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Abstract. In the field of robotics, searching for effective control param-
eters is a challenge as controllers become more complex. As the number
of parameters increases, the dimensionality of the search problem causes
results to become varied because the search cannot effectively traverse
the whole search space. In applications such as autonomous robotics,
quick training that provides consistent and robust results is key. Hierar-
chical controllers are often employed to solve multi-input control prob-
lems, but multiple controllers increases the number of parameters and
thus the dimensionality of the search problem. It is unknown whether
hierarchies in controllers allows for effective staged parameter optimisa-
tion. Furthermore, it is unknown if a staged optimisation approach would
avoid the issues high dimensional spaces cause to searches. Here we com-
pare two hierarchical controllers, where one was trained in a staged man-
ner based on the hierarchy and the other was trained with all parameters
being optimised at once. This paper shows that the staged approach is
strained less by the dimensionality of the problem. The solutions scoring
in the bottom 25% of both approaches were compared, with the staged
approach having significantly lower error. This demonstrates that the
staged approach is capable of avoiding highly varied results by reduc-
ing the computational complexity of the search space. Computational
complexity across Al has troubled engineers, resulting in increasingly
intense algorithms to handle the high dimensionality. These results will
hopefully prompt approaches that use of developmental or staged strate-
gies to tackle high dimensionality spaces.
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1 Introduction

Optimising parameters in functions is key to tailoring their competences to a
problem. The more parameters to optimise puts strain on the chosen search
algorithm. Eventually, a sufficiently challenging search will result in inconsis-
tent results from the search algorithm, or no success at all [18]. In the field
of robotics, this has limitations and challenges particularly in robots searching
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for parameters autonomously. Many of the solutions rely heavily on kinematic
and mechanical information that is implicitly or explicitly applied to the search
algorithm to minimise the complexity of the search. Such information is not
always available without an expert in the particular mechanical objective being
learned. Furthermore, this information can vary greatly based on subtle proper-
ties of the robot or environment. While rewarding, the process of acquiring and
implementing a lot of these priors is demanding. Furthermore, there are many
domains where this approach isn’t feasible due to the required information or
expertise being unavailable. Being able to learn a problem without expressed
detail of the problem is a valuable skill for autonomous agents to have.

1.1 Alternative Approaches

Model-based approaches solve the issue of complex search spaces through exhaus-
tive search. Models can often be evaluated quicker than the robot can run in real
time. This allows rudimentary algorithms to brute-force search with many trials
in order to find a suitable solution [19]. However, exact models of a particular
robot, environment and task are not always available. To build these have thor-
ough knowledge of the robot and environment. Even then, it is easy to forget
key details of the problem resulting in the parameters requiring manual tuning
afterwards to optimise. Any time saved by making a simpler model places the
engineer in a situation later where extra effort is required to manually tune the
parameters to better fit the problem.

Machine Learning has a variety of approaches that generalise the kinematic
properties in an environment. The extrapolation employed by the statistically
based approaches allows inferences to be drawn about the search space, giv-
ing success in parameter selection where the parameters have generalisable or
predictable behaviour [9-11]. However, approaches can require many trials in
order to be successful. Modifications have been developed to improve the search
to allow better generalisation in a limited number of trials. Approaches that
succeed with consistent results in a handful of trials exist, but often require
heavily informative priors or sensitive selection of key meta-parameters to guide
the search algorithm [2]. This can be in the explicit model of the problem, or
implicitly via a policy which guides the search to suit a particular demographic
of problem. Again, these require an expert on the agent’s environment who must
select or build an informed policy or model. A “general policy” with which to
solve robotic kinematic problems is not available due to the diversity among
robots and environments.

1.2 Hierarchical Control

Hierarchical Control as a field has considered developmental approaches to opti-
misation [1,4,13]. Fields such as Perceptual Control Theory have noted that
optimisation of higher levels of a hierarchy requires the lower levels to function
[14]. What remains untested is whether the hierarchy is an indicator of which
parameters can be optimised independent of the others. Can each level of the
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hierarchy, starting at the bottom, be optimised independent of what comes above
it in the hierarchy? Whether this has been done has not been tested. Further-
more, if this is possible, it is not clear if this approach avoids the downsides that
increased dimensionality causes.

1.3 Summary

This requirement of expert knowledge to minimise complexity presents limita-
tions in autonomous robotics. Furthermore, autonomous robots have a restricted
number of trials with which to find a new parameter set. New methodolog-
ical approaches that aid reducing the complexity of searches would benefit
autonomous robots.

This paper describes an approach to the problem based on hierarchical con-
trol and staged optimisation of parameters. An experiment was conducted in
order to show whether the staged approach suffers less from inconsistent results
which is a common effect of dimensionality issues.

