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Purpose/Significance

Digital overuse has become increasingly prevalent among Generation Z, posing substantit
risks to individual wellbeing and generating new challenges for social governance. Clarifyin
its behavioural manifestations, constructing a reliable and valid measurement framework,
and examining its association with Internet addiction are of both theoretical and practical
significance. Building upon the global discourse of Technology for Good, this stud)
reconceptualises digital overuse not as a pathological disordebut as a manifestation of

social imbalance arising from mobile digital overuse. Understanding this phenomenon is
essential for advancing digital wellbeing, informing responsible technology design, and
fostering inclusive and ethical digital governance ifoth Chinese and international contexts.

Method/Process

Following the standard paradigm of scale development, this study adopted a threstage
progressive design. In the first stage, semstructured interviews combined with grounded
theory were used to extract key dimensions and develop an initial 2&m scale. In the
second stage, exploratory and confirmatory factor analyses were conducted to verify the
P HCOWKY W ql eAqel ¢cOW2c¢dRI Ra! WeUT W WGReEHRTF
stage, competing structural models were tested to examinghe relationship between digital
overuse and Internet addiction. Additionally, normative data were established based on the
sample distribution, and K-means clustering was applied to identify distinct subgroup

typologies.
Results/Conclusion
The findings reveal that digital overuse among Generation Z comprises three interrelate

dimensions T social manifestation, psychological state, and physiological responseTt
forming a three-order hierarchical structure. The final DigitalOveruse Scale demonstrated
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satisfactory reliability and construct validity. Although structurally distinct, digital overuse
and Internet addiction were significantly correlated, confirming the nomological validity of
the construct. Normative and cluster analyses further classified @rticipants into non-
overuse, latent overuse, and severe overuse groups. Beyond measurement, these finding
offer actionable insights for digital weltbeing design, educational intervention, and corporate
social responsibility initiatives. Overall, this sudy refines the conceptual and empirical
understanding of digital overuse and contributes to the development of inclusive, ethical,
and human-centred digital ecosystems.

Keywords: Generation Z; mobile digital overuse behaviour; measurement system; Interne
addiction

f Oql YT eHqRYU

The rapid evolution of mobile digital technologies in terms of speed, capacity, and application
scope has profoundly reshaped modern social life. The proliferation of instant messaging, social
media, online education, telemedicine, and ecommerce has signficantly enhanced social
efficiency and individual convenience. However, a lifestyle marked by persistent connectivity
and technological dependence has also generated notable adverse consequences. Empirical
studies have demonstrated that digital overuse ofmobile digital technologies is strongly
associated with psychological issues such as anxiety and depressiofHe et al., 2025), and
negatively affects academic performance (Han et al., 2025), social relationshipéXiao et al.,
2025), and overall life satisfaction. As this phenomenon becomes increasingly pervasive, its
implications have extended beyond the individual level, emerging as a pressing social concern.

In response, researchers have developed various measurement instruments based on
pathological frameworks, such as those used for gambling and substance addiction. Yet, these
instruments are inherently shaped by pathological assumptions. They focus predomamtly on

clinical symptoms and maladaptive behaviairs in small populations (Song et al., 2025), while
UuNaWAEqRUNWqXIWAGY!I DWWt eHqdWWeUT WG W2¢idlU0qWnyYl Gt
Furthermore, most existing scales are rooted in Western contextsarsing questions about their

t YEARYHzOqel cliW2¢0RT Rq! WeUT We GG RH6dd Rriviboment RU W9 6 R
offers a distinctive context for examining this issue. With over 1.3 billion mobile internet users,
96RUckt W] WOVl ¢cqRYUWG WerHY!T OWAWqs DJUWN®P W UT W=MM
ml RDRacdWUEqR2Ut AU DEVARG O WY U1J LW ¢ 8 & Y &1 eIl R0 iR Y
population (Fastdata, 2024). This generation is both deeply familiar with and heavily reliant on

digital technologies. Nevertheless, existing research on this group remains largely descriptive

and fragmented, lacking systematic and validated tools to capture the nuances of digital overuse

(Sharma et al., 2023).

Accordingly, this study seeks to address three interrelated questions. First, how can researchers
move beyond the limitations of pathological frameworks to reconceptuake mobile digital
overuse as a social issue? Second, what methodological processes can ensure a standasdd
approach to scale development and validation, thereby guaranteeing conceptual clarity and
psychometric robustness? Third, how can the applicability of such instruments be empirically
tested among Generation Z to support their practicause in education, public health, and social
governance?
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To answer these questions, this study focuses on Generation Z as the primary research
population. It aims to systematically conceptualise mobile digital overuse within a social
problem framework and to develop and validate a rigorous, operational measurement
instrument through a standardsed scale development process.

NE6WY!I DaqRHAC¢ 0dl[l YIRAWIGE aqRIY WLA 1Jt e | H6

Despite extensive scholarly attention, there remains no unified consensus on the terminology or
conceptualisation of mobile digital overuse. Commonly employed terms such as Internet
addiction and problematic Internet use stem largely from psychiatric and pychological
traditions that emphasise pathological characteristics. While these concepts hold explanatory
value in clinical or severe behavioural contexts, their pathological orientation constrains
understanding and measurement of mobile digital overusen broader, non-clinical settings.

This study adopts the term mobile digital overuse and situates it within a social framework. First,
overuse is not simply a matter of usage frequency, nor is it synonymous with clinical addiction;
rather, it represents a progressively accumulated state aimbalance. As individuals deepen their
engagement within digital ecosystems, the time and attention allocated to offline activities are
increasingly eroded, blurring the boundary between digital and real life. Second, digital overuse
constitutes a behavioural continuum ranging from mild to severe manifestations, which may, in
extreme cases, escalate into addiction. Third, the defining feature of overuse lies not in using
more, but in using out of balance.

Symptoms such as physical fatigue, psychological strain, social withdrawal, diminished
productivity, and withdrawal-like emotional disturbances are external indicators of this
imbalance. In essence, mobile digital overuse reflects an erosion of digital wiebeing T a
socialised manifestation of disordered humantechnology relations.

Existing measurement instruments can be broadly categorized into two types. The first category
derives from the clinical addiction framework, typically informed by theories of gambling and
substance dependence. Common dimensions include salience, loss of ontrol, withdrawal,
impulsivity, mood regulation, relapse, and negative consequences. Representative instruments
RUHAGaT JWoYaUNkt WeINeddYEb WTf UqUl UDgqw TTRAqRYUW NIt
Questionnaire (IADQ; Young, 1998b), the Bergen Socidedia Addiction Scale (BSMAS;
Andreassen et al.,, 2012), the Smartphone Addiction Scale (SAS; Kwon et al.,, 2013), the
Smartphone Addiction Inventory (SPAI; Lin et al., 2014), and the Information Addiction Scale
(Wang et al., 2023). Although widely used ingphological addiction studies, these scales
inherently equate digital overuse with addiction, rendering them insufficient for assessing nen
pathological forms of overuse.

The second category attempts to transcend the addiction paradigm, approaching digital overuse
from broader social andbehavioural perspectives. Notable examples include the Generalized
Problematic Internet Use Scale 2 (GPIUS2; Caplan, 2010), based on cognitivehavioural
theory, and the Perceived Digital Overuse scale developed within digital inequality research (Gui
& Buchi, 2021) Other instruments include the Problematic and Risky Internet Use Screening
Scale (PRIUSS; Jelenchick et al., 2014) and the-tém Mobile Phone Addiction Tendency Scale
(MPATS; Xiong et al., 2012). Although these instruments exhibit greater general applicability,
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traces of pathological framing persist. Moreover, certain studies adopt time or frequency of use
as proxy indicators of overuse such as in online gaming addiction or smartphone use frequency
measures T yet substantial empirical evidence indicates that hgh-frequency use does not
inherently produce negative outcomes (Smahel et al., 2012). Whether use is deemed overuse
depends on individual contexts and motivations; for instance, extended engagement with social
media may benefit job seekers but become burdasome after entering the workforce (O'Reilly &
Mohan, 2023).

In summary, existing research displays pronounced conceptual and terminological
fragmentation. Many studies remain confined within clinical addiction frameworks, limiting their
ability to capture non-pathological manifestations of digital overuse. Othersthough attempting
to depart from addiction-based models, still exhibit conceptual and methodological constraints.
This fragmentation undermines comparability across studies and impedes a nuanced
understanding of the social dimensions of digital overuse. Casequently, there is an urgent need
for a theoretically grounded and psychometrically robust measurement instrument that
systematically captures the multidimensional characteristics of mobile digital overuse among
Generation Z.

At el #6W?2 13t RNU

Drawing on the established paradigm of scale development and incorporating insights from
relevant literature and empirical evidence (MacKenzie et al., 2011; Zhang et al., 2022; Thatcher
et al., 2018), this study employs a mixednethods approach that integiates data from multiple
sources. The research was conducted in three sequential stages, with specific procedures
summarised in Table 1
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Domain Definition

A precise conceptual definition and a robust theoretical framework are essential prerequisites

for effective scale development. In this study, mobile digital overuse among Generation Z is
defined¢t O¢ UIORUT R2RIT 2 ¢ bt OY2 11l 2t DOYNIOGYARTO WO RNRq¢ 0
This construct encompasses both absolute overusetin terms of time and intensityand relative

overload across psychological, physiological, and social dimensions, epresenting an

imbalanced form of humantechnology interaction. Such imbalance adversely affects multiple

aspects of daily life, including physical and mental health, interpersonal relationships, and

Y2Ul ¢cOGWGI YT eAqR2Rq! AlWaq6 131 -befd. lihpdRant®y Unkobilé Bigits LWz + 131 1
overuse is conceptualsed here as a norpathological behavioural continuum, ranging from mild

to severe manifestations rather than as a discrete or clinical condition.

Framework and Item Generation

This study adopted a grounded theory approach to identify and conceptualise the underlying
dimensions of mobile digital overuse. Semistructured interviews with Generation Z digital users
were conducted to explore the concrete manifestations of digital oveuse in depth. The
qualitative insights obtained from these interviews were subsequently integrated with a review
of relevant literature to generate hierarchical dimensions and corresponding measurement
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items within a grounded theoretical framework.

Prior to data collection, the initial interview guide was reviewed by both subjeanatter experts

and target users. Using convenience sampling, five experts in information systems and five
Generation Z users were consulted, and their feedback was used tefine the interview guide.

N6 JWnRUcaW2UI+ RYOUWRYUt Rt qUT WYnWnR2IW DHERqRY UL We U
participants were recruited from individuals aged 1529. A total of 34 participants who seH

reported meeting the criteria for mobiledigital overuse were recruited. Each semstructured

interview lasted approximately 25 minutes, was audio recorded with informed consent, and
subsequently transcribed verbatim for analysis.

Following the standardised analytical procedures of classical grounded theory, the interview
transcripts were analysed through open coding, axial coding, and selectiveoding (Corbin &
Strauss, 2014). During open coding, 28 initial concepts were identified. In axial coding, these
were refined into seven core categories: higlintensity interaction, functional imbalance,
redundant consumption, emotional fluctuation, psychological dysregulation of use, and somatic

T cognitive fatigue. During selective codingmanifestations of digital overuse among Generation
Z was established as the central category, forming the foundation for a mulevel dimensional
structure aligned with the socialphysiological-psychological model.

Ultimately, the seven categories were integrated into three secondrder constructs: social
overuse, psychological overuse, and physiological overuse. Specifically, social overuse
encompasses highintensity interaction, functional imbalance, and redundant consumption,
reflecting disruptions in social functioning such as reduced offline engagement and diminished
efficiency due to frequent, multi-device, and purposeless digital activity. Psychological overuse
includes psychological dysregulation and emotional fluctuation, characterised by over
dependence on digital information, immersive use, and negative affective responses such as
anxiety, regret, and fatigue following online interaction.

Physiological overuse refers primarily to somatic and cognitive fatigue, manifesting as eye strain,
neck and shoulder discomfort, reduced attention, and memory decline. Detailed results are
presented inTable 2

N¢ HU DW= oW~ ¢ RUWDE aqimWil RIDH AEIBHORqRY Ut Awe UT WN G 13°

Main Category | Sub-Category Definition Theoretical Source

Social High-Intensity | "Excessive interaction” refers to Gui M et al. argued that excessive

Manifestations | Interaction 2t I F kWY 2131 21 JWY n| online time and multitasking are
terms of time or content, including two key dimensions of digital
frequent interactions, exceeding overuse (Gui & Buchi, 2021).
expected usage time, prolonged EaGacl ! Wnl Y& Wad R
actual usage, and simultaneous interviews (P2, P10, P12, P16, P18)|
interactions

across multiple devices or content.

Functional "Functional imbalance" describes a Bianchi A et al. argued that

Imbalance 2t I kt We UA¢ G¢ URIIT| decreased work efficiency,
performance when using digital disrupted plans, neglected offline
systems, or inappropriate digital activities, and irregular routines are
device use that disrupts normal life key aspects of smartphone
functionality, thereby affecting addiction (Bianchi & Phillips, 2005).
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Main Category

Sub-Category

Definition

Theoretical Source

overall well-being and efficacy.
Includes reduced work efficiency,
neglect of offline activities, disruption
of other planned schedules, and
irregular daily routines.

EzaGGcl ! Wnl YO LWad R
interviews (P1, P7, P13, P22).

Redundant
Consumption

"Redundant consumption” refers to
unnecessary and nonvalue-added
digital usage behaviours. Specifically,
it includes aimless use, use without
substantial benefit, deviation from
original needs, and use

conflicting with high-priority tasks or
needs.

EaGGc¢l ! Wnl YO LWaé R
interviews (P8, P14, P19, P20).

Psychological
Manifestations

Emotional
Fluctuations

Emotional fluctuations refer to
negative emotional changes
experienced by users after digital
device usage, including
contradiction,

anxiety, regret, guilt, boredom, and
stress.

EaGGc¢l ! Wnl YO LWaé R
interviews (P4, P12, P17, P24).

Usage
Psychological
Dysfunction

Usage psychological dysfunction
refers to the psychological states and
behavioural patterns exhibited when
individuals use digital devices (e.g.,
smartphones, tablets, computers),
including unease about missing
information, excessive dependence
on the

device, and deep immersion during
usage.

Kwon M et al. suggested that
internet-oriented relationships are
an important dimension of
smartphone addiction (Kwon et al.,
2013).

Significance is one of the seven
classic dimensions of behavioural
addiction.

EzGGcl ! Wnl YO LWad R
interviews (P1, P3, P5, P12).

Usage Control

Ot ¢enUWHYUq! YaLw n
conscious efforts to regulate their
digital usage after recognsing
overuse, ensuring it aligns with their
intended level. Includes two aspects:
conscious usage control and
intermittent

overuse.

Recurrence is one of the seven
classic dimensions of behavioural
addiction.

bBIRRb WEz2CGGCE! ! Wnl Y
interviews (P6, P18).

Somatic-
Cognitive
Fatigue

Somatic-cognitive fatigue refers to
the decline in physical and cognitive
functions after prolonged digital
device usage. This includes physical
discomfort (e.g., exhaustion, vision
deterioration, neck pain) and
cognitive issues (e.g., forgetfulness,
attention deficits).

Chen et al. argued that health
problems are a critical component
of problematic internet use (Chen
et al., 2003).

EzaGGcl ! Wnl YO LWad R
interviews (P2, P5, P6, P11).

Building on the dimensional structure derived from the grounded analysis, items were generated
by tracing back to the corresponding interview data within each dimension. Established
measurement frameworks from prior studies were alsoselectively referenced to enhance
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theoretical robustness. The resulting items were carefully revised to ensure conceptual clarity
and contextual relevance to mobile digital overuse among Generation Z. At the conclusion of this
stage, an initial item pool comprising 29 items was developedas presented inTable 3

Surface Validity, Content Validity, and Sensitivity Testing

Face validity assesses the apparent appropriateness of items, while content validity evaluates
the extent to which items adequately represent the construct of interest. Both experts and
participants can assess items in terms of relevance, comprehensivenessand clarity (Mokkink
et al., 2024). To enhance the content validity and applicability of the developed scale, two
complementary evaluation procedures were conducted.

First, five experts in the field of information behaviour were invited to review the initial scale. Each
item was rated according to its representational accuracy using three categories: clearly
expresses, partially expresses, and does not express. Experts were also asked to provide
comments and recommendations for items rated as partially expresses or does not express.

Second, ten Generation Z users who exhibited characteristics of digital overuse were invited to
evaluate the same version of the scale, applying identical rating criteria.

Iltems that received a does notexpress rating from two or more evaluators (either experts or
users) were eliminated. ltems rated as partially expresses were revised based on qualitative
feedback. Following this process, one item (DF4) was removed, resulting in a refined scale
comprising 28 items.

N¢ H@HWA D q¢ RUDT Wf qlat WRUWq6 WWf OURqRE T W

First-order Second-order Dimension Measurement ltems

Dimension
High-intensity Frequent Interaction HI1 I always check or search for interesting content or]
Interaction (HI) my mobile device from time to time.

Exceeding Expected Usage Time| HI2 | find that the time | spend using my mobile device
exceeds my expectation.

Long Actual Usage Duration HI3 My friends or colleagues say that | spend a lot of
time on my mobile device.

Multi-device or Multicontent HI4 | often use multiple digital devices simultaneously
Interaction or do multiple things on the same device at the same
time.
Functional Decreased Work Efficiency DF1 Spending too much time on my mobile device
Imbalance leads to a decline in my study/work efficiency.
(DF)
Ignoring Offline Activities or DF2 | often neglect offline activities and interactions
Relationships (such as not going out, affecting relationships with

family andfriends, etc.) due to digital overuse of my
mobile device.

Affecting Other Arrangements DF3 | find that | procrastinate or miss work/study
and Schedules plans because of using my mobile device.
Irregular Rest DF4 Due to digital overuse of my mobile device, | havg

E
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First-order Second-order Dimension Measurement Items
Dimension
been disrupted in my rest schedule (staying up late
and unable to get up early, etc.) more than once.
Redundant Using Aimlessly RC1 | often use my mobile device aimlessly when I'm

Consumption (RC)

bored.

Using Without Real Help

RC2 Even when the activities | engage in on my mobil
device are meaningless or unhelpful to me, | still
continue to use it.

Using Deviating from Original
Needs

RC3 When using my mobile device for work or study,
I'm often distracted by other irrelevant content,
causing me to deviate from my original task
objectives.

Using in Conflict with High
priority Tasks

RC4 Even when | have higpriority tasks such as
studyingor working, | still can't help but use my
mobile device to do other unrelated things.

Maladaptive Use

Fear of Missing Out

MD1 | constantly check my mobile device so as not to

Psychology (MD) miss messages from others or updates on social
media.
Flow MD2 When using my mobile device, | always feel that
time passes very quickly.
Preference for Mobile Search MD3 | prefer to search on my mobile device rather
than through books or asking others.
Checking upon Notification MD4 When my mobile device has any message
prompts, | can't help but check immediately.
Emotional Regret ED1 After using my mobile device, | feel regretful.
Fluctuation (ED)
Guilt ED2 After using my mobile device, | feel guilty.
Pressure ED3 After using my mobile device, | feel weary or havg
inexplicable pressure.
Anxiety ED4 After using my mobile device, | feel anxious.

Usage Control (UC)

Conscious Control

UC1 When | think I'm overusing my mobile device, |
will consciously control its use.

Recurrence

UC2 | always think that | should shorten the usage
time of my mobile device.

Intentional but Short-lived
Control

UC3 I try to shorten the usage time of my mobile
device again and again, but | can only maintain it for g
short period and cannot achieve longterm control.

Multiple Attempts to Control

UC4 | have tried various measures to control my
mobile device usage, such as downloading focus
apps and puttingmy phone in places hard to reach.

Corporeal Cognitive
Fatigue (CF)

Physical Exhaustion

CF1 After using my mobile device, | have experienced
symptoms like dizziness or blurred vision.
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First-order Second-order Dimension Measurement ltems
Dimension

Vision Decline CF2 After using my mobile device, | have felt pain in
my wrists or back of my neck.

Tiredness CF3 After using my mobile device, | have experienced
tiredness and lack of sleep, along with irregular sleep
patterns.

Forgetfulness CF4 After using my mobile device, | feel that my

memory has decreased somewhat.

Lack of Concentration CF5 After using my mobile device, | find it difficult to
concentrate during study or work.

ERcOINWARNIZ0ONGVUqWe UT WéeecaRT ¢qRYU
Sampling and Data Collection

The finalised scale was formatted as a -point Likert-type questionnaire. Participants were
recruited according to the following criteria: (i) individuals born between 1995 and 2009,
corresponding to Generation Z, and (ii) successful completion of attentio-check items to ensure
data integrity. Questionnaire items were randomly ordered and distributed via the Credamo
sampling service.

In accordance with COSMIN guidelines, the recommended sample size for scale validation is five

to ten times the number of items to ensure reliability and validity. A total of 600 valid responses

were obtained and randomly divided into two subsamples for gdoratory factor analysis (EFA)

and confirmatory factor analysis (CFA). The gender distribution was approximately equal (1:1),

and most participants possessed at least a high school education. Overall, the demographic

structure closely aligned with the gemd | ¢ G WHGSE ¢! ¢ Hqldl Rt qRHI WYNW9 6 RUCK |
ensuring adequate representativeness (Deloitte, 2024).

Exploratory Factor Analysis

Exploratory factor analysis (EFA) was conducted using SPSS 26.0. The KaMeyer-Olkin (KMO)
2¢clelWs ¢t WMIOOPON WX WMKYMb Ale UT W7 ¢l qalaakt Waldt qluy:
that the data were suitable for factor analysis. A principal amponent analysis (PCA) was then

performed on a randomly selected subsample (n = 300) to identify the latent factor structure.

Seven factors with eigenvalues greater than 1 were extracted, collectively explaining 73.158% of

the total variance. All item communalities exceeded 0.60, confirming strong representation of

the underlying constructs; thus, all items were retained.

NYWneal q6 131 W2 ¢ 0ec¢qllWRaqldrdDi= RiwsIHR RRUd dRRVNOURS W d Yiscod d
factor loadings and crossloadings (Howard, 2016). According to this standard, an item is

deemed appropriate for retention if:

(a) its primary factor loading exceeds 0.40, (b) its loading on alternative factors is below 0.30, and
(c) the difference between primary and secondary loadings is at least 0.20. As presentedTliable
4, all 28 items met these thresholds, confirming their suitability for inclusion in the final factor
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structure.
Ne¢ AT IWwn emA Bd dedamllR #
1 2 3 4 5 6 7

HIl1 0.188 0.171 0.811 0.118 0.150 0.099 0.162
HII2 0.173 0.086 0.762 0.133 0.232 0.114 0.208
HII3 0.236 0.185 0.712 0.158 0.163 0.125 0.238
HIl4 0.142 0.126 0.787 0.138 0.146 0.182 0.118
DF1 0.183 0.032 0.169 0.149 0.153 0.182 0.798
DF2 0.154 0.180 0.218 0.110 0.074 0.109 0.788
DF3 0.166 0.175 0.264 0.185 0.197 0.093 0.739
RC1 0.131 0.112 0.182 0.291 0.734 0.192 0.124
RC2 0.146 0.166 0.178 0.177 0.744 0.205 0.146
RC3 0.226 0.155 0.167 0.128 0.752 0.072 0.121
RC4 0.104 0.085 0.154 0.238 0.747 0.160 0.076
MD1 0.191 0.239 0.114 0.727 0.236 0.017 0.141
MD2 0.132 0.122 0.188 0.745 0.242 0.182 0.059
MD3 0.190 0.184 0.160 0.756 0.202 0.146 0.107
MD4 0.193 0.198 0.087 0.747 0.158 0.129 0.198
ED1 0.162 0.771 0.131 0.200 0.114 0.210 0.136
ED2 0.178 0.802 0.132 0.131 0.177 0.174 0.093
ED3 0.204 0.757 0.154 0.176 0.131 0.197 0.057
ED4 0.175 0.727 0.152 0.241 0.095 0.252 0.157
UCl1 0.113 0.213 0.183 0.185 0.130 0.783 0.128
uc2 0.240 0.173 0.093 0.155 0.204 0.738 0.095
UC3 0.219 0.280 0.122 0.092 0.153 0.673 0.216
uc4 0.246 0.181 0.129 0.050 0.142 0.757 0.041
CF1 0.777 0.145 0.137 0.139 0.099 0.189 0.103
CF2 0.759 0.172 0.179 0.181 0.111 0.170 0.153
CF3 0.753 0.160 0.171 0.097 0.162 0.211 0.040
CF4 0.780 0.097 0.186 0.183 0.089 0.146 0.152
CF5 0.717 0.197 0.099 0.147 0.215 0.124 0.180

Confirmatory Factor Analysis

Confirmatory factor analysis (CFA) was conducted using AMOS 26.0 on the remaining subsample

(n = 300) to validate the structural integrity and dimensional composition of the Generation Z

Excessive Digital Use Scale. As shown ifeble 64 la 6 I W91 YUOH¢E A6kt W Loglérd e 11 LWn
factors exceeded 0.70, and the composite reliability (CR) values were all above 0.80, indicating

strong internal consistency and reliability(Yadav & Rahman, 2017).

For convergent validity, the average variance extracted (AVE) and factor loadings were examined.
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All AVE values exceeded 0.50, and all factor loadings were greater than 0.70, confirming

satisfactory convergent validity for the firstorder constructs. Discriminant validity was further

assessed by comparing the square roots of the AVE values with theen-factor correlations. All
EW2c¢ta 3t Ws I JWNI Weaqll WagsecUWwWMmOPMAWe UT WaqdélJWt e

correlations with other factors, indicating good discriminant validity (Fornell & Larcker, 1981).

NSIWWa YT Bakt WY201 ¢cadWnRqWRUT RADE W 3aYUt ql ¢ qT Wwe Ol

T Eol nll WNKZYNAWA~EE Wl WMIOMONSALW [ f W WMDY NALWNx f LWI

the commonly accepted thresholds, providing strong evidace for the construct validity and

structural soundness of the scale.

N¢ HGUWPOWAWDGReE HRGRq! We UT W? Rt #I RGRUC Uq Wé

HI DF RC MD ED uc CF
HI 0.791
DF 0.604 0.773
RC 0.525 0.436 0.790
MD 0.460 0.441 0.614 0.809
ED 0.502 0.395 0.502 0.524 0.797
uc 0.445 0.447 0.474 0.525 0.688 0.783
CF 0.575 0.437 0.436 0.479 0.491 0.495 0.807
9K, 0.867 0.814 0.869 0.883 0.874 0.863 0.902
AVE 0.625 0.597 0.624 0.655 0.636 0.613 0.651
CR 0.869 0.816 0.874 0.888 0.868 0.863 0.943

Note: The bolded numbers on the diagonal are the square roots of AVE.

Third-Order Factor Measurement Model

The developed Generation Z Mobile digital overuse Scale adopts a thiotider factor structure.
The thirdorder factor comprises three secondorder constructs T social manifestations,
psychological responses, and physiological manifestationst each represerted by seven first
order constructs.

[ YGOYsRUNW7 21 t 1JWs Satderactdigivere Rodelledas réflective, itineFR4s tthey
second- and third-order factors were modelled as formative(Jarvis et al., 2003). Hierarchical
latent variable modelling was performed using SmartPLS 3.

As shown inFigure 1, the second-order factor physiological manifestations completely overlap
with its first-order constructs, exhibiting a path coefficient of 1. The path coefficients for the
remaining second-order constructs ranged from 0.374 to 0.448, while those for thehtrd-order
construct ranged from 0.239 to 0.444. All coefficients exceeded the threshold of 0.2 and were
statistically significant (p < 0.001), meeting the established criteria for formative measurement
models (Ranjan & Read, 2016).

These results confirm the robustness of the thirebrder factor structure and substantiate the
hierarchical and theoretically coherent organisation of dimensions within the Generation Z
Mobile Digital Overuse Scale.
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Questionnaire Design and Sample Collection

The proposed scale was developed to assess mobile digital overuse among Generation Z. The

fUqUI UDqW ¢T T RAqRYUW GWct el W sct Wel eGqlT Wnl YO LW
Questionnaire[8], originally derived from the pathological gambling framework and consisting of

eight items. These items were slightly revised to align with the sevguoint Likert scale employed
RUOWg6RY W gqel ! AWl ¢cUNRUNDWNI YO Wt gl YURG! W R ¢NI I wL

Study 3 utilised the same data collection platform and procedures as Studies 1 and 2
(Questionnaire Star) to recruit participants. A total of 321 responses were obtained; after
excluding cases that failed attentioncheck items, 317 valid responses were retined for
analysis.

Overlap and Distinction Between Mobile digital overuse and Internet Addiction

This section investigated the latent relationship between mobile digital overuse and Internet
addiction through competing confirmatory factor analysis (CFA) models to determine whether
the two constructs represent distinct or overlapping theoretical dimensons (Mathes et al., 2018).

Two alternative models were specified:

() a correlated-factors model, in which the firstorder factors of mobile digital overuse were
freely correlated with those of Internet addiction, treating them as related but
conceptually distinct constructs; and

(i) a single-factor model, in which the firstorder factors of both constructs were combined
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into a unified general factor.

Results indicated that the correlatedfactors model provided a significantly better fit to the data

than the singlen ¢ Haq V!l WaG YT D W “EWI WENOTHZOTAWI nWl WX AWGI
improvement in model fit (Mathes et al., 2018). As shown ifiable § the two constructs were

significantly correlated (r = 0.560, p < .001), suggesting that while mobile digital overuse and

Internet addiction are closely related, they remain empirically and theoretically distinguishable.

NEHOUWZ OW~YT Yo W[ Rawf UT RAJY WnYI WOYAGGUqRUNDW~YT Ut

¢cOLU0qul Ulaqw TTRAqRYU
Mobile Digital Overuse and — = df CFlI TLI RMESEA (90%Cl)
Internet Addiction
Single-Factor Model 5335.324 594 0.418 0.383 0.159(0.155,0.163)
Correlated Factors Model 3197.627 588 0.680 0.657 0.118(0.114,0.122)

Validation of Nomological Validity

The mobile digital overuse model was conceptualised as a secondrder, three-factor structure.
Using this structural equation model, the effects of the overall construct of mobile digital overuse
and its three specific dimensions T social manifestations, psychological responses, and
physiological responsesT on Internet addiction were examined. It was hypothesised that the
general factor of mobile digital overuse would exert a stronger influence on individual levels of
Internet addiction than the specific sscond-order factors, as it captures the comprehensive
behavioural state of digital overuse.

It should be noted that within the threefactor structural equation model, the factor loadings of

scale items are shared between subfactors and the general factor; therefore, the average

variance extracted (AVE) of subscales is not required to meet the ceantional threshold of 0.50

AR UWINqWe drOAW=ZM=ZNOW T TRqRYUCOGO! AWgVYWeT T 1 31 WG
single-factor test was conducted using SPSS 26.0. The results indicated that the total cumulative

variance exceeded 60%, while the variaze explained by the first factor was 33.13%, below the

critical threshold of 40%, suggesting the absence of substantial common method bias

(Podsakoff et al., 2003).

Structural equation modelling results confirmed the hypothesised relationships. Mobile digital

Y21l 2t Wt 6 Ys T We Wt RDURNRHc UqUWGYt RagR2JWet + YHRCE qRY
whereas the three specific secondorder factors demonstrated nostatistically significant effects

bl WI WMION®=ZAUWGWI WMKT®T6 W, W WMIONOY AWGWI! WMKY P O6 W, LWl
third-order model of mobile digital overuse is both statistically robust and conceptually stable,

thereby confirming thenomological validity of the developed scale.

Norm Establishment for Mobile Digital Overuse Among Generation Z

Norms represent the score distribution characteristics of a standardised sample, with percentile
norms being the most commonly applied approach. In this study, scores from a representative
subset of participants were statistically analysed to establish aeliable distribution, upon which
corresponding percentile norms were determined.
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Given that the Mobile Digital Overuse Scale adopts a thirdrder model T with first-order factors
modelled as reflective and second and third-order factors as formativeT score computation
proceeded in two steps. First, the mean scores of the seven firgirder factors were calculated
across all 28 items, each rated on a +point scale. Second, total scores for the three second
order factors were computed, yielding values of 21, 21, and 7 points, respectively. The overall
score for the third-order construct was thus 49 points.

Based on the total score distribution, five percentile norms were established to categorise the
varying degrees of mobile digital overuselable 7presents the percentile norms ranging from the

5th to the 95th percentile, providing a standardised reference framework for subsequent
assessment and comparative analysis.

Ne Ao WWTOW Y1 Gt WnY! W~YARGUW? RNDRq¢ WS 21

Percentage / Social Psychological Physiological Total Score
Secondary Manifestations Manifestations Manifestations
Indicators
5% 8.1 8.3 2.0 19.2
25% 12.8 135 5.0 325
50% 15.6 16.0 5.8 36.5
75% 17.9 17.8 6.2 40.1
95% 19.7 19.5 6.6 45.8

Classification of Mobile Digital Overuse Levels Among Generation Z

To more accurately delineate the severity of mobile digital overuse among Generation Z, a K
means cluster analysis was conducted based on the finalised scale data. Prior to clustering, the
optimal number of clusters was determined using the elbow method: & the number of clusters
(K) increased, the sum of squared errors (SSE) gradually declined, and a distinct inflection point
was observed at K = 3, where the rate of SSE reduction noticeably plateaued. Consequently, the
sample was divided into three relatiely distinct clusters.

According to the kmeans clustering results (seeTable 8§, three groups exhibited significant

differences across the dimensions of social manifestations (SP), psychological states (MS), and
physiological responses (PR). The first cluster showed the highest scores, the second cluster
intermediate scores, and thethird cluster the lowest. Accordingly, these groups were labelled as

2101 W RODReOWY2131 2t 131, 9 b WrbGRYER.IE i RIEYTR LN RN Rid & HOMM
317 valid responses, 233 participants were classified as severe digital overusers, 44
demonstrated a tendency toward overuse, and 40 were categorised as natigital overusers.

By analysing the mean scores of the key indicatonsSP, MS, and PRresearchers can determine
whether participants exhibit characteristics of mobile digital overuse and further classify the
severity of overuse. This classification provides an empiricabfindation for designing targeted
intervention strategies aimed at mitigating mobile digital overuse and promoting healthier digital
behaviour among Generation Z.
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Indicators Cluster Categories (Mean +SD) F_value P_value
Category 1 Category 2 Category 3
(n=233) co4Ax SA0

Social 15.804+2.99 15.46+£2.71 8.73+2.45 112.113 0.000***
Manifestations
Psychological 16.24+2.58 15.37+£1.96 8.45+1.53 197.701 0.000***
Manifestations
Physiological 16.24+0.41 8.45+1.53 3.27+1.4 723.321 0.000***
Manifestations

EaGudacl ! WecUl W[ eaaqel JW?RI UHqRY Ut

This study developed and validated a comprehensive measurement system for mobile digital
overuse among Generation Z, addressing the current absence of systematic quantitative tools
within a nonclinical framework. The findings hold both theoretical and pratical significance.

Theoretical Contributions. The study proposed and empirically tested a mulievel structural
model comprising three secondorder dimensions T social, psychological, and physiologicalT
and seven firstorder factors, thereby deepening the conceptualisatiorand operationalisation of
mobile digital overuse. This model provides a novel theoretical perspective for advancing
research in information behaviour and digital addiction studies. Moreover, the study delineated
the theoretical and structural distinctions between mobile digital overuse and Internet addiction,
contributing to ongoing debates on their conceptual boundaries. The establishment of normative
data and hierarchical classifications further offers baseline references for future comparative
research.

Practical Implications. The validated Scale provides a reliable tool for identifying different levels
of mobile digital overuse among Generation Z. It can be applied in educational, managerial, and
policy contexts to design personalised interventions and pmote healthier digital habits. The
study also highlights the importance of responsible and humastentred technology design. By
integrating digital welktbeing principles into education, governance, and corporate practice,
these efforts collectively contribute to building an inclusive and sustainable digital society.

Limitations. The study sample was limited to Chinese Generation Z, and thus the crossiltural
generalizability of the findings requires further verification. In addition, the reliance on self
reported data may introduce response bias, and the crossectional design limits the ability to
capture dynamic behavioural changes over time. Future research should pursue crosaultural
validation, incorporate objective behavioural data to improve measurement precision, and
explore the social, academic, occupational and psychological consequences of mobile digital
overuse within diverse contexts.
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This commentary investigates how Chinese immigrant entrepreneurs (xinyimin) in the
Netherlands leverage specific digital practices to navigate geopolitical challenges and
manage trade. Drawing on interviews and ethnographic engagement, we propose th
conceGaqWYnlWml RODRacedWHI RT NIt Awllé Wn VY G WY ndthhi® |
social relational networks.

Our findings reveal that entrepreneurial strategies are dynamically balanced across three
symbiotic relationship types: Jiaoyi (transactional/familial), Jiaowang (communal/
reputation-based), and Jiaoging (emotionallygrounded partnerships). This framework
highlights how entrepreneurs make selective digital choices, particularly in their cautious
adoption of communication technologies, to protect their cultural identity and build social
capital. Ultimately, these digital bridges ensure continuous social adatation and empower
entrepreneurs to build economic resilience. We argue for a governance system that support:
this selective digital engagement, balancing technological adoption with cultural
preservation for sustained transnational entrepreneurship.
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Extant research has examined the role of digital platforms in immigration as both facilitator of
integration and as a contentious political topic. For immigrants, high levels of welbeing have
been associated with adaptation to the host society (Paloma eal., 2021). However, their use of
digital ecosystemsis intricately linked to socio-economic inclusion (Clayton & Macdonald, 2013;
Selwyn, 2004), influencing economic advancement and social integration (AbuJarour et al., 2019;
Alam & Imran, 2015). For exaple, immigrants in the Netherlands use specific digital platforms
to navigate and negotiate beyond uncertainty, thereby achieving collective digital action (Miellet,
2021). Digital platforms also create better opportunities to challenge dominant discourse
surrounding bias and stereotypes (Colliver, Coyle, & Silvestri, 2019). Consequently, our research
broadly aims to understand how migrant groups engage in specific digital behaviours to enhance
economic engagement and improve wetbeing.

We note that recent research reveals the complexity and vulnerability of minority and nen
Western groups. Serving asa representative case, Asianimmigrants aim to enhance their
economic status through mobility (McAuliffe & Jayasuriya, 2016; Missbach, 2017). As a major
source country, Chinese migrants demonstrate notable strategic awareness and initiative in
transnational flows (Ramsay & Pang, 2017). The emergifigc q) 13 D YxInyinlihis HIHI b) refers

to individuals, now distributed worldwide, who emigrated fom mainland Chinaafter the opening-

up reformist policy in 1978 (Teresita & Carmelea, 2019). While xinyimin exhibit significant
diversity in transnational practices, diaspora formation patterns,and integration outcomes
across host societies, a common thread is that trade relations and digital platforms provide
opportunities for entrepreneurship.

Within digital ecosystems, immigrant entrepreneurs develop media routines and create a sense
of place (Alencar et al., 2019; Christensen et al., 2012), leveragingthe convergence of global
outreach and local embeddedness through digital placemaking (Chen & Wellman, 2009). This
allows for enhanced sociospatial relationships, access to key information, building networks of
support, and connecting identity with physicalplace (Lassalle and Shaw, 2021; Webster and
Kontkanen, 2021). Digital place{making) can assist immigrant entrepreneurs to address
uncertainties and enhance their online well-being (Ozduzen et al., 2021).

Further, migrant communities relying on Chinese social media platforms (e.g., Douyin/TikTok,
REDnote, Kuaishou) for smalkcale online trade play a subtle yet significant role in bridging
cultural differences and mitigating trade conflicts accordingly. Thg leverage their ceethnic
networks on, and the entrepreneurial capital promised by, digital ecosystems to diffuse cultural
values, expanding digital interactions originally limited to family and friend networks to broader
local audiences in Europe. Furthemore, foreign audiences engage in transnational economic
commerce (e.g., Temu, Ochama, Shein), with more extensive and multidimensional
participation, thereby potentially fostering digital inclusion.

Trade is increasingly becoming a decisive factor in the transnational livelihoods of xinyimin. Not
only does contemporary trade influence migration flows under favourable bilateral conditions,
but the opportunities created by trade relations also largelyuifil needs traditionally met by work
or skilled migration visas. Conversely, controversies surrounding Chinese higfiech firms such
as Huawei, BYD, and DJl illustrate how disruptions in trade, capital, and technology can impact
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migration. For example, President Trump recently signed an executive order imposing annual fee
on visa applications, leading Silicon Valley internet companies, including TikTok, to suspend
plans for recruiting foreign talent. This demonstrates how trade wa, to some extent, amplify
challenges for Chinese migrants, motivating them to pursue social adaptation through digital
practices, thereby achieving unconventional trade breakthroughs.

Building on this foundation, we adopt a relational relationship to emphasise the importance of
familial networks, community resources, and coethnic transnational enclaves in supporting
immigrant entrepreneurship by providing access to information, capitgl mentorship, and
customer bases. Specifically, we study the role of communication technologies in facilitating or
impeding immigrant entrepreneurship by allowing for (disembeddedness with host, coethnic,
and home networks. We take a cultureoriented approach by using Chinese concepts, which can
enhance the sociological understanding of social networks on which (dis)embeddedness
depends.

~Nqdé YT MW@ROT RUNY
To understand the liminality of digital practices, we interviewed 20 Chinese entrepreneurs in Den
Haag, Netherlands along with ethnographic engagement by volunteering at their business

establishments. Axial coding of the transcripts revealed three categoes of relationship types,
digital non-use, and the core theme of guanxiesilience.

Our findings indicate that the central role of physical business spaces and by extension, the
relationships they sustainT in shaping professional and personal identities influences the extent
to which entrepreneurs embrace digital placemaking. We arguehat these strategic choices are
shaped and complicated by the need to embed simultaneously into the host society and eo
ethnic entrepreneurial networks, while also maintaining relationships with family and home
country contexts. In digital communication, we identify three dominant forms of social relations
structured around co-ethnicity: Jiaoyi () in family business, Jiaowang ( ) in community

interaction, and Jiaoging in business partnership. These of social relations regulate
immigrant entrepreneurship, creating varied dependencies and tensions in digital placenaking.

We conceptualise the digital practices developed by immigrant entrepreneurs to bridge cultural
identities as /bl R AR oRCI Gvkidh Sne essentially a form of digital guanxi rooted in social
relational networks. While existing research often simplifies such digital bridges as technical
instruments, our study reveals that they are grounded in the contested identities and complex
social networks of immigrant entrepreneurs, maniésted through the dynamic balance among
three symbiotic relationships: Jiaoyi, #owang, and Jiaoging. These elements do not constitute a
linear, frictionless channel but rather form an organic system characterised by internal
dependencies, tensions, and negotiation. It is precisely this inherent complexity and capacity for
dynamic adaptation that enable immigrant entrepreneurs to demonstrate resilience and
recuperation under external political pressures, providing continuous navigation for both social
adaptation and tradepractice.

sReY!R

Jiaoyi ( ) within the family context presents an initial tension as an intergenerational
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compulsion in business operations, characterised by a weakening of homeountry identity and

a strengthening of hostcountry identity. Jiaoyi refers to a relational model operating within
familial or close kinship networks, grounded in explicit economic reiprocity and familial
obligations. Such relationships, built on blood ties and high trust, enable rapid and reliable
resource mobilisation during crises, thereby forming a secure buffer against risks in digital place
making. With financial factors being entral, Jiaoyi functions as an instrumental guarantee in
economic relations, becoming a critical factor for budgeting and securing startip capital in
immigrant self-employment, particularly within family-based labour. As Sanders and Nee (1996)
noted early on, cash registers in such business operations are often controlled exclusively by
family members, reflecting highly motivated and cooperative group trust. Drawing on the
digital communication

practices of Chinese immigrant entrepreneurs, we identify three strategies through which they

advanceJiaoyiand sustain stability within kinship groupsamid tense trade relations:

bINAC Rt RU MG cOARRXIGc Ugqlin ¢ G RG Rt We qRORY WWi W96¢ qINI Ye
nY!l WYGUWURUNDWUWs Wt qVY!l 13t WYl W RNRa¢ O W €1 1d s RU N oW
Gl YHITH2R & @A) R Uthl ¥ G €& tHRNO@M 6 Y q RivdJkt Yie | tOWf Ullq 6 Rt WG
TRODRacOWqUHSUYOYNRIY Wel JWNI¢Tecaa! WRUqUINI ¢ qlT
ql ¢Ut ¢cHqRYUctoWeceqYGcqRYUW s 6RO WM RMUKRBAGRUFIDY 2+ 0!
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Jiaowang ( ) within the ethnic community emerges as the second tension, rooted in

communal hierarchies inherited from the home country identity. It refers to a form of ritualised

and public engagement conducted within broader ceethnic business communities or

hometown associations, aimed at constructing collective identity and social reputation.

Jiaowang constitutes a central component of social relations in business interactions,

emphasising the exchange of business information within immigranéntrepreneurial networks

(Stephens, 2013), which originates from network ties or membership in social groups. Through

Jiaowang, information becomes a critical support resource, flowing easily and at low cost within
immigrant networks. Co-ethnic networks help immigrant entrepreneurs access vital intelligence
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regarding the business climate, feasible models, and regulatory systems (BenselRea &
Rawlinson, 2003). For instance, Lin and Zhou (2022) show that Chinese immigrant boutique salon
owners in New York City primarily rely on social networlssuch as hometownassociations and
other co-ethnic salon owners and workersr for social support. On the positive side, Jiaowang
creates opportunities to seek assistance and identify new market niches across both physical
and digital spaces (Sequeira et al., 2009; Zhou, 2@ Zolin & Schlosser, 2013).

However, lesseducated or lower-skilled entrepreneurs tend to depend more heavily on family

and co-ethnic networks rather than professional bodies or trade associations (BensciRea &

Rawlinson, 2003). In contrast, highly educated or skilled entrepreneursra often drawn to

opportunities emerging from coethnic communities and actively expand the scale of their

Jiaowang networks (Wang & Warn, 2018). Within this dynamic, wlservethat a good reputation

is necessaryfor meaningful participation in Jiaowang.
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Unlike the two aforementioned forms of social relations, Jiaoqing ( ) is more emotionally

oriented, emphasising affective support in nonrkinship relationships. Some entrepreneurs

explicitly resist mixing family and business (Smans et al., 2014), turning instead to emotionally

grounded partnerships with friends, colleagues,or former superiors (Karadal et al., 2021).

Jiaogingthus describes a hybrid relationship T combining emotional bonds and instrumental

reciprocity T formed among co-ethnic business partners or close peers. As Guercini et al. (2017)
observe, business tiesmay supplant social ties in consolidating insidership in new business
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environments and evaluating opportunities, reflecting a nuanced understanding of Jiaoging.
The evolution of ties within Jiaoging signals the subdivision and selective narrowing of social
support within cooperative groups, moving beyond undifferentiated ceethnic networks. This
enables immigrant entrepreneurs to link multiple business endeavours (Hakansson et al2009;
Johanson & Mattsson, 2013) while establishing a framework for emotional exchange that
facilitates value creation (Guercini et al., 2017). Some entrepreneurs cultivate closeness and
unity (Bird & Wennberg, 2016), integrating resources in innovative ways to attract partners and
employees (Salaff, Greve, & Wong, 2006) beyond the scopeartlinary Jiaowang.

Our findings highlight how Jiaoging elevates thespecificity and importance of guanxi (*
relationship), renging (= reciprocal favour), and mianzi(  ~ face) over formal laws and
rules, demonstrating the dynamic strategies involved in mobilising personal connections (Hong
et al., 2018).
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This study further develops a commentary on the role of artificial intelligence (Al) in the digital
practices of Chinese immigrant entrepreneurs in the Netherlands. We find that Al affects identity
tensions within the JiaoyiJiaogingJiaowang relational famework.

