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Abstract

nologies for human augmentation aim to enhance sensory, motor, and cognitive abilities. Despite

ing interest in cognitive augmentation, the sense of agency and the feeling of control over one’s

ns and outcomes remained underexplored. We conducted a systematic literature review, screenin

uman-computer Interaction articles, and identified 27 papers examining agency in cognitive

entation. Our analysis revealed a lack of objective methods to measure the sense of agency. We

zed Electroencephalography (EEG) data of a dataset from 27 participants performing a Columbia

Task with and without perceived AI assistance to address this research gap. We observed chang

G data for alpha and low-beta power, demonstrating EEG as a measure of perceived cognitive

cy. These findings demonstrate how EEG can quantify perceived agency, presenting a neurologic

od to evaluate the impact of cognitive augmentation technologies on the sense of agency. This st

nly provides a novel neurophysiological approach for assessing the impact of cognitive augmenta

ologies on agency but also leads the way to designing interfaces that create user awareness

ding their sense of agency.

Keywords: Sense of Agency, Cognitive Augmentation, Human Augmentation, Augmented Hum

an-Computer Interaction
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hose Mind is it Anyway? A Systematic Review and Exploration on Agency i

Cognitive Augmentation

1. Introduction

Today’s technological advancements in wearable devices, sensing and actuation technologies

rtificial Intelligence (AI) are driving the development of efficient human augmentation. Human

entation technologies (HATs) refer to near-body, interactive technologies that enhance human

rmance and capabilities (Guerrero et al., 2022; Raisamo et al., 2019; Villa, Niess, Nakao, et al.,

). These technologies are already available to users and are mobile, such as Augmented Reality

sets (W. Sun et al., 2022a), AI-powered glasses (Sapkota et al., 2021; Waisberg et al., 2024), or

able Electroencephalography (EEG) (Schneegass et al., 2023). As framed by Raisamo et al. (201

can be divided into (i) sensory augmentation, which enhances human sensory abilities such as

, hearing, touch, smell or taste; (ii) motor augmentation, which improves abilities related to bodily

n, using actuation technologies; and (iii) cognitive augmentation (Stanney et al., 2009), which aim

d people’s cognitive abilities such as memory, attention, or problem-solving (Cinel et al., 2019;

rero et al., 2022). Understanding and addressing people’s experiences, behavior, and attitudes

rds HATs presents a unique opportunity for Human-Computer Interaction (HCI) to shape the futur

ology in a way that is both human-centered and beneficial to society (Raisamo et al., 2019; Villa,

, Schmidt, & Welsch, 2023).

An essential factor that shapes the user’s experience in HCI is the sense of agency. Sense of

cy refers to the experience of controlling one’s body and the external environment (Limerick et al.

). An issue that may arise with HATs is a perceived loss of agency by the user. In 1992, Friedman

(1992) examined problematic computing practices regarding human agency and suggested that

ns inappropriately attribute agency to computers. Consequently, users may transfer responsibility

themselves to computing systems. Recently, Villa, Niess, Nakao, et al. (2023) found that society

ived users of HATs (“augmented humans”) differently if they were perceived to have little agency

ugmentation. Moreover, cognitive augmentations were perceived to be more dangerous than mot

entations and elicited the least positive emotions (Villa, Niess, Nakao, et al., 2023). Consequentl

ortant to understand the agency’s role in cognitive HATs and learn how a sense of agency can b

tified using cognitive augmentation technologies.

Although literature reviews on body (Bennett et al., 2023; Cornelio et al., 2022), action (Benne

, 2023; Cornelio et al., 2022; Moore, 2016), and augmentation in the context of human-computer

ration (Cornelio et al., 2022) have been conducted, no review has specifically focused on human
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cy within the context of cognitive augmentation. Therefore, we systematically reviewed 20 years o

esearch, screening 434 papers through the lens of agency. Our review followed the Preferred

rting Items for Systematic Reviews and Meta-analyses (PRISMA) guidelines (Page et al., 2021),

ing our search strategy and literature selection process. We chose the PRISMA method to ensur

matic, transparent, and reproducible review process, enabling us to assess the limited research o

ense of agency in cognitive augmentation within ACM and IEEE databases. Subsequently, we

ze the role of agency in the found literature, which includes 27 research articles in the field of hum

entation and in four related domains: (i) neurotechnology, (ii) human-computer integration, (iii) Vi

ty (VR) and Augmented Reality (AR), and (iv) AI and machine learning applications.

Drawing from the literature review, we identified a research gap: although sensory and motor

entation technologies offer methods to assess the sense of agency during use, cognitive

entation technologies have been largely overlooked in terms of real-time measures of perceived

cy. Consequently, we analyzed an experiment with 27 participants who performed a Columbia Ca

(CCT), a risk-taking task, under two conditions: with and without a perceived AI-based cognitive

entation assistant. We aimed to explore state-of-the-art research on agency in cognitive

entation and to investigate methods for measuring the sense of agency.

While several studies on human augmentation measure a sense of agency via retrospective

eport scales, interviews, or intentional binding tasks (Kasahara et al., 2019; Limerick et al., 2014;

l et al., 2017), these approaches often struggle to capture fast, within-task fluctuations in users’

ived control. They are usually applied at specific time points (e.g., after an interaction), risking the

f fine-grained changes in experience. By contrast, some motor-augmentation work uses real-tim

l indicators (Kang et al., 2015), yet this practice is rarely extended to purely cognitive tasks, wher

in attention, memory, or decision-making could influence agency moment-by-moment. To bridge

we critically examine how sense of agency has been studied across different augmentation doma

ropose an EEG-based approach that exploits alpha and beta band activity to continuously track

’ perceived control during cognitive augmentation—a methodology that contrasts with, and poten

hes, existing self-report and behavioral measures.

The main contributions of this paper are as follows: (1) A systematic review of the agency in

entation research, identifying key themes and research gaps; (2) An empirical analysis of the imp

rceived AI assistance on user agency, measured through neurophysiological EEG markers using

ence in activity between beta and alpha bands, with higher beta activity observed during perceive

tance. Our findings from the literature survey highlighted a research gap regarding the sense of

cy for cognitive augmentation, emphasizing the need for further exploration in this area. Additiona
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ow that EEG metrics commonly used in motor augmentation, such as differences in beta and alp

ty, can transfer to cognitive augmentation and potentially serve as a continuous real-time measur

ived agency. These insights inform future research and the design of augmentation systems that

tize and support user agency.

Research Background and Motivations

Below, we provide key definitions that guided our systematic review and data analysis. We

arize research on human and cognitive augmentation, as well as the sense of agency and its

onship with HATs.

. Human Augmentation There is a growing number of research papers on human augmentatio

also referred to as augmented human, human 2.0, or augmented humanity), yet the definitions dif

s the scientific literature (Guerrero et al., 2022). Based on a literature review, Guerrero et al. (202

that “Augmented humanity is a human-computer integration technology that proposes to improve

city and productivity by changing or increasing the normal ranges of human function, through the

ration or extension of human physical, intellectual and social capabilities.” Similarly, Raisamo et a

) define human augmentation as technologies that improve human productivity or capability,

only focusing on “interactive digital extensions of human abilities”. More specifically, the authors

e the research field of human augmentation as addressing methods, technologies, and their

cations for enhancing a human’s sensing, action, or cognitive abilities. This is achieved through

ing and actuation technologies, fusion and fission of information, and AI methods (Raisamo et al.,

).

A related but different term is “human enhancement”, which is the broader field of utilizing natu

tificial means to improve human beings or human skills (Villa, Niess, Nakao, et al., 2023), by

oming the current limitations of the human body (Raisamo et al., 2019). For instance, certain

cations, surgeries, and genetic enhancement would fall under the umbrella of human enhanceme

result, in the context of this paper, HATs are defined as near-body, interactive technologies that ai

tly enhance users’ motor, sensory, and cognitive abilities.

. Cognitive Augmentation Cognitive augmentation (i.e., augmented cognition (Fuchs et al., 20

er et al., 2017; Stanney et al., 2009)) refers to the use of HATs to enhance human cognitive

es (Raisamo et al., 2019). This includes improving acquiring or generating knowledge and

rstanding of the world around us, for example, enhancing users’ attention, memory, reasoning,

em-solving, or decision-making (Cinel et al., 2019). Prior research in cognitive augmentation has,

ple, focused on memory augmentation using lifelogging (Dingler et al., 2016, 2021; Sellen et al.,
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) or neurofeedback training in VR (Accoto et al., 2021). Further research examples include

twatches for health-related decision making (Reeder et al., 2017) and an “affective umbrella”

able for emotion regulation (K. Chen et al., 2023).

