied
with these goals for example in [4]-[6]. However, deter-
ministic OC models describe human movements by the so-
called feedforward planning approach [7]. Via the OC model
only the process of specifying a desired trajectory by the
human is described. This movement planning stage follows
a separated execution stage where the desired trajectory is
tracked. Hence, sensory feedback on the movement trajectory
is not taken into account adequately. Currently, feedback
control approaches [7] based on stochastic optimal control
(SOC) models are more promising since they consider the
continuous sensory feedback of the human on its movement
trajectories and are able to explain the stochastic nature of
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them [2], [7]. The current main representative of these ap-
proaches is the linear-quadratic sensorimotor (LQS) control
model, which is derived from the linear-quadratic Gaussian
(LQG) model by adding a control-dependent noise process
to the state and a state-dependent noise process to the output
equation. Both extensions are used to reflect the special
characteristics of the stochastic nature of human movements,
i.e. faster movements are performed and perceived more
inaccurately [2], [8]'.

As for deterministic OC models, for SOC models an
identification method is needed to determine their unknown
parameters from measurement/GT data in order to verify
the model hypothesis in a specific task in a data-driven
manner [9] or to use the identified models for the design
of human-machine systems. Until very recently [10], an
approach that solves this Inverse Stochastic Optimal Control
(ISOC) problem for the LQS model was missing and only
impractical special cases, like the LQG model [11] or well-
selected parameters of the LQS model [12], were considered
so far. For the LQS model, the ISOC problem consists
of identifying the cost function and noise scaling matrices
since both parameter types influence the predicted statistical
moments of the system quantities. However, our previous
method [10] still shows high computation times (nearly one
day on a standard PC) and lacks a guaranteed, proved global
convergence behavior. Both challenges are solved in this
paper by proposing a new ISOC algorithm with proved global
convergence, which solves the ISOC problem in a simulation
example nearly 33 times faster than our previous method
[10]. Based on the simulation example, we furthermore
validate the theoretical assumptions of our new approach and
analyze the influence of its tuning parameters on convergence
behavior and computation time.

II. PROBLEM DEFINITION
As explained in Section I, when describing the human

biomechanics with a state equation, we need to consider a
control-dependent noise process {> :_; oue\) BFu,):

(&
Tiy1 = A$t =+ B’U,t + Eaat =+ ZU:‘E&”BE’U/“ (1)
i=1
where € R" denotes the system state, u € R™ the control
variable, {a;} a standard white Gaussian noise process in
sample space R? and {g;} (] = gil) ggc) ) a
standard white Gaussian noise process in sample space R°.
'With the LQS model, the human hand is typically modeled as point

mass since the biomechanics of the complete human arm are nonlinear in
general.



Furthermore, A, B, 3* and F; are matrices of appropriate
dimension, where A and B may depend on time. The
random variables sgl) are scaled with a constant o3* € R
and with w; [8]. The stochastic process {x:} is initialized
with E {x} and cov (g, zo) = Q2F. Human perception is
described by an output equation with a state-dependent noise
process {Zle ofeﬁz)HGiwt} in the LQS model:

d
Yy = H$t + Zﬁﬂt + ZO’?E&Z)HGiSEt,

i=1

2)

where y € R” denotes the observed output, {3;} a standard
white Gaussian noise process in sample space R? and {e;}
(EtT = egl)
process in sample space RY. Moreover, H, 3 and G; are
matrices of appropriate dimension, where H ma¥ depend on
time. Similarly to (1), the random variables et are scaled
by a constant o € R and x; [8]. The random variables x;,
oy, €4, B and €; at time ¢ are assumed to be independent
to each other. The performance criterion which drives the
goal-directed human movements is given by

} N E)

J:E{

where QN = Zf | SN,igNidN; (@ € R sy € R),
Qt = Ez 1SQ’Lth’Lth1 (QQtz € R”, 5Q, € R) and
R= 21:1 SR,ZqR,zqR,z (qR,z € R™, SR,i € R).

Solving the LQS optimal control Problem 1 models the
optimization performed by the human in its perception-action
cycle.

Problem 1: Find an admissible control strategy u; =
(o, - .-, Ut—1,Yo, - - -, Yr—1) for the system defined by (1)
and (2) such that (3) is minimal.

Due to the multiplicative noise processes in (1) and
(2), the separation theorem does not hold [8], [13]-[15].
Following the procedure proposed in [8], Lemma 1 shows
the solution of Problem 1 considered throughout the paper
which takes the interdependence between controller and filter
into account.