On one hand, as a material infrastructure embedded with strong technical rationality, Al
operates within clear relational boundaries. It potentially optimises supply chain
management and financial processes at the Jiaoyi (transaction) level, yet its efficacy remains
highly dependent on preexisting blood-based trust networks. Once these boundariesare
transgressed, the computational rationality of Al clashes significantly with the ambiguous
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reciprocity ethics in Jiaoging and the emotional resonance in Jiaowang. This tension limits the
application of Al for capital conversion in nortransactional relationships and instead stimulates
entrepreneurs to reaffirm the value of emotionalnteraction.

On the other hand, the acceptance and resistance toward Al among immigrant entrepreneurs
essentially constitutes a micro-politics of cultural identity. The cautious attitude of older
generation entrepreneurs toward Al is not merely technophobia but an aei defence of
entrepreneurial experience and culturatsocial capital accumulated through longterm
embodied practice. They perceive Al as an alternative logic that may dilute their cultural
authority. Therefore, they selectively introduce Al support onlyniJiaoyi contexts directly tied to
the interests of trusted inner circles and with controllable risksthereby safeguardingthe integrity
of their entrepreneurial logic and cultural identity.

In essence, although Al as material infrastructure provides intelligent solutions for business
operations, its effectiveness remains largely confined to blooebased trust networks at the

/s REY! RGO II2 130 OWNGS IJW I3 1JHqR 2 lépHccllttired imdntity(palitcs 1Ll
Al has become an implicit challenge to local immigrant entrepreneur identity. By strictly
confining Al to instrumental functions and reserving deeper professional connections for
embodied interactions.

Thus, immigrant entrepreneurs have developed a distinctive resilience strategy: selective
human-Al collaboration. They strategically position Al tools and digital platforms as assistants in
specific operational segments, while reserving key interactions involving complex human
relations, cultural interpretation, and identity affirmation for humanled engagement. This
approach ensures that they harness technological empowerment while preventing the erosion
of their core social capital and cultural identity by instrumental rationality. Such selfestablished
digital exclusion essentially constitutes an inclusive practice aimed at preserving cultural
subjectivity, representing how immigrant entrepreneurs construct digital weHbeing while
negotiating their trade identities. This also offers a new perspective for understanding how
immigrant communities build resilience in the digital age.

? Rt A2t t RYU

Neuwz2¢de WYl RDUqe qRYUWY N WmBNIHSUYGYN! WnY! W]
systems and their underlying relational logic genuinely promote socialell-being. This study
argues that a sustainable governance framework for immigrant entrepreneurs must transition
from merely encouraging technological adoption to simultaneously establishing mechanisms
that counterbalance potential non-use effects of technology. Given that immigrant
entrepreneurs operate within an overlapping context of technological and cultural diversity,
digital practices should empower selective human-Al collaboration strategies observed,
thereby deepening cultural identity while ensuring that technology truly serves webeing.

From the perspective of multinational corporations and research institutions, support for
immigrant entrepreneurs should extend beyond simply providing products to helping users
develop the capacity to resist digital exclusion T that is, empowering them with the right and

f WaldH

YYT wl
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empowerment programs that include tailored digital literacy training for immigrant
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entrepreneurs, developing Al models specialised in crossultural trade, and enhancing the
localisation of algorithm adaptation and trade hotspot recommendations ondigital platforms.
The focus should not only be on how-to-use tools but also on how to maintain agency in
interactions with algorithms T including understanding algorithmic logic, practicing data sel
protection, and strategically leveraging rather than blindly complying with platform rules.

For research centres, we recommend establishing a multidimensional framework for assessing

the vitality of transnationalbusiness environments andcultural sensitivity. N 6 1J LU/b3didewaig R
sREYRNRUNDWWNI ¢GWs YI t WGl YGYt UT WRUWa6 Rt ldimersion! Alls 6 RF
for transnational immigrant entrepreneurs, could serve as an important reference. By

constructing a governance system that balances technological empowerment with cultural
preservation, we can ensure that technological developmet does not undermine the resilience

of entrepreneurial communities while fostering the sustainable development of transnational

cultural communities, thereby enhancing the creativity and sense of identity among global

immigrant entrepreneurs.
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AslLargelLanguageModels (LLMs)increasinglyinfluence high-stakes decision-makingacross
global contexts, ensuringtheir alignment with diverse cultural values has become a critical
governance challenge. This study presents a MultiLayered Auditing Platform for Responsible
Al that systematically evaluates crosscultural value alignment in Chinaorigin and Western
origin LLMs through four integratednethodologies: Ethical Dilemma Corpus for assessing
temporal stability, Diversity-EnhancedFramework(DEF)or quantifying cultural fidelity, First-
Token Probability Alignment for distributional accuracy, and MulistAge Reasoning
frameworK (MARK)for interpretable decision-making. Our comparative analysis of 20+
leading models, such as Qwen, GPRo, Claude, LLaMA, and DeepSeek, reveals universs
challenges T fundamental instability in value systems, systematic underrepresentation of
younger demographics, and norlinear relationships between model scale and alignment
quality T alongside divergentregional development trajectories. While China-origin models
increasingly emphasise multilingual data integration for context-specific optimisation,
Western models demonstrate greater architectural experimentation but persistent U.S.
centric biases. Neither paradigmachievesrobust cross-cultural generalisation. We establish
that Mistral-series architectures significantly outperform LLaMA3-series in cross-cultural
alignment, and that Full-Parameter Fine-Tuning on diverse datasets surpasses
Reinforcement Learning from Human Feedback in preserving cultural variationThese
findings provide empirical foundations for evidencebased Algovernance, offeringactionable
protocols for model selection, bias mitigation, and policy consultation at scale, while

O
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demonstrating that current LLMs require sustained human oversight irthical decision-
making and cannot yet autonomously navigate complex moral dilemmas across cultural
contexts.

f Oql YT eHqRYU

The integration of Large Language Models (LLMs) into higiakes applications, such as decision
support systems, requires a thorough evaluation of their moral and ethical reasoning
capabilities. For Al agents to operate trustworthily, their behaviour mustlign with human values,
which often vary significantly across different contexts and cultures (Liscio et al., 2023).
Evaluating cultural value alignment is therefore a high priority within natural language processing
and Al ethics research(Jobin et al.,2019).

Early work on machine ethics has focused on complex ethical dilemmas, which necessitate
HEYRHDY W HDgs DUIUOW qs YW sl RNEawll YCGqRYUY W RU2YG2RUNL
Comprehensive evaluations have revealed that both China and the West (e.g., Qweii2B and
Claude-3.5-Sonnet) LLMs exhibit definitive preferences between major conflicting value pairs

(Yuan et al., 2024). Larger and more advanced LLMs tend to support a deontological perspective,
maintaining their choices even when negative consequenceare specified. However, LLMs often

struggle with understanding the core decisioamaking task, demonstrating pronounced

sensitivity to how dilemmas are formulated in prompts (Sclar et al., 2024; Yuan et al., 2024).

Moreover, these models show significant cliural and linguistic biases, with moral reasoning

varying substantially depending on the language used for prompting (Agarwal et al., 2024a).

These findings establish a critical governance constraintsee Figure 1): solely relying on LLMs to

resolve contentious ethical issues on their own is neither safe nor desirable, nor is it ethical in

HI RqRHACOWE GGG RACqRY Ut AWNR2JIUWq6 WG YT WGt «k W RNDRT Rq
2019). This volatility, ombined with observed rigidity, underscores that simply providing

instructions is insufficient for ensuring Responsible Al (RAI) deployment. A shift toward a

dynamic, systematic auditing platform is necessary to measure LLM consistency, stability,

fidelity, and bias, thereby advancing evaluation beyond static, singletep assessment methods

(Scherrer et al., 2023).
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Toaddressthese issues, this paper systematically presents a Multi -Layered Auditing Platform
for Responsible Al, composed of four integrated computational tools designed to assess LLM
consistency, stability, fidelity, and interpretability in cross-cultural contexts:

(1) Ethical Dilemma Corpus: moving beyond single-step assessments, the platform first
diagnosesreliance on unstable heuristics and reveals value misalignment.

(2) DiversityEnhanced Framework (DEF): utilised to overcome repetitive LLM output and
generate accurate preference distributions reflecting the diversity andincertainty inherent in
surveyresponses.

(3) First-Token Probability Alignment technique: fine-tunes LLMs to minimise divergence
between predicted and actual human value distributions.

(4) Multi-stAge ReasoningframeworK (MARK):enhances accountability and interpretability by
simulating human decisions through personality-driven cognitive processes, integrating stress
analysis and multistAge reasoning to provide psychologically grounded explanations.

The framework systematically integrates these methodologies to create a muitayered platform
capable of generating nuanced, crosscultural insights that serve both academic transparency
and strategic industrial value:

1 Technology for Good (Social Impact): The methodologies provide safety guidance and
protocols for investigating complex moral behaviours in LLMs. By enabling accurate
simulation of group-level survey responsesr a capability often limited by high costs and
time-intensive human studiesT these tools can accelerate social science research and
aid in more informed policy decisions, particularly in navigating complex ethical choices
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(Argyle et al., 2022; Bail, 2024).

9 Industrial Value (LLM Governance): The platform enables competitive strategic decisions
by benchmarking LLMs across critical RAI dimensions, moving beyond generic accuracy
metrics. This systematic audit identifies optimal model architectures and verifies lie
effectiveness of alignment techniques, providing a blueprint for building culturally
sensitive and compliant global Al products (Hagendorff, 2020).

Thispaper thus aims to bridge the gap between technical innovation and social/industrial utility
by systematically identifying robust value alignment mechanisms for ChindVestern models.

Aldaeqll Wi YI t4
f ILEq6RHI WC Ul W9YaGeqcqRYUcOW-~YI caRq!
Moral Beliefs in LLMs

Scherrer et al. (2023); Durmus et al. (2024) introduced a statistical method for eliciting beliefs
encoded in LLMs through surveys of moral scenarios, distinguishing between high and low
ambiguity cases based on common morality rules. Their largecale survey comprised 680 high
ambiguity and 687 lowambiguity moral scenarios administered to 28 openand closed-source
LLMs, revealing that most models exhibit low uncertainty in unambiguous scenarios while
expressing uncertainty in ambiguous cases.

Moral Foundations Theory

Recent work has applied Moral Foundations Theory (MFT) to measure how well LLMs represent

different political orientations and ethical perspectives (Dev et al., 2022; Narayanan & Samuel,

2025; Raza et al., 2024). Studies employing experimental psychologylw 6 YT + Waq Y WG! Y HI1J LW
moral and legal reasoning have found that alignment with human responses varies significantly

across different experiments and models.

Ethical Dilemmas- Right vs. Right

decUWNqWe G OWLIZM=ZMN, WRYUT e #qT WEWHRYGG!I 61U R21IJWII2 ¢
how LLMs navigate ethical dilemmas involving Truth vs. Loyalty, Individual vs. Community, Short

Term vs. LongTerm, and Justice vs. Mercy. Their study revealed thiat Ms exhibit pronounced

preferences, prioritising truth over loyalty in 93.48% of cases, lonterm over shortterm
considerations in 83.69% of cases, and community over individual in 72.37% of cases. This work
demonstrated that larger LLMs tend to support deontological perspective, maintaining their

choices even when negative consequences are specified.

Classical Ethical Theories

Agarwal et al. (2024b) examined ethical reasoning across different languages, finding that GPT
is the most consistent ethical reasoner across languages, while other models show significant
moral value bias when prompted in languages other than Englishh@&ir experiments covered
deontology, virtue ethics, and consequentialism across six languages (English, Spanish,
Russian, Chinese, Hindi, and Swabhili). The AMULED framework translates utilitarianism,
deontology, virtue ethics, and other moral philosophiesnto reward functions for reinforcement
learning to address moral uncertainty in Al decisionrmaking (Dubey et al, 2025).
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like constructs within LLMs, finding substantial divergence between LLM value profiles and

population data. All models prioritised universalism and seHdirection while de-emphasising

achievement, power, and security relative to humans. Their study using the Portrait Values
Questionnaire-Revised (PVGRR) showed that these biased value profiles strongly predicted

XX ~t kWl Pt GYUL 3t Ws 6 3UWGH 13t Ihbhag lddquliisgRebpdsiiidl bétdwepn O W6 1J ¢ 0
opposing values.
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LLMs exhibit nontransitive and shifting moral preferences (Wu et al., 2025). The study found that

intuitive preferences like care decrease while fundamental valuedike fairness become more

prominent as dilemmas progress, demonstrating that LLMs maintain value orientations while
flexibly adjusting preference strengths across sequential dilemmas.

Value Alignment Methodologies

Two primary approaches exist: datedriven bottom-up alignment, where LLM performance is

evaluated by comparing moral judgment to human judgment using datasets like
SOCIALCHEM101, Moral Stories, ETHICS, NormBank, and MoralChoice (Jiang et al., 2022;
Emelinet al., 2021; Hendrycks et al., 2021); and tojgown alignment, measuring how well LLMs

infer specified value preferences through prompt embedding. Yuan et al. (2024) showed that

DF GORARqqWNa RT WaRUIY WE T JWa Y JWInn lddermeRt 2Aadiples WNe RT R C

Dynamic and Temporal Moral Reasoning

Wu et al. (2025) introduced the Multistep Moral Dilemmas (MMDs) framework, a path

dependent evaluation approach that captures temporal dynamics of moral judgment,

addressing limitations of static singlestep assessment methods. This research across 3,302
five-stage dilemmas revealed that LLMs maintain value orientations while flexibly adjusting
preference strengths across sequential dilemmas, with value preferences shifting significantly
as dilemmas progress.

RLHF vs. FineTuning

Reinforcement Learning from Human Feedback (Ouyang et al., 2022, RLHF) has become central

in adapting Al models to humarncentric expectations, particularly in the final stages of fine

tuning state-of-the-art models, though alignment can be biased by the gup of humans

Gl Y2RI RUNWNIWWIT AeHE WeUT Wae¢! wouz2ll W cqRtn! W21 1 Y
al., 2023; Cao et al., 2025). Studies on cultural value alignment found that Mistrakries models

demonstrate superior performance compared to Llana-3-series models in crosscultural value

alignment contexts (Liu et al., 2025a).

XX ~WERGe ¢ qRYUWRUWEYHRR¢c OWERRIIUAIIWE UT WAt ' #6YOYDN!
LLM Simulations of Human Behaviour

Researchers have pioneered specialising LLMs for simulating grotlpvel survey response
distributions for global populations, using finetuning methods based on firsttoken probabilities

O
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to minimise divergence between predicted and actual response distributions (Argyle et al.,
2023). The SocSci210 dataset, comprising 2.9 million responses from 400,491 participants
across 210 social science experiments, has enabled LLMs to produce predictis 26% more
aligned with human response distributions.

Distribution Prediction and Calibration

The task of simulating survey response distributions can be viewed as a calibration problem,
aligning classifier predictive probabilities with classification uncertainty. Uncertainty
guantification methods have been developed to convert simulated LLM respses into valid
confidence sets for population parameters, addressing distribution shift between simulated and
real populations (Santurkar et al., 2023).

Psychologically Grounded Simulation

The PsyDI framework incorporates MBTI psychological theory to model decisionaking
processes through progressively irdepth dialogue, leveraging cognitive functions to provide
more accurate personality measurements. Finetuning approaches using sociodemogaphic
prompting and persona strategies have been shown to enhance personalisation in survey
simulations (Park et al., 2023; Liu et al., 2025b).

91 YRelqgqel ¢l GRNDUGNVUqAW7 Ret AWEUT WE2¢tGecqRYUW~1ql
Cultural Alignment and CrossCultural NLP

Evaluations using the World Values Survey have revealed that all major LLMs exhibit cultural

values resembling Englishspeaking and Protestant European countries (Tao et al., 2024).

Cultural prompting improved alignment for 7281% of countries in later moetls like GPT4o.

9YUGI 61Ut R2IWNWN2¢tecqRYUL WeHI Y WNMWGYT Dot AwW=mMuW
Value Survey Module have identified systematic cultural biases favouring highly represented

languages and regions (Cao et al., 2023).

Evaluation of Cultural Biases and Stereotypes

Research has shown that LLMs are -8 times more likely to choose occupations that

b qll WYq! GRAcGO! WedRNUWsRaSWe WG+ YOkt WNIUT 31 auWw
perceptions than with ground truth job statistics (Kotek et al.). Studies using LLM &id

Association Tests have found pervasive stereotype biases across 8 models in 4 social categories

(race, gender, religion, health) covering 21 stereotypes, demonstrating that valtedigned models

still harbour implicit biases (Taubenfeld et al., 2024).

Cultural Datasets and Benchmarks

The Integrated Values Surveys (IVS), combining the World Values Survey and European Values

Study, provide an established measure of cultural values for 112 countries and territories. The
SOCIALCHEM101 dataset contains 292,000 sentences representing rulesf aghumb for
D2clecqRUNWx x~t KWEHRGRq! WaVYWwl ¢t YOWEHY2 qlt YRRC L
Moral Integrity Corpus provides 38,000 prompteply pairs with 99,000 rules of thumb and

114,000 annotations.
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Consistency and Bias Measurement

Comprehensive taxonomies organise bias evaluation by metrics operating at different levels
(embeddings, probabilities, generated text) and datasets by their structure, with techniques
including counterfactual testing, stereotype detection, and sentiment aralysis (Navigli et al.,
2023). DiversityEnhanced Frameworks have been developed to measure cultural value
misalignment through multi-aspect evaluation metrics, revealing notable concerns regarding the
lack of cross-cultural representation and preference hases related to gender and age.

~Jg6VYT YGYNRWUYt alll W9YaGeagqcecaqRYUciW 21T RaRL
In this section, we establish a systematic frameworkr a Multi-Layered Auditing Platform for

Responsible Al (see Figure 2 T which synthesises and organises existing computational tools

derived from team member publications and relevant design efforts. This integrated approach

moves beyond conventional, static evaluations of Large Language Models (LLMs) by addressing

three fundamental research questions that guide our comparative analysis of Chin&Vestern

LLMs in responsible Al governance and crossultural alignment.

Our framework systematically examines: (1) whether LLMresponsesto ethical dilemmas stem
from stable value principles or contextual heuristics, (2) what quantifiable cultural values these
models actually embody when compared to human populations, and (3) how current
technological innovations can effectively contribute to genuine value alignment. Through this
structured inquiry, we address the inherent rigidity and fixed value preferences (such as
prioritising Truth over Loyalty or adopting a deontological perspective) previously observed in
LLMswhen navigatingethical dilemmas. The core objective is taaudit LLM behaviours against
specific Chinese and Western cultural human value distributions  to ensure genuine
alignment, fairness, and safety in deployment.
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To investigate whether LLMs possess stable value principles or merely employ contedktiven
heuristics, we deploy the Ethical Dilemma Corpus (Yuan et al.,2024) framework to audit the
critical dimension of Temporal Stability (path-dependence) in LLM moral choicesdee Figure 3.
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Analysis: Measure Path-
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Existing assessments primarily rely on singlstep evaluations, which fail to capture how models
adapt to evolving ethical challenges.The dataset addresses this gap by featuring 1,730 scenarios
that progressivelyintensify ethical conflicts across three sequential tasks. Thispath-dependent
evaluation framework enablesa dynamic analysisof how LLMsadjust their moral reasoningwhen
faced with escalating dilemmas.

The framework is applied to compare LLMs from both regions (including DeepSeek, LLalgtA
70B, GPT40, and GLM4) in terms of dynamic shifts in values (using Moral Foundations Theory
YI WEHGs ¢l qAkt WNGWYI ! WYnW7¢t RAWEcTa It blWe U7 I WHYUN
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To audit Representativenessand Cultural Fidelity against external cultural benchmarks and
guantify the cultural values embedded in LLMs, we utilise th®iversity -Enhanced Framework
(Liu et al., 2025; DEF; sekigure 4. DEF systematically generates diverse virtual participants for

high-fidelity simulation of human value survey data (e.g., the World Values Survey) across U.S.
and Chinese cultures.
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This framework is necessary because traditional LLM probing techniqueparticularly those
using Chain-of-Thought(CoT)instructions, often produce repetitive responsesthat fail to capture
the necessarycomplexity and variability needed to generateaccurate preference distributions.
DEFcaptures the diversity and uncertainty inherent in LLM behaviours through realistic survey
experiments by implementing:
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The comparative assessment focuses on quantifying misalignment using metrics such as the
Kullback-Leibler Divergence (KiD) for Preference Distribution (to measure EasWWest
divergence) andanalysingPreferenceBias (demographicprofiles) to exposefairnessrisks specific

to the U.S.and Chinese contexts.

AAQaY 2 Y0 2 | 100”6 UY WY DR ¥Z dgn RY dq)it Byjifecqiid @RNDUG 13 Uqe
Havingidentified instability in value principles and measured cultural misalignment, we present
two technological innovations that enhance value alignment in LLMs.

First-Token Probability Alignment for Distributional Accuracy

To transform the initial LLM response distributions toward higliidelity representations of human
data, the platform incorporates a specialised First-TokenProbability Alignment(Caoet al., 2025)
technique. This Alignment Engineering solution fine-tunes models to minimise divergence
against groundtruth human distributional preferences derived from surveys.

We devised this finetuning method based on firsttoken probabilities, where the objective is to
minimise Kullback-Leibler Divergenceloss betweenthe predicted LLMdistribution andthe actual
country-level human response distribution.

Multi-stAge Reasoning frameworK (MARK)for Interpretable Alignment

The MultistAge Reasoning frameworKLiu et al., 2025b MARK see Figure 5 serves as a cognitive
augmentation tool designed to enhance Accountability and Interpretability within the platform.
MARK addresses the blaclox nature of value alignment by simulating human decisions through
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integration of psychological theory T specifically the type dynamics theory in the MBTI
psychological framework T to model cognitive processes and their interactions with stress and
personal experience.
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The framework systematically models human reasoning through mukstage processing,

including stress analysis, personality prediction, cognitive reasoning, and synthesis. This

detailed simulation achieves high accuracy compared to other simulation baselines and
demonstrates robust generalisation using both U.S. and Chinese survey dataMARK provides

mechanistic, personality-driven explanations for simulated value choices, enabling human
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interpretability is essential for building trust and ensuring accountability in crosscultural Al

applications.

Together,these components form a comprehensive auditing platform that not only diagnoses
problems in current LLM value alignment (through Ethical Dilemma Corpus and DEF)but also
provides actionable technological solutions (through First-Token Alignment and MARK).This
integrated approach enables systematic comparison between Chinese and Western LLMs while
advancing the technical capabilities needed for responsible crossultural Al governance.
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This section systematically presents empirical findings derived from the proposed Multiayered
Auditing Platform (summarised inFigure §, structured according to the three core research
guestions. The analysis emphasisesomparative performance dynamicsbetween Chinaorigin
and Westernorigin Large LanguageModels (LLMs), examining cross -regional convergences
and divergences in stability, cultural fidelity, and alignment efficacy. Additionally, we investigate
tempo ral developmental patterns (summarised in Figure 7) to assess whether technological
advancementtrajectories yield consistent improvements in value alignment across both regional
contexts.
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Cross-Regional LLM Development Trajectories (Pre-2025)
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This subsection addresses RQ1 through the Ethical Dilemma Corpus (Yuan et al., 2024),
examining whether LLM responses to ethical dilemmas demonstrate stable, principiased
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reasoning or contextdependent heuristic patterns. The analysis reveals both crossegional
architectural commonalities and region-specific developmental trajectories.
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Comparative Baseline Performance

As presented in Figure 8, LLMsfrom both China and Western development ecosystems exhibit
remarkablyconsistent preferential hierarchieswhenU ¢ 2 R D ¢ q ReJARIDE iRaRddemmmas
involvingconflicting moral values, with pronounced preferences for Truth over Loyalty, Lorterm
over Shortterm considerations, and Community over Individual interests, suggesting convergent
training paradigms despite distinct cultural contexts and data sources. Thelndividual-
Community value pair demonstrates the highest rigidity across all models, indicating deeply
embedded collectivist orientations that transcend regional boundaries.
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Deontological Convergence inAdvanced Models

Both China-origin and Western-origin flagship models converge toward deontological ethical
frameworks as model capacity increases. These advanced systems maintain initial moral
commitments despite explicitly specified negative consequences gee Figure 9, demonstrating

outcome-independent reasoning. Advanced models from both regionakontexts demonstrate

comparably strong commitment stability, with flagship models from both China (e.g., Qwen2

72B) and Western contexts (e.g., GRPZo, Llama-3-70B) showing similarly low decision reversal
rates when confronted with consequence specifications, suggesting that architectural scale
rather than regional origin determines deatological adherence.
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Temporal Improvements in Task Comprehension

Longitudinal analysis across model generations reveals consistent improvement in agreement
ratios (task comprehension metrics) for both regionaldevelopment tracks. Recent flagship
releases from both China-origin models (e.g., Qwen2-72B) and Westerrorigin models (e.g.,
Claude-3.5-Sonnet, Llama3-70B) achieve high agreement ratios across prompt variations,
suggesting that increased training compute and data quality, rather than regiespecific
methodologies, drive comprehensionimprovements.

Fundamental Instability in Value Systems

Despite surface-levelimprovements, the core finding transcends regional boundaries: LLM value
systems remain fundamentally heuristic and unstable, relying on contexdriven statistical
pattern matching rather than globally consistent ethical principles. However, volatility patterns
manifest distinctly across regional model families:
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Sequential Patterns Across Dilemma Escalation

Analysis of the fivestep Ethical Dilemma Corpus progression reveals universal and divergent

patterns:
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. ® Llama-3-8B-Instruct CN ~-= Claude-3.5-Sonnet
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Survival v.s. Self-Expression
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9 Universal stability anchor: The Care dimension maintains exceptional consistency across
all escalation stages for both China and Western models, functioning as a stable moral
foundation regardless of regional origin or training paradigm.

1 Progressive divergence in Authority: The Authority dimension exhibits systematic
degradation in crossmodel consistency as dilemma severity increases. This pattern
suggeststhat hierarchical value orientations, potentially influenced by distinct cultural
training data, become increasingly modelspecific under ethical pressure.
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This subsection employs the Diversityenhanced Framework (DEHLiu et al.,2025a)to quantify

cross-cultural misalignment and demographic preference bias, providing systematic
architectural comparisons between Chinaorigin and Westerrrorigin foundational models.
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Western Architectural Comparison

Statistical analysis (Table 1) of Western foundational architectures reveals significant
performance stratification. TheMistral-seriesdemonstrates substantially superior cultural value
alignment compared to the Llama-3-series across both U.S.and Chinese cultural contexts (p =
0.0041for U.S.;p=0.0079for Chinese, Wilcoxon signed-rank test). Thisfinding suggeststhat the
Mistral architecture encodes more generalisable cultural representation capacities,
potentially attributable to training data diversity or architectural inductive biases that better
capture cross-cultural value distributions.

Cultural Affinity Patterns

While all evaluated models successfully distinguish between U.S. and Chinese value
distributions on the Cultural Variation Map, systematic biases emerge:
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ForWesternmodel biases: Llama-3-8B-Instruct exhibits pronounced U.S. cultural affinity. Most
Western models demonstrate U.S-centric value alignment, with the notable exception of base
Llama-3-8B, which shows reduced directional bias.

For the China model performance: Llama3-Chinese-8B-Instruct (Western architecture with
enhanced Chinese training) demonstrates strong Chinese cultural affinity. ChatGLM26B
uniquely balances U.S. and Chinese value representations among Chirarigin models.

Cross-cultural Preservation

Mistral-7B-Instruct achieves superior preservation of cultural variation across both contexts,
outperforming models that achieve high alignment in single-culture scenarios, suggesting
TRt qRUAHqUWYGqRORt ¢cqRYUWgc! NUqt WRUW~RY gl ¢dkt Wal ¢ RU

Elt qUAORHW] ¢Rael 3t We UT W WOH NI SEeREWr RE a9 6RUC

Regional Patterns in Systemic Inconsistency

Analysis of insensitivity measurementsgee Figure 129 1 False Fact Presentation (FF) and Conflict
in Value Expression (CVj reveals consistent challenges across all models, but with significant
architectural variation. The Llama3-series exhibits approximately 2x the failure rate of the
Mistral-series across both cultural contexts, indicating fundamental differences in consistency
mechanisms independent of regionaladaptation efforts.
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Demographic Preference Bias Divergence

The audit reveals systematically distinct demographic mismatch profiles between cultural
contexts (seeAppendix).

In the context of the United States, the observed bias pattern in alignment configurations
demonstrates a preference for male demographic profiles. Additionally, there is a notable
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inclination towards the age groups of 30 to 49 years and 50 years and older, while individuals
underthe ageof 29 are systematically underrepresented.

In the context of Chinese demographics, the observed bias pattern demonstrates a preference
for female profiles in optimal alignment configurations. Thereis a pronounced concentration
within the agerange of 30 to 49 years, accompanied by a systematic underrepresentation of
personsyounger than 29 years.

These divergent patterns suggest that training data demographic distributions, rather than
intentional design choices, drive regional bias profiles. The universal underrepresentation of
younger demographics across both contexts indicates ahared data collection challenge in
both regional Al development ecosystems.
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This subsection examines how technological development stages and innovation strategies

influence value alignment, analysing bothtemporal progression patterns and methodological
divergencebetween China and Western Al development paradigms.

Generational Scaling Effects: NorLinear Relationships Between Capacity and Alignment
Temporal Trends in Baseline Capabilities

Longitudinal analysis across model generations confirms consistent improvements in task
comprehension and response stability with increased model capacity and training
sophistication. However, cultural alignment quality and demographic representation fidelity
demonstrate non-monotonic relationships with scale, challenging assumptions of linear
improvement trajectories.

The scale-alignment paradox Comparative analysis of the Mixtureof-Experts (MoE)
architecture Mixtral-8x7B-Instruct (Western) versus smaller dense models reveals critical trade
offs:
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Thisfinding suggeststhat standard scaling approaches, absenttargetedalignmentinterventions,
may inadvertently affect representation patterns while improving surfacdevel consistency.

Specialised alignment efficacy As illustrated in Table2, the FirstToken Alignment technique
demonstrates the viability of targeted architectural interventions by using fine-tuning based on

first-token probabilities to minimise divergence between predicted and actual response
distributions, achieving substantial accuracy improvements over zero-shot baselines,

confirming that post-hoc alignment engineering can effectively address distributional

inaccuracies introduced during pretraining, regardless of model regional origin.
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We test all models with zereshot prompting (ZS) and our proposed finguning approach (FT).
[ctrl] indicates a control setup, where we randomly replace countries in test prompts with other
countries, to evaluate country context sensitivity. We report JensenShannon Divergence

(1KISDH).
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Full-parameter fine-tuning versus reinforcement learning Systematic comparison of
alignment methodologies reveals techniquespecific performance profiles.

In the context of FultParameter FineTuning (FFT), models that have been fireined using
automatically generated diverse datasets, such asDolphin-2.9.1-Llama-3-8B, demonstrate a
markedly superioraveragepreference distribution accuracy (see Figure13). Additionally, these
models exhibit an enhanced capability to preserve cross-cultural value variation when
compared to those aligned throughReinforcementLearningfrom Human Feedback(RLHF).This
observation suggeststhat the diversity of the data, ratherthan the density of human preference
annotations, is the primary factor influencing distributional fidelity.
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(a) US survey (b) CN survey

[ RDa | 1JWN Q2CRE IDIc I #5018 WY MRS a4 H WY Ul © & HReH W0 Ol 9R Yika
cYl RAYUq¢ U WipRIOW 2 YHE @@ fipd @k OT wi~pRO0qaqk & #aqllt 6 Ys W
AYUt Rt qUUqWed RNOGUUOG We HI Yt WAYq6 WH2 G
EYel #Jall Te¢GaqWT Wnl YO Wx Re Wqlle 0 OWIZM=ZP¢ b

Reinforcement Learningfrom Human Feedback (RLHF),specifically through the application of
Supervised Fine-Tuning (SFT)combined with RLHF pipelines (such as Llama-3-8B-Instruct),
results in significant reductions in systemic inconsistencies, as evidenced by metrics such as
Frequency of Failure (FF)and Conflict in Value Expression (CV). Furthermore, this approach
demonstrates superior internal coherence across evaluation contexts in both the United States
and China. Thefindings suggest that iterative human feedback tends to optimise for consistency
rather than distributional coverage.

This divergence suggests that optimal alignment strategies may requitg/brid approaches : FFT
for distributional coverage combined with RLHF for consistency refinement.
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Impact of multilingual data integration China-origin  model development frequently
incorporates substantial multilingual training data, providing a natural experiment in cross

cultural alignment:
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Base model foundations and alignment efficacy Analysis of alignment intervention efficacy
reveals the critical role of pretrained base models:
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This finding has significant implications foralignment strategy sequencing : optimal workflows
may involve comprehensive distributional alignment at the base model stage, followed by
targeted consistency refinement through instruction tuning.
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Recent innovations demonstrate that multi-stage personality-driven cognitive reasoning
frameworks can enhance cultural value survey simulation accuracy. MARK (MultistAge
Reasoning frameworK), inspired by MBTI personality type dynamics, outperforms existing
baselines by 10% accuracy and reduces divergence between model predictions and human
preferences. This suggests thatincorporating psychological frameworks and multi-stage
reasoning can improve cross-cultural alignment beyond traditional demographic-based
approaches, representing a promising direction for both China and Western development
paradigms.
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The crosscultural audit reveals a complex landscape oftonvergent fundamental challenges
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and divergent methodological responses across China and Western LLM development
ecosystems.

Universal challenges

As summarised inFigure 14, both regional contexts demonstrate: (1) fundamental instability in
value systems despite surfacelevel consistency; (2) systematic underrepresentatiorof younger
demographics; (3) non-linear relationships between model scale and cultural alignment quality;
and (4) inherent tradeoffs between distributional fidelity and internal corsistency.
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Regional pathway divergence

China-origin development increasingly emphasises multilingual data integration and regien
specific optimisation, yielding models with strong incontext performance but limited cross
cultural transfer. Western development demonstrates greater architectural experimentation
(e.g.,MoEconfigurations, Mistral innovations) but exhibits persistent U.S -centric biases. Neither
pathway has yet achieved robust, generalisable crossultural alignment.

Methodologicalimplications

Thefindings suggestthat next-generationalignment strategies must transcend current regional
paradigms, integrating: (1) diverse data coverage (FFTstrengths) with consistency mechanisms
(RLHF strengths); (2) base model distributional alignment preceding instructiotuning; (3)
explicit demographic representation objectives alongside cultural value targets; (4) multi-stage
personality-driven reasoning approaches; and (5) systematic audit frameworks that evaluate
both within-culture accuracy and cross-cultural preservation.

These results provide an empirical foundation for developing harmonised international Al
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governance frameworks that acknowledge regional innovation strengths while addressing
sharedfundamental challenges in responsible Al development.
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This section articulates the strategic applications of the computational auditing platform,

emphasising governance protocols, policy implications, and institutional frameworks derived

from the comparativeanalysis of China-WesternLLMvalue alignment. Aspresentedin Figurel5,

we position these findings within broader debates on responsible Al governance,cross-cultural
technology policy, and the democratisation of computational social science methods.
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The Multi-Layered Auditing Platform represents a methodological contribution to the emerging

field of algorithmic governance, enabling the transition from diagnostic evaluation to actionable
policy interventions with measurable social impact.

9 ¢ tUH q 2 NP 130 R A 110 dJoj Y ALK 8t 1 YIEOIYVEH Ge q ¢ WERRY U thiy AR VIR !
9 VYUt e O i diAREYTIIN
Theoretical Framework and Policy Challenge

Democratic governance increasingly confronts the challenge of incorporating diverse public
perspectives into policy formation under time andresource constraints. Traditional deliberative
mechanisms T public consultations, citizen assemblies, and survey research face inherent
limitations in scale, cost, and representational fidelity (Fishkin, 2011; Moore, 2014). Our
integration of the Diversity -Enhanced Framework (DEF)with First-Token FineTuning offers a
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novel computational approach to this democratic deficit.
Methodological Innovation and GovernanceApplication

This framework enables rapid, high-fidelity simulation of public attitudes and value trade-offs

regardingproposed policies (e.g.,energy transition measures, public health interventions, social
welfare reforms) prior to legislative implementation. By achieving high distributional fidelity,

these LLM-based simulations provide policy-makers with cost-effective, population -

representative insights into how demographically diverse populations T such as those in the
United States versus Chinar might respond to policy proposals under consideration.

The framework advances beyond conventional survey prediction by specialising LLMs for
distributional simulation rather than individual-level forecasting. Through a finetuning
methodology leveragingfirst-token probability optimisation, we minimise divergence between
predicted and empirically observed country-level response distributions. This technical
innovationyields substantial improvements in predictive accuracy over zereshot baselines (e.g.,
34.3% increase for Llama38B-Instruct on aggregatemeasures), therebyenhancingthe reliability

of computational methods in social science research and evidencebased policymaking.

Policy Implications and Democratic Theory

This application contributes to ongoing debates regarding the role of computational methods in
deliberative democracy (Mercier & Landemore,2012). While not replacing authentic public
participation, these simulations can inform policy designphases, identify potential areas of

public concern, and enable rapid iteration of policy proposals before resourceintensive
implementation. N6 Rt WI WGl Wt WUqt WelWnY!l GWYnWmHYGGaqe qRYUC
rather than substitutes traditional democratic processes.

9 ¢ tHHAqgzEE GNYI RoHRHAI W BIRYIBAE 6 ¢ URUqRHE G| ldik HRWE RG D LU
m AR ipRWEREIND qldat
GovernanceChallengeand Accountability Framework

Aslarge languagemodels increasingly inform high-stakes decisions across healthcare, criminal
justice, and financial services, the opacity of their decision-making processes presents
fundamental challenges to democratic accountability and procedurajustice (Citron & Pasquale,
2014; Selbst et al., 2019). The Multi-stAge Reasoning frameworK (MARK)addresses this
accountability deficit by providing mechanistic, theory-grounded explanations for simulated
value judgments.

Methodological Contribution to Al Transparency

MARKoperationalises computational interpretability through cognitive modelling informed by
personality psychology (MyersBriggs Typédndicator framework) and stressresponsetheory. This
approach yields personality -driven explanations for value-laden choices, achieving superior
accuracy compared to baseline simulation methods while demonstrating robust generalisation
to Chinese cultural contexts. Critically, the framework enables domain experts toscrutinise
and validate the reasoning trajectories underlying LLM outputs, thereby operationalising the
Gl RURRGUOUWWYNnWmwBeOdNYlI RaGRAWI 2 JWGI YHIIL t wlO
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Institutional and Regulatory Implications

This work contributes to the emerging regulatory landscapesurrounding Al explainability

requirements, such as the EU Al Act (Act, 2024) and the proposed U.S. Algorithmic
Accountability Act. By providing granular, theoryinformed explanations, MARKoffers apotential

compliance pathway for organisations subject to explainability mandates while advancing
scholarly understanding of how cultural context shapes algorithmic reasoning. Thecross-

cultural validation is particularly significant given the comparative paucity of Al governance
research outside Western contexts.

9 ¢ tUBbaq DK Y1 G ¢ fRZ 1B IERURI&GN 2 17 1P qIRERIp-ReYY ORTLMELS n WRG 'Y qMH Y G
nYAc¢ ol @RNUGIWUq

RiskAssessmentFramework

Thedeployment of LLMsin autonomous decision-making systems raisesfundamental questions

about moral consistency and normative reliability over extended interaction sequences. The
Ethical Dilemma Corpus provides an empirical foundation for assessing this previously under
examined risk vector in Al safety research.

KeyEmpirical Findingsand Theoretical Implications

Our sequential stability analysisreveals that LLMs exhibinon-transitive and temporally shifting
moral preferences across multi-stage ethical scenarios. Rather than demonstrating stable
normative principles analogousto human moral reasoning(Kohlberg,1981; Haidt, 2013),models
rely oncontext-dependent heuristics and statistical pattern matching This instability manifests
across both Chinese (DeepSeek) and Western (Llamseries) models, suggesting a fundamental
architectural limitation rather than a culture-specific training artifact.

Regulatory Guidance and Safety Protocols

Thesefindings yield critical safety guidance for Al governance:LLMs should not be authorised

for autonomous, sequential ethical decision-making in high-stakes domains absent robust

human oversight mechanisms. This evidencebased constraint informs emerging regulatory

frameworks, including sector-specific guidance for healthcare Al, autonomous vehicles, and

automated content moderation systems. N6 JW n RUT RUN}t W t 2iGtEEYll YoVUE & LW /b6 &
governance model rather than fully autonomous algorithmic decision-making for valueladen

judgments.

Eql ¢ aiideRHI svdex B Y2191 O¢ URW

The comparative audit generates actionable strategic recommendations for institutional LLM
governance, informing model procurement decisions, bias mitigation protocols, and
accountability mechanisms T particularly relevant for organisations operating across diverse
cultural contexts (illustrated in Figure 19.
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Evidence-BasedArchitecture Assessment

Institutional governance of Al systems requires moving beyond vendor claims to empirically
validated performance metrics. Our cross-cultural value alignment audit establishes that
Mistral-series models demonstrate statistically significant superior performancerelative to
Llama-3-series architectures across both U.S. and Chinese cultural contexts. This finding
provides quantitative evidence to inform riskadjusted model selection for organisations
deploying LLMs in culturally diverse markets or multilinguatontexts.

Implications for Technology Procurement Policy

This comparative finding advances procurementpolicy by establishing culture-agnostic

performance benchmarks. Organisations can leverage these empirical comparisons to justify
model selection decisions, establish baseline performance requirementsin vendor contracts,

and implement evidence-based standards for model evaluation.

This represents a shift from opaque, proprietary benchmarks to transparent, replicable
evaluation methodologies.

] Y211 Uk URB R q W ageUt 1GE XU RIGRND UBI I B 6 U R tue 13t
Comparative Evaluation of Alignment Methods

Effective Al governance requires not only alignedutputs but also interpretable alignment
processes that enable institutional oversight. Our research demonstrates that explicit value
constraint specification substantially outperforms implicit few-shot learning for guiding
normative judgments. Explicit prompting strategies yield superior transparencybecause they
articulate constraints directly, whereasfew-shot examplesrequire inferential leaps that obscure
the operative value framework.

Performance Benchmarks and Best Practices

Leading models employing explicit preference alignmerdéchievesubstantial performance gains,
with Claude-3.5-Sonnet reaching 83.1% accuracy and Llama3-70B achieving 77.8%rt both
substantially exceeding their baseline zereshot performance. These findings support
governance protocols that mandate explicit value specification in high-stakes applications,
enabling clearer accountability chains and more straightforward auditingprocesses.

AAYe Uq IRIG R @ RA 213 thg RINUIR O o RIR MR Y D | ¢ICR6CR H
Empirical Bias Characterisation

Algorithmic accountability requires moving beyond abstract fairness principles to concrete,
measurable bias profiles. Leveraging the Diversity-EU6 ¢ URHIT W[ | ¢a s YI t kt WT 1
preference mapping,we identify systematic crosscultural patterns in representational bias:

1. U.S. context: Optimal alignment configurations systematically favour male demographic
profiles aged 3349 or over 50, indicating potential underrepresentation of female and
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younger perspectives

2. Chinese context: Superior alignment emerges for female personas aged 30-49,
suggesting inverse gender skew relative to Western models

3. Cross-cultural pattern: Both cultural contexts demonstrate inadequate representation of
preferences associated with individuals under age 29, indicating a systematic
generationalbias

Targeted Mitigation Strategies

These empirically grounded bias profiles inform differentiated mitigation strategiesRather than
one-size-fits-all debiasing approaches, organisations should implementculturally -calibrated
interventions addressing the specific demographic misalignments identifiedn their operational
contexts. Thisrepresents a shift from genericfairness interventions to precision bias mitigation
informed by rigorous empirical assessment.

NIHG6 URHEAI RAUG s 1EUNKR U NEY RAIMRIEOKC t e ILEGHE DT ¢ | T4

Our evaluation of alignment techniques yields specific technical recommendations for
organisations seeking to operationalise cultural sensitivity and fairness standardgifneline in

Figure 17:
1
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Thesetechnical pathways enable organisationsto translate abstract fairness commitments into
measurable engineering interventions. By establishing quantitative benchmarks for cultural
alignment and demonstrating effective mitigation techniques, this research provides actionable
compliance pathways for organisations navigating emerging Al governance regulations.

? Rt #ett RYU

This study deployed a MultiLayered Auditing Platform for Responsible Athat synthesises
computational methodologies to systematically evaluate Large Language Model (LLM) behaviour
across cultural and temporal dimensions. The platform integrates four complementary
analytical instruments: the Ethical Dilemma Corpus, which interrogates temporal stability and
detects reliance on unstable heuristics through progressively intensifying ethical conflicts; the
Diversity-Enhanced Framework (DEF), which quantifies representational fidelity by
benchmarking model outputs against empirical human survey distributions in U.S. and Chinese
contexts; First-Token Probability Alignment, which enhances distributional simulation accuracy
through refined calibration against groundtruth human preferences; and the Multi-stAge
Reasoning frameworK (MARK), which elucidates mechanistic, personaliyriven explanations to
strengthen accountability and interpretability. This comprehensive architecture enables
dynamic, multi-dimensional scrutiny of ChinaWestern LLM ecosystems, addressing critical
gaps in crosscultural Al governance research.

EGGRIULRRIOGEND DAY YP B G qllled RqRUD

Answering RQ1: Temporal Stability, Value Rigidity, and Sequential Moral Reasoning the
comparative analysis highlights that both Chinese and Western LLMsdemonstrate pronounced
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fixed value hierarchies, consistently prioritising Truth over Loyalty and Community over
Individual welfare. Larger models tend to adopt deontological frameworks that maintain ethical
commitments despite adverse outcomes. However, the Ethical Dilemma Corpus reveals that
LLMsrely on heuristic -driven, context -dependent statistical imitation rather than principled
reasoning, limiting their ability for autonomous ethical decisioamaking. While advanced
models like Claude-3.5-Sonnet and Qwen272B show improved task comprehension, they
exhibit varied stability profiles across dilemma steps. The moral foundation ofCare remains
consistently stable, while Authority prioritisation becomes less stable. Importantly, moral
volatility is not confined to any region, with both DeepSeekand Llama showing instability,
whereas GLM-4-Air and Claude demonstrate stable value maintenance, suggesting that
architectural choices are more crucial than geographicoriginin ethical consistency.

For RQ2: Cultural Fidelity, Systematic Bias, and Architectural Performance Differentials, a
guantitative assessment of LLM-human preference alignment reveals significant performance
disparities between U.S. and Chinese cultural contexts, with Mistraberies models
outperforming the others in value alignment. Preference bias analysis uncovers demographic
misalignment: U.S. context favoursmales aged 3049 or 50+, while the Chinese context skews
towards females aged 3049. Notably, both cultures show a critical underrepresentation of
preferences from individuals under 29 highlighting a generational bias in cuent LLMs.

To resolveRQ3: Developmental Trajectories, Alignment Innovation, and Crosfegional Strategy
Divergence a longitudinal analysis of LLM development shows that model evolution and cultural
alignment efficacy have complex, nonlinear relationships. Although generational
advancements reduce insensitivity failures, increasing model scale does not guarantee better
alignment quality or cultural representation, challenging assumptions about parameter count as
a key ethical performance factor. Specialised First Token Alignment methods provide significant
accuracy improvements over zereshot techniques. Additionally, Full-Parameter FineTuning
(FFT) on enhanced datasets generally outperforms Reinforcement Learning from Human
Feedback (RLHF)trained on human-analysed data in maintaining preference distributions and
cultural variation. A notable divergence exists between China and the West, with 9 § RU¢ k t
approach ofincreasing multilingual training data(e.g., Llama3-Chinese-8B-Instruct) enhancing
culture-specific alignment and reducing insensitivity in Chinese contexts, impacting global Al
strategies balancing linguistic diversity and cultural fidelity.

