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Risk-Aware Model Predictive Control Enabled by Bayesian Learning

Yingke Li, Yifan Lin, Enlu Zhou and Fumin Zhang

Abstract— The performance of a model predictive controller
depends on the accuracy of the objective and prediction model
of the system. Although significant efforts have been dedi-
cated to improving the robustness of model predictive control
(MPC), they typically do not take a risk-averse perspective.
In this paper, we propose a risk-aware MPC framework,
which estimates the underlying parameter distribution using
online Bayesian learning and derives a risk-aware control
policy by reformulating classical MPC problems as Bayesian
Risk Optimization (BRO) problems. The consistency of the
Bayesian estimator and the convergence of the control policy
are rigorously proved. Furthermore, we investigate the consis-
tency requirement and propose a risk monitoring mechanism
to guarantee the satisfaction of the consistency requirement.
Simulation results demonstrate the effectiveness of the proposed
approach.

I. INTRODUCTION

For general, complex, and safety-critical control prob-
lems, model predictive control (MPC) [1] techniques have
shown significant impact on both industrial and research-
driven applications. Driven by the advances in the field of
machine learning, many learning-based techniques have been
developed to facilitate the MPC controller design [2], [3].
Bayesian MPC [4], [5] has been proposed to utilize rein-
forcement learning techniques for offline or episodic learning
tasks. However, for online, single-execution learning tasks,
few approaches provide principled mechanisms to monitor
the risk during the online learning process and guarantee the
convergence of the MPC controller.

In this paper, we propose a risk-aware MPC frame-
work for online, single-execution learning tasks based on
Bayesian learning. We estimate the posterior distribution
of the unknown parameters according to the sequentially
collected data based on online Bayesian learning algorithms.
Taking advantage of the estimated posterior distribution of
the unknown parameters, we propose to take the distribu-
tional uncertainty into consideration and enhance classical
MPC problems by reformulating them as Bayesian Risk
Optimization (BRO) problems. BRO [6], [7] is a stochastic
optimization framework dealing with parametric uncertainty
in the underlying distribution, which optimizes a risk func-
tional applied to the posterior distribution of the unknown
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distributional parameter. The risk-aware control policy is
derived by considering the worst-case and coherent risk
measures (see [8] for introduction to coherent risk measures)
in BRO. We design a Bayesian risk-aware MPC algorithm
based on sequential Monte Carlo sampling (particle filter) [9]
of the parameter distribution, which is practically feasible.

The consistency of Bayesian estimator with i.i.d. data has
been well studied [10]. However, online Bayesian MPC deals
with conditionally independent data. In our previous work
[11], we have proved Bayesian consistency under condi-
tionally independent observations, where the measurement
distribution is conditionally independent with respect to the
state. In this paper, we prove Bayesian consistency under
conditionally independent transitions, where the transition
kernel is conditionally independent with respect to the state
and action. We also extend the consistency proof from finite
parameter space in our previous work [11] to infinitely
countable parameter space. We further prove the convergence
of the risk-aware control policy based on the consistency of
Bayesian estimator.

We investigate the consistency requirement for Bayesian
estimation and propose a risk monitoring mechanism to
guarantee the satisfaction of the consistency requirement.
The risk monitoring mechanism utilizes the credible interval
of the parameter distribution as an indicator of risk, and adds
extra excitation into the control policy when the risk cannot
be efficiently decreased. Simulation results are presented to
explain the consistency requirement intuitively and justify
the effectiveness of the risk monitoring mechanism.

Finally, we reveal some connections between the consis-
tency requirement of Bayesian estimation and the persis-
tent excitation condition of adaptive control. We make a
comparison with some adaptive control methodologies, such
as Model Reference Adaptive Control [12], and Concurrent
Learning Adaptive Control [13], and explore the underlying
similarity between those conditions.

II. PROBLEM FORMULATION

Consider a nonlinear system with unknown parameter:
*
Tiy1 = [k, ug, 07) + wi,

where z;, € X" is the state at time k, up € UP is the
control input at time k, 0* € ©7 is the unknown parameter,
and wy, € X™ is the zero-mean independent and identically
distributed (i.i.d.) noise.

For any feedback control policy ¢ = (1(©), ... (T=1)
where each ¢*) : X" — {? maps from the state z;, to the
control input wuy, its performance can be characterized by a



finite-horizon cost

T—1
1
Jgi = T Z c(xk,uk) + CT(QZT)
k=0

Ug = d)(k)(xk))
Ty1 = f@p, uk, 0%) + wy,

S.t.

where c¢(xk,uy) is the stage cost function for state x; and
control input wug, and ¢y (xr) is the terminal cost function.

