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Connecting Model-Based and Model-Free Control
With Emotion Modulation in Learning Systems

Xiao Huang ~, Wei Wu

Abstract—This article proposes a novel decision-making
framework that bridges a gap between model-based (MB) and
model-free (MF) control processes through only adjusting the
planning horizon. Specifically, the output policy is obtained by
solving a model predictive control problem with a locally optimal
state value as terminal constraints. When the planning horizon
decreases to zero, the MB control will transform into the MF
control smoothly. Meanwhile, inspired by the neural mechanism
of emotion modulation on decision-making, we build a biologi-
cally plausible computational model of emotion processing. This
model can generate an uncertainty-related emotional response
on the basis of the state prediction error and reward prediction
error, and then dynamically modulates the planning horizon in
the tasks. The simulation results demonstrate that the proposed
decision-making framework can produce better policies than tra-
ditional methods. Emotion modulation can shift the MB and MF
control well to improve the learning efficiency and the speed of
decision-making.

Index Terms—Brain-inspired computing, decision-making,
emotion modulation, emotion-cognition interactions, reinforce-
ment learning.

I. INTRODUCTION

H UMAN behaviors are often organized into goal-directed
and habitual processes, which are studied as model-
based (MB) and model-free (MF) decision-making systems,
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respectively. MB decision-making involves building a model
of the environment to predict the outcomes, and searching
an action that maximizes the return via dynamic program-
ming [1]. This process is generally data-efficient but expensive
in terms of computation time and working memory. On the
contrary, MF decision-making is to learn to estimate a long-
term utility and form a fixed state-action mapping based
on previous experience with reinforcing consequences during
interacting with the environment [2]. Compared with the MB
approach, this process usually has a faster speed of decision-
making, but requires a lot of practical training. Cooperative
working of these two processes are very important for sur-
vival of animals. For robotics, a huge challenge is to learn
how to reason about the underlying environmental dynamics
and learn how to make decisions quickly and accurately. One
feasible approach is to develop novel computational models
based on a coherent and comprehensive mapping of the key
neural mechanisms in human brain, such as [3]-[5].

In recent years, many computational approaches to decision-
making have been developed in the framework of reinforce-
ment learning and adaptive dynamic programming. For robotic
control, a series of MF algorithms have been proposed to
perform complex decision-making tasks. A prevalent archi-
tecture is actor-critic methods that consist of a parameterized
policy function as an actor and a parameterized value func-
tion as a critic. The goal of these methods is to learn an
actor that maximizes the critic, which is usually drawn into
optimal control [6]-[8]. At the same time, many promi-
nent methods integrated with deep learning have emerged,
such as trust-region policy optimization [9], deterministic
policy gradients (DPGs) [10], and hierarchical deep rein-
forcement learning [11]. However, most MF methods suffer
from a low data efficiency and need a lot of interac-
tions with the environment, which is unrealistic for general
robotic systems.

In order to improve the data efficiency, some researchers
adopt MB algorithms to control robotic systems, such as
PILCO [12] and guided policy search (GPS) [13], [14]. As
for PILCO, the uncertainty of model is explicitly incorporated
into long-term planning, which facilitates learning with a high
data efficiency. Unfortunately, at each iteration, large nonlinear
optimizations require expensive resources of computation and
memory. GPS can search deep visuomotor policies through
end-to-end supervised training with guide of MB dynamic pro-
gramming. This approach shows good performance in a range
of real-world manipulation tasks with visual input. In fact,
both above algorithms are related to the architecture of model
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predictive control (MPC), especially differential dynamic pro-
gramming (DDP) [15] or iterative LQR (GLQR) [16]. As a
typical MB method, MPC has been successfully applied to
the robotics and control systems. For example, an output feed-
back MPC with the integration of an extended state observer is
proposed to suppress disturbances and increase the robustness
against various model uncertainties in hydraulic systems [17].
In the work [18], an online MPC is designed handle the
robotic food-cutting task, learning controllers directly from
data. However, the error of model prediction has a huge impact
on searching the optimal policy, and MB planning is usually
time-consuming and only obtains a suboptimal solution. In
addition, most of above algorithms have ignored that MB and
MF learning systems operate in parallel among humans [19].

Emotion recently has become more attractive to improve
the learning efficiency of the agent, especially in the com-
munity of computer science and developmental robot. For
example, Belkaid et al. [20] introduced a conceptual model
named eMODEL that integrates emotional modulation into
the cognitive robots. Moerland et al. [21] reviewed the func-
tions of emotion in reinforcement learning agents and robots.
That work investigated various methods of affective modeling
for improving the learning efficiency of the agent, and com-
pared different evaluation methods from the aspects of emotion
elicitation, emotion type, emotion function, and test scenario.
Meantime, the authors consider that emotion may influence
the learning loop in four main aspects: 1) reward modification;
2) state modification; 3) meta-learning; and 4) action selection.
For instance, Huang et al. [22] built a novel model of emotion
generation to adjust the parameters of learning adaptively, as
a part of meta-learning. However, most methods reviewed in
that work are inspired by psychological theories of emotion,
which is not biologically plausible.

The motivation of this article is to improve the efficiency
of learning and speed up the decision-making in the robotic
control tasks. For this purpose, a unified decision-making
framework is built to bridge a gap between MB and MF con-
trol processes through adjusting the planning horizon. In this
framework, the greedy output policy is obtained by solving an
MPC problem with a locally optimal state value as terminal
constraints. During the optimization process, the sequence
of actions is guided by the output of parameterized policy
network, which ensures the stability of policy search. When
the planning horizon decreases to zero, the MB control will
transform into the MF control smoothly. Additionally, inspired
by the neural mechanism of emotion modulation between the
MB and MF decision-making, we build a biologically plausi-
ble computational model of amygdala to produce uncertainty-
related emotional responses that can dynamically influence the
planning horizon in the course of task. Specifically, if the state
prediction error (SPE) is large and the reward prediction error
(RPE) is small, the intensity of uncertainty-related emotional
response will increase such that more short-term MB planning
or MF policy will be adopted for a faster decision-making, and
vice versa. As a result, the proposed algorithm is significant
for robots to acquire the skills for performing some complex
tasks quickly and accurately, such as robotic manipulation,
locomotion and navigation. Besides, this article can promote
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Fig. 1. Substrates of MF and MB decision-making. Abbreviation: Mb, model-
based; Mf, model-free; OFC, orbitofrontal cortex; mPFC, medial prefrontal
cortex; DMS, dorso-medial striatum; DLS, dorso-lateral striatum; VP, ventral
pallidum; VTA, ventral tegmental area; SNc, substantia nigra pars compacta;
and PPn, pedunculopontine nucleus.

the interdisciplinary integration of neuroscience and artificial
intelligence.

The rest of this article is organized as follows. First of all,
the neural mechanisms of decision-making systems and emo-
tion processing are investigated in Section II. In Section III,
some existing approaches are described to learn a probabilistic
dynamic model and an MF guiding policy. Then the uni-
fied framework for decision-making and the computational
model of emotion processing is described in Section IV. In
Section V, the proposed algorithms are implemented in the
inverted pendulum swing-up task and the robotic arm reach-
ing task, respectively. The experimental results are discussed
further. Finally, the conclusions are given in Section VI.