2 Experimental Setup

2.1 Baxter Robot

The experiment was conducted with the Baxter Robot, a six foot 14-DOF indus-
trial robot. The task concerned the left arm, specifically the joint shown on the
left of Fig. 1, named s0. This joint rotates the arm along the X-Z plane. The rest
of the arm was held in the position shown in the picture on the left in Fig. 1, so
the controller could consistently achieve control.

The task was to control the angular position of the elbow (el) with respect
to the shoulder joint (s0) in the X-Z plane. Applying force in either direction of
the s0 joint moves the arm around Baxter, changing the angle between s0 and
el as indicated in the right panel of Fig. 1.

2.2 PID Cascade Control

A Proportional-Integral-Derivative Controller (also referred to as a PID Con-
troller) is a negative-feedback controller widely used within control systems engi-
neering due to the simplicity and effectiveness of control provided [5].

A negative feedback controller controls a particular external variable by con-
tinuously minimising error, where error is defined as the difference between the
actual value and the desired value for the controlled variable [20]. If e is the
error, then the control process can be defined as:

u(t) = Kpe(t) + Ki/o e(t)dt + Kddz(tt) (1)

where u(t) is the control output at time t, e(t) is the error at time t and k,, k; and
kq are parameters. The original inspiration was from manual control of steering
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Fig. 1. A pair of images of the Baxter Robot. The left image shows the whole robot,
the controlled joint (s0) and the location that was being controlled (el) through moving
s0. The right image shows the effect of applying force to the s0 joint, either positive or
negative.

ships, where it was realised that a sailor would not just aim to minimise error
proportionally but also aim to account for lingering error and avoid large rates of
change [12]. The elegant and simple design affords utility while being Bounded-
Input Bounded-Output Stable, making the general responses predictable.

Cascading PID Control (also known as Cascade Control) refers to two (or
more) PID controllers where the reference signal for one PID controller is the
control output (u) from the higher controller. Cascade control is used for many
control applications in recent literature both as is [17] and with modifications
[3,16].

2.3 Control System for This Experiment

For this experiment, a cascading PID controller was employed to control Baxter’s
inner shoulder joint (known as s0) to position the elbow at a particular angular
position. The higher order controller controlled the angular position of the elbow,
sending signals to the lower controller which controlled the velocity of the s0
joint. The lower controller sent a control signal applying torque to the joint. The
controller is shown in Fig. 2.

2.4 Bat Algorithm

Evolutionary Algorithms, inspired by the Genetic Algorithm, benefit from good
convergence in a small amount of trials. Evolutionary Algorithms are inspired by
patterns noticed in nature, where Bat Algorithm is inspired by the echo-location
used by bats to search an area for possible prey [21]. These properties have made
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Fig. 2. A diagram showing the cascading PID controller used in this experiment.

the Bat Algorithm useful in control of robots [15] and more generalised AT tasks
such as path planning [8].

The variant of the algorithm used in this experiment extends Yang’s work.
A velocity based approach to updating the candidates [6,7] and a levy-flights
based random walk are utilised. The algorithm optimised candidates to minimise
error on the staged and all-in-one curriculums, with 30 iterations in total (which
were divided equally between the two training stages in the staged approach).
See Fig. 3.

2.5 Designing Curricula for Developmental Learning

Two curricula were developed for learning the problem. One expressed the higher
level problem of controlling the angular position, which both approaches used.
The staged curriculum also trained the lower controller on how to control the
velocity of the sO joint. For each curriculum, the average error over each task
is the score. A curriculum could be built based on a particular task where the
candidate simply passes or fails. This is realistic to the environment, as often a
difference between average error is not important as long as the candidate passes
the task. However, pass or fail tasks are usually domain specific. Average error,
while not necessarily indicative of passing or failing, implicitly tests important
properties of a controller. The rise time, settling time, overshoot and steady state
error all impact the average error and are four important properties which one
would test in a domain specific environment. Therefore, average error suffices as
a good indicator of improving performance. Modifying the curriculum to account
for particular properties would be simple to do, if knowledge of the domain is
provided to indicate which of the four properties is most important to control.
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Algorithm 1 Bat Algorithm
Require: Loudness Parameter (1)
Require: Pulserate Parameter (0.75)
Require: Number of bats, Ny, (20)
Require: Number of trials, N¢
1: X « Establish Bat Populations randomly X; for 1...N,
2: F « Establish F; as runTrial(X;) for 1...N,
3: Q + Establish Q; between 0.0 and 0.2 for 1...N,
4: while Loop count below N, do
5: for X; in X do

6: Vie Vi + (X - Xpest) * Qs

T Xtcmp — X; +V;

8: if rand(0,1) > Pulserate) then

9: Xtemp ¢ New Random Solution from Levy Distribution * 0.001
10: fitness < runTrial( Xiemp)

11: if fitness < F; and rand(0,1) < Loudness then
12: Xi — Xtemp

13: F; « fitness

14: if fitness > Fpest) then

15: Xb(:st — Xtemp

16: Fpest < fitness

Fig. 3. The algorithm employed in this experiment, inspired by Fister’s velocity adap-
tations of the Bat Algorithm [6].