Lemma I: Let R and XPXPT be positive definite.

egd)]) a standard white Gaussian noise

N-1

T T T
TyQNTN + E z{ Qixy + uf Ruy
t=0

Furthermore, let the history of control and output
values for the admissible control strategies wu; =
(W, - .-, Ut—1,Y0,--.,Yt—1) (cf. Problem 1) be repre-

sented by the estimation &; of a linear filter:

éi'ft+1 = Aii:t + But + Kt (yt — Hii?t) + 27"}/75, (4)
where K, (Vt € {0,..., N —1}) are constant filter matrices
of appropriate dimension and {~;} a standard white Gaus-
sian noise process in R! scaled by a constant matrix X7

of appropriate dimension. Then, the optimal control law is

2The random variables ~¢ are independent to x¢, o, €¢, B¢ and €;.
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given by Uy = Wt((it) = —Ltift Wlth3

L, = (R+B Z®.B

+2 (e

Ze

“VFBT (ZF .+ 25, A.

(&)

Moreover, the optimal constant filter matrices K; are given
by*

)BF,) B'Z%,

K, = APHT (HPfHT + 28xpT
+ Z
(6)

Proof: With the assumption on a linear filter providing
a sufficient statistic for the history of control and output
values, we can derive a Bellman equation based on [16,
Lemma 3.2, p. 261]. Minimizing J (3) w.r.t. the admissible
control strategy g, 7y, ... yields

{E&i;}E{E{J | o, &0} | 530}}.

By defining a value function

ZHG Pe+Pt:i3+Pt:ﬁe+P)te;i) GJHT),

min J = E

™0,

)

Vi(xy, 24) = E{xTNQN-'BN

N—1
+ Z z1Q,x.+ul Ru, | :ct,ﬁct} ®)
T=t
and its optimized version Vi (&) =
ming,  E{Vi(z¢, &) | &}, from (7) the recursive
Bellman equation
Vt(sct, "it) = E{wItht“‘ugRut
+ Vg1 (Teg1, Togr) | e, 1} 9

follows. Now, it can be shown by induction (backwards,
starting with ¢ = ) that the value function V; is quadratic,
i.e. ‘/t(mta it) = :E;er:Bt—Q—eIZfet—i—zt (et = Tt —it) [8]
Moreover, by computing V;*(&;) from V;(;, &), the linear
control law m¢(&;) = —L&; with (5) results. The calcula-
tion of V,* and 7, is performed using (9) and assuming a
given, fixed sequence of filter gains K. In order to find the
optimal filter matrices, J is minimized w.r.t. to Ko, Ky, ...
with assumed fixed control matrices L;. This can be done
via forward recursion K; = argming, E{V/ (&41)}
(vt € {0,..., N — 1}), which yields (6). [ ]

Since L; is derived under the assumption of specific filter
gains K; and the filter gains vice versa, their calculation
is done via an iterative procedure starting with a guess for
K. This leads to an alternating optimization (AO) [17]. In
each AO optimization (with respect to L; or K;) a unique
global optimizer exists due to R and X2 XAT being positive
definite. If in one AO optimization step the global optimal
solution for L; or K; results, global convergence for the

3Recursive formulas for ZF and Z¢ can be found in [8].
4Recursive formulas for Pt@, P¢g and P,f&e = Ptei can be found in [8].



other parameter type follows [17, Theorem 2]. This behavior
is guaranteed e.g. in the LQG case (separation theorem).
The statistical moments of {x;} according to Theorem 1
characterize the predictions of the LQS model.
Theorem 1: Applying the optimal control strategy accord-
ing to Lemma 1 to the system defined by (1) and (2) leads
to the mean E {x;} and covariance QF = cov (x:, z¢):

E{xi1}| E{z:}

[E el —apie (10)
Qr,, m} 4 {ﬂ ﬂ} T
o o] =4 ok G| 4

Q¢ 0 Qz 0

+ {0 Q"JthQ“’KtT} * { 0 Qf]

(11)

with Qf =XexeT Q7 =¥ 72T, QY = »ARBT QF =

> (c*)?BF;L, (Qf +E{#:} E {:f:t}T) LIF'BT, OQ?
Y0P K:HG; (QF + E{x;} E{x:}") GTHTK],

[ A ~BL,
A= {KtH A-K.H - BLJ (12)
and E {Zo} = E{xzo}, Q% = Q2% = OF — 0.
Proof: See [10, Lemma 2]. |

Although Theorem 1 gives recursive formulas to compute
mean E {x;} and covariance Q¥ of the system state, i.e. in
context of human movement modeling the average behavior
and the variability patterns of the movements, unknown
model parameters need to be identified from human measure-
ment data before the model can be used. This leads to the
inverse problem (cf. Problem 2) of the LQS optimal control
Problem 1. From GT data (cf. Definition 1) that are assumed
to be measured realizations of the stochastic processes of
(in general only some) system states resulting in the LQS
model with unknown GT parameters 8* (cf. Assumption 1),
sufficient approximations of mean 71; and covariance val-
ues Qf are computed. Then, the ISOC problem aims at
finding parameters 2 that yield a stochastic process {z:"}
with matching mean and covariance values to the GT data.
Corollary 1 defines the parameter 6 that influence the model
predictions E {x;} and QF and thus, need to be identified.
Identifying cost function and noise scaling matrices from GT
data distinguishes the ISOC problem from deterministic [OC
problems, which only search for cost function parameters.