II. BIOLOGICAL BACKGROUND

A. Neural Substrates of Model-Free and Model-Based
Decision-Making

It has long been known that human behavior is controlled by
multiple competing systems in operant conditioning: a goal-
directed system and a habitual system [23], which are often
involved in a theory for distinct forms of decision-making,
namely MB and MF control. Neural substrates of the two
systems have been studied deeply for a long time and fruitful
results are achieved. Recently, some neuroscientists try to inte-
grate these two systems into a unified framework [24], [25].
According to the findings of these works, a rough picture of
neural computation for these two processes is drawn in Fig. 1.

A large amount of neuroscience literatures indicate that
the region of striatum plays a key role in the goal-directed
and habitual process. As a growing consensus, the striatum
is divided functionally into dorso-lateral (DLS), dorso-medial
(DMS), and ventral striatum (VS), each of which plays distinct
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functional roles within those broader behavioral computa-
tion [24]. For example, the DLS is considered as a central
substrate for MF learning and expression. During the course
of a conditioning task, habit behavior can make the single neu-
ron activity in DLS reorganize [26], [27], and lesions of the
DLS make animals obtain more goal-oriented behaviors [28].
Meanwhile, the DMS is mainly involved in MB learning and
expression [24], [29]-[31]. Animals with lesions of this region
maintain habitual behavior from the outset. The VS is associ-
ated with computation of rewards for MF and MB processes,
and also with learning the probability of action selection dur-
ing the transition of states, which acts like value function in
the machine learning theory. It is reflected in two aspects:
the core of VS may control the influence of reward values
in Pavlovian conditioning that learns to associate outcomes
to different stimuli directly [32]; the shell of VS may con-
trol the influence of reward values in Pavlovian-instrumental
transfer that uses those learned experience to infer instrumental
actions [32].

Besides striatum, the implementation of these two processes
is associated with many other regions, including OFC, mPFC,
and the natural reward circuitry, such as VTA, SNc, etc.
During the decision-making process, the assessment of the
outcomes derives from several aspects of cognition, especially
rational assessment and emotional valence [33]. OFC is able
to integrate stimulus-reward and context-reward information
(from amygdala and hippocampal system) to provide expected
reward information. Then, these information is projected into
downstream structures, such as VS, VTA and PPn [34]-[36].
In a similar way, the mPFC plays a significant role in
emotional decisions, which seemingly uses the emotional
reactions to model human behavior in certain social sit-
vations [2]. An important function of this pathway is to
compute the subjective value of choices [2]. Then this
information will be integrated in other brain areas associ-
ated with basal ganglia, such as striatum, VTA, and SN,
which perform further processing of reward signals. The
striatum and the VTA, as critical components of the motor
and reward systems, coordinate multiple aspects of motiva-
tion/reward cognition and reinforcement learning. Specifically,
neurons in these brain areas cannot only integrate reward
information (such as RPE) and code them into movement
activities, but also change their reward-related activities during
learning [37].

B. Modulatory Neural Circuits Between Emotion and
Decision-Making

According to the related researches in the field of affective
neuroscience and neuroeconomics, emotion play a modulatory
role throughout the decision-making process [2]. Actually, in
Fig. 1, the amygdala, the PFC, and other structures have been
thought as dominant neural substrates of emotion. Affect’s
modulation on decision-making is mainly reflected in two
aspects. The first one is that a specific affective state may alter
decisions through modulating some intermediate processes of
decision-making. For example, stress usually leads to a shift
from goal-directed to habitual behavior in human, which is

due to the fact that even mild stress can impair function
of the prefrontal cortex (PFC) and enhance amygdala func-
tion [38]-[40]. The second one is that emotional reactions may
be incorporated into the computation of subjective value dur-
ing making decisions. For instance, the amygdala, a central
component of emotion generation, contributes to value coding
in the striatum and the OFC/mPFC, and modulates learning
from reinforcement [41], [42]. This region plays a critical role
in associating aversive, threatening events with neural cues
(i.e., Pavlovian fear conditioning).

Notably, emotion may influence a shift between MB and
MF control. For example, some studies have demonstrated
that stress can influence the balance between PFC and stri-
atal contributions to decision-making, which are associated
with MB and MF reinforcement learning, respectively [19].
When stress occurs, one tends to attenuate MB actions and
increase habitual MF actions [38], [39]. Some authors also
conjecture that the brain uses a range of pre-programmed
control algorithms for survival, including MB and MF con-
trol. The output of them may link to a low-dimensional
core affective space, such as utility or valence (mediating
approach or withdrawal) and arousal (mediating invigoration
and inhibition) [1]. Particularly, in the work [19], [43], it has
been hypothesized that the uncertainty of state and reward
prediction can arbitrate the goal-directed and habitual systems
directly. While, empirical evidence indicates that the amyg-
dala plays a significant role in creating uncertainty-related
emotional responses [44].

III. PRELIMINARIES

In this section, some existing approaches are described to
learn a probabilistic dynamic model and generate an MF guid-
ing policy. The learned model of environment is used to predict
the coming states, which contributes to MB planning and
emotion processing. The MF learning is mainly used for train-
ing a global state-action value function offline and producing
a guiding policy that maps the state to the action directly.
They are necessary ingredients for the proposed MB control
in Section IV.

A. Probabilistic Dynamic Model Learning

Assume the dynamic system is probabilistic with uncer-
tainty, where the next state can be represented as a condi-
tional distribution given the current state and action. Here,
as in [45], an ensemble of forward probabilistic neural
networks is used to model the uncertain dynamics instead of
Gaussian regression model that has an expansive computa-
tional cost. Assume there are N probabilistic neural networks
with the same structure. Each of them, parameterized by ¢,
encodes a Gaussian distribution for capturing aleatoric uncer-
tainty fo, (X11%, 0y) = N([Ld,n (x7, up), X, (X, uy)). Aleatoric
uncertainty is a kind of random noise, such as observation
and process noise, which arises from inherent stochastic-
ity of a system [46]. During training, the mean of the
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negative log-likelihood loss of each subnetwork is mini-
mized as follows:
N

L= N Z[(IL%(Xr, u) — Y)T

n=1

=, (g, (X u) —y)

+ logdet Xy, (x;, ut)] 1)

where y represents the true next state X;y1. fg (-) and Xg (),
as the mean and covariance of next state, are computed by nth
probabilistic neural network.

Single subnetwork can model aleatoric uncertainty success-
fully, but cannot model epistemic uncertainty that represents
subjective uncertainty about the dynamic function. Fortunately,
this kind of uncertainty can be estimated through analyzing
the activity of an ensemble of many networks. Due to lim-
ited experience, different subnetworks may output different
predictions of the next state. We first create M particles from
the distribution of current state p(x;), and assign them to each
subnetwork to predict plausible distribution of the next state.
Then the prediction is approximated further as a Gaussian dis-
tribution whose covariance ¥ = diag(¢?) and mean ji are
computed by

N M
1 1
Ao = Z[M Dt (I u:")} @
n=1 m=1
T [1 &
oo = 5 2o Sl )
n=1 m=1

+ 05, (X1 X7 ui")]} - xnu). ()

The prediction of the next state is obtained by sampling
from the learned probabilistic dynamics model F : X1 ~
N (i (%, up), X (X, ap)).