Cognitive augmentation may utilize neuroscience technologies to record and act on brain activ

ost popular non-invasive neuroscience technologies to record brain activity are EEG, functional

infrared spectroscopy, functional magnetic resonance imaging, and magnetoencephalography

Cinel et al. (2019) for a review). To stimulate brain activity, common non-invasive technologies inc

cranial electrical stimulation, transcranial magnetic stimulation, and focused ultrasound (Cinel et a

). Only in the medical field, invasive methods such as deep brain stimulation to treat movement an

ory impairments and electrodes implanted in the brain (to treat epilepsy) are frequently used (Cin

, 2019). In their review of neurotechnologies in the area of cognitive augmentation, Cinel et al. (20

ight the importance of tracking the ethical issues and implications of these technologies. One of th

s is the user’s sense of agency (Cinel et al., 2019), which we define in the next section.

Definition #1 (Cognitive Augmentation): Cognitive augmentation seeks to enhance huma

tive performance and skills using near-body digital technologies that mediate the interactio

individual with the self or the world. Such augmentation technologies do not assume control

augmented human’s task but instead serve as the user’s subordinate (Raisamo et al., 201

Niess, Nakao, et al., 2023).

. Sense of Agency The sense of agency refers to the experience of controlling one’s actions an

consequences (Limerick et al., 2014; Moore, 2016), allowing us to recognize ourselves as the age

r behavior (Jeannerod, 2003).

HCI and cognitive neuroscience try to understand how people experience agency (Bennett et

; Limerick et al., 2014). For that, measures of agency have been constructed. Commonly, it is

ssed with direct measures that explicitly ask participants to rate their subjective sense of agency w

t scales on self-report questionnaires such as the Sense of Agency Scale (Tapal et al., 2017) or

mized scales. Indirect measures of agency have also been proposed. Haggard et al. (2002)

uced the “intentional binding effect” as an implicit measure of agency, which refers to a subjective

ression of time between a voluntary action and its sensory consequence. This perceived time

al can be assessed with the Libet clock method (Libet et al., 1993) or interval estimation (Engber

, 2007).

In neuroscience, researchers also investigate objective, physiological measures of agency.
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gh human brain imaging, distributed networks related to agency can be studied (Wolpe & Rowe,

). Neurophysiological indicators have been shown to correlate with the sense of agency, enabling

nuous measurement of agency in real-time using EEG data (Jeunet et al., 2018; Kang et al., 2015

ifically, Kang et al. (2015) found that EEG alpha band activity, which is an important neural metric

ation processing (Klimesch, 2012), to be the main neural oscillation of the sense of agency,

esting the brain’s anterior frontal lobe as an important area for generating agency. Further studies

that the sense of agency correlates with increased alpha and beta EEG power in the

to-occipital regions, indicating that brain activity reflects changes in the sense of agency during ha

ment with delayed visual feedback (Bu-Omer et al., 2021). Another study using dual EEG setups

ic context of role switching during imitation highlighted the role of alpha and beta frequency bands

guishing between self- and other-ascription of action primacy, showing the complex neural dynam

ency in interactive settings (Dumas et al., 2012).

Beta frequency, similar to alpha frequency, is also significant in understanding the sense of

cy. The modulation of local population activity and changes in functional connectivity, mediated by

band, indicate a network perspective of the sense of agency. One study found that during the beli

cy, the primary motor cortex (M1) shows stronger functional connectivity, mediated by the beta ba

inferior parietal lobe and right middle temporal gyrus, suggesting a network supporting the sense

cy based on different causal beliefs (Buchholz et al., 2019).

For example, neurotechnologies intervene between the user’s intention and action and hence

capable of altering human’s sense of agency (Goering et al., 2021). For example, previous work

lager (2013) found that Brain-Computer Interfaces (BCIs) may disrupt the sense of agency, leadin

to doubt their role in actions, concluding that awareness of this problem will help to solve it.

Definition #2 Agency in Cognitive Augmentation: Agency in human augmentation is an ind

sense of control and purposeful engagement with technological tools that enhance cognitive

It means actively choosing, directing, and managing technological interventions that support p

cognitive functions like memory and decision-making, ensuring the person remains the prima

of their enhanced capabilities (Bennett et al., 2023).

2. Literature Review

This scientific background shows that the HCI community must be aware of users’ potential los

cy in human augmentation. We begin with a literature review to understand the sense of agency f

in the context of HCI. Several areas of augmentation often overlap in their implementation and
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re 1
odology Overview. We conducted a literature review to identify research gaps regarding cognitive
cy. Afterward, we conducted a user study to investigate the subjectively perceived impact on cogn
agency when interacting with an AI-driven assistant.

Screening

rature Review

Inclusion Results
Dataset 

Description
ntification

27434 108

EEG Analysis

Analysis Results Discussi

ical approaches (Raisamo et al., 2019), providing transferable methodologies and frameworks tha

nce the study of cognitive augmentation. Our paper aims to foster a holistic understanding of

entation within HCI, emphasizing how lessons from motor and sensory domains can support and

advancements in cognitive augmentation; thus, this literature review focuses on agency in cogn

entations but extends and draws insights from motor and sensory augmentations as part of the

ystem of human augmentation technologies (Raisamo et al., 2019). We performed a systematic

ture review following the guidelines from the Preferred Reporting Items for Systematic Reviews an

-analyses (PRISMA) (Page et al., 2021). The following sections describe the review’s search strat

election process, experimental design, and conclusions.

Search Strategy

The ACM Digital Library and IEEE Xplore electronic databases were searched for primary HC

es on cognitive augmentation, which also measure or consider the sense of agency. On the ACM

l Library, the content type “Research Articles” was selected. On IEEE Xplore, publications were

d for “Journals” and “Conferences”. We considered records from 2003 to 2023 to focus on studie

e cognitive augmentation technologies gained popularity. To allow for the reproducibility of search

ts, the exact search queries can be found in the Appendix in Table 1. After testing various keywor

ombinations, we ultimately selected one specific search query that combined the terms “sense o

cy” with “cognitive augmentation”, “augmented cognition”, or “human augmentation”, allowing us t

n articles that use the established terms. Additionally, since human augmentation is not a well-defi

yet, we decided also to include a more descriptive query (see Query 2 in Table 1) which combine

e of agency”, (ii) “augment*” or several synonyms, (iii) “cogniti*” or “brain”, and (iv) “human-comp

ction”, aiming to capture all relevant HCI articles, even if they do not mention the term

entation”. The “human-computer interaction” keyword was added to filter out records that lacked

ance to HCI research, as, without this addition, the volume of records was not manageable within

constraints.
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1
bases, search queries and number of identified records

abase Search query Record

Digital Query 1:
ary [All: "sense of agency"] AND [[All: "cognitive augmentation"] OR [All: "augmented

cognition"] OR [All: "human augmentation"]]
1

Query 2:
[All: "sense of agency"] AND [[All: augment*] OR [All: improve*] OR [All: extend*]
OR [All: enhance*]] AND [[All: cogniti*] OR [All: brain]] AND [All: "human-computer
interaction"]

36

E Xplore Query 1:
("Full Text & Metadata":"sense of agency" ) AND (("Full Text & Metadata":"human
augmentation") OR ("Full Text & Metadata":"cognitive augmentation") OR ("Full Text
& Metadata":"augmented cognition"))
Query 2:
("Full Text & Metadata":"sense of agency") AND (("Full Text & Metadata":augment*)
OR ("Full Text & Metadata":improve*) OR ("Full Text & Metadata":extend*) OR ("Full
Text & Metadata":enhance*)) AND (("Full Text & Metadata":cogniti*) OR ("Full Text &
Metadata":brain)) AND ("Full Text & Metadata":"human-computer interaction)

6

44

Through this search process, a total of 445 records were identified from the ACM Digital Librar

) and IEEE Xplore (n = 67). Eight duplicate records were removed, which were caused by utilizin

o different search queries. Three records had to be removed because they were not research

es. In total, this resulted in 434 publications to be screened.

