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Abstract
A chaotic oscillator has been designed based on a Sallen Key-type high-pass filter
(HPF). TheHPF has been converted to a chaotic oscillator using a parallel combination
of a PN junction diode as a nonlinear element and an inductor as an energy storage
element. The dynamics of the proposed system has been simulated numerically using
fourth-order Runge–Kutta method. The circuit exhibits period-doubling route to chaos
as well as period-adding route to chaos depending on the choice of system parameters.
Striking features like antimonotonicity and coexistence of attractors are also observed.
Bifurcation diagram, phase plane plots and spectrumofLyapunov exponents have been
employed to describe the chaotic behavior of the system. A hardware experiment has
been carried out to verify the same in the laboratory using off-the-shelf components.

Keywords High-pass filter · Diode–inductor composite · Chaotic oscillator ·
Period-adding and period-doubling bifurcation · Antimonotonicity · Coexisting
attractors
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Mothers and Daughters: Reclaiming the Besieged Body of Woman in Ashapurna Debi’s 

Trilogy 

 

                                                 By Subhadeep Ray1 and Goutam Karmakar2 

 

 

Abstract 

This paper offers a close reading of the intergenerational trilogy by Ashapurna Debi, 

one of the first-canonized women-novelists of post-independence India: Pratham Pratisruti 

(The First Promise), 1965, Subarnalata, 1967, and Bakul Katha (Bakul’s Story), 1974. 

Reconstituting a history of almost two centuries and countering the colonial/postcolonial grand 

narratives, these novels act as a saga of Bengali Hindu lower and middle-class women’s plight 

under and resistance against a patriarchal social order operating at the most intimate levels of 

domestic relationships. Ashapurna Debi’s treatment of the intricacies of gender inequality and 

a woman’s response to the violence inflicted on her body in one of the centres of South-Asian 

modernity and its vicinity intervenes crucially in the twentieth century feminist discourse. At 

the same time, her narrative closely follows a promise, accompanied by a sense of commitment 

and responsibility, handed over from mother to daughter to granddaughter to rise as self-

conscious individual subjects by overcoming personal and social reservations and taboos. This 

paper, therefore, examines the micro-physics of power exercised in gender relations as evident 

in the concerned trilogy. It focuses on the performing bodies of women amidst all sorts of 

physical and psychological oppressions and how they provide a critique of the broader aspects 

of social change, like reform and nationalist movements. While considering the intersections 

between the poststructuralist gender studies in the West—developed as a sustained critique of 

the mechanism of modern power being proposed by Michel Foucault among others—and 

Ashapurna Debi’s observations, this paper theoretically emphasizes how the factors of 
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contingency in Bengali women’s lives posit new insights into what, after Judith Butler, may be 

called “gender trouble” as they undo many of the morally ordered gender roles. 

Keywords: Ashapurna Debi, Violence, Body, Performativity, South Asian feminism 

 

Introduction: The Familiar is Political  

Journals of Dorothy Wordsworth was published in two volumes in 18971, and in his 

editorial preface, William Knight writes rather dismissively: 

 

All the journals contain numerous trivial details, which bear ample 

witness to the “plain living and high thinking” of the Wordsworth 

household–an in this edition, samples of these details are given–but 

there is no need to record all the cases in which the sister wrote, “To-

day I mended William’s shirts”, or “William gathered sticks”, or “I went 

in search of eggs”, etc. etc. (qtd. in Kimber, 2021) 

 

An interesting story concerning the problematic relationship between the writer, the editor, and 

the reader follows. Next to Knight’s above remark in the margin of Katherine Mansfield’s 

personal copy, the following words are found to be scribbled: “There is! Fool!” (Kimber, 2021). 

Mansfield’s sharp refusal of Knight’s reservation regarding Dorothy’s inclusion of all the 

details of daily life shifts the attention to those very performances that link ontological queries 

and epistemological self-reflections within the feminist discourse. Marginalization of women 

being a global phenomenon incites a counter-movement on a global scale that recognizes the 

politics of the intimate and familiar relationships. Simultaneously, as Peace A. Medie and Alice 

J. Kang argue,  

 

dominant scholarships on women, gender and politics, produced mostly 

but not exclusively by Western feminists and other scholars in the 

Global North, needs to examine a broader range of variables that may 

be independent and interactive causes of gender inequality and 

discrimination against women. (2018, p. 38) 

 

Thus, in the case of a woman, devoid of Dorothy’s type of socio-cultural upbringing and 

positioned in the post/colonial hinterland of South-Asia, it is through a dense network of 

repetitive trivial performances that the body is gendered, and any attempt to subvert any norm 

of the ‘socially acceptable’ set of performances is treated with disciplinary coercion. The trivia 

is also being energised by a self-conscious female subject in order to interrogate what Michel 

Foucault refers to as the “microphysics of power” (2008, p. 33) and participate in resisting the 

institutionalised regulations of the female body. That the enacting of the personal and familiar 

domestic world by anonymous women turns it into the political is succinctly suggested by one 

of the first canonised woman-authors of Independent India, Ashapurna Debi (1909-1995)2 in 

the author’s preface to the first novel of her intergenerational trilogy, which is a saga of the 

plight of Bengali woman, Pratham Pratisruti (The First Promise), 19653, Subarnalata, 1967, 

and Bakul Katha (Bakul’s Story), 1974:  

 

The history of times past is made up of stories about the rise and fall of 

the public world. And that restless, clamorous history written against a 

backdrop of light and darkness holds out inspiration, ardour and 

excitement for the future. But is not the mute, domestic space similarly 
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broken and built? From which flows forth the changing colours of a 

community, an age, and people’s mentalities? (2004, p. xxxix)4 

The present paper offers an engaged reading of the above trilogy, which, as a seminal literary 

text of the post-WWII South-Asian women’s writings, focuses on the intersecting experiences 

of mothers and daughters of patriarchal oppression and violence. Ashapurna’s work anticipates 

the recent examinations of how violence and the threat of violence in a patriarchal society 

constrain the actions of women, harming the victims and benefiting the correlative privileged 

social groups. The trilogy in question demonstrates how women as a group are not only 

oppressed materially through violence, but there is always a credible, psychologically operating 

threat of greater harm, effectively transmitted to their physical and mental beings by obvious 

hurts – such as social ostracism of female kin (Cudd, 2006). Simultaneously, the trilogy focuses 

on the changing means, causes, and effects of women’s interrelated rebellions and self-

explorations towards empowerment over generations from within the domain of intimate 

relationships, set against a huge canvas of the rise and fall of colonial and early post-colonial 

social institutions. In the course of its epical journey, Ashapurna’s narrative covers the crucial 

phases of the establishment of British imperial rule, followed by the introduction of English 

education, displacing the Persian and native codes of teachings, and the Western medical 

system in place of the indigenous treatments, social reforms, diverging nationalist struggles 

with their iconic nation-mother correlations, the turn of the century women’s movements 

culminating in the formation of women’s organisations like the All India Women’s Conference 

in 1927, the independence and accompanying catastrophes, and the initial hopes and despairs 

of India as a nation-state.5 The three concerned novels thus provide three interlocked but 

independent reflections on a long course of history. They reconstitute the cultural modernity of 

Bengal, in particular, and the sub-continent, in general, by prioritizing women’s experience to 

explore the micro-politics of gender relations and gender oppressions. Ashapurna Debi’s 

inscription of “the nerve-raking stresses and strains of day-to-day living” (Rangra, 1989, p. 71) 

in her texts forms her specific contributions to South-Asian feminist thought. 

Ashapurna Debi’s radical intervention in the Bengali literary culture is characterized 

by a self-reflective narrative stance, in which the successor mirrors the precursor and vice 

versa, and they are mutually committed to each other by an emotional, physical, and intellectual 

bonding. Thus, the first novel that is centered around the character of Satyabati significantly 

opens with a disclaimer on the part of the third-person narrator, that she came to know about 

Satyabati’s story only from the notebook of Bakul, who is Satyabati’s granddaughter. Bakul, a 

reputed author of new India in the third book, is in quest of a self-realization that may relate 

her back to her grandmother through her mother, Subarnalata. Given these factors of 

intertextuality, Ashapurna Debi’s own aesthetic involvements can be addressed in terms of 

asking “the ‘absent’ women’s question” (Chowdhury, 1998, p. 47) through the postcolonial 

lens. This study wishes to understand this constitution/re-constitution of the ‘I’ through active 

interactions between mothers and daughters, who challenge the very disciplinary laws they are 

subjected to, across time and space. This paper applies the poststructuralist concept of 

performativity in relation to the gendered body, as proposed most prominently by Judith Butler. 

In the author’s introduction to Undoing Gender, Butler writes: 

 

[T]he “I” that I am finds itself at once constituted by norms and 

dependent on them but also endeavors to live in ways that maintain a 

critical and transformative relation to them. This is not easy, because the 

“I” becomes, to a certain extent unknowable, threatened with 

unviability, with becoming undone altogether, when it no longer 
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incorporates the norm in such a way that makes this “I” fully 

recognizable. (2004, pp. 3-4) 

 

A central performative effort of Ashapurna’s heroines is to narrate the history of their 

present, which, in the cases of Satyabati and Subarnalata, is forcefully eliminated by the grand 

narrative. Bakul’s emergence as a writer suggests her engagement with a long-cherished dream 

of her mother, aunts, and grandmothers. Bakul’s preoccupations mirror those of the author, 

who confirms in an important interview: “I chose to reveal the truth of my life, I feel partially, 

in the form of my creative writing” (Rangra, 1989, p. 75). This ‘truth’ interrogates the viability 

of extensively wide-ranging and diverging positions like the post-Cartesian “rejection of the 

body as an obstacle to pure rational thought” (Shildrick & Price, 1999, p. 2), Indian religious 

‘sanctity’, the interface between taboos against the reproductive body in indigenous cultures 

and the colonial anxiety over the ‘native’ hygiene, and the post-colonial radicalism to free both 

body and mind by throwing off the shackles of social orthodoxy. This paper is organized 

around readings of three novels in two interrelated sections, and it draws upon socio-cultural 

histories to contextualize the different aspects of Ashapurna Debi’s treatment of society, 

sexuality, violence, and the body. This is due to the fact that the globally sensitive positions of 

feminism and gender studies must be realized through critical evaluations of localized 

representations of misery and might in the survival strategies of women belonging to a 

community culture. In India, in particular, social discrimination has outweighed the survival 

strategies of women throughout the centuries. In this context, Ashapurna Debi sets the agenda 

for Indian feminism in respect of the socio-cultural forces of her own history in the following 

terms:  

 

I believe, there were various changes taking place from outside and there 

are drastic changes in society. But in order to give proper respect and 

honour to the women folk many more basic changes in the society are 

required. (Rangra, 1989, p. 73) 

 

Pratham Pratisruti: Rise of a Defiant Mother  

In The Idea of Justice, Amartya Sen emphasizes real-life experiences as the 

foundational component in social understanding:  

 

“Institutions and rules are, of course, very important in influencing what 

happens, and they are part and parcel of the actual world as well, but the 

realized actuality goes well beyond the organizational picture, and 

includes the lives that people manage–or do not manage–to live” (2004, 

p. 18).  

 

In terms of the above observation, Ashapurna Debi’s fiction unfurls the uncut versions 

of ordinary women’s lives in Bengal, using all the resources history holds out to her, and raises 

disturbing questions regarding women’s dignity, freedom, and justice that tend to subvert any 

of the metaphysical idealizations of matrisama–mother-like, sarbangsahӓ–all-enduring, and 

‘pure’ woman. In his reading of Rabindranath Tagore’s novelistic take on the nineteenth and 

early-twentieth-century Bengali ideological clusters, Chaturanga (Quartets), 1915-16, Sibaji 

Bandyopadhyay points out that “the binary opposition between ‘modernity’ and ‘tradition’– 

the binary staple to nearly all colonial discourses—covers up” many overlapping zones “by 

positing a causal connection between hegemony and repression” (2012, p. 47). Decoding these 

connections across conventional binaries, Ashapurna Debi’s narrative presents the characters 

as performing bodies, which are not simply aspects of nature, but effects of the complex 

4

Journal of International Women's Studies, Vol. 24, Iss. 5 [2022], Art. 25

https://vc.bridgew.edu/jiws/vol24/iss5/25



workings of power. But, in contrast to the Foucauldian account in Discipline and Punish (1977) 

and History of Sexuality (1979) of the shift from “the body as the object of penal repression” 

to “more subtle and implicit techniques for its normalization” (Turner, 2012, p. 68), an epical 

novel like Pratham Pratisruti (The First Promise) offers a nuanced understanding of the 

interplay between violence and surveillance. It needs to be remembered that while the Western 

understanding of social censorship is interlinked with industrial modernization, printing 

technology, and reformation movements, in the colonial context, no such linear shift can be 

traced from the “traditional” to the “modern” forms of censorship. Furthermore, again moving 

beyond Foucault’s explanation of the “political technology of body” (1977, p. 24), that is, the 

means by which “discipline produces subjected and practiced bodies”, or “‘docile’ bodies” 

(1977, p. 138), the novel revises the very process whereby regulatory norms achieve 

materialization of their control over subject bodies. Such a narrative strategy thus exposes what 

Butler explicates about the “forcible reiteration” of regulatory norms: “That this reiteration is 

necessary is a sign that materialization is never quite complete, that bodies never quite comply 

with the norms by which their materialization is compelled” (1999, p. 236). This critical 

evaluation of the process of materialization of power enables Ashapurna to use her writing as 

an act of revolt, as stated by her: “All those unpronounced protests of mine have appeared in 

my writing and in figures of rebellious women, like Satyabati of Pratham Pratisruti” (qtd in 

Dev Sen, 1997, p. xiv). 

Because women’s bodies are inextricably linked to disciplinary attempts to “form” and 

“mean” them over time, it is the same “bodies that matter” – to use the title of Butler’s (1996) 

seminal text—once they explore the scopes of “unsanctioned” acts,6 which are performed as 

an offshoot of constantly repressed desires. In this manner, the bodily actions of marginalized 

women7 engage the contingent and micro-level intricacies of experience. Satyabati’s grandaunt 

Mokshada, a childless widow since childhood, personifies ritualistic sanctity, and, is shown to 

have been practicing all the taboos, codes, and conducts most strictly and severely harshly to 

any other woman failing to be so stringent in following the conventional Hindu norms. The 

same Mokshada, turning into a shadow of her former self at the end of her life, discovers the 

frailty of her domestic authority, built on a series of compromises. Mokshada even steals fried 

fish—a food-item Bengali Hindu widows are prohibited from eating—from the kitchen. As 

Jasodhara Bagchi notices, the narrative is centrally preoccupied with “Satyabati’s search for a 

viable alternative” (2004, p. XII) to the life she is offered, but this search interacts with a great 

range of actions around her. Satyabati’s activities are affected by others’ activities, as well as 

affected by others’ activities; and it is this capacity to affect and be affected by others that 

establishes Satyabati as an individual subject. There is no narrative blueprint for her 

vulnerability and resistance to social oppression. As she shifts from finding a “way of 

inhabiting social structures” to seeking “oppositional spaces and ‘pathways’ to empowerment” 

(Mcnay, 2016, p. 45), she has to repeat her searches all over till her death in a distant land. 

Therefore, the relation between body, violence, and resistance in Satyabati’s story is to be seen 

within the symbolic structure through which she and her fellow beings form their self-

identities. Ashapurna’s textuality treats the myriad ways power operates, even at the level of 

individual relations, which often challenges the universalizing tendencies of socio-cultural, 

political, and economic institutions. Her narrative critically engages itself with the ways ‘I’ is, 

in Jacque Derrida’s words, “comprised and determined in advance by the fact that it belongs 

to the most suspended ‘we’” (2005, p. 77) to find what is out of joint in intriguing relationships 

between individuals’ self-entities and social determination. 

In Pratham Pratisruti, the first notable encounter between an individual’s body and 

tradition in a violent way involves the problematic construction of masculinity. Being 

ruthlessly beaten by his father for questioning the ritual of offering food and water to God when 

there is no proof of the divine acceptance of them, Ramkali Chatterji, Satyabati’s father, leaves 
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home at a very young age to find shelter in the household of an indigenous medical practitioner 

who grooms Ramkali to become a renowned Ayurvedic doctor. Sumit Sarkar points out that 

“the internal conflicts that ensue” in a number of male characters in Tagore’s novels, suggest 

a journey “through self-examination and auto-critique, towards a non-instrumentalized 

recognition of the autonomy of the Other” (2002, p. 121). In this respect, Ashapurna Debi’s 

postcolonial re-writing of the colonial Bengali feudal and middle-class Hindu male’s shifting 

approaches to Others – in forms of race, caste, religion, class, and gender—provides an 

alternative ‘non-instrumentalized’ commentary on the dualities of colonized masculinity. 

Ramkali, in particular, is characterised by a constant swing between his role as a conventional 

patriarch—the head of a large family—and, to use Derrida, Ramkali’s “avowal of the 

opposite”, and his “confession of an error that is not foreign to the truth” (2005, p. 50). Thus, 

Ramkali, as an orthodox father, performs gauridaana8 by marrying his only daughter off when 

she is still a kid, but, simultaneously, he not only convinces her in-laws to allow his daughter 

to stay at her parental home till puberty, but also permits Satyabati to live a ‘tom-boy’ type of 

life by overcoming inhibitions in private and public spheres. For enjoying her relative liberty, 

Satyabati is, however, frequently threatened with the dire consequences of future rejection by 

her in-laws. The relationship between the father and the daughter develops into a sort of 

friendship silently maintained by mutual protection and understanding. But it is occasionally 

unbridled by Satyabati’s growingly eloquent protest against injustice to her fellow village 

women. 

Satyabati’s gradual coming to sense how regulative orders “determine socially 

acceptable behaviour for two binary genders, structuring the repertoire for gender performance, 

and coercing compliance” (Threadcraft, 2016, p. 218) is, however, possible through her 

participation in actual events. An example from the first part of the narrative would explain her 

growth as a conscious individual subject. Beating wives over silly matters is considered a 

natural right of husbands in the countryside, Satyabati inhabits, but when her cousin, Jata, kicks 

his wife, the latter is knocked to the ground and turns senseless. Receiving the news Satyabati 

hurries to inform her father, who is on his way back home from some neighbouring village:  

 

“‘[…] when Jatada’s wife was sitting down to eat, just after she’d 

finished the cooking, Jatada asked for a paan. His wife said that there 

wasn’t any paan. […] He gave her a good hard kick on her backside. 

And she fell on her face in the courtyard –’ Satyabati burst into laughter” 

(Debi, 2004, p. 17-18).  

 

Satyabati’s impulsive mockery of another woman’s suffering makes her a part of the vulgar act 

of violence, and, it is to be noted that she is chided by her father, whose ethical and 

philanthropic sides are derived from his profession and have affinities with the early 

nineteenth-century social reformers. Satyabati’s timely intervention saves the victim’s life, as 

Ramkali brings the victim to sense. In a dramatic reversal of the narrative, Ramkali, too, learns 

from his daughter about a profound reality of rural women’s experiences in colonial Bengal. 

Common villagers, including Satyabati, are confirmed that Ramkali has the power to bring the 

dead back to life, and when Ramkali tries to correct such a misconception, his daughter reveals 

a startling fact: 

 

  Even god can’t do a thing if you die, do you understand? Jata’s 

wife hadn’t died.’ 

[…] 

But then Baba, if you hadn’t felt her pulse and given her the “essence of 

gold”, Jatada’s wife would have remained like that – lifeless! And then 
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they’d have put her on a bamboo bier and cremated her! (Debi, 2004, p. 

23) 

 

Satyabati’s observation of the dubious status of the body of Jata’s wife as both 

belonging to an individual and a sort of public property looks forward to Butler’s thesis in 

Undoing Gender:  

 

“The body implies mortality, vulnerability, agency: the skin and the 

flesh expose us … to violence. The body can be the agency and 

instrument of all these as well, or the site where, “doing” and “being 

done to” become equivocal” (2004, p. 21). 

 

            The reach of the nineteenth-century colonial modernity in India was greatly controlled 

within the production of the colonial ethnography itself, marked by, as Kamlesh Mohan 

notices,  

 

a coherent, intelligible, though distorted picture of the colonial society, 

whose members had to be controlled, enslaved, and conditioned to 

perceive themselves as communal and religious entities, their languages, 

science, literature and cultural traditions as gifts from the manly, 

intellectually superior, materially advanced and culturally dynamic 

Europe” (2014, p. 59).  

 

In this context, the social reform movements, concerning female sexuality, were filtered by the 

traditional authorities of the institutions of family and religion. In the words of Jasodhara 

Bagchi “[o]ne of the major sources of control over women’s lives are the injunctions contained 

in the religious scriptures. In India these formed the bases of Personal Laws, with which the 

state arbitrated over women’s legal rights” (1995, p. 8). In Pratham Pratisruti, the sexuality of 

nineteenth century rural and mostly illiterate Bengali Hindu women is the object of 

fundamental prohibition, whose transgression is judged as deadly offensive and treated with 

ritual atrocities. These women are shown to be threatened mainly by widowhood and co-

wifehood, and their bodies are brought under absolute social control through the cyclic 

experiences of motherhood. The narrative interest lies in exposing how the enacting of these 

social customs by these women constitutes their vulnerability. The mental violence imposed 

by the kulin9 Brahmin practice of polygamy is shown in the novel from the perspectives of the 

concerned husbands’ first wives. The vicious cycle of the patriarchal law is suggested when 

Ramkali tries to stop a marriage ceremony, as he detects the groom to be dying. But the 

situation turns further critical for, according to Hindu custom, once the lagna—or the sacred 

period of the rituals of wedding—is over, the bride is bound to remain unmarried for her life. 

The girl instantly becomes an easy victim of social torture, and even an aged Brahmin of the 

village offers to marry her on that very day. Ramkali holds himself accountable for the entire 

calamity in the bride’s family, and decides to marry his nephew, Rashu, who is already married, 

off to the same hapless girl, Patli. It is only later that Satyabati makes her father aware of the 

kind of humiliation and physical distress his action has invited for Sarada, Rashu’s first wife. 

At her in-laws’ home, Satyabati befriends her mother-in-law’s niece, Saudamini, who is 

reported to have been abandoned by her abusive husband. Under constant social pressure, the 

steadfast Saudimini turns compliant and tricks to find shelter at her husband’s home in Calcutta 

in exchange for nursing her ailing co-wife. Saudamini’s husband, on the other hand, accepts 

his first wife because he finds her healthier than his second wife, who turned ill after a series 

of child births. Going against the grain, Ashapurna’s narrative undermines the colonial 
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discursive binary between the village and the metropolis and shows how the Bengali middle-

class family manoeuvres even the urban space to exploit and enjoy women’s bodies. 

Furthermore, “Satyabati’s own steady decision of going to her marital home prematurely is 

another instance of abhorrence at the prospect of a co-wife” (Bagchi, 2004, p. XI). 

            In her marital household, a mature Satyabati is found to perform her role as an obedient 

daughter-in-law, as when she takes care of her father-in-law, Nilambar Banerji, after he 

becomes paralyzed. However, she does not let her domestic propriety dismantle her own sense 

of right and wrong, and the strength of her character incurs both wrath and fear among her 

family members. So, she declares that she will not touch her father-in-law’s feet when she 

discovers his womanizing and tactical acceptance of this by her mother-in-law, Elokeshi: 

“Surely, duty isn’t about displaying respect even when one is feeling deeply disrespectful 

inside!” (Debi, 2004, p. 225). Bold Satyabati does not succumb to her parents-in-law’s threat 

to leave the home. Elokeshi’s pleas for her husband and her abuses of Satyabati show that 

women follow an unspoken rule that moral lapses in men can be forgiven: 

 

[…] She’s nothing but a vile, venomous snake! […] A respectable man 

like him was ready to kill himself after hearing her taunts. 

Sadu [or Saudamini] felt the urge to rush to Satya and plead, ‘Quickly 

beg forgiveness if you know what’s good for you!’ […] Satya would not 

bend even if god himself descended from heaven and implored. (Debi, 

2004, p. 227) 

 

As the third person narrator confirms, instead of supernatural being, Satyabati prayed “to the 

living gods she knew” (Debi, 2004, p. 287). “Gender is”, as Butler’s reasoning informs, “a 

regulatory norm, but it is also one that is produced in the services of other kinds of regulations” 

and “sexual harassment codes,” consisting of the systematic mistreatment of women by men 

in places like family (2004, p. 53). But, in carving out a self that does not always conform to 

patriarchal regulations, one is not expected to reject completely the very world in which she 

finds herself as an active agent. In her fictional mapping of women’s struggles against 

patriarchal violence, Ashapurna Debi thus draws on the complex relationship between the 

domestic world of repression and torture and the public sphere of social reforms that, at least 

to a certain extent could enable men enthusiasts to address the practical sides of women’s 

sufferings. If Satyabati is one of the “unnamed women” in history who “set out to search for 

answers” (Banerjee Chakravorty, 1998, p. 288) to the gross inhumanity they experience, the 

journey of Ashapurna’s protagonist particularly finds two signposts, who establish the 

relationship between the home and the world: Ramkali, representing the traditional knowledge 

system, and the village English teacher, Bhabatosh Biswas, with his metropolitan affiliations. 

While her father adds fuel to Satyabati’s aspiration to read and write—something that prepares 

her for participating in the nineteenth-century emancipation movement in her later career—

Bhabatosh becomes a steady inspiration behind some of her iconoclastic steps. Satyabati’s 

radical intervention in the traditional attitude toward the body is first signalled by her 

arrangement of a sahib doctor to treat her sick husband, Nabakumar. And, notwithstanding 

affliction and resentment, Satyabati forces her husband to shift from their joint family in the 

native village to a nuclear family in Calcutta and find a government job, mainly under the 

influence of Bhabatosh. This seminal journey is further intertwined with different stages of 

Satyabati’s motherhood. 

            According to Indira Chowdhury, “we are better to understand Pratham Pratisruti if we 

consider infanticide, abandonment and consequent motherless as a metaphoric complex that 

holds much of the plot together” (1998, p. 49). Chowdhury further points out how “Satyabati 

is literally rendered motherless when she gives birth to her son” as her own mother’s death is 
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announced by Elokeshi in a matter-of-fact tone with the statutory caution that she must not eat 

fish for the short mourning period (1998, p. 49). At this crucial moment, Satyabati feels a sense 

of guilt for ignoring her mother, and her own attempt to perform differently her motherhood 

takes recourse to metropolitan modernity as offering liberation through education. In Gender 

Trouble, Butler confronts Julia Kristeva’s ‘reification’ of maternity for “[b]y relegating the 

source of subversion to a site outside of cultural itself, Kristeva appears to foreclose the 

possibility of subversion as an effective or realizable cultural practice” (1990, p. 119). The 

culturally subversive potentials of Satyabati’s maternal strategies are to be understood in terms 

of the extent of the tragedy she undergoes within a vindictive order. The patriarchal agency 

sets the most wicked design to diminish her aspirations, which are able to constitute what Butler 

calls “an open assemblage that permits multiple convergences and divergences” even within 

the available cultural system and does not always show “obedience to a normative telos of 

definitional closure” (1990, p. 22). Satyabati’s vehement efforts enable her sons, Sadhan and 

Saral, to join the educated urban middle class of the second half of the nineteenth century, but 

the emancipation of their mind is curtailed by the collusion between tradition and modernity to 

turn them suspicious of their ‘dominating’ mother. Subarnalata, Satyabati’s daughter, 

represents a new hope for the mother, whose ambition is to groom her promising child in the 

image of the ‘new woman’. When Satyabati teaches little Subarnalata alphabet, Saudamini 

warns her that one is “forbidden to touch books before age five”, but Satyabati’s reply suggests 

how she repeats the available symbolic codes with strategic differences: “That’s a rule for boys. 

There are no such rules for girls. After all, she wouldn’t even be allowed to do the hathe-khari10 

ritual” (Debi, 2004, p. 458). Arriving in Calcutta, Satyabati also performs the role of a surrogate 

mother of another girl, named Suhash, who is the illegitimate daughter of a distant relative of 

Satyabati, Shankari. Shankari, who elopes with her lover to end up in a rich household at the 

heart of the city as a cooking maid and single mother, invents a story of the early widowhood 

of her extremely beautiful daughter in order to protect Suhash from her lustful employers. As 

the turn of events brings Suhash under Satyabati’s care, the adamant and ill-mannered girl 

grows up into an intelligent learner. Suhash ultimately marries Bhabatosh, who later becomes 

a Brahmo, and turns into a successful teacher, that is, truly a ‘new woman’. Subarnalata, on the 

contrary, is forcefully snatched from Satyabati by Elokeshi and Satyabati’s husband, 

Nabakumar, who, a weakling, arranges another gauridaana during the eight-year-old 

Subarnalata’s short visit to her village home and in the absence of her mother: “They had 

carried in the bride and placed her on the groom’s lap. […] The rebellious bride had tripped in 

her attempt to escape” (Debi, 2004, p. 519). As Subarnalata meets the common fate of 

numerous girl children in contemporary Bengal, her mother, with a last stroke of defiance, 

leaves her homeland. The narrative ends with a suggestion that a meaningful mother-daughter 

relationship is impossible in the historical context it charts, but the spectre of Satyabati, with 

her agony and longing, continues to haunt a series of daughters and granddaughters in the 

subsequent volumes of the trilogy, telling of a changing history of Bengali women.       

        

Subarnalata and Bakulkatha: Nation, State, Family, Daughter, and Granddaughters 

In contrast to a tendency to generalize women’s condition within feminist discourses, 

postcolonial feminist scholars are particularly attentive to the situatedness and context-specific 

understanding of women’s subjecthood, and the external and internal processes acting directly 

upon a community living to shape gender identities, in contrast to many hegemonic discourses 

on colonial relations. For instance, in her biography of Pandita Ramabai Sarasvati (1858–

1922), a pioneer in the women’s emancipation movement in India, Uma Chakravarti discloses 

how male-centric works by talking about “the feminization of the colonized male in relation to 

the colonizing male” reduces “gender to a representational phenomenon rather than a material 

and ideological arrangement” (2013, p. xv). On the other hand, any discursive appreciation of 
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the “evocation of nation as mother”, and particularly a poor mother, for it “encompassed an 

inculcation of the ethic of mota chal and mota kapar (coarse, simple rice and thick, homely 

cloth)”11 and thereby invited “subordinated and marginalized groups to take part equal part in 

nationalist rituals” (Bose, 2017, p. 13), somehow underrating the circumstantial and other 

constraints Bengali non-elite women were subjected to as well as their resistance against socio-

economic deprivation even within an embattled household through history. The sequels of 

Pratham Pratisruti, Subarnalata and Bakulkatha, give new meaning to the relationships 

between the country, state, family, and citizens in a new way. The materiality of her fictional 

project is suggested by the author in unambiguous terms:  

 

Subarnalata is the story of a particular time, a time that has passed, but 

whose shadow still hovers over our social system. Subarnalata is a 

symbol of the helpless cry of an imprisoned soul … sociologists write 

down the history of a changing society and I have merely tried to draw 

a curve to depict the change” (qtd in Dev Sen, 1997, p. vii).12 

 

The novel presents a bleak narrative of a community living together that desperately resists any 

social change inside the home while adjusting itself to the upheavals in the outside world. This 

textual strategy is noted by Naina Dey, who notes that “[s]tanding at the crossroads of time, 

when the history of the world was fast changing”, Ashapurna Debi concentrates “essentially 

on the family, especially on the women in the family” (2007, p. 222), and this kind of narrative 

exposes how the rays of social change are reflected and refracted by the domestic space. 