B. Model-Free Learning

The actor-critic algorithm is adopted to train a global state-
action value function and produce a guiding policy that maps
the observation to the action directly. At each timestep ¢, the
agent receives an observation x; € X, takes an action u; € U
and receives a scalar reward r;. The agent’s output of decision-
making is determined by a policy m, which maps states to
a probability distribution over the actions 7w : X — PU).
Assume the environment is stochastic and subject to Gaussian
distribution. It is usually modeled as a Markov decision pro-
cess (MDP) with an initial state distribution p(x;), transition
dynamics p(X;+1|Xs, ), and reward function r(x;, u;). The
state value function is V(x;) = Z,fityk_’r(xk,uk), where
y € [0, 1] is a discount factor. The state-action value func-
tion is usually introduced to associate with policy u = m(x)
directly as

O™ (X1, wp) = r(Xp, wp) + ¥y V' (Xp41). “4)

The objective of reinforcement learning is to select a policy
that maximizes the value function, which obtains

Vi) = max 3y 0o (). (5)
k=t
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The corresponding optimal Q function is defined as follows:

O*(xr,u) = r(x;, u) + y V*(Xp41). (6)

The expected return of MF learning method is defined as

[}
t—1
Ep(xl),n(utlxt)rzl,p(X,H ‘Xtvut)tzl |:Z v r(X;, ll;):|

t=1

=Epr 0.7 n [Q7 (X, )] (7

where x represents the state distribution that derives from the
policy m(u|x) and the true system dynamics. In actor-critic
framework, the policy is usually parameterized by a policy
network with parameter 6, and the state-action value func-
tion is usually estimated by value/critic network denoted by
0y (x, u), whose parameter ¢ is learned such that Qy(x, u) ~
Q" (x,u). And the parameter 6 can be optimized through
solving the following problem:

0* = arg max Epx x),m alx [Q(X, W]. ()

The DPGs method [10] assumes the actor g is deterministic
for continuous control tasks, such that the parameters can be
updated as follows:

0 < 0 + nxEpx x| Voo (X) Vi QO (X, W) [u=ry (x) | )

where the first-order information of critic is used to modify
the actor’s parameter, and 7, is the learning rate. As for the
critic network, the parameter ¢ is updated by minimizing the
squared Bellman error, which is formalized as follows:

2
@ < @ — 1o VuEpx x), 7 (ulx), px'|x,u) [(Qw(X, uw —y) ] (10)

where 1 is the learning rate. The expected value y = r(x, u)+
Y By x)[Qy (X', 0')] is obtained by the target critic function
Q, (X', u'), whose parameter ¢’ is updated by running average
¢ < 1o+ (1 —1)¢. As suggested in [10], the target critic
network can improve the learning stability.

IV. PROPOSED APPROACH

In this section, a unified decision-making framework is
proposed to link the MB and MF control, and some important
properties of this method are analyzed. Then the computational
model of emotion-processing network is described, which is
used for producing the uncertainty-related emotional response
based on SPE and RPE, and modulating the planning horizon
in the decision-making process. The architecture is shown in
Fig. 2.

A. Model-Based Control

MB control has to build a set of beliefs about the struc-
ture of the environment and predict the outcome of each plan.
Based on these predictions, it can search a series of choices
in the form of dynamic programming [37]. MPC is a typical
MB theory in robotics and control systems. In MPC, a locally
optimal policy 7 (u|x) is computed based on the knowledge
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Fig. 2. Architecture of decision-making with modulation of emotion.

of the learned dynamics model. Generally, the optimization
objective of MPC problem is

H—1

max EPV(X)ﬁ(“\X) |:Z Vtr(xt’ u,) + VHff(XH) (11)
T 1=0
s.t. Xpp1 ~ F(Xp, up)

where v denotes the state distribution that derives from the
learned dynamics F and the locally optimal policy 7. The
short-term discounted return is the sum of running reward
r and terminal reward ry. The running and terminal reward
function is often defined as a quadratic equation

rxnu) = (% — %) Q(x —xf) +u/Ru,  (12)

where x} is the target state. For a continuous MDP, iLQR
or DDP is an effective approach to optimize the local policy
7 :upg—1 in a closed loop as in [15], where a local dynamic
model is created based on a first or second-order linear approx-
imation of the learned dynamic model F. It is very efficient
for trajectory optimization in many robotic learning tasks.
However, the traditional iLQR or DDP uses a finite short-term
prediction of model to compute a locally optimal sequence of
actions, which generally leads to a suboptimal policy. While,
ADP adopts a value function to approximate a infinite-horizon
discounted return, which can generally obtain a better solution.
Whereas, compared with DDP, this method is not enough data-
efficient. Some works [47], [48] proposed to substitute the
terminal reward rr(xy) with an approximate value function
V(xy). But it is still not efficient enough for using a learned
value function to compute the optimal policy directly.

In this article, to bridge the gap between the MB and
MF learning processes, we propose two improvements: 1) the
locally optimal policy should be searched near the MF guiding
policy of actor network and 2) the terminal reward in MPC
is replaced by locally optimal value V(xg) that is computed
by optimizing the corresponding state-action value function
Q(xg, -). Assume the greedy policy 7 with respect to Q
is deterministic, then V(xg) = Q(xg, 7 (xg)). Formally, the
optimization problem can be expressed as follows:

H—1
max  Epv #px |:Z yIr(xe, up) + VHQ(XI‘“ fr(xﬂ))i|
7
=0
s.t. Xpp1 ~ F(Xg, 1),

d(7 (ulx), 7 (ulx)) < € (13)

needs to be computed by maximizing the Q function. However,
it is impossible to globally search the optimal Q value that is
represented by a critic network in continuous space. Here,
the terminal value function is approximated through opti-
mizing the critic network with several information-theoretic
constraints. Assume the greedy policy is guided by MF policy,
then the optimization problem is formalized as follows.

(14)

max
7

Ep” (xg), 7 (u|xgy) [Q(XH’ u)]

s.t. Epvo [KL(7 (ulxg) 70 (ulxp)) | < €
Ep ) [H(7 (ulxp)) ] >
E 1

" (Xn). 7 (ulxg) =

where pV(xp) is the state distribution that complies with the
policy 7 (u|xy) and the learned dynamics. 7y (u|xgy)) is the
guiding policy created by actor network parameterized by 6.
In order to make the optimization problem feasible, several
information-theoretic constraints are added. The first constraint
is the Kullback-Leibler (KL) divergence between new policy
and MF guiding policy, which can be used for limiting the loss
of information between policy updates and preventing unsta-
ble learning. The second constraint is the entropy constraint
of new policy that is crucial for controlling exploration and
exploitation. The final constraint represents the integral of joint
state-action probability is one.

