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Summary

As robots become more common in our day to day lives it becomes increasingly significant to
design the software that controls them in ways that minimize the risk of human injury when
physical human-robot interaction (pHRI) occurs. At the same time care must be taken that a
safety centric software design does not hinder the robot’s autonomy as it is essential to perform
a task in an unstructured and dynamic environment.

Reinforcement learning (RL) is often used to achieve autonomy in robotics. One of the ways
to achieve safe pHRI is by limiting the amount of energy that flows from the robot to the en-
vironment. Such limits can be easily included in the objective function of an RL framework.
However, as RL uses black-box optimization algorithms to tune the robot’s controller, limiting
the energy used cannot be guaranteed. In order to limit the energy energy used in a determinis-
tic way, virtual energy tank architecture is often used. However, these tanks are initialized with
complete task energy which is often greater than the safety energy limit.

To this effect a new framework called the Neural Energy Budget (NEB) is proposed. NEB com-
bines the standard RL framework and the virtual energy tank architecture such that they cancel
out each other’s shortcoming. The virtual energy tank guarantees limited amount of energy
usage by the robot’s actuators and a potential-based reward function from the RL-framework
refills the energy in the tank if the robot performs well in the task. This dynamic refilling not
only enables maintaining the energy in the tank below the safety limit but also provides an
opportunity for the robot to escape the tank singularity condition by performing the task pro-
ficiently.

The proposed framework endows the robot’s actuators with a new property of Intelligent Selec-
tive Passivity (ISP). Under which robot’s actuators act passively with respect to the energy stored
in the virtual tank when the robot performs poorly in the task and they act non-passively oth-
erwise. Thus, this report also introduces and defines the concept of ISP. Further, application of
the NEB framework is highlighted using three experiments. First experiment provides a proof
of concept for the framework and introduces the ISP property. The second experiment shows
how inclusion of virtual energy tank approach in an RL loop makes the robot’s controller energy
aware. Final experiment shows how the NEB framework can lead to memory efficient learning
in an infinite horizon task.

Finally, the report shows how the proposed framework is a special case of the more general
framework of Homeostatic Reinforcement learning (HRL). Following that, the main limitations
of the framework are highlighted and an approach that can overcome the limitations in the
future is presented.
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1 Introduction

1.1 Context

In order to deliver the promise made by robotics regarding making every one’s life easier it
is essential for robots to leave the controlled environment of factories and slowly make their
way into our lives. While, this process has already begun the key consequence of the process
has been that physical human-robot interactions (pHRI) have increased a lot. Robots are also
expected to continuously keep adapting according to the ever changing and unstructured envi-
ronments in which they operate. These adaptations need to occur out of the simulations, in the
real world, where pHRI is present. Thus, it has become more important than ever to research
and come up with solutions which not only guarantee safety of humans in close proximity to
the robots in an inference mode i.e. when robot has learned to perform the task but also in a
learning mode i.e. when robot is still adapting its behaviour.

There exist multiple criteria that define safety in pHRI such as Head Injury Criterion (HIC),
Maximum Power Index (MPI) and Maximum Mean Strain Injury Criterion (MMSIC). These cri-
teria are achieved by limiting various physical quantities which govern the pHRI such as force,
compression, velocity, energy and energy density (Tadele et al., 2014). Some safety criteria such
as MPI directly depend on energy transfer while others can directly or indirectly be linked to a
limit on energy transfer because other physical quantities ultimately also depend on energy
transferred between the robot and its environment (Folkertsma et al., 2018). In terms of energy
transfer, a safety criteria may dictate a hard limit on the amount of mechanical energy that can
be transmitted by the robot to its environment per unit time. In this work it is considered that
a robot executing a complex task contains two levels of control; a higher level, which decides
what should the robot do next given the sensor readings; and a lower level, which maps the
commands issued by the higher level to actuators of robot. A safety procedure can be imple-
mented at both the levels.

At the higher level, the role of the controller is to make decisions about what action to take next
based on which action will maximise an objective function. The objective function numerically
defines which behaviours are desirable and how well the robot is performing in the task. Im-
plementing the safety metric then simply becomes, adding the safety objective to the objective
function, thus making it multi-objective. The higher level controller seeks the action that max-
imizes all the objectives of a multi objective function together. It is constructed by formulating
the optimization problem as a dynamic-programming problem and employing optimal control
(Lewis et al., 2012) techniques or reinforcement learning (RL) framework to solve it. Classical
optimal control solutions are offline and require complete knowledge of the system dynam-
ics. Therefore, they are not able to cope with uncertainties and changes in dynamics (Kiumarsi
et al., 2017). The advantage of RL framework lies in the fact that certain methodologies of the
framework allow a model free approach to formulate the controller and it is relatively easy to
construct an objective function in the RL paradigm.

One of the drawbacks of RL framework is the fact that usually a "black-box" optimization is
used in order to tune the higher level controller. Thus, safety metric may not be followed in a
deterministic fashion i.e. given a situation there may be a command output from the higher
level controller which violates the safety metric in the objective function. Another drawback
is that the success of RL framework relies on enough and random exploration of state-action
space, hence while learning the robot may explore and execute a state-action pair which is
unsafe. Hence, if this exploration is not occurring in a simulation but on an actual robot system
then the environment around it may become unsafe for pHRI. Unlimited discharge of energy
may also lead to destruction of expensive equipment including the robot itself.

Robotics and Mechatronics Siddharth Chaturvedi
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The virtual energy budgeting technique can provide a simple and elegant solution to the non-
deterministic energy consumption problem that may occur in RL framework. At the lower level
controller, this technique is frequently used to ensure the passivity with respect to energy sup-
plied by the actuators to the robotic system (Folkertsma et al., 2018). In this technique, a fixed
energy budget is assigned to a virtual energy tank in the beginning of a task and any energy
used by the actuators is borrowed from this tank. Once the tank is empty, no more energy is
allowed to be used by the actuators. This is done by decoupling the controller output from the
actuators i.e. assigning either the force component or the velocity component of the actuators
to 0. Hence, never more energy than what was present in the tank initially is used. This has
been used by (Schindlbeck and Haddadin, 2015; Folkertsma et al., 2018; Raiola et al., 2018) to
ensure passivity of robot’s actuators. It must be noted that a system which is passive with re-
spect to its total energy cannot produce energy by itself, its total energy is equal to the sum of
initially stored energy and energy acquired or lost in interaction with its environment.

The energy tank method guarantees limited energy consumption of the system. However, guar-
anteeing safety is still challenging because usually these tanks are initialized with the complete
task energy (Schindlbeck and Haddadin, 2015). Task energy is the total energy used by the robot
to complete the task which is often much more than a safe energy limit if the task is complex
and long. Thus, in such cases passivity with respect to energy in the tank may be achieved but
safety criteria is still violated because the robot is capable of emitting more mechanical energy.
Zult (2020) introduced an Energy Freezing technique to achieve safety with passivity by freez-
ing the energy in the tank if an unsafe amount of energy is released and then gradually melting
it i.e. making it available to be used again. However no distinction was made regarding the
application of the used energy.

Another drawback of using task energy for tank initialization is that, entire task needs to be sim-
ulated beforehand in a simulation environment in order to determine the task energy as done
in (Brodskiy, 2013). Such simulations need information about the robot’s environment includ-
ing quantities like friction coefficients, drag coefficients, wind speeds etc. Not only are these
simulations computationally expensive but are also susceptible to integration errors. Precise
estimation of task energy is needed because if the tank energy runs out before the completion
of the task, the controller output will be decoupled from the actuators leaving the task incom-
plete. Further, even after precise estimation of task energy the environment of the robot may
keep changing and so will the energy needed to do the task. It is to be noted that the decoupling
of controller from actuator when energy in the tank runs out is important to guarantee limited
energy consumption but this also limits the autonomy of the robot (Raiola et al., 2018)

1.2 Motivation

A clear methodology which limits the amount of energy in the tank below a defined safety met-
ric at the same time avoids premature energy tank depletion by dynamically refilling it when
needed, is missing. The methodology should also guarantee safety in inference and learning
mode. In order to remedy the premature energy depletion problem small energy packets can
be added to the system in controlled fashion by an external supervisor. This external supervi-
sor should know when and how much energy should be added in the tank as too much and too
frequent energy addition may lead to violation of safety criteria and too less energy will result
in premature decoupling. Further, the external supervisor should not rely on computationally
expensive task simulations.

In nature, in a very general sense we can observe that in order to safeguard the internal energy
homeostasis, animals need to acquire enough amount of energy from their environment. The
energy that they get is directly proportional to the food they consume. An animal can acquire
adequate amount of food when it performs actions which lead to the food. These actions along
with any other actions an animal may choose to perform in-turn utilize energy stored in the

Siddharth Chaturvedi University of Twente



CHAPTER 1. INTRODUCTION 13

animal’s body from previous meals. If the animal performs actions which lead to lesser than
required or no amount of food for a prolonged amount of time then it will loose all the stored
amount of energy and endanger its homeostasis which may ultimately lead to loss of life.

Thus, firstly the animal uses the stored internal energy to perform actions in its environment
and then the environment rewards these actions with food corresponding to how efficient and
good are the actions. This food is further converted to energy and added back to the internal
energy completing the food-energy cycle. This cycle can be formalized using the "Dynamic En-
ergy Budgeting" theory (Kooijman and Kooijman, 2010) and it provides a natural control system
which not only prevents the animal from releasing infinite energy in the environment but also
motivates the animals to take energy efficient actions which preserve its homeostasis. More
importantly this cycle replenishes the depleted internal energy of the animal in proportional to
how efficient the animal is in gaining food from the environment.

1.3 Research Statement

An animal striving to gain food in nature can be compared with a robot trying to excel at a
particular task in an RL framework. Thus, the information about how well and efficient the
animal is in collecting food corresponds to a possible reward function defining how well the
robot is performing at the task in the RL framework. The main aim of the report is to exploit this
correlation and propose a novel framework which can mimic the food-energy cycle observed
in nature and replenish the energy in the energy tank based on how well the robot performs
in the particular task while maintaining its level below a safety limit. The proposed framework
has been named as the Neural Energy Budgeting (NEB) framework.

1.3.1 Objective

The NEB framework accomplishes the following objectives when used with a robot learning a
complex task using reinforcement learning:

* Universal Safety : Throughout the task execution the energy in the tank is maintained
below a safety limit in a deterministic way. This is achieved not only in inference mode
but also in learning mode.

* Flexible Energy Update : In the proposed framework energy used to refill the tank is di-
rectly proportional to a possible reward function for the task. After certain assumptions
and design choices which will be detailed later, using the reward function to refill the
tank relieves us from estimating the task energy using simulations to initialize and refill
the energy tank.

* [Intelligent Selective Passivity (ISP): Refilling the tank using the reward function endows
the system with a novel property that we name as intelligent selective passivity. Under
this property the robot’s actuators act passively when the robot fails to perform well in the
task and act in a non-passive way when the robot performs the task well. This property
provides a way for the robot to avoid tank singularity by continuously performing well at
the task.

