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Prof. Dr. Sevinj Zeynalova
Doctor of Philological Sciences, Professor

It is a genuine pleasure to introduce The International Collegiate
Research Review (ICRR) as a new multidisciplinary journal
created for and by young researchers. I write these lines as a
guest reviewer who has had the privilege of watching this
initiative take shape, and who believes firmly in what it sets out
to do.

Academic publishing has long operated on the assumption that
serious research begins after formal training ends that
undergraduates, graduate students, and even talented high
schoolers are apprentices, not yet contributors. ICRR challenges
that assumption directly. By opening its pages to student
researchers across science, business, law, and the humanities,
and by holding every submission to the standard of double-blind
peer review, the journal makes a quiet but important claim:
rigorous thinking is not a function of age or academic rank, but
of curiosity, discipline, and care.

To the students weighing whether to submit! Your coursework
paper, your thesis chapter, your independent research project
are not "practice" pieces waiting for a more legitimate venue
later. They are real scholarship, and ICRR is built specifically to
recognize that. A multidisciplinary journal does not ask you to
shrink your topic to fit a narrow mold; it asks you to bring your
genuine question, argue it well, and trust the process of peer
review to sharpen it further. Receiving thoughtful, anonymous
feedback from reviewers who take your work seriously is often
more valuable to a young researcher's development than the
publication line itself.

I would encourage every eligible student, wherever they are in
their academic journey, to consider ICRR not as a stepping-
stone but as a genuine intellectual home for early work, the one
where being published means being read carefully, questioned
rigorously, and taken seriously. 

I wish ICRR every success, and I look forward to reading what its
contributors bring to its pages!
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Ayla Ahmadova
Founder & Editor-in-Chief

I proudly present the first issue of the International Collegiate
Research Review! This issue will always hold a special place for
me because of the months of dedication, uncertainty, and hard
work that took place behind the scenes to bring it to life.

The idea for ICRR came to me a few months ago, after seeing
how many students across different fields struggle to find
opportunities to publish their research, even when their work
presents unique ideas that deserve to be shared with the world.
I wanted to create a space where emerging researchers could
contribute to that process regardless of where in the world they
study. The result is ICRR: an academic journal open to student
researchers from around the world. For our inaugural issue, we
received dozens of submissions from across the globe, including
from as far away as the United States!

Bringing this journal to life was by no means an individual effort.
I would especially like to thank Gunel Ahmadova, our Director of
Brand & Communications, and Kanan Hajiyev, our Technical
Director. When I suddenly approached them with this idea
sometime a few months ago, they agreed to join me without a
second thought. ICRR would not be what it is today without
your trust in the idea and the work you have put into making it
a reality.

I would also like to express my sincere gratitude to our Head of
Peer Review, Managing Editors, Section Editors, Brand &
Communications team, and the HR team for their dedication
throughout the preparation of this issue; and to our guest
scholar, Professor Sevinj Zeynalova, who so kindly contributed a
message to our inaugural issue.

Finally, I want to thank every student who trusted a new journal
with their research. Behind every submission was someone's
curiosity, and willingness to put their ideas forward, and that
trust means a great deal to us. Seeing our first issue finally come
together makes me immensely proud. I am incredibly fortunate
to work alongside such a dedicated team, and I look forward to
seeing ICRR continue to grow!
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Gunel Ahmadova
Director of Brand & Communications

Seeing the first issue of ICRR come together is very special to
me. What started as an idea has now developed into a journal
with a defined identity and voice. I have really enjoyed being
part of the process of figuring out what ICRR should look and
feel like, and seeing those ideas gradually come together in the
journal we have today. This issue is also a reflection of the time
and effort put in by our authors, editors, and and everyone who
has contributed to making ICRR what it is today. 

I am especially grateful to our Founder, Ayla Ahmadova, for
inviting me to be part of this initiative from its early stages and
for trusting me with the opportunity to help shape its identity
and communications. I am equally proud of our Brand &
Communications team, Leyla Masimova and Firuza
Mahmudova, whose work has helped bring that identity to life.
Thank you to everyone who contributed to this first issue. This is
only the beginning, and I hope we can continue building ICRR
together!

Kanan Hajiyev
Technical Director

Holding the first issue of ICRR in my hands feels very rewarding.
I still remember the day I first heard about the idea. Even then,
before anything existed, I had the feeling that this was going to
turn into something beautiful, and I wanted to give it everything
I could. Over the following months I tried to treat every detail
with care, because a journal like this deserves to be built
precisely, and I wanted our authors to feel that from the very
first page they opened.

I am deeply grateful to our Founder, Ayla Ahmadova, and to the
rest of our team, who trusted this idea from the beginning and
worked on it with the same care throughout. Everything you see
in this issue is the result of their time and effort. Most of all,
thank you to the students who sent us their research when ICRR
was still only a promise. Seeing what we have built together in
such a short time makes me proud, and I cannot wait to see
how far this journal will go.
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S E C T I O N  

Social Science 

A U T H O R  

Ayushi Singh 

A R T I C L E  T Y P E  

Case analysis 

T I T L E  

Questioning the Boundary 

J. Z. Smith, Timothy Fitzgerald, and the Category of Religion among North Indian Muslim Jogis 

A B S T R A C T  

The analytical viability of “religion” remains deeply contested within contemporary sociological and 

anthropological theory. Whereas Jonathan Z. Smith maintains that religion is an indispensable, 

second-order scholarly construct whose utility depends upon critical reflexivity, Timothy Fitzgerald 

argues that the term is an ideological, Eurocentric artifact that mystifies material relations of power 

and ought to be abandoned in cross-cultural inquiry. This paper evaluates both positions through 

the ethnographic and historical case of the Muslim Jogi community of Northern India. Historically 

engaged in itinerant musical mendicancy, esoteric asceticism, and devotional balladry while 

affirming a shared Islamic identity, the Jogis systematically disrupt the rigid binaries of modern 

taxonomy. Using this empirical case, the study demonstrates that while Fitzgerald correctly 

identifies how reified religious typologies obscure material survival, caste stratification, and 

patronage relations, his outright abandonment of the category obscures the real institutional effects 

of religious classifications deployed by courts, censuses, and reform movements. Conversely, Smith’s 

emphasis on reflexive category formation provides the methodological apparatus needed to retain 

the category without committing a substantialist fallacy. The paper proposes a third position: 

sociology must retain “religion” not as an autonomous, substantive essence, but strictly as a 

provisional analytical question. Rather than declaring an empirical practice religious, sociological 

inquiry must trace when, how, and by whom practices are classified as religious, and examine the 

political consequences that follow. 

K E Y W O R D S  

Category formation; Jonathan Z. Smith; Timothy Fitzgerald; Muslim Jogis; Reflexivity 
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1. Introduction 

The debate between Jonathan Z. Smith and Timothy Fitzgerald touches upon the fundamental 

methodological architecture of the sociology of culture and knowledge. The central problem is not 

an empirical dispute over whether human devotional practices exist, but rather an epistemological 

question: can “religion” serve as a meaningful, reliable category for analyzing social life across non-

Western societies? Smith contends that categories such as religion are never natural discoveries 

simply found in the world. Instead, they are second-order analytical classifications manufactured by 

scholars for comparison and translation. Fitzgerald advances a far more radical critique, arguing that 

the category is an ideological construct rooted in Western Christian history that creates an artificial 

separation between the sacred and the secular. Consequently, Fitzgerald insists that the term 

obscures material relations of power and should be discarded in cross-cultural sociology. 

This paper argues that although Fitzgerald accurately diagnoses the ideological hazards of the 

category, an outright abandonment of the term would paralyze social analysis. Smith provides a far 

more viable methodological orientation by demonstrating that constructed categories remain 

indispensable when handled reflexively. Between uncritical substantialism and conceptual 

abandonment, this paper articulates a third position: sociology should retain the category of religion 

but treat it as a question to be investigated rather than an empirical answer assumed in advance. 

The complex social world of the Muslim Jogi community of Northern India demonstrates why this 

reflexive middle ground is analytically vital. 

2. Background and literature 

Smith’s approach rests on the recognition that religion is a second-order scholarly creation rather 

than an indigenous, first-person category of self-description. In his classic reflections on taxonomy, 

Smith observes that disciplinary inquiry requires general concepts to establish a comparative 

horizon, operating much like “culture” in anthropology or “language” in linguistics. The error occurs 

when researchers commit a substantialist fallacy, treating a heuristic tool as if it were a self-evident, 

concrete reality inherent in the empirical phenomenon. Smith does not suggest that rituals, 

recitations, or institutional affiliations are fictional. Rather, he argues that categories are entirely 

ours to define and justify. The validity of the category depends upon scholarly reflexivity: sociologists 

must continually interrogate how a practice came to be labeled religious, who produced that 

classification, under what institutional conditions it emerged, and what is analytically gained or lost 

by employing the designation. 
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Fitzgerald pushes this critique to an uncompromising conclusion. He argues that “religion” is 

fundamentally unworkable as a cross-cultural concept because its apparent analytical neutrality 

conceals a specific post-Reformation, liberal Protestant genealogy. By treating religion as an 

autonomous domain centered on private belief, personal salvation, or transactions with 

transcendent entities, Western scholarship projects its own historical separation of the religious 

from the political, legal, and economic spheres onto societies where no such divisions exist. 

Fitzgerald argues that phenomenology and ecumenical comparative religion have mystified these 

Eurocentric assumptions. In cross-cultural analysis, applying the category reifies local institutions, 

divorces symbolic practices from hierarchies of power and material extraction, and serves as an 

instrument of cognitive imperialism. For Fitzgerald, the term cannot be redeemed through better 

definitions; it should dissolve into broader inquiries regarding institutionalized values, cultural 

representation, and power. 

3. Methods 

The methodology of this paper adapts standard social science reporting conventions to qualitative 

theoretical inquiry and case-based epistemological analysis. 

3.1 Design 

This study adopts a critical conceptual analysis and single-case heuristic design. It evaluates 

competing theoretical frameworks in sociological theory, specifically comparing Jonathan Z. Smith's 

reflexive model of category formation with Timothy Fitzgerald's deconstructive critique of cross-

cultural taxonomies. A case-based heuristic design suits this inquiry because conceptual boundaries 

cannot be judged in the abstract; their analytical viability must be tested against an empirical 

context that problematizes standard taxonomic demarcations. 

3.2 Data, materials, or sources 

The corpus comprises foundational theoretical texts and secondary ethnographic literature. The 

theoretical corpus focuses on Jonathan Z. Smith's seminal essays on category formation ("Religion, 

Religions, Religious" [1998]) and Timothy Fitzgerald's critique of the category ("A Critique of 

'Religion' as a Cross-Cultural Category" [1997]). The empirical corpus consists of published 

ethnographic and historical accounts concerning the Muslim Jogi (also documented as Jogi Faqir or 

Nath mendicant) lineages of Northern India, selected specifically because their everyday social 

practices span devotional asceticism, caste structure, itinerant musical balladry, and Islamic 

communal identification. 
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3.3 Procedure and analysis 

The inquiry proceeded in three analytical stages: 

- Textual extraction: The core epistemological claims, definitions, and methodological 

imperatives of both Smith and Fitzgerald were itemized and contrasted.  

- Empirical mapping: The socio-religious practices of the North Indian Muslim Jogis were 

examined along institutional, occupational, and ritual axes. 

- Triangulation and synthesis: The empirical practices were evaluated against each theoretical 

position to determine explanatory power, identify analytical oversights, and construct an 

alternative methodological third position 

 

3.4 Ethics 

Not applicable. This study is an analysis of published texts and secondary literature; no human 

participants, animal subjects, or confidential personal data were involved. 

3.5 Limitations of the method 

Because this paper relies on existing ethnographic literature rather than original primary field 

immersion, it depends on interpretations already curated by fieldworkers. To mitigate this risk, 

empirical claims are restricted to established, non-controversial sociological features of the 

community rather than novel ethnographic assertions. 

4. Results 

A comparative examination of the empirical case reveals that the life-world of the Muslim Jogis does 

not correspond to a single, neatly demarcated social category 

Table 1. Categorical Alignment of Muslim Jogi Practices Under Contrasting Analytical Frameworks 

Empirical 

Practice / 

Feature 

Substantialist 

Model 

Smith’s Reflexive 

Model PDF 

Fitzgerald’s 

Deconstructive Model 

PDF 

Sarangi 

performance of 

King Bharthari 

ballad 

Doctrinal 

syncretism (Hindu 

text vs. Muslim 

singer) 

Second-order 

classification chosen 

by the scholar for 

comparison  

Part of wider cultural, 

economic, and 

occupational 

reproduction  

Devotion to 

Gorakhnath 

Unorthodox 

theological 

deviation 

Analytical question 

concerning how 

Symbolic capital 

embedded in regional 

ascetic history  
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Empirical 

Practice / 

Feature 

Substantialist 

Model 

Smith’s Reflexive 

Model PDF 

Fitzgerald’s 

Deconstructive Model 

PDF 

devotion is 

categorized  

Hereditary 

mendicancy 

(pesha) 

Traditional 

religious duty 

(dharma) 

Multivalent register 

requiring 

methodological 

caution  

Material survival 

strategy and caste 

labor (zat / biradari)  

Census and legal 

designation 

Fixed communal 

belonging 

Institutional process 

of classification to be 

investigated  

State imposition of 

Western-derived 

secular/religious 

divide  

Table 1 highlights how an empirical phenomenon shifts fundamentally depending on whether it is 

treated as a substantive essence, an analytical construct, or an ideological imposition.  

Empirical ambivalence: Muslim Jogi performers sing medieval Nath ballads while identifying as 

Muslim, simultaneously fulfilling caste-like hereditary trades and securing patronage from agrarian 

households. 

Taxonomic failure: Rigid models force these actors into an artificial binary of either "syncretic 

religion" or "secular folk art," obscuring the integrated reality of their daily survival. 

5. Discussion 

 The analysis indicates that neither an uncritical retention of “religion” nor its absolute elimination 

provides an adequate sociological methodology. The primary research question asked which 

scholar’s position is more convincing, or whether a third position must be formulated. As 

demonstrated below, a reflexive middle ground offers a way to resolve the deadlock between Smith 

and Fitzgerald. 

Smith correctly demonstrates that analytical categories do not exist out in nature; they are second-

order tools forged by scholars to make comparative sense of disparate human practices. Applying a 

Smithian orientation to the Muslim Jogis prevents researchers from rushing to diagnose the 
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community as a theological contradiction. It permits the sociologist to recognize that describing a 

Jogi song as “religious” is an interpretive choice rather than an intrinsic metaphysical property. 

However, Fitzgerald’s critique exposes the vulnerability of relying solely on taxonomic reflexivity. If 

sociologists focus exclusively on mapping Jogi traditions into comparative typologies, they risk 

decoupling those practices from the material realities of poverty, patronage, and caste stratification. 

Fitzgerald correctly notes that modern discourses of “religion” often mask the historical, economic, 

and political mechanics of power. What an outside observer identifies as religion may simply be 

hereditary labor necessary for material subsistence. 

Nevertheless, Fitzgerald’s proposed remedy—the complete abandonment of the category—creates 

severe analytical blind spots. In modern South Asia, the state, constitutional courts, and local reform 

movements routinely deploy the category of religion to allocate resources, define minority rights, 

and police communal boundaries. If sociologists discard the term, they surrender the ability to 

analyze how the concept of religion functions as an institutional mechanism of social power. 

Sociology must therefore adopt a third position: retain “religion,” but treat it strictly as a question 

rather than an assumed fact. Rather than declaring an empirical practice religious, the researcher 

must ask: When, how, and by whom is this practice classified as religious, and what consequences 

follow from that classification? This formulation captures both internal subjective meanings and 

external structural impositions without reifying the term into a universal essence. 

6. Conclusion 

The debate between Jonathan Z. Smith and Timothy Fitzgerald exposes the thin line separating 

disciplinary heuristic tools from ideological mystification. Fitzgerald offers an indispensable diagnosis 

of the historical baggage and Eurocentric assumptions embedded within the concept of religion. 

Smith provides the necessary methodological corrective by demonstrating that constructed 

categories remain viable when their limits and purposes are made transparent. Taken together, their 

positions demonstrate that the central methodological problem is not simply whether the category 

of religion should be retained or rejected, but how scholars construct, apply, and interrogate 

analytical categories in the first place. 

The empirical case of the North Indian Muslim Jogis illustrates why sociologists cannot afford to 

adopt either extreme. Their lived reality resists dogmatic compartmentalization yet remains 

profoundly affected by the institutional power of religious categories. The Jogi case demonstrates 

that practices cannot be understood adequately either by assuming that they possess an inherent 

12
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religious essence or by removing the category of religion from analysis altogether. Instead, the 

category becomes most useful when treated as a provisional analytical tool whose meaning and 

consequences must themselves become objects of investigation. 

Ultimately, the sociologist’s task is neither to assume the category of religion uncritically nor to 

abandon it entirely, but to investigate how practices come to be classified under its banner, who 

wields the authority to establish those boundaries, and what social consequences follow. This 

reflexive approach preserves the comparative usefulness of the category while remaining attentive 

to the relations of power through which classifications are produced and maintained. The broader 

implication is that sociological analysis should remain cautious of treating scholarly categories as 

universal realities, while also recognizing that categories can acquire concrete institutional and 

political effects once they are adopted by states, communities, and social movements. 
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Appendix A. [Title] 

The following operational questions guide the reflexive sociological application of the category 

"religion" when evaluating ambiguous or liminal ethnographic contexts: 

- Actor Register: Does the participant identify the action via theological terminology, or 

through hereditary, occupational, and kinship categories (zat, biradari, pesha)? 

- Institutional Register: How do municipal bodies, census tracts, and judicial rulings classify 

the subject group for administrative governance? 

- Material Register: What economic transactions, patronage bonds, or caste-based relations 

of dependency are active during the ritual or musical performance? 

- Analytical Register: What comparative clarity is gained by classifying the phenomenon as 

religious, and what socioeconomic structures risk being obscured by doing so? 
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TITLE 

The Role of Female Scholars, Poets, or Rulers in Central Asian Political Life 

The Role of Women in Central Asian Political Life 

ABSTRACT 

Despite growing global attention to gender and political power, the historical role of women 

in Central Asian political life underexamined, particularly the relationship between direct rule 

and indirect influence exercised through scholarship, poetry, and advisory rules. This article 

investigates that relationship using a diachronic and comparative methodology across three 

transformative periods: the pre-Islamic nomadic era, the epoch of Islamic empires, and the 

transition from Soviet to post-Soviet governance, drawing on historical records, 

archaeological findings, and legislative data. The analysis shows that Central Asian women 

held a significant history of political authority rooted in Turkic nomadic tradition, evidenced 

by archeological findings indicating that nearly one third of steppe warrior graves belong to 

women, and by figures such as Terken Khatun and Gawhar Shad Begum, who exercised 

significant political authority during the era of Islamic empires. This history of female 

participation in public life was further shaped by Soviet policies on universal education and 

professional labor, and in the contemporary era it persists through legislated gender quotas 

requiring that women make up at least thirty percent of parliamentary candidates in 

Uzbekistan and Kazakhstan, a policy that was accompanied by increased representation of 

women in parliament in Uzbekistan in 2019 and 2024. These findings indicate that although 

traditional patriarchal structures remain a challenge, modern political systems and 

international gender quotas are contributing to the emergence of a more professional female 

political elite, and that female political participation is an important factor in the region’s 

socio-political development and in the construction of its modern global identity. 
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KEYWORDS 

Central Asia, Women’s Leadership, Nomadic Culture, Political Participation, Gender Quotas, 

Post-Soviet Transition.   

1. Introduction 

In the context of Central Asia, the study of women refers to the diverse groups of women 

living in the historical and modern regions of the Silk Road: leaders, thinkers, and family pillars 

who shaped society through both traditional customs and intellectual achievement. Central 

Asia is a significant region for examining women’s political participation because its history of 

Turkic nomadic culture provided some women with opportunities to exercise political and 

social authority, a foundation later shaped during the Soviet period through formal systems 

of education and professional work, and continued today through initiatives like "New 

Uzbekistan" and "Modern Kazakhstan," which support women in high-ranking roles such as 

Tanzila Narbaeva's leadership of the Uzbek Senate. Understanding this trajectory matters 

because female political participation is often treated as a recent or externally imposed 

phenomenon, when in fact it has historical and locally rooted precedents.  

Existing scholarship has documented individual examples of this influence: warrior queens 

such as Tomyris, regents such as Terken Khatun and Gawhar Shad Begum, legal records from 

Sogdian sites such as Mount Mugh, and, in the modern period, legislated gender quotas in 

Uzbekistan and Kazakhstan. What remains missing is a connected account of how these 

instances relate to one another across time, whether the direct authority of nomadic and 

imperial women and the indirect influence of Soviet era professionals and post-Soviet 

technocrats represent a single continuous legacy or a series of disconnected episodes. 

Historically, women in Central Asia held power in two ways, direct and indirect: in some 

periods they were direct rulers and military leaders, and in others they influenced politics 

indirectly as highly educated poets, scholars, and advisors who shaped the opinions of the 

court. Both roles are equally important because they show that women were always present 

in political life, yet the relationship between them, and the extent to which they are 

historically connected, has not been traced systematically.  

This article addresses that gap using a diachronic and comparative methodology, evaluating 

three transformative periods, the pre-Islamic nomadic era, the epoch of Islamic empires, and 

the transition from Soviet to post Soviet governance, to examine how direct and indirect 

female political power has interacted and transformed across the region's history. This paper 

investigates a central question: How has historical continuity between direct and indirect 
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forms of female authority shaped modern gender roles and technocratic political participation 

in Central Asia? 

 

2. Background and literature 

The scholarship on women's political power in premodern Central Asia is organized around 

two positions that differ mainly in the type of evidence each relies on. The first position rests 

on material and legal evidence and argues that female authority was a documented reality 

rather than an exception. Mayor's archaeological work on Scythian and Saka warrior graves 

[8: 4] shows that nearly one third of steppe warrior burials belong to women, and the Mount 

Mugh legal documents [9: 20] record that aristocratic Sogdian women could own property 

and enter contracts in their own name. The second position draws on court chronicles and 

biographical sources and argues that female power, even when exercised indirectly through 

regency or patronage, functioned as a genuine source of political legitimacy rather than a 

lesser substitute for rule. Bosworth's account of Terken Khatun as a "partner in governance" 

[4: 1] and Arbabzadah's study of Gawhar Shad Begum's patronage and administration during 

the Timurid period [2: 58] both support this reading, as does Choksy's work on the relatively 

equal spiritual standing of women in pre-Islamic Zoroastrian belief [5: 403]. 

For the Soviet and post-Soviet period, the literature splits along a clearer line of 

disagreement. One position, represented by Kamp [6: 270] and by Bakirova and Suyunova's 

account of the Hujum [3: 14], treats Soviet state feminism as a genuine structural break that 

gave women durable access to education, labor, and public office. The opposing position, 

developed most fully by Kandiyoti's concept of the "Soviet Paradox" [7: 614], argues that this 

liberation was imposed from above and never dismantled underlying patriarchal family 

structures, which is why "retraditionalization" reappeared so quickly after 1991, a pattern 

Abman traces in postcolonial Tajikistan [1]. Reports on the contemporary quota systems in 

Uzbekistan and Kazakhstan [11: 40][12] document the legal mechanics of this later shift but 

treat it largely as a policy outcome rather than connecting it back to either historical debate. 

What is missing from this body of work is a single account that follows the thread from the 

material and legitimacy-based evidence of premodern female power, through the contested 

Soviet transformation, to the quota-driven professional elite of the present. Existing studies 

treat these as three separate literatures rather than as stages of one continuous, if uneven, 
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trajectory. This paper addresses that gap by reading all three periods against one another 

within a single diachronic framework. 

3. Methods 

3.1 Design 
This study uses a qualitative, diachronic, and comparative historical political analysis. A 

diachronic design suits this research question because it asks how a single phenomenon, 

female political authority in Central Asia, changed and persisted across distinct historical eras 

rather than asking about a single point in time. The comparative element allows direct 

authority (rule, command, regency) to be set against indirect authority (advisory, scholarly, or 

patronage-based influence) within each of the three periods and then across periods, which is 

the only way to test whether these two forms of power are related or independent. 

3.2 Data, materials, or sources 
The corpus consists of three types of sources, drawn from the pre-Islamic nomadic era 

through to the post-Soviet present. The first type is archaeological and archival evidence, 

including Mayor's study of Scythian and Saka warrior burials and the Mount Mugh legal 

documents from Sogdian Central Asia. The second type is historical and biographical 

secondary literature covering named political figures across the three periods, including 

Bosworth's entry on Terken Khatun, Arbabzadah's study of Gawhar Shad Begum, Choksy's 

work on Zoroastrian gender belief, and Kamp's and Kandiyoti's accounts of Soviet state 

feminism. The third type is contemporary policy and legislative material, including national 

electoral codes, US Department of State human rights reporting on Kazakhstan, and UNDP 

reporting on women's political participation in Europe and Central Asia. Sources were 

selected on the basis of direct relevance to female political authority in Central Asia within 

one of the three study periods, and priority was given to archival or documentary evidence 

where available, with peer-reviewed secondary literature used to interpret and contextualize 

it. 

3.3 Procedure and analysis 
For each of the three periods, instances of female political authority were first identified and 

classified as direct (formal rule, command, or regency) or indirect (advisory, scholarly, 

religious, or patronage-based influence). Each instance was then checked against the 

underlying primary or archival source where one existed, and against at least one secondary 

interpretation where it did not. Once catalogued, the instances from all three periods were 
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compared against one another to identify patterns of continuity, change, and disagreement 

between direct and indirect forms of power over time, and these patterns were organized 

into thematic categories, namely historical foundations, modern transformation, social 

dynamics, and comparative analysis. This is a qualitative, source-based analysis rather than a 

statistical one; no software was used for data analysis, and no significance threshold applies, 

since the study does not test a quantitative hypothesis. 

3.4 Ethics 
Not applicable. This study did not involve human participants, identifiable personal data, or 

animals; it relies entirely on published historical, archaeological, and policy sources that are 

already in the public domain. 

3.5 Limitations of the method 
The study relies on secondary interpretation for periods where primary archival material is 

scarce or inaccessible, particularly the pre-Islamic and early Islamic eras, which means the 

analysis is only as reliable as the underlying scholarship it draws on. Documentation is also 

uneven across periods and figures: elite and royal women are comparatively well recorded, 

while women outside the aristocracy, especially in the premodern eras, are largely absent 

from the available sources, which limits how far the conclusions can be generalized beyond 

the political elite. Finally, several of the interpretive claims in this paper, such as the concept 

of "Educational Nobility" and the reading of indirect power as a source of political stability, 

are original arguments advanced by a single author rather than findings independently 

verified by other researchers. 

4. Results 

The source catalogue documents twelve individually verifiable instances of female political 

authority across the three study periods, summarized in Table 1. Every period contains both 

direct and indirect forms of authority, but their relative weight shifts: the pre-Islamic and 

imperial periods are dominated by direct rule and command backed by archaeological or 

chronicled evidence, while the Soviet period shifts the weight toward institutionally granted, 

indirect authority (education, labor, reserved council seats), and the post-Soviet period 

returns a mix of both, now codified in law rather than lineage or military command. 

One quantitative point stands out against expectation. Mayor's archaeological survey found 

that nearly one third of Scythian and Saka steppe warrior graves belong to women, meaning 

direct, armed political and military participation by women in the pre-Islamic period was close 

18



INTERNATIONAL COLLEGIATE RESEARCH REVIEW  

 

 I C R R J O U R N A L . C O M  

in scale to the 30 percent minimum now set by law for women's representation on 

parliamentary candidate lists in Uzbekistan and Kazakhstan (Figure 1). This was not 

anticipated going into the study: the modern quota is usually treated as a novel, externally 

driven benchmark, yet the closest comparable historical figure available in the sources sits 

within a few percentage points of it. 

Table 1 also shows that indirect authority is not concentrated in any single period; it appears 

in the imperial era as regency and patronage, in the Soviet era as technocratic and 

bureaucratic appointment, and in the post-Soviet era as ministerial and NGO leadership, 

indicating that indirect influence has been a persistent channel of power throughout, not a 

fallback used only when direct rule was unavailable. 

Table 1. Catalogued instances of direct and indirect female political authority in Central Asia, 
by historical period. 

 
Figure 1. Comparison of the archaeologically documented share of steppe warrior graves 
belonging to women (Mayor, 2014) against the legislated minimum quota for female 
parliamentary candidates in Uzbekistan and Kazakhstan. 

5. Discussion 

The findings answer the research question directly: historical continuity between direct and 

indirect forms of female authority in Central Asia is real but uneven, and it operates less as a 

straight line of progress than as a repeated pattern in which the source of legitimacy for 

female power (bloodline, then labor and education, then law) changes even as the underlying 

dual channel of direct and indirect influence persists. 