In Rabindranath Tagore’s novella Char Adhyay (Four Chapters), 1934, the central 

woman character, Ela, reflects on why Bengali mothers-in-law are found to be torturing their 

respective daughters-in-law, and argues that those who know themselves as internally weak 

treat their weaker subjects in the cruelest manner and desperately try to maintain the power 

structure in such a way that the frail authority they exercise is never exposed. Subarnalata’s 

interaction with this dynamic is direct and violent since the day of her wedding, as noted in the 

last section. Much later, her daughter, Bakul, remaining unmarried after a heartbreaking love 

affair, reviews in Bakulkatha how terrible conditions are attached to a sense of futility in the 

institution of marriage in respect of her mother and grandmother: 

 

‘Why is marriage so irrefutable? Why can’t one break it?’ Bakul’s 

maternal Grandmother Satyabati had left her husband and children, her 

familiar world for the light of the greater world, driven by this quest. … 

Subarnalata … had been married off in the most clandestine way when 

she was only nine, a ritual performed by her own paternal Grandmother, 

Satyabati’s mother-in-law. ‘I don’t call it MARRIAGE! It’s all but a 

child’s play!’ Satyabati had revolted. (Debi, 2021, p. 304) 

 

Bearing the stigma of being deserted by her own mother, Subarnalata becomes an object 

of enduring reproach, and the unbearable rule of her mother-in-law, Muktakeshi, in the family 

derives from a past struggle to bring up eight children single-handedly. As Shivani Banerjee 

Chakravorty explains, “[…] the mothering of male children with a modicum of power that is 

so fragile that it requires fierce protection and subterfuge, and the need to create discord 

between family members to prevent insurgency” (1998, p. 290). Subarnalata’s entrapment is 

completed by her husband, Prabodhchandra Chatterji, who is physically attracted to his wife 

but finds himself incompatible with her indomitable interest in a larger world. Prabadh tries to 

get rid of his anxieties by thrashing his wife and chastising her, and these acts are followed by 

prolonged emotional blackmail meant to force Subarnalata to satisfy her husband’s desires and 
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simultaneously maintain the family peace. Subarnalata’s exposition of her spouse’s character 

throws light on a critically overlooked side of colonized masculinity in the turn of the century 

Calcutta, that is, the center of the South-Asian Enlightenment: he is like a “python, which wraps 

its cold body around his victim, and soon its caress begins to feel like shackles of iron cutting 

into the flesh. This embrace crushes the insides of the victim while keeping the external 

appearance intact” (Debi, 1997, p. 124). The portrait of domestic violence against women in 

Subarnalata thus becomes comparable with the much more organised form of criminality 

practised by the colonial masters13. Another powerful strategy adopted to control Subarnalata’s 

physical vitality—or her energy to disobey the family norms—seems to contain her within the 

anturghor, the room for childbirth. The narrative shows how the “maternal body” is a 

“consequence of a system of sexuality in which the female body is required to assume maternity 

as the essence of itself and the law of its desire” (Butler, 1990, p. 125). Subarnalata’s domain 

of activities helps us to “understand the boundaries of the body as the limits of the socially 

hegemonic” (Butler, 1990, p. 179; emphasis in the original), and, therefore, her unsanctioned 

activities interconnect corporeal and social liberation.   

            Subarnalata’s confrontation with her in-laws’ family is mainly three-fold: her sustained 

interest in education, her problematic involvement in the contemporary Swadeshi movement, 

and her effort to re-appropriate her role as a mother. It is in Bakulkatha that her husband retorts 

when their daughter Bakul is seen carrying a couple of books by Rabindranath Tagore:  

“These books…the root of all evil! Good Lord, three generations of 

women with the same disease! I heard your grandmother had it, and your 

mother, I know, was the most affected with it […] and now her daughter, 

too […] what a nuisance!” (Debi, 2021, p. 31).  

 

As this ‘disease’—often received also as a type of insanity—connects mothers and daughters 

over space and time, it becomes a powerful medium to contest the normative “process of 

materialisation that stabilizes over time to produce the effect of boundary, fixity and surface” 

(Butler, 1999, p. 239). In Subarnalata, especially, the relentless pursuit of knowledge involves 

a differently performing body. Subarnalata befriends a next-door woman, to whom she gives 

signals by tapping on the wall and smuggles books from her through a hole in the wall. 

Subarnalata’s attempt to collect books from a generous person by employing a teenage boy as 

a medium between them, however, proves disastrous as she is accused of having an adulterous 

affair. Subarnalata does leave the house in protest, but only to return as her father expresses his 

inability to give her shelter on account of social stigma. Suchorita Chattopadhyay further points 

out that: 

 

 “[a] motive which is intricately woven into the entire fabric of the 

narrative is the dream of a balcony, a baranda (verandah), which would 

usher in a breath of fresh air to counter the stale claustrophobic 

atmosphere of the household” (2012, p. 87).  

 

The victimisation of Subarnalata under domestic tyrannies against a background of late-

nineteenth and early-twentieth century cultural modernity informs the unresolved equations 

between the customary laws of Hindu families and statutory laws. Ironically, restrictions 

imposed on Subarnalata’s struggles to read and write seem to defy Satyabati’s emancipating 

activities, about which Subarnalata comes to know through a letter from her mother only after 

the latter’s death:  

 

11

Ray and Karmakar: Mothers and Daughters: Reclaiming the Besieged Body of Woman in A

Published by Virtual Commons - Bridgewater State University, 2022



“I started a school for girls soon after my arrival here [in Varanasi] .... 

When I first started, I had to beg people to send their girls. Now a lot of 

people bring their daughters voluntarily. The need to educate women 

has begun to be felt by many” (Debi, 1997, p. 160).  

 

The French feminist Hélène Cixous’s “The Laugh of the Medusa” (1973/1976), translated into 

English almost a decade after the publication of Subarnalata, theorizes the indispensable 

connection between writing, history, and the body: 

 

Women must write herself: must write about woman and bring woman 

to writing, from which they have been driven away as violently as from 

their bodies—for the same reasons, by the same law, with the same fatal 

goal. Woman must put herself into the text—as into the world and into 

history—by her own movement. (1976, p. 875).  

 

Subarnalata’s wish to turn her experiences and feelings into a book materializes when a distant 

brother-in-law of hers, Jagu, opens a private press, and secretly agrees to print her writing. The 

text thus produced, however, incites a stream of rebukes, leading the author to burn all the 

poorly published copies into ashes. The incident serves as a commentary on the close bond 

between the advent of modernity and printing in Bengal. It is Bakul who finally attempts to 

revive her mother’s manuscript but fails. 

            Uma Chakravarti draws the attention of South-Asian feminists to a set of questions: 

“[…] in what way did the new laws of the colonial state affect women and how was this similar 

or different for men? Did the colonial state regard women as its direct subjects or as mediated 

through the family?” (2013, p. 159). In this connection, Subarnalata narrates multiple layers 

of patriarchal adjustments. The male adults of Subarnalata’s marital family are depicted to be 

either employed in colonial administration or engaged in trade; and they consider the British 

as the natural masters of Indians, while never allowing the nabya,14 introduced by colonial 

modernity, to disturb the domestic hierarchies. Arrangements are thus made to allot women, 

except a few, in Sumit Sarkar’s phrase, “non-existent, at best marginal” place “in these new 

public spaces and urban spectatorship” (2014; p. 308). Thus, when Subarnalata actively 

responds to the call of the Swadeshi movement by mobilising the family kids to gather foreign 

clothes and set fire to them, her performance unsettles the public-private intercourse:  

 

“One of the children replied, ‘We are destroying the symbol of 

oppression. We’ll stop wearing these stupid English garments [...]’ 

Prabhas: ‘Fighting the British, are you? And who is your leader? Your 

mother? Very well, then why is she still indoors? ... Let me go and 

inform the Viceroy he is about to lose his job!’” The narrative confirms 

that the “sarcasm” in her brother-in-law’s comment cannot “upset 

Subarnalata at all” (Debi, 1997, p. 75).  

 

Subarnalata’s direct interactions with the contemporary political revolt become possible when 

she meets a young revolutionary at the residence of a mostly neglected sister-in-law, whose 

exceptional character establishes a life-long friendship between these two women. This “thin, 

ugly, unlettered sister-in-law” is “despised by all” but faces “a life of dire poverty with a unique 

courage” and accomplishes an “unheard of” action “in society of those days by marrying her 

daughters in families” of lower caste (Bose, 1976, p. 86). Subarnalata is mentally drawn 

towards the vagabond Swadeshi rebel, Ambika, and suffers not only slander but also physical 

assault at the hands of her husband. But, she also realises that the valorisation of women’s 
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traditional roles by political activists is a dangerous fallacy. When she charges Ambika that the 

country will never be free by keeping a whole section of its citizens practically inactive by 

attributing an emotive purity to them, Subarnalata articulates the postcolonial feminist critique 

which shows how the populist discourse of nationalism relegates the question of women’s 

liberation in the name of “maintaining a distinctive and superior cultural identity in the sanctity 

of the home” (Devenish, 2019, p. xix). Citizenship as full and equal participation, all the same, 

remains an unreached goal for the third and fourth generations of women portrayed in the final 

novel of the trilogy, which offers a turn in woman’s performativity through Bakul’s niece 

Shampa, who marries a fatally wounded trade union worker, Satyaban, against her parents’ 

wish. Among Subarnalata’s own daughters, Chanpa, the eldest one, satisfies herself by 

following a type of wifehood; whereas Parul, an introvert girl who scarifies her studies under 

the pressure of her father and brother, finds her intellectual capacity as an object of her educated 

and other-wisely caring husband’s suspicion. Parul chooses a secluded life for herself as she is 

deserted by a growingly self-seeking society. Bakul, using the pen-name Anamika, becomes 

successful as an author, but the clash between an unrepentant orthodoxy and a “new era” which 

is “racing against time, obliterating every bit of insight, wisdom, promises on the way” (Debi, 

2021, p. 278), she is anxious about the outcome of the long struggles of her mother and 

grandmother. 

 

Conclusion: Ideology of Self-Sufficiency 

The three novels are contextualized by the control over women’s bodies within the 

normative structure of the post/colonial Bengali Hindu family, as well as by the unresolved 

“woman question” and tensions regarding sexuality—the production of the masculine/feminine 

binary in the contemporary public sphere. Cutting across the public/private, personal/political, 

rural/urban, and modern/traditional binaries, Ashapurna Debi’s narrative shows how the 

microcosm of the family is governed by the same rules as the macrocosm of social order. As 

Dipannita Dutta movingly points out, “Ashapurna calls for […] a sufficiency of the self” that 

is marked by “a resistance to different forms of domination in terms of both needs and rights.” 

Her “thrust is on the emancipation of the self from the narrow confines of self-interest”, and 

she insists on moving “beyond the solidified lines of the self and the other, which are socially 

constructed” (2015, p. 5-6). In an internally rifted setting, Satyabati, Subarnalata, and Bakul 

act on behalf of their respective generations of repressed women. While being torn apart 

between the dos and don’ts of social customs, they tend to cross the grid of paradigmatic ‘good’ 

womanhood. Their performance is often marked as ‘deviant’, as they undo indigenous, 

theological, colonial, and nationalist borders around a socially conscious body. The narrative 

of their lives provides South-Asian feminist writing and also gender activism with a specific 

ideological direction. 

 

Notes 

1. The volumes were published in London by Macmillan and Co. Ltd. 

2. Ashapurna Debi is also one of the most prolific writers in the history of Bengali literature. 

In a career spanning over sixty years, she wrote one hundred and eighty-one published novels, 

thirty-eight anthologies of short-fiction, fifty-two children’s books, and collections of essays, 

autobiographical reminiscences, and interviews. Having no formal education, she started 

writing at the age of thirteen and continued to rock the Bengali cultural atmosphere with her 

unconventional stance against both traditional customs and unchecked modernization. 

3. This novel won the prestigious Jnanpith Award in 1976. 

4. In an interview with Shivani Banerjee-Chakravorty, dated March 6, 1991, Ashapurna Debi 

again confirms: “I write about what is most familiar to me, day-to-day experience in middle-

class homes” (2000, p.24). 
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5. Internal evidence suggests that the narrative of Pratham Pratisruti begins in the eighteenth 

century. 

6. See Patricia Ticineto Clough’s (2012) analysis of Butler’s theoretical combination of Lacan, 

Foucault, and Derrida. 

7. Joan W. Scott’s essay, “The Evidence of Experience”, published in 1991 in the Critical 

Inquiry 17(1), serves as a key essay in Western feminist thought to examine how experiences 

are produced and subverted. Ashapuran Debi’s fiction, in a number of ways, resonates strongly 

with the feminist credo that the personal is political, and provides us with a South-Asian version 

of the entire dynamics.  

8. The medieval practice of marrying a girl child at the tender age of eight or so was abandoned. 

She was denied formal education and social liberty, forced to follow various rituals and 

expected to be an expert in cooking, spinning, and other household chores.  

9. Kulin Brahmins observed strict caste rules and practiced polygamy. The great social 

reformer of Bengal, Iswar Chandra Vidyasagar (1820-1891) fought against this Hindu practice 

in the mid-nineteenth century. 

10. The ritual of writing for the first time in life, is generally held as a part of the worship of 

the goddess of learning, Saraswati.  

11. There are numerous cultural texts that support such discourse; to cite an example, poet 

Rajanikanta Sen’s (1865-1910) call to wear simple clothes and eat coarse rice provided by a 

poor and distressed mother with pride.  

12. This second novel of the trilogy has led the feminist movement in South-Asia and has been 

adapted for film and theatre. 

13. In Char Adhyay, Tagore in fact warns about not repeating the colonial inhumanity in native 

relationships. 

14. The new, or modern. 
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A B S T R A C T   

Type II arabinogalactans (AGs) are a highly diverse class of plant polysaccharides generally encountered as the 
carbohydrate moieties of certain extracellular proteoglycans, the so-called arabinogalactan-proteins (AGPs), 
which are found on plasma membranes and in cell walls. The basic structure of type II AG is a 1,3-β-D-galactan 
main chain with 1,6-β-D-galactan side chains. The side chains are further decorated with other sugars such as α-L- 
arabinose and β-D-glucuronic acid. In addition, AGs with 1,6-β-D-galactan as the main chain, which are desig-
nated as ‘type II related AG’ in this review, can also be found in several plants. Due to their diverse and 
heterogenous features, the determination of carbohydrate structures of type II and type II related AGs is not easy. 
On the other hand, these complex AGs are scientifically and commercially attractive materials whose structures 
can be modified by chemical and biochemical approaches for specific purposes. In the current review, what is 
known about the chemical structures of type II and type II related AGs from different plant sources is outlined. 
After that, structural analysis techniques are considered and compared. Finally, structural modifications that 
enhance or alter functionality are highlighted.   

1. Introduction 

Most polysaccharides are derived from plant cell walls and consid-
erable economic activity is concerned with the transfer of plant cell wall 
polysaccharides into various products, such as fuels, chemicals, and 
foods. Major constituents of plant cell walls are cellulose, hemicellulose, 
pectin, and lignin, but arabinogalactan-proteins (AGPs), a class of 
glycoprotein, are also commonly observed [1,2]. Arabinogalactans 
(AGs) form two main groups based on their structure: the 
arabino-4-galactans (1,4-β-D-galactans decorated with α-L-arabinose, 
α-L-Ara) are classified as type I AG and the arabino-3,6-galactans (1, 
3-β-D-galactan:1,6-β-D-galactan decorated with α-L-Ara) are classified 
as type II AG. While type I AGs usually link to the rhamnogalacturonan 
(RG) I backbone of pectin, type II AGs are generally found as the car-
bohydrate moieties of AGP, in which type II AGs account for more than 
90% of their weight [3]. Acacia gum AG obtained from the acacia tree 
(Acacia senegal), also called gum arabic, and larch AG from larch wood 

(Larix species), are extensively utilized as gelling, emulsifying, and 
moisturizing agents in foods. In plants, type II AGs perform important 
functions in several physiological events such as differentiation, cell–cell 
recognition, embryogenesis, and programmed cell death [4,5], but the 
amount of type II AGs in cell wall is generally low. Due to difficulty in 
achieving large-scale production and low economic value, they are 
hardly utilized by humans. 

Unlike other biological macromolecules like DNA and RNA helices 
(chains of nucleic acids) and proteins (chains of amino acids), poly-
saccharides (chains of monosaccharides) are not synthesized from a 
template or blueprint that determines the arrangement of their con-
stituent sugar residues, which form branching, not single linear, chains. 
The monosaccharide units in oligosaccharides and polysaccharides can 
interconnect at several points to form a wide variety of branched or 
linear structures. Therefore, the structures of polysaccharides are 
heterogenous although some of them contain repetitive features. The 
chemical characterization of heterogenous polysaccharides is 
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Abstract
We study conformal �-Einstein solitons on the framework of trans-Sasakian mani-
fold in dimension three. Existence of conformal �-Einstein solitons on trans-Sasa-
kian manifold is discussed. Then we find some results on trans-Sasakian manifold 
which are conformal �-Einstein solitons where the Ricci tensor is cyclic parallel and 
Codazzi type. We also consider some curvature conditions with addition to confor-
mal �-Einstein solitons on trans-Sasakian manifold. We also use torse-forming vec-
tor fields in addition to conformal �-Einstein solitons on trans-Sasakian manifold. 
Finally, an example of conformal �-Einstein solitons on trans-Sasakian manifold is 
constructed.

Keywords Trans-Sasakian manifold · Einstein soliton · Conformal �-Einstein 
soliton · Codazzi type Ricci tensor · C-Bochner curvature tensor · W2 curvature 
tensor · M-projective curvature tensor

1 Introduction

The Ricci flow on a smooth manifold M with Riemannian metric g(t) is given by

where Ric is the Ricci tensor of the metric g(t). A Ricci soliton is a solution of Ricci 
flow (see details [24, 25, 57]), defined on a pseudo-Riemannian manifold (M, g) by

�

�t
g(t) = −2Ric,
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In this paper, we initiate the study of conformal η-Ricci soliton and almost conformal 
η-Ricci soliton within the framework of para-Sasakian manifold. We prove that if para-
Sasakian metric admits conformal η-Ricci soliton, then the manifold is η-Einstein and 
either the soliton vector field V is Killing or it leaves φ invariant. Here, we show the 
characteristics of the soliton vector field V and scalar curvature when the manifold admits 
conformal η-Ricci soliton and vector field is pointwise collinear with the characteristic 
vector field ξ . Next, we show that a para-Sasakian metric endowed an almost conformal 
η-Ricci soliton is η-Einstein metric if the soliton vector field V is an infinitesimal contact 
transformation. We also display that the manifold is Einstein if it represents a gradient 
almost conformal η-Ricci soliton. We develop an example to display the existence of 
conformal η-Ricci soliton on 3-dimensional para-Sasakian manifold.

© 2022 Elsevier B.V. All rights reserved.

1. Introduction

In modern mathematics, the methods of paracontact geometry play an important role. The notion of almost paracontact 
manifold was first introduced by Sato [21]. After that he and Matsumoto [22] defined and studied a para-Sasakian manifold 
as special case of an almost paracontact manifold. Adati et al. [1] deduced some fundamental properties of para-Sasakian 
manifold. Later Kaneyuki and Williams [12] associated pseudo-Riemannian metric with an almost paracontact manifold after 
Takahashi [24] introduced pseudo-Riemannian metric in contact manifold, in particular, in Sasakian manifold. Zamkovoy in 
[27] proved that any almost paracontact structure admits a pseudo-Riemannian metric with signature (n + 1, n). Para-
Sasakian manifold (in short p-Sasakian manifold) was studied by many authors, namely: Calvaruso [4], Cappelletti et al. [6], 
Tripathi et al. [25] and many others.

A pseudo-Riemannian manifold (M, g) admits a Ricci soliton which is a generalization of Einstein metric (i.e., S = ag for 
some constant a) if there exists a smooth non-zero vector field V and a constant λ such that
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The goal of this paper is to study conformal almost Ricci solitons within the framework
of Kenmotsu manifolds. First, we demonstrate that if the potential vector field is Jacobi
along the Reeb vector field, then the soliton reduces to a conformal Ricci soliton. If
the manifold is η-Einstein Kenmotsu manifold, we show that either the manifold is of
constant scalar curvature or the potential vector field is an infinitesimal contact transfor-
mation. In addition, if we consider the soliton vector field as a contact vector field, then
either the gradient of λ is pointwise collinear with the Reeb vector field or the manifold
becomes η-Einstein. Lastly, we develop an example of a conformal almost Ricci soliton
on the Kenmotsu manifold.

Keywords: Ricci flow; conformal Ricci flow; conformal almost Ricci soliton; Kenmotsu
manifold.

Mathematics Subject Classification 2020: 53C15, 53C21, 53C25, 53E20

1. Introduction

Contact geometry methods play an important role in modern mathematics, which
has evolved from the mathematical formalism of classical mechanics. In 1969, Tanno
[1] classified the connected almost contact metric manifolds. In [2], a new class of

∗Corresponding author.
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Abstract The prime object in this article is to study an almost η-Ricci–Yamabe soliton and gradient

almost η-Ricci–Yamabe soliton within the framework of almost Kenmotsu manifolds. It is shown

that normal almost Kenmotsu manifold admitting an almost η-Ricci–Yamabe soliton or gradient η-

Ricci–Yamabe soliton is locally isometric to hyperbolic space H
2n+1(−1). Next, we prove that if

a (κ, μ) almost Kenmotsu manifold admits an almost η-Ricci–Yamabe soliton, then the manifold is

η-Einstein. Besides, we find the condition for non-normal almost Kenmotsu manifolds acknowledging

gradient almost η-Ricci–Yamabe soliton. Moreover, an almost η-Ricci–Yamabe soliton on (κ, μ)′-almost

Kenmotsu manifold has been studied. Lastly, we construct an example of a gradient almost η-Ricci–

Yamabe soliton on a 3-dimensional Kenmotsu manifold.

Keywords Ricci soliton, (κ, μ)-almost Kenmotsu manifold, (κ, μ)′-almost Kenmotsu manifold, η-

Ricci–Yamabe soliton

MR(2010) Subject Classification 53D15, 53C15, 53C25

1 Introduction and Motivations

Contact geometry methods play an important role in modern mathematics. Contact geometry
has evolved from the mathematical formalism of classical mechanics. In 1969, Tanno [46]
classified the connected almost contact metric manifolds whose automorphism groups have
maximal dimensions as follows:

(a) Homogeneous normal contact Riemannian manifolds with constant φ-holomorphic sec-
tional curvature if k(ξ, X) > 0;
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Abstract: The present research paper consists of the study of an η1-Einstein soliton in general
relativistic space-time with a torse-forming potential vector field. Besides this, we try to evaluate
the characterization of the metrics when the space-time with a semi-symmetric energy-momentum
tensor admits an η1-Einstein soliton, whose potential vector field is torse-forming. In adition, certain
curvature conditions on the space-time that admit an η1-Einstein soliton are explored and build up
the importance of the Laplace equation on the space-time in terms of η1-Einstein soliton. Lastly, we
have given some physical accomplishment with the connection of dust fluid, dark fluid and radiation
era in general relativistic space-time admitting an η1-Einstein soliton.

Keywords: general relativistic space-time; torse-forming vector fields; η1-Einstein soliton; Einstein’s
field equation; dust fluid; dark fluid; radiation era; Laplacian equation

MSC: 53C44; 53C50; 53B50

1. Background and Motivations

Throughout the article, we shall utilize the following acronyms: GRS—general rela-
tivistic space-time, TFVF—torse-forming vector field, and EMT—energy-momentum tensor.
Ricci’s soliton is well known among theoretical physicists because it is linked to string
theory. It is well known that the theoretical physicists are interested in the Ricci soliton due
to its association with string theory. In recent times, Ricci solitons are quite interesting in the
field of differential geometry and geometric analysis as they characteristically present the
Einstein metric. As a result, Ricci solitons in pseudo-Riemannian settings are extensively
studied, and Hamilton introduced the concept of Ricci flow and extended it to address
Thurston’s geometric hypothesis. A Ricci soliton is a location in Hamilton’s Ricci flow that
is fixed (see details [1,2]) and an obvious extension of Einstein’s metric is defined on a
pseudo-Riemannian manifold (M, g) by

1
2

£V g + Ric = Λ1g, (1)

where £V stands for the Lie-derivative in the way of V ∈ χ(M), Λ1 is a constant and the
Ricci tensor of g is presented by Ric. The Ricci soliton is classified as follows:

(i) If Λ1 < 0, then the Ricci soliton is said to be shrinking.
(ii) for Λ1 > 0, then it is said to be expanding.
(iii) If Λ1 = 0, then it is implied to be steady.
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The aim of this paper is to study certain types of metrics such as conformal η-Ricci
soliton and Yamabe soliton in general relativistic spacetime. Here, we have shown the

nature of the soliton when the spacetime with semisymmetric energy–momentum tensor
admits conformal η-Ricci soliton, whose potential vector field is torse-forming. We have
studied certain curvature conditions on the spacetime that admits conformal η-Ricci
soliton. Also, we have enriched the importance of the Laplace equation on the spacetime
admitting conformal η-Ricci soliton. Next, we have given some applications of physical
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İstanbul Beykent University, Department of Mathematics
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The goal of this paper is to study certain types of metric such as ∗-conformal Ricci–
Yamabe soliton (RYS), whose potential vector field is torse-forming on Kenmotsu man-
ifold. Here, we establish the conditions for solitons to be expanding, shrinking or steady
and find the scalar curvature when the manifold admits ∗-conformal RYS on Kenmotsu
manifold. Next, we developed the nature of the vector field when the manifold satisfies
∗-conformal RYS. Also, we have adorned some applications of torse-forming vector field
in terms of ∗-conformal RYS on Kenmotsu manifold. We have also studied infinitesi-
mal CL-transformation and Schouten–van Kampen connection on Kenmotsu manifold,
whose metric is ∗-conformal RYS. We present an example of ∗-conformal RYS on three-
dimensional Kenmotsu manifold, and verify some of our findings.

Keywords: Ricci–Yamabe soliton; ∗-conformal Ricci–Yamabe soliton; torse-forming vec-
tor field; conformal Killing vector field; Kenmotsu manifold.

Mathematics Subject Classification 2020: 53C15, 53C25, 53C44

∗Corresponding author.

2350146-1

https://dx.doi.org/10.1142/S0219887823501463


July 5, 2023 10:7 WSPC/S0219-8878 IJGMMP-J043 2350143

International Journal of Geometric Methods in Modern Physics
Vol. 20, No. 9 (2023) 2350143 (19 pages)
c© World Scientific Publishing Company
DOI: 10.1142/S0219887823501438

Applications of some types of solitons within the framework
of Kählerian spacetime manifolds

Santu Dey∗

Department of Mathematics, Bidhan Chandra College
Asansol-4, West Bengal 713304, India

santu.mathju@gmail.com

Siraj Uddin

Department of Mathematics, Faculty of Science
King Abdulaziz University, Jeddah 21589, Saudi Arabia

siraj.ch@gmail.com

Received 24 November 2022
Revised 24 February 2023
Accepted 1 March 2023
Published 12 April 2023

In this paper, we study applications of some certain types of solitons such as confor-
mal Ricci soliton, conformal η-Ricci–Yamabe soliton and η-Ricci soliton on Kählerian
spacetime manifolds. Further, we have developed the characteristics of conformal Ricci
soliton and conformal η-Ricci–Yamabe soliton on almost pseudo-symmetric Kählerian
spacetime manifolds. Here, we have signalized the nature of solitons in terms of shrink-
ing, steady or expanding and we have also presented the relationship between λ and μ
in terms of conformal η-Ricci–Yamabe soliton. Finally, we have embellished the classi-
fication of the potential function with respect to gradient η-Ricci soliton on Kählerian
spacetime manifolds.

Keywords: Ricci flow; η-Ricci soliton; conformal Ricci soliton; conformal η-Ricci–Yamabe

soliton; almost pseudo-symmetric manifolds; Kählerian spacetime manifolds.
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1. Background and Motivations

Ricci solitons have received a lot of attention by many geometers, mainly due to the
intense works of Hamilton (and also Perelman). In the recent years, Ricci solitons
are of much interest in the field of differential geometry and geometric analysis as
it naturally extends Einstein metric. In 1982, Hamilton [20] introduced the concept
of Ricci flow, which is an evolution equation for metrics on a Riemannian manifold.
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In this paper, we give some characterizations by considering almost ∗-η-Ricci–
Bourguignon soliton as a Kenmotsu metric. It is shown that if a Kenmotsu metric endows
a ∗-η-Ricci–Bourguignon soliton, then the curvature tensor R with the soliton vector field
V is given by the expression (LV R)(V1, ξ)ξ = 2ϑ{V1(r)ξ−V1(Dr)+ξ(Dr)−ξ(r)ξ−Dr}.
Next, we show that if an almost Kenmotsu manifold such that ξ belongs to (κ,−2)′-
nullity distribution where κ < −1 acknowledges a ∗-η-Ricci–Bourguignon soliton satis-
fying Ω + ψ �= ϑ[(r + 4n2) + {ξ(ξ(r)) − ξ(Dr)}], then the manifold is Ricci-flat and is
locally isometric to H

n+1(−4)×R
n. Moreover if the metric admits a gradient almost ∗-

η-Ricci–Bourguignon soliton and ξ leaves the scalar curvature r invariant on a Kenmotsu
manifold, then the manifold is an η-Einstein. Also, if a Kenmotsu metric represents an
almost ∗-η-Ricci–Bourguignon soliton with potential vector field V is pointwise collinear
with ξ, then the manifold is an η-Einstein.