1) Computation of the Terminal Value: The similar
optimization problem is described in [49] and [50]. This
optimization problem allows for a closed-form solution
through the method of Lagrangian multipliers. The solution
is given by

 ulxir) o g (ulxg) o exp[M] (15)

n*+a)*

where n* > 0 and w* > 0 are optimal dual variables of KL
and entropy constraints, respectively. These dual variables are
computed by minimizing the following dual function:

g(n, w) = ne —wk + (n + )

X Epr xpp) [Ingﬂe (U|XH)”*L” eXp(%)dU].
(16)

The proof is given in the Appendix. When the greedy terminal
action Uiy ~ 7 (u|xy) is obtained, the terminal value function
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can be computed as follows:

V(xy) = O(xp. Gy) (17)
VX (xi) = VeO(X, i) Ixexy (18)
V¥ (xp) = VZO(X, fip) Ixexy - (19)

Then the general iLQR algorithm is used to optimize the
initial sequences of actions ung further. When the control’s
bounds are taken into account, the control can be computed
by solving a quadratic program (QP) subject to the box
constraints, as mentioned in [15].

2) Impact of Value Approximation Error on the Model-
Based Policy: In this section, we aim to analyze how much
impact the approximation error in Q value has on the quality of
MB policy. Assume that the learned dynamics F is ideal, then
the following theorem bounds the performance of the policy.

Lemma 1: An approximate state-action value function Q
is obtained, and assume the approximate error is defined as:
[[0—Q*|leo < €. Let the terminal reward r¢(xy) = V(Xy), and
7 be the greedy policy with respect to Q. Then for all states
X, the performance of the MPC policy can be bounded as

2yHe
1—yH

Vix) = V(x) < (20)

where |[Q||ooc = maxy,, |Q(x, u)].

Proof: Let T and t* represents the trajectories generated
by greedy policy # and optimal policy 7*, respectively,
on the MDP with planning horizon H. Define an opera-

tor BY Q(xur, w(xi)) = Eo[ Yo' ' + v Qe 7 (xin))].
Since 7 is the greedy policy with respect to Q and 7 is the
corresponding trajectory, then there is

BYQ(xu, 7 (xp)) > BLO(xp, 7* (xp)). 1)

Starting from state x and using this condition, there is

V*(X) - 0% (x, 7 (X))
BEV*(xp) — BY Q¥ (xp, # (%))
BEV* (xp) — Bt Q(XH» 7T(XH))
+ BY Q(XHJT(XH)) (XH»TF(XH))
BEV*(xy) — BEO( 7T(XH)) + e
= Bf* o* (XH, T (XH)) B (XH7 (XH)) + VHE
< BE.O* (xu, m* (xi)) — BEO(x, w* (xm)) + y*e

Xy

<2pMe. (22)
Then there is
V¥(x) — V(x) = BEV*(xp) — BEV(xp)
= BEV*(xu) — BY O* (xu, # (xu))
+ BEO* (xu, 7 (xi)) — BEV (xp1)
< 2y"e + BIV* (xi) — BYV (xn)
=2y"e + yME:[V*(xu) — V(xn)]
< 2fe(14 4y 4 )
2 H
< e 23)

1—yH
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Thus, the discount factor and the planning horizon are the
key variables for the performance of MB control if the learned
dynamics is accurate. |

3) Accelerating Convergence of the Value Function: The
proposed MB control can accelerate convergence of the global
value function, which improves the data efficiency. Assume
that the learned dynamics F is ideal, then the value function
has the following contraction property.

Lemma 2: An approximate state-action value function
Q is obtained. Define an operator Bf Oxy, t1(Xg)) =
E.[ t”;ol yir+ vy Q(xy, m(xy))]. Let 7 is the greedy policy
with respect to Q and 7 is the corresponding trajectory. Then
the value function satisfies the following contraction property:

IBY O (xpr, 7 (x1)) —
< v"110(xu, 7 (xp)) —

BY 0* (xp. 7 (%)) oo

O (xm, # (X))o (24)

Proof: Assume that BY Q(xp. 7 (X)) > BY Q* (X7, 7 (Xp1)).
then

BYQ(xu. # (xi)) — BY Q* (xu. 7 (xp1))
= y"[0(xu, 7 (xp)) — OF (xu, 7 (xp)) ]

< y™Q(xu, & (xm)) — O (Xt & (X)) lloo- (25

In the same way, repeating this argument in case of

BYQ(xy, 7 (xpp)) < BY Q" (xpr. 7 (x1))

BYQ* (xp. 7 (xu1)) — BYQ(xu. 7 (xp1))
= yH[0* (xu, 7 (X)) — O(Xu, 7 (X11)) ]

< y10(xu, 7 (xm)) — OF (xer, #(xXe)) |- (26)
Thus there is
\BEO(xp, 7 (xpr)) — BEQ* (xp, 7 (x) )|
< v10(xu, 7 (xp)) — O* (xp1, #(xXe)) |-~ (27)

Since the learned dynamic is assumed to be ideal, Xy can
also represent the real state that is in the feasible region. For
all xp, taking the supremum over xg, the following result is
obtained further:

IBY O(xp, 7 (x1)) —
< v"110(xu, 7 (xp)) —

BY O* (xp. 7 (%)) |0

O (xm, 7 (xm))lloo-  (28)

In this article, iLQR with the constraint of terminal value
function provides an efficient method to compute the term
Bf Q, which improves the performance of the policy due to
the smaller value error. Meanwhile, the good control results
cause a faster convergence of value function. |

4) Impact of Model Approximation Error on the Value
Function: Both results mentioned above have a premise that
the learned dynamics F is ideal. But there must be errors
between the learned model and the true dynamics during learn-
ing. Inspired by the work [51], we find that the MB value using
the learned dynamics gradually tends to the global optimal
value as the model approximation error decreases. Specifically,
the following conclusion is drawn.
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Theorem 1: An approximate state-action value function
Q is obtained Define an operator BZ MQ(?(H,J%(&H)) =

E. [Zt o v're + v"ORu, 7 (Xp))], where 7 is the greedy
policy with respect to Q and 7 is the corresponding tra-
jectory based on the learned dynamics M. Similarly, define
an operator Bg M*Q(x};, ﬁ(x};)) whose optimal trajectory is
based the true dynamics M*. Let the reward function r be
L,-Lipschitz over states X, and the value function Q be Lgp-
Lipschitz over states x. Assume the model approximation
errors satisfy maxers E[||X; —X | |?] < €2 in an H-step rollout.
Then

2
E(BH.0 - Bf,.0)" = (P2 +2y"eL Lo + v}
(29)

Proof: According to the definition above, there is
BH PV I

|:B-5|MQ(XH’ (Xu)) — flM*Q(xH,n(xH))]
= [ (k= 1) " (0fs. ) - 00

=N
—~~

>
RS
N—
SN—
SN—

[
S}

(30)
where R — R* = Y"1 /7 — Y1yt
For any [? random variables A and B, E[(A — B)2] sat-

isfies the following inequality by using the Cauchy—Schwarz
inequality:
E[(A _ 3)2] — EA% — 2E[AB] + EB
< FA? 4+ 2E2A%E2B% + EB:.  (31)

Thus there is

E|BL];,0(r. 7 () —
< JE(R - R*)

+ 2VH\/ E(R - R*)ZE[Q@» (%u)) — O(x. 7 (x3))
+ y*E[Q(&n, 7 (%n)) — O, 7 (x7)) - 32)

Then all MB terms are bounded as follows:

(R R*) Zyz(lﬂ)\/ r — 7 )2E(r] -7 ) (33)

Since the reward function is L,-Lipschitz over states x, ||7;—
71l < Lel1%i — x7]. So

~ 2
IEI(R . R*) <c
where ¢ = Zi,j Y2 < min(H2, (1 — y»)~2).

