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Executive Summary

This deliverable forms the final output of WP5. It reports both on the improvement analysis of the
DREAM system performance, and on the continued work to develop algorithms that can infer internal
states based on kinematics. Briefly, the deliverable covers

• A brief updated overview of the relevant state of the art, since this is the final time this work
will be documented as part of the DREAM project

• Analysis of the performance of the DREAM system, including both a qualitative analysis of
challenging cases for assessment, and a updated algorithm for turn-taking performance assess-
ment

• A new study to assert that humans have access to relevant internal states from child movements
– part of the PinSoRo dataset – in light of previous difficulties to obtain reasonable results from
algorithmic approaches

• Results that demonstrate conceptors (a conceptual relative of Echo State Networks that we
previously used) are in principle capable of this classification task as well, beyond what our
previous attempts have producced

• Ongoing work based on a related approach, using the neuro-engineering framework, that promises
to outperform the conceptor approach.
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1 Introduction

The main purpose of this deliverable is to conclude the reporting on the work carried out as part of
WP5 (and as such, its delivery has been delayed to coincide with the new end date of DREAM, fol-
lowing the extension). This includes its main purpose of reporting on the assessment methods and
identifying possible improvements, and also the additional purpose requested by the previous deliver-
able 5.4 to report on improvement in the more general recognition of internal states from kinematics.

Since this is the final deliverable for this work as part of the DREAM work package, it is worth
noting that the second aspect has broader relevance in the field of HRI (which we discuss further
below). For that reason, we also include a brief discussion of the current state of the art that is kept
somewhat general in section 2. Section 3 is then dedicated to reporting improvements in the perfor-
mance assessment in the DREAM system. Since none of the previous approaches to inferring internal
states from observed kinematics (reported in the previous deliverables) have proven to be particularly
satisfactory, section 4 presents a small study to re-assert the degree to which human observers can
perform this task.

Section 5 then presents a novel algorithmic approach, based on conceptors (which are conceptually
related to the Echo State Networks previously used in an attempt to solve this problem), to inferring
intentions from observations, which outperforms our previous attempts. Finally, section 6 is dedicated
to ongoing work, which will continue beyond the end of DREAM. This includes, in particular, another
algorithmic approach based on a delay network implemented in the Neuro-Engineering Framework
(Eliasmith and Anderson, 2003), which has only very recently (Voelker and Eliasmith, 2018) been
shown to optimally solve tasks that Echo State Networks address heuristically, and therefore has
potential to outperform the conceptor-based approach.

2 Brief overview of the state of the art

This section presents different theories on how humans perceive and interpret the internal states of
others, as well as an overview of previous research on how to enable computational systems and
robots to mimic some of these functions. We conclude by highlighting the shortcomings of current
techniques in dealing with a wide range of internal states, and thereby the aspects we develop further
in this deliverable.

2.1 Human Mind-Reading

“Mind-reading”, also referred to as mentalizing or theory of mind, is the human ability to infer the
mental states of others (Premack and Woodruff, 1978). A large amount of research has explored
how humans achieve this insight. The resultant theories and knowledge of the possible mechanisms
behind this ability are central to the question of designing artificial systems with similar capabilities.
Importantly, many, if not all, of these theories posit that humans use observable behavioural cues as
indicators of internal states. The first step here is to identify the observable behaviours which humans
use to communicate and recognize their internal states, and which could therefore be used by artificial
systems.

Studies examining the mirror neuron system (MNS) found in primates and humans indicate that
humans use observed kinematics or body movements to make inferences about the observed actor
(Iacoboni et al., 2005; Gallese et al., 1996). Theories pertaining to the MNS propose that recognition
is a result of an observer mapping the observed kinematics onto their own motor system, allowing
them to simulate a representation of the intentions driving the observed action (Gallese et al., 1996).
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Even outside of MNS research, a large body of research indicates that humans use observable cues,
such as action kinematics (Lewkowicz et al., 2013) and facial expressions (Ekman and Friesen, 1971),
to interpret the internal states of others. Given that action kinematics are a readily available resource
for artificial systems, this seems a promising data source for designing an internal state classifier.

The majority of evidence supporting the theory that humans use observable biological movement
to make internal state inferences comes from studies using stimuli in the style of point-light displays.
These stimuli isolate information about an actors movements by presenting dots representing the ac-
tors joints, or stick-figures, moving against a blank background. This allows researchers to examine
what information humans can recognize from only movement information. For example, Clarke et al.
(2005) created their stimuli by filming pairs of actors performing a dialogue whilst portraying a par-
ticular emotion (e.g. fear, disgust, joy). Using point-light versions of these videos as stimuli Clarke
et al. (2005) found that participants were able to recognize the portrayed emotional state from the bio-
logical motion alone. Similarly, Manera et al. (2011) showed participants point-light videos of actors
performing a reach-to-grasp action. This action was motivated by one of 3 socially-relevant inten-
tions: (1) cooperation, (2) competition, or (3) performing an individual action. Manera et al. (2011)
found that participants were able to predict the goal, i.e. the social intention, of the action based on
only the motion information. Such research suggests that internal state information is accessible in
human movements. Becchio et al. (2017) outlined the “observability principle” to describe this idea,
which posits that humans are able to directly perceive the internal states of others via differences in
observable actions/movements.

The culmination of this evidence suggests that observable behaviours such as physical actions,
body poses and facial expressions may be a useful source of data for a computational internal state
recognition system. Examining this idea forms the basis for the study described in section 3.2.1.

2.2 Human Internal States

A second point of interest for this research project is the nature of the internal states we are attempting
to classify. Theories and research from Psychology suggest that many internal states are described as
continuous dimensions, rather than discrete categories (Russell, 1980; Eysenck, 1950). For example,
whilst one could argue that a person is either certain or uncertain about how to perform a task, the
degree of un/certainty may vary depending on the task.

When designing automated internal state classification systems it is important to consider what
definition of the internal state is most appropriate. For example, if a collaborative robot is designed
to ask “Do you need me to clarify the instructions?” whenever they notice their human partner is
uncertain, then a binary classification may be sufficient. However, say a tutor robot is designed to
either provide support to a child if they are struggling with a learning task, or to change to an easier task
if the child is experiencing extreme difficulty, then the system for classifying “experienced difficulty”
would need a more dynamic representation of experienced difficulty. That is, the identified state
would need to fall on a continuous dimension ranging from “extreme difficulty” to “extreme ease”
with several intermediate “levels”.

