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ABSTRACT

Human performance encompasses e.g. speed, quality, resource efficiency, productivity,
impact, sustainability, and adaptability and is influenced by physical, psycho-social, and
cognitive factors, as well as the environmental context. Assessing overall performance
by collecting, processing, and utilizing extensive data sets is very resource intensive
and can cause disruption and disturbance for objects of observation. It remains
unclear whether the benefits consistently outweigh the associated burdens of
human performance monitoring and management. The ongoing RDI project Invisible
Monitoring in Development of Well-being and Performance investigates the potential
of invisible monitoring methods to minimize the burden of data collection, analysis
and use while maintaining the practical value of the information produced. The project
systematically tests and evaluates approaches to invisible monitoring, focusing first on
applications in sports, but investigating also the potential to adapt these methods to
other domains. Preliminary main findings from the ongoing project are: 1) Identifying
relevant data is a challenge 2) The whole chain from data collection to decision-making
needs to be addressed in terms of both benefits and burdens 3) Invisible monitoring is
technology-driven 4) Solutions from sports can be applied to other domains concerning
human performance 5) Ethical and secure data handling is essential 6) The greatest
bottleneck is the ability of using information in decision making. A new comprehensive
concept definition of invisible monitoring is proposed as a basis for developing effective
knowledge-based human performance management. It is essential that technology
of monitoring and data analysis, the ethical and regulatory practices as well as the
competences of the users of the monitoring outputs are developed.
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INTRODUCTION

Human activity relies on the capacity of individuals, teams and
organizations to perform effectively across diverse contexts. Performance
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is influenced by the intrinsic characteristics of the actors themselves, but
also the requirements of the tasks the actors undertake as well as their
interaction with the context and environment where the activity takes place
(see e.g. Nindl et al., 2015, Karwowski, 2012). Accordingly, overall human
performance encompasses not only speed and quantitative outcomes,
but covers e.g. also quality, resource efficiency, productivity, impacts,
sustainability, and adaptability to changes.

Human performance is relevant across multiple domains, including sport,
health, workplace and traffic safety, human resource management, military
operations, and service and product design. Although application domains
differ in their specific objectives and constraints, common principles apply to
how performance is assessed, developed, and managed, while measurement
choices and interpretation remain context dependent.

Effective development and management of human performance require
information about many factors, e.g. physical, psycho-social and cognitive
characteristics, environmental influences as well as activity tracking, that
contribute to the overall performance (Gomez-Ruano et al., 2020, Fan
& Yang, 2023). Assessing overall performance requires integrating these
elements with measures of the outputs and outcomes to evaluate how
well a human entity such as an individual, team or organization achieves
its objectives within its available resources and operating environment.
A holistic approach is therefore required to characterize performance
potential, performance readiness, and realized performance in support of
knowledge-based management.

However, collecting, processing, and utilizing such extensive data sets
often requires specific expertise and can be complicated, time consuming
and expensive. Moreover, the practices of monitoring and management can
disturb and disrupt the actors and the processes being observed and acted
upon. In addition to potential physical burden, monitoring may impose
cognitive and organizational burden through data handling, interpretation,
communication, and workflow changes, and these burdens may be distributed
across monitored individuals, practitioners, and organizations. The means
and practices of monitoring and management of human performance must
be designed and chosen so that their application provides more benefits in
terms of primary and secondary outcomes than it causes burdens to the
actors and their activities.

INVISIBLE MONITORING OF HUMAN PERFORMANCE
What is Invisible Monitoring?