Let W be the joint probability distribution of the random
noise process [wg, w1, - ,wy_1], then the stochastic MPC
problem is defined as

min Ew[J}.]. (D

Due to the existence of the unknown parameter 6* in the
nonlinear system, simultaneous identification and control are
needed to solve this problem. Taking the Bayesian estimation
approach, the unknown parameter 6* is estimated by a
random vector § € ©7 which obeys 7 : ©7 — [0, 1] such
that 7w(6*) is the probability that # is the true parameter 6*.

Viewing the unknown parameter 0* as a random vector
introduces extra parameter uncertainty into this stochastic
MPC problem. To explore the middle ground between op-
timistically ignoring the distributional uncertainty of the
parameter and pessimistically fixating on the worst-case
scenario, we take the distribution of the unknown parameter
m(0) into consideration and reformulate this stochastic MPC
problem using the BRO framework:

min ooy [Ew[J3]] @
where R (g) is a risk functional taken with respect to (),
which accounts for the uncertainty in the estimation of the
unknown parameter 6%, for example, mean-variance, Value
at Risk (VaR), and Conditional Value at Risk (CVaR) [6].
Remark. Different from the nested formulation in general
multi-stage optimization problems (see [14]), where the risk
functional is taken for each stage, here we only take the
risk functional for the whole horizon. The reason that we
can simplify this problem and reduce the computational
complexity is owed to the receding horizon property of
MPC. MPC uses current estimated model to optimize the
finite-horizon performance but only the first stage action is
executed. Then new observations will be used to refine the
estimation. We take advantage of this property to avoid the
update of estimation at each stage in the nested formulation.

We propose to utilize Bayesian learning to estimate the
distribution of the unknown parameter 7(#) online and
design a risk-aware control policy based on the reformulated
stochastic MPC problem.

III. BAYESIAN RISK-AWARE MPC
A. Bayesian Update

Let xq.;, be the states from time 0 to k, and ug., be the
corresponding control inputs from time O to k. Since the
system is Markovian,

Pr(zgl0, xo:k—1, uo:k—1) = Pr(z|0, xx—1, ugp—1).

109

We define 7y (6) Pr(6|xo.x, uo.x) as the posterior
distribution of @ at time k. Therefore,

i (0) = Pr(0|zo.x, uo:x) = Pr(0|zo.x, uo:k—1),

followed by the fact that the control input u; does not affect
the information on 6 until an observation of the new state
T+ is taken.

According to the Bayesian rule,

Pr(9|:c0;k, UO:k) = Pr(9|x0;k, UO:k—l)
_ Pr(0, zk|zok—1, Uo:k—1)
~ Pr(zk|zon—1, uom—1)
_ Pr(ap|0, o1, ok —1)Pr(0]wo.x—1, vo:k—1)
B Pr(zg|zor—1,u0:k—1)
~ Pr(azxl0, xr—1, ur—1)Pr(0]zo.r—1, vo:r—1)
_fPr(mk|9,xk,l,uk,l)Pr(9|xU:k,17u():k,l)dﬁ

We define ¢(-) as the probability density function that sat-
isfies fA q(l‘k; 9, Tk—1, uk,l)dxk = PI‘(Ale, Tk—1, ’U,kfl),
where A is an arbitrary measurable set. Then ¢(-) is the tran-
sition kernel of the nonlinear system, which is determined
by the transition function f(-) and noise wy_1. Therefore,
the posterior distribution of 6 is updated as

q(rp; 0,281, up—1)
0) = _1(6).
() fq(fck;97$k71,uk71)7rk71(9)d97rk 1(9)

For the majority of the systems in control field, the noise is
assumed to be Gaussian white noise, which naturally satisfies
the following assumption.

3)

Assumption IIL.1. The transition kernel q(z';0,x,u) is
continuously differentiable in ' and has bounded first order
derivative in x'.

With the above assumption, we can easily show that the
transition kernel ¢(z'; 6, z,u) is bounded, then the integra-
tion in (3) is finite since [ 7(#)df = 1. Thus the posterior
distribution is well-defined.

Since the parameter space © is continuous, the posterior
distribution of 6 in general does not have an analytical
form. In practice, approximations are necessary. Therefore,
we utilize some sampling-based approaches, such as particle
filter, to approximate the Bayesian update in (3). Let there be
N equally-weighted particles approximating the distribution
mr—1(0). We update the weights based on the transition
kernel g(xg; 0, xx—1, ur—1), and resample with those updated
weights to obtain Ng new equally-weighted particles to
approximate the distribution 7 (9).

