
Chapter 16
User-Centred Evaluation for Machine
Learning

Scott Allen Cambo and Darren Gergle

Abstract Activity tracking wearables like Fitbit or mobile applications like Moves
have seen immense growth in recent years. However, users often experience errors
that occur in unexpected and inconsistent ways making it difficult for them to find
a workaround and ultimately leading them to abandon the system. This is not too
surprising given that intelligent systems typically design the modelling algorithm
independent of the overall user experience. Furthermore, the user experience often
takes a seamless design approach which hides nuanced aspects of the model leaving
only the model’s prediction for the user to see. This prediction is presented optimisti-
cally meaning that the user is expected to assume that it is correct. To better align the
design of the user experience with the development of the underlying algorithms we
propose a validation pipeline based on user-centred design principles and usability
standards for use in model optimisation, selection and validation. Specifically, we
show how available user experience research can highlight the need for new eval-
uation criteria for models of activity and we demonstrate the use of a user-centred
validation pipeline to select a modelling approach which best addresses the user
experience as a whole.

16.1 Introduction

Activity tracking systems such as wearable devices like Fitbit and Jawbone or mobile
applications like Moves and Google Fit have seen extraordinary growth in commer-
cial activity over the past several years. Yet, a common problem with these sys-
tems is early user abandonment – shortly after initial adoption many users stop
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engaging with the tracked information or even stop using the system entirely. To
better understand why this is happening, researchers have begun to survey users of
activity trackers [10, 27], conduct detailed user interviews [23], and synthesise feed-
back from online product reviews [27]. Across these studies, users often report that
inaccuracy and errors play a big role in their decision to abandon their activity track-
ers [10, 23, 27] and that they are uncomfortable with activity tracking performance,
system behaviour and overall user experience.

To address these challenges, user experience researchers have recommended inte-
grating interactive elements into activity tracking systems that permit the users to
better understand errors and play a more active role in calibrating the system. Some
health tracking systems researchers have gone a step further to argue that manual
calibration could actually aid the user to better understand their tracked and inferred
data [7, 10, 23, 27]. However, there is a gap in our understanding that exists between
the design of these interactive aspects of the user-experience and the performance of
underlying algorithms and models of activity tracking systems. In particular, com-
putational techniques such as model personalisation and active learning—which are
inherently suited to the integration of user interaction—tend to be developed and
evaluated with a focus on model accuracy instead of considering the broader impli-
cations of performance and how it relates to the user experience and interaction with
the activity tracking system.

In this chapter, we show how a user-centred approach to the evaluation of model
personalisation techniques could help bridge the gap that exists between the way we
research and develop the user interaction and the way we research and develop the
underlying model. User-centred evaluations like those we describe in this chapter
can lead to designs and technical implementations that better enable users to have a
richer and more fulfilling interactive experience with their activity tracking systems.
In Sect. 16.2, we contrast the technical performance perspective of model evaluation
with the user experience perspective derived from research on why people abandon
activity trackers. We use research in health technology design and health behavior
change to motivate the need to identify seamful design opportunities in the system’s
underlying algorithms. In Sect. 16.3, we use these principles to define a validation
algorithm that provides an individualised view of model performance and demon-
strate how it can be used in model optimisation, validation, and selection. Then we
identify seamful design presentations of model confidence which can help address
the user challenges described in Sect. 16.2. Finally, in Sect. 16.4, we describe how
these principles of usability along with the user-centred validation process help us
make model selection decisions that address the whole user experience and not just
the model validation. Throughout this chapter we discuss approaches that may sup-
port better visibility by making model behaviour more salient to the user and better
transparency by aiding the user’s understanding of model behavior. We further see
visibility and transparency as prerequisites for users to gain the trust needed to use
systems for sustained behavioural change.
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16.2 Background

16.2.1 A Technical Performance Perspective on Evaluation

A common evaluation approach used in much of the technical literature examining
activity tracking systems is to treat model performance as a binary construct (i.e.,
correct or incorrect) and to minimise errors at the aggregate level in an effort to
optimise activity tracking performance for the user base as a whole. Consider the
case of a wearable device used to infer activity from a stream of motion sensor
(accelerometer) data. In building such a system, researchers collect examples of
accelerometer data associated with the activities they are interested in and then build
a model using a supervised machine learning technique. In order to measure how
well the resulting model recognises the correct activity from the accelerometer data,
each incorrect prediction is recorded as an error. Researchers then assess model
performance by examining the overall error rate or its inverse, accuracy. Using this
measure, they can decide between competing modelling approaches and determine
which will work best for their given activity recognition application. Subsequent
iterations and refinements of these algorithms may be optimised based on this same
measure – but a question exists as to whether this binary and aggregate view of errors
is descriptive enough when considering the entire user experience.

16.2.2 A User Experience Perspective on Evaluation

Whilemany technically oriented approaches to errors in the context of activity recog-
nition focus on minimising errors and optimising accuracy, it’s important to keep in
mind that the larger goal of these systems is often to help users track their behavior in
such a way that patterns will emerge to help them make better decisions concerning
their activities and health related behaviors. One way to focus model evaluation on
this more user-centred goal is to go beyond the simple binary treatment of errors and
consider more graded measurements such as prediction likelihoods for individual
users and corresponding confidence measures. These metrics can serve a dual pur-
pose which is to provide more detail about model performance and to provide more
clarity to the users about how or why a given model prediction may be off.

It’s also important to go beyond a single aggregate measure of performance and
think carefully about the distribution of performance scores and how a given model
affects individuals or groups of users. As an example, consider two models with
similar accuracies - the first with an overall accuracy of 80% and the second with
an overall accuracy of 70%. The first model may seem the easy choice based on
aggregate performance. However, if the distribution in the first model is unimodal
and falls within a narrow range (e.g., [77–83%]), and the second model is bi-modal
with two narrow ranges (e.g., [43–47%] and [93–97%]), the decision becomes much
more complex. Other aspects of the performance distribution may also affect what
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is considered “the best” model depending on the user goals. Should researchers pick
the model that does the best (on average) for everyone or one that ensures the worst
performance for an individual is still above a certain threshold? The correct answer to
such questions requires looking closely at the distribution and likely depends on the
particular application and the user’s intended goals and tasks. Once the technology
moves beyond proving that an algorithm is capable of learning the target concept to
proving that it can help humans improve their health, errors become more complex
than a simple binary construct of correct or incorrect and optimisation isn’t as simple
as choosing the best aggregate performance measure.