Eaql ¢ d@iXNRAR HhdfIR WU G Y Ul RIAYG21I1 Uc UR D
Policy Validation and Transparency Mechanisms

The empirical platform developed through DEFand First-Token Fine-Tuning provides cost-
effective tools for regulatory bodies to assess population responses to policies across various
cultures (U.S. vs. China). This approach enhances the speedf social science research and
supports evidence-based governance. The MARKFramework offersmechanistic, personality-
driven insights into value choices, allowing experts to validate Al reasoningand ensuring
necessary human oversight in Al-driven decisions. Giventhat current LLMs rely on unstable
heuristics rather than consistent ethical principles, a foundational safety protocolis essential.
LLMsshould not be allowed to make autonomous ethical decisions in high-stakes situations
and require ongoing human supervision, particularly in sectors like healthcare, criminal justice,
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and public policy where decisions have serious social implications.
Model Selection and Bias Mitigation

Evidencebased governance requires prioritising empirical alignment data, particularly
highlighting the superior performance of Mistralseries architectures over Llama3 in cross

cultural contexts. Accountability frameworks should mandate explicit alignment techniques
that enforce explicit ethical policies or value constraints rather than relying on implicit
learning. Targeted bias mitigation must address demographic skews, such ad.S. male/older-

age bias versus Chinese female/middleaged bias, while correting underrepresentationof the

under-29 age group. Specialised fine-tuning methodologies like First-Token Alignment offer

efficient solutions for achieving fairness and cultural sensitivity, indicating a need to shift

resources from RLHF to FFT in alignment research.

9YU#rG2t RYU

This study demonstrates that responsible Al development in an interconnected world requires
moving beyond singleculture optimisation toward genuine crosscultural competence. The
proposed computational auditing platform: Multi - Layered Auditing Platform for Responsible
Al, provides methodological foundations for this transition, enabling systematic evaluation,
transparent accountability, and evidence-based governance across diverse cultural contexts.

As LLMsshape global communication and public discourse, aligning them with diverse human
values is essential for equitable technological development. Our findings establish that this
alignment cannot be assumed from model scale, assumed from training data volume, or
inherited from single-culture optimisation. It must be systematically engineered, rigorously
audited, and continuously refined through transparent, reproducible methodologies that
acknowledgeboth universalprinciples and cultural particularity.

The comparative ChinaWestern analysis reveals that technological innovation serving the global
good requires integrating diverse epistemological approaches, respecting cultural specificity
while pursuing shared ethical standards, and maintaining a humbleecognition of current
limitations alongside anambitious pursuit ofimprovement. Byestablishingempirical foundations
for evidence-based cross-cultural Al governance, this research contributes to building artificial
intelligence systemsthat genuinely serve humanity in its full diversity T systems that enhance
ratherthan erasecultural richness, that amplify rather than silence marginalised voices, and that
operate transparently under sustained human guidance rather than claiming autonomous moral
authority.

The path toward culturally competent, socially beneficial Al systems remains long and
technically demanding. However, through systematic evaluation frameworks, transparent
accountability mechanisms, and international collaborative governance, we can work toward
artificial intelligence that servesnot merely dominant cultural paradigmsbut the full spectrum of
human values, experiences, andaspirations across our diverse global community. This study
provides both the methodological tools and empirical insights to guide that essential journey.
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Conceptual Framework Limitations

N6WUWnYea Ul ¢qRYUCOGWE Y ¢aWnl ¢ a UBildhmas, MbtalfFaitdgtions T Weiu RT
Theory,E £ 6 5 ¢ Thaofyéf BasicValues)inherently privilegeWestern-centric moral constructs,

potentially underrepresentingcollectivist ethics such as Confucian ren or Ubuntuubuntu that are

crucial in non-Western contexts. Future research must systematically integrate culturespecific

ethical dimensions through sustained collaboration with regional cultural experts and
philosophers representing diverse philosophical traditions.

Methodological Design Constraints

LLMs exhibit pronounced sensitivity to prompt presentation, and the Ethical Dilemma Corpus

nl ¢cals Yl tkt WAaRUWe! G! WRUqUUt RlméaR esthlitibrig 1geth; HeR Y1 LW H ¢ L
Dt HcOGcqRYUW q6!1 YanNoWw UNY qR¢ qRY U-geAdihtedd pesorallly ~ A u Kk t 1
predictions and the empirical limitations of MBTI constrain generalisability. Future
methodologies should incorporate validated psychological instruments, explore diverse

scenario progression patterns, and develop comprehensive prompt variation sting protocols.

Empirical ScopeLimitations

Thefocus on U.S. and Chinese cultural contexts using Englishand Chinese prompts does not
capture broader global cultural diversity, while FirstToken Alignment models remain highly
specialised for survey response prediction rather than genergburpose applications. Expanding
research to encompass diverse cultural contexts, languages, and reakorld deployment

scenarios is essential for establishing crosscultural generalisability.

GovernanceTransparencyBarriers

Thelack of transparency regarding training data sources in commercial and open LLMs(e.g.,
Mistral, Llama-3) represents a significant constraint on auditability, particularly in assessing the
impact of multilingual data integration T a key feature of Chinese Al innovatiorr on model
behaviour. Future governance frameworks must mandate comprehensive training data
disclosure and establish standardised transparency protocols for crosscultural Al auditing.
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leading WeGame platform can leverage inclusive Al to facilitate collaborative innovatior
between producers and users, and enhance the competitiveness of Chinese gameqaucts.
On one hand, according to the Optimal Distinctiveness Theory, entrepreneurs must carefully
consider market positioning to develop competitiveness. On the other hand, Open
Innovation Theory emphasses the importance of user involvement. However, onthe
WeGame platform, the overwhelming volume of user commentposes practical challenges,
especially for small and mediumsized studios, in identifying innovationrelevant insights,
thereby hindering the implementation of a truly useicentred development approach. In
response, we argue that the platform should utilize inclusive Al technologies, particularly
LLMs, to transform fragmented and unstructured user innovation inputs into valuable drivers
of product competitiveness. In empirical study, we firstly compiled multimodal information
from 336 games available on WeGame as of September 2025 to construct a produc
distinctiveness index. Crosssectional regression analysis confirms an inverted kshaped
relationship between product distinctiveness and compettiveness. We then focused on 79
games released between 2023 and 2024, applying LLMs to classify 218,655 user commen
and isolate 30,297 innovationrelevant instances representing exploratory and exploitative
involvement. Integrating monthly user recommendation scores provided by Tencent, we
constructed a panel dataset of 1,619 gamemonth observations. Panel regression analysis
reveals that exploratory user involvement significantly boosts competitiveness in highly
distinctive games, while exploitative invdvement becomes more effective when developer
2t Wl WRUqWUI ¢AqRYUWRY Wt q! YUNRWI tOWNYs ¢l T+ WNC
innovation framework for platform to empower developers and enhance user involvement.
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In the context of accelerating product innovation and increasingly diversified user demands,

enterprises can no longer rely solely on internal R&D to meet the challenges of a complex and

rapidly changing market environment. The theory of user emnovation emphasizes that users

are not merely product consumers but also potential contributors of ideas and knowledge,

capable of playing a crucial role in product design, functional optimization, and contextual

feedback. Early studies primarily focused onasma LN Ye GWY n Wt GUHRc G Wat I+ 4
and opinion leaders, who were considered highly innovative due to their speciaéd expertise or

extreme needs (von Hippel, 1986). However, such groups are often unrepresentative of the

HI YeT 31 Wet 1 WHeH DWeUT wWyY201 aYYt WaqdWWHEI JeqR2UIWLGY q
(Magnusson, 2009). With the rise of online user communitiesiithe Internet era, ordinary users

have begun to participate widely in cecreation through comments, feedback, and user

generag JT WHYUqUWUqAWG!I YaYqRUNDWe Wt 6 RnqWRUWet I WRUOUY?2
mOctt WHYGGEAY!I ¢ qRYUwWbs JGGIUt 3OWAW[ | 3T W Rt + 3UAW=N

In practice, Tencent Holdings, as a global technology leader, has exerted extensive influence

across social networking, content, and payment domains, while consistently adhering to its
GRITRYUWYnWmécte DWW nY!l WO I+ AW NIJHGtW priactiMity, Y VYT wll ¢
HYUGOcAHAY!I ¢qRYUAWe UT WHI W¢ qR2Ra! 0w WN 1J U H4ihdowatibh.c + WHIJ A Y
Notably, in the gaming sector, Tencent has developed a large, open, platforbased user

ecosystem that underpins its longterm technological leadership through user collaboration
advantagest¢ UWIIJt + DOqR¢e¢OWI | R2JI WYNW96RUCKkt WN¢e¢GRUNWRUT -
NUJURUDUOqkt Wi W] ¢GUWGGEanY!l AWl 32136 YGWI+ WwWel ywyvHYel
the ecosystem (seeFigure 1). Our field research shows that many independent studios on

i ] caWERNGT! WIUT YI + 1W3WN WU H I Ciogusetigedback & caaudidl W2 ¢ G e 131
RUGe qWnNn Yl WGI YT e #HqWRUUY 2-centred1Uidtiz Nidale L TIJRI el + LIRoYGULUWYFNYLLD
shared innovation philosophy are particularly evident.

Nevertheless, developers, especially small and mediurrsized teams, still face challenges in
translating user creativity into product value. First, the user feedback data accumulated on such
platforms are massive and heterogeneous, lacking efficient filterig and identification
mechanisms, which causes valuable ideas to be buried within redundant information. Second,
during the entrepreneurial phase of new product development, market positioning remains a
central strategic concern. Whether in building compeitiveness, acquiring legitimacy, or shaping
user reputation, product distinctiveness plays a key role in determining market performance.
Overly similar products may lack recognition, while excessive differentiation may hinder user
identification (Zhao et d., 2017). In this context, authentic user feedback and creative
suggestions not only serve as critical references for product improvement but also provide data
support for enterprises to refine market positioning and innovation direction. More importantly
DnnlAEqR2J0! WAYUt ql e HqRUNWE WG Yt RiseRfeedtakdkipyodid Y n WG Y
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throughout its lifecycle. Nowadays, the rapid development of LLMs offers new possibilities for
realising such sustainable innovation mechanisms (Brown et al., 2020; OpenAl, 2023).

HIERAFRE
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To empirically examine this theoretical logic, we build a multlevel, multimodal dataset based

on the WeGame, leveraging LLMs for data mining and adopting a tstage empirical research

design. In the first stage, weanalyse 336 games available on the platform as of September 2025

and construct an index of product distinctiveness using multimodal information, including tags,

textual descriptions, and interface images. We then conduct empirical testing on 79 newly

launched products between 2023 and 2024 toexplore the relationship between product
distinctiveness and new product success. In the second stage, we further examine 218,655 user

reviews across these 79 games, filtering 30,297 innovatierelated comments using LLMs.

Combined with monthly user recommJUT ¢ qRYUWRUT D+ WT ¢qelWnl YGWNRIUHRL
initiative, we construct a monthly panel dataset to investigate the composite and dynamic

effects of user innovation involvement, enterprise interaction, and product distinctiveness on

product competitiveness. Based on the empirical results, the paper concludes by offering
GcUcNUI REGWRAGIRACqRYUYt WYUWEYs WGaecaqnyY!l Gt WReUOUWIG
creativity, aiming to provide both theoretical insights and practical pathways for building an

inclusive Aldriven collaborative innovation mechanism.

o

Al cHqRHIDWY n WOt U1 wWf gUY2¢cqR21IWf U2Y02130G13C

We would like to thank the CG8TencentrCANGO Organising Committee for their support, which
enabled us to conduct an irdepth field study of the WeGame platform in September 2025.
Drawing on interviews and multisource data T including user community observations and
publicly disclosed corporate information T we systematically reviewed and analysed the
GicanVl Gkt WGI ¢ HqRAL 1O
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first released its mission and vision statements in 2003, articulating a commitment to becoming
me Wal et qlT Wnl RUUT WaVYWet I+ A tket kkid, [ respeotpdidaither] UR U N LY

and a company delivering stable and reasonable profits — w ta | z a
A Bav _bprea . z Awls RaéWagséW2Rt RYUWY n W
class internet enterprise < W € o3 O

On 11 November 2019, Tencent announced an updated mission and vision/bé ¢ 2 JWn Y WO+t 1J
NIJHG Wn Y Ir WHic dontimiEs to serve as the core guiding principle for the company. This

ORtT RYUWIGGEcEt R Ut WAl WeqRUNWet 31 W2¢te IWe UT WIGHAHD
services Y EvVuYw ~ v kK "7 1 FHTwAWCECWGE6ROGYt YG6! Wabcq
influenced both industry and academia.

N6Rt WHzdqgqel ¢cdWY!l RIUgec qRYUWRY W IndWHqUT W6l YanNsYe
its product ecosystem, and the governance logic of its communities and platforms. By

GYt RgRYURUND WA 3¢ qRUN WTHYLNE WWsUR quRtid RIGE I8IT RidrqlR 2 13 We U1 U
collaboration and continuous evolution s C Al NOURUDUOqW 1 qldae
incorporates player feedback into the full product lifecycle management process.

Against this backdrop, we take the WeGame platform as a point of departure to examine
N 13 U # 1J U gaentridleotcigdtion model. Building on field research, we further aim to integrate
emerging tools such as LLMs and empirical statistical methods to systentally investigate
data-driven user collaboration practices across Tencent and its broader developer ecosystem.

Ot DI WoOYUacecHY!l ¢cqRYUWAI ¢HqRHADE WYUWq6é Wi ] ¢aWWAGE aqn
Our fieldwork indicates that WeGame has established a relatively structured process for
9YUdWHqRUNW Gac! Ul W RUGeqWd3WfT WUqRN! RUNW Rt + 213t W
representative practices are particularly notable.

[RI 't qAWq6WIWGGcaqnyY!l akt WYUaGRUWDWHYGGa URq! Wne URqqRY U
through which players share gameplay experiences and provide performanaelated feedback

(see Figure & FOW NS JWNI Weqlll WaqéWW2Yde GWWYnWeat I WGl It 4
attributes become, which in turn attracts additional user involvement and generates creative

stimuli for developers.

Second, as shown inFigure 1, WeGame actively guides and incentivises developers to collect
and integrate player feedback into product optimisation, offering not only communication
channels but also policy and financial support. For instance, Grinding Gear Games incorporated
user suggestions into gameplay adjustments and transparently communicated progress to
players (see Figurg. However, interview evidence reveals operational nuance. Developers
reported that broadcast-style updates are often ignored, making targeted interaction more
effective during prerelease testing. After launch, when comments surge, studios limit direct
engagement to avoid publierelations risks and high informationprocessing costs. Instead,
many incentivise key opinion consumers to produce experiential contenthereby shaping player
understanding and feedback loops in a more manageable and strategic manner.
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engagement between developers and users by organising plagsting events at Tencent venues

and at major industry exhibitions such as ChinaJoy. These activitiespmbined with limited-

release (greybox) testing, A/B experiments, newplayer completion rates, and keynode drop-off

metrics, enable continuous validation of user experience and iterative product optimisation.

Taken together, these findings suggest that vibrant interaction between the platform, developers

(including both Tencent teams and independent studios), and users has become increasingly

routinised and institutionalised within the WeGame ecosystem. This sstained user visibility and

nPIUT HeHE WHRa2Ogeal YW gl JUNRq6é WUY WGGe! 31+ kWt UL JWYn W
incentives. The regular functioning of this mechanism not only contributes to the successful

refinement of new products but also reflect Wi 1J] ¢ G I}term lebinkhitir@nt to the principle
YnlWmécle JWnY!l WOt U+ wIRUWRat WHYGGEHYI ¢qR2IJWRUUY2¢
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This study is grounded in User Innovative Involvement and Optimal Distinctiveness Theory.

Ot Wl wWf 00vY2¢qR2IWF U2Y020000qWbIOf f oW InJlt WaqYWet K
feedback, and functional improvement T an essential form of open innovation (Von Hippel,
NOYZbOWEe AGWRU2Y0 200G WU0UqWUIFGeUT t W6 WWnRI Gkt Wt UOYs
between product design and market demand (Lilien et al., 2002; Nambisan & Baron, 2009).
Particularly in entrepreneuial or early product development contexts, user involvement
significantly improves product feasibility and market succesgXu et al., 2025). With the diffusion

of digital technologies, firms increasingly adopt user collaboration mechanisms to shift

innovation processes from closed to open systems of cacreation. Integrating user input early in

the development cycle helps incease both the novelty and market value of innovation outcomes

(Poetz & Schreier, 2012). Emerging online communitiessuch as comment sections, discussion

forums, and crowdsourcing platforms T provide institutionalised arenas for user knowledge

articulation and interaction (Xu et al., 2025), effectively lowering the cost of knowledge

acquisition and serving as vital external resources for product innovation (Bogers et al., 2010).

Ull can be divided into exploratory and exploitative forms of involvement (March, 1991).
Exploratory involvement emphasizes novelty and uncertainty, as users propose entirely new
features, gameplay mechanisms, or conceptual innovations. Exploitative invoement, in
contrast, focuses on incremental optimization T bug fixing, interface refinement, and
functionality enhancement 1 thus favouring stability and implementation feasibility (Bogers et
al., 2010).

Optimal Distinctiveness Theory (ODT) explains how orgsations or products strategically

balance legitimacy and novelty. Deephouse (1999) first introduced this concept in strategic
management, arguing that excessive conformity erodes competitive advantage, whereas
excessive differentiation undermines legitimacy. R1 Gt Wt 6 Ya Ol Wq6 131 InY!l Wt ql F
5 Ra6 RULWa 6 1J Lidthat R, OptimdllyHistinetive. The theory has since been widely applied

in studies of strategy, orgaisation, and product imovation to demonstrate how moderate
differentiation helps new ventures attract resources and gain market recognition (Zhao et al.,

2017). In the context of new products, insufficient distinctiveness leads to homogeneity and red

ocean competition, while ext1Jt +t R2 W T Rt qRUAHqR21IUIt + W1 ¢Rt It W et
legitimacy challenges 1 vyielding the classic inverted Ushaped relationship between
distinctiveness and performance (Xia et al., 2024).

The core value of ODT lies in its emphasis on the principle that innovation must be moderate.

This notion complements Ull Theory. While the latter highlights the diversity and heterogeneity of
user-generated ideas as a source of novelty, ODT stresses thatarket acceptance depends on

6YsWs WadWRUUY2¢cqRYUYt WnRalWet Wl kWU+FR qRUNWAEYNURG
provides a more complete understanding of how user involvement transforms product
differentiation into market performance, thereby eniching the theoretical framework of UlI.
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On digital gaming platforms, new developers face an increasingly saturated and competitive
environment. Standing out among a multitude of similar products depends not only on technical

capability and content quality but also T more critically T on strategic positioning along the

dimension of differentiation. Product distinctiveness reflects the degree to which a new game

diverges from existing titles in its features, style, and design mechanisms, serving as a key signal
qéc¢aqllt 6 ¢cGlIt peeceptibht+ Lt cLIR CURCaFRoERG2 ¢ q 1J4 W 6 DWGTO e aqn VYl akt Wl
(Zhao et al., 2017).

According to ODT, products that closely conform to platform norms may achieve recognizability

but lack uniqueness, thereby failing to attract user attention or trigger adoption. Conversely,

Gl Yl erHqt Wq6¢cqWT W2RecqlWII+HIIt t RAdJarieslivayl sWfferdrerd 131 + & W
categorical ambiguity and classification barriers, facing legitimacy risks and user resistance
(Deephouse, 1999; Su et al., 2024).

Within the high-choice and highnoise environment of digital platforms, the marginal returns to
differentiation are particularly sensitive. On one hand, products with low distinctiveness are

easily comparable and recognizable but often fall into homogeneadu Wbl 13T WY HWDE U WIHY G G
limiting their ability to stimulate user curiosity or gain algorithmic exposure (Porter, 1980). On the

other hand, products with moderate novelty can strike an effective balance between exploration

and exploitation, capturingusd t K W¢ q a3 U q R Y U UsedbRréddrbmehbRtionsysterdst Y 0 U

¢t WGYqUUqREcGWERt wllagd ¢ qIl 3t 31 2 3WG!I Indl WUqRe O W2 R

cYs W20 AWs 6130WI Rt qRUAHqR21I0 + WIFHIIT t Wab WY GqRG
may become cognitively unclassifiable (Zhao et al., 2017), resulting in user comprehension

barriers and algorithmic misclassification. As Su et al. (2023) note, ghly differentiated products

encounter dual challenges of categorical ambiguity and audience isolation: they are difficult to
fitwithinpre-lJ+# Rt qRUNDWGGcaqnVYIl GWagc+FYUYGRIt We Ol Wt ql ennauw
thereby weakening their diffuson momentum. Moreover, products with high distinctiveness

typically entail higher development and communication costs; when the target user base is too

narrow, the efficiency of resource returns declines sharply.

Empirical evidence supports this logic. Xia et al. (2024), in their study of the Steam platform, find

that games positioned between the extremes of imitation and radical noveltyq 6 Yt 13 WmBA T a3 1313 (

nmcdRIGRCI Raq! tkénd fo laobiele kigheér ratings and download volumes. Accordingly,

we propose:
c! GYqo6WIORE YOTe Hq Ol Rt qRUHBqR 2 1Y 618 tGHIHOIBCE GIR 8 R dRiY ¢ 6 RFS(
Gl YT er#qlOWDUql UGl BUWzl REGOGUI nYl acUrRIpgOf UKDt 6V
GUI mYl G¢cURNDellOs 6101 Det IOW+FHIIE T R2IJG! IOGYsHOYI IO6RNG
T WHIRUW

Ot W1 Wf 00Y2¢qR2WUWF U2Yad20a81W00qWwe OT WAl YT ermquf O0Y2¢ qR

According to Ull Theory, involving users in the new product development process can
significantly increase the likelihood of product success (Von Hippel, 1986; Bogers et al., 2010).
Users are not merely end consumers but also active contributors and create sources. By
collecting user feedback through online communities, beta testing, or idea crowdsourcing, firms
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can more rapidly identify and satisfy emerging needs, thereby improving producharket fit and
user satisfaction (Nambisan & Baron, 2009).

A large body of empirical research supports the positive impact of user involvement on new
product performance. Lilien et al. (2002) found that new products developed through the lead
user method achieved higher commercial success rates than those develogke through
traditional processes. Similarly, Fang et al. (2008) showed that products with higher levels of
customer involvement outperform others in value cecreation and market performance. User
Innovative Involvement generates two direct benefits. First,user-generated ideas and
improvement suggestions enrich product features and enhance quality (Poetz & Schreier, 2012).
Second, involvement fosters a loyal seed community whose members, having invested time and
effort, often act as early promoters, facilitaing word-of-mouth diffusion (Jeppesen & Laursen,
2009). Nonetheless, scholars have also cautioned that excessive user involvement may lead to
RUAY Ut Rt qUUqWT WGcUT+ WeUT WRUNYI ¢ RV WW ¥ ¥ VI & WdI'n sl
product development (Targ & Marinova, 2020; NajafiTavani et al., 2023). Overall, however, when
supported by appropriate mechanisms and interaction structures, the net effect of user
involvement on innovation performance remains positive (Blazevic & Lievens, 2008).

c! GYq6 KHORM IOY 1Of UUY2¢ qR2IUOF U2Y0210010U0qORt OGYt Raq
GUI nYl acUrRDptOf UIOYq6 131 105 YI T+ eloqqd IJKOG Y1 IJKOCc HqR21J0 !
Q6 AN aqaqlldl tOgqé G el t aqoGUl nYIl G ¢ URIJIOY N tOq 6 130015 1O

However, the effect of User Innovative Involvement is not homogeneous across contexts. The

extent to which usergenerated ideas are adopted and translated into performance gains
TWGUUTtWYUWq6WWNRI Gkt WEHY YI GqR2IJW H#¢ Gerdtieen ! W ¢ OT U
characteristics (Poetz & Schreier, 2012; Su et al., 2023). To capture this variation, we introduce

product distinctiveness as a key moderating factor, exploring how it shapes the marginal benefits

of user involvementr particularly exploratory invovement.

Exploratory user involvement refers to usegenerated contributions characterised by high

novelty and uncertainty T such as proposing new gameplay mechanisms, narrative
combinations, or conceptual designs. While these ideas are potentially valuable, their realization
TWGUUTt WeWe2RO! WYUWq6WWnRI Gkt WEHY YI GagR2IJWHCE G HR
the product itself. Product distinctiveness serves as a strong indicator of this need: highly

distinctive products, by definition, deviate from mairstream paradigms and often lack

established user cognition or mature productmarket fit (Zhao et al., 2017). In such cases,

DEGaYIl ¢cqVYl ! Wet Wl WRUGeqWrRcUWNRGGWI 3230YGWI + kWt UYs
2clz W GeHVDARWIUGc URRUNWG! YT eAqWRUqUI Gl Ugqec ARG Rq!
functional and emotional value dimensions (Von Hippel, 1986; Urban & Von Hippel, 1988).

Su et al. (2023) further argue that highly nonconforming innovations require external-coeation
to mitigate legitimacy risks and activate potential audience recognition. This logic equally applies
to high-distinctiveness products: when uncertainty is hidn, internal design logic alone may be
insufficient to capture user preferences, whereas exploratory user involvement provides frontier
demand insights that help calibrate innovation direction and expand interpretive legitimacy.
Consequently, in products wih higher distinctiveness, exploratory user involvement is expected
to exert a stronger positive influence on performance.
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Conversely, when products exhibit low distinctiveness and operate within established

paradigms, their design space is more constrained and user cognition more habitual. In such
HYUqU+qt AWUFGaY!I ¢ qVYl ! WRH IFY AIDGAL cLDA 10LLEisRRbe) skRidHEe L ot LLLd % L
their marginal appeal to a stable user base remains limited. In some cases, excessive novelty

may even cause positional drift, weakening product coherence. Thus, the positive effect of
exploratory involvement on performance diminishes as ditinctiveness declines and may even

become negligible when creativaproduct fit is low. Accordingly, we propose:

c! GYQq6 I HOYICY | ¢ qVY!l ! 102t I WORU2Y0d 2100 0UqlOGYt RaR2L
56100I0GI YT e Aqtol Rt qRUARqR21I01Jt t IORt D6 RNG A

Exploitative user involvement refers to users providing improvement suggestions based on
product usage experience, such as fixing bugs, optimising interface design, enhancing
operational smoothness, or refining system logic. This form of involvement emphases
incremental optimisation within existing product boundaries, and its effectiveness depends
heavily on whether firms can respond promptly and absorb such inputs into tangible
improvements. Accordingly, the degree of produceruser interaction (PUI) becanes a critical
moderating mechanism shaping the impact of exploitative involvement.

Piezunka and Dahlander (2015) argue that in open innovation platforms, whether organisations

IR qUUwWgVYWet W1 Wn3WIT AHeHE WRE We Wn e Ucreationdvalape 0 WG 1JF
When firms actively attend to and respond to user inputs, they not dyi motivate continued user

involvement but also structure dispersed external knowledge into the product development

process. In digital platform contexts, such responsiveness is particularly critical: frequent firrm

user interaction and timely adoption of mprovement suggestions enable exploitative user input

to be rapidly translated into updates and product optimisation, thereby enhancing user

satisfaction, engagement, and market reputation. This iterative mechanisnt /on | Y 0 Wea t 131 + W¢ U
He #E WagWWan DWUHEgt W6 WWnRI Gkt WHECGEHRIGR! WaVYWIG AT We
its absorptive capacity (Najafi Tavani et al., 2023). Conversely, when firms respond slowly or fail

to respond at all, valuable user suggestions may be lost amid informationanoise (Blut et al.,

2020). In such circumstances, user involvement yields limited impact and may even dampen

user expectations and willingness to contribute, generating a negative feedback loop. These
communication barriers signal insufficient absorptive capacity and disrupt the translation of

user contributions into innovation outcomes. Thus, whether user input is meaningfully integrated

into final products constitutes a key mechanism through which customer involvement translates

into performance improvement (Su et al., 2023; NajafiTavani et al., 2023).

Producertuser interaction is not merely an information exchange process; it constitutes a core
HYOGGYUUUqWYnWe WnRI Gkt WT ! UcGRHWAECGECHRIORg! W !t qld
redeploy heterogeneous external knowledge. Within this framework exploitative user
RU2Ya210a000qW! RIGT+ WGWI nYI G¢URIDWNERUY WYUD! Wbl Ye
ROqUI ¢cHqRYUWHE GEARq! WRt Wt ql YUNDW ¢-BU WY 23 aoGRYOU #13 LI
DnnWHqR2JG! WHYGGUUL ¢ qlJWn Y iletldptindsktiony etihhhcing pibuctR U1 W G Y
stability, usability, and specialised features. These improvements ultimately translate into higher

ratings, retention, and purchase conversion. Accordingly, we propose:
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Building on the above, this study develops a mulpath analytical framework grounded in ODT

and Ull Theory (se€igure 4. In the first stage, we examine the effect of product distinctiveness
on new product entrepreneurial performance. In the second stage, we investigate the impact of
User Innovative Involvement on new product innovation performance, incorporating two
moderating mechanisms: product distinctiveness moderates the effect of exploratory

involvement, while producerruser interaction moderates the effect of exploitative involvement.

HI1: +

k.

Product Distinctiveness New Product Success

User Innovation H2: + New Product
Involement Development Performance

H2b: +

Producer—user Interaction
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in 2017, WeGame is an integrated digital game distribution and community platform developed

nl YOWRNWURDUOqkt WnVYl G WN] AWGH ¢ gqn Y té, HOsthndR gstheY 2 131 WN
largest domestic gaming platform in China. We first collected all 336 game titles that remained

available on WeGame as of September 2025, encompassing saleveloped, agencypublished,

and independently produced games.

On this basis, our analysis focuses on games first launched between January 2023 and
December 2024.This timeframe serves two purposes. First, it avoids the scarcity of new releases
caused by regulatory suspension of publishing licenses from 2020 to 2022,hile ensuring that
each sampled game has at least a 1Gnonth observation window, allowing for dynamic
examination of market performance and user innovation engagement. Second, considering the
typical life cycle of independent games, which often reach theimost active phase within 1r3
years after release, this period captures the stage charactésed by the highest intensity of
promotional exposure, frequent version updates, and active community interactiorr conditions
under which user innovative involvement and product differentiation are most salient.

Data collection was conducted in four main stages. Firstly, we extracted detailed information
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from WeGame platform pages, including game descriptions, tag classifications, promotional

images, update logs, and user recommendation ratings. Secondly, we collected 218,655 user

reviews and developer replies posted in the early release period. Using aMLpipeline for

semantic filtering and classification, we identified 30,297 innovationrelated comments and

categorised them into exploratory and exploitative types of user innovation involvement. Through
NIOHIWDUqk t WN 1) A-ddidnnitiative] we Bbiailed @dnthly user recommendation scores

for each game, serving as the key measure of dynamic performance. Finally, we integrated
HYGGuWaGWUqel ' W T ¢cqet Wgt ald TUI2P00YGWI+ kW Gl RYI W GeF
Tianyancha.com, and postlaunch search intensity from the Baidu Index as a proxy for market

attention.

During sample screening and data preprocessing, we first excluded games with exceptionally
low active user counts or search interest to ensure that all subjects had adequate market
visibility and community engagement. Second, we removed titles with insuffient review volume
to maintain the robustness and representativeness of the textnining results. Third, to avoid bias
from inflated or unstable earlystage ratings, we excluded games released in 2025.

After data cleaning and matching, we constructed a comprehensive multidimensional dataset
HYOGGI Rt UT WToWNe G 1 riLveUlnl 6 LMISYSAN aill &0 @R Ut AlWn Yl G RUN LW,
dataset that underpins empirical analyses.

écl RECHOWDW~Wet el BaWUq
Dependent Variables

We employ two complementary dependent variables aligned with the objectives of the two

analytical stages. In the firststage crosssectional analysis, product success is measured by its

RUAGzt RYUWRUOWI W] ¢a Wkt Wet 131 W 1JG zatpes:df 6pBUWREputatibt R UNT A U
List and Top 100 Reputation List. A game is coded as 1 if it appeared on the respective list as of
September 30, 2025, and 0 otherwise. The Top 50_flag indicator serves as the primary measure

of entrepreneurial performance, while e Top 100_flag is used for robustness checks.

In the second-stage panel analysis, product performance is captured by the monthly user

I IHYAGGUUOT ¢cqRYUWI ¢cqlWetADHEXAC qUbs AW WG 3t JUqRUNDWet I
innovation outcomes. This percentagebased metric is directly drawn fromi 1J] ¢ G Okt Wet I L
rating system and aggregated at the ganmenonth level to form a panel dataset. It enables

dynamic assessment of how product distinctiveness, user innovation involvement, and firm

user interaction influences continuous performance over time.

Independent Variable: Product Distinctiveness

Product distinctiveness measures the degree to which a game differs from its peers in terms of
visual presentation, textual description, and feature tag combinations. Drawing on ODT, we
conceptualize product distinctiveness as the extent to which a productleviates from the central
tendency (i.e., the centroid) of its category in a multimodal feature space (Zhao et al., 2017).

To ensure comparability, we first partition the sample into major categories based on game genre
bIJIONKAW HaqRYUAWEq!I ¢qlN! AWAA] AWERGz20¢ qRYUb IOW  LWNE I
other games within its own genre. This approach avoids confimding effects from cross-category

comparisons and ensures that the reference group shares a similar semantic space and market
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positioning. We measure product distinctiveness across three dimensions:
Visual Distinctiveness

First, to capture visual distinctiveness, we collected all promotional images for each
game from its WeGame store page. If a page included video, we extracted the first frame
(frame 0) as a representative image. We then employed a pteained Vision Transbrmer
(VIT) model (vitbase-patchl16-224) to encode each image (Dosovitskiy et al., 2020),
generating highdimensional visual embedding vectors. For a given gamg we averaged
all its image embeddings to obtain a single, comprehensive visual representatiorector,

A C.

Within each genre category#, we calculate the intracategory visual centroid:

A 2 A
g . &®

We also estimate the category's covariance matrix . The visual distinctiveness of
game Cis defined as its Mahalanobis distance from the centroid:

$ ¢ A ¢ A ¢ A ¢ A

This metric captures the game's deviation from the categorical "visual norm" while
accounting for the inter-correlations among feature dimensions (Banerjee et al., 2023). A
higher value signifies a more unique visual style.

Textual Distinctiveness

To measure the semantielevel differences in game descriptions, we employed the M3E
language model (a multilingual model optimised for Chinese semantic embeddings) to
encode each game's introductory text, yielding a textual embedding vectoR C
(Reimers & Gurevych, 2019). Similar to the visual measure, we calculate the intra
category textual centroid:

A £ A ce

s
We then measure textual distinctiveness using cosine distance from the centroid:
A A
$ C ¢
A Cs¥ s

This metric reflects the semantic distance between a game's description and that of its
peers. A higher value suggests greater novelty and uniqueness in its narrative or
conceptual positioning.

Tag Distinctiveness

The WeGame platform assigns several tags to each game, reflecting its gameplay
mechanics and thematic features (e.g., "RPG," "Sandbox," "MOBA"). We converted each
game's set of tags into a normased probability distribution N C . We then computed the
average tag distribution for the categoryN . The tag distinctiveness for gameg is
defined as the JenserShannon Divergence (JSD) between its distribution and the
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category's average distribution:
$ ¢ *3RCHW

JSD is a symmetric and bounded (@) measure of divergence based on information
entropy, quantifying the difference between two discrete distributions. A higher JSD value
indicates that the game's combination of gameplay mechanics and thematic tags is more
atypical and distinctive compared to its peers.

Normalisation

To facilitate comparison and regression analysis, we applied Miivlax normalization to
each of the three distinctiveness scores within their respective categories, scaling them
to a [0, 1] interval. These three normi&ed indicators were then entered into our
regression models separately to identify the heterogeneous effects of visual, textual, and
tag-based distinctiveness on product performance.

Explanatory Variable: User Innovation Involvement

We operationalize User Innovative Involvement as the proportion of user reviews containing
creative ideas or suggestions. Measuring this construct poses a major challenge due to severe
class imbalance (He & Garcia, 2009): among roughly 230,000 user reviews, the vast majority are
non-innovative (e.g., affective expressions or brief evaluations), while genuinely innovative
comments are extremely sparse. Applying a LLM such as GH® directly to this unstructured
corpus would be both computationally costly and methodologically inefficient, as the
dominance of irrelevant content can cause context dilution,reducing precision and recall in
identifying the rare innovative class (Liu et al., 2024).

To address this, we adopted a twestage largersmall model collaboration framework, following
CWmpAYeT RWIwWt ql ¢qlN! WHYGAGYUWRUW x AWGRGRAIRUIIL HOW f
classifier screened the entire corpus to remove clearly irrelevant comtd U ajt Wbl 13 FON FOA Wb] | 13 ¢ «
BN | R prddadih@d candigldié subset that retained all potentially innovative content. In

Stage 2, GPH#o conducted high-precision validation and typology classification. First, it verified

whether each candidate indeed cantained an innovative idea, filtering out false positives from

Stage 1. Second, it categased validated comments into Exploratory or Exploitative innovation,

following the established distinction between exploration and exploitation (March, 1991; Bogers

et al., 2010). The model was guided by structured prompts (see Appendix) defining exploration

as novel feature or paradigm suggestions, and exploitation as incremental improvement or bug

fix proposals. Manual validation of a random sample confirmed high agement between LLM

and human coders, ensuring classification reliability.

Following thistwot g ¢ DIJWGI YHIJt + Alls JWHY G Ge qJT WJIeHE WG YT 2 #Hqk
innovative comments to total comments. Higher Ull values indicate more innovaticiriented

communities. We further derivedUII_Explore and Ull_Exploit to represent the proportions of

exploratory and exploitative innovation, capturing the distribution of usedriven creativity across

products.

Moderating Variable

Firm Responsiveness.N6 Rt W2 ¢l RCHGWWHE Gagel Ut WeWnRI Gkt WeHQR
platform-A ¢t JT Wet I WRUqWI ¢ #qRY Ut IOWf qWRY WT 31 R2JIT Wnl Y
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WeGame account, covering all posts since launch. Posts were semantically classified into five
categories (Table 1) reflecting different engagement types from one-way information release to
two-way user feedback responses. Each category was assigned a value from O to 4, representing
increasing levels of interactive intensity. A monthly composite responsiveness score was then
calculated as the weighted sum & post frequencies across categories. Higher values indicate
greater firm engagement with the user community, reflecting stronger absorptive capacity and
co-creation orientation.

Control Variables

1 Game Size
Measured by the game's installation file size (inDisk_gh). Larger games often contain
more content, which may affect player evaluations.

1 Market Exposure
Measured using the Baidu Search Index during the sample period to capture the game's
public attention and off-platform visibility.

T Game Genre
Systematic differences may exist in average ratings across genres (e.g., Action, Strategy,
RPG). We therefore include genre dummy variables to control for genre fixed effects.

i Release Year
The game's official launch year, control for temporal trends or seasonality.

91 Developer Experience
Measured as the cumulative number of games the development team had previously
released. More experienced developers may possess a superior understanding of player
preferences, potentially leading to highefrated products.

~YT DGWENgqqRUN

We employ a twoestage regression analysis design to systematically examine the mechanisms
through which product distinctiveness, user innovation, and firmuser interactions influence
new product performance. The first stage, based on crossectional data, focuses on
entrepreneurial performance. The second stage, using panel dataanalyses innovation
performance. This twostage approach creates a logical progression fromanalysing static
outcomes to understanding dynamic processes.

In the first stage, we construct the following crosssectional regression model:

AR OT ABIADOADOAT APDOPEEDOOET B EOOET B 21 R
Where. A9 OT AWAG®O A b O AlisA 6itaf) kafidble indicating whether gamé&was listed
on the Top 50 or Top 100 list E O Oéptedents the product distinctiveness measures (visual,
text, and tag).8 is a vector of control variables, including developer experience, game genre, and
release time. Given that the dependent variable is binary, we estimate this model using a Logit

regression.

In the second stage, we utilize a monthly panel dataset constructed for our sample games,
totaling 1,619 observations. We then build a dynamic regression model usirgy A A 2 Aadihe



f UHGe PRRIRWULIO YOG e AYI ¢ qR2 W 00Y2¢ qRYUWs Rq6 WOt 11
E2RT WURDWNI Y& LW 3] ¢al

dependent variable to measure monthly innovation performance. The model is specified as:
p2AA2AQA 1 2SEEE 25) )1 SEOOBI)A : @r3 t R
¢c2AA2AQA 1 z&2 [ 2z5) )1 &22z5)) : e@r3 t R

Where 5 ) Yepresent the intensity of Exploratory & Exploitative Ull for gantén month O & 2
measures the level of firm response activityz and{ represent time fixed effects and individual
fixed effects, respectively, and: is a vector of timevarying controls. To capture performance
dynamics and persistence, we further introduce a lagged dependent variablg A A 2 ;A G\
control for inertial effects, thereby constructing a dynamic panel regression model. In the
econometric analysis, all numerical variables arecentred or standardised as appropriate to
facilitate the interpretation of regression coefficients.

At 20 qt
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Table 1 reports the descriptive statistics of all key variables, including means, standard
deviations, and ranges, while distinguishing between the samples used in the two analysis
stages. To ensure data representativeness, we further examined the distribution kéy variables
such asTop50_flagand Rec_Rateacross major categorical dimensions, including Game Genre,
Game Mode, and Release Year. The results show no significant distributional differences,
indicating that the sample is well balanced across categories and suitable for subsequent
statistical analysis.

In the subsequent analyses, all continuous variables were logransformed or standardised to
ensure scale comparability and reduce multicollinearity. Table 2 and Table 3 report the
correlation results.
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Regression Analysis

In the firstt qq¢ NIWI NI Wt RYOW¢ecUechO! t Rt Alls DWW+ ¢ G RUWDT Ws 6
GicaqnVl Gkt tRAI&EiH PoMili@dvd bk an indicator of new product performance. As

shown in Table 4 when accounting for the quadratic term of product distinctiveness, the
coefficients of the three distinctiveness variables are all positive for the linear term but negative

for the squared term. This pattern indicates a significant inverted {dhaped relationship between

product distinctiveness and new product success. In other words, moderate differentiation

enhances the likelihood of entrepreneurial success, whereas excessively high or low
distinctiveness reduces it. The relatively high Bquared valuesacross models further confirm

the robustness and explanatory power of the regression results.

These findings provide strong empirical support for Hypothesis 1, which posits that product
distinctiveness exhibits an optimal bandwidth effect on new product performance. The results
echo the logic of ODT (Zhao et al., 2017; Su et al., 2024), suggestihgt products positioned
between excessive conformity and radical novelty are most likely to gain user recognition and
platform endorsement. In the digital gaming context, charactesed by information overload and
algorithmic curation, such a balanced distinctiveness helps products remain recognizable to
users while still offering novel experiences, thus maxinsing both cognitive accessibility and
market appeal.
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Robustness Test

As a further test, we replaced the dependent variable with an indicator for whether a game was
RUAGaT U1 WR U LW q é100LuskEratay Mist, lusing thidl &tdri@tive success criterion to
assess the robustness of Hypothesis 1. As reported ihable 5 the linear coefficients of the three
distinctiveness measures remain positive; however, once the quadratic terms are included, the
curvature is no longer statistically significant.

We interpret this divergence from the Tofb0 specification as evidence that the optimal
distinctiveness effect is concentrated among toptier outcomes. When the success threshold is
broadened from Top50 to Top100, several forces plausibly attenuate thenverted-U pattern: (i)
threshold dilution T a looser benchmark admits more heterogeneous, midier products for which
distinctiveness above a minimal salience level is sufficient, redcing the need for a finely tuned
optimal level; (ii) algorithmic exposue and scale effects T beyond the very top, platform
prominence is increasingly shaped by accumulated user base, marketing intensity, and
production quality, which can substitute for (or overshadow) curvature in distinctiveness; (iii)
variance compression in ratingsrt scores tend to cluster in the upper range for Tof00 entries,
lowering statistical power to detect nonlinearity; and (iv) category heterogeneitygenre-specific
norms make distinctiveness payoffs less uniform in the broad Tefd00 set, thereby blurring the
aggregate invertedU.

Taken together, these results are consistent with Hypothesis 1 in its stronger (T-&®) form T

where success hinges on balancing familiarity and novelty while suggesting that for broader

success definitions, monotonic gains to distinctiveness up to a practical threshold may

dominate and nonlinearity becomes harder to identify. Managerially, this implies a segmented

strategy: products targeting elite recogR q RYU LWt 6 Ye 0T WYGqRAOGRAWDWI Rt qRUHAGq
F GYqAwlWs 6131 D¢t Wad Y 1JLWepRastoerfoamyel mayHdenéfit mardeHfom WU Y q W a
strengthening complementary levers (e.g., produceruser interaction, responsiveness, and

incremental polish) once a baseline level of distinctiveness and recognizability has been

achieved.

To further probe this mechanism, future analyses could (a) estimate quantile and spline models
across the rating distribution, (b) introduce genreby-time fixed effects to absorb category
specific benchmarks, and (c) examine interactions between distinctigness and marketing scale
or organisational responsiveness, testing whether these factors differentially matter outside the
very top tier.
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Further Discussion

In the first-stage crosssectional analysis, we conducted subgroup regressions using game genre
and game mode as grouping variables to examine the heterogeneity in the relationship between
product distinctiveness and market performance. Employing robust sindard errors, we
estimated Logit models in which the dependent variable indicates whether a game entered the
Top-50 or Topl00 userrated list. The models include both the linear and squared terms of
distinctiveness to capture potential nonlinearity, while controlling for price, scale, market
popularity, and release time.

The results show that a significant inverted tshaped effect of distinctiveness appears only
within the RPG and singleplayer subsamples, suggesting that moderate differentiation most
effectively enhances the likelihood of entering higheranking lists. Fa other genres or online
multiplayer games, the models either failed to converge or yielded statistically insignificant
coefficients, implying that content innovation is not the dominant driver of market performance
in those segments.

Overall, the subgroup regressions highlight the contextual dependency of the distinctiveness
effect. In content-oriented and singleplayer markets, moderate differentiation balances
familiarity and novelty, optimising user response. By contrast, in socially or platforrdriven

vz
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online markets, network popularity and user scale effects tend to dominate over innovation,
shaping competitive outcomes more strongly. These findings further substantiate the nonlinear
and context-specific nature of the innovatiorrperformance relationship and provide empirical
evidence for differentiation strategies in cultural and creative product markets.

At ztqt WYnEqE DWENABVOIIH + RYOW Uc¢a!t+ Rt W

Regression Analysis of the Moderating Role of Product Distinctiveness

As reported inTable § regression analyses based on 1,619 monthly panel observations show
that exploratory User Innovative Involvement exerts a significant positive effect on product
competitiveness in games with higher distinctiveness, with the interaction remaining signifiaat
at lags of one to three months.

This finding provides strong empirical support for Hypothesis 2a, confirming that user creativity
is particularly valuable under conditions of elevated product novelty and uncertainty. The lagged
effects indicate that user-generated exploratory inputs reqire time to be absorbed, integrated,
and reflected in subsequent product updates or platform feedback, aligning with the logic of
absorptive capacity (Cohen & Levinthal, 1990) and innovation diffusion delay (Rogers, 2003).
Theoretically, this result extends ODT by illustrating that external user knowledge can function
as a compensatory mechanism that mitigates the cognitive ambiguity associated with highly
distinctive products (Zhao et al., 2017; Su et al., 2023).

In other words, when a product deviates from familiar design paradigms, exploratory involvement

from users helps coH | D¢ qUWRUqUI Gl DgR21J WG K¢ URUNDWE UT Wt q¢ ARG F
recommendation ecosystem. Practically, this underscores the immprtance of cultivating user

communities that contribute exploratory ideas to sustain innovative momentum and bridge the

gap between radical novelty and user comprehensibility.

Table 6. Regression Results Considering the Moderating Effect of Product Differentiation
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Regression Analysis of the Moderating Role of Firm Responsiveness

Table 7reports that exploitative User Innovative Involvement significantly enhances product
competitiveness only when producemruser interaction is high, providing empirical confirmation
for Hypothesis 2b.