* Complete Energy Awareness: Embedding the energy tank approach within the reinforce-
ment learning loop provides the robot’s controller with additional internal states in the
form of energy stored in the energy tank, energy leaving the tank and energy entering the
tank. The robot’s controller can now base certain complex decisions on these new states
such as the question of affordability of an action.

* Memory Efficient Learning: In RL, in order to facilitate learning the trials in which robot
attempts to do the task must be stored in a memory buffer and replayed later. Decou-
pling the controller from the actuators when energy runs out during the learning phase
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provides a natural way to early-stop and restart the learning trial in an infinite horizon
problem. As the energy entering the tank is directly proportional to the reward received
by the robot the trials in which the robot fails to perform well end earlier than the trials
in which robot performs well. This leads to more efficient learning when the memory in
the buffer is limited.

1.4 Report Structure

The report ahead is structured as follows. Chapter 2 provides a background on reinforcement
learning, passivity, virtual energy tanks and safety criteria in robotics. In Chapter 3 the pro-
posed NEB framework is described and it is proved that the system features the novel property
of ISP, which is further defined and discussed. A proof of concept for the first three objectives
is provided in Chapter 4. Chapter 4 also comments about the relevance and meaning of hyper-
parameters that govern the framework. Chapter 5 and Chapter 6 describe experiments which
demonstrate, how the latter two objectives are accomplished by the framework. In Chapter 7
limitations and future work of the proposal are discussed. Finally the report is concluded in
chapter 8
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2 Background

2.1 Reinforcement Learning

In robotics, higher-level controller is a term often used to refer to the decision process respon-
sible to generate the robot’s next action based on the current state of the robot and its environ-
ment. Reinforcement Learning (RL) is a technique which can be used to tune the parameters of
the higher-level controller such that the performance of the robot in a given task is optimal. In
brief, the controller is tuned by trying out an initial set of controller parameters to do the task,
collecting feedback and experience while doing the task and using them to gradually improve
the parameter values over multiple trials.

The inspiration for this approach can be drawn from the fact that animals in nature tryout a
series of actions in a particular situation, observe the reward value (like food, water, sex etc)
they receive and if the reward value is satisfactory then the series of actions are repeated in
similar situations, else, the series of actions are tweaked such that more reward can be gained
in the future. This approach of learning resonates with the way in which cortico-basal gan-
glia system adapts behaviors according to the external environment by exploiting experienced
environmental states and history of rewards (Sutton and Barto, 2011; Rangel et al., 2008). In
this section, firstly the RL framework will be described in brief. Then an overview of the learn-
ing process used in the framework will be discussed. For a more detailed description refer to
Bertsekas et al. (2000); Sutton et al. (1999).

2.1.1 The RL framework

An RL framework consists of an agent and its environment. The agent represents the higher
level controller and maps a state vector S; € R" to action vector A; € R™ at time ¢ such that
task performance of the agent is optimal for all S; it visits. S; is a vector of n scalar variables
representing the information which is necessary and available to the agent at all ¢ to decide
the next action. For instance in robotics S; can be a vector containing readings from all the
sensors, distance from target, speed of actuators etc. A; is the action vector representing all the
m independent actions that the agent can take in the environment at ¢. In a torque controlled
robot, A; can be a vector of all torque commands issued by the controller to the m actuators.

A reward or score function can numerically define how good is it for an agent to be in S; or to
transition from S; to S;4;. Reward function R is constructed empirically and depending on its
construction it can either map a subset of S; or a subset of S; and Sy to a scalar called reward
value R;. Conventionally, higher value of R; corresponds to better task performance.

R(S¢) = Ry or R(S¢, S¢v1) = Ry (2.1)

The aim of RL framework is to optimize the agent by tuning its parameters such that the sum
of R; received by the agent in a trial is maximized.

During the learning mode, the environment provides the agent with R; and S; and in exchange
it collects A; from the agent. The agent uses R; to optimize itself over multiple trials. Once the
agent has been optimized then it behaves like a state-feedback controller in an inference mode
wherein it simply maps S; to A; using the learned function mapping. The environment in RL
framework uses A; and other external factors to update S; to S;+1. A major assumption in RL
framework is that the environment updates S; according to a Markov Decision Process (MDP).
An MDP is a discrete time process in which the next state of the system depends only on the
current state and subsequent actions taken by the agents in the system (Puterman, 1990). In a
simulation, it may be computationally expensive and infeasible to model an unstructured and
dynamic environment hence in such cases the state updates may be stochastic. Mathemati-
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cally in an MDB, the probability of state S;;; at time ¢ + 1 can be stated as:
P[St+1|st!At] :P[S[+]|S],..,,S[,A],...,A[] (22)

Where P[S;+1|S¢, A;] is the probability of agent being in state S;;; after taking action A; when
in S;. The causality of the framework is highlighted in Figure 2.1

':| Agent
Nt
state reward action
S, R, A
RHI (
== | .
Se | Environment

A

Figure 2.1: RL framework causality

2.1.2 The Learning process

At its core the agent comprises of 2 functions; the policy and the state-value function or the
action-value function. Policy r is the function responsible for mapping S; to A;. It can either be
modelled as a deterministic function (A; = w(S;)) or a probability distribution (A; ~ 7w(A|S:))
depending on the task. A deterministic policy directly maps S; to A; and a stochastic or prob-
abilistic policy outputs a probability distribution over the action-space from which A; is sam-
pled. The aim of the learning process is to find the policy for which total reward received by the
agent for a trial is maximum

When an agent is in a particular state S; at ¢ the return-value (G; € R) of the state refers to the
total discounted reward the agent will receive at the end of the trial (£ = T) starting from S;. In
the optimal control paradigm, this is sometimes called the cost-to-go (Lygeros, 2004).

G;=R;+YRis1 +Y*Riso .. +Y" 'Ry (2.3)

Where 7y is a positive constant less than one representing the discounting factor. The signifi-
cance of y is to represent the uncertainty of reward values in the future and the fact that reward
at present is more important than reward in the future. Higher value of y represents less uncer-
tainty of the future.

The agent uses either a state-value function or an action-value function to estimate the return
value. The state-value function v, (S;) maps S; to an expectation of the return value (E;[G¢|S¢])
if the agent is in a state S; and is following a policy 7, v, (S;) is expressed as:

Ur(S¢) = Ex[GylSy] (2.4)

Using Equation 2.3 the state-value function can be decomposed into immediate reward value
R; plus discounted state-value function of the next state as.

Un(Se) = Ex[Ry + Y Vr(Se41)1S:] (2.5)

On the other hand an action-value function ¢, (S;, A;) maps a state-action pair to an expec-
tation of return value (E;[G¢|S;, A;]) if the agent chooses action A; at state S; while following
policy 7.

qn(St, Ar) = Ex[Gel|Sy, Ay (2.6)
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Similar to value-state function, the action-value can also be decomposed into the immediate
reward value and discounted action-value function of the next state and action pair.

Gn(St, Ar) = Ex[Ry +Yqn(Ses1, Ar+1) 1S, As] 2.7)

Where A4 is the action taken in the next state according to i as well. It is to be noted that both
vy and g5 depend on 7 as the next state and reward value received by the agent also depend on
7. The optimal value function v, (S;) or q.(S¢, A;) represent the maximum value function over
all policies.

Vi (Sy) = m;lX(Vn(St))

q+(S, Ap) = mnaX(qﬂ(St, Ap))

(2.8)

The structure of value functions in Equation 2.5 and Equation 2.7 allow to solve the problem
of finding the optimal value function by formulating it as Bellman optimality equation (Barron
and Ishii, 1989). The optimal policy 7* refers to the policy corresponding to the optimal value
functions.
" = argmax(v(Sy)) (2.9)
T

n* = argmax(q(Sy, Ar)) (2.10)

Note the solution to Equation 2.9 can be found using dynamic programming solutions but it
requires knowledge of the environment thus it is not a model free approach. On the other hand
once g« (Sy, A;) has been estimated then the optimal policy can be obtained simply by choos-
ing the action which maximises ¢.(S;, A;) for each state. This does not require the knowledge
of the environment dynamics. Thus using q(S;, A;) provides an opportunity for a model-free
approach.

Actor-Critic methodology

The aim of the learning process is to obtain an optimal policy which in turn requires estima-
tion of the optimal value function. If an optimal action-value function is known then one can
simply choose the action which maximizes the value function at each step. However, a ma-
jor assumption in this approach is that the actions from which one can choose are finite and
known. Often in robotics the action space is continuous i.e. there are unlimited actions to
choose from at each step so it becomes infeasible to simply select one action

Thus, often the learning process requires the learning of two function approximators: the Actor
and the Critic. Actor is a function approximator used to approximate the policy, and is param-
eterized by 6. Critic is a function approximator with parameters ¢, and it approximates the
value function. The RL framework is termed Deep-RL framework when the Actor and Critic are
represented using deep neural networks. A deep neural network is an artificial neural network
with multiple hidden layer (Hopfield, 1988)

The learning algorithm tries to find the value of ¢ and 8 for which firstly the value function
is optimal and secondly the policy maximizes the optimal value function for all states. In a
Deep-RL framework the two neural networks are tuned by determining their respective error
functions and employing a gradient descent algorithm on their parameters to converge to val-
ues for which the errors are minimized. For Critic the error function L, used in the report is
termed as the "TD-error" (Sutton, 1988; Mnih et al., 2015), and is given by:

Le = [Re+yYmaxqu(Ses1, Ars1) = Gn(Ss, ADI? (2.11)
+1

Once an optimal value function is known the error function for the Actor L 4 can simply become

La=-q.(S:Ap) (2.12)
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It is important to note that reducing L. in Equation 2.11 requires the selection of the next ac-
tion A4 such that the corresponding action-value function is maximum. In other words the
optimal policy is needed to reduce L.. On the other hand from Equation 2.12 it is clear that
an optimal action-value function is needed to converge to the optimal policy. Hence, an op-
timal policy is needed to determine the optimal value function and vice-versa. Most learning
algorithms try to tune the parameters of Actor and Critic simultaneously.

2.1.3 Learning algorithm

The learning algorithms in which the parameters of the policy are adapted to achieve opti-
mality are termed as Policy Gradient Algorithms (Sutton et al., 1999). There are numerous
policy-gradient learning algorithms which exist to learn the Actor and the Critic (Weng, 2018).
These algorithms can be divided into off-policy and on-policy algorithms. In the off-policy
approach, the agent employs an exploratory policy, different from the target policy, to explore
the environment and collect relevant data. This data is then used to optimize the target policy.
While, in on-policy approach the agent uses the target policy, itself to explore the environment
and collect data, which is used to optimize the same target policy. In the context of this re-
port the Deep Deterministic Policy Gradient (DDPG) (Lillicrap et al., 2015) algorithm is used
because of its ease of implementation.