Consequently, deciding the best definition for an internal state relies on a number of factors. This
project is focused on developing a system able to provide detailed, human-like insight into recognized
internal-states. As such, we will adhere, as closely as possible, to the definitions provided by Psy-
chology. A secondary set of factors which we must consider, however, are the potential situations
and tasks to which the classification systems we aim to develop could be applied. Below we discuss
each of the settings we consider and how they and the involved human internal-states (as described in
Psychology literature) will guide the development of classification techniques within this project.
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2.2.1 Behaviour Classification for Autism Diagnosis

The Diagnostic and Statistical Manual of Mental Disorders (DSM-V) (American Psychiatric Asso-
ciation, 2013) defines Autism Spectrum Disorder (ASD) in terms of difficulties in two behavioural
domains: social communication and interaction, and restricted or repetitive behaviours and interests
(American Psychiatric Association, 2013). Importantly, The DSM-V and numerous other diagnostic
tools emphasize the “spectrum” nature of ASD. This concept refers to: (1) differences in symptom pre-
sentation and severity within the clinical population, (2) the continuous distribution of “ASD-typical
traits” between the general and clinical populations, and (3) subgroups (Lai et al., 2013). Diagnosis of
ASD is, therefore, best thought of as a series of severity scores for each relevant symptom/behaviour.
This describes the approach taken by a number of diagnostic tools designed to help clinicians in mak-
ing diagnostic decisions. For example, the Autism Diagnostic Observation Schedule (ADOS) (Lord
et al., 2000) provides clinicians with a set of prompts to elicit particular behaviours from individuals
being assessed. The individual’s responses to these prompts are then scored on a 4-point scale ranging
from “no sign of ASD” to “severe ASD”. Overall, the diagnosis of ASD relies on subjective interpre-
tations by experts of observations of a child’s behaviour made by clinicians, caregivers and teachers
(Scassellati, 005a; Rogers et al., 2016). The subjective nature of diagnosis, and the high degree of
clinical heterogeneity within ASD cases (Scassellati et al., 2012; Geschwind and Levitt, 2007), means
that the process could be improved by introducing more quantitative, objective measures of child
behaviour.

These benefits can be provided by introducing automated systems to aid in identifying the be-
haviours which indicate different levels of severity. Diagnostic systems to augment the diagnosis of
ASD have been developed (Wall et al., 012a; Bone et al., 2015). However, in contrast with the di-
agnostic requirements, these systems usually approach behaviour classification in a binary fashion to
provide a final diagnosis. For example, Wall and colleagues (Wall et al., 012a,b) designed an algo-
rithm using machine learning methods which was able to differentiate between cases of individuals
with and without ASD. Similarly Zunino et al. (2018) trained a Long-Short Term Memory (LSTM)
model to classify children with and without ASD based on the kinematics of a reach-to-grasp mo-
tion. One limitation in both of these examples is that classification is binary. This lack of sensitivity
to, or detail about, intermediate cases brings with it the ethical issues of overly simplified diagnostic
measures, and of potentially classifying a large proportion of the behaviours which fall on the autism
spectrum as non-ASD (Bone et al., 2015). Additionally, by providing the final diagnosis, these ap-
proaches assume the role of the clinician. There are a number of pitfalls associated with this, the
main one being that it assumes the classification system is as good as, or better than, human clinicians
and experts. An alternative approach would be to support the clinician’s decision making process by
providing detailed descriptions of the child’s behaviour.

In order to provide richer, descriptive analyses of a child’s behaviours, a system must possess sev-
eral classification categories ranging from “typical of the general population” to “severely atypical”.
Whilst this can be achieved using classical machine learning techniques, such an approach would re-
quire a large training data-set which includes examples of each behaviour, at each level of severity.
Such a data-set would be difficult and time-consuming to obtain. We therefore require a method able
to deal with the spectrum nature of ASD. One way to do this would be to apply a method which can
represent behaviours as points along a continuous dimension of severity, and which requires less data
for learning than traditional machine learning methods. An initial study evaluating one approach in
this direction is described in 3.2.2.

Date: M60

Version: No 2.0

Page 7



D5.3 Methods for improving the

assessment

2.2.2 Robots for ASD Interventions

As well as arguing for the use of automated behaviour classification systems in ASD diagnosis, we
propose that embedding these systems into socially interactive robots can provide further benefits
during ASD interventions. Research suggests that individuals with ASD respond better to interactions
with technology (Ozonoff, 1995) and are more likely to produce rare social behaviours in interactions
with robots compared to with humans (Ricks and Colton, 2010). Consequently, work has been done to
examine and improve the effectiveness of robots in clinical settings. The focus of much of this research
has been the use of robots in interventions; to encourage the performance of social behaviours and
mediate the transfer of these skills to interactions with other humans (Esteban et al., 2017; Duquette
et al., 2008; De Silva et al., 2009; Robins et al., 2005; Scassellati et al., 2012; Thill et al., 2012).

On-line behaviour adaptation is important for autonomous robots in ASD interventions due to the
high variability seen between children with ASD (Scassellati, 005b). This process requires the system
to track and classify the child’s behaviour before appropriate responses can be selected. Furthermore,
recognizing any changes in a child’s abilities or behaviours that occur as a result of the intervention
provides an opportunity to have a robot autonomously adapt to these changes, adjusting the interven-
tion task or level of difficulty, without overly relying on the clinician. This, in turn, would promote
smoother, more fluent robot assisted interventions, reducing the potential for stress or confusion on
the participant. Measuring a child’s behaviour directly during intervention interactions would also
allow robots involved in the intervention scenario to track a child’s progress and provide clinicians
with quantitative measures of how a child is improving.

2.2.3 Behaviour Classification for Tutor Robots

Outside of diagnostic situations, numerous human-robot interaction scenarios would benefit from
having a robot able to recognize the internal states of their interaction partner. We focus on tutoring
scenarios where a robot is employed to provide guidance and supervision in a one-to-one teaching
interaction with a child. Whilst evidence suggests that such one-to-one interactions can promote
learning in students (Cohen et al., 1982; Bloom, 1984), this approach is often not possible in class-
rooms where single teachers (in the U.K.) are responsible for 27 students on average (Department for
Education, 2018).

To address this, research has been conducted into developing technologies, such as robots, able to
provide more personalized teaching interactions. For example, Hood et al. (2015) developed a robot
to help children improve their handwriting skills, and the L2TOR project has worked to develop a
robot system for teaching children a second language (Belpaeme et al., 2015). Furthermore, research
has demonstrated that robot tutors providing personalized interactions do lead to learning benefits.
For example, Leyzberg et al. (2014) designed a robot to help participants solve puzzles by provid-
ing feedback. In one condition, the feedback the robot gave was selected based on an assessment of
the participant’s skills (personalized feedback), whilst in the other condition feedback was random
(control). Leyzberg et al. (2014) found that participants who received personalized feedback showed
greater improvements in a post-test than participants in the control condition. We argue that chil-
dren’s internal states are an additional metric which could be harnessed for providing personalized
interactions in such settings. For instance, if a robot tutor is able to recognize a child’s level of ex-
perienced difficulty with a task the robot could be provided with action policies to respond to these
levels, e.g. providing encouragement and support for “medium” difficulty, and switching to an easier
task for “high” difficulty. Importantly, we consider that the more “levels” of an internal state that a
robot system is able to recognize, the more adaptive and fluent a robot’s action policy can be.
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2.3 Automated Internal State Recognition: The State of the Art

Whilst it is clear that different scenarios require different definitions of internal states for classification,
an approach which uses a continuous representation for this task is yet to be developed. Here we
review some of the available classification techniques which have been applied to this problem, and
discuss one potential alternative approach.