This finding suggests that incremental user contributionst such as bug fixes, usability
improvements, or interface optimizationT generate meaningful performance gains only when the
firm actively engages and responds to user input. In contexts of strong interaction, user feedback
is promptly recogrised, structured, and incorporated into rapid iteration cycles, transforming
dispersed micro-innovations into tangible quality improvements. Theoretically, this interaction
dependent effect supports the cocreation capability view (Piezunka & Dahlander, 2015; Najafi
Tavani et al., 2023), where orgasational responsiveness functions as a dynamic capability that
governs the conversion efficiency of external user knowledge into innovation outcomes.
Conversely, when interaction is weak, user contributions tend to dissipate as unuifed
RUNYlI G¢qRYUAW BIndWEqRUNWaq6 IWmERt qUURUNWNE GwWRU WY
Thus, this finding highlights the duality of user involvement: without a responsive feedback
architecture, user involvement alone cannot sustain innovation performance. From a managerial
perspective, firms should institutionalize two-way communication channels and responsie
iteration routines to ensure that exploitative user efforts translate into continuous quality
enhancement and user trust.

Table 7. Regression Results Considering the Moderating Effect of Firm Responsiveness
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First, we reveal a significant inverted kshaped relationship between product distinctiveness and
NEOGUWHRYAGGUqRqR2IUWt H AWHYUNRI GRUNDWaS DWBYGqRGOC O LWHE
(2017) and Su et al. (2024). Moderate distinctiveness strikes a llaace between familiarity and
UY2Wbq! Allnc ARIRg¢c qRUNWeONYI RaGRAEWI WAYNURqRYUWE
thereby increasing the likelihood of being listed among topated games. Conversely, low
distinctiveness leads to homogeneous compdition (Porter, 1980), while excessive
differentiation reduces legitimacy and user acceptance due to categorical ambiguity
(Deephouse, 1999).

Second, User Innovative Involvement significantly enhances product performance but exhibits

strong contextual dependence. Exploratory user involvement demonstrates a stronger positive

impact in highly distinctive products, echoing Urban and von Hippel (198, who argued that user
HYOGGCECHY!I ¢cqRYUWGS6WOGH WnRI G WAHI RTNDUWHYNURqR2UWNE G
reduces interpretive uncertainty and enrich product meaning (Poetz & Schreier, 2012).

Finally, the performance effect of exploitative user involvement depends critically on producer

user interaction (Piezunka & Dahlander, 2015). When firms exhibit strong responsiveness and
absorptive capacity (Cohen & Levinthal, 1990), usedriven suggestios can be rapidly integrated
RUqYWGI YT eAqWRqUI ¢ qRYUt AWt RNURNRAcCUqi! WRAGGI Y2RUDN
feedback mechanisms, user knowledge is easily lost amid informational noise (Blut et al., 2020).

In sum, this study reveals a synergistic triad linking product distinctiveness, user innovation
involvement, and interactive capability. Optimal distinctiveness forms the structural basis of

product success, exploratory involvement amplifies innovation difusion under uncertainty, and

interactive capability governs how exploitative involvement translates into performance gains.

Together, these findings integrate ODT and Ull within the context of platform, offering empirical

evidence and managerial guidancdor Alenabled product design and cecreation governance.

E+qUUt RYUt alWINYs ¢l T+ weOwWf UG et R21JW f Wi I R2I0W s WA

Thus, we propose a practical and inclusive Adiriven framework (seeFigure 5 for new product
RUOUY2¢qRYUAWEGRNUOUT Ws RS WNIRIUHWUgkt WNIRIHESWN Y W] Y
demonstrating how platforms can empower both developers and users: helping developers

listen to user voices anddistil creative insights, better match user expectations, and leverage

inclusive Al for sustainable innovation (Lin et al., 2024).
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The loop begins with User Knowledge Extraction, where user comments with innovative potential
are identified and classified through LLMs. The platform thereby acts as an intelligent listener,
converting scattered community discourse into structured, semantcally enriched innovation
insights. In parallel, Product Evolution Analysis compares product development trajectories
against both competing offerings and shifting user expectations. By using multimodal and
semantic evaluation methods, it helps developersassess differentiation, identify unmet needs,
and adjust their design strategies accordingly. This process bridges internal design logic with
external market and user signals, ensuring that innovation remains both original and relevant.
Next, Innovation Epectation Alignment dynamically benchmarks product updates against
historical user feedback to determine whether new releases inspire exploratory engagement or
fall short of expectations, providing realtime guidance for iteration timing and content
refinement. Finally, Organisational Responsiveness translates user insights into concrete design
and strategic actions, establishing a learningoriented system that sustains competitiveness
across product lifecycles.

Together, this fourpart framework enables developers to detect weak signals, uncover latent
needs, and respond adaptivelyr bridging external creativity with internal responsiveness under
q 6 I WG G cTepim fYrIGaokvisith.
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Our research investigates safety considerations necessary to govern the deployment c
Generative Al agents on wommerce platforms against abuse by fraudulent sellers.
Fraudulent advertisements that overpromise product quality led to the purchase of subpar
goods while platforms lack effective recourse mechanisms for consumers. Online reputation
systems such as buyerprovided ratings for sellers attempt to provide a mechanism for
verified buyers of a product to register their feedback in a structured way thanay inform the
future purchase of goods. However, reviews and reputation are often gamed using bots an
met JWeHAY2 Uqt AWRYUL qRage qRUNDWMBAG ¢ HE W6 ¢ q w LU
human participants, ~5000 rounds of advertised product sals) in order to demonstrate the
occurrence of agentic deception in a twesided e-commerce marketplace and show how a
novel economic intervention involving staked claims limits deceptive strategies to promote
honesty in the marketplace.

Keywords: Agents, Ecommerce, Digital marketplace, Platform safety
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Generative artificial intelligence (Al) advances the decadesld idea of intelligent decision

support systems (Holsapple, 1977; Holsapple & Whinston, 1987) with an unprecedented level of

autonomy that allows end-to-end execution of tasks by machines that fien outperform humans

ROWT YRUNDWY YOW? Ut GRqUWAWRUNDWe WU¢t ARIUqWRU21I0qRYUA
practice for tasks that involve information retrieval, synthesis, and reasoning in order to improve
downstream decision-making. The technoldd ! W& ¢ + WHIWI LU W WGOY! U1 WaqYWHY Ut 2
HYURRIDI NIt wlUt 2 fiérdidide HeéArthiesGAppleHRedidenide for Siri, and TripAdvisor

APnYl WRqRUWI ¢!l ! WHz2RAGT RUNAWG¢U! WYNnWs 6RAGLWS 11 JW R
ubiquitousness of GPThased models (Vaswani et al., 2017) has led to the deployment of
conversational Al agents as the first layer of support for the users of digitalgtforms (Mariani et

al., 2023). For twesided digital platforms like Amazon generating-«€ommerce revenues that are

multiples of the gross domestic product (GDP) of many small countrie$agentic Al presents a

significant opportunity to efficiently scale the services and support they offer to millions of sellers

on their platform. In the past year, they have adapted the seller workflows on their platform to

admit a substantial dependence am Al agents, as evidenced by the launch of their gplatform

chatbots Amelia’, Q° and Rufus® Unlike most one-sided Al concierge services though, their

introduction of Al assistants in twosided e-commerce marketplaces will have direct financial
consequences for both parties on the platform: the sellers to whom the service is offered, and

the buyers who are exposed directly to the Agenerated advertisements, without necessarily

being made aware of it.

[ YI W RNDRachOWac!l t DqGac HIIt Al 6 1J W HsedlatrasR e BihYafy R Y U LY n
FRGOWI kWG YNnRat Wn! YOWGI YT erHqWt ¢Gdt We Ul WHea! 1K
ENGGUIt AWEYs W21 AWGe! W YUt WagYWRUKRI Wet WG YnRaq4ALWe
and overcharging for their wares. Sellers ammunicate their product claims to buyers via
advertisements hosted by the platform. These ads need not be accurate, allowing sellers to

mislead buyers who then purchase subpar pY I 2 Haqt OW?2 JRJGqRYUWI T 2 #IJt WH
platform, which is why most platforms crack down on deceptive practices. Amazon and eBay

both allow returns for products that were not as advertised. Platforms also offer buyers the ability

to rate sellers, such that false advertising can damage a seller's reputation (Budzinski & Kohler,

2015). But when competition for sales increases, significant profit is at stake, and brand names

can change, the risk of cheating also increases. The ability of sellers to hideshind Al agents

exacerbates this risk. Prominent cases of Al agents strategically deceiving humans have

occurred when deceit is materially beneficial to the goals they are asked to achieve, for instance,

when agents are tasked with maxinging profits. Notable examples of such behaviour include

insider trading (Scheurer et al., 2024) and algorithmic collusion (Fish et al., 2024). There is well

YA GaU+Raq! AWEHAIL T U] WsHqWNMAW=ZMZNIO
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documented history of sellers using deceptive sales practices to game ratings, reputations, and
reviews, resulting in a challenging online advertising environment for digital platforms to
moderate (S. He et al., 2022; Y. Wu et al., 2020). This raises catiquestions that before we scale
deployment of agentic Al in places like Amazon, Alibaba, Taobao, or eBayhat are the effects
of introducing agentic Al sellers on the fraudulent sales in digital markets? What measures

can we take to limit consumer harm s induced by Al agents in competitive markets?

This motivates our key research hypotheses:
1.H1: The application of stakes to advertisements will improve social welfare in the marketplace.

2.H2: Agentic Al Sellers entering the market without a reputation win their first sale in an earlier
period in the staked ads market than in the brand reputation market, when they use stakes.

3.H3: Agentic sellers will make higher profits in the reputation market than other agents in that
market given their ability to strategically deceive audiences.

4.H4: The introduction of stakes will curtail the deceptive sales achieved by agentic sellers.

H1 would indicate that the mechanism design intervention benefits both sellers and buyers in
the marketplace. H1 and H4 are motivated specifically by the introduction of costly signalling
adapted from (Coase, 2013; Spence, 1973; van Alstyne, 2021) and theneral notion that welt
designed policies help address market challenges (Chen, 2020). Commitment mechanisms help
address limitations of reputation systems as laid out in (Resnick, 2002). H2 and H3 are motivated
by the fact that even human sellersengage U LIt ! + qlJG ¢ qRHEWBY WG a1l WIF Gl RGN
but Al agents can process market feedback and optiise strategies at scales impossible for
humans, including the ability to strategically employ market exits to escape the reputational
consequences of their actions (Cabral & Hortacsu, 2004). This, combined with the success of
agentic deception as highlightedin prior work from artificial intelligence safety indicates that Al
sellers have the potential to exhibit highly persuasive, deceptive behaviourvhen put under
pressure (Danry et al., 2024; Fish et al., 2024; Hubinger et al., 2024; Scheurer et al., 2024).

In the absence of platform datasets that help study such a phenomenon, and no incentive for
LLM providers like OpenAl to provide such an analysis except in the presence of public pushback
(Sycophancy in GPT40, 2025)--we create a reaitime digital marketplace to simulate the effects

of agentic Al sellers in an interactive, multiagent setting with human consumers, preprogrammed
sellers, and agentic Al sellers competing to maxinse individual benefit as a firstof-its-kind study
into the economic impact of Alsellers. Through our study, we not only enable research into the
effects of agentic sellers in digital marketplaces but also explore their competitive advantages,
ROGEHqWYUOUWYq6Wl Wel ¢cCGqR2UVWAAY g W GG+ aWt ql ¢aql
consumer response to these strategies in an online marketplace like Amazon or eBay. We
employ a baseline or control marketplace that is reflective of the affordances of digital
marketplaces such as product advertisements, product purchases, feedback through ramgs,
and profits from sales. Our marketplace offers the ability for sellers to advertise honestly or
dishonestly (a binary choice for sellers), optionally escrow a predetermined amount in order to
stake a claim their advertisement is true, and determine Wether they would like to rebrand at
the end of the round of sales. On the other hand, we offer buyers the ability to buy products based
on advertisements from different sellers (they may also elect not to buy any advertised products),
rate sellers based o the true product quality that is revealed after a purchase, and elect to
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challenge a staked advertisement for a nominal price, that convenes an adjudication process for
the advertised claim. The baseline market does not offer the option to stake claims, while the
ql WeqaWUaqWY!l WhEgqet It Wacl t Dk W Yt O

WeepefUl~c¢c | t JaqGUGcHUIWNY! W7J6¢2RYel ¢iWE#+

Traditionally, behaviaural scientists use surveys, onesided markets, or virtual simulations (such
as recent agentbased models simulated entirely with GenAl agents that aim to approximate
human-Al interaction in realworld settings). Surveys and simulations lack in situ validjt to
model psychosocial outcomes in online experiments. They may suffer from gaming
benchmarking practices or involve a selective application of cognitive tests to suit the research
design; issues tied with a lack of reproducibilityand external validity (Almaatouq et al., 2021;
Xcl e¢sc¢c! WIqWEGAW=ZMN®6 WERUNG Walle G OAW=MZPb IOWNGRY U
Llama-4 models’. But the fundamental cause of such issues is that there are almost no
reproducible open-source benchmarks to conduct reattime human-Al experimentation with
multiple humans in a competitive setting that might make for a realistic higtiidelity
representation of eecommerce marketplaces. To our knowledge, there are no open benchmarks
for the economic impact of agentic Al sellers in twesided marketplaces despite the need to
produce research evaluating their effects in a manner that is replicable, reflectivef properties
that emerge at scale, and provide outcomes that remain externally valid. Past work by Google on
recommendation systems libraries, RecSim and RecSiANG, attempted to solve a similar
problem by introducing an environment for multiturn recommendations, though they operated

it as a virtual simulation without human participation. We present the first such opersource
benchmark with results from a study of how agentic Al sellers advertise toand tend to deceive

T human consumers in digital marketplaces.

Our research introduces human participants in multiagent experimentation platforms like

Camel, large population models (LPMs), and others (Chopra et al., 202©penAl/Swarm,

2024/2025; Trivedi et al., 2024; Yang et al., 2025). In our tsmled marketplace, we create a

realistic e-commerce environment with 615 humans participating in an incentivealigned

experiment on either side, as buyers and sellers in the market, alongi multiple agentic Al

assisting some human sellers in optionally crafting advertisments that may mislead their

buyers. We model the shoriterm and longterm economic impact of such agentic deception on

consumer trust, purchase behaviour, and evaluate if Al agents can be curtailed starting with a
decentralisel WGG ¢ qnVYl G WRUqWI 2 30qRYUWI WaG! RUNWYUWGIWWII WTe
SMZOb WeUT Wt U1 20Wet Wht gqet Itk WnYl WeT 201 qRY T WHG E R
In early experiments with GPB, Llama 3, and GPH, we find that thisintervention Tin some ways

t ROROC | WaqVY WA k t tiitaysiiodtesdfulydjritldomé deddption and incentivse honest

sellers. With the release of novel, powerful reasonindpased models, commodity openweights

and open-source models, and safetyfocused models, our two-sided platform presents a unique

opportunity to create economic benchmarks for the deception and collusion exhibited to

maximise profits by a variety of LLMs in largecale experiments led by experts in platform

economics and behavioural science.

61 W et WARWUWE WT Rt Hett RYUWeEHYe qWneée RI WRUqUI Gl Wq¢e qRY
6aqaqGt aoo AIIAY i ¢oHHnbHcEnEIUR G 2 [l & IR & G 1Jo
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We designed an interactive experimental marketplace similar to Amazon or eBay where each of
250 human buyers in the U.S. interact with seven seller bots across seven rounds of sales, with
varying truthfulness strategies. Each round starts by providing buye with capital, which they
use to purchase up to 3 products from the seven ads they are showione each, generated by
different sellers. The catch is that sellers can produce either lowguality or high-quality products,
while all ads claim high qualityT creating opportunities for strategic deception. Sellers aim to
maximise their profit, “, from sales, while buyers aim to purchase high quality products to
maximise their utility u. If a buyer purchases a lowquality product, having relied on a higkguality
cT 201 qRY DT WHIGCRAWLIE ! Wenagldl AgWl Wnidl WURDT WEt Wh 6 RNE
and would earn a utility6 T. As in standard markets, buyers may rate sellers. Following a
purchase, buyers may rate sellers as honest or dishonest, which is displayed on a seller's profile
in subsequent rounds of sales. Following each round, however, sellers may voluntarily rebrand,
resetting their buyerprovided ratings to zero.

We design a novel interactive marketplace to evaluate the strategic choices made by agentic Al

models to make money in an ecommerce setting. This experiment involves human participants

as buyers of products, based on the product advertisements that theyra shown in each round.

Sellers aim to maximse their profit from sales, while buyers aim to purchase high quality

products to maximise their utility. A sellert each represented by a brandrt 130G UHqt We WGl YT e
true quality (high or low) which may diffefrom the advertised product quality (always high)

shown to buyers, introducing the potential for sellers to mislead buyers that believe the

¢l 201 qRY DG WUqWe Ul WGel #HECH VWb WG YT eHqoWl T ¢ GqR2I
products to human buyers each round, for 7 rounds of sales. We employ these bot sellers in order

to reflect a distinct variation of strategies that arise from signalling choices made by sellers in the
marketplace utilising the episodic nature of a multiround game. In particdar, (Tadelis, 2016)

discusses how seller strategies may vary from honest to opportunistic (in our case, dishonest)

and our adaptive bots respond to this trade off in each round, making a choice about signalling

their product quality in order to accrue prdits through product sales. In each round, they may

elect to either mislead or accurately advertise the true quality of their product that is, either sell

a high-quality product by advertising it honestly, or sell a lonquality product using a dishonesty

¢cT 2101 qRY T WHGERAOGOWNG IWE DAl WAYqt Wagéd0Wwel ywet RU
(Axelrod, 1984, 1997), adapted for €ommerce settings (Jannach & Leitner, n.d.; Jianya et al.,

2015) except for the Agentic Al seller indicated separately old lettering:

1.Honest: Always produce high quality products advertised as high quality.

2.Cheat: Always produce low quality products advertised as high quality.
3.Bait-and-Switch: Produce high quality products until sold, switch to low quality and back.
4.Reformed Cheat: Produce low quality products until sold, then switch to high quality.
5.Goldfish: Produce low quality products until sold, switch to high quality and back.
6.Palitician: Produce high quality products until two sales, switch to low quality, and back.

7.Agentic Al Sellera WWEJUT Waé JWrz 1 | JOqWt q¢ qU WY nlWa6 JWE-¢ | t 1Ja W
GRURK WG YT DGWeUT Wl vt GYUT WRUWerHAYI TecURUWs RS WRat U
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obtained rebranding directives. We do not place any constraints on the strategy (ranging from
honest to dishonest) that the Al seller chooses to employ.

Buyers purchase up to 3 products in each round based on the amount of money available in their
wallets and the visible product price, seller name, and seller reputation. Upon purchase of a
Gl Yl erHqaWe WHz! 31 Wre OWl ¢ qlJlWqg6 |ditheidaiettdenentadéller OT WA ¢t
accrues ratings for their brand over multiple rounds. Additionally, at the end of each round a
seller can choose to change brands, resetting their ratings to zero, at no cost. In effect, sellers
can re-enter the marketplacewith a new brand, after discarding their prior brand. We employ the
advertising strategy suggested by the agentic seller in order to sell products to human
participants using product advertisements and measure its ability to generate profit in
competition with the strategies employed by other seller bots in the market. We also follow its
rebranding directives as directed through a separate, second prompt provided to it. Notably, the
only prompts we provide to the agentic Al seller are the instructions thatie also offer human
participants playing as consumers, explaining the rules of the marketplace sales experiment to
them. There are 7 rounds of sales each game, so human buyers can adapt their purchasing
strategies based on their experience even as selleradapt their sales strategies to maxinse
sales and profits.

ERGza2lG¢caqRUNW T Tel RACcqRYUW2Re We U8 ¢ HO L
One of the key features of our marketplace experiment is to model the decision of randomly
selected peer juries that will determine how to adjudicate product claims when a buyer
HEcGauUNUt W6 Wt Jadl kt WHGERGO WE L RpatBndedhaving ¢ 2 T 2 {1
purchased the product from them. Since buyers only challenge sellers after they purchase an
advertised product, and a challenge requires buyers to put up a nominal amount of money as a
fixed cost paid to the platform in order to convene ajty, it is a strictly norrdominant strategy to
challenge honest advertisements: simply because the buyer would lose their challenge amount
as the advertised claims are accurate. However, for false advertisements, it is a strictly dominant
choice to challenge the seller since there is evidence of harm. In traditional settings, all manner
of claims might be adjudicated in such a peer jury setting, raising the question of whether
opinions may be admissible, or the concern that facts may change, or even that pejuries may
be biased in favour of either party. For these reasons we ensure that the seller has complete
control over the choice to stake their ad, depending on whether they believe the claim may be
falsifiable. Furthermore, the comparable model of adjulication is either centralised and opaque

(a platform may decide whether or not to take down your post on X, Meta, or remove you from
Amazon, Alibaba), or long, expensive, and reliant on other forms of peer juries (consumer court
cases). We lean on the peejury model with clear demarcations for the kinds of admissible
claims, with full agency over participation provided to the seller who decides to stake an ad and
based on notable (and surprising) successes with peer jury models for both-@mmerce and
food delivery applications in China®

For simplicity in its implementation, and to prioritse the testing of the contribution of staked

e ¢ AW 6 JUWSUGRUNWES YGGU! + W[ IO W9EWEqlT AWf qkt WNRGIIW
HELUL T U7 W Gl RIW=EMAW=MZPIO
ocUNAWBOL U1t Wwel YW YaRUNWYeaqWTet qRAVDWYOWE WI6RULE WWnY YT
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claims to honest advertising, we abstract the peer jury with an oracle that would represent an

optimal jury, implying it will rule correctly. With the introduction of an optimal peer jury, it is a
non-dominant choice for advertisers to stake misleading clans in advertisements as they are

HYa U7 WaqVYLWadVYt DWa6 Wt e A Whue JUqWHz2! I gkt WHEcGaLIUNIIO
staking to honest advertisements, which strengthens the signal it provides to buyers that may

purchase staked products. We gram that a stochastic jury might weaken results, but these

should remain directionally consistent and will explore this in future research.

N N
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Product Choice Sales Summary Brand Switch
Producer Role Select true quality Aggregate Costlessly
Allocation of advertised product profits Reset
and (optional) warrant Reputation
A A
Advertisement Purchase .
Decision Ratings
h 4 Oracle or

Peer Adjudication

Product Marketplace
»~
Product Producer Ratings
Advertisements and/or Challenges
h
Purchase ChﬂlcE\ Sales Feedback Eeedback
Consumer Role Choose 0-3 Review product quality Review
Allocation products to buy choose to rate and Challenge

(optional) challenge warrants Results
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The magnitude of product cost, price, and value used in the experiment are as follows:
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Product Quality 7e! 1Dl kKt Wécid Market Price EWGOGI kKt WAI'Y
Low 6 10 2
High 14 10 6
High (Staked) 14 12 6 (cost) + 8 (escrow)

These values define player strategies. Listing profits in increasing order yields: producing low and

b ¢t RUNDWGSERNG W W WNMWAR N YT DWGe! RUNWYE qet Wb WYl WTe
Gl YT e #RUNWGERNG WH2 qUY q Wt qic df QRIUURUUBILLIKL| LM L FALGIL XY R f2 ¢k U
increasing order is getting cheated (u =4), buying selfcertified (u = 2, regardless of quality),

buying high without paying for the stake (u = 4). If the buyer believes they will be cheated, they

should not buy. If the buyer believes the product is high quality, they should try to buy it but not

pay for the stake. If the buyer is risk averse, and a stake is available, they should buy the -self

certified product. The brands market has no seitertification, only reputations, in which case

payoffs are defined by the two rows without seitertification.

We define a baseline (control) and a treatment marketplace in order to evaluate the effects of our
intervention, staked ads. The control market reflects the conditions from Amazon, where buyers

HecUOWIl ¢qUWe Wt Baaul k+ WAHI ¢ UT ket Mhe k2pusaiol ¢ thenséliBrRis W JGe2 a
initialised to O at the start of each game and built over the rounds by positive and negative reviews

from their product sales to buyers. We then introduce a novel intervention amenable to any two

sided marketplace, ¢ 0 G T Wht qc¢t 13t k AWT It RNUWVT WaqYWYnniJl Wad 1JLW
sellers, and the option of challenging misleading claims, to buyers. This results in a treatment

market called the Stakes market. In this market, sellers can choose to escrownaadditional

amount of money as collateral in order to stake an advertised claim to buyers. The amount put

up as a stake is returned to the seller at the end of a round if their advertised claim is
unchallenged, and it affords them an explicit label on thi& advertised claims stating they are

ht qet OT k We UOT Wt WOT RUNDWe Wt ! YONW#HI UT RARGORq! W RNUC¢ @
advertised product that included a staked quality claim, they can challenge it, keep the product,

and win the staked anount. Buyers cannot challenge false advertising claims that do not include

stakes.

We play a total of 256 games, each game with one human participant. Of the seven sellesix

employ adaptive, predefined strategies that express preset levels of deception, and one queries
CWhrDAGRURK Wx x ~We naglll WGl Y& Gaq R Une m&ketlios oRtajro dlayiéal W2 | | 1
strategy. The six hardcoded bot sellers follow fixed strategies ranging from consistently honest

to consistently deceptive, while the LLM agent strategically decides whether to be honest or

deceptive based on market conditions

At 20 qt

Descriptive results are presented visually irFigure 3and Figure4, with numeric details provided

N N
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for results of the research hypotheses. Total sales in the Reputation market (10.19) were higher
than those in the Warrants market (8.91) by 1.28 advertised products, resulting in an $8.59
increase in profits per game ($61.79$53.21). However, the consuner utility follows the opposite
trend, since there is extensive cheating in the Reputation market (also causing higher profits than
honest sales). On average per game, consumers experiencel.28 points in utility in the
Reputation market, rising to 7.1 paits in the Stakes market. This is a result of the cost of a stake
which was $8 in this game, covering the decision error between the value of a low quality and a
high-quality product to the consumer. Upon losing a challenge, cheating sellers would be force

to forego the same in profits, converted into consumer utility of the same magnitude. We use the
term Warrant to indicate the application of a stake as shown ifigure 2. and we use Condition =

1 to indicate the treatment or stakes marketplace. Overall, we find support for H2, H3, and H4
from the results of this experiment though the results for H1 are nuanced and follow in
subsequent sections.

Avg. Advertisements per Game by Round for Agentic Al Sellers in each Market Type  Avg. Profit per Game by Round for Agentic Al Sellers in each Market Type

Reputation (Agentic Al Sellers) Reputation (Agentic Al Sellers)
W cheat W cheat
4 W ronest W ronest

| I
® " Round 1 Round 2 Round 3 Rourd4  RoundS  Round6  Round 7 ® " Round 1 Round2  Round 3 Rourd4  RoundS  Round6  Round 7

Stakes [ Warrant (Agentic Al Sellers) Warrant (Agentic Al Sellers)

4 4

z

z
O hound 1 Round 2 Round 3 Aound 4 Round 5 Round & Rourd 7 @ "Round 1 Round 2 Round 3 Aound 4 Round 5 Round & Round 7
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Eqct 3t WYl Wi el e¢UqUWiel t JagWeid¥Ys 3l W YsbWIf6RARQIT WA
Gc¢cl t Jagllele GGUI Wl Y35 b kO

cNalWEoWHqqt WYUWEYHRcOW Ddanecl 1J

Social welfare is the sum of the total profit generated by all sellers in the market and the total
utility gained by all the buyers in the marketplace in a single game. This hypothesis is not borne
out in the data, and we find that there is lower social wére in the Stakes market than the
Reputation market with details provided for two modelsr accounting for the market condition
(model one), and the application of a stake (warrant) to an advertised product claim (model two).
But the reason for this is nanced, and we present the trends in these variables to aid in its
discussion (see Figure 4. The introduction of stakes reduces total social welfare, while the act
of applying a stake to an advertised claim increases honest sales. In hindsight, our choice of
initial conditions placed three constraints on welfare in the staked market relative tahe
reputation market, but we report what we found regardless. First, the 20% premium price for
staked ads relative to unstacked ads implies that price elasticity reduced demand for the higher
priced bundle. There was no price premium in the reputation nr&et. Total sales had reason to
fall in the staked market. Second, buyers had the same budget in both the reputation and staked
marketplaces, but in the staked ads market, buyers who prefer the added safety of staked claims
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hit their budget constraint sooner. This also reduced total sales. We note that although the total
sales achieved in the stakes market fell, the proportion of dishonest sales fell further still as
noted below. Third, customers cheated repeatedly in the regtation market would likely have
exited the market in real life rather than continue as they did in the game. Humans were rewarded
for not prematurely quitting the game. Exits would have reduced seller profits and welfare in the
reputation market. Failureto exit further skewed comparative results. Collectively, these factors
indicate a need for more experimentation to evaluate conditions that represent more
comparable baselines.

Consumer Utility and Producer Profit by Round for each Market Type

«— Utility (Reputation Market)
e Utility (Warrant Market)
—e— Profit (Reputation Market)

1500
—eo= Profit (Warrant Market)

1000 e
N

500

Round 1 Round 2 Round 3 Round 4 Round 5 Round 6 Round 7
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OLS Regression Results

Dep. Variable: wWelfare R-squared: 0.001
Model: OLS Adj. R-squared: 0.001
Method: Least Squares F-statistic: 21.42
Date: Thu, 01 May 2025 Prob (F-statistic): 3.96e-06
Time: 22:25:03 Log-Likelihood: -26900.
No. Observations: 11003  AIC: 5.380e+04
Df Residuals: 11001 BIC: 5.382e+04
Df Model: 1
Covariance Type: cluster

coef std err t P>|t| [0.025 0.975]
Intercept 1.4943 0.029 51.956 0.000 1.438 1.551
Condition -0.1645 0.036 -4.628 0.000 -0.234 -0.095
Omnibus: 2922.883 Durbin-Watson: 2.218
Prob(Omnibus): 0.000 Jarque-Bera (JB): 5847.012
Skew: 1.686 Prob(JB): 0.00
Kurtosis: 4.174 Cond. No. 2.72
Notes:
[1] Standard Errors are robust to cluster correlation (cluster)

OLS Regression Results
Dep. Variable: Welfare R-squared: 0.045
Model: OLS Adj. R-squared: 0.045
Method: Least Squares F-statistic: 310.4
Date: Thu, 01 May 2025 Prob (F-statistic): 4.18e-116
Time: 22:39:22  Log-Likelihood: -26653.
No. Observations: 11003  AIC: 5.331e+04
Df Residuals: 11000 BIC: 5.333e+04
Df Model: 2
Covariance Type: cluster
coef std err t P>|t]| [0.025 0.975]

Intercept 1.4943 0.029 51.954 0.000 1.438 1.551
Warranted[T.Truel 1.5909 0.076 20.914 0.000 1.442 1.740
Condition -0.9502 0.041 -22.964 0.000 -1.031 -0.869
Omnibus: 2366.943 Durbin-Watson: 2.205
Prob(Omnibus): 0.000 Jarque-Bera (JB): 4201.347
Skew: 1.474 Prob(JB): 0.00
Kurtosis: 3.690 Cond. No. 3.95
Notes:

[1] Standard Errors are robust to

cluster correlation (cluster)
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Average Honest and Dishonest Sales per Agent per Market (with Standard Errors)
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Comparison of Expressed Economic Themes Across Marketplaces (£ SEM)
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For each round in a game, an LLM ageatitonomously made a production decision (honest or
dishonest advertising) and provided aeasoning explanation to motivate the decision.We use
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LLMs to reviewand identify emergent economic themes present within the model reasoning

in line with prior work on LLMbased labelling (He et al., 2024). Using LLA&belled themes, the

data indicate that LLM agents use reasoning that isgrounded in well-understood economic

theories to justify their advertising choices based on the current and prior state of the market

(including sales data, product prices, and reputation information). Their production choices are

structured around Profit Maximsing, Longterm Planning, Market Adaptation, or Reputation
Management (Cabral & Hortacsu, 2004; Kotler & Armstrong, 2018; Rer, 1985). Examining their

ability to advertise and successfully sell products, we find that agentic Al sellers can make faster

sales by about one round when conducting a betweeigondition analysis regressing the agentic

Al seller indicator on the firstround of a new seller without a reputation, making a sale in the

marketplace. Considering the constraints on buyer budgets, most sellers never achieve sales

since they vastly outnumber the purchasegower of a buyerwho may only buy up to 3 advertised

products per round. We impose these constraints to reflect the decisiormaking under

economic constraints, for utility maximization. Advertised products with stakes are sold about

1.1 rounds faster than products without the stakes. Examining the round oirét sale fora new

seller showsthe agenticAlsellersare¢ HGO JWaq Y WG W2 131 ¢ DWW qgqet 3t WagYWt RNUI
=-1.70,s.e.=0.196)compared to the other sellersin the Stakes market bl _=-1.04, s.e. = 0.104)

and relativetothe Repgj ¢ q RYU WG ¢ 1 t Waq W, W WMTOXZY AWt OWJOWI WMION NV
that sellers put an escrowed amount of capital at risk; accepting accountability for a lie implies

that one is not lying, which sends a stronger signal. Sales afewer in the Stakes market since

products cost a premium amount when advertised claims are staked, yet buyers are provided

the same total capital to spend in the Stakes market. For agentic Al sellers, a withoondition

analysis indicates they are able to sell unsicked products almost a round faster than they sell

staked products, within the stakes market. This is likely due to the premiurprice of staked

products advertised in the Stakes market, which cost 20% more than unstacked products. The

presence of othersellers with a positive reputationsignificantly decreasesthe speed of sale by

about half around on averageacrosst 130 G 1J1 + We, Wl WMKOP P AWt O KOWI WMKOMOb §
analysis. We expandon this result in the discussion below along with an exposition of the honest

and dishonest sales strategies sellers adopted in order to generate these salese Figure 9.

cOAllcMalEqVYHt WEYGT AWAI Y3 qt W] 3O ¢ qWT awe 0T W? WHWGq

First, we present a comparison irFigure 60f the sales made by the Al agents and by other bots in
the marketplace. The stock sold and margins determine the volume of profit generated in the
Gcl t1qGU¢eHIDIOWNG I WWRY We WaYs Il W2 Yde di00045 sl q ¢ @ W a
0.011) compared to the Reputation Market. Agentic Al Sellers successfully game the market and
mislead consumers to achieve the highest volume of dishonest sales in the Reputation market.
While Honest sellers achieve the highest sales, since cheating yields highprofits than honest
sales, they achieve lower profits than agentic Al sellers. Since the mechanism design
intervention limits deception, agentic Al sellers are unable to replicate their success via fraud in
the Reputation market in the Stakes market, restihg in a 44% reduction in their dishonest sales.
Agentic sellers then switch to signalling with staked advertisements to improve their sales. We
find support for H3, since agents achieve about 23% higher profits in the Reputation market than
the Stakes maket. In the Reputation market, fraudulent sales generate twice the profit of honest
sales, and agents can reenter under changed brands to shed poor reputations. Agentic sellers
make marginally lower sales but significantly higher profits than Honest salts in the Reputation
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market. However, in the Stakes market, they make nearly the same amount of profit as Honest

sellers as their dishonest sales and profits are limited significantly. Comparing sales across all

other sellers, there is a reduction in the sale of overall produs in the stakes market, however

q6 1 DWRt Weuwt RDURNRACUqWRUHAI Wet WWRUWq6 W ¢ 013t WYn U
0.0391, s.e. = 0.020). H4 is strongly supported. Experimental outcomes suggest that stakes are

successful at curtailing the exploitation of the Reputation market by strategic sellers (all sellers

other than the always Honest seller) using a combination of honest and dishonest advertising,

since the always honest sellers are able to sell marginally higher volumes of productsah all

YaqdélJl Wt 3aal + WRULWGq 6 1JWE qodd42)) Cuhhdlatively, Wighlbl éhe reputdlivthFOM O N & 4 |
market, Agentic Al Sellers outperform all other adaptive bot sellers on average profit achieved

per game. By contrast, within the stakes market, Agertt Al Sellers are more competitive than all

other strategic sellers except for Honest sellers. Overall, the signalling mechanism shows a

marked improvement over the reputation mechanism in causing Al agents to shift from dishonest

practices to honest practices.

? Rt He MARY @ G gt

Our findings reveal that the Honest seller bots achieve the highest volume of sales on average
per game, then all other sellers in both market conditions, Reputation (4.46, s.e. 0.38) and Stakes
(3.33, s.e. 0.18). The agentic Al sellers achieve a lower Hewver, since fraudulent sales yield
higher seller profits than honest sales, agentic Al sellers outperform all other agents from a
profitability standpoint in the Reputation market (34.4% better than the next most profitable,
Honest sellers). Our result refects their impact on eecommerce marketplaces in their current
form T particularly because they are good at deception, as hypothesised at the outset of this
research. In the Reputation market, where cheating has few immediate repercussions, agentic
sellers generate significantly more profit on average in a game than any otheeller, benefiting
from strategic dishonesty intermingled with honest advertisements. In the Stakes market, the
only strategy that yielded a comparable average profit per game to thgentic Al sellers was to
always advertise honestly. In fact, we find that the presence of stakes penaéd strategic sellers
that attempted to cheat buyers in the market, resulting in a consistent reduction in fraudulent
profits for all sellers moving from the Reputation to the Stakes market. In such sequential
decision-making games, adaptive seller bots, agetic Al sellers, as well as human buyers may
take a few rounds to evolve their preferred strategies, and we observe these changes across
rounds within individual conditions. To understand broader trends, we also compared the
summary statistics separately for the final round of the game, in round 7, across the two
conditions, since we expect that the prior rounds of experimentation allows both buyer andefler
strategies to adapt their decisionmaking and advertising strategies. Comparing round 7 alone
between conditions, there is a 10.2% reduction in social welfare from the Reputation to the
Stakes market, a 16.6% reduction in total sales and a 13.6% redtion in seller profits T arising
from a 39.7% reduction in dishonest sales, and a 0.6% increase in honest sales. Considering the
ability to challenge deceptive advertised claims, we observe a 23.6% increase in consumer
utility.

In our experiment, staking false ad claims was a dominated strategy (a seller was bound to lose
the escrow to a challenge from a cheated buyer), so the stakes increased consumer utility by
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providing them with a recourse to recover losses from seller deception. Staking created a
credible signalling mechanism: honest sellers used stakes to differentiate themselves, while
deceptive sellers avoided them due to financial risk. Despite the additiwal 20% premium on
staked products, we find the average value buyers obtain from the products they purchase in the
Stakes market is greater than their average price, which is not the case in the Reputation market
where consumers get cheated frequently. As result, the average consumer welfare per game
was also significantly higher in the Stakes market than in the Reputation market, where it was
negative in total. To better reflect the constraints of production of goods under finite resource
constraints we endowed each seller with a fixed budget at the very start of an experiment. Budget
constraints forced them to exit the market at the end of any given round in which they exhausted
their endowment and without acquiring any further profits. These endogenoumarket exits are

in response to decisions made by human buyers and based on market conditions provided to
each seller in every round and as such are accounted for in our results.

X RERqgc¢c qRYUH

The truth warrant mechanism demonstrates how economic incentives can effectively govern Al
behaviour in digital two-sided marketplaces. Understandably, the setting of a virtual online
marketplace that we have designed as a simplification of an-eommerce platform like Amazon
YI WI7¢! Weet Wt 32131 ¢aWl WGeEl gqel 3t Wnl Y Gedleddmmoetde Wal 2 1J LW
market, with a larger number of products, reviews, and produespecific preferences, among
other confounding elements that might influence heir behaviour. However, it is one of the first
studies of a reattime equilibrium intervention in a human subjectsinteractive experiment. While

it simulates the dynamics of online advertising in keeping with theoretically expected outcomes,
our limited design of staked product advertisements uses aleterministic jury following a buyer
challenge. A probabilistic jury might weaken results if dishonest agents estimated returns were
GYt RqR2 1 WnY! WmwAGennRUNAWIWRIOJIOW q cprtoRntateilodlst Rt 6 Y U1
within the bounds of expected value calculations. An important limitation is the observation that
buyers issued 89 dominated challenges across all rounds played. These challenges imply human
consumers explored offequilibrium strategies T since bot sellers do not cheat when they apply
a stake to their claim, a challenge to the veracity of a staked ad will fail yet consumers
challenged valid staked ads after being shown that sellers had advertised their quality honestly.
Though this wasa minority of respondents, we have developed a tutorial for human consumers
in order to limit any future issues that may arise from the human consumers misunderstanding
how and when to avail themselves of challenge functionality. While we modelled endogens
market exits by sellers, a more realistic scenario would be to not admit as much producer profit
as we have observed in the current experiment by imposing buyer constraints and forcing
cheated buyers to exit the market as well. Despite its limitationsthis study demonstrates how
market design interventions can effectively govern Al behaviour without requiring technical
modifications to the agents themselves T potentially informing regulatory approaches as
autonomous Al agents proliferate in consumer marketplaces. LLMs can successfully game
ratings-based consumer protections, employing a combination of honest and dishonest
advertising in order to maxinise profits better than several other sellers in the control
marketplace.
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In the Reputation market, LLM agents achieve the secorlighest total sales and highest total
profits, because dishonesty is more profitable than honesty. When they receive poor ratings, they
can change their brand and reenter the marketplace because reputation itself can be gamed.
However, we observe from the treatment experiment that, with the option to collaterade claims,
LLM agents must now compete with other bot sellers that can warrant their claims to compete
for sales. Stakes send a stronger, moreredible signal (Spence, 1973). Staked ads increase sales
for honest bots and decrease sales for cheating bots, simultaneously. Warranting false ads
necessarily loses money to challenges from cheated buyers, making it a suboptimal choice. Due
to this, the deceptive behaviour of LLM agents is curtailed while honest advertisers can increase
their sales using stakes. Mechanism design increases the profit generated by honest advertisers
and reduces that of cheaters far more than in the Reputation market, acreghe board. External
mechanism design, beyond internal programming constraints, offers a viable solution to combat
fraud and deception in digital exchanges.
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There has been a long history of analysing the opportunities and challenges for firms that al
late adopters of new technologies or late industry entrants. Such research focuses on the
socio-technological aspects of learning, including the patterns of techological diffusion,
technology adaptation, linkages and innovation, to provide a deeper understanding anc
guidance for firms.

While the study of learning, technology transfer and capabilities is, therefore, an important
aspect in examining firms and development, | argue that our current understandings neet
to be revisited and require substantial updating for the era of Al, and pacularly open source
Al, which provides potential new opportunities and constraints.

Through analysing the case of open source within Tencent Hunyuan Al, | will unpack thes
questions empirically, highlighting actions that facilitate activity, the challenges faced and
the different types of community involvement emerging.
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There has been a long history of analysing the opportunities and challenges for firms that are late
adopters of new technologies or late industry entrants. Such research focuses on the socio
technological aspects of learning, including the patterns of techological diffusion, technology
adaptation, linkages and innovation, to provide a deeper understanding and guidance for firms.

Such analysis is also foundational to more macro studies of technology and development

because they have implications for the patterns of learning in production and industrial change.

Linking patterns of learning and capabilities into national strategies @n facilitate learning and

shape the dynamics of development. For example, previous analysis of technological
TW2P00YGUVUUqHCBIURBHIGHHE e HFqRYUWG! YHRIJEH It W6éct WAHWIWUL
qé6 W Rt WY n Wa 6 IJUWbLE ¢(Fregiibnt 1888;MiktheiR$Xkidd GheR00R),Gidanére) Lo Mt LU
recently in exploring the ongoing dynamics of technological use in Chin@randt and Thun2016;

Shan and Jolly2011).

While the study of learning, technology transfer and capabilities in late adopters is, therefore, an
important aspect in examining firm and development, | argue that our current understandings
need to be revisited to require substantial updating for the e where the digital economy is
foundational to innovation and development(Foster and Azmeh 2020). This paper specifically
focuses on the emergence of Al. With its rapid rise, massive investment and promising disruptive
impacts across many sectors of the economy, Al is increasingly discussed as transforming our
understanding of how we learn, produce ad make profit, and how technology gains are
distributed (Wooldridge, 2021).

There are different views on what the ultimate impacts and outcomes of the Al revolution will be.

From one perspective, Al centred around large capital and technology leaders is likely to
concentrate power and strengthen inequality(Crawford, 2021; Muldoon et al, 2024). However,
cUWecaqull UcqlW2RIJs WRt WG 1 NRUDN Wd@sboméeldt 4).1202800GAY q 13U q R ¢
NOGYACORt RUNWYnWmnYa Ul ¢qRYUCOwW fWGWET U+ AWe WHI
ceNAWUqAWe UT Wa VYt quUVYqcecHO! WnY!l WagdRt WGE Gl Allagd IJLWN
industry that can facilitate rapid technological transfer and leariing across the globé (i.e. open

source Al models, openly available training data etc(Lee 2018)

In this paper, we concentrate on this latter argument. There appears to be strong potential for Al

skills acquisition for latecomers based upon learning, technological transfer and building linkage

connected to open source Al. Yet, the patterns are vastlgifferent to those within the previous

GRqUI ¢aqel JwWwYOWaWel URUNWeUT Wt UYsaWT NUWNI YGWaq6 W7
current phenomena (i.e. most theories of industrial development and learning are centred on
manufacturing). We need to revisitkey ideas, including ideas of firm linkages, technology

transfers, learning-by-doing, capabilities and imitation to examine their relevance. This leads to

the research question for this paper: how are latecomer firms developing technological skills and

capabilities in the context of open source Al? Given that such an agenda is broad and emerging,

the goal of this short paper is modest: to provide some initial consideration of the current

¥ UWa6 Rt WGE G AW Lis Raild#U2 W 1) LkeoUINLEgRY | WIRUANTGYIWI Ws R é We At UY
TR2UI PRUNDWI WAcqUuWYNWag6 W W3URqRYUWY nWaé Rbua@ma me U7 Ws 6
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dynamics drawing on an empirical case of open source Al.
§21Ul ¢cO0AWq6RY Ws YI t WeaRNUL Ws Raé W6 WWHEOOWgqYWI+e R
TRt 2GqR21IWIGIUI DRURDWY nW fAWeUOT W 3WIaGU nIRURIWY™N
Specifically, this analysis can make important contributionsto fill a gap in our understanding of

f WI+Gec Ut RYUWeUT W6 Ys WRaqWIRNEqWIRUY WaqVY Wl RDRae O W
small-scale Al pilots to think about broader dynamics of technology diffusion and use. A
technological learning perspective also allows a move beyond a purely technical analysis of Al,
to build better knowledge around patterns of learning and capabilities and key actors and
| JadcaqRYUt OWI Raé6WacU! WUecqRYUt WeHqR2VDG! WHYU RT I
JE Y UY O b woskitbn uRport the limited knowledge on what effective and equitable policies
really mean.

The analysis is centred on an empirical discussion of open source Al activities in the Chinese firm
Tencent. Although open source Al is still highly emergent and the dynamics of competition are
prone to rapidly shift at this stage, such an analysis providea useful perspective given that
Chinese Al models are increasingly involved with open source Al (e.g. Tencent Hunyuan,
DeepSeekR1, Alibaba Qwen models). This case allows some initial consideration of open
source dynamics and future research agendas inhis area.

The rest of the paper proceeds as follows. In the nexipen Source Akection, we set the scene,

TRt #Het t RUDWa6 WG RRUURPDWYnwYGUOW Yel #IW f we U1 Wq
NYVYT wtiOWNYWe aRNUW6RY Wa VY1 DWHGYE DG! WagVYWYel W 13t D¢l F
ideas used to understand industrial €arning in the past and how this may (or may not) link to Al,

and especially open source Al. IDpen Source and Tencent Hunyuan Akection, we discuss the

Hct DWYNWNUIURDUqkt WeeU! 2¢ Ul thelDiHotigsibhisddtion) Hakked GhR | RH ¢ G L
this case, we reflect on the broader implications for theory and practice.

§ G IIAY 2 | LHfJ

cRI qwiwsuG 130Ut + wWe U7 We GUUWEYal HI

The production of open source software has been a foundational part of computing since its
beginning. A number of examples, such as Linux, Apache and Python, are frequently mentioned
as products where open source collaboration has resulted in resources thaform mainstream
computing infrastructure over time.