Keywords: (κ,ψ)-almost Kenmotsu manifold; (κ, ψ)′-almost Kenmotsu manifold;
∗-η-Ricci–Bourguignon soliton.
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1. Introduction and Motivations

The scientists and mathematicians across many disciplines have always been fas-

cinated to study indefinite structures on manifolds. When a manifold is endowed

with a geometric structure, we have more opportunities to explore its geometric

properties. In 1981, a new geometric flow, named Ricci–Bourguignon flow, was

introduced by Jean-Pierre Bourguignon [5], which was constructed and based on
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ABSTRACT
We analyze the thermo-electroosmotic mobility of power-law elec-
trolyte solution under the action of amagnetic field in awavy pattern
micro-channel. The flow is driven by the combined effect of the pres-
sure gradient and the electric potential applied externally in the axial
direction. The variable properties such as the viscosity, zeta poten-
tial, electrical and thermal conductivity of electro-thermal flow are
assumed to vary with temperature. The entire flow phenomena have
been solved by employing the finite difference method. We have
presented the variation of electroosmotic mobility with the effect
of Joule heating and applied magnetic field. We have examined
the coupling effects of axial velocity, thermal energy, and electric
potential function for various values of the temperature-dependent
properties. These temperature-dependent property variations lead
to developing volumetric flow rates associated with the behavior of
the power-law index. The Nusselt number is drastically influenced
by the temperature-dependent zeta potential variation in compari-
son with the Newtonian and shear-thickening fluids. The numerical
and analytical solutions are validated with the existing literature and
obtained a good agreement.
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B0 magnetic field
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Ha Hartmann number
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Abstract: Qualitative and quantitative assessment of bird diversity as during monsoon season and correlated with available air quality 

parameters of Asansol, West Bengal. For bird diversity assessment, a total500-meter line transects was done randomly weekly twice a 

day (2hrs. duration in each day) and call count methods in industrial and urban area compared to suburban area for the period of three 

months (June 2021 – August 2021). Different biodiversity indices were compared between the sites. Overall air quality data were 

correlated with the value of bird diversity. In the present findings, qualitative and quantitative assessment indicated that the variety of 

bird species were observed less numbers (11 types and 118 organisms) in site A1 compared to site A2 (20 types and 202 organisms). 

Different indices such as Shannon diversity index, Index of Dominance, and Margalef’s species richness index values were higher in 

site B (2.40, 0.87 and 3.60) when compared to site A (2.00, 0.81 and 2.10) while Berger-Parker Dominance Index value was observed 

lower in site A2 (0.30) when compared to site A1 (0.36). The values (Mean ± SD) of different air quality parameters (µg/m³) viz. PM2.5, 

PM10, SO2 and NO2 were 56.66±2.13, 114.32±5.64, 11.22±0.64 and 29.01±1.90, respectively. Different diversity indices were lower in the 

site A1 may be due to the combinations of air pollutants or PM10 itself when compared to site A2. In future, it is suggested to study 

avifaunal diversity in dry seasons viz. winter and summer related to the air quality status. 

 

Keywords: Bird diversity; Air quality; Industrial area; Urban area; Suburban area; Air quality bioindicator 

 

1. Introduction 
 

The study of bird diversity is very important because this 

indicates air quality of particular area. Several air pollutants 

viz. particulates and gaseous pollutants have an impact on 

bird species due to inhalation exposure.
[1-2]

A recent 

international study emphasized that decreasing of bird 

population in USA due to air pollutants especially ozone 

increasing rate.
[3]

Beside these, urbanization is also the 

causative reason for the declining of bird species.
[4-

5]
Abnormal air quality due to industrial and automobile 

emissions that lead to air pollution. But present regulation of 

air pollution is based on human health hazards and no 

standards of pollutants have been proposed for avifauna or 

other chordates. 

 

High diversity of avifauna indicates a healthy ecosystem and 

bird species fulfil several ecological functions in their 

habitats.
[5-6]  

Moreover, insect feeder and raptors regulate 

disease vectors viz. mosquitoes and rodents. Scavenger 

birds, especially Pied Crow (Corvus albus) an important 

contributor for recycling of biomass and reducing disposable 

wastes.
[5]

 Fruit eating birds help in seed dispersal of fleshy 

fruit.
[7]

Birds also participate in plant pollination.
[8]

 

 

Several earlier studies have been reported bird diversity in 

different parts of West Bengal 
[9-13] 

but not related to air 

quality of urban and/or industrial area compared to suburban 

area. Chowdhury et al. 
[4]

studied bird diversity related to 

traffic load near roadside parks without air quality 

assessment. Some international studies have been reported 

that air pollution causes the declining of the bird diversity 
[1-

2,14]
and it was observed a close relation between bird 

diversity in two parks of Kolkata and air pollution 
[15]

but the 

correlation between air quality parameters and bird diversity 

in Asansol urbanized area near industry, West Bengal is 

lacking. 

 

The present study was attempted the bird diversity as 

qualitative and quantitative assessment during monsoon 

season and corelated with available air quality parameters of 

Asansol, West Bengal. 

 

2. Materials and Methods 
 

Selection of study area 

The study sites were selected as per heavily populated 

neighbourhoods, nearby residential buildings, nearby roads 

and continuous vehicular movements and nearby industries 

designated as site A1(latitude = 23° 40´ N and longitude = 

86° 55´ E) and suburban area comparatively lower vehicular 

movements, far from industrial vicinity designated as site 

A2(latitude = 23° 67´ N and longitude = 87° 22´ E), 

Asansol, West Bengal. The study was carried out in these 

two habitats as per downwind direction for qualitative and 

quantitative assessment. 

 

Study design 

A total500-meter line transects was done randomly weekly 

twice a day (2hrs. duration in each day) and call count 

methods in industrial and urban area compared to suburban 

area for the period of three months (June 2021 – August 

2021). The photographs of birds were taken during survey 

by using camera and was identified with the help of research 

articles.
[16-18]

 Some unassuming bird species were identified 

based on their calls.
[19]
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Air quality data 

All the secondary data of ambient air pollutants such as SO2, 

NO2, PM2.5 and PM10 related to Asansol air quality 

monitoring station, West Bengal were retrieved from Air 

Quality Information System of West Bengal Pollution 

Control Board, Kolkata to know the present status of air 

quality during monsoon season (June 2021 – August 2021). 

 

Qualitative and quantitative assessment of avifauna 

 

Bird diversity indices such as total specimens (N), Shannon 

diversity index (H'), Index of Dominance (C), Berger-Parker  

 

Dominance Index, and Margalef’s species richness index (S) 

were calculated.
[20-24]

 The formulae are as follows: 

 

Shannon-Wiener diversity index (H') = - [∑ Pi ln Pi] … (1) 

 

where, Pi  is proportion of species  i relative to the total 

number of species, and  lnPi  is natural logarithm of this 

proportion.   

 

Index of Dominance (C) = ∑ (ni/N)
2
…………… (2) 

 

where, ni = importance value for each species (number of 

individuals), N = total number of importance value  

 

Berger-Parker Dominance Index= Nmax / N …… (3) 

 

where, Nmax is the number of Individuals of a species, and N 

is total population of birds.   

 

Margalef’s species richness = S–1 ÷ ln N ……… (4) 

where, S = number of species, ln N = natural logarithm of 

the total number of individuals  

 

The values of different biodiversity indices were calculated 

by using online tool namely Biodiversity calculator 

developed by AL Young Studio 

(https://www.alyoung.com/labs/biodiversity_calculator.html

?rand). 

 

Statistical analysis 

The Pearson correlation coefficient was analyzed to 

determine significant association between different air 

quality parameters and number of bird species during 

monsoon. All the data were considered the significance level 

at P<0.05 by using statistical software, PAST 

(PAleontological  STatistics) software (version 3.26) 

developed by Hammer et al. 
[25]

 

 

3. Results 
 

In the present findings, qualitative and quantitative 

assessment indicated that the variety of bird species were 

observed few in numbers in site A compared to site B (Table 

1). The comparison revealed bird varieties of about 11 types 

in site A than varieties of about 20 types in site B. Common 

species of birds were Corvus splendens, Columba livia, 

Acridotheres tristis, Acridotheres ginginianus, Spilopelia 

chinensis, Turdoides striata, Anas platyrhynchos 

domesticus, Copsychus saularis, and Dicrurus 

adsimilisobserved in both study sites. Moreover, few species 

were observed only in site B not in site A. 

 

Table 1: List of avifauna in the study sites 
Site A1 Site A2 

S. 

No. 
Common Name Scientific Name Total No. Sl. No. Common Name Scientific Name 

Total 

No. 

1. House crow Corvus splendens 15 1. Indian pigeon Columba livia 60 

2. Indian pigeon Columba livia 42 2. Spotted dove Spilopelia chinensis 18 

3. Common mayna Acridotheres tristis 12 3. Jungle babbler Turdoides striata 12 

4. Bank mayna Acridotheres ginginianus 4 4. Common mayna Acridotheres tristis 8 

5. Spotted dove Spilopelia chinensis 2 5. Asian koel Eudynamys scolopaceus 1 

6. Jungle babbler Turdoides striata 8 6. Vulture Gyps indicus 2 

7. 
Indian little black 

cormorant 
Phalacrocorax sp. 1 7. House crow Corvus splendens 25 

8. Domestic duck 
Anas platyrhynchos 

domesticus 
12 8. White breasted water hen Amaurornis   phoenicurus 7 

9. Oriental magpie robin Copsychus saularis 2 9. Indian rose ringed parakeet Psittaciformes sp. 12 

10. Cock Gallus gallus domesticus 15 10. Red vented bulbul Pycnonotus cafer 2 

11. Bronzed drongo Dicrurus adsimilis 5 11. Red whiskered bulbul Pycnonotus jocosus 1 

    12. Cattle egret Bubulcus ibis 12 

    13. Bank mayna Acridotheres ginginianus 5 

    14. 
Domestic duck 

 

Anas platyrhynchos 

domesticus 
11 

    15. Cock Gallus gallus domesticus 9 

    16. Purple sunbird Cinnyris asiaticus 4 

    17. Bronzed drongo Dicrurus adsimilis 8 

    18. Oriental magpie robin Copsychus saularis 2 

    19. Greater coucal Centropus sinensis 1 

    20. Woodpecker Dinopium benghalense 2 

 
Table 2 evaluates the comparative diversity indices between 

the site A1 and A2. Higher value of the number of total 

organisms of about 202 in site A2 when compared to site A1 

(118).Different indices such as Shannon diversity index, 

Index of Dominance, and Margalef’s species richness index 

values were higher in site A2 (2.40, 0.87 and 3.60) when 
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compared to site A1 (2.00, 0.81 and 2.10) while Berger-

Parker Dominance Index value was observed lower in site 

A2 (0.30) when compared to site A1 (0.36). 

 

Table 2: Diversity indices compared between the site A1 

and A2 
Indices Site A1 Site A2 

Total No. of species 11 20 

Total No. of organisms 118 202 

Shannon-Wiener diversity index 2.00 2.40 

Index of Dominance 0.81 0.87 

Berger-Parker Dominance Index 0.36 0.30 

Margalef’s species richness 2.10 3.60 

 

Fig 1 describes the values (Mean ± SD) of different air 

quality parameters in which all the parameters were 

observed within the national ambient air quality standards 

except PM10. The value of PM2.5, PM10, SO2 and NO2 were 

56.66 ±2.13 µg/m³, 114.32 ±5.64 µg/m³, 11.22 ±0.64 µg/m³ 

and 29.01 ±1.90 µg/m³, respectively. 

 

 
Figure 1: Average value of air quality parameters within the 

study area (Mean ± SD; n = 27) 

 

Table 3estimates the Pearson correlation coefficient of air 

quality parameters and bird species availability in the site 

A1 and A2. In the site A, PM2.5and PM10 were observed 

negative correlation (r = -0.024 and r = -0.399) while SO2 

and NO2 shown positive correlation (r = 0.068 and r = 0.715) 

with the availability of bird species. In the site B, PM2.5,SO2 

and NO2 were observed negative correlation (r = -0.132, r = 

-0.234 and r = -0.105) while PM10shown positive correlation 

(r = 0.103) with the availability of bird species. 

 

Table 3: Correlation coefficient of air quality parameters 

and bird species availability in the site A1 and A2 
Correlation coefficient of Site A1 Site A2 

PM2.5 and bird species r = -0.024 r = -0.132 

PM10 and bird species r = -0.399 r = 0.103 

SO2 and bird species r = 0.068 r = -0.234 

NO2 and bird species r = 0.715 r = -0.105 

 

4. Discussion 
 

The bird species are highly diverse and easily noticeable in 

the ecosystem. The diversity of avifauna declines due to 

environmental stresses especially abnormal air quality.
[1-

2,4,14-15]
 

 

In the present study sites common bird species such as 

Corvus splendens, Columba livia, Acridotheres tristis, 

Acridotheres ginginianus, Spilopelia chinensis, Turdoides 

striata, Anas platyrhynchos domesticus, Copsychus saularis, 

and Dicrurus adsimilisobserved in both study sites. 

Moreover, few more species such as Eudynamys 

scolopaceus, Gyps indicus, Amaurornis   phoenicurus, 

Psittaciformes sp., Pycnonotus cafer, Pycnonotus jocosus, 

Bubulcus ibis, Cinnyris asiaticus, Centropus sinensis, and 

Dinopium benghalense were recorded only in site B but in 

site A, one specimen of Phalacrocorax sp. was recorded. In 

the recent study, the variation of bird species due to air 

pollution has been found in the parks of Kolkata 

metropolitan area.
[15] 

 

Different diversity indices were higher in the site A2due to 

less exposure of air pollutants compared to site A1 nearer to 

industrial vicinity and highly human interference as 

urbanized area. Moreover, all the air pollutants within the 

national ambient air quality standards except PM10. These 

pollutants may be safe for human but unsafe for bird’s 

growth, metabolic activity, respiratory rate, etc. for declining 

diversity in site A1. On the other hand, the diversity 

wasfound a decreasing trend may be due to elevated average 

level of PM10, which has evidenced in the previous studies 

that particulates and other air pollutants decreased the 

diversity of avifauna.
[2-3,14-15]

 

 

The negative value of the correlation coefficient, the r value 

indicates an increasing level of one parameter and 

decreasing in the other parameter. In the present study, there 

is a possibly of induction of air pollutants in site A1, which 

decreased the bird diversity as per decreased values of 

diversity indices, which is supported by earlier studies.
[15,26]

 

The relation between two variables could be established by 

correlation coefficient in which the parameters of air 

pollution and biodiversity of birds are interdependent and 

inversely related to each other.
[15,27] 

 

5. Conclusion 
 

The present study was conducted in the monsoon season to 

know the bird diversity related to air quality parameters in 

the industrial vicinity and urbanized area (site A) compared 

to suburban area far away from industries(site B) at Asansol, 

West Bengal. Different diversity indices were lower in the 

site A may be due to the combinations of air pollutants or 

PM10 itself when compared to site A. In future, it is 

suggested to study avifaunal diversity in dry seasons viz. 

winter and summer related to the air quality status. 
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Abstract A one-pot asymmetric aminoarylation reaction has been
executed for the synthesis of trans-4-amino-5-aryltetrahydroben-
zo[c]azepines with excellent diastereo- and enantioselectivity (dr > 99:
1; ee ≤97%). The reaction progresses through aziridination of prochiral
N-tosyl-N-cinnamylbenzylamines, followed by an intramolecular 7-endo-
tet Friedel–Crafts cyclization of the tethered aziridines generated in situ,
where the combination of Cu(OTf)2 as a catalyst and PhINNs as a ni-
trene source was found to be effective. A chiral indenyl bis(oxazoline)
was shown to be an efficient ligand for the catalytic enantioselective
version of this one-pot transformation. This 7-endo-tet cyclization is
contrary to the Baldwin cyclization rules.

Key words tetrahydrobenzazepines, asymmetric catalysis, aminoary-
lation, aziridines, Friedel–Crafts reaction, endo-tet cyclization

Nitrogen-containing heterocycles, such as azepines or

their annulated variants, are ubiquitous structural motifs

found in numerous natural and pharmaceutical products.

However, tetrahydro-2-benzazepines remained an unprivi-

leged class of heterocycles for a long period in medicinal

and synthetic chemistry. Lately, this class of compounds has

been found to elicit prominent biological activities, such as

analgesic, antihypertensive, antitumor, and anti-Alzhei-

mer’s disease activities, among many others.2–7 In particu-

lar, 4-amino-2-benzazepine3–6 and 5-aryl-2-benzazepine

motifs7 are present in many compounds with profound bio-

activities, such as compounds A–F (Figure 1). The dual ACE

and NEP inhibitors AVE-7688 (Ilepatril) (A)3 and MDL-

100240 (B) are two advanced drug candidates for the po-

tential treatment of hypertension and diabetic nephropa-

thy.4 The constrained dermorphin tetrapeptide analogue

AN81 (C), a mixed -/-opioid agonist with subnanomolar

binding affinity is a prospective analgesic. SBCHM01 (D) is a

potent chimeric opioid agonist–neurokinin-1 antagonist for

the treatment of chronic pain.5 Several reports state that

the 5-aryltetrahydro-2-benzazepines E are HIV integrase

inhibitors, antiarrhythmics, analgesics, or reuptake inhibi-

tors of dopamine and serotonin, and powerful agents for

the treatment of mental disorders and hypoxia.7 Further-

more, the indolobenzazepin-7-one F, containing a 4-ami-

no-5-aryl-2-benzazepine nucleus, was recently identified

as having cytotoxic and antitumor properties as an inhibi-

tor of tubulin polymerization.2d,e

Figure 1  Representative 4-amino- and 5-aryltetrahydro-2-benzaze-
pine-motif-containing bioactive molecules

The promising pharmacological potential and the chal-

lenge of constructing the benzo-annulated seven-mem-

bered ring of tetrahydro-2-benzazepine heterocycles have

recently attracted the attention of the synthetic communi-

ty.8,9 However, a catalytic asymmetric synthesis of tetrahy-

dro-2-benzazepines, in particular, those having a vicinal 4-

amino, 5-aryl unit, is still an unmet challenge.
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N-Benzyl-N-cinnamyl amines 1 were expected to gener-

ate the corresponding aziridines 2 by treatment with a suit-

able nitrene source. We envisioned a stereoselective intra-

molecular Friedel–Crafts cyclization of the in-situ-generat-

ed tethered aziridines 2 to give the tetrahydro-2-

benzazepines 3 (Scheme 1), although such 7-endo-tet cy-

clizations have been rarely reported in the literature9f

Moreover, Baldwin’s cyclization rules for the opening of

three-membered rings to form cyclic structures seem to lie

between those for tetrahedral and trigonal systems, with

exo-modes being generally preferred’.9a We hoped that a

suitable chiral catalyst would also induce enantioselectivity

in this overall process. Here, we report a highly efficient

catalytic and enantioselective one-pot synthesis of trans-4-

amino-5-aryltetrahydro-2-benzazepines 3 with high dias-

tereo- (>99:1) and enantioselectivities (up to 97% ee)

through an aminoarylation reaction.

Scheme 1  Proposed 7-endo-tet-aminoarylation reaction

Iminoiodinanes and Lewis acids are routinely paired

for aziridination of alkenes, and have been used for de-

cades.10 The couple’s application in stereoselective aziridi-

nation reactions has been recently studied in our laborato-

ry.11 We found that the nitrenoid reagent PhINNs (Ns = no-

syl), in combination with Cu(OTf)2, is an ideal precursor of

a nitrene for delivery to an olefinic unit. Lewis acids such

as Cu(OTf)2, which can serve as dual-purpose catalysts,

were expected to be effective in Friedel–Crafts reactions.

At the outset, we employed the PhINNs–Cu(OTf)2 couple in

the reaction of N-cinnamylbenzylamine (1a) under well-

established conditions. Amine 1a (5.0 equiv) was treated

with PhINNs (1.0 equiv) in the presence of 0.1 equivalent

of Cu(OTf)2 catalyst and molecular sieves (MS 4Å) in CH2-

Cl2 at room temperature (25 °C) (Scheme 2). However, this

led to an intractable mixture, possibly as a result of the

presence of the bare –NH group. It is reasonable to con-

clude that substrates with an exchangeable proton do not

undergo the required reaction. Consequently, N-protec-

tion appeared to be inevitable to eliminate this issue. Ac-

cordingly, we planned to exploit the chemistry starting

from N-tosyl-N-cinnamylbenzylamine (1b) under the

aforementioned conditions at room temperature. Com-

plete dissolution of the nitrenoid reagent required only

four hours. Analysis of the reaction mixture after column

chromatography revealed the formation of the expected 4-

amino-5-phenyltetrahydro-2-benzazepine {(±)-3b (m/z

600.12 [M + Na]+)} with >99:1 diastereoselectivity in 69%

yield, along with a considerable amount of an uncharac-

terized byproduct (m/z = 475.09), but with no trace of the

aziridine (±)-2b. A detailed spectral analysis also con-

firmed that the cyclized product was trans-4-amino-5-

phenyltetrahydro-2-benzazepine [(±)-3b]. Introduction of

the phenyl BOX ligand (±)-L1 into the reaction afforded

aziridine (±)-2b exclusively, but a further attempt at a one-

pot cyclization of the in-situ-generated aziridine (±)-2b
with a supplementary amount of Cu(OTf)2 gave a similar

result to that of the reaction without ligand (±)-L1. These

observations suggested that the reaction needed to be op-

timized at the Friedel–Crafts cyclization step. Hence, aziri-

dine (±)-2b was prepared by an aziridination reaction in

the presence of ligand (±)-L1 and isolated by column chro-

matography. A spectral analysis confirmed its structure to

be that of the trans-aziridine (±)-2b. A number of metal

catalysts were screened under various conditions [for de-

tails, see the Supporting Information (SI); Table S1]. Ulti-

mately Cu(OTf)2 at the slightly elevated temperature of 35

N
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Scheme 2  One-pot aminoarylation reaction of 1 using Cu(OTf)2 catalyst with and without a ligand
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°C was found to suppress the formation of the noncharac-

terized byproduct and afforded an excellent yield (91%) of

the desired tetrahydrobenzazepine (±)-3b.

Meanwhile, it was evident that a nonracemic synthesis

of trans-4-amino-5-aryltetrahydro-2-benzazepines 3b
could be achieved by the introduction of chiral copper(II)

catalyst into the reaction with subsequent tuning. Conse-

quently, we chose to investigate several chiral bisoxazoline

(Box) ligand-chelated copper catalysts for enantioinduction

in the reaction (Table 1). The bisoxazoline ligand L1 was in-

cluded in an aziridination reaction that provided aziridine

2b as the sole product after five hours. One-pot treatment

of 2b with a supplementary amount of Cu(OTf)2 at 35 °C

took one hour to give the desired product 3b with 69% ee in

71% yield (Table 1, entry 1). With the sterically demanding

tert-butylbisoxazoline L3, there was no improvement in the

yield (69%), but the ee dropped significantly to 32% (entry

3). A similar yield and selectivity were obtained in aminoa-

rylation in the presence of the isopropyl bisoxazoline ligand

L2 (entry 2). Unlike the phenyl bisoxazoline ligand L1, the

benzyl bisoxazoline ligand L4 showed poor selectivity

(15%), even though it gave a better yield (entry 4). The Py-

Box ligand L5, derived from L-phenylglycine, gave a maxi-

mum yield of 89% but provided no selectivity (entry 5). The

bisoxazoline ligand L6, derived from (1R, 2S)-1-aminoin-

dan-2-ol gave an improved yield and the highest enantiose-

lectivity, and it was recognized as being the most suitable

ligand (entry 6). Notably, unlike the phenyl rings on the ox-

azoline units in in the phenyl Box ligand L1, those in the in-

denyl Box ligand L6 are attached through an extra methy-

lene bridge, which brings more rigidity to the structure.

This structural strength of the indenyl Box ligand L6 is re-

sponsible for providing the excellent enantioinduction. The

absolute stereochemistry of the trans-cyclized product 3b
was assigned by analogy with reports in the literature.10,11

After our search for an effective chiral catalyst, we screened

several solvents. Halogenated solvents such as CHCl3 and

DCE gave decent selectivities in the series (entries 7 and 8),

but CH2Cl2 remained the ideal choice, as it provided the

highest yield of 81% and the highest enantioselectivity of

96%. CH3CN also provided a moderate yield (77%), but a

lower enantioselectivity (42%) (entry 9). The enantiomeric

Table 1  Optimization of the Reaction Conditions for the One-Pot Catalytic Asymmetric Aminoarylation Reactiona

Ligand Solvent Timeb (h) Yieldc (%) of 3b eed (%) of 3b

1 L1 CH2Cl2 5 71 69e

2 L2 CH2Cl2 5 58 29e

3 L3 CH2Cl2 5 69 32e

4 L4 CH2Cl2 5 80 15e

5 L5 CH2Cl2 7 89 0

6 L6 CH2Cl2 5 81 96

7 L6 CHCl3 5 62 93

8 L6 DCE 5 59 88

9 L6 CH3CN 3 77 42

10 L6 C6H6 5 50 64

a Reaction conditions: Substrate 1b (5 equiv), PhINNs (1.0 equiv), Box–Cu(II) complex [derived from Cu(OTf)2 (10 mol%) and Box ligand L (12 mol%)], solvent, 
stirring at rt until complete dissolution of the nitrenoid reagent, then additional Cu(OTf)2 (10 mol%), 35 °C, 1–2 h.
b Time for the aziridine formation.
c Isolated yield of 3b after flash column chromatography.
d Determined by HPLC on a Chiralcel IA-3 column.
e The other enantiomer was formed predominantly.
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leakage can be attributed to the high ligating affinity of the

solvent molecules. The yield and selectivity did not improve

in benzene (entry 10).

Earlier, it has been established that the enantioselectivi-

ty originates in the aziridination step and that the stereo-

chemistry of the intermediate aziridine is relayed to the cy-

clized product.11b–h On this basis, we have previously ac-

complished asymmetric syntheses of dopamine D1

agonists (A-8692911c and dihydrexidine11d) and an antago-

nist (ecopipam11e), confirming the assigned absolute ste-

reochemistry of both the newly generated stereocenters.

Furthermore, Lewis acid-catalyzed intermolecular nucleo-

philic ring-opening reactions of chiral 2-arylaziridines

mostly follow an SN2-type mechanism with inversion of

configuration at the benzylic center affording a high stere-

oselectivity of the product.12 Intramolecular nucleophilic

ring-opening reactions of chiral 1,2-disubstituted aziri-

dines also follow a similar SN2-type mechanism, providing

excellent trans-diastereoselectivity (dr >99:1) irrespective

of the ring size.11 As in the earlier reports,11 the other

stereocenter of the aziridine in the present reaction re-

mained undisturbed, affording an excellent diastereo-

selectivity of the cyclized product (dr > 99:1), so that the

absolute configuration of the trans-cyclized product 3b
could be deduced by analogy.10,11

Having identified the optimal conditions for the catalyt-

ic enantioselective aziridination with the Cu(OTf)2 catalyst

and (1R, 2S)-1-aminoindan-2-ol-derived bis(oxazoline) li-

gand L6 and the subsequent Friedel–Crafts cyclization of

the in-situ-generated aziridine with additional Cu(OTf)2,

we continued to investigate the scope of this one-pot proto-

col for the asymmetric synthesis of the trans-tetrahydro-2-

benzazepine derivatives 3 (Table 2).13 Substrates 1c and 1i,
having electron-deficient aromatic rings at either end, ex-

perienced a slightly slower reaction but gave moderate

yields of the cyclized products 3c and 3i (71 and 72%), re-

spectively, and an excellent 95% enantioselectivity in both

cases (Table 2; entries 2 and 8). Substrates 1d, 1f, and 1g,

containing electron-rich aromatic rings at either end, un-

derwent faster reactions and provided improved yields of

3d, 3f, and 3g, with enantioselectivities of 96, 97, and 96%

respectively (Table 2, entries 3, 5, and 6). The electron-rich

substrates 1e and 1h, in which both aromatic rings carried

electron-rich methoxy substituents, underwent similar

smooth reactions to afford the corresponding products in

excellent yields and high ee values (entries 4 and 7). Sub-

strates 1f and 1g, with a piperonyl ring (entries 5 and 6),

gave the corresponding cyclized products directly at rt in

the shortest reaction time without any halt at the corre-

sponding aziridine intermediate; the reaction of substrate

1f registered the highest yield and enantioselectivity (entry

5). Because of the electron-deficient nature of substrate 1c,

Table 2  Catalytic Asymmetric Aminoarylation for One-Pot Synthesis of trans-4-Amino-5-arylhexahydrobenzo[c]azepines 3a,12

Entry 1 R1, R2 R3 Ar Timeb (h) Product Yieldc (%) eed (%)

1 1b H, H H Ph 6 3b 81 96

2e 1c F, H H 4-FC6H4 10 3c 71 95

3 1d H, OMe H 4-MeC6H4 4 3d 84 96

4 1e H, OMe H 2-MeOC6H4 2 3e 83 87

5f 1f OCH2O H 1-naphthyl 2 3f 87 97

6f 1g OCH2O H 4-ClC6H4 2 3g 80 96

7 1h OMe,H H 3-MeOC6H4 4 3h 78 96

8 1i OMe,H H 4-FC6H4 7 3i 72 95

9 1j H, H Me 4-MeC6H4 6 3j 69 86

a Reaction conditions: 1 (5 equiv), PhINNs (1.0 equiv), Box-Cu(II) complex (derived from 10 mol% Cu(OTf)2 and 12 mol% Box ligand L6), CH2Cl2, stirring at rt until 
complete dissolution of the nitrenoid reagent, then additional Cu(OTf)2 (10 mol%), 35 °C, 1–2 h.
b Total time, including aziridine formation and subsequent cyclization.
c Isolated yield of 3 after flash column chromatography.
d Determined from HPLC on chiralpak IA 3 or IB 3 or IC 3 columns.
e Because of its electron-deficient nature, the corresponding aziridine did not cyclize in one pot. The reaction mixture was filtered through a short plug of silica gel 
and concentrated; the semicrude reaction mixture was then subjected to Friedel–Crafts cyclization with additional Cu(OTf)2 in CH2Cl2.
f Compounds 1f and 1g gave the cyclized product 3f and 3g in one pot without the use of additional Cu(OTf)2 at rt.
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the corresponding aziridine 2c did not cyclize in one pot.

We therefore filtered the reaction solution through a short

plug of silica gel and then processed the semicrude reaction

mixture for Friedel–Crafts cyclization with additional

Cu(OTf)2. Due to the presence of a preinstalled chiral center,

substrate 1j was expected to be a challenging one; however,

the optimized chiral induction efficiently furnished a single

diastereomer (dr > 99:1) of the cyclized product 3j. In terms

of reactivity, substrate 1j was comparable with 1b, and

therefore provided the desired product 3j in good yield and

selectivity (69% and 86%, respectively) (entry 9).

To support the seven-membered benzo[c]azepine struc-

ture 3 from the 7-endo-tet Friedel–Crafts cyclization, 2D

NMR spectroscopic experiments (COSY and HMBC) of com-

pound 3g were carried out. The COSY spectrum defines all

the 1H–1H couplings assigned to the product. The HMBC

spectrum contained three two-bond-coupling peaks [H(e)–

5–11, H(e)–5–16, and H(e)–5–4] of the dibenzylic proton

[H(e)] (Figure 2), thereby confirming the seven-membered

structural feature of trans-4-amino-5-aryltetrahydro-2-

benzazepines 3 (for details, see SI).