Various methods have been developed for the on-line classification of human behaviour in terms
of human internal states. One approach draws from a particular school of thought within Psychology
which posits that humans are able to recognize the intentions of others based on observable movements
and actions by mapping what they observe onto their own experiences or reasoning about what they
would do in that particular situation (Gallese and Goldman, 1998). So, for example, one theory
proposes that when we observe someone reaching for an object, we “mirror” the observed movement
in the motor and motion planning regions of our brain and then draw on our experiences of performing
similar movements to infer the intentions behind the observed action (Goldman et al., 2012). This
school of thought has led HRI researchers to develop systems which recognize human internal states
by using the system’s own experience to map observed actions onto intentions. For example, Kelley
et al. (2008) designed a robot to recognize actions and intentions using its own experience. Hidden
Markov Models (HMMs) were used to model five activities and the robot was made to perform these
activities to train the HMMs. By monitoring the differences in features of its own performance for
each action the robot system produced a mapping between observable action features and internal
intentions. As a result the robot was able to correctly identify which activity an observed human
was performing. Despite this success, the reliance on the robot’s own experience limits this approach
due to the need for a to-be-recognized activity or internal state to be added to the robot’s behavioural
repertoire. As there are a number of internal states which robots cannot experience, such as emotional
states, this method is limited to the recognition of action intentions.

Alternative approaches do not rely on a robot’s own experiences. However, many of these ap-
proaches are fairly limited in terms of the number of internal states they’re able to recognize. For
example, Franois et al. (2007) developed a system using Self-Organizing Maps, which would allow
a robot to classify the style in which a child played with it as either “gentle” or “strong”. The robot
used this classification to select appropriate responses to the child’s behaviour. Whilst this approach
was successful in interactions with children, it requires a very specific scenario with limited interac-
tion styles and response options. Additionally, this approach relied on detecting the nature of haptic
interactions with the robot. In accordance with the discussed theories of how humans may recog-
nize the internal states of others, other approaches have used observable behaviours as the input for
estimating a human’s internal state. Daoudi et al. (May), for example, designed a system for distin-
guishing between social and personal intentions based on the observable characteristics of a human’s
reach-grasp-lift-place action. Principle Component Analysis (PCA) was used to define each intention
category (“social” and “personal”). The resulting system demonstrated a high success rate (68%).
Together, these studies illustrate that, whilst existing approaches to internal state recognition are suc-
cessfully able to recognize internal states from observable behaviours, they are limited to identifying
a small number of internal states.

Even approaches which incorporate a less limited number of classification labels, still use a fairly
rigid, categorical characterization of internal states. To illustrate, Wimmer et al. (2008) developed
a system for recognizing human emotional states based on facial expressions. Wimmer et al. used
a Binary Decision Tree as the classifier and trained and tested it using the Cohn-Kanade Facial Ex-
pression Database (Kanade et al., 2000) which consists of images of people showing the six universal
facial expressions defined by Ekman and Friesen (1971). The resultant system performed well on
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identifying the different emotions expressed in the still images. However, this approach results in a
description of emotional states such that a person is either happy or not happy. Whilst this is suffi-
cient for some situations where robots would benefit from being able to recognize emotions, there are
scenarios where more detail is needed to provide more appropriate robot responses and behavioural
protocols. For example, say we have a robot situated in a classroom which is required, among other
things, to identify conflicts between children and to decide whether to intervene and mediate the in-
teraction, or to attract the attention of an adult human to intervene. If that robot is only able to identify
whether or not a child is angry, and not how angry, the possible responses available to that system are
limited and would result in inappropriate behaviour from the robot. This is the same for other internal
states including task engagement and experienced difficulty.

2.4 Summary

This discussion demonstrates that the current state-of-the-art for systems designed to recognize the
internal states of humans is subject to a number of limitations. There are two main limitations of key
interest to this project. The first is the restricted number of categories such systems can practically
be trained to recognize. This limitation is usually a result of the amount of training data required to
achieve accurate classification. For instance, the system designed by Daoudi et al. (May) was trained
on 375 examples of actions in each category. Scaling a system up to include more categories using this
type of approach would require an impractically extensive training dataset. Consequently, one goal
for developing a more comprehensive internal state recognition system is to design a system which
can be trained on a relatively small data set.

The second limitation is the restrictive nature of a categorical approach to internal states. That
is, classification systems such as the one developed by Wimmer et al. (2008) consider emotions as
discrete states whereby a person either does or does not experience the emotional state. For robots
to respond more appropriately to human internal states, recognition systems should provide more
detailed representations of these internal states such that they reflect the human experience more ac-
curately. As discussed above, numerous internal states are thought to be best described as continuous
dimensions rather than discrete states. So for a robot to appropriately respond to a human’s experi-
enced level of an internal state, e.g. the optimal responses to high and low levels of frustration may
differ in a situation, the recognition system must provide a different classification for each “level”.

Overall, this therefore identifies three requirements for an internal state classification system:

1. Internal state information must be available in the chosen data source

2. Internal states should be represented as points along continuous dimensions

3. Classification systems should be trainable with limited datasets

One approach which we believe may achieve this is to use conceptors (Jaeger, 2017). Conceptors
are defined as a neuro-computational mechanisms that can be used for learning a large number of
dynamical patterns. The main benefits of this approach to our goals are that they can be trained
using only examples of the extremes along a continuous dimension and then combined to generate
the intermediate patterns. Additionally, this approach assumes that underlying any behaviour is a
continuous dimension, which suits our requirement for representing multiple “levels” or “intensities”
of a given internal state. We describe work in this direction in section 5
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Figure 1: System assessment performance as reported at the P3 review. The agreement between
human and system ratings is 49%.

3 Improving the performance assessment in the DREAM system

One of the main tasks in WP5 has been to develop methods for assessing the child’s performance
during robot enhanced therapy (RET). This concerns performance assessment during three different
tasks, turn-taking (TT), joint attention (JA), and imitation (IM) (D1.1). The performance measure
varies depending on the task.

During TT, performance is defined as the child’s ability to wait for its turn during a turn-based
game that the child and the interaction partner (robot in RET condition, human in SHT condition)
play on the sand tray (i.e., the large touch screen located between child and the robot). Specifically,
the child is expected not to move over the sand-tray during the opponent’s turn. This duration is
referrer to as the assessment window. The beginning of the assessment window is indicated by the
robot saying Now is my turn (Acum e rndul meu), ends with a ”Pling” sound, and lasts for about 8.5
seconds. During this time, participants are instructed not to move over the sand tray.

For JA and IM tasks, the performance measure was identical to the performance on task. That is,
in the JA condition, the child should follow the robot’s gaze and look at one out of two target images.
In the IM condition, the child should imitate the robot’s behavior. Please refer to D1.1 for details.