DDPG is a model-free, off-policy algorithm. It borrows the idea of a deterministic policy formu-
lation (mg(S;) = A;) from the Deterministic policy Gradient (DPG) (Silver et al., 2014) algorithm.
It also borrows the ideas of representing the Critic as a deep neural network and stabilizing
its learning using experience replay and the frozen target network from the Deep Q-Network
(DQN) (Mnih et al., 2013) algorithm. In experienced replay, data gathered during exploration is
stored in a buffer and sampled randomly in order to be used for the tuning of the Actor and the
Critic. In order to facilitate appropriate amount of exploration, the exploratory policy 7°(S;) is
constructed by adding noise A" to the current policy 7 (S;).

(S =n(Sp) + N (2.13)
Additionally, DDPG uses soft updates on the Actor parameters and Critic parameters:

0 —10+1-1)6

2.14
¢ —Tp+1-1)¢' (14

Where 7 << 1. 6" and 6 are the parameters of the current Actor and the target Actor respectively.
¢’ and ¢ are the parameters of the current Critic and the target Critic respectively. The cur-
rent networks are updated at each step of learning by step size determined by gradient descent
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but the target networks are updated using Equation 2.14 so that the values are constrained to
change slowly. The complete DDPG algorithm is depicted in algorithm 1.

Algorithm 1: DDPG
Randomly initialize critic network q(Sy, A;) and actor 7n(S;) with weights ¢ and 0
Initialize target actor 7' (S;) and target critic ¢’ (S;, A;) with weights ¢’ = ¢ and 6’ =6
Initialize replay buffer R
for episode=1,M do

Initialize a random process A for action exploration

Receive initial observation state S;

for t=1,Tdo

Select action A; = mg(S;) + ./ according to current policy and exploration noise

Execute action A; and observe: reward R; and state Sy,

Store transition (S;, A¢, R, S¢+1) in R

Sample a random minibatch of N transitions (S;, A;, R;, Si+1) from R

Sety; =Ri+vq'(Si+1,7'(Si+1))

Update critic by minimizing the loss: L = Ai, Y (yvi—q(S;, A))?

Update actor policy using sampled policy gradient:

Vol = % X:Vaq(S, Als=s; a=r(s) Vo (S)lsi

Update the target networks:

0 —10+(1-1)6'

¢ —tp+A-1)¢

end

end

2.2 Passivity

Dissipativity is a property that arises naturally in physical dynamic systems. Passivity forms a
special case of dissipativity as introduced in Willems (1972). According to van der Schaft (2016)
let a state space system }_ exist with state S;, input u; and output y;. Let, there also exist a
real valued function w(uy, y;) called the supply rate. This system is dissipative with respect to
supply rate w if there exists a non negative storage function E(S;) such that:

151
E(Sy,) +[ w(ug, y)dt =2 E(Sy,) ,for t; = f (2.15)
4

This inequality is called the dissipation inequality. It states that the storage function E(S;,) of
Y at any future time #; is at most equal to the storage function E(S;,) at present time fy, plus
total external supply rate |, t? w(u;, y,)dt during the time interval [, f;]. Hence there can be no
increment in storage function due to "internal" dynamics.

Systems which are dissipative with respect to the supply rate w(u;, y;) = y'u, are called passive
systems. The supply rate and the storage function in Equation 2.15 can be arbitrarily selected
in principle. However, when dealing with physical systems, the natural choice is to select the
storage function as the total energy of the system and the supply rate as the power exchanged
between the system and its environment (Folkertsma et al., 2018). Thus, if such a choice is
made then passivity refers to the property due to which a system is incapable of actively pro-
ducing energy by itself. A system which is passive with respect to it's power exchange with the
environment is incapable of releasing more energy in the environment than what was already
stored in it.

Systems comprising of only passive physical components like springs, dampers and masses can
never contain more energy than the initial energy present and the energy transferred to them
from thier environemt (Ortega et al., 2008; van der Schaft, 2016). Thus, a system comprising of
only passive elements is also passive. Passivity is a desirable property while designing control
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systems because passive systems display the property of stability when input to the system is
set to 0, since under mild conditions the storage function acts as Lyapunov function. Detailed
discussion on passivity and L2-gain theory, dissipative systems, non-linear systems, stability
can be found in van der Schaft (2016).

In many applications, robots are controlled in a non-passive way for instance using PID state
controller or non-passive state feedback. This results in good performance in structured and
known conditions. But, as soon as the system interacts with unstructured environment it can
become unstable (Folkertsma and Stramigioli, 2017). Camlibel et al. (2015) showed that for any
non-passive system, a passive system can be formulated such that interconnection between
the two can give rise to unbounded behaviour. If the environment resembles such a passive
system then that particular non-passive realization of robot controller can give rise to energet-
ically unbounded system. This also results in the corollary that if a control system is passive
then it is guaranteed to result in a stable system if it interacts with a passive environment (Folk-
ertsma and Stramigioli, 2017).

2.3 Virtual Energy Tanks

In order to ensure passivity of a robot’s actuators with respect to the energy they supply to the
robot, the Virtual Energy Tank approach is often utilized. This approach directly limits the total
amount of energy the robot actuators can pump into the system in a model free way. Assuming
that the energy transferred by the actuators is coming from a virtual energy source, called the
virtual energy tank, and by limiting the initial energy stored in this source, a hard limit on the
energy used by the actuators can be enforced. Amount of energy used by the actuators at every
instance can be estimated and depleted from the energy tank. This concept was first intro-
duced by Duindam and Stramigioli (2004). Thus, first an energy budget is defined by initializ-
ing the energy tank with an initial amount of energy before the task execution begins, then the
amount of energy used by the actuators is subtracted from this budget as the task progresses.

Ey = C initial energy budget 2.16)
E;+1 = Ef— AE; energy update '

Where E; is the amount of energy in the tank at time t and AE; is the energy used by the ac-
tuators between time ¢ and ¢+ 1. On comparing Equation 2.16 with Equation 2.15, E; can be
considered as the storage function for the actuator and AE; as the time integral of the supply
rate. Passivity with respect to E; is then achieved by setting the power output of the actuator
to 0 when E; falls bellow 0. For an actuator in a robotic system, this can in principle be done
by setting either the force component or the velocity component to 0. Thus never more energy
than initially present in the tank is used (Folkertsma et al., 2018).

As highlighted in Figure 2.2 an additional passivity layer can be inserted between the controller
and the actuator in order to passivise any controller using the virtual energy tank approach.
When E; > 0, the passivity layer allows the velocity or force commands of the controller to be
carried out by the actuator in the environment, but when E; < 0 the passivity layer sets either
the force command or the velocity command to 0. This process refers to the decoupling of the
controller from the actuator. This decision process is shown in Figure 2.3

2.4 Energy Sampling

Digital control systems are discrete time systems. In a discrete time system, in order to imple-
ment the virtual energy tank approach described in Section 2.3, energy used by the actuators
at every instance must be estimated. This can be done by measuring the electrical power sup-
plied to the actuator. However, a considerable proportion of this energy is converted to heat,
rather than the mechanical energy used by the actuator. In Stramigioli et al. (2005) it is shown
that it is possible to accurately estimate the mechanical energy supplied by the actuator if fol-
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Figure 2.2: Adopted from Folkertsma and Stramigioli (2017), Actuators can inject unlimited amounts of
energy into the system if no special care is taken. For passivity and stability, the robot system can be
equipped with a virtual energy tank from which all energy that goes into the system must come. Any
controller can be augmented with this passivity layer. The “X” block modulates the actuator signal as
described in Figure 2.3

Y

lowing assumptions are true: 1) The actuator force or torque remains constant over a sampling
period. 2) A position sensor is collocated with the actuator. The second condition is a design
choice. The first condition is true if the actuator is current-controlled and the sampling time of
the sensor is fast enough compared to the controller’s command update time.

Most digital control systems utilize a Zero-Order-Hold (ZOH) to convert the discrete output
into a continuous signal. ZOH implies that the output from the controller will remain con-
stant until the next command is issued from the controller. Thus, between subsequent time
instances fp and f; the energy AE;, supplied by the actuator becomes:

AE=T4-1qn — q1) 2.17)

where 7, is the value of force or torque output of the controller at fy which is held constant till
t; due to ZOH, ¢; is the position measurement (linear or angular displacement) of the motor
at t obtained from the position sensor. The complete derivation and discussion about Equa-
tion 2.17 can be found in Folkertsma and Stramigioli (2017); Folkertsma et al. (2018). Further,
T, can be substituted using 7; = K;;, - iy, where i, is the current in the motor windings at time
instance . From Equation 2.17 and Equation 2.16 we get :

Eii1=Ei—7¢[qee1— g4l (2.18)

One important point to note when using energy sampling approach in Equation 2.18 is that
at any given time ¢, 7, should be executed by the controller in it’s environment in order for the
position sensor to sense ¢g+1. Thus, 7; needs to be executed before A E; can be estimated using
the energy sampling approach and following that the passivity layer of the virtual energy tank
architecture can ensure passivity. This is a drawback of using a model free approach to estimate
the energy used by the actuator. The consequence of this on the passivity layer is that if E; >0
for any t, a command issued by the controller is executed in the environment irrespective of
how much energy is demanded by the actuator for the command and it’s effect on the energy
tank can be estimated only after it has been executed in the environment. Thus, if the energy
sampling approach is used in the framework then passivity can be guaranteed only across two
time steps.

A solution to this drawback requires us to give up the model-free approach to estimate energy
flowing out. A forward model can be used to map torque commands directly to the maximum
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Figure 2.3: Adopted from Folkertsma and Stramigioli (2017), A Finite State Machine implementation
that, given the current energy tank level E, prevents further energy injection if the tank is empty

kinetic energy that they will generate, given a robot’s construction. However in the context
of this report it is assumed that the sampling time and the maximum torque allowed by the
actuators are small enough to not lead to an infinite energy release in one time step.

2.5 Safetyin pHRI

Defining a safety criterion in physical human robot interaction (pHRI) system is a non-trivial
task because a human body is capable of experiencing a variety of injuries including bone frac-
ture, internal injuries, abrasions and lacerations as a result of being cut, stabbed, gashed or
crushed (Bustraan, 2021). The conditions under which each of these forms of injury can occur
have been studied by Haddadin and Croft (2016) and Tadele et al. (2014) presented a thorough
account of literature review about safety metrics in PHRI systems. Tadele et al. (2014) also
showed that safety criterion can be based on different physical quantities like force, compres-
sion, energy, energy-density and stress. In the context of this report the criterion which limit
the rate of energy flow from actuators are relevant.