Top Level: Position Control. The position curriculum had three trials that
the candidates were tested on. Between each of these trials, the controller and
position of the robot were reset. The reset point was the middle point of the
range of movement, which is approximately 40°. The error over time for all
three trials was recorded and averaged.

— Move to 5°, 8s time limit
— Move to 55°, 8s time limit
— Move to 95°, 8s time limit

Bottom Level: Velocity Control. The Velocity Control curriculum was
designed as one continuous trial, so changes in behaviours are accounted for
in the curriculum. The agent began at the middle point as before, but then each
of these tests immediately moved onto the next. Again, the average error over
the whole period was the score for those parameters.

Maintain a velocity of —0.3m/s until past —10°.
— Maintain a velocity of 0 for 3s.

Maintain a velocity of 0.6 m/s until past 110°.

— Maintain a velocity of —0.6 m/s until past —10°.
— Maintain a velocity of 0.3 m/s until past 110°.
Maintain a velocity of 0 for 4s.
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2.6 The Full Architecture

An overarching control program assigns which optimisation approach the Bat
Algorithm will use, staged or all in one, as well as the number of trials to be run.
The Bat Algorithm produces possible parameter combinations (hereafter called
candidates) which need to be tested. When one needs testing, it is sent to the
curriculum trial controller, which tests the candidate on the curriculum through
a series of control tasks. On receiving a candidate to test, the curricula trial
controller will set the parameters of the Cascading PID Controller to those of
the candidate. Then, it passes reference signals to the Cascading PID Controller
for each control task. It will keep doing this until all control tasks that are part
of this curriculum have been sent. Once the Cascading PID Controller receives
reference signals for a control task, the Cascading PID Controller sends control
signals to the robot which returns sensory feedback. From this feedback, the
Cascading PID Controller calculates the average error over the period of the
control task. This average error is fed back to the curricula trial controller,
which then averages the average error across all the control tasks. This is fed
back to the Bat Algorithm, which feeds into whether this candidate should be
kept or discarded. Eventually, when all the trials are complete, the Bat Algorithm
feeds back to the overarching control program the best candidate at minimising
average error.

¢ Apply parameters Send control
Assi b N
?S:E“ ";"“h”: Submit candidate of candidate to output to control
:"" f:a:h"; ether that needs testing controller and set robot.

i
PP d/all i on the curriculum. reference targets
staged/all in one. for control task.

Cascading
PID
Controller

Overarching
Control
Program

Bat Algorithm Baxter Robot

Once trial limit is Return average Provide controller
Return average ' "
reached, return error on this with sensory

the candidat error over al trol task feedback.
e candidate . control task once eedback.
control tasks in this on
which had the " finished.
curriculum.
lowest average

error from all trials
and candidates.

Fig. 4. A Flow Chart showing the program flow of the combined architecture. Each
arrow indicates some information or a command being sent from one part of the archi-
tecture to another. (Color figure online)

3 Experimental Results and Discussion

3.1 Execution Time

Due to the size of Baxter and the heavy weight of the limbs, each test on the
curriculum required 20 to 30s. With 20 trials and 20 candidates, this results in a
running period of several hours, which is not suitable across all robotics solutions.
However, in each run of the algorithm, effective candidates were found in the first
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two to four trials. Each staged approach took only two to four trials to acquire a
candidate that was below or equal to 110% of the average error of the eventually
found best candidate. For the all-in-one approach, this was between four and
eight trials. This presents a quicker time frame than the maximum number of
trials used, but is important to test the effectiveness in situations where greater
time is allowed. Furthermore, many autonomous robots will be able to act faster
than Baxter, whose joints are not built to be quick or responsive. With a robot
which enacts trials quicker combined with the low number of trials required, this
reduces the time to be effective from hours to minutes.

3.2 Comparison of the Chosen Parameters
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Fig.5. A graph showing the spread of choices for the six parameters chosen by each
approach. For each parameter labelled on the x-axis, there are two boxplots representing
the spread of parameter values chosen. The middle line represents the mean, the box’s
upper and lower bounds represent the 75th and 25th percentile respectively, and the
upper and lower whiskers are the upper and lower adjacent values respectively. The left
box in each section indicates the chosen values by the all-in-one approach and the right
box represents the values chosen by the staged approach. The most notable difference
is the choice of K; in the velocity controller, Ki-2, where the staged approach went for
an integral-heavy parameter set.