The term ‘invisible monitoring’ has been used in sport science to describe
the collection of performance assessment data during regular training
sessions without separate tests or measurements, which can contribute to
e.g. physical load and cognitive stress, even without the athletes having to be
consciously aware that they are being monitored (Weakley et al., 2023). It
emphasizes collecting and assessing athlete status-related data with minimal
inconveniences to practice (Leduc & Weaving, 2025).
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Originally the focus was primarily on protecting the objects of monitoring,
e.g. athletes and teams, from being disturbed by application of more data-
intensive methods of tracking training activities and estimating training
effects. However, the concept of invisible monitoring in sport science is
now evolving to consider techniques and associated data analysis allowing
the measurement of single or multiple training effects using a single or
combination of measurement tools with a minimal degree of burden to both
athletes and the staff (Leduc & Weaving, 2025).

The need for developing more invisible monitoring methods and practices
is not specific to the field of sports. Many endeavors with somewhat analogous
backgrounds and goals, but different terminology, can be identified in
several other domains. For example, unobtrusive measuring refers to video
monitoring and automated computer vision as means of advancing public
health research (Benton and French, 2024). Passive sensing refers to studying
mental health care with wearables or smartphones and machine learning
(Shen et al., 2025). Ambient sensing emphasizes the possibilities of modern
sensor technologies e.g. in elderly care (Uddin et al., 2018), whereas ambient
intelligence aims to provide an invisible, seamless user interface to assistive
and predictive technologies that are connected to other devices, resources,
and networks (Dunne et al., 2020) for many different areas of application.
Invisible security investigates automated defense procedures in the field of
cybersecurity (Dykstra, 2020).

Developed technologies have enabled more invisible methods of data
collection e.g. with wearables and tracking systems (see e.g. Gu and Qian,
2025), but development and practice of invisible monitoring is not free from
challenges. There are, for example, data management issues including high
data collection frequency, different formats of data as well as data storage and
analysis methods (Leduc & Weaving, 2025). Furthermore, it has been suggested
that different monitoring tools should be combined for good quality diagnostics
and prediction accuracy, which calls for validation studies of different tools as
well as their combinations in different areas of application (Boullosa et al., 2023,
Leduc & Weaving, 2025). Invisible monitoring raises also ethical concerns such
as transparency of communication regarding how and why data is collected,
managed and made use of (Leduc & Weaving, 2025). Some concerns have
also emerged about the validity and reliability of invisible measures as there is
limited evidence on accuracy, trustworthy and comparability of passive metrics
as opposed to traditional assessments (Leduc & Weaving, 2025).

One of the challenges is that a clear and consistent definition for invisible
monitoring is still lacking (Leduc & Weaving, 2025). For example, the
abovementioned words invisible, unobtrusive, passive and ambient have
similar connotations and are sometimes used interchangeably in this context
but have somewhat different exact meanings. Also, monitoring, measurement,
sensing and intelligence can be identified as overlapping activities related to
data collection and analysis, but have somewhat different interpretations.
While the intention is to minimize the burden of data collection and analysis,
it is also important to consider the associated benefits of data utilization,
as well as how the burdens and benefits are distributed among the actors
involved in the process.
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RDI Project Invisible Monitoring in Development of Well-Being and
Performance

The ongoing collaborative research, development and innovation project
Invisible Monitoring in Development of Well-being and Performance
funded by Business Finland and coordinated by Turku University of Applied
Sciences (4/2025-3/2027) investigates the concept of invisible monitoring as
well as the technologies, practices and competences for its application in
the context of knowledge-based management of human performance. The
project involves the Finnish Institute for High Performance Sport KIHU as
an external expert partner and five Finnish companies providing invisible
monitoring relevant technology-based services and solutions in the fields of
sports, physical activity and well-being as business partners.

In the project, the State-of-the-Art in invisible monitoring is studied
through literature reviews, expert interviews and workshops. Case studies
apply and evaluate existing solutions for invisible monitoring in practical
use contexts. In the end, the findings are compiled into an RDI roadmap for
invisible monitoring covering academic research as well as practical solutions
and business development.