From a system point of view, this functionality was implemented as the assessChildPerformance
component. As reported during the P3 review, the system performance, measured as its ability to
produce similar performance assessments as a human therapist, was far from satisfactory, (c.f., Figure
1). Primarily, the system produced a large number of False negatives, that is, cases where the system
assesses bad performance while the human therapist classifies the child’s performance as good.

While we initially thought that this poor performance was primarily due to system calibration and
tuning issues, we later realized that this was not the case. Although the performance measures in
DREAM were well specified for all DREAM intervention tasks, a human annotator always adapts the
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assessment based on factors that were not known at design time. An analysis with examples of cases
where the initial performance definition has to be updated is presented in Section 3.1.

In order to better understand the challenges behind the automatic assessment, a deeper analysis
was made, presented in Section 3.1. This analysis lead to a re-design of the assessment methods,
initiated early 2018. At this point, a majority of the third and final evaluation of the full DREAM sys-
tem was already completed. In order to not interfere with clinical results of the evaluation, we made
the decision not to implement any dramatic changes to the live system. Instead, the assessChildPer-
formance component was re-implemented to allow offline assessment of recorded interventions. In
addition to increased assessment performance, an important contribution of this work is a fully trace-
able assessment process where the video annotation tool ELAN1 is used as a data visualization tool
between therapists and algorithm designers. An key component of this work is sensoryAnalysisOffline
that allows re-playing of sensor perceptions from recorded data. The algorithms behind sensoryAnal-
ysisOffline is presented in detail in Cai et al. (2018) with a complete route to traceable assessments
presented in D3.4.5. The updated methods for performance assessment, focusing on turn-taking, are
presented in Section 3.2. This work was also complemented with a deep-learning/conceptor based
approach to assessing internal state information from observable clues more broadly. This part of the
work is presented in sections 4 and 5.

3.1 Challenges in performance assessment

With the goal of providing a better understanding of the challenges involved in performance assess-
ment, we here present a few of typical examples where therapists and the automatic assessment system
disagree. As mentioned in the previous section, the system made a large proportion of false negatives
and thus, we’ve focused on these situations. There were frequent errors in all three task types (TT, JA,
and IM), but the majority came from turn-taking and therefore this analysis focuses on these cases.

Despite the fact that we started out with fairly simple and manually designed assessment algo-
rithms, it is in many situations very difficult to see exactly why the system produces a specific assess-
ment merely by inspection of the video. In this work, the automatically generated ELAN files, with
annotations indicating the system’s assessment variables, constituted a critical tool for analysis and
discussions between therapists and algorithm designers.

In the turn-taking tasks, the largest source of false negatives, i.e., situations where the system
assesses a ”bad performance” on a task which the therapists assess as ”good performance”, comes
from visual stimulation. Many children in the study frequently looks closely at the sand tray during
different tasks. This behavior is typical among children diagnosed with ASD and is seen as a type of
observation, and is thus not regarded as an interference with the opponent’s turn. An example of this
behavior is visible in Figure 2. Although accepted by the therapists, it constitutes a big motion over
the sand tray that is otherwise not allowed. Additionally, the hands are frequently hidden under the
child’s chest, making it difficult for the system to reliably determine the hand position and thus, the
waiting performance.

Another common reason for false negatives were hidden hands, frequently appearing when the
child is leaning over the sand tray. An example of this is visible in Figure 3. In these cases, the
skeleton pose calculation makes an incorrect estimation of hand position, indicating that the hands
are in front of the child. As a result, the system sometimes assesses these situations as ”bad waiting”
although the behavior is compliant with instructions.

A third source of false negatives is presented in Figure 4. As indicated in the lower part of the
1ELAN Annotation Tool by the Max Planck Institute: https://tla.mpi.nl/tools/tla-tools/elan/
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Figure 2: An example of visual stimulation. The child is looking closely at the sand tray. It is regarded
an acceptable behavior during the opponent’s turn since it constitute a form a looking.

figure, we are approaching the end of the robot’s turn. The system is correctly estimating the location
of both arms, one held close to the chest and the other over the sand tray. Looking only at this image,
it constitutes a clear example of a child not able to wait. One hand is clearly over the sand tray, which
is not allowed during the robot’s turn.

However, when observing the context of this action, the interpretation changes. The sequence of
events leading up to Figure 4 is presented in Figure 5. During this period, the child is following the
robot’s move by looking at the object mooving at the screen. He is waiting for the object to reach its
target location, but as soon as it has, he moves the arm out over the sand tray. His actions are clearly
coordinated with the robot and his intention is not to interfere, thus the behavior is assessed as good
waiting.

In sum, the analysis displays a range of challenges in performance assessment. Some of these are
due to technical limitations in e.g., pose estimation of the hands, but the majority of wrong assessments
are not caused by perceptual limitations. Instead, the challenge lies in capturing the child’s intention
behind different actions. The intention of in child in Figure 2 is to look, not to engage in the robot’s
turn. Likewise, the intention of the child in Figure 4 is to wait, altough he did not exactly follow the
definition of a turn as specified at design time.

3.2 Updated methods for performance assessment

Based on the analysis presented in the previous sections, the methods for performance assessment
was re-implemented for offline analysis. Here, we focused on assessment of waiting performance
during turn-taking. Joint attention and imitation performance required significantly more work and
also constituted a smaller proportion of the complete dataset, and were therefore not included in the
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Figure 3: A screen shoot from the ELAN annotation tool. The child is following the movement of
the animated car during the robot’s turn. Since the child’s hands are hidden and the child is leaning
over the sand tray, it constitutes a challenging situation for the skeleton calculation. The right diagram
presents the estimated joint positions seen from the right. The hands, marked by orange dots, are
incorrectly positioned in front of the child, causing the system to assign ”bad waiting” although the
child is in fact following instructions, keeping his hands away. The lower part of the figure displays
automatically generated annotations indicating different aspects of system information.
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Figure 4: A screen shoot from the ELAN annotation tool. The child is moving his arm over the sand
tray during the robot’s turn. The duration of the robot’s move is indicated in the lower part of the
figure, highlighted in blue. The present time is marked by a red line.

Figure 5: Three video frames from the second prior to the scene presented in Figure 4. The first,
leftmost, frame displays when looking at the green object being moved by the robot. The child is
waiting with his hands close to the edge of the sand tray. The middle frame displays the child looking
at the object at the time it reaches it’s target location. About 100 milliseconds later, displayed in the
rightmost frame, the child starts to move over the sand tray.
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Figure 6: System assessment performance on turn-taking, using the updated methods for assessment.
The agreement between human and system ratings is 73%.

offline analysis.
The algorithm has been adjusted in several ways. Firstly, only the hands and wrists are now

considered during analysis, allowing the child’s head and body to move over the sand tray without
being interpreted as bad waiting.

Also, quick movements over the sand tray, less than 0.8 seconds, were filtered out. While this
temporal filter was introduced to remove the effect of noise in the calculation of the child’s hands, a
closer analysis revealed that a temporal threshold effectively removed unintentional movements over
during the opponent’s turn.