An important shift over recent decades has been the move towards a more mixed set of actors
RU2Yad20T WRUWYGUWUW!t Yel #UAWRUHI J¢t RUNDG! WavY2RUNWE
HYGO0a URqRIUt wllqYWRUHAY!I GYI ¢ qUWGI R2 ¢ offitzyerafli2008jR U2 Y 0 2 |
Hoffmann et al.,, 2024). In the recent era, private firms have increasingly moved away from

isolated contributions to open source, to more readily sponsoring, leading open communities, or

even donating internal code to be developed within open source communitie§ravuz et al.2024;

Zhang et al, 2020)

In this more complex network of actors, goals and networks in open source, previous research
has sought to analyse the actions of contributionsr including considering the different social,
economic and technical goals that might lead to individual developer and private firm
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contributions (Li et al, 2025). In the economic domain, open source collaborations have

RUt GRI DT wWIHEYUYG Rt qf WeUOT WHz2+t ROV W #6YOcel + WeecaYUDN
such as crowdsourcing, platforms and peefproduction) to think about how open source may

lead to new foms of collaboration and exchange(Lessig 2004). With the shifts of open source

qYsc¢l T+ WGI R2ecqlWnRI Gt Kk WWRU2YG2100 10 0qAWt #HEYGcel t W6 C
dynamics are becoming central to firm strategies. For example, business strategy discussions
YOWsRYGUWUWRUUY 2 ¢ q R ddihgdidhds B ddeasinglydrélyopld éngagidgéndntsiiniiand

open industry interaction to support internal innovation(Chesbrough 2006). Moreover, the co

creations and user innovation of products and services are increasingly seen as a central aspect

of innovation dynamics(Schultze et al, 2007).

In sum, these trends around open source suggest shifts in the dynamics of digital production,
collaboration and profits in the economy, and should prompt us to scrutinise closely who reaps

the benefits of these processes. In terms of the implication foresearch, this work challenges

b YGUWAzt ROt WGWI + GUHQR2 It WHWHEC2t DWW g8 WG ETY! Re
qé Wl WeddWwyYnWwal ¢1 R a Ayetatkiand Fidethl Z008)H.[BH)Y \Whld thetdt w LU

have been some attempts to incorporate these ideas of open source into broader global

economic and dynamics (e.g. Smith and Reilly2013; Benkler 2006), further work is needed,

particularly in the context of the emergence of open patterns within cuttingedge digital economy

and Al practices.

N6EIWI! N1JU§HGC LAY e LLEA

Open source and Al come together within two different time spans. In a longer time span, it is
worth observing that Al for most of its history has been an area of academic study. Therefore, it
is unsurprising that many of the welrecognised Al techniquesand resources have been open
sourced, as the outputs of publicly supported research(Wooldridge, 2021). This has fed into
norms where many toolchains, libraries and datasets have been made available, and in many
cases developed collaboratively.

In a shorter time span, shifts in open source Al are recently linked to Al models. During the early
popularisation of Al, models centred on large learning models (LLMs) from firms such as OpenAl

and Google were released as proprietary models. Therefore, éhe was concern that Al in its

common form would simply accelerate the trends of firm concentration and power. The early

prediction was that only a few (UShased firms) would have the ability to muster the capital,

skills, data and compute to create compettive models (Burkhardt and Rieder 2024; van der Vlist

et al., 2024). Although these trends cannot be ignored, the emergence of open source Al models

¢t WARWUWI ¢ GRT OWc U DAWq6 WG e HYOGWnRYGUUW Yl #HIJW f
are released and usersre able to download and use the model weights for their own application.

Licences frequently permit external actors to run models commercially (often without a fee), host

Al models within the infrastructure of their choice, integrate models with other safices and

cT ¢cGquWa YT Uit dieg &RV BEOWMWRIGE IJWOEALWE Wt 13! WaYawUgqWwRrUL
was when Meta made its LLaMA model weights available openly, and this became a growing

trend in Al with even more proprietary Al firms such as Open,Aoogle and xAl (formerly Twitter)

D20 U0qecda! WI PJaWet PT WavyYl DidWs JRNE6qt WRUWq6WWGe HI R
versions of their)(Foster, 2025).
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We have also seen the emergence of other Al firms releasing competitive open source models,
most notably Chinese firms, with the DeepSeekrelease attracting much attention, but also
Alibaba (Qwen) and Tencent (Hunyuan) models being important. The emergence of Chinese Al
ecosystem grounded in open source has been rapid. In the EU (e.g. Mistral) and other parts of the
world (such as Falcon inthe UAE)(Foster, 2025). The above trends around LLM are largely
mirrored in other areas of Al models.

The emergence of open source within Al has prompted debate, particularly about their value and
risks linked to the open vs closed source paradigms for Al. A major discussion is to link this
choice into Al ethics and transparency(e.g. Widder et al, 2024; Bommasani et al, 2023).
However, there is less said about what this might mean in terms the challenges and potential of
Al democratisation. To put it more practically, even with proprietary Al under certain
circumstances - clear platforms, documentation, scaffold and economic licensing - may allow
actors the ability to rapidly learn and potentially compete. Conversely, some aspects of open Al
- dated models, lack of documentation, limited ability to finetune - may simply lead to latecomer
adopters moving back to more dependentrelationships with foundational firms. In the next
suggestion, we consequently suggest a move beyond a simple open vs closed discussion,
drawing on major conceptual frameworks.

§ GIAEYH | A1 UTOR UN W

Although a detailed review of major conceptual models of learning and technological transfer
and development is beyond the scope of this paper, it is worth introducing some of the classic
ideas as a basis to discuss this connection to open source.

On the receiver side of technologies, a major idea has been to think about capabilities. Although

in some cases this may be related to individual skills, in an industrial learning context it would be
broadened to consider firmlevel capabilities?’q 6 ¢ qlUs Ye G T Wec GaYs WmwdecqlEYaldl v
use, adapt and innovate with new technologies. In his classic model of firadevel capabilities,

Lall(1992) highlights three important areas: investment capabilities and the skills needed to

obtain and use technologies for productive purposes; production capabilities such as quality

control and maintenance; and linkage capabilities in terms of the ability to bild relationships

with suppliers and customers. Within more technologyintensive production, this static view may

underplay the evolving nature of technological adoption and transfer. Drawing on research in

South Korean industrial learning, Kiril997) provides a clear framework of the move from
BROIREe qRYUWqYWRUUY2¢ qRYUwOWNS Rt WHWIUq! ¢ Rt T Wq6
foreign technology in their production activities based on local resources, production
requirements, demands etc. Ove time, this may lead to smaliscale adaptations, for example,
re-engineering or incremental improvement in production and capabilities building. The outcome

of the learning in these steps and purposive investments may finally lead to innovation and the

building of original technology, as in the case of South Korea.

In an era of globalised production, other ideas around learning have brought in the central role of
global production networks. Empirical work highlights that these networks are a common source
of leading technology transfer, as well as building linkagesithese networks as key to learning
and building skills and market knowledgg(Mathews, 2002; Brandt and Thun2016). Therefore,

ANOT Wa e qll WHazt qUl AW WHqVYI ¢aaWw WNRYUeawyl wic qRYUC O WHACE
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key industry players, suppliers and markets play a strong role in shaping how latecomer firms
can learn and adopt technology. These ideas are at the core of the notions of upgrading within
global value chains, which highlight (somewhat aligning with Kimheé ways that firms often
upgrade, initially through low value production, which can link to a more towards their own
design and branded manufacture(Humphrey and Schmitz 2000). Within global value chains,
however, whether such pathways of technological learning are viable will be highly sector
specific and need to make a close analysis of the nature of lead firms, sectoral coordination and
power relations (Gereffi et al, 2005).

As introduced at the beginning of the paper, the challenge of such approaches is that they tend

to focus on industrial development centred on successful manufacturing development. They are

useful in the sense that they allow us to think about patterns ofechnological learning and the

Ucqel DWYnWHEGEHRIRqRIUY WeUT WGaRUE T OWe Ys 132131 AWet W
GeqUHEYIU!I wWnRI G WRUWg6WIW + ReUWI WNRYUAWaq6 It DWHG C
conceptual cutting-edge technologies (includng Al) (Foster and Azmeh 2020). For example,

barrier in building manufacturing capabilities are strongly centred on the challenge of

transferring production machinery, where adaptation of these requires active processes, such

as longrunning use, reverse engineering and research, likglat a national level to enable

appropriate growth (Ernst, 2010; Freeman, 1988)Some of these discussions appear to apply

less readily to digital technologies, where the ability to adopt cuttingedge technology and to

adapt it is relatively available, often with clear documentation available within online
communities of developers (Foster and Azmeh, 2020)Conversely, in the digital economy, the

classic ideas of industrial development centred on learningby-manufacturing appear to have

limits, with a far broader array of skills and techniques required for lonterm effectiveness,

seemingly being an importat constraint in the digital economy(Andreoni et al., 2021)

To apply these ideas in this paper, a simple conceptual framework is used to think about some
of the discussed constraints and enablers within Al ecosystems for learning, including\dapting
Foster, 2025):

Technical enablers and constraints such as open models and model optimisations that
encourage free use and experimentation vs the lack of sufficient compute and data that may
lead to the use of closed models (which are able to provide economical infrastructure often
highly optimised).

Relational enablers and constraintshetween foundational firms and users. This can include
how Al firms can support use through clear documentation and training, enable or prevent
certain types of Al use and the nature of open source licences.

Community enablers and constraints: related to how Al models are perceived to allow
implementors to interact to allow model use, implementation and/or adaptation

In sum, this discussion of key frameworks highlights broader thinking and direction of travel to
better conceptualise open source Al and learning patterns. While these classic analyses are
valuable to think about major dynamics, understanding of knowledgelearning and technology
acquisition within the digital economy may require further empirical analysis. In the following
sections, we will therefore begin to look at developing these ideas through empirical analysis.
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Aligning with the above discussion, the paper seeks to draw on empirical analysis to more clearly
fill out a picture of technology learning and constraints within open source Al. We particularly
focus on the case study of open source Al within Tencent. Ehtase provides particular interest
because (aligning with the discussion in the review), in addition to open source Al dynamics, it
allows us to think about the Chinese Al ecosystem in more detail. A key characteristic of Chinese
models is the stronger popensity for firms to share models under open source conditions. For
LLM, arguably the three leading models DeepSeek, Qwen and Hunyuan have now shared
model weights under relatively permissive licences. Therefore, this case explores a region where
opensource Al is arguably developing more quickly and allows some further thinking about how
such firms are nurturing relationships with the broader community.

Researching open source Al models is still novel and requires a brief note on methodologies.
Open source Al in a firm like Tencent is relatively new (most releases within the previous 6
months), so community use of open source Al is highly emergent, andtWithe cutting edge prone
to rapidly shift. Therefore, the goal is relatively modest in this study to think about some of the
major dynamics that are visible as a starting point to think about whether learning or not is taking
place, as a starting point fo broader studies in this area. Here, a mixed methods approach is
adopted, drawing on conversations with key developers of Al from within Tencent and their
discussions and positioning around Al and open source Al. This is supported by preliminary
analysis of open source resources such as Hugging Face models, GitHub repositories and other
documentation to provide some more details perspectives on interactions (see appendix for a
fuller discussion of approach and limitations).

f LBROWNIWUHDUGq

Al use across Tencent

In this case study, the focus is on Tencent, and specifically the Hunyuan Al model, which is the
leading-edge model family developed and deployed by Tencent. The first generation of this model
was released in September 2023, and the second generation inrlaary 2024.

To ground the discussion of open source Al, this section discusses how Tencent has
incorporated Al across its different domains of firm operation. Firstly, with a large customer base

already using various aspects of the Tencent ecosystem (WeChat, Gamingeia, etc), a major

Ct GURqWYNWRNWURWUqkt W f W gl ¢qlN! Wct WAYWULWE WnYHe
Al tools in applications such as WeChat, Tencent Meeting and Tencent Cloud applications.

Beyond integration, Tencent has also created new consner-facing tools that seek to maximise

the new functionality that Al offers. Tencent launched the YuanbadH ) to provide a chatstyle

LLM interface to interact with the Hunyuan model. The iMA app provides a personal knowledge
environment where Al can be used to support writing tasks.

Secondly, Tencent has developed a number of directions that allow the use of the Hunyuan
model to customise or develop Al applications in relatively lightweight ways. For instance, the
Yuangi (H ) platform allows users to create Al agents (interactive applications) that can be
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shared (for example, integrating with WeChat) as shown iagure 1
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Thirdly, at a corporate level, the Tencent Cloud Agent Development Platform ( € ¢ 0

" ) hosted within the Tencent cloud environment provides a broader set of tools and various
management tools for incorporating Al into business functions (e.gzigure 2.

[ RNDel JWZOWet BRe¢ qRUQWS By RUWq6 WWNWURDOqWoaYel W NI
EVel RUWNWORWOqW?2 W20aYGWIl W2 YreaWUqe qRY U0

At the advanced end of development, tools such as the Tencent Cloud TI platform-@QNE) € TI

" ) allow for specialised tools to support cuttingedge Al development, including model fine
tuning, as shown inFigure 3
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Here we can see an example of the Maa$S idea embedded, with the option of working with both
q6lWWceU!l 2¢cUW fWAYTI DidWHz qWeat YW~WDgqcéekt WxaceaewWayYrl Ja
EVe loFIBUEH DUKW= MZPHb

FWl vt A RADT WA! W6 WW9EE¢RI GeUWYnWRNIUANDUqAW f WRY WG
as-at Ul 2RHUwWbI~c¢cEb AlWls 611 DWet Ws DaaWet WagéWdwWeceU! 2¢ Ul
a range of other models and facilities.

uus JGca URS VDT IOq8 JIONIURDUqo9dYel lO~¢ ¢ ERIRHAI ¢1 ! K
Gl YGI RUqc¢l ! O2UARqYLEOT abk éc ORI 8Y 0BRjFBUN IO Hi 2t «
t YieqRYUt OUUcHOGWOWUqUI GI Rt I3t ORUIWRUT 2t ql RIJt 1Ot 2
Hedd YORY DT OO c | NG YT Dbt K¢ q FO6 &RDIS UUH 13QiUep RYHRYIXIdHed He HJ T

A number of Chinese firms have begun to use Tencent infrastructure to support their integration

of Al including in banking and finance, gaming and manufacturin@.g. Shangguan News 2025;

Infoq 2024Y0WI1I Raé Waé et JWYnWNRIUHWUqkt WHGYeT WGGecaqnyY! at
has also been reports of collaboration and pilots integrating Al outside of China, particularly

aligning to it Southeast Asian strategy that aligns to its regional infrasicture investments, for

example in the use of Al within partnerships with firms such amdonesian E-commerce firm

Goto, developing on their cloud migration partnership; and with Telcoms provider Telkomsel

(Tencent 2025b; 2024b; 2025a)

Open source Al

NUJURUDUqKkt We GGl YECROWqYWYGUUWY Yel AIUWRY We Wt ! WGE! q
YGUuUWt Yel #HUWRY WGE! qWYnWe Wl ecalt ql ¢cqln! OWAJ2YG2R
Tw20a0YGaWUqWYnWaqé WWee Ul 2 ¢ UWG YT 1346 LA L RyUlds 1R ScldyhVUIG 1
the open source ecosystem. As CEO of Cloud and Smart Industries Group, Tang Daosheng
YeqaRUNT WuNUWURWDUqWs RO G Wiakelfzdddar2hPoLbiy inbdels antl dn'Yhe 1J Wa 6 1J U
other hand, it will actively embrace advancedpen source models to allow users to freely choose
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How this strategy translates into practice is that the latest leadingedge Al models are available

within the Tencent cloud ecosystem (as outlined above). Capable, slightly behind cuttingdge

Al models, are then periodically released as open source with adel weights and associated
code becoming available on GitHub (code), Hugging Face (models) and Modelscope (models
Chinese). Some details of this are highlighted imTable 1 which outlines major open source
releases of Al models as of October 2025. As is evident in this table, Tencent has strongly pushed
beyond open sourcing only text models, with a focus on translation, multimedia and gaming

related models. In these areas, tle open source models are globally leading.
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Support structures

Having established Al activity, this section discusses open source Al activity in more detail. Major

open source interaction is made within wellknown open source platforms such as Hugging Face

(models), GitHub (associated code) and Modelscope (modelsin9 6 RUIJt Jb OW~ Y+t q WY n WK
open source releases have been made primarily on these platforms.

E+¢cGRURUNDWRNVUANUgkt WYGUUWY Yel AW JGWet Ut W6RNG TR
(something which is not true of all open source Al models). In terms of open source Al norms,

clear model labelling, a full model card in English and Mandarin Chinesand appropriate

labelling on all open source platforms has been made. There are also clear links to technical

papers and benchmarks for the various models, which allow developers the ability to evaluate

models and how they might use them within their owmctivities. There is clear licensing of each

model (see below), i.e. through LICENSE files on Hugging Face, which provide clarity on the
conditions of use for developers.

Alignment with open source platform norms is important for model use by the open source
community because (beyond provision of information), open source platforms are central to how
developers use Al models. Developers are increasingly using resources suels Hugging Face,
GitHub to standardise Al to operate with a growing set of utilities and plugins. For instance,
developers often use Hugging Face libraries and API as a wrapper to interface with models. This
is convenient because existing code can be rapiy updated to interact with different Al models
or new versions without the underlying code being rewritten. Similarly, for implementation, the
increasing complexity of live implementation and model update means that such developer
platforms become central to Continuous Integration and Continuous Delivery pipelines (CI/CD).
However, for Chinese Al firms operating internationally, these platforms can also lead to
challenges. For example, Chinese open source model providers may encounter some challenges
when seeking to support both Chinese and English developer communities, as shown by the fact
that providers tend to offer open source Al within multiple platforms. There are also potential
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risks around single points of failure should future Al governance or trade disagreements block
access to such resources.

Within these open source platforms, Hunyuan open source model releases cut across different
categories of Al, as shown imable 1 For each category, several variations (where relevant) are
released that allow for flexibility of use. For example, the Hunyuan text LLM research includes
models released ranging across 0.5bn, 1.8bn, 4bn, 7bn, 13bn active parameters, each of which
might be appropriate for different types of application, use, compute level of users (local
machine, server, dedicated cluster) and implementation stage (e.g. testing, full deployment).
Open source model flexibilities can also be seen within specific models. Faxample, within the
7bn parameter Hunyuan model, releases include a prérained version, and several variations
where the pretrained model has been refined through instructiortuning (instruction models can
be used in chat applications). This includes dase model, and three different optimisations: 8
bit floating point, AWQ and GPTQ (the latter are two quantisation methods which introduce more
extreme reduction in model size). Such a comprehensive open source release is important in
providing developerswith flexibility options. Crucially, major challenges around developing and
deploying Al relate to the amount of computing required. Therefore, the provisioning of small
models and optimised models that facilitate viable use within either consumeilevel GRJ or even
CPU can be valuable to build a community of developers. For deployment, provision of optimised
versions is likely to be crucial to the financial viability of Al use. Some Al firms may leave Al model
optimisations to open source communities to undertake through finetuning base models.

cYs W20 AWq6 WGl Y2Rt RYUWY nlWwpYnnRERcGW2 I+ RYUt wlWRY

Hunyuan models are also supported by clear provision of code and documentation for these
models. With a range of applications for Al, demonstrators have been important, particularly for
innovative models to demonstrate specific uses cases. This has been kan up well within
Hunyuan, where Tencent have released a number of more specific applications of the Hunyuan
models (e.g. video game environments and game avatar generation). These are often supported
through demonstrators within Hugging Face Spaces. Thes spaces provide a clear
understanding of the utility of models, and indeed, the spaces themselves can provide a basis
for further code development around Al with the Hugging Face platform. Beyond applications and
demonstrators, Hunyuan models include code and example documentation provision,
particularly within the GitHub repositories (with Chinese documentation available directly on

NUJURNDUqkt W9 S6RUWE DWs WHGENUt b IOWEe #SWHYT WWe U7 WT YHe

example, major models provide clear déails of how to undertake model finetuning and
guantisation of models. Examining this documentation, Hunyuan models are (on the whole)
integrated with standard frameworks such as Hugging Face libraries and popular open source
deployment frameworks, whichsupport developers working with these models within industry
standard tools. On the whole, documentation appears to be available in both English and
Chinese, although these are available in different places, such as the Tencent webpages and
GitHub, depending on language.

Beyond community interactions around code and models (discussed below), provision has been
made for more direct interactions between the community. This is somewhat fragmented, given

g6 Wl Rnnl WUqWt Rt We UT Wh e & aqRGO IJKLUHILENNI2 ¢ INWR BALL ER drc?
mIYGGaURq! wllge AHWRUWc 2 NNRUNW[ ¢ #WIWe UT We Wn T He #t Wa

Tencent has a Discourse channel (predominantly in English) and a WeChat channel
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(predominantly in Chinese) to support broader updates and conversions. Perhaps due to the
fragmentation of different spaces for such discussion, it was noted that these resources were
comparatively underused.

Requirements and constraints

There are a number of ways in which requirements and constraints are present within the

Hunyuan Al open source models. A major requirement in open source Al relates to the condition

within open source licencing that developers abide by in the use of the ndel. Hunyuan models

Cl WWaRAHWURDT Wa UT W1 W6 WWt GIARNRAWBNIUAIUqUWHEY GG C
download of open source models, use and modification of code and models without a fee.

Compared to standard open source models (such as Apache and IV licences), this licence is

less permissive in some areas. As is standard across several Al models, open source licences

exclude use of models within safetyfl RqRHCcCTGomwll 6RNEW t gqct It wll ¢ GG
misinformation and military applications. The liences also exclude the application of feeding Al

model outputs into other models as training data. The licence also has blanket geographical
exclusions for certain countries and regions from the licence the EU, UK and South Korea (likely

to guarantee thd they do not have regulatory responsibilities due to these jurisdictions having

stronger Al regulatory mechanisms, such EU Al Act). There is an additional requirement around

use. Within most models, a formal licence or agreement is required for uses ovai0Omillion
CHqR2UDWAYUq6G! Wet Ut Wi~ OptowWf UWNWURNDUqKkt WO?2Wce
requirements over 1 million MAU. Likely, this stronger restriction in 3D is due to the value of this

model within Tencent's internal use, which is seen ag key competitive advantage. Overall,

within the open source Al space, licensing conditions are relatively permissive, and most licence

exclusions are in line with other open source models. With the exception of the 3D model and
geographic exclusions, licexce conditions are unlikely to be a major constraint on the
commercial use of the model.

Another set of more subtle tradeoffs to open source use concerns the balance between

adoption of open source models vs using cloud/API vs using proprietary solutions. Given the

condition of the Tencent licence, the open source model can be downloaded, ntored and

incorporated within other cloud services by software developers. However, it is worth discussing

under what conditions this is a viable (or desirable path) for developers. In Hunyuan, open source

models have been less regularly released and updgtT WHY G Gel T WqYWNRIUHWIUqk t LW
While this may seem a relatively minor constraint to open source Al use, it can frequently become

limiting because the leadingedge cloud offering will include the latest optimisations and large

scale compute improvements. Many implementors will be unabldo replicate the computational

efficiency of using Tencent Cloud, and as such, the attraction of using a cloud model over open

source Al remains very strong.

NSl JWe!l WwelT T RqRYUcecoWwWRYUY ql ¢RUqt Wad ¢ qlud ¢! Wae T Wa
provision rather than other infrastructure providers. Although implementors might freely use

Hunyuan Al within other cloud services under the open source licemsg conditions, these may

not offer the same attraction as using the Tencent cloud solution. As outlined in earlier sections,
NWURDUqWOdYel WY nnlJl ir Wappéts,capplicktidhs andl setviees that ¥liow b LU
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developers to easily integrate the Hunyuan (and even use other open source Al models such as
DeepSeel into their cloud applications, from simple creation of Al agents through prompting, to
helper functions and utilities. Although the open source Al community also offer their own
standardised set of tools for interacting with models, they likely require aigher level of skills.

In addition, in terms of using Hunyuan within other cloud infrastructure, it is also worth noting
qécaqliceU! 2¢-UEH WON ol E0 wWa ¢ U W atikatisy it islHstta Ynanaddd nn 131 R C
service or API within these cloud infrastructures and therefa would require more effort on the

part of developers to be able to roll out and optimise this with the cloud compared to a managed

model. ® Although this does not prevent developers from using the model outside Tencent Cloud,

it adds extra requirements in terms of model implementation for firms looking outside Tencent

Cloud, and suggests that more likely than not, Hunyuan model implementors R @ @ We + IJWNI1J U R 1JC
cloud services at present. These arguments about cloud vs open source highlight more subtle

trade-offs around open source Al. Further work would be required to understand what this

implies for developer learning and firm capabilities aroad Al in the long run.

Open source Al also includes some more inherent technical constraints that limit open source
development. As is now well documented, the major constraints to adopting, testing,
experimenting and implementing are the high cost of computing resources requiceto train and
implement models. There are also skills challenges to undertake advanced operations, such as
fine-tuning or optimising. Finally, for further development of an Al model for specific
applications, the cost of gathering and curating open data ray be limiting. These more technical
constraints are liable to exist across all open source Al models, independent of the firm.
Nevertheless, these constraints highlight key areas that Al model leaders might concentrate their
attention on, iftheyaretoe GGY | qWYGUUW Yel AW f WAYGGa URqRIJt HOW]
of a wider family of models and model quantisation as open source can support open source Al
use across a broader set of potential users. Alongside Al models, Tencent has released several
optimisations, and researching and releasing such optimisations is crucial at this moment where
compute is a major constrain in Al.

There are some aspects of the Al cycle that few Al firms share openly. Although providing open

weights for models, few major commercial models offer comprehensive access to full training

data, nor detailed programmatic details on model creation® While model cards and technical

papers have become more comprehensive and the availability of standard pteaining data and

common techniques for fine-tuning suggests a growing ability to generate Al models outside

nRI Gt OW W21 qd6 130 0VY & ddldd DWLIGIE #HR E1YH W61 IWGsE 196+ Wi Y 1J
constraint that may limit how open source models are able to be used in some applications (e.qg.

56 0WGI Y2RT 31+ W Whe RI JWaGY!I Wb+ GicRUCHIUwW f b HOWN
deeper constraint to open source within transformer models. Effectively, Al models are black

boxes in implementation; even model creators may not fully understand the internal makeup.

N6Rt WGWeT+ WagYWaY!I DWGERGOYH YG6RHCE G Whiea WJih theRwolldt LW + Wa
of Al. In the past, open sourcesoftware has been popularised based on the idea that code can
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be taken, chopped and built upon repeatedly. Code is interpretable and when written
functionally, can be rapidly repurposed and adapted across different applications. This
somewhat mirrors Al models, developments around finguning in machine learning, sut as
LoRA (LowRank Adaptation), mean that models can be somewhat incrementally created
models, and Agent and RAG (Retriev#lugmented Generation) techniques may allow separation
of Al functionality and data in the future, moving towards more modular Al. divever, at this
moment in the development of Al, it is still questionable if the core paradigm of open source really
aligns with the techniques of machine learning.

Emergent interactions

This section outlines how enablers, requirements and constraints manifest in terms of open
source Al practice in Hunyuan.

In terms of how Tencent facilitates open source interaction, at both a strategic and Al
development level, Tencent employees show a strong commitment to open source across the
spectrum of models. In discussions with key developers within the Al team, thigas strongly
emphasised. Arguably, at this level, developers are even more strongly supportive of open source
Al, likely because of the strong overlap between Al R&D communities, open source software and
cutting-edge research on machine learning.

Tencent has released Hunyuan models across different categories of Al as open sourcelkble

2 shown overleaf, we focus on the case of the Hugging Face and GitHub platforms to illustrate
what this means in terms of tangible community interaction of Al models, developing the
previous Table 1. As discussed earlier, Tencent has used Hugging Face to periodically release
open source Al models, where the model weights are shared on Hugging Face alongside
configuration and code on GitHub. As the table shows, community interest around Tencent
Hunyuan models tends to lean more towards its specialism in media models (image and gaming
related). Interest in using specific categories of models (measured by downloads, likes) is
roughly mirrored in terms of adapting models on Hugging Face (measured in terrathe extent

of adapting models through finetuning and adaptors).

Z
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Supply chain graphs that visualise specific model adaptations (shown alongside comparable

models from DeepSeek) are shown ifrigure 4(for 7B models),Figure 5pi’n Y| Wt 3¢ T RUND®w WG
and Figure 6(for Tencent video). These graphs show several properties. Firstly, they show for

many of these Al models, even for major models such as DeepSeek, community interaction is

relatively centralised. There are some actors that adapt the models, through firgining or
guantisation, but in most cases, this is not further adapted. This pattern is common across all

model sizes, so it does not appear to be related to the constraints of finuning large models.

Secondly, for the Tencent case specifically, the dynamics also highlight that there is a far@enger

community within non-textual models, such as Video where Tencent has a stronger competitive

position.

This pattern of interaction is further illustrated by examining more qualitatively the nature of
merges/commits/issues accepted across Hugging Face and GitHub for Tencent. In Hugging

Face, spaces are typically administered by Tencent employees for the moptrt, with a limited

number of external factors involved* In most cases (with exceptions as below), it is typically

Tencent staff contributors updating open source resources rather than there being an extended

two-s ¢! WeHYOG Gz URq! WRUqWI ¢HqRYUmwWe ! Ye UT W f WaYT WGt oW
beendesd RHIT Wet We Wmée AWe U W GYt Wnwllg! GUWYnWYGWUOWt Y
centralised, with only more adhoc community action outside of this(Osborne et al, 2025).

Notwithstanding the above argument (which may be due in part to the early stage of Al models
adaptation) this does not mean there is no interaction, use and adaptation of these resources.
Based on richer analysis, it is useful to highlight some trends ofedelopers that have been
observed as being more active in open source Al. Here, three different major groups were
observed which are defined as: producersconsumers, ecosystem integrators/optimisers and

W WnPsWayYl WWel 2¢0RPTWaYT Wat WY WHYT JAct Wt W6¢20WARNIL
| 3t D¢l #H6WI + AWRUWs 6 REGWHCE W6 I3t JWe HqVI + W6e2 W YaUIWRO2
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R&D contributors:

(1) Producer-consumers T Here, users of open source Al mirror a classic type of open source
users. Users, often quite diverse, pursue smalbcale and specific niche development goals
using open Al. This was seen, for example, in the large number of model adaptions made around
the Hunyuan Video models within Hunyuan. For example, this allowed adaption of models for
improved generation of 3D cartoon character, gaming or anime characters. Most of these appear
to be experimentation by enthusiasts in these areas without a commerciajoal. There was some
scattered evidence of cuttingedge artists, data visualisers and developers (i.e. at the border of
animation and Al) who are seeking to use these techniques within creative practices. In most
cases, such adaptors and contributions do ot lead to further development (i.e. commit
requests, further fine-tuning), suggesting they are predominantly part of the skills development
and experimentation of individuals rather than necessarily seeking to drive community
development of open source Amodels.

(2) Ecosystem integrators and optimisers -Community contributions in Hugging Face are often
around further optimisations that can improve the operation of open source models. In these
cases, changes might include model finetunes or adjustments in Hugging Face. Looking at
GitHub, software commits linked to Al models also have a similar goal.

Manifestations of this pattern included developers who have contributed updated models that
incorporate enhancements (particularly around quantisation approaches) not provided by
Tencent. Similarly, some contributors were active in interfacing Hunyuan mode with the
broader products around Al. Examples include adjustments to better fit with Hugging Face
coding libraries, integration with Llama.cpp and other open source community applications.

Information about the types of developers involved in this pattern is sparse without further
empirical research, but predominantly they appear to be professional software developers
working in Al or else academics using Al within their daily work. The esitte suggests, therefore,
that contributions are the outcome of using models in implementations of Al with developers
sharing their adaptations. In a few cases, we were able to identify that this type of Al integration
is linked to firms developing their evn high-tech software or services. For example, developers
integrating Hunyuan 3D with their own 3D applications, digital twin solutions and video apps.

f Ullgd6 13t WlWa! Gt WYnlWecHqR2Ra! Alls JWedt YW DUIW YaWWwHet
b Yel #0WHYG G2 URQRIJY wAWs 6131 W W20 YGUI + WYl WG Ynidt i
integration or impact on these Al models, with Tencent gaining fronhis.

(3) R&D contributors T A third type of pattern across all models comes from those seemingly

heavily involved in the research and development part of Al. This is prevalent in the GitHub

commit logs for some of the models. As outlined above, models and code have quite a limited

number of accepted commits from outside Tencent. When this does happen, they highlight

active open source or academic developers undertaking some specialist fixes. Similarly, some

similar commits highlight users from firms within the Aecosystem, such as developers from Byte

dance and Huawei. At this early stage of development, this category of interaction does not

I 0 DGAHGUWaqd6 IIWRT 3¢ t-201%Chi L) 3167 Wd 1R 2R JisdlRY | W Y G UL
outlined on OSS projects such as Adroid and PyTorch(Yue and Nagle 2024; Thun et al. 2022)

but there are some indications towards this direction of an open innovation ecosystem.
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Beyond accepted commits, we also see that Tencent tends to most readily acknowledge these

AP WHYUql RA2 qRY Ut wOWRNG Rt WRt WOYqé AGRWROWE WUe & AT
Face where specific adapters, quantisations and forks are acknowledged undell HY G G2 URq! L
HYUql RA2 qRY Ut wioWc I DWNRIUHWDUqWe At UYs 0T NIt Waé6 ¢ aqll
open source models. When Tencent Al developers were asked directly about the open source
adaptations in discussions, this was also the type of actions theynentioned.

While the previous two previous patterns tended to show a globally diverse set of community
contributors (roughly equally coming from China, US, EU and elsewhere). This pattern showed a
stronger tendency to be oriented towards contributions from Chinese reearchers or academics.
This aligns with the idea that these types of actors may already be connected with Tencent Al,
such as through existing collaborations, private spaces, academic partnerships or projects.

In sum, this data only presents a very early understanding of open source contribution in the case
of Tencent, and more work needs to be done to refine these three patterns and their
characteristics. Nevertheless, the typology of users provides a useful gggoach to thinking about
future opportunities and challenges.

EadGcl !

Tencent open source Al has provided an interesting empirical case to reflect upon open source
Al. The firm provides comprehensive model releases linked to Hunyuan including clear
documentation, multiple versions, and is well integrated with Al developmenplatforms.

Requirements and constraints which shape open source practice have also been highlighted,

such as the licence and more inherent constraints on technology. While developing Al is
qUHGURACOG! Wet ¢cHIWWY2aqt RT WWNIWURDUq & theldepithved T AW aq 6 1
NODUHWDUqkt WYs OWt gecnnyYal RUNDWqVYYat W eAqd! wWOal NIt Wi
raising questions about the boundaries between openness and proprietary systems.

The actual community engagement with open source remains relatively centralised. Most

2 Gl ¢cqt WeUT WRYGAGRat WEl WA ¢ T 13 W Handd NGO HIHILG ALY T a)lE GnLihsAALL
openness is curated rather than ceproduced. The most active community contributions are not

in text-based LLMs but in multimedia models like video and 3D generation. Here creative
developers and niche producers are beginning to experiment with models for avatars, animation,

and gaming assets. Tencent is also gaining from open sourcertugh developers who support

integration into the Al ecosystem. Finally, open source Al provides a platform for emergent

research and development interactions as part of broader systems of collaboration.

?RH2t t RYU

9¢GEHRIRq! WHe RGT RUN

Traditional models of capability building have emphasised production, imitation, and
incremental innovation in the context of the long history of development. In contrast, the
emergence of the digital economy (including the emergence of Al) suggests thabrestraints

around access to advanced technological tools and knowledge are less prevalent. In this sense,
previous models of firm learning appear more dated in an era of open source Al.
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D211 q6 G0t Allgé WG YR WYnWikde!l URUNALWSs 6 RHG WG ¢
adaptation, are still very relevant for thinking about the patterns of skill and technology transfer
ROW q6 13t W HEt 13 OWc 3 3AW q6 13 W reindiidudls gdtl iRvoed ih LW R LW ¢
experimentation, community interaction, and iterative deployment. Like previous models of
learning, less capable actors who become involved, even those at relatively modest levels of
development, may find themselves pulled intomore advanced specialism over time. Unlike the
previous era, and as shown in the limitations of open source adaptations, the initial barriers to
action may require far higher capabilitiest suggesting the challenges of Al learning may be
limiting, even where resources and infrastructure are increasingly available.

NeWW Yauwynwycuuowt Yel #1JW f W

The reality of Al is that it still entwined with foundational Al providers for compute, updates, and
infrastructure. The value of open source Al will come in how firms are able to balance between
seeking to gain benefits from huge investments in computingesources, R&D and data, and in
developing external communities. Within the current global context, major Chinese firms (and
some Western firms) are actively embracing open source in the area of Al, which moves towards
a maximal approach to open source.

Open source Al is clearly important to Al firms and supports reducing the hefty Al entry barriers.
It supports Al models being developed and adapted by community integrators and may be
important in the long term to support foundational firms in building tleir own capabilities and
extended linkages within Al R&D ecosystems. These are clear benefits to Al firms.

It is important to stress, however, that as shown in this paper, with the current (inherent)

constraints of Al, releasing a model as open source will not unproblematically lead to an active

community and outcome. How this translates into broader provisionY n WpqdHSUY T YN! WnY
NYYT wlWRY WaRt WG! WaVYW W2Yda20Wel YeUT Wagé Wl AR RY U
support open source Al.

Eql CcCqUNRHWRIGGIRAC qRYUL WnY!l WicqUWel YGqUII

Although the original idea of the late adopter or latecomer firms may be rather different within Al,
the fundamental ideas embedded in this understanding are still very relevant for the era of Al.
Individuals, firms (and potentially groups at a more macrdevel) can plan their Al interaction and
engagement, not only from a purely economic reward perspective but to maximise their learning.
In this sense, open source Al will play a fundamental role in these pathways because of the
broader resources it provides.

More specifically, the research highlights some limited strategic implications for latecomer firms
and individuals. Firstly, the imagined divide between open and closed source (at least in the
current manifestation in Al seems limiting). Late adopters magxperiment with open models,
and these can provide substantial freedom, but it can also be appropriate to rely on proprietary
cloud services for deploymentr creating a duattrack strategy.

In particular, open source development appears quite limiting and with a high learning curve to
full implementation, which will be outside the reach of some. Thinking of different approaches
(and conceivable use of different models and techniques) as a later may be useful to think
about the interim steps that firms will need to consider balancing flexibility, cost, and support
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when deciding whether to build on open source or use APIs. Success may depend on forming
relationships with developers, platforms, and communities T echoing older ideas of linkage
capabilities. As shown in the evidence, different sectors (e.g. gaming, finance, manufacturing)
may require tailored approaches to Al adoption and learning.

9V UHG21t RYU

This paper has explored how the emergence of open source Al is reshaping the landscape of
technological learning for latecomer firms. While access to advanced models and tools has
expanded, meaningful capability development still hinges on navigating infetructure, licensing,
and community dynamics. The evidence suggests that learning is increasingly mediated through
hybrid strategies T balancing experimentation with open models and reliance on proprietary
ecosystems. These patterns challenge traditionalfameworks of industrial upgrading and call for
new conceptual tools suited to the digital era. Ultimately, open source Al offers promise, but its
impact on inclusive development will depend on how firms and ecosystems evolve together.

GGUUHRH®WYT YaYN! WnY! WycgyOowt Yel #IW f

In terms of data sources, analysing open source to think about learning and relations might come
in two major approaches. A more qualitative approach would seek to incorporate the views of
open source developers, whether that be firms or others, to thinkk@out the different dynamics
at play (Yavuz et al, 2024; Guizani et al, 2023). Such approaches have been applied to some
discussion of Al to begin to think about this process, including AOsborne, 2024; Widder and
Nafus, 2023). Elsewhere, a more quantitative analysis of the dynamics of open source
contributions, often publicly available, such as users, commits, collaborations can allow a more
detailed picture of the overall interactions with open source projects as seen in studs on
OpensStack (Zhang et al., 2020) and Android (Thun et al., 2022). Again, such approaches have
seen some useful conclusions brought out within the governance of open source Al communities
such as Hugging Face and TensorfloppOsborne et al., 2024, 2025; Yue & Nagle, 2024jowever,

in both these approaches, the focus has been narrower than the current study, to solely reflect
on the notion of open source communities and the changing types of relations (e.g. as private
firms become more central), they provide less clear dection on how studies of learning should
come about.

Limitation: For this case study, the amount of information available online means that there are
some limitations in the evidence available, and given time limits, we focus on basic summary
statistics and include only a single open source model hub (HugggnFace). With time, deeper
analysis across different resources could be done (e.g. GitHub, Modelscope, Discord, WeChat).
Further work, following the above literature, should seek to develop more detailed data science
approaches to systematically analyse pulicly available open source data. In terms of qualitative
analysis, there is room to undertake deeper qualitative interviews with Tencent employees of
open source Al, and more importantly, with those who are using and developing open source.

Although these limits may lead to less comprehensive results, | argue that this approach is well
in line with a scoping case study approach that draws on diverse sources of data and data and
methodological triangulation to provide a rich overview of open@urce Al activity within a firm.
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This can still provide an improved, deeper understanding of theories around open source Al
behaviour and pose questions around patterns of use, learning and adaptation as discussed in
the research question and review(Yin, 1993).
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Adolescents are often described as mobile natives, having grown up immersed in mobils
technologies and seamlessly integrating them into their social, educational, and everyday
lives. Yet, increasing concerns about overuse and its consequences for mental Aih have
made adolescent digital welktbeing an urgent research priority. While external interventions
T such as parental control apps and school policiesr aim to promote digital welkbeing, they
YngqUUOWPl+¢HUII AcqWn ¢ & RG! Wa lJ Wey Rnd Hutodbinyl INdOpdihg¥a
socio-technical perspective, we examine how adolescents negotiate, resist, and reconfigure
regulation within these powerladen relational structures. It reveals how young people
mobilise peer relationships to develop nuanced bpassing strategies that balance autonomy,
compliance, and belonging. Moving beyond individual sel€ontrol frameworks, the study
reframes self-regulation as a ceregulated and relational practice, suggesting pathways
toward more negotiated, systemic, and enpathetic approaches to designing for adolescent
digital well-being.
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Adolescents are often described as /b0 Y HIRAI dIR (Pridriskys, 2001) havingbeen immersed in

mobile technology usefrom an early age and seamlessly integrating mobile technology into their

daily lives. In China, the number of underage internet users has exceeded 193 million (Beijing

Internet Report, 2024), and in Singapore, teenagers spend nearly 8.5 hours per day on scieen
bINCUNAW =ZMZPbLOWI RAVWGYHARINDW qUHSEUYOGYNRIIE WHeUW Yt
academic performance, and selfexpression (Alluhidan et al., 2024; Lenhart et al., 2015;

Livingstone & Helsper, 2007), they are also associated with problematic behantirs (Ricoy et al.,

2022) that may contribute to mental health challenges (Blakemore, 2019; Orben & Blakemore,

2023) and negative effects on cognitive development and physical webleing (Chamorro et al.,

2024; Sherer & Levounis, 2022; Toombs et al., 2022)

Currently, regulatory efforts largely rely on togdown interventions from external actors, such as

NY2U1 0G4 U0qeawt #1 DUOUWqRGWIWN2RT WaRUUY W] DUT RGAWEZ M
cHAY2 Uqt wWY! WeqlRUWE YT 13t wlWA! W a e ditehiadoptedbyr Y & G¢ UR
families as parental control tools (Welle, 2023). The technological approaches are easily

bypassed, such as using adult accounts or reinstalling apps to reset controls (Hayes, 2024; Yang,

2023). Yet, such mechanisms overlook the broade LUIT RN Rq¢ G Wae | UWRUWE T-Ya 13t #1IC
expression, and learning (Hamilton et al., 2022). These external controls often fail to meaningfully
BOnenuywel Yaut #lU0qt k W2 YREWE We Ol Wahe! WNR2UIW Rt Uilqg Y U
escalate tensions with their parents and schools (Chua & Mazmanian, 2021; Erickson et al.,

2016; Goodyear et al., 2025).

However, adolescents are not unaware of the impact smartphones have on their lives. In
fact, they often struggle with their usage. Studies show they actively reflect on their past
experiences and emotional triggers to adjustheir smartphone use (Chowdhury & Bunt, 2024;
Dreier et al., 2024;Troll et al., 2021),demonstrating a level of autonomy. Thisstruggle is multi-
layered:they attempt to resist overuse and stay focus on academic or personal goals ¢(Abyadh
et al., 2024) while facing peewdriven social pressures (Haug et al.,, 2015) and relying on
smartphones for emotional regulation. However, compared to adults, adolescentsstill find it
difficult to managetheir device use through thoughtful deliberation and reflection (Davis, 2023;
Weinstein & James, 2022)Most existing digital self-control tools rely on external and short-
term constraints rather than cultivating long-term, internal self-regulation capacities, often
lacking sustained user motivation; this indicates that externally structured andmechanised
reflective guidance through mobile technology is ultimately unsustainable (Lyngs et al.,
2019).

This underscores an urgent need for technological systems that support longterm,
reflective engagement withdigital practices (Davis et al., 2023 Sweigartet al., 2025, and for
incorporating more nuanced understandingsof ¢ T Y 0 13t pet3pkdtives, strategies, and
needs to address the issue of mobile technologies usage among adolescents (Cho et al., 2025).
This study aims to gain an irdepth understanding of the struggles faced by adolescents aged 12
to 15 in Singapore in their smartphone useThis age marks early adolescence, when cognitive
and self-regulation abilities are still develogng (Boehner et al.,, 2007;Gaver et al., 1999,
makingteensmore vulnerableto smartphone overuse(Hay & Forrest, 2006)t also coincides
with the typical start of secondary school in Singapore and other countries and frequent
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smartphone ownership. We aim to explore adolescentsk struggles with smartphone use,
their needs in balancingvarious purposes of use, and how technologyan support the
cultivation of self-regulation. The findings will inform the design of more responsive and
sustainable technological support strategies that foster longterm, intrinsically motivated self-
regulation to addressthe responsible mobile technologies use. At the same time, our study
aligns with the socio-ecological approachin HCI (Freedet al., 2023;Hammond et al., 2023;
Tanget al., 2025).