We focused our search on the ACM Digital Library and IEEE Xplore because these two databa

rehensively cover the main venues where peer-reviewed HCI and human augmentation research

lly published (e.g., CHI, UIST, TEI, IEEE VR, and related conferences and journals). While we

nize that additional databases (e.g., Web of Science, Scopus) might contain relevant work, our

ty was to capture studies from the largest HCI-focused repositories. Moreover, preliminary explora

ested that most primary HCI research on augmentation appears in these core platforms. Future

ws could expand beyond these databases to capture a broader range of interdisciplinary research

r this work, we aimed to ensure depth and relevance within the HCI context .

Selection Criteria and Process

We checked all identified publications (n = 434) against the following initial inclusion criteria:

Peer-reviewed, original work (excluding literature reviews)

Written in English

Sense of agency measured or considered
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Focus on cognitive augmentation (i.e., HATs that aim to enhance cognition)

We included both quantitative and qualitative research and imported all records into

i (Software, 2020-10-29), version 6.7, to document databases and search queries. Although a sin

r conducted the initial screening and selection, decisions and exclusion reasons were recorded

matically, and any ambiguous cases were reviewed in consultation with another author to reduce

tial bias.

The screening process (see Figure 2) involved three phases: Identification, Screening, and

sion. In the first phase, we reviewed titles and abstracts, excluding 326 records. Unclear cases

nced to the second phase.

In the second phase, we reviewed the full texts of the remaining 108 publications, discarding th

ailed to meet the inclusion criteria. However, following the described process, we found zero

cations that met all initial inclusion criteria, as none of the studies specifically focused on cognitive

entation.

Consequently, we extended inclusion criterion four to: “Focus on human augmentation or relat

ins from which insights on agency can potentially be transferred to cognitive augmentation.”

wing this change, we systematically re-screened the same 108 publications, applying the same

ise procedure and documentation protocol used in the initial screening. In particular, the single

wer again recorded the reasons for inclusion or exclusion, and any ambiguous cases were discus

second authoring order to ensure the re-screening process remained as rigorous and transparen

itial review steps. As a result, we included 27 works in this review (see exclusion reasons in Figur

Results

In the following, we report the analysis of the 27 reviewed studies. We grouped them into cogn

r, and sensory augmentation topics based on the framework by Raisamo et al. (2019). Further stu

id not fall under these three categories, however, address agency in a context related to human

entation, are presented in the Agency in related domains section (see Table 2 for an overview).

. Agency in Motor Augmentation Seven articles were identified that examine agency related to

r augmentation (Coyle et al., 2012; Kasahara et al., 2019, 2021; Shahu et al., 2022; Tajima et al.,

; Venot et al., 2022).

Kasahara et al. (2019) developed a preemptive force-feedback system using electrical muscle

lation (EMS) to enhance reaction time while maintaining the user’s sense of agency. Their

ptive action approach with optimal timing (here, a tapping task with EMS actuation 160 ms after

l target) yielded faster reaction times than participants’ own reaction times and a higher sense of
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re 2
MA flow diagram of the literature review process. Adapted from (Page et al., 2021).

cy than traditional EMS methods, though voluntary actions still provided the highest sense of

cy (Kasahara et al., 2019). Kasahara et al. (2021) extended their research with a reaction time

riment under three EMS conditions. Faster reaction times were retained post-EMS removal only w

ipants trained with optimal timing of preemptive action, suggesting that preserving agency improv

r adaptation after EMS training.

Yet, Kasahara et al. (2019) only considered scenarios of congruent situations when an alignme

een user-driven and machine-driven touch exists. Given this limitation, Tajima et al. (2022) expand

this work by comparing assistive-touch and adversarial-touch in a force-feedback EMS study. Th

that participants reported a higher sense of agency for favorable outcomes (assistive-touch) as

ared to unfavorable outcomes (adversarial-touch). This suggests that the level of perceived agen

ted by an outcome bias. They also created the “agency-assistance trade-off matrix” (see Figure 3

ting design implications for haptic systems using actuators. Joint success (i.e., user and EMS

ct) preserves some sense of agency even with faster computer-driven touch, replicating previous

es (Kasahara et al., 2019, 2021). Forced success (i.e., user incorrect, EMS correct) involves

ctive haptic assistance where the user involuntarily performs the correct action due to faster

uter-driven touch, which hinders agency. Forced failure (i.e., user correct, EMS incorrect) should

nted as it results in an incongruent as well as false outcome, whilst also diminishing agency. Join
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view of literature included in review

tion Reference

ncy in cognitive augmentation (Semertzidis et al., 2023)

ncy in motor augmentation (Coyle et al., 2012)
(Kasahara et al., 2019, 2021)
(Tajima et al., 2022)
(Shahu et al., 2022)
(Venot et al., 2022)

ncy in sensory augmentation (Zolyomi & Snyder, 2020)

ncy in related domains
urotechnology (Martinez et al., 2022)

(Hougaard et al., 2022; Hougaard et al., 2021)
(Mercado-García et al., 2021)

man-computer integration (Mueller et al., 2023)
and AR (Gauthier et al., 2021)

(Zhang et al., 2022)
(Jun et al., 2018)
(Seinfeld et al., 2022)
(Takada et al., 2022)
(Miura et al., 2021)
(W. Sun et al., 2022a, 2022b)

and machine learning applications (Xu et al., 2023)
(Wang et al., 2022)
(Thieme et al., 2023)
(Sali et al., 2012)
(Y. Sun et al., 2023)
(Ahmad et al., 2022)

e (i.e., user and EMS incorrect) results in a negative outcome but could be useful for adversarial

, with the system taking the blame for failures when incorrect user-driven touch was predicted.

Shahu et al. (2022) examined EMS acceptance in four scenarios (motor learning, virtual reality

a player, and road safety), where one of the investigated factors was controllability (i.e., “a user’s

city to control a situation (sometimes referred to as ‘sense of agency’)” (Shahu et al., 2022)). An

e survey and interviews showed the highest acceptance for VR-EMS and the lowest for road safe

e loss of control was a negative factor. They recommend EMS systems maintain user control and

alternatives to preserve the sense of agency. Finally, Coyle et al. (2012) studied the impact of

tance levels (none/mild/medium/high) on agency in a machine-assisted point-and-click task with a

ty algorithm enhancing users’ mouse movement. They found the highest sense of agency in

sistance and mild-assistance conditions, with no significant difference between these two levels,

ting that computer assistance up to a certain level can still allow a high sense of agency. Howeve

um and high assistance significantly reduced agency. These findings suggest that assistance can
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to a loss of agency once a certain threshold is reached, which is relevant for human augmentation

cations. So far, most identified studies on motor augmentation have focused on EMS technology.

t et al. (2022) investigated a multimodal BCI, examining how the timing of motor imagery tasks

ted performance. Their BCI integrated eye-tracking to enhance the overall sense of agency, which

ipants reported via a questionnaire. However, the authors did not report or discuss the agency

ts. In summary, these motor augmentation studies emphasize that the level of assistance and tim

intervention are relevant factors for maintaining a sense of agency.

. Agency in Sensory Augmentation Research by Zolyomi and Snyder (2020) relates to senso

entation due to its focus on vision-enhancing technology. It is centered on understanding the soc

ations of digitally enhanced vision based on a head-mounted assistive device for low vision. In

iews with long-term users, the authors observed that users’ desire to experiment with the assistiv

ology and their perception of its value was influenced by users’ overall sense of agency in

olyomi & Snyder, 2020). For future research on agency in cognitive augmentation, this suggests

idering a more holistic view of agency in life, rather than just during specific machine-assisted task

lead to valuable insights.

. Agency in Related Domains In the following, we analyze the role of agency in domains relate

n augmentation, grouped by (i) neurotechnology, (ii) human-computer integration, (iii) VR and AR

iv) AI and machine learning applications.

Neurotechnology Neuroscience technology is commonly used to enhance human cognitive

es (see subsubsection 1.1.2). (Cinel et al., 2019). Therefore, studies that do not investigate

technology specifically for human augmentation but consider the role of agency is relevant here,

ts can likely be transferred to the design of cognitive HATs. A mixed-method study by Martinez e

) examined the ethical concerns for neurotechnology in the future workplace. Participants had

rally positive attitudes towards future brain-scanning technologies, especially those boosting
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entration (an example of cognitive augmentation). However, interviews revealed concerns about “

gency,” particularly regarding devices that alter emotional states, which the authors suggest threa

’ sense of agency (Martinez et al., 2022). In the context of BCIs for stroke rehabilitation, low BCI

rmance can decrease agency (Hougaard et al., 2021). Hougaard et al. (2021) found that fabricate

(i.e., preprogrammed positive feedback) increased perceived agency and reduced frustration in u

a surrogate BCI based on eye blinks (Hougaard et al., 2021), (ii) a surrogate BCI study with strok

nts (Hougaard et al., 2022), and (iii) real motor imagery tasks in an online BCI study (healthy

ipants) (Hougaard et al., 2022).