According to the above assumption d(7, 7p) < § and the
value function is Lp-Lipschitz over states x, there is

E[Q 7 (%)) — O(xjy, 7 (XH))]Z

(Xa.
E(L2Q||x —x ||2) = 12é?

Bl 0(s5 7 (x3)) |

2122 (34)

(35)

Taking all these results into consideration, the following
conclusion can be drawn:

1005 7 3n) ~ B 00 #53) |

< (chf +2yHeL, Lo + J/zHLé)e2 (36)

Obviously, with the model approximation error decreasing,
MB value using the learned dynamics gradually tends to the
optimal value.

It is worth noting that the MB control gradually transforms
into the MF control with the decrease of planning horizon H.
If H is relatively large, the MB control will obtain a high
learning speed, but the meantime, it will spend more time
to compute the policy at each step. Conversely, a smaller H
leads to a faster computing time for each decision-making
step, but causes a lower data-using efficiency. Particularly,
when H = 0, the policy search of MB control transform
into MF control called guide actor-critic (GAC) [50], where
the greedy policy is searched by maximizing the global state-
action value function around a guiding policy produced by the
policy network:

max - Epr .7 o [Q0 W] 37)
st Epro [KL(7 (%) 70 (u]x))] < €

Epr o [H(# %) ] = «
Epr ), 2@p = 1.

As for the stability, the parameters of controlled plant play
a crucial role of the stability of the system. Because the output
policy is guided by the MF policy that is closely related to the
plant parameters [52]. If the system itself is uncontrollable, it
will be hard to control stably. From the point of basic algo-
rithms, both iLQR and reinforcement learning can guarantee
the stability under certain conditions [52], [53]. One of the key
factors is the design of reward function, where the matrices of
Q and R can influence the stability of the whole closed-loop
system directly.

The pseudo-code description of H-step MB control is
presented in Algorithm 1, where backward and forward passes
of iLQR refer to [15]. |

B. Computational Model of Emotion Processing

In this section, a computational model of amygdala is
built to simulate emotion processing. As mentioned above,
amygdala and PFC are the core regions in emotion process-
ing, which integrate lots of sensory information to acquire,
maintain, and regulate a variety of emotions. Anatomically,
the amygdala consists of four major components: 1) lateral
amygdala (LA); 2) basal amygdala (BA); 3) central amygdala
(CeM); and 4) the intercalated (ITC) cell clusters [54], [55],
whose connections are shown in Fig. 3. These four nuclei
have different properties and serve distinct roles in emotion
processing. More specifically, the LA can receive and process
some conditioned or unconditioned stimuli at the beginning,
and then project them to the BA and dorsal ITC neurons
(ITCd) that connect to ventral ITC cells (ITCv) further. The
BA cells mainly send excitatory inputs to the ITC neurons and
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Algorithm 1 H-Step MB Control

Inputs: Observation Xp < X;, the dynamic model Fy(-),
the reward function r(-), the critic function Qy(-) and the
policy function g (-).

Outputs: Action u,.
for k=0,...,H—1do

Select action u; = g (Xg).
Predict the next state X;41 ~ Fp(Xg, Wg).
Store transition (Xg, ug) — Tk
end for
for i=0,..., Njr do
Compute the difference set D, where the terminal value
is obtained by optimize the critic function Qy:
D =diff (to.a-1,7, Qp, Ts).
Run the backward pass of iLQR:
I, K = backward(to.g—1, D).
Run the forward pass of iLQR to update the trajectory:
To.n—1 = forward(to.z—1, I, K)
end for
return u; < U

CS&US;

i Amygdala

| — Excitatory ——e Inhibitory |

Fig. 3. Amygdala circuitry for processing conditioned fear [54].

CeM neurons, while the cells located in ITC are responsible
for generating inhibitory singles to depress the activities of
the CeM cells. These two paths serve an opponent processing
to balance the response of emotion. Meanwhile, the amygdala
receives some mediating information from the infralimbic (IL)
cortex located in vimPFC that is implicated in extinction of
conditioned fear responses. The studies of neuroscience show
that the IL mainly projects these excitatory signals to the ITC.

Based on the anatomical structure of amygdala and its
extended circuits, an emotion-processing network is presented
to simulate simple cognitive-emotional interactions follow-
ing [56]. The schematic is shown in Fig. 4. The activity
of each neuron follows the shunting dynamics, which was
developed based on the dynamics of membrane voltage
proposed by Hodgkin and Huxley [57] and Grossberg [58].
The activity of each node is analogous to short-term memory
(STM) and adaptive weights between nodes are regarded
as long-term memory (LTM). Formally, the dynamics of
the ith neuron can be written as the following shunting
STM equation:

dx;

n— = —Ax+ (B - x)SH = (C+x)S; (38)

where each STM trace is bounded within an interval [—C, B],
and S;" and S§; correspond to the excitatory and inhibitory
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Fig. 4. Schematic of emotion-processing network based on the amygdala
circuitry and the interaction between amygdala and vmPFC.

TABLE I
EXCITATORY AND INHIBITORY INPUTS TO EACH NETWORK COMPONENT

Cell Excitation term S Inhibition term S~
alA L W By 0
oPA LWL AT 0

ITCd;
z[TCd ZWLAk‘L[xf:A]++EILd, 0

ITC ITCv;; BA ITCv; 1TCd
z; Y ZWBAk ! [z, ]+ + Erre WITC’d: [x ‘]+

CeM CeM|, BA CeM Tc
x=e > WBZk [zt fe X WI’I?C'L')C [z 71"

inputs, respectively. A is a passive decay rate, and 7, is the
time constant of neural integration.

Table I specifies the excitatory and inhibitory inputs to
each network component. N denotes the number of cells,
() = Zf{vzl(), and [ - ]T is rectified linear unit. W is a
synaptic weight between two neurons. To train the synap-
tic weights to form LTM, a novel Oja-like learning rule
is proposed to integrate active forgetting and reinforcement
processes, which demonstrates effectiveness in classical fear-
conditioning simulation. Specifically, all weights but Wllggg
can be modified based on reinforcing signal, and presynaptic
and postsynaptic neural activities. There are two cases to be
discussed.

Case 1: When the weights is updated at each time step, the
learning rule is defined as follows:

AW, = ;iwt (—DW, +R, [xl,"’“r ([x?re]+)T - R?Wt> (39)

where D is a passive decay rate, and —DW, term drives the
active forgetting process. At is the step size in simulation, and
T is the constant of integration. R,[x}** 1T ([} 11T — R?W,
term is inspired by Oja learning rule. If xP™ and xP°' are
activated simultaneously, and the teaching signal R; is positive,
the R (" 1T)7 term will be strengthened. The RPW,
is a reward-related forgetting term, which prevents the weights
from growing unlimitedly.