Figure 2  HMBC two-bond couplings of compound 3g

In summary, we have developed a highly efficient, one-

pot, asymmetric synthesis of 4-amino-5-aryltetrahydro-

benzo[c]azepines with excellent diastereo- and enantiose-

lectivity (dr > 99:1; ee ≤97%). Catalytic enantioselective

aziridination of the cinnamyl unit of N-sulfonyl-N-cinnam-

ylbenzylamines and subsequent regio- and stereoselective

7-endo-tet Friedel–Crafts cyclization of tethered benzyl unit

provides an excellent method. However, this 7-endo-tet-cy-

clization is contrary to Baldwin’s cyclization rules. The de-

veloped protocol might open up a new avenue in tetrahyd-

robenzo[c]azepine-based medicinal and drug-discovery

chemistry.
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N-{(4S,5R)-5-Phenyl-2-tosyl-2,3,4,5-tetrahydro-1H-2-ben-
zazepin-4-yl}-4-nitrobenzenesulfonamide (3b)

White solid; yield: 91% (96% ee); mp 164–166 °C; []D
28 −137 (c

0.30, CH2Cl2). HPLC [Daicel Chiralpak IA-3, hexane–EtOAc

(60:40), 1.0 mL/min,  = 254 nm]: tmajor = 6.1 min, tminor = 7.2
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129.4, 129.2, 129.1, 129.0, 128.7, 128.6, 128.1, 127.9, 127.5,

124.6, 63.3, 62.7, 54.2, 49.9, 22.0. ESI-MS: m/z [M + Na]+ calcd
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Abstract—The imminent development and deployment of 6G technology demands high-speed data transfer
with least latency. Terahertz (THz) spectrum is anticipated to provide the essential higher bandwidth with
potential to increase network capacity greatly and further realization of 6G communication. But there are
several challenges in terahertz technology like dearth of efficient sources, detectors, communication systems
and reliable infrastructure for network implementation that are yet to be addressed and may need several years
in development. Currently a similar communication design would face path loss, fading, poor signal quality
due to inevitable molecular absorption, attenuations due to rain, cloud, gaseous molecules. While enhanced
signal transmission power may offset some effects at a higher energy consumption and cost of system design.
Power optimization and management would be another challenge in THz frequencies. Spectral efficiency
and capacity may be improved due by Non-Orthogonal Multiple Access (NOMA) technique combined with
Multiple Input Multiple Output (MIMO) antenna system. However, stable successive interference cancella-
tion technique used in NOMA is still another challenge. Further to our development of chip-integrable
uncooled terahertz microbolometer arrays as chip-integrable sensing device, and reconfigurable graphene
nanopatch antenna compatible with the same, this article explores the opportunity in communication and
network application for high-speed information processing. This work reviews the opportunities and chal-
lenges in the development of sources, detectors, communication systems prospective for 6G Communication
in general and specific to that with THz spectrum.

Keywords: millimeter wave communication, terahertz communication, absorption loss, diffraction loss, path
loss
DOI: 10.3103/S1062873822700617

INTRODUCTION
Wireless communication has been revolving

through one generation to another generation. In 4G
network sub 6 GHz frequencies have been used. But
microwave frequencies have limitations in data usages
as they are burdened by many wireless users due to ever
increasing demand. To accommodate higher number
of users, higher data transfer speed, higher frequency
millimeter wave band (mmWave) are being used in
5G. New technologies and design methodologies are
being used for wireless connection used in Internet of
Technology (IoT), enabling AI (Artificial Intelligence)
supported by clouds. But mmWave propagation char-
acteristics are unfavorable and may fail to meet the
extreme technological demands in various applica-
tions e.g. virtual reality (VR), 3D video or automotive
vehicles etc where data transfer rate should extremely

high. These leads increasing interest to investigate and
explore further into the Terahertz (THz) band. The
Terahertz (THz: from 300 GHz–3 THz) band pro-
vides higher bandwidth, low latency with data rate of
Tbps range, accommodating extreme number of wire-
less users with ultra-high speed transfer rate. THz
antenna can offer high directivity and less eavesdrop-
ping. Indoor communication can be improved by eas-
ily beam tracking and using the path of reflection in
Terahertz. Terahertz can also follow Non-Line of
Sight (NLOS) propagation. As transmission distance
in mmWave and THz frequencies are less and antenna
sizes are small, they can consume less power. The
effects of free space diffraction and noise generated
from optical source are less in this frequency. Most
importantly other than its qualities useful for commu-
nication, the Terahertz radiation is non-ionizing and
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hence not harmful for health of user and living-beings
in general.

Millimeter spectra are blocked by obstacles and
cannot penetrate the wall, however same is not true for
Terahertz frequencies up to certain limits. However,
either of these frequencies are affected by loss due to
penetration and scattering. Outdoor communication
can be affected by atmospheric attenuation that limits
transmission distance in mmWave, particularly in
THz frequency. Designing smaller and compact hard-
ware in mmWave communication system, leads to
lower sensitivity and not cost effective. The recent
developments in THz devices makes realizable THz
signal generation and detections and enables THz sys-
tem with sufficient output power and sensitivity. The
advancement in THz devices can facilitate reliable
THz communication. However, the THz communica-
tion for highspeed information processing is still in its
infancy and may need several years in development.
The technical challenges for high-speed data commu-
nication for 6G in general and specific to THz spec-
trum have been discussed here drawing out the
research and development course.

LITERATURE SURVEY
Oluseun.D. Oyeleke et al. [1] summarized the

scope and advanced applications in THz band. They
predicted different types of loss that THz wave sustain
during transmission. A. Moldovan et al. [2] compared
between Line of Sight (LOS) and Non-Line of Sight
(NLOS) propagation. In case of LOS, absorption loss
and spreading loss are dominant whereas in NLOS,
reflection loss predominates. Capacity has been esti-
mated for both propagation mechanisms. Long Bao
Le et al. [3] discussed about the comparison of 4G and
5G. They overviewed different technologies to
improve 5G network. K. Tekbiyik et al. [4] overviewed
the opportunities to use THz spectrum and discussed
about different path loss models for some distances
and frequency to estimate path loss. They summarized
open research area in THz communication. Ian F.
Akyildiz et al. [5] presented the prospects of THz
spectrum and the roadmap for research work in this
topic. C. Han et al. [6] discussed new architecture
such as hybrid beamforming and open research issues
of THz communication. G. Rongbin et al. [7]
addressed state-of-the-art technologies like hybrid
beamforming, precoding, high gain antenna array to
tackle path loss. A.A.A. Olyman et al. [8] summarized
the application of THz frequency as a pillar in 6G
communication.

THE CHALLENGES
(i) Terahertz source and Transceiver design [9, 10].

As THz spectrum has high frequency, the transceiver
bandwidth should be large. Generation of THz wave is
challenging as conventional oscillator cannot produce

this high frequency. On the contrary, with respect to
optical photon emitters this frequency is much low to
generate. Enough power should be transmitted to
tackle high path loss. Further investigation underway
to obtain necessary gain and sensitivity of transceiver.
Lack of proper transceiver design is an open research
issue for THz communication.

(ii) Antenna and amplifier design [9]. Designing
antennas and amplifiers in this frequency range is
highly challenging task. The aperture of antenna
should be small, and antenna should possess high gain
and bandwidth. For smaller beamwidth, antenna gain
increases. So, antenna should be designed such that
beamforming should be narrow.

(iii) Realization of ADC and DAC [11]. High data
rate can be achieved using several hundred GHz band-
widths. But design of Analog to Digital converter
(ADC) and Digital to Analog converter (DAC) are
challenging as sampling rate should be high enough to
get data rate in Tbps. Realization of such high speed
and resolution are difficult and may incur significant
design and system costs. New state-of-the-art wave-
forms and modulation techniques should be intro-
duced such that ADC and DAC can consume less
power. But more power is consumed when number of
bits increases for high resolution.

(iv) Proper channel modelling [9, 10]. There are
many standard materials obstacles if observed between
transmitter and receiver, THz wave cannot pass
through that beyond certain extend and suffers data
loss. As penetration loss is high reliable link cannot be
established. So, THz wave can cover only short dis-
tance making it suitable for indoor communications.
LOS transmission can be affected by spreading loss. In
this case THz wave can consider NLOS (Non-Line of
Sight) communication. However, in NLOS commu-
nication the size and shape of obstacles, incident angle
and frequency can affect the reflection path, diffrac-
tion, and scattering phenomena. Frequency selective
nature of the channel makes the channel-modelling
extremely challenging. Further different types of prop-
agation phenomena like reflection, scattering and dif-
fraction can affect THz signal. These phenomena
depend on type of objects and signal wavelength. In
presence of an object (in between transmitter and
receiver) of size comparable with wavelength causes
diffraction. The signal bends around the obstacle.
Knife-edge diffraction model can estimate the diffrac-
tion for a sharp knife shaped object.

(v) Suitable modulation technique [9]. Conven-
tional modulation techniques are not applicable for
THz frequency. There is lack of reliable coding in THz
band. Handover is another challenging issue in THz
cellular technology due to small cell size.

(vi) Path loss [10, 13]. Significant power can be lost
during transmission. THz transmission distance is up
to 10 m due to propagation and absorption loss.
Change in humidity can change the attenuation, and
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lead to path loss, loss in energy of radio wave while
transmission occurs. When radio waves are radiated
from source, power density will be lower due to
spreading loss. Path loss varies with transmission dis-
tance, frequency, and channel. As per Friis law,
received power varies inversely with path loss, and
hence received power decreases with large value of
path loss. So transmitted power should be significant
to overcome the path loss.

(vii) Atmospheric absorption loss [10, 13]. Molec-
ular absorption depends on frequency. Communica-
tion in THz band shows frequency selective nature. If
medium changes THz wave absorption will be
changed as per different molecules. Due to smaller
wavelength THz wave cannot pass through oxygen and
water vapor molecules. These molecules can absorb
THz waves. In case of smaller transmission distance
absorption loss can be ignored and transmission win-
dow is large. With increasing transmission distance
molecular absorption increases and transmission win-
dow becomes narrower. Suitable transmission window
should be determined where absorption loss will be
less. If any material possesses low absorption coeffi-
cient value, the material cannot absorb the wave so
much. Above 200 GHz water vapor causes high atten-
uation in THz frequency as visible from Fig. 1 [14, 15].
This attenuation can be predicted by taking the inputs
of humidity, pressure, and temperature. Rain attenua-
tion increases up to 100 GHz, whereas attenuation
becomes nearly constant beyond 100 GHz [16–19].

As per Beer–Lambert Law, transmittance is related
to absorbance and optical depth.

(1)−= =Ø
Ø

,
t

re
i
e

T e

where  and  are transmitted and received radiant
flux of material respectively.

Transmittance of any material is function
of optical depth.

(2)

where  and  are received and transmitted
power respectively,  is absorption coefficient.
All of these values are dependent on frequency.

SOME SOLUTIONS 
OF THE CHALLENGES

(i) High gain antenna [9]. Phased antenna array
can be deployed to handle high path loss in THz fre-
quency. Multiple patch antennas can transmit base-
band and RF signal. Signal phase can be changed.
These signals are received and combined by receiver
antennas. Power amplifiers should be incorporated for
each antenna which makes the system size more. As
metal antennas can consume more power, graphene-
based antennas can be used for low power consump-
tion. To overcome the path loss in THz band, antenna
gain should be high. Horn and parabolic antenna can
satisfy this criterion, but large size of these antennas
makes it difficult to use. Planar antennas can be fabri-
cated easily, but directivity is poor and high gain can-
not be achieved using these antennas. Massive Multi-
ple Input Multiple Output (MIMO) antennas can
meet the requirement of high gain. It can improve
beam forming and spectral efficiency. Spatial multi-
plexing techniques are followed by multiple antennas
to increase data rate. Further study is required for
other applications.

(ii) Beam steering and modulation techniques [11].
Hybrid beamforming can reduce the number of ADC
and DAC. Power efficiency can be improved by reduc-
ing the number of bits. But it can introduce distortion
that has to be handled with care in communication. In
case of 5G and beyond communication new multicar-
rier waveforms can be implemented such as Orthogo-
nal Frequency Division Multiplexing (OFDM).
OFDM technique can mitigate multi path fading and
inter-symbol interference. But clock rate should be
fast to operate processor for THz frequency. This
makes the system complex. Multicarrier modulation
can produce high peak-to-peak average power ratio.
This modulation technique can be used in indoor
communication.

More antenna elements with high gain should be
implemented to tackle the path loss. Multi element
antenna with high gain limit the spreading of beam.
So, spreading loss can be reduced. As a result, single
path dominates and THz channel shows frequency-
flat nature. Single carrier waveform can be used in
THz frequency. Thus peak-to-average power ratio can
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Fig. 1. Atmospheric attenuation vs. carrier frequency. The
upper curve presents the attenuation in sea level and the
lower curve represents for attenuation in dry air [14, 15].
(Image reproduced under a Creative Commons Attribu-
tion 4.0 License from [14]).
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be diminished. Single carrier waveform and phase
modulation like Binary Phase Shift Keying (BPSK)
and Quadrature Phase Shift Keying (QPSK) can be
applied in THz communication. This enhances spec-
tral efficiency.

(iii) On-chip integrable microelectronic sensors
and sources in THz [20–30]. The current review work
is an extension of our several reports on design and
experimental realization of suitable on-chip integrable
terahertz microbolometer arrays which can efficiently
operate in room temperature as THz sensor. Further
compatible design for reconfigurable graphene nano-
patch antenna with the same has also been reported.
The application extension of these THz sensor devices
in communication and network systems are exciting.
This along with suitable on-chip GaN based IMPATT
based THz sources, design and simulation results of
which has been also proposed by our group, are cur-
rently being explored for communication and high-
speed information processing along with application
in biomedical and advanced imaging. These THz
source and sensor are designed and made so that they
are compatible with state-of-the-art medium-scale
semiconductor device processes for possible commer-
cial production. Comprehensive literature studies on
the design, development and fabrication of these
devices and the current state-of-art have been exten-
sively discussed in our previous reports [20–30].

CONCLUSIONS

5G technology wireless communication using mm
Wave can establish massive number of connections
with very low latency, supporting data rate in Gbps.
While this somewhat meets the current data transfer
demands, due to escalating demand and rapid innova-
tion in connected and centralized devices, the spec-
trum for wireless data transfer may fall short eventu-
ally. Terahertz spectrum with higher frequency is not
used by any dedicated service this moment and has the
potential to provide Tbps data rate for various applica-
tion. Hence, Terahertz may be considered as one of
the foundation pillars of 6G technology. The non-ion-
izing Terahertz radiation is not harmful for living-
beings in general and hance a step forward towards a
circular and sustainable technology supported econ-
omy. The paper summarizes the prospects, but chal-
lenges along with possible solutions in terahertz
devices, Terahertz communications as a candidate for
6G technology. High Path loss, proper channel mod-
elling, suitable antenna design, non-availability of
power efficient transceiver and terahertz generator
may draw the consideration of researchers for the via-
bility of terahertz in 6G technology. However, some
prospective design integration in recent times with
chip-integrable room temperature detectors (e.g. tera-
hertz microbolometer arrays) along with other
advanced terahertz sources (e.g. IMPATT based),
could possibility build compatible and compact com-

munication systems with potential application in 6G
Communication specific to THz spectrum.
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Many accidents and serious problems occur on the road due to the rapid increase in traffic congestion in all sections of the
country. Autonomous vehicles provide a solution to successfully and cost-effectively avoid this problem while minimizing user
disruption. Currently, more engaging electromechanical elements with an analog interface are used to develop affordable
automobiles for efficient and cost-effective operation for a smart driving platform with a semiautonomous automobile,
strengthening the vehicle involvement of the driver while increasing safety. As a result, it takes longer for various car elements
to respond, which causes more problems during message transmission. This project aims to create a Controller Area Network
(CAN) for analyzing message response times by incorporating a few application nodes on the IoT platform, such as an
antilock braking system, flexible cruise control, and seat belt section, for some real-time control system applications. These
application nodes are car analytical parts that are linked to IoT modules to prevent collisions. An autonomous device for
collision avoidance and obstacle detection in a vehicle can impact road accidents if the CAN protocol is implemented.

1. Introduction

In recent years, traffic congestion, driver drowsiness and
reckless driving represent a big problem in the different
areas around the world that are seriously affected by road
accidents in the transport system [1]. Unconditional circum-
stances are controlled by intelligent autonomous vehicles
because of the above. Therefore, through the implementa-
tion of collision avoidance mechanisms in the vehicle, the

automation domain offers a forum for monitoring reckless
driving as well as driver fatigue [2]. The “Automotive Serial
Controller Area Network” protocol is used for designing an
intelligent control car with a huge range of serial bus com-
munication control system [3].

Large types of embedded systems require high-speed
communication platforms for providing automotive indus-
trial control. But various industries are not supported with
automation that needs to the operated with Controller Area
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Network (CAN) protocol [4]. A serial communication bus
like CAN was considered in the International Standardiza-
tion Organization (ISO), which has replaced the complex
wiring control with a two-wire bus, thereby adding a
multi-master communication serial bus that can transmit
messages to various parts of the network system [5].

Currently, the Automobiles are being constructed with
microcontrollers and more electrical parts as we know that
is the central part of the controlling unit and various types
of devices or circuitries connected to it. This process is very
complex to interpret and improve performance by using sev-
eral connections and electrical lines linked to a microcon-
troller [6]. The communication area for the project is an
implanted CAN networking system which provides effective
data transfer, allowing multiple microcontrollers and devices
to be connected with a popular CAN bus using the CAN
protocol, then the connection of all items with the consider-
ation of optimum priority and speed [7].

This protocol also offers a high-speed serial data frame
communication interface, low-cost physical medium, short
message frame length, and, at the same time, it adds a
high-level detection or correction mechanism for errors in
different communication network nodes [8]. The evolution
of embedded systems and software has been used in modern
times to build smart autonomous vehicles over 40-50 per-
cent globally and this percentage of progress is only expected
to increase with improvising road safety and security fea-
tures [9] [10]. Due to the process of digitization for con-
structing smart vehicles with the use of IoT modules that
can create a huge number of datasets [11]. So that, the
dimensionality reduction and security of datasets are
required to be managed and also yield good results through
the blockchain-big data technique [12]. In general, the pro-
tocols between the network (sensor) nodes for physical com-
munication with the IoT data link layers, the sensor nodes,
are described by the CAN protocol [13]. Here, the ultrasonic
sensor node application process is used to measure the dis-
tance between the vehicle and the road barrier [14] [15].

This system determines the distance of the obstacle by an
ultrasonic sensor to control the motor speed that has been
designed using Arduino UNO, IoT modules, and CAN base
serial communications protocol. When the sensor node is
connected to the CAN bus, which provides a rapid response
tomeasure the distance of an obstacle, the message is automat-
ically forwarded to the Arduino Unomodule to track the vehi-
cle’s engine movement and steering. This proposed system
provides an environment to enhance the driver-vehicle plat-
form tomake a semi-autonomous vehicle systemwith the help
of developing and implementing a digital driving system [16]
[17]. The optimal response time calculation is impossible in
the existing system, which takes maximum time to communi-
cate with each part of the vehicle due to massive datasets.
These datasets shorten the response time of an existing system
that causes vehicle accidents while driving.

1.1. Motivation of This Work. Designing a process of
response time analysis of a smart autonomous collision
avoidance system messages based on IoT modules and
CAN serial communications protocol to prevent any road

accidents by taking an optimized range of message length
and message ID for providing timing response in conver-
sion. In recent years, the autonomous operation has been
extensively applied to vehicles for road safety issues.

1.2. Contribution to This Work

(i) The smart vehicle is developed by the Controller Area
Network (CAN) that is accessed in various real-time
suits to link internal-level communication facilities to
shared units of car control systems, e.g., industrial
and home automation and medical equipment, which
is a “broadcast” type of bus. In other words, there is no
address part of sending or receiving nodes. The net-
work can accept to receive or transmit the messages
sent by all nodes, where the acceptance test is per-
formed after receiving the message from each node

(ii) The messages are checked by each node whether it is
irrelevant to that particular node or not. When ames-
sage is pertinent, then it is received by that node. Oth-
erwise, it is not accepted. The priority node can send
the first message for transmission, which depends on
an 11-bit identifier. Here, an identifier is uniquely
identified all over the network and is used to tag the
content of the message. A numeric value is added to
each message, which controls its priority on the bus,
thereby recognizing the contents of the message

(iii) When the bus is not loaded by any task, then some
nodes can be ready to communicate with each other.
But during this period, where the CAN bus attempts
to forward messages from more than two nodes con-
currently, then the identifier field is uniquely defining
the priority of the message through the network. The
messages are securely transmitted in the sequence of
priority without missing anyone, which is possible
with this technique. If a numerical value of the iden-
tifier is lower, then it is treated as a higher priority.
This means that the message with more prevalent
ID bits (i.e., Bit 0) will overwrite all nodes so that only
the predominant message will finally be acknowl-
edged by each node after arbitration of the ID

(iv) Using the Arduino controller and serial communi-
cation protocol on different device nodes, collision
avoidance, and obstacle detection techniques are
implemented on the smart vehicle via IoT modules.
To detect any obstacle through a different ultrasonic
sensor on the road, we can produce a message frame
to relay the node to a vehicle’s engine

The rest of the paper is structured as follows: the litera-
ture survey pertaining to this field is included in Section 2.
Section 3 describes the network protocol model and the pro-
posed system, and Section 4 represents the proposed frame-
work and operating theory, along with its implementation
processes and components. In Section 5, we describe the
simulation setup and result from analysis, and in Section 6,
we conclude our paper with some references.
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2. Literature Survey

Control Area Network (CAN) is detailed in [18] that pro-
vides a communication network between control units in
automotive industries. CAN provides vast advantages and
then it is widely used in distinct industries including mili-
tary, aviation, electronics, factories and many more. Here,
the microcontrollers and devices communicate among
themselves using CAN in the absence of a host computer
and there is no need to follow heavy access of the main con-
troller. In [19], The author describes CAN-BUS to be an
essential network technology for communication which is
implemented in the automobile network communication
sector with some characteristics like real-time implementa-
tion, reliability, and flexibility.

In [20], the current wireless home automation requires a
greater amount of RF recipients and thus the frequency
range varies. Electromagnetic waves may lose messages,
and the cost and complexity of multi-home automation will
be significant. This process is crucial for detecting problem
areas. Due to that, it allows controlling only limited devices.
The author talks about a Controller Area Network (CAN)
bus used to send and receive messages between automotive
devices [21]. There are possibilities of errors when transmit-
ting messages via the nodes. To detect those errors, a Con-
troller Area Network Adaptive Fault Diagnostic Algorithm
detects all of the CAN’s defective nodes.

In [22], the authors discuss the current parameters of
vital signs for patients in critical care units; patient’s bedside
are equipped with devices that keep intensivists and other
medical staff informed. This information allows paramedical
personnel to take the necessary measures for disease preven-
tion and cure. Extracting CAN messages from automotive
ECUs can be made successfully as detailed in [23]. It gives
the details of the construction of software and hardware,
which interfaces directly into the car with the CAN network.

It includes CAN bus transceiver behavioural models.
Thermal behaviour can be allowed for different types of sim-
ulations for verification in reasonable CPU time from core
verifications for detailed analysis of the integrity of signals
[24]. This review examines the research done on the Con-
troller Area Network (CAN) reliability analysis. In recent
decades, schedulability analysis has been extended to an
advanced technique that can determine whether or not the
time limits of several jobs performed by a single CPU or a
distributed system for nontrivial systems. [25]. This is a
description and illustration of a reliability analysis method
that focuses on auto systems based on CAN, that also con-
siders the impact of the error on schedulability analysis [26].

In [27] proposed an automotive CAN cluster for pro-
cessing messages by using a gateway mechanism. So, this is
used for worst-case response analysis (WCRT) for finding
lower and upper bound on the response time of the CAN
cluster of automobiles. It is efficient to monitor a large-
scale CAN cluster, and then its performance will be
improved by reducing unnecessary conservation in process
of designing. The WCRT analysis of CAN with sporadic
message execution in a multicore automotive gateway proto-
col has been designed by Xie et al. [28]. This process is con-

structed on global and portioned scheduling to evaluate real
message sets and guides the design optimization. This gate-
way technique can remove the bottleneck of the message
execution with the use of a small message execution delay,
but its real-time process can be improved through multiple
execution units. Alaei et al. [29] proposed a method for
improving message response time by using a statistical based
algorithm. In this paper, the stuff bits were reduced through
the Statistical Mask Calculation (SMC) which provided bet-
ter performance than the existing process. But the validation
will require to improve in the reliability of the CAN network
by minimizing bit stuffing.

The CAN is generally applied in various sectors like
industrial, home automation, transportation, medical sector,
and thermal plant, etc. that shows worst-case response time
(WCRT) at the time of execution. This occurs due to delay
in the periodic frame of the message, desynchronization of
the message frames, improper scheduling of frames, etc.,
which is the main reason for WCRT. But in this current or
proposed system is improvising the process response time
of message transmission in various units of the system that
makes the whole process full of automation. This paper pro-
vides a technique for analyzing the response time of CAN
through an enhanced method of bit stuffing, message for-
mat, and error handling mechanism to optimal way for the
handling of huge datasets. The existing process of the CAN
bus is designed to measure lower and upper bound on the
response time by using a cluster gateway algorithm which
is performed their activity on a large-scale cluster of the mes-
sage. But it sometimes does not give perfect responses due to
unnecessary conversion in the process. That is why this pro-
posed approach algorithm provides a perfect observation to
finding the response time of optimized or prioritized mes-
sage conversion in CAN bus that helps to avoid the cause
of the collision.

3. Proposed System

An automation domain that is a versatile way to monitor the
motor movement from a collision due to any obstacle is the
objective of the proposed method. The primary goal of this
phase is to ensure protection from unconditional road acci-
dents due to traffic congestion and reckless driving.

3.1. Serial Communication Protocols. The growing demand
for transmission of message has been controlled through
the different protocols for communication, which is based
on applications to build in a networked and internet-
connected environment [30] [31] [32]. But these protocols
vary from one another at the time of communication. So
the upper and lower end protocols form the transmission
procedures covering the various communication nodes of
automobiles [33]. The device’s CAN control bus and address
bus are referred to as the higher end. Together with the
increased focus on the distributed systems and networking,
the cost benefit and advanced capabilities of silicon technol-
ogy have led to the need for new highly organized commu-
nication methods in the area of field bus application. The
automobile expects scalable control systems with a high
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standardization degree. The high level of standardization in
the hardware and software modules leads to reusable sys-
tems that are ready to adapt in any single application setting
to the various requirements and solutions [34]. The automo-
tive vehicle has been developed by adding many electronic
components with IoT modules for providing safety and to
improve collision avoidance systems. Consequently, they
need more and more hardwired, dedicated signal lines
because of the complexity of the sharing data transmission
control architecture of the system. This prompted the
replacement by network architecture of the current wiring
mode where the network system communicates via a com-
mon bus to all of the nodes. So this communication is ideally
performed through CAN protocol which was developed by
R. Bosch [35]. The CAN is used to communicate together
in real time at speeding up to 1 Mbps, sensor and actuator
via a two-wire serial data bus [36]. Focused on the concept
of the “Shared Variables,” the Virtual Levelled Systems
Architecture (VLSA) model forms the generic interface
architecture that is central to the CAN protocol [37]. Indi-
vidual tasks are handled by distributed controllers in the
VLSA architecture, with each one responsible for a portion
of the total control programme. Through their sensors and
actuators, nodes in a distributed system interact with the real
process. The nodes use a dynamic, priority-based arbitration
system to send messages on the bus. Figure 1 shows illustra-
tion of a distributed CAN bus network.

The nodes use a dynamic arbitration method based on
priority to pass messages on the bus [38]. The nodes filter
out the corresponding messages by filtering the message
algorithm. Any message sent on the bus is delivered to every
node in your network. Based on the message received, the
application will send control signals to the device via the
actuators. Jitter occurs when data packets are sent over your
network connection with a temporal delay. Congestion on
the network, as well as route changes, are common causes.

3.1.1. CAN Protocol. The CAN is described as two protocol
standards such as ISO 11898 and ISO 11519 [39]. The ISO
11898 standard monitors high speed communication up to
1Mbps in physical layer of OSI model. The upper limit for
ISO 11519 is 125 kbps that is consisting of a sub-layer of
Logical Link Control (LLC) and a sub-layer of Media Access
Control (MAC) in data link layer [40] [41]. Controller Area
Network (CAN) Protocol defines in OSI model represents in
Figure 2.

To keep data and monitor information, the Data Link
Layer constructs data frames. Generally, some additional
services such as detecting frames with bit stuffing and also
used to re-transmit faulty data frames at the time of
communication.

The CAN Physical Layer in one given network transmits
data between different nodes; it decides the mode of trans-
mission of signals and thus addresses issues such as the
encryption, timing and synchronization of the communi-
cated data signal [42]. With the implementation of the
CAN protocol, the receivers of the sensor nodes data set will
be transmitted to the control unit of the device, which nor-
malizes the physical and data link layers of the OSI commu-
nication model for the automation domain, while the
higher-layer protocols such as CAL/CAN Open and the
CAN Kingdom, System Net, define the application layer
[41]. The upper layer of ISO/OSI model’s highest level, the
application layer, communicates with an application pro-
gram. The OSI layer closest to the end-user is the application
layer.

3.2. CAN Message Transfer. The maximum load for utility is
94 bits and restricted format communications of varying but
limited lengths are used by CAN. There is no particular
address in the messages. Instead, it can be thought that the
messages are addressed by four separate frame types for

Sensor 

Module 1 (Sensor) 

Actuator 1 

Module 2 (Motor)

Sensor Actuator 2 

Module 3 (IoT) 

Sensor Actuator 3 

Module 4 

Sensor Actuator 4 

CAN bus 

Figure 1: Illustration of a distributed CAN bus network.
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Figure 2: Controller Area Network (CAN) protocol defines in OSI
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communications such as a data frame, a remote frame, and
an error frame for sending and reporting a detected data.

3.2.1. Data Frame. The CAN systems are used to transfer
eight bytes of data frames with fixed data lengths through
the network. Eight separate bit fields are composed of a mes-
sage frame: frame start bit, data arbitration, control, data,

CRC frame, acknowledgement, frame end field and Inter-
Data space. So this protocol is defined by two frameworks
base and extended format [43] [44].

The CAN 2.0A specifies base format CAN systems with
standard 11-bit frame identifiers. But the CAN 2.0B iden-
tifies extended a format CAN system that has 29-bit frame
identification. Where the CAN 2.0B supports both 11 bit
and 29 bit identifiers, but the CAN 2.0A only supports 11-
bit frame. The extended format is used on complex heavy
traffic networks where the number of messages generated
by network transmitters is greater than the number of possi-
ble CAN ID codes that may be given to them. The Standard
CAN 11-bit ID provides the Extended CAN 29bit for 2, or
2047 separate message ID, whereas the CAN 29bit ID is
stretched to provide 2 or 538 million identifiers [45].