User Expectations and Perceptions of Errors

In addition to the ways in which wemeasure errors and consider model performance,
it’s also important to consider users’ expectations and their perception of errors when
using activity tracking systems. Users begin forming their expectations from activity
tracking systems with marketing and advertisement materials such as Fitbit’s slogan
“Every Beat Counts” and as a result they often initially expect near perfect accuracy.
As soon as users begin interacting with their activity trackers, they begin developing
a mental model of the underlying algorithm formed by both correct predictions and
errors [10, 23, 27]. These errors do not immediately cause users to abandon their
activity trackers; instead, users take this to be a limit of the technology’s capabilities
and consider new behaviours or workarounds, which allow them to continue getting
value from the activity tracker. One example of a workaround comes from a partic-
ipant in Harrison et al.’s interview study [10], “I was trying to figure out where I
could put my Fitbit to get what I thought was a good amount of steps. I was yknow,
putting it in my sock, putting it in my pants pocket, tying it to the cuff of my pants
[…] I was also pedalling backwards whilst going down hills”.

Users also test their understanding of the system by trying to replicate correct and
incorrect predictions which should align with their understanding of the boundaries
of the model [23, 27]. When the performance of the system continues to violate
expectations that it will perform consistently, as advertised, or as designed, users
begin disengaging from the system until they eventually abandon it [27]. Another
way to think of this is that each violation of expectation erodes the trustworthiness of
the model. As previously alluded to, one way to help the users set better expectations
is to provide themwith richer details regarding the predictions and model confidence
– a design decision that involves consideration of technical components such asmodel
selection. These details can provide greater model transparency that help the user to
understand what they can and cannot expect from their activity trackers.

User expectations and experiences are also highly variable. Variations in individ-
ual lifestyle, physical characteristics and values for the tracked information can lead
users to different conclusions about whether the accuracy of the activity tracker is
adequate for them to derive meaningful use from it. A common conclusion users
make when they encounter errors is that the system was designed for someone else.
This point is well captured by an interviewee from Yang et al.’s study [27]: “The
[FitBit] Flex does not count steps if you are pushing a stroller or cart. This may not
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be an issue to some, but it is to me b/c I have stroller age children. Then I noticed it
was logging hundreds of steps while I was rocking my baby. Maybe something else
out there will be more accurate for my lifestyle.” In such cases, the ability of a model
to learn personal idiosyncrasies or adequately present the likelihood of being correct
or incorrect is likely to be an important evaluation criteria.

The Burden of Interaction or the Benefit of Engagement?

Up until this point in the chapter, we have mainly discussed the challenges that errors
present. However, some researchers argue that engagement with errors may actually
be beneficial for the end-users of activity tracking systems [7]. An original vision of
many ubiquitous computing technologies, such as activity tracking, focused on ways
to make the technology fade into the background, helping the user to increase focus
on the task at hand and decrease focus on the tool designed to help with that task. To
achieve this, research has pushed the boundary of what we can infer automatically
about user context from passively collected sensor data using machine learning and
artificial intelligence. In the initial vision of ubiquitous computing environments, this
is referred to as a seamless design approach in which particular technical nuances
of a tool (or model) are made invisible to the user [25]. In [17], we see this design
philosophy in action as the authors recommend a fully-automated approach to the
personalisation of an activity recognition model (semi-supervised learning) over
a semi-automated and interactive approach (active learning), even though model
performances were comparable stating that it would be too burdensome for the user
to interact with such a system.

Other researchers [10, 23, 27] have argued that the way in which users fail to
develop a working understanding of the underlying algorithms, and the way in which
users attempt to find workarounds that make the system more useful, imply that the
design of activity tracking systems should make the underlying model more visible
and include more interactive features that allow the user to calibrate the system
to their personal idiosyncrasies and requirements. Choe et al. [7] state that fully
automated tracking is not only difficult (or impossible) to achieve in some scenarios,
it ignores the potential for synergies between the user’s goal (understand and change
health related behaviour) and the goal of the activity recognition model (accurately
predict the appropriate activity label from the user’s smartphone motion sensors).
In contrast to seamless design approaches, seamful design has been proposed as a
design philosophy which aims to strategically build “seams” into the user interface.
These seams represent aspects of the model that the user can utilise to get a better
sense of the underlying algorithms. Activity trackers employing seamless design can
fail silently such that the user has no way of knowing that the knowledge generated
by the system is no longer valid until it becomes evident when the output displayed is
outside the boundaries of the user’s expectations. While seamful design complicates
the design and interaction process, it has the potential to make errors more visible
making the limitations of the system salient such that corrections can be easily
made to the tracked information. These additional opportunities for awareness and
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engagement are likely to have the positive side effect of continued use and lasting
health change as observed by [19].

Seamful design of intelligent systems such as activity trackers requires a user-
centred approach to align the underlying mechanics used to derive the “intelligence”
of the systemwith the user interface and experience. In the next section, we’ll discuss
different algorithms that have been proposed for future activity tracking systems, how
they are likely to affect the overall user experience and how we can better validate
them with respect to the user experience before implementing the entire activity
tracking system.

16.2.3 How Model Selection Affects the User Experience

To understand how seamful design may be achieved in activity recognition tech-
nologies, we discuss how the user experience research described in the previous
section can help guide us in the research and development process at the stage of
algorithm development and model selection. To help structure how to do this, we
consider various facets of common usability and user-centred design principles in
the context of model development and algorithm selection. Then, we describe the
potential modelling approaches in terms of what they afford the design of the user
interface and user experience.