This result sits closer to Kandiyoti's "Soviet Paradox" reading [7: 614] than to accounts that 

treat Soviet state feminism as a clean structural break [6: 270][3: 14]. If Soviet policy had 

produced a full break with patriarchal family structure, the indirect, advisory, and patronage-
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based channel of power documented for the imperial period should have narrowed sharply 

after 1917 rather than simply changing its institutional form. Instead, the catalogue in Table 1 

shows indirect authority persisting through the Soviet era as technocratic appointment and 

reappearing in the post-Soviet era as ministerial, party, and NGO leadership, supporting 

Kandiyoti's argument that Soviet liberation was top-down and did not fully dismantle the 

family structures through which indirect authority had always operated. At the same time, 

the finding in Figure 1 that the share of women among pre-Islamic steppe warrior graves sits 

close to the modern legislated candidate quota complicates any narrative, including Abman's 

account of post-Soviet re-traditionalization [1], that treats current quota levels as a 

historically unprecedented benchmark. The comparison suggests instead that today's legal 

floor for direct female participation approximates a level of direct participation the region had 

already reached, informally, in antiquity, which is a different claim than saying the region has 

simply modernized past its past. 

In practice, this suggests that policy framed purely as gender modernization, such as the 30 

percent candidate quotas in Uzbekistan and Kazakhstan, may gain more durable local 

legitimacy if framed as continuous with, rather than a break from, Turkic nomadic tradition, 

which is already the framing used by initiatives such as "New Uzbekistan" and "Modern 

Kazakhstan." Theoretically, the results support treating direct and indirect female authority as 

two channels of a single, persistent phenomenon rather than as a sequence in which one 

replaces the other, which argues against models of women's political history in the region as a 

simple move from private, informal influence to public, formal power. 

This study cannot show causation. It cannot establish that indirect authority in one period 

caused, enabled, or led to direct authority in the next; it can only show that both channels are 

present throughout, which is consistent with several causal stories, not proof of any one of 

them. It also cannot generalize beyond the political elite, since the source base- court 

chronicles, legal archives, and legislative record- systematically underdocuments women 

outside the aristocracy and outside urban centers, particularly before the twentieth century, 

so the "continuity" identified here is a continuity among elite women specifically, not a claim 

about Central Asian women in general. The comparison in Figure 1 rests on two figures 

drawn from different methodologies, an archaeological burial survey and a legal quota, 

measuring different things (informal military participation versus formal candidacy), so it 

should be read as suggestive rather than as evidence of a stable underlying rate of female 

participation across two and a half millennia. Finally, because the catalogue in Table 1 was 

assembled and classified by a single author using secondary literature rather than through 

inter-rater coding, the direct/indirect classification carries some interpretive judgment that a 
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second coder might apply differently in borderline cases, such as regencies that combined 

formal administrative title with informal court influence. 

6. Conclusion 

This paper set out to trace how direct and indirect forms of female political authority in 

Central Asia have related to one another across three transformative periods. What emerges 

is that the two channels have run alongside each other throughout the region's history rather 

than one giving way to the other over time: direct rule and command in the pre-Islamic and 

imperial eras, indirect institutional authority in the Soviet era, and a legally codified mix of 

both in the post-Soviet present. What has changed is not the presence of female political 

power but its source of legitimacy, moving from bloodline and military capability, to state-

sponsored education and labor, to law and international quota. 

Before this paper, the historical record and the modern quota debate were largely treated as 

separate literatures: one documenting premodern queens, regents, and warriors, the other 

analyzing contemporary legislation and electoral outcomes. What we now know is that these 

are not disconnected episodes but stages of one continuous, if uneven, trajectory, and that 

the scale of the modern legislated quota for women's political participation is not without 

precedent in the region's own deeper history. 

The practical implication is that treating current gender quotas as a purely externally driven 

modernization tool understates their fit with a much older regional pattern, and that policy 

and public narratives which frame women's political leadership as continuous with, rather 

than a departure from, Turkic nomadic and Silk Road tradition are better supported by the 

historical evidence than narratives of a clean break with the past. 
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This article examines how race and class operated together in shaping the U.S. Civil Rights 

Movement and considers what that relationship can teach contemporary racial and economic 

justice movements. Drawing on historical and sociological scholarship, the analysis focuses on 

three connected areas: the economic conditions surrounding racial exclusion, differences in class 

position and organizational strategy within the movement, and campaigns that linked civil rights to 

employment, wages, housing, and community resources. The Montgomery Bus Boycott, March on 

Washington for Jobs and Freedom, Poor People’s Campaign, and Black Panther Party community 

programs show that racial equality was repeatedly tied to questions of economic power. The article 

argues that the movement is best understood not as a struggle against legal segregation alone, but 

as a broader contest over institutions that distributed political voice, material resources, and social 

status. This perspective also clarifies why contemporary racial justice movements continue to 

connect discrimination and state power with housing, employment, health, education, and other 

forms of economic inequality. 
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1. Introduction 
The Civil Rights Movement remains one of the most influential struggles for social change in 

U.S. history. It is usually remembered through the fight against legal segregation, the campaign 

for voting rights, and major legislative victories. Those achievements are central to the 
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movement’s history, but they do not tell the entire story. Questions about jobs, wages, 

housing, poverty, transportation, and access to public resources emerged throughout the 

movement. Race and class were not separate issues that happened to overlap occasionally; 

racial exclusion shaped economic opportunity, while economic position affected the resources 

people had to challenge racial inequality. 

The research question guiding this paper is: How did the relationship between race and class 

shape the Civil Rights Movement, and what can that relationship teach us about contemporary 

racial and economic justice movements? I argue that race and class influenced the movement 

in at least three interconnected ways. First, segregation was maintained not only through law 

and custom but also through unequal access to employment, housing, education, 

transportation, and political power. Second, differences in leaders’ class positions and 

organizational settings influenced how they defined both the problem and the appropriate 

strategies for change. Third, some of the movement’s most important campaigns used 

economic pressure or made explicitly economic demands, demonstrating that legal equality 

and material equality were difficult to separate. 

This argument does not mean that every civil rights organization had the same economic 

program. In fact, disagreement is part of what makes the movement sociologically important. 

Organizations differed over integration, nonviolence, community control, Black Power, 

capitalism, and the role of federal institutions. These differences show that a social movement 

can share a broad goal while containing competing theories about what equality requires and 

how it should be achieved. Looking at race and class together makes these disagreements 

easier to understand and provides a fuller picture of how the movement developed over time 

(Jackson, 2007; Laurent, 2019; McAdam, 1999). 

2. Background and literature 
Race and class are sometimes treated as competing explanations for inequality, as if one must 

be more important than the other. That framing is limiting for this history. Racial 

discrimination affected access to jobs, neighborhoods, schools, transportation, and political 

participation, all of which had economic consequences. At the same time, economic position 

shaped whether individuals and communities had money, institutional connections, time, 

transportation, and other resources that could support political participation. The relationship 

therefore worked in both directions. Race structured economic opportunities, while class 

shaped some of the conditions under which racial inequality was experienced and challenged. 

This perspective also helps avoid treating the Civil Rights Movement as a single organization 

with a single set of beliefs. McAdam (1999) emphasizes the political and organizational 

24



INTERNATIONAL COLLEGIATE RESEARCH REVIEW  

 

 ICRRJOURNAL.COM 

conditions that helped Black insurgency develop, while Jackson (2007) and Laurent (2019) 

show that economic justice was an important part of King’s politics and the movement’s 

broader trajectory. Scholarship on the Black Panther Party’s survival programs further 

demonstrates that some organizations connected political liberation to immediate material 

needs in Black communities (Lateef & Androff, 2017; Potorti, 2014). Reading these works 

together makes it possible to see economic justice not as a separate movement running 

alongside civil rights, but as one recurring dimension of debates over what racial equality 

would actually require. 

The modern Civil Rights Movement emerged from a much longer history of racial exclusion. In 

the Jim Crow South, segregation shaped schools, transportation, public accommodations, 

voting, and many other areas of everyday life. Political exclusion reinforced social and 

economic inequality because people who were denied meaningful access to the ballot had less 

power to influence the institutions that determined public spending, labor protections, 

schooling, and local policy. At the same time, discrimination in labor markets and other 

institutions limited economic mobility for Black Americans. The movement therefore 

developed in a setting where political, racial, and economic inequalities reinforced one another 

(McAdam, 1999). 

Employment was an especially important part of this history. Long before the 1963 March on 

Washington, A. Philip Randolph and other Black labor activists connected civil rights to 

economic opportunity. The threatened 1941 March on Washington focused on discrimination 

in defense employment and helped pressure President Franklin Roosevelt to issue Executive 

Order 8802. That earlier campaign demonstrated that access to work was not a secondary 

concern added to civil rights later. Economic opportunity was already part of the struggle over 

citizenship and racial equality (Johnson & Zhang, 2024). 

The Montgomery Bus Boycott provides another example of the relationship between racial 

discrimination and economic power. The immediate issue was segregation on public 

transportation, but the tactic depended on collective economic action. Black residents 

withdrew their fares and organized alternative transportation for more than a year. The 

boycott showed how a community that was politically and socially marginalized could still use 

coordinated participation in an economic institution to create pressure for change. In that 

sense, the boycott challenged both the racial rules governing public space and the assumption 

that Black consumers had to continue supporting institutions that treated them unequally 

(McAdam, 1999). 

The March on Washington for Jobs and Freedom made the connection even more explicit. 

More than 200,000 demonstrators gathered in Washington in August 1963, and the event’s 
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title itself joined civil rights with employment. The march developed in a context of high Black 

unemployment, low wages, limited job mobility, disenfranchisement, and persistent 

segregation. Its demands reflected the idea that formal equality would be incomplete if Black 

Americans remained excluded from economic opportunity (Martin Luther King, Jr. Research 

and Education Institute, n.d.-a). The march is often remembered primarily for Martin Luther 

King Jr.’s “I Have a Dream” speech, but its broader agenda shows that racial equality and 

economic justice were already being pursued together. 

3. Methods 

3.1 Design 
This paper uses a qualitative review of historical and sociological scholarship rather than original 

archival or human-subject data. The goal is not to provide a complete history of the Civil Rights 

Movement, which would require attention to many more organizations, local campaigns, and 

regional differences. Instead, I use selected campaigns and organizations as cases that make the 

relationship between racial exclusion and economic inequality especially visible. This approach 

allows the paper to compare how different parts of the movement defined inequality and how their 

strategies responded to institutions that distributed both rights and resources. 

3.2 Data, materials, or sources 
The analysis draws on historical and sociological scholarship concerning the U.S. Civil Rights 

Movement, including studies of political processes, economic justice, employment campaigns, 

the Poor People’s Campaign, and Black Panther Party community programs. The cases 

examined include the Montgomery Bus Boycott, March on Washington for Jobs and Freedom, 

Poor People’s Campaign, and Black Panther Party community programs. 

3.3 Procedure and analysis 
The cases discussed below were selected because they represent different forms of action: 

consumer boycott, mass demonstration, federal-policy pressure, antipoverty coalition building, and 

community-based service. Comparing them shows that economic power entered the movement 

through both demands and tactics. Sometimes activists demanded access to jobs or income; in 

other cases they used economic withdrawal or community programs to pressure institutions. This 

distinction matters because it shows that class influenced not only what activists wanted but also 

how they attempted to create change. 

The analysis compares how the selected cases defined inequality, what forms of economic or 

political pressure they employed, and how their strategies connected racial equality with material 
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conditions. The analysis also considers differences in organizational setting, class position, political 

opportunity, and access to institutional resources. 

3.4 Ethics 

Not applicable. This study does not involve human participants, identifiable personal data, or 

animal subjects. It is based on existing historical and sociological scholarship. 

3.5 Limitations of the method 
A final limitation is that the paper focuses mostly on nationally visible organizations and 

campaigns. Local civil rights activism was often led by people whose names received far less 

national attention, including women, young people, workers, and community organizers. Their 

experiences are essential to a complete history of the movement. My narrower purpose here is 

to use well-documented examples to identify a pattern that can be examined more deeply in 

future research: as movements moved from challenging explicit segregation toward 

confronting institutional inequality, economic questions became harder to separate from 

racial ones. That pattern is especially useful for understanding why the movement did not 

simply end once major civil rights legislation passed. Legal change altered important rules, but 

it did not automatically redistribute resources or erase the institutional consequences of 

earlier exclusion. 

4. Results 
Class also mattered inside the movement. Leaders and participants did not enter activism from 

identical social positions, and those differences affected which institutions they could access, 

which audiences they could reach, and which strategies seemed realistic. Ministers, students, 

labor organizers, community activists, and people living in poverty all participated in the 

movement, but they did not necessarily define the route to equality in the same way. The 

movement’s leadership, therefore, cannot be understood as one unified group with a single 

strategy. 

 

Martin Luther King Jr. is a useful example because his public leadership combined access to 

established institutions with an increasingly structural critique of inequality. His education, 

ministry, and national visibility allowed him to communicate with political leaders, religious 

organizations, unions, and a broad national audience. Nonviolent direct action and moral 

argument were central to his leadership, but it would be inaccurate to treat his economic 

concerns as something that appeared only at the very end of his life. Historical work on King 

shows that employment, labor rights, poverty, and economic democracy were recurring parts 
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of his politics, even as those concerns became more explicit and radical during the 1960s 

(Jackson, 2007; Laurent, 2019). 

 

King’s Poor People’s Campaign illustrates this development. Announced in 1967, the campaign 

was designed as an interracial mobilization of poor people seeking jobs, income, a fair 

minimum wage, and improved education. King and the Southern Christian Leadership 

Conference argued that desegregation and voting rights were necessary but could not, by 

themselves, produce full citizenship without economic security. The campaign, therefore, 

moved the movement’s public agenda toward poverty and redistribution while still treating 

those issues as part of the struggle for civil rights (Martin Luther King, Jr. Research and 

Education Institute, n.d.-b). 

 

At the same time, grassroots organizations and Black Power groups pushed different ideas 

about power and community control. The Student Nonviolent Coordinating Committee 

became increasingly critical of liberal integrationist politics, while the Black Panther Party 

developed programs that combined political critique with direct community support. The 

Panthers’ Free Breakfast for School Children Program, for example, treated hunger as a 

political and social problem rather than a private family failure. By providing food while 

criticizing the institutions that allowed poverty to persist, the program connected racial justice 

to material conditions in Black communities (Lateef & Androff, 2017; Potorti, 2014). 

 

These differences should not be reduced to a simple contrast between “moderate” and 

“radical” leaders. Organizations were responding to different constituencies, political 

opportunities, and experiences of inequality. Some strategies focused on pressuring federal 

institutions to enforce rights and expand access; others emphasized community autonomy, 

self-determination, or deeper structural change. Race and class helped shape these debates 

because legal inclusion did not automatically resolve unequal access to wealth, stable 

employment, housing, or institutional power. 

 

The movement’s tactics also demonstrate how economic action could become a form of 

political action. Boycotts are the clearest example. They converted everyday consumer 

behavior into collective pressure by making discrimination costly. This was especially 

important in settings where Black citizens faced barriers to formal political influence. Refusing 

to participate economically could create leverage when voting, officeholding, and access to 

decision-makers were restricted. 
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Employment campaigns worked similarly by treating the labor market as a civil rights 

institution. Demands for fair hiring, better wages, and access to occupations challenged the 

idea that ending segregation in public accommodations was enough. A person could gain a 

legal right to enter a restaurant or ride a bus without gaining the economic security necessary 

to participate equally in society. The movement’s labor and employment demands, therefore, 

expanded the meaning of citizenship beyond formal access and toward the material ability to 

exercise one’s rights (Jackson, 2007; Johnson & Zhang, 2024). 

 

The Poor People’s Campaign pushed this logic further by building an interracial coalition 

around poverty. The campaign planned to bring poor Americans from different racial and 

regional backgrounds to Washington to demand government action. This was important 

because it did not deny the specific role of racism; instead, it argued that racial inequality 

operated within a broader political economy that also harmed other poor communities. King’s 

approach attempted to connect the particular history of anti-Black racism to a coalition 

capable of challenging poverty and economic insecurity more broadly (Laurent, 2019). 

 

The Black Panther Party’s community programs represented another version of this 

connection. Free breakfast programs and other survival programs addressed immediate needs 

while also making an argument about public responsibility and community power. The 

programs suggested that social inequality was reproduced through institutions that failed to 

provide basic resources equitably. Their strategy differed from the SCLC’s, but both 

approaches recognized that political rights and material conditions were connected. The 

disagreement was less about whether economic inequality mattered than about what kind of 

institutional change was necessary to address it (Lateef & Androff, 2017; Potorti, 2014). 

The central pattern across these cases is that race and class were not separate problems that 

happened to appear at the same time. Racial exclusion shaped where Black Americans could 

live, work, learn, travel, and participate politically, while economic inequality limited the 

resources available to challenge those restrictions. At the same time, economic protest 

became one of the movement’s most visible tools. Boycotts, demands for fair employment, and 

community programs translated moral claims about equality into pressure on institutions that 

depended on Black labor and consumption. 

 

Class position also shaped movement strategy without determining it completely. Leaders 

with access to churches, universities, unions, national media, or political officials could use 
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those institutions as resources. Grassroots activists often brought different forms of 

knowledge based on local organizing and direct experience with low-wage work, policing, 

housing discrimination, or poverty. These experiences could produce different priorities even 

among people committed to racial equality. A sociological analysis, therefore, has to consider 

both the external inequalities the movement challenged and the internal differences that 

shaped how participants imagined change. 

 

This history complicates the idea that a legal victory automatically produces social equality. 

Ending formal segregation changed the law, but the movement’s later attention to poverty, 

housing, employment, and public services showed that inequality can remain embedded in 

institutions after explicit legal barriers are removed. The distinction between formal rights and 

substantive access is important. A right may exist legally while unequal resources make it 

easier for some groups than others to exercise that right in practice. 

 

The relationship between race and class also changes how movement success is measured. If 

success is defined only by the removal of explicit legal segregation, the movement can appear 

to have reached a clear endpoint through major legislative and court victories. If success also 

includes economic security, access to housing and education, and the ability to participate fully 

in institutions, the picture is less complete. The turn toward the Poor People’s Campaign did 

not abandon civil rights. It expanded the meaning of civil rights by asking what legal equality 

could accomplish when poverty continued to limit people’s choices. 

 

5. Discussion 
The Civil Rights Movement remains relevant because contemporary racial justice movements 

confront a similar problem: inequality is rarely produced by only one institution. Policing, 

housing, employment, education, health, and political representation can interact in ways that 

make racial inequality persistent even when explicit segregation is illegal. Contemporary 

activism, therefore, often moves between demands concerning state treatment and demands 

concerning economic conditions. 

 

The comparison should be made carefully because contemporary movements operate in a 

different political, technological, and organizational environment. Black Lives Matter, for 

example, emerged in response to anti-Black violence and policing but has also existed within a 

broader network of organizations and policy debates addressing economic and institutional 
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inequality. The lesson from the Civil Rights Movement is not that current movements should 

copy a particular 1960s strategy. Rather, it is that movements have to decide how narrowly or 

broadly to define the problem they are trying to address. 

 

The earlier movement also shows the value and difficulty of coalition building. The Poor 

People’s Campaign attempted to unite people across racial groups around shared economic 

demands without pretending that every group experienced inequality in the same way. That 

remains a difficult balance. A coalition built only around what groups share can erase 

important differences, while a movement that treats every form of inequality as completely 

separate can struggle to build enough collective power to change institutions. Race-and-class 

analysis helps explain why both the recognition of differences and the identification of shared 

material interests matter. 

 

Contemporary movements have also made gender and sexuality more explicit parts of racial 

justice organizing. Black women played essential roles throughout the Civil Rights Movement, 

but public memory has often centered on male leaders. More recent movements have been 

more explicit about the need to examine how race interacts with gender, sexuality, class, and 

other social positions. This does not make contemporary activism automatically more 

inclusive, but it does show how the language used to describe inequality has changed. The 

broader lesson is that social movements continually revise their understanding of who is 

affected, what counts as injustice, and which institutions need to change. 

6. Conclusion 
Race and class played interconnected roles in shaping the Civil Rights Movement’s goals, 

leadership, and strategies. Segregation restricted political and social rights while also 

reinforcing unequal access to employment, education, housing, transportation, and other 

resources. Movement organizations responded through legal challenges, nonviolent direct 

action, boycotts, labor demands, coalition building, and community programs. Those strategies 

differed, but they repeatedly returned to the same problem: racial equality was difficult to 

achieve without confronting the economic institutions that structured everyday life. 

The movement also demonstrates that social movements are internally diverse. King and the 

SCLC, SNCC activists, labor organizers, and the Black Panther Party did not share a single 

theory of change. Their disagreements reflected different experiences, constituencies, and 

ideas about institutions. Studying those differences makes the movement more useful 
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sociologically because it shows how class position, organizational resources, and political 

context can influence what activists consider possible or necessary. 

Most importantly, the history challenges a narrow definition of equality. Legal rights matter 

enormously, but formal rights do not guarantee equal outcomes or equal access to the 

resources needed to exercise those rights. The movement’s increasing attention to jobs, 

income, housing, and poverty made that limitation visible. Contemporary racial justice 

movements continue to face the same broad question: whether equality means removing 

explicit barriers or also changing the social and economic conditions that allow inequality to 

persist after those barriers are gone. The Civil Rights Movement suggests that durable racial 

justice requires attention to both. 
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1. Introduction 

 This study examines the effect of executive turnover on firm performance. CEO turnover plays 

an important role for firms and may be caused by different factors. However, the question: “how 

exactly executive turnover influences firm performance?” still does not have a clear answer. 

In this study, the main objective is to analyze the significance of CEO dismissal’s effect on short-

term firm performance and negative trends, using ROA. Based on that, our research question is: 

Does CEO turnover have a significantly negative effect on firm performance in the short run? 

To answer this question, we have formulated the following hypotheses. The null hypothesis (H0) 

states that CEO turnover has no significant short-term effect on firm performance. In contrast, 

the alternative hypothesis (Ha) suggests that CEO turnover has a negative effect on firm 

performance in the short run. These hypotheses will be tested using relevant tools and methods 

to provide relevant empirical evidence for the relationship. 

The structure of research includes four sections. A literature review discusses exciting 

information about the topic. It is followed by the methodology and analysis, which presents data 

sources and analytical approach. After comes the discussion part which provides comment for 

results, and conclusion part which finalizes paper.  

2. Background and literature 

CEO turnover means the change in top executive position within a company. It may occur 

because of different reasons, be a voluntary decision or forced retirement due to poor 

company performance or organizational restructuring. 

One of the theoretical foundations of this research is the theory of Upper Echelons (Hambrick 

& Mason, 1984) and Organizational Ecology Theory (Hannan & Freeman, 1977). Upper 

Echelons theory posits that organizational strategic choices and performance levels are 

reflections of the values, experiences, and personalities of top management teams (TMTs). 

Since executives face complex information, their decisions are mainly driven by personal 

interpretations rather than objective realization. In contrast, Organizational Ecology Theory 

argues that organizations face strong environmental pressures like competition, resources, 

and regulations, and due to that company performance is shaped more by external factors than 

managerial decisions. Together, these theories provide contrasting suggestions regarding the 

impact of CEO turnover on firm performance, forming the theoretical foundation for the 

empirical analysis in this study. 
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At the same time, empirical evidence on the relationship between CEO turnover and firm 

performance is mixed. Orekhova et al. (2019) find that such a relationship is not 

straightforward, and the impact of CEO turnover depends on contextual factors, such as the 

strategy of retirement and the quality of succession. In parallel, Pukthuanthong et al. (2018) 

state that forced turnover of CEOs has a negative impact on firm performance. Combined, 

these findings suggest that the effect of CEO retirement depends on the context of the 

transition, and while planned retirements result in stability, forced ones are more likely to have 

negative outcomes. 

3. Methods 

3.1 Design 
In this study a cross-sectional research design was used to analyze the effect of CEO turnover, 

because it allows the analysis to focus on a specific point in time, which is important since 

short-term impact is examined. Overall, it tests whether firm performance significantly differs 

between companies with and without turnover. A comparative framework is used to allow for 

systematic analysis between two groups while accounting for firm-specific factors that could 

skew the results. 

3.2 Data, materials, or sources 
The 60 companies in the sample are split equally between those that had a CEO turnover and 

those that did not, and presence or absence of turnover was identified using publicly available 

datasets and company disclosures (Gentry et al., 2021). The U.S. Securities and Exchange 

Commission EDGAR database (n.d.) was used to gather secondary financial data from firms' 

annual reports. It was used because it provides available and reliable financial information 

about companies. Specifically, Form 10-K filings were used to obtain data on total assets and 

liabilities. 

Return on Assets (ROA), defined as net income divided by total assets, is used to measure firm 

performance. ROA was chosen as the dependent variable due to its ability to reflect 

managerial efficiency. Several control variables for firm-specific characteristics are also 

included, because they may have independent influence on firm performance. Firm size, 

measured as the natural logarithm of total assets (ln(Assets)), reflects scale effects. Leverage is 

calculated as total debt over total assets and shows the level of financial risk. A Tech dummy 

variable is included to control for potential industry-specific effects. 
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3.3 Procedure and analysis 
The model is estimated via Ordinary Least Squares (OLS): ΔROAᵢ = β₀ + β₁Turnoverᵢ + 

β₂ln(Assetsᵢ) + β₃Leverageᵢ + β₄Techᵢ + εᵢ. CEO turnover is expected to have a negative short-

term effect due to adjustment costs and organizational disruption. Firm size is expected to 

stabilize performance while leverage may negatively affect profitability. 

In addition to regression analysis, the study employs descriptive statistics, graphical analysis 

(boxplots, histograms, and scatterplots), correlation analysis, and independent-samples t-tests 

to explore the data and compare group means. R-Studio was used to conduct the statistical 

analyses and generate the graphical outputs [software version not stated — see screening 

notes]. 

Descriptive statistics are used to summarise the distribution of variables, while graphical 

analysis identifies outliers and patterns. The Welch t-test is used because it does not assume 

equal variances across groups, making it more appropriate for this dataset than the standard t-

test. Correlation analysis provides a preliminary check of relationships, and OLS regression 

estimates the effect of CEO turnover while controlling for firm characteristics. 

Estimation of the regression model, p-values, and conventional significance thresholds (1%, 

5%, and 10%) are used to accomplish statistical inference. Diagnostic tests are performed to 

validate key OLS assumptions: multicollinearity is checked using Variance Inflation Factors 

(VIF), heteroskedasticity is tested using the Breusch-Pagan test, and normality of residuals is 

assessed using the Shapiro-Wilk test. Model specification is examined using the Ramsey 

RESET test. Finally, a robustness test is performed by estimating alternative models to see 

whether the findings remain consistent. 

3.4 Ethics 
Not applicable. The study uses only publicly available, firm-level secondary data (SEC EDGAR 

filings); no human participants, identifiable personal data, or animals were involved (Author to 

confirm this statement is accurate and complete). 

3.5 Limitations of the method 
See Discussion (Section 5), where the authors address sample size, single-year design, and the 

single-measure operationalization of performance. 
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4. Results 

Table 1. Descriptive Statistics (Excluding Outliers) 

 

Figure 1. Boxplot of change in ROA 

 

 

 

 

 

Figure 1 provides a graphical representation of the distribution of ΔROA. The boxplot highlights 

the presence of extreme negative outliers, while the histogram and density plot (Appendix, 

Figures A1–A3) demonstrate a strong grouping of observations around zero and a long-left tail. 

Most firms experienced minimal changes in performance, with some extreme negative 

observations. The distribution deviates from normality, which may affect statistical inference and 

should be considered when interpreting regression results. Boxplots of firm size and leverage 

(Appendix, Figures A4 and A5) show that firm size is relatively stable, while leverage is more 

dispersed and right-skewed. 

Figure 2. Scatterplot of ΔROA and ln(Assets) 
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Figure 3. Scatterplot of ΔROA and Leverage 

 

 

 

 

 

 

 

To further explore the relationships between firm characteristics and performance, the 

scatterplots represent exploratory relationships between variables. The scatterplot of ΔROA and 

ln(Assets) suggests no clear linear relationship, indicating that firm size may not strongly explain 

short-term performance changes. Similarly, the relationship between leverage and ΔROA appears 

weak, with observations widely dispersed and no clear trend. These visual patterns match the 

regression results shown later in the analysis. 

Figure 4. Boxplot of change in ROA by CEO turnover 
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To provide an initial view of the relationship between CEO turnover and firm performance, the 

sample is divided into two groups: firms with CEO turnover and firms without CEO turnover 

(group sizes shown in Appendix, Figure A6). Figure 4 shows that the distribution of ΔROA for 

both groups is highly similar, with no clear visual difference. Moreover, the mean ΔROA values 

for both groups are relatively close. 