B. Risk-Aware Control Policy

Based on the posterior distribution 7 (6), we can design
a risk-aware control policy according to the reformulated
stochastic MPC problem.

If the risk functional is chosen as the worst-case measure,
VaR, or a coherent risk measure such as CVaR, (2) can be
rewritten as a Distributionally Robust Optimization (DRO)
[15] problem with an appropriately chosen ambiguity set D:

“4)

i Ew [JY].
min max By [ /]



The dual of the minimax problem (4) is obtained by
interchanging the ‘min’ and ‘max’ operators, which is

inEyy [JY].

mex min wlJy | (5)

The optimal value of dual problem (5) is always less than

or equal to the optimal value of the primal problem. And

under certain regularity conditions, the optimal values of
problems (4) and (5) are equal to each other.

Assumption IIL.2. The state space X, input space U and
parameter space © are compact. The objective function
EW[J;b ] is convex in v and concave in 6.

With the above assumption, it is possible to establish
the desirable no duality gap property according to Sion’s
Minimax Theorem [16]. For detailed derivation of the mini-
max theorem applied to multistage stochastic programming,
Markov Decision Processes or stochastic control, we refer
the readers to [17], [18] and [19]. Therefore, the solution of
problem (2) is equivalent to the solution of problem (5).

We consider to utilize Credible Interval to construct the
ambiguity set D. The Credible Interval (CI) C7 of a posterior
probability distribution is a continuous subset within the
space of a random vector. The probability that the value of
the random vector falls with that subset is v € [0, 1], i.e.,
Pr(f € C7) = . In practice, we can take the (1 — v)/2
and (1 + v)/2 quantile of 7(¢) as the lower and upper
end of C7. More specifically, suppose we rank the samples
01, ,0n, from 7(0) in ascending order. The lower end of
C7is 0r(1—)N, /21, and the upper end of C7 is 014N, /2]

Now we can utilize C” to construct the ambiguity set D.
For example, for worst-case measure we could set D = C!;
for VaR with « risk level, we could set D = C%. For coherent
risk measures, the construction of the ambiguity set is more
involved; we refer the readers to [20] for the equivalence
between optimizing a coherent risk measure and constructing
the corresponding DRO.

Our control policy is chosen to minimize the worst case
cost over all the parameters 6 in the ambiguity set D. For
each § € D, we first solve a stochastic MPC problem:
min,, IEW[J;Z’ ]. There are many principled approaches, such
as scenario tree search and dynamic programming, that can
find the optimal solution 15 for each 6. Then we find the
value 0" that gives the worst performance among all § € D.
Our risk-aware control policy 1" is then selected as

Y=t (6)

Since MPC has receding horizon, we only apply the first
stage control policy as the control input uy = (¢")(©) (zy).

It is worth noticing that this risk-averse approach naturally
incorporates randomness and robustness into the designed
control policy, which provides both excitation required for
system parameter identification and robustness for system
performance. Different from typical MPC control laws which
additionally add randomness as an “exploration” term into
the estimated “exploitation” term, our proposed approach
can internally leverage exploration and exploitation. The
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Bayesian posterior distribution quantifies the uncertainty in
the estimation of the unknown parameter. The policy starts
with relatively large randomness to enable more exploration
of the system parameter space, and gradually decreases
the randomness as the parameter estimation becomes more
accurate.

The introduction of CI also gives us the ability to monitor
the risk of the control policy online. Let C¥ be the set
{6 €01: 9((1,”1\[/2} <6< 9[(1+”/)N/2W}' Then its volume
lead = H;?:l.\e?(Hv)N/Q] - 91[(1_7)N/21| (01. represents
the 7th dimension of ), can be used as an indicator of
how concentrated the posterior distribution is on 6*. This
also provides us the potential to design a risk monitoring
mechanism to ensure Bayesian consistency based on |C7|,
which will be shown in Section IV-C.

We design a Bayesian risk-aware MPC algorithm based
on particle filter, which is presented as Algorithm 1.