User-Centred Design for Machine Learning

One of the goals of this chapter is to motivate and highlight a user-centred design
process for developing ML-driven technology in which there is more of a focus on
the final user experience at the earliest stages of research and development. We draw
inspiration from the following principles of user-centred design as specified in the
International Usability Standard, ISO 13407 and consider them in the context of
model selection and algorithm design for activity tracking:

1. The design is based upon an explicit understanding of users, task and environ-
ments.

2. Users are involved throughout the design and development.
3. The design is driven and refined by user-centred evaluation.
4. The process is iterative.
5. The design addresses the whole user experience.
6. The design team includes multidisciplinary skills and perspectives.

These principles suggest a process bywhich we iteratively incorporate knowledge
of and by the user into the design of the underlying learning algorithms and models.
The first principle encourages an initiative to understand the user’s relationship to the
technology by answering questions like: “Why will someone use this technology?”,
“What will they use it for?” and “In what context will they use it?”. For activity
recognition, we can begin to answer these questions by drawing on research into
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how people use and abandon activity tracking systems as well as research on why
tracking desirable and undesirable behavior is expected to have a positive impact
on the user’s health. The second principle aims to directly include feedback from
the user during all stages of design and development. Doing this at the algorithm
development and model selection stage is challenging, because these components
are generally decoupled from the user interface. However, we can use knowledge
of users, their tasks and their environment to develop user stories which can help
direct the development of algorithm evaluation metrics such that they better reflect
the expected model performance and user experience.1 For example, one of the users
we quoted in the previous section tells a story about how she feels that the activity
tracker was not intended for someone like her because it demonstrated that it could
not recognize the steps she took while pushing a baby stroller. This story should
indicate to the algorithm developer that the model has likely learned to distinguish
activities based on arm movement and that this arm movement is not always present
in cases of everyday walking. By looking at model accuracy from the perspective of
accuracy for an individual, we can begin to see how the model might address this
aspect of the user experience.

16.3 Experiments in User-Centred Machine Learning
for Activity Recognition

In this section, we describe how we can apply user-centred design principles to the
algorithm design and model selection stage of development even when this stage is
decoupled from the end user. Here, we demonstrate two experiments which were
designed to help us refine the modelling approach from a more user-centred per-
spective. For each experiment, we first describe the expected effect each modelling
approach will have on the user experience and what potential there is for seamful
design. Then we define an evaluation algorithm which allows us to compare mod-
elling approacheswith respect to the expected individualmodel performance and user
experience. To reflect the current research in activity recognition, which proposes
individual models of activity rather than a single general impersonal model for all,
the evaluation algorithms we define are designed so that we can analyse distributions
of model performance as opposed to aggregate measures.

1In user-centred design, the term “user stories” refers to a set of scenarios (sometimes fictional) that
best reflect common experiences of the target user in the context of their task and environment.
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16.3.1 Experiment 1: Impersonal, Personal and Hybrid
Models

For an activity tracking system to understand when a user is performing a particular
activity, it must have some model of how the sensor data relates to that activity.
Typically this model is constructed in a supervised approach where sensor data is
collected in a controlled setting so that the ground truth label can be easily observed
and recorded. The motivation for this approach is that by collecting data in the lab
for many different people, the model might learn characteristics of the relationship
between the sensor data and the activity that can be applied generally to data from
new users who were not observed in the initial data collection process. In activity
recognition, this is referred to as an impersonal model.

In contrast, personal models use only training data representing an individual
end-user obtained through manual interaction. While personal models often perform
with better accuracy than impersonal models, researchers are often reluctant to rec-
ommend the approach since the labelling task could be considered burdensome by
the user [4]. Furthermore, the models can be brittle if the user hasn’t labelled activity
cases in varying contexts or environments. Personalised or hybrid models (sometimes
called mixed models) have been proposed as a compromise in which the system is
initially deployed with an impersonal model that becomes increasingly personalised
by incorporating observations of new data that better represent the end-user.

The impersonal, personal and hybrid modelling approaches each present different
possibilities for the user interaction design. Since impersonal models are the current
commercial standard, use by consumers of the commercial product can be studied
to understand how impersonal models affect the user experience [10, 23, 27]. From
this research, we can expect that users are reasoning about errors in ways that make it
difficult for them to apply the information from activity tracking systems. Increasing
the sophistication of the learning algorithm may increase prediction accuracy from
a traditional validation perspective, but this does not necessarily result in a better
understanding of personal health behaviour that can be used to make better health
decisions.2 Alternatively, most personal and hybrid modelling approaches require
that the user manually label recorded activity data. This could take place in an initial
calibration phase or as an ongoing and dynamic process integratedwith user interface
features that are designed for the continued engagement and awareness that leads to
better health outcomes as described by [7]. In experiment 1, we aim to recreate the
experiment described in [15] and extend the analysis to achieve the following:

2There are also reasons to believe that there may be a ceiling to the accuracy of impersonal model
performance. Yang et al. suggest that one barrier to better impersonal model accuracy is inherent
in the translation of medical grade tracking equipment to the consumer market which prioritises
ergonomics, size, fashionability and many other factors over accuracy [27]. Lockhart et al. suggest
that as the number of individuals represented in the impersonal training dataset approaches 200, the
increased accuracy gained from each individual decreases and plateaus around 85% accuracy [15].
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1. Understand the distribution of expected model performance for individuals rep-
resented in the dataset instead of a single aggregate measure of model perfor-
mance.

2. Compare the expected benefits (increasedmodel performance) and expected bur-
den (increased user interaction) exhibited by either a personal or hybrid model.

A User-Centred Validation Pipeline for Experiment 1

Algorithm 1 User-Centred Validation for Experiment 1
Let D be all the labelled activity recognition data

we have available to study
D personal will represent the subset of data representing a user, u

for all u in the set of users in D
Let D personal be all data in D where D personal == u
Let Dimpersonal be all data in D where D personal ! = u

Let T personal be the subset of D personal

which was sampled through some sampling function,
s(D personal ) for training the personal model

Let T impersonal = Dimpersonal to use all
available impersonal data

Let T hybrid be the training set which combines data from both
T personal and T impersonal by joining the sets
through some function j (personal,impersonal)

Let V personal be the subset of D personal

which was sampled through some sampling function,
s(D personal ) for testing or validating all models

Let θ personal be the model trained on T personal

Let θ impersonal be the model trained on T impersonal

Let θhybrid be the model trained on T hybrid

Make predictions on V personal using θ personal and record for analysis.
Make predictions on V personal using θ impersonal and record for analysis.
Make predictions on V personal using θhybrid and record for analysis.