An independent-samples Welch t-test was conducted comparing mean ΔROA between the two 

groups. The results indicate a statistically significant difference in mean ΔROA (t = 2.249, p = 

0.0296). Firms without CEO turnover experience a higher average ΔROA, while firms with 

CEO turnover show a lower average. The result is statistically significant at the 5% level, but 

should be interpreted with caution, as it may reflect underlying firm characteristics rather than a 

direct effect of CEO turnover. This analysis does not control for other firm-specific 

characteristics; regression analysis is therefore conducted next. 

Table 2. Correlation Matrix 

 

Table 2 reports the correlation coefficients between the variables. CEO turnover is weakly 

negatively correlated with ΔROA, suggesting a weak negative relationship between turnover and 

lower performance. Firm size displays a strong positive correlation with turnover, indicating that 
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larger firms may be more likely to replace CEOs. Correlations among explanatory variables are 

low, suggesting multicollinearity is unlikely to be a major concern; none exceed commonly 

accepted thresholds. 

Table 3. Regression Results 

 

Table 3 presents the regression results for both model specifications. The coefficient on CEO 

turnover is small and statistically insignificant in both models, suggesting that CEO turnover 

does not have a significant effect on short-term firm performance once control variables are 

included. Firm size and leverage are also not statistically significant, indicating that these factors 

do not strongly explain variation in ΔROA within the sample. The regression models explain 

approximately 17–18% of the variation in ΔROA (Appendix, Table A5); overall explanatory 

power is low, suggesting that a large share of the variation may be driven by omitted factors such 

as firm-specific shocks or macroeconomic conditions. Additional results using robust standard 

errors are reported in Appendix Table A4. 

Figure 5. Residuals vs. fitted values 
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Diagnostic tests evaluate the accuracy of the regression model. Figure 5 does not show a clear 

systematic pattern, suggesting the linear specification is broadly appropriate. The histogram 

and Q-Q plot of residuals (Appendix, Figures A7 and A8) show minor deviations from 

normality, particularly in the tails; the Shapiro-Wilk test indicates residuals do not significantly 

deviate from normality (p = 0.252), and the Breusch-Pagan test suggests no evidence of 

heteroskedasticity (p = 0.899). Cook's Distance analysis (Appendix, Figure A9) identifies 

observation 43 as the most influential point, with observations 1 and 40 also exceeding the 

threshold to a lesser extent; overall, results are not driven by individual data points. Re-

estimating with robust standard errors leaves the CEO turnover coefficient statistically 

insignificant (Appendix, Table A4), indicating heteroskedasticity does not materially affect the 

conclusions. The findings are compatible with prior studies reporting no short-term effect of 

CEO turnover; differences from other studies may reflect variation in methodology, time 

horizon, or sample selection, and the cross-sectional design in particular limits the ability to 

capture longer-term effects. 

5. Discussion 

The initial group comparison suggested that firms with CEO turnover experience a larger 

negative change in ROA, indicating worse performance, but this relationship collapses once 

other firm-specific characteristics are accounted for in the regression analysis. This suggests 

that the difference seen in the earlier tests does not necessarily represent the causal effect of 

turnover on firm performance, but rather reflects differences in structure across the sampled 

firms. 
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In a complex environment such as firm performance, where many variables may have 

substantial effects, individual firm properties such as leverage, size, and industry should be 

considered to obtain a more accurate result. Only once these are included, as shown by the 

regression results, does the relationship between turnover and performance become 

statistically insignificant — meaning the univariate results were influenced by omitted-variable 

bias. 

One major explanation for these results is the concern of endogeneity, since firms may 

consciously respond to prior performance by dismissing CEOs — in which case lower 

profitability is a cause of turnover rather than its result. This highlights the importance of 

including supplementary variables given the potential for reverse-causality complications. 

Furthermore, the short-term cross-sectional nature of the research may explain the lack of a 

statistically significant relationship: since it takes time for new CEOs to implement new 

policies, the results may not capture the full effect of a new CEO's impact on the firm. As per 

Organizational Ecology Theory (Hannan & Freeman, 1977), over a short time frame 

performance is influenced more by market and structural conditions than by leadership 

actions alone. 

The relatively low R-squared values indicate that a large portion of variation in firm 

performance is explained by factors not included in the model, which is expected given that 

company profits depend on a wide range of factors from macroeconomic conditions to 

managerial planning. The parsimonious model (without Tech) is significant at the 5% level 

while the full model is significant only at the 10% level, suggesting the Tech variable does not 

meaningfully add to the model and may introduce noise that weakens statistical power; this is 

further supported by the lower AIC and BIC for the parsimonious model.   The similarity 

between standard and robust coefficients suggests a low risk of heteroskedasticity, and Cook's 

distance results reinforce the model's robustness, since only three observations exceed the 

influence threshold without materially affecting the regression results. 

     Overall, the regression model implies that turnover does not cause profitability changes in 

the one-year period following an executive transition, reinforcing the distinction between 

correlation and causation — particularly since the limited number of variables cannot capture 

the full complexity of firm performance. These results contrast with some prior research 

reporting a direct link between turnover and performance, rather than the more contingent 

relationship suggested by this multivariate analysis. 

There are several limitations to this study. First, the sample of 60 firms in a single year (2014) 

is small; a larger sample and multi-year analysis could improve reliability, since a single year 
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does not effectively capture the longer-term effects of a CEO transition. Second, performance 

was measured only with ROA; other performance measures could have added further 

explanatory power. Third, the study did not distinguish whether a CEO departure was a 

dismissal or a voluntary retirement — a significant omission, since dismissed CEOs may have 

already been underperforming, raising an endogeneity concern. 

6. Conclusion 

This study examined whether CEO turnover has a negative short-term effect on firm 

performance. The initial comparison and Welch t-test suggest that firms experiencing CEO 

turnover have lower average changes in ROA than firms without turnover. However, once firm 

size, leverage, and industry are controlled for in the regression models, CEO turnover is no 

longer statistically significant, suggesting the observed difference in means may be caused by 

factors other than turnover itself. Diagnostic tests and robustness checks using robust 

standard errors confirm the stability of the regression results. The findings therefore do not 

provide sufficient evidence that CEO turnover has a statistically significant short-run impact 

on firm performance. Given the small sample size, cross-sectional design, and use of a single 

performance indicator, results should be interpreted with caution. Future research could 

extend this analysis using panel data, larger samples, and additional performance measures 

such as stock returns. 
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Appendix A. Supplementary tables and figures 

Table A1. Descriptive Statistics (Full Sample, Including Outliers) 

 

Table A2. Descriptive Statistics: Firms with CEO Turnover 

 

 

 

Table A3. Descriptive Statistics: Firms without CEO Turnover 
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Table A4. Regression Results with Robust Standard Errors 

 

 

 

 

 

 

 

 

 

 

 

Table A5. Model Performance Metrics 
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Figure A1. Histogram of change in ROA 

 

Figure A2. Histogram of change in ROA with normal curve 
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Figure A3. Density plot of change in ROA 

 

 

 

 

 

 

 

Figure A4. Boxplot of firm size 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A5. Boxplot of leverage 
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Figure A6. Number of firms by CEO turnover 
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Figure A7. Q-Q plot of residuals 

 

 

 

 

 

 

 

 

 

Figure A8. Histogram of residuals 

 

 

 

 

 

 

 

 

 

 

51



INTERNATIONAL COLLEGIATE RESEARCH REVIEW  

 

 ICRRJOURNAL.COM 

 

ORIGINAL RESEARCH · SYSTEMATIC REVIEW · REPLICATION STUDY · CASE ANALYSIS  

SECTION 

Business & Economics 

AUTHOR 

Sevinj Aghalarova 

ARTICLE TYPE 

Original research 

TITLE 

Non-oil sector in Azerbaijan: structural changes and growth dynamics 

ABSTRACT 

The formation and development of the non-oil sector in the Republic of Azerbaijan is one of 

the main priorities of the country's long-term economic strategy. In recent years, a consistent 

state policy has been implemented to expand the non-oil sector in order to reduce dependence 

on oil revenues, diversify the economy and ensure sustainable development. Within the 

framework of this policy, agriculture, industry, tourism, transport-logistics, information and 

communication technologies, service sectors and small and medium-sized enterprises have 

been formed as the main pillars of the non-oil sector. 

 The purpose of this study is to examine the structural changes, development dynamics and 

role of the non-oil sector in Azerbaijan in economic diversification policy. This study provides a 

comprehensive analysis of the structural transformations and development dynamics within 

the non-oil sector from 2010 to 2023. The study shows that there is a high positive correlation 

of 0.81 between non-oil exports and GDP. 

 At the same time, this sector has played a significant role in increasing employment, reducing 

interregional socio-economic inequality and improving the welfare of the population. State 

investments, preferential credit mechanisms, tax and customs privileges, the establishment of 

industrial and agroparks have created conditions for strengthening the institutional 

foundations of the non-oil sector. The findings confirm that the development of the non-oil 

sector is essential for ensuring sustainable economic growth, increasing competitiveness and 

strengthening Azerbaijan’s long-term economic stability. 
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1. Introduction 

 In recent decades, global changes in the world economy, sharp fluctuations in the price of 

energy resources and increasing economic risks have necessitated the formation of new 

development approaches for countries with high resource dependence. For the resource-rich 

Azerbaijani economy, the development of the non-oil sector is a strategic necessity to protect 

itself from the volatility of energy resource prices in global markets and minimize the risks of 

"Dutch disease” (Corden & Neary, 1982; Hasanov, 2013). Diversification of the economy is of 

great importance not only for maintaining macroeconomic stability, but also for ensuring long-

term sustainable development (Aybar et al., 2016). Numerous programs and incentive 

mechanisms are implemented by the state. Nevertheless, Azerbaijan's non-oil sector still faces 

structural, technological and institutional constraints. This limits its competitiveness and long-

term development potential (Kazimova, 2018; Ibadoglu, 2024) The economic reforms 

implemented by Azerbaijan since independence, especially the financial opportunities it has 

obtained against the background of increasing oil revenues since the mid-2000s, have created 

a favorable basis for the development of the non-oil sector (Adigozalova, 2019). Strategic 

roadmaps, regional development programs, entrepreneurship support mechanisms, and the 

establishment of industrial and agroparks adopted by the state have served to strengthen the 

institutional and economic foundations of the non-oil sector (Ministry of Economy, 2023). 

Industries such as industry, agriculture, service sectors, and transport and logistics are the 

leading directions of this sector (Muradov, 2021). The development of the non-oil sector has 

led to qualitative changes in the country's economic structure. At the same time, it has had a 

positive impact on the expansion of domestic production, diversification of exports, increased 

employment, and acceleration of socio-economic development of regions (Shakeraliyeva, 

2023). In addition, global economic difficulties, increased competition, technological 

backwardness, and institutional restrictions also highlight the existence of certain problems in 

the development of the non-oil sector (Shakeraliyeva, 2024). In recent years, state policy 

aimed at the development of the non-oil sector in the Republic of Azerbaijan has become more 

systematic and purposeful. 

 "Azerbaijan 2030: National Priorities for Socio-Economic Development”, strategic roadmaps 

and sectoral state programs have identified the structural renewal of the non-oil sector, the 
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application of innovations and technologies, and the promotion of export-oriented production 

as the main goals (Center for Analysis of Economic Reforms and Communication, 2023). In 

particular, industrialization policy, the expansion of the digital economy and the transition to a 

green economy have conditioned the non-oil sector to enter a qualitatively new stage (World 

Bank, 2022). At the same time, there are a number of objective and subjective difficulties in the 

development of the non-oil sector. Insufficient infrastructure development in some regions, 

limited access to financial resources, weak competition in export markets, incomplete 

realization of innovation potential and institutional management problems slow down the pace 

of development in this area to a certain extent. Global economic uncertainties and risks in 

foreign markets also create additional difficulties for the sustainable development of the non-

oil sector. Therefore, a comprehensive study of the stages of formation of the non-oil sector, 

its role in economic development and existing problems is of particular importance. The 

purpose of this study is to analyze the structural changes, development dynamics and role of 

the non-oil sector in Azerbaijan in the period 2010–2023 in the economic diversification 

policy. This, in turn, serves to ensure sustainable, balanced and long-term economic 

development of Azerbaijan in the post-oil period. The methods of statistical analysis, 

comparative approach, analysis of official macroeconomic indicators and state programs were 

used during the study. This study contributes to the existing scientific literature by 

comprehensively assessing the structural development, economic impacts and policy problems 

of the non-oil sector in Azerbaijan. 

2. Background and literature 

 Studies on the development of Azerbaijan’s non-oil sector emphasize the need for an 

economic diversification policy for the country’s economic sustainability. It is clear from the 

official report prepared by the Ministry of Economy of the Republic of Azerbaijan (2023) that 

increasing the share of the non-oil sector in macroeconomic indicators has been identified as a 

strategic priority. The report systematically emphasizes key areas such as supporting the 

export of non-oil products, expanding the development of industrial and agricultural sectors in 

the regions, and attracting foreign investment. This shows that the sector not only contributes 

to domestic economic growth but also serves to diversify Azerbaijan’s global trade relations. 

 The institutional environment and resource dependence are noted as the main obstacles to 

the development of the non-oil sector. Gubad Ibadoglu (2024) analyzes the current state of 

the Azerbaijani economy in a global context and makes very profound observations regarding 

the development prospects of the non-oil sector. His study assesses the macrostructural 
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changes in the economy, the effects of economic reforms, and future development strategies. 

Ibadoglu (2024) notes that factors such as increasing competitiveness in the non-oil sector, 

improving civil society and the institutional environment play an important role in economic 

diversification. This approach shows that the non-oil sector is not only a matter of industry and 

specialization, but also closely related to the processes of management, marketing and 

institutional adaptation. 

 Muradov (2021) analyzes the Azerbaijani economy through the role of resources and assesses 

the impact of oil and other natural resources on the non-oil sector. He emphasizes that 

macroeconomic phenomena such as resource abundance and “Dutch disease” can have a 

negative impact on the non-oil sector (Hasanov, 2013). To minimize this risk, Ibadoglu (2024) 

suggests institutional adaptation. Muradov’s (2021) study, by discussing the manipulative 

effect of resources on economic diversification, reveals the importance of correctly 

determining strategic priorities in the development of the agricultural sector, manufacturing 

industry and service sectors. Thus, this work emphasizes the importance of shaping the non-oil 

sector into a resource-oriented balanced structure in the economic model. 

  Kazimova (2018) focuses on the contemporary problems of the non-oil sector in the context 

of global threats and analyzes the difficulties encountered in the structuring process. Her 

study emphasizes the importance of improving institutional infrastructures in the country and 

introducing mechanisms for regional development strategies. Kazimova (2018) also states that 

for the development of the non-oil sector, such components as state support, investment 

climate, and the introduction of technological innovations need to be effectively managed. 

These aspects prove the importance of strategic approaches to ensure the sustainability of the 

sector against the backdrop of global economic risks (Corden & Neary, 1982). Thus, the 

general conclusion of the four sources is that the development of the non-oil sector is one of 

the fundamental principles of the economic diversification and sustainable development 

model for Azerbaijan. While official economic reports identify specific strategic goals, 

scientific research deepens the methodological and institutional foundations of these 

strategies. At the same time, a comprehensive analysis of the economic structure shows that 

the sector depends not only on financial indicators, but also on institutional, social, and global 

coordination issues. Consequently, research on the development of the non-oil sector in 

Azerbaijan requires the integration of both theoretical and practical aspects of this field. The 

development of the non-oil sector in the context of the diversification of the Azerbaijani 

economy has been the focus of attention of both local and foreign researchers for many years. 

The argument for deepening the export structure put forward by Aybar, Rasulova, and Gasimli 
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(2016) shows that the non-oil sector is not just a tool for reducing dependence on oil, but also a 

strategic factor determining the country's position in the international division of labor. The 

authors note that economic diversification should be accompanied not only by an increase in 

the number of sectors, but also by deepening the export structure and increasing 

competitiveness. This approach shows that the non-oil sector is an integral part of strategic 

economic policy. 

      

 Shakaraliyeva (2023, 2024) analyzes the development of the non-oil sector from both an 

empirical and methodological perspective and emphasizes that the failure to fully realize the 

existing production potential is due to the weakness of the innovation-oriented production 

chain. The author does not consider mere state support to be sufficient for access to 

international markets, but at the same time puts forward the application of international 

standards and deepening of the value chain as a necessary condition. The importance of 

technological modernization, innovation-oriented production and diversification of export 

markets, especially the industrial and agricultural sectors, is noted (Shakaraliyeva, 2023). 

These results show that the development of the non-oil sector should be assessed not only by 

quantitative indicators, but also by qualitative parameters. The author justifies the need to 

deepen the production chain and apply standards in line with international markets for the 

sustainable development of non-oil exports (Shakaraliyeva, 2024). This approach shows that 

increasing the export potential of the non-oil sector requires a systematic and long-term 

strategy. 

 The official institutional approach is reflected in the analytical materials of the Center for 

Analysis of Economic Reforms and Communication of the Republic of Azerbaijan (2023). In 

that source, the development directions of the non-oil sector are assessed from the point of 

view of state policy and the main priorities are the industrial, agricultural, service sectors and 

export promotion mechanisms. The report notes that the development of the non-oil sector 

plays an important role in ensuring the socio-economic balance of the regions and increasing 

employment. In this regard, the state approach is consistent with the results of academic 

research and confirms the leading position of the non-oil sector in economic development. 

Thus, the general conclusion of academic research and official institutional reports is that the 

non-oil sector of Azerbaijan must now transition from the stage of formation to the stage of 

"qualitative growth" and "global competition”. 
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3. Methods 

The test for this section: could a competent stranger repeat your study from what you have 

written? If not, add detail. Adapt the subheadings below to your discipline: a doctrinal law 

paper or a philosophy paper will describe its method in prose, but it still has to describe it. 

3.1 Design 
The methodological basis of the study is a statistical and analytical assessment of the formation of 

the non-oil sector in the Republic of Azerbaijan and its role in economic development. Both 

quantitative and qualitative methods were used, and a comparative and dynamic analysis was 

conducted based on macroeconomic indicators. 

3.2 Data, materials, or sources 
The information base of the study is formed by the official statistical reports of the Ministry of 

Economy of the Republic of Azerbaijan, the State Statistical Committee, and the Center for 

Analysis of Economic Reforms and Communication, as well as scientific research conducted on 

the topic. Statistical data mainly covers the years 2010–2023, which allows the development 

dynamics of the non-oil sector to be monitored over the long term. 

3.3 Procedure and analysis 
The main methods applied within the framework of the study are as follows: 

● Time series analysis: used to determine growth rates and structural changes for 

selected indicators. 

● Comparative analysis: applied to reveal imbalances between employment and created 

added value across sectors. 

● Statistical correlation: the Pearson correlation coefficient was calculated to determine 

the strength of the relationship between non-oil exports, investments, and non-oil 

GDP. 

4. Results 

The methodological basis of this study is based on the statistical and analytical assessment of 

the formation of the non-oil sector and its role in the economic development of the Republic of 

Azerbaijan. The study used both quantitative and qualitative methods, and a comparative and 

dynamic analysis was conducted based on macroeconomic indicators. In the empirical part of 

the study, official statistical data were taken as the main material, and the results obtained 

were interpreted against the background of economic theory and existing scientific 

approaches. Statistical data mainly cover the years 2010-2023, which allows us to monitor the 
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development dynamics of the non-oil sector in the long term (Ministry of Economy of the 

Republic of Azerbaijan, 2023). The selected period is considered analytically appropriate, since 

it covers both the stages of increasing oil revenues and the acceleration of the transition to the 

post-oil stage (Muradov, 2021; Shakaraliyeva, 2024).  

 

Figure 1. Structure of fixed capital investments in the non-oil and gas sector 

 

 The fact that the transport and construction sectors account for nearly 68% of the total 

structure proves that non-oil growth in the country is still being shaped by large-scale public 

investments and infrastructure projects. This indicates that the economy is in the transition 

phase from an extensive to an intensive development model (graphic 1.). In particular, the 

expansion of transit potential, the development of regional transport corridors and the 

implementation of large infrastructure projects have led to an increase in the share of the 

transport and construction sectors (Center for Analysis of Economic Reforms and 

Communication, 2023). The non-oil industry acts as the third main direction with a share of 

13.3%. This indicator reflects the positive impact of the creation of industrial parks and 

industrial districts, the development of the processing industry and measures to stimulate 

local production. However, the relatively low share of the non-oil industry compared to 

transport and construction indicates that the industrial sectors have not yet reached their full 

potential and there is a need for structural deepening (Shakaraliyeva, 2023). The low potential 

for additional impact of agriculture (4.1%) is due to the weakness of potential technological 

innovation and the still additional impact on raw material-oriented production. Low 

productivity in the agricultural sector, insufficient development of the processing chain and 

weakness of export-oriented production can be assessed as the main factors limiting the 
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structural share of this sector (Adigozalova, 2019). The share of trade and repair of transport 

vehicles is 3.0%, which indicates that despite the increase in domestic consumption, this sector 

has limited opportunities to create high added value in the non-oil sector. 

The tourist accommodation and public catering sector is represented by a share of only 0.6%. 

This indicator indicates that despite the existence of tourism potential, the sector does not yet 

occupy a sufficiently deep place in the economic structure and that there are institutional, 

infrastructure and marketing problems (World Bank, 2022). The share of information and 

communication is 2.7%. Despite the acceleration of digitalization processes, the low share of 

this sector in the non-oil sector indicates limitations in terms of the formation of an 

innovation-oriented economy (Ibadoghlu, 2024). The fact that social and other sectors have a 

share of 8.4% indicates that the non-oil sector is to some extent based on socially oriented 

areas of activity. 

Table 1. Growth dynamics of non-oil GDP (2019–2023) 

 

The table 1 reflects the vulnerability of the non-oil sector to economic shocks and its recovery 

potential.  

Table 2. Distribution of employment in the non-oil sector by sector (%) 

 

Source: Shekaraliyeva, Z. A. (2024). Problems of development of export potential of non-oil 

sector (Abstract, Doctor of Economic Sciences). Azerbaijan State University of Economics, 

Baku. 

 Table 2 shows that in 2020, a decrease was observed in the non-oil sector as a result of the 

impact of the global pandemic. However, the sector’s rapid recovery in subsequent years 
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proves its high resilience potential. In particular, the increase in non-oil GDP in 2021–2022 

reflects the effectiveness of state support mechanisms and economic stimulus measures. 

Employment indicators were also included in the analysis to assess the socio-economic impact 

of the non-oil sector. 

Table 3. Dynamics of Azerbaijan's non-oil exports (2019–2023) 

 

Source: Center for Analysis of Economic Reforms and Communication of the Republic of 

Azerbaijan. (2023). Development directions and export potential of the non-oil sector. 

Economic reforms: scientific-analytical journal, 3(4), 40–52. 

 As can be seen from Table 3, although a decrease in non-oil exports was observed in 2020, a 

strong growth trend has been formed since 2021. This increase is mainly explained by the 

expansion of exports of agricultural products, processed products and the chemical industry. 

Statistical dynamics show that non-oil exports are already becoming one of the important 

drivers of economic growth. Since the role of investments in the development of the non-oil 

sector is also of particular importance, the distribution of investments aimed at fixed capital by 

sector was analyzed separately. 

Figure 2. Distribution of fixed capital investments in the non-oil sector by sector (2023, %) 
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Source: Shekaraliyeva, Z. A. (2024). Problems of development of export potential of non-oil 

sector (Abstract, Doctor of Economic Sciences). Azerbaijan State University of Economics, 

Baku. 

 According to Graph 2, investment flows are mainly directed to construction and industrial 

sectors. The high share of non-oil industry in investments forms positive expectations that 

production potential will increase in the medium and long term. However, the relatively low 

level of investments in the information and communication sector reveals structural 

limitations in terms of innovation-oriented development (World Bank, 2022). In order to more 

accurately assess the impact of the non-oil sector on economic growth, the statistical 

relationship between non-oil GDP and non-oil exports was also analyzed (Kazimova, 2018). 

Table 4. Correlation analysis between non-oil GDP and non-oil exports 

 

Source: Center for Analysis of Economic Reforms and Communication of the Republic of 

Azerbaijan. (2023). Development directions and export potential of the non-oil sector. 

Economic reforms: scientific-analytical journal, 3(4), 40–52. 

The correlation coefficient r = 0.81 confirms the existence of a close functional dependence 

between exports and GDP (Hasanov, 2013). This means that the future sustainability of 
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Azerbaijan's non-oil sector will depend not directly on domestic consumption, but on its ability 

to produce competitive products in foreign markets. At the same time, the strong relationship 

between investments and GDP proves the effectiveness of capital investments in the non-oil 

sector. 

5. Discussion 

 In modern global economic conditions, ensuring long-term and sustainable development of 

countries necessitates structural diversification of the economy, reduction of resource 

dependence and development of sectors that create high added value. Especially for countries 

rich in natural resources, the sustainability of economic growth based solely on raw material 

exports poses serious risks (Corden & Neary, 1982). In this regard, the development of the 

non-oil sector in the Azerbaijani economy, its structural changes and the formation of 

sustainable growth mechanisms act as one of the key issues of strategic importance. In a 

situation where oil revenues make a significant contribution to economic development in the 

Republic of Azerbaijan, at the same time, a purposeful policy has been implemented to reduce 

dependence on these revenues. Strategic roadmaps, regional socio-economic development 

programs, industrialization and export promotion policies adopted in recent years have led to 

an increase in the role of the non-oil sector in the structure of the economy (CAERC, 2023). 

This process was accompanied by the emergence of new production areas in the non-oil 

sector, the modernization of existing ones and the redistribution of economic activity by 

sectors. Structural changes in the non-oil sector are not limited to changes in shares by sectors, 

but are also characterized by improving the quality indicators of production, increasing 

productivity and expanding export-oriented activities. Development trends observed in the 

fields of infrastructure, industry, agriculture, services and information and communication 

technologies indicate that the non-oil sector is gradually becoming one of the main sources of 

economic growth. In this context, structural changes play the role of the main basis for the 

formation of sustainable growth mechanisms  

Figure 2. Share of the non-oil sector in GDP in the Azerbaijani economy (2015–2023, %) 
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Source: Ministry of Economy of the Republic of Azerbaijan (2023). 

 As can be seen from Graphic 2, a continuous increase in the share of the non-oil sector in GDP 

was observed during 2015–2019. Although there was a temporary decrease in 2020 due to 

the impact of the global pandemic, growth resumed in subsequent years, and the share of the 

non-oil sector reached 74.1% in 2023 (Ministry of Economy, 2023). The non-oil sector's share 

of GDP reaching 74.1% is a quantitative indicator of economic growth. However, for the 

formation of a sustainable growth mechanism, this growth must be supported not only by 

domestic demand, but also by export potential and innovative technologies. This dynamic 

indicates that economic growth is increasingly being formed at the expense of non-oil sectors. 

In order to assess the sectoral nature of structural changes in the non-oil sector, the 

distribution of added value by sector was also analyzed.  

Figure 3. Distribution of added value in the non-oil sector by sectors (2023, %) 
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Source: Ministry of Economy of the Republic of Azerbaijan (2023). 

Graphic 3 shows that the bulk of value added in the non-oil sector is generated in 

infrastructure and service-oriented sectors. The high share of construction and transport 

reflects the structural impact of public investments. At the same time, the relatively low share 

of industry and information and communication sectors indicates that structural deepening is 

still limited (Ibadoghlu, 2024). In order to assess the social impact of structural changes, the 

distribution of employment in the non-oil sector by sector was also reviewed. 

Figure 4. Distribution of employment in the non-oil sector by sector (2023, %) 
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Source: Ministry of Economy of the Republic of Azerbaijan (2023). 

The results of Graphic 3 show that there is a serious discrepancy between the value added and 

employment structures in the non-oil sector. Although agriculture has a high share in 

employment, it is characterized by a relatively low indicator in terms of value added 

(Adigozalova, 2019). This confirms the unevenness of labor productivity across sectors and the 

need for structural reforms from a statistical point of view. It is impossible to fully assess the 

quality of structural changes without analyzing the structure of investments, which are the 

main driving force for the sustainable development of the sector. Investment indicators were 

also included in the analysis to assess the mechanisms of sustainable growth of the non-oil 

sector. 

6. Conclusion 

Empirical findings prove that the non-oil sector has moved beyond its supporting role and 

become the primary engine of Azerbaijan's macroeconomic resilience. The increase in the 

share of the non-oil sector in GDP, the positive dynamics observed in investment and export 

indicators, as well as structural changes in sectors confirm that the economy's dependence on 

oil revenues is gradually decreasing. This process is of great importance in terms of 

strengthening the country's macroeconomic stability and preparing for the post-oil era. Non-

oil growth still depends on construction and transport-logistics corridors, which are largely 

financed by government-based capital expenditures (CAPEX). Although the creation of high 

65



INTERNATIONAL COLLEGIATE RESEARCH REVIEW  

 

 ICRRJOURNAL.COM 

added value in these sectors reflects the economic impact of public investments and 

infrastructure projects, it also reveals the existence of structural imbalances. The relatively 

low share of industry, agriculture and information and communication sectors in the non-oil 

sector indicates that economic diversification still needs to be deepened. There is a serious 

“Productivity-Employment Paradox” in the sector; the high concentration of labor in 

agriculture is in sharp inverse proportion to its potential for value-added creation. Although 

the increase in investments in the non-oil sector is assessed as a positive trend in terms of the 

formation of sustainable growth mechanisms, the concentration of investment flows mainly in 

traditional sectors may create limitations in terms of innovation and technological 

development in the long term. Statistical correlation analyses show that non-oil exports and 

investments have a significant impact on economic growth, but for this impact to be 

sustainable, it is necessary to deepen the production chain and improve the quality structure 

of exports. 