Corollary 1: Applying the optimal control strategy
according to Lemma 1 to the system defined by (1) and
(2) leads to the mean E {x;} (10) and covariance Q7 (11),
which both depend on @ = [sT oT|" € R® with sT =
[SNJ ... SN.Sy  SQ,1 --- 8Q,Sq SR1 .- SR,SR] and
oT = [vec (87 vec(ZP)T o ... 0¥ oF ... >

Proof: The dependencies can directly be derived from
Theorem 1: (10) and (11) depend on .A; which in turn
depends on L; then, L; on R and ¢}* and via ZF on Qy,
Q:, oF and K, which finally depends on 38 and via P
on X, [ ]

SWe assume 37 = 0 throughout the paper. Its consideration would be
straightforward.

Uiﬂ .
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Definition 1: The GT data are realizations of an unknown
stochastic process { M.}, where £ € R™ and the system
state « in (1) represent the same physical quantities. Fur-
thermore, M € R™ " follows from the identity matrix by
deleting rows that correspond to states/quantities that are not
measured in the GT data. Finally, m; and Qf* are mean and
covariance values computed from the realizations of { M Z;}.

Assumption 1: The GT data are realizations of the
stochastic process {Max;}, where {z;} results from the
application of the admissible control strategy that is optimal
w.r.t. the GT parameters 8* (cf. Lemma 1) to the system (1),
(2): iy ~ E{Mz:} and Q*" ~ MQ* MT hold.

Assumption 2: The matrices A, B, F;, H and G; are
known as well as the vectors gn ;, qQ,¢,; and qgr ;.

Problem 2: Find parameters 8 such that the stochastic
process {a:tA }, which results from the application of the
admissible control strategy that is optimal w.r.t. the pa-
rameters 8% (cf. Lemma 1) to the system (1), (2), yields
E {fo} = 1iny and MQZ" MT = Q"

Remark 1: Although the stochastic processes {a:}, {€:},
{B:}, {€:} and {w} in (1), (2) and (4) are Gaussian, {x;}
is not, due to the multiplicative noise processes in (1) and
(2) (see also [15]).

III. BI-LEVEL-BASED INVERSE STOCHASTIC OPTIMAL
CONTROL

In this section, we propose our new ISOC algorithm to
solve Problem 2 which is based on a bi-level structure. Bi-
level-based algorithms are common to solve inverse problems
of optimal control (see e.g. [5], [6], [9], [10], [18]). In
general, in such methods a parameter optimization problem
is defined where the objective function quantifies how well
the trajectories, which are optimal w.r.t. a current guess of the
cost function and the noise scaling parameters, match the ob-
served trajectories in the GT data. Since the optimization of
this objective function requires for each function evaluation
the solution of a SOC problem, a so-called bi-level structure
results. Typically, it is unknown or need to be verified if the
GT trajectories are indeed a SOC solution, i.e. Assumption 1
cannot be guaranteed. In these situations, it is inevitable to
have a bi-level-based ISOC approach, at least as baseline
method for more advanced ones, since only bi-level-based
algorithms with global convergence behavior guarantee the
best possible parameters w.r.t. the chosen metric to define the
objective function of the parameter optimization problem.

In Subsection III-A, we define the parameter optimization
problem of our new ISOC algorithm. Then, we explain our
new approach to solve it in Subsection III-B (so-called upper
level optimization) and how we treat its non-convexity. In
Subsection III-C, the solution to the SOC problem, which is
a constraint of the parameter optimization problem defined
in Subsection III-A and called lower level optimization, is
discussed.

A. Parameter Optimization Problem

Problem 3 defines the parameter optimization derived from

Problem 2. The objective function JISOC(O,mt,Qf*) is



based on the variance accounted for (VAF) metric, success-

fully applied for model regression with real data [9], [12].

The optimization w.r.t. 8 is performed on a feasible set U

to guarantee the existence of a well-defined SOC solution in

the lower level constituted by constraints (14c) and (14d).
Definition 2: The feasible set U is given by

U={0€cR®:0;clapb]),Vic{l,...,0}, (13

where a;,b; € R and b; > a; (Vi € {1,...,0}), such that
for every & € U Lemma 1 can be applied and such that
0* € U if Assumption 1 holds.

Problem 3: Find a global optimizer 8 of
=

Hgn Jisoc (0, my, QF

wim VA (0, 1) + w] vec (QVAF(O, Qf))
min — (14a)
0 llwmll; + llwyl],
st. 0l (14b)
L, K, = arg Lmi£ J(0) (Lemma 1) (14c)
E{z:} (10),Q7 (11) with L;, K¢,0 (Theorem 1)
(14d)
where
L \2
VAF Z (E{Mz:}); — 1)
mM = [1- ;0 s . (15
> im0 (m%t N+1 Do t)
2
S, (oM, -Gz
19) A I iV BT
N .
Zt:o (Qicj,t N+1 Zt i7,t )
with 4,5 € {1,...,7} and w, € R™ as well as w, € R™

are arbitrary weighting vectors.