Finally, as discussed in the previous section, the children sometimes touched the figures on the
sand tray in the beginning of the opponent’s turn, then realizes their mistake and withdraws. From a
therapeutic point of view, it did not make sense to always provide negative feedback to the child in
these situations and therefore classified the waiting performance as good. The effect of these adjusted
assessments could be reduced by cutting the first two seconds of the assessment window, allowing
the child to moving over the sand tray dung this time without receiving negative feedback. However,
the more qualitative aspect of these assessments were difficult to capture and still constitute important
parts of the incorrect system judgments.

The performance of the updated assessment methods is presented in 6, with an average perfor-
mance of 73%.
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4 Developing a Method for Exploring the Internal State Information
Available in Observable Movements

This work was conducted in collaboration with Dr. Séverin Lemaignan (Bristol Robotics Lab) and Dr
C E R Edmunds (University of Plymouth) who provided the dataset and contributed to the design of
the experimental protocol. It is currently submitted for publication in the journal Frontiers in Robotics
& AI.

4.1 Objectives

The first experiment was designed to establish a method for exploring what internal state information
is available within a data source. Given that artificial systems can only receive an “impoverished”
view of a scene (compared to human vision) it is important to establish whether the information of
interest is available in the input provided to the system. Additionally, examining what information is
available in a data source provides a baseline of expectation for classification systems. A large amount
of research suggests that humans can use observed movements to infer the internal states of others
(Gallese and Goldman, 1998; Samson, 2009; Becchio et al., 2017). An additional advantage of using
this kind of information is that it can be made easily and readily available to artificial systems. As
such, this experiment focuses on exploring the kinds of information that humans are able to recognize
from observable movement, and thus what information we can reasonably expect an artificial system
to recognize.

A lot of research has examined this question using point-light-displays and other methods to isolate
movement information from other sources. This research has shown that humans are able to use
movement information to infer things like gender (Hufschmidt et al., 2015), intention (Manera et al.,
2010) and emotional state (Alaerts et al., 2011). Despite this, the majority of these studies use artificial
stimuli. That is, the stimuli have either been constructed by filming actors instructed to behave in a
certain way; e.g. with particular intentions in mind, or evoking certain emotions (Iacoboni et al., 2005;
Alaerts et al., 2011). The lack of ecological validity presents a problem for HRI research. The goal of
HRI is to develop systems for interacting with humans in real-world scenarios, so they need to be able
to deal with natural, messy human behaviours. Consequently, a secondary goal of this experiment was
to examine what kinds of information humans can recognize from naturalistic stimuli.

This study focuses on the availability of internal-state information in observable human move-
ments and aims to evaluate the following hypothesis:

1. Humans will be able to recognize similar internal states from human movement alone as they
do from the full visual scene.

To address this hypothesis participants view video clips including either the full visual scene of an
interaction between two children, or clips depicting stick figures and containing only the body-pose
and movement information from the same scenes. Following each clip, participants will be asked a
series of questions which examine whether participants recognized any internal states (e.g. emotions,
engagement) or social constructs (e.g. cooperation, dominance) based on the children’s behaviours.
Responses in each condition will be compared to identify which constructs are recognizable in the
movement information. We expect to find that participants viewing the full scene will show higher
levels of agreement in their responses, and will recognize more constructs, compared to participants
viewing the movement-alone videos. However, we also expect that responses in both conditions will
provide enough information to differentiate between different interactions.
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4.2 Method

This study examined the effect of video type (movement-alone vs. full-scene) on responses to ques-
tions about the nature of the interaction depicted in the videos. The dataset used in this study was the
PInSoRo (Lemaignan et al., 2017) dataset made openly available by our group2. This dataset consists
of videos of child-child or child-robot interactions. Children were asked to play for as long as they
wanted on a touch-screen tabletop device (henceforth: sandtray). For this study we chose to use the
child-child interactions as these were more likely to involve natural social behaviours throughout the
children’s interactions with one another. It is important to note that interactions in this dataset were
minimally controlled - pairs of children from the same school class were asked to play on a touch-
screen sandtray for as long as they wanted (up to 45 minutes). Whilst structured play options were
provided, they were not enforced. The stimuli used for this experiment were twenty 30-second clips.
Clip selection was made based on whether they contained behaviours that could be described as either:

1. Boredom - at least one child was bored with the task on the touch-screen

2. Excitement - at least one child behaved excitedly (animated, happy)

3. Aggression - at least one child exhibited a physical aggressive action either towards the touch-
screen or the other child (hitting the screen, pushing the other child’s hand away)

4. Cooperation - the children were working together and/or communicating about how to perform
a task

5. Dominance - one child was bossy, performing most of the actions on the touch-screen or clearly
in charge

6. Aimless play - at least one child was interacting with the touch-screen in a non-goal-directed
manner or without being very engaged in their task

7. Fun - at least one child was having fun (laughing, smiling)

These labels were selected based on two considerations: (a) the events and internal states (recogniz-
able for humans) available in the dataset, and (b) events and internal states which would be useful
to a robot which might observe or mediate such an interaction. Recognizing boredom and aimless
behavior would allow a robot to appropriately encourage a child to take part in a task.

The movement-alone video condition was constructed by processing each clip using OpenPose3

(Cao et al., 2017). This resulted in videos with the joint-points and lines connecting these joint-points
against a black background so that each child was depicted as a stick-man-style figure.

The open and closed questions were constructed by the experimenters based on the types of social
information we might want an artificial system to recognized within a scene. The open question was
a single item which asked participants “What did you notice about the interaction?”. This question
was presented immediately after the video and was designed to encourage participants to reflect on
the video they had just watched. The closed questions were a series of thirty-two likert-style questions
regarding either the group dynamics (e.g. “were the children competing with one another?”) or the
behaviour of each child individually (e.g. “was the child on the left happy?”).

2https://freeplay-sandbox.github.io
3https://github.com/CMU-Perceptual-Computing-Lab/openpose
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The experiment was designed using the jsPsych library4, and remotely hosted from a private server
(Fig. ?? shows a screenshot of the experiment). The experiment was accessible via Amazon Mechan-
ical Turk (MTurk) to MTurk Workers. An advert was posted on MTurk containing a link to the
experiment.

4.3 Analysis

4.3.1 Inter-rater Agreement

To determine inter-rater agreement and reliability, we calculated agreement scores across all 30 ques-
tions for each clip in each condition separately. This analysis was performed to examine whether
participants in each condition gave similar ratings across all questions when they had viewed the same
clip. High agreement would indicate that participants had interpreted similar things from a given clip,
e.g. participants might all have felt that the children in a clip were being friendly and cooperative, or
aggressive and competitive. Whilst this analysis does not reveal exactly what participants interpreted
from the videos, it does indicate whether they gave similar ratings, and therefore reported recognizing
similar states/behaviors. Given that each clip was rated by a varying subset of participants, Krippen-
dorff’s alpha (Hayes and Krippendorff, 2007) was the most appropriate metric of rater agreement (see
Table 1 for number of raters and agreement per clip). The alpha scores ranged from 0.058-0.463 i.e.
from “slight” to “moderate” agreement (Landis and Koch, 1977).