Algorithm 1 begins by iterating through a set of validation users. This set of valida-
tion users can be the same as the training set as long as the user is held out as would
be done in a leave-one-user-out validation process. For each iteration, we separate
the personal data, Dpersonal , from the impersonal data, Dimpersonal . Dpersonal is then
sampled through some sampling function, s(Dpersonal), to create independent train-
ing, Tpersonal and validation, Vpersonal datasets. To put a user-centred perspective on
this, Tpersonal is attempting to represent the data that the user might have labelled
during an initial calibration phase while Thybrid is attempting to represent the data
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Fig. 16.1 This figure represents the number of labels of each activity class we have in eachWISDM
dataset

that the user might have labelled during an ongoing data collection interaction. The
sampling function, s(Dpersonal), should be a representation of the process by which
the user discloses the label for a particular activity. A first validation approach might
use a random sampling function to approximate which personal training instances
get disclosed. Using the validation pipeline with enough iterations to generate stable
metrics for a stochastic process like random sampling, we can start to approximate
how the model building process affects performance for various individuals.

To demonstrate the utility of our pipeline we use it to assess the importance of
hybrid and personalised models as described by Lockhart and Weiss [15]. Specifi-
cally, we want to evaluate Lockhart and Weiss’s idea that a model, θpersonal where
the amount of personal data, Tpersonal , is much smaller than Timpersonal , is prefer-
able to both, θimpersonal , and, θhybrid , when the sampling function, s(Dpersonal), is a
function that samples at random and tries to preserve the overall class distribution in
Dpersonal . For this part of the experiment, we iterate on the sampling of the personal
data, training of themodels and testing on the validation sample four times and report
the mean accuracy for each user (Figs16.3, 16.4 and 16.5).

The Data and Modelling Approach

We use publicly available datasets by WISDM lab (Wireless Sensor Data Mining)
to perform our analysis. The first dataset, v1.1, represents a study in which data was
labelled by asking participants to perform various activities with a smartphone in
their front pocket recording all movement with a tri-axial accelerometer sampling
at 20 hertz [12]. In this study, the data were labelled by a research assistant while
the participant performed the activity. The second dataset, v2.0, represents a study
in which a modestly interactive system called ActiTracker was developed to allow
users to label their activity data in the wild using pre-determined activity labels
[16, 26] in order to create personalised activity recognition models. Fig. 16.1 shows
the distribution of labels for each class by dataset. WISDM v1.1 includes 35 users
who have labelled more than one activity type while v2.0 includes 25. For more
information on the WISDM datasets we used refer to [15, 16, 26].
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Fig. 16.2 This figure visualises the sampling, training and validation process

In the development of activity tracker systems, we need to consider how devel-
opers should go about curating the data for the impersonal dataset (Figs. 16.1 and
16.2). Many context-aware systems will do this by paying participants to perform
the activities in a setting where the ground truth activity can be easily labelled with
the intention of using the model trained on the data from an initial set of paid users
to provide a working model for the first set of unpaid users. We reflect this in these
experiments by using the WISDM v1.1 dataset as the impersonal dataset while iter-
ating through v2.0 as the personal dataset. While both datasets included the activities
“jogging”, “walking”, “sitting”, “standing” and “stairs”, the v1.1 dataset differen-
tiated “stairs” into “up stairs” and “down stairs”, while the v2.0 dataset included a
“lying down” activity label. To resolve these differences, we removed the instances
labelled with “lying down” from the v2.0 dataset and consolidated the “up stairs”
and “down stairs” classes into a “stairs” class similar to the first dataset. The final
class distribution for each dataset can be seen in Fig. 16.1.

To best replicate the work of Lockhart and Weiss, we used the Random Forest
classifier as implemented in the Scikit Learn module for machine learning in Python
[20]. For all the experiments presented in this paper, we use the parameters described
in [15] unless stated otherwise. However, Random Forest models randomly sample
the training instances to create simple decision trees (shallower depth, fewer features
to consider at each split) and then average the results tomaximise predictive accuracy
whilemitigating over-fitting. Thismeans that the predictions can be inconsistent with
the exact same input data. To ensure more consistent results we use 1000 decision
trees or more.
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In assessing accuracy we take our modelling process to be a multi-class classifi-
cation task in which each label is assumed to be mutually exclusive. To validate the
expected prediction accuracy for each user, we simply take the number of predic-
tion errors, e, from a model on a user’s validation sample, Vpersonal , subtract it from
the size of the validation sample |Vpersonal |, and finally normalize the result by the
number of validation samples.

accuracy = |Vpersonal | − e

|Vpersonal |
Since the sampling for both Vpersonal and Tpersonal is randomly sampled with

replacement, we repeat the modelling process 10 times for each user and report the
mean.

Experiment 1 Results and Discussion

Figures16.3, 16.4 and 16.5 are box plots that represent the distribution of model
accuracies among different users on the y-axis and the number of personal training
samples along the x-axis. The red, blue and green boxes represent the impersonal,
personal and hybridmodels respectivelywith dots representingmean accuracy across
random sampling iterations for each user. Similar to Lockhart and Weiss, Fig. 16.3
shows that the impersonal model has the lowest accuracy in nearly all scenarios. A
closer look on an individual basis reveals that the user receiving the best performance
is at 79%accuracy, while themodal user performance is 45%and theworst individual
performance is at 3%. The hybrid and personal models each considerably outperform
the impersonal model even with only 5 samples from the end-user’s labelled data

Fig. 16.3 These box plots represent the distribution of accuracy measurements across participants
given a Random Forest Classifier, when trained with an impersonal, personal and hybrid dataset
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Fig. 16.4 Similar to Fig. 16.3 this plot highlights those whose expected impersonal accuracies
were lowest and shows how this accuracy progresses as we increase the number of personal training
samples for a particular user. The solid lines represents the personal model and the dashed lines
represents the hybrid model. Each color represents a different user

Fig. 16.5 Similar to Fig. 16.4 but with those whose expected impersonal accuracies were highest.
The solid lines represents the personal model and the dashed lines represents the hybrid model.
Each color represents a different user

with which to use for training. With each sample being equivalent to 10s of activity
being labelled, 5 samples equates to 50s of labelled activity.