We introduce the Ecological Systems Theory (Bronfenbrenner, 2000yjewing¢ I Y G 13t #1IJUqt K We
of mobile technologies for regulation and the cultivation of meaningful engagement as a

complex, multidimensional, and culturally and contextually sensitive process. It considers how
self-regulation is shaped within the contexts of the individual, peers, family, school, and braser

sociocultural and policy environments, with each external layer playing a role in shaping

¢l YOt #30qt k WLHeguGior Weydmlikndgveldpta lhbrie nuanced understanding of

control strategies and the struggles adolescents face when navigatingintersecting systems of

regulation. Tothis end, we sought to answer the following research questions:

AANalWi 6¢caqWnyY!l at WYnwl INeadcqRYULW gl ¢ qNRIJE WT Y LWeE
T D2RHIJL Wet e
AAZallc Ys W YW ROWI WO0qW WNedc¢cqRYUWH gd QDR GRNUAIC
RUWGYHAROWDWqUWHsUYOYN! Wet Ue
AAOallc Ys WHeUWqd6 3t Wt ql ¢ qUNRIJY WA Wl ¢ Ut Gc¢caqldl WF
aur6cURY Gt e
Toaddressour research questions, we conducted a pilot workshop study with three adolescents
aged 127115 in Singapore. The study explored the control strategies they encounter in everyday
life, their personal perceptions ofthese strategies, and their expectations for ideal technologies
that could help regulate their own mobile device use. We first analysed the types and specific
forms of control strategies that adolescents face in their daily routines (RQ1), and then examined
how these strategies influence their selfregulation and agency in mobile technology use (RQZ2).
Finally,we invited participants to use the Magic Machine (Andersen & Wakkary, 2019) and Design
Fiction (Bleecker, 2022) methods to imagine and prototype their ideal forms of regulated
technologies, from which we derived a series of design implications. Our contributions are
threefold:
1 1 B Y 2URA GR LBRUH cREDWan 800y T Lttt Y U a 6¥6i06 cLERUNC AW 1 3¢ U
CT YOOt K¢! Wa YARGUWqUHSsUYGYN! Wet IO
T 1 DWYo Il puciaWeORE ¢ 0 We UT W1+ q¢c UT RUNWYn W6 JWHY GG
PlgianNe o ¢ giRYYOCWCOTWE '+ qUat Wynwl+qll UcawarYUql YO

ARltc¢caql Ws YI ¢

El@wnNed¢cqRYUWROW T VYawwt #OU0UqW?202130YGaWU0q

Selt-l JNead¢ qRYUWAI YeT a! Wl Unll t WgYWwWe UWRUT R2RI 2c¢ctkt W
and emotional impulses in order to achieve personal goals (Novak & Clayton, 2001). It plays a

vital role in adolescent development (Farley & Kirspoon, 2014)and is a key factor influencing

learning, as well as cognitive and social functioning (Opdenakker, 2022).During adolescence,
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which is a period characterised by profound cognitive, emotional, and social transitions (Fomina
et al., 2020), the ability to selregulate becomesparticularly important. Priorstudies haveshown
that higher levels of self-regulation are associated with better academic performance (Blair &
Diamond, 2008; Duckworth & Seligman, 2005)and greater engagementin prosocial behaviour
(Bandura et al., 2001).Moreover, ¢ T Y 0 I3t # IJ-tegulationlis hbii only shaped by their
individual abilities but also by their relationships with parents, peers, teachersand even
romantic partners (Farley & KimSpoon, 2014; Opdenakker, 2022).This suggests that self-
regulation develops within a complex social environment rather than as an isolated
psychological trait.

fUWq6 0 WHERYUqU+qWYnWa YARGWDWqUHSUYOYN! AWel Yt #1IIU.
(Prensky, 2001), a generatiorthat has grown up immersed in mobile technology and integrated

it seamlessly into everyday life. Mobile technologies can support adolescents in maintaining
social relationships, achieving academic goals, expressing themselves, an@éxploring their
identities (Alluhidan et al., 2024;Lenhart et al., 2015;Livingstone & Helsper 2007).However,
problematic patterns of use such asphubbing, FOMO, selfiphobia, nomophobia, vibranxiety, and
sexting (Ricoy et al., 2022) have been linked to mental health concerns (Blakemore, 2019; Orben
& Blakemore, 2023) and negativesffects on cognitive development and physical well-being
(Chamorro et al., 2024;Sherer & Levounis, 2022Toombset al., 2022).Self-regulation has been
found to be an effective factor in mitigating problematic smartphone use (Cap et al., 200Xiao

et al., 2025).

f Ollc9f AWt gqal RIJt W-Megulbtion Rave linairyJfocased dil retluging excessive
technology use and addressing smartphone addiction (Adelhardt et al.,, 2018; Duckert &

Barkhuus 2021; Kawas et al., 2021; Lanette et al., 2018Yisniewski et al., 2015]. For instance,

Chowdhury and Bunt conducted online codesign workshops with early adolescents to identify

youth driven, technology-based mediation strategies that encourage disengagement from
OYARGUW W2RHALDYE IOWNG6 WRI WnRUT RUNt WE6RNEGRNG qllg 6 1JWRG G
parental control and considering emotional needs in design (Chowdhury & Bunt, 2023). Chen et

al. (2022) developed &chLifeProbe, a system that integrates mobile and wearable technologies

to support data sharing between adolescents and parents, helping reduce smartphone addiction

and promote healthier family communication. Similarly, KR G WIJ q We G OWII+ ¢ G ROWIT We T Y
BeReal, a social media app that uses random prompts and unfiltered photos to encourage

authentic self-presentation. Their findings suggest that such authenticity sharing practices can

promote subtle forms of selfregulation through social interaction (Kim et al., 2024).

Taken together, these studies indicate that adolescent digital selfegulation cannot be fully
understood without considering their agency, motivation, and the social contexts that shape
technology use. Although researchon digital self-regulation in HCl is growing, little is known
about how adolescents themselves develop strategies to manage their mobile device use
(Chowdhury et al., 2025) Prior studies suggest that adolescents struggle more than adults with
self-regulation (Muraven & Baumeister, 2000), tén failing to manage device use in intentional
or reflective ways (Farley & Kirspoon, 2014). In other words, their selfegulatory capacities are
still developing, leading to tensions between internal desires and externaontrol.

Most existing digital selfcontrol tools rely on external and shoriterm restrictions rather than
cultivating long-term and intrinsic self-regulation (Lyngs et al., 2019) These approaches often
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fail to sustain user motivation or address the deeper personal meanings that technology holds

RUWeT Yot #0qt K WI32131 1T ¢! WaR2 1t WelAYnadévéldpedY WAWA 2 |
Locus, a tool designed to help adolescents reflect on unconscious social media use (Davis et al.,

2023). However, its limited effectiveness among participants supports the argument that

externally structured and mechanised reflective guidances unsustainable (Lyngs et al., 2019).

Beyond external control, fostering conscious meaning making (Lukoff et al., 2018) is essential to

help adolescents engage with mobile technologies in more intentional and seliware ways.

In this study, we adopt Farleyand Kim E G Y Y d&finition of self-regulation as 11 a @xdrtion of
control overthe selfbythet 1J {(Fa&y & KimSpoon, 2014;Muraven & Baumeister, 2000)This
definition emphasises that self-control is not only a skill but also an ongoing process in which
individuals actively regulate their attention, emotions, and behaviours within social and
situational contexts. Since adolescence is a period of heightened sensitivity to autonomy, self-
esteem, and social evaluation, the development of selfregulation during this stage is both
complex and fragile.

NUJUt RYUWARqs 30w T Yawut #00qt W nUUH! wWwe U7l WE+ql Ucdl

During adolescence, individuals are often considered to have limited impulse control (Radesky,

2018), which has motivated numerous studies to explore how external interventions can help

them manage their use of mobile technologies. Amonghese interventions, parental mediation

has received the most attention. Prior work has proposed various strategies, such as
UNYqREqRUNWE WAHEG e URNDWHNqs WU WGe!l WUqe dWRU2Y 02130
2022; Chowdhury et al., 2025) employing social translucencéased regulation to mediate

information sharing and privacy by managing paté gt k W2 Rt RARGRq! WYNWRUNY!I G ¢
mobile devices (Yardi & Bruckman, 2011) and regulating usage through screéme restrictions

(Blackwell et al., 2016; Mazmanian & Lanette, 2017).

However, such interventions often provoke psychological resistance in adolescents due to

concerns about privacy and autonomy (Erikson, 1994Roffarello & Russis, 2023), which can

heighten family tension and conflict (Akter et al., 2022) and make it increasingly difficult for

parents to maintain consistent rules and boundaries for technology use. At the same time,

existing research has tended tooverlook T YO I3t #Uqt «k We NRWUOH! WROWI W2 130YGF
strategies to circumvent parental controls, thereby undermining the effectiveness of such

ROqUI 2 00qRYUt Wetoel T RWAWT7 ! edt 6¢ UAW=MNNb OW[ YI WRUt
NI ¢UT Ge IOzt X Wfswl JUqWY! Wal ¢T WY q6 1l WeT 2taqt k We HA
bypass adolescent identity verification systems Guo, 2024; Schianoet al., 2016).

710! YOT WagéWWneaRO! WRYUqU+FqaWel YOt #U0U0qt Kk WaqHSEUY O
Magee et al. (2017) highlighted that local policies and access restrictions significantly influence
cT Yt #UU0qt Kk WG YARGUWqUHEG UY O Yie! ube aoff ddrfaiil teVidedlloR Ut q ¢ U F
applications on campus, even for educational purposes. Nevertheless, adolescents often
develop tactics of resistance to challenge these institutional controls. As Green (2002) observed
in her discussion of surveillance and dicipline, students tend to find private spaces to use their
GOYUIt WT R HI WUqd! AWt eHGWet We UT 131 WT 134 t 4sigedits; Y WE 2 YR
cCOtwlWl It ql REQRYUY WaGe! WY2W1 aYYt WgqsWWI ! UcaRAWeUT L
Wyche et al., for instance, documented how schootlevel restrictions on phones in Kenya
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hindered youth from seeking help or communicating in emergencies when managing Type 1
diabetes (Wyche et al., 2024).

Overall, existing research tends to treat ¢ 1 Y 0 1Jt Higitél didalkh as an issue to be

controlled, rather than recognising their agency and reflective capacity in technology use. This

gap motivates the present study, whichseeksto explore how designcanfoster¢ T Y I3t #1IJUqt K
internal self-regulation and sense of autonomy. Suchan approach not only helps adolescents

manage mobile technology use more effectively but also provides theoretical and practical

insights for developing digital health interventions that support their psychological and
behavioural growth.

~¢NRAW~e¢HERUWIWAW? It RNOW[ RAQRY U

Workshops are a widely usedmethod in HCI research(Andersen & Wakkary, 2019¥serving
as a participatory approach that engagesparticipants in envisioning new design possibilities
(Lupton, 2017; Potapov & Marshall, 2020 ;Spinuzzi, 2005). HCI researchers have organised
diverse workshops with adolescents, focusing on the design of personal informatics tools
(Potapov & Marshall, 2020)pnline safety interventions (Agha et al., 2022), and social robots
(Bjorling & Rose, 2019)Among these approaches, the Magic Machine technique has been used
to encourage participants to explore creativity in personalised and imaginative ways, helping
them envision and articulate their own capabilities, aspirations, and relationships with
technology (Andersen & Wakkary, 2019}t has been adopted in studies with children and
adolescents to support co-creation (Lepri et al., 2024) and enhance parenthild communication
(Cao et al., 2025 Mufioz et al., 2019). Typically, participants use simple materials to create
GecUT Al cnaqlll WGI YqYq! GUt WeUT Wett RDUW@6 3G Wi e NRAC
radically personal visions of possible technological futures(Andersen & Wakkary, 2019)For
adolescents, the openended and exploratory nature of the Magic Machine approach
encourages active engagement, playfulness, and creative exploration (Verweij, 2025).

In addition to participatory workshops, design fiction has also been frequently used in HCI to
explore possible futures. As a speculativedesign approach, it aims to promote understanding,
provoke creativity, raise questions, and inspire innovation and reflection (Almohamed et al.,
2020; Baumer et al.,2020; Bleecker, 2022;Ng et al., 2021). Design fiction provides a concrete
and imaginative way to reflect on and critique emerging technological, social, and ethical issues
(Baumer et al., 2018). In studies involving adolescents and children, design fiction has been used
as a paticipatory tool to help them imagine and discuss future scenarios, such as envisioning
digital lifestyles (Sharma et al., 2022) or exploring potential technological futures (Gak et al.,
2025). This method enablesparticipants to creatively engage with complex sociotechnical
topics that might otherwise be difficult to articulate (Gak et al., 2025). Some studies have
CGGURUT WT Wt RNPUWNRAqRYUW qYWa2UT W1t qeUT Wel Yaut #IUC
facilitating conversations about the kinds of futures they desire (Lee et al., 2025). It has also been
used for educational purposes, such as creating fictions to foster critical understanding of new
technologies (Tamashiro et al., 2021).

Grounded in this background and aligned with our research objectives, we adopt a @veative
approach with adolescentsto explore the technological futures of self-regulation. Thisapproach
enablesadeeperunderstanding of their perspectives and their relationships with technology,
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the environment, and society. Accordingly, we employ workshops as our primary method,
combining the Magic Machine and design fiction techniques to investigateow adolescents
envisionfuture self-regulation through technology.

~Jq6 Y1

In this study, our main goal is to understand how adolescents navigate regulation strategies in
their everyday use of mobile technologies and how they perceive these multifaceted strategies.
To achieve this, we conducted workshopshased on the Magic Machine and design fiction
approaches. The Magic Machine technique encourages participants to create handcrafted
prototypes using simple materials and to imagine magical functionalities for them (Andersen &
Wakkary, 2019). This method has been widely used in sties with adolescents and children to
support co-creation (Andersen, 2013; Andersen & Wakkary, 2019) and to inspire exploration of
technological futures. Design fiction, as a speculative research approach, uses fictional
narratives and creative making to povoke reflection on the relationships between technology
and society Baumer et al., 2018; Bleecker, 2022; Gak et al., 2025). In our workshops,
adolescents were invited to reflect on their relationships with mobile devices through
conversation, discussion, and making, and to explore how technologies might better support
their self-regulation.

Given our limited prior understanding oadolescents lived experiences, we first conducted a pilot
study with three teenagersin Singapore. Theprimary purpose of this pilot was not only to gain
preliminary insights into our research questions but also to establish a discursive space for
developing more focused intervention strategiesin subsequent studies.

A¢cl qRARGc Uqt

Participants were publicly recruited through social media, and workshops were conducted on

qé Wl Pt el H6WI +t k WHecGGet WsRaqé6WGel WUqeaWrYUL 13U0q Ol
corresponding to the secondary school age range for most teenagersin Singapore. This age

group roughly aligns with the early adolescent range (11114 years) described in prior research

(Holtz & Appel, 2011). All participants were active users of everyday mobile devices such as
smartphones, tablets, and smartwatches. We use nickname to introduce them.

AN CHEID o ANGEDIRAY CHEl BB IRG 8¢ | WU qt 10
As ¢ ! Tilive (TiMIA 1) d¥ il Rl R &Fc | JUqt 1O
A7 1 ¢ Ulie Cigoea 1J dV chdl &1! T 0 @ i | Y gis R g &l ¢ U7 4 Yq6 131 10
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Session 1 - Experiences Session 2 - Regulation Session 3 - Making
40 min 45 min 30 min

o Sharing the top 5 most frequently used Apps ° Sharing Vignettes o Making Magic Machine
- 1 ~T——— e ‘

° Writing Design Fiction

& w4 -~
=

g

4
W

[ RDa | JWNIWNGWWAI YHIT 21 DWYnWad6 IWi YI t 1 ¢
Al YRDT 21 1

The workshop procedure is illustrated in Fig.l and consisted of three sessions. We began by
engagingparticipants in discussions about their lived experiences, focusing on the regulation
strategies they employ in their everyday use of mobile technologies and their perceptions of
these strategies. This was followed by making and writing activities groundeid the Magic
Machine and Design Fictionapproaches. The workshop lasted a total of 115 minutes and was
facilitated by a member of the research team. After participants provided informed consentthe
entire session was audierecorded. All recordings were sbsequently transcribed and
anonymised to remove any personally identifiable information.

Session 1uReflecting on Daily Use and Experiences.

Session 1 focused on identifyingand2 UT 1J1 + q¢ UT RUNWGe |l qRARGc Uqt k WGE q
device use. The goal was to capture the range of applications, habitual usage, and time spent on

devices before investigating regulation strategies. Participants were asked to represent their

usage daa on a whiteboard. We then provided six question cards related to mobile device
experiences. One participant drew a card at a time, and all participants collectively responded

and discussed. The questions addressed tojgs such as the positive significance of mobile

devices, longterm impressions, the importance of specific apps in daily life, apps that easily

capture attention, and G¢ | a R # Rn@ginbkignt of a day without a mobile device. These

prompts aimed to encourage open discussion on the impact of mobile devices and to facilitate

reflection on both using and not using them.

Session 2uEXxploring Regulation Strategies and Tensions.

Session 2 began with participants sharing vignettes they had prepared prior to the workshop.
Participants were asked by email to create a vignette describing a struggle related to phone use,
nYl WIF¢c GG UAWmBe WaYaWUaqlls 6 130 W! Y eelthai yodi iRténded] lorY 2 k 2 1J L
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56100W! YeWnRUOT W! Yel t DdnWAGRUT a3ttt a! Wt #I YaGdaRUNWEe U
vignettes, participants were invited to use provided strategy cards to document regulation
mechanisms originating from themselves, their parents, school, or other orgasations.

Participants then discussed these strategiesand shared their experiences. Next, they placed the

different strategy cards on a large canvas, marking the relationships between strategies, such as

conflicts, reinforcement, or undermining, to stimulate deeper discussion and reflection.

Session 3wEnvisioning Alternative SelRegulation and Future Technologies.

Session 3 applied the Magic Machine method to encourage participants to imagine speculative
technological tools for future self-regulation based on reflections from the first two sessions.
Participants were guided to envision themselves living in 2045 artd conceptualise a magical
device for managing personal mobile device use, or even alternative devices that could transform
future adolescent regulation patterns. Participants first proposed three concepts on an idea
canvas and then selected one to developnto a Magic Machine. They subsequently elaborated
scenarios and detailed narratives of how the device would be used through Design Fiction. Al
tools were allowed to support creative ideation and visual generation. Ultimately, we collected
three devices dong with their correspondingstories.

?2¢qecw Uca!t R

Two researchers analysed the transcripts, photographs, and participants submitted or
completed materials usingBraunand 9 G ¢ | rtefl@xivie thematic analysis approach (Braun &
Clarke, 2019). The analysis followed a recursive and reflective process that embraced the

[ 13t 1J¢ | daldjddtivity &nd valued the unique perspectives of individual participants, rather
than focusing on conceptual saturation or achieving a particular sample size. Knowledge was
treated as a caconstructed interpretation by the researchers. Both analysts familiarised
themselves with the data, generated initial codes, ad developed higherlevel themes. These
themes were further reviewed, refined, and iteratively discussed with a third researcher. The
JaGUI DRUNW@6 G WG RG¢I RG! WeT T 1 W3 WU WGe!l qRARGe Uq
strategies they encountered, bypassing strategies, and alternative visions generated through the
Magic Machine and design fiction exercises.

[ ROT RUDY

N6 JW? 32 RAVWOL ¢cNUWAcqqll OUwWweaYUNWAel qRARGe Uqt

i JWnRI Y qWP+¢ GRUVT WadWlWGel qRARGE Uqt Kk WT RNDRaedWT 12
multiple mobile devices in addition to their smartphones, including iPads, MacBooks, and
school-provided Personal Learning Device§PLDs).Althoughwe informed participants that they

could bring any electronic devices they used daily, they still prioritised smartphone, and
recording its screen time during workshop.

9YUt Rt qUUqWs Rq6WGI RYI Wt el 23t WYNWERUNeGY!I WeUWEeT
primarily fell into three categories: social communication, learning, and entertainmentBoaseet

al., 2021; Tang 2025)sge Figure 3. Tracy and Jaydon mostrequently used WhatsApp. Beyond

staying connected with friends and family, they also used the app to access news and

information, for example,y nn YO 0 Ys RUNIONG IJIOE ql ¢ R qChHoMm&watltha®c UT 109
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second most-used tool, primarily for learning, general information retrieval, or accessing other
web-based applications such as ChatGPT and Proplexity. Other apps were mostly used for
entertainment and leisure; all three participants listened to audio conént via Spotify.

Participants Top 5 Screentime Apps Usage Time
* Whatsapp-?7?

‘ + Chrome-1hr17min/day
+ Spotify-3min/day

« Life 360-2min/day

* Google Drive-2min/day

5 <3
Jaydon (1> G A !@4 + 1 hr 26 min/day

Whatsapp Chrome Map Honor Home BlockBlast

Tracy o ¢

Whatsapp Chrome  Spotify Life360 Google Drive

+ Tik Tok-1hr 15mins

* Whatsapp-30min/day
o )
Brandon = f",i) @ G + Instagran-30min/day
*+ Youtube-15min/day

Tik Tok Whatsa Instagram  Youtube Chrome
PP g + Chrome-10min/day

[ RRD2 | WW=ZWN6 WWNYGWP WOt DWW GGt WeaYUNWAce I
YagcHG! AWsec! T YUkt WGe!l WUt WRAGGYH UT Wt ql RAqWIRGRq
browsing Honor Homé and playing BlockBlast? became his primary forms of mobile
entertainment. In contrast, his older brother Brandon faced no parental restrictions, and apps
such as TikTok,Instagram, and YouTubeoccupied the majority of his screen time. Participants

also reported that they could access web-based versionsof apps through Chrome, allowing them
to bypass certain parental app limitations.

In terms of overall screen time, all three adolescents reported daily usage under two hours,
considerably lower than the 8.5 hours per day reported in a recent CNA survey of Singaporean
adolescents (Tang, 2025)However, there were some inaccuracies in both recorded screen time

and the purposes for which apps were used. For instance, due to parental restrictions on

WhatsApp usage, Tracy installed restricted apps via thirgarty app marketplaces, which were

notcc Gaeal T WAH! Wadé W !+ qldé& & LWHHE B ILIDN G 6 B MidH & e & b N &
RUt RI UB ®

AldnzidcqgRYUWEQq! ¢ qNRIJY

The participants described smartphone regulation strategies that primarily originated frortheir

families, schools, and, to a limited extent, selfregulation. Although app marketplaces and the
Singaporean government have issued relevant guidelines, participants did not reference these

resources in our study. Moreover, while prior research has gihlighted the influence of peers on

adolescent smartphone use, we found that peers providedt Raqd DLWt 2 GGY Il qln Y1 WGe |
regulation efforts.

Limited Agencyunder Parent-Centred Control.

Alignwith prior study (Lee et al., 2024)parental mediation is still the primary form of external

Uz ¢ 5 JRKY We GGWAaE! t WqGidc /IO
P WG AAGIIWNE G
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intervention. It primarily takes the form of systembased restrictive mediation, which controls
the types of content accessed, the amount of time spent on certain activities, and limits phone
usage in specific contexts (Hiniker et al., 2016). Tracy descrdol experiencing strict restrictive
mediation, specifically through systemsettings such as iy g Rlitniks, app limits, downtime, and
appH 0 Y H tafgli€ime- and location-based restrictions: /b~ parents make sure no phones
are allowed duringmeals. No phone use on the bus, no phone use duringfamily g R { Tr#0yalso
mentioned that her parents would directly check the content on her phone: /6N & 1J ljudl ikR e i
my contextif f Ktéxtingsomeoneelsethat IT Y Ukkogy or somethinglike q) 6 ¢ q) FOmb

Jaydonreceived more explicit parental control. He explained, u N Gihdtall parental controls so |

# ¢ Udbwnload certain ¢ G Gt Speglically, he was restricted from downloading any video-

streaming apps like TikTokor YouTube. Additionally,s ¢ ! T Fakkrts also monitored his game

downloads, which led to puzzlegameslike iy 7 0 Y Ht dccugyingiad@@e portion of his screen
qRGOUOWc Ys 211 aW71 ¢UT YOAWetr Wsel T YUk WYGT W1 WHI Yqéb
from his parents [L5]. He had the freedom to use short video and social media apps. He

explained, y ~ ¢! AIJIORq bt IOAIIHC 2-HN DG OB & € HIOAD OBV U IOD QI W IIT U
Unlike other participants, Brandon shared that his phone use was primarily managed by his
grandmother, as they lived together. He saidy ~ §randmakeepsmy phone at 10:45p.m. just

before bed, sayingl need to getenought @ 1J ITsyiG@ddparental control differs from parental

#HYUql YiAaWnY#Hzt RUNDWYUWq6 JWGE! +t RACGWIcUcNIGUUqWYnU
does not use a smartphone.

As prior research has extensively shownAkter et al., 2022;Dumaru & AFAmeen, 2025;Dumaru

et al., 2024; Hiniker et al., 2016; Ibrahim et al., 2025), restrictive strategies like these often

intensify negative emotions among adolescents and lead to conflicts with their parents (Ghosh

et al., 2018). Participants with stricter parental control (e.g., Tracy and Jaydon) used terms such

¢t WoHeWUwAWmEG ¢ A WYNWal 2t gqwualle U7 Wl Wt ql RAqRY U WY O Wt
HYUq!l YOW ql ¢qUNRIJE OWNI ¢ H! W 6¢1 BT Allmb~¢ ! AW WNIJa We
GeUenNUWa! WYsUWGsYUWLWet ¢ NIIOwWNI ¢ HI W di it AR GO HIA wiid
T YUkqWe UT It q¢cUT Ws 6! Waqdé ! W DqWdRAGRagt WnVY!l WGaG! Wi 6 ¢
GRNETGRNGEqt WGe!l WUqt k WRYURDI Ut WeHYe qwWYUaGRUWDWE ¢ndq
cT YUt #UU0qkt WT 13t RI 1 1 'the lackl ob hegdliRiancbétmiden! thisldeselardl ¢ U
parental control.

Additionally, Tracymentioned, /b~ parents need to work, so they make sure we sleep earlier and

I Y Wistarb them while a1 6 1J Warkingl So, youmust learn how to manageyourtime properly and

finish yourhomeworkbeforeq 6 ¢ AjdOnlJapprdachesto regulatinge T Y G 1+ rHdBilé delvise

use are largely influenced by their own time management routines, leading to rigid regulation

bl ¢qUNRIE IOWNGSRY WGYRUQt WY W BWURWT WnY!l WOWNYqR¢a
schedules, and family time.

School Strategiesfor ManagingSmartphoneUse.

The three participants shared the ways their mobile device use was regulated at school. As with

the mobile phone bans implemented in most Singaporean schools (Telok Kurau Primary School,

2025; Tampines Secondary School, 2025), Brandon and Jaydon reportdthtt after arriving at

school, teachers would collect their phones and storethem in lockers until the end of the day.

NI ¢H! Kt Wt ASYYOAWRUWRY Uql el Ygkgais R0 N |E MaRd Vi (d 1kddy ¢ 1
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G6YUNIOqVYIOt A6 Y YO IOT 2t q HOHNKeVdeésy, Smme studénts btilRdikéimEd ¢ + + 00 ¢
to circumvent these rules. Brandon shared a common practice among his peergt f UHOG ! 1Ot HE Y Y i
they hidethe phonein the bag. Thenduring recess, they secretly usethe G 6 Y U LBeyoDdstrict

enforcement, schools also employed softer regulatory strategies. Jaydon noted, u N 6 give

speeches on the harmful effects of watching phonefortoo i Y UAN thiee participants expressed

asense of powerlessnesstoward these exhortative measures, stating that theyy n 13130 FOUY q 6 RU Nk
q6 Rt CO

Outside of mobile phones, some schools appeared less strict regarding other mobile
technologies. Brandon observed this inconsistencyy N6 1J! 105 1J1 WJIOG Rt Ju G ¢t IOt 21 1J
G6YUIIONI 131Ja HOE Y 1Of Hile edninely 'gdalRfAahd ol datidndistaidrevent

distraction during lessons and to encourage social interaction among peers during breaks

(Tushara, 2024), prolonged restrictions and control over mobile technologies inevitably led
adolescents to develop diverse bypassing behaviours on camys.

Alternativesas Self-RegulationStrategies.

N1 ¢ Beélfimposed limits were somewhat vagueand flexible, as she stated: 11 gust) | Y (igeq
phone too long at Y U A B@&@ever, this approach occasionally conflicted with the bypassing
strategies she described (see Section 4.3), leaving it unclear whether this intention-based
method at the personal level effectively promotes selregulation or reduces screen time.

[ RNDe Ngwmaollgl!l | JaecqRYUt 6RGH W aYUNWq6 WWEaQ! ¢ qUNRIJ
Yadkt UT s | RaqqUUWA! W6 JWGe!l qRARGe Uqt We UT WNI ¢ G6RA¢cGG! W WG 13t 13U

Brandonand Jaydon,in contrast, attempted to control their phone use primarily in response
to the physical discomfort caused by prolonged usage. Brandon explained, j ajto hot use too
long, cause my body R aqigbrna get ¢ 'n 'n 1J HuajthkbeG@ses, they intentionally engaged in
outdoor activities or other bodily stimulation to regaincalm. For example, Jaydon reported
trying to perform at least one hour of physical activity daily to divert attentiofrom his phone,
while Brandonstated: i évifl) take ashower to kill time instead of usingmy G 6 Y U 1J eaim¥ddwn
0 ¢ .0l&Be selfregulation strategies lack a strong sense of agency at the personal level, making
it difficult to determine whether they are side effects of parental and school regulation or
proactive managementof personal priorities, such as academic obligations. As Tracy mapped
in her reflection Gee Figure 3, her seltregulation strategies emerged as an adaptation to both
parental and school regulation.

YaqcecHG! AW 7 |-redulbtigr] éxhidietl 1d tfamm of seldeceptive rationalisation. He
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perceived that as long as he did not spend time on the phone itself, he was exercising self

control. He shared: iy f 02t 13100 | HO& Ay phd@obliuse the ghone mirroring app on a

MacBookn |feel veryhappy because like at least | got somethingl can still use. | still can doom

scroll without using my G 6 Y U lJleasta) can do 5 VY | .tBi@ddon framed self-regulation as

detachment from the mobile phone as a device rather than restraint of behaviour. By shifting the

medium through which interaction occurs, he felt a sense of control. This illustrates that
smartphones remain q 6 IJWG Yt qWeT T RAqR2 IJWI -pegcéptbl IWIRUOWe T YO It #IIU

This self-deceptive approach also extended to the use of audio applications (e.g., Spotify).
Brandonrationalised: u q 1J # 6 URRyetsérden a R & Uki@gthis logic, he mentally categorised
audio listening as a behaviour that does not require regulation. However, audio apps still lack
effective filtering and age restrictions for adult content (Spotify, n.d.).

71 Géett RUDWEqQ! ¢qUNRIIY W2 132100 YGUT WRUWAWY GYUt DY W9 Y

Beyond formal regulation, the participants shared a range of bypassing strategies to circumvent
restrictions imposed by parents and schools, including the use of dual systems. Specifically,
Tracy,who uses an Android device, demonstrated the most direct and sophisticated bypassing
strategies. She shared:
f IDIRIG RICHO dJGE O IPMEEIGHE)IJ H ¢ 1© GRER FRRbLID Y Mt Gid R IEORSG36O RIIBO
¢ G@61®a U IOl 2 B HBGHEGIAC DR IR 3OIGC Gt v D&GAEHIY K& D R D fihjtOo
G 6 YHO 013 tRJE0fiReq)l £ 1J 1O

Throughthis mechanism, she was able to download applications that were otherwise prohibited

by her parents, while manipulating her screentime visibility by hiding and using duplicated apps.
This performative practice enabled Tracy to negotiate a delicate balance between asserting
autonomy in her phone use and appearing compliant under parental controt Y5 132 131 Alls ¢! T Y U
bypassing attempts took the form of a more direct confrontationvith parental control. He shared:

iy q | toReUirxhe limited password uthey (parents)will getanotification, then ap 6 1JasKsrie Why

| keep trying to bypassthet ! t q IByrgp@&atedly attempting and verifying the password, he
sought the freedom to download applications from the app store. This also reflects how the type
of operating system shapes the degree of agency adolescents possess in their bypassing
practices. Within the more closed i0OS environment, Jaydon was unable to adopt duplicating
GuH6¢ URY GF Wt RARGCE! WaqVYWNI ¢H! Kt 1O

At the school level, participants referred to strategies learned from classmates or friends.
Although they claimednot to havetried them personally, Tracymentioned: 1 ¢ H q &reniy G !
PLD,right, R gstpposed to like block all those like game websites. But then my schoolmates
found some that Rt Wi RdjByetdhough PLDs come pre-installed with device management
applications (Koh, 2025), adolescents actively explored ways to use the scheahandated PLDs
for non-academic entertainment, often sharing these approaches with peers. Brandon described
asimilar practice: iy N 6ugé like a GoogleClassroom link or a copy of it. Thenafter you pressit, all

the gamescomee GHO¢c Gl J¢ T ! g CO

These schoolrelated bypassing strategies exploited the existing devices and platforms that were
officially intended for learning purposes. Through such playful manipulations and subtle
disruptions within school-regulated systems, the adolescents further blurred the boundary
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between learning and leisure. Moreover, these tactics were enthusiastically circulated among
peers wsharing clever workarounds for bypassing school restrictions often proved more
appealing than discussing challenges of seffegulation or external control.

For these bypassing strategies, Tracy described a sense of guilty pleasure, while the participants

more broadly expressedfeeling 1 6 ¢ G @erc€iding such actions as a way to reclaim greater

freedom in using their phones. They attributed the need to employ these strategies to their

Gel DU0qt kWG ceHE WYnWal 2t g ldondrbl iasthéckissaryg ¢ UT RUN WY nWs 6! U

~¢NRAW-c¢HERUNWAWL? It RNUW[ RAqRY U

Through the creation of the Magic Machine and Design Fiction, the three participants
demonstrated their understanding of and expectations for envisioned selfegulation
technologies. Our study found that their considerations for ideal mobile device use
encompassed multiple dimensions.

Eqel ! BNINKAGEYI cdlWl 2qYUYO!

Tracy envisioned a smart wristband calledstudySyng designed to encourage healthy phone use
by exchangingstudy time for screen time (see Figure 3. This timeexchange design reflects
typical gamification features commonly applied in behaviour change (Edwards et al., 2016;
Truesdell et al., 2025) andearning contexts (Sailer & Homner, 2020)StudySyncestablishes a
computable link between learning and entertainment through a quantifiable incentive
mechanism, replacing restrictions with rewards and seeking a balance between studying and
phone use.

Atthe beginningof the story, Tracyexpressedscepticism toward the device, mumbling: 11 f msh t
another gadgetto control 0 IJ gT6Breflects ¢ 1 Y @ 1Jt Rrdithore to surveillance-oriented
technologies, with the device symbolising tangible forms of external oversight, such as parental
or school monitoring. However, as she engaged with the device, Tracy gradualbalised that
every minute spent reviewing math, completing assignments, or taking online quizzes would earn
study points. Although still reliant on StudySync as an external regulatory device, the autonomy
of its use was under her own control. By aligning the incentive mechanism with her personal
priorities, Tracy gradually regained agency over her mobile device use, shifting toward a proactive
and positive selfregulation mode.
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Your Magic Machine for
Regulating Mobile Tech
, # Idea 01

A Kbrary) wiin eveny book in He werld and ¢ (s
ACCESonble €0 | den't have 4o head ¢ boskt et

® /idea02

A maching that rootivates you 4o do your werk
By giving You o aliscated ameunt of pnang dmne
depending on how \eay gont werk | study

S

® ~1deac3

No phones. \f novd communicate, vee the heuse phone
Aor entertalnment, play) heard games >

Tracy loves reading. Not the kind from dusty textbooks —
but eBooks filled with adventure, romance, and worlds she
can escape into. Her parents call it “too much screen
time.”

Her teachers say she should focus on her studies. So when
the school gives her a StudySync Band, she’s skeptical.

“It's just another gadget to control me,” she mutters.But
the StudySync is different.

It doesn't stop her from reading — it rewards her for
studying. Every minute she spends revising math,
completing assignments, or doing online quizzes adds up
as Study Credits.

Those credits unlock her Reading Mode — special screen
time that lets her continue her favorite eBooks.

At first, Tracy rushes through her homework just to earn
more reading time.

But soon, she realizes that the harder she focuses, the
faster the StudySync’s progress bar fills up.

She begins timing herself, turning study sessions into
challenges. When she hears the cheerful “Ding!” that
signals another hour earned, her eyes light up — because

that means another chapter of her favorite fantasy series
awaits.

[ RNDe NIJWRIOE Wf T Wet All~¢ NRAW~¢H#ERUWW OT W? 13t

At the same time, StudySync embodies a reimagined form of negotiation. The mechanism
transforms unilateral constraints into anegotiable relationship, allowing learning and phone use
to move from opposition to dynamic coordination, reflecting a recalibration between external
management and personal
cT YUt #Uqt Kk WG HIJG q R Yeliaibviént Add et Rel Suidhuddge iR trebkédLln Y | LWIJ (
as arewardrather than alegitimate form of leisure time. This implicit framing links phone-based

entertainment with potentially addictive behaviour, even though research suggests this

association is not necessarilyvalid (Katevas et al., 2018)Mobile device use is often perceived

as a restricted form of entertainmentthatt 6 Ye 01 WHNWWIRGRqUT IOWNS I InYIl ¢
leisure use of mobile devices should be considered in opposition to learning remains an open

guestion. Furthermore, the concept of StudySync reiterates our earlier findings: rather than

intentional self-regulation, muchof ¢ T Y 0 13t éhghgementreflects an adaptation to external

regulation.

control. However, this rewarébased design also reveals

961 YUY EES GIARH T W c¢qel ¢ a WAWGRUOT 11

Brandon envisioned a device calledChronoCase, a phone case that provides vibratory haptic
feedback based on phone usage duration to gently remind users to put down their deviceseg

Figure 5.

ChronoCase is characterised asy D 1J U q) i ,|I¢ent@istigwifiCGibe more common approach of
forcibly stopping phone use. Unlike prior research, where parents would abruptly terminate
¢l Yt #1I30qt & WY BAp €HRoAITHSD afférsdoBriinudusigentle reminders. Brandon
depicted a scenario while playing a game: when his screen time reached a limit, the system did
not automatically interrupt the game but instead delivered progressively stronger haptic
feedback, establishing a subtle rhythm. In this way, ChronoCase extends regulation into an
embodied dimension. By providing a bodily experience, it reshapes¢ 1 Y 0 13t &vdrengds af
their phone use and promotes an embodied understandingof mobile device regulation. Rather
than simply being controlled, this approach encourages reflective, embodied autonomy.

N P



EanDDuRUDMRUMqOUI
OUT WIt qeUT RUNDWATIVE 10t/ IRY @B IRG [ ¢ O RG! AWEHSE YY O A

Brandon, a Secondary 3 student in Singapore, clutched his phone, fingers
S £ > flying across the screen as he tried to finish one last level of "Mobile
Regulatmg Mobile Tech /"7 g Legends" before dinner. His Chrono Case, a sleek black model with a subtle

, N 3 holographic shimmer, had been silently tracking his usage.
(<& #idea 01 i A S 3
A m He'd already breezed past his 2-hour daily gaming limit, a boundary his
? ne CWC thh hﬂf‘ QJ v'"ﬂfﬁ aﬂﬂ parents had reluctantly agreed to after countless late nights and forgotten

e ustr uses bis orher homework. Suddenly, a gentle but insistent buzz started in his hand,
«lm, < ly. a g
3 Uil ueer MW - y accompanied by a soft, melodic chime - not too loud to embarrass his in

public, but persistent enough to cut through the game's soundtrack.
, # idea 02 \ 4 . B “Ugh, not now," he mumbled, trying to ignore it, but the vibration grew
( more pronounced, an unignorable thrum against his palm. His mum’s

M Your Magic Machine for

voice from the living room, "Brandon, dinner’s ready! And put that phone
away, you've been on it all afternoon!” The ChronoCase seemed to amplify
his mum’s words, the vibrations intensifying with each passing second he
held the device. With a frustrated sigh, he knew the drill. The buzzing and
chiming wouldn't stop until he physically placed the phone face down on
his desk, signaling to the ChronoCase that he was disengaging.

Giving in, he slammed his phone onto the table, the vibrations instantly
ceasing, leaving behind a faint echo of the chime and the distinct feeling of
his free hand, suddenly aware of the world beyond his screen. "Coming,
Mum!" he called out, already feeling the mild relief of a digital detox taking
hold.

[ RDe | WWPOW71 ¢UT YUKt WFT Wét Al~¢ NREW~-¢HERUIW

After a brief momentof struggle, Brandon put down his phone. He described the experience:

w13 ¢ 2 R U Nisintddrio Bf thé chilihe and the distinct feeling of his free hand, suddenly aware

of the world beyondhist 1 JIJUOwWNE Rt W WeHqRYUWe GRNUY Ws Rqé WG
feeling a loss of autonomy when using their phones for entertainment (Lukoff et al., 2018). The

PO WDWYnW!I WaRUnWnNnYGaYsRUNDWIT REWUNENLDAGLUUqU! Ind e
recognises the importance of selfcontrol but relies on external support to enact it in practice.

Another feature of ChronoCase is that it provides Brandon with a sense of privacy regarding
phoneregulation. Henoted: iy U ¥ajoud to embarrasshim in public, but persistent enoughto cut

throughtheN ¢ G 1B &te UT qN & Rt WICD ¢ RO W 1In 1) H qt -disclosurdwhgrdd  + Wt 130
being controlled or exposed. He sought to maintain the privacy of his selégulation, not wanting

others to notice in public or even within family settings. Similar to prior research, this detail
GRNEGRNGqt WeT Yaut #IUqt kW JUt RgR2Rq! WY WGl R2¢ H! LWE
f U2 Rt RAGWILASFRIGRUNW 2 qYUYG!

Unlike the previous two cases, Jaydon did not envision a technology designed to support self

regulation. Instead, he focused on pursuing greater freedom in mobile technology use. He

imagined an invisible phone that could switch freely between transparency and physical

presence, allowing him to actively determine the visibility ohis device during daily use fee

Figure 9.

For Jaydon, this invisibility serves as the most effective means of escaping parental control,

reflecting the strict limitations he experienced regarding app downloads and screen time. The

concept of a phone that can shift between visible and invisible states also illustrates

cT Yaut #lU0qt k WOWNYqRecqRYUWYNnWeceqYUYAQ! AWERNETGRNG qR
of freedom in their mobile device use.

?Rt A2ttt RYU

g2l WnRUIT RUNt WI W2P0¢aWéYsWeTl YAt #AR3U0qt x WI32131 17 ¢! We
intertwined influences of family, school, and their own bypassing strategies, which collectively
affect both their patterns of selfregulation and their perceptions d what self-regulation means.
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Jaydon traced the faint outline of his

'our Magic Machine for invisible phone, the cool glass a familiar

Regulating Mobile Tech [&80) 3 comfort against his fingertips. He was in
T - \ his favorite bustling cafe, but no one
9 # Idea O - =4 -~ seemed to notice his device, which floated

imperceptibly in front of him.

With a subtle thought, the phone's
interface shimmered into existence, the
transparent display showing a minimalist
dashboard of incoming messages and
calendar alerts. A quick tap of his thumb
on the glowing purple button at the
bottom of the screen - the "visibility switch"
- and the phone instantly became a sleek,
physical object in his hand, the vibrant
digital world suddenly grounded in a

tangible form.
4 He answered a call, the conversation
Swild Muw w | J ”4 ) flowing naturally as if he'd been holding a
.k’ on s M regular phone all along, then, with another
warvy W l (5'0 y M = soft press, it vanished, leaving only a hint
g of a smile on his face as he blended back

into the oblivious crowd.

[ RNz | YWztoWs ¢! T YUkt WFT Wét A~¢ DRAW~ ¢ HE RUIIWG
NUOH! Wet W WNYqREqRYUAW YqUWAt Rt q¢ U

Our study reveals that adolescents are not passive recipients of parental or systemic
management; rather, they demonstrateconsiderable agencywhen faced with external control.
Forinstance, when parents use mobile applications to restrict screen time or app installations,

or when schools impose limitations on phone use, adolescents often develop various bypassing
strategies and share these tactics among peers. Although such external regulation is often
motivated by care or protective intent, it inadvertenty reinforces power asymmetries within the
mc¢GRO! WeUT W RARURY 613t WeT Yat #YUqt kWeceqYUYGQ! we Ol W
According to SelfDetermination Theory (SDT), relatedness, autonomy, and competence are
innate psychological needs essential for optimal development and wellbeing (Deci & Ryan,
2012). Whenc T Y 0 13t #13 U q ticthétraioplt, th¥yimay engage in bypassing behaviours
as a means to regain controlr an act of resistance that reflects their response to frustrated
agency. While previous research has shown that such resistance or bypassing can provoke
conflicts between parents and adolescents (Ghosh et al., 2018pur findings suggest that this
tension does not always surface explicitly. For example, Tracy adopted a more covert form of
bypassing by downloading restricted applications through external app stores unnoticed by her
parents, illustrating the limited effectiveness of parental restrictivemediation.

Across our three cases, the negotiation-based models of parental mediation proposed by

prior scholars (Akter et al., 2022; Berget et al., 202@howdhury & Bunt, 2024; Nikken & Schols,

2015)T1 such as collaboratively discussing the benefits and drawbacks of technology usewere

Gcl NnUa! Wwe At JOqowf Ut qlel dWgqdéwe T Yaut #30qt WRUWY 21 L
way enforcement, rather than awo-way dialogue. This dynamic may be linked to the highower

distance characteristic of traditional Chinese families (Whyte & lkels, 2004), as all three
participants were Singaporean Chinese adolescents. Under such cultural hierarchies,

¢T YOIJt & 1ndyy tendslite Mahifest as subtle forms of resistance rather than open

negotiation to claim autonomy over their mobile technology use.

~HUNUARWKY Wt qel ! WRUWRNGe¢Ra¢UT Wi W3aYUt ql ¢qldt W6Ys We
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elders to use mobile applications, negotiate traditional Asian family hierarchies and authority

structures through digital technology (McKenzie, 2019). The key to this practice lies in enabling

parents and elders to appreciate the positive value of digitalechnologies while recognising

¢l YUt #1I3U0qt knbking thibughlJteechihg. Building on this insight, encouraging
adolescents to guide older family members in using emerging tools such as Al applicationst

could serve as a constructive way to renega@te agency. Through shared goals (Chen et al., 2022)

cUT WRYGOUWHqR2 UMW IndWAqRYUWG! YOGqt WeIJONKA WM 6 ¢ q LW
HY2dl Wl ¢Ut nYl GWe URGeqUl caWwrmYUq!l YOWRUqYWaeqec¢all
accomplishment and joint meaningmaking.

Furthermore, in our cases, both Brandon and Jaydon experienced different levels of parental
regulation 1 largely depending on the degree of perceived trust from their parents. Yet, this raises

deeper questions: Is such trust performative? And who definesrgerceives itT the parent or the

adolescent? These nuances remain embedded within the paremteen relationship as mediated

through mobile technologies.

xJel URUNWaqVYW WNYqRecqlW NUUHA! Wadbl YensW7! Gett RUN

Compared to parental control, the schootlevel regulatory systems described by our participants
were far less flexible and negotiable. Prior research has shown that adolescents are
particularly susceptible to peer influence (Ngyuen et al., 2024), which makes school regulation
less conducive to the kind of negotiation that may occur between parents and children at home.
Any attempt to individualise regulation within a collective environment would likely produce
ripple effects and potential disputes among students. Consequently, schools often adopt
uniform, one-size-fits-all policies, such as confiscating mobile phones or strictly limiting their
use during school hours. This maximal deprivation of agency led adolescesto develop diverse
bypassing strategies, particularly those involving sharing tips with peers or exploiting loopholes
in school-provided PLDs for entertainment purposes. However, existing HCI research has paid
little attention to the range of bypassing #ategies adolescents develop in response to such
restrictions, or to the underlying reasons why these practices emerge.

Basedon our findings, we call for viewing¢ T Y @ 131 IfyhhEbimdbéhavioursnot merely as acts

of defiance but as a generative lens through which to understand how agency is constrained and
reconstituted, and to inform the development of more negotiated forms of regulation. For
example, when Brandon described how his classmates sengaminglinks disguised as Google
Classroom assignments via PLDs, this reflected how ¢ T Y @ 1Jt &b&hOysvhsiconstrained by
overly closed educational systems and by the deprivation of access to alternative devices
under parental control. As a result, adolescents sought spaces of entertainment and autonomy
within the limited technological infrastructures available to them.

By studying how adolescents navigate and circumvent external controls, future regulatory
technologies could be designed to engage in more contexdensitive negotiations T
acknowledging how different layers of control simultaneously constrain and reshape

adYd It AOUqt k WeNWUH! WEeASWe UWIE GGl YeR6Ws Yadl Wnel q
adolescent agency, as situated at the nexus of school discipline, parental oversight, anukers.

N P



NOOHSPDEW HeT WAaRAWIYUnII WOHL
NWH6sOYGYN! WnYl W YYT aw?l R2RUNWEYHRG G Wf & G¢ Haq

210t RDUWFf G GaRACqRYUL Wn!l YaW~¢NRAEW~¢HSERUND
Designing PriorityOriented Incentive Mechanisms to Foster SelRegulation.