Based on the results of the study, it can be noted that in order to ensure the sustainable 

development of the non-oil sector, it is important to implement structural changes more 

systematically. To address the systemic productivity gap, the transition from extensive labor-

intensive farming to intensive AgTech (agricultural technology) models should be prioritized. 

At the same time, increasing investments in information and communication technologies, 

digital economy and innovation-oriented areas of activity can contribute to the formation of 

high added value sectors in the non-oil sector. 

In addition, it is considered appropriate to balance economic activity across regions and more 

closely link the non-oil sector with regional development programs. Financial inclusion should 

be strengthened through export-guarantee mechanisms and low-interest credit lines to 

increase the resilience of SMEs to external shocks. Strengthening export promotion 

mechanisms, facilitating access to new markets and applying international standards can 

accelerate the integration of the non-oil sector into the global economic system. 
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1. Introduction 

Psychological thriller, as a literary genre, presents a variety of elements that may originally appear 

unrelated to what is traditionally perceived as “horror.” While horror is often linked with plain 

description of violence, supernatural elements, or physical threats, psychological thrillers commonly 

create fear through a less visible and more internal source: the uncertain complexion of the human 

mind. Rather than relying solely on what can be seen or physically experienced, the genre introduces 

the reader to one of literature’s most powerful tools: emotion. In psychological thrillers, emotion 

goes beyond relatability or sadness; it arises through fear, suspicion, anticipation, and uncertainty. 

These emotions can unexpectedly place the reader in a vulnerable position, as the narrative 

constantly challenges their ability to differentiate between reality and perception. 

This relationship between psychological uncertainty and reader experience brings up an important 

question: How have psychological thrillers influenced contemporary literature through suspense, 

unreliable perception, and reader engagement? This research argues that psychological thrillers 

have contributed to contemporary literature by shifting narrative pressure away from external 

action toward psychological uncertainty, unreliable perception of the story, and active reader 

explanation. Through these techniques, the genre does not simply present fear, as we know it, to 

the reader but also builds an experience in which the reader becomes directly involved in producing 

the meaning, questioning information, and interpreting the reliability of the narrative itself. 

2. Background and literature 

Psychological thrillers extract themselves from other forms of thriller and horror fiction by putting 

psychological experience at the centre of narrative tension. Rather than depending primarily on 

external and physical facts as we see in usual horror, the genre evokes a conflict mainly within the 

reader itself, often creating that uncertainty through the characters’ memories, emotions and 

mental state. As a result, the source of danger may become difficult to locate, as the reader is 

inspired to question not only what will happen, but also what is actually happening. 

2.1 From External to Internal Threat 

In usual horror, readers are used to what is called an External Threat, which basically amounts to 

someone chasing a protagonist, an approaching killer, or, generally put, an outside, physical danger. 

However, in psychological thrillers, the protagonist’s main source of danger and fear is themselves 

— their own mind, which they are basically trapped in. This is the case when a character can not 

trust their own memory, perception, thoughts, emotions, or, most commonly, understanding of 
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reality, which is the definition of Internal Threat. Obviously, psychological thrillers include External 

Threats, but the main argument is that the psychological dimension becomes central to how the 

threat is experienced. 

The distinction between external and internal threat can also be understood through scholarly 

discussions of the psychological thriller. Pittard (2012) argues that the genre places particular 

emphasis on subjectivity and the psychological basis of transgression, separating it from traditional 

detective fiction, which is more concentrated on rational explanation of actions and the resolution 

of external crime. This particular emphasis shifts the focus of the narrative from the external 

situation itself toward the psychological experience around it. 

This distinction is crucial because it changes not only the nature of the threat itself but also the way 

the reader experiences it. When danger is connected to a character’s perception, memories or state 

of mind, it becomes difficult for the reader to identify the threat from an external point of view. 

Instead, the reader experiences the uncertainty alongside the character and questions whether the 

source of danger exists outside the mind, inside it or somewhere in between. Therefore, 

psychological thrillers transform threat into a matter of perception, and the reader’s mind basically 

shapes the level of danger and how to feel about it, which makes psychological uncertainty a central 

element of the reading experience. 

 

2.2 Psychological Uncertainty as Narrative Device 

Psychological uncertainty mainly occurs when the narrative prevents the reader from having 

complete confidence in what is true, what has happened or how a character perceives reality. For 

instance, the range of things that might make the reader uncertain is wide. Uncertainty can occur 

from the character's conflicting memories, issues in identity, problems such as paranoia, ambiguity 

or incomplete knowledge about certain things. When the narrative is quite conflicting and confusing 

towards the character, it also brings uncertainty in the reader’s emotions. The reader does not know 

how to feel, expects the unexpected and stays tuned just to unwrap all of the aspects of the 

mystery. 

Psychological uncertainty can also function as an intentional narrative strategy through the 

controlled sharing of information. Baroni (2007) explains narrative tension through the relationship 

between uncertainty and anticipation, stating that readers experience tension when they lack 
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complete knowledge of actions while at the same time seeking to discover what the narrative will 

reveal. 

Within psychological thrillers, this strategy can extend beyond uncertainty about future events. The 

narrative can also create uncertainty about events that already occurred, and by the time the reader 

reaches the next part of the manuscript, they start doubting that maybe what they have been 

counting as truth and facts are actually the imitation of truth. This keeps the reader and the 

character in uncertainty, without knowledge of what is going to happen next. By complicating crucial 

information, the narrative prevents the reader from getting a hold of a stable interpretation of 

events. 

This technique can be observed in Colleen Hoover’s Verity, where the discovery of Verity Crawford’s 

diary/manuscript creates uncertainty not only about what may happen next, but also about whether 

she is telling the truth or not and, if it is, whether it can be trusted or not. As Lowen reads the 

manuscript, both she and the reader are forced to question whether it is an honest confession or a 

deliberate fabrication. The uncertainty surrounding the manuscript therefore becomes a central 

source of narrative tension, keeping the reader in the same position as the character: both are trying 

to determine which version of reality is credible. 

In this sense, Verity is a good example of how psychological uncertainty can become more than a 

characteristic of a character’s mental state: it can be a condition mandated upon the reader. The 

reader is not simply waiting for the plot to progress and unfold itself but actively judges the given 

information, creates hypotheses, and revises previous interpretations. 

2.3 Emotional and Psychological Uncertainty 

Psychological uncertainty not only affects what the reader understands about the narrative, but also 

influences how the reader emotionally reacts to it. When the reader can not determine whether the 

narrative is trustworthy, whether a certain event has actually occurred, or if a perceived threat is 

real or not, the emotional response becomes uncertain as well. Fear, curiosity, suspicion, and 

anticipation can appear at the same time and can change as the narrative reveals new information. 

Carroll (1990) explains that emotional responses to fiction are closely connected to the way 

narratives create expectations and provide information to the audience. In this way, emotions such 

as fear are not only produced by the events themselves, but also by the reader’s anticipation of 

what those events may mean or connect to. Psychological thrillers make particular use of this 
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connection by putting the reader in situations that are constantly shaped by the given, or even 

incomplete, information. 

The emotional uncertainty becomes especially important when the narrative challenges the reader’s 

first impression of a certain character or event. A character who initially appears trustworthy and 

straightforward may gradually become suspicious, while a character who seems threatening may 

become an object of honesty, sympathy or understanding. As new information changes the meaning 

of previous events, the reader is basically forced to reconsider not only what is true but also how 

they feel about the people and upcoming situations within the narrative. The emotional experience 

therefore develops with the reader’s interpretation of the story, making fear and suspicion 

dependent on the reader’s changing understanding of the narrative. 

Psychological thrillers use this instability to place the reader in a position that resembles the 

uncertainty experienced by the character themselves. A character may question their own 

memories, their surroundings, or the intention of another person, while the reader simultaneously 

questions the credibility of the given information. This results in an emotional experience in which 

the reader is not only afraid of a particular event, but becomes unsure about what deserves to be 

feared in the first place. In this way, psychological uncertainty becomes a mechanism used by the 

narrative to connect the reader’s emotional response with the process of interpretation, because 

the reader must continually reconsider both the meaning of the narrative and their own reaction to 

it, creating a deeper form of psychological engagement that directly leads into the suspense 

characteristic of the genre. 

 

3. Methods 

While writing in the psychological thriller genre, authors do not sustain the main character only to 

make the reader anticipate and make guesses until the next chapter; they also try to make the 

reader a part of the story itself. The reader is the one main tool that brings the narrative to life 

through their emotional response and suspense toward the next development of the plot. The 

reader’s emotions and uncertainty can place them in a similar psychological state to that of the 

character. Predictions, uncertainty, and a narrative that constantly challenges previous assumptions 

place the reader in an active position, searching not only for closure but also for a conclusion that 

makes sense of the presented information given by the author. As the narrative unfolds, the reader 
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progressively steps into a role similar to the main character’s, experiencing uncertainty and 

attempting to understand the events alongside them. 

The active role of the reader can be fairly well understood through Wolfgang Iser’s reader-response 

theory. Iser (1978) claims that literary meaning is not solely contained in the text, but in a crucial 

relationship between the text and the perception of the reader. His concept emphasises the reader’s 

active participation and interaction in connecting different perspectives and filling the gaps in 

between the narrative. As readers move through the text, they form expectations, make 

connections between the pieces of information, and revise their understanding as new information 

is presented (Iser, 1978). This particular process becomes significant in psychological thrillers, where 

uncertainty and withheld information deliberately create gaps that invite the reader to interpret, 

predict and reconsider the narrative. 

3.1 Suspense and Anticipation 

Suspense is one of the main elements through which psychological thrillers maintain the reader’s 

attention throughout the whole narrative. While psychological uncertainty creates doubt about 

what is true or reliable, suspense evolves when this uncertainty is combined with anticipation of 

what may happen next. The reader is given enough information to recognize that something is 

wrong or dangerous, but not enough information to understand the whole picture. This creates a 

constant expectation of disclosure, as the reader awaits the narrative’s confirmation, challenge, or 

perhaps complete change of their assumptions. 

 

Baroni (2007) connects narrative tension with uncertainty and anticipation, suggesting that suspense 

appears when readers are placed in a position where they do not possess complete knowledge but 

continue to wait for events to unfold. This relationship is especially important in psychological 

thrillers because the narrative often delays important information while at the same time providing 

details that prompt the reader to form expectations. A suspicious action, an unexplained memory, a 

contradiction in a character’s story, or an apparently insignificant detail can therefore become 

important because the reader begins to anticipate that it will eventually have a greater meaning. 

Suspense is constantly created not simply by the possibility of danger, but by the expectation that 

the narrative will eventually reveal something that will change the reader’s understanding. 

Anticipation is also the reason the reader becomes emotionally involved in the unfolding of the 

story. As the narrative postpones its explanations, the reader experiences curiosity, fear, suspicion, 

or even dread while waiting for the next revelation. The longer certainty is put on hold, the more 
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significant each new piece of information can become. Psychological thrillers therefore use suspense 

to maintain a state of emotional and intellectual tension in which the reader is constantly expecting 

something while also remaining uncertain about what exactly that something will be. Thus, suspense 

becomes a bridge between psychological uncertainty and active reading, because the reader is 

encouraged not simply to wait for the resolution but to wait and interpret the possibilities that lead 

towards it. 

 

3.2 Applying Reader-Response Theory to Psychological Thrillers 

Alex Michaelides’s The Silent Patient provides a very clear example of how the active role of the 

reader functions within psychological thrillers. The novel withholds important information about 

Alicia Berenson’s silence and the events surrounding her husband’s death, leaving the reader to 

form explanations based on the limited information that is provided. As the narrative progresses, 

new details challenge these initial assumptions and encourage the reader to reconsider previous 

interpretations. Instead of simply receiving a complete explanation of the mystery, the reader 

actively participates in building one by connecting separate pieces of information and evaluating 

their possible meanings. 

 

Therefore, the novel demonstrates how psychological thrillers can turn the reader into an active 

participant in the narrative. The reader constantly forms hypotheses about Alicia, her motives, and 

the people surrounding her, while staying aware that these interpretations may later prove 

incorrect. This continuous process of prediction and revision reflects the active reading process 

discussed through Iser’s theory. In The Silent Patient, meaning is constantly developed alongside the 

reader’s attempt to understand the mystery, interpreting itself an important part of the suspense. 

4. Analysis 

Unreliable narration is another important technique through which psychological thrillers challenge 

the reader’s perception of reality. A narrator can be considered unreliable when the information 

they provide can not be completely accepted as trustworthy, or consistent with the reality 

established by the narrative. 

Booth (1961) introduced the concept of the unreliable narrator, referring to a narrator whose 

account does not fully correspond with the understanding established by the narrative. This 
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technique creates another level of uncertainty, as the reader must evaluate not only the events 

themselves, but also the credibility of the person presenting them. 

Gillian Flynn’s Gone Girl provides a clear example through the changing perspectives of Nick and 

Amy. Their conflicting, and sometimes even rather confusing, accounts make it difficult for the 

reader to establish a stable version of reality. Hnatkovska (2018) similarly examines Flynn’s use of 

unreliable narration and the way it affects the reader’s interpretation of the novel itself. As new 

information challenges earlier assumptions, the reader is forced to reconsider which perspectives 

and “truths” can be trusted. 

Unreliable narration therefore strengthens the role of the active reader. Instead of simply receiving 

information, the reader must evaluate contradictions, question motives and decide which detail 

appears to be more credible. The uncertainty created by an unreliable narrator consequently 

becomes part of the mystery itself. In psychological thrillers, perception is not only something 

experienced by the characters but also something constantly negotiated by the reader. This makes 

unreliable narration particularly effective in creating psychological tension and maintaining reader 

engagement. 

5. Discussion 

The analysis demonstrates that psychological thrillers create their literary impact by making 

psychological uncertainty central to the reading experience. Instead of relying only on external 

danger, the genre uses uncertainty, suspense and unreliable narration to make readers question 

what is true and how events should be understood. The examples of Verity, The Silent Patient, and 

Gone Girl show how readers are encouraged to form expectations and assumptions, and sometimes 

even doubt every single word they are reading. Reader-response theory further supports the idea 

that meaning is not simply received but actively constructed by the reader. Psychological thrillers 

therefore connect emotional involvement with interpretation, making the reader’s uncertainty an 

important part of the narrative itself. 

These techniques also contribute to contemporary literature by emphasising ambiguity, unreliable 

perspectives, psychological tension, and most importantly: reader participation. The genre’s 

significance therefore lies not only in its ability to create fear, but in its ability to make readers 

actively participate in understanding the narrative. 
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6. Conclusion 

Psychological thrillers distinguish themselves by shifting narrative tension from external threats 

towards psychological uncertainty, perception and emotional experience. Through suspense, 

controlled information and unreliable narration, the genre creates a reading experience in which 

uncertainty becomes central to both the characters and the reader. 

The analysis demonstrates that readers in psychological thrillers do much more than simply follow 

the events of the story. They anticipate, interpret, question, and revise their understanding as new 

information appears. In this sense, the active reader is one of the defining effects of the genre. 

Psychological thrillers therefore contribute to contemporary literature not only through their 

popularity, but through their use of narrative techniques that make interpretation and reader 

participation essential parts of the literary experience. 
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From Collection to Court: A Case Analysis of Forensic Biology Evidence Integrity 

FORENSIC BIOLOGY EVIDENCE INTEGRITY 

A B S T R A C T  

Forensic biology evidence is valuable only when its integrity is protected from collection through 

courtroom presentation. This case analysis examines operational vulnerabilities identified during an 

academic internship at a regional forensic science laboratory in India and considers how those 

vulnerabilities may affect evidentiary reliability. Direct observations described in the project report 

were organized into seven domains: case acceptance, case opening, exhibit collection and 

preservation, laboratory examination and analysis, laboratory environmental conditions, evidence 

storage, and implications for case resolution. The analysis identified recurring pre-analytical, 

analytical, environmental, and documentation risks, including mislabeled exhibits, broken seals, 

improper packing of wet biological material, inconsistent use of protective equipment, shared work 

surfaces, limited analytical capacity for mixed or low-template DNA, electricity interruptions, pest 

and ventilation problems, overcrowded storage, and incomplete or vulnerable chain-of-custody 

records. No inferential statistical testing was conducted because the study was an observational 

case analysis rather than a quantitative investigation. The seven-domain framework indicates that 

reliability can be weakened before DNA analysis begins and that laboratory weaknesses can be 

converted into courtroom challenges even when an analytical method is scientifically sound. The 

findings support a layered quality-assurance approach combining standardized collection and 

acceptance procedures, auditable chain-of-custody documentation, improved environmental and 

storage controls, updated analytical capability, targeted staff training, and greater scientific literacy 

in courtroom evaluation. The analysis does not establish the frequency or causal effect of individual 
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failures, but it provides a practical risk map for strengthening evidence integrity in forensic biology 

services. 

K E Y W O R D S  

Forensic biology; Evidence integrity; Chain of custody; DNA profiling; Quality assurance; Forensic 

laboratories 

1. Introduction 

Forensic biology has become an important bridge between physical traces and questions of identity, 

association, and exclusion in criminal investigation. Biological materials such as blood, saliva, semen, 

hair, fibres, and cellular material can provide information that is difficult to obtain from testimonial 

evidence alone. DNA profiling, in particular, can help associate a biological sample with an individual 

or distinguish a person from a source considered during an investigation. The value of such evidence, 

however, is conditional. A scientifically capable laboratory cannot restore an evidentiary sample that 

has been contaminated, degraded, misidentified, or compromised before analysis. 

The reliability problem is therefore broader than the performance of a DNA instrument or the 

analytical competence of an examiner. It begins when an exhibit is recognized, collected, packaged, 

labelled, transported, and accepted. It continues while the item is opened, documented, stored, 

sampled, and analysed. It reaches the courtroom through reports, testimony, chain-of-custody 

documentation, and explanations of the limits of a result. Each transition creates an opportunity for 

error. The National Research Council's review of forensic science emphasized the importance of 

quality, oversight, training, scientific interpretation, and performance standards across the forensic 

enterprise (National Research Council, 2009). Butler's treatment of forensic DNA interpretation 

likewise places interpretation and mixture analysis within a wider framework of analytical quality 

rather than treating a generated profile as self-explanatory (Butler, 2015). 

The project report on which this manuscript is based describes these risks through direct 

observations made during an academic internship in a regional forensic science laboratory in India. 

The observations included mislabelled exhibits, broken or damaged seals, inconsistent packaging 

and preservation, contamination risks during collection and examination, constrained laboratory 

space, environmental maintenance problems, and storage limitations. Because these observations 

arise from one internship setting, they are treated here as site-specific observations rather than 

evidence of prevalence across Indian laboratories. 
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Existing discussions of forensic reliability often emphasize one part of the process at a time: 

laboratory methodology, contamination control, courtroom scrutiny, or wrongful convictions. The 

project instead allows these components to be examined as a continuous pathway. Two Indian cases 

provide contextual illustrations rather than controlled evidence of causation. In Nupur Talwar v. 

State of U.P. (2017), the Allahabad High Court set aside the convictions and acquitted the Talwars 

after concluding that the prosecution had failed to prove the case beyond reasonable doubt. In 

Mukesh & Anr. v. State for NCT of Delhi & Ors. (2017), the Supreme Court considered DNA profiling 

among the scientific evidence relied upon in the prosecution case. These decisions show why the 

reliability and communication of forensic evidence matter, but they do not establish that any single 

procedural defect determined either outcome. 

The purpose of this paper is to convert those internship observations into a structured case analysis 

that identifies where forensic biology evidence is most vulnerable and what controls can reduce 

those vulnerabilities. The research question is: What operational vulnerabilities in the forensic 

biology evidence pathway were observed during the internship, and how might those vulnerabilities 

compromise evidentiary reliability from collection through courtroom use? 

2. Background and literature 

Evidence reliability is a pathway property 

Forensic biology evidence is commonly described in terms of the information it can provide, but its 

evidentiary value depends on the integrity of the pathway that produces and documents that 

information. DNA profiles can assist with identification and exclusion, while biological materials such 

as blood and other body fluids may provide investigative information when collected, preserved, and 

interpreted appropriately (Butler, 2015; Ministry of Home Affairs, 2018, 2022). The relevant unit of 

reliability is therefore not only the analytical method but also the handling and documentation 

surrounding it. 

This pathway perspective is consistent with the wider quality concerns identified by the National 

Research Council (2009), which linked forensic reliability to laboratory practices, education and 

training, oversight, scientific interpretation, and admissibility. The implication for the present case is 

that a forensic biology service should not define quality solely as producing a result. Quality includes 

maintaining identity, continuity, environmental stability, and documentation so that the result can 

be trusted as a statement about the correct exhibit. 
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Pre-analytical vulnerabilities 

The project observations indicate that several of the most consequential vulnerabilities occurred 

before laboratory analysis. At case acceptance, incorrect case numbers, victim or suspect identifiers, 

and exhibit descriptions created uncertainty about item identity. At case opening, broken seals and 

inappropriate packaging raised questions about integrity and continuity. These observations are 

consistent with established evidence-handling principles: biological evidence should be collected 

and packaged in ways that minimize contamination and degradation, and wet biological material 

should be thoroughly air-dried before appropriate packaging (Ministry of Home Affairs, 2018; 

National Institute of Justice, 2023). 

These are not merely administrative defects. Chain-of-custody documentation provides the 

traceable history needed to establish what item was received, who handled it, when it moved, and 

under what conditions. Where records are incomplete or labels are inconsistent, the defence can 

challenge the identity and continuity of the evidence. The project observations therefore support 

treating case acceptance, packaging, and documentation as components of scientific quality rather 

than as clerical tasks outside the laboratory's scientific function. 

Analytical and interpretive vulnerabilities 

Once an exhibit reaches the laboratory, different risks become prominent. The project identified 

shared workspaces, inconsistent glove changes, limitations in equipment, mixed DNA profiles, low-

template samples, and workload pressure. Contemporary scientific reviews describe complex DNA 

mixtures as inherently challenging because analysts must consider contributor number, low 

quantities of DNA, contamination, transfer, stochastic effects, and the appropriate interpretive 

framework (Butler et al., 2024). These risks do not mean that mixed or low-template DNA is 

unusable; they mean that interpretation requires validated methods, appropriate controls, and 

transparent communication of uncertainty. 

The project report also identified limited access to advanced software for some complex profiles and 

the use of older amplification equipment as practical constraints. These observations do not 

demonstrate that any result was erroneous. They instead identify points at which limited capability 

or equipment constraints may increase the risk of inconclusive findings or interpretive uncertainty. 

National quality reviews emphasize the importance of validated methods, training, quality systems, 

and adequate resources in forensic practice (National Research Council, 2009). Current forensic 

standards also specifically address prevention, monitoring, assessment, and mitigation of human 

DNA contamination in PCR-based analysis (Academy Standards Board, 2026). 
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Courtroom and system-level vulnerabilities 

The legal context should also be described using current Indian terminology. The Bharatiya Sakshya 

Adhiniyam, 2023 came into force on 1 July 2024 and provides provisions concerning expert opinions 

and the grounds of such opinions. This paper does not undertake a doctrinal legal analysis, but the 

updated framework reinforces the importance of presenting forensic conclusions with appropriate 

reasoning and evidential support (Bharatiya Sakshya Adhiniyam, 2023). The operational implication 

is that uncertainty in exhibit identity, continuity, analytical method, or interpretation can become 

relevant when the evidential weight of a forensic finding is challenged. 

The broader lesson from this literature is that defence scrutiny is not itself a weakness in the justice 

system; rather, it exposes whether an evidence pathway has been sufficiently documented and 

controlled. The project's proposed reforms - standardized procedures, stronger quality controls, 

improved infrastructure, training, and clearer courtroom communication - are therefore best 

understood as measures for making legitimate scientific evidence more robust under adversarial 

examination. 

3. Methods 

3.1 Design 

This study used a descriptive qualitative case-analysis design based on direct observations recorded 

during an academic internship in a regional forensic science laboratory in India. A case-analysis 

design was selected because the project did not involve experimental manipulation, a recruited 

participant sample, or a quantitative dataset. Instead, it examined the operational evidence pathway 

as encountered in practice and organized observed vulnerabilities into analytically meaningful 

domains. 

3.2 Data, materials, or sources 

The unit of analysis was the forensic biology evidence pathway rather than individual persons or 

individual case outcomes. The project report described six operational areas in detail - case 

acceptance, case opening, exhibit collection and preservation, laboratory examination and analysis, 

laboratory conditions, and evidence storage - followed by a seventh cross-cutting area concerning 

impact on case resolution. The manuscript retains these seven domains to preserve the structure of 

the source project while converting it into a reproducible analytical framework. 

The source material consisted of the internship project report and the literature sources cited within 

that report. The observational material was selected because it concerned the handling, 
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preservation, analysis, or presentation of forensic biology evidence. No identifiable case file, 

biological specimen, participant interview, or personally identifying forensic record is reproduced in 

this manuscript. The analysis therefore focuses on process-level observations and their potential 

evidentiary implications rather than on identifying or re-evaluating any particular criminal case. 

3.3 Procedure and analysis 

The procedure was sequential. First, the project observations were reviewed and grouped according 

to where the vulnerability appeared in the evidence pathway. Second, recurring problems were 

coded under the seven domains described above. Third, each problem was linked to a plausible 

integrity consequence, such as misassociation, contamination, degradation, uncertainty about 

continuity, analytical difficulty, or courtroom challenge. Fourth, the proposed controls in the project 

report were reorganized into prevention, detection, and infrastructure measures. Finally, the 

resulting themes were compared with the background literature supplied in the project. No 

statistical software, inferential testing, p-values, effect sizes, or confidence intervals were used 

because the source project did not contain a quantitative sample or experimental comparison. 

3.4 Ethics 

Ethics were not applicable to the form of analysis reported here. The manuscript does not report 

recruitment of human participants, collection of biological specimens for research purposes, or 

analysis of an identifiable research dataset. Observations are presented at the process level, and 

specific case identities and personal identifiers are omitted from the manuscript. 

3.5 Limitations of the method 

The method has several important limitations. The observations were generated from a single 

internship setting and therefore cannot establish prevalence across regional forensic laboratories in 

India. The project did not use a standardized observation instrument, independent inter-rater 

coding, laboratory performance metrics, or case-outcome data. Some observations concern 

environmental or operational conditions witnessed during the internship but were not supported by 

contemporaneous audit logs in the source project. The analysis therefore distinguishes direct 

observations from literature-based interpretation and avoids causal claims about individual cases or 

the laboratory as a whole. 

4. Results 

The case analysis identified seven vulnerability domains distributed across the forensic biology 

evidence pathway. Six were operational domains observed within or around laboratory processing, 

84



I N T E R N A T I O N A L  C O L L E G I A T E  R E S E A R C H  R E V I E W   

 

 I C R R J O U R N A L . C O M  

while the seventh concerned the cross-cutting effect of those weaknesses on case resolution and 

courtroom scrutiny. Table 1 summarizes the domains, representative observations, their potential 

impact on evidentiary reliability, and the corresponding controls proposed in the project. 

Case acceptance and case opening 

The first two domains concerned the identity and physical integrity of submitted exhibits. The 

project report described incorrect case numbers, names, and exhibit descriptions at case 

acceptance, including an example in which a sample was entered under a different case number. 

During case opening, the observations included broken or damaged seals, incorrect exhibit numbers, 

irrelevant materials, signs of tampering or loose containers, and wet biological items packed in 

plastic. These failures can disrupt the link between the physical item and the administrative record 

before any laboratory test begins. The central result is therefore not that a scientific method failed, 

but that the evidentiary object itself may become difficult to authenticate or interpret if its identity 

and condition are uncertain. 

Collection, preservation, and transportation 

The third domain contained repeated contamination and preservation risks. The report described 

inconsistent use of sterile gloves and masks, use of a non-sterile swab for a bloodstain, wet 

biological material being packaged before drying, and storage in areas without consistent 

environmental control. These observations matter because Indian Ministry of Home Affairs guidance 

specifically recommends air-drying wet biological evidence and using paper or other appropriate 

packaging rather than trapping moisture in unsuitable containers (Ministry of Home Affairs, 2018). 