In general, Jisoc(0,m,, Qf) is non-convex (cf. As-
sumption 3). Furthermore, Assumption 4% motivates the use
of derivative-based optimization solvers with numerically
approximated derivatives since analytical expressions of the
derivatives cannot be given due to the bi-level structure (see
(14¢) and (14d)). Finally, Lemma 2 characterizes the set 7
of global optimizers of (14).

Assumption 3: Jisoc (6, My, Qm ) is non-convex w.r.t. 6.

Assumption 4: Jisoc (0, my, Qw ) is (at least) twice con-
tinuously differentiable w.r.t. 6.

Definition 3: Let T C U be the set of global optimizers
of (14).

Lemma 2: Let Assumption 4 hold. Then, T # (). More-
over, if Assumption 1 holds additionally, every 6 € T solves
Problem 2 and for every 8 € T Jisoc(6, My, Q N=-1.

Proof: Since U is compact and JISOC(B,mt,Qf )
continuous w.r.t. 8 (cf. Assumption 4), (at least) one global
maximizer and minimizer exists for Jisoc (8, 72, Q¥ ) on

0In references on bi-level-based algorithms (see e.g. [5], [6], [10], [18]),
the necessity of derivative-free optimization solvers is postulated. However,
with our definition of the optimization problem (14), we show in Sub-
section IV-B numerically that Jisoc (8, My, Qf*) has indeed sufficient
differentiability characteristics.
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U. Hence, T #  follows. Now, let Assumption 1 hold
additionally. First, we have Jisoc(0*, 1, 27) —1,
which is the global minimal value due to the used VAF
metric for mYAF (15) and Q};AF (16), and since 0* € U (see
Definition 2), 8* € T # () follows and every 6 € T needs
to yield Jisoc(6, 1y, QF) = —1. n

Remark 2: If  Assumption 1 does not hold,
T # 0 still holds according to Lemma 2. However,
Jisoc (0, my, Q;") = —1 cannot be guaranteed for 8 € T.
The elements of 7T yield the best possible fit of the
LQS model to m; and flf* computed with the GT data.
Assumption 1 is not fulfilled if either too few realizations
are measured for sufficient approximations of mean and
covariance values or the LQS model is not valid to describe

the GT data.

B. Upper Level Optimization: Threshold Random Linkage
Algorithm with Approximation of Regions of Attraction

In this subsection, we propose two algorithms, together
with their convergence proofs, to solve Problem 3. Lemma 2
shows that under Assumption 1 these solutions solve Prob-
lem 2 as well. Algorithm 2 is our main algorithm, influ-
enced by [19], [20] and called Threshold Random Linkage
Algorithm with Approximation of Regions of Attraction
(TRLwAROA). The main idea of our algorithms is to use a
derivative-based constrained local optimization solver Y ac-
cording to Definition 4 that converges to a local minimizer of
(14). Then, this local solver is combined with a globalization
strategy to account for the non-convexity of Jisoc(8).

Definition 4: Let Assumption 4 hold and let a feasible
set U (cf. Definition 2) be given. A constrained local
optimization solver Y : U — U yields O = Y(6p),
where Oin € Omin and Oy € Oroa (Omin). Here, Oy
denotes a connected subset of all local minimizers {6, €

ElN( mm) such that JISOC(O) > JISOC( mln) Vo ¢
N ( min) p (With A(@in) as neighborhood of 6y,;,) and
ORoA (Omin) the Region of Attraction (RoA) of Oy, i.c.
eROA(@mm) = {0 € U : 0y € Onin such that VO €
N(Opmin) 30’ ;. € Opin : 0/ .. =T(0)}.

In Definition 4, we consider connected sets of local min-
ima due to the well-known ambiguity of solutions of ISOC
problems [1], [10]. For example, if Assumption 1 is fulfilled,
every @ = [As*T o*T]T € T with A € Rxq and such
that @ € U. Hence, sufficient conditions for strict optimizers
are normally not fulfilled in ISOC problems. The shape
of the RoA Ogoa of a set O, depends on the concrete
implementation of the used local solver. However, there are
convergence results for basic implementations of SQP and
interior-point (IP) algorithms (see e.g. [21, Theorem 18.3,
Theorem 19.1]) that are applicable for (14). Later we use
an IP algorithm as local solver. Since Jisoc(0) as well as
the inequality constraints given by U are continuously dif-
ferentiable and since the LICQ hold V@ € U (cf. Lemma 3),
from [21, Theorem 19.1] the convergence of IP algorithms
to first-order optimal points follows.