Mercado-García et al. (2021) investigated whether the design approach impacts the modulatio

brain signals in a motor imagery task. They found that user-centered design (including a VR CAV

m) enhanced brain activity modulation compared to traditional Graz BCI design. The authors sug

atural interactions that resemble BCI users’ daily life activities offer them “a real sense of

cy” (Mercado-García et al., 2021). However, users’ agency was not measured, hence the benefit

cy is an assumption that needs further investigation.

Human-Computer Integration According to Raisamo et al. (2019), human-computer integrat

uses computing resources and AI to support and work together with a human, is closely connec

gnitive augmentation. Hence, insights into agency in human-computer integration can likely inform

itive augmentation research. Mueller et al. (2023) explored shared agency of bodily control in

wined human-computer integration, using the“EduExo” exoskeleton with an electromyography sen

pport arm movement (i.e., motor augmentation). The user can access all system data on a laptop

ng the machine’s agency transparent. The authors present a framework with two key dimensions

wined systems (awareness and alignment of the machine’s agency) and four system roles (angel

r, influencer, adversary) (Mueller et al., 2023). Their framework supports designing cognitive

entation systems with shared agency.

VR and AR Human augmentation builds upon and draws elements from the fields of VR and

aisamo et al., 2019). Therefore, examining the sense of agency in those contexts can be insight

signing cognitive augmentation technologies.

Several identified VR studies that consider the sense of agency focus on embodiment (Gauthi

, 2021; Jun et al., 2018; Miura et al., 2021; Seinfeld et al., 2022; Takada et al., 2022; Zhang et al.,

). It was shown that embodying a body-matched virtual avatar as opposed to a virtual object

ased participants’ sense of agency during a cognitive task (Gauthier et al., 2021). Furthermore,

r hand realism affected agency, with lower agency scores found for abstract hands compared to

or realistic hands (Zhang et al., 2022). Body continuity (i.e., whether the virtual hands and arms
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disconnected or connected) showed no significant effect on perceived agency (Zhang et al., 2022

tudy on the emotional effects of the full-body ownership illusion demonstrated that movement

rony between virtual and real body led to increased emotional valence as well as increased sens

cy compared to a pre-recorded movement condition(Jun et al., 2018). Another VR study, in which

r tasks were performed, found that participants’ sense of agency was higher in a virtual hand

ition compared to a physical keyboard condition (without virtual representation) (Seinfeld et al., 20

ver, there was no significant difference in agency between virtual hands and virtual

ollers (Seinfeld et al., 2022). In VR, it is also possible to embody multiple bodies simultaneously. I

llel Embodiment” system developed by Takada et al. (2022), users play ping-pong while

ltaneously controlling two robot arms. In a survey, users reported high ratings for the sense of age

both robot arms despite visuomotor incongruences. However, some users suggested the robot ar

had agency, with comments such as “the robot arm is moving on its own” (Takada et al., 2022).

da et al. (2022) conclude that agency may be influenced by users’ prior knowledge of another age

nce. Furthermore, Miura et al. (2021) found that participants perceived agency over four virtual

s in parallel when controlling them simultaneously. The results further suggest that self-reported

cy might have decreased with more bodies. In the context of object translation in handheld AR,

un et al. (2022b) observed a higher subjective and objective agency in one degree of freedom

ared to three degrees of freedom. W. Sun et al. (2022a) also revealed a negative association

een mental workload and agency in head-mounted AR.

AI and Machine Learning Applications AI methods are an essential part of human

entation (Raisamo et al., 2019), including memory augmentation (Dingler et al., 2021). For instan

sistants can efficiently carry out various tasks and make decisions for the user on their behalf. Th

l by Raisamo et al. (2019) for wearable augmentation proposes that AI is an enabling technology

ifically for cognitive augmentation. Hence, the role of agency in AI and machine learning (ML)

cations will be considered in the following since insights apply to cognitive augmentation. Xu et al

) investigated explainable AI (XAI) in AR, proposing an XAI design framework based on a survey

rt workshops. To provide user agency, they recommend always making AI explanations accessible

ffering detailed explanations upon request. In AI-mediated social interactions, Wang et al. (2022)

loped an AI agent for online learning platforms assisting users in building social connections. An

iew study revealed that students were concerned about losing agency over the connections they

The authors suggest that a balance is required between ensuring successful interactions mediate

and preserving users’ agency with whom to start a conversation. This aligns with findings from m

entation on the trade-off between assistance and agency (Coyle et al., 2012) (see
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ubsection 2.3.1). In healthcare, Thieme et al. (2023) developed an AI application to predict treatm

mes in human-supported, internet-delivered Cognitive Behavioral Therapy (iCBT) for depression

ty. They found that AI design could affect clinical supporters’ sense of agency and recommend th

ould inform the care rather than interfere with medical assessments, keeping the supporter in cha

amining patients’ individual circumstances and potential reasons for the AI prediction outcome. Sa

(2012) explored natural language understanding (NLU) in games, finding that players reported m

cy when the NLU interface provided pauses and prompts (as opposed to free-form text entry and

ive pauses), even if it limited their actions and free will. This suggests that guided actions can

nce the sense of agency. Moreover, Y. Sun et al. (2023) found that users of automated machine

ing systems actively exercise agency to overcome challenges in customizability, transparency, an

cy by employing workaround strategies. Finally, Ahmad et al. (2022) found that tangible controls, l

are buttons, improve users’ agency over smart voice assistants and their privacy. These insights

benefit cognitive HATs, such as voice-assisted memory extenders.

. Agency in Cognitive Augmentation: A Research Gap The systematic literature search

ified no study that directly aimed at enhancing human cognitive capabilities (such as memory,

em-solving, attention, cognitive overload, etc.) using digital technology while also measuring or

ssing the sense of agency. This research gap will be addressed in the discussion (see

ection 4.3). One identified study closely related to cognitive augmentation was conducted by

rtzidis et al. (2023), who developed Dozer, a closed-loop wearable beanie that accelerates sleep

t through auditory and electrical brain stimulation. After an EEG detects drowsiness, the user’s br

ulated through transcranial alternating current stimulation (tACS), and speakers play pink noise

enhancement. In an in-the-wild study, the authors identified “closed-loop neurocentric

cy” (Semertzidis et al., 2023) as a user experience theme related to bodily agency. The authors fo

(i) participants demonstrated high agency over the system despite feeling disconnected due to a

dback, process understanding, and system familiarity. (ii) Knowledge of the system’s function is

rtant for experiencing agency. (iii) Bodily-integrated systems can provide a high sense of agency

ut explicit user inputs (i.e., initiating causal influence over the system). Nevertheless, participants

ted a diminished sense of body ownership and high awareness of the system’s hardware, which

romised Dozer’s ability to promote sleep onset effectively. Whilst aiming to accelerate sleep onse

not directly enhance cognitive capabilities, Dozer can be considered a cognitive augmentation

ology in a broader sense. It targets cognitive processes involved in sleep regulation through a

d-loop wearable utilizing EEG, auditory, and electrical brain stimulation, thereby augmenting cogn



Journal Pre-proof

WHOSE MIND IS IT ANYWAY? A SYSTEMATIC REVIEW AND EXPLORATION ON AGENCY IN
COGNITIVE AUGMENTATION 17

aspe400

funct cy in401

cogn402

2.4.403

404

augm405

comm e to406

tradit otor407

augm408

et al. as409

been r410

one’s411

augm412

dang413

beha tion414

syste415

416

inves417

real-t his418

contr419

spec ,420

which lly421

on ho ere422

perfo e of423

agen424

agen an425

ideal426

recom 27427

partic le428

data e of429

agen430

1 ACM
Jo
ur

na
l P

re
-p

ro
of

cts related to sleep onset. Overall, this study implies that the user’s understanding of the HAT’s

ionality may be relevant for maintaining a sense of agency. Yet, the specific field of sense of agen

itive augmentation remains largely unexplored.