In comparing the personal and hybrid models, we see some differences when the
model is trained with 5 or 8 personal samples with a higher inner quartile range for
the hybrid model in both cases and a tighter inner quartile range (85–95%) for the
hybridmodel with only 5 training samples. However, what differences theremight be
between the personal and hybrid models appear to go away as the number of samples
increases beyond 10. This translates to approximately 100s of user labelling – which
may or may not be burdensome for the user depending on the overall fitness level
and demographic characteristics of the users. For example, a minute and a half of
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jogging for a relatively fit undergraduate student may not be very burdensome at
all. However, the same amount of required labelling activity may be excessively
burdensome for an older adult that is not used to exercising and is recovering from
knee surgery.

The distribution within a modelling technique is another aspect of model per-
formance that should be explored. By individually evaluating the expected model
performance for users, we can see that there seem to be two clusters concerning
impersonal model accuracy with one achieving higher than 40% accuracy and the
other achieving lower than 25% accuracy. To understand how individuals in each
of these groups may benefit from either a personal or hybrid model, we highlight
the eight individuals who get the worst expected performance from the impersonal
model in Fig. 16.4 and the eight individuals who get the best performance from the
impersonal model in Fig. 16.5. In Fig. 16.4 we can see that seven out of these eight
participants would have found that the model is nearly always incorrect. We also see
that whether we incorporate impersonal data or not (i.e., creating a hybrid or personal
model), the accuracy of a model quickly exceeds 90% for all but two users with only
5 labelled instances from the user making the labelling indispensable for those who
would have had terrible performance using the impersonal model. In Fig. 16.5, we
find that users who were getting better performance with the impersonal model will
likely get less of an increase in performance as they label their activity data.

Often when we discuss the potential benefit of hybrid models, it is in the context
of reducing the burden of labelling. In our experiment, we do not observe evidence
that hybrid models substantially reduce the labelling effort presented by personal
models which would present itself in Figs. 16.4 and 16.5 as a datapoint higher than
its counterpart of the same colour on the dashed line.

To quantify the concepts of “burden” and “benefit” for the purpose of algorithm
optimisation, we might consider “benefit” to be the increase in model performance
and “burden” to be the amount of additional interaction or labelled instances required.
This “benefit-to-burden” ratio for a particular personal or hybrid model should help
us make decisions at the level of algorithm design with a user-centred perspective. It
is important to note that “burden” and “benefit” as we define them here are not fully
representative of how these concepts play out in the user experience.Aswementioned
in Sect. 16.2.2, these interactions can help the user achieve the goal of changing their
health related behaviour. Rather we make this naïve reduction in order to present
a tractable algorithm optimisation metric to aid the algorithm design process. To
fully understand the dynamic between burdensome and beneficial interactions in
intelligent systems, additional user experience research is required with working
prototypes in the context of a final user interface and interaction design. Furthermore,
richer aspects of burden (e.g., those that account for physical exertion as it relates
to the intended user population and demographics) could be integrated into a notion
or measure of burden in a way that better matches the user experience goals of the
system.
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16.3.2 Experiment 2: Model Confidence for Seamful Design
and Model Personalisation

Seamful design, as described in Sect. 16.2, requires that appropriate affordances of
the underlying algorithms andmodels are identified as a potential “seam”. Thismeans
that there exists the possibility for a user interface designwhich exposes this aspect of
the model such that it can be appropriated by the user for their task without the need
for expert technical knowledge of the system. In experiment 1, we see that a small
amount of labelled personal data yields a great improvement in model performance
compared to impersonal models when these labels are chosen at random. However,
users are likely not choosing which moments to label at random. From [27] we see
that users typically begin thinking about interactions which will improve the model
performance when they observe errors in the system. In experiment 2, we aim to
demonstrate a way in which model confidence, the model’s ability to assess the
likelihood that its prediction is correct, can help guide both the user’s understanding
of the system and the user’s manual tracking behaviour. Specifically, we design
experiment 2 with the following objectives:

1. To understand the potential for model confidence to be used in the seamful design
of activity tracking.

2. To understand the potential for model confidence to aid model personalisation
through either an active learning or semi-supervised learning approach.

In integrating the concept of seamful design to algorithm evaluation, we can draw
insight from work by Chalmers et al. that has explored seamful design in the context
of presentation approaches to model certainty along the following facets [5, 6]:

• optimistic: show everything as if it were correct.
• pessimistic: show everything that is known to be correct.
• cautious: explicitly present uncertainty.
• opportunistic: exploit uncertainty.

Currently available activity trackers use an optimistic approach to the presentation
of model confidence. Pessimistic and cautious approaches can help users understand
the limitations and strengths of the model. Additionally, these approaches can give
the user a sense of moments when they should rely on their own accounting of their
activity instead of the system’s.

Opportunistic presentation of model confidence lends itself to a research topic
within machine learning called active learning in which the system attempts to
select unlabelled observations that would be most beneficial to model performance
if they were to be labelled. We can think of this as selecting the samples which
present the best benefit-to-burden ratio. One of the most common ways of deciding
which sensor observations should be labelled is least confident sampling. In theory,
least confident sampling helps the user to know which instances increase model
performance the most by informing the user when the likelihood of predicting a
sensor observation correctly is low. This is done by notifying the user of model
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Fig. 16.6 This figure shows how the confidence ranked predictions are partitioned in order to
best assess the model’s ability to be accurate when considering its most confident (MC) and least
confident (LC) predictions

confusion and a labelling opportunity. One point of caution in using least confident
sampling is that a model that does not represent the target concept (activity) well
can have the unintended consequence of performing worse than it would have using
random sampling. This can happenwhen themodel has not learned the target concept
well enough to accurately assess the confidence of its predictions. A bad model can
steer the active sampling procedure away from the kinds of observations which are
likely to be wrong (i.e., the observations we assume will improve the model the
most), because the model is overconfident. From an information retrieval point of
view, thismeans that themodel should have high recall with regard to selectingwhich
instances it will likely get wrong in order to address the areas of the feature space
which result in the most confusion for the model. For more information on theory
and application of active learning, we recommend reading [21].