A t-test was conducted to assess whether the two conditions differed in their agreement scores
across all 20 clips. This analysis revealed that participants in the full-scene condition showed sig-
nificantly higher agreement (M = 0.328, SD = 0.110) than participants in the movement-alone
condition (M = 0.252, SD = 0.079) (Paired Samples T-Test: t(197) = 2.95, p = 0.008, d = 0.78).
These analyses show that participants viewing the full-scene clips demonstrated higher levels of agree-
ment in their ratings than those viewing the movement-alone clips. However, participants in the latter
condition still showed some agreement (chance level Krippendorff’s Alpha = 0.0), suggesting that
some social constructs were recognizable within the movement information in both conditions.

We then trained a classifier on the full-scene data with hand-crafted social labels to then attempt to
automatically identify these social labels on the movement-alone data. Our best performing classifier
(a 3-kNN) on 80% of the full-scene data and testing on the remaining 20% results in a (cross-validated)
precision of 46.2% and recall of 33.6%. We found very similar levels of precision and recall (respec-
tively 41.6% and 32.7%) when testing on the movement-alone ratings: the assessment of the social
interaction taking place between two children, made by naive observers watching a low-dimensional,
movement-alone video-clip of the interaction, carries similar informational content regarding the so-
cial interaction as the original raw video footage.

Based on this finding we can tentatively conclude that the movement-alone data contains a com-
parable amount of information as the full-scene data, with respect to social interactions. Furthermore,
this information, contained in the movements of interacting individuals, can be interpreted by human
observers in a similar way as when the observers are viewing the full visual scene.

While above chance, the accuracy of the classifier is relatively low. This may reflect the inherent
difficulty of rating social experiences for an external, naive observer (such as the raters recruited for
this study).

To better make sense of these results, we employed a second data mining technique (Exploratory
Factor Analysis, EFA) to attempt to uncover underlying latent factors that would, in effect, embody

4https://www.jspsych.org/
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Table 1: Table of inter-rater agreement scores for responses to each clip in each condition

Clip Krippendorff’s Alpha (3 d.p.)

Full-Scene (N) Movement Alone (N)

1 0.446 (16) 0.186 (26)
2 0.181 (24) 0.270 (20)
3 0.393 (22) 0.369 (18)
4 0.444 (22) 0.262 (23)
5 0.328 (23) 0.283 (20)
6 0.463 (19) 0.359 (19)
7 0.091 (19) 0.236 (23)
8 0.339 (19) 0.312 (17)
9 0.097 (20) 0.058 (18)

10 0.396 (18) 0.086 (13)
11 0.280 (17) 0.234 (23)
12 0.368 (25) 0.298 (16)
13 0.334 (20) 0.189 (21)
14 0.310 (17) 0.309 (21)
15 0.422 (26) 0.242 (14)
16 0.192 (16) 0.272 (21)
17 0.273 (17) 0.183 (21)
18 0.334 (16) 0.331 (24)
19 0.415 (22) 0.304 (19)
20 0.451 (18) 0.250 (23)
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stronger cognitive constructs, implicitly relied upon by the humans when assessing a social interac-
tion. We ran independent EFAs on the ratings provided for the full-scene videos and those provided
for the movement-alone clips. In both condition, one factor was measuring the behavioral imbalance
between the two children (how similar or dissimilar their behaviors were); a second factor reflected
the valence of the interaction, from adversarial behaviors and negative emotions, to pro-social and
positive behaviors and emotions; finally a third factor embodied the level of engagement of the chil-
dren. These constructs may be indicative of the constructs humans use to interpret social situations in
general.

The results of both the classification analysis and EFA demonstrate that it is reasonable to expect a
machine learning algorithm, and in consequence, a robot, to successfully decode and classify a range
of social situations using a low-dimensional data source (such as the movements and poses of observed
individuals) as input: our study shows that, even thought assessing social interactions is difficult even
for humans, using skeletons and facial landmarks only does not significantly degrades the assessment.

5 Proof-of-Concept of a Conceptor-Based System for Classifying Inter-
nal States from Observable Movements

5.1 Objectives

Next, we wish to evaluate the usefulness of conceptors for learning and classifying human internal
states based on observable behaviour. This study is a proof-of-concept study for the conceptor-based
system which is intended to be applied to the problem of classifying the behaviours of children with
ASD in terms of different “levels” of severity. This study will also form the basis for a series of
studies aiming to develop a method for representing and classifying human internal states in terms of
continuous dimensions rather than discrete categories. This has been published as a workshop paper
at HRI 2019.

Conceptors are neurocomputational mechanisms capable of learning dynamical patterns (Jaeger,
2017). The fact that conceptors can be used to learn a large number of patterns based on only the
prototypical extremes of a continuum encompasses the two main features which we wish to exploit
for this project. That is: (1) we want to be able to train a system to recognize a large number of
patterns using a minimal training dataset, and (2) we want the combination of these patterns/categories
to reflect a continuous dimension. As such, the main aims of this proof-of-concept study are two-fold.
Firstly we explore whether conceptors can be trained to recognize the extremes of a human internal
state from observable behaviour. Secondly, once these extremes are learned we aim to generate a
conceptor representing an intermediate level of this internal state by combining the learned conceptors.
We will then test whether this new conceptor can be used to recognize the intermediate state without
being trained.

For this study we have operationalized “internal state” as a state which a human experiences but
does not intentionally communicate. As such, we needed a dataset depicting individuals in isolation
who were experiencing varying intensities of an internal state. In order to avoid emotional states,
which are being extensively examined by similar studies and are usually highly communicative, we
chose to focus on the internal state of task engagement. We therefore aim to evaluate the following
hypotheses:

1. A conceptor-based system can be trained to recognize high and low engagement based on hu-
man movement data
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2. Once the extremes are learned, the resultant conceptors can be combined to create a represen-
tation of an intermediate state of task engagement

3. The intermediate state conceptor can be used to classify human movement data without needing
to be trained

5.2 Dataset

The dataset for this study consisted of clips taken from the PInSoRo dataset (Lemaignan et al., 2017)5.
This dataset was chosen for a number of reasons, one being that many of the videos have already been
annotated with labels approximating task engagement. Below are the definitions of the labels we used
(see Lemaignan et al. (2018)):

• Goal-Oriented Play - defined as purposeful, structured play involving some action planning.
We argue that this reflects high task engagement.

• Aimless Play - defined as unstructured or silly play. We argue that this reflects and intermediate
level of task engagement.

• No Play - defined as a lack of any obvious activity. We argue that this reflects low task engage-
ment.

We selected clips of child-robot interactions as we believe that the children were less likely to be
actively/intentionally communicating their engagement state to the robot.