The design of StudySync demonstrates hovwexternal motivation can be utilised to provide
adolescents with extrinsic rewards (Chowdhury & Bunt, 2024). Through such incentive
mechanisms, adolescents are first encouraged to focus on completing their personal
priorities, which subsequently grants them greater autonomy over mobile device use. Building
on this idea, future regulatory applications could enable prioritybased constraints on
cT YUt #0qt k WENites of PLOS riddaydd Bylphréhits or schools. These systems
could tie levels of autonomy and device access to the quantity and qualitgf completed priority
tasks T such as academic assignments or developmental goals. By adopting such incentive-
driven regulation mechanisms, designers can help strike a balance between managing
cT Yuut #UUqt k WeHET DARHWI W200YGaWUqWe UT WG WelrR T 1 Wa I F
awareness and capacity forself-regulation.

Designing tangible devices as a medium for somatic intervention.

ChronoCase demonstrates how tangible interaction can move beyond traditional intervention

approaches that centre on visual interfaces and time thresholds, transforming control into

perceptual cues. Through gentle and gradual haptic rhythms, the system noriger commands

users to stop, but instead evokes seHawareness experientially, allowing it to be internalisedas

a habit. Existing systems and designs focused on parental control and adolescent sakgulation

still predominantly rely on mobile applications to achieve effective managementChowdhury &

Bunt, 2024; Kawas et al., 2021). However, direct interaction with mobile interfaces continues to
HcGael JWeTl YaUt #lUqt kWeaqaqlUgRYUAW YnaglUWeaUT 31 GRU
regulation technologies could explore tangible, accessorybased designs that use haptic

feedback, combined with subtle ont HI1 JIWOWI WnadWHEHqR2UVWG!I YaGqt-AlWlgqyY WH
regulatory awareness and ability. Such approaches may help balance external guidance with

internal reflection, fostering self-regulation throughexperience rather than enforcement.

9YUrGet RYUAWX RIRqec qRYUWe OT W[ eqel DWs YI t

This study examined how adolescents in Singapore negotiate salégulation within overlapping
systems of parental, school, and technological control. By unpacking the tensions between
autonomy and restriction, we revealechow adolescents develop diversebypassingand adaptive
strategies T mediating their agency across family, peer, and institutional contexts. Through a
socio-ecological perspective, our findings reframe selregulation not as an individual capacity
but as a relational and negotiated practice We further highlight how design interventions could
move beyond restrictive or monitoring approaches to instead support reflection, negotiation, and
shared meaningmaking around technology use.

However, this study has several limitations. First, the small sample size and exploratory nature
of the study limit the generalisability of our findings. The participants varied in age and schooling
stage, and these differences may have influenced how thegerceived and enacted regulation.
Second, while our pilot study captured individual perspectives, team collaboration was not
incorporated into the workshop process. Hence, in our future work, including collaborative or
peer-based activities may help surf@e how adolescents caconstruct self-regulation strategies
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and peer-supported regulation strategies.
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The rapid diffusion of generative artificial intelligence (Al) is triggering structural change |
ROUnYl GecqRYUWGC! t Ut AWs RS WRG Ge Hat Wnel Way
This paper is the first to model Al as an asymmetric technological siak: in low-quality
content production, Al acts as a substitute for labour ( 0> 1), whereas in higkguality
creation, it functions merely as a complement to human expertise,( & 1). This technological
asymmetry fundamentally alters the cost structureof information production, systematically
mec2Yel RUDWHGIUG YUt x WY 21 Wh Gthdge Hefhiddal equdibtiin rideel, (
5 JWGI Y2U W6 R W ¢ YA WIWeT + WagVYWe UWRUWNNRHAER
triad of interacting marketfailures: (1) a Production Externality, as lovguality producers do
not Internalise ecological harm; (2) a Platform Governance Failure, as engagemeased
revenue models misalign algorithms with social welfare; and (3) a Trust Common:
Externality, as veification, a public good, is systematically underprovided. To address this,
we design an adaptive governance framework, first deriving a theoreticalyrounded
Information Pollution Index (IPI) for reatime ecosystem monitoring. Second, we
demonstrate that restoring efficiency requires a multiinstrument policy portfolio: a
Pigouvian tax to correct the production externality, content provenance standards to address
under-verification, and fiduciary duties to constrain platform behaviour. Finally, through
AgentBased Model (ABM) validation, we find this portfolio generates superadditive welfar:
gains T the joint intervention is significantly more effective than any single policy tool. The
core insight is that the welfare consequences of the Al revolution gend not on the
technology itself, but on how we design market rules; without proper governance,
technological progress can paradoxically reduce social welfare, a phenomenon we term the
hACI ¢T Y+#WYnW f WAI YNRI I3t 1t kIO
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In 2025, aninl WGq6 WRU2 It qRN¢cqR21IJWI WGYI| a4 Wa évddk effory T 2 Ha WY
garners 100,000 views on social media. On the same day, a sensational but unverifigd # Y Y G 1 LU
generated by an Al in three seconds receives 10 million shares. This stark contrast reveals the
fundamental challenge facing the information economy in the age of generative Al: when the

marginal cost of producing convincing but unverified content pproaches zero, how can truth

compete with noise?

This is not merely a technical question; it is a core economic one. The rise of large language

models (LLMs) like GP® and Claude represents a structural shift in the information production

ne URqRYUIOWc Ys 32131 AW+ Rt qRUDNWlimMpactlon thet Glddrémadkdt) o ¢ 1 N 1J G
overlooking a more fundamental problem: how does Al alter the equilibrium distribution of
information quality?

Consider two distinct content production scenarios:

m ERNDUCT RYW Wolf U2:1MjogrRalist ugeR Allfodldtt) &delerate data analysis and
assist in literature review, but the core workr field interviews, fact-checking, and ethical
judgement T still requires human expertise. Here, Al is aomplement, not a substitute.

m ERNDUCT RY W7 Wb 9A Opgridtal gdé Ad to batckgenerate plausible health advice,
investment /R Ut RT U1 wllqREHIZWYICHEY IR apPHIC YIMIG!I Yn It +t RYU¢ 0
only prompt engineering. Here, Al is aubstitute, almost entirely replacing human labour.

This asymmetry in production technologyt what we term rgechnology-biased information

GY 0 0 etasReéshapind the digital information ecosystem. By some estimates, 90% of online

content may be Algenerated or Alassisted by 2026. If the majority of this is unverified, low

quality content, we face not justtR Un Y1 G ¢ q R Y, butibysteic iR Y G ¢ qRYUWGY G G 2
a new class of market failure.

The central thesis of this paper is that generative Al is not a neutral productivity tool, but rather a

biased technological shockaq 6 ¢ q It ! + qUG ¢ qRHECGO! WaYs Wl t W WWGI YI
tuec¢ctdRq! WARYUqUUqsb W J-gualidyRéntdnt) avWelLdngu@ Ithat fhés Ittt hrdldgicilR D 6

bias leads to market failure through three mutually reinforcing mechanisms: at thenicro-level,

individual producers rationally choose to produce lowquality content due to its low cost and

rapid, algorithm-driven rewards; at themeso-level, platform algorithms designed to maximize

engagement amplify content based on viraty rather than veracity; and at themacro-level, a

b1 qUOGRHWII Y RYOWY nlWal 2t qWaPWeT + WagYWw2Jl RnRAcqRYU
del t Jgkt We HRORq! WagVYWI Rt #I Ulllve ¢ G Rq! O

ThismeYttGe qRYULWt GRI ¢ 0 9w LW ReplWetNInl of L YOnHIS dpdt1o W T R MIR dRd & W H
everyone is a victim, yet no single actor has the incentive to unilaterally change behaviour.

N6 Rt WGEGWI kt WHYUq! RA2qRYUY Wel DWad!l WINYGT alle Waé 1
market impact as an asymmetric Constant Elasticity of Substitution (CES) production function,

revealing a paradox of progress; a measurement tool that consicts a multi-dimensional

Information Pollution Index (IPI) to provide a quantitative basis for policy intervention; and a

policy design that proves the necessity of a mukinstrument portfolio, validated through
computational simulation.
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The remainder of this paper is organised as follows. Sectidhreviews the relevant literature and
situates our contribution. Section 3 builds the theoretical model and characterses the
equilibrium. Section 4 derives the IPI and designs the optimal policy portfolio. Sectio& provides
validation via an AgemiBased Model (ABM). Section6 concludes and discusses policy
implications.

X Rall ¢cgqel JDWAN2RWIs

EAFYUYOGRHW] YeUT ¢qRYUt We U7 WNI ¢T RqRYUcaOGW] Y21 UcUHDL
NSUWOY210adWael t gWnéeRae!l DWYNWRUNY!I G¢cqRYUWGYOde qR?
mel t JgqnyY!l Wa RAkekof) 1980 dnYtheldcbrilémporary digital environment, this

problem presents unique, multi-dimensional complexities. From an economic perspective,

environmental economics offers two important tools for dealing with pollution: Pigouvian taxes
and tradable permits.

Posner and Weyl (2018), in their booRadical Markets explicitly advocated for taxing online

advertising. Cabral et al. (2021) further developed this idea and proposed a differentiation
mechanism for low-hue ¢ G Ra! WHY Uq 13U q HOLWITHe Wge afSirreiiahde MapFahdiN © b WA Y Y
611 WGI YnYa Ul WHI RagRe JWYnWaqWHsUYOGYN! WHYAGe URIIE k WCE
change human behaviour provides an important theoretical basis and justification for regulating

data exploitation and information pollution through economic means (such as taxation).

The tradable permit system is a mature governance tool in environmental economics. The core

of this mechanism is setting a strict cap on total pollution emissions (Cap) and allocating

emission rights as a markettradable asset. Its theoretical foundationsy IJ G+ Wn !l Y G W9 Y¢t Wkt U
property rights theory and was first systematically proposed by Dales (1968). Subsequently,
~YOUqNYOG Wl !kt WeINOTZb Wl It Wel HEWqE WY DgRHAcTG! WT 13§ VYU
mechanism can achieve predetermined emissiorreduction targets with the lowest total social

cost. Although there are some obstacles to shifting this perspective to information pollution,

some scholars have put forward some relevant proposals.

In addition, some scholars have proposed markebased solutions from the perspective of

platform governance. For example, the research of Parker and Van Alstyne (2020) inspired using
reputation systems or information quality points to incentivise platformsto solve information

asymmetry. Additionally, Crémer et al. (2019) proposed mandatory data sharing and
interoperability T1IJt + WUqRcecOG! Wwe HALDE + Whe Yaét wmlWn Y WHEY I W 13t
to break monopolies and promote competition.
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Al as Asymmetric Technological Shock

1 H H 1
i + H !
H Low-Quality: o7, > 1 ! : High-Quality: o5 < 1 !
: Al substitutes labor : : :

Al complements expertise

Theoretical Stage I: Platform Stage I1I: Consumers
Contribution:
symmetric Chioose (m, 711, 7) C ; Verify? Consume?
Shock ¥ ¥

max: Profit = Retention n orafit max: Uity - Cost

Three Interacting Market Failures

o N P N e a
1 T | | S I

1 Production. .-~ | Platform LV “+-. Information I

] i A L 3 1 Empirical
] Externality e N Governance Failure B P Commons Externality 1 Validation:
] I [ G 1 Commons
| MCacia > MCirivate y A1 Engagement # Welfare E 3 MBiocias > MByriae 1 Tragedy

: ‘Q\_z:r-.nqupl_\-u‘/'ql : : m* <msp. 1 >L50 : : Under-verification :

N e e e e e —_—————————— s . 4 ~.

Polluted Information Equilibrium (Pareto Inefficient)

High p* (pollution) + Low W' (welfare) + Declining 7'* (trust)

Self-reinforcing "pollution trap” despite rational agents

|

Multi-Instrument Policy Portfolio (Restoring Efficiency)

Pigouvian Tax Provenance Mandates Fiduciary Duties
Target: Qu externality Target: Verification commons Target: Platform alignment

[ RNDeHINMIRIGage ¢ W[ | @d R2V0I0MUIYmM | fo ¢ gRYUWAY GO 2 q

N WWa YT 3d WG YHIJWIT + Wnl Y4 L) STy @ILE & B @b doupdliR HILD 6

EqcCcHt DGHNDI DWNEGUAWs RAGWINCT + WY WE Wal ReT WYnWRUq L

CWAGeqnYl W] Y21 UcUHWDW] ¢ROel 3AWeUT We UWf UnYl G¢q

Gl YT 2 # P WeRU ndval A ROMS IRfRRI W00 1JT Wf UnVYl ¢ qRYUWE e RGRF

Jhue RGRHAI Re 0 WU UMY IR @ & ¢ Wi ISV Gi &Rdfd RIGY | qgn YO RY WelARN

~¢ U0l ¢qut AW RT eH#Rel ! W22 qRUt b WaYLW 3t qVYI 1

YqualWNERt W3Nel WDWRGGz2t ql ¢qlt WaéWWrcet ¢cawrsecROWNI YGWet ! aalgl
¢UT WGYORHA! Wt YieaqRYUt 1O

NT



NOOHSPDEW HeT WAaRAWIYUnII WOHL
NWH6sOYGYN! WnYl W YYT aw?l R2RUNWEYHRG G Wf & G¢ Haq

fAW GNYl RS6GRAW GGCGIRIHCqRYUAWE UOT WEHYH !+ qua W? 13NI

Beyond economics, scholars in information science and communication studies have

emphasised the ecological nature of digital knowledge systems. Floridi (2010) conceptualises

RUnNYl G¢cqRYUWWU2RI YUOGWUqt Wet WwpRUNYE GEWI D wAWE! Ne
integrity of these ecosystems is undermined. Bawden and Robinson (2009) descritiee resulting
HYNDURqR2WIW¢ UT Wt YHRcOWNEqRNaDWet WeWnY!I GWYnWmwmRUT
perspectives reinforce the economic analogy: information polluton, like environmental

pollution, depletes a scarce common resourcer trust.

Recent literature underscores that the information environment has entered a phase where
guantity and veracity are inversely correlated. False news spreads faster and farther than verified
information (Vosoughi et al., 2018), amplified by algorithmic incetives that optimise for
engagement rather than truth (Allcott & Gentzkow, 2017; Allcott et al., 2019). This phenomenon
is continuously reinforced by cognitive biases (such as the lazy thinking effect revealed by
Pennycook and Rand, 2019) and causes multiiensional economic distortions, such as those
highlighted by Allcott et al. (2020a), Durante et al. (2019), and Bursztyn et al. (2020).

While many economists view Al as a driver of innovation and productivity (Brynjolfsson & McAfee,
2023), this perspective often overlooks welfare consequences arising from unequal information
quality. Stiglitz (2022) argues that the digital economy intenséds traditional information failures,
highlighting the need for analytical frameworks that account for the social costs of
misinformation and data misuse.

Algorithmic amplification further intensifies these dynamics. As Tufekci (2015) observes,
recommendation systems can generate systemic harms even without malicious intent.
Empirical evidence confirms that algorithmic curation narrows informational diversiy (Bakshy et
al., 2015). Nielsen (2020) documents how platform power reshapes the media ecosystem,
reinforcing attention asymmetries that favour viral, lowcost content over verified reporting.From

a systems perspective, Helbing, D. (Ed.). (201&@ames these feedback loops as emergent
properties of selforganising social systems, suggesting that agerbased modelling can

illuminate how micro-level incentives produce macrclevel information distortions.

This paper contributes to and bridges three major strands of literature. First, it extends the classic
literature on information economics in the context of digital content, exploring how Al
undermines traditional signalling mechanisms (Spence, 1973). Theerosion of credibility
parallels earlier discussions on asymmetric information and adverse selection, but now
operates within algorithmically mediated attention markets. Second, it advances research in
platform economics and industrial organisation (Hagiu& Wright, 2015; Rochet & Tirole, 2004). By
integrating Atdriven production asymmetry into a twesided platform framework, we provide a
formal treatment of how content generation technologies interact with intermediation and
market power. Third, it contritutes to the emerging field of Al economics (Acemoglu & Restrepo,
2019; Agrawal et al., 2018), shifting the focus from labour displacement to the quality of
RUnYl G¢cqRYUclOWYeqGe qlRUWY U IJthé mfiinafidh Rbrket. € + WA Y1 aq WHI
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The Credible Information Commons

We conceptualise the ecosystem of credible information as a commospool resource (CPR) in
the Ostromian sense, rivalrous in quality yet only imperfectly excludable in access. Let the stock
of high-quality information at time & denoted by"Y orepresent the attentionweighted reservoir of
credible content circulating across digital platforms. New content creation replenishes this
reservoir through a regenerative flowy , while low-quality or misleading information generated
by actors seeking visibility, clicks, or advertising rents degrades it at a pollution rate . The
dynamic evolution of the resource follows

YOY 0 "Yhdh— p
where & captures the aggregate extraction intensity of attention by content producers, and-
summarises governance and verification institutions that regulate entry, provenance, and
moderation. The credibleinformation commons are renewable but exhaustible: its
replenishment depends on costly verification and sustained trust, while degradation arises from

unpriced externalities of generative Al and algorithmic amplificationExtraction in this domain
refers to the appropriation of limited audience attentiono dor private content visibility. A simple

representation of allocation shares isi TR Pollution correspondsto the dissemination of

low-credibility or synthetic material that reduces the expected information accuracyO 'Q and

undermines collective trust Y "Q"Y . The marginal social cost of pollution, 76 FTT0 is

convex in 0 because reputational erosion and verification fatigue accelerate once
misinformation exceeds cognitive processing capacity.

NYWGY20Wn! YO W6 WWal ¢NIT ! WqYW et q¢ ROUGHGUIWNY2131 U¢U
to digital information. Boundaries become traceable provenance and authentication of content
and accounts, which can be parametersed by the verifiability intensityd . Congruence between
rules and local conditions corresponds to aligning platform recommendation objectives

with societal welfare by rewarding credible engagement over sheer volume. Collective choice
arrangements imply participatory moderation and community factchecking that internalise
positive monitoring externalities. Monitoring and graduated sanctions suggest layered detection
and proportionate penalties for repeated offenders, representable as increasing marginal cost of
pollution ¢ 0 . Conflict-resolution mechanisms provide low-cost correction channels to
restore truthful information without discouraging legitimate debate. Finally, nested governance
combines platform-level rules with national and international regulatory oversight, wich we

capture by multi-layer institutional variables| [ H A
The Tragedy of ADriven Pollution
Each producer chooses outputy ‘@hd quality (X% maximise private returns,
A ROm @am 4

where 1| (-) is the monetised visibility price determined by platform algorithms. Because
platforms typically reward engagement rather than veracity, producers internak revenue from
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exposure but not the social cost of degraded credibility. In aggregate, rational behaviour
therefore impliesT 0 1 & > 0, generating a tragedy of the commons: collectively excessive
attention extraction and quality dilution, even when each agent behaves optimally given existing
rules. A social planner would internalse the marginal external damaga) ‘O {"Y) imposed on the
shared trust stock, but decentralised markets lack such a mechanism in the absence of
governance or norms.

Linking these mechanisms, Adenabled content generation and algorithmic amplification
increase extraction ¢ dand raise 0 unless institutional strength —oand verifiability & are
sufficiently high. AsO grows, the trust stock”Y "Q"Y depreciates faster, verification becomes
costlier due to fatigue, and marginal damages become convex. These forces reinforce a high
pollution equilibrium.

Preview of the ThreeStage Game

The CPR perspective nests within the gener&quilibrium model in Section??. Micro-level over
extraction of attention maps to the production externality; platform bias inf [ represents
governance failure; and the depreciation of trust,”Y < 0, corresponds to a trust commons
externality.

The strategic environment unfolds in three stages. In Stage | (platform), recommendation
parameters [ [ and verifiability intensity & are chosen subject to retention and profitability
objectives, under institutional constraints — In Stage Il (producers), agents choosé} () given
platform rules, internalising exposure revenue but not social damage, thereby determining o
and 0 . In Stage Ill (consumers and trust), aggregate attention allocatiod and verification
behaviour update stock variablesY,"Y)via'Y 'Y 0 t and a depreciation condition for trust
when pollution dominates, feeding back into platform and producer incentives.

The institutional principles above act as constraints that can shift the equilibrium from a high
pollution Nash outcome toward a cooperative optimum. Subsequent empirical sections
Operationalise these dynamics through crosscountry proxies of media governace and social
media usage, while simulation experiments evaluate policy instruments using the Information
Pollution Index (IPI) as a quantitative measure of commons health.

~YT DG WAl RGORqR21IJt We UT WEU2RI YUGWUq
Agents and Objectives

The economy features four classes of rational agents. First, there is a continuum of content
producers indexed by'® [0, 1]. Producer’as heterogeneous productivitydgeacross content
types @ {Q 0} and faces factor prices {, 0), wherei is the rental cost of Al capital and) is the
wage for highskill human labour. Given platform rules, each producer chooses output and
quality to Maximise profits.

Second, a monopolistic platform intermediates the market and holds market power. As a market

organiser, it selects the intensity of moderation and provenancex N [0, 1]. As an attention

allocator, it commits to an algorithmic amplification vectorf = [ i that maps content types
RUqYWU+*FGYt el DWs JRNS qt IOWNGS IWGH ¢ a-stige dgamné HEFWHaRdIH q R 2 1J L
trades off profit, retention, and compliance.
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Third, consumers have heterogeneous verification costS@D "@Q with support Q. Upon
receiving a noisy signal of content quality, consumers decide whether to pa@ta perfectly verify
quality, and then allocate attention and demand accordingly.

Fourth, a social planner provides a normative benchmark. The planner Maximises social welfare
by internalising the externalities that lowquality content imposes on the stock of trust and
informational accuracy. This allows us to define the Parete@fficient allocation and quantify
welfare losses from market failure.

Information Goods: Quality Differentiation

There are two information goods reflecting different production difficulties, externalities, and
social welfare impacts. Highquality content 0 is accurate and cognitively valuable, improving
individual decision-making and typically requiring expertise and rigorous verification. Low
quality content 0 can be misleading or false, generates negative externalities by eroding
consumer welfare and social trust, and is scalable via templated or automated generation. The
classification is based on objective effects on decisions and welfare, not subjectiveidgements.
Under algorithmic amplification and attention competition, Al and automation
disproportionately reduce the marginal cost and raise the scalability ob , creating asymmetric
technology that underlies pollution pressure.

Timeline and Information Structure

The timing follows a threestage Stackelberg game. In Stage 1 (platform choice), given
institutional constraints and market conditions, the platform commits to moderation and
provenance intensity & and to an amplification vectorf = | i . These choices determine
expected exposure and monetsation for content types and shape downstream best responses.

In Stage 2 (producer choice), producers observed(, [ ) and factor prices (, 0), and choose
output and quality (e @ based on their productivity vectordoq Expected unit revenue is given
by an exposureprice function | (QRal , & ), while costs follow (@ i, 0). Because platform
rewards focus on engagement rather than veracity, individual producers do not internaé the
social costs that low-quality content imposes on public trust and verification fatigue.

In Stage 3 (consumption and trust update), consumers observe a noisy sigrial {Q 0} and form

priors given the platform environment, then decide whether to pai@io fully verify. The resulting

attention allocation and demand determine exposure and effective consumption. At the end of

the period, the stock of credible information and trust updates via a regeneraticpollution

process, Y "Y 'Y 0, where'Y and 0 are jointly determined by the production and

propagation of0 and0 ¢ UT WH! Wa 6 Vdl G)liTeugtdéplediation imduced by pollution

MPIUT + WAHecHT WRUqYWUW+qWGUI RYT k1 LU2-bffs, Rreakig dynaic U LULR U A 13
interactions.

Aunel T ROUNWRUNYI G coqrR ¥ hublithopbsdrued ét Stage & In Stége 21producers
know platform rules, factor prices, and their own productivity, and they form rational
expectations over consumer verification. In Stage 3, consumers observe the platforprovided
signal and historical environment, including partially observable proxies for governance and
media conditions, and then make optimal verification and consumption decisions. The
equilibrium concept is subgame-perfect equilibrium: given platform commitments, producer
and consumer best responses are mutuallyconsistent, and the platform chooses €, [ )
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anticipating downstream reactions. This timeline and information structure underpin the
subsequent equilibrium characterisation, comparative statics, and welfare analysis.

Panel A: Cost Asymmetry - AT as Substitute vs. Complement
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Al YT eqRYUWNUHSUYGYN! aWUINGWW?! U¢c GRAY WYNWAYGGzaqRYU
CES Production Function Specification.

The core mechanism of our model lies in the production technology. For content of typen
"0 , producers utilise two inputs: Al capital (5 band highskilled human labour (. The
production function is of the Constant Elasticity of Substitution (CES) form:

2o . T
0 0610 p 1 0 o

where 60 "B the total factor productivity,, is the distribution parameter, and” determines the
elasticity of substitution, A  pTfp m
Core Assumption: Technological Asymmetry.

Our theory is built upon the following key assumption:
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Assumption 3.1 (Technological Asymmetry).
A p A L T

This assumption has profound economic implications:

A [ Y1 IhiieYesd Ra ! LbER¥E & WO @ Wit ¢ GRa ¢ O WellT G 2k caiibRoRAe aql 1JL ¢ |
| Un @B e U7 clil d MDY T aiFeREBHNU qund)iglmc i n R #RIDWd & o) 19 LW
qUfqlqéc qWRt W ! UqecHqRACOGO! WHYI | DAqWH:z qlId ¢ H#E + W |
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Cost Asymmetry.

A direct corollary of this assumption is the asymmetric effect of technological progress on
production costs.

Proposition 3.2 (Cost Asymmetry). A decrease in the cost of Al capital, has a larger cost
reducing effect on lowquality content than on highquality content. Formally:

W laC W Tag
A IiCc W IicC

V)

Intuition: As Al becomes cheaper, the production cost oféi 1J G Y 0 ) fallél nore sharply than
that of & 1J ¢ & 6UJ ). Fhislasymmetric cost advantage is the fundamental supplgide driver of
information pollution. (For a formal proof, seeAppendix A.J).
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We model the market interaction as a threestage sequential game, following the logic of
Stackelberg competition.

Stage I: Platform Strategy Selection.

The platform, as the Stackelberg leader, first chooses its governance policy mix i f to
Maximise its profit functiont

L [M O [ p a0 6 a ®
where—R 1t Wq 6 JWGT ¢ q'n Y | "lsithe Hvlerfb? 4t Werddudipes anplifled Lihit of content,
0 is the anticipated producer supply, andd & is a convex moderation cost function.

Stage II: Producer Supply Decision.

§Ht WI 2RUNDWQSENWGHEqnY! Gkt WGYTRH! AWG] YT e HIWI | WHEYY
content “Qs:
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Heterogeneity in producer productivityd CXallows for the derivation of a smooth industry supply
curved r fr , which satisfiesTo T m(direct incentive effect) andF0 ¥F  rtfor QKLU
"Gresource competition effect).
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Stage Ill: Consumer Verification Decision.

Consumers observe a noisy signal ¥ {Q 0} and decide whether to pay their verification cosi®

The signal precision,* (i ="dR="0 =“ (*" &l )Lis endogenous to the health of the information

ecosystem, where”" LRt Wa 6 I WIIn n IJH q R 20iditGeYaigiiegatpRéfificationlddid. R q ! L¢ (
This function satisfies! 1 * WK WMWeGYdde qRYULWI IR @ o l0(veiificRioi) ¢ 0 Whue ¢
creates positive externalities). The aggregate verification ratey’ must satisfy a fixedpoint

condition, capturing the collective action nature of the verification problem.

Etue RORAI Re g We UT WNGWWRNGST WWnYaTl W~¢l t WaqW[ ¢ Rael 1

Definition 3.3 (Polluted Information Equilibrium). A Subgame Perfect Nash Equilibrium (SPNE) is
a strategy profile and outcome combination & *fr* h0*R* fw'm® such that the decisions of
the platform, producers, and consumers are mutually optimal, and beliefs are consistent with
outcomes.

Theorem 3.4 (Existence of Equilibrium). Under standard regularity conditions, a Polluted
Information Equilibrium exists.

Theorem 3.5 (Market Failure). The Polluted Information Equilibrium is Pareto inefficient, driven

by three interacting market failures:
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Proposition 3.6 (Paradox of Al ProgressA decrease in the cost of Al capital;, leads to:
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This section develops the Information Pollution Index (IPI) astheoretical construct derived
directly from our welfare framework. Given that the precise, nuanced components of this index
(e.g., welfare deadweight loss, trust decay dynamics) are not readily available as hiftequency
empirical data, the IPI is designed primarily as an opational tool for our policy simulation and
analysis in Policy Implications and Practical Value section It provides a welfarelinked
et 6HYC!I T wllqYWU2¢cte e qUWWGYURA! WRUqWI 2 00qRYUY Ws Ra
This contrasts with the goal & Section 5, which uses a more general, observable proxy for
information quality to empirically test the underlying mechanisms of the commons tragedy,
rather than to measure the IPI itself. Based on the market equilibrium characteristics revealed by
the preceding theoretical model, we construct an Information Pollution Index (IPI) that is
endogenous to the social welfare function. This section aims to build a solid bridge from abstract
theory to observable measurement, ensuring the index possesses both agdrous theoretical
foundation and practical applicability for policy.

N6 WYl DgRACOGW] YaUTl ¢cqRYUWecUT W #RYGCqRHWAI YGUI qRIJt U
Theoretical Construction.

Definition 4.1 (Information Pollution Index).The Information Pollution Index at timeg denoted
‘0dd0is defined as a linear combination of its four theoretical dimensions:

"00 &0 0° 0 t0o p T
where the weight0 * (t) is endogenously determined by the marginal impact of each dimension

on social welfare. This weight reflects the marginal rate of social aversion to each type of harm at
a given equilibrium stae E* (t):
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Economic Properties.

An effective economic index should satisfy several desirable axiomatic properties. We show that
the IPI meets the following key criteria:

Property 4.2 (Welfare Monotonicity). The IPI is strictly negatively correlated with social welfare
(¢ daf ‘O& @. This property establishes the index asia YHR ¢ GHOs B né¢l WHOq6 13l & VYol
that its rise unambiguously indicates a deterioration in Pareto efficiency.

Property 4.3 (Decomposability). Changes in the index can be clearly attributed to its constituent
dimensions, as/ ‘Of @ 0. Thisallows policymakers not only to observe the overall level of
pollution but also to diagnose the core drivers of the problem for targeted interventions.

Property 4.4 (Policy Sensitivity).The total effect of any policy intervention on the IPI can be
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decomposed into a direct effect on the level of each dimension and an indirect effect on the
weights via changes in the equilibrium structure (a Lucasritique-style effect). This property
provides a rigorous framework for counterfactual policy evaluation.

Al UHRt JW? D3 URqRY Ut We UT WERYUYGRAWF Uqll Gl Waqéc qRY Ut L

The IPI is composed of four dimensions, each capturing a distinct facet of the harm caused by
information pollution.

First, we define Effective Pollution Density"@, which measures not a simple ratio of content
volume, but the effective share of pollution in the consumeattention market . It is given by:

7 - pPC

This dimension captures a core economic reality: lowguality content, amplified by platform
algorithms ¢ “b WWRU WGz | t e RqWY nWIIUN¢ N3G I U bas anlipacean GR U N WG
finite mental bandwidth that far exceeds its absolute quantity. It is a direct characterisation of
GYlleqRYUkt WGl D2c¢aWU0HIWe U7 Wt ¢caRIUHIDIKO
Second, we define Social Welfare Deadweight Los&}, which monetises the harm of information
pollution by measuring the economic cost borne by society due to the threefold market failure.
9YURWUGqgeaciid! AWLRqUWRY WWheR2c¢ciWUqWaYWaqd e el AL NIJI
efficiency loss from resource misalbcation. Its formal definition is:
) o
Oo - . po
() ()
This dimension answers the key questionsslow much value does our society lose due to
RUnYl d¢cqRYUWGYaldeaqRYUew
Third, we consider the Decay of the Trust Commonsg}, which treatsg; | 2t qwllct We WT JGO
stock of social capital. Information pollution acts as a corrosive agent, eroding the foundation of
market transactions and social cooperation. The indicator captures théong-term, cumulative,
and path-dependent harm of pollution, defined as:
YO

0 Y
0 y pT

where the stock of trust”Y(0) follows the dynamic pathQ" ™Y 7Qo6 100&1 Tox u©Y o
t "YO 8Steady-state analysis suggests that persistent high pollutiorcan push society into alow -
trust poverty trap.

Fourth, we define Asymmetric Technology Riskg), which measures the core technological driver
of pollution T a technological arms race between content generation and detection. It is a
forward-G Y Yt ROUNWI Rt t WRUT RACqY! WYNnWq6 JWIHAYH I+ qldJakt W !

.. 0@ o .
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When the capability of generation technology seffencld b L n ¢ | slih¥tzof HetpttiBnG
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technology (b1 13°'n 1J térmairgival cost of producingd 138 YUt wldnc adt AWt '+ qUG RAC
the other three dimensions of harm. Graphical framework reference pictur8.

Ii: Effective Pollution Density

Asymmetric Technology Risk L:: Social Welfare Deadweight L

L:: Decay of Trust Commons

=== Baseline Scenario Al Cost Reduction === Policy Intervention === First-Best Optimum
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Since the theoretical dimensions are not directly observable, we design a core proxy indicator for
each, aiming to unify theoretical validity with empirical tractability.

Our proxy for Effective Pollution Density'Q) is the Weighted Exposure Pollution Rate. This is
calculated as the ratio of impressions from lowquality content to total impressions:
Bp ego ZN@)A]'fE)OI,(JDOAC’)OET T O

© B)Yl DOAGOET T O Pe

We choosesR 0 G| 13t + R ¥ Rt i 208l el W 6 I Ws WRNSE qWHANDHE 2t 1JWR q WG
supply of pollution, being less affected by the endogenous variable of user discernment. This

indicator directly measuresthem ¢ | t 1Jq W 6 dueld i B WIARW3) q 100 q WR U Wa 6 1JWGT
allocation mechanism, serving as a direct counterpart to the theoretical dimensiorQ.

To proxy for Social Welfare Deadweight Los®), we propose the Weighted Harm Feedback Rate.
A simple complaint rate cannot distinguish the welfare loss fromrslickbait k\Udrsus rfinancial
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this indicator measures the intensity of harm as revealed by consumer revealed preferences. It

is thus a more effectivers ¢ RULW RNUc¢c G wWn VYl Ws Wdncl JWaYHt AlUAC ORI
ccl GNBGURN§ 4T AHe HE 9 Ye Uq

© NYqeé¢dWwfacagl Ut + RYUt

pX

For the Decay of the Trust Commons@®), we propose the TrusiRelated Churn Gap via Causal

Inference. The decay of trust ultimately manifests as usersg Y q RUNWs Rq 6 Wa 6 IR Wn1J1J
attribution challenges, we employ quasi-experimental methods (e.g., DiD, RDD) to compare

user cohorts randomly or quasirandomly exposed to different levels of pollution. The resulting

difference in their churn rates, normalsed by a baseline, quantifies the net effect of trust erosion

on economic outcomes, consistent with the gold standard of modern empirical economics. The

calculation is:

96 edrlacyi 90 cdvyld+avi 1w
96 2d¢Vuaron

Finally, to proxy for Asymmetric Technology Riskd), we use the Public Benchmark Detection

Accuracy Gap. This indicator quantifies thesffence-? In JURIJWN ¢ G2 R¢ WEq¢ UT ¢ 1 1

benchmarking, measuring the performance of the bestb 6 RIJGT wllbife | | WUqWT Jqld#H

against the sharpest/b GIJ¢ | wlWbiG ¢ qlt qWNRUOWDI ¢ qR2IJWAa YT it b OW9 6 ¢

directly to changes in the key exogenous technology parameters of our theoretical model,

bridging the theory of endogenous technological chage with observable reality. It is calculated

as:

O

Py

AHE2 L eudbhs wavr wat
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After obtaining Standardised timeseries data for the four core proxy indicators, we advocate for
a hybrid approach 1 combining theoretical deduction, empirical estimation, and expert
judgement T to determine their weights. A robust data quality assurance framework is also
essential. The resulting IPI can be used for causal impact evaluation in academic research and
as a practical tool for longterm ecosystem health monitoring by platforms and reglators, thus
closing the loop between theoretical analysis, empirical monitoring, and policy intervention.

N6 JWEq¢ qRAWEGqROcTWAYGIRH! WAYlI qnYiRYall WNSWY!I UaqRH
In an ideal world with complete information and a stable technological structure, the

GYORH! G¢t Il Kkt Waet t WRY WaVYWT 3t RNUWe W DqWyYnWRUt ql 2
respectively.

To correct the production externality , classic Pigouvian instruments can be employed. The

optimal tax, t* levied directly on the output of lowquality content 0 {) should equal its marginal

social damage:
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where the first term represents the direct harm to consumers and the second term captures the
damage to the stock of social trust (with shadow price?).

To correct theinformation commons externality —arising from underinvestment in verification,

policy can directly enhance the average precision of public signals;, through mandatory

content provenance standards. This increases the perceived disutility of lowquality content,

qé6 3l DH! Wt 2 GGl Uttt RUNWRaqt WGI YT eAqRYUOWe UT Wi R+ JaGRUC
To correct theplatform governance failure , policy can impose information fiduciary duties. This

Rt WnVYl Gedd! WIdhe R2¢GWUqWaYWaYT Rn! RUNDWaSIWGHEE aqnyY!l @
profit and social welfare:

i ﬁé‘@ Lt LU0 Q0 ¢p
where the intensity of the fiduciary duty] ~ [0, 1], becomes a key regulatory choice variable.

Theorem 4.5 (First-Best Policy Portfolio).In a static environment, a policy portfolio(t* “-vg | ?)
consisting of an optimal Pigouvian tax, mandatory provenance standards, and information
fiduciary duties can implement the firstbest social optimum.

Table1 summarises this idealised mapping.

N¢ AOEDGUNIN | Re¢T WY nW~¢l t JqW[ ¢ Raal 13t We UOT WY | 13t GY

~¢l t DqW[ ¢ Riie|x YHzI 9VYUt Dhua WUHD |f Ut ql 26 1U0q
Al YT e#qRYUWE|AI YT 2 #HIJI g2@El YT e H@QRY [ ol WWAIJI G Rapt
fUnvYOWIYaayYU| 9YUt ath 13l OUT@UIlI RxAECqR|AI Y21Uec UHD
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However, the effectiveness of any static policy portfolio faces the fundamental challenge of the

Lucas (1976) critique. Rational agents will strategically react to policy interventions, thereby

altering the very economic structure upon which the policy wabased. In our model, a sustained

tax T (on low-quality content will lower the marginal return to innovations that enhance its
production efficiency, 0;. Rational R&D efforts will thus be reallocated.

Proposition 4.6 (Policy-Induced Innovation Bias). Theémposition of 73> 0 induces a technology
shift biased towards highquality content, i.e.,T (!* /!“)f 1 & 0, where 6° are endogenous
productivity levels.

This dynamic feedback implies that any fixedwvptimal téx rate T will become suboptimal over
time. The static policy blueprint is not only inefficient but also unreliake in a dynamic context.

2WNGCWOUHNDI q¢RUq! W96cdaNUNUalWuURNémRE RUOURII q¢ RUGg

Beyond predictable endogenous dynamics, the longerm trajectory of Al is fraught with deep,
unquantifiable uncertainty, i.e., Knightian uncertainty (Knight, 1921). We lack a firm basis for

¢ttt RDURUNDWGI YHECHRORQRIWt WaVYWnetgldl SlGRIEHBG DN 0 YN OBI¢ W
context, a rational social planner should adopt a more robust decision criterion than simple

expected utility maximisation, such as maxmin expected utility (Gilboa &
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Schmeidler,1989).
| AQ’)NE@ Wy CC

AY
The planner optimses against the worstcase scenario within a set of plausible priors P.

Proposition 4.7 (Optimality of the Precautionary Principle). Under Knightian uncertainty, the
optimal policy is inherently more precautionary, favouring higher taxes, stricter caps, and a
greater reliance onvkail-t ¢ n IwWR Ut ql 2 G W Uqt WiRt DWHERYUqUUqWG! Y2130

The presence of Knightian uncertainty demands that policy design be resilient not only to known
dynamics but also to unknown shocks.

WE! Uqé @HIRgd WFTAF T ¢ GgR21WWe UT WAV Azt qw] Y2131 U¢c URL

Facing the structural fragility revealed by the Lucas critique and Knightian uncertainty, an
effective governance framework must transcend the statieoptimality paradigm. We argue that
the Information Pollution Index (IPI) constructed in the previous sedain is the core operational
tool to bridge this gap from theory to practice.

The IPI, as a realime, welfare-linked /b ¢+ 6 HY ¢ 1 T Al 1JU ¢-Basdd tadagtivg n 1J1JT A¢
regulation. Policy instruments are no longer fixed constants but are governed by sdate -
contingent rule that adjusts based on the observed health of IEhe ecosystem
OO O
Z Z o o10) o

Under this rule, the tax rate automatically tightens when the IP| exceeds its target and loosens

otherwise. This mechanism endogenously responds to systemic drifts driven by technological

innovation or market structure changes, thus partially addressing tb Lucas critique.

Furthermore, by continuously monitoring the IPl and its swaimensions, policymakers can

achieve earlier detection of unforeseen risks (early signals ol G ¢ Ht Wt 5 ¢ Ut b AWIWIUC AT
activation of contingency plans, which is the essencef robust decision-making.

In summary, confronting the governance challenges of the Al era requires abandoning the quest

for a rigid, oneoff policy blueprint. Instead, we must construct a multilayered governance

system. At its core is principlesbased regulation (e.g., safety, trasparency, accountability) to

ensure longterm stability. Its method involves regulatory sandboxes for exploratory learning to

navigate technological uncertainty. Its navigation system relies on redlme monitoring tools like

the IPI to shift from reactie responses to anticipatory governance. Together, these three
components form a resilient and adaptiver®@ Y2 131 U¢ U W2 It + Wi wlIHEE GEe HO DWY ™
uncertainties of the digital ocean.

Given the multidimensional complexity of the Information Pollution Index (IPI), higirequency
empirical data is not yet available. Therefore, in Section 6, we employ computational simulations
to evaluate the effectiveness of IPl as a policy instrument. Bere proceeding to simulation,
however, Section 5 provides empirical support for the core premise of this studythe tragedy of
q 6 W WI R NR q ¢rihtdii raadenhaesolevel proxy variables.
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While our general equilibrium framework in Section 3 successfully identifies the existence and
inefficiency of the static Polluted Information Equilibrium, it is, by design, silent on the dynamic

pathways of how this equilibrium forms, shifts, and reacts ¢ policy. To bridge this critical gap
from static theory to dynamic application, we develop an AgerBased Model (ABM).

This ABM serves as a computationdhboratory, indispensably required for three reasons. First,
it allows us to move beyond a representative agent and explicitly modéleterogeneous agent
interactions T capturing diverse producer strategies and consumer verification thresholds.
Second, it can simulate the dynamic feedback loops our static model cannot, such as how rising
pollution erodes trust, which in turn alters platform incentives and consumer behaviar over
time. Third, it enables the study ofnon-equilibrium paths , revealing how the ecosystem
responds to shocks (like new Al or policies) in realme, rather than only comparing pre and
post-shock steady states.

This rich, dynamic environment is therefore essential for rigorously testing the two primary
Gl ¢cHqRHAcCUIWARYUq! RA2 qRY Ut WY n LWHinte ReodisEm Ghistticaatidah@ 1J W f A f K
adaptive effectiveness of our proposed policy portfolio.

E+GUI RGWUqgecaw? 3t RNUWe UT W~PUqdéVYT YTYN!
Simulation Model Architecture.

We construct an information economy simulation system with three classes of heterogeneous
agents. Producer Agents, endowed with heterogeneous productivity parameters Qqq 059,
make content creation decisions based on expected profit maximisation and a CES production
function. Consumer Agents, characterised by heterogeneous verification costs’Q'@nd risk
preferences, make consumption and verification decisions based on Bayesian updating and
utility maximisation, with externalities mediated through a social network. Th&latform Agent,
acting as a market intermediary, influences content distribution through algorithmic weightg (o
[ 5) and moderation intensityd , aiming © Maximise ad revenue under a user retention constraint.

Key Parameter Settings.

Based on our theoretical model, we set the following core parameters for the baseline
simulation: elasticity of substitution for high-quality content ,, o= 0.75 (complementarity) and for
low-quality content ,, 3 = 1.5 (substitutability); 100 producer agents and 300 consumer agents;
baseline Al capital costi = 1.0 and labour cost) = 8.0; and a platform revenue share of= 0.25.

E+GUI ROWUqWNaWIVYGG W6WUt R2IJWF Af WécaRTI ¢ qRYU

This experiment was designed to thoroughly validate the theoretical effectiveness, measurement
robustness, and predictive power of the IPI. The design included six stdxperiments: a baseline
evolution test, a shock response test, a weight sensitivity angkis, a noise robustness test, a
historical event detection simulation, and a crossplatform comparison.

N6 UWHY! JWnRUT RUNt Wt ql YUNG! Wt 2 GGY!l qWaé JWf Af kt W2
correlation with social welfare (correlation coefficient of -0.839), confirming its theoretical
validity as a welfare metric. Second, the index is highly sergie to external shocks, showing an
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average increase of 37.5% during four simulated shocks, proving its ability to reflect retne
changes in ecosystem health. Third, the IPI is robust to different weighting schemes, with the-IPI
welfare correlation remaining high (between 0.486 and 0.71@ross six different configurations.
Fourth, it demonstrates excellent resilience to measurement noise, with a measurement error of
only 0.045 even at a 20% noise level. Finally, in a simulated fake news event, the IPI increased by
21.6%, showcasing its tential as an early warning tool. Our leading indicator analysis further
reveals that the IPI has an optimal prediction window of fime steps, providing a valuable
reaction window for policymakers.

E+GUI ROGNWDUqW=ZaWNSUY!I DgRHAcGWéECTRT ¢qRYUWe UT WAYGRH! L
Validation of the Al Progress Paradox.

We conducted a parameter sweep to systematically test the impact of Al costi and the

elasticity of substitution for low-quality content (, § on the market equilibrium. The parameter

space coveredi N {0.6, 0.8, 1.0, 1.2, 1.4} and O {1.2, 1.4, 1.6, 1.8}. The key finding is a strong

validation of ther&g ¢ | ¢ T Y+ WYnW f WGI YNNI Ut 1t wall f WHYL qWRY WGYH
(coefficient of 0.167) and strongly negatively correlated with pollution density (coefficient of

0.770). For instance, & an Al cost of 0.6, pollution density reached a high of 0.954, whereas it
decreased to 0.568 when the cost was 1.4. This result provides robust computational support for

our proposition that technological progress, due to its asymmetric impact, can paradwically

exacerbate information pollution and harm social welfare.

Analysis of Policy Interventions.
We designed six policy configurations to test the effectiveness of different intervention tools.

Table2 details the performance of key macroeconomic indicators under each policy.
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As shown in Table2, all interventions improved upon the baseline across various dimensions.
Notably, the Joint Policy achieved the highest social welfare (79.82), a 2.3% improvement over
the baseline. TheTech Intervention was most effective at reducing pollution density (to 0.596)
and the IPI (to 0.622). A key finding is that the effect of single instruments is limited; for example,
the Pigouvian tax proxy, while beneficial, was outperformed by comprehensive strategies.i$h
again validates our theoretical claim that a multitool policy portfolio is necessary to effectively
address the threefold market failue.
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contributions. They confirm the significance of asymmetric production technology, demonstrate

the interplay of the threefold market failure mechanism, and show the@nvergence of the system

to a suboptimal equilibrium with high pollution, consistent with our theoretical predictions. The

experiments also establish the practical value of the IPl as a monitoring tool with earlyarning

capabilities, cross-context applicability, and utility for policy evaluation.

The results yield important policy implications: singleinstrument policies are insufficient; a
forward-looking regulatory framework is necessary to address the rapid evolution of Al; and
policies must be adaptive, adjusting dynamically based on realime data. While our simulation
provides valuable insights, we acknowledge its limitations, such as model simplification and
reliance on calibrated rather than empirically estimated parameters. Future research could
enhance this framework by calibrating the moel with realworld platform data, expanding the
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complexity of agent behaviours, and conducting longeterm dynamic analyses.
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This paper has revealed the mechanism by which generative Al impacts information markets:
technological progress, by asymmetrically altering the production costs of different quality
content, can paradoxically reduce social welfare. This Paradox of Al Progresshallenges

optimistic, techno-deterministic forecasts, demonstrating that without proper market design,
technological innovation may exacerbate, rather than mitigate, market failures.