When considering a limit on energy flow in order to ensure safety it is important to consider
which parts of human body are likely to collide with the robots. It is also important to consider
the conditions under which such collisions may take place for instance the body part may be
constrained or un-constrained when the collision occurs (Laffranchi et al., 2009). Different
body parts need different safety requirements but the head, the neck and the chest region are
the most important parts for which safety requirements should be strict as serious injury to
these parts can be fatal. For instance according to Tadele et al. (2014) the energy that causes a
human skull fracture per volume of skull was given as 290 kJ/m? and 160 kJ/ m? for an adult and
an infant respectively. Laffranchi et al. (2009) estimated that about 517 J of energy is needed to
break a typical human skull. The amount of energy that can result in damage to spinal chord in
neck region is estimated to be 35] by Yoganandan et al. (1996). Tadele et al. (2014) suggested a
limit on rate of kinetic energy transfer when the area of impact is abdomen and chest.
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3 Methodology

3.1 Introduction

This section will introduce and describe the proposed framework in detail. As discussed in
Section 2.2 a passive control architecture leads to stable interactions which can be guaranteed
only in a passive environment. However, for most complex tasks a robot needs to perform, the
environment by definition is unknown hence passivity cannot guarantee stable interaction in
every case. Further, a completely passive controller may need not necessarily lead to safe inter-
actions. Also, when dealing with a complex task in an unstructured and dynamic environment
a completely passive controller can negatively effect task efficiency since, in these situations
active release of energy to complete the task becomes fundamental. Thus, in the proposed
framework the idea of universal passivity of the controller is abandoned and the goal of imple-
menting a definite safety criterion and controlled non-passivity when needed is adapted.

Chapter 1 discussed some shortcomings of the RL framework regarding the effect of black-box
optimization on safety in pHRI and the effect of sudden decoupling of controller from the actu-
ator on robot’s autonomy when using a virtual energy tank scheme. The proposed framework
combines the RL framework and the virtual energy tank method such that they cancel out each
other’s shortcomings when dealing with safety and energy awareness. The energy tank archi-
tecture guarantees safety in pHRI by limiting the energy released by the robot’s actuators below
a safe amount. On the other hand, a possible reward function designed using RL methodology,
dynamically refills the energy tank such that robot’s actuators keep receiving adequate amount
of energy as long as the robot keeps performing well in the task. This action also helps main-
tain the energy in the energy tank below a safety limit throughout the task. Inclusion of virtual
energy tank architecture in an RL loop provides a set of new internal states and internal moti-
vation to the robot’s controller which it can now use to attain desired energy aware behaviours.
The robot’s controller is represented using an RL agent in the proposed framework. Since, this
framework uses robot’s current task performance measure, borrowed from the RL paradigm, to
augment the energy budget for robot’s actions in the next timr step, it has been named as the
Neural Energy Budgeting (NEB) framework

3.2 Energy tank update

In the beginning of each trial the tank is initialized by a positive constant ¢ ] amount of energy
which is less than the safety energy limit of E;;, ;5. Emax can be decided empirically for a setup
depending on the conditions in which pHRI occurs as discussed in Section 2.5. For instance as
mentioned in Yoganandan et al. (1996) it can be 35 J which is the minimum energy needed to
break the spinal chord in certain situations. If E; denotes the energy in the tank at time ¢, then
it can be initialized at ¢ = 0 as:

Ey=c,c<Enax 3.1

The energy tank is updated at each time step with the total energy going out of the tank E?**
and energy coming in to the tank E;" at . These updates occur in discrete time steps with
sampling time of the update being equal to the robot controller’s sampling time.

E;y = E;— EOU' 4 EIn 3.2)

3.2.1 Energyout

The total energy going out of the tank E?* is equal to the sum of energy used by each actuator
of the robot at time ¢. In the context of this report it is assumed that robot’s actuators can
operate in the moforing mode and in the braking mode. An actuator is said to be in motoring
mode when the force or torque produced by the actuator and the velocity of the corresponding
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degree of freedom (DOF) are in the same direction i.e the dual product of force or torque and
velocity is greater than 0. The actuator is in braking mode when the force or torque and velocity
are in opposite directions i.e their product is negative. This can be seen in Figure 3.1.

The energy depleted from the tank E?’”’i corresponding to each actuator i, when it operates

in the motoring mode is equal to the mechanical energy transferred by it to the robot and is
calculated using the energy sampling method described in Section 2.4:

EP =1y (qr = 4p) (3.3)
where Tl; is the force commanded by the robot’s controller to the actuator and qi is the position
of the corresponding DOE, as sensed by a collocated displacement sensor. 7} can be the linear
force or torque generated by the actuator depending on if the actuator is linear or rotational.
Similarly, g} can be the linear displacement or angular displacement depending on the type of
actuator.

According to the conventional virtual energy tank approach, when actuator i operates in the
braking mode the mechanical energy estimated using Equation 3.3 is negative and gets added
back to the tank (Folkertsma et al., 2018). However, in the NEB framework it is assumed that
E ?”t’i = 0 for all actuators i. The reason for this assumption will become clear in Section 3.3.2
when the augmented reward function for the RL agent used in the proposed framework will be
described. Thus in the braking mode, the mechanical energy generated due to actuation is as-
sumed to be 0, instead a different positive energy which is analogically similar to the metabolic
cost paid by animals to activate their muscles is depleted from the tank. This metabolic energy
is given by:

EO" = m . (1)? (3.4)

Where m is a positive constant which can be designed empirically and Ti is the force command
similar to Equation 3.3. Thus for each actuator i the energy going out of the tank is given by:

E?ut’i _ {Tlt . (q;’+1 -q}), ifioperatesin motoring mode 3.5)

m- (Ti)z, if i operates in braking mode

Finally the total energy flowing out at ¢ can be calculated by summing the energy used by all
the actuators at ¢: .
Ep“t =%y EM (3.6)
i

3.2.2 Energyin

This is the novel feature and the non-passive step in the NEB framework. At the end of each
time step, the energy supplied to the tank is directly proportional to how well the robot per-
forms in the the task in that time step. This is inspired by the fact that in nature animals receive
energy in proportion to the food they acquire. The robot’s task performance in RL framework
is numerically gauged by a reward function hence a possible reward function is used to refill
the tank. There are multiple ways in which a reward function can be designed for a given task
but in the proposed framework it is assumed that the reward function used to refill the energy
tank is a potential-based reward function as introduced in Ng et al. (1999). If a robot visits a
state S;4 right after a state S; then a potential-based reward function P(S;, S¢+1) outputs the
difference in a potential function V(S) at points S; and S;+.

P(St,St+1) = V(S1) = V(Sr+1) 3.7

where V(S) is a continuous potential function defined over the space spanned by S; with the
global minima located at the desired target state of the robot. For instance V(S) can be the
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Figure 3.1: The four quadrants of operation of an electric drive.

euclidean distance between robot’s current position and the target location hence V(S) will be
0 at the target and keep increasing if the robot keeps moving away from the target. Now, the
energy supplied to the energy tank is proposed to be directly proportional to P(S;, S¢+1):

El"  P(St,St+1)

in (3.8)
Ei" = K-P(S;,S1+1)

Hence, in a simple scenario, energy entering the tank can be K times P(S;, S;+1) where K is a
positive constant called the energy coefficient. It should be added that the linear mapping used
in Equation 3.8 can be replaced with any monotonic function F(P(S;, S¢+1)) that increases and
decreases with P (S, S¢+1). Here F can be referred to as a feeding function. In order to limit the
energy inside the energy tank within the safety limit E,,,, we limit the value of E ;" to Epax— E¢

E" < Eppax—Ey (3.9

In order to estimate the maximum value of E;;; we can simply substitute the lower limit of
E9Ut (E?"" = 0 from Equation 3.5) and upper limit of E}" (from Equation 3.9) in Equation 3.2.
On doing so, it can be observed that E¢y < Ep 4y for all £.

Lastly, an additional condition which states E;" = 0 can be included so that the system does
not become too conservative.

3.2.3 Passivity Layer

In the proposed framework, limited energy consumption by actuators is guaranteed by borrow-
ing the energy check procedure implemented in the passivity layer from conventional virtual
energy tank architecture as described in Section 2.3. In the passivity layer actuator is decou-
pled from the controller commands as soon as E; < 0. This is done in principle by assigning
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a zero value to either the force component or the velocity component of the actuator. If this
condition is satisfied in the learning mode of the NEB framework, then the trial is terminated
and the robot’s controller receives a huge negative reward for reaching this condition so that it
can learn to avoid it. In the context of this report we have:

. (3.10)
0 le[SO

A if E;>0
Al = {
where A; is the torque command issued by the robot’s controller and Aj is the output of the
passivity layer.

3.3 RL augmentation

In Section 3.2 it was described how the energy tank approach can be augmented to include
dynamic energy tank update. In this section, changes in the RL framework that lead to energy
awareness of the robot’s controller are discussed. It is desirable for the controller to be aware
about the current energy level in the tank so that it can base certain decisions on energy used
by the actuators such as learn to avoid situations which lead to tank singularity.

As highlighted in Section 2.1, in an RL framework, policy is a function that maps the state vector
S; of the robot to an action vector A;. The policy can be represented by any function approxi-
mator from a simple look up table to a deep neural network (Arulkumaran et al., 2017). The RL
framework provides a way to tune the policy parameters such that an objective function which
mathematically defines the proficiency of the robot at the given task, is maximized for all S;.

3.3.1 State Augmentation

The state vector S; represents all the information about the environment that the robot needs
to make a decision. In a conventional robotic task it may include information such as distances
from obstacles, distance from the target position, speed of actuators etc. Using energy tank
approach in the loop with RL framework enables us to extend S; by including states based on
energy tank such as E;, EI" and E?*! . Including E!" and E?“! can help the RL agent answer
the question of affordability (Beeler and Mourra, 2018) i.e. how affordable is a particular action
in-terms of energy spent and gained in doing it.

3.3.2 Reward Augmentation

In the NEB framework the reward function R; used for training the policy can be different from
the one (P) used in Equation 3.8 to refill the tank. In general, a reward function maps a subset
of S; or a subset of 2 consecutive states S; and S;+; to a scalar quantity that determines how
good is it to be in S; or how good is to move to S;4+; from S;. A reward function which rewards
progress towards multiple independent objectives is a multi-objective reward function. It is
constructed by adding reward functions designed for individual objectives in proportion to
their importance.

R;=)Y a;-R! (3.11)

]

where R! is the reward function for i’ objective and a; is a coefficient which determines it’s
importance compared to other reward functions. With the inclusion of energy states is S; the
policy can now be tuned to demonstrate certain desired behaviour based on internal energy.
For instance supplying a negative reward in proportion to the difference between E; and E,;; 4«
can motivate the RL agent to become energy efficient and avoid energy tank singularity while
doing the task. A reward function R, can be designed such that:

R;‘zmk =E;— Emax (3.12)
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Note that E; is a subset of S;. It is important to understand here that when such a reward func-
tion is designed based on energy in the virtual tank then the energy tank no longer just serves
the purpose of an energy limiting system but also becomes the storage for internal energy of the
RL-agent which the agent seeks to increase. Special attention needs to be paid on how energy
enters the tank in order to obtain a predictable behaviour. For instance if energy was allowed
to be added to the tank when the actuators operate in braking mode then the RL agent would
seek to gain reward by operating predominantly in braking mode.

R,f‘"’k can now be added in proportion to it’s importance @4, to the reward function Rf‘”k
which provides feedback about the main task itself. Thus the multi-objective reward function
becomes:

R; = R 4 o, i - RTOE (3.13)

In Equation 3.12 Ri“”k provides an internal motivation to the robot corresponding to "hunger
or thirst" in animals. Such reward functions based on internal states fall under the category
of intrinsic reward function and are task independent. Other types of intrinsic motivations
include exploration and entropy minimization (Singh et al., 2009; Kulkarni et al., 2016).