We extracted all the clips which had been annotated with these labels. The clips were then pro-
cessed using OpenPose (Cao et al., 2017) to obtain a file containing the xyz coordinates for the child’s
joints and facial features for each frame. These sequences of coordinates were used as input for the
conceptor-based classifier. The training dataset was made up of a subset of the “high” and “low” en-
gagement clips. The remaining clips with these labels were used as a test dataset. Additionally, all of
the examples of “intermediate” engagement were kept as test stimuli to see whether a new conceptor,
generated by combining the trained conceptors, could be used to classify these stimuli without having
been trained.

5.3 Validation of the labels

We also briefly validated the labels to ensure their utility. To this end, five participants (students and
employees) were recruited from the University of Plymouth’s School of Computing, Electronics and
Mathematics on a volunteer basis.

A total of forty-five video clips were extracted from the data set for this study. We selected fifteen
clips with the annotation “goal-oriented play”, fifteen with the annotation “aimless play” and fifteen
with the annotation “no play”. Clip lengths ranged from 12-30 seconds. After clips were selected we
extracted both the full visual scene versions and the movement-alone versions. The movement-alone
versions were processed such that they depicted the children’s joint-points, connected by coloured
lines, against a black background. These videos act as visual representations of the data used as input
for the conceptor-based system in that they depict only movement and pose information by showing
the position of the child’s body in each frame.

5https://freeplay-sandbox.github.io
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Participants watched the full visual scene videos on one day and were then asked to return the
next day when they would watch the movement-alone videos. Participants all received the following
instructions before beginning the experiment:

You’re about to watch several videos of children interacting with a touch-screen table-top. The
children were able to either play a specific game on the touch-screen, or to do whatever they want.

After each clip you will be asked to judge the child’s level of task engagement.

Participants then viewed nine of each type of clip (a total of twenty-seven clips) presented in a
random order. Following each clip, participants were presented with the question “How engaged was
the child with their task on the touch screen table-top?”. This question was accompanied by a 7-point
Likert scale ranging from 1 = “Not at all Engaged” to 7 = “Highly Engaged”. Participants used this
scale to report how engaged they thought the child in the clip had been and then continued on to the
next clip. On the second day, the experiment proceeded in the same way except participants were
shown the movement-alone videos instead of the full visual scene videos. Each participant saw the
same twenty-seven clips in both sessions.

5.3.1 Inter-rater agreement

We firstly examined inter-rater agreement by calculating Krippendorff’s alpha for the responses. We
initially checked whether participants gave similar responses for each of the three types of videos.
To do this, Krippendorff’s alpha was calculated for responses to all of the videos of each type. The
alpha scores have been interpreted in terms of the benchmarks outlined by Landis and Koch ?. Re-
sponses showed “fair” agreement for the goal-oriented (high engagement) clips (Krippendorff’s alpha
= 0.269) and the no-play (low engagement) clips (Krippendorff’s alpha = 0.267). Responses for aim-
less (intermediate engagement) clips showed “slight” agreement (Krippendorff’s alpha = 0.171). The
low levels of agreement can partially be explained by the fact that there were very few raters (2-4) per
clip. As such we did not expect perfect levels of agreement and argue that the levels obtained suggest
a sufficient degree of similarity in participants’ ratings.

We then examined whether participants had higher agreement when viewing the full visual scene
clips compared to the movement-alone clips for each clip type. The results of this analysis are re-
ported in Table 2. For the goal-oriented and no-play clips, participants tended to show similar levels
of agreement in each condition. However, for the aimless clips, participants demonstrated poor agree-
ment when viewing the movement-alone clips.

Table 2: Table of inter-rater agreement scores for responses to each clip-type in each condition

Clip Type Krippendorff’s Alpha (3 d.p.)
Full Scene movement-

alone
Goal Oriented 0.382 (fair) 0.368 (fair)
Aimless 0.247 (fair) -0.022

(poor)
No Play 0.126

(slight)
0.202 (fair)
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5.3.2 Ratings

The second set of analyses looked at the how participants rated each type of video. Overall mean
rating was 4.81 (SD = 1.25) for goal-oriented clips, 4.16 (SD = 1.52) for aimless clips, and 2.43
(SD = 1.54) for no-play clips. An ANOVA revealed a significant main effect of clip-type on rat-
ings (F(2,267)=64.99, p<0.001). Importantly, a post hoc Tukey test revealed significant differences
between all conditions (Tukeys HSD: all differences >0.6, all ps <0.007; see Table 3).

Table 3: Table of results for post hoc Tukey’s Honest Significant Difference test.

Comparison Difference Significance (p
adj)

Goal Oriented �
Aimless

0.656 p = 0.007

Goal Oriented �
No Play

2.348 p < 0.001

Aimless � No Play 1.722 p < 0.001

5.3.3 Label validity

These results demonstrate that participants rated the clips in terms of engagement such that goal-
oriented clips showed the highest levels of engagement, no-play clips showed the lowest levels, and
aimless clips fell in-between these two extremes. Consequently, we feel our assumption that these
annotations reflect different levels of engagement is sufficiently supported for these data to be used
to train and test a conceptor-based classifier to recognize engagement based on observable behaviour.
The remainder of this paper describes the design and initial tests of such a classifier.

5.4 Conceptor-Based Classifier

The conceptor-based approach is based on the phenomenon in Recurrent Neural Networks whereby
when a reservoir is driven by a pattern, the resultant network states are confined to a linear subspace
of the network state space which is characteristic of that pattern (Jaeger, 2014). As a result, for this
study, the overt behaviours which characterize the different levels (classes) of engagement will occupy
different regions of the state space, and can be encoded in a conceptor. This conceptor (Cj) then acts
as a map associated with a particular pattern (pj).

Building this conceptor-based classifier involves computing J conceptors, one for each class of
engagement. Obtaining these conceptors can be broken down into several steps. First, an Echo State
Network (ESN) is created with an input layer of K input units and a hidden layer reservoir of N
neurons. For each class the network was driven, independently, with all training samples smj in each
class j, according to the ESN state update equation:

x(n+ 1) = tanh(W · x(n) +W in · p(n+ 1) + b) (1)

This yielded a set of network states Xj = [x(1) . . . x(t)] where t was the number of time-steps in
sj from which a state correlation matrix Rj = XjXT

j /Mj could be obtained, where Mj is the total
number of samples for class j. Next we compute conceptor Cj through the equation:

C(R,↵) = R(R+ ↵�2)�1 (2)
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Table 4: Predicting internal states with Conceptors.

Algorithm: Conceptor-based classification.
Input: A test sample s belonging to one a class j.

1. Take a sample s from the test set.

2. Drive the reservoir with sample s to obtain a
state vector z = [x(1) · · ·x(n)], where n is the
# of steps in s.

3. For each Conceptor Cj compute h(j) =
zTCjz, a “positive evidence” quantity of z be-
longing to class j.

4. Collect each evidence h(j) into a
j�dimensional classification hypothesis
vector h+ = {h(1) · · ·h(j)}.

5. Classify s as belonging to class j from j =
argmax(h+).

6. END

Output: Class sample s belongs to.