Mapping the Literature on Agency on Cognitive Augmentation

Our literature review shows a research gap concerning the role of agency in cognitive

entation technologies. This gap might reflect a underexploration of the topic within the HCI

unity, as existing publications have overlooked the real-time quantification of cognitive agency du

ional focus areas or the limitations of our search to two databases1. While studies on agency in m

entation are relatively more prevalent (cf. (Coyle et al., 2012; Kasahara et al., 2019, 2021; Shahu

, 2022; Tajima et al., 2022; Venot et al., 2022)), our findings suggest a notable disparity. Agency h

predominantly associated with motor control, defined as the subjective experience of control ove

actions (Moore, 2016). However, the concept of agency is equally important in cognitive

entation. A diminished sense of cognitive agency can result in adverse outcomes, such as a

erous shift in responsibility to the cognitive HAT (Friedman & Kahn, 1992) or increased risk-taking

vior (Villa, Kosch, et al., 2023). Addressing this gap is important for designing cognitive augmenta

ms that appropriately balance human and technological control.

To advance understanding in this area, we leverage EEG data as an objective measure to

tigate subjectively perceived cognitive agency. EEG provides a unique advantage by capturing

ime neural activity throughout an experiment, enabling continuous, objective agency measures. T

asts with traditional questionnaires, which collect subjective, retrospective data and are limited to

ific moments in the experimental process. Building on the EEG study by Villa, Kosch, et al. (2023)

explored the influence of external cues on causal beliefs in a risk-taking task, we focus specifica

w EEG-based neural correlates reflect cognitive agency. Participants in this study believed they w

rming the task independently or with AI assistance, allowing us to manipulate their perceived sens

cy regarding perceived sense of agency. EEG has proven an efficient measure for assessing

cy (Buchholz et al., 2019; Bu-Omer et al., 2021; Dumas et al., 2012; Kang et al., 2015), making it

tool for estimating the perceived level of agency in real-time. Our analysis meets and exceeds

mended sample sizes by leveraging the open dataset by Villa, Kosch, et al. (2023) consisting of

ipants completing 1080 trials. Trial counts for EEG research to ensure statistical power and reliab

quality (Boudewyn et al., 2018; Melnik et al., 2017). The re-analysis aimed to estimate if the sens

cy can be assessed in real-time when using cognitive augmentation technologies. This work

Digital Library and IEEE Xplore.
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ights the relevance of EEG in agency research and lays the groundwork for designing cognitive H

rioritize the user’s cognitive autonomy and responsibility.

Research Model: Assessing the Impact of Perceived AI Support on Sense

Agency

While the impact of technology on perceived agency attracted attention in HCI (Bennett et al.,

; Cornelio et al., 2022; Coyle et al., 2012; Limerick et al., 2014), quantifying and understanding

ived cognitive agency remains a significant research gap. Our literature review indicates that neu

ty is strongly linked to the perception of agency. Prior research has successfully utilized EEG to

tify agency perception, demonstrating that specific neural features serve as reliable indicators. Fo

ple, Kang et al. (2015) showed that alpha and beta band frequencies in the EEG are closely

ciated with the perception of agency. In their work, alpha and beta frequencies have been effectiv

to capture variations in self-attributed actions, suggesting them as quantifiable real-time metrics f

ived agency in the study of agency. More importantly, research further demonstrates that these

l markers correlate with the subjective sense of agency (Yun et al., 2019). This section describes

analysis of an EEG experiment that evaluated the perceived cognitive agency. In the following, we

an open dataset provided by Villa, Kosch, et al. (2023) to evaluate the feasibility of EEG data for

ssing cognitive agency. While EEG has been extensively validated for motor agency through mark

vent-Related Potentials (ERPs) (Luck, 2014), the application of EEG to cognitive agency is less

lished, with potential overlaps between neural patterns of agency and those of attention or workin

ory (Bu-Omer et al., 2021; Kang et al., 2015). Despite these challenges, emerging evidence

nstrates that EEG can reliably capture neural correlates of cognitive agency, such as parieto-occ

suppression and frontal theta activity, during decision-making and attribution tasks (Buchholz et

; Kang et al., 2015). Recent studies further suggest that EEG can differentiate self-generated from

nally guided cognitive processes, including those involving AI assistance (Villa, Kosch, et al., 2023

hance reliability and applicability, future research should employ controlled experimental paradigm

solate cognitive agency, address EEG’s practical challenges through robust noise reduction and t

n, and triangulate results using complementary behavioral and subjective methods (Kirwan et al.,

). By addressing these considerations, we evaluate EEG as a tool to measure cognitive agency, a

ous research has used it to assess sensory and motor agency.

To achieve this goal, we analyzed an EEG experiment with 27 participants to understand the

ct with and without perceived AI assistance (Villa, Kosch, et al., 2023) on cognitive agency (see

e 1). Although previous work showed that EEG is a validated and reliable measure for studying th
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e of agency in motor augmentation (Bu-Omer et al., 2021; Dumas et al., 2012; Kang et al., 2015),

has not yet been extensively evaluated in the context of cognitive augmentation. Thus, the analys

tigates how EEG metrics, such as alpha and beta band activity, could form an alternative metric fo

tifying agency in interactive systems.

Experimental Design

The original study employed a within-subjects lab design focusing on one variable of interest:

l system description (DESCRIPTION). In the AI-ASSISTANCE condition, participants were told the

m augmented cognitive skills, while in the NO-ASSISTANCE condition, no augmentation was claim

ionally, CCT (Columbia Card Task) task-related variables were collected: (1) LOSS CARDS (one vs

loss cards), (2) WIN AMOUNT (10 vs. 30 points), and (3) LOSS AMOUNT (250 vs. 750 points). Verb

riptions were counterbalanced, and CCT variables were randomized.

Dataset Choice

The dataset provided by Villa, Kosch, et al. (2023) is well-suited for investigating changes in

itive agency for several reasons. First, the experimental design in the dataset explicitly manipulate

ipants’ expectations through verbal system descriptions, which prior research has shown to influe

ense of agency (Buchholz et al., 2019). The verbal manipulation allows for a systematic assessm

ency-related shifts, providing a foundation for analyzing neural correlates of agency. Second,

sive research demonstrates that EEG metrics, particularly oscillatory activity in the alpha and bet

ency bands, are reliable real-time markers for sensing changes in perceived cognitive agency. Fo

ple, studies have shown that alpha-band activity is associated with self-referential processing, an

ntial component of perceived agency (Yun et al., 2019). At the same time, beta-band oscillations

t motor and cognitive processes underlying intentional control (Kang et al., 2015). Furthermore,

physiological evidence supports the relationship between EEG changes and agency perception

s diverse contexts, including cognitive tasks. Our analysis bridges the gap for evaluating changes

gency during cognitive augmentation through corresponding cortical activity using the existing

rimental setup and EEG metrics from this dataset.

Task Description

Participants played the Columbia Card Task (CCT) game according to Figner et al. (2009). Th

is a card game where players can win or lose points by flipping cards. Depending if the player flip

r loss card, the player wins or loses points. The number of points influences the CCT a participan

in (i.e., 10 and 30 for win cards) or lose (i.e., 250 and 750 for loss cards). Players can flip anothe

ard if they have flipped a win card before. The game round ends when the player flips a loss card
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all, the participants played 20 rounds. At the start of each round, the cards were presented facing

le to the participants), then flipped down and shuffled at high speed so the participants could not

them (Villa, Kosch, et al., 2023). The initial card placement is irrelevant as the game is manipula

rounds, participants flip win cards until loss cards appear at the end of the deck, while in loss

s, loss cards appear early.

Verbal System Description. Prior work suggests that external cues can influence causal bel

attribution vs. external attribution), thereby modulating the sense of agency (Buchholz et al., 2019

sed this finding by analyzing participants’ causal attributions through system descriptions.

ifically, participants were told to engage in the CCT task either in an AI-ASSISTANCE or the

SSISTANCE condition. In the AI-ASSISTANCE scenario, participants were informed that a BCI

tored their brain activity and emitted inaudible binaural sounds (Colzato et al., 2017) to enhance

l processing and improve card selection accuracy. The cover story highlighted the cognitive bene

se sounds, including their documented positive effects (Clements-Cortés et al., 2016). Important

was no active system in the practical implementation. In the NO-ASSISTANCE scenario (control

ition), participants were told the augmentation technology was inactive, making their performance

ly reliant on their own skills in visualizing card movements and gameplay engagement.

Apparatus

Lab Streaming Layer (LSL) was used for time-series data capture, handling networking, time

ronization, and recording EEG streams with signal annotations. Tasks were performed on a

ows 10 desktop (HP Z1 G6, i7-10700 processor, 16 GB RAM) with a 27-inch monitor at 60 Hz. E

were annotated for each button press, including card flips and game round advances. Participant

a mouse to interact with the Columbia Card Task (CCT) while seated approximately 75 cm (29.5

s) from the screen, adjusted to eye level.