Case 2: If the teaching signal is sparse, and the reward
is only received at the end of each episode, the weights is
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updated via the following learning rule:

R 2T )

At
AW, = ( DW,, + (R,
‘EwT

(40)

— (Ru— R,,)ZW,,)

where R represents the average reward baseline at the nth
episode. A simple approach to estimate this baseline is to
compute a moving average of actual rewards:

Rn =(- Ol)Rn—l + aR, 41
where 0 < o < 1.

To evaluate this computational network of amygdala, the
classical fear conditioning is used as a test case. This behav-
ioral paradigm is a type of classical conditioning that involves
associating an aversive unconditional stimulus (US, such as
an electric shock) with either a conditional stimulus (CS,
such as a tone). It exhibits flexible acquisition and extinc-
tion of stimulus-triggered emotional responses (such as fear),
and shows an implicit emotional learning process. The learn-
ing process usually includes four epochs: 1) fear acquisition;
2) fear extinction; 3) fear retrieval; and 4) extinction retrieval.
At the first epoch, the CS always co-occurs with the US, and
the animal will express conditional fear (such as the freezing
response in rodents) in case of CS after training. But at the
second epoch, only CS is repeated in absence of US, which
causes fear extinction gradually. The third epoch is the same as
the first epoch, the conditional fear will be aroused rapidly. The
last epoch is the same as the second epoch, the fear response
will extinct again.

In the simulation, the parameters of neural dynamics are
set to the same value in each subnetwork, with N = 20,A =
10,B = 2,C = 0, and t, = 0.1. The simulation is run
for 10000 time steps, with step size of Ar = 0.001. Each
epoch lasts for 2500 time steps. In fact, the characteristics
of the synaptic weights have a significant impact on the
performance of network. Assume that synaptic decay is much
faster in the near-output subnetwork. Specifically, we choose

tw = 0.4, DEA = 0.01, DBX = 0.01, DITCY = 0.8, DIV =
0.8, DM = 12 DICTC(I}@ 1.2,f; = 5, and fc = 10. During
training, when the US is present, the weights WEQ, W&Cd, and
WEM receive a positive reinforcing signal with Rt = 1. While

IH%V and WCTeCMV is assumed to receive a complementary rein-
forcmg signal R~ = (1 — R™"), due to the inhibition from the
activation of ITCv. The weights are updated following (39).

Fig. 5 shows the output of cell xX°*™. The blue line rep-
resents the change of conditional fear without high-level
cognitive regulation (Ejzy = 0 and Ejp, = 0), while the
red line shows the emotional response with Ej y; = 0 and
Ejr, = 10. Obviously, similar emotional changes occur in both
cases. After repeated pairings of CS and US between 0-2.5 s,
the animal gradually learns to fear the CS signal. As the US
disappears at the second epoch, the fear fades away due to
the active forgetting of synaptic weights. When the US co-
occurs with the CS again between 5-7.5 s, the fear memory

cs

time

Fig. 5. Simulation of classical fear conditioning, including fear acquisition,
extinction, fear retrieval, and extinction. The first and second panels show the
signal of conditioned and unconditioned stimulus, respectively. The activity
of output cell is recorded in the last panel.

is recalled faster than one at the first epoch. Meanwhile, high-
level modulation from ILv can bias the intensity of fear. A
high Ejz, input increases inhibition onto the activity of CeM,
which leads to a relatively low response in fear acquisition
and a faster extinction of fear. Hence, it may be an important
path for top-down cognitive control of emotional response and
learning. According to the neural dynamics mentioned above,
the ITCd, ITCv, and CeM cell reach the following equilibrium
value in response of CS when C = 0:

(Z WITCd [ LA] +E1Ld)
A+ X WECAATT + Eng

ITCV,
HTCY _ B(Z LR 43)
1 .
A+ X W[ A]+ + By + Wiy [T

+
BY. Wi [%"]

A+ L WEMLPATT + fe 3o Wi, [T

where Y() = Y, ().

It is easy to see that the increasing excitatory input Ej; 4 can
enhance the fear-related responses to some extent due to the
inhibitory effect of ILd to ITCv. On the contrary, the input Eyy,,
plays an important role to suppress the emotional responses
and accelerate the extinction of emotion.

In this article, the uncertainty-related response mainly
results from three basic factors: 1) SPE; 2) RPE; and
3) episodic reinforcing signal (ERS). The SPE is fed into the
network as input, and the RPE is used as high-level regulatory
factors Ejz,. The ERS is used to change the synaptic weights
at the end of each episode. SPE directly reflects the accuracy
of understanding the external environment, which is highly
related to some affective states such as surprise and curiosity.
The smaller the SPE is, the more reliable long-horizon MB
control is. The RPE is usually reported by dopamine neurons
in animal learning theory, which can trigger a series of reward-
related emotional reactions such as positive/negtive emotion
(pleasure and desire). This term is strongly associated with

ITCd
i

(42)

XCeM —

(44)
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the performance of value network that estimates the discount
returns in the future. If the RPE is smaller, more short-term
MB or MF planning is encouraged. Except for these immedi-
ate signals, some long-term feedback also bias the emotional
state, and then influence decision-making. Herein, the ERS
is introduced to modify the weights of emotion processing
network.

In this article, SPE and PRE are defined based on the
predictions of state and reward. Assume each state is subject
to Gaussian distribution p(x) = N (u,, X,) and the predicted
states p(X) = N(iL,, )AJX). The KL divergence between the
predicted state and real state is applied to quantify the SPE

SPE = KL(p(%)|p(x)).

The SPE signal is further bounded in (0, 1) through a sigmoid-
type function. In like manner, the RPE is the difference
between a return that is being received and the return that
is predicted to be received. The loss of critic network is used
to compute this value, which is also constrained within (0, 1)
by a sigmoid-type function

RPE = [0(x, u) — (r(x, u) + y Q' (X, 9 (x)))]"-

The ERS is the cumulative rewards R = Z,T=1 ry after each
episode, and the average reward baseline is updated by accord-
ing to (40). The episodic reward error R — R is activated by
tanh-type function so that it is segmented to form excitatory
or inhibitory signal.

Finally, the activation of output cell xcem represents the
intensity of emotional response that implies the uncertainty of
long-term MB policy (or the certainty of short-term policy).
The planning horizon is a deceasing function of the this emo-
tional variable. If the SPE is large and the RPE is small, the
uncertainty of the long-term planning is high, which lead to
the decrease of H. Conversely, if the SPE is small and the
RPE is large, the uncertainty is low so that more long-term
planning is encouraged. Formally, the horizon is defined as
follows:

(45)

(46)

H = min (0, <Hpax — ke>) )

where e denotes the intensity of uncertainty-related emotional
response, and k is a gain. < - > is the round function.

V. SIMULATIONS

The proposed algorithm is integrated into the control archi-
tecture of two simulated systems. First, the swing-up task of
inverted pendulum is conducted to verify the effectiveness.
Then, the reaching task is performed with a simulated robotic
arm that has higher state dimensions.