Where R is a correlation matrix and ↵ 2 (0,1) in an “apperture” parameter. For more see Jaeger
(2014).

Once a conceptor matrix was computed for each class, a new sample s from the test set could be
classified by feeding it into the ESN reservoir and obtaining a new state vector z = [x(1) . . . x(n)].
Then, for each conceptor a “positive evidence quantity zTCjz was computed. Classification is then
done by deciding for j = argmax(zTCjz) where the class j is the one to which the sample s belongs.

The procedure for the conceptor-based classifier is summarize in Table 4.

5.5 Results

The resultant conceptors were tested using previously unseen samples from the high and low engage-
ment categories. The results of this test are shown in Figure 7. Performance is above chance for both
classes (high engagement: 60%, low engagement: 75%).

The conceptor-based system thus successfully learned to recognize high and low engagement from
observable human movement. Future work will construct new conceptors by linearly combining these
learned conceptors. We will then test whether these new conceptors can be used to recognize inter-
mediate levels of engagement identified in the PInSoRo data set.

If new conceptors can be generated, this method will show promise for use in providing diagnostic
information for clinicians assessing children with ASD. The ability to interpolate between extremes
along a continuum means that such a system could be trained on a smaller dataset, whilst still achiev-
ing a high level of detail through the generation of multiple intermediate classification categories.
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Figure 7: Confusion matrices showing classification performance of trained conceptors on training
data (left) and test data (right).

6 Work to be continued beyond the conclusion of DREAM

6.1 Continue to develop the conceptor based system for ASD diagnosis

Although the proof of concept has so far been encouraging, we still need to apply the conceptor-based
system to the problem of providing a description of a case of Autism Spectrum Disorder (ASD) in
terms of severity via an automated behaviour recognition system. Depending on a number of factors
this experiment could adopt one of two approaches. The first, and most favourable, approach will
be to use an adapted version of the protocol described before to explore what features of a child’s
behaviour clinicians most commonly use to identify severity. This will make use of the video data
from the DREAM project (DREAM, 2014).

Clinicians will be presented with short clips of children taking part in intervention settings and
asked to describe the child’s behaviour and indicate any diagnostic thoughts or conclusions they may
have drawn from each clip. Whilst the final diagnosis of each child is also provided by the DREAM
project for this data set, we would use this protocol to explore the symptomology of each case in-
dividually. This approach incorporates the current understanding of ASD as a highly heterogeneous
diagnosis whereby the severity and presentation of symptoms differs from case to case. Consequently,
creating an automated diagnostic system able to provide information about the severity of different
symptoms requires a highly detailed training data set. Additionally, we would need to identify which,
if any, symptoms we are able to identify based on observable behaviours. This study would achieve
this by asking clinicians to be specific about how they feel the child’s behaviours may relate to any
diagnostic conclusions they made based on the video data. Once a set of behaviours has been identi-
fied, as well as how they relate to symptomology or severity, a dataset will be constructed to train the
conceptor-based system on high and low severity behaviours. Conceptors for classifying intermediate
severity levels will be generated using linear combinations of the extremes of each behaviour. The
system will then be tested on the remaining data set to assess its accuracy compared to the severity
scores and symptom descriptions offered by the clinicians. Due to how extensive this study would
need to be, and the potential difficulty of recruited a large number of highly specialized participants,
we appreciate that this study may not be feasible within the given time-frame. If this becomes the
case, a secondary approach will be used.

The alternative approach will be to simply train the conceptor-based system on examples of be-
haviour from children who have received a final diagnosed of either high or low severity ASD. This
experiment will also use the video and diagnostic data available in the DREAM dataset. This process
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will allow us to explore what behavioural features the conceptor-based system uses to differentiate
between each severity class. Similarly to the first approach, once conceptors have been trained for the
extreme classes, new, intermediate conceptors will be generated for intermediate levels of severity.
The system will then be tested on unseen examples of the extremes, as well as examples of children
with intermediate severity diagnoses. Judgements of the system’s accuracy will be made by compar-
ing the system’s severity classification to the final diagnosis in the DREAM dataset.

The aim for both of these approaches will be to develop a conceptor-based system able to provide
diagnostic information about children with ASD. Specifically, we want to create a system which meets
the following requirements:

1. Can provide multiple classification options ranging from “low severity” to “high severity”,
avoiding a reductionist view of ASD.

2. Achieves 1. whilst requiring a relatively small training data set.

6.2 Conceptor alternative using the neuro-engineering framework

Given that the performance of the conceptors have room for improvement, we will also explore an
alternative approach to learning numerous classes of dynamical pattern based on the prototypical
extremes. Given that the approach of representing human internal states as continuous dimensions is
inspired by definitions of these states provided by Psychology, we consider an approach which has the
potential to more closely reflect how humans represent, and even recognize, human internal states. For
this experiment we will develop an equivalent to the conceptor-based system using the biologically
plausible neural simulator Nengo (Bekolay et al., 2014).

Recently, Voelker and Eliasmith (2018) have presented a biologically plausible dynamical spik-
ing neural network, formulated in terms of the so-called Neural Engineering Framework (Eliasmith
and Anderson, 2003) – which is the framework underlying Nengo – capable of exactly reproducing
delayed time signals. Their approach can be understood as solving the question of what an optimal
reservoir would be for a given problem, achieved by starting with a mathematical description of the
ideal system, from which the network as such is then derived. In other words, it achieves an opti-
mal solution for the problem that Echo State Networks, and consequently concpetors, approximate.
However, this network has so far only been demonstrated on very abstract, single-dimensional input
patterns, whereas conceptors easily encode multi-dimensional imputs (such as the locations of various
point-light markers on a human skeleton), as we have demonstrated above.

The approach of Voelker and Eliasmith (2018) is promising as a possible alternative to conceptors
since the mathematical formulation leads us to expect higher levels of accuracy and performance.
Additionally, given that many of the present-day and near-future applications lie in human-machine
interaction, the spiking nature of these networks (compared with the rate-based approach in Echo State
Networks and Conceptors), in combination with neuromorphic hardware, is potentially interesting
since real-time performance can thus be guaranteed (assuming sufficient hardware) while there are
also results indicating that such a network would be more energy-efficient Blouw et al. (2018). It has,
however, not been explored how such a network would encode signals of dimensionality higher than
one, and it is not clear that inputs that would be interesting in real-life conditions can be reduced to a
single dimension.

We have obtained initial results that suggest reasonable classification performance using just two
of the principal components obtained from a PCA on the PinSoRo data-set, and can additionally
demonstrate that a system trained to recognise high or low engagement as extrema will classify exam-
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ples of intermediate pattern as also falling between these extrema. The work is therefore promising,
but needs to be continued before a final decision can be made.

This Nengo-based approach will then be compared directly with the conceptor-based approach to
assess similarities, differences and whether one system improves upon the other. The main aim for
this experiment will be to explore an alternative way of addressing the system requirements outlined
above.
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