Semi-supervised learning approaches can also leverage model confidence, but
they do not explicitly lend themselves to interactivity. The self-training algorithm
uses an initial model learned using all available labelled data to make predictions
on the unlabelled data. The predicted labels of instances with the highest prediction
confidence, or likelihood of having a correct prediction, are assumed to be equivalent
to ground truth. In theory, incorporating these observations and their predicted labels
into the training set and retraining the model will yield higher model performance.
With this approach, it is not the recall of the selected samples that matters, but rather
the precision. Incorrect predictionswill “pollute” the training set if selected. Formore
information on the theory and application of semi-supervised learning methods we
suggest [29]. One potential caveat of using this approach in activity recognition is
that each self-training iteration is likely to result in new model behaviours where the
patterns of correct and incorrect predictions that the user has come to expect may no
longer be valid (Fig. 16.6).
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User-Centred Validation Algorithm for Experiment 2

We can modify the validation algorithm in experiment 1 to better understand howwe
might leverage model confidence for the benefit of an activity recognition system. In
algorithm 2, we specifically seek to analyse accuracy across users, among a model’s
30 most confident (MC) predictions and 30 least confident (LC) predictions in order
to help us make system and user interaction design decisions with regard to active
learning, semi-supervised learning, or seamful design approaches.

The purpose of algorithm 2 is to help us understand the expected quality of
model confidence for each user using either a personal, hybrid, or impersonal model.
Algorithm 2 differs from algorithm 1 in twoways. First, with each user, all data that is
not part of the personal training set, Dpersonal , is added to a pool of unlabelled personal
data, Upersonal . We then record predictions and their respective model confidence on
all observations in the Upersonal dataset with the impersonal, personal and hybrid
models. The second difference is that the predictions are now ordered from most
confident to least confident predictions.Model confidence in the SciKit-Learn python
module is calculated as the mean predicted class probabilities of all decision trees
in the forest. For each decision tree, the class probability is the fraction of samples
of the same class in a leaf [20].3 We can think of model confidence as a rough
approximation of the probability that our prediction is true or p(ŷ = y) where ŷ
is our activity prediction and y is the actual activity label. With the confidence
ranked predictions for a user’s unlabelled data, Ŷθ,user = argsorty p(ŷ = y), we can
now assess accuracy with respect to seamful designs which emphasise predictions
that are most likely to be correct, ŶMC = (y0, . . . , yi ) (pessimistic presentation) or
seamful designs which emphasise predictions that are most likely to be incorrect,
ŶLC = (yn− j , . . . , yn) (cautious or opportunistic presentation). Here, i is the cutoff
in the confidence ranked predictions where predictions indexed greater than i are no
longer trusted to be correct and j is the index where all values indexed greater than
j represent the least confident samples that we are interested in evaluating.4

Experiment 2: Results and Discussion

In Fig. 16.7, we see that the inner quartile range and mode for accuracy of all models
across users shifts upward when we select only the 30 most confident examples
and downward for the 30 least confident predictions for each user. As seen in the
top panel of Fig. 16.7 while the modal accuracy for the impersonal model shifts up
to 83% from 45%, there are still many cases of poor accuracy among these most
confident predictions. When considering the results in the context of a pessimistic

3The way in which model confidence is assessed can vary in many ways. It can vary depending on
how we determine class probability from the model. For example, a K-nearest neighbors algorithm
might assess confidence as the average distance to the neighbors of a new observation while an
SVM approach might assess confidence as the distance from a new observation to the hyperplane
used to separate classes. Model confidence can vary depending on utility functions as described
in the second chapter of [21]. It can also vary depending on whether or not evidence is taken into
account [22].
4In our experiment we take i = j = 30 for ease of comparison and exposition, but in practice these
cutoff points can vary and be optimised for recall or precision as mentioned earlier in this section.
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Algorithm 2 User-Centred Validation Pipeline for Model Confidence in Activity
Recognition
Let D be all the labelled activity recognition data

we have available to study
D personal will represent the subset of data representing a user, u

for all u in the set of users in D
Let D personal be all data in D where D personal == u
Let Dimpersonal be all data in D where D personal ! = u

Let T personal be the subset of D personal
which was sampled through some sampling function,
s(D personal )

Let U personal be the subset of D personal
where all x in U personal is not in T personal to serve as
the unlabelled dataset.

Let T hybrid be the training set which combines data from both
T personal and T impersonal by joining the sets
through some function j (personal,impersonal)

Let θ personal be the model trained on T personal
Let θhybrid be the model trained on T hybrid
Let θ impersonal be the model trained on T impersonal

Using θ personal record predictions ranked by model confidence,

Ŷθpersonal ,user for each instance in U personal.
Using θhybrid record predictions ranked by model confidence,

Ŷθhybrid ,user for each instance in U personal.
Using θ impersonal record predictions ranked by model confidence,

Ŷθimpersonal ,user for each instance in U personal.

seamful design where we use impersonal model confidence as a way of signaling to
the user when they should trust the system, some users will likely benefit, but many
others will still find incorrect predictions among even themost confident examples. A
self-training approach can also yield poor results considering that many (sometimes
all) of the most confident predictions are incorrect for a user. Selecting only the
least confident examples, as a system might do in an active learning approach, or
to highlight moments of system confusion in a cautious seamful design approach,
appears to yield mostly instances which are likely to be wrong, but it is difficult to
resolve this with the overall likelihood of the model to make mistakes.