Participants

Participants were recruited via university email lists and channels, excluding those with prior

ledge of EEG or human augmentation systems to prevent bias. Of 30 recruited individuals, one

ed data use post-experiment, and two were excluded for missing expectancy ratings, leaving 27

ipants (N = 27, 17 males, 10 females, M = 29.13, SD = 9.51). They reported moderate technica

etence (M = 4.76, SD = 1.43). The study was approved by the German Psychological Society

s) and the local ethics board (ID: EK-MIS-2020-023).
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Experimental Procedure

Participants were randomly assigned to either the AI-ASSISTANCE or NO-ASSISTANCE conditio

alanced distribution. After a briefing on objectives and privacy measures, informed consent was

ned per the Declaration of Helsinki. Participants provided demographic data, rated technical

iency on a seven-point Likert scale, and were introduced to human and cognitive augmentation

epts and equipment. Depending on their condition, they received a system overview and answere

comprehension questions. The CCT compensation model (0–10 euros based on performance) w

ined, though all participants ultimately received the maximum compensation. Training included

ace tutorials and loss scenario practice. An auditory threshold task was conducted to strengthen

ciation of causal beliefs, with participants either notified about the augmentation’s inactivity or

ipating the system’s (non-existent) sound output. Card selections and EEG data were collected du

sessions with counterbalanced conditions. After each session, the perceived performance

vements were assessed. Upon completion, they evaluated the augmentation system’s usability,

ured belief in the system functionality, provided a full debrief, and sought consent for data usage,

ring compensation was not dependent on their decision.

Measurements

Previous work by Kang et al. (2015) has shown that Agency can be operationalized through al

2 Hz) and beta (12 - 15Hz) band oscillations during motor tasks. In this analysis, we further test if

tionalization holds for cognitive agency; therefore, we study cognitive agency by evaluating the

tral behavior of the alpha and beta bands for objectively assessing perceived agency in real-time.

EEG Recording and Preprocessing

The authors collected EEG data at a sampling rate of 500 Hz using a LiveAmp amplifier (Brain

ucts, Germany) equipped with 32 water-based electrodes arranged according to the International

layout on an R-Net elastic cap. The electrode positions were as follows: Fp1, F3, F7, F9, FC5, F

7, CP5, CP1, Pz, P3, P7, P9, O1, Oz, O2, P10, P8, P4, CP2, CP6, T8, C4, FC2, FC6, F10, F8, F

and Fz. Impedance levels were maintained below or equal to 20 kΩ, with FCz serving as the

nce electrode and FPz as the ground. Time synchronization was achieved using the Lab Stream

r 2 framework while preprocessing and analysis were conducted using the MNE-Python Toolbox

fort et al., 2013). The authors applied a notch filter at 50 Hz and band-pass filtering between 1-3

eliminate high and low-frequency noise. The data was then re-referenced to the common averag

nce (CAR). We performed artifact detection and correction using an Independent Component

://labstreaminglayer.org
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sis (ICA) with the extended Infomax algorithm (Lee et al., 1999) to mitigate the impact of attentio

, cognitive load, and fatigue. The labeling and rejection of ICA components were automated using

bel’ plugin within MNE (Pion-Tonachini et al., 2019). The ICA-based preprocessing reduced artifa

d to fatigue, movement, and attentional shifts.

3
were answered on a 7-point Likert scale (1 - strongly disagree; 7 - strongly agree). The authors

d against an indecisive value of 3. Significantly different items are marked with *. The authors did
he SUS against a hypothesized value.

/scale M SD t(26) p

game was easy to play.* 3.93 1.86 2.59 .016
cognitive augmentation has made the task easier.* 3.74 1.40 2.74 .011
cognitive augmentation has made the task more enjoyable. 3.56 1.93 1.50 .146
cognitive augmentation has made me more confident. 3.67 1.86 1.86 .074
cognitive augmentation has made me more efficient. 3.52 1.50 1.79 .085
cognitive augmentation has improved my performance.* 4.11 1.55 3.72 <.001
cognitive augmentation has improved my cognitive abilities.* 3.93 1.54 3.12 .004
cognitive augmentation in this game has a lot of potential

uture development.* 4.37 1.55 4.60 <.001

tem usability scale 56.94 11.34 - -

4. Experimental Results

This section details our data analysis of the author’s experimental study. We employed

endent-sample t-tests for questionnaire items to establish statistically significant differences betw

I-assisted and no-assistance conditions. Conversely, we utilized generalized linear models (GLMs

ze the Spectral Analysis values. This choice facilitated the dissociation of the effects arising from

type and those due to the experimental condition (AI-Assistance vs. No-Assistance). We first repo

ssessment of belief in augmentation functionality, followed by perceived performance improvemen

a frequentist analysis as an alternative to the previously reported Bayesian analysis in Villa, Kos

(2023), and finally, the EEG spectral analysis.

Post-Experiment Assessment of Belief in Augmentation

Following the experiment and debriefing of the conditions used in the study, participants indica

belief in the functionality of the augmentation system. Only 3.70% (1 out of 27) explicitly disbeliev

ystem’s capabilities. While 40.74% (11 out of 27) reported minor suspicions, the majority (51.85%

ipants) fully believed in the augmentation technology’s effect. One participant (3.70%) did not

se their belief regarding the described functionality. The post-experimental perceived performanc

vement questions revealed that participants, on average, perceived the augmentation system as

ating task completion and enhancing performance and cognitive abilities. This perception further
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re 4
tral Power for Alpha and Beta Bands: There is a decrease in spectral power for both frequency ba
No-Assistance condition, suggesting a higher sense of agency.

lpha Band (b) Beta Band

to believe in the system’s potential for future development (see Table 3). These findings suggest

rovided cues effectively induced a sense of causality, likely due to the participants’ belief in the

m’s functionality. Table 3 presents a summary of the statistics.

Spectral Analysis

We initially assessed the spectral power at each electrode. The spectral power of each 1-seco

h was determined using the short-time Fourier transform (STFT) with a 512-point sliding Hanning

w and 50% overlap. Subsequently, the results were averaged across trials for each condition and

rode. The averaged spectral power for each condition and electrode was then accumulated over t

ency bands: alpha (8 - 12 Hz) and low-beta (12 - 15 Hz). We selected 19 electrodes (FP1, FP2, F

4, F7, F8, Cz, C3, C4, T3, T4, Pz, P3, P4, T5, T6, O1, O2) based on previous work (Kang et al.,

). For further statistical analysis, the spectral power for each condition was computed in decibels

d on a topographical map (see Figure 5 and Figure 6).

In analyzing the effects of assistance condition and card outcome on Spectral Power, we

oyed a Generalized Linear Model (GLM) with a Gaussian family and an identity link function. The

l for the alpha band revealed a statistically significant negative association between the presence

SSISTANCE and Spectral Power, with a coefficient of -.13 (SE = .050, z = −2.63, p = .008), indicati

pectral Power decreased by .13 units when participants were informed that assistance is not

ded, holding other factors constant. Similarly, the outcome of ‘Win Card’ was significantly associa

decrease in Spectral Power by 1.38 units (SE = .17, z = −7.99, p < .001), compared to the baseli

ition of ‘Loss.’

The model identified a statistically significant negative association for the beta band between
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SSISTANCE and Spectral Power, with an estimated coefficient of −.15 (SE = .052, z = −2.98, p = .0

esting that Spectral Power decreased by .15 units when participants were informed that assistanc

ot provided. Conversely, the ‘Win Card’ outcome was significantly associated with a reduction in

tral Power, evidenced by a coefficient of −.95 (SE = .18, z = −5.30, p < .001), indicating a substan

ase in Spectral Power associated with winning outcomes.

Discussion

In this section, we discuss and articulate the main findings of this paper, including mapping

physiological markers of agency in motor tasks for cognitive augmentation, its impact on agency,

directions. For a broader overview of agency antecedents in HCI, see Bennett et al. (2023).

. Quantifying Sense of Agency in Cognitive Augmentations The analysis study on cognitive

entation reveals how AI assistance affects users’ sense of agency through its electrophysiologica

Our findings reveal that participants experienced a significant decrease in the sense of agency w

believe in the presence of AI assistance, as evidenced by shared variations in alpha and low-bet

power in the parieto-occipital regions. This suggests that the mere belief in AI assistance can

tively lead to a diminished sense of agency in the context of cognitive augmentations at a

physiological level.