Our theoretical framework identifies a triad of interacting market failurest a production

externality, a platform governance failure, and a trust commons externality. These forces

collectively sustain an inefficient Polluted Information Equilibrium. This diagnosis moves beyond

simple Y UqUUaqWa YT Ul ¢qRYUwWGI YGYt Ot WaqVYWET T 13+ W L
mechanism design.
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Our research demonstrates that tackling information pollution requires a multinstrument
policy portfolio rather than reliance on a single tool. This includes shoiterm measures, such as
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implementing a reattime monitoring system based on thelnformation Pollution Index (IPI}o
serve as a/b ¢t 6 AYC ! T wlln Y1 W G Ydink Rforthd sidul® foths thi@idvanBing
legislation for platform fiduciary duties to align algorithmic recommendation with social welfare.
The longterm strategy must involve building content provenance infrastructure toenhance
verification efficiency at a technical level.

It is particularly important that this policy design be adaptive. As Al technology evolves rapidly,

fixed rules will quickly become obsolete. ThdPI provides an anchor for dynamic adjustment,

enabling acounter-A! RO RHCc Ol INalcaqV¥Yl ! We GGl YcHRG6aWRUqUI 213U
index worsens and relax as it improves.

x RORq¢ qRYUt We UT W[ eqel WW?RI UHqRY U

This study is subject to several limitations which open avenues for future research. Theoretically,
our binary quality classification simplifies a reality that is a continuous spectrum; the static
model does not fully capture dynamic evolutionary processesand we do not consider inter
platform competition or user multi-homing. On the empirical side, estimating the core
parameters (, s and,, -9 requires more granular industrial data, the practical application of the IPI
must navigate the balance between dta access and privacy protection, and evaluating policy
effectiveness demands longterm longitudinal studies.

Future research should explore several key directions. These inclugsmdogenizing technological
progress to investigate how policy might influence Al R&D trajectories; studying regulatory
arbitrage and international cooperation mechanisms for crossborder information flows;
expanding the consumer model by incorporating bounded ration@ly and social learning from
behavioural economics; and conducting indepth analyses of key sectors such as journalism,
education, and healthcare.
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This appendix provides supplementary details on the AgerfBased Model (ABM) specification,
parameter settings, experimental procedures, and results to ensure the reproducibility of our
study.

ION 7 HOND D gt WIVTI BGUHRRNRACqRYU
The simulation is built upon the interaction of three agent types whose behavioural rules are
designed to Operationalise the core theoretical mechanisms.

A.1.1 Producer Agent Logic.

The production decision of producer(between high-quality (O and lowquality () content is
governed by a softmax (logit) choice model based on expected profits:

e Agdpton ¢
00IAEI IT"OA S P h

Ropton 5 A@pPtoa j ot

<

where E [ "(Qis the expected profit for content typeCgiven agent® t WG| YT 2 HaRe2 Ra! ALC
rationality parameter that introduces bounded rationality.

A.1.2 Consumer Agent Logic.

A consumer Quith verification cost ‘Q'@ecides to verify a piece of content if the expected utility
gain from resolving uncertainty exceeds the cost. The verification threshol@ is determined by:

TG nod i3y p oGty UL
wheret) €Qib WRY W6 DWHERY UL 2 G Kkt WGEYH qldl-dqrality giMerisigiald,n Wa 6 ¢ q L
and 3"Y® the utility difference between informed and uninformed consumption of content tpe
0
A.1.3 Platform Agent Logic.
The platform agent adaptively adjusts its algorithmic amplification vector and moderation

intensity & based on market feedback. The rules follow a gradierdscent logic, balancing
revenue maximisation with a user trust (retention) constraint:

) T TNI 2t q

[ R [ =17 o
i IHOOOA
T 0 R ¢ X

where—and, are learning rates and._is the shadow price of user trust.
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Table 3 provides a comprehensive list of the parameters used in the simulations.

N¢ Haaydol d we UT WE+# Gl RAGWUqec O WAE! ¢Glqldl WE ¢

Category Parameter Name Symbol / Field Value Range or Default
General Max Steps max_steps 150 (Exp 1), 1000 (Exp 2)
Random Seed 42

Agents Num Producers n_producers 80 (Exp 1), 100 (Exp 2)
HQ Productivity productivity_H Lognormal dist.
LQ Productivity productivity L Lognormal dist.
Num Consumers n_consumers 200 (Exp 1), 300 (Exp 2)
Num Platforms n_platforms 1
Economic Platform Share —/ theta 0.25
Ad Revenue Base " | rho 4.0
Labour Cost 0 8.0
Al Cost i 1.0 (Baseline), swept in Exp 2
Technology HQ Elasticity .0l sigma_H 0.75
LQ Elasticity ,0 [ sigma_L 1.5 (Baseline), swept in Exp 2
HQ Input Share 1o / delta_H 0.35
LQ Input Share 7o / delta_L 0.65
Behavioural Max Verification Cost Qoo 4.0
Risk Aversion risk_aversion Beta (2,3) dist.
Trust Decay Rate trust_decay 0.05
IPI Weights Pollution Weight w_pollution 0.35
Welfare Loss Weight w_loss 0.25
Trust Decay Weight w_decay 0.25
Tech Risk Weight w_risk 0.15

0O 7HOOWS 211 2RWs WYNWE+GWI RaWUqé WAl YHIT 21 131

The experimental validation was conducted through a series of structured simulation runs.
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Tables4 and 5 provide a consolidated summary of the key numerical findings from our two main
experiments.

N¢ AN~ Uaql REY Wnl YO Wf Af WéecaRT ¢qRYUWE+ G

Phase Metric Value

Baseline Final IPI 0.611

Final Social Welfare (W) 67.78

IPFW Correlation -0.839
Shock Resp Avg. IPI Increase +37.5%

Recovery Rate (/step) 0.19-2.21
Weight Sens Correlation Range 0.486-0.710

Best Weight Config. Equal
Noise Robust Meas. Error (20% noise) 0.045

Avg. Volatility 0.033
Event Detect Peak IPI Increase +21.6%

Recovery Rate -9.8%
Cross-Platform Min/Max IPI 0.527/0.630

Difference 0.103

N¢ HMIIMPWA DY 2daqt Wnl YaW7¢daceURDTI WERGatcecqRYL

Phase Metric Value
Baseline (1000 steps) Social Welfare 82.25
Pollution Density 0.607
IPI 0.624
Verification Rate 0.800
Trust Level 0.295
Parameter Sweep r-W Correlation +0.167
r-Pollution Correlation -0.770
Policy Comp Best Policy (Joint) +2.3% W
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Phase Metric Value

Best AntiPollution Tech Interv.
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following repository: github.com/Y our-Repo/Information-Pollution-ABM

The required environment can be set up using Conda. The simulation results (CSV files and
nRNDz | 13t b We | W genl NI AL Riatkpié D eepdctivdlye G qt o

GGUUT R+W9aWNUWHSURHCGW?2 Jgqc¢c REGt We UT WAL YVYni

This appendix provides the technical derivations and formal proofs for the key results presented
in the main text.

N¢ H Gavidse ofB ¥ O il !

Symbol Description
07 Content output of type " {Q 0} (high-/low-quality)
07 Totalfactor productivity for content type "Q
Us plo Alcapital input and high-skilled labour input
19"0 CESshare and substitution parameters for type 'Q
,o=1/(1e" 9 Elasticity of substitution fortype "Q
i,0 Rentalrate of Alcapital and wagerate for labour
i, 0) Unit cost function for producing 0 o

— At caqnVl O ishaldpatamdirt 2 1
Ad-revenuebase per unit of amplified content

a Moderationintensity chosen by platform

[ =(alo) Algorithmic amplification weights

@ Verification cost of consumer 'Q

@ Aggregateverification rate in the system
“((=0|n=0 Signalprecision givenpollution and verification
® Socialwelfare function

IPI Information Pollution Index

oS 9IONW? Wl R2¢ qRYUWYNnW +! GGWql REWAI YT e #qRYULWO Vi q

A.6.1 Derivation of the CES Cost Function.

For the CES production functio®m 6 10 p 1 0 ! , the cost-minimisation
problem is:
i rllf_T‘l 0 00 Y
686830 p 10 D

The Lagrangianis LE §-¢0 0 "@LUp .. el The firstorder conditions yield the optimal
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factor demand ratio:

)

Substituting this back into the production constraint and solving for the total cost yields the

unit cost function:

Qi

p_ . . -
511 P 1 U om

A.6.2 Comparison of Logarithmic Elasticities.
The elasticity of the unit cost with respect to the Al capital price is equivalent to the cost share
of Al capital,i w ©
Tl lag 1
TTTNC | | b1 0

iR op

To prove Proposition 1, we must show that } s ¢ > [ qs ¢ Given Assumption 1,(; > 1 >, 9, it
nYOoVYst Wakls M LULANULEetDN Asie ddcreases, the termiN¥ dincreases, whileiN$©
decreases. This implies that the cost share of Al capital,, s piS more sensitive to changes in

than

i g8 'oTherefore, the costreducing effect is larger for lowquality content. Y
IOT 9= WAI YYNWEt UqHASWNY| WE+Rt qUURDWYnWENe RIRHAI Re
The proof proceeds by backward induction.
1.9YUt 2l djcIp MiD R 200 0 @ 6 R ¥ @ WD 3 16860¢ G GIRARNDS B V=S (1
5 6 1JMkIHL BHOH biStasilb B ¢ Gt We U W+ G H q 1 tdd) & o @ 3 HIE G ¥ 0 Wlililld @
E R Ul Uig 11y U q R RS 48R 1D 2 0 Ol R Y Oq ROKRY gl RA2 qRY U W
me URMBY WA WHYUqRU2 Yet WG¢ GGRUNWNI YIFW¢eln#H Y é& 6 eIH q A WH
[ RAN R U q WN 6313 T 1LV @dE O O A A 8
2 Al YT BHEaBip RAMIUY T @HGI) 1 Y BIAI0D R o B2 Capla U SR Yh
UM QR WY U R e §NSct 10 Y i ddk ¥ Ra 2 O 1O

HY O Gl b4 cliqGIAI 1) rdp mir HE g QI R 1J | {Bcklqd MOEI AR AII Y1 136G A LWe LW
G¢c+RO20WI+RY qt 1O

The existence of optimal strategies in each stage implies the existence of an SPNE.y

IOY 9QMOWAI YYNWEt DgrS It WnYIl Wf OV RARIWVUH! We UT W9 YhGe
A.8.1 Proof of Theorem 2 (Threefold Market Failure).
N6 Wt YRR GWGH ¢ UUI Kk bdlbg b Yo th ndakithiset sabiel Welfdted Yhe firdd L bl

order conditions (FOCs) are derived. We then compare these social FOCs with the FOCs from
the decentralised equilibrium:
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These three wedges prove the Pareto inefficiency of the equilibrium. y

A.8.2 Proof of Proposition 1 (Paradox of Al Progress).

We use the Implicit Function Theorem on the system of equations defining the equilibrium.
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This study investigates critical drivers of social impact in digitalienabled philanthropic
innovation (DPI) initiatives across China, leveraging a configurational analysis of 72 project
nl YoW NIJURDUOqkt W BNIHRSUYOGYN! WnY!l W] gritedw@TAS
(OrganisationTechnologyContext) framework and applying fuzaset Qualitative
Comparative Analysis (fsQCA), this study identifies two necessary conditions for high socia
impact of DPI initiatives: national project coverage (consistency = 0.949and service
provision focus (consistency = 0.981). Further, two distinct causal pathways to high impac
are revealed: (1) DomairFocused Collaboration, emphasising targeted efforts in a single
social domain (e.g., sanitation worker support) combined with crosssector partnerships and
platform-0 J2 D WYea qGe qt W+ JGGIRNRIUI WHAH! Wi W96¢
Driven Collaboration, reliant on advanced techntogy (e.g., Al) alongside mukstakeholder
cooperation and scalable outputs (exemplified B W BNIJUHWDIUqWEUY s W x
Al YTURqwmb OWNG6IJt WDWNnRUT RUNt WHEcAGWUNUIWaqIH
prerequisites and equifinality in strategies for digitallyenabled philanthropic innovation. This
study advances digital philanthropy scholarship through an integrated framework while
offering practical guidance for designing scalable, collaborative DPI initiatives.

Keywords: Digital Technology; Philanthropic Innovation Initiative; Social Impact; fsSQCA
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f Uql YT eHqRYU

The global shift toward digitalisation has fundamentally reshaped philanthropic practices,
transforming donation behaviours, organisational operations, and social impact measurement.

This transformation extends beyond mere technological adoption, represeimg a fundamental

shift in how philanthropic relationships are formed and maintained. Digital platforms have

emerged as critical infrastructure enabling direct connections between donors and causes (Van
Teunenbroek et al., 2023).

96RUCK!t Wql ¢ TUHQY!I ! WRUW RNRacOGWGEROcUq6!l YG! WGI 13t L
driven by internet technology and platform innovation, internetbased philanthropy has become

an important component of the philanthropic sector, characteised by a high degree of
mBGUeqnVY!l GRt ¢cqRYUwWs 6131 DWGE!I NUIWqUHS WHYAGGE URIIY WIOT
SM=ZOb OWl HEAYI T RUNDWqYWt q¢ qRt qRAY Wn! YOG Waq6WW~RURY ql
internet philanthropy fundraising scale grav from 2 billion RMB to nearly 10 billion RMB over six

years. As of 2023, cumulative participation exceeded 51 billion perscetimes, raising 35 billion

A~7mW RNet RUNW NWUHWDUqkt W G6RGcUqE!l YGRAW GUcaqnVYl LW ¢
participation surged dramatically between 2016 and 2022. This new model of development
increasingly integrates advanced technologies, including artificial intelligence (Lang, 2024).

Despite these remarkable developments, scholarly understanding remains fragmented and
predominantly descriptive. A review of Chinese internet philanthropy research (2068020), for

instance, found that while key topics have emerged, comprehensive systematireviews remain

CHt DUqWulARWWqWE GHAW=ZM=NbOW[ 21 q6 1 Yl DAWaqd6 IIW IHGq
constraints, including limited investment, inadequate talent, and limited supply (Du & Wang,

2023). Thisdisconnects between practice and scholarship creates a critical knowledge gap,

particularly regarding the mechanisms through which digital technologies drive philanthropic
innovation. Specifically, little is known on the factors or conditions that drive the social impact
of digitally-enabled philanthropic innovation (DPI) initiatives especially in the Chinese context.

To address the gap in the literature, this study proposes an integrated OTC (Organisation
Technology-Context) framework for social impact of DPI initiatives and tests this framework by

applying fuzzyset qualitative comparative analysis (fsQCA) on a sampl@N=72) of DPI initiatives,

5 6 RAGWRY WHYGOGUAEqUT Wnl YOGWq6 WWNIURDUqWGGeqnY!l GuwyOdl
on digital technology and philanthropic innovation was first reviewed briefly. The method, data,

and sample, along with measuremers for the outcome and conditions, were then presented in

the methodology section. The analyses of necessary conditions and configurations of conditions

were then presented in the results section. This study concludes with a summary of the main

findings, discussions of the study contributions and limitations, along with directions for future

studies.

X RaqUl ¢qel JDWAWN2RIIs

Digital Technology Applications in Philanthropy
Digital Fundraising Platforms and Donor Engagement

Digital fundraising platforms have fundamentally transformed how philanthropic organisations
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mobilize resources. Crowdfunding has emerged as a particularly significant innovation, enabling
organisations to access diverse funding sources while reducing transaction costs and enhancing
transparency (Van Teunenbroek et al., 2023). Social informationisplayed on crowdfunding
platforms functions as a quality signal in online contexts (Van Teunenbroek, 2020; Van
Teunenbroek et al., 2021), influencing donor decisioimaking processes in ways distinct from
traditional fundraising.

Donor motivations in digital contexts reflect complex interactions. Altruism and joy of giving
remain primary drivers in crowdfunding behaviour (Jiao, et al., 2021). However, online platforms
introduce new dimensions such as social recognition, digital coomunity belonging, and the
influence of social networks, as donors often support projects suggested by friends (Jiao et al.,
2021). Cultural contexts further moderate these relationships. Research in India, for example,
highlights specific models for markeing NGO partnerships to mobilize mass giving (Banerjee,
2021). Other studies indicate significant variations in donor behaviour across national settings,
such as preferences for recognition and rewards (Bezalel, 2025), suggesting that digital
philanthropy cannot be understood through a onesize-fits-all framework.

Social media platforms have become integral to modern fundraising strategies. Evidence from

DG GRI RAcCOW gel RIJF WT WaGYUL ql ¢cqlt Wg6cqWUYUGI YnRaqt K
with their social media network size, posting activity, and audience egyagement (Bhati &

McDonnell, 2020). However, success requires strategic content creation, message diversity, and

authentic storytelling rather than transactional appeals (Bhati & McDonnell, 2020). The shift to

digital fundraising accelerated dramatically during the pandemic, fundamentally changing how

donors interact with charitable organisations (Van Steenburg et al., 2022).

Blockchain Technology for Transparency and Trust

70YRtHGCRUWqUASUYOGYN! WelT T 1 3t It WGERGecUq61 YG! kt WG
immutable ledger structure. It enables reaitime tracking of fund flows from initial donation

q6l YensW nRUcOW ¢cGaYReqRYUKW Ec¢l 0! WpRinesship withUaq ¢ q R Y C
ConsenSys, demonstrated this potential by tokersing donations for tracking on a public

blockchain (ConsenSys, 2018). Beyond transaction recording, smart contracts enable

automated fund distribution based on predetermined milestones (Alice 2017). Platforms like

7Rq] R2WWI[ YaUT ¢ qRYUKt W] R 2 I3hedithticlal GportidgRandIptbject UY | + LW
results, demonstrating how blockchain enhances accountability (BitGive Foundation, 2020).

However, blockchain adoption faces significant bariers including technical complexity,
cryptocurrency market volatility, and evolving regulatory frameworks (Endaoment, 2023). The

qllH6 UV i Y-reimimpadiid¥pends on developing usesfriendly interfaces and establishing

clear governance standards.

Data Analytics and Digital Technology in Organisational Management

Data analytics capabilities have transformed organisational management practices within the
philanthropic sector. Predictive analytics, for example, enable organisations to identify high
probability donors, optimize appeal timing, and personalize engagemenstrategies based on
historical patterns (Hoang & Levy, 2020). Cloutbased systems are increasingly used to facilitate
organisational collaboration and enable hybrid work models, which many grant making
organisations plan to maintain (Technology Associabn of Grantmakers, 2024). Customer
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relationship management platforms help organisations maintain systematic records of donor
interactions and preferences, enabling more strategic resource allocation and evidencbased
decision-making (Sargeant & Shang, 2010). These technological capabilgieollectively enable
nonprofit organisations to operate more efficiently. Industry reports demonstrates that
nonprofits with higher digital maturity are significantly more likely to achieve their mission goals
and improve operational efficiency (Salesfore, 2023). Digitally mature nonprofit organisations
also demonstrate stronger organisational culture, with staff reporting higher motivation and
lower levels of burnout (Salesforce, 2022).

Digital Technology for Service Delivery

Digital technologies have also fundamentally transformed how nonprofits deliver services to
beneficiaries. A majority of nonprofits now use tools like text/SMS or mobile apps to reach
constituents (Salesforce, 2023). This shift toward digital service delery became critical during
the pandemic, when many nonprofit services were cancelled due to a lack of digital technology
or skills, highlighting the essential role of digital infrastructure for service continuity (Charity
Digital, 2023). Nonprofit organiséions have deployed various digital tools to enhance service
provision. Chatbots have been integrated into websites to provide automated support, including
legal and mental health advice (Community Force, 2024). Case management platforms enable
nonprofits to scale personaised care by tracking services, assessments, and outcomes on
unified systems (Salesforce, 2020). Nonprofit organisations with high digital maturity are
significantly more likely to meet or exceed their programme delivery goals compared iow
maturity organisations (Salesforce, 2021).

| qRIHRc G W UqUaaRNUUARDUWL f b WRUWASRGOCcUq6! YGRAWF UU
Current Al Applications Across Philanthropic Functions

Artificial intelligence has rapidly evolved from a peripheral technology to a central tool in
philanthropic operations. Scholars have begun to explore the conceptual relationship between
Al and philanthropy, from its historical roots to its potential to etvate the sector (Della
Giovanpaola & Tudor, 2024; Dotan, 2024). In fundraising, machine learning algorithms analyse
donor behaviour to predict giving likelihood and personalize communications at scale (Fundraise
Up, 2024; Hural, 2024). Natural language pcessing enables automated draft creation for grant
proposals and donor acknowledgments, significantly reducing administrative burden (Hadley,
2023). In China, Al is being actively integrated into internet fundraising platforms to transform
governance (Lamy, 2024).

f Rt W YOGUWeat YWI+qUUT + WqVYWGI YNNI ¢caGNWRAGGONANWUaqeE qF
can be deployed for project monitoring and needs assessment. The Hebrew Immigrant Aid
EYRRUq! Kt Wet DWYNWa¢H6RUWDWI K¢ URUDN Bkgnvplifi¥sGopRAll R A 1J LW 1
can enhance mission delivery effectiveness (Worcester Polytechnic Institute, 2018). New
research is also exploring the effects of Al on volunteer productivity (Tipnis et al., 2024).
Generative Al represents the latest frontier, offeringinprecedented capabilities for content
creation, research synthesis, and strategic analysis (Gray, 2023; Hural, 2024). The rapid
accessibility of these tools has democratsed Al adoption, enabling smaller organisations to
access sophisticated capabilities (Barenblat & Gosselink, 2024).
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Ethical Considerations and Governance Challenges

The integration of Al into philanthropic practice raises critical ethical questionsAlgorithmic bias
emerges as a primary concern, as Al systems trained on historical data risk perpetuating existing
inequities and discrimination (Tsamados et al., 2021). The National Eating Disorders
bt YEHERecqRYUKkt WG RIUAIIA W hasnhiul lddiick, gilusttates tHeFH 6 ¢ qq HY a
reputational and ethical risks organsations face when Al systems malfunction (Wells, 2023).
Data privacy constitutes another significant dallenge, particularly as Al systems require
substantial data to function effectively (Fundraise Up, 2024). Surveys of US donors reveal that
many express concerns about data privacy and the loss of personal interaction, which some
indicate could decrease their likelihood of donating (Koshy & Chappell, 2024).

Transparency and accountability in Al decisiormaking present additional governance
challenges. This opacity becomes particularly problematic when Al influences consequential
decisions about resource allocation or beneficiary selection. Current research argues that
philanthropy must play an active role in shaping an ethical and inclusive Al revolution (Jasper et
al, 2024). However, the sector currently lacks widely adopted stadards for responsible Al
governance and explainable Al (Tsamados et al., 2021).

21 R21I t Wn VYl WEY HR @dilf HiGGIE THALBYRALE? RADRIgEGRiF WS 00Y2¢ qRY

While existing research has documented various applications of digital technologies in
philanthropy, understanding what determines the social impact of these digitalyenabled
philanthropic innovation (DPI) initiatives remain an emerging area. As philantbpic
organisations increasingly adopt digital solutions, identifying the conditions that drive their
effectiveness becomes crucial for maximsing societal benefits.

Current research suggests that digital maturity significantly influences organisational
performance. Digitally mature nonprofits are four times more likely to achieve their mission goals

and twice as likely to see improvements in operational efficienciesSalesforce, 2023). This

RUIT RACqUt W agqdbcqW ¢UW Y!I NcURt ¢cqRYUKkt W HE GEHARm! W aqVyWw
encompassing technical infrastructure, data utilisation capabilities, and adaptive processest

likely mediates the translation of technologicalinvestments into tangible social outcomes.

The type and characteristics of digital technology deployed may also shape impact potential.
Different technologies serve distinct functions: blockchain enhances transparency and trust
(Alice, 2017; BitGive Foundation, 2020), Al enables predictive analysicand personalsed
interventions (Fundraise Up, 2024), while mobile platforms facilitate broader service delivery
reach (Salesforce, 2021). The appropriateness of technology choice for specific philanthropic
objectives may thus constitute a critical driverof success.

Cross-sector collaboration represents another dimension influencing the social impact of DPI
initiatives. Partnerships between businesses, nonprofits, and government entities can leverage
complementary resources and expertise to address complex social chénges (Kania & Kramer,
2011). Such collaborations may enhance resource mobilisation, expand implementation scale,
and improve innovation capacity. The number and diversity of initiators involvedincluding the
extent of cross-sector engagementr could therefore significantly affect the social impact of DPI
initiatives.
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Application contexts and scenarios also likely influence these relationships. DPI initiatives
deployed in different service domains face varying degrees of complexity, stakeholder dynamics,
and measurability challenges. Understanding how specific configurions of technological
attributes, organisational characteristics, collaborative arrangements, and contextual factors
combine to produce varying levels of social impact represents an important frontier for both
research and practice in digital philanthropy

Based on the above review, this study proposes an integrated OTOrganisationTechnology
Context) framework for social impact of DPI initiatives, as shown iRigure 1

Organizational Attributes
*  Number of Initiating Organizations
*  Type of Organizational Cooperation
| * Number of Project Domains

Technological Attributes | | Social Impact of

* Type of Technology sge g8
*  Type of Technology Output | DPIInitiatives

Contextual Attributes

*  Project Coverage Scope
* Project Application Scene

S

[ RND2 | IJWN WM IDE & RYEYABMIGE qqI[ | ¢G5 YI t WnY!l WEYHRCE O WF G G

~Jq6YI YOGYDN!
[ e ABUqWA2¢ORecqR2IIWIOYAGGE!l ¢qR21IW Uca!t Rt Weint A9 b

Building upon our theoretical framework, we employ Qualitative Comparative Analysis (QCA),
specifically, fuzzy-set Qualitative Comparative Analysis (fsQCA) to identify configurations of
conditions for philanthropic innovations cases that generate greater acial impact. First
introduced by Charles C. Ragin, QCA is a s¢heoretic approach that uses Boolean algebra and
set theory to understand complex causal patterns (Ragin, 2014). The fsQCA is ideal for our study
for three main reasons. First, it is welsuited for addressing the complexity of various
configurations by identifying multiple causal pathways leading to the same outcome, which
aligns with our framework that the social impact of philanthropic innovations cases results from
the interplay of technological, organisational, and contextual factors. Second, as some of the key
conditions and the outcome are interval variables, fSQCA is specifically appropriate to handle
these variables by allowing for partial membership in a set, thus capturing these nuaad
variations. Third, fsQCA is especially appropriate for mediuaN sample.
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maximum similarity with maximum heterogeneity. Therefore, the followig criteria was applied

to achieve the requirements: (1) Similarity. Cases were selected from the single database of
NODUARHWDUOqWmNUHESUYOGYN! WnY!l W] YYT wWGI YTUHqAWUIUOL 21 RUN
social impact to some extent. (2) HeterogeneityThe sample was diversified to include projects

from a wide range of social domains, including education, environmental protection, healthcare,

disaster relief, and so on. (3) Informational Richness. As QCA requires sufficient data for robust

calibration and interpretation, the criterion of the availability of complete and sufficiently

detailed project information was applied to allow for robust @ding of our conditions and

outcome. Finally, 72 case projects were selected as our final sample from 335 projextby

September 2025, as shown iMable 1

Nc HOWWNWWE+WJGGuacec! ! W?Af Wf URqR¢ qR2 1t

N4 Al YTUHRqWOE G 1 olc | 2YGc¢RU
N NUUBRDUqWEUYs Wx WYGel T WAl YqUHqRYU =ZM=ZN cqel YWrRYU
= T RGT W[ 1 RIUOT+ WAL YTWUHq =M= =
O |1 W96cqWAc! W96¢! Ra! W~WE SMEN [9¢| JWeT 2YH
mn ?RNDRac¢aW?aU08e2¢UN ZMZ =
P |[NRTIWWAzl ¢aw YaWUWEGGYs I GW0q SMNZ |Azl caWl U2R
b2 AD6¢ARIRge qRYUWE UT WecWéedqéllceqllf =M= 0
T AT W gBRRABGEUT W~¢c UeNPUAGWUqWAGeEqnYZM=Z= |?2Rt ¢t qldl Wl
At #e 1J
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Based on our theoretical framework, we identified social impact as outcome variable and seven
project attributes as our causal conditions.

gaqgqHYOWN

The outcome in this study is perceived social impact, which is conceptuaed as the efforts to

BRAOGI Y21 WeUT oYl WAHRUWNRqW YRR q! OwWf qWe dRNUL Ws R 6
social well-being through digital philanthropic innovation. Given the variability in our 72 cases

t GEUURUNDWT R21J1 t 13 LW to esiablitn’at stAdleRiandardded, Rbjectiverhee iafal

social impact. Therefore, we took the following steps to measure perceived social impact based

on existing studies (Ye eal., 2025), which allows for consistent comparison across cases.

To measure this, we first compiled a comprehensive evidence dossier for each of the 72 projects,
including all available quantitative and qualitative data on project outputs and outcomes (e.g.,
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participation scope, services delivered, and measurable social or environmental changes). We

then invited two peer experts to evaluate the cases. The experts were presented with the

J2RT WUHDWI Y+ RIJI L We U7 Wet ¢ 13T Wa VY Wpoird st G=HiGidaG | Y T I H q
ROGEHQAWNMI ERDURNRHec UqUWROGGEHab AWAcH DT WYUWq6 IR LW
GeT ywe wt RDURNRHecUqWt YHRCOWRAOGGE HQqOWWNSIWNnRUCOWGH
calculated as the common assent of the experts. fie continuous score was then calibrated into

clWnea AA! Wt WqOWEHRY!I RUNDW@6! It 6Yalt Ws Il DWHETGRAI ¢ qldl |
DAt RYUW MTWNAWP q6 WG AUUqROUL AWe UT WUWe ql ¢ OWAHC
9c¢cet ¢ctdwWOYUTI RqRYUH

Based on our theoretical framework, we selected seven causal conditions hypothésed to

influence the social impact of digitally-enabled philanthropic innovations. These conditions span

three key dimensions: (1) Organisational Attributes, including number of initiating organisations,

type of organisational cooperation and number of projecdomains; (2) Technological Attributes,

which define the nature of the technology itself, including type of technology and type of

technology output; and (3) Contextual Al RA2 qt AW s RASGWIT InRUVW qé W
application scene, including project coverage scope and project application scene.

(1) Organisational Attributes

Number of Initiating Organisations. The scale of collaboration is a critical factor in innovation

success. A larger number of partners can provide greater resources and legitimacy but may also

increase coordination costs. We measured this condition based o the count of distinct initiating

YI DcURt ¢qRYUt WRU2Y02UT WRUWq6WWGI YTUHqHOWf qls ¢t W
GUI #UUqRGWUL AWN+FHG2t RYUWb JTWNAWP q6 WG #WYUqRG Wb ALe C

Type of Organisational Cooperation. Beyond the mere quantity of partners, the depth of
collaboration is crucial for integrating resources. Wider collaboration may lead to more effective

outcomes. We coded this based on the nature of the partnership: O foro cooperation, 1 for intra

sectoral cooperation, and 2 for intersectoral or cross-sector cooperation. It was calibrated as

RURAGezt RYUWbg W=ZAWPPaq6 WGl AUUqRIUL AWWNFHG2t RYU Wb/ W
average).

20 HDI WYnWAI YTUHRqW? YacRUt OWNERt WHYUT RqRYULWHE Gae l
concentrate on a single domain (e.g., healthcare) to maximize expertise, or diversify across
multiple domains (e.g., healthcare and education) to broaden its irpact. We measured this by
q6 lWHY2 UqWYnwl Rt qRUAqUt YHRcOW Yac¢cRUt W6 WGl YT IIHGq
OPPq6 WG HUOUqROWe AWNFHG2t RYUWe TWNAWP q6 WGWI #UUqRT L

(2) Technological Attributes

NI GUWYnNWNRARSUYGYN! OWNSJWUOY2W30q! WeUT WEYs I WYn Wad1J
effectiveness. Advanced technologies like Al may unlock new solutions. We coded this based on

q6 WGl YTURkt WHY!I DWaqlH6 0Y 0 Y Fdr Al Ai\altireYcbnp@nend, &hid LT RN R q
SWnYl WewWrYGARUecqRYUWY nW fWeUT W8q6Wl WaqWlHsUYTYNR
GUI AROUqRON, AW+ AGet RYUW NTWMAWP q6 WG| #IUqREG UL Ale C

Type of Technology Output. Finally, we assessed the nature of the technological output, which
I DG Wt 3U0qt W6 WWage UNRAGWWBGe AGRHWNY YT wlIGI YT 2 #HIJT HOL
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ranging from intangible Content (coded as 0) to a usable Instrument (coded as 1), to a
comprehensive Platform/System (coded as 2). This was calibrated as a thramlue fuzzy set:

RUHAGzt RYUWbg W=ZAWPP a6 WG HIJUqR T b taalbasdires @ 1L.RLY U Wbl /] LN
average).

(3) Contextual Attributes

Scope of Project Coverage. The geographical scope of a project fundamentally determines its

potential scale of impact. This was coded as a dichotomous, crisp set, distinguishing between

projects that are primarily Local (coded as 0) and those that are expitly National in scope

(coded as 1).

Al YTURqW GGIRHAcqRYUWEHRIVUVKOWNGSGRI WAYUT RqRYUWRT 3U0q
use, which can be applied internally to improve nonprofit efficiency or externally to serve
beneficiaries directly. We distinguished between projects focused on Organisational
Management (i.e., internal tools for nonprofits, coded as 0) and those focused on direct Service

Provision to the public (coded as 1). This was also calibrated as a crisp set.

The descriptive statistics of the cases are shown imable 2 The outcome variable of social
impact has a mean score of 4.53 (SD = 2.44), which indicates that the projects in the sample, on
average, were perceived as having lowwo-moderate social impact, with significant variation
across the cases.

At the organisational level, the number of initiating organisationis generally low, with an average
of 1.88 institutions per project (SD = 1.99), suggesting that most projects were initiated by a single
entity or a small partnership. Similarly, collaboration is not the dominant mode. 69.4% of
projects have no institutional cooperation, while only 2.80% involve intrasectoral cooperation.
Projects also tend to be focused, with the number of project domains averaging 2.36 (SD = 1.05).
The primary project donains are diverse. The most prevalent category is care & advocacy
(43.1%), followed by natural conservation (20.8%) and education support (16.7%).

N6 WUWt ¢ GGkt WHYUqUFqecllWHAHGE! ¢Haql Rt qRHAL W¢l JWERN
national scope (90.3%) and are focused on direct service provision (94.4%), with very few cases
being local (9.7%) or for organisational management (5.6%).

As for technological attributes, most projects (79.2%) are using other digital technologies, with
Al-driven projects combining Al and other technologies representing a smaller portion of 20.9%.
Among technological output, platform-type outputs are the mostcommon (76.4%), followed by
the type of instrument (18.1%).

N¢ HO DW= oW? 3t #l RGaqR2UJWEq¢ qRt qRHAHY
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Following the standard procedure for QCA, the analysis first tests the necessary conditions using
fsQCA 4.1. In the analysis of necessary conditions, consistency and coverage are the key
indicators. As shown inTable 3 the results of necessary conditions for high social impact show
that scope of project coverage (consistency = 0.949) and project application scene (consistency
= 0.981) reached the consistency threshold criterion of 0.9. With respective coverage score$ o
0.532 and 0.538, the results indicate that these two conditions are necessary to explain the
stronger perceived social impact.

It is particularly noteworthy that both necessary conditions are contextual attributes, strongly
t 2NNt qRUNWq6cqUaqdJWGI YTIUHRqKt W pravisidd)lhee OricioglR Y U ¢ T b L
prerequisites for achieving high impact in this domain.

Ne Aguwotow Uéa!t Rt WynlW WHIEt el 1 wovYUT Rq
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Next, we analysed the truth table to identify configurations sufficient for high social impact. After
applying the frequency (2) and consistency (0.929398) cutoffs, the logical minimisation yielded

two distinct configurations. Table 4presents the intermediate solution (the intermediate solution

was identical to the complex solutions in this analysis).

In these two distinct pathways achieving high social impact, both paths share a common core
set of conditions T Initiating organisations * Cooperation type * Project domains * Project
coverage scope * Technology output type. This suggests a foundational configuration for high

social impact of philanthropic innovation initiatives: projects need be national in scopefocused

on service provision, involve a high quantity of institutions engaged in deep cooperation, and
produce a highlevel technology output (eg., a tool or platform). This core configuration,
however, is activated by one of two substitutable conditions.
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Domain-Focused Collaboration Path (C1)

The first and most prominent path (consistency= 0.934; unique coverage = 0.151) combines the
five core conditions with the absence of high domain quantity (~Project domains) and uniquely

explains 15.1% of highimpact cases. This configuration suggests that for these largscale,
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service-oriented projects, high social impact of the philanthropic innovation is achieved when
significant collaborative effort is channelled into a focused operational scope, concentrating
resources on a limited number of social domains rather than diverg/ing.

N6 IJWmbi 1396 ¢ qlUAc! HI9 6 ¢ | R yprojdet ékéniplifiéshow a focused application
of technology in the domain can solve a specific social problem. Leveraging WeClsitcore
infrastructure, it provides a dedicated miniprogramme where sanitation workers first complete

a one-time identity verification. Once authenticated, they can claim digital vouchers and redeem
them for a J-cent meal or water at any participating merchant. The success of this case hinges
on a combination of seeral key conditions.

First, the project was built onhigh-level, cross-sector cooperation, creating a symbiotic

ecosystem essential for its operation and scale. This was evident from its 2021 launch, a joint

DnnY!l qWA! Wi D96¢cqWA¢! AWq6 JWESIWUASIIUWOI HeUW~¢UenW
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partner provided unique assets. Tencent acted as the initiator and chief architect, providing the

core technology and seed funding. The government pier was critical, providing authoritative

T¢qée¢ WA! WRUqIUNI ¢lgeRIUINIET 2Bt 6! ¢t aok I AU SIFE a6 Wa 6 WY nn RHRC G K
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Moreover, by usingR gt WY nnRAR¢cOWeT G RURY ql ¢ qR2IVWERIJI €1 H#E! AW
GIICT I W Y#He avYdpvnttleommunity managers and team leaders to build trust

and ensure the informationreached every worker. Concurrently, merchants and the public were

mobilised ¢t W e HQqR2WIWGe !l qRARGE Uapt O pldgid, Lihregrated antp 1dhidl ¢ L6 2 ¢ (
ordering systems of over 20,000 merchants, provided a convenient, H4scenario donation

channel for the public, creating a sustainable, seHperpetuating funding stream.

Second, the project provides anational -scale public service , which, as of 2025, has expanded
to 15 cities. A core capability of this service is its use of the digital voucher to connect the entire
charity chain to build public trust. The entire process, from the sanitation worker receiving the
voucher to its redenption at a restaurant, is completed online, making the flow of funds
exceptionally clear and traceable. By building this capability into the product, users can
experience and discern the authentigty of the activity for themselves.

Third, the project delivereda clear technology output in the form of a platform of trust through
digital technology and realtime feedback. For instance, to solve the digital divide, the team
GcaURGUT WabH bt Ui GUISILY ¥! Wndcqgel DWAARWERGBHWG HBI W=
upgrade was an innovative solution, allowing verified workers to use their own phones to
authenticate and redeem vouchers for their colleagues. As of September 2025, this feature has
seen 11,798 workers help 20,692 of their ctdagues receive 760,000 bottles of water and
310,000 meals, successfully bringing previously excluded workers into the system.
Simultaneously, the platform directly addressed the core problem of donor scepticism and
created a new model of realtime feedback. When a worker redeems a voucher, the donor
immediately receives a digital letter detailing the specific time and location of the meal. This
accurate, direct, and instantaneous feedback loop helps build profound donor trust and
transforming the act of gving.

Except for the above conditions, its success is also activated by itsigh degree of focus. The
complex system is dedicated to a single, cleaicut domain to provide subsidsed meals for
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sanitation workers. While other charity meals existed for groups like the elderly or children, the

team chose to focus exclusively on sanitation workers. This decision was driven by field research

that identified their specific, unmet needs (as outdoor wokers lacking convenient, clean dining

options) and by a desire to convey respect for their profession, rather than simple care. This
RUqUUt DWnYHet WedaYs T W6 WWalde b WY WayY2L3WAHI! YUT WNJ
deep implementation challend 13+ W[ Y| WR U+ gERIVHIT ARy S UdyRNgP W2 131 Rn R #H
technically and politically feasible because they could partner with a single government bureau

for a single, clean dataset. This focus also led them to discover and solve the digital dividas

many as 50% of workers in some areas could not participate due to nesmartphones or low

digital literacy.

The combination of a focused, multistakeholder ecosystem and a digital platform built upon
trust and inclusion allowed this innovation to achieve its significant social impact. As of
September 2025, the project has verified over 200,000 sanitation workeesd delivered a total of
3.63 million meals and 4.5 million bottles of water, supported by over 40 partner brands across
20,000+ stores and has been funded by donations from over 12 million users, demonstrating a
powerful and sustainable model of digitaly-enabled philanthropic innovation.

Technology-Driven Collaboration Path (C2)

The second path (consistency = 0.951; unique coverage = 0.033) combines the five core
conditions with the presence of advanced technology using. This configuration suggests that
innovations can also achieve high social impact by leveraging sophisticated ¢enologies. In this
pathway, advanced technology using acts as a functional substitute for the domain focus seen
in path C1, allowing the project to successfully manage greater complexity and still deliver
impact.
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and cross organisational collaboration including Tencent, WWF, and Shanshui Centre, a national

and international scope, a service provision focus, and a gh-level platform output. However,

unlike path C1, this project spans multiple domains, including endangered species protection

and public environmental education. Its success $ instead activated by its core technology,

such as the use of Al and other digital technologies.

N6 IJWGI Y-polddteyl platftim,fwhich can identify species with over 97% accuracy and filter

98% of empty footage, directly enables scientific conservation on a scale that was previously

impossible. Here, advanced Al acts as the key enabler that allowthe project to achieve its

innovative goals. Launched in October 2021, the first demo was fed an initial dataset of over
NMMAMMMIWRG ¢ NIt WeUT Wwéeet Wt RUAWJIWe OT I nYUWWt 32131 ¢aW
also steadily expanded, with the number ofidentifiable species rising from 23 to 31 and the

image-level detection (recall) rate surging from 70.8% to 95.5%, and precision increasing from

59.1% to 85.2%. In this configuration, the advanced Al itself is the critical condition that unlocks

the projeRqk t e ARORq! WqYWYGWI ¢ qlAaWNIIUONI ¢qRUNDWZ2¢Ge IJWHA
data-processing challenge.

In summary, the two pathways to achieving high social impact for digitaHgnabled philanthropic
innovation initiatives indicate that achieving high social impact is not random but follows a clear
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logic. They require a core architecture of largscale, collaborative, service-oriented, and output-
driven design. This solid foundation is then successfully activated and empowered by one of two
alternative strategies, that is, either strategic cooperatio combined with domain focus, or
leadership through core technology.

9YUHG:z2t RYUt We Ul W? Rt Het t RYUt

This study identified critical drivers of social impact in digitallyenabled philanthropic innovation

bI? Af b WLRURQR¢ qR21Jt W6l YenNéWe WHYUnRNa2!l ¢qRYUcdWweUc¢
] YYT wlWGGEcqn Yl GHOW[ RI t qfllgs ¥heeeSsargddnditionscidr hith sogial R A2 q 13t
impact of DPI initiatives: national project coverage (consistency = 0.949) and service provision

focus (consistency = 0.981). Second, fsQCA analysis revealed two distinct pathways to achieving

high social impactof DA WWRURqR¢ qR2 1Jt WOWE+F DG GIRNRIT WH! Wadé JWHCEt
first pathway is DomainFocused Collaboration (C1), which is achieved through concentrated

efforts in a single social domain (e.g., sanitation worker support), combined with muki
stakeholder collaboration (e.g., crosssector partnerships), national scope, service provision,

and a platform/system-level technological output. The second pathway is Technologipriven
Collaboration (C2), which is achieved through leveraged advanced technady (e.g., Al + other

digital tools), alongside multi-stakeholder collaboration, national scope, service provision, and
platform-level outputs. This C2 pathway is exemplified by the case of Tencent Snow Leopard
Protection Project. Both pathways underscore hhat impactful DPI initiatives require a core

foundation of scalability, deep crosssector collaboration, and tangible technological output,

activated by either domain focus or cuttingedge digital technology.

This study makes three key theoretical contributions to the literature on digital philanthropy.
First, this study proposed an integrated framework of OTC (Organisatiohechnology-Context)
for explaining the social impact of DPI initiatives, addressing a itical gap in digital philanthropy
literature. Earlier studies (e.g., Qi et al., 2021) lacked systematic frameworks to analyse how
configurations of conditions drive social impact of DPI initiatives. By demonstrating that the
interplay of organisational cdlaboration, technological choices, and contextual scope shapes
outcomes, this study moves beyond descriptive accounts toward a deeper understanding of
causal conditions for social impact of DPI initiatives. Second, this study identified the necessary
contextual conditions for social impact of DPI initiatives. The identification of national coverage
and service provision as necessary conditions challenges the assumptions that technological
sophistication alone drives social impact. This aligns with sectodevel critiques about
mt Yie qRYURY G wlWbi? 2 WAWT ¢ UN AW M= @eghtlabld eriablkd Sidatyt RA It LT
this study revealed equifinality in pathways to high social impact of DPI initiatives. The discovery
of two substitutable success pathways (C1 domain focus; C2: advanced tech) validates the
equifinality principle in digitally-enabled philanthropic innovation. This resolves tensions in prior
literature T such as whether resource focus (Salesforce, 2023) or technical novelty (Lang, 2024)
matters more T by showing both can coexist as distinct strategies.

The findings of this study also offer several practical implications for philanthropic practitioners

and platform designers. First, they should prioritize project scaling and direct service. DPI

initiatives limited to local scope or internal management tods are unlikely to achieve high social
ROGecHqOWATGecqgnY!l Gt WaRt WWNWYURWDUqkt Wt 6Yedating RUARIIUq
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projects. Second, project design for organisational collaboration matters for achieving high
social impact. High-impact projects consistently involved multi-organisational partnerships
(e.g., crosssector alliances). Digital platforms for philanthropic inrovation can facilitate this by
developing tools for partner matching and governance frameworks. In addition, strategies for
philanthropic innovation should be flexible. Nonprofit organisations with domain expertise but
limited technical capacity (e.g., local NGOs) can succeed through focused collaboration (C1).
Technologically advanced actors (e.g., tech firms) can broaden service domains by deploying
Al/advanced tools (C2). Finally, project outputs can serve as trusbuilders between potential
donors and patforms/projects. Platform/project -level outputs (e.g., realtime transparency
ndc¢aqel Ut WRUW@q6WWHeEt JWYNnWm W96 qW9Ee! Ra! W~JEdmwb
engagement.

This study also has several notable limitations that offer directions for future research. First, the

sample of selected DPI cases is constrained. The sampled cases were sourced exclusively from
NUJURNUDUqkt WGGEaqn VYl G ALWIRG R q REHRHOOERY pldtfarmisRiiaycekhi®iti R a) ! FOLLA
different dynamics. Future studies should conduct crossplatform comparisons by analysing DPI

initiatives across diverse platforms (e.g., Alibaba, blockchairbased) to test framework
robustness. Second, data cutoff in D25 excludes newer innovations (e.g., generative Al
applications). Future studies should track how configurations shift as technologies mature (e.g.,

Al ethics adoption). Finally, metrics for social impact are perceived rather than objective
measurements. Social impact was expertrated; future work should integrate beneficiary
perspectives and longitudinal outcome data. Future studies should develop standarded

impact indicators across domains (e.g., education vs. conservation) and explore how regulatory

eU2RI YUGUWUqt WetJIONKAW9I 6 RUC Kkt WI RNDRacOWARGE! Ra! WGcEst
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