Table 16.1 focuses on likely experiences for individual users and shows those who
get the least accuracy from the 30 least confident predictions each model makes. The
users represented in rows 1, 4 and 5 of the impersonalmodel do not get any reasonable
accuracy overall orwithin themost confident examplesmeaning that the lowaccuracy
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Fig. 16.7 This figure shows model accuracy for impersonal (top), personal (middle) and hybrid
(bottom) approaches when we select only 30 most confident (MC) or 30 least confident (LC) and
compare them to themodel’s overall accuracy. Similar to previous graphs, each data point represents
a single user. The hybrid and personal models were each trained using 5 personal samples using
the same sampling function described in experiment 1

Table 16.1 Impersonal, personal and hybridmodel accuracies for all predictions, 30most confident
(MC) predictions and 30 least confident (LC) predictions, among the 5 who received the worst
accuracy from the least confident predictions of that particular model

Impersonal Personal Hybrid

All 30 MC 30 LC All 30 MC 30 LC All 30 MC 30 LC

0.00 0.00 0.00 0.66 1.00 0.26 0.94 1.00 0.00

0.45 0.82 0.00 0.50 0.80 0.29 0.66 1.00 0.20

0.55 1.00 0.00 0.69 1.00 0.36 0.79 0.99 0.21

0.027 0.50 0.00 0.74 1.00 0.38 0.49 0.83 0.27

0.14 0.20 0.00 0.71 0.86 0.50 0.93 1.00 0.47

is likely due to the model’s inability to generalize to this user. However, those users
represented in rows 2 and 3 can at least benefit from self-training or by integrating
model confidence as pessimistic or cautious seamful design. With a user-centred
perspective, we can further explore the cases that stand out to understand whether
there is potential for a system design that can at least provide model confidence
before requiring manual input from the user.
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For both personal and hybrid models, the most confident predictions are highly
accurate across users, with no single user getting less than 80% accuracy from these
predictions. This means that after a user has done about 50 s of activity labelling, an
activity tracking system should consider leveraging self-training to improve accu-
racy or pessimistic seamful design techniques to help the user understand when the
inferred information is most reliable. The least certain examples are generally more
accurate than those of the impersonal model, but this is likely due to overall accuracy
of the model meaning that even the least confident predictions are still likely to be
correct. However, this isn’t always the case. A closer look at the user who received
the lowest accuracy from the least confident predictions of the hybrid model (also
represented in the first row of the hybrid model column in Table16.1) reveals that
this user also received 100% accuracy from their most confident predictions and that
overall the accuracy was 94%. This means that the 30 least confident predictions
represent all of the incorrect predictions and would have been very helpful for an
active learning or cautious seamful design approach.

It’s important to note that we chose 30 to be the number ofmost and least confident
examples somewhat arbitrarily to simplify our analysis. In practice, thesemodels will
need to be adapted to a stream-based approach inwhich unlabelled personal instances
are observed one-by-one and a decision about whether to query the user for a label
will need to be made before the user becomes unaware of exactly what activity
they were doing during the 10-second window of time that the unlabelled instance
represents. The pool based approach we demonstrate here is representative of some
of the earlier approaches to understanding whether active learning is theoretically
possible in an activity tracking system [3, 14, 17, 24].

16.4 Discussion

User-centred evaluation has long been a central component of user interface and user
experience design. Intelligent systems which aim to provide users with new infor-
mation that can be used to make better decisions rely on complex and sophisticated
machine learning algorithms. These algorithms need to observe human behaviour
in order to model it, making them inherently dependent on the human experience
even though the algorithms themselves do not directly face the user. To evaluate an
algorithm in machine learning, we often have to reduce the expected context of the
system (many users with many different and unique styles of activity behaviour) to
a problem which is easier to evaluate and optimise. We believe user-centred eval-
uation can be integrated into the algorithm design process by adapting principles
from the International Usability Standard as stated in Sect. 16.2.3 and illustrated in
experiments 1 and 2.

During the stage of system development concerning the learning algorithm and a
model representation of activity, we can incorporate an understanding of the users,
their goals and tasks and their environments to show that not only can the concept
of activity be learned using machine learning algorithms, but that the technology



16 User-Centred Evaluation for Machine Learning 335

can help users in achieving their broader goals that stem from activity tracking. To
help guide our understanding of the design challenges facing the development of
activity tracking technology, we studied the research regarding current commercial
activity trackers from the user perspective. Researchers observe that people have
varyingmotivations for using the technology includingmaintaining ahealthy exercise
routine or finding opportunities to build better health habits [10, 23, 27]. Similarly,
user lifestyles range from amateur athletes looking to challenge themselves to recent
mothers who may be pushing a stroller while exercising. When the users begin
to witness the first incorrect predictions, their task shifts from leveraging tracked
information to testing the boundaries of the system’s capabilities by creating ad-hoc
folk tests [27]. These prior studies provide detailed insight into the way users interact
with the technology, their purpose for interacting with the technology and the context
and environments in which they employ it to best understand the appropriateness of
an approach.

This enriched understanding of variability in users guided our development of an
extension to a standard leave-one-user-out algorithm that allows us to better under-
stand the variability in user experience from the model perspective. In experiment 1,
we saw that users of a system with an impersonal model fall into one of two clusters:
one which experiences less than 25% accuracy and one which experiences between
45 and 79% accuracy. With uniform probability across five potential activity classes,
the former group will experience performance that is, at best, slightly better than a
random guess. These users have the highest benefit-to-burden ratio - meaning that
they have the most to gain from their labelling interactions with the system. For the
latter group, the model performs better than chance meaning that while it may have
learned something about activity as it relates to these users, theywill frequently expe-
rience incorrect predictions making it difficult for them to utilise the information to
make decisions regarding their health. These users will still have a positive benefit-
to-burden ratio, but will experience lower gains for each label contributed than users
in the first group. In experiment 2, when we look at the group of users with the lowest
accuracy in the set of the least confident predictions, we can see two users with 45
and 55% overall impersonal model accuracy who get 82 and 100% accuracy among
the 30 most confident predictions made by the model. What this means is that while
the impersonal model may present a low benefit-to-burden ratio for a labelling inter-
action for some users, it can leverage model confidence to lower burden or increase
benefit. For example, this model can lower burden by using the self-training algo-
rithm which is likely to increase model accuracy making manual interaction less
necessary or increase benefit by leveraging seamful design approaches like the pes-
simistic presentation of model confidence which fosters greater understanding of the
model’s behaviour in the user. By simply validating with respect to individual users
we can derive much greater insight at the level of algorithm design than we can when
validation is agnostic to the individual users who are represented in the test data.