Compared to a baseline condition (No-Assistance), this outcome was observed through

tions in alpha and beta brain wave activities. Such findings highlight how perceived AI support ca

different patterns in brain frequency that can allow discrimination across agency states. The

ase in the sense of agency aligns with the results reported by Bu-Omer et al. (2021), providing a

physiological basis for understanding how external cues and perceived technological intervention

odulate individuals’ sense of control over their actions. This is in line with the call for disambigua

cy definitions in HCI as outlined in Bennett et al. (2023).

The findings also reveal that winning outcomes lead to a significant decrease in spectral powe

re 5
tral Power Topographical Maps displaying Alpha and Beta frequencies under conditions with
sistance and without AI-Assistance in the scenario of Win Cards.
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re 6
tral Power Topographical Maps displaying Alpha and Beta frequencies under conditions with
sistance and without AI-Assistance in the scenario of Loss Cards.
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ared to losing outcomes across both frequency bands. This could indicate that successful outcom

ularly in the context of the CCT, elicit a neurophysiological response associated with reduced

itive load or decreased need for further action adjustment, as supported by Y. Chen et al. (2022).

me delineates distinct brain activities during the anticipation and outcome phases of win and loss

arios.

Winning outcomes can enhance the perception of having effectively influenced an event, i.e.,

essful" agency. In situations where individuals believe AI is assisting them, this success can furth

e their sense of control. Essentially, positive outcomes from tasks, when combined with the notion

pport, refine how people perceive their influence over outcomes, reinforcing their sense of agency

The new results expand on the role of alpha and beta on the sense of agency, as we introduce

paradigm that was not explored before while still replicating results from previous work (Buchholz

, 2019; Bu-Omer et al., 2021; Haggard et al., 2002). For instance, Buchholz et al. (2019) shows th

elief of agency itself changes the dynamics within sensorimotor networks, particularly highlighting

the beta band is modulated by one’s causal belief about the origin of actions. This suggests that t

ase in beta frequency we observed might be not only a direct response to the AI assistance but a

ection of the participants’ altered belief systems regarding the control over their actions. Haggard

(2002) provides an overview of the sense of agency’s underlying brain mechanisms, emphasizing

f predictive processes and the contribution of alpha and beta waves in the sense of agency. This

orts our findings from a theoretical standpoint, suggesting that the alterations in brain frequencies

rved in our AI-assisted condition may reflect disruptions in the participants’ prediction about their

mes.

. Individuals Who Believe Being Cognitively Augmented Present Reduced Agency The

rved effect in alpha and beta frequencies, indicative of a diminished sense of agency under perce

sistance, highlights a central consideration for HCI design: the need to maintain or enhance a us
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e of control and autonomy when interacting with intelligent systems. This consideration becomes

cially pertinent as we explore the integration of neurophysiological markers of a sense of agency

put for interaction, such as in BCIs. In rehabilitation, for instance, adaptive protocols could

cantly improve recovery outcomes by aligning therapeutic activities with the patient’s specific neu

rns, thereby reinforcing their sense of agency. Similarly, in educational technologies, learning

riences that adapt to the student’s sense of agency could make education more engaging. The

rved effect in alpha and beta frequencies suggests a decreased sense of agency, drawing a paral

ucational areas (Klemenčič, 2015). The authors discuss the importance of fostering intentional an

tive interactions between students and their environments, framed within their relational, cultural,

-economic contexts. This perspective aligns with our findings, highlighting the need to design

gent systems that not only adapt to users’ neural markers of agency but also actively reinforce the

e of control and autonomy. In educational technologies, this means creating adaptive learning

riences that enhance students’ agentic orientation and capacity by dynamically aligning with their

itive and emotional states. By integrating neurophysiological markers as inputs, such systems cou

tially improve student engagement by resonating with the temporally embedded and relational na

ency, fostering deeper involvement and personalized trajectories in education (Klemenčič, 2015).

. Neurophysiological Insights into Agency with Cognitive Augmentation Our EEG findings

nstrate decreased alpha and beta spectral power with perceived AI assistance and, upon winning

ate the neurophysiological facets of agency within cognitive augmentation. This reveals how AI

ptions and outcomes affect users’ neurophysiological states, influencing their sense of agency.

e insights inform the design of HATs that enhance abilities while preserving autonomy. We argue

idering users’ neurophysiological reactions to aid and feedback, we should aim to empower rather

overpower user experiences. The development and design of AI should consider how it affects us

e of agency at a neurophysiological level. By considering this, Designers can create AI systems a

cations that align with users’ sense of agency and better control over the AI outcomes, ultimately

ng to technologies that users accept more. Yet, it is important to consider that, as shown in this pa

neurophysiological markers to measure the sense of agency is still experimental, and thus, its

ility is still to be shown; additionally, implicit methods for measuring agency might be not capture

ly the user’s attitudes, behaviors and feelings during interaction.

. Quantifying the Sense of Agency in Real-Time In our analysis, we utilized an EEG-based

tral analysis and based on literature (Bu-Omer et al., 2021; Dumas et al., 2012; Kang et al., 2015)

nstrated that the alpha and beta EEG metrics initially developed to measure sense of agency in a
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r action context also can measure the sense of agency in Human-AI interaction. Further supportin

Freeman et al. (1999) showed that EEG indices using alpha and beta bands could be employed in

tive automation systems, where the system dynamically switched between manual and automatic

s based on changes in user engagement measured through these EEG metrics. Similarly, Prinze

(1995) developed a bio-cybernetic system that utilized an EEG index based on beta and alpha ba

dulate operator engagement in real-time, demonstrating the feasibility of using these metrics for

tive automation in cognitive tasks. This opens up new alternatives for HCI researchers to integrate

ime agency measurements in their experimental designs with the advancement of EEG devices.

. Implications and Future Research Directions Based on the knowledge gained from our

matic review and analysis, we now draw future research directions to further investigate agency’s

gnitive augmentation.

Find the Right Balance Between Augmentation and Agency In the context of

ine-assisted point-and-click tasks, it was possible to assist users up to a certain level (mild

tance) without harming their sense of agency. Still, a rapid drop of agency occurred once more

tance was provided (Coyle et al., 2012). A good balance between the level of AI assistance and

cy preservation was also identified as a crucial factor in the context of building AI-mediated social

ections (Wang et al., 2022).

This suggests that the level of intervention may fundamentally impact agency, a finding that ca

be transferred to cognitive augmentation. We recommend that designers of cognitive HATs find t

balance between the augmentation level and the perceived agency level for their specific system.

will likely depend on the specific use case, how important a high sense of agency is for the user in

context, and how a lower level of augmentation would affect the user and their surrounding. Hen

research should investigate this trade-off between the level of augmentation and agency for diffe

of cognitive HATs in various contexts. If a distinct threshold exists after which agency is lost, it is

rtant to identify it so that designers can make informed decisions. Finding this right balance, henc

g the user in control to some extent, may also increase the acceptance rate of the augmentation

ology (Shahu et al., 2022). Moreover, we suggest considering human-computer incongruent

tions when designing cognitive HATs (Tajima et al., 2022). In particular, prevent forced failures by

n, e.g., a surgeon using an augmentation technology in medical care. Avoid forced successes wh

cy preservation is highly important, but allow it in training and safety-critical scenarios.

Optimize Intervention Timing The level of assistance and the exact timing of the intervention

be considered (Kasahara et al., 2019, 2021). For motor augmentation, it was found that early

ptive EMS actuation decreased the sense of agency. Identifying the optimal timing for preemptio
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ted in faster reaction times whilst preserving the user’s agency to some extent (Kasahara et al.,

), even after removing the EMS device (Kasahara et al., 2021).

Likely, the intervention timing is also highly relevant in maintaining agency over cognitive

entation. Designers should carefully consider the exact moment the cognitive HAT assists the us

ure studies, this timing should be manipulated in controlled experiments to investigate whether a

t spot exists in which users’ cognitive performance can be enhanced whilst also experiencing a hi

e of agency.

Examine agency in different types of cognitive enhancement People appear to be most

d about brain-scanning devices that boost concentration; however, when emotional states are

d, they have trust and agency concerns, as this may threaten their sense of agency (Martinez et

). This indicates that the level of agency and amount of concern may depend on the cognitive abi

he system augments. We recommend that future research examines which types of cognitive abi

e enhanced whilst maintaining users’ agency.