So the vehicular conflicts may arise due to cross-wind,
unbalanced friction coefficients, also a flat tire, the driver’s
behaviour is taken into account. The CAN bus is used by
the Arduino UNO R3 module system as it relies on many
IoT control units residing in the vehicle’s Engine Control
Unit (ECU- L298N Motor Driver) which depends signifi-
cantly on the selection of the braking mechanisms (such as

Arduino
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(Micro-

controller)

(HC-SR04)
ultrasonic

sensor L298N
motor
driver

Right
DC

motor

Left
DC

motor
SG-90
Servo
motor

CAN
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Figure 3: Proposed block diagram of smart autonomous collision avoidance system using the CAN protocol.
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Error
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Error
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Inter-frame
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Suspend
transmission
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Figure 4: CAN error frame: (a) active error frame and (b) passive error frame.

1 : fori = jdownto1
2 : πi,2⋯ni

= πi,1
3 : RTi = WCRTðπi,2⋯ni

Þ
4 : while(RT_i>DL_i)do
5 : decrementπi,2⋯ni

(maximum priority)
6 : ifðπi,2⋯ni

< πi,1Þthen
7 : returnFail
8 : endif
9 : RTi = WCRTðπi,2⋯ni

Þ
10 : endwhile
11 : endf or
12: Return success

Algorithm 1: Message priority task algorithm.
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hydraulic, pneumatic systems, electro-hydraulics, or even
the electro-mechanics) and the usability of the Electronic
Control Unit (ECU) as depicted in Figure 3 [46].

4. Working Principle and Methodology

4.1. Measuring Response Time of CAN. Measurement of the
CAN message worst-case latencies for real-time analysis
can be conducted on a fixed priority response time analysis
scheduling standard [47]. The response time can be calcu-
lated using a worst-case message queuing configuration.
The typical way to express the worst case action is to assume
a collection of streams of traffic and also producing a fixed
priority of queue messages on a periodic basis [48].

In the proposed model with message streams (MS) is
processed in CPU scheduling with three elements of the
messages <Ji,Qi, Ci > , where Ji is the queuing jitter, Qi is
the queuing delay and Ci is the communication delay of
message i. When lower priority messages are forwarded it
take a long time to be delayed in the queue ðQiÞ. Then the
real-time need to send the message by bus, due to communi-
cation delay ðCiÞ. The response time of worst-case error
messages of the CAN bus is generally calculated, which
shows the overhead error EOi in terms of E(t) denotes the
maximum time required to signal and retrieve errors during
the interval t. The response time analysis of worst-case (WR)
can be determined by:

WRi = Ji +Qi + Ci,

Qi = Bi + 〠
jεhp ið Þ

Qi + J j + τbit
� �

T j

& ’
Cj + E Qi + Cið Þ,

WRi = Ji + Bi + 〠
jεhp ið Þ

Qi + J j + τbit
� �

T j

& ’
Cj + Pk,

Pk = Ci + E Qi + Cið Þ,Bi = max
∀kεlm ið Þ

Ckð Þ,

Ci = mh + 8Pi + 15 + mh + 8Pi − 1ð Þ
4

� �� �
Tbit ,

EOi = 15taubit +maxKεhp ið Þ∪ if g Ck + 31taubitð Þ, ð1Þ

(i) Captures the effect of external interference as an error
in many frames, rather than allowing the interference
pattern to be defined and that explanation gives the
consequence of message transmissions.

(ii) The period of interference does not reflect the
potential delay, e.g. assuming that interference with
duration 15taubit will in the worst case give an error
overhead.

(iii) Only allows relatively simple interference patterns
with an initial burst and a residual error rate.

(iv) Does not conveniently capture interference from
multiple sources.

4.1.1. Features of CAN Error Handling. Error Active is the
default mode for a node. When any of the two Error Counters
rises above 127, the node goes into Error Passive mode, and
when the Transmit Error Counter rises beyond 255, the node
goes into Bus Offmode. When an Error Active node identifies
errors, it transmits Active Error Flags. The signal was scattered
throughout propagation due to several nodes exchanging sam-
ple thresholds. The CAN bus can cause errors which are also
used for error finding and auto-checking tools to attain
resources of source-based controlling, bit stuffing, CRC bit
checks, as well as testing format of the message frame [49].
So, it is depicted in Figures 4(a) and 4(b).

(a) (b)

Figure 5: (a) Front and (b) top view of Smart Autonomous Collision Avoidance Vehicle.

Table 1: Details of Network Parameters.

Network parameters
Value in numbers (nos)
(variable message ID)

Value in numbers (nos)
(variable message length)

Message length 5-8 1-5000

Message ID 1-5000 1-500
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4.2. Bit-Stuffing Effect and Retransmission of CAN Message
Frame. When a CAN node detects an error in a transmission,
it sends an error flag consisting of six bits with the same polar-
ity. The bit stuffing method prevents six consecutive bits from
having the same polarity by adding a bit of opposite polarity
after the fifth bit. If the number of bit-stuffing increases then
the re-transmission of CAN messages can be increased. But
the bit-stuffing decreases then the re-transmission of CAN
messages can be decreased at the time of communication.

The message bit pattern is a set of stuffed bits that requires
probability distribution of each bit frame format [50]. So, the
distribution of communication time can be collected from
the number of stuff bits that is defined as

CDm tð Þ = CDm tð Þ + ϕ bð Þτbit ð2Þ

At the time when the message communication is not suc-
cessfully transmitted to the destination, it is due to the delays
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Figure 6: (a) Message length = 5 − 8 and ID = 100 nos and (b) message length = 5 − 8 and ID = 500 nos.
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or occurrence of any noise. Due to that reason, the message
may need to be re-transmitted which is denoted by RTi for
message i. So, It can be expressed as:

RTi = Si ∗ PRid e ð3Þ

Where the total frames set defines as Si of a message i, and
the percentage of need for message re-transmission size can be
defined by PRi. In the case of non-complex data, PRi=0 and
for other types of data, it is expressed as PRi>0. Then the

worst-case communication time ðWCiÞ can be calculated for
message i without any error situation and can be expressed as

WCi = Si ∗ pk ∗ τbit ð4Þ

Here, when the bits are stuffed, then the worst case data
packet size is denoted as pk.
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Figure 7: (a) Message length = 5 − 8 and ID = 1000 nos and (b) message length = 5 − 8 and ID = 1500 nos.
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4.3. Phase Communication Time and Optimal Action of
Message Frame. The instant jitter function can be expressed
as ji,m = Pi,m − ðm ∗ TSi + ϕiÞ, and according to that, system
the jitter sum can be given as

JS = 〠
t

n=1
〠
t

n=1
ji,m ð5Þ

where ji,m denotes the instant jitter of the kth data frame of
the sensor node m, the beginning time of the communica-
tion is denoted as Pi,m, ϕi is the start-up phasing of the sys-

tem and the communication time interval of sensor node i
is expressed as TSi. So the alteration between the predicted
starting and actual time of communication is expressed by
the expression Pi,m − ðm ∗ TSi + ϕiÞ. The fitness can be cal-
culated for optimal action of the system as

F tð Þ = JS: ð6Þ

When a number of messages is used for transmission,
then the crossover condition occurs and due to that,
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Figure 8: (a) Message length = 5 − 8 and ID = 2000 nos and (b) message length = 5 − 8 and ID = 2500 nos.
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messages are queued according to their priorities. The suc-
cessors are formed during processing by crossover action.
It requires optimal scheduling; thus, we can choose a cross-
over probability of 1.0. Again, this process has improved the
optimization by using efficient transformation probability as
follows:

Ptrans =
0:1 f m − fð Þ
f m − f a

, f ≥ f a,

0:2, f ≤ f a:

8><
>:

ð7Þ

4.4. Message Analysis in CAN Protocol. The various level of
ECUs is accessed in automotive applications to transfer sig-
nals as a form of message for steering of wheel speeds, gear
selection and position of all controlled nodes of vehicles,
measured through the CAN [47]. There can be more than
2500 separate signals in a high-end car, each essentially
substituting an isolated connection in a conventional
point-to-point connection unit [51].

These signals are used to read the location of a foot-
brake; when it is pressed, the back-light section can be find-
ing changes in signal to on brake light to avoid collision by
ECU of IoT section of the CAN bus. When the messages
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Figure 9: (a) Message length = 5 − 8 and ID = 3000 nos and (b) message length = 5 − 8 and ID = 3500 nos.
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of CAN are linked with the deadline, then it responds within
their time constraints as often as once every five milliseconds
due to the stability and engine control system of an
automobile.

4.4.1. Message Formats. The restricted data context is dis-
cussed in four message formats such as message frame, iso-
lated node, error bit, and excess load bit [52]. A data frame
starts with the begin-of-frame bit (BOF), 11-bit ID, and the
distant transfer request (DTR) bit [53] [54]. The area of arbi-
tration forms the ID and the DTR bit.

The control field contains six bits that also specify the
length of bytes in the data field, which can range from 0 to

8 bytes. Whereas a CRC bit is used to verify whether the
bit sequence has been modified or not in the data field.
The transmitter uses the 2-bit acknowledgment field
(ACK) to obtain correct frame recognition from of receiver.
The end of a message frame signal is denoted in the 7-bit
end of frame (EOF) which is expanded to a twenty-nine-
bit ID recipient. A 21-bit extended database framework is
also available.

(i) Response time calculations under normal case

(ii) Graph of maximum achievable utilization versus T f

(iii) Graphs of response time of any message versus T f
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Figure 10: (a) Message length =5-8 and ID=4000 nos and (b) message length =5-8 and ID=5000 nos.
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(iv) Worst case tolerable value for T f

Suppose for every first frame, message priorities are
already assigned; that is Πi, 1 is assigned for each 1 ≤ i ≤m
to first frame. In the absence of general losses, it can be
assumed that messages are organized accordingly: that is i
< j implies that πi, 1 < πj, 1. If all subsequent frames are
assigned priority πi,2 ni, assume that WCRT(i, πi,2ni) will
use the methods shown above to find the worst-case
response time RTi designed for message i. In order to deter-

mine whether a feasible priority assignment exists, one can
then use the algorithm given below in Algorithm 1.

This algorithm is optimal in that it always identifies one
of the priorities for the two levels allocated. This algorithm
starts with the lowest priority message frame, and then the
worst time complexity is O(n2). The algorithm is proposed
for analyzing the response time of the priority of messages
from message ID and length in the CAN network. However,
this algorithm evaluates response time based on message ID
and length.
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Figure 11: (a) Message length = 1-10 and ID=500 nos and (b) message length = 1-100 and ID=500 nos.
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4.5. Components Description. Different types of hardware
components are required to design this proposed system:

4.5.1. Arduino UNO R3 Controller. It is an open-source and
IDE microcontroller that controls every movement of sensor
nodes and other system network nodes [55] [56]. The C or C
++ language are simply used for programming.

4.5.2. HC-SR04 Ultrasonic Ranging Module. The sensor
module is typically used in the 2 cm-400 cm range to mea-
sure the distance of the obstacle [57]. Thus, the angle of 15
degrees with a voltage of 5Vdc is made.

4.5.3. L298N Dual Bridge Motor Driver Module. L298N is a
driver circuit with two inputs that makes the system to be
independently enabled or disabled and the motor movement
can also be controlled [58] [59]. In this case, the pulse of
PWM is used to set the service period for signalling.

4.5.4. DC Motors. DC motor is accompanied by the two
150 rpmDC motors, which needs 12V of voltage and 1-
2Amp current to start moving from right to left.

4.5.5. SG 90 Microservo Motor. It is a very lightweight server
motor with high strength, which can rotate easily about 180
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Figure 12: (a) Message length = 1-500 and ID=500 nos and (b) message length = 1-1000 and ID=500 nos.
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degrees (90 per path) [60] [61]. However, the movement is
regulated through servo code, hardware and library.

5. Simulation Setup and Results Discussion

The intelligent self-employed vehicle is moving forward,
which calculates the distance of an obstacle automatically.
When an obstacle is detected within 20 cm via an ultrasonic
sensor, the message frames obtained are transmitted to the
controller. The CAN protocol code is received by the con-
troller, which instructs the command to regulate motor
movement from left to right and back. The collision avoid-
ance algorithm was successfully implemented in order to
reduce the problem. The front and top view of the Smart

Autonomous Collision Avoidance Vehicle is shown in
Figures 5(a) and 5(b).

5.1. Response Time Analysis. One of the types of field bus
control devices used in networking is CAN. It is a protocol
system based on a packet. Communication can be accom-
plished using the CAN protocol between different devices.
The CAN bus is used to control the unit of transmission
and receiving unit, which is mainly implemented due to
low costs. The CAN multi-master node cannot simulta-
neously be transmitting and accepting messages that consist
of a message ID as well as the message frame is communi-
cated consecutively to the bus.

The CAN carriers detect multiple access protocols with
collision detection and message priority arbitration, and
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Figure 13: (a) Message length = 1-2000 and ID=500 nos and (b) message length = 1-3000 and ID=500 nos.
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there are two types of protocols used in it. For flow control,
the technique is used to confirm sensor data integrity, the
cyclic redundancy checks (CRC) for an error control mech-
anism, which also manages the remote frames and the over-
load frames. CAN-based Database file (.dbc) is taken from
the website CAN RT.dbc. It includes numerous attributes
such as Name, Statement, ID, Duration, Signals, and
Extended. We just take value for message length and mes-
sage ID in this document which is shown in Table 1. So,
these parameters observe the response of messages in the
field of communication within the CAN network. After
checking various data numbers, we get the following results,
which are shown below. Figure 6 shows (a) message length

= 5 − 8 and ID = 100nos and (b) message length = 5 − 8
and ID = 500nos.

5.1.1. Result for Constant Message Length and Variable
Message ID. Figure 7 shows (a) message length = 5 − 8 and
ID = 1000nos and (b) message length = 5 − 8 and ID =
1500nos. Figure 8 shows (a) message length = 5 − 8 and ID
= 2000 nos and (b) message length = 5 − 8 and ID = 2500
nos. Figure 9 shows (a) message length = 5 − 8 and ID =
3000nos and (b) message length = 5 − 8 and ID = 3500nos.
Figure 10 shows (a) message length = 5 − 8 and ID = 4000
nos and (b) message length = 5 − 8 and ID = 5000nos. In
the simulation result, we got some figures which represent
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Figure 14: (a) Message length = 1-4000 and ID=500 nos and (b) message length = 1-5000 and ID=500 nos.
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different outcome from the use of CAN RT.dbc. Figures 6–
10 represent that the message transformation is performed
in the CAN network of two classes of inputs generated by
taking fixed values for message length 5-8 and random
values for message ID like 100 nos, 500 nos, 1000 nos,
1500 nos, 2000 nos, 2500nos, 3000 nos, 3500 nos, 4000 nos,
5000 nos, respectively. When the simulation of the above
network is performed by changing of message ID parameter,
which shows response time (located through the white line)
that varies through the process. The above analysis shows
that the response time is more delayed by increasing mes-
sage ID numbers. Similarly, the message is highly responded
to at fewer messages ID which is shown in the above figures.

5.1.2. Result for Constant Message ID and Variable Message
Length. We have some figures in the simulation outcome
that show different outcomes from the use of CAN RT.dbc.
In the CAN network, figures reflect the message conversion
of two groups of inputs created by taking fixed values for
message ID 500 numbers and random values for message
length such as 1-10, 1-100, 1-500, 1-1000, 1-2000, 1-3000,
1-4000, 1-5000. When this network simulation is performed
by changing the message length parameter with fixed mes-
sage length and it shows no more changes in the response
time of the process in the above figures. Figure 11 shows
(a) message length = 1 − 10 and ID = 500nos and (b) mes-
sage length = 1 − 100 and ID = 500nos. Figure 12 shows (a)
message length = 1 − 500 and ID = 500nos and (b) message
length = 1 − 1000 and ID = 500nos. Figure 13 shows (a)
message length = 1 − 2000 and ID = 500nos and (b) message
length = 1 − 3000 and ID = 500nos. Figure 14 shows (a)
message length = 1 − 4000 and ID = 500nos and (b) message
length = 1 − 5000 and ID = 500nos.

5.2. Discussion. In a practical scenario, several attributes
such as Name, Statement, ID, Extended, Length, Signals
have to be considered from the collected database. If all these
attributes are combined, we can get an unschedulable frame-
work in certain situations. Therefore, some of the attributes
already in the database, such as Name, Statement, Expanded,
and Signals, need to be removed. For communication, some
powerful attributes such as ID and length have to be consid-
ered for a particular message.

We might easily get a very negative analysis to find
errors if there are many such data and we compose them.
We have shown from the simulation outcome that there
was no difference in the simulation outcome for different
message length values by holding the message ID
unchanged. In other words, we can assume that message
length variance has less influence than message ID. We take
the message ID from 1 to 5000 in this paper and check the
network conjunction result. We also shift the message’s
duration from 1 to 5000 and examine the transformation
impact of this change in values.

The existing approaches tested in a limited range of mes-
sage length and message ID values which is not provided a
clear idea about the performance of the CAN network. But
this paper is taking 1-5000 numbers values for message
length and message ID. According to the proposed experi-

ment is evaluating performance in two ways like (i) constant
message length with variance number of values (1-5000) for
message ID and (ii) constant message ID with variance
number of values (1-5000) for message length. Thus the per-
formance is varied on the case of constant message length
with variance number of values (1-5000) for message ID,
but the consistent performance is evaluated on the case of
constant message ID with variance number of values (1-
5000) for message length.

6. Conclusion and Future Scope

While several solution algorithms and concepts have been
developed over several years to solve conflict issues using
CAN communication on the vehicle network, there have
been few attempts to develop a solution to the handling of
errors. This is a comparison-based analysis of the variable
message ID and constant message length figures that we
concluded that if we send no more messages at a time, then
there would be more conflict on the network. The recipient
will not get the real message due to conflict, and there will
also be a risk of receiving more than one message at a single
node. The CAN protocol is used to provide a secure and
robust serial communication bus from sensor nodes to the
control unit of an automated system. When the sensor node
of the IoT module is received, a message frame can be trans-
mitted to the destination node that can be responded to in
time. The phase of communication time and the optimal
action of the message frame are utilised to build a flexible
format for transmission of a frame from sender end to
receiver end, which implies that a system node can receive
a message frame and respond to it via an acknowledged
frame bit. The proposed scheme achieves high precision,
determining the location of an obstacle and then monitoring
the impact of collision time.

More number of experiments could be carried out and
future directions are:

(a) To assess the efficiency of the algorithms, a large
number of experiments with more tasks have to be
tested

(b) Secondly, it is important to evaluate large-size prob-
lem cases using periodic preemptive tasks

A new automatically moving algorithm between the EDF
algorithm and the ACO scheduling algorithm should be
developed in the future to work with overloaded conditions.
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Obtaining a quick remote diagnosis of heart disease has proven problematic in recent days. To overcome such issues in e-
Healthcare systems, Internet of Things (IoT) applications have been deployed using cloud computing (CC) approaches. There
are still a number of disadvantages to using CC, including latency, bandwidth, energy usage, and security and privacy
concerns. Fog computing (FC), a CC development, may be able to overcome these obstacles. DiaFog enabling remote users for
real-time diagnosis of diabetic mellitus disease (DMD) has been proposed in this study, which is based on the combined ideas
of IoT, cloud, and fog computing, as well as an ensemble deep learning (EDL) technique. The proposed system is trained with
EDL approaches on the integrated dataset of two diabetes mellitus disease datasets (DMDDs), namely, Pima Indians Diabetes
Dataset (PIDD) and Hospital Frankfurt Germany Diabetes Dataset (HFGDD), obtained from the UCI-ML and Kaggle
repository, respectively, and the integrated dataset of these two. The suggested system has been used to demonstrate accuracy,
precision, recall, F-measure, latency, arbitration time, jitter, processing time, throughput, energy consumption, bandwidth
utilization, network utilization, scalability, and more. In the remote instantaneous diagnosis of diabetic patients, the integration
of IoT-fog-cloud is useful. The results of the trials show the value of employing FC principles and their applicability for speedy
diabetic patient remote diagnosis. PACS-key is describing text of that key PACS-key describing text of that key.

1. Introduction

The first digital revolution, i.e., the connection of numerous
networks known as the Internet, is regarded as an all-time
brilliant invention. The evolving phase continues, and we
are now in the second digital revolution, the Internet of
Things (IoT), which is essential to long-distance communi-
cations. The Internet of Medical Things (IoMT) is a
cutting-edge network that offers a global healthcare system
that can cure any condition of any location [1, 2]. The globe
is becoming more industrialized, and the deceased rate is ris-

ing. However, the number of lifestyle illnesses has been
increased in the same period. Type 2 diabetes, heart attack,
hypertension attack, and obesity are among these disorders.
The kind of nutrition, degree of stress, lack of physical activ-
ity, and environmental variables are all critical contributing
factors to various disorders. In some instances, the side
effects of these disorders may result in life-threatening
symptoms such as paralysis, shortness of breath, irregular
heartbeat, cardiac arrest, and chest discomfort, all of which
need immediate medical treatment. Wearables sensors and
IoT applications are becoming more popular for inexpensive
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e-Healthcare systems [3, 4]. These IoT applications in e-
Healthcare systems have enabled health professionals to
monitor patients remotely while allowing patients to access
e-Healthcare services easily.

1.1. Diabetes Mellitus Disease (DMD). Diabetes, also known
as diabetesmellitus disease (DMD), is a common chronic met-
abolic illness characterized by high blood glucose levels that
may lead to various health problems affecting the kidneys,
heart, and eyesight. There are three basic forms of DMD,
according to the World Health Organization (WHO) [5]:

(i) Type 1 DMD (T1DMD) is an autoimmune disease
that causes insulin levels to drop dramatically

(ii) Type-2 DMD (T2DDMD) is caused by insulin-
producing cells in the pancreas malfunctioning
and insulin resistance in the peripheral organs

(iii) Gestational DMD (GDMD) is a kind of diabetes
that affects pregnant women who have blood glu-
cose levels that are higher than usual

Because of the health risks associated with DMD, it is
critical to keep an eye on vulnerable populations, such as
children, the elderly, and pregnant women [6, 7].

1.2. IoT-Fog-Cloud Integration Approach. Primarily, IoT
applications are based only on CC. The CC creates a com-
plete bundle for the individuals. e-Healthcare systems are
aimed at making patients’ lives simpler and more conve-
nient. Current e-Healthcare systems rely heavily on IoT-
enabled smart devices. Real-world applications of CC and
its enlarged variations, such as edge computing (EC) and
FC, have lately emerged [8, 9]. Traditional cloud networking
infrastructures include restrictions like lesser data transmis-
sion speed, mobile traffic management, and privacy and
security issues. So to circumvent the limits and operate as
a bridge between various terminals and cloud servers, FC
was created [10]. The IoT is built on the combined concepts
of FC and CC ideas [11]. FC is a feature of CC that allows
for reduced latency in cloud servers [12]. Fog-based designs
efficiently cope with e-Healthcare system issues such as
scalability, readability, flexibility, and energy awareness
[13]. The FC tries to improve node-to-node communication
while saving bandwidth [14]. The FC may be utilized to
enhance disease diagnosis and prediction accuracy [15, 16].
The IoT-fog-cloud integration architecture generally com-
prises three layers, as depicted in Figure 1.

1.3. Ensemble Learning (EL) in Disease Diagnosis. Ensemble
learning (EL) classification-based algorithms have recently
been suggested to tackle classification error concerns in
machine learning (ML) applications. The researchers, hence,
proposed some ensemble classifiers for software fault predic-
tion in [17]. For multiclass imbalanced data classification,
ensemble classifiers are also used [18, 19]. The support vec-
tor machine (SVM), k-nearest neighbors (KNN), naive
Bayes (NB), decision tree (DT), artificial neural network
(ANN), fuzzy decision tree, and logistic regression- (LR-)
based learning approaches have been used for diabetes

prediction [20]. However, these methods suffer from low
classification accuracy and computational complexity
despite their popularity. Thus, a unique ensemble strategy
is required to increase diabetes classification accuracy and
deep learning (DL) in many datasets to justify that the pro-
posed model is efficient.

1.4. Research Gap and Motivation. In recent years, the rising
deceased rate from chronic diseases such as diabetes has
posed a danger to people worldwide. Furthermore, bringing
medical advantages closer to these patients in real-time is a
societal challenge. Previously, diabetes patients used self-
monitoring of blood glucose (SMBG) approaches such as
pricking their fingers numerous times per day to test their
blood glucose levels [8, 21]. There are several disadvantages
to using such tactics. Then, emerged the idea of IoT health
sensors, which replaced conventional sensors that lacked
Bluetooth capabilities to automatically input users’ detected
data into smartphones through a specialized mobile applica-
tion. A wide range of studies has been conducted employing
the integration principles of IoT, CC, and FC, with most
studies focusing on smart cities and smart homes. In e-
Healthcare systems, the integration notion is also essential.
It is worth noting that these studies are hardware-based yet
have a real-time influence on society; nonetheless, they
might be a one-time expenditure for a particular ailment.
In recent days, fast remote diagnosis of any sickness has
become a sought-after task.

1.5. Research Questions. The following research questions
(RQs) have been considered in this study:

RQ1. What are the key outcomes of using a preprocessed
integrated dataset for the diagnosis of DMDs?

RQ2. What are the major benefits of involving EL
approaches with DL techniques in predicting a specific
disease?

RQ3. What are the motives for using the integrated
architecture in e-Healthcare systems, as well as the primary
projected benefits?

RQ4. What is the primary objective of the IoT-fog-cloud
integrated framework in processing e-Healthcare systems?

RQ5. Is it conceivable under the proposed work for the
user to restrict third-party exposure to their clinical records?

1.6. Objective and Key Contributions of the Research. The
rapid diagnosis of diabetes patients remotely is a need which
is the main objective of this research. In this paper, DiaFog
enabling remote users for real-time diagnosis of diabetes
mellitus disease based on integrated concepts of IoT, cloud,
and fog computing and ensemble deep learning (EDL) has
been proposed. The proposed system is trained with EDL
approaches on the integrated dataset of two diabetes melli-
tus disease datasets (DMDDs), namely, Pima Indians Dia-
betes Dataset (PIDD) and Hospital Frankfurt Germany
Diabetes Dataset (HFGDD), obtained from the UCI-ML
and Kaggle repository, respectively, and the integrated data-
set of these two.

This paper’s main goal and contributions may be
described this way:
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(i) Building a portable automated diabetes patient
diagnostic system based on EDL techniques

(ii) Using various frameworks and simulators previ-
ously recommended for IoT-fog-cloud integration
for ultimate predictive analytics

(iii) Examining the work in terms of numerous evalua-
tion metrics as well as network metrics on the dia-
betes disease integrated dataset

(iv) Addressing the findings and making comparisons of
the findings with those of previous research
investigations

(v) Highlighting the major areas where further IoT-fog-
cloud computing integrated studies can foster the
application of the methods

(vi) Identifying and analyzing prior work in diabetes
disease diagnostics done by various authors in real
time from afar

1.7. The Organization of the Paper. The following is the
order in which the paper is organized: Section 2 discusses
the spectrum of research work conducted in this field with
a table containing the summary of these researches. Section
3 covers this work’s architectural features, including the pro-
posed work’s design and the proposed model’s working
principle. Section 4 describes the efficient examination of
the proposed work, comparing it with some related results
considered in this research. Section 5 concludes with the
study’s pros and cons and the possible extensions to the pro-
posed work.

2. Related Work

Kaur et al. have introduced a cloud IoT-based framework
named CI-PDF for diabetes prediction considering accuracy,
sensitivity, and specificity as evaluative parameters on the

PIDD dataset and claimed to have achieved 94.5% of predic-
tion accuracy by combining neural network (NN) and DT
approaches [22]. Priyadarshini et al. have presented Deep-
Fog, a fog computing-based deep neural architecture for
predicting stress type, diabetes, and hypertension attacks
using standard datasets and open-source software tools, and
claimed to have achieved a superior and competitive method
in comparison to others [15]. Fernández-Caramés and
Fraga-Lamas have introduced an IoT continuous glucose
monitor- (CGM-) based system that claims to offer a translu-
cent and truthful blood sugar data source from a population
in a quick, flexible, scalable, and low-cost manner by acces-
sing the collected blood sugar samples and warning them in
the case of a dangerous situation being detected [21]. Barik
et al. have introduced FogLearn, a fog computing-based
framework for the application of K-means clustering in
Ganga River Basin Management and real-world feature data
for detecting diabetes patients suffering from diabetes melli-
tus and found that fog computing holds a lot of promise for
medical and geospatial big data analysis [23]. Fernández-
Caramés et al. have created and implemented a system that
improves commercial CGMs in terms of IoT capabilities,
allowing them to monitor patients remotely and alert them
about the severity of their conditions. And they claimed to
have developed a better technique for diagnosing patients’
illnesses remotely in real time [6]. Gia et al. have developed
a fog-based structure for remote health monitoring and fall
detection. The system provides numerous progressive ame-
nities such as ECG feature extraction, security, and locally
distributed storage. In addition, the system operates accu-
rately, and the wearable sensor node is energy efficient
[24]. Devarajan et al. proposed an energy-efficient fog-
assisted healthcare system that manages glucose levels based
on evaluative measures such as energy efficiency, prediction
accuracy, computational complexity, and latency on two
datasets from the UCI repository diabetes dataset and the
Physical Activity Monitoring Dataset (PAMAP2). The
experimental results show that fog over cloud computing
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has increased bandwidth efficiency, reduced latency, and
enhanced accuracy [25]. Abdel-Basset et al. have suggested
a novel framework based on computer-propped diagnosis
and IoT to detect and observe type 2 diabetes patients and
indicated the validity and robustness of the proposed algo-
rithms considering accuracy and execution time as the per-
formance evaluators [26]. Haq et al. have developed a filter
method based on the DT-ID3 (Iterative Dichotomiser 3)
model for essential feature selection in comparison to two
ensemble learning algorithms, Ada Boost and RF, using pre-
diction accuracy and computation time as evaluative mea-
sures, and found that the DT algorithm based on selected
features improves the classifier’s performance [27]. Kumari
et al. have proposed an ensemble voting classifier that uses
the ensemble of three ML algorithms, viz., LR, NB, and RF
for the classification considering the evaluative measures like
accuracy, precision, recall, and F1-score on PIDD and
claimed to have achieved comparatively enhanced results
on binary classifications [28]. Geetha and Prasad have built
a hybrid model named T2DDP that doctors can effectively
use to treat diabetic patients by employing supervised classi-
fication algorithms such as NB and ensemble algorithms like
bagging with RF and AdaBoost for DT and found that the
forecast will be submitted to the patient’s cell phone at an
early stage to make the immediate decisions about the health
risk [29]. Shynu et al. have introduced efficient blockchain-
based secure healthcare services for disease prediction in
fog computing, considering purity, normalized mutual
information (NMI), and accuracy as performance evaluators
on PIDD and Cleveland heart disease dataset (CHDD) and
thereby claimed that the proposed work efficiently clusters
and predicts the disease compared to other methods [30].
Singh et al. have introduced an ensemble-based framework
named eDiaPredict employing XGBoost, SVM, RF, NN,
and DT to predict diabetes status among patients consider-
ing performance parameters like accuracy, sensitivity, speci-
ficity, Gini Index (GI), precision, the area under the curve
(AUC), the area under the convex hull (AUCH), minimum
error rate (MER), and minimum weighted coefficient
(MWC) on PIDD and claimed that the proposed model
could provide patients with a practical and precise predic-
tion of diabetes based on glucose concentrations [31]. Rajput
et al. have proposed a reference model for assisting rural
people in India who have diabetes in characterizing two dia-
betes victims at an early stage using KNN, LR, SVM, RF, DT,
and NB classifiers, considering accuracy, misclassification
rate (MCR), recall, precision, prevalence, and F1-score as
evaluative parameters on PIDD, and claimed to have
achieved improved communication and interaction between
patients [32]. Table 1 depicts an overview of the works con-
ducted relating to this field.