3.4 Summary

The NEB framework is depicted in Figure 3.2 and Figure 3.3. It operates in a learning mode and
in an inference mode. The sequence of operation flow in learning mode can be understood
using the pseudo-code shown in algorithm 2. The RL agent uses both external task based re-
ward and internal energy based reward function to optimize it’s policy. A similar pseudo code
showing the operation flow and causality in inference mode is shown in algorithm 3. It can be
seen that the outer loop which feeds energy back in the tank using P(Sy, S¢+1) is active in both
the modes thus the energy tank approach is able to maintain energy level below the safety limit
and provide energy awareness in both the modes.

AN
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. Prm——
By S By
[
\\___’/
&
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RL A passivity A
K Inference —— »
agent layer »

L

P(Si)SH-l)

Figure 3.2: NEB framework in Inference mode

3.5 Intelligent Selective Passivity

This section will introduce and prove the property of Intelligent Selective Passivity (ISP) which
the framework provides to the robot’s actuators. For the NEB framework, if energy in the virtual
tank E; is selected as the storage function and the time integral of the supply rate is estimated
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Algorithm 2: Learning Mode

for trials=1,2,....,M do

end

Initialize energy tank with c (Ey = ¢)

Sample initial state Sy from the environment

Initialize a Boolean variable "flag" to "false": flag = false
for t=0,1,2,......N do

Obtain A; from the RL agent using S;
Execute A; in the environment (A} = A;) then obtain Ri‘”k and S;41
Calculate E?*" as described in Section 3.2.1
Update E; as: E; = E; — E?"!
if E; > 0 then
Calculate E;” as E;" =K-P(S;S:+1)
Clip E;” between 0 and Ej;,4x — E¢
Update E; to E;4y as: Eqy1 = E; +E;'"
Obtain R!*** based on E; and E;+1
Obtain final reward using weighted sum: R, = R¥“ + ;1. - R14"K
if task is completed successfully then
Change "flag" to "true": flag = true
Obtain a large positive reward "P": R; = R; + P
end
else
Change "flag" to "true": flag = true
Obtain a large negative reward "N": R, = RI**f — N
end
Append external state S;;; with internal energy states such as: E;, E¢11, E fﬁl,
B0
Improve the RL agent using an RL algorithm like DDPG
Update state with the new state: S; = S+
if flag is true then
Restore "flag" to "false": flag = false
Break the inner loop
end

end
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Figure 3.3: NEB framework in Learning mode.

using Equation 3.5, then the passivity condition according to Equation 2.15 becomes:
Ei1 <E - EM (3.14)
here it should be noted that E?*! > 0. Upon substitution of E;; from Equation 3.2 we get:

E,— B +E"<E,— E?"

3 (3.15)

E{"<0.
Thusif E ;” < 0 the actuators become passive with respect to E; and E°“!. On further substitu-
tion of E}" from Equation 3.8 we arrive at:

K-P(S4S¢41) =0. (3.16)

In the above equation P(S, S¢+1) is a potential based reward function defined on a potential
function V'(S) with it's minima located at the target state S} as described in Equation 3.7.

K-(V(S)=V(S§1+1)) =0

(3.17)
V(Sy) = V(St+1)

This implies that if V(S;) < V(Ss+1) then the robot’s actuators behave passively with respect to
E; else they behave in a non-passive way as shown in Figure 3.4. Thus, if the robot tries to move
away from the global minima of V(S;), then the behaviour of it’s actuators is completely passive
with respect to E;. On the other hand, if the robot moves towards the target in the potential field
then the energy tank receives energy in direct proportion to the decrease in the potential V(S;)
and the passivity is lost. This selective nature of passivity displayed by the robot’s actuator is
called as Intelligent Selective Passivity (ISP).

ISP provides a solution to the problem of loss of autonomy due to sudden decoupling of con-
troller from the actuators when virtual energy tank approach is use, as posed by Raiola et al.
(2018). Under the effect of ISP property the robot’s controller gets an opportunity to avoid
the decoupling by performing well in the task and moving towards the target state. The NEB
framework motivates the robot to do so by providing positive rewards when the actuators act
non-passively i.e. when E; increases (Equation 3.12).
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Algorithm 3: Inference Mode

Randomly initialize a trial
Initialize energy tank with ¢ (Ey = ¢)
Sample initial state Sy from the environment

for 1=0,1,2,......N do
Obtain A; from the optimized RL agent using S;

Execute A; in the environment (A} = A;) then obtain S;1;
Calculate E?*" as described in Section 3.2.1
Update E; as: E; = E;— E?*!
if E; > 0 then
Calculate E;” as E;” =K-P(S;S:+1)
Clip E;" between 0 and E,;, 4 — E;
Update E; to E;4 as: Egy1 = E¢ + E;”
if task is completed successfully then
| break the loop
end
else
Decouple the controller: A7 =0
break the loop
end
Append external state S;.; with internal energy states such as: E;, E¢41, E ;'ZI, E fff
Update state with the new state: S; = S;+1
end

It should be noted that even though energy is provided to the robot if it moves towards the
target, E; can increase only if the energy used by the robot during the movement is less than
the energy it gains. In other words, the robot should progress with a certain minimum energy
efficiency towards the target state in order for E; to increase. Thus Equation 3.12 not only en-
courages robot to avoid decoupling by the passivity layer but also encourages energy efficiency.
The energy coefficient K in Equation 3.8 plays a centric role in determining this minimum en-
ergy efficiency value. The importance of K and other hyper-parameters of the NEB framework
will be discussed at length in the following chapters.
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Figure 3.4: The robot’s actuator are non-passive when the robot moves towards the global minima of
V(S;) and passive otherwise. The global minima is located at the target state S}
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4 Experiment 1 : Proof of Concept

4.1 Introduction

The aim of this experiment is to provide a proof of concept for the Neural Energy Budgeting
framework. It will be shown that under this framework, the robotic system obeys the safety
metric defined not only during the inference mode but also in the learning mode, even when
the task energy remains unknown. In the experiment, the objective of a 2-DOF robot is to learn
to reach and follow a target in a 2D plane. In each trial, the target is initialized at a random lo-
cation and then it moves around the robot’s base with a random and constant angular velocity.
Thus, the required task energy for a particular trial is unknown and unbounded . The robot
needs to learn to do the task by respecting the safety norm in learning mode. Finally, in the in-
ference mode, safety must also be maintained in situations where the environment changes for
instance if there are obstacles present in the environment, energy released by the robot should
not exceed the safety metric.

4.2 Design

This section describes the empirical design of the physical setup of the experiment, the energy
tank update laws and the RL framework used.

4.2.1 Physical Design

The setup was adopted from the reacher-v2 environment of OpenAl Gym (Brockman et al.,
2016) with certain modifications. The robot operates in the XY plane with an offset of 0.2 m
along the Z-axis. It comprises of 2 capsule-shaped links with radius 10 cm and length 75 cm
each as shown in Figure 4.1. The density of each link is 10 kg/m?>. The robot consists of two,
1-DOF joints connecting the base to the first link and the first link to the second link. Both the
joint rotate along the Z axis thus restricting the robot in the XY plane. The motors attached
to the joints are torque controlled capable of exerting maximum torque of magnitude 1 Nm.
Each joint also suffers from a torque loss of 0.5 Nm i.e. motor needs to exert a minimum torque
of magnitude 0.5 Nm to observe any movement. The design parameters are summarized in
Table 4.1. A simple diagram depicting the top view of the setup can be seen in Figure 5.1 and
the rendered view can be seen in Figure 4.3. MuJoCo (Todorov et al., 2012) physics engine is
used to render and simulate the task.

Constants Value [SI units]
Radius of link1 0.1 [m]

Radius of link2 0.1 [m]

Length of link1(L1) 0.75 [m]
Length of link2(L2) 0.75 [m]
Density of link1 & link2 10 [kg/m3]
Maximum possible torque in motorl & motor2 | 1 [Nm]

Torque loss in motorl & motor2 0.5 [Nm]

Table 4.1: Summary of design parameters for the 2DOF robot

4.2.2 Energy tank update

For each trial the energy tank is initialized to 7J (Ep = 7J). The maximum energy allowed in
the tank is limited to 10] (E;;4x = 10J). Energy in the tank at time t is denoted by E; and is

Siddharth Chaturvedi University of Twente



CHAPTER 4. EXPERIMENT 1 : PROOF OF CONCEPT 33

0.75m

0.1 ml

Figure 4.1: Dimensions of a link

recursively updated as: .
Ei1=E, - E' +E" 4.1)

Energy going out: E?!

The total energy going out is the sum of energy used by motors 1 and 2. For each motor, the
energy going out can be calculated using Equation 3.5. Thus in motoring mode the energy
going out corresponding to motor 1, E to”t'l is given by:

Efu[’l =71, (g1,¢+1) — q1,1) 4.2)

where 71 ; is the torque commanded to motor 1 and g ; is the joint 1 angle at time . However,
instead of adding energy back to the tank when motor 1 operates in a braking mode energy
going out is estimated using m = 1 in Equation 3.4 as:

EM0 =13, 4.3)

energy going out corresponding to motor 2, E ?”t'z is calculated in a similar way.

. e . in
Energy coming in: E;

Since this is the step where energy is added to the tank, certain conditions must be checked
before executing it. Firstly, the energy in the tank before adding any energy should be greater
than 0 (E; > 0). Secondly, the maximum energy that can enter the tank at time ¢ should be less
than E;, 4« — E; so that E; never exceeds the safety criterion. Finally, the energy entering should
be greater than 0. If all the conditions are satisfied the energy entering the tank is given by:

E{" =K-(D¢-Dy41) (4.4)

Where the value of Kis 15 J/m and Dy is the euclidean distance in X and Y coordinate between
the target and the end-effector at t. Which means 15] of energy gets added in the tank if D, de-
creases by 1 m over the next time step. Greater is the decrement in Dy, greater is the amount of
energy added. In this setup D; — D4 serves as an example of potential-based reward function
P(Sy, S¢+1) used in Equation 3.8. The decision process is summarized in Figure 4.4.