Laboratory examination and analysis 

The fourth domain concerned the laboratory work itself. Observations included shared work 

surfaces, inadequate glove changes, older polymerase chain reaction equipment, difficulties with 

mixed DNA profiles, limited access to advanced interpretation software, and workload pressure. The 

literature indicates that mixture interpretation becomes more difficult as contributor number and 

complexity increase, especially when DNA quantities are low or contamination and transfer must be 

considered (Butler et al., 2024). The findings therefore support stronger contamination controls, 

equipment maintenance, and validated interpretation workflows rather than a claim that the 

observed constraints necessarily caused analytical errors. 

Laboratory environment and storage 

The fifth and sixth domains concerned the physical conditions supporting the laboratory system. The 

report described leaking air-conditioning equipment, electricity interruptions, pest activity, 
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compromised ventilation, overcrowded storage, mixed evidence types, limited cold storage, and 

occasional difficulty retrieving packages. These are reported here as direct internship observations. 

Their significance is practical: biological evidence is sensitive to environmental conditions, and 

official Indian guidance recommends prompt handling, appropriate drying and packaging, and 

controlled transport and preservation for biological exhibits (Ministry of Home Affairs, 2018). 

Cross-cutting impact on case resolution 

The seventh domain linked the earlier vulnerabilities to legal scrutiny. The project report identifies 

several points at which defence teams could challenge evidence: uncertain exhibit identity, broken 

seals, possible contamination, incomplete continuity, analytical limitations, and unclear explanations 

of uncertainty. The cases cited in the background section demonstrate that forensic evidence is one 

component of a larger evidentiary record and that judicial conclusions depend on the totality of the 

evidence, not on a single laboratory finding (Mukesh & Anr. v. State for NCT of Delhi & Ors., 2017; 

Nupur Talwar v. State of U.P., 2017). 

Across the seven domains, the most consistent pattern was cumulative rather than isolated failure. 

Mislabeling, packaging errors, environmental instability, and storage constraints can occur before 

analysis; laboratory contamination and interpretive complexity can occur during analysis; and 

documentation or communication weaknesses can appear at the courtroom stage. The project 

therefore supports a layered-control model in which each stage acts as a barrier against failures 

originating earlier in the pathway. 

Table 1. Seven vulnerability domains identified in the forensic biology evidence pathway and 

corresponding controls. 

Domain Representative observations Potential evidentiary impact Priority control 

1. Case 

acceptance 

Wrong case numbers, identifiers, 

or exhibit descriptions. 

Misassociation; uncertainty about 

exhibit identity; chain-of-custody 

challenge. 

Receipt verification; standardized 

labels; dual checks; discrepancy log. 

2. Case opening Broken seals, incorrect exhibit 

numbers, irrelevant items, 

improper packing. 

Doubt about integrity or 

continuity; possible contamination 

or degradation. 

Seal inspection; photographic 

documentation; controlled opening; 

reject/hold process for 

discrepancies. 

3. Collection and 

preservation 

Non-sterile handling; wet samples 

packed before drying; limited 

climate control. 

Extraneous DNA; microbial 

growth; loss of usable biological 

material. 

Scenario-based training; sterile 

tools/PPE; air-drying; breathable 

packaging; controlled transport. 

4. Examination 

and analysis 

Shared work surfaces; inconsistent 

glove changes; older amplification 

equipment; complex profiles; 

backlog pressure. 

Cross-contamination; inconclusive 

results; interpretation uncertainty. 

Clean/dirty separation; controls and 

blanks; equipment modernization; 

validated interpretation workflows. 
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Domain Representative observations Potential evidentiary impact Priority control 

5. Laboratory 

environment 

Leaking air-conditioning; power 

outages; pests; compromised 

vents. 

Environmental contamination; 

temperature-related degradation; 

interrupted preservation. 

Preventive maintenance; backup 

power; pest control; environmental 

inspections. 

6. Evidence 

storage 

Overcrowding; mixed evidence 

types; limited cold storage; 

misplaced packages. 

Degradation; cross-contamination; 

retrieval delays or continuity 

concerns. 

Dedicated climate-controlled 

storage; organized inventory; access 

controls; backup refrigeration. 

7. Case resolution 

and court 

Weak records, analytical 

limitations, or unclear explanation 

of uncertainty. 

Greater scope for reasonable 

doubt and challenge to scientific 

weight. 

Auditable records; clear reporting; 

validated methods; legal-scientific 

training. 

Note. The table summarizes the observations and recommendations reported in the underlying internship project. It is a 

qualitative risk map, not a frequency table. 

 

Figure 1. Conceptual pathway showing how pre-analytical, analytical, environmental, and 

documentation vulnerabilities can propagate to courtroom reliability. 

5. Discussion 

The research question asked what operational vulnerabilities were observed in the forensic biology 

evidence pathway and how those vulnerabilities might compromise evidentiary reliability. The case 

analysis indicates that vulnerability is distributed across the pathway rather than concentrated in 

DNA analysis alone. The seven-domain pattern shows that the identity, condition, continuity, 

analytical treatment, and presentation of an exhibit must remain coherent for the final scientific 

opinion to be defensible. 

87



I N T E R N A T I O N A L  C O L L E G I A T E  R E S E A R C H  R E V I E W   

 

 I C R R J O U R N A L . C O M  

This finding is consistent with the central quality-assurance message of the National Research 

Council (2009): forensic reliability depends on more than individual scientific techniques and 

requires appropriate training, quality control, governance, and consistent application of standards. It 

is also consistent with current contamination-control guidance for forensic DNA laboratories, which 

treats prevention, monitoring, assessment, and mitigation as explicit quality requirements (Academy 

Standards Board, 2026). 

The observation of mislabeled items and damaged seals deserves particular emphasis because these 

failures challenge the identity and continuity of evidence rather than the chemistry of the test. A 

laboratory may produce a technically correct profile from a sample while still facing a legitimate 

evidentiary question about whether that sample is the same exhibit submitted in connection with 

the case. A quality system should therefore treat intake verification, seal inspection, unique 

identification, and auditable transfers as scientific controls. Practical measures include two-person 

verification at receipt, standardized labels, barcode-based tracking where feasible, photographic 

documentation of package condition, and a defined process for resolving discrepancies before 

examination. 

The collection and preservation findings also point to a distinction between contamination control 

and degradation control. Sterile gloves, masks, clean tools, and separation of exhibits address the 

introduction of foreign material, whereas air-drying, breathable packaging, temperature 

management, and stable storage address environmental damage. A single generic instruction such 

as 'handle evidence carefully' is insufficient because the mechanisms of failure differ. Training should 

therefore be scenario-based: officers should be taught why wet samples are dried before packaging, 

why packaging choice matters, why gloves must be changed between exhibits, and why labels and 

seals are part of evidence integrity rather than administrative formality. 

The laboratory findings suggest that infrastructure and workload are quality variables. Shared 

workspaces, inadequate sanitation, older amplification equipment, and case backlogs can each 

increase practical vulnerability, but the internship observations do not permit a numerical estimate 

of their effect or establish that they caused any reported analytical error. The appropriate 

conclusion is therefore about risk management: laboratories should maintain fit-for-purpose 

equipment, validated analytical procedures, contamination controls, and staffing arrangements that 

allow examinations to be performed and reviewed without avoidable procedural shortcuts (National 

Research Council, 2009; Butler et al., 2024). 

The physical environment deserves equal weight. Leaking air-conditioning units, pest activity, 

compromised vents, electricity interruptions, and inadequate storage space are not peripheral 
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facilities problems when biological evidence is involved. They can directly alter the condition of an 

exhibit or the environment in which it is handled. The appropriate response is not only to repair 

individual defects after they occur, but to manage the laboratory as an evidence-preservation 

system. Preventive maintenance schedules, backup electricity for critical refrigeration, pest-control 

contracts, routine environmental inspections, dedicated storage for biological evidence, and clear 

incident reporting are practical barriers against avoidable deterioration. 

The courtroom implications follow from these operational weaknesses. Defense questioning of chain 

of custody, contamination, analyst competence, or method limitations is an expected part of 

adversarial proceedings. The current Indian evidence framework recognizes expert opinion as a 

category of evidence, but the weight of any forensic conclusion still depends on the quality and 

reasoning of the underlying work (Bharatiya Sakshya Adhiniyam, 2023). The lesson from the present 

case analysis is not that forensic evidence is inherently unreliable, but that its scientific value is 

easiest to defend when the entire pathway is documented and quality controlled. 

The case analysis also supports a priority sequence for improvement. The first priority should be 

controls that prevent irreversible loss of evidence integrity, such as correct labelling, intact seals, 

appropriate packaging, clean collection practices, and secure storage. The second should be controls 

that detect problems before a result is reported, including blanks, documented cleaning, equipment 

quality checks, review of complex profiles, and audit of chain-of-custody records. The third should 

be investments that increase system resilience, including modern analytical equipment, reliable 

power, adequate storage, and staffing capacity. This layered approach is more practical than treating 

modernization as a substitute for basic evidence handling. 

Several specific recommendations from the source project can therefore be retained and refined as 

a quality-assurance agenda: mandatory training for investigators and laboratory staff; standardized, 

auditable evidence-acceptance and chain-of-custody procedures; separation of clean and potentially 

contaminated work areas; equipment maintenance and modernization; reliable backup power; 

climate-appropriate evidence storage; pest and ventilation control; and periodic internal audits. 

Where laboratory accreditation is applicable, procedures should be aligned with the laboratory's 

accredited scope and relevant ISO/IEC 17025 requirements. The project did not independently verify 

the current accreditation status of the observed laboratory, so no conclusion about accreditation 

status is made here (National Accreditation Board for Testing and Calibration Laboratories, 2026). 

The strongest limitation of the evidence is that the analysis is observational and site-specific. It 

cannot establish that the described problems occur with the same frequency in other laboratories, 

nor can it calculate error rates, contamination rates, or the probability that any individual forensic 
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result was affected. It also cannot infer responsibility for observed deficiencies from the internship 

record alone. These constraints are important because they delimit the paper's contribution: it is a 

structured account of vulnerability points and controls, not an audit, experimental study, or 

empirical estimate of laboratory performance. 

Despite these limits, the case is useful because it demonstrates how the concept of a 'gold standard' 

in forensic evidence can become misleading when applied only to analytical technique. A DNA 

profile can be analytically strong yet difficult to defend if the identity, continuity, preservation, or 

interpretation of the exhibit is uncertain. Conversely, disciplined collection, packaging, 

documentation, contamination control, and validated interpretation can preserve the value of 

technically sophisticated analysis. The cases of Mukesh and Nupur Talwar are used only to illustrate 

this broader evidentiary principle, not to attribute their judicial outcomes to specific laboratory 

failures. 

6. Conclusion 

This case analysis shows that forensic biology evidence integrity is a system property. The internship 

observations identified seven linked vulnerability domains spanning case acceptance, case opening, 

collection and preservation, laboratory analysis, laboratory environment, storage, and courtroom 

implications. The central lesson is that errors before or around DNA analysis can undermine the 

meaning of a technically competent result, while weaknesses in documentation or communication 

can weaken that result in court. 

The most useful response is a layered quality-assurance system: prevent contamination and 

misidentification, preserve biological material under appropriate environmental conditions, 

maintain complete chain-of-custody records, strengthen laboratory controls and analytical 

capability, and communicate scientific limits clearly. The project does not establish prevalence or 

causal effects, but it provides a practical framework for identifying and addressing vulnerabilities. 

Treating each stage as part of the scientific evidence pathway offers a more realistic basis for 

dependable forensic biology than relying on the analytical method alone. 
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1. Introduction 

Industrial wastewater sludge can act as a sink for a complex mixture of contaminants, including 

heavy metals, aromatic compounds, nitrates, and polyethylene (PE) microplastics. Microplastics can 

persist through wastewater treatment and become concentrated in the solid fraction of sludge. 

Their persistence creates a remediation challenge because PE contains a relatively inert, 

hydrophobic carbon-carbon backbone that is resistant to many conventional hydrolytic pathways. 

Chemical treatment routes can involve high temperatures, strong reagents, and the generation of 

secondary waste. Microbial bioremediation is therefore of interest as a potentially lower-impact 

alternative. However, the biological degradation of PE is substantially more difficult than 

degradation of polymers containing readily hydrolysable functional groups. Evidence concerning 

microbial attack on PE remains heterogeneous, and results obtained with isolated strains under 

controlled laboratory conditions do not necessarily translate to complex industrial sludge. 

Recent work has explored microbial isolates capable of using polyethylene or polyethylene-

associated compounds, while other studies have examined enzymatic and metabolic-engineering 

approaches. The present review focuses on the proposed roles of Pseudomonas putida and 

Pseudomonas stutzeri, alkane hydroxylase pathways, laccase-related oxidation, and heavy-metal 

resistance mechanisms. It also considers whether these approaches are sufficiently supported to 

justify claims about industrial-scale sludge treatment. 

The purpose of this review is to synthesize the evidence presented in the supplied literature 

concerning microbial PE degradation in complex wastewater-sludge environments and to assess 

proposed genetic interventions for improving degradation. The review question is: What evidence 

supports microbial degradation of PE in complex sludge, and which metabolic-engineering strategies 

are plausibly relevant to improving its industrial feasibility? 

2. Search Protocol 

The supplied manuscript describes this work as a literature review developed from an 

undergraduate ideathon project on plastic-degrading environmental isolates. Literature was 

identified through Google Scholar, PubMed, ScienceDirect, and JSTOR. Search terms included 

combinations of “polyethene biodegradation,” “Pseudomonas putida,” “alkB gene cluster,” 

“microplastic bioremediation,” “heavy metal co-toxicity,” and “metabolic engineering.” 

Sources were selected on the basis of three stated criteria: peer-reviewed journal articles or 

technical reports from reputable institutions; direct relevance to enzymatic mechanisms of carbon-
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carbon bond cleavage or microbial survival in multi-pollutant sludge; and quantitative evidence 

involving structural mass loss, GC-MS validation, or transcriptomic up-regulation. 

The supplied methodology does not report a search date range, complete search strings for each 

database, the number of records retrieved, duplicate-removal procedures, screening stages, 

reviewer independence, or a formal risk-of-bias assessment. Accordingly, the present document 

formats the paper as a review but does not represent those missing elements as having been 

performed. 

3. Methods 

3.1 Review design 

This study uses a narrative evidence-synthesis approach to examine relationships among microbial 

polymer degradation, genetic engineering, and the constraints imposed by industrial wastewater 

sludge. The source project emphasized environmental isolates and proposed metabolic pathways 

rather than experimental testing by the present authors. 

3.2 Evidence selection and extraction 

The source manuscript reports selection of studies addressing PE degradation, microbial survival in 

multi-pollutant matrices, and mechanisms or engineering strategies relevant to PE treatment. The 

evidence discussed in the supplied text includes studies of Pseudomonas species, alkB-related 

pathways, laccase, heavy-metal resistance, and broader reviews of microbial plastic degradation. 

The supplied manuscript does not provide a study-level extraction table, quantitative synthesis, or a 

reproducible record of how individual studies were weighted. Claims are therefore presented as a 

qualitative synthesis rather than as a meta-analysis. 

3.3 Analysis 

The evidence was organized around four questions: the chemical barriers to PE degradation; 

microbial and enzymatic mechanisms proposed for PE attack; constraints created by co-

contaminants in industrial sludge; and the plausibility of genetic interventions intended to increase 

degradation or stress tolerance. Proposed engineering strategies are distinguished from 

demonstrated degradation outcomes where the supplied sources permit that distinction. 

3.4 Limitations of the method 

The review is constrained by the search and reporting information available in the supplied 

manuscript. In particular, the absence of a documented search period, screening counts, formal risk-
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of-bias assessment, and complete database-specific search strings limits reproducibility. The 

evidence base also combines direct experimental studies with reviews and forward-looking 

engineering proposals, which should not be treated as equivalent levels of evidence. 

4. Results 

4.1 Contextual challenges in industrial sludge 

Industrial wastewater sludge is not a clean polymer matrix. The supplied manuscript emphasizes the 

co-occurrence of heavy metals such as cadmium, lead, and chromium, aromatic compounds such as 

benzene and toluene, and elevated nitrate concentrations. Such conditions can impose cellular 

stress and divert microbial resources away from polymer degradation. This creates an important 

distinction between demonstrating PE-associated biodegradation under controlled conditions and 

demonstrating effective degradation in a chemically complex sludge matrix. 

4.2 Microbial degradation of polyethylene 

The literature cited in the manuscript supports interest in microbial PE degradation, but the 

evidence varies in substrate type, organism, pretreatment, incubation conditions, and endpoint. In 

particular, work on Pseudomonas putida reports measurable interaction with high-density 

polyethylene microplastics under defined conditions, while studies involving other Pseudomonas 

strains and isolates provide additional evidence that plastic-associated compounds may be 

biologically transformed. These results support continued investigation but do not by themselves 

establish rapid mineralization of untreated PE in industrial sludge. 

4.3 Laccase-related oxidation 

The manuscript proposes an extracellular laccase framework in which engineered Pseudomonas 

stutzeri would overexpress a multicopper oxidase and initiate oxidative attack on PE. The cited 2026 

laccase review establishes that bacterial laccases are important redox enzymes and that protein 

engineering and heterologous expression are active research areas. It does not, on the basis of the 

information available here, establish the specific PE-depolymerization mechanism proposed in the 

manuscript. The proposed conversion of PE into short linear alkanes therefore requires direct 

experimental validation before it can be presented as an established pathway. 

4.4 The alkB framework 

The alkB pathway is presented as a possible biological lever for processing shorter alkane products 

through terminal hydroxylation and subsequent oxidation. The cited literature supports the role of 

alkane hydroxylases in microbial alkane degradation and the supplied Yoon et al. study reports PE-
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related degradation by a soil bacterium and an AlkB-containing recombinant system. However, 

constitutive alkB expression in an engineered Pseudomonas strain should be presented as a 

proposed intervention rather than as a demonstrated route to industrial PE degradation unless 

direct evidence is supplied. 

4.5 Heavy-metal resilience and engineered chassis 

The manuscript proposes coupling PE-degradation pathways with heavy-metal resistance systems, 

including czc-associated mechanisms, to improve survival in contaminated sludge. The cited 

literature supports the biological relevance of heavy-metal resistance in Pseudomonas and the use 

of engineered bacteria in metal detection or bioremediation. The proposed combination of plastic-

degradation and metal-resistance functions remains a forward-looking engineering hypothesis and 

requires experimental assessment of fitness costs, stability, containment, and actual PE-removal 

performance in sludge. 

4.6 Industrial feasibility 

The manuscript argues that engineered strains could reduce the energy and infrastructure demands 

associated with conventional treatment. The supplied evidence does not include a quantitative 

techno-economic analysis demonstrating that claim. Industrial feasibility should therefore be framed 

as a hypothesis requiring comparison of degradation rate, residence time, biomass production, 

reactor requirements, downstream separation, energy demand, genetic stability, containment, and 

treatment cost. 

5. Discussion 

The evidence reviewed supports continued research into microbial approaches to PE treatment, but 

it does not yet justify treating engineered Pseudomonas systems as an established industrial 

solution. The strongest conclusion supported by the supplied material is that PE degradation is 

biologically plausible under selected conditions and that metabolic engineering may provide 

mechanisms for improving activity or stress tolerance. 

The principal scientific issue is the distinction between surface colonization, mass loss, chemical 

alteration, and true biodegradation or mineralization. A reduction in polymer mass or a change in 

surface chemistry does not necessarily demonstrate complete biological conversion of PE to 

harmless end products. Future studies should therefore use multiple orthogonal endpoints, such as 

mass balance, molecular-weight distribution, spectroscopic characterization, chromatographic 

product identification, carbon mineralization, and appropriate abiotic and biological controls. 
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The manuscript's treatment of PET and PE also requires careful separation. PETase and MHETase are 

established examples of enzymatic polyester degradation, whereas PE presents a different chemical 

problem because of its carbon-carbon backbone. Evidence from PET degradation can provide 

conceptual context for synthetic biology, but it should not be used as direct evidence that the same 

enzymes degrade PE. 

The industrial-sludge context is an important contribution because real matrices introduce toxicity, 

sorption, mass-transfer limitations, microbial competition, and variable environmental conditions. 

Any engineered chassis intended for such use would additionally require assessment of genetic 

stability, horizontal-gene-transfer risk, ecological persistence, and containment. These 

considerations should be integrated into the proposed bioreactor concept rather than treated as 

secondary implementation issues. 

Finally, the current literature review methodology limits the strength of the paper's conclusions. A 

systematic-review version would require a reproducible search strategy, explicit dates, transparent 

screening, study counts, eligibility decisions, and an assessment of evidence quality. If those 

elements cannot be reconstructed from the underlying project, the article would be more accurately 

presented as a narrative review or perspective rather than a systematic review. 

6. Conclusion 

Microbial treatment of polyethylene in industrial wastewater sludge is a promising but presently 

under-validated research direction. The reviewed evidence supports investigation of Pseudomonas-

based systems, alkane-hydroxylase pathways, oxidative enzymes, and heavy-metal-resistance 

mechanisms, but the supplied literature does not establish that these components can yet deliver 

reliable industrial-scale PE degradation in complex sludge. 

The next research step should be controlled validation in representative sludge matrices, using 

rigorous degradation endpoints and appropriate controls, followed by reactor, techno-economic, 

and biosafety assessment. Claims about engineered strains should remain explicitly prospective until 

these tests demonstrate reproducible performance. 
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1. Introduction 

Radiation arises from natural sources, technological applications, and cosmic events is present 

everywhere in our world. Despite fact of its significant benefits such as medical diagnostics, 

power generation, and industrial applications, radiation also poses potential risks to human 

health and the environment which always should be mitigated. Therefore, efficient radiation 

detection methods are essential to monitor the level in all branches mentioned above. 1.2 

Importance of Radiation Detection A vital role of radiation detection in various fields such as 

nuclear power, medical imaging, environmental monitoring, and national security is obvious. In 

the nuclear power industry, for ensuring safety: preventing accidents and monitoring the 

release of radioactive materials precise and reliable radiation detection is crucial. 

Radiation detectors are used for diagnostic imaging techniques like X-rays, gamma cameras, 

and positron emission tomography (PET), which shows its important role in medical field. To 

assess the impact of nuclear accidents radiation detection is used for evaluating its levels in 

soil and water, and detecting radioactive pollution. It is employed to prevent the illicit 

trafficking of nuclear materials which can pose potential threats in public spaces. 1.3 Objective 

of the Review The objective of this literature review is to provide a comprehensive overview of 

radiation detection methods, including their principles, history, advantages, limitations, and 

recent advancements. This review aims to delve into the strengths and weaknesses of each 

method by exploring the various techniques 1 employed for radiation detection since 1900s. 

Furthermore, the review will investigate emerging technologies and their potential for 

revolutionizing radiation detection. Additionally, it will look into the integration of machine 

learning and artificial intelligence techniques in radiation detection systems, offering insights 

into the exciting intersection between advanced data analytics and radiation detection. In the 

following sections, we will explore specific radiation detecting methods, including Geiger-

Muller counters, ionization chambers, scintillation detectors, semiconductor detectors, and 

solid-state detectors. Furthermore, we will discuss the integration of machine learning and 

artificial intelligence techniques, highlighting their potential applications and challenges in 

radiation detection. Finally, we will provide a comparative analysis of different radiation 

detecting methods, considering their performance metrics, suitability for various applications, 

and recent advancements A vital role of radiation detection in various fields such as nuclear 

power, medical imaging, environmental monitoring, and national security is obvious. 

In the nuclear power industry, for ensuring safety: preventing accidents and monitoring the 

release of radioactive materials precise and reliable radiation detection is crucial. Radiation 
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detectors are used for diagnostic imaging techniques like X-rays, gamma cameras, and positron 

emission tomography (PET), which shows its important role in medical field. To assess the 

impact of nuclear accidents radiation detection is used for evaluating its levels in soil and 

water, and detecting radioactive pollution. It is employed to prevent the illicit trafficking of 

nuclear materials which can pose potential threats in public spaces The objective of this 

literature review is to provide a comprehensive overview of radiation detection methods, 

including their principles, history, advantages, limitations, and recent advancements. 

This review aims to delve into the strengths and weaknesses of each method by exploring the 

various techniques 1 employed for radiation detection since 1900s. Furthermore, the review 

will investigate emerging technologies and their potential for revolutionizing radiation 

detection. Additionally, it will look into the integration of machine learning and artificial 

intelligence techniques in radiation detection systems, offering insights into the exciting 

intersection between advanced data analytics and radiation detection. In the following 

sections, we will explore specific radiation detecting methods, including Geiger-Muller 

counters, ionization chambers, scintillation detectors, semiconductor detectors, and solid-

state detectors. Furthermore, we will discuss the integration of machine learning and artificial 

intelligence techniques, highlighting their potential applications and challenges in radiation 

detection. 

Finally, we will provide a comparative analysis of different radiation detecting methods, 

considering their performance metrics, suitability for various applications, and recent 

advancements 

2. Background and literature 

2.1 Ionization chambers 

Ion chambers (short for ionization chambers) are gas-filled detectors, used exclusively for the 

measurement of exposure rate, and which differ greatly from all other types of gas-filled 

detectors (e.g., G-M and proportional detectors). In this paragraph the history, operating 

system, advantages and limitations of the chambers will be discussed. 2.1.History Hand-held 

ion chambers were developed at the University of Chicago as a part of the Manhattan Project 

during World War II. They were designed to measure beta and gamma radiation fields during 

the experimentation with nuclear fission. Two designs were created and used, code named 

“cutie pie” and “juno.” Both of these types are still marketed today, with updates in the 

electronics being the only substantive change. 
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The cutie-pie style is the type which looks like some sort of “ray gun,” with the cylindrical ion 

chamber mounted on the front. The electronics package is equipped with a pistoltype handle, 

and legs are usually provided so that the cutie pie can be set up and left in place facing a 

radiation source. Figure 1 shows an Eberline RO-5 ion chamber, which is a modern ion 

chamber in the cutie-pie style. 2   Figure 2 shows a Victoreen Model 471, which is a modern ion 

chamber in the juno style. Cutie pies and junos are, operationally, effectively identical. Caps 

can be removed from the fronts of these detectors to expose a thin window which allows the 

passage of beta particles. 

They are both designed to measure the radiation field coming from a specific source rather 

than the exposure rate in a general area. In other words, these designs are directional. Most 

ion chambers used today have the detector contained inside a more “regularlooking” 

rectangular instrument case. The thin beta window faces down, and is exposed by opening a 

slide on the bottom of the instrument case. This style is less directional than cutie pies and 

junos, and is thus more   suited to making general area radiation measurements. Figure 3 

shows a Bicron RSO-50E ion chamber, which has an internal cylindrical detector. 2.2. 

Operating Principles When the ionizing radiation interacts with air, it produces ions; the 

radiation “strikes” an electrically neutral air molecule and liberates an orbital electron. 

An ion pair is thus created consisting of the freed electron (negative ion) and the remaining 

molecule which is now positively charged (positive ion). This occurs around us constantly due 

to radiation from cosmic and natural sources. Normally, the positive ion will quickly recombine 

with a free electron, and the electron previously liberated will recombine with some other 

positively charged ion. 3   The fundamental unit of photon (i.e., gamma and x) radiation 

exposure, the roentgen (R), is a measure of the ionization of dry air. One R equals 2.082 109 

ion pairs generated in 1 cm3 × of dry air at standard temperature and pressure. Stating this in 

terms of exposure rate, in a one R/hr radiation field, 2.082 109 ion pairs per hour are × created. 

The number of ion pairs generated is also proportional to the energy of the original photon. If a 

voltage were applied between two electrodes in an air-filled chamber, then the component 

parts of the ion pairs would be attracted towards the oppositely-charged electrode. The 

electrons (negative ions) would be attracted to the positive electrode (or anode) and the 

positive ions (remaining molecule) would be attracted to the negative electrode (or cathode). 

Since the positive ion is much, much more massive than the negative ion, the movement of the 

positive ion is very limited and can be ignored. An electrical current is then generated by the 

movement of electrons to the anode. 
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In an ion chamber, a volume of gas (usually air) is isolated inside an electrically conductive 

container, which is used as the cathode. The chamber is vented to the atmosphere through a 

desiccant which ensures that the air in the chamber remains dry. In the center of the detector 

chamber is an electrode (electrically insulated from the chamber) which is the anode. The 

application of a relatively low voltage to this chamber creates an electric field, which causes 

the ions to begin to flow and creates an electrical current. As the voltage is increased, a point 

will be reached where every negative ion generated will be attracted to and collected by the 

anode; this is called the saturation level (See Box, “The Six-Region Curve for Gas-Filled 

Detectors,” on page 14). 

The saturation voltage required will increase somewhat for higher radiation levels. The trick is 

to keep the voltage high enough so that saturation is achieved, but low enough so that the 

proportional region is not entered. Figure x is a schematic representation showing the main 

component parts of a simple air-vented ion chamber. Electrical current, expressed in amperes, 

is a measure of the number of electrons which pass a given point in an electrical circuit in a unit 

time. One ampere equals 6.281 1018 electrons × 2.082 109 electrons generated in 1 × cm3 of 

dry air would generate a current 4 of only 9.208 10-14 amperes for each × cm3 of chamber 

volume. 