Reduce Cognitive Load In head-mounted AR, W. Sun et al. (2022a) revealed a negative

ciation between mental workload and the sense of agency. Consequently, cognitive augmentation

hich aims to reduce users’ cognitive load, may lead to a win-win situation of decreased mental

n whilst increasing agency at the same time. Although measuring cognitive load has been the foc

I and user experience research since decades (Kosch et al., 2023), further research is needed to

lish the causal relationship between cognitive load and agency. Nonetheless, we recommend tha

ners aim to minimize cognitive workload.

Explain the System’s Functionality Explanations of AI output were found to be crucial for

ring agency in AI systems (Xu et al., 2023). Similarly, users of a bodily-integrated sleep wearable

ssed a desire to comprehend the system’s functioning to attain a high sense of agency (Semertz

, 2023). Therefore, in the design of cognitive HATs, consider providing adequate explanations to

le users to understand the system’s operations and to foster a relationship of competency and

(Semertzidis et al., 2023) between users and the system.

Consider Ethics Our research suggests EEG as a neurophysiological measure for assessing

cy during cognitive augmentation in real-time. While our results can be used to create

cy-adaptive interfaces that improve the experience of using cognitive augmentation technologies,

al considerations regarding autonomy, privacy, or manipulation are being discussed in the researc

unity (Cinel et al., 2019). For instance, deliberately reducing agency as a result of perceived AI

ort could lead to long-term changes in cognitive control and decision-making, potentially manipula

’ self-perception of autonomy. The potential consequences, such as altering users’ beliefs about
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ol over actions, must be carefully managed to avoid negative psychological outcomes. The handli

nsitive neurophysiological data also introduces privacy and security concerns (Gordon & Seth, 20

as the potential of correlating stimuli with measured neurophysiological activity to infer cognitive

s. While the field of neuroethics discusses the ethical discourse of sensing and adapting to

physiological data (Hosseini & Kumar, 2020), the debate around agency has only started

tly (Goering et al., 2021). Future research should explore, implement, and evaluate guardrails for

ally employing cognitive augmentation technologies that modulate agency.

Resolve Performance Issues in Neurotechnology BCI studies conducted by Hougaard et a

) and Hougaard et al. (2021) indicate that when individuals’ sense of agency is already reduced

performance of the BCI, computer assistance in the form of preprogrammed, fabricated input ca

ve agency. It appears that negative consequences (here, reduced agency) of low technology

rmance are mitigated through increased reliance on computer assistance in the form of fabricated

. Moving forward, it is crucial to resolve the underlying performance issues (the cause of the prob

hance agency in BCIs, which may eliminate the need for fabricated input.

Use Objective Measures of Agency As no gold standard on measuring agency exists yet, w

looked at which agency measures were utilized in the reviewed studies. To assess agency, the

rity of identified studies relied on subjective self-reports by asking participants to respond to an

cy questionnaire (W. Sun et al., 2022a, 2022b; Venot et al., 2022), commonly a single-item 7-poin

t scale question (Kasahara et al., 2019, 2021; Y. Sun et al., 2023; Tajima et al., 2022). In some of

ed VR studies, the agency measure was included in a self-report questionnaire concerning

diment (Gauthier et al., 2021; Miura et al., 2021; Takada et al., 2022; Zhang et al., 2022), owners

n (Jun et al., 2018), or general VR experience (Seinfeld et al., 2022).

Several of the studies included did not directly measure the sense of agency. Instead, agency

ified as a theme based on qualitative study results (Martinez et al., 2022; Mueller et al., 2023; Sal

, 2012; Shahu et al., 2022; Thieme et al., 2023; Wang et al., 2022; Xu et al., 2023; Zolyomi & Sny

). However, four studies did not specifically measure the sense of agency (Mercado-García et al.,

). Instead, some assessed user’s perceived control (Ahmad et al., 2022; Hougaard et al., 2022;

aard et al., 2021). Only two studies utilized objective measures of agency. Coyle et al. (2012)

ssed intentional binding as an implicit measure of the sense of agency, using the Libet clock meth

e experiment and interval estimation in the other. Finally, only one study used physiological meas

ency based on EEG data, applying spectral power analysis and brain activity analysis (W. Sun et

b).

The advantage of objective agency measures is that they do not rely on introspection and
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ctive reports, whereas self-reported agency can be biased and confounded (Wolpe & Rowe, 201

ure studies, we recommend enhancing objectivity by combining subjective measures such as

tionnaires with objective, physiological measures of agency (Wolpe & Rowe, 2014), for example,

EEG data (Jeunet et al., 2018; W. Sun et al., 2022b), as our results have shown that state-of-the

correlates for sense of agency apply for the context of cognitive augmentation. Therefore, we

mend that researchers include neurophysiological measures when assessing the sense of agen

g cognitive augmentation.

. Limitations While this review aims to examine the agency’s role in cognitive augmentation, mo

cations in our review are related to motor augmentation and other domains related to augmentatio

as neurotechnology, AR/VR, and AI. Based on insights from these related studies, we formulated

rch directions for cognitive HATs. However, further lab-controlled experiments are required to vali

her our review findings can be transferred to cognitive augmentation. Another limitation is that,

ugh we developed a clear inclusion criteria set, a single reviewer conducted the screening, which

uce subjective bias despite our steps to consult a second author for ambiguous cases. Furtherm

ited our database search to ACM Digital Library and IEEE Xplore for their strong HCI coverage,

cope may have excluded relevant interdisciplinary work found elsewhere.

The analyzed dataset employed EEG as a physiological measure of agency, offering valuable

ts. However, the limitations of EEG technology, particularly its cost and obtrusiveness, restrict its

cability in real-world HCI settings. Future research should investigate alternative physiological

lates of agency that are more ecologically valid and suitable for integration into consumer devices

ising alternatives include exploring measures such as heart rate variability, electrodermal activity,

dilation, which offer the potential for unobtrusive and cost-effective assessment of agency in dive

ontexts.

We acknowledge that EEG-based band measures (e.g., alpha band) can be influenced by sev

unding factors such as attentional shifts, cognitive load, and fatigue (Klimesch, 2012). To mitigate

issues, we employed within-subject comparisons and counterbalancing in our experimental desi

sed ICA-based preprocessing to reduce artifacts related to fatigue and movement. Nonetheless,

asize that in future work, EEG should be interpreted in conjunction with behavioral and subjective

to robustly infer agency. Future work should consider triangulating EEG with additional metrics su

pillometry, galvanic skin response, or self-report scales (e.g., intentional binding tasks or real-tim

t ratings) to provide a more comprehensive view of user agency.

While this analysis employed objective EEG measures to measure agency, it did not employ a
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it self-reported measure like the Sense of Agency Scale (Tapal et al., 2017). This deliberate choi

d to avoid sensitizing participants to the specific assessed metric, as the original authors were

urrently manipulating causal attribution through verbal descriptions. However, this approach may h

d the ability to directly compare our findings with existing literature that relies on self-reported

ures. This study utilized objective EEG measures to assess agency, deliberately avoiding explicit

eported measures, such as the Sense of Agency Scale (Tapal et al., 2017). This decision was ma

vent participants from becoming sensitized to the specific evaluated metric, particularly as causa

ution was being concurrently manipulated through verbal descriptions. However, this approach m

limited the ability to directly compare our findings with prior research that relies on self-reported

ures. Future studies could explore the integration of objective and subjective measures to gain a

comprehensive understanding of agency in similar contexts. Such an approach would shed light

lationship between explicit self-reports and implicit measures of cognitive agency. This is especia

elling given related research on motor augmentations, which has demonstrated correlations betw

it metrics and self-reported measures (Yun et al., 2019).

5. Conclusion

Human agency in the context of cognitive augmentation technologies remains an under-explor

despite its critical importance in HCI. This work addresses this gap by reviewing two decades of H

rch on agency and related domains. The analysis reveals a lack of studies directly investigating t

e of agency within cognitive augmentation. Drawing upon insights from the reviewed literature, we

se future research directions to advance the understanding of agency in this context. Furthermor

resent an analysis of an experimental study exploring whether EEG-based agency metrics origina

loped for a motor action context can capture the sense of agency in cognitive augmentation. Our

gs demonstrate the feasibility of this approach and reveal a decrease in perceived agency when

ipants are explicitly informed about AI assistance. In the future, specific factors that support or hi

cy, for instance, considering (i) a balance between assistance and agency preservation, (ii)

ention timing, and (iii) different types of cognitive enhancements, should be explored further.
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