A. Inverted Pendulum Swing-Up Task

In this task, the cart slides freely along a rod bounded in
range [—1, 1] as shown in Fig. 6, aiming to swing up the
pole with as little energy as possible. There are five dimen-
sions of the sensory observation x = [x, v, é, cos 8, sinf], that
refer to the position and velocity of cart, the swinging angle
and angular speed of pole, respectively. The control command
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Fig. 6. Scene of the inverted pendulum swing-up task.

includes one continuous variable u = [u], where u € (—1, 1),
that represents the input of motor actuator.

During interacting with the environment, the agent learns a
probabilistic transition dynamic model from sequential sensory
observations and actions. Here, a ensemble of five probabilis-
tic neural networks is used to predict the next state. Each
neural network is fed with twenty particles sampling from
the distribution of current state p(x), which is for capturing
the aleatoric uncertainty. Additionally, each subnetwork is a
multilayer perceptron with two layers, and each of them con-
sists of 200 neurons. In all simulations, the actor network
has two layers, and each of them consists of 128 neurons.
The critic network has the same structure but with a larger
learning rate ng = 1 x 103 than the one in actor network
ne = 1x 104, The target state is set as x& = [0, 0,0, 1, 0]
that implies the swinging angle is zero. In the reward func-
tion, Q is a matrix that is filled with O but Q(4,4) = 1, and
R =[0.01].

For comparing the performance of the different approaches,
four sets of experiments are designed. The first one is using
traditional iLQR control. Then our proposed H-step MB con-
trol is used to control the cart, where the planning horizon
is set to 0, 2, 4, and 6, respectively. When H = 0, the
controller corresponds to the GAC algorithm [50]. The auto-
differentiation function in PyTorch is adopted to obtain the
gradient of learned dynamics model with respect to state x
and action u. During optimization, The parameter of KL con-
straint is chosen as § = 1 x 10™*. The lower bound of the
policy entropy is set as k = 0.05. L-BFGS-B algorithm is
used to optimize the dual function for computing the dual
variables n* and w*. The final one is integrating MB and MF
control with emotion modulation. The parameters are the same
as in simulation above, expect A = 20 for a faster responding.
During training, the weights WB\\, W&Cd, and WgzM receive
a positive reinforcing signal with dRT™ = R — R. While W]I3TACV
and WICT%% is assumed to receive a complementary reinforcing
signal dR~ = —dR™.

In the experiment, the whole learning process lasts 50
episodes, and each of them contains 200 time steps. The plan-
ning horizon of iLQR is chosen as 25 here, and a shorter
horizon results in a very poor performance. The cumulative
rewards are summarized in Fig. 7. Obviously, the iLQR has the
highest data efficiency in the early stage, which benefits from a
short-term planning with the certain reward function. However,
this algorithm usually leads to a suboptimal strategy in the
later stage so that the cumulative reward is relatively low. By
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contrast, the proposed method aims to maximize the infinite-
horizon discount returns so that a better policy is obtained.
But different planning time has a significant impact on the
performance in H-step control. Theoretically, the longer the
planning horizon, the better the performance in terms of learn-
ing efficiency. But, generally, the accuracy of model prediction
decreases with the increasing planning horizon. Thus, the
longer planning horizon can improve learning efficiency within
a limited range. This is also verified by the results in Fig. 7.
When the H = 0, the MB control transforms into the MF GAC
control that is not data-efficient obviously. As the horizon H
increases, the proposed MB control enables a faster learning.

After that, the performance of the MB, MF and emotion-
modulated control are compared further. The cumulative
rewards are shown in Fig. 8. Obviously, the emotion-
modulated method reaches to a higher reward value with
less time, which shows a higher data efficiency. Emotion-
modulated control can change the planning horizon adaptively
according to the uncertainty of long-term MB planning. The
6th, 26th, and 46th epoch are selected, respectively, to show
the change of emotional response as in Fig. 9. At each epoch,
if the SPE is large and the RPE is small, the intensity of
uncertainty-related emotional response will increase, such that
more short-term MB planning or MF policy will be adopted for
a faster decision-making. On the contrary, if the SPE is small
and the RPE is large, the intensity of emotional response is low

Emotional response (103)

Horizon

_M.Mjs_f
(UL

o 2 50 75 100 125 150
Time

200

Fig. 9.
horizon.

Change of emotional response and the corresponding planning

Fig. 10. Scene of the Jaco reaching task in V-REP.

such that more long-term planning is encouraged to produce
more accurate control.

As skills become more proficient, certainty of the short-term
MB planning or MF policy increases due to the reinforcing
effect of positive rewards to the weights of emotion-processing
network. In the early stage, with the accumulation of envi-
ronmental knowledge, the agent makes more decisions from
long-term MB planning. While, in the later stage, more short-
term controls are accepted and MF habitual controls come into
being. According to (40) and (41), the average reward baseline
represents the expected reward based on previous experience.
If the received reward is better than this baseline, the synap-
tic weights will be strengthen, and vice versa. This kind of
plasticity regulates the slow change of certainty-related emo-
tional response, which is significant to accelerate the speed of
decision-making.

B. Jaco Reaching Task

For more complex control problems, the effectiveness of
our proposed method is investigated in a reaching task with
a simulated robotic arm in V-REP (Fig. 10). The physical
Jaco assistive robotic arm, developed by Kinova Robotics, is
assisting people with limited or no upper limb mobility to
do something safely. This arm has six joints that can be con-
trolled by a position, velocity or torque controller through ROS
packages. Herein, torque control is adopted to implement more
flexible and faster manipulations, where each motor command
represents the desired torque of the corresponding joint.
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control in the reaching task.

Reaching process is very important in many robotic manip-
ulations, such as variant grasp and assembly tasks. In the
experiment, the robotic arm aims to control its hand to reach
the red goal located at [—0.2, —0.37, 0.95] from the initial
position, as shown in Fig. 10. There are 21 dimensions of the
sensory observation x € R?!, including angle, angular velocity
of all joints and position of end effector. The motor command
consists of six continuous variables u € R®, which represents
the desired torque of motor actuators.

All settings of this experiment is similar to the above
inverted pendulum swing-up task expect for the size of
networks and parameters of emotion module. More specifi-
cally, the structure of probabilistic ensemble neural network
for model learning is also composed of five subnetworks with
three layers, each of which consists of 200 neurons. The size
of both actor and critic network is set as [128, 128]. In the sim-
ulation, the robotic arm interacts with environment for totally
50 times, and each trial includes 50 time steps. After five tests,
the cumulative rewards are shown in Figs. 11 and 12.

As a result, all algorithms have no problem to find
an optimal sequence of actions to control the actuators.
Traditional iLQR policy has the highest learning efficiency,
meanwhile, the suboptimality of the strategy does not show up
in this task. However, the planning horizon of iLQR is cho-
sen as 25 here, and a shorter horizon results in a very poor
performance. Hence, the higher data efficiency results from
long-term dynamic programming at the expense of computing
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T1is —e— n=41

Time
Fig. 13. Change of emotional response and the corresponding planning

horizon in the reaching task.

iLQR control Emotion-modulated control

Fig. 14.  Trajectories of end effector produced by iLQR and emotion-
modulated control.

time. On the contrary, MF control is able to make decisions
quickly, but learns slowly obviously. Additionally, the increas-
ing H can improve the learning efficiency, but reduce the
accuracy of model prediction as well. As reflected in Fig. 11,
due to the complexity of real dynamics, the error of six-step
model prediction has a worse impact on the performance of
learning than two- or four-step predictions.