3. Proposed Work: DiaFog

This section contains information on the various datasets,
materials, and techniques employed in this study and the
proposed work’s architecture, design, and operation, desig-
nated as DiaFog.

3.1. Materials and Methods. This section is for the back-
ground study related to this research work. The simulation
tool iFogSim, the simulating framework FogBus, one of the
popular cloud service providers, Amazon Web Services
(AWS), and the cloud computing platform Aneka are dis-
cussed briefly here, along with the datasets considered in
training the model. In addition, a detailed discussion on
the techniques considered in this research.

3.1.1. Dataset Description. DiaFog, the suggested model, is
tested on three diabetic disease datasets: the Hospital Frank-
furt Germany Diabetes Dataset (HFGDD), the Pima Indians
Diabetes Dataset (PIDD), taken from the Kaggle and UCI-
ML repository, respectively, and the Integrated Diabetes
Dataset (IDD) of these two [33–35]. The HFGDD has 2000
persons, whereas the PIDD has 768 patients; both have nine
columns. The binary result column contains two classes,
each of which accepts the values “0” or “1,” with “0” indicat-
ing the absence of diabetes and “1” indicating the existence
of diabetes illness. Additionally, there are 1316 normal indi-
viduals and 684 diabetic individuals in HFGDD, while there
are 500 normal individuals and 268 diabetic individuals in
PIDD. An experiment’s IDD was created by combining
characteristics from both datasets. The suggested filtering
and normalizing approaches handle all datasets with some
missing values. Table 2 provides a summary of these data-
sets. There are 2768 cases in the IDD, each with a unique
attribute. A deep machine learning technique cannot be used
for the short dataset with nominal values. As a result, all
nominal data is transformed into numeric values for the
EDL model to work. Table 3 shows a summary of the data-
set’s characteristics.

3.1.2. Deep Learning (DL) and Activation Function (AF).
Deep learning (DL), hierarchical learning (HL), or deep
structured learning (DSL), a subset of ML, is gaining interest
in the categorization of data points [36]. The primary types
of DL include the recurrent neural network (RNN), deep
neural network (DNN), convolution neural network
(CNN), and artificial neural network (ANN). An ANN is a
system that uses weighted inputs to learn. These inputs are
then processed to generate an output. As the ANN learns,
new routes emerge. Paths with greater weightings in the
model are considered more significant (or create more
desired outcomes). The bulk of DL structures and algo-
rithms employ the ANN framework. An ANN has neurons
(interconnected nodes). A multilayer perceptron (MLP) is
a feedforward ANN that employs backpropagation to train
the network. It is utilized for supervised learning, parallel
distributed computing, and algorithmic neurobiology. The
dataset was trained using MLP, a DL approach. The MLP
function approach is presented as follows [37, 38]:

Vq = θq + 〠
n

p=1
WqpXp, ð1Þ

Yq = f q Vq

� �
: ð2Þ
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Table 1: A summary of some related works done.

Author Materials and methods
Dataset(s)

used
Evaluative measures Findings

Kaur et al.
[22]

CI-PDF, a cloud IoT-based diabetes
prediction platform, was introduced

PIDD
Accuracy, sensitivity,

and specificity
Achieved 94.5% of prediction accuracy
by combining DT and NN approaches

Priyadarshini
et al. [15]

Introduced DeepFog, a deep neural
architecture based on fog computing for

forecasting stress, diabetes, and
hypertension attacks

Stress, T2D,
hypertension

datasets

Accuracy, precision,
recall, and F1-score

Achieved a superior and competitive
method in comparison to others

Fernández-
Caramés and
Fraga-Lamas
[21]

Introduced an IoT CGM-based system
to remotely monitor patients by

accessing blood sugar samples obtained
and to notify them if a problematic

scenario is discovered

Not
mentioned

Prediction accuracy

This study claimed to be able to give a
population with transparent and

trustworthy blood sugar data quickly,
easily, and affordably

Barik et al.
[23]

Introduced the FogLearn framework for
K-means clustering in Ganga River
Basin Management using real-world
feature data for diagnosing diabetes

patients

PIDD Accuracy
As a consequence, fog computing has
great potential for extensive data

analysis in medicine and geography

Fernández-
Caramés et al.
[6]

Designed and built a solution that allows
continuous commercial CGMs to

monitor patients remotely and warn
them about their problems

Not
mentioned

Prediction accuracy
The authors claimed to have developed

a better technique for diagnosing
patients’ illnesses remotely in real time

Gia et al. [24]
A fog-based system for remote health
monitoring and fall detection was

introduced

Not
mentioned

Energy efficiency
The suggested procedure is precise, and
the worn sensor node saves energy

Devarajan
et al. [25]

To manage blood glucose levels, propose
an energy-efficient fog-assisted

healthcare system

PAMAP2
and PIDD

Energy efficiency,
accuracy,

computational
complexity, and

latency

As a consequence, the fog over cloud
computing has improved bandwidth
efficiency, latency, and classification

accuracy

Abdel-Basset
et al. [26]

To diagnose and monitor type 2
diabetes patients, a new framework

based on computer-assisted diagnostics
and the IoTs was proposed

Personally
collected data

Accuracy and
execution time

The suggested algorithms were shown
to be valid and resilient

Haq et al. [27]
Developed a filter method based on the

ID3-DT model
Clinical data

Accuracy and
computation time

Found that the decision tree algorithm
based on selected features improves the

classifier performance

Kumari et al.
[28]

Proposed an ensemble voting classifier
that employs the ensemble of three ML

algorithms, viz., RF, LR, and NB
PIDD

Accuracy, precision,
recall, and F1-score

Achieved comparatively enhanced
results on binary classifications

Geetha and
Prasad [29]

Proposed T2DDP is a hybrid model that
uses supervised classification algorithms
like NB and ensemble algorithms like
bagging with RF and AdaBoost for DT

to help physicians properly treat
diabetic patients

PIDD
Accuracy, precision,
recall, and F1-score

It was discovered that the predicted
outcome would be sent to the patient’s
mobile phone at an early stage, allowing

them to make quick judgments
concerning the health risk

Shynu et al.
[30]

Introduced efficient blockchain-based
safe healthcare services for illness

prediction in fog computing

PIDD and
CHDD

Accuracy, purity, and
NMI

In comparison to existing approaches,
the suggested work efficiently clusters

and predicts illness

Singh et al.
[31]

eDiaPredict, an ensemble-based system
that uses XGBoost, RF, SVM, NN, and

DT to forecast diabetes status in
patients, was introduced

PIDD

Accuracy, GI
sensitivity, AUC,

specificity, precision,
AUCH, MER, and

MWC

The proposed model can provide
patients with a practical and precise

prediction of diabetes based on glucose
concentrations

Rajput et al.
[32]

Proposed a reference model for aiding
rural people in India who are suffering

from diabetes
PIDD

Accuracy, MCR, recall,
precision, prevalence,

and F1-score

The authors stated that they were able to
increase patient communication and

engagement
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Here, Vq is the q number of linear combinations of p
number of inputs, Xp is the p number of inputs, θq is the q
number of bias, Wqp is the weighted connection between
the neuron j and the input Xp, f qð Þ is the q number of
activation functions, and Yq is the q number of outputs.

A DNN uses a layered NN with several layers of neurons.
DNNs are made up of numerous linked perceptrons, each of
which is a single neuron. In a DNN, dense layers are those
where all inputs are densely connected to all outputs. DNNs
may also have hidden layers. A hidden layer is a point
between the NN’s input and output where the activation
function (AF) transforms the incoming data. It is called a
hidden layer since it is not visible from the system’s inputs
or outputs. The deeper the NN, the more data recognition.
The AF multiplies the input delivered to a node by weight
and capacity. The function determines the signal’s range.
In DNN, each layer may be switched on or off, with the out-
put of one layer feeding the input of the next layer ahead. A
DNN has more hidden layers than other NNs. The dataset
was trained using DNN, a DL algorithm. The DNN model
is given as [38–40]

Pm
b yð Þ =Wm

t yxÞ + Bm
t , ð3Þ

Pm
b ŷð Þ = Pm

a ŷð Þ, m = 1: ð4Þ

Here, each preactivation function Pm
b ðyÞ is normally a

linear operation involving the matrix Wm
t ðyÞ and the bias

Bm
t , which can be integrated into a parameter Pm

a .

Pm
b Ĥ

m−1
� �

= Pm
a Ĥ

m−1
� �

, m > 1: ð5Þ

The ŷ denotes the addition of 1 to the vector y. The form
of hidden-layer activation functions HmðyÞ is often the same
at each level, but this is not always the case.

The activation function (AF) creates a weighted total and
then adds bias to it to determine whether a neuron should be
activated or not. The goal of these functions is to introduce
nonlinearity into a neuron’s output. ReLU (Rectified Linear
Unit) became a prominent AF in DL and continues to give
outstanding results today. It was built to solve the research’s
vanishing gradient issues. The sigmoid function has long
been the most common AF in NNs. The sigmoid function’s
values are in the range ½0, 1�, and because of its nature, tiny
and big numbers sent through it will become values near
zero and one, respectively. ReLU is the most often used
AF, while the sigmoid function is the most commonly used
AF for binary classification, which may be expressed as
[37, 40, 41]

R dð Þ =max 0, dð Þ, ð6Þ

S dð Þ = 1
1 + e−d

: ð7Þ

Here, RðdÞ and SðdÞ are for ReLU and sigmoid AF,
respectively, whereas the max ðÞ function finds the maxi-
mum value.

3.1.3. Ensemble Learning (EL). Ensemble learning (EL) may
improve performance and accuracy in predictive analysis
[42–44]. Ensemble approaches promise to reduce the bias
and variance of the traditional learning algorithm’s three
flaws: the computational, symbolic, and statistical problems.
Ensemble approaches include bagging, boosting, and stacking.
Bagging is a strong, effective, and easy ensemble approach.
This approach employs several copies of a training set utilizing

Table 2: A brief description of considered datasets.

Dataset used Number of characteristics Number of instances

HFGDD 9 (8 considered as inputs) 768 (500 healthy and 268 diabetic)

PIDD 9 (8 considered as inputs) 200 (1316 healthy and 684 diabetic)

IDD 9 (8 considered as inputs) 2768 (1816 healthy and 952 diabetic)

Table 3: A brief description of considered features of the datasets.

Sl. no. Features Meaning Values

1 Pregnancies Number of times the women is pregnant A numeric value (between 0 and 17)

2 Glucose
After 2 hours, plasma glucose concentration was

determined in an oral glucose tolerance test (OGTT)
A numeric value (between 0 and 199)

3 Blood pressure Diastolic blood pressure (in mmHg) A numeric value (between 0 and 122)

4 Skin thickness Thickness of triceps skin fold (in mm) A numeric value (between 0 and 99)

5 Insulin 2-hour serum insulin (in μU/ml) A numeric value (between 0 and 846)

6 Body mass index (BMI) Index mass of the body (weight in kg/height in m2) A numeric value (between 14 and 80.6)

7
Diabetes pedigree function

(DPF)
Diabetes mellitus family history A numeric value (between 0.078 and 2.42)

8 Age Age in years A numeric value (between 1 and 120)

9 Outcome Diabetes disease diagnosis 0: healthy and 1: diabetic

6 Wireless Communications and Mobile Computing



the bootstrap with any classification or regression model. Bag-
ging works well with unstable nonlinear models (little changes
in the training set create large changes in the model). Boosting
is a model averaging meta-algorithm. A popular ensemble
approach is a potent learning principle [45, 46]. Multiple clas-
sifiers are built by various learning algorithms on the same
dataset of feature vectors, and their classifications are stacked.
Voting and averaging are also simple ensemble procedures.
They are simple to comprehend and use. Both techniques
begin by building several classification models on a training
dataset. Create each base model using multiple splits of the
same training dataset and algorithm or utilizing the same
dataset with alternative methods. This method uses majority
voting to choose the final output prediction that obtains more
than half of the votes. The ensemble technique could not cre-
ate a reliable prediction if no guess receives more than 50% of
the votes. In weighted averaging, each model’s forecast is mul-
tiplied by a weight, and then, the average is determined. A
smoother model is frequently the result of this procedure.
Assume we have M-bootstrap samples of size N (approxima-
tions of M-independent subsets) indicated as fs11, s12, s1Ng, fs21
, s22, s2Ng,⋯, fsM1 , sM2 , sMN g.

We might fit M nearly independent weak learners (one
from each subgroup) w1ðsÞ,w2ðsÞ⋯ ,wMðsÞ using data
coefficients d1ðsÞ, d2ðsÞ,⋯, dMðsÞ and then aggregate them
using either majority voting or weighted averaging to
achieve an EDL model with reduced variance as

MVM sð Þ = argmaxp card m wmj sð Þ = Pð Þ½ �, ð8Þ

WAM sð Þ = 1
M

〠
M

m=1
dm sð Þ ×wm sð Þ: ð9Þ

3.1.4. iFogSim and FogBus. The iFogSim simulator proved
helpful in evaluating alternate scheduling strategies for fog
and clouds [47]. A range of situations may be considered
with iFogSim, including latency, energy usage, network con-
gestion, and operating expenses. Performance indicators are
measured by emulating fog/edge devices and cloud data cen-
ters. This study used iFogSim for several simulations. This
study also uses the FogBus paradigm [9], integrating IoT,
CC, and FC concepts. It uses blockchain to guarantee com-
munication security, privacy, and data integrity. It links
Aneka’s platform-based fog setup with the cloud via HTTP
RESTful APIs. It enables platform-independent IoT applica-
tion execution and interaction interfaces while computing
instances. It lets developers construct apps and customers
operate several apps simultaneously, and service providers
manage their resources.

3.1.5. AWS and Aneka. Amazon Web Service (AWS), a CC
service provider, is the most reliable cloud computing com-
pany, providing excellent web services and security [48].
This platform is a perfect example of actual cloud computing
since it allows for data security, integrity, and availability. It
provides on-demand services. The IT resources are cheap,
and there is no upfront commitment. The CC platform
Aneka enables developers to establish APIs [49]. Its primary

design element is a service-oriented architectural (SOA) mod-
ule. One of its primary features is its support for numerous
programming models that describe the execution logic of pro-
grams using various abstractions. The framework’s extensible
SOA simplifies cloud administration and deployment while
supporting various distributed application design patterns.
Aneka uses cloud resources, whereas iFogSim and FogBus
are used for different simulations and using fog resources.

3.1.6. Platform and Languages Used. The components of this
work were written in a variety of programming languages.
The Python programming language was used to create the
preprocessing and EDL components. Jupyter python tool
and SciKit Learn, Keras, and Tensorflow libraries were uti-
lized in the EDL application. The approach, data filtering,
and data processing in the intelligent gateway implementa-
tion are all made in Python to maintain compatibility with
other services. We use the Pandas embedding library, a data
structure library, to import the file into our Python environ-
ment. Numpy, Matplotlib, and additional libraries as needed
are also loaded into the environment [50, 51]. In addition,
the Android application is built using the App Inventor tool
from MIT, and the web communications are carried out
using the PHP programming language in this work.

3.2. The Architecture. DiaFog’s architecture, as shown in
Figure 2, incorporates a variety of techniques, hardware
components, and software components required in this
framework, as detailed below. The suggested study is based
on previously specified frameworks and simulators for IoT-
fog-cloud integration for ultimate predictive analytics.

3.2.1. Hardware Components Used. DiaFog consists of IoT
health sensors, gateways, master PC node (MPN), fog
worker node (FWN), and cloud data center node (CDCN),
which are briefly covered here. The IoT health sensors col-
lect data from diabetic patients and transfer it to gateway
devices. For example, the “blood pressure sensor” measures
systolic and diastolic pressures in mmHg. Gateways take
patient data and share it with either MPN or FWNs. These
gateways behave like fog. MPN assigns jobs to worker nodes
using a resource manager or handles requests using a
learned EDL model. When MPN and FWNs are overloaded,
it forwards to CDCNs via cloud integrators, acting as a gate-
way device. FWN processes data using the learned EDL
model and produces results as requested by gateway devices
or MPNs. FWNs are Raspberry Pi devices in this work.
CDCN is used to access cloud resources. MPN and FWNs
are overloaded, and MPN forwards to CDCNs, acting as a
gateway device.

3.2.2. Software Components Used. The proposed work com-
prises various software components, which are briefly dis-
cussed here. In the data preprocessing module, data from
IoT health sensors such as blood pressure sensors is prepro-
cessed and filtered before being sent to the cloud. Prepro-
cessing of data improves model prediction accuracy.
Preprocessed data from gateway devices are saved in a .csv
file and utilized next. The data manager (DM) accepts pre-
processed data from IoT health devices. Depending on the
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situation, it may combine data from many sources and
change transmission frequency. The DM is in charge of
deciding which FWNs to distribute the received data. The
resource manager (RM) selects resources for programs to
execute. The calculating server’s RM determines each MPN
and FWN’s resource status. After collecting data, the RMs
establish resources on FWNs and the cloud for applications.
After receiving credentials from a gateway device, the MPN
security manager (SM) validates them against the Credential
Archive of Warehouse Service. In contrast, the FWN-SM
oversees protected interactions of an FWN with others while
conducting computations. The cloud integrator (CI) delivers
storage and resource-providing instructions to the cloud. It
gives context data for cloud-based instances like containers
and virtual machines (VMs) to resource management. The
resource monitor (RMr) allots resources to programs and
tracks how successfully they are used in real time. A service
provider-defined threshold is exceeded, an unexpected prob-
lem occurs, and the RM is notified. In this component, the
dataset is used to train a DL approach to classify vector
points (5vectors) generated by IoT health device preprocess-
ing. On the other hand, it predicts and delivers results for the
RM’s tasks, a bagging classifier, and an EL approach for clas-
sification and averaging.

3.3. The Design. DiaFog’s design begins with good dataset
selection. The approach incorporates preprocessing of the
raw patient dataset. The EDL model to be used at each
design node is a step. An Android app is a vital tool for
remote users. Experiment setup and implementation are
the critical elements in the proposed study’s design.

3.3.1. Dataset Preprocessing. The raw dataset is preprocessed
and filtered here. The data were cleaned and normalized

before training and testing to improve the model’s predic-
tion accuracy. In this study, the mobile application collects
eight things every time, and the 9th data in the dataset is uti-
lized as the anticipated outcome. Table 4 shows a sample of
the considered integrated dataset.

3.3.2. Experimental Set-Up and Android App. The set-up is
implemented with some hardware configurations as evalua-
tive hardware for the experiments in this work, including the
primary gateway device (Xiaomi A2 with Android version
10), MPN (Dell with Core i3, Windows 10 64-bit OS, and
6GB RAM), FWNs (five numbers of Raspberry Pi 4 with
4GB SDRAM), and public cloud (AWS with Windows
server and Aneka platform). In addition, 100 cell phones
belonging to different people were utilized to test the scal-
ability of the suggested concept.

The DiaFog.apk, an android interface built using MIT’s
App Inventor for this effort, will be utilized in a variety of
Android-enabled gateway devices to gather data from
remote users [52]. It serves as a connection point for IoT
health devices and MPNs or FWNs [12]. As shown in
Figures 3 and 4, the data input from the individuals is deliv-
ered to MPNs, and results are recorded.

3.3.3. Implementation. DiaFog’s implementation section
examines how the previously mentioned components are
implemented. One of the most popular programming lan-
guages, Python, has been used to preprocess data and train
the EDL model in recent years. For the predictive binary
classification, the model uses ANN with a bagging classifier
and majority voting classifier as EL techniques and DNN
with a bagging classifier and weighted averaging as EL
methods, as shown in Figure 5. Both EDL models were
applied to the three datasets mentioned earlier: HFGDD,
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Figure 2: The architecture of DiaFog.
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PIDD, and IDD. The results of the trials are then compared
to determine which EDL model is the best. In the case of
ANN, the ReLU function is used in all of the input, hidden,
and output layers, but in the case of DNN, the ReLU func-
tion is used in both the input and hidden layers, and the sig-
moid function is utilized at the output layer. The sizes of
various layers in this study, including an input layer, a hid-
den layer, and an output layer, are 8, 3, and 2 in ANN and
8, 4, and 2 in DNN, respectively. The ninth feature is used
to determine whether or not the patient has DMD. This pro-
posed work’s learning rate is 0.001 and 0.12 in ANN and
DNN, respectively. In this study, the commonly used opti-
mizer, Adam, is employed for modeling in both scenarios.
Table 5 shows a summary of the DL approach setup. The
Android app utilized in this project was created using MIT’s
App Inventor, and the online communications were done
with PHP language. The data characteristics are stored in
an excel file and then delivered to the MPN through HTTP
post. The DM stationed within MPN is responsible for the
subsequent conveyance of the data obtained. After any of
the nodes have successfully processed the data supplied from
the persons, the result is transmitted to the user’s gateway
device through the MPN.

3.4. The Working Principle. The working concept of this sug-
gested work, DiaFog, is explained with several algorithm
phases and a communication flow diagram. These networks
are based on the master-slave idea, with MPN as the master
and FWNs as slaves. The MPN, FWNs, and gateway devices
are all on the same network. There are three ways to com-
municate: MPN alone, MPN with FWNs, or cloud only. In
the first situation, MPN fulfills the task request and provides
the result, whereas in the second case, FWN does so. When
MPN detects insufficient resources, i.e., MPN and FWNs are
overloaded, it forwards to CDCNs, acting as a gateway
device. Algorithm 1 describes the primary function of the
gateway device, whereas Algorithm 2 describes the primary
role of the MPN. Besides, Algorithm 3 is for training the
EDL model, and Algorithm 4 is for the test cases applied
to the generated EDL model. This work’s hardware compo-
nents interact according to the prescribed framework. The
communication chain shown in Figure 6 depicts a flow of
work ordered by users remotely.

Table 4: Samples from the preprocessed IDD dataset.

Sl. no. Pregnancies Glucose Blood pressure Skin thickness Insulin BMI DPF Age Outcome

1 6 148 72 35 0 33.6 0.627 50 1

2 1 85 66 29 0 26.6 0.351 31 0

3 8 183 64 0 0 23.3 0.672 32 1

4 1 89 66 23 94 28.1 0.167 21 0

5 0 137 40 35 168 43.1 2.288 33 1

6 5 116 74 0 0 25.6 0.201 30 0

7 3 78 50 32 88 31 0.248 26 1

8 10 115 0 0 0 35.3 0.134 29 0

9 2 197 70 45 543 30.5 0.158 53 1

10 8 125 96 0 0 0 0.232 54 1

Figure 3: Screenshot of the DiaFog app with diabetes response as
no.
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3.5. Algorithms Representing Detailed Working of DiaFog

4. Empirical Analysis

A short discussion on different network characteristics and
evaluative metrics is addressed, followed by a discussion on
the outcomes acquired by this suggested effort dubbed Dia-
Fog. This section also includes an overview of comparisons
with similar works done. The performance of every planned
task must be evaluated for research purposes. This study is
built on previously suggested frameworks and simulators
for IoT-fog-cloud integration for ultimate predictive analyt-
ics. These include performance parameters (accuracy, preci-
sion, recall, F-measure, etc.) and network parameters
(latency, arbitration time, processing time, throughput,

bandwidth consumption, jitter, network utilization, energy
consumption, scalability, etc.).

4.1. Performance Parameters. The primary purpose of per-
formance parameters is to find the confusion matrix, a
real-to-anticipated-class matrix on which numerous evalua-
tion metrics have been applied. T1, T0, F1, and F0 are abbre-
viations for the confusion matrix’s true positive, true
negative, false positive, and false negative. Some of the per-
formance measures for classification purposes explored in
this study include accuracy (Acc), precision (Pre), recall
(Rec), and F-measure (F-M). The “Acc” is defined as the
number of correct predictions divided by the total number
of input samples. The “Pre” is defined as the ratio of prop-
erly predicted positive observations to the total number of
correctly predicted positive observations. The “Rec” is
defined as the proportion of successfully expected positive
observations to the total number of properly predicted pos-
itive observations. The “F-M” is the weighted average of
“Pre” and “Rec.” The detailed evaluation formulas are as fol-
lows:

Acc = T1 + T0ð Þ
T1 + T0 + F1 + F0ð Þ , ð10Þ

Pre =
T1

T1 + F1ð Þ , ð11Þ

Rec =
T1

T1 + F0ð Þ , ð12Þ

F‐M=
2 × Pre × Recð Þ
Pre + Recð Þ : ð13Þ

In this work, in order to validate the proposed EDL
model, we evaluated it through six models. Here, model 1,
model 2, and model 3 are the ANN along with the bagging
Classifier and majority voting EL models applied on PIDD,
HFGDD, and IDD datasets, respectively, whereas, model 4,
model 5, and model 6 are the DNN along with the bagging
classifier and weighted averaging EL models applied on
PIDD, HFGDD, and IDD datasets, respectively. The
observed results are then compared, as depicted in Table 6
and Figures 7–10. From experiments, it is revealed that
model 6 outperforms other models in terms of the perfor-
mance parameters like “Acc,” “Pre,” “Rec,” and “F-M.”

4.2. Network Parameters. Network characteristics are heavily
influenced by the computing approach or level at which the
fog-enabled IoT application is coordinated. Various network
characteristics such as latency, arbitration time, total pro-
cessing time, throughput, energy consumption, bandwidth,
jitter, network utilization, and scalability are used to verify
this suggested work. Layout 1 for MPN alone, layout 2 for
MPN with 1 FWN, layout 3 for MPN with 2 FWNs, layout
4 for MPN with 3 FWNs, layout 5 for MPN with 4 FWNs,
and layout 6 for CDCN only are the various configurations
employed in this study for the assessment of various net-
work metrics.

Figure 4: Screenshot of the DiaFog app with diabetes response as
yes.
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Latency is the time it takes for data to flow across a net-
work. It also refers to the time it takes for a data packet to be
recorded, transferred, processed by several devices, and
finally received and decoded. The variation in latencies is
estimated by adding transmission time and queuing delay,
as shown in Figure 11. Because all contact is done through

single-hop data transfers, the latency is nearly the same
whether the work is submitted to MPNs or FWNs. The
latency in a cloud arrangement is relatively significant due
to multihop data transfer outside the network, which is the
primary function of the FC. Arbitration time refers to the
time limit for the MPN to respond to the gateway devices,

Trained
dataset

DL method-1 DL method-2 DL method-3 DL method-n

Bagging
classifier-1

Bagging
classifier-2

Bagging
classifier-3

Bagging
classifier-n

Prediction-1 Prediction-2 Prediction-3 Prediction-n

Majority voting or averaging

Final prediction

Figure 5: Basic diagram of the EDL model.

Table 5: Configuration of DL methods considered in DiaFog.

DL
methods

No. of input
layers

No. of hidden
layers

No. of output
layers

Optimizer
used

Learning
rate

AF at input
layers

AF at hidden
layers

AF at output
layers

ANN 8 3 2 Adam 0.001 ReLU ReLU ReLU

DNN 8 4 2 Adam 0.120 ReLU ReLU Sigmoid

1 Inputs : USRi
Output : RESi
True: Gateway in active mode
2 True Obtain ATBi using IHDi Submit USRi to GTWiGTWi connected to MPN Send USRi to MPN using GTWi Obtain

RESi Reset to obtain ATBi and submit USRi again.

Algorithm 1: Gateway primary function.

1 Inputs : USRi
Output : RESi
True : MPN in active mode
2 True Obtain USRiMPN(Available) outcome = =0 return RESH return RESDFWNi(Available) outcome = =0 return RESH

return RESDCDCNi(Available) outcome = =0 return RESH return RESD Return RESi to GTWi using MPN

Algorithm 2: MPN primary function.
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which might vary depending on the network setup. The
arbitration time under different fog situations is shown in
Figure 12. The incidence of arbitration is lower when assign-
ments are routed directly to MPN or CDCNs. In other cases,
time is spent balancing load between nodes, which reduces
the arbitration rate. On the other hand, cloud processing is

exceptionally fast due to its superior capability. The process-
ing time is longer because the nodes in FWNs have less pro-
cessing power and a lower clock frequency. Processing time
is the time it takes for a task to be started, processed, and
returned to the users. It also changes with setups. The pro-
cessing characteristics under varied fog conditions are

1 Inputs : SDTi
Output : RESi
True : Samples in training mode
2 True i =1 toM Obtain SDTi Training DLAi on SDTi Bootstrap DLAi using BCFi Apply Majority Voting or Weighted Aver-

aging Calculate PPRi Generate an EDL Model

Algorithm 3: Training EDL model(s).

1 Inputs : TDTi
Output : RESi
True : Data in test mode
2 True j =1 to N Apply TDTi to generated EDL Model Assign RESi to the nearest outcome values {0, 1} Calculate predictive

class ðRESiÞ Return RESi

Algorithm 4: EDL model test cases.

User 1 User 2 User n

Collection of data and forward to MPN Result: You have diabetes disease;
Follow the prescription provided in your mail

1
8

7222

3 3 3

FWN MPN CDCN
Diagnosis by doctor

Doctor 1

Doctor 2

Doctor n

No 4

Yes6Yes6

5

Yes6

4 4No No

Result: You didn’t have diabetes disease;
No need to worry

If
Outcome == 1?

If
Outcome == 1?

If
Outcome == 1?

Figure 6: The flowchart of data communications in DiaFog.

Table 6: Observed results of various performance parameters.

Performance parameters
EDL models

Model 1 Model 2 Model 3 Model 4 Model 5 Model 6

Accuracy (in %) 81.6 90.2 94.5 83.5 93.4 98.6

Precision 0.72 0.91 0.96 0.81 0.95 0.99

Recall 0.69 0.88 0.94 0.76 0.93 0.96

F-measure 0.70 0.89 0.95 0.78 0.94 0.97
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shown in Figure 13 as well. One thing that may be seen is
that the total processing time is considerably shorter in the
case of cloud communications. Throughput is measured in
bits per second, HTTP transactions per day, or millions of
instructions per second. It is determined by the successful
data packet delivery rate from any node to end users.
Figure 14 shows a representation of the variation in through-
puts, measured in megabits per second (Mbps), discovered
for different configurations. Compared to the CDCN, the
throughput numbers for MPN with FWNs are much greater
than those for the CDCN. In order to compute the through-

put, it is necessary to determine the rate at which data
packets are successfully sent from fog nodes to end users.
Essentially, jitter is the temporal delay of changes in time.
Jitter is the variation in response time between task requests.
It is vital for many real-world applications, such as e-
Healthcare data analysis. Figure 15 depicts the variation of
jitter with different configurations. Because MPN addition-
ally conducts other responsibilities such as arbitration, secu-
rity checking, and resource management, jitter is more
significant in the MPN-alone scenario than when tasks are
transmitted to FWNs; nevertheless, jitter is significantly

Model-1 Model-2 Model-3 Model-4 Model-5 Model-6
0

20

40

60

80

100

120
Accuracy (In %)

Figure 7: The accuracies of various models.