A better understanding of users also helps to address the whole user experience
(the third usability standards principle) while making decisions about the underlying
algorithmic components of the system. Impersonal models have not only shown
that they provide suboptimal accuracy, they also lack the interactivity that users
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need to calibrate the model to their personal needs, test their understanding of the
model’s behaviours, and foster the engagement and awareness of tracked information
that help users to make better health decisions. These interactive capabilities can
be thought of in the context of a calibration phase or in the context of ongoing
manual intervention. An initial calibration phase is a necessity of a personal model
and would set the expectation that the system will likely not understand scenarios
where the user has not provided examples. A hybrid model may also require an
initial calibration phase though there is the possibility that for some people the
model is at least modestly capable ofmaking predictionswithout it. Continuedmodel
personalisation that leverages model confidence could “unlock” after the system has
reason to believe that the model will perform at least adequately for the user. For
example, the data labelled during the calibration phase couldfirst be used as a personal
test set. If the model fails to meet a certain threshold of accuracy for the calibration
data, then the data can be incorporated into the training set so that the model can be
retrained and a notification for new calibration data can be made randomly at some
point in the near future. If the model exceeds a threshold for accuracy in predicting
the calibration data, then the model confidence features can be unlocked since it can
at least be confident in its ability to select observations that it is likely to predict
correctly or incorrectly.

16.5 Future Directions

While we know that users are interested in interactive design components, designing
interactions and interfaces for intelligent systems is complicated by the behaviour of
the underlyingmodel given theway it handles input from varying users. Furthermore,
dynamicmodels, such as those used inmodel personalisation which continue to learn
after being deployed to the user, will learn new discriminative patterns over time.
How users will feel about this learning process remains an open question that will be
difficult yet important to study empirically. Patterns of model behaviour that the user
noticed early in their use of the system may no longer hold after the model further
adapts to the user’s personal behaviour. Studies of intelligent user interfaces have
shown how interactive features allowing the user to do things like roll back model
changes can give the user the level of control they need to maintain a reasonably
working system [11].

From a modelling perspective, we know that physical activity tends to be fairly
consistent over short periods of timemeaning that the likelihood ofwalking at time, t ,
is heavily dependent onwhether wewere walking at time t − 1.Much of the research
that we cite and conduct in this paper does not take this into consideration and this
is mostly because of the added level of complication it adds to analysis. That said, it
is an important aspect of activity recognition that should be studied in context with
model personalisation and interactive approaches to activity tracking system design.
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[1, 2, 18] are examples of research that we know of in activity recognition that are
studying active learning in a stream-based temporal context.5

To address the shortcomings of impersonal models, some researchers are studying
the “population diversity” problem in which impersonal datasets can include a wide
variety of activity behaviour, much of which is irrelevant to the activity behaviour
of many individual users. With a better understanding of the population diversity of
impersonal datasets and how the data can better complement personal data, we may
be able to better utilise the impersonal data when combining it with personal data for
a hybridmodel. For example, [13] have devisedmethods for comparing an individual
end-user’s data to the individuals in the impersonal dataset in an effort to filter other
users who have data which is likely to be beneficial to the end-user’s hybrid model.
[9] aim to address population diversity by combining the instances of a particular
class from the impersonal and personal datasets which were found to be similar
through a clustering approach. This can also be thought of as a transfer learning task
in which some of the knowledge learned from training a model on impersonal data
(e.g., clusterings of which users have similar activity behaviors can be transferred to
a personal model). Future work should consider using neural network algorithms for
transfer learning which learn lower level features that are more likely to generalise
accurately to new users in a transfer learning task [28]. For a comprehensive survey
of transfer learning research in the activity recognition space refer to [8].

Additionally, we can expect a kind of “concept drift” where activity behaviour
changes either suddenly due to injury or slowly due to aging causing the discrimina-
tory patterns learned by the model at one point in time to lose its predictive accuracy.
Whether adaptive modelling approaches alleviate or exacerbate this effect is an open
question. Future work should seek to apply user-centred evaluation to understand
how models of activity recognition which are adaptive, temporal and stream-based
could be used in interactive and seamfully designed activity tracker systems and how
they will behave over extended periods of time.

16.6 Conclusion

Designing intelligent systems often begins with themost novel component, the learn-
ing algorithm, independent from other components like the user interface. As a result,
the objective when optimising the algorithm (e.g., to minimise errors as much as pos-
sible) is often misaligned with the user’s goal (e.g., to understand patterns in active
behaviour in the case of activity trackers). We demonstrate how user experience
research can help inform model optimisation and selection so that evaluation pro-
cesses which are more user-centred can be developed and integrated into the devel-
opment process. These user-centred evaluation methods can highlight problematic
patterns which help with selecting a model which addresses the whole user experi-

5The temporal component also introduces the added complexities addressed by the online learning
and incremental learning research within machine learning.
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ence. User-centred evaluation can also highlight opportunities for seamful design.
Using this process we found impersonal models for activity recognition to be prob-
lematic because they present poor model accuracy (<25%) for many and mediocre
model accuracy (45–79%) for the rest. Additionally, we define a benefit-to-burden
ratio metric as the ratio of the amount of expected benefit to the user and their system
(mostly, but not exclusively with respect to model performance) to the amount of
expected burden to the user (mostly, but not exclusively with respect to the amount
of interaction). Using this, we find that most models for activity recognition (based
on random forest regression trees) which perform with better than 45% accuracy
are capable of leveraging model confidence, appear capable of selecting predic-
tions which are likely to be incorrect and predictions which are likely to be correct.
This representation of model confidence can be leveraged for model personalisa-
tion approaches such as self-training and active learning as well as seamful design
features such as those that present predictions pessimistically (only those which are
likely to be correct) or cautiously (only those which are likely to be incorrect).
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