Lemma 3: Let a feasible set U/ according to Definition 2
be given. The linear independence constraint qualification



Algorithm 1: Pure Multi-Start ISOC Algorithm.

Algorithm 2: TRLwARoA ISOC Algorithm.

Input: 71, Q2" U, kmax
Output: 62, Jisoc (02,1, Q27
Draw 9(1), ey @ (Fmax) samples from uniform
distribution in
Set k =1 and JopT = 00
while k < k.« do
Compute 0,,i, = Y(6*)) with Y applied to (14)
if JISOC (0111in7 mh Q[:»E*) < JOPT then
02 = O,in
L Jopt = Ji180C (Omin, e, QF°)
kE+—k+1

return 02, Jisoc (02,7, QF)

(LICQ) holds VO € U.

Proof: Since U is a hyperrectangle, all constraints are
given by 6; —a; > 0 and —6; +b; > 0 (2 € {1,...,0}).
For the set of their gradients {e;, —e;,i € {1,...,0}} (e;
as i-th standard basis vector of RG) follows. Now, since
b; > a;, the linear dependent vectors e; and —e; cannot
correspond to active constraints at the same point. Thus, from
the independence of e; and e; (Vi,j € {1,...,0} with i #
), we conclude the LICQ VO € U. [ |

Suppose a constrained local optimization solver Y accord-
ing to Definition 4 is given, we can find a global optimizer
0> of (14) by starting it from k. uniformly sampled points
in U. This leads to Algorithm 1 and Theorem 2.

Theorem 2: Let Assumption 4 hold and let a feasible set U/
(cf. Definition 2) as well as a constrained local optimization
solver T according to Definition 4 be given. Algorithm 1
yields 82 € T (cf. Definition 3) if (at least) one sample
point ) € Oroa (7).

Proof: From Definition 4, we have 82 = T (0%)) with
0" € Oroa(T). n

The probability of choosing a uniformly sampled point
0%) € Oroa(T) is given by [22]

kmax
) , A7)

vol (@ROA(T))

vol (U)
where vol (-) denotes the volume of the corresponding space.
Hence, since 7 # () follows from Lemma 2, an appropriate
local solver needs to guarantee vol (Oroa (7)) # 0. Then,
Emax — oo guarantees P(0*) € Or,a(T)) — 1. Starting
a local solver from every sample point (%) results in
impractical computation times. Therefore, we include two
filters to determine if a local solver is started at the current
sample point @), First, a distance filter is implemented
motivated by [19]. A local solver is only started from 6(%)
if the distance

s — {5gk) if 3i<k:Jisoc(0) < Jisoc(8%)

otherwise
where 0t = min < {[|0®) — 09|, : Jis0c(6?) <
JISOC(O(k))}, to previously checked sample points 0 (i e

P60 Onon(T)) = 1 ( -

, (18)
o0
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Input: mt, Q?*, u, kmax’ Y v

Output: 02, Jisoc (02, my, 227)

Draw 9(1), ey @ (Fmax) samples from uniform
distribution in U/

Setk:I,l:OandJopT:oo

Compute « (19)

while k& < k.« do

Compute 6(%) (18)

if 59 > o A HOW — 00, = v i€
{1,...,1} then
l<—1+1
Compute 61), = T(6®) with T to (14)
M _ g0
5R0A - Hamin - O(k:) 9

if Jisoc(6)

L min?’

0% =6,

Jorr = Jisoc (84, 1, QF)
B k%e k+1
return 02, Jisoc (02, 7., QF)

1y, 27) < Jopr then

{1,...,k—1}) is greater than a threshold . Sample points
with Jigoc(0®)) < Jisoc(@W) (Vi € {1,...,k —1}) are
always used as starting points (6) = oo). With the distance
filter, a sample point density in ¢/ independent from the size
of U is maintained by adapting « to the size of U/. Suppose
U is divided into hyperspheres S with radius «. Then, « is
chosen such that the number of hyperspheres fitting into i/
is constant: const = YY) Thig leads to

vol(S) "
I'(£+1)vol (U
const = (2 @)VO @)
$a9
T2
o ° ¢
= o= (F (2—|—1> ;l_[l(bl—at)> R (19)
where v = T2 const™® is a tuning parameter for the

distance filter and I" denotes the gamma function.
The second filter to further reduce the number of local
solver starts is a RoA filter. If a local minimum is found,

ie. 01 = 1(0®), the RoA Opoa (0 ) is approximated
by a hypersphere {0 € U : HB - Gl(rll)inﬂ; < végc))A}, where

O]

min

51(32 A= HG(’“) -0 and v denotes a tuning parameter
guaranteeing Assumption 5.

Overall, our TRLWAROA is given by Algorithm 2 and in
Theorem 3, its global convergence is shown.