4.2.3 RL framework

The RL agent which learns the task, is implemented by following the notations and methodol-
ogy described in Section 2.1. Firstly, the state S; defines a vector containing all the information
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end
effector

joint 2

joint1,
fixed

Figure 4.2: Top view of the system. The target revolves with a random w around the robot’s base joint in
the XY plane

at time ¢ necessary for the RL agent to decide the next action. For this experiment S; is defined

as:

[cos(q,0) ]
cos(qz,r)
sin(q,r)
sin(qa,1)

ae

Go,1

Xttar
S¢= ytar (4.5)

XFE
YIEE
Eq
P
4

in
Et

where, q;,; and g»,; are the joint angles of joints 1 and 2 measured in radian at time . ¢ ;
and ¢, are the angular velocities of joint 1 and 2 at . X/*" and Y% denote the X and Y
coordinates of the target with origin at the robot’s base and they keep changing according to a
random angular velocity w. XEF and YFE denote the X and Y coordinates of the robot’s end-
effector in the same coordinate system at time ¢. The level of energy in the tank at ¢ is given
by E;. The energy leaving the tank at ¢ through motors 1 and 2 are given by Ef’”’l and Ef”t’z
respectively. Finally E ;” denotes the energy dynamically added to the tank at time t. E?*" and
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Figure 4.3: In the MuJoCo rendered environment target is depicted by the green sphere

E!" are estimated as described in Section 4.2.2. It should be noted that the w itself is not a part
of the state vector

The reward function defines how well does the agent perform in the given task at ¢. For this par-

ticular task the reward function comprises of 3 sub reward functions. Firstly, RI*** = —0.5D,
penalizes the distance D; between end-effector and target at time t. Secondly, Rf”ergy =
Ei" — E9%! appreciates energy coming in and penalizes energy going out at ¢. Lastly, RI4" =

~5(1 — 72) penalizes the agent if the energy in tank at ¢ is less than Epqy. R:%" and R""8Y

Emax

encourage the agent to avoid the tank singularity condition, E; < 0. Thus, the final reward value
is calculated as:

R[ - R;ask+R?nergy+R;ank

B (4.6)

R;=—-0.5D,; + EI" — E%%! —5(1 —
Emax

Additionally, a positive reward of 20 is added to R; whenever D; < 0.05m i.e. end-effector is
close enough to the target. If the energy in the tank runs out a negative reward of -500 is de-
ducted from R; and the trial is terminated. The action vector A; produced by the Actor directly
outputs the torque value between -1 Nm and 1 Nm for both the motors.

T1,t

At =
T2t

4.7)

Where, 7, is the torque output of n*" DOF ranging between -1 Nm and 1 Nm.

The Actor is modeled using deep neural network which maps S; to A;. Actor consists of 3 fully
connected hidden layers containing 512, 256 and 128 neurons starting from S;, progressing
towards A;. All neurons of the hidden layers of the Actor are activated by a Rectified Linear
Unit (ReLU) function. In a ReLU function the output is equal to input, if the input is greater
than 0 else, the output is equal to 0. The output layer is activated using a tanh function. The
Critic is represented using a 2 layer, fully connected, deep neural network which maps the state,
action pair (S;, A;) to the value of the pair q(Sy, A;) at t. The Critic consists of 400 and 300
ReLU activated neurons in the hidden layers. The output of the Critic is activated using a linear
transformation where output is equal to the input scaled by a constant weight. The topology of
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Eg = E¢ —Efu't
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Figure 4.4: Decision flow to decide E!"

the networks can be summarized in Figure 4.5. The RL agent learns using a DDPG algorithm
summarized in Section 2.1.3, with hyper-parameters listed in Table 4.2. The neural networks
are modeled using the Pytorch library (Paszke et al., 2019) developed in Python. They were
trained using an Adam Optimizer (Kingma and Ba, 2014) on an NVIDIA Quadro P1000 GPU.

Constants Value
learning rate actor | 0.001
learning rate critic | 0.001
discount factory | 0.99
soft updaterate t | 0.001
batch size 256

Table 4.2: Hyper-parameters for learning algorithm

4.3 Results

The results of the experiment are analyzed under two modes of operation of the framework;
learning mode and inference mode. In the learning mode the agent is still in the process of
optimizing the controller while in inference mode the controller has achieved a sufficient level
of proficiency in doing the task.

4.3.1 Learning Mode

In the learning mode the controller is not yet optimal and gradually learns to do the task. The
training occurs over 5000 trials with each trial having maximum length of 200 steps. In the
beginning of each trial the target is initialized to a random location and as soon as the trial
begins it starts revolving around the base of the robot with a random angular velocity between
-1 and 1 rad/s. Figure 4.6 shows the graph of total rewards achieved over the trials. Since the
target moves with different speeds in different trials the total task energy keeps varying. It can
be seen in Figure 4.7 that the energy in the tank never exceeds the safety metric of 10J even
though the task energy varies and is often much more than 10]J.
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Figure 4.5: Each layer is represented using vertical rectangle. The number of neuron in a layer is men-
tioned above the rectangle and the activation function used is mentioned below the rectangle. Arrow
represents dense connections

4.3.2 Inference mode

In the inference mode the agent has achieved a required level of proficiency in the task. The
learned agent is observed in different scenarios i.e. for different target positions and angular
velocities. The robot reaches the target and tracks it with proficiency. Figure 4.8 shows the
total energy used by the robot and the energy in the tank at 4 different instances in a trial,
in inference mode. It can be seen that while tracking the target the energy in the tank never
exceeds the safety limit of 10].

In order to test the ISP property of the actuators, fixed obstacles are introduced in the arena
at random positions as shown in Figure 4.9. As expected, whenever the robot collides with an
obstacle and tries to exert energy to move them, its actuators enter a passive mode and energy
drains out of the tank quicker since no energy is being added to the energy tank.

4.4 Discussion

In the experiment two critical parameters that were empirically set were K and Ej,4x in Sec-
tion 4.2.2. Ej, 4 is the maximum energy allowed in the tank. For a given task it depends on the
safety requirements in terms of maximum energy allowed per unit time which in-turn depend
on the task at hand and which body part of humans working with the robot have maximum
probability of collision. This has been discussed in Section 2.5. Intuitively, lower the value of
Eax, safer the system becomes as the energy-tank will run out of energy sooner in case of a
collision. However, lower E,,,x value makes learning difficult for the agent as it restricts the
state-action space which the agent can explore.

In the context of the NEB framework, energy coefficient K in Equation 4.4 is a very important
parameter as it decides the amount of energy entering the tank per unit distance robot moves
towards the target. K forces the RL-agent to answer the question of affordability of an action
in terms of energy i.e. is it worth spending certain amount of energy on the action if a certain
amount of energy is gained in doing so? The amount of energy gained is scaled by K. This
aspect is highlighted in the next experiment. Thus, K defines the energy economy in which the
robot operates. Higher values of K will allow the robot to implement trajectories using more
power on average. This effect of value of K is more visible in learning mode when the chance of
taking random actions is higher than inference mode. In the inference mode when the agent
has learned an energy efficient way to reach the target this effect of K is less visible.
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Figure 4.6: Result of training

In Figure 4.10 it can be seen that when K = 1000J/m the average power used by the robot ac-
tuators per trial while learning is high (around 4 W) in the beginning when agent explores the
environment with more randomness, while when K = 8 J/m this value decreases significantly.
Average power is calculated by summing all the energy used by the robot per trial and dividing
the sum by total length of the trial. The targets are kept stationary in-order to gauge the effect of
varying K on average power, so that a comparison among different trial is possible. It must also
be added that too low value of K makes the system more conservative with respect to energy
usage, which hinders adequate exploration of the state space and thus leads to poor learning.
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Figure 4.8: Rendered view of robot tracking the target at 4 different instances in a trial. On left of every
rendered view is a plot representing the total energy used by the actuators till that instance and the
energy in the tank at that instance
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Figure 4.9: For different trials obstacles are randomly placed in the arena. The sudden dip of the energy
level of the tank shows robot tries to exert force against the obstacle. As soon as the energy level reaches
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Figure 4.10: In order to compare the average power for different K, the targets are initialized randomly
while learning, but are kept stationary after that. Average power is then calculated by total energy used
for the trial divided by the duration of the trial
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5 Experiment 2 : Energy Awareness

5.1 Introduction

This experiment highlights the benifit of including the internal energy states based on the vir-
tual energy tank in an RL framework. Sensing the energy profile in the tank and defining a
reward function based on it can lead to certain desirable energy aware behaviour. More specif-
ically, in this experiment the aim of a 1-DOF rotating robot is to reach the target placed at other
end of the arena. It can do so by either rotation clockwise or anticlockwise. Both the paths lead-
ing to the target may be obstructed by movable obstacles with different masses and the robot
is not equipped with any type of force or pressure sensor. The controller of the robot which is
represented by an RL agent needs to decide whether it is affordable to displace an obstacle with
a certain mass in-order to reach the target, based on the change of the energy level in energy
tank. Ifitis affordable then the controller can continue towards the target by moving the obsta-
cle, else the controller needs to change its course of action and try reaching the target from the
other side. Thus, the controller needs to sense the level of energy in the energy tank in order to
sense the presence of the obstacle, estimate its mass and take actions accordingly.

5.2 Design

The design of this experiment is very similar to Chapter 4 thus mainly the changes will be high-
lighted in the section.

5.2.1 Physical design

The environment was empirically designed using the XML file format required for MuJoCo ren-
dering. The robot is a single DOF robot operating in the XY plane with an offset of 0.2 m along
the Z-axis. It is composed of a single capsule link with dimensions and density similar to Ex-
periment 1 as shown in ?2fig:capsule). The link rotates around a single DOF joint located on
one of its end around the Z axis. The DOF is powered by a torque controlled motor capable of
exerting maximum torque of magnitude 3 Nm. The joint suffers from a torque loss of 0.5 Nm.
The coefficient of friction between the floor and the obstacles is 0.1. The origin of the system
lies at the base of the robot. In the beginning of each trial the target is located at 3.14 rad from
the X axis, at a distance of 0.75m from the origin with an offset of Z = 0.2 m from the XY plane.
There are two obstacles modeled by movable boxes which are 0.1m x0.1m at the base and 0.2m
in height. Both obstacles are initialized by random masses in the beginning of the trial and are
located at an angle of +7/4 with respect to X axis. The design parameters are summarized in
Table 5.1. The top view of the experiment is shown in Figure 5.1 a rendered view can be seen in
Figure 5.2.

Constants Value
Radius of link 0.1 [m]
Length of link 0.75 [m]
Density of link 10 [kg/ m3]
Maximum possible torque in motor | 3 [Nm]
Torque loss in motor 0.5 [Nm]
Coefficient of friction 0.1

base of obstacle 0.1x0.1 [m?]
height of obstacle 0.2 [m]

Table 5.1: Summary of design parameters for the robot
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Figure 5.1: Top-view of the setup

5.2.2 Energy tank update

The energy tank is updated in a similar way as shown in Chapter 4. In beginning of each trial the
tank is initialized with 5] of energy. The maximum limit E,,,y is set to 8]. Since, in this setup
the robot contains just 1 actuator, the energy leaving the tank corresponding to the actuator is
equal to the total energy leaving the tank. The energy going in the tank is given by

E{" =K*(D;—D;-1) (5.1)

where the value of K is set to 1.5 J. Here D; does not return the euclidean distance between the
target and the end-effector but the absolute difference between the cosine of current angle of
the robot’s link and target angle of 7 rad.