Invisible monitoring has recently become prominent, especially within elite
sports, and both the practices and technologies are well developed in that
area of application. Accordingly, the project tests and assesses approaches to
invisible monitoring focusing first on applications in sports and well-being.
In addition, the potential to adapt these methods to other domains, such
as business management, facility operations, occupational health, as well
as defense and safety is systematically studied in the project. The project
considers different technologies for invisible monitoring — from measurement
to informed decision making — but scrutinizes them particularly from the
point of view of user needs and competences.

The main activities of the first half of the project and corresponding main
findings and outputs are briefly described in Table 1.

Table 1: The main activities and corresponding main findings of the first half of the
invisible monitoring in development of well-being and performance project.

Project Activity Main Findings and Outputs

Expert workshops Aligned understanding of invisible monitoring.
4/2025-6/2025 Concept definition for invisible monitoring (see Figure 1).
Partner interviews Invisible monitoring concept needs operationalization.
9/2025-12/2025 Irrelevant data collection and inefficient use are common.

Monitoring practices overlook parts of the chain from data
collection to use, e.g. data processors’ burden.

Stakeholder interviews Current technology choices can limit changing to more
1/2026-2/2026 comprehensive knowledge management practices.
Needs and possibilities for invisible monitoring e.g. in sport
policy making and facility operations and management.

(Continued)
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Table 1: Continued.

Project Activity Main Findings and Outputs
Literature review Expanding range of invisible monitoring technologies.
9/2025-2/2026 Use purpose and context need to be clearly defined.

Analysis and communication of monitoring outputs require
both expertise and resources.
Successful implementation depends on ensuring that the benefits
of monitoring outweigh its burdens.
Case study planning Framework for evaluating quality of content, applicability
7/2025-3/2026 and efficiency (Tuomisto et al. 2020) of invisible monitoring
solutions in realistic use cases.
Case studies ready to start 03/2026.

A Proposed New Concept Definition of Invisible Monitoring

The starting point of the Invisible Monitoring in Development of Well-being
and Performance project was the establishment of a new invisible monitoring
concept definition (Figure 1) taking a broader view to whole process of data
collection, analysis and utilization as well as expanding to all areas relevant
to human performance in addition to sports.

Invisible monitoring:

« Optimization & management of benefit / burden ratio...

« ...in solutions for collecting, handling and making use of data...

« ._.in decision making related to developing human performance and well-being.

/\
I 1
Knowledge production Decision making & execution
oo L S W~
1 identified | | [P ] Data Data Information L Knowledge Making use ,rEffects/ 1
| needs \ and integration storage analysis visualization f creation of knowledge | Outcomes I
+ ' !
L ]
A
Evaluation of services/solutions:
1. Quality of Content
2. Applicability EFFECTIVENESS ( = benefit / burden )

3. Efficiency

Figure 1: New concept definition of invisible monitoring proposed by the invisible
monitoring in development of well-being and performance project.

The concept definition at the top part of Figure 1 emphasizes the potential
of invisible monitoring methods to minimize the burden of data collection,
handling and use, while retaining, or even increasing, the practical value of
the information and knowledge produced. It explicitly includes the whole
chain from identified needs to knowledge production, decision making and
execution and ultimately the effects and outcomes of informed actions.
The evaluative framework description at the bottom part of Figure 1 links
monitoring with the practical goals of the activities it intends to serve. In the
end the concept boils down to identifying and managing the accumulation
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of burdens and benefits across all phases of the processes of data collection,
analysis and utilization.

As Leduc and Weaving (2025) have also noted, the question is not whether
monitoring is dichotomously visible or invisible. Instead, the new concept
definition of invisible monitoring guides towards considering how invisible
the monitoring practices are and to whom and what are the overall benefits
and burdens associated with making them invisible.

OPPORTUNITIES AND BOTTLENECKS FOR INVISIBLE MONITORING
OF HUMAN PERFORMANCE

Some important opportunities and bottlenecks for applying and developing
invisible monitoring have already been found in the workshops, expert
interviews, literature reviews and case study planning of the ongoing RDI
project.