Definition 5: Let M750¢(m) = {8 € U : Jisoc(8) <
m} with m € [—1, 00) be the m-level set of Jisoc. The set
MT150¢ (1m*) is the optimal level set where m* is the highest
value such that 7 are the only local minima in M/150¢ (m*).

Assumption 5: For all 0"  found by Algorithm 2 {0 €

060, < ob)'E Onr(6l,)




Theorem 3: Let Assumptions 4 and 5 hold and let a
feasible set U (cf. Definition 2) as well as a constrained local
optimization solver Y according to Definition 4 be given.
Algorithm 2 yields 02 < T (cf. Definition 3) if (at least)
one sample point %) € Ora (T) N M7150¢ (m*).

Proof: We need to verify that 8%) € Ogroa(7T) N
MTs0¢(m*) is not filtered by the distance and RoA filter.
Then, 82 € T follows from Definition 4. First, since 6(%)
cannot be in the RoA of different local minima, 8%) is not
filtered by the RoA filter due to Assumption 5 and () ¢
ORroa (T). Furthermore, 0" is not filtered by the distance
filter since VO € M7150¢ (m*) Jisoc(0) < Jisoc(8Y) with
0 ¢ M7150¢ (1mm*) and uniformly sampled in . |

Remark 3: Typically, M750¢(m*) C Oroa(T)’. Hence,
by reducing the number of local solver starts with the
distance filter, the requirement on the sampling procedure
(at least one sample point %) € Orya (T) N MTs0C (m*))
gets more restrictive. However, by lowering « this more
restrictive assumption can be relaxed and for v — 0 %) ¢
ORroa(T) is sufficient (cf. Theorem 2). Thus, in case of
problems with small vol (M”7150¢(m*)) ~ can be used to
maintain convergence under the best possible performance
improvement of the distance filter.

Remark 4: Theorem 2 and 3 show that the main re-
quirement on the local solver Y (cf. Definition 4) is to
guarantee vol (Oroa (7)) # 0, which can be motivated by
the convergence of e.g. basic IP methods to KKT points of
(14) (see before). Note that the algorithms do not depend on
vol (ORreA (Omin)) # 0 for every Oi,. Furthermore, most
implementations of constrained local optimization solvers
will even guarantee convergence to local minima, e.g. due to
corrections on Hessian approximations, which is beneficial
for Algorithm 2 due to the RoA filter.

C. Lower Level Optimization

The lower level of our bi-level-based ISOC algorithm is
given by the constraints (14c) and (14d) of (14) and for their
computation Assumption 2 is needed.

In general, the assumption on a linear non-adaptive filter in
Lemma 1 leads to suboptimal solutions to SOC Problem 1.
However, exact solutions are still an open question. They
exist for the fully observable case® (y; = x,) [8], [23] but
in case of partial state information only suboptimal solutions
were proposed (see e.g. [8], [13]-[15]).

IV. NUMERICAL EXAMPLE

After introducing an example system and the imple-
mentation of Algorithms 1 and 2 in Subsection IV-A, in
Subsection IV-B, Assumptions 3 and 4 are validated nu-
merically. Furthermore, Lemma 1 is compared to other
(suboptimal) control strategies for Problem 1 and we show
that vol (Qroa(7)) # 0 for our used IP implementation.
Finally, in Subsection IV-C and IV-D the new TRLwARoOA

"From Lemma 2, 7~ # () and due to the assumed continuity of Jisoc ()
(cf. Assumption 4), we have vol (M7150C (m*)) # 0

8The setup of (14) for the fully observable case is straightforward and
all our algorithms and statements can be applied as well.
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ISOC algorithm is analyzed regarding its tuning parameters
and compared to State-of-the-Art (SoA) algorithms.

A. Example System and Implementation

Our simulation example is given by a planar point-to-point
human hand movement, where the human hand is modeled as
point mass. The exact definition can be found in [10]. The GT

parameters 6% are given by: 8 = [s*T o&*T T with s* =
[1 1 0.04 0.04 0.0004 0.0004 551075 510~ ]T
and o* = [0145 0.02 0.02 02 02 1 1 05 0.1]

From the GT parameters, m; and Qf follow accordlng
to Lemma 1 and Theorem 1. Hence, due to the simulation
scenario Assumptions 1 and 2 are fulfilled. Lastly, the
lower bounds of the feasible set I/ are defined by a; = 0
~vi e {1,...,6,9,...,16,23,24}) and a; 1010
(Vi € {7,8,17,...,22}) and wy, = [0.9 0.9 0.9 0.9]"
and wy = [0.1 0154 0.1 Opxq 0.1 0yy4 0.1]7 are
used to set up (14).

The implementation of the algorithms was done in Matlab
2021b on a standard PC with a Ryzen 9 5950X. As local
optimization solver Y, the IP method of the fmincon
solver of the Matlab environment is used. First and second
order derivatives are numerically approximated. Both ISOC
algorithms were implemented via parallel computing on the
16 cores available on the CPU (scalable to more cores) by
starting local optimizations on these cores in parallel.