D; =|cos(m) — cos(q;)l (5.2)

5.2.3 RL framework

S; for this set up is designed as follows:

cos(qy)
sin(qy)
cos(q¢-1)
sin(q;-1)
qr
qi-1
cos(r)
S; = E,/Eppas (5.3)
Et—l /Emax
b
t
E?Y
A
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Figure 5.2: Rendered environment in MuJoCo

where ¢; is the robot’s joint angle and ¢; is the joint velocity at time ¢. A constant state of cos(r)
is present in the vector to specify the target’s position. The tank energy is represented by E; and
is scaled by E;,, before inclusion in the state vector. E;”” and E ;” represent energy leaving
and entering the energy tank respectively. Finally, it should be noted that the recent past values
of every statei.e. at t—1 is also included in the vector. The suggestion of including the history of
states was adapted from Hwangbo et al. (2019) as in their work it is hypothesised that inclusion
of the history of states will enable contact detection.

The reward function is based on the same structure and reasoning as discussed in experiment
1 in Equation 4.6. It is formulated as:

. E
Ry =E" —E%“ —0.2D;—2(1 - —

) (5.4)
max

An additional reward of 500 is given if the end-effector reaches the target (D; < 0.01). A negative

reward of —500 is provided if the energy in the tank runs out and the trial is restarted. The action

output A; from the actor is just a single value representing the torque of the motor.

At =T (5.5)

The topology of Actor and Critic is depicted in Figure 5.3. A DDPG algorithm was used to train
the agent with hyper-parameters similar to the ones used in Chapter 4 mentioned in Table 4.2
with the difference of batch size which was 512 for this experiment. The software structure and
hardware used for training is again similar to the one used in Chapter 4.

5.3 Results

The RL agent was trained for 10000 episodes where maximum length of each episode was 200
steps. The result of training is visible in Figure 5.4. The experiment was designed to check if
the RL agent can use the energy in the tank and answer the question of affordability of an ac-
tion. More specifically an action is considered affordable if the Rl agent decides that it receives
enough energy from the environment, in return of energy spent on doing the action and hence
it continues doing it.

In the setup, the energy spent on an action is directly proportional to the torque applied by the
motor while undertaking it. When the robot collides with an object placed on the floor, the
force needed to move the object depends on the its mass (if friction between the object and
the floor is present). More the mass of the object more is the force needed to move it and more
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Figure 5.3: Topology of Actor and Critic. The notation is similar to Figure 4.5

will be the energy leaving the tank. Thus in this scenario, the question of affordability can be
re-framed in terms of the maximum mass of obstacle which, the robot has decided to displace
in-order to reach the target position.

In the initial position, the robot is capable of displacing a maximum mass of 3Kg when the
motor exerts the maximum torque of 3Nm. However, after training is complete it is observed
that when the robot encounters a mass greater than 2.5Kg, instead of displacing it the robot
tries to reach the target using the other side. Thus 2.5Kg becomes a soft-limit or affordable
limit. Any mass less than 2.5Kg is deemed affordable by the robot and the robot decides to
displace it while moving towards the target. Such a affordable limit can be changed by changing
the value of K. Table 5.2 shows the soft-limit observed when value of K is varied. It can be seen
that as the value of K is gradually increased, the affordable limit also gradually increases .
This occurs because robot receives more energy for higher values of K for moving closer to the
target by the same distance. Thus, this also shows how varying the value of K can change the
behaviour of the robot.

K[J] | Soft Limit[Kg]
1.5 | 25
20 | 26
25 | 3.0

Table 5.2: Correlation between K and soft-limit

lvideo available here
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6 Experiment 3 : Early Stopping while Learning

6.1 Introduction

State of the art RL algorithms often use an Expirience Replay (Schaul et al., 2015) technique in
order to tune the RL agent. Under this technique the current state (S;), current action (A;),
current reward value (R;) and the next state S;;; encountered by an agent in all trials are stored
as adata point e; = (S;, As, Ry, Sr+1) in a buffer memory D = (ey, 2, €3....e;). During the learning
step, samples are drawn at random from D; in-order to calculate the error functions for the
Actor and the Critic. This technique enables multiple use of one sample for learning it also
improves data efficiency and removes correlations in the observation sequence.

In RL paradigm Infinite horizon task problems refer to learning a task which does not has a
specific end time or end-position. For instance training a bipedal robot to walk in straight line.
When dealing with such tasks, the length of learning trials is set to be long enough to observe
that the desired infinite task behaviour is performed with proficiency. While learning, all the
data points from a learning trial get stored in D;. Thus, if a learning trial itself is large, then it
will consume more memory space when stored. For instance, a simple humanoid model such
as the OpenAI Gym (Brockman et al., 2016) "Humanoid-v2" can consume upto 3 GB of memory
(Imre, 2021). If the memory space available on the computer being used to train the RL agent
is limited then, it may not be possible to store all the learning trials in the memory. This may
further decrease the learning efficiency.

The proposed framework when applied to an infinite horizon task helps reduce the memory
consumed while learning. This occurs because a learning trial is terminated earlier than the
usual set length if the energy in the tank runs out, thus resulting in less memory usage. This
experiment provides an example of the utility of this property during the learning mode. In this
experiment the task of a "cheetah" shaped robot is to learn to run towards positive X direction
with a given energy efficiency. This task qualifies as an infinite horizon problem

6.2 Design

The setup used for this experiment is provided by the OpenAl Gym HalfCheetah-v2 environ-
ment.

6.2.1 Physical Design

The robot used in the simulation is a 2-legged robot resembling a fore-leg and a hind-leg of a
cheetah. Its COM is restricted in the XZ plane. The robot has 6 DOF in the form of hinge joints,
corresponding to the thigh, shin and foot in each leg. They are actuated by torque controlled
motors. The absolute torque limits of the motors can be seen in Table 6.1 and a MuJoCo ren-
dered view of the setup can be seen in Figure 6.1. For each trial the robot is initialized at the
origin of the environment.

Motor Absolute torque limit [Nm]
bthigh (back thigh) 120

bshin (back shin) 90

bfoot (back foot) 60

fthigh (forward thigh) | 120
fshin (forward shin) 60
ffoot (forward foot) 30

Table 6.1: absolute torque limits for robot’s motors
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Figure 6.1: Rendered environment in MuJoCo

6.2.2 Energy tank update

The energy tank architecture is defined in a similar way to previous 2 experiments. For each
trial, the energy tank is initialized with 40] of energy (Ey = 40). Since, safety is not considered for
this task there is no limit on the maximum amount of energy that can be stored in the tank. The
energy leaving the tank is calculated by summing the energy consumed by each motor which
is estimated using Equation 3.3 when the motors operate in motoring mode. In the braking
mode Equation 3.4 is used and the value of m for each motor is set as square of its torque-limit
divided by 10%.

Energy is supplied back to the tank using the following equation:
E{" =K+ (X1 - Xy) 6.1)

where X; is the X coordinate of the COM of the robot at time ¢. K is the energy coefficient
which is set as 30 J/m. Thus the energy tank receives 30 J of energy if the robot moves 1 m in
the positive X direction. If the energy in the tank runs out then the current trial is terminated
and a new trial is started.

6.2.3 RL framework

S; for this experiment is designed as:

S; = t (6.2)

where thOM itself is a vector containing the coordinates of the COM in the XZ plane and its

rotation around the Y axis. Elements of vector c']tCOM contain time derivatives of the corre-

sponding elements in thOM . Similarly, q{ omt represents a vector containing the angular dis-
placements sensed by the displacement sensors attached to the 6 hinge-joints of the robot and

the vector c']{ %" contains the angular velocities of the same joints. Energy in the tank E; is

Robotics and Mechatronics Siddharth Chaturvedi



48 Dynamic Energy Budgeting using Potential-Based Reward function

scaled by the in initial energy E, before being added to the state vector. E ;” represents the en-
ergy given to the tank at ¢. Finally, E?*"" is a vector of the energy used by all the 6 motors at ¢
used to calculate the energy leaving the tank.

The reward function for the task is formulated as:

: E
R, =E"—E°“_30.(1— E—;) (6.3)

This is again similar to Equation 4.6 except here, if E; is less than the starting energy Ej then
the system is penalized and if E; exceeds Ej then the RL agent receives positive reward. One
more thing to note in Equation 6.3 is that unlike the previous two experiments the task reward
is not present explicitly but it is implicitly present in E ;” — E°“!, The RL agent also receives
a surviving reward of 0.5 at every time step. If tank singularity is encountered then the trial
is terminated and the RL agent receives a reward of —35. The action vector A, represents the
torque command issued by the RL agent to the 6 motors actuating the robot.

The deep-neural networks used to approximate the Actor and the Critic are exactly the same
as used for the first experiment and shown in Figure 4.5, except that the Actor has 6 outputs
corresponding to A;. A DDPG algorithm is used to train the RL agent with hyper-parameters
similar to the first experiment as presented in Table 4.2 on the same hardware.

6.3 Results

The RL agent is trained for 200,000 steps and the memory storage capacity of the buffer is lim-
ited to 20,000 data points while training. The buffer cannot store all the data that is generated
while Rl agent is training hence the data which gets stored in the buffer also leaves it using the
principle of First in First out buffer system. The RL agent is trained in two settings. In the first
setting early stopping is enable by virtue of the energy tank i.e. when the energy in the tank
runs out the trial is terminated and a new trial is started. In the other setting no energy tank
or early stopping is present and the agent is trained in a conventional way but, with limited
buffer memory. The comparison of the two settings is visible in Figure 6.2. It is to be noted that
the comparison is presented with respect to number of training steps and not number of trials
because the length of a trial can be different for both the settings.

In Figure 6.2 it can be observed that when the early stopping of trial is enabled the agent learns
better than when it is not. This can be attributed to 2 reasons. Firstly, the trials in which energy
runs out early are terminated early, thus there is more space available for the trials in which
energy does not runs out to be stored in the buffer. Secondly, the data points that get stored
represents the step in which, energy in the tank is greater than 0. These data points indirectly
correspond to instances in which the agent’s performance is relatively better as the energy in
the tank remains positive only if the robot continues to move forward. This leads to the learning
algorithm encountering more "successful" state-action pair.

6.4 Discussion

There are multiple ways in which early stopping can be achieved in an infinite horizon task.
The technique presented here demonstrated a model free way of achieving early stopping. In
summary, the trial is stopped when the energy in the virtual tank associated with the actuators
of the robot runs out. The tank looses energy when the robot undertakes any action but gains
energy only when the robot progresses towards the goal. One important thing to note is that
not only should the robot progress towards the target in-order to survive but also must do so by
loosing lesser energy than gaining. This is only possible by learning to do the task with a certain
minimum energy efficiency.

In the experiment, the energy efficiency was determined by the energy coefficient K. Since K
determines the amount of energy that the tank receives when the robot moves 1 m in positive
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Figure 6.2: Results of training

X direction. If the robot spends more amount of energy than K J of energy in moving 1 m then
eventually the energy in the tank will run out and the RL agent receives a negative reward and
the trial will be terminated. Thus, in order to survive the robot has to move with at least the
efficiency of K J/m. Finally, It should be noted that the initial amount of energy in the tank E
can be changed in the beginning of each trial to change the length of each trial. Verylarge value
of Ey can prevent early stopping as the energy in the tank may never run out. On the other hand
a small Ej can hinder exploration and can negatively affect the learning efficiency.
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7 Discussion

7.1 Introduction

In this section it is shown how the presented framework can become an example of the home-
ostatic reinforcement learning framework (Keramati and Gutkin, 2014) applied to robotics by
simple modifications to the reward function used for learning purpose. Further some limita-
tions and future work will be discussed.