Algorithm 1: Bayesian Risk-Aware MPC
Initialize prior mo(6) with uniform probability
distribution over the parameter space ©
Create N, particles Sé’N * with equal weights N%,
which samples from 7 (6), i.e. S§ ~ mo(6)
Initialize state zq, input ug = 0, iterator k = 1
while |C7| > € do
Take an observation of zj
Compute the weights
Wi o< q(@r; Sy Th—1, uk—1)
Resample {W},S};_;} to obtain Ny new
equally-weighted particles {1\%7 Sit
Take the (1 —)/2 and (1 + 7)/2 quantile of the
emipirical distribution (particles) to form C”
Calculate the control policy according to (6)
Decide the control input u; = (¢")( ()
k=k+1

end

IV. CONVERGENCE ANALYSIS

Due to technical challenges of analyzing the continuous
parameter space, we analyze the consistency and conver-
gence of our proposed approach by assuming that the pa-
rameter space O is discrete but consists of infinite number of
candidates, which can approximate the continuous parameter
space with arbitrary precision. We also assume that the
approximation error of particle filter is negligible.

A. Consistency of the Bayesian Estimator

Definition IV.1. The Bayesian estimator is (strongly) con-
sistent if mx (), the posterior distribution of 0, converges to
the degenerated distribution 6g+(0) that concentrates on the
true parameter value 0*, with probability 1.

To prove the consistency of the Bayesian estimator, we
first prove Lemma IV.1 based on Assumption IV.1.

Assumption IV.1. The prior distribution 7y(0) has non-zero
probability at 6.



Lemma IV.1. The marginal transition  kernel where

Qs s un) = 2 M1 (O)a(Tr: 0, i, i) llg(@k; 0%, xp—1, up—1) — 4@k To—1, wp—1)|l7v =
converges to the true transition kernel q(xy; 0%, xi_1, uk—1), sup |q(ze; 0%, 2 e 1) — Ao 7 )|
e, limp oo (o xp—1,uk—1) = q(op; 0" 2p_1,up_1), PIGTR T Th—1, Uk—1) = §1Fk; k-1, Uk—1)]-

with probability 1. M
Letting £ — oo, by the convergence of dj,, we have
Proof. Let Fi, = o {(zs—1,25),s < k} be the o—filtration

generated by the past observed states. According to (3), lim / lg(zk; 0%, xp—1, uk—1) — G(Tk; Th—1,Uuk—1)|dzi = 0,
the estimated probability of the true parameter satisfies the koo Jay
following equation, with probability 1.

According to Dominated Convergence Theorem, we fur-

- 9* B B
logﬂ_k(a*) _ logﬁk_l(o*) + IOg Q(A‘Tka sy Lk—1, Uk 1) ther have
q(Tr; 2R—1, uR—1)

Taking expectation on both sides, we have that

/ lim |g(zk; 0", Th—1,uk—1) — G(@k; Tr—1, ur—1)|dz) = 0.
k— o0

Ellog 74 (6%)] Moreover, since

—Ellogmi1(6°)]+ E [fog 10T D1 i)
q(xka Tk—1, Uk;_l)

—E[log 71 (0%)] and q(zy; 0%, xp_1,up—1) — G(Tk; Tr—1,uk—1) is continuous
in xy, then for any zy,

lg(@r; 07, xp—1, up—1) — ¢(@p; To—1, ur—1)| >0

T 0%, Tp_1, up—
+E {IE [log q(Ak bl Tk 1)|$k—1yuk—17fk—1:|:|
G(@p; Th—1, Uk—1)

=E[log m;—1(6)] + E[dk—1]

lim |q(zk; 0", 2p—1, up—1) — @(Tk; Tp—1, up—1)| = 0,
k—o0

which means
where dk,1 = DL(q(xk;Q*,xk,l,uk,1)\|¢j(xk;xk,1,uk,1)) . ~ R
is the relative entropy (Kullback—Leibler divergence) [21] klgf)lo G(zr; wp—1,uk—1) = q(@k; 0%, Tp—1, Uk—1), (7
between q(zx; 0%, xx—1,ur—1) and §(xk; Tr—1,ur—1). Then

the expectation of dj_; can be represented as follows, with probability 1. =

E[dy,_1] = E[log m,(6*)] — Ellog 71 (6")]. Now we prove that the posterior distribution of 6 con-
verges to the distribution &y~ (#) based on Assumption IV.2.
For any n, taking summation over k from 1 to n on both

sides, we have Assumption IV.2. For any (vy,xi—1,ur—1) and K C N,

{q(2k; 05, Tp—1,up—1) }icx are linearly independent, i.e., if

ZE[dk_l] = E[log 7, (0)]—log 7o (6") < —log m(6*) < oo, Z ciq(zr; 05, Tp1, tup—1) = 0
k=1 €K
where the last inequality holds according to Assumption IV.1. 4 for all (zy, Tp_1, up_1), then ¢; =0 for all i € K.
Therefore, take n — co and we get
o Theorem IV.2. The posterior distribution of 6 converges to
ZE[dk—l] < —logmo(8*) < 0. the distribution 0g«(0), i.e. limg_o 7 (0) = 09~ (6), with
1 probability 1.