B. Numerical Validation of the Assumptions

First, we motivate the validity of Assumption 4.
Hereto, we compute the 276 projections of
Jisoc(@) on the 6;-0;-planes (i,5 € {1,...,24},
j > 4). The value of Jisoc(f) is calculated
Ve = SOF Ly 0 Or .. 05, 05 67, ..]T with
05 = )\9:‘/, and A chosen in 101 equldlstant steps from

[0.5,1.5] if 07, # 0. 1If 67, = 0, 101 equidistant steps
for 0;/; from [0,1] are chosen. Finally, an evaluation of
Jisoc(0) at equidistant grid points for every 6,-6,-plane
follows (see red crosses in Fig. la for 6;-65-plane).
Now, by fitting 2D polynomials of order five to the grid
points of Jisoc(@) for every 6;-6;-plane, we achieve
R? values of > 0.999 (R?> = 0.99986 for 6;-05-plane
in Fig. la, minimal value of all polynomial fits). The
quantitative and qualitative results (see surface plot in
Fig. 1a) of this fitting procedure and the approximated
shape of Jisoc (@) through the evaluation at the grid points
(the results for the other 6;-0;-planes look very similar)
provide strong indications that Jisoc(6) is an analytical
function like the polynomial fits. Thus, Jisoc(€) can be
assumed to be (at least) twice continuously differentiable
(cf. Assumption 4). Fig. lb depicts the 1D gprOJection of
Jisoc(0) at 0 = 6* + )\(Hmm 0*), where Hmm denotes a
local minimum. It clearly shows the assumed non-convexity
of Jisoc(0) (cf. Assumption 3).

Next, we look at ©Og,a (7). By applying Algorithm 1 with
kmax = 20000 and b; = 2 (Vi € {1,...,24}) to the GT
data, 692 local solver runs converge to a 02 € T. Hence,
vol (Oroa(T) # 0 follows for the used IP implementation



0.5 1

(a) Evaluation of Jisoc(0) (b) Evaluation of Jisoc(0) at
at equidistant grid points in 9 = 9* + )\(eff‘?m —0").
01-02-plane together with sur-

face of polynomial fit.

Fig. 1: Validation of Assumptions 3 and 4.

TABLE I: Mean, maximal and minimal relative change A.J
of performance criterion (3) with different control strategies.
Strategy of Lemma 1 (non-adaptive K;) serves as the refer-
ence value.

Lemma 1 with [14] vs. Lemma 1
adaptive K [8] vs. with non-adaptive
non-adaptive K K
A\ Jmean —-1.1% 1.4%
A Jmax 2.9% 5.7%
A Jmin -7.0% -3.8%

; vol(Oroa(T)) . _692
and furthermore, we approximate ol(t0) ~ 30000

0.0346 and have with ky,ax = 10000 P(8%) € Opoa(T))
1 according to (17).

Finally, following the discussion on the suboptimality of
the solution to the lower level optimization in Subsection III-
C, Table I shows the comparison of two other suboptimal
control strategies to the one of Lemma 1. The comparison is
performed for 20 parameters 8: * and 0 with 6, = A0} (A
randomly from [0.5,1.5]) if ] # 0, 6; randomly from [0, 1]
otherwise (Vi € {1,...,24}). Both strategies can lead to an
improvement as well as a worsening of J with negligible
relative change in average. Hence, Lemma 1 is the best
choice since it furthermore enables the use of Theorem 1
due to its non-adaptiveness.

Q

C. Analysis of the Tuning Parameters of Algorithm 2

In the following, we analyze the convergence behavior
and the computation time of our new TRLwARoA ISOC
Algorithm 2 w.r.t. to different choices of its tuning pa-
rameters, i.e. upper bounds b; of feasible set I/, tuning
parameters y of the distance filter and v of the RoA filter.
We set knax = 10000 since it is sufficient for P(B(k) €
ORroa(T)) = 1 (see Subsection IV-B). Table II shows the pa-
rameter combinations evaluated, where b; is chosen equally
Vi € {1,...,24}. With every tuning parameter combination,
Algorithm 2 was executed 10 times. As evaluation metrics,
the average computation time ¢go0, the average number
of started local solvers #Y™" and the worst objective
function value Jig& achieved during these 10 runs are used.
Furthermore, we define a run of Algorithm 2 as converged to
a global optimizer if for the achieved Jigoc value Jigoc <
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TABLE II: Tuning parameter analysis for Algorithm 2.