For a typical hand-held ion chamber (detector volume of about 300 cm3 ), a current flow of 

27.62 10-12 amperes would be × generated. This level of current is an exceedingly tiny 

quantity and difficult to measure accurately. This limitation is the reason why ion chambers are 

not usually used for measuring low levels of radiation. A method used to overcome this 

limitation is to pressurize the gas in the chamber volume. The denser gas will have more 

interactions with the incident radiation, thus creating a larger current for a given quantity of 

photons. Pressurized ion chambers, however, have their own limitations which are discussed in 

the next section. 2.2 Advantages Ionization chambers offer several advantages that contribute 

to their widespread use in radiation detection: a) High Sensitivity: Ionization chambers exhibit 

high sensitivity to various types of radiation, including alpha particles, beta particles, gamma 

rays, and X-rays. b) Wide Dynamic Range: Ionization chambers can measure a wide range of 

radiation intensities, from very low levels to high radiation fields, without saturation or loss of 

linearity. c) Excellent Accuracy: Ionization chambers provide accurate measurements, 

especially when calibrated against a known radiation source. d) Energy Independence: Unlike 

some other detectors, ionization chambers have relatively energy-independent responses, 

making them suitable for measurements involving a broad range of radiation energies. 

105



INTERNATIONAL COLLEGIATE RESEARCH REVIEW  

 

 ICRRJOURNAL.COM 

2.3 Limitations Despite their advantages, ionization chambers have some limitations that 

should be considered: a) Slow Response Time: Ionization chambers typically have slower 

response times compared to other types of detectors, limiting their application in situations 

requiring fast measurements. b) Large Size: Traditional ionization chambers can be relatively 

large in size, which may restrict their use in certain applications where compactness is crucial. 

c) Limited Spatial Resolution: Ionization chambers are primarily used for bulk measurements 

and do not offer high spatial resolution capabilities. 2.4. Recent Developments In recent years, 

there have been significant advancements in the technology used in ionization chambers. 

These improvements have focused on enhancing their performance and expanding their range 

of uses. 

One notable achievement has been the 5 development of portable and handheld ionization 

chambers through miniaturization efforts. This has made it possible to carry out radiation 

measurements and monitoring in various environments. Additionally, advancements in 

electronic components and data acquisition systems have resulted in faster and more accurate 

measurements with ionization chambers. Ionization chambers have a wide array of 

applications in fields such as radiation dosimetry, environmental monitoring, and industrial 

settings. In the medical field, they are extensively employed in medical physics to measure the 

radiation dose received by patients during radiation therapy, as well as in radiology to 

determine the dose delivered during diagnostic procedures. In radiation protection, ionization 

chambers are essential for ensuring compliance with safety regulations in nuclear power 

plants and facilities that handle radioactive materials. 

They also play a crucial role in environmental monitoring by measuring background radiation 

levels and assessing the impact of radioactive contamination in areas affected by nuclear 

incidents or accidents. The ongoing advancements in ionization chamber technology are 

focused on incorporating solid-state electronics, new materials, and wireless communication 

capabilities. These developments are expected to further enhance the performance of 

ionization chambers, reduce their size, and broaden their range of applications. By addressing 

their limitations and exploring new possibilities, ionization chambers continue to make 

significant contributions to radiation detection and monitoring across various domains. 

Overall, ionization chambers have proven to be reliable and versatile tools for measuring 

radiation. They provide accurate and quantitative data in numerous applications. 

With continued advancements and their ability to measure different types of radiation, 

ionization chambers will undoubtedly continue to play a crucial role in radiation detection, 

advancing the field of radiation science and technology 
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2.2 Scintillation detectors 

A scintillation counter is an instrument for detecting and measuring ionizing radiation by using 

the excitation effect of incident radiation on a scintillating material, and detecting the 

resultant light pulses. The emitted light is then converted into an electrical signal for analysis. 

Scintillation counters are widely used in radiation protection, assay of radioactive materials 

and physics research because they can be made inexpensively yet with good quantum 

efficiency, and can measure both the intensity and the energy of incident radiation. 3.1. 

History Earlier researchers such as Antoine Henri Becquerel, who discovered radioactivity 

whilst working on the phosphorescence of uranium 6 salts in 1896. Previously, scintillation 

events had to be laboriously detected by eye, using a spinthariscope (a simple microscope) to 

observe light flashes in the scintillator. 

In 1903, Sir William Crookes investigated the scintillation phenomenon using zinc sulfide 

crystals. He observed flashes of light when the crystals were bombarded with alpha particles. 

However, the practical applications of this discovery were not immediately realized. In the 

early 20th century, Ernest Rutherford and Hans Geiger developed a scintillation detector 

based on the zinc sulfide crystals. This detector consisted of a scintillating material coupled 

with a device to measure the intensity of the emitted light. It was primarily used to detect 

alpha particles, in most of the literatures it was called as Rutherford-Geiger Scintillation 

Detector. The first electronic scintillation counter was invented in 1944 by Sir Samuel Curran 

whilst he was working on the Manhattan Project at the University of California at Berkeley. 

There was a requirement to measure the radiation from small quantities of uranium, and his 

innovation was to use one of the newly-available highly sensitive photomultiplier tubes made 

by the Radio Corporation of America to accurately count the flashes of light from a scintillator 

subjected to radiation. The first commercial liquid scintillation counter was made by Lyle E. 

Packard and sold to Argonne Cancer Research Hospital at the University of Chicago in 1953. 

The production model was designed especially for tritium and carbon-14 which were used in 

metabolic studies in vivo and in vitro. 3.2 Operating Principles The basic principle of operation 

involves the radiation reacting with a scintillator, which produces a series of flashes of varying 

intensity. 

The intensity of the flashes is proportional to the energy of the radiation, and this feature is 

very important. These counters are suited to measure the energy of gamma radiation (gamma 

spectroscopy) and, therefore, can be used to identify gamma-emitting isotopes. 7 When 

Ionizing radiation enters the scintillator and interracts with the scintillator material, it causes 

electrons to be raised to an excited state. Depending on the ionozing radiation, there are two 
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possibilities. For charged particles, the track is the path of the particle itself. Uncharged 

particles’ such as gamma rays’ energy is converted to and energetic electron via either the 

photoelectric effect, Compton scattering or pair production. The excited atoms of the 

scintillator material de-excite and rapidly emit a photon either in visible or near-visible light 

range. 

The quantity is proportional to the energy deposited by the ionizing particle, and the materials 

is said to fluoresce. In there, three classes of phosphors; inorganic crystals, organic crystals, 

plastic phosphors are used. The light created in the scintillator strikes the photocathode of a 

photomultiplier tube, releasing at most one photoelectron per photon. Using a voltage 

potential, this group of primary electrons is electrostatically accelerated and focused so that 

they strike the first dynode with enough energy to release additional electrons. These 

secondary electrons are attracted and strike a second dynode releasing more electrons. This 

process occurs in the photomultipler tube. Each subsequent dynode impact releases further 

electrons so there is a current amplifiying effect at each dynode stage. 

Each stage is at a higher potential than previous to provide the accelerating field. Primary 

signal is multipled and this amplification continues through 10 to 12 stages. At the final 

dynode, sufficient electrons are available to produce a pulse of sufficient magnitude for further 

amplification. This pulse carries information about the energy of the original incident radiation, 

and the number of such pulses per unit of time also gives information about the intensity of the 

radiation. A scintillation detector or counter is obtained when it is coupled to an electronic 

light sensor such as, a photomultiplier tube (PMT), a charge-coupled device (CCD) camera, or 

photodiode. All these devices can be used in scintillation counters, and all of them convert the 

lights of emitted photons to an electrical signal and 8 contain electronics to process the signal. 

A photomultiplier tube (PMT) absorbs the light emitted by the scintillator and re-emits it in the 

form of electrons via the photoelectric effect. The PMT has been the main choice for photon 

detection ever since because they have high quantum efficiency and high amplification. Lately, 

however, semiconductors have begun to compete with the PMT. The device consists of several 

components, and these components are shown in the figure. Photocathode. Right after a thin 

entry window is a photocathode made of material in which the valence electrons are weakly 

bound and have a high cross-section for converting photons to electrons via the photoelectric 

effect. For example, Cs3Sb (cesium-antimony) may be used. 

As a result, the light created in the scintillator strikes the photocathode of a photomultiplier 

tube, releasing at most one photoelectron per photon. Dynodes. Using a voltage potential, this 

group of primary electrons is electrostatically accelerated and focused so that they strike the 
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first dynode with enough energy to release additional electrons. There is a series (“stages”) of 

dynodes made of relatively low work function material. These electrodes are operated at 

increasing potential (e.g., ~100-200 V between dynodes). At the dynode, the electrons are 

multiplied by secondary emission. The next dynode has a higher voltage which makes the 

electrons released from the first accelerate towards it. At each dynode, 3-4 electrons are 

released for every incident electron, and with 6 to 14 dynodes, the total gain, or electron 

amplification factor, will be in the range of ~104-107 when they reach the anode. 

Typical operating voltages are in the range of 500 to 3000 V. At the final dynode, and sufficient 

electrons are available to produce a pulse of sufficient magnitude for further amplification. 

This pulse carries information about the energy of the original incident radiation, and the 

number of such pulses per unit of time also gives information about the intensity of the 

radiation. 3.3 Limitations Despite their advantages, scintillation detectors also have some 

limitations that should be considered: a) Temperature and Light Sensitivity: Some scintillator 

materials are sensitive to temperature variations and ambient light conditions, which can 

affect the stability and accuracy of the detector's response. 9 b) Non-Proportional Response: 

Scintillation detectors may exhibit non-proportional response characteristics, where the 

intensity of the scintillation light does not precisely correlate with the energy deposited by the 

incident radiation. 

This non-linearity can affect the accuracy of energy measurements, particularly at high 

radiation intensities. c) Decay Time and Afterglow: Certain scintillator materials have 

relatively long decay times or exhibit afterglow, where the emission of light continues after the 

cessation of the incident radiation. These characteristics can limit the detector's ability to 

resolve individual radiation events accurately and may introduce measurement artifacts. 3.4 

Recent Developments and Applications Advancements in scintillator materials, coupled with 

improvements in photodetector technologies, have expanded the capabilities and applications 

of scintillation detectors. Organic scintillators, in particular, have gained attention due to their 

potential for cost-effective and large-area radiation detection. Additionally, the development 

of new scintillator materials, such as cerium-doped lutetium-yttrium oxyorthosilicate (LYSO) 

and lanthanum bromide (LaBr3), has led to improved energy resolution and reduced afterglow, 

enhancing the overall performance of scintillation detectors. 

Scintillation detectors find wide-ranging applications in various fields. In nuclear medicine, 

scintillation detectors are utilized in gamma cameras for imaging techniques such as single-

photon emission computed tomography (SPECT) 
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2.3 Semiconductor detectors 

A semiconductor detector is a radiation detector based on a semiconductor, such as silicon or 

germanium, to measure the effect of incident charged particles or photons. In general, 

semiconductors are materials, inorganic or organic, which can control their conduction 

depending on chemical structure, temperature, illumination, and presence of dopants. The 

name semiconductor comes from the fact that these materials have electrical conductivity 

between a metal, like copper, gold, etc., and an insulator, such as glass. 4.1. History In the 

1950s, researchers began exploring the use of silicon as a semiconductor material for radiation 

detection. Silicon offered several advantages, including its abundance, stability, and relatively 

high energy bandgap. In 1954, William Shockley, John Bardeen, and Walter Brattain were 

awarded the Nobel Prize in Physics for their invention of the point-contact transistor, which 

demonstrated the amplification capabilities of semiconductors. 

In the 1960s, researchers at Bell Laboratories, including Robert Hall and Daryl Chapin, 

developed the first practical 10 silicon photovoltaic (solar) cell, which demonstrated the ability 

of silicon to convert light energy into electrical energy. The application of silicon as a radiation 

detector gained momentum during this period, with advancements in silicon processing 

techniques, such as planar technology and surface passivation, contributing to the 

improvement of detector performance. 4.2. Operating Principle When the ionization radiation 

enters the sensitive volume of the detector and interacts with the semiconductor material, it 

ionizes the atoms of the semiconductor and producing the electron-hole pairs. The number 

number of electron-hole pairs is proportional to the energy of the radiation. 

As a result, many electrons are transferred from the valence band to the conduction band, and 

an equal number of holes are created in the valence band. Under the influence of an electric 

field, electrons and holes travel to the electrodes, where they result in a pulse that can be 

measured in an outer circuit. This pulse carries information about the energy of the original 

incident radiation. The number of such pulses per unit time also gives information about the 

intensity of the radiation. The energy required to produce electron-hole pairs is very low 

compared to the energy required to produce paired ions in a gaseous ionization detector. In 

semiconductor detectors, the statistical variation of the pulse height is smaller, and the energy 

resolution is higher. 

As the electrons travel fast, the time resolution is also very good. Compared with gaseous 

ionization detectors, the density of a semiconductor detector is very high, and charged 

particles of high energy can give off their energy in a semiconductor of relatively small 

dimensions. Silicon-based Semiconductor Detectors Silicon-based semiconductor detectors 
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are mainly used for charged particle detectors (especially for tracking charged particles) and 

soft X-ray detectors, while germanium is widely used for gamma-ray spectroscopy. A large, 

clean, and almost perfect semiconductor is ideal as a counter to radioactivity. However, it isn’t 

easy to make large crystals with sufficient purity. The semiconductor detectors have low 

efficiency, but they give a very precise measure of energy. 

Detectors based on silicon have sufficiently low noise even at room temperature. This is 

caused by the large band gap of silicon (Egap= 1.12 eV), which allows us to operate the 

detector at room temperature, but cooling is preferred to reduce noise. T e drawback is that 

silicon detectors are much more expensive than cloud chambers or wire chambers and require 

sophisticated cooling to reduce leakage currents (noise). They also suffer degradation over 

time from radiation. However, this can be greatly reduced thanks to the Lazarus effect. Since 

silicon-based detectors are very good for tracking charged particles, they constitute a 

substantial part of the detection system at the LHC in CERN. 

11 M st silicon particle detectors work, in principle, by doping narrow (usually around 100 

micrometers wide) strips of silicon to turn them into diodes, which are then reverse biased. A 

charged particles pass through these strips, and they cause small ionization currents that can 

be detected and measured. Ranging thousands of these detectors around a collision point in a 

particle accelerator can yield an accurate picture of what paths particles take. F r example, the 

Inner Tracking System (ITS) of a Large Ion Collider Experiment (ALICE) contains three layers of 

silicon-based detectors: Silicon Pixel Detector (SPD) Silicon Drift Detector (SDD) Silicon Strip 

Detector (SSD) Germanium-based Semiconductor Detectors Germanium-based 

semiconductor detectors are most commonly used where a very good energy resolution is 

required, especially for gamma spectroscopy as well as x-ray spectroscopy. 

In gamma spectroscopy, germanium is preferred due to its atomic number being much higher 

than silicon, increasing the probability of gamma-ray interaction. Mor over, germanium has 

lower average energy necessary to create an electron-hole pair, which is 3.6 eV for silicon and 

2.9 eV for germanium. This also provides the latter with a better resolution in energy. A large, 

clean, and almost perfect germanium semiconductor is ideal as a counter to radioactivity. 

However, making large crystals with sufficient purity is difficult and expensive. Whi e silicon-

based detectors cannot be thicker than a few millimeters, and germanium can have a depleted, 

sensitive thickness of centimeters and, therefore, can be used as a total absorption detector 

for gamma rays up to a few MeV. 

On the other hand, to achieve maximum efficiency, the detectors must operate at the very low 

temperatures of liquid nitrogen (-196°C) because, at room temperatures, the noise caused by 
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thermal excitation is very high. Since germanium detectors produce the highest resolution 

commonly available today, they are used to measure radiation in various applications, 

including personnel and environmental monitoring for radioactive contamination, medical 

applications, radiometric assay, nuclear security, and nuclear plant safety. As was written, 

gamma spectroscopy is used to study and analyze gamma-ray spectra for scientific and 

technical use. Gamma-ray spectrometers are the instruments that observe and collect such 

data. A gamma-ray spectrometer (GRS) is a sophisticated device for measuring the energy 

distribution of gamma radiation. 

For the measurement of gamma rays above several hundred keV, there are two detector 

categories of major importance, inorganic scintillators such as NaI(Tl) and semiconductor 

detectors. In the previous articles, we described gamma spectroscopy using a scintillation 12 

detector consisting of a suitable scintillator crystal, a photomultiplier tube, and a circuit for 

measuring the height of the pulses produced by the photomultiplier. The advantages of a 

scintillation counter are its efficiency (large size and high density) and the possible high 

precision and counting rates. Due to the high atomic number of iodine, a large number of 

interactions will result in the complete absorption of gamma-ray energy so that the photo 

fraction will be high. 

But if a perfect energy resolution is required, we must use a germanium-based detector, such 

as the HPGe detector. Germanium-based semiconductor detectors are most commonly used 

where a very good energy resolution is required, especially for gamma and x-ray spectroscopy. 

In gamma spectroscopy, germanium is preferred due to its atomic number being much higher 

than silicon, increasing the probability of gamma-ray interaction. Mor over, germanium has 

lower average energy necessary to create an electron-hole pair, which is 3.6 eV for silicon and 

2.9 eV for germanium. This also provides the latter with a better resolution in energy. The 

FWHM (full width at half maximum) for germanium detectors is an energy function. 

For a 1.3 MeV photon, the FWHM is 2.1 keV, which is very low. 4.3 Limitations Despite their 

advantages, semiconductor detectors also have some limitations that should be considered: a) 

Cost: Semiconductor detectors, especially those made of materials like germanium, can be 

relatively expensive compared to other types of detectors, which may limit their widespread 

adoption in certain applications. b) Sensitivity to Neutrons: Semiconductor detectors are 

generally less sensitive to neutron radiation compared to other types of detectors. Additional 

neutron-sensitive materials or moderator materials may need to be used in conjunction with 

semiconductor detectors for neutron detection. c) Radiation Damage: Semiconductor 

detectors are susceptible to radiation damage, particularly at high radiation doses. 
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The generation of defects in the semiconductor material can degrade the detector's 

performance over time, requiring periodic recalibration or replacement. 4.4 Recent 

Developments and Applications 13 Recent advancements in semiconductor detector 

technology have focused on improving energy resolution, minimizing electronic noise, and 

reducing the sensitivity to radiation damage. Development efforts have also been directed 

towards reducing the cost of semiconductor detectors, making them more accessible for a 

broader range of applications. Semiconductor detectors find widespread applications in fields 

such as nuclear medicine, environmental monitoring, and particle physics. In nuclear medicine, 

they are used in positron emission tomography (PET) scanners to detect the gamma rays 

emitted by positron-emitting radioactive tracers. 

Semiconductor detectors are also employed in radiation therapy for precise dosimetry and 

quality assurance measurements. In environmental monitoring, semiconductor detectors play 

a crucial role in detecting and quantifying radiation in soil, water, and air, helping to assess the 

impact of nuclear accidents or incidents. They are also utilized in particle physics experiments, 

where the high energy resolution of semiconductor detectors allows for the precise 

identification and measurement of particles generated in high-energy collisions. Continued 

advancements in semiconductor detector technology, including the development of new 

semiconductor materials and the integration of advanced signal processing techniques, are 

expected to further enhance their performance and broaden their applications. Semiconductor 

detectors will continue to be vital tools in radiation detection, contributing to advancements in 

scientific research, medical diagnostics, and environmental safety 

3. Results 

The manuscript currently presents descriptive discussions of detector types and a separate 

discussion of machine learning and artificial intelligence. It does not report a study-selection 

flow, characteristics of included sources, quality appraisal, or a structured synthesis of 

evidence. A systematic-review results section should be added after the search and screening 

process is documented. 

4. Discussion 

The integration of machine learning (ML) and artificial intelligence (AI) techniques in radiation 

detection has gained significant attention in recent years. ML and AI offer the potential to 

enhance the accuracy, efficiency, and capabilities of radiation detection systems by leveraging 
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the power of data analysis and pattern recognition. Machine learning (ML) and artificial 

intelligence (AI) techniques have been increasingly applied in radiation detection to enhance 

the accuracy, efficiency, and capabilities of radiation monitoring and analysis systems. ML 

algorithms can analyze large datasets generated by radiation detectors, extract meaningful 

patterns and features, and make intelligent decisions based on learned patterns. Some 

common ML and AI techniques used in radiation detection include: a) Supervised Learning: ML 

models are trained on labeled data to learn patterns and make predictions or classifications 

based on new, unseen data. 

Supervised learning techniques, such as support vector machines (SVM) and neural networks, 

are used for radiation source 14 identification, classification, and quantification. b) 

Unsupervised Learning: ML models analyze data without predefined labels or categories to 

identify patterns or anomalies. Unsupervised learning techniques, such as clustering and 

anomaly detection algorithms, can be used to detect unusual radiation patterns or identify 

unknown radiation sources. c) Deep Learning: Deep learning, a subset of AI, utilizes deep 

neural networks with multiple hidden layers to learn complex patterns from data. Deep 

learning techniques, such as convolutional neural networks (CNN) and recurrent neural 

networks (RNN), are employed for image-based radiation detection, radiation hotspot 

detection, and image segmentation tasks. d) Reinforcement Learning: Reinforcement learning 

involves training an ML model to make sequential decisions by interacting with an 

environment. 

In radiation detection, reinforcement learning techniques can be used to optimize radiation 

monitoring strategies, determine optimal detector placement, and adaptively control radiation 

exposure levels. Applications of ML and AI in Radiation Detection: ML and AI techniques have 

found applications across various domains of radiation detection: a) Nuclear Security: ML 

algorithms can analyze radiation data to identify patterns associated with specific radioactive 

materials, aiding in the detection of illicit nuclear materials at borders, ports, and other 

security checkpoints. b) Radiation Therapy: ML models can assist in treatment planning and 

dose optimization in radiation therapy by predicting the response of tumors and healthy 

tissues to radiation, leading to more precise and personalized treatment. c) Environmental 

Monitoring: ML techniques can analyze large amounts of radiation data to monitor 

environmental radiation levels, identify anomalies, and assess the impact of nuclear accidents 

or incidents on the environment. d) Particle Physics: ML algorithms are used in high-energy 

physics experiments to identify and classify particle interactions, reconstruct particle tracks, 

and analyze large datasets generated by particle detectors. e) Radiation Dosimetry: ML models 
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can predict radiation doses received by individuals based on various factors, such as exposure 

time, distance from the radiation source, and shielding materials, aiding in accurate dose 

estimation and radiation safety. 

Challenges and Future Directions: While ML and AI techniques offer significant potential for 

advancing radiation detection, there are several challenges and areas for future development: 

15 a) Data Availability and Quality: ML models require large amounts of high-quality data for 

effective training and performance. Access to diverse and well-curated radiation datasets can 

be a challenge, particularly for rare radiation events or specific radiation sources. b) 

Interpretability and Explainability: ML models often act as black boxes, making it challenging 

to understand and interpret the decision-making process. Ensuring transparency and 

explainability of ML algorithms in radiation detection is crucial, especially in safety-critical 

applications. c) Adaptability and Generalization: Radiation detection systems should be 

adaptable to varying radiation sources, environmental conditions, and detector configurations. 

Developing ML models that generalize well across different scenarios and can handle novel 

radiation sources is an ongoing challenge. d) Integration with Existing Systems: Integrating ML 

and AI techniques into existing radiation detection systems can be complex. Ensuring 

compatibility, reliability, and real-time performance while integrating ML algorithms with 

hardware and software components is an area that requires attention. e) Ethical and Privacy 

Considerations: As ML algorithms become more integrated into radiation 

5. Conclusion 

In summary, the integration of machine learning (ML) and artificial intelligence (AI) techniques 

in radiation detection has shown promising results and has the potential to revolutionize the 

field. Some key findings include: ML and AI techniques enable more accurate and automated 

identification, classification, and quantification of radiation sources, improving radiation 

detection capabilities. Anomaly detection using ML algorithms helps identify abnormal 

radiation patterns, facilitating the detection of radiation leaks, nuclear accidents, or 

unauthorized use of radioactive materials. ML models can analyze energy spectra to identify 

specific isotopes or radiation sources based on their characteristic energy signatures, aiding in 

source identification. Real-time monitoring and decision support systems powered by ML and 

AI algorithms enable timely response to abnormal radiation events, enhancing radiation safety. 

ML algorithms assist in calibration, quality assurance, and maintenance of radiation detectors, 

optimizing their performance and accuracy. Challenges include data availability and quality, 
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interpretability of ML models, adaptability to diverse radiation sources, integration with 

existing systems, and ethical considerations. 16 ML and AI techniques have applications in 

nuclear security, radiation therapy, environmental monitoring, particle physics, and radiation 

dosimetry. Looking ahead, future directions in ML and AI for radiation detection include 

addressing data challenges, improving interpretability and explainability, enhancing 

adaptability and generalization, ensuring seamless integration with existing systems, and 

considering ethical and privacy considerations. Continued advancements in these areas will 

contribute to more effective and efficient radiation detection and monitoring systems, with 

significant implications for safety, security, and scientific research 
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1. Introduction 
A student may spend hours revising for a test and still forget much of the material by the next 

morning, while another student may study for less time, sleep well, and remember more. This is 

not evidence that sleep can replace studying; rather, it shows that studying and sleeping work 

together. Learning begins when a person pays attention and takes in new information and 

continues as the brain stores and connects that information. Sleep plays a central role in this 

second stage. 

Adolescence describes the years between childhood and adulthood, encompassing major 

changes in the body, emotions, social life, and brain development. During this period, 

teenagers must also balance homework, exams, sport, friendships, family responsibilities, and 

digital media, and their days can become crowded. Sleep is often the first activity to be 

shortened when time is scarce. Yet the American Academy of Sleep Medicine recommends 

that young people aged 13–18 sleep 8–10 hours in every 24-hour period on a regular basis 

(Paruthi et al., 2016), and the United States Centers for Disease Control and Prevention (CDC) 

gives the same range (CDC, 2024 ). 

Many adolescents do not reach this target. Early school start times, late homework, evening 

activities, stress, phones, gaming, and a natural shift in the body clock can all delay sleep onset. 

This raises an important question: what happens to memory and learning when teenagers do 

not sleep enough? This review brings together findings from scientific reviews, health 

organizations, and studies of young people, using accessible language so that the main ideas — 

and the limits of the evidence — remain clear to a broad readership. 

2. Background and literature 

2.1. What Happens During Sleep? 
Sleep is an active biological process, not simply a period of inactivity. The sleeping brain moves 

through repeating stages, broadly grouped into non-rapid eye movement (NREM) sleep and 

rapid eye movement (REM) sleep. A full cycle repeats several times each night, and the exact 

length and pattern vary between individuals and across the night. 

2.2. NREM and REM Sleep 
NREM sleep includes both lighter and deeper stages. As a person falls asleep, breathing slows, 

muscles relax, and awareness of the surrounding environment decreases. Deep NREM sleep is 

sometimes called slow-wave sleep, reflecting the large, slow brain waves that characterize this 
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stage. It is associated with physical recovery and with the strengthening of certain facts and 

experiences; communication between brain regions during NREM sleep may help transfer new 

information into more stable storage (Diekelmann & Born, 2010). 

REM sleep is the stage most closely associated with vivid dreaming. The eyes move rapidly 

beneath closed eyelids, while most large muscles remain relaxed. REM sleep has been linked 

with emotional memory, creativity, and certain forms of skill learning. However, it would be an 

oversimplification to assign facts to one stage and emotions to another; memory is a complex 

process, and several sleep stages likely work together. 

2.3. The Adolescent Body Clock 
During puberty, the internal body clock often shifts later. Melatonin, the hormone that signals 

night-time to the body, may rise later in adolescents than in younger children, meaning a 

teenager may not feel sleepy at 9:00 p.m. even when an early school start requires waking at 

6:00 a.m. This delay is not necessarily a matter of laziness or poor discipline; biology plays a 

genuine role. Even so, habits and environment can push bedtime later still — bright light, 

engaging media, caffeine, and irregular weekend schedules may widen the gap further (Tarokh 

et al., 2016). 

Table 1. A simplified overview of sleep stages. The stages serve several overlapping roles 

and should not be treated as separate ‘memory boxes.’ 

Sleep stage What happens Possible link with learning 

Light NREM The body relaxes and the person 

becomes less aware of the 

surroundings. 

Helps the brain move from 

wakefulness into stable sleep. 

Deep NREM Slow brain waves become strong 

and the sleeper is harder to wake. 
Supports the strengthening and 

organization of some new 

memories. 

REM Brain activity becomes more 

active; vivid dreams are common. 
May support emotional learning, 

creativity, and some skills. 

Full night Several NREM–REM cycles 

repeat. 
The stages work together, so a 

shortened night may remove 

useful sleep. 