Model-1 Model-2 Model-3 Model-4 Model-5 Model-6
0

0.2

0.4

0.6

0.8

1

1.2
Precision

Figure 8: The precisions of various models.

Model-1 Model-2 Model-3 Model-4 Model-5 Model-6
0

0.2

0.4

0.6

0.8

1

1.2
Recall

Figure 9: The recalls of various models.
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higher when jobs are supplied to CDCN. Data transferred
over an Internet connection is measured in bandwidth in a
particular time period. It refers to the amount of data sent
across a link in a specific time period (typically measured
in kilobits per second (Kbps)). The circumstance, such as
MPN alone, FWNs, or cloud, and the number of FWNs
impact bandwidth consumption. Figure 16 demonstrates

the variation in bandwidth utilization across all FWNs in
different configurations. Because of the high number of
heartbeat packets, it is required to check for security vulner-
abilities and transmit data (through the cloud). As the num-
ber of FWNs increases, the amount of bandwidth used
increases. Network utilization is the average rate of success-
ful data transmission across a communication link. A fog

Model-1 Model-2 Model-3 Model-4 Model-5 Model-6
0

0.2

0.4

0.6

0.8

1

1.2
F-measure

Figure 10: The F-measures of various models.
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Figure 11: The latency of various configurations.
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Figure 12: The arbitration time of various configurations.
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computing design uses less network than a cloud computing
system. The issue impacts the network utilization, including
MPN alone, FWNs, or cloud, and the number of FWNs.
Because the fog environment reduces the number of user
requests routed to the cloud, as seen in Figure 17, network
utilization time in the case of MPN and/or FWNs is much
smaller than that of CDCNs.

Energy consumption is the total energy utilized by the
system. Sensors and other system components need energy.
The physical theorem uses the following formula to compute
it [53]:

E = T × p Xð Þ: ð14Þ
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Figure 13: The total processing time of various configurations.
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Figure 14: The throughput of various configurations.
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Figure 15: The jitter of various configurations.
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Here, E is for the energy, pðÞ is the power function, X is
the parameter set that impacts power, and T is the task pro-
cessing time. CDCN uses a significant amount of energy as
compared to MPN or FWNs, as seen in Figure 18. CDCNs
use a considerable amount of energy compared to FWNs

due to this. As the number of FWNs increases, the amount
of energy used by the proposed task increases. Table 7
depicts the averages of observed outcomes of various net-
work parameters corresponding to multiple configurations
based on the data collected.
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Figure 16: The bandwidth of various configurations.
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Figure 17: The total network utilization of various configurations.
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Figure 18: The energy consumption of various configurations.
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Scalability refers to the capacity of the IoT-fog-cloud-
based system to raise the resources of software service deliv-
ery when higher revenue for the service is needed over time
(i.e., a demand scenario) [54, 55]. A scalable infrastructure

may increase resources to meet changing application
demands while maintaining the infrastructure’s constraints.
As shown in Figure 19, our main worry is whether the sys-
tem can scale up in quantity as consumers need it over time.

Table 7: Observed results of various network parameters.

Network parameters
Layouts

Layout 1 Layout 2 Layout 3 Layout 4 Layout 5 Layout 6

Latency (in ms) 32.3 41.3 36.8 35.7 43.2 2459.9

Arbitration time (in ms) 165.4 1123.5 1228.7 1847.5 2223.4 143.5

Processing time (in ms) 2353.6 3156.4 2897.5 3443.4 3273.6 1247.8

Throughput (in Mbps) 21.1 26.7 32.6 34.8 48.9 26.6

Jitter (in ms) 5.75 3.25 4.50 5.50 8.75 83.50

Bandwidth (in Kbps) 4.1 6.4 9.5 11.7 18.2 13.4

Network utilization (in sec) 9.4 12.1 14.8 17.4 19.7 26.9

Energy consumption (in watt) 3.13 4.24 5.29 6.18 7.83 23.22
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Figure 19: The mean response time concerning the number of requests.

Table 8: Comparison of the proposed work DiaFog with the considered existing works.

Work
IoT CC FC ML DL EL Network parameters Evaluative parameters

AT LT PT TP EC BW JT NU SC Acc Pre Rec F-M

[22] Y Y N Y Y N N N N N N N N N N Y N Y N

[15] Y Y Y NN Y N N N N N N N N N N Y Y Y Y

[21] Y Y Y N N N N N N N N N N N N N N N N

[23] Y Y Y Y Y N N N N N N N N N N Y N N N

[6] Y Y Y N N N N N Y Y Y N N Y Y N N N N

[24] Y Y Y Y N N N Y N N Y N N N N N N N N

[25] Y Y Y Y Y N N N N N N Y N N N Y Y Y Y

[26] Y Y Y N N N N N Y N N N N N N Y N N N

[27] N N N Y N Y N N Y N N N N N N Y N N N

[28] N N N Y N Y N N N N N N N N N Y Y Y Y

[29] N N N Y N Y N N N N N N N N N Y Y Y Y

[30] Y Y Y Y N N N N Y N N N N N N Y N N N

[31] N N N Y N Y N N N N N N N N N Y Y Y N

[32] Y Y N Y N N N N N N N N N N N Y Y Y Y

DiaFog (proposed) Y Y Y N Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y
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As the number of requests grows, the mean response time
grows as well. The increase in mean reaction time is not
exponential but relatively moderate. It is also noted that
response times do not fluctuate with increased queries, indi-
cating the research’s scalability.

4.3. Comparison. The proposed framework is compared with
some considered existing works involving various perfor-
mance and network parameters. We included other aspects
such as throughput, network usage, and scalability that were
not evaluated before, demonstrating the work’s uniqueness.
Table 8 depicts a comparison of the proposed work, DiaFog,
with several existing results employed in this research rele-
vant to this suggested work. The following abbreviations
are used in Table 8: yes (Y), no (N), latency (LT), arbitration
time (AT), processing time (PT), throughput (TP), energy
consumption (EC), bandwidth (BW), jitter (JT), network
utilization (NU), accuracy (Acc), precision (Pre), recall
(Rec), and F-measure (F-M) are some of the terms used.

5. Conclusion and Future Scope

To make an individual’s life easier and more consistent, the
FC idea with IoT implementations has played an important
part in recent days. Because DMDs have a high mortality
rate, it is beneficial if the patient may self-diagnose remotely
by employing IoT applications. However, formal IoT impli-
cations only use CC for real-time data storage, analysis, etc.,
with several drawbacks like latency and network usage. To
solve this problem, FC should be combined with IoT and
CC. This research proposes DiaFog, a fog-enabled system
for real-time diagnosis of diabetes patients utilizing EDL
methods. The model is trained on the combined HFGDD
and PIDD diabetes datasets from Kaggle and UCI-ML ware-
houses. The IDD is both cost-effective and sensitive to real-
time diabetes patient diagnosis. Aspects of this study, DiaFog,
are examined including accuracy, precision, recall, F-measure,
latency, arbitration time, jitter, throughput, energy consump-
tion, bandwidth use, network utilization, and scalability. This
framework integrates IoT, CC, and FC ideas to guarantee
low latency and high accuracy applications in patients’ DMD
diagnostics and remote prediction. The trials show that it is
a viable and user-friendly platform for instantaneous remote
DMD diagnosis.

DiaFog may be used to diagnose diabetes patients
remotely, anywhere around the globe. This study work’s
combined IoT, FC, and CC strategy establishes low latency,
high precision, etc. The research concluded that it is a robust
and user-friendly framework for immediate remote DMD
diagnostics. In terms of latency, network usage, energy
usage, security, and privacy, the results support FC’s appro-
priateness for real-time remote diabetic patient diagnostics.
A person with a few sensors and a smartphone app can be
diagnosed anywhere. Every study has its benefits and draw-
backs. This study has certain disadvantages; for example, the
general execution of the suggested work is difficult and
expensive. The dataset we used in this study comprises
2768 instances, which looks little from a DL experiment per-
spective since more examples mean more accurate and exact

conclusions. This modular design relies on a single network
platform, a work restriction.

Moreover, the suggested work may be improved by
incorporating additional well-known DL principles. This
work’s expansions may be used to treat various chronic dis-
orders. Also, alternative CC platforms such as edge comput-
ing, mist computing, and surge computing should be used to
extend this suggested architecture. Another area where we
should work in the future is the problem of a single network
platform. Individuals must be made aware of the importance
of IoT, cloud, fog, and edge computing and other related
technologies and their worldwide consequences in recent
days.

Notations

USRi: Users’ data fUSR1, USR2, USR3,⋯g
GTWi: Gateways fGTW1, GTW2, GTW3,⋯g
IHDi: IoT health devices fIHD1, IHD2, IHD3,⋯g
ATBi: Attributes/features/characteristics (ATB1 for age,

ATB2 for blood pressure, ATB3 for pregnancies,
ATB4 for glucose, ATB5 for skin thickness, ATB6
for DPF, ATB7 for insulin, ATB8 for BMI, and
ATB9 for outcome)

MPN: Master PC node
FWNi: Fog worker nodes fFWN1, FWN2, FWN3,⋯g
CDCNi: Cloud data center nodes fCDCN1, CDCN2, CDC

N3,⋯g
SDTi: Training samples fSDT1, SDT2, SDT3,⋯g
TDTi: Test data fTDT1, TDT2, TDT3,⋯g
BCFi: Bagging classifier algorithms fBCF1, BCF2, BCF3

⋯ g
DLAi: DL algorithms fDLA1, DLA2, DLA3,⋯g
M: Maximum number of iterations in training EDL

model(s)
N : Number of test data
PPRi: Performance parameters (PPR1 for accuracy, PPR2

for blood precision, PPR3 for recall, and PPR4 for
F-measure)

RESi: Results (RESD, i.e., diabetic when the value of
outcome is 1, RESH , i.e., healthy when the value of
outcome is 0).
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Abstract The present investigation signifies the effect of

incorporation of lanthanum phosphate nanopowder at dif-

ferent weight ratios in aluminium matrix. The lanthanum

phosphate reinforcements in the 50–80 nm size range are

synthesized through a cost-effective sol–gel process,

without any subsequent secondary process. The composite

is fabricated by the ultrasonic-assisted stir casting process,

a low cost and a less defective manufacturing process.

Various mechanical properties, viz. ultimate tensile

strength, flexural strength, compressive strength and hard-

ness, are examined. From the study, it is concluded that

MMC with 15 wt% the lanthanum phosphate leads to the

best tensile, compression and flexural properties as well as

hardness. Blending the reinforcement in the matrix is a

challenging task, besides the selection of suitable stirring

conditions which greatly reduces the agglomerations. The

higher bonding force between the reinforcement and the

matrix makes the reinforcement a suitable material in the

aluminium matrix composite, and it is confirmed through

density functional theory studies. The superior properties

of the Al/LaPO4 composite make it a suitable replacement

material for aerospace and defence applications.

Keywords Al6061/LaPO4 composite � Tensile testing �
Flexural testing � Compressive testing �
Surface topography � Density functionality theorem

Introduction

According to Bodunrin et al. [1], Metal matrix composite

(MMC) exhibits variable properties depending on the

properties of reinforcement materials such as shape,

thickness, absorption, interfacial wetting and dispersion

rate in the matrix, and also with different weight and vol-

ume percentage. Kumar et al. [2] stated that the Al6061

composite has a wide range of applications in railing,

marine, aeronautics and automobiles because of its high

weldability, medium-quality machinability, etc. Man-

ganese and silicon in Al6061 alloys enhance the properties

of the composite for applications in a wide range of engi-

neering applications, particularly in the areas of automotive

components. Furthermore, the tempered aluminium series

is proved to have high strength. Mummoorthi et al. [3]

reported that the uniform distribution of Fe2O3 and B4C in

Al6061 tempered alloys will provide improved tensile

strength. Kumar et al. [4] manufactured Al/SiC composite

through the conventional stir casting process and attained

improved tribological properties by increasing the wt.% of

SiC reinforcement material. Bragaglia et al. [5] reported

the effect of pitting (corrosion) in Al6061 by adding
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alumina within the matrix as the progressive action of

magnesium considerably reduces such effect.

Fenghong et al. [6] prepared Al/SiC/WC composites by

stir casting process with excellent tensile, wear and com-

pression properties. Murugan et al. [7] successfully man-

ufactured Al/7%Al2O3/x% SiC through stir casting process

and reported improvement in the mechanical properties of

composite with an increase in the SiC content. Sivanathan

et al. [8] manufactured Al-Al2O3 composite through con-

ventional stirring process and confirmed that uniform dis-

persion composite will improve the tensile, compression

and hardness properties. Reddy et al. [9] prepared Al6061/

2SiC/x% of Gr hybrid composite by the ultrasonic-assisted

stir casting process and concluded that the appropriate

composition percentage of reinforcement in the matrix

alone would improve the dispersion rate, regardless of the

use of ultrasonic probe sonicator. According to Luan et al.

[10], several techniques such as spraying process, squeez-

ing casting, stir casting and powder metallurgy are avail-

able. Kumar and Murugan [11] proposed that the stir

casting process has proved to be a suitable technique for

fabrication of MMC with advantages. Inegbenebor et al.

[12] fabricated an aluminium composite with a varied SiC

composition with uniform distribution of the particle

through the stirring process. According to Kalra et al. [13],

stir casting is the most preferable and practical technique,

as this process leads to reduce agglomeration and cluster-

ing of particles. Eskin [14] reported the dendritic structures

formed during the cementation, and further, agglomeration

arrangement will reduce the mechanical properties of the

prepared composite. Madhukar et al. [15] confirmed that

the use of an ultrasonicator in the stir casting process will

break the clusters of particles and reduces the potential for

agglomeration. Idrisi and Mourada [16] have taken a

comparative approach to ultrasonic aided and conventional

stir casting and concluded that samples prepared by the

ultrasonic probe technique exhibit uniform distribution of

the SiC particles. Greil [17] reported that lanthanum

phosphate (LaPO4) has low thermal conductivity, non-re-

active at the high sintering temperature and machinable

ceramic materials, as noted by Sujith et al. [18] irregular

grain growth along the grain boundary is observed above

1400 �C sintering temperature. In the present case, how-

ever, the optimum temperature for curing the powder is

1200 �C and the sintering temperature is much lower than

the curing temperature, so there is no risk of irregular grain

boundaries in the prepared composite microstructure.

Rajesh et al. [19] confirmed that the LaPO4 in alumina

composite is non-reactive at a temperature of 1600 �C with

5–7 nm crystallite size.

Generally, the addition of hard ceramic reinforcement in

the metal matrix composite is to enhance the material

properties. Adversely it may affect the other properties of

the material which are very good before the combination.

The composite material has now replaced the traditional

material because of its own advantages. However, the

machining of these ceramic-reinforced metal matrix com-

posites is always a challenging task for the manufacturers.

Proper investigation is required towards the machining of

composite because of the addition of hard reinforced

ceramic particles. Through the literature, it can be con-

firmed that LaPO4 ceramic particles are very soft in nature

when compared to the other available ceramic materials

[20, 21]. Certain investigations on machining of LaPO4

ceramic material on the ceramic matrix composites are also

reported [22]. Early studies clearly confirms that the

addition of rare earth lanthanum phosphate particles

improves the machinability characteristics of the sample

[23]. The addition of the soft ceramic in the metal matrix

composite will not affect the standard operating conditions,

and the traditional machining operations can also be per-

formed on the fabricated composite [24]. Most of the

properties of fabricated composite and the available com-

posite are found to be same. Hence, Al/LaPO4 suits for all

engineering applications and it can be a replacement

material over the available composite materials. Further,

the suitable mix of LaPO4 in Al matrix can be used for

structural and load bearing applications.

A limited study is available in LaPO4 ceramic matrix

composite. Further, earlier studies reported that the LaPO4

is a suitable material in the ceramic matrix composite

because of its monazite structure. Some work also con-

ducted using LaPO4 as reinforcement in the ceramic matrix

composite. Because of the rare earth elements and its

scarcity in availability of LaPO4, the available literature is

very limited. Here in the present study, through chemical

route, authors fabricated the LaPO4 in nanopowder form

and the same is used as the reinforcement in the metal

matrix composite. So far, the commercial available ceramic

materials such as SiC and TiC are used as reinforcement in

the Al matrix. Authors has made an attempt to fabricate the

soft and monazite structure LaPO4 rare earth element in

nanopowder form, and the significance of LaPO4 in alu-

minium matrix composite is examined with the different

weight percentages of LaPO4. Mechanical characterization

is performed, and the suitable composition for the Al

matrix is proposed.

Materials and Methods

Initially, a stoichiometric quantity of lanthanum hex-

achloride is mixed with orthophosphoric acid in an

ammonia atmosphere. 20% nitric acid is added to the

reaction mixture to maintain a pH level of 2. The deposited
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powder is separated, washed and dried to a temperature of

1200 �C. The powder is then ball-milled for 24 h to get a

particle size of 20–40 nm. The method of preparation of

LaPO4 powder is furnished in Fig. 1a.

Commercially available Al6061 aluminium rod is pro-

cured, and a calculated quantity is melted in an electric

furnace at a temperature of 750 �C. The synthesized LaPO4

powder is preheated to a temperature of 200 �C to remove

any excess oxygen content. Two teeth stainless steel stirrer

is allowed to rotate into the molten mixture at a constant

speed of 250 rpm. A calculated quantity of the reinforce-

ment material is slowly added into the vortex of the molten

material. The mixture is continuously stirred for 20 min at

a temperature of 600 �C. A two-side open die is specially

designed for the fabrication process which is made of Die

steel with a geometry of dia 120 9 10 mm is used as a

mould and it is preheated to a temperature of 200 �C to

avoid shrinking and other defects. The lower side of the die

is locked and allowed to hold the poured molten mixture.

Once the molten mixture is poured into the die through the

top opening, the die is then subjected to a uniaxial com-

pressed load of 80 kg/mm to reduce the casting defects and

to develop improved microstructure. Five different samples

with 0, 5, 10, 15 and 20% weight percentage LaPO4 are

fabricated by following the same procedures. The experi-

mental set-up, fabrication condition and the fabricated

composite samples are shown in Fig. 1b, c, d. The com-

pressed samples are ejected from the die and the samples

are sintered to a temperature of 400 �C for 2 h to reduce

any developed internal stress and porosity. Hedayatian

et al. [25] fabricated Al6061/graphene composite by cast-

ing, followed by hot rolling and it is confirmed that the

porosity of the samples is greatly reduced as the result of

hot rolling. Figure 1e displays the nanoparticle size LaPO4

Fig. 1 Material processing techniques. a Flow diagram of LaPO4 preparation, b ultrasonic stir casting machine, c stir casting process parameters,

d Al/x% LaPO4 samples, e SEM of LaPO4 particle, f TEM image of nano-LaPO4
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powder, and Fig. 1f shows the transmission electron

microscopy image of the composite surface. The survey

report on LaPO4 confirms that the structure of the syn-

thesized LaPO4 nanoparticles is in rod form; similar

observations are noted on the composite surface. Energy-

dispersive X-ray spectroscopy confirms the presence of all

elemental composition in the composite and it is shown in

Fig. 2.

The measurements of the mechanical properties of the

fabricated composite is taken using the standard specimen

as per the ASTM-B 557 for the tensile test, ASTM A370

for the flexural test with a dimension of

100 9 10 9 10 mm and ASTM E9-09 for the compression

test with a dimension of 25 9 13 mm and L/D ratio of 0.2.

Four trial runs are conducted, and the average of the each

test observations is reported. The specimens are cut to the

required dimension using an abrasive water jet, and the

schematic representation is shown in Fig. 3.

Universal test machines is used to make tensile obser-

vations at a cross head speed of 1.5 mm/min with a strain

rate of 0.01 mm/mm and 0.2% proof stress. The three-point

bend test is performed at room temperature with the UTM.

An Instron universal hydraulic inspection equipment with a

capacity of 100 kN built into a computer and data retrieval

software is used for compression testing. A compression

load with a continued frequency is applied to the load

control system. The load distribution curves are plotted

according to the test condition applied to the tension and

compression load. The Vickers microhardness is measured

using Mituto hardness tester as per ASTM E384. The

applied load is 500 g for a dwell period of 15 s. The test

piece measured 70 mm long, 25 mm wide and 20 mm

thick. To prevent errors, failed samples with significant

deviations in test conditions are removed.

Results and Discussion

Ultimate Tensile Strength

The tensile strength observation of Al/x%LaPO4 is shown

in Table 1, and an increasing trend with the increase in the

LaPO4 content up to 15% is noted and then decreases,

irrespective of break load and displacement conditions.

Errandonea and Manjon [26] studied the bonding beha-

viour of different elements in the matrix and concluded that

three of the phosphate–oxygen bonds are strong and hold

rigid, but the remaining one oxygen bond is likely loosely

bonded and can undergo deformation. The aluminium–

oxygen bond with monazite elements such as LaPO4 has

four strong bonds and five loosely packed elements, which

can lead to deformation, which is validated through the

density functionality theorem. Applying the same concept,

it can be stated that the excess composition of LaPO4, a

monazite structure, in the Al6061 progresses to materials

deformation due to increment in the weak bond regions.

However, one-third of the strong bonds of LaPO4 are

believed to yield high tensile strength irrespective of

breaking load.

The bond that exists between aluminium alone can cause

variation in the break load. The excess amount of loose

bonded elements between aluminium and oxygen initiates

deformation, and with an increase in the applied load

condition, the bonds between the reinforcements are

weakened and lead to failure. According to Wang [27], the

addition of LaPO4 in the alumina creates unstable bonds

and tends to have deformation. The study of LaPO4 in the

aluminium metal matrix composite is nowhere reported;

hence, an extensive study on the debonding mechanism is

to be done.

Fig. 2 Energy-Dispersive Spectra of Al/LaPO4 sample
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Figure 4a displays the trends of load versus displace-

ment plot of the tensile test. Till 15% of LaPO4 composi-

tion, the composite shows the same failure trend

irrespective of break load. The sudden drop in the peak

occurs due to the bond failure caused within the matrix and

reinforcements. As an excess quantity of nanopowder

LaPO4 causes agglomeration, the reduction of 16.75% of

tensile strength from the nascent sample can be compro-

mised. On considering the maximum strength, it is pro-

posed that the addition of 15% of rare earth LaPO4 will be

much suitable composition in the Al6061 matrix. Similar

observations are noticed by Aynalem [28] as a 12%

increment in UTS with 15% of TiC and WC when added as

reinforcements in aluminium matrix.

Flexural Strength

The flexural strength of the composite observations is

shown in Table 2. Maximum flexural strength of 215 MPa

is recorded at 15% of LaPO4 reinforcement. The gradual

increment in the flexural strength is observed until 15% of

LaPO4, and the addition of an excess quantity of LaPO4 in

the Al6061 matrix gives rise to the particle deformation.

Sha et al. [29] reported that operating temperature will

greatly influence the property of materials, for instance

47% increment is noted on flexural strength with the

change in operating conditions. Unlike other ceramic

reinforcements, LaPO4 has an irregular surface boundary

which is verified through SEM and TEM images (refer

Fig. 1e, f) which enhances bonding in the matrix.

Majeed et al. [23] confirmed that LaPO4-reinforced

alumina composite can be machined using a conventional

machining process, as the soft phase of LaPO4 improve the

toughness property of the materials and enhance machin-

ability. The same phenomenon is observed in a three-point

bending test. At three-point load test conditions, increment

in the breaking load capacity and displacement concerning

the reinforcement is due to the resistance offered by the

irregular shape of LaPO4 at the applied load. The higher

composition of LaPO4 in the matrix improves the sliding

property and has material deformation. With the increment

of the applied load, the fabricated composite material

deflection with the propagation of crack on the surface of

the test sample. Microstructural examination of the fracture

surface revealed the presence of transgranular and inter-

granular fractures. The particle pull-out and the dimples are

not visible on the fracture surface indicates that the soft

ceramic lanthanum phosphate element also deflects along

with the aluminium and the irregular shape of the rein-

forcement provides better bonding capability and improves

the flexural property of the composite. The test sample

image superimposed in Fig. 4b shows the impact of the

Fig. 3 Schematic representation of the specimens for a Tensile, b flexural and c compression test

Table 1 Tensile properties of Al/LAP

Sample

name

Break load

(kN)

Displacement

(mm)

Tensile strength

(MPa)

Al 7.16 5.4 139.44

Al/5%LAP 7.64 8.17 160.55

Al/10%LAP 6.8 7.8 190.75

Al/15%LAP 5.96 6.9 204.15

Al/20%LAP 4.08 6.32 193.95
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applied load. Among the five test samples, Al/20%LaPO4

has undergone severe deformation which can be measured

from the angle created at the flexural load condition.

Figure 4b also shows the deflection of the test sample

for the test load condition. The primary deformation of the

particles inside the composite structure for all the samples

at different load conditions starts at 0.8 mm. The load

range starts from 3.2 to 5.3 MPa with reinforcements.

Bhasa and Balamurugan [30] reported that an increase in

reinforcements significantly reduces the dislocation of the

particles in the aluminium matrix and progresses to

deflection. Among the developed composite samples, Al/

20% LaPO4 shows less deflection than nascent samples and

a superior withstanding load of 5.3 MPa conveys that the

presence of an excess quantity of LaPO4 causes dislocation

plane.

Compressive Strength

A uniaxial compression load of 80 kg/mm is applied at the

time of preparation of the composite itself. The maximum

compressive load capacity of Al/LaPO4 is shown in

Table 3.

The compressive strength and the load–displacement

curve of the fabricated composite are shown in Fig. 4c and

d, respectively. Figure 4c shows that except for 20% of

LaPO4, the remaining composition provides an incremental

rate of compressive strength. A maximum compressive

property of 1078 MPa is observed at 15% reinforcement.

Imran and Khan [31] stated that the addition of ceramic

particles in the soft matrix will increase the compressive

property as the ceramic particle surface area significantly

enhances the load withstanding capacity and has improved

hardness. Further increase in reinforcements will have to

increase the compressive strength, but at 20% a decrement

is observed. Balamurugan et al. [32] stated that monazite

LaPO4 is proved to be the soft ceramic among the available

materials. Each LaPO4 particle has its surface area and it

resists the applied load to a certain limit. When the load

exceeds the threshold limit, i.e. as it exceeds the particle

breaking force, material deformation takes place.

A higher reinforcement percentage will enhance the load

withstanding capacity and may cause the slippery of the

particles and progress to have large cracks on the surface of

Fig. 4 a Tensile behaviour of Al/x%LaPO4, b flexural strength of Al/x%LaPO4, c compression strength of Al/x%LaPO4 and (d) load versus

displacement plot of Al/x%LaPO4

Table 2 Flexural properties of Al/LAP

Sample

name

Break load

(kN)

Displacement

(mm)

Flexural strength

(MPa)

Al 4.68 8 146.92

Al/5%LAP 5 8.6 170.28

Al/10%LAP 5.6 9 210.59

Al/15%LAP 6.1 8.7 215.27

Al/20%LAP 4.7 7.5 200.46
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the test samples. At the same time, as reported by Bala-

murugan et al. [33] LaPO4 particle will break at the

working load condition, similar observation is noted for the

fabricated composite. A higher percentage of reinforce-

ment will lead to sudden failure of composite and this can

be verified from the 20% LaPO4 plot. Figure 4d displays

the load withstanding ability of the composite. Agglom-

eration of the particles improves the compression load

capacity but being a soft ceramic the sudden deformation

reported for a 20% sample. It is further noted that the

distribution of the reinforcements greatly determines the

load withstanding ability. The increase in reinforcement

gradually improves the compressive property of the com-

posite. The SEM image of the LaPO4 particle that appeared

on the surface of the fractured surface is superimposed in

Fig. 4d which shows the effect of the applied load.

Hardness

The hardness values for different proposition composite is

measured in the Vickers hardness number and it is shown

in Fig. 5a. Cast samples have undergone uniaxial com-

pression load immediately after casting, causing the

increase in the residual stress, and each molecule in the

composite will have undergone severe compression and

tries to regain its original shape. The intense compression

load is to provide enough support from the neighbouring

particles with the reinforcements to improve the bonding

property with the LaPO4 particle. However, sintering after

compression action will reduce the internal stress.

The optical image of the samples in Fig. 5b shows the

indention mark experienced by different composition

composites. No Palmqvist cracks are visible on the loaded

surface. While observing the impressions produced by the

intender at different compositions, the impression depth is

significantly reduced with the increase in composition.

Deepthi and Balamurugan [34] reported that the hardness

of nascent LaPO4 samples is 5GPa, on the addition of this

material as reinforcement usually improves the hardness of

the sample. A gradual increment of 3% in hardness is

observed with the increase of 5 weight per cent of LaPO4 in

the composition. As per metweb.com data on aluminium

6061-T6, 6061-T651, it is displayed that the component

possesses a hardness of 107 VHN, whereas the maximum

hardness observed with 20% of LaPO4 composite is

recorded to be 79VHN. The lower the hardness means the

higher the ductility. The materials fabrication process

predominantly determines the property of the end product

as it has yielded to get observations.

Morphological Features

Typical surface topography on the fracture region of the

test sample is shown in Fig. 6. The uniform dispersion of

the reinforcement particles along the Al6061 grain

boundary is shown in Fig. 6a. Warcholinski et al. [35]

reported that the uniform dispersion of the micro and

macroparticles will improve the surface quality and reduce

the wear rate. The particle deformation occurring on the

aluminium grain is limited by LaPO4. Upon closer

inspection, many cracks seen on the aluminium grain

boundary are formed during a uniaxial compression load

applied during the composite manufacturing operation and

also by thermal distortion. Adnan et al. [36] stated that the

application of the uniaxial compression load at the time of

fabrication will improve the UTS and the hard of the

sample. Besides, the defects like voids will disappear and

enhance the grain boundary diffusion and the load at the

red hot condition will progress to have thermal distortion

with surface microcracks. The increase in weight percent-

age of reinforcement results in particle clustering inde-

pendent of the ultrasonic phase fabrication, and it is shown

in Fig. 6b, c. Particle deformation occurs in the form of an

intergranular and transgranular fracture mechanism. The

bulk deformation of materials with the formation of the

crater at the applying load condition infers the reinforce-

ment soft nature and is shown in Fig. 6d.