In the emotion-modulated control, the hyper-parameters are
set as Hpax = 4 and k = 5x 1073, The learning result is shown
in Fig. 12, where the emotion-modulated control has a better
efficiency of learning. Emotion modulation can shift the MB
and MF processes adaptively in the course of skill acquisition.
Early in training, the large errors of state and reward prediction
awaken an uncertainty-related emotional response that facili-
tates more short-term planning or MF control. As the training
continues, the decreasing SPE strengthens the certainty-related
emotion, which is conducive to improve the accuracy through a
long-term planning. With over-training, the RPE also decreases
so that certainty of the short-term decision gradually increases.
More short-term planning or MF control becomes dominant
again and the habitual behavior is gradually formed. The
change of the emotional response and planning horizon are
drawn in Fig. 13 at the 1st, 21st, and 41st epoch, respectively.

After training, the trajectories of end effector are drawn
in Fig. 14, where the traditional iLQR control and emotion-
modulated control are used to generate the strategies of
motion, respectively. As shown in the figure, the emotion-
modulated decision system outperforms the pure iLQR control
in terms of uncertainty of learned policy, which may result
from the suboptimality of the locally MB strategy.
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The reaching process is a part of robotic manipulation,
which is relatively easy if the goal is fixed. In the future,
some new brain-inspired integration framework of MB and MF
control will be required to perform more complex decision-
making tasks, such as tracking [59], grasp [60], and assem-
bly [61]. Especially, it is a significant research direction of
high-level decision-making that using the underlying environ-
mental knowledge to reason out control strategies. Therein,
more key neural mechanisms in human brain will be incorpo-
rated into the computational models of perception, cognition,
and decision for intelligent robots.

VI. CONCLUSION

According to the accumulating neural evidence, human
behaviors are often separated into by two decision systems:
1) a deliberative MB system for guiding goal-directed behav-
iors and 2) a reflexive MF system for driving habitual behav-
iors. And emotion is one of the most important factors in
modulating these two paths. In this article, a computational
model of decision-making process with modulation of emotion
is proposed to improve the efficiency of learning and speed
up the decision-making in the robotic control tasks. Two main
contributions have been made.

1) A novel decision-making framework is proposed to
build a bridge between MB and MF decision-making
processes through adjusting the planning horizon.

2) A biologically plausible computational model is built
to simulate emotion processing and modulating the
planning horizon based on the intensity of uncertainty-
related emotional response. The emotional response is
aroused by the SPE and RPE in the course of tasks.

The experimental results show two conclusions.

1) The new proposed MB reasoning can improve efficiency
and stability of learning compared with MF approaches.
Meanwhile, it allows for better policies beyond local MB
solutions.

2) Emotion modulation can shift these two parts of
decision-making systems well in terms of the learning
efficiency and the speed of decision-making.

APPENDIX

The closed-form solution of the terminal policy is obtained
by optimizing the problem as (14). The Lagrangian function
of this problem is

L(7, 1, ©,v) =Epxy) i @ixm [QXa, W]
+ n(e - Epv(xH)[KL(TAf(WXH)||7TO(U|XH))])
+ w(EPU(XH) [H(fr(ule))] - ")

+ V(Ep (x5 wl) — 1)- (43)

The partial derivative with respect to 7 is

oL

Pl Epv (xs) [f O(xg,w) — (n + w) log 7 (u|xg)

— nlogmp(u|xyg) + (v — n — w)du]. 49)

Let (3£/07) = 0, we have

by = 7o) 75 xp (£ Jexp( LY

OxH, u))

5
n+w °0)

_n_
o g (uxpy) 1+ eXP(

In order to obtain the solution in a closed form, assume that
the MF policy is subject to a Gaussian distribution

o (ulxp) = N (ulpy (Xe), To (Xn))- (SD

Additionally, the critic Q(xy,u) can be locally estimated
through Taylor series expansion up to the second order.
The Taylor’s approximation at an arbitrary action ug
is given by

O(xp, w) ~ O(xy, W) + (u — up)" go(xp)

1
+ 5 (u—up) Ho(xp)(u = uo) + O(j1ull’) (52

where go(x) = V,Q(Xp, u)|u=y, is the gradient of the critic
w.r.t u at ug, and Ho(xy) = VL%Q(XH, u)|u—y, is the Hessian.
The auto-differentiation function in PyTorch is adopted to
obtain this gradient and Hessian matrix.

While assume the higher-order term O(|ju||) is too small
to be ignored, the Taylor’s approximation is rewritten as a
quadratic form as follows:

1
Qo(xy, 1) = EUTHOU +u’Go(xp) + Bo(xy)  (53)

where Go(xg) = go(xg) — Ho(xp)up and Bo(xy) =
(1/2)ul Ho(xg)ug + ul go(xm) + O(xp. up). The local policy
is also a Gaussian distribution

7 (ulxir) = N (uliz (). E i) ) (54)

where the mean and covariance are given by
a(x) = Fxp)Lxi),  Exw) = (n* +")Fxn) (55)

where F(xz) = [1*%; ' (xy) — Ho(xp)]™! and L(xy) =

0" xu) g (xXp) + Go(xp),
We substitute the solution to the Lagrangian function. Then
there is

L1, w) =ne —wk +Epxy(n+ w0 —v)
= ne — wk + Epv(xH)[—(n + w) log 7 (u|xg)
+ nlogmp(ulxy) + O(xg, w)]
= ne — wk + ]Ep"(xH)[n log g (u|xg)
- n+o) 10gﬁ(“|XH)] +c
=g, w) (56)

where c¢ is a constant.
Thus, the dual variables n* and w* are obtained by mini-
mizing the following dual function:

. 127 (n + ©)F(xp)|
8, ®) = ne —wk + (N + W) Epy(xy) [log ——
27 Zg (xg)| 7+

1
3By [ L) RO L) — bty ki) 25 (0 g () |

2
te. (57)



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

This dual function is rewritten as

A 1

301 @) = ne — ok + By x| (14 @) log [27(n + 0)F (x|
— nlog |27 Zo (x)| + Lxer)" F(x4)L(xn1)
— g ) E7 g i) | + . (58)

We have

V,F(xp) = —Fxm) Z, ' (x)F(xpy)
VuL(x) = T (X g (xpp). (59)

Then there is

X 1
Vi = e+ EIE‘.,,V(XH)[log 127 (7 + w)F(xz)|

+ (N = -+ (27" (i) Fxan) ) ) — log 12 (x|
+ L) VyF ) L(xk) + 2Lxk) " F(x12) Vy LX)
— o ) 5 (xr)R O3 | (60)

Vo = — + %[1 +log 271 (7 + w)F(xp)] (61)

where N, represents the dimension of u.
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