7.2 Homeostatic Reinforcement Learning

Homeostasis refers to the process of self-regulating the internal states by an organism such that
the internal states are maintained within a certain range. Homeostasis is critical for the survival
of the organism. The stability attained is actually a dynamic equilibrium, in which continuous
changes occur yet relatively uniform conditions prevail. Some examples of internal states for
organisms include internal temperature, blood pressure, glucose level etc. Efficient regulation
of homeostasis and defending it against perturbations requires adaptive behavioral strategies

Homeostatic reinforcement learning (HRL) as introduced by Keramati and Gutkin (2014)
bridges the gap between associative and homeostatic learning process by proving that seeking
reward is equivalent to the fundamental objective of physiological stability. The HRL frame-
work can be viewed in Figure 7.1. The homeostatic space is defined as a multidimensional
metric space in which each dimension represents one physiologically-regulated variable. At
a time step ¢ the physiological or internal state of the animal can be represented by a point
in the homeostatic space denoted by H; = (h; ;, ho s, h3,1..., Ay, ;) where, h; ; is the value of jth
physiological state. The optimal homeostatic state can be denoted by H* = (h{, h;, hs,..., hy).
The actions taken by the organism in its environment lead to a particular outcome K; =
(k1,1 k2,1, k3 t..., kn, ) from the environment. The outcome changes the physiological state as
Hy1 = Hy + K;. In order to survive the organism should strive to take actions which do not
deviate its physiological state H; too far away from the optimal homeostatic state H*.

In an HRL framework the Drive D(H;) of an organism in a physiological state H; is defined
as a non-linear mapping from the homeostatic space to a motivation space as shown in Fig-
ure 7.1. It is a metric of distance between the current physiological state H; and the optimal
homeostatic state H*:

N
D(Hy) = {| Y |h} = hil" (7.1)

i=1

Where m and n are empirically set parameters which result in important non-linear effect on
the mapping. The non-linear effect is important as it can be used to obtain a concave land-
scape which is inspired from the classical utility theory (Aumann, 1962). Moreover if the Drive
is defined as D(H;) = —In p(H,), then it can be the linked to the concept of surprise from infor-
mation theory (Itti and Baldi, 2009).

Homeostatic reward function R{{RL for the organism can now be defined as the difference be-
tween the drives of 2 consecutive states

R/"™ = D(H;) - D(H;41) (7.2)

Thus the organism receives positive reward for reducing the drive i.e. moving closer to the
optimal homeostatic state H* and negative reward if the drive increases. This resonates with
the Drive Reduction Theory (Seward, 1956). Finally, the homeostatic reward can be used by a
regular RL-agent as a reward signal to learn the optimal action. Using the HRL framework the
agent learns to stay close to the optimal homeostatic state.
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Figure 7.1: example of model with a 2D homeostatic space comprising of glucose and temperature of
an organism

The NEB framework presented in the report can resemble the HRL framework by assuming
the homeostatic space as a single dimensional state-space represented by the energy of the
virtual tank H; = E,. The energy in the tank varies by E!* — E%%! in the NEB framework thus,
the outcome K; can be linked to this change as, K, = EI" — E?“!. The optimal homeostatic
state H* can be set equal to the maximum possible energy in the tank, H* = E;;;4,. Finally,
the homeostatic reward function described in Equation 7.2 can be used by the agent to learn
a policy that results in actions so that the homeostasis in-terms of the energy present in the
virtual tank is always maintained.

The utility of connecting the two frameworks lies in the fact that behaviours which emerge in
animals naturally due to their motivation to maintain energy homeostasis can be modelled and
studied using robots. The model can be easily extended to account for changes that occur in
the homeostatic equilibrium state during the life time of animals and the effect these changes
have on the higher-level controller’s decision process. This may enhance the efficiency and
stability of robots in complex scenarios and result in more robust controllers.

7.3 Limitations

There are 2 major shortcomings in the current version of the NEB framework

7.3.1 Feeding function

As discussed in Section 3.2.2 it is assumed that the feeding function is designed by using a
potential-based reward function defined for the task at hand. Thus, it is assumed that a reward
function having such a characterstic can be defined for the task. In robotics, sometimes the task
is too complex to come up with a well-behaved potential-based reward function. For instance,
pick and place tasks, object manipulation task etc. In such cases it is only possible to define
a sparse reward function for the task. When the reward function is sparse, feedback regarding
robot’s task proficiency is available only for a limited number of states. In such cases the present
version of the framework cannot be implemented in a straightforward way.

7.3.2 Moving Away From Target

In some complex scenarios the robot may get stuck is a local minima of the feeding function
whereby the optimal action may be to move away from the target so that later the robot can
move towards the global minima. For instance consider a robot which is trying to reduces its
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distance from the target but is stuck in a state as shown in Figure 7.2. In-order to get to the
target the robot needs to come out of the local minima by undertaking action Afway . It can
be observed intuitively that this action will need the robot to move up the potential on which
the feeding function is based. In the current version of the framework this is only possible if
the energy stored in the tank before A?way is undertaken, is more than the energy used up by
the actuators for undertaking Afw“y . This is because as soon as the robot moves away from
the target its actuators act passively with respect to the energy stored in the tank due to the
ISP property. Thus if the energy needed to undertake A?way is more than the energy stored in
the tank, then the robot will not be able to come out of the situation and progress towards the
target. This requires us to raise the maximum amount of energy that can be stored in the tank
which may compromise the safety of the robot.

obstacle

[ o.)
1s]
\ obstacle ~

\

Figure 7.2: The robot is surrounded by obstacles from 3 sides and in order to reach the target it must

move away from the target by undertaking action A?w“y

target
A;:way

A

obstacle

7.4 Future Work

The current version of the framework explores a deterministic way of adding energy in the tank
based on a potential-based reward function. The future work will explore a different way of
supplying energy back in the tank in a non-deterministic and more adaptive way. More specif-
ically, a modulated Critic from a teacher agent can be used for this purpose. Here, a teacher
agent refers to an RL agent whose Critic has accurately learned the value function for the task
by using a general reward function. Note, the reward function need not be a potential based re-
ward function, it can be sparse. The value function by definition, assigns a value to every state
in the state space. Thus if the value function for the task is accurately learned by the Ciritic, a
feedback about task efficiency is available for every state. Now, the difference between these
feedback signals can be used to refill the energy tank of a student RL agent which has to learn
the task with energy awareness in the NEB framework.

In summary, firstly a teacher RL agent can be trained in a simulation to do the task at hand in
a conventional manner i.e. without the assumption of the reward function being a potential-
based reward function and without the inclusion of an energy tank architecture, as shown in
Figure 7.3. Then, the Critic of the teacher agent is used to refill the energy tank of an NEB
framework in which a student RL-agent learns to the task with energy awareness see Figure 7.4.
The function F in Figure 7.4 maps the value function of the teacher to energy going in student’s
energy tank.
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Critic in a Deep RL framework is essentially a neural network, so the teacher provides energy
using a black-box mapping to the student. Hence, it is important that F should be designed
such that the energy in the tank never exceed the safety limit. This new way of refilling energy
can tackle the limitations discussed in Section 7.3. Firstly, Critic can convert a sparse reward
function to a continuous feedback signal defined for all the states. Secondly, if the teacher’s
Critic is able to learn the optimal value function then the problem of loosing energy while es-
caping the local minima may be solved as the optimal value function will provide more value
to the action of escaping the local minima, for instance actions like A?way in Figure 7.2 will
have higher value and hence will be provided with energy. Thus, while undertaking A?wuy , the
actuators of the robot will operate in a non-passive mode.

Future work will explore this new way of supplying energy back to the tank.

teacher RL agent

R A
d d Actor : ~
St
—

Learning mode

Critic

Figure 7.3: The teacher RL agent learns the value function which by definition is continuous on state
space.
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Figure 7.4: The critic from the teacher RL agent provides energy to refill the energy tank of the NEB
framework in which student RL operates. F is used to modulate this mapping. The remaining structure

and notations are similar to Figure 3.3
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8 Conclusion

The report introduced a novel framework which combines the virtual energy tank architecture
with the RL framework by embedding a virtual energy tank inside the RL loop. The energy
tank provides a guaranteed passivity with respect to the energy stored in it to the robot’s actu-
ator while the RL framework provides a way to maintain the energy in the tank below a safety
threshold. This is possible by initializing the energy tank with a certain small amount of energy
and dynamically refilling it in proportion to a potential-based reward function. Updating the
energy tank in this way maintains the energy below the safety limit not only in the inference
mode but also in the learning mode.

By refilling the tank in proportion to how well the robot performs in a task, the framework
endows the robot’s actuators with the property of Intelligent Selective Passivity (ISP). Under ISP,
the robot’s actuators operate passively with respect to the energy stored in the virtual tank if
the robot moves away from the target state. On the other hand if the robot moves towards the
target state, the energy tank is refilled with proportional amount of energy and the actuators
become non-passive. The RL framework provides positive reward to this non-passive state
of actuators. Thus providing the robot with an opportunity to learn to avoid the energy tank
singularity by performing well in the task. This approach solves the problem of loss of robot’s
autonomy due to hard passivity check encountered in virtual energy tank architecture. Further,
no computationally expensive simulation is required to refill the energy tank

Chapter 4 provided a proof of concept for the framework. It also highlighted the role of hyper-
parameters used in the framework. Of particular interest is the energy coefficient K. K defines
the amount of energy entering the tank per unit distance the robot moves towards the target in
a potential field defined around the target. Thus, K defines the energy economy in which the
robot operates. It was shown how high value of K can lead to trajectories having high power
profile.

The framework enables energy awareness in robot which can lead to high-level decision pro-
cesses being based on internal energy states. For instance in Chapter 5 it was shown that how
the RL-agent uses energy profile of the tank to answer the question of affordability. Such energy
based behaviours can again be modulated in a predictable way by changing the value of energy
coefficient K.

In Chapter 6 another application of the framework in terms of memory efficient learning was
illustrated. The early stopping property provided by the passivity layer not only reduces the
memory consumption by trimming the unsuccessful trials earlier but also indirectly increases
the probability of sampling data-poinst having higher reward value while learning. This in-turn
helps the learning algorithm to converge quicker.

In Chapter 7 it was proven how the proposed framework is a special case of the more general
Homeostatic Reinforcement learning (HRL) framework. This analogy was made so that it can
be utilized in the field of bio-mimetic robotics wherein theories such as the Dynamic Energy
Budgeting in animals and their effect on animal behaviour are analyzed through the lens of
robotics. Finally, two main limitations of the framework arising from the assumptions made
regarding the energy feeding function and simplicity of the tasks chosen were discussed. Fur-
ther, a way in which these limitations can be circumvented by shifting to a non-deterministic
energy feeding function was briefly discussed and was attributed towards future work.
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