The Staged Approach had a separate training procedure for the three parameters
in the lower controller. However, the values chosen for the lower controller influ-
enced the choices of the second stage of training. Given this, it is notable that
both approaches found similar parameters for the higher controller. This can be
seen in the first three pairs of boxes and means (labelled kp-1, ki-1 and kd-1)
in Fig.5. For each pair in Fig. 5, the all-in-one approach has chosen parameters
similar to the staged approach.
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The most notable difference between the two schemes is in the K; value for
the lower controller indicated by the third and fourth columns from the right
in Fig.5. The staged approach on average has a much higher K; value, whereas
the all-in-one approach favours a lower value. The integral typically causes the
controller to overcome steady state error which would be expected in a velocity
controller. The amount of force required to counter a small error (or apply a
small amount of velocity) is more than the proportional term would allow. As
such, an integral is expected here to allow error to build and apply more torque
to the joints. The slightly higher K, value is also expected as a result, as the Ky
value offsets the overshooting a high K; value can often cause (Fig.6).

3.3 Comparison of Error

Staged

All-In-One

3.8 4 4.2 4.4 4.6
Average Error (degrees/s)

Fig. 6. Box Plots of the average error of the best solutions found by the all-in-one and
staged approaches. The middle line represents the mean, the box’s upper and lower
bounds represent the 75th and 25th percentile respectively, and the upper and lower
whiskers are the upper and lower adjacent values respectively.

Both medians are similar with no significant difference, but the spread of results
differs. The all-in-one approach has a greater degree of both excellent and poor
results further from the median. This is as hypothesised, as the higher dimen-
sionality of the search space allows for all possible combinations to be considered.
However, the dimensionality also increases the complexity of the search space.
Given the initial candidates are randomly selected, these can be a poor selection
from the state space and not allow the algorithm to appropriately minimise error
(Fig. 6).
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Fig. 7. A graph showing a Cumulative Distribution Function of the average error of
the best solutions found by the all-in-one and staged approaches.

When comparing all the solutions and their scores from both approaches,
neither has significantly lower error than the other. However, The poorest 25% of
solutions from the staged approach perform significantly better than the poorest
25% of solutions from the all-in-one approach. The best 25% of the all-in-one
solutions significantly outperform the best 25% of the staged solutions (Fig. 7).

This result is applicable in fields where consistent reoptimisation of param-
eters is preferred, as poor results can result in catastrophic failure and are not
worth the occasionally better performances such as autonomous robotics. Fur-
thermore, it is notable that the solutions do not have distinctly different medians
given the staged approach is computationally simpler. Two three-dimensional
search spaces are less complex to traverse than one six-dimensional search space,
meaning the same results on average are being achieved on a simpler version of
the problem. The staged approach is computationally simpler as it does not
consider every possible combination of all six parameters, but rather optimis-
ing three independent of what values may be selected for the other three. This
could theoretically limit the controller by not allowing it to find suitable param-
eter combinations between the higher and lower controller. However, given the
medians are similar, this indicates that the poor results from the higher dimen-
sionality offset the benefits of having access to more parameter combinations.

4 Conclusion and Future Work

In this paper, results have been presented comparing a staged parameter selec-
tion approach with the standard all-in-one approach for control of a joint in a
robotic arm. It has been shown that the staged approach has more consistent
results, particularly that the worst solutions of the staged approach are bet-
ter than the worst solutions of the all-in-one approach. The staged approach is
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computationally simpler yet retains a similar median performance. The value of
consistency in autonomous robotics has been discussed. However, what remains
to be determined is the extent to which this effect would scale and how effective
these candidates are in a general setting. This paper shows the effect of different
parameter optimisations and how they’re affected by dimensionality, but does
not express how effective the controllers are per se. A set of trials aimed at
testing generalised performance would need to be used for this.

It is not concluded whether the resistance to the effects of dimensionality in
the staged approach scales to higher dimensions. When the algorithm struggles to
search the space due to high dimensionality, inconsistency will occur. However, as
the dimensionality continues to increase, the effectiveness of the solutions should
worsen rapidly. Further work needs to be done to demonstrate how resistant the
staged approach is in higher dimensional searches.

Finally, more formal work could be performed to detail exactly what a good
curriculum is. It is evident that the curriculum designed here met the purpose of
maintaining good results by achieving consistent staged parameter optimisation.
However, further discussion and methodological analysis is necessary to identify
what comprises an effective learning curriculum.

Acknowledgement. With thanks to Adam Hartwell and Jonathan Aitken, for their
technical support and advice on matters of Control Engineering.
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