By Markov Inequality, we know that for any € > 0, Proof. Note that
o0 e e] * ~
1 q(@r; 0%, xp—1, up—1) — 4(T; Th—1, Uk—1)
Prldi, > ¢ < - Eldy] < oo. X N
kZ:O e 2 < kZ:O ] =[1 = m—1(6)]q(zp; 07, 21, up—1) ®)
We can then apply Borel-Cantelli Lemma and show that - Z Me—1(0)a(2x; 0, -1, up-1).
P(dy > €,i.0.) = 0, which further implies limy,_, o, dy = 0, o
with probability 1. Note that for any ¢ > 0, (7;(61),m(02),---) is infinitely
Moreover, since dj, > 0, by Tonelli’s Theorem, we have dimensional bounded vector with all components sum up to
00 00 1, we can take a subsequence {7, } such that for each com-
E del = ZE[dk] < —logmo(0%). ponent j, {m, (6;)} converges to a limit which is denoted
k=0 k=0 by 7oo(6;), which is also known as weak convergence (of a

deterministic sequence).
Next, we will show that 7. (#) is a normalized vector.
Note that for any j € N, limy, o0 7, (0;) = 70 (), Which

Since Zi‘;o dy, has bounded expectation, it must be finite
with probability 1.

Note that the fotal variation distance between two distribu- .
tions is related to the relative entropy by Pinsker’s Inequality: ~ 1s equivalent to

Hq(xk;e*,xk,l,uk,l) — (}(ij;l’k,hukfl)HTV < \/Qdk,h Vej > O,E'N S N,stVn Z ]\77 |7Too(0_7) - 7'('71,(9]‘)‘ S €.
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Therefore, we have

—Gj<7Too(9j)—7rn(9j)<€j,j:1,2,"' (9)

According to the Bayesian update rule, we know
> =1 ™n(0;) = 1. It then follows that Ve > 0, take ¢; = 57
and sum over (9) for all j € N, we get

<Z7T°°

which indicates Ve > 0, | 372, moo(0;) — 1| < ¢, and it
implies that Z 1 Too(f;) = 1. So the limit is also a valid
probability 51mplex

Since every weakly convergent sequence in L' is strongly
convergent (cf. Chapter 2 in [22]), we can take any conver-
gent subsequence {7, } with limit (p},p5,---).

Since X and U/ are also compact, from this subsequence,
we could take a further subsequence {r,, } such that {z,,}
converges t0 T, and u,, converges to ... Then take limit
over (8) along {7y, 72, -- }, and by (7), we have

[1 - Wm(g*)]q(';e*’mw7uw) - Z Wm(g)q(';avxoo’uoo) = 01
0£0*

—(

<ot o5+

1+7+ 92

2 21

with probability 1.

According to Assumption IV.2, for any convergent subse-
quence, 1 — 7o (0%) = 0,70 (0) = 0 VO # 6%, which further
implies

lim 7 (0) = dg=(0),

k—o0

with probability 1. O

Therefore, the strong consistency of the Bayesian estima-
tor is proved.
Remark. Note that the above strong consistency of the
Bayesian estimator indicates that for almost every sample
path of observations, the posterior distribution 7 (6) con-
verges to dg~. Even though the Bayesian consistency with
non i.i.d. data has been studied in [23], the assumptions in
these general results are often abstract (such as existence of
testing function sequence) and hard to verify in practice. On
the other hand, our Bayesian consistency result is built on
assumptions (in particular Assumption IV.2) that are easy to
verify and have a nice interpretation, which will be discussed
in details in Section I'V-C.

B. Convergence of the Control Policy

Based on the consistency guarantee of Theorem IV.2, we
can prove the convergence of our proposed risk-aware control
policy.

Theorem IV.3. The risk-aware control policy converges to
the true optimal control policy, i.e. limy_ o Y], = ¥}, with
probability 1.