1) Modern technology enables data collection, but identifying relevant
data for specific purposes remains challenging. As developed solutions
have made it easier to collect many kinds of data, it is also easier to
collect irrelevant or unnecessary data. Collecting data just because it
is possible, without an intended use purpose, is not justified and can
be considered as waste of resources. On the other hand, it also makes
it possible that too much attention is given to some data with limited
relevance leading to conclusions and actions with little practical value
and vague reasoning.

2) In the domain of sports, reducing the burden on objects of monitoring
is recognized but the burden on other actors along the chain from
measurement to decision making are often overlooked. While the idea
of avoiding disturbance to the objects of monitoring is a good point
of departure for developing means for invisible monitoring, it must
be recognized that it may lead to e.g. increased workloads or costs
elsewhere in the process. For example, data processing and analysis
may require more work when using a monitoring solution, which is
invisible particularly to the athletes and/or teams. Too much analysis
and interpretation work can exhaust the intended users, e.g. coaches and
other experts, and obliterate the potential value of monitoring.

3) The current practices as well as development of invisible monitoring
are predominantly technology-driven, rather than needs-driven. The
emergence of invisible monitoring owes to technological development
in what and how can be measured, processes and analyzed, but the
technological emphasis can also become a limitation to the development
of invisible monitoring practices. Most existing invisible monitoring
solutions build on technologies measuring only one or at most few
variables of the monitored actors or activities. Accordingly, virtually
any available solution alone is only able to provide partial answers
to the practical questions of the real-world needs of knowledge-based
decision making.
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4)

Many invisible monitoring solutions developed and applied in the domain
of sports are transferable and adaptable also to other fields of practice
relevant to human performance. Despite that the variables captured with
certain invisible monitoring technologies can be specific to the areas
of application they are originally designed for there are many aspects
of invisible monitoring that can be considered universally applicable.
Particularly, the principles, methods and practices of balancing the overall
burdens and benefits along the chain from data collection to decision
making are mostly matters of organizing effective and systematically
informed human action and therefore transferable across virtually all
areas of application. In addition, many invisible monitoring technologies
designed originally for sports can be applied as such or with only
minor adaptations in measurement and analysis of human activity or
performance characteristics in many other domains, such as the military
sector and work wellbeing.

Ethical and secure data management is essential. This is true for all
monitoring of human activity or performance characteristics, but the
invisibility of monitoring as well as developing Al-based technologies of
data analysis increase the need for transparency of communication about
applied monitoring and data management practices as well as ensuring
that they are based on explicit consent of the objects of monitoring.

In the end, the primary bottleneck still seems to be the ability of
information users, both on individual and organizational level, to
effectively apply monitoring outputs in their decision making and action
taking. The potential benefits of invisible monitoring are ultimately either
realized or lost in the knowledge creating, decision making and action
taking human processes that the monitoring is intended to serve. Despite
that “data-driven” and “knowledge-based” have been buzzwords for a
long time already the capacity of most individuals as well as the practices
of most organizations to efficiently and systematically make use of the
existing and available data and information in decision making is quite
limited in relation to the possibilities provided by the already existing
technology. Good small scale or temporary examples of effective and
systematic knowledge-informed practice can be found e.g. in the domain
of elite sports coaching, but setting up broad, long-lasting and evolving
processes of systematic knowledge-based action seems to be a challenge.
Developing the competences of knowledge application on both individual
and organizational levels is as important as development of technology.

CONCLUSION

The above mentioned opportunities and bottlenecks provide a backdrop for
the next steps in developing invisible monitoring of human performance. A
comprehensive concept definition of invisible monitoring has been proposed
by the Invisible Monitoring in Development of Well-being and Performance
project as a basis for developing effective knowledge-based human
performance assessment and management. It is essential that alongside the
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technological development of monitoring and data analysis, the ethical
and regulatory practices as well as the competences of the individuals and
organizations intended as users of the monitoring outputs are developed.
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