v=0.6 v =0.7 v=0.8
F#rrmean 719.8 96.3 24.6
by =2 #1 10 9 7
? tean 258.2 min | 42.1 min | 24.1 min
5 F£rmean 680.7 86.4 24.2
b; = 20 #1 10 8 3
tomp 313.2 min | 78.2 min | 48.9 min
Frmean 386.9 69.1 20.2
| bi=2 #1 10 9 5
=) tomp 137.0 min | 36.8 min | 14.3 min
I #Ymean 419.8 67.3 20.5
=1 b =20 #1 10 7 1
tomp 173.9 min | 39.2 min | 15.6 min
Frrmean 33.3 18.1 9.1
o | bi=2 #1 3 1 1
=) tomp 15.8 min 14.4 min 9.1 min
I Hymean 33.4 13.3 9.4
=1 b =20 #l 0 1 2
tomp 17.9 min 9.4 min 8.0 min

—0.999 holds. The number of converged runs is denoted as
#1. Table II shows #Y ™, ] and tgio0 for the evaluated
tuning parameter combinations. With v = 0 Assumption 5
is guaranteed and for v = 0.6 all 10 runs converge. By
increasing v to v = 0.7, Assumption 5 can still be considered
as fulfilled (#! = 10) and due to the RoA filter, performance
is improved significantly: #Y™" and {g°0 are nearly
halved®. Now, by increasing v to v = 0.7, #Y™°" and
teomp are reduced by more than 80 % and 70 %, respectively
(for v = 0 and v = 0.7). However, with v = 0.7 convergence
does only occur in 7—9 of the 10 runs, but a local minimum
with an objective function value close to the global one is
always achieved in the not-converged runs: Jig&e < —0.98.
Due to these near global minima, vol (M”150¢ (m*)) is small
in our case and we need to choose 7y according to Remark 3,
sufficiently small but as large as possible. For v = 0.8 or
v =0.9, #I <5 except for y = 0.8, v =0 and b; = 2 with
#1 = 7. Hence, in these cases either the RoA filter (v = 0.9)
or the distance filter (v = 0.8) hinders convergence due to not
fulfilled Assumption 5 or Remark 3. Noticeably, for v = 0.8
with v = 0 or v = 0.7 and for v = 0.6 with v = 0.9, still
Jigde < —0.98. Overall, the best tuning parameters for our
example system are v < 0.7 and v = 0.6 — 0.7 independent

from the choice of upper bounds b; (Vi € {1,...,24}).

D. Comparison to State-of-the-Art-Algorithms

Table III shows the comparison of the TRLwWARo0A ISOC
algorithm to different SoA methods. First, the results of our
grid-search (GS) and bi-level-based ISOC algorithm [10] are
included and second, we designed an additional new bi-level-
based ISOC algorithm where the upper level optimization
problem is solved by the Matlab implementation of the
algorithm proposed in [24]. Here, promising starting points
for local solver runs in U are heuristically determined by a
scatter search (ScS) algorithm. We set kp,,x = 10000, v =

9Mean number of local solver starts Y ™€2" is nearly independent from
the choice of bounds due to the adaptive threshold « (19).



TABLE III: Comparison of the TRLwAROA algorithm to the
grid-search-based (GS) method [10] and the algorithm based
on the scatter search (ScS) procedure in [24].

TRLwAROA ScS GS [10]
#l 10 8 —
Jigbe —0.9993 —0.9986 —0.9987
tomp 36.6 min 114.2 min | 1194.0 min
0.1 s

0.05

—_GS
= TRL
eee GT

E{p,} inm

10 20

m
s

E{p,} in 2

0.25 | R

I I I
0 10 20 30

Time Steps

I I I I
0 10 20 30 40

Time Steps

40

Fig. 2: Mean and covariance of position p, and velocity p,
of the human hand in the example system. Values achieved
with GT parameters and parameters identified with the
TRLwWAROA algorithm and the method in [10] are shown.

0.7 and v = 0 for the TRLWAROA and k., = 5000 (best
performance of ScS) for the ScS algorithm. The parameters
for the GS-based method as well as the upper bounds of the
feasible set U/ are the same as in [10]. For the stochastic
algorithms, TRLwWAROA and ScS, 10 runs were performed.
Table III highlights that only the TRLwAROA algorithm
yields convergence in all 10 runs. Moreover, it computes
ISOC solutions ca. 3 and 33 times faster than the ScS and
GS, respectively. Finally, Fig. 2 illustrates the match with the
GT data achieved by the parameters 8~ identified with the

TRLwWAROA algorithm (8% with Jigde chosen).

V. CONCLUSION

In this paper, we present a new algorithm to solve the
ISOC problem for the LQS control model. The ISOC prob-
lem consists of determining cost function and noise scaling
parameters from measurement (GT) data. Both parameter
types influence the model predictions (statistical moments
of the system quantities) of the LQS model. We overcome
convergence problems and high computation times of our
previous method [10] by proving global convergence and
achieving computation times that are nearly 33 times smaller.
Based on simulations, the tuning parameters of our new
algorithm are analyzed and shown to be intuitively tuneable.
Furthermore, the theoretical assumptions are validated nu-
merically. In the future, we are going to apply our newly
developed algorithm to real human measurement data.
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