2.4. How Memories Are Formed 
Memory is not a video recording; the brain selects, alters, connects, and sometimes discards 

information. Learning can be described in three broad stages: encoding, consolidation, and 

retrieval. Encoding occurs when new information first enters memory, and attention is critical 

at this stage — if a student is extremely tired in class, the lesson may never be encoded clearly. 

Consolidation is the process by which a new memory becomes more stable over time, and is 
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strongly linked with sleep (Walker & Stickgold, 2006). Retrieval occurs when stored 

information is recalled, such as when answering a test question. 

Different types of memory serve different purposes. Declarative memory includes facts and 

events, such as a historical date or the events of a school trip. Procedural memory includes 

skills, such as playing a piano sequence or performing a sports movement. Working memory is 

the limited mental space used to hold and manipulate information over short periods, such as 

when solving a multi-step math problem. Sleep loss can affect these systems differently, and 

the size of the effect may depend on the task. 

A useful analogy is a school library. Encoding is like receiving new books; consolidation is like 

labelling them and placing them on the correct shelves; and retrieval is like finding the right 

book later. If the librarian is tired, books may arrive but remain in an unorganized pile. In the 

same way, poor attention and weak consolidation can make later recall more difficult. 

2.5. How Sleep Supports Learning 
Sleep before a lesson prepares the brain to absorb new information. A well-rested student is 

more likely to remain alert, notice instructions, and resist distraction, whereas a sleep-

deprived student may appear attentive while missing important details. This problem arises 

before memory storage even begins: information that is not clearly encoded cannot easily be 

recalled later. Meta-analytic evidence indicates that sleep deprivation before learning can 

impair the formation of new memories (Newbury et al., 2021). 

Sleep after studying can help stabilize newly learned material. During sleep, patterns of brain 

activity associated with recent experiences may be replayed or reorganized — a process 

sometimes called memory reactivation — strengthening useful connections while reducing 

weaker or less relevant details. This is one reason an all-night study session can be a poor 

trade-off: it creates additional waking study time but removes part of the sleep period that 

supports memory consolidation. The effect is not automatic, however; reading a chapter once 

and then sleeping will not guarantee perfect recall. Effective learning still requires attention, 

understanding, and practice, with sleep functioning as one component of a broader routine 

that includes focused study, brief review, adequate rest, and retrieval practice. 

Sleep can also support skill learning, including finger movements, sporting techniques, 

pronunciation, and musical performance, with improvement sometimes appearing as faster or 

more accurate performance after a period of sleep. For adolescents, this extends beyond 

academic subjects: learning an instrument, refining handwriting, practicing a dance routine, or 

developing an athletic movement may all depend on the combination of practice and recovery. 
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Learning also depends on patience, motivation, and emotional regulation, not only on memory. 

Poor sleep can heighten irritability and make ordinary setbacks feel larger than they are; a 

tired student may disengage quickly, argue with classmates, or worry excessively about a test. 

These emotional effects can indirectly undermine learning. Because sleep and mental health 

influence one another — stress can disrupt sleep, and disrupted sleep can heighten emotional 

difficulty — it would be inaccurate to attribute every problem to sleep alone. 

3. Methods 
This review examines the relationship between sleep, memory, and learning in adolescents, 

focusing on five questions: How does sleep work? How are memories formed? How can sleep 

support learning? What problems arise when sleep is too short or disrupted? What can 

teenagers, families, and schools do about it? 

This is a narrative literature review: it summarizes and interprets published research rather 

than reporting a new experiment. Sources were selected from peer-reviewed journal articles 

and established health organizations. Review articles were prioritized because they synthesize 

findings from many individual studies, and official recommendations were used for guidance 

on sleep duration and school-health policy. This review focuses on typically developing 

adolescents; young people with medical, mental-health, or diagnosed sleep conditions may 

have different needs and should seek individual advice from a qualified professional. 

3.1 Limitations of the method 
This review has several limitations. It is a narrative review rather than a systematic search of 

every relevant database, and most cited studies originate from a limited number of countries, 

meaning their school schedules and cultural contexts may not generalize to all adolescents. 

Some studies rely on self-reported sleep and academic outcomes, and definitions of ‘good 

sleep’ and ‘academic success’ vary across the literature. Research also cannot always fully 

separate the effects of sleep from those of stress, mental health, family circumstances, and 

technology use. Finally, population-level averages do not describe every individual; the 8–10 

hour recommendation is a robust general guideline, but personal needs may vary. 

4. Results 

4.1 What the Research Shows About School Performance 
Research generally connects better sleep with improved attention, memory, and school 

functioning, although the details are not always straightforward (Curcio et al., 2006). A 
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systematic review of 17 studies involving adolescents aged 11–19 found evidence that 

restricted sleep was associated with poorer school performance and cognitive outcomes, 

although results varied between studies (Dewald-Kaufmann et al., 2021 ). A later longitudinal 

review identified a bidirectional relationship: sleep can affect school life, while school demands 

and stress can, in turn, affect sleep (Bacaro et al., 2023). 

A large scale of adolescents in the United States found that sleep quality had a small 

relationship with academic performance, while the relationship with sleep duration was very 

small overall; the authors noted that studies used inconsistent definitions and measures 

(Musshafen et al., 2021). This illustrates an important principle in scientific reasoning: a well-

supported idea can still produce mixed evidence when researchers measure it in different 

ways. Academic performance is shaped by many factors beyond sleep, including teaching 

quality, home support, motivation, health, and study time. 

Experiments can demonstrate causation more clearly than surveys, since researchers directly 

manipulate sleep duration and then measure performance. However, experiments involving 

adolescents are often short in duration and constrained by safety and ethical guidelines. 

Surveys can include far larger samples but typically rely on self-reported bedtimes and grades, 

which students may misremember. Wearable devices can track movement and sleep timing 

with reasonable accuracy but do not precisely measure sleep stages. The most reliable 

conclusions therefore come from considering multiple types of evidence together. 

Table 2. Why different research approaches may reach slightly different conclusions  

Research approach Strength Limitation 

Experiment Can test what changes after sleep 

is shortened or extended. 
Usually short in duration and 

small in scale; cannot safely test 

severe long-term sleep loss. 

Survey Can include many students and 

real school experiences. 
Self-reports may be inaccurate; 

association does not prove 

causation. 

Sleep tracker Gives repeated estimates of 

sleep timing and duration. 
Consumer devices may not 

identify sleep stages accurately. 

Long-term study Shows how sleep and learning 

change across months or years. 
Other life changes can affect 

both sleep and school results. 

Systematic review Combines and compares many 

studies. 
Conclusions depend on the 

quality and similarity of the 

included studies. 

4.2. Why Adolescents Often Lose Sleep 
The later adolescent body clock makes early sleep difficult for many teenagers, even though 

the underlying need for sleep remains high. The conflict between a later natural bedtime and 
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an early alarm can create a cumulative sleep debt across the school week. Sleeping 

considerably later on weekends may feel restorative, but a large shift can make Sunday-night 

sleep more difficult — a pattern sometimes referred to as social jet lag. 

Phones and computers can delay sleep in several ways. Bright evening light may affect the 

body’s night-time signal, but more significantly, messages, videos, games, and social media 

keep the mind engaged and make it easy to lose track of time; notifications can also interrupt 

sleep after a person has gone to bed. The issue is not that all screen use is harmful — a brief, 

calm activity earlier in the evening differs considerably from prolonged, stimulating content 

used in bed. 

Teenagers may also juggle schoolwork, tutoring, sport, travel, chores, or part-time jobs. When 

these commitments run late, sleep is squeezed between responsibilities and an early start. 

Later school start times have been supported by sleep organizations because they better align 

with adolescent biology (Owens & Adolescent Sleep Working Group, 2014); however, 

changing school schedules can also affect transport, parents’ working hours, sport, and after-

school care, meaning a complete solution often requires cooperation between families, 

schools, and communities. 

Worry can make it harder to fall asleep, while insufficient sleep can intensify worry the 

following day. Pain, breathing difficulties, certain medications, depression, anxiety, and sleep 

disorders can also disrupt sleep, as can noise, heat, crowded housing, and irregular family 

schedules. Advice about sleep should therefore be realistic and equitable, recognizing that not 

every teenager has full control over their bedroom, timetable, or responsibilities. 

4.3. Effects of Insufficient or Poor-Quality Sleep 
 
A single short night may cause sleepiness, slower reaction times, poor concentration, and 

irritability. Repeated short nights can compound these effects. The CDC notes that adequate 

sleep supports attention and memory, while insufficient sleep is common among students 

(CDC, 2024). The consequences can appear in the classroom, during sport, while crossing 

roads, or when older adolescents drive. 

Attention: the mind wanders, instructions are missed, and distractions become harder to 

resist. 

Working memory: it becomes more difficult to hold several steps in mind while solving a 

problem. 
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Long-term memory: new material may be encoded or consolidated less effectively. 

Decision-making: fatigued individuals may act impulsively without fully considering 

consequences. 

Emotion: frustration, sadness, worry, and anger may become harder to regulate. 

Motivation: schoolwork can feel more burdensome, potentially leading to procrastination or 

avoidance. 

These signs do not necessarily indicate a sleep disorder, as they can stem from other causes as 

well. However, a student who is persistently unable to sleep, snores loudly, stops breathing 

during sleep, falls asleep unexpectedly during the day, or remains exhausted despite adequate 

time in bed should inform a parent, guardian, school nurse, or doctor. Health professionals can 

assess for conditions such as insomnia or sleep-related breathing disorders. 

 

4.4 Practical Ways to Improve Sleep and Learning 
Good sleep habits are often described as sleep hygiene — a term referring to routines and 

conditions that support sleep, rather than cleanliness. These habits are useful but cannot 

resolve every medical or social difficulty; a teenager should begin with small, sustainable 

changes. 

Choosing a wake-up time that fits the school schedule and keeping it fairly consistent, 

including on weekends, is a helpful starting point. Counting backward to allow 8–10 hours in 

bed — while accounting for the time it takes to fall asleep — can guide bedtime planning. If a 

current bedtime is much later than recommended, it is more sustainable to shift it earlier in 

small increments rather than attempting a sudden two-hour change. 

The final 30–60 minutes before bed can become a quiet transition period: packing the school 

bag, dimming bright lights, washing, reading something calm, or listening to quiet audio. Placing 

the phone on silent — and, ideally, charging it away from the bed — can reduce late-night 

disruption; a simple alarm clock removes the need to keep a phone within reach overnight. 

Morning daylight helps regulate the body clock, and regular daytime activity can also support 

sleep, although vigorous exercise immediately before bed may keep some people alert. Heavy 

meals late at night may cause discomfort, and caffeine can remain active in the body for several 

hours, meaning coffee, strong tea, cola, and energy drinks consumed late in the day may delay 

sleep onset. Energy drinks are not a safe substitute for rest. 
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Spreading study across several shorter sessions, rather than concentrating it into a single all-

night effort, tends to be more effective. Active recall — closing the book and explaining an idea 

in one’s own words — combined with brief review before the wind-down routine and further 

retrieval practice the next day, pairs effective study technique with the benefits of sleep-based 

consolidation. When a deadline is demanding, seeking help early is preferable to sacrificing 

sleep at the last moment. 

Table 3. An example of a sleep-supporting daily routine 

Time Simple action Reason 

Morning Wake at a regular time and get 

daylight. 
Helps set the body clock and 

improves alertness. 

Afternoon Exercise and finish difficult work 

in planned blocks. 
Supports sleep pressure and 

reduces late-night panic. 

Evening Limit caffeine; prepare school 

items; lower bright light. 
Reduces stimulation and makes 

the routine predictable. 

Before bed Stop exciting screen use; do a 

calm activity. 
Gives the brain and body time to 

slow down. 

Night Keep the room as dark, quiet, and 

comfortable as possible. 
Reduces awakenings and 

supports continuous sleep. 

4.5. A One-Week Sleep Diary 
A student can learn about their own habits without specialized equipment. Over one week, it is 

useful to record bedtime, estimated time taken to fall asleep, wake time, night-time 

awakenings, morning tiredness, and afternoon energy levels, along with notes on late caffeine 

intake, heavy homework, stressful events, and screen use in bed. The goal is not precise 

scientific measurement but the identification of patterns. 

After seven days, simple questions can guide reflection: Did the most tired mornings follow the 

latest bedtimes? Was falling asleep easier after a calm routine? Did weekend waking shift by 

several hours? Did concentration improve on days following longer sleep? Adjusting only one 

or two habits at a time — for example, moving the phone away from the bed or keeping wake 

time within a consistent one-hour window — tends to be more sustainable than attempting a 

long list of changes at once. 

Students should avoid becoming anxious about every detail of their sleep, since worry about 

sleep can itself make sleeping more difficult. Sleep trackers also provide estimates rather than 

precise medical measurements; how a person feels and functions across several days is a more 

meaningful indicator than any single night’s data. 
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5. Discussion 
The literature supports a clear central idea: sleep is part of the learning process, not time taken 

away from it. It supports attention before learning and memory consolidation afterward. 

Adolescents are at particular risk of insufficient sleep because their body clocks shift later 

while school and social demands often begin early. The most consistent concerns identified in 

the literature include daytime sleepiness, weaker attention, emotional difficulty, and impaired 

memory or school functioning. 

At the same time, careful interpretation is necessary. The evidence does not show that adding 

a single hour of sleep will raise every student’s grades by a fixed amount; some studies report 

small or mixed correlation between sleep duration and academic performance. Sleep quality, 

regularity and daytime sleepiness may matter as much as total hours slept, and academic 

performance is shaped by many additional factors, including teaching, home resources, 

motivation, health, and opportunity. Sleep should therefore be understood as an important 

contributing factor rather than a sole determinant of academic success. 

The research also cautions against oversimplified explanations. Telling teenagers to simply go 

to bed earlier overlooks biological changes, school schedules, family responsibilities and living 

conditions. More effective solutions combine individual habits with support from adults and 

institutions: families can help protect a calm bedtime routine, teachers can plan major 

deadlines with sleep in mind, schools can review start times and workload, and health 

professionals can identify underlying disorders that routine changes alone cannot resolve. 

6. Conclusion 
Sleep provides the adolescent brain with time to recover, organize information and prepare for 

the day ahead. It supports attention before learning, helps stabilize memories afterward, and 

contributes to emotional regulation. When sleep is repeatedly insufficient or disrupted, 

students may find it harder to concentrate, remember, solve problems, and stay motivated. For 

most adolescents aged 13–18, 8–10 hours of regular sleep is the recommended target. 

A practical rather than a perfect approach is most likely to succeed: a consistent wake time, a 

calm bedtime routine, reduced late-night screen use, limited caffeine, morning light exposure, 

planned study, and early support for persistent problems can all make a meaningful difference. 

Sleep does not replace effort, teaching, or practice — it makes each of these more effective. In 

short, a well-rested brain is better prepared to learn. 
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ABSTRACT 

Retrieval-augmented generation (RAG) is widely adopted to ground large language models in 

external documents, yet RAG systems still produce fluent claims that the retrieved context 

does not support. Most detection methods answer this with a second, larger judge model, 

which is impractical for teams without that budget. We ask how far one can get using only 

signals already available at inference time on modest hardware. Over 150 question–context 

pairs built from 50 arXiv abstracts, generated with a 4-bit Qwen2.5-7B on a single 6 GB 

consumer graphics card, we compare three such signals (token log-probability, self-

consistency across sampled generations, and natural language inference (NLI) entailment 

against the retrieved context) against a near-free lexical baseline and a 7B large language 

model used as a judge. Ground truth is a two-annotator consensus (Cohen's kappa = 0.78). The 

ordering we found inverts the one the literature assumes. Mean token log-probability, which is 

free, leads on area under the receiver operating characteristic curve (AUROC) at 0.849 and is 

statistically indistinguishable from a lexical baseline costing 41 ms, while the NLI cross-

encoder reaches only 0.669 at 2.6 s per query and the judge attains a lower F1 score than the 

free signal at 5.0 s. A stratified analysis shows the log-probability result is not reducible to 

answer length. We also find the judge systematically violates an explicit instruction in its own 

rubric, and that our strongest manipulation elicits appropriate abstention more often than 

fabrication. The practical recommendation is to exhaust free signals before paying for 

expensive ones. 
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1. Introduction 

Retrieval-augmented generation has become the default way to ground a language model in 

knowledge it does not hold in its parameters (Lewis et al., 2020). Retrieving a relevant 

document and placing it in the prompt is cheap, requires no fine-tuning, and lets a system 

answer questions about material that postdates training. It does not, however, guarantee that 

the model uses what it was given. RAG systems still emit confident, well-formed statements 

that the retrieved passage does not support, and this remains one of the most frequently cited 

obstacles to deploying them. 

The dominant response is to check the output with a second model. An LLM judge, prompted 

with the context and the answer, is asked whether the latter follows from the former. This 

works, but it doubles inference cost and presumes access to a model large enough to be 

trusted as an arbiter, an assumption that fails precisely for the teams most exposed to the 

problem. A student group, a small company, or anyone running on a single consumer graphics 

processing unit (GPU) cannot casually add a frontier-model call to every query. 

That constraint motivates a narrower question. Rather than asking what the best possible 

detector is, we ask how much can be recovered from signals that are already present when a 

model generates an answer, or that can be computed by a model small enough to sit alongside 

the generator on the same card. Three such signals appear in the literature. Token log-

probability is free: the generator computes it whether or not anyone reads it. Self-consistency 

requires re-sampling the same prompt and measuring agreement across the samples (Manakul, 

Liusie, & Gales, 2023). NLI entailment scores the answer against its context using a pretrained 

cross-encoder of a few hundred million parameters (Laban, Schnabel, Bennett, & Hearst, 

2022). These have generally been studied in isolation, or benchmarked against judge models 

that assume the very budget the approach is meant to avoid. We compare all three head to 

head under identical retrieval and generation conditions, on hardware chosen to be 

representative of a constrained deployment, and we treat cost as a first-class outcome rather 

than a footnote. If a signal is ten times better but a thousand times more expensive, that is a 

different recommendation from the one an accuracy table alone would give. 
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Our contributions are the following. We report a controlled comparison of three inference-

time detection signals, measured against both a near-free lexical baseline and an LLM-as-judge 

reference point, with per-signal latency measured under identical conditions. We evaluate 

under three retrieval conditions of decreasing quality, which shows the signals failing in 

different places rather than merely ranking against one another. And we report a result that 

runs against the expected ordering: on our data the cheapest signal is the most accurate, and 

the two most expensive are among the least. 

We state the research question directly. Among detection signals available at inference time 

on a single consumer GPU, how does detection accuracy relate to computational cost, and is 

any signal's advantage large enough to justify its expense? Our hypothesis on entering the 

study was that NLI entailment would lead, followed by self-consistency, with log-probability a 

distant third. The data reversed that ordering. 

2. Background and literature 

Self-consistency. SelfCheckGPT (Manakul et al., 2023) introduced a family of zero-resource, 

black-box hallucination detectors that sample a model repeatedly and measure agreement 

across the samples. The intuition is that a model with genuine knowledge of a fact will 

reproduce it across stochastic decodes, whereas fabricated content will vary. Several scoring 

variants were proposed, of which the NLI-based one offered the best accuracy-to-cost 

balance. The method requires no access to model internals, which is its main appeal, but it 

multiplies inference cost by the number of samples. 

NLI-based factual consistency. A second line of work treats the problem as natural language 

inference: a generated claim is checked for entailment against its source. Applying sentence-

level NLI models to document-level inputs is not straightforward, since the granularity of the 

training data and the task differ. SummaC (Laban et al., 2022) addressed this by segmenting 

documents into sentences, computing pairwise entailment, and aggregating the resulting 

matrix, which recovered much of the performance earlier work had failed to obtain. FActScore 

(Min et al., 2023) pushed the decomposition further, breaking generations into atomic facts 

and scoring each independently, a distinction that becomes relevant to our results in Section 4. 

Probability-based signals. Token-level output probabilities have been explored as a low-cost 

proxy for model uncertainty, on the intuition that a model is less confident when generating 

content it cannot ground. This is the cheapest signal available, requiring no additional 

inference. It is also the most frequently dismissed: language models are known to be 
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confidently wrong, and mean token probability is confounded with output length and with 

generic phrasing. 

Gap. Prior work largely evaluates these signals separately, or against large judge baselines. We 

are not aware of a direct comparison of all three under a shared, explicitly resource-

constrained setup with cost measured alongside accuracy, which is the gap this study 

addresses. 

3. Methods 

3.1 Design 
This is a quantitative benchmarking study with a within-items design: every detection signal is 

computed on the same 150 generated answers, so signals are compared on identical material 

rather than across separate samples. Retrieval quality is manipulated in three levels (Section 

3.3) to test whether signal behaviour depends on how the retrieval failed, and the outcome 

measure is agreement with a human consensus label. The design suits the question because 

the comparison of interest is relative, not absolute: we need to know which signal separates 

supported from unsupported answers best on a fixed budget, which requires holding the 

generator, the corpus, the prompt and the hardware constant while varying only the detector. 

3.2 Data, materials, or sources 
The task is closed-domain question answering over scientific abstracts, with verification 

against the retrieved passage. We chose abstracts because their claims are narrow, factual and 

largely unambiguous to check, which matters when the ground truth must be produced by 

hand. 

The corpus is 50 arXiv abstracts (median 1,235 characters, published 2022–2026), assembled 

from six related queries within one area: hallucination in RAG, faithfulness and groundedness, 

RAG evaluation benchmarks, factual consistency, attribution and citation, and uncertainty 

estimation. All are restricted to cs.CL so that abstract length and structure stay comparable. 

Results from the six queries were merged round-robin so that no single query dominates. 

Drawing from several related queries rather than one is deliberate. A corpus built from a single 

narrow query yields fifty near-interchangeable abstracts, in which every distractor is an 

equally hard negative and the retriever cannot discriminate between them. Six related-but-

distinct facets give a range of distractor difficulty, which Section 3.3 uses as a controlled 
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variable. Survey papers and abstracts shorter than 700 characters were excluded during 

construction, since neither supports the question templates below. 

3.3 Procedure and analysis 

3.3.1 RAG pipeline 

Retrieval is embedding-based, using all-MiniLM-L6-v2 (Reimers & Gurevych, 2019) with 

cosine similarity over L2-normalised vectors. Each abstract is embedded once as title plus 

abstract. 

The generator is Qwen2.5-7B-Instruct, 4-bit quantised (Q4_K_M, approximately 4.7 GB), 

served locally through Ollama. Ollama was chosen over alternatives for one decisive reason: it 

exposes per-token log-probabilities through its API, and the first signal under study is token 

log-probability. Its ability to evict a model from VRAM on demand is also what makes the one-

model-at-a-time discipline of the hardware setup below practical. 

We considered adding a hosted API model as a second generator and rejected it. Generation 

requires 900 calls (150 pairs × six samples each), which exceeds the free-tier daily quotas 

available to us, and free-tier support for log-probabilities is inconsistent across providers. 

Routing generation through a hosted API would also sit awkwardly with a paper arguing for 

cheap, local, reproducible detection. Every model reported in this paper, including the judge 

baseline described below, therefore runs locally on the hardware described in Table 1. 

Three fixed question templates are applied to every abstract, asking about the proposed 

method, the datasets used, and the main finding. Each template names the target paper 

explicitly. For example, “What method or approach does the paper ‘X’ propose?” This is not 

cosmetic. A deictic formulation (“… does this paper propose?”) contains nothing a retriever can 

match on; measured over the 100 items that use live retrieval, top 1 hit rate under that 

formulation was 2/100 at mean cosine 0.263, against 97/100 at 0.683 once the title is named. 

Template structure is otherwise identical across all rows, so question phrasing remains 

controlled and only the title varies. 

The prompt template is fixed at “Context: {context} / Question: {question} / Answer:” and held 

constant across all conditions. 

3.3.2 Retrieval conditions 

Each question–context pair is assigned to one of three conditions. Under well-supported, 

retrieval proceeds normally and returns the source abstract. Under partially supported, 

retrieval is also normal, but the abstract does not contain the specific fact asked for, most 
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often a dataset name that the abstract never states. Under poorly supported, retrieval is 

overridden and a different abstract is supplied, simulating retriever failure. 

For the third condition the distractor is chosen by one of two strategies, which makes negative 

difficulty an explicit variable. The similar strategy selects the highest-cosine other abstract, 

producing a same-subfield hard negative; the dissimilar strategy selects the lowest-cosine one. 

The two sets separate cleanly and do not overlap (mean cosine 0.712, range 0.570–0.822 

against 0.329, range 0.170–0.397). 

We additionally record, for every non-overridden item, whether the source abstract actually 

appeared among the retrieved results. Because the corpus is topically tight, a retriever can 

miss the source abstract for a nominally well-supported question, which would silently 

contaminate the positive class. The observed hit rate was 97/100. 

3.3.3 Ground truth 

Two annotators independently labelled all 150 generated answers on a three-point scale 

(supported, partially supported, unsupported) rather than a binary. Collapsing to binary is 

deferred to evaluation time and treated as a reported analysis choice rather than a labelling 

decision. 

The criterion is whether each claim in the answer is backed by the context in front of the 

annotator. It is explicitly not whether the answer is true in general. This distinction carries 

most of the difficulty in practice, because a retrieval-augmented model that has been given the 

wrong document sometimes recognises the requested paper from its own parameters and 

describes it accurately. Such an answer can be entirely correct and still unsupported, and it is 

the failure mode the signals under study exist to detect. 

Labelling is blind: the retrieval condition is hidden from annotators and item order is shuffled 

independently for each. Answers that decline to answer are flagged separately, since a refusal 

asserts nothing ungrounded and its treatment is properly an analysis choice rather than a fixed 

convention. 

Guidelines were developed on a pilot round and refined before the final pass; the criteria 

described here are the final ones. Both annotators then labelled all 150 items independently. 

Agreement was Cohen's kappa = 0.78 (linearly weighted 0.83; raw agreement 90.0%), which 

falls in the substantial band on the conventional interpretation (Landis & Koch, 1977). We 

report the linearly weighted figure as the headline because the label scale is ordinal: 

unweighted kappa penalises a supported/partially-supported near-miss as heavily as a 
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supported/unsupported inversion, and so understates real agreement. There were no 

inversions: no item on which one annotator recorded supported and the other unsupported. 

The fifteen disagreements were all a single step apart on the ordinal scale and were settled by 

discussion into the consensus set used throughout. 

3.3.4 Detection signals 

All signals are oriented so that a higher value means more supported; the detection score for 

the unsupported class is therefore the negated signal. 

Log-probability. Mean, minimum and standard deviation of token log-probability over the 

greedy generation, taken directly from the generator at no additional inference cost. We also 

record answer token count, because mean log-probability is length-dependent and without the 

covariate a confidence effect cannot be distinguished from a length effect. 

Self-consistency. Five additional samples per query at temperature 0.7. Agreement is scored 

by mutual entailment across all ten sample pairs in both directions, averaging the two 

directions so that one-way entailment from a more specific answer does not register as full 

agreement. An embedding-cosine variant is also computed; it is substantially cheaper but blind 

to negation. 

NLI entailment. A deberta-v3-base cross-encoder (He, Liu, Gao, & Chen, 2021) fine-tuned for 

NLI scores the answer against its context. Rather than scoring the answer against the whole 

abstract, we apply sentence-level chunking following Laban et al. (2022): the context is split 

into sentences and the answer into claims, an entailment matrix is computed over all pairs, and 

per-claim scores are taken as the maximum over context sentences. 

We aggregate across claims by mean rather than the stricter minimum. The minimum variant, 

which was the natural choice and our initial default, proved unusable, saturating near zero for 

nearly every item including correctly answered ones. The cause is claim granularity rather than 

any defect in the model. Sentence-level “claims” produced by an LLM are compound, mixing 

supported content with unsupported elaboration, and NLI correctly marks an entire sentence 

non-entailed if any part of it is unsupported. Against the premise “RGB divides the instances … 

into 4 separate testbeds”, the claim “The RGB divides the instances … into four separate 

testbeds, allowing for a systematic investigation of how well the models perform in each area” 

scores neutral 1.000 and entailment 0.000; the same claim truncated before the trailing 

subordinate clause scores entailment 0.997. Atomic-fact decomposition (Min et al., 2023) is 

the principled remedy and is left to future work. Both aggregations are reported so that the 

collapse is visible rather than hidden. 
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Non-contradiction. The same forward passes, reading the contradiction column instead. 

Entailment alone conflates two failures the label scheme separates: content that is merely 

unsupported (NLI neutral) and content the context actively denies (NLI contradiction). We 

record 1 − max contradiction over claims. 

Near-free baseline. Embedding cosine similarity and ROUGE-L recall between answer and 

context. This costs almost nothing and exists to establish whether the more expensive signals 

earn their cost. 

3.3.5 Evaluation protocol 

The three-point labels are collapsed to a binary supported/unsupported target. The mapping 

of partially supported (default: unsupported) and of abstentions (default: supported) is 

exposed as an analysis flag, and headline results are re-run under the alternatives as a 

robustness check. 