Proof. Since limy_, o mx(0) = o« (0) w.p. 1 according to
Theorem IV.2, for any € > 0 and M > 0, there must exist
K > 0, such that for k¥ > K, we have
* * €
0%) — g+ (0 )\gﬁ, 1.

|k ( Ww.p.
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Then we have 1 — 7 < m;(0*) < 1. For any confidence
level 0 < v < 1, we can find a small enough € > 0 such that
v < 1 — 5. Therefore, the CI in Algorithm 1 only contains
6*, i.e. C¥ = {6*}. According to control policy (6),

P = Por = bp-

Therefore, limy_, o 15, = %j., with probability 1. O

Remark. The stability of the closed-loop system is closely
related with the stability of the nominal MPC problem. The
analysis of the stability properties of the closed-loop system
is beyond the scope of this paper and will appear in our later
works.

C. Consistency Requirement

The hidden consistency requirement in Assumption IV.2
can be interpreted as: (1) The system is distinguishable, i.e.,
the candidate parameters #; must be distinguishable to ensure
that the transition kernels ¢(+; 0;,z,u) are linearly indepen-
dent for the entire space of (z,u). (2) The choice of z
and wuy is informative, i.e., the data space (zy,uy) expands
enough to ensure that the transition kernels ¢(-; 0;, x,u) are
linearly independent for the subspace (z,uy).

We propose a risk monitoring mechanism to guarantee the
satisfaction of the consistency requirement. As mentioned in
Section III-B, we use the volume of CI |C7| to indicate the
risk of parameter estimation. When we monitor that |C7]
does not decrease for several iterations, we may infer that
the algorithm gets “stuck” in some local region. Therefore,
the algorithm needs more “excitation” to leave that region
and explore more informative data.

Note that for a general continuous non-constant and non-
periodic function, the values of the function are often dis-
tinguishable if the distance of the variables is large enough.
Thus, we can choose to add an extra noise, which can be
chosen as a Gaussian white noise, into the calculated control
input to provide enough “excitation”.

Therefore when the risk cannot be sufficiently decreased,
we utilize a risk monitoring mechanism to replace the control
input in Algorithm 1 as uy = (¢")©) (xx) + vk, where vy, is
an i.i.d. Gaussian white noise.

V. SIMULATION RESULTS AND DISCUSSION

Consider the following system:

ZTr1 = cos(0%)xg + sin(0 )ux + w,

™

where " = 7 is the unknown system parameter, and wy, is

i.i.d Gaussian white noise with variance 1.

Assuming the control objective is to make the system
state reach a predefined location a, consider a one-step MPC
problem, where the cost function is chosen as

VaR . (9) []EW[J;L’]] = VaR, () [(cos(8)z + sin(O)u — a)? + uﬂ .

We solve this control problem using Algorithm 1. We choose
16 candidates of 6 ranging from 0 to 27 with equal interval,
the number of particles Ny, = 200 and v = 0.8.

Fig.1(a) shows a case when the posterior parameter distri-
bution does not converge to the true parameter. The reason of



this failure is due to the fact that the consistency requirement
is not satisfied. The control input uj lies very closely to
0, which provides little excitation to the term sin(6) of the
system. 6 is not distinguishable if only the evaluation of the
term cos(6) is provided.

Fig.1(b) shows that the posterior parameter distribution
converges to the true parameter given that the consistency
requirement is satisfied. The risk monitor triggers additional
excitation to the control input when |C7| remains large
for several iterations, which ensures the satisfaction of the
consistency requirement.

150

100

particle counts

5

iteration
™

(a) When the consistency requirement is not satisfied, the posterior
parameter distribution does not converge to the true parameter .

200

100

particle counts

3C

5 iteration

(b) When the consistency requirement is satisfied, the posterior pa-
rameter distribution converges to the true parameter.

Fig. 1: The influence of the consistency requirement to the
convergence of the posterior parameter distribution.

We compare the consistency requirement of Bayesian
risk-aware MPC with some adaptive control methodologies,
such as Model Reference Adaptive Control (MRAC), and
Concurrent Learning Adaptive Control (CLAC), and explore
the underlying similarity between those conditions. MRAC
adaptive laws can guarantee parameter consistency if and
only if the plant states are Persistently Exciting (PE) [12].
For CLAC, a verifiable condition on the linear independence
of the recorded data is sufficient to guarantee parameter
consistency [13]. Those conditions focus on either system
state or recorded data. Different from those approaches,
Bayesian risk-aware MPC requires that the transition ker-
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nels for different parameters, which are determined by the
transition function and noise, are linearly independent in the
data space.

Despite different perspectives, the hidden explanation of
all those conditions is that, the collected data for identifica-
tion should be expanded enough toward the parameter space
to provide “sufficient exploration” of the parameter space.
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