Threshold-free metrics are primary. We report AUROC and average precision per signal with 

95% confidence intervals from 1,000-resample bootstrapping. Sweeping thresholds over the 

full dataset and reporting the maximum F1 selects a parameter on the evaluation data and is 

optimistically biased; we therefore report F1 from stratified k-fold cross-validation, choosing 

the threshold on training folds and measuring on held-out folds. 

The significance threshold is α = 0.05 throughout, and we apply it to the paired signal 

comparisons rather than to the marginal intervals, since every signal is computed on the same 

items. Given the dataset size the marginal intervals are wide, and we treat overlapping 

intervals as a failure to distinguish two signals rather than as a ranking. Analyses were run in 

Python 3.12.0 with scikit-learn 1.9.0, SciPy 1.18.1 and NumPy 2.5.2; signal scoring used 

PyTorch 2.6.0 (CUDA 12.4), transformers 4.57.6 and sentence-transformers 5.7.0; generation 

and the judge arm used Ollama 0.32.15 with the models listed in Table 1. 

Two reference arms bound the comparison: a cross-validated logistic regression over the 

primary signals, and an LLM-as-judge baseline in which the local 7B model is given the same 

three-point rubric as the human annotators. The judge is run under two prompt variants 

differing only in how prominently the abstention rule is stated. Both are reported; selecting 

whichever scored better would convert a finding into a hidden researcher degree of freedom. 

3.3.4 Implementation and hardware 

The 6 GB budget cannot hold the generator and the scoring models at once, so models are 

loaded strictly one at a time and each is freed before the next. This constraint shapes the 
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pipeline into discrete stages communicating through files on disk, which has the incidental 

benefit of making every stage independently re-runnable. 

Table 1. Experimental configuration. 

Component Choice VRAM 

Hardware Single NVIDIA RTX 3060, 6 GB — 

Retriever all-MiniLM-L6-v2 0.4 GB 

Generator Qwen2.5-7B-Instruct, Q4_K_M, 

via Ollama 

4.7 GB 

NLI model nli-deberta-v3-base (≈184M) 0.8 GB 

Judge baseline Qwen2.5-7B-Instruct, two prompt 

variants 

4.7 GB 

Corpus 50 arXiv abstracts, six queries, 

cs.CL 

— 

QA pairs 150 (three templates × 50 

abstracts) 

— 

Self-consistency samples N = 5 at temperature 0.7 — 

Total generations 900 — 

Note. VRAM = video memory required to hold the model. Q4_K_M denotes 4-bit quantisation. NLI = natural language inference. 

One caveat affects the cost figures. The laptop GPU used here is firmware-limited to a 20W 

board power budget against an 80W default, holding the SM clock at 210 MHz of a possible 

2100 MHz even at full utilisation; a raw fp16 matrix multiply benchmarks at 2.96 TFLOP s⁻¹ 

against the 15–20 expected of this part. Generation accordingly took 15.6 h at a median of 327 

s per item, rather than the roughly 50 min the hardware should support. This affects wall-clock 

cost only, not any reported accuracy. Because all signals were timed on the same machine, 

their relative ordering is unaffected, but absolute latencies should be read as upper bounds. 

The gap between the CPU-side log-probability computation and the GPU-bound NLI models is, 

if anything, understated. 

Random seeds are fixed throughout. The greedy pass is decoded at temperature 0 and the five 

sampled passes use fixed, distinct seeds. The resolved configuration of every run is written to 

disk, as are the exact arXiv queries and fetch date; because arXiv relevance ranking drifts, the 

corpus file itself rather than the query is the artifact of record. 
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3.5 Ethics 
Not applicable. This study involved no human participants, no identifiable personal data, and 

no animals, and therefore did not require ethical approval. The only human input was the 

annotation of model-generated text by the authors themselves. No data were collected from 

or about any person, no participants were recruited, and the annotators functioned as 

instruments of measurement rather than as subjects of study. 

4. Results 

4.1 Dataset composition 

The consensus label set contains 101 supported, 29 partially supported and 20 unsupported 

items. Under the default binarisation this gives 41 unsupported against 109 supported. 

Retrieval succeeded on 97 of the 100 items that used it. 

Abstention rates differ sharply by condition, and the pattern is itself a result. No well-

supported item produced a refusal. Under partial support the rate was 30.8%, and under poor 

support 40.0%, for an overall rate of 18.7%. The model, in other words, frequently notices 

when it has been handed the wrong document and says so. We return to the consequences of 

this in Section 5. 

4.2 Detection performance 

Table 2 gives the main result. The ordering is not the one we expected. 

 

Figure 1. Left: detection performance with 95% bootstrap confidence intervals. Centre: cross-

validated F1 by retrieval condition. Right: the accuracy–cost relationship, with per-query 

latency on a log scale. The rightmost panel is the paper's central observation: the points do not 

trend upward, and the leading signal sits at the extreme left of the cost axis. 

Table 2. Detection of unsupported answers, n = 150, 41 positive. 
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Signal AUROC 95% CI AUPRC F1 (cv) Cost (ms) 

LogProb (mean) 0.849 [0.76, 0.91] 0.717 0.685 0.02 

Baseline 

(ROUGE-L) 

0.837 [0.76, 0.90] 0.615 0.661 41.5 

Combined (LR) 0.835 [0.74, 0.91] 0.728 0.658 — 

LogProb (min) 0.822 [0.73, 0.89] 0.665 0.598 0.02 

Baseline 

(cosine) 

0.736 [0.65, 0.81] 0.430 0.616 41.5 

NLI entail (min) 0.717 [0.62, 0.80] 0.490 0.482 2597 

Self-

consistency 

0.673 [0.57, 0.76] 0.412 0.505 3185 

NLI entail 

(mean) 

0.669 [0.58, 0.75] 0.445 0.499 2597 

NLI entail 

(whole) 

0.615 [0.51, 0.71] 0.383 0.424 2597 

NLI non-

contradict 

0.543 [0.43, 0.64] 0.320 0.450 2597 

Judge (7B, v1) — — — 0.589 4982 

Judge (7B, v2) — — — 0.571 4632 

Note. AUROC = area under the receiver operating characteristic curve; AUPRC = area under the precision–recall curve; 

F1 (cv) = F1 from stratified k-fold cross-validation with the threshold fitted on training folds; CI = bootstrap confidence 

interval. Cost is mean wall-clock time per query on the hardware of Table 1. Bold marks the best value in its column. 

AUROC is undefined for the judge arms, which emit hard labels rather than a score. 

Mean token log-probability is the strongest single signal at AUROC 0.849, and it is free, at 0.02 

ms, essentially the cost of averaging a list of numbers the generator has already produced. The 

NLI cross-encoder, at 2.6 s per query, reaches 0.669. Self-consistency, the most expensive 

signal at 3.2 s, reaches 0.673. 

Because every signal is computed on the same items, the appropriate comparison is a paired 

bootstrap of the AUROC difference rather than an inspection of separate intervals, which is 

both indirect and underpowered. Over 2,000 paired resamples, log-probability exceeds NLI-

mean by Δ = 0.180 (95% CI [0.073, 0.279], p < 0.001) and self-consistency by Δ = 0.177 ([0.054, 

0.291], p = 0.002). Its advantage over ROUGE-L is Δ = 0.013 ([−0.039, 0.064], p = 0.62), which is 
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no advantage at all. We therefore treat the gap to the two expensive signals as established and 

the gap to the lexical baseline as absent: the correct reading is that the two cheapest signals 

are jointly ahead, not that log-probability alone leads. 

The judge arm is the reference point the cheap signals were meant to be compared against, and 

it does not perform the role well. Its F1 of 0.589 is below the free signal's 0.685, at roughly 

200,000 times the cost, and its binary agreement with the human consensus is only 0.693. The 

hardened second prompt performed marginally worse than the first. 

Figure 1 plots the same data against cost. If detection quality were purchased with compute, 

the rightmost panel would trend upward; it does not. The two cheapest signals occupy the top 

of the accuracy axis and the far left of the cost axis simultaneously. 

The combined logistic regression (0.835) does not improve on its best component. With four 

correlated features and 150 items this is unsurprising, but it is worth stating: on this data there 

is no combination bonus to be had. 

4.3 Robustness to the binarisation choice 

Collapsing three labels to two involves two decisions, so we repeated the analysis under all 

nine combinations of the partially supported and abstention mappings. Log-probability ranges 

from 0.850 to 0.979 across them and exceeds NLI-mean under every one. The configuration 

reported above, in which partial items count as unsupported and abstentions as supported, is 

the one under which our headline figure is lowest; treating partial items as supported raises it 

to 0.923, and excluding both ambiguous categories raises it to 0.979 on the 100 items that 

remain. We report the least favourable mapping as the default because it is the most 

conservative, not because it flatters the result. 

4.4 Is the signal merely detecting refusals? 

Twenty-eight items are abstentions, which the default mapping counts as supported, and they 

concentrate in the poorly-supported condition. This admits an alternative explanation: if 

refusals are formulaic and therefore highly predictable text, log-probability might be 

separating refusals from non-refusals rather than grounded answers from ungrounded ones. 

It is not. Used to discriminate abstentions from everything else, log-probability achieves 

AUROC 0.309, meaning refusals are if anything less predictable than other answers. Removing 

abstentions from the evaluation entirely leaves 122 items and raises log-probability's AUROC 

from 0.850 to 0.907; NLI-mean rises to 0.777 and the ordering is unchanged. The signal is not a 
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refusal detector in disguise, and its performance does not depend on the abstention 

convention. 

4.5 Is this just answer length? 

Mean log-probability is length-dependent by construction, so the leading result requires a 

check. Answer length alone reaches AUROC 0.724, and correlates with mean log-probability 

at r = −0.50. Length is therefore a genuine partial confound. 

It does not, however, account for the effect: stratifying into length terciles, log-probability 

retains AUROC 0.729, 0.788 and 0.861 within bands. Unsupported answers are both longer 

(207 against 162 tokens) and less confident (−0.240 against −0.160), which is consistent with a 

model that hedges and elaborates when it cannot ground itself. 

4.6 Breakdown by retrieval condition 

Table 3. AUROC by retrieval condition. 

Signal Well (n=74) Partial (n=26) Poor (n=50) 

LogProb (mean) 0.754 0.851 0.852 

LogProb (min) 0.798 0.827 0.784 

Baseline (ROUGE-L) 0.821 0.979 0.770 

Baseline (cosine) 0.634 0.803 0.563 

NLI entail (min) 0.600 0.690 0.740 

NLI entail (mean) 0.587 0.648 0.531 

Self-consistency 0.592 0.785 0.674 

NLI non-contradict 0.570 0.488 0.431 

Note. AUROC = area under the receiver operating characteristic curve. Well, Partial and Poor denote the well-supported, 

partially supported and poorly supported retrieval conditions of Section 3.3.2. Bold marks the best signal within a column. 

Table 3 breaks performance down by retrieval condition. Log-probability is the most stable 

signal, varying only between 0.754 and 0.852. Most others move considerably more. ROUGE-L 

reaches 0.979 on partially supported items, where the retrieved abstract is correct but silent 

on the specific fact asked for; in that setting a model that fabricates has little context wording 

to reuse, and lexical overlap separates the classes almost perfectly. The sample is small (n = 26, 

12 positive) and the figure should be read with that in mind. 
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The non-contradiction signal falls below chance in two of the three conditions. We had 

expected it to help, on the reasoning that the neutral/contradiction distinction maps onto the 

partially/fully unsupported distinction in our label scheme. It does not. 

Splitting the poorly-supported condition by distractor difficulty shows a smaller effect than 

anticipated. Log-probability scores 0.826 on hard (same-subfield) negatives against 0.860 on 

easy ones; NLI-min moves further, 0.638 against 0.806. With 25 items per cell the intervals are 

very wide and we draw no strong conclusion, other than that the cheap signal appears less 

sensitive to distractor difficulty than the expensive one. 

5. Discussion 

5.1 Why the cheap signal wins? 

The result is easier to accept once one is precise about what mean log-probability measures. It 

is not a measure of truth, and not really a measure of grounding either. It measures how 

predictable the generated tokens were given the prompt. When a relevant document sits in 

the prompt, the most predictable continuation is one that reuses it. Copying is cheap in log-

probability terms; composing from parametric memory is not. 

We should be clear that this is an explanation consistent with the data rather than one we have 

tested. Measuring lexical overlap between each answer and its context, and asking whether 

that overlap mediates the relationship between log-probability and the label, would test it 

directly; we have not done so, and the strong showing of ROUGE-L, which measures precisely 

that overlap, is at least suggestive. If the account is right it also identifies the signal's main 

limitation. On this data it works because ungrounded answers are ones the model had to 

compose rather than copy. A hallucination that closely mirrors the wording of the retrieved 

passage while altering its substance would likely evade it. Our distractor conditions do not 

produce many such cases, and a dataset built to contain them would probably show a different 

ordering. 

The corollary for the NLI signal is less comfortable. It underperforms not because the model is 

weak (on controlled pairs it behaves exactly as documented) but because the unit it is asked to 

score does not match the unit LLMs produce. Model answers are long, compound sentences 

that interleave supported content with unsupported elaboration, and sentence-level NLI has 

no way to report “three-quarters of this is fine”. The min aggregation collapses to zero and the 

mean aggregation dilutes real violations. This is a solved problem in principle: atomic-fact 

decomposition (Min et al., 2023) exists precisely for it. What our result adds is a cost argument. 
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Once the decomposition step is included, the NLI approach is not a cheap signal at all, and it 

must be compared against a free one that already performs better. 

5.2 Retrieval failure produces refusal, not fabrication 

Our strongest manipulation did not do what it was designed to do. Under poor support the 

model refused 40% of the time, and no well-supported item produced a refusal at all. Given the 

wrong document, Qwen2.5-7B usually notices and says so. 

This is partly an artifact of our design. Because the question names the target paper, the model 

can compare the requested title against the supplied context and detect the substitution. The 

earlier deictic phrasing made that impossible, but it also made retrieval impossible, so the two 

are not independent choices. Any design in which the query is specific enough to retrieve is 

also specific enough to make a mismatch detectable. 

The consequence is that our positive class is smaller and less adversarial than intended, and 

that abstention handling is an analysis flag rather than a convention. It also suggests that for 

the wrong-document failure mode specifically, a well-behaved instruction-tuned model may 

need less external checking than assumed, with the interesting residue being the minority of 

cases where it fails to notice. 

5.3 The judge is not a reliable ceiling 

We included an LLM judge as the expensive arm of the cost analysis, expecting it to bound 

what the cheap signals could achieve. It agreed with the human consensus only 69.3% of the 

time and scored below the free signal. 

More instructive is a specific failure. Our judge prompt states explicitly that an answer 

correctly declining to answer counts as supported, since it asserts nothing the context fails to 

back. Across the 40 refusal-style answers in the data, the judge applied that rule zero times. 

To distinguish a property of the judge from an artifact of our prompt, we re-ran the full set with 

a second prompt in which the rubric is unchanged but the abstention rule is lifted out of the 

label definition into its own paragraph, given worked examples, and stated as a prohibition. 

Compliance moved from 0/40 to 1/40, while verdicts on the 110 non-refusal answers were 

essentially unchanged. The second prompt did not alter behaviour broadly; it specifically failed 

to move the cases its added rule governs. 

We read this as a limitation of LLM-as-judge rather than a prompt-engineering shortfall: where 

a rubric and the model's prior disagree, the prior wins, and further instruction does not recover 

it. This bears on the framing of the paper. The usual argument for cheap signals is cost. This 
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suggests a second axis. A prompted judge can misread a rubric silently and systematically, 

whereas a mechanical signal has no rubric to misread: it emits a number, and the mapping from 

that number to a decision is the experimenter's, inspectable and adjustable after the fact. The 

judge's failure here was invisible without exactly the kind of audit we happened to perform. 

5.4 Practical recommendation 

For a team deploying RAG on constrained hardware, the ordering in Table 2 suggests a 

straightforward policy: compute the free signals first. Mean token log-probability and ROUGE-

L recall against the context together cost under 50 ms and, on this data, outperform everything 

more expensive. 

To make that actionable, an operating point is needed rather than an AUROC. Our cross-

validated threshold flags an answer when its mean token log-probability falls below −0.213, 

giving precision 0.69 and recall 0.71 while flagging roughly a quarter of answers for review. A 

deployment prioritising coverage over reviewer effort can move the threshold to −0.196 for 

80% recall at precision 0.56, flagging 38% of answers. These thresholds are properties of this 

generator and this corpus and should be re-fitted rather than transferred; what transfers is the 

procedure of fitting them on held-out data, which costs one pass over a labelled sample and no 

additional inference. Whether that ordering holds on data containing context-mimicking 

hallucinations is an open question, and the honest form of the recommendation is to measure 

the free signals on one's own data before provisioning a judge, rather than assuming, as the 

literature's framing invites, that detection quality must be purchased. 

5.5 Limitations 

Sample size. With 150 items and 41 positives, confidence intervals are wide and small 

differences between signals are not resolvable. We report intervals throughout and treat 

overlapping ones as inconclusive. The per-condition and per-distractor breakdowns rest on 

25–74 items each and are correspondingly weaker. 

Clustered items. The 150 questions derive from only 50 abstracts, three per paper, so items 

sharing a source are not independent. The effective sample size lies somewhere between 50 

and 150, which is a further reason to prefer the bootstrap intervals over point estimates. 

A single generator. All signals are measured against one 7B model at one quantisation level. 

Signal behaviour plausibly depends on scale and calibration, and log-probability in particular is 

a property of the specific decoder. We do not vary this. 
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The log-probability result may not transfer. As argued in Section 5, the signal appears to work 

here because ungrounded answers were composed rather than copied. A dataset built to 

contain fluent, context-mimicking fabrications would test this directly, and we would not 

expect the ordering to survive unchanged. 

Claim granularity. We decompose answers into sentences, but LLM sentences are compound 

and NLI marks a whole sentence non-entailed if any clause is unsupported. This is why the 

strict aggregation collapses and why even the mean variant is probably pessimistic on correct 

answers. Atomic-fact decomposition would give a cleaner measurement; we did not implement 

it. 

The poorly-supported condition is milder than intended. Because the model can detect the 

paper substitution, that condition yields a high rate of appropriate refusal rather than 

fabrication. Results should not be read as characterising signal behaviour under undetectable 

retrieval failure, which is a harder and arguably more realistic setting. 

A partly circular criterion. Our annotation criterion asks whether the context supports the 

answer's claims, which is close to what an NLI model computes. Had the NLI signal performed 

well, that closeness would warrant caution. It performed poorly, so the concern does not arise 

in this instance, but it would apply to any future work that improves the decomposition. 

Hardware. Latency was measured on a single power-limited consumer GPU running at roughly 

a fifth of its rated throughput. Relative ordering across signals is unaffected, since all were 

timed identically, but absolute figures are upper bounds. 

6. Conclusion 

We compared three inference-time hallucination-detection signals on a 150-item RAG 

benchmark under a strict hardware constraint, measuring cost alongside accuracy. On our 

data the ordering runs opposite to the one the literature's framing implies. Mean token log-

probability, which is free and requires nothing beyond numbers the generator already 

computes, led on AUROC at 0.849 and beat both expensive signals by a paired margin of 

roughly 0.18 (p ≤ 0.002), while an NLI cross-encoder reached 0.669 at 2.6 s per query and a 7B 

LLM judge scored a lower F1 than the free signal at 5.0 s, agreeing with human annotators only 

69.3% of the time. It was not, however, distinguishable from a 41 ms lexical baseline, so the 

finding is better stated as cheap signals outperforming expensive ones than as any single signal 

winning. 

145



INTERNATIONAL COLLEGIATE RESEARCH REVIEW  
 

 

 ICRRJOURNAL.COM 

We do not claim log-probability is a better hallucination detector in general. The mechanism 

we propose, that it separates copied text from composed text, predicts that it should fail on 

fabrications which mimic the retrieved context closely, and our data contains few of those. 

What we do claim is narrower and, we think, more useful: that the assumption of a monotonic 

relationship between detector cost and detector quality does not survive measurement, at 

least here, and that a team building a RAG system should measure the free signals on their own 

data before provisioning anything larger. 

Two further findings emerged that we did not set out to test. A well-behaved instruction-tuned 

model refuses rather than fabricates in a substantial fraction of wrong-document cases, which 

shifts where detection effort is best spent. And an LLM judge violated an explicit, repeatedly 

emphasised instruction in its own rubric on essentially every applicable case, a reminder that a 

judge baseline is an object of study rather than a source of truth. 

Future work should test the log-probability result against adversarially context-mimicking 

hallucinations, implement atomic-fact decomposition so that the NLI comparison is a fair one, 

and repeat the comparison across generator scales, since a signal read off a decoder's own 

probabilities is unlikely to behave identically across model sizes. 
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A B S T R A C T  

Multichannel telecommunication systems (MCTS) underpin modern communication infrastructure by 

enabling the simultaneous, independent transmission of N signals over a single physical propagation 

medium. This article sets out the working principles of MCTS, from the conversion of individual message 

signals into channel signals by end-station modulators to their combination into a single group signal by 

a combining device. It then develops a mathematical model of the distortions this group signal 

accumulates as it travels through the communication channel: linear distortion, described through the 

Duhamel (convolution) integral of the channel's impulse response, and nonlinear distortion, expressed 

as a power series in the signal amplitude, together with an additive interference term. The model shows 

how the signal recovered at the receiving station diverges from the transmitted group signal as a 

function of these three contributions. The article closes by distinguishing the two channel-division 

strategies used to implement MCTS in practice: frequency division, characteristic of analog systems, and 

time division, characteristic of digital systems. The analysis is theoretical and draws on established 

formalisms rather than new experimental data; it is intended as a concise mathematical reference for 

the distortion mechanisms that channel-division system designs must contend with. 
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1. Introduction 

The development of the information society requires the fast, reliable, and large-scale transmission of 

information, and telecommunication systems are the switching and transmission infrastructure through 

which this is achieved. Symmetrical, coaxial, and optical cables, together with radio-relay and open-air 

radio links, are the propagation media most widely used for this purpose. Because the capital cost of 

installing and operating cable and radio-relay lines is high, it is necessary to use the capacity of each 

physical circuit as efficiently as possible. This is achieved by transmitting a large number of independent 

signals, N, simultaneously and independently of one another over a single communication line — a set 

of technical means referred to here as a multichannel telecommunication system (MCTS). 

An MCTS is composed of end stations (transmitting and receiving) and intermediate stations, connected 

by the propagation medium (Figure 1). In transmission, the group signal formed at the end station is 

affected by linear and nonlinear distortions as it passes through the system's elements, and by 

interference from an obstacle signal, so that the signal arriving at the receiving station differs from the 

signal that was transmitted. What is presently missing from most applied treatments of MCTS is a 

compact mathematical account of how these three sources of degradation — linear distortion, 

nonlinear distortion, and interference — combine to alter the transmitted signal. 

This article addresses that gap and asks: how can the linear distortion, nonlinear distortion, and 

interference experienced by a multiplexed group signal in an MCTS be expressed within a single 

mathematical model, and how does the resulting model relate to the two principal channel-division 

strategies — frequency division (analog systems) and time division (digital systems) — used to 

implement such systems? 

2. Background and literature 

Existing research on multichannel telecommunication systems clusters around four themes. A first group 

of studies develops reliability and quality-of-service (QoS) models for multi-service networks: Rustamova 

and colleagues (2025) propose a mathematical model of reliability and efficiency indicators for Next 
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Generation Networks (NGN), underlining the continuing relevance of multichannel principles to modern 

network architectures. A second group examines the analog-to-digital transition itself: Mejaii and 

colleagues (2025) analyze how moving communication technologies from analog to digital systems 

improves signal integrity, security, and fault tolerance. A third group compares channel-division and 

compression techniques empirically: Durdyhammedov and colleagues (2024) compare frequency-

division, time-division, and related multiplexing methods (FDM, TDM, DMDM) and report throughput 

gains in optical systems. A fourth group looks beyond the physical layer to network-management 

architecture: Mchelidze and Bakhtiyarov (2019) analyze the reliability of multi-service corporate 

networks built on Software-Defined Networking (SDN). 

Read together, these studies show that MCTS research is progressing on two fronts at once — the 

channel-division principle itself, and the quality and reliability indicators used to evaluate systems built 

on it — but they treat the resulting signal distortions largely as an empirical or architectural outcome 

rather than as an explicit mathematical object. What is missing is a single, general expression that ties 

the group signal produced by the combining stage to the linear distortion, nonlinear distortion, and 

interference it accumulates before reception. That gap is addressed in Section 3. 

3. Methods 

3.1 Design 

This is a theoretical–analytical paper rather than an empirical study: it involves no participants,   

The derivation in Section 3 yields a single expression, Eq. (4), that separates the degradation of a 

multiplexed group signal into three additive, independently interpretable terms: a linear component 

L[u(t)], recoverable in principle by an inverse filter matched to g_L(t); a nonlinear component Z[u(t)], 

whose severity grows with the amplitude-dependent terms aᵢuⁱ(t); and an interference component 

u_M(t), which is independent of the transmitted signal altogether. 

Because the model does not fix numerical values for g_L(t) or aᵢ, no quantitative comparison of 

distortion magnitude is offered here; the result is the structural decomposition itself (Eqs. 4–6), together 

with the system architecture of Figure 1, which locates each term at the physical stage of the MCTS at 

which it arises. Table 1 summarizes, qualitatively, how the two channel-division strategies discussed in 

Section 2 instantiate this general architecture. 
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Table 1. Qualitative comparison of the two channel-division strategies used to implement multichannel 

telecommunication systems, based on the discussion in Section 5. 

Characteristic Frequency division (analog systems) Time division (digital systems) 

Channel-division 

principle 

Signals separated by frequency band Signals separated by time slot 

Signal domain Continuous (analog waveform) Discrete (sampled and coded) 

Main vulnerability High sensitivity to nonlinear 

distortion, Z[u(t)], accumulated at 

intermediate stations 

Requires additional processing 

overhead for sampling and coding, 

but Z[u(t)] can be estimated and 

corrected digitally 

 

Figure 1. Simplified structural diagram of a multichannel telecommunication system. Individual message 

signals cᵢ(t) are converted to channel signals uᵢ(t) by modulators Mᵢ, combined into the group signal u(t) 

by the combining device (BQ), transmitted through the channel circuit with additive interference u_M(t), 

and recovered at the receiving terminal station by the separating device (AQ) and demodulators DMᵢ. 

Adapted from the source manuscript's Figure 1.1. 
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5. Discussion 

The model developed in Section 3 answers the research question by showing that the distortion 

experienced by a multiplexed group signal in an MCTS can be written as the sum of three separable 

terms — linear distortion, nonlinear distortion, and interference (Eq. 4) — and that this decomposition 

holds regardless of whether the channel-division principle used to implement the system is frequency-

based (analog) or time-based (digital). 

This result is consistent with, and gives a mathematical grounding to, the qualitative claims in the 

literature reviewed in Section 2. It supports Mejaii and colleagues' (2025) argument that digital (time-

division) implementations are better positioned to counter nonlinear distortion, because the Z[u(t)] 

term in Eqs. (4) and (6) can be estimated and corrected numerically once the signal is in discrete form — 

an option not available to analog (frequency-division) systems, where aᵢuⁱ(t) accumulates directly on the 

continuous waveform. It also complements Durdyhammedov and colleagues' (2024) comparative 

throughput findings by identifying the specific term, Z[u(t)], most plausibly responsible for the quality 

loss their measurements report. 

The main limitation of the model is one this article shares with the broader literature it draws on: it 

characterizes distortion structurally rather than predictively. Because g_L(t) and the coefficients aᵢ are 

left general, the model cannot, on its own, forecast how much a given cable, radio-relay link, or 

intermediate amplifier will degrade a signal; that requires channel-specific measurement, which this 

theoretical paper does not undertake. A second limitation is that the interference term u_M(t) is treated 

as an arbitrary additive signal rather than derived from a stochastic noise model, so the analysis says 

nothing about how distortion interacts with random channel noise statistically. 

6. Conclusion 

Multichannel telecommunication systems make efficient use of costly physical transmission 

infrastructure by carrying N independent signals over a single circuit. This article has shown that the 

resulting group signal's departure from what was transmitted can be expressed as the sum of a linear 

distortion term, a nonlinear distortion term, and an interference term, and that this expression applies 

equally to frequency-division (analog) and time-division (digital) implementations. 
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What was not previously brought together was how these three sources of signal degradation could be 

expressed within one general model independent of the specific channel-division technology used. The 

model presented here supplies that expression and identifies the nonlinear term as the one most 

amenable to correction once a system has moved to a digital, time-division architecture. 

Future work should attach concrete values of the impulse response and nonlinearity coefficients to this 

model for specific channels, and evaluate digital signal processing techniques for reducing the nonlinear 

term in real time — an extension outside the theoretical scope of this article. 
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