Density Functional Theory Study

To understand the binding nature that exists between the

elements, the density functionality theorem study is con-

ducted. All the optimization is employed at the B3LYP/

LANL2DZ [37] level in the gas phase. Initially, the alu-

minium clusters are prepared and optimized as stated by

Frisch [38] using the Gaussian 09 suit. The surface of

aluminium cluster is allowed to interact with LaPO4, and

the complex is also optimized at the B3LYPlevel of theory.

Figure 7a shows that the lanthanum and oxygen molecules

interact with aluminium surface with strong to weak

interaction. According to Warcholinski et al. [39], an

increase in oxygen content will reduce the particle grain

size and improve the surface texture. Metal–metal inter-

action is weak as compared to metal–oxygen interaction.

Table 3 Compressive properties of Al/LAP

Sample name Load (N) Displacement (mm) Compressive

strength (MPa)

Al 6.6 313.74 998.66

Al/5%LAP 7.9 314.21 1005.48

Al/10%LAP 8.3 319.92 1018.34

Al/15%LAP 8.9 338.84 1078.56

Al/20%LAP 7 314.08 999.50
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LaPO4 has been observed to exist as a tetrahedral shape.

The three oxygen of phosphorus (PO4) group strongly

interacted and bonded with the lanthanum atom.

Figure 7a shows that there is no force of attraction that

exists between the phosphorous and aluminium as well as

lanthanum. Under the initial test load condition, the

hydrogen bond between aluminium alloy and LaPO4, i.e.

metal–metal bond, has started to weaken and get separated.

Upon increasing the load, the hydrogen bond between

oxygen and aluminium starts to break. Hence, it can be

stated that the sliding energy obtained due to the test load

allows aluminium to deform rather than LaPO4.

Fig. 5 VHN of Al/x%LaP04. a 5% of LAP, b10% of LAP, c 15% of LAP, d 20% of LAP

Fig. 6 Microstructure of the Al/

x% LaPO4 fracture surface.

a Uniform dispersion of LAP,

b LaPO4 resists dislocation,

c agglomeration of LaPO4 in the

matrix, d bulk removal of

LaPO4
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The highest occupied molecular orbital and the lowest

molecular orbital (HOMO–LUMO) pictures are depicted in

Fig. 7b, c which shows that the electron localization. At

HOMO, the electronic clouds are observed on the alu-

minium cluster and LaPO4. However, when shifting to the

LUMO level, the electron clouds are localized on the

aluminium cluster alone. The bandgap of HOMO–LUMO

is 1.91 eV.

The presence of excess quantity of monazite LaPO4 in

the matrix causes deflection and a slip of particles at the

time of test load conditions. Irrespective of the ultrasoni-

cation process, the clustering of nano-LaPO4 cannot be

avoided with the increase in reinforcements. However, the

uniaxial compression load at the time of sample prepara-

tion greatly reduces the porous microstructure. Excellent

bonding is obtained between the lanthanum, oxygen,

phosphate and aluminium elements inside the matrix.

Conclusions

By sol–gel process, nano-LaPO4 powder with a size range

from 50 to 80 nm is prepared and used as the reinforcement

in the preparation of Al matrix composite with different

weight per cents of 0–20 with a increment of 5%. Maxi-

mum tensile strength of 204 MPa with an increase of

31.7% is recorded for Al/15%LAP. Four strong bonds that

exist between the aluminium-oxygen-LAP progress to have

excess tensile strength. Further, it can be conveyed that the

five weak bonds that exist within the LAP may lead to have

early failure. This happens with the increment of LaPO4 in

the matrix. During the flexural test, the irregular shape

LaPO4 may resist the applied load and cause excellent

displacement. The deformation of Al/LAP samples showed

at least 1 mm deformation at different work load condi-

tions. A 31.7% increment in flexural property is observed

on Al/15%LAP sample; this is because of the excellent

bond and the LAP particle shape with the Al matrix. The

highest observation on the compressive strength of

1078 MPa with an increase of 7.4% is reported for Al/

15%LAP. Excess amount of availability of soft LaPO4

ceramic elements may progress to sudden rupture. A

gradual increment of 5% is observed with increase of

LaPO4 in the matrix. The compressive force applied at the

fabrication of the composite improved the microstructural

property of the composite. From the conducted test, it can

be inferred that 15% of LaPO4 in the Al6061 matrix is an

adequate composition. The presence of transgranular and

intergranular fracture on the test surface reveals that the

introduction of LaPO4 as reinforcements will create least

machining defects. Further, through density functionality

theory it can be stated that the deformation or the failure in

the composite is mainly due to the metal to metal bond

failure. The estimated energy of 1.91 eV is required to

debond the elements that are present inside the Al/LAP

composite.
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The resource-constrained nature of wireless sensor networks engenders the development of energy-efficient network operations.
To mitigate the prime concern of developing an energy-efficient network, clustering of the nodes has emerged as a very effective
tool. If executed intelligently, clustering can not only help in obtaining even load distribution among the network nodes but also
help in having the enhanced network lifetime and scalability. In this work, a Metaheuristic Load-Balancing-Based Clustering
Technique (MLBCT) in wireless sensor networks has been proposed which formulates the energy-balanced clusters based on
the differential evolution technique to improve the network lifetime. To ensure the formation of balanced clusters, several
metrics like nodes’ proximity, nodes’ distribution, and energy distribution across the sensing field have been considered.
Moreover, to facilitate the even load distribution among the cluster members, a randomized rotation of cluster head is
implemented. The supremacy of the proposed scheme is confirmed through an extensive set of simulations against the state-
of-art schemes. Simulation results reflect an average gain of 51.85% in network lifetime under the variable network
configurations in an ideal environment. Moreover, a thorough statistical analysis is performed to prove the efficacy of the
proposed fitness function by obtaining confidence intervals under two different network scenarios with variable node counts.

1. Introduction

A wireless sensor network (WSN) comprises a large number
of tiny devices capable of sensing the surrounding, process-
ing the collected data as per the application, and communi-
cating the processed field information to the centralized base
station (BS) [1]. However, the sensor nodes deployed (either
randomly or deterministically) in the sensing field suffer
from several constraints. They are limited in processing abil-
ities, storage abilities, power, and other allied restrictions [2].
Among all these restrictions, limited power is the most

severe one as the node drained of all the energy and frequent
recharging and replacement cannot be facilitated, especially
in remote applications of WSN like habitat monitoring,
environmental monitoring, industrial monitoring, and mili-
tary surveillance systems [3, 4].

Typically, transmission and route allocation consume
most of the nodes’ energy and are very much responsible
for the power drainage of the sensor nodes. Thus, to solve
this issue, energy-efficient network layer operations have
been targeted by researchers for many years. Routing is the
main functionality of the network layer, and hence,

Hindawi
Wireless Communications and Mobile Computing
Volume 2022, Article ID 8911651, 21 pages
https://doi.org/10.1155/2022/8911651

https://orcid.org/0000-0002-2576-8919
https://orcid.org/0000-0001-9612-4523
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2022/8911651


designing an energy-efficient routing protocol is consistently
captivating the attention of the community. To the afore-
mentioned, clustering has evolved as a very significant tool
that not only eases the task of routing and distributes the
load evenly within a cluster but also, through the use of data
aggregation, results in substantial saving of nodes’ energy to
be consumed in other significant network operations.

Clustering has been defined as the grouping of nodes
based on some common attributes. In a clustering-based
architecture, the network nodes are partitioned into some
groups termed clusters. Within the cluster, a node is desig-
nated as cluster head (CH) which carries out more energy
heavy tasks such as data aggregation and long-distance com-
munication to the sink on behalf of the entire cluster. The
rest of the nodes, called cluster members, perform the basic
task of sensing and short-distance communication to the CH
[5]. To effectively improve the WSN performance, balancing
the clusters is a prerequisite. Thus, the formation of clusters
in the WSN can be seen as an optimization problem involv-
ing multiple variables to be brought into consideration like
nodes’ proximity, nodes’ residual energy, and size of the ten-
tative clusters. The optimization problems can be classified
into two major categories—heuristic and metaheuristic.

The primary motivation behind this work is to pursue the
problem of clustering through metaheuristic algorithms. As
mentioned above, since the formation of balanced clusters
leading to the energy-efficient network operation requires
the adequate consideration of various parameters such as
nodes’ proximity and cluster size, optimization techniques
can help a lot in having a suitable solution. With the obtain-
ment of balanced clusters and rotation of cluster head’s role
among the nodes over the network rounds, the foremost goal
of network lifetime improvement can be achieved effectively.
In this paper, a novel energy-efficient clustering protocol,
Metaheuristic Load-Balancing-Based Clustering Technique
(MLBCT), is proposed for the wireless sensor networks based
on the idea of differential evolution, a metaheuristic technique.
The proposed scheme defines a suitable fitness function to for-
mulate the balanced network partitioning. Once the clusters
are finalized, the scheme freezes those and enables the CH-
role rotation among the cluster members. To prove the
scheme’s efficacy, an extensive set of simulations demonstrate
the showcasing of the improved network lifetime and network
energy consumption.

1.1. Major Contributions and Organization of the Paper. The
major contributions of the proposed MLBCT are as follows:

(i) Design of an appropriate fitness function leading to

(a) balanced cluster formation

(b) reduced intracluster communication cost

(ii) Development of a differential evolution-based
energy-efficient clustering scheme on the basis of
the devised fitness function

(iii) Performance analysis of the proposed scheme,
MLBCT

(a) under varying network configurations to show-
case its adaptability and scalability

(b) with comparison to the state-of-art schemes in
terms of network performance

(c) with statistically justified results

The rest of the paper is organized into five descriptive sec-
tions. Section 2 outlines the literature review of the existing
works in the same context to identify the technical gaps. Sec-
tion 3 presents the adopted network model, an introductory
discussion on differential evolution, and the terminology to
be used throughout the work. Section 4 describes the proposed
scheme detailing each of its constituent phases. Section 5 dis-
cusses the performance in detail to confirm the supremacy and
efficacy of the MLBCT, and finally, Section 6 concludes the
work by mentioning the future scope for the same.

2. Literature Review

Asmentioned in Section 1, the optimization techniques can be
majorly categorized as heuristic and metaheuristic schemes.
Heuristic techniques utilize the complete set of particulars of
a given problem and, being greedy in nature, generate solu-
tions that might get trapped into local maxima/minima
instead of producing the global maxima/minima.

On the other hand, metaheuristic techniques, also
termed guided random search algorithms, are problem-
independent, providing the optimal solution without getting
stuck into the local maxima/minima. Metaheuristic algo-
rithms compute the optimal solution by thoroughly explor-
ing and exploiting the available search space in multiple
iterations. The general working of the metaheuristic tech-
niques is summarized in Figure 1.

The metaheuristic scheme starts working with a ran-
domly selected set of solution vectors that improve over
the iteration. Once the application-specific parameters such
as scaling factor and crossover rate are defined, the fitness
of the current solution set is evaluated through a carefully
designed fitness function. Then, the counter which keeps
track of the iterations is initialized. Afterward, a selection
from the population chosen is made, and the selected vectors
undergo a variation phase (mutation/crossover). Thus,
updated vectors are again evaluated for their current fitness,
and through a survivor function, a greedy selection strategy,
the population for the next generation is finalized. The pro-
cess of updating the set of solutions is repeated for a prede-
fined number of iteration, and at last, the most recent
population is selected as the final solution. An intelligently
and carefully designed fitness function plays the most signif-
icant role in obtaining further improved offspring in meta-
heuristic techniques.

Here, we present a brief review of such schemes based on
the approaches known as heuristic and metaheuristic.

2.1. Heuristic Schemes. In one work [6], the authors pro-
posed the most popular clustering-based routing protocol,
Low-Energy Adaptive Clustering Hierarchy (LEACH), for
the wireless sensor networks, which features a probabilistic
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selection of cluster heads. It implements the localized coor-
dination for various network operations and randomized
rotation of the role of the cluster heads for load balancing
among the nodes. However, since the selection of cluster
heads does not count the residual energy of the nodes, nodes
with low residual energy might suffer from early death if fre-
quently selected as cluster heads.

In another work [7], the authors of the LEACH pro-
posed an extension of the [6] requiring the nodes to send
their location and energy status to the base station for the
selection of cluster heads in a centralized manner and the
formation of appropriate clusters via the application of sim-
ulated annealing algorithm.

The authors proposed a chain-based scheme in which,
instead of forming multiple clusters [8], the nodes were pro-
visioned to develop chains in a way that each sensor could
exchange data with the neighbor nodes. At last, the chain
leader concludes the entire data flow and forwards it to the
base station. However, the scheme proved to be more
energy-efficient than LEACH, but the significant delay in
the delivery and dynamic topological adjustments appeared
as the major issues of the scheme.

In [9], the authors proposed a static clustering scheme that
eradicated the energy costing of the dynamic cluster formation
in every round of the network operation as in LEACH, etc. In
this scheme, distance-based clustering is executed via the base
station. Once the clusters are decided, two important parame-
ters—residual energy of the nodes and the nodes’ spatial distri-
bution—are considered to select cluster heads. However, the
scheme only targeted energy consumption minimization.

In one scheme [10], the authors proposed a centralized
scheme that treated coverage in the sensing field as equally
important as the energy efficiency. The scheme starts with
the distance-based clustering as in the [9]. It selects the clus-
ter heads based on the weighted mean of the contribution
factor of the nodes, where the contribution factor is defined
as the ratio of the node’s residual energy to that of the native
grid in the sensing field. The main objective of the scheme is
to assure network-wide coverage for the maximum network
operation time.

In [11], the authors proposed a LEACH-based clustering
protocol that mainly targets the energy efficiency and the
fault tolerance in the network. To improve the network life-
time, the network nodes are provisioned to send their data to
their respective cluster heads only when the current data is
distinct from the previous data. At the end of every network
round, noncluster head nodes forward their current energy
status to the respective cluster heads to get classified as faulty
(nodes with lower residual energy level) and live nodes
(nodes with sufficient residual energy). The identification
of faulty nodes facilitates the fault tolerance in the network.

In [12], the authors proposed a Fault-Tolerant
Clustering-based Multipath algorithm (FTCM) to address
the problems of energy efficiency and fault tolerance in the
wireless sensor networks. The scheme calls the hybrid
energy-efficient distributed clustering (HEED) [13] scheme
to partition the network into an appropriate number of clus-
ters. It also appoints a backup CH (BCH) for a cluster head
to improve the fault tolerance. The BCH consistently moni-
tors the performance of CH and keeps a copy of CH’s data
until delivered to the base station. In case of any mishap at
the CH end, the BCH can instantly transmit data to the base
station without asking the member nodes to send their data
again. In addition to the regular responsibilities of CH, the
CH is also responsible for the removal of the majority of
faulty nodes via hypothesis testing and majority voting.
The proposed scheme enables three paths to transfer data
from the source node to the base station based on the para-
meters—residual energy of the nodes, number of hops,
propagation speed, and path reliability.

In [14], the authors proposed a clustering-based Hierar-
chical Fault-Management Framework (HFMF) to address
energy management and fault management jointly. For the
minimization of energy consumption, the sleep/active
method is used. For the management of faults, that is, faults’
detection and recovery, backup CH (BCH) is appointed
along with every CH to take care of acting CH in the event
of its malfunctioning or failure. Later by measuring the data
correlation among the cluster members, nodes are grouped
virtually to further achieve the energy and fault
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Figure 1: General scheme of metaheuristic techniques.
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management. The authors have successfully demonstrated
that the proposed scheme not only manages the transient
faults, intermittent faults, and permanent hardware faults
but also the link faults are detected.

2.2. Metaheuristic Schemes. A wide variety of metaheuristic
techniques such as genetic algorithm (GA), genetic pro-
gramming (GP), evolutionary programming (EP), evolution
strategies (ES), differential evolution (DE), particle swarm
optimization (PSO), ant colony optimization (ACO), and
teaching-learning-based optimization (TLBO) exist in the
literature. Such metaheuristic techniques with the virtue of
being problem-independent have already imparted a lot in
almost every field of engineering like [15]. In the context
of wireless sensor networks, some contributions are noticed
especially for the selection of cluster heads and the effective
formulation of the clusters like in [16–25].

Due to its simplicity, robustness, and fast convergence,
differential evolution has proved its worth over the algo-
rithms like GA and PSO [26]. Several contributions have
already been proposed based on this outstanding differential
evolution technique in search of suitable clusters of the
nodes in WSN. This subsection discusses some of the prime
contributions in this regard as follows:

In one work [27], a differential evolution-based routing
scheme, DE-LEACH, is proposed for environmental moni-
toring wireless sensor networks. DE-LEACH applies the fast
and straightforward converging search technique of differ-
ential evolution to produce the clusters by considering the
nodes’ residual energy status and spatial distribution. The
scheme consists of four phases: partitioning initial clusters,
collecting status information of the nodes within the clusters
through the auxiliary cluster heads, determining optimized
cluster heads with differential evolution, and forming opti-
mized clusters. The phases are to be executed in every round
of the network operation. The scheme outperforms the tra-
ditional LEACH, and LEACH-C [7]. However, the nodes
are burdened with heavy computational responsibilities.

In another work [28], a differential evolution-based clus-
tering algorithm (DECA) is proposed, which provisions spe-
cialized nodes enriched with the additional amount of initial
energy to act as cluster heads. These specialized nodes are
called relay nodes or gateways. In DECA, besides providing
a suitable fitness function (to measure the health of the ten-
tative clusters), a new local improvement phase has also
been proposed that carefully prevents early death of the gate-
ways. DECA utilizes the DE/best/1/bin scheme for the differ-
ential evolution. In addition to a novel scheme for the vector
representation, a fitness function is designed by considering
the standard deviation of the lifetime of gateways and aver-
age cluster distance. The scheme outperforms the [29–31]
traditional differential evolution and genetic algorithm-
based scheme in terms of network lifetime; however, the
scheme gives only a little attention to the cluster balancing
via its local improvement phase.

A hybrid differential evolution and simulated annealing
(DESA) scheme for the improvement of network lifetime
in wireless sensor networks is proposed in [32]. The scheme
utilizes a hybrid of differential evolution and simulated

annealing for local and global optimal solutions, respec-
tively. There are four phases in the scheme—population vec-
tor initialization, mutation, crossover, and selection as in the
traditional differential evolution. However, instead of using a
random selection of population vectors, a more effective,
“opposite point method” [33] technique is used for the ini-
tialization of population vectors. The mutation scheme is
decided randomly at run time based on a chosen threshold
value (here, it is 0.5) in such a way that a random number
belonging to (0, 1) is observed, and if it is below the thresh-
old, the mutation scheme is DE/rand/1; otherwise, it is DE/
target − to − best/1. The fitness function is designed by con-
sidering the ratio of nodes’ energy to that of the respective
clusters. And for crossover, a blending rate based on Gauss-
ian distribution is used. The scheme outperforms the tradi-
tional differential evolution scheme in terms of network
lifetime, energy consumption, throughput, etc.; however, it
converges slowly.

In [34], the authors proposed Multiobjective Load-
Balancing Clustering (MLBC) which is a multiobjective opti-
mization technique that addresses two significant problems
in WSN—energy efficiency and reliability. It utilizes the
Multiobjective Particle Swarm Optimization (MOPSO).
MLBC targets energy efficiency by appropriately considering
the average residual energy of the cluster heads and reliabil-
ity by reducing the intercluster communication cost among
the nodes in a cluster. It also provisions the load balancing
via shuffling the roles of the next-hop node and CH in every
iteration. However, it considers only the average residual
energy of cluster heads in formulating the objective function
for energy efficiency.

In a scheme [35], efficient energy consumption in wire-
less sensor networks using an improved differential evolu-
tion algorithm is highlighted. The scheme is an
improvement of [28], in which the mutation strategy has
been updated to accommodate the target vector along with
the prior best and two random population vectors. Also,
the fitness function has been upgraded to accommodate
the total energy of the gateways and nodes in addition to
the existing network lifetime standard deviation component.
However, nothing has been mentioned concerning the load
balancing among the clusters.

In one work [36], the authors proposed a hybrid meta-
heuristic clustering algorithm that exploits the best of Artifi-
cial Bee Colony and differential evolution optimization
techniques. In their proposed Artificial Bee Colony (ABC)
with differential evolution (DE) scheme, known as ABC-
DE-based clustering scheme, the objective function is
designed by taking into account the three network parame-
ters—average intracluster distance, average energy of cluster
heads, and data transmission delay to ensure the load-
balanced cluster heads. In addition to this, an ABC-based
metaheuristic algorithm has also been proposed to facilitate
the dynamic repositioning of the mobile sink within the
cluster-based network to achieve further energy efficiency.

In [37], the authors have addressed the problem of
energy optimization in an Internet-of-Thing-based WSN
(IoT-based WSN). In pursuance of the problem, as men-
tioned earlier, a hybrid of the Whale Optimization
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Algorithm (WOA) and simulated annealing (SA) metaheur-
istic algorithms have been employed to select the most suit-
able cluster heads in their respective clusters. For choosing
the most appropriate cluster heads, the fitness function of
the proposed scheme considers a set of five node-specific
parameters: residual energy, load, delay, distance, and tem-
perature. The fitness function ensures that the node with
the highest residual energy but the least load, delay, distance,
and temperature is selected as the cluster heads in every net-
work round.

In one work [38], the authors proposed an Artificial
Intelligence- (AI-) based quorum system to address the issue
of energy conservation in the wireless sensor networks. The
primary motivation behind the proposed AI-based was to
fasten the neighbor discovery process in order to minimize
the network latency. Moreover, the scheme facilitates a
quorum-based grid system that allows a substantial increase
in the number of nodes in the quorum without mandating
the increase in the number of quorums to reduce the effec-
tive network delay. In addition to the aforesaid, the feature
of weighted load balancing reduces the network energy con-
sumption to improve the network lifetime. Through the var-
ious experimentation, the authors have established the
outperformance of their proposed scheme over the state-
of-the-art quorum algorithms in terms of latency, improved
coverage, energy efficiency, and network lifetime.

In [39], the authors proposed a genetic algorithm- (GA-)
inspired clustering-based approach to address the problem
of node’s localization in wireless sensor networks. To find
the accurate position of unknown nodes with respect to
the anchors or known nodes, the authors used the Euclidean
distance objective function in their proposed scheme.
Through various simulation results, the supremacy of the
GA-based localization scheme with an extended clustering
approach has been established over the state-of-the-art
schemes like Centroid and Distance Vector-Hop (DV-
Hop) in terms of improved location accuracy.

In a scheme [40], the author proposed a genetic
algorithm-based energy-efficient clustering scheme which
addressed the localization problems in wireless sensor net-
works. The authors utilized parameters like node’s residual
energy, distance estimation, and coverage connection in
the formulation of fitness function for their proposed
scheme, Energy-Efficient Clustering in Genetic Algorithm
Localization (EECGL). Through various experimentation,
the authors have shown that EECGL approximates the
unknown node’s location with the least localization error
and extends the effective network lifetime by minimizing
the overall network energy consumption.

In a work [41], the authors proposed a metaheuristic
energy-efficient clustering technique which is inspired by
the Brain Storm Optimization (BSO). The BSO is a swarm-
based metaheuristic technique exploiting the human brain-
storming process in search of the best possible solutions.
In their proposed scheme, Energy-Efficient Clustering-
Brain Storm Optimization (EEC-BSO), the authors have
focused on deciding energy-efficient clusters in a way that
nonparticipating nodes in the information transmission pro-
cess are sent to sleep mode minimizing the overall network

consumption. In the formulation of such clusters, the fitness
function is designed by considering the parameters like
node’s residual energy, coverage, and packet data rate. More-
over, the outperformance of EEC-BSO has been established
over the state-of-the-art schemes such as LEACH, LEACH-
Centralized, Energy-Efficient Clustering Scheme (EECS),
and LEACH-BSO in terms of reduced energy consumption,
improved coverage, and data packet rate.

In a proposed scheme [42], a differential evolution-based
clustering routing protocol (DEBCRP) for wireless sensor
networks. DEBCRP is a base station-dependent scheme that
applies DE/best/1/bin scheme for the network partitioning
into some clusters. The fitness function devised by the
authors considers the nodes’ residual energies with respect
to the probable cluster heads and the distance between the
nodes and the cluster heads for the formulation of clusters.
At last, to communicate the data from the sensing field to
the base station, a PEGASIS [8] like a chain of the cluster
heads is formed. The scheme DEBCRP is reported to outper-
form the S-DE [43] in terms of network lifetime. However,
no adequate consideration is given for the formulation of
load-balanced clusters, which is the most prime key to net-
work lifetime improvement. Also, PEGASIS like chain of
the cluster heads suffers from similar problems as in [8],
for example, delayed communication, and since data from
one CH is to be aggregated with that of the others in the
direction to the sink, there might be introduced some inac-
curacy in the information being sent to the base station.

From the aforementioned analysis, it can be easily con-
cluded that despite being the most important factor for the
formulation of clusters in the network, cluster balancing
has been addressed the least. Thus, the work being presented
here serves the following objectives:

(i) Balanced cluster formulation to contribute effec-
tively towards the enhancement of network lifetime

(ii) Adaptable clustering solution to perform consis-
tently well in any network configuration

3. Preliminaries

This section describes the network model for the scheme. In
addition to this, it also discusses the basics of the differential
evolution metaheuristic technique and the entire set of nota-
tions used throughout the work.

3.1. Network Model. MLBCT assumes the wireless sensor
network with the following characteristics:

(1) All the sensor nodes are deployed randomly across
the sensing field and are static. More illustratively,
nodes once deployed cannot change their location

(2) The sensor nodes are homogeneous and equipped
with a definite amount of initial energy

(3) The sensor nodes are facilitated with the power con-
trol features to introduce variations in the transmis-
sion power as and when needed
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(4) The base station is also static and can be placed at
any point in the network accordingly

(5) The continuous data flow model is used here to
define the working mode of the sensor nodes

3.2. Differential Evolution: An Overview. The differential
evolution has evolved as a prevalent stochastic metaheuristic
multimodal optimization technique over the continuous
search space. Similar to the general scheme of metaheuristic
techniques as discussed in Section 1, it starts with the defini-
tion of the initial parameters where the values of scaling fac-
tor and crossover rate are defined along with the
randomized set of initial solutions (initial population) and
the number of iterations. Here, each solution vector (equiv-
alently known as chromosome or genome) termed as a tar-
get vector undergoes the mutation phase followed by the
recombination. This mutation followed by the recombina-
tion is nothing but the variation phase of Figure 1. As
depicted in Figure 2, the target vector, once it passes through
the mutation phase, becomes the donor/mutant vector. After
the recombination or crossover phase, the donor vector is
known as the trial vector.

In the differential evolution scheme, obtainment of the
next-generation solutions is performed only after the gener-
ation of all trail vectors when compared to particle swarm
optimization, and teaching-learning-based optimization
[44, 45]. In other words, the greedy selection towards the
next-generation solution is performed between the pair of
target and trial vectors once all the target vectors have been
converted into trial vectors. A variety of mutation strategies
exist, such as random, best, and target-to-best, along with
the two types of crossover techniques—binomial and expo-
nential crossovers. The binomial and exponential crossover
can be defined as follows:

3.2.1. Binomial Crossover.

uj =
vj if r ≤ CP OR j = δ,
xj if r > CP AND j ≠ δ,

(
ð1Þ

where CP is the crossover probability, δ is the randomly
selected variable location from the set f1, 2, 3,⋯,∣decision
variable ∣ g, r is the random number between 0 and 1, uj

refers to the jth variable of the trial vector, vj refers to the

jth variable of donor/mutant vector, and xj refers to the jth

variable of the target vector.

3.2.2. Exponential Crossover. In the exponential crossover, at
very first, the nth variable from the donor vector is copied
into the trial vector. Afterward, every subsequent variable
from the donor vector is copied into the trial vector as long
as the r ≤ CP. Once r > CP, variables from the target vector
are copied into the trial vector.

Based on the adapted mutation strategy and crossover
type, various schemes have been proposed for differential evo-
lution, and to discriminate among them, a standard notation,
DE/x/y/z, is used. Here,DE refers to the differential evolution,

x denotes the mutation strategy, y denotes the number of dif-
ference vectors to be used in the mutation operation, and z
refers to the crossover scheme selected. Some of the variants
of the DE schemes are listed here in Table 1.

Here, in Table 1, V is the donor vector, F is the scaling
factor such that F ∈ ð0, 2Þ, Xbest is the target vector with best
fitness value, Xi is the i

th target vector, and Xrj
is the jth tar-

get vector chosen randomly where j ∈ ½1,N�, N being the
number of target vectors in the population. Once the trail
vectors are generated for all the target vectors of current gen-
eration, say G, offsprings are chosen based on the fitness
value of the corresponding pairs of target and trial vectors,
i.e., <Xi,G,Ui,G > for i ∈ ½1,N� as follows:

Xi,G+1 =
Ui if fitness Ui,Gð Þ ≥ fitness Xi,Gð Þ,
Xi otherwise:

(
ð2Þ

3.3. Terminology. The notations used throughout the work
have been listed as follows:

(i) S denotes the set of sensor nodes such that S = f
s1, s2, s3,⋯, sNg where N is the number of nodes
deployed in the sensing field

(ii) Θ denotes the set of cluster heads such that Θ = f
CH1, CH2, CH3,⋯, CHkg where k is the number
of cluster heads

(iii) REi denotes the residual energy of the ith node in
the network

(iv) ClusteriRE denotes the residual energy of the ith

cluster such that ClusteriRE =∑m
j=1REj where m

refers to the cluster size

(v) CSi denotes the cluster size of the ith cluster

(vi) AvgCS refers to the average cluster size, i.e., aver-
age number of nodes in a cluster

(vii) ACE refers to the average cluster energy such that
ACE =∑N

i=1REi/k
(viii) dði, jÞ denotes the Euclidean distance between the

ith and jth nodes in the network

(ix) distmði, jÞ denotes the Euclidean distance between
the ith and jth members of the mth cluster. This
parameter is basically used to measure the nodes’
proximity

(x) RC denotes the communication range of the nodes

(xi) ComCHðsiÞ refers to the set of cluster heads within
the communication range of the node si, i.e.,
ComCHðsiÞ = fCHj ∣ dðsi, CHjÞ ≤ RCg

Target vector Mutation Donor vector
/ Mutant vector

Crossover Trial vector

Figure 2: Vector transformation in differential evolution.
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The main objective of the present work is to formulate
the balanced clusters within the network for the even distri-
bution of load among the nodes. To ensure this, it is
attempted that the clusters are equipped with an almost sim-
ilar count of member nodes situated close to one another.
Also, the clusters are left with an approximately equal
amount of residual energy at the end of every network
round.

4. Proposed Scheme: Metaheuristic Load-
Balancing-Based Clustering
Technique (MLBCT)

This section describes the proposed scheme, Metaheuristic
Load-Balancing-Based Clustering Technique (MLBCT) in
wireless sensor network. The MLBCT is a base station-
(BS-) assisted scheme which calls the BS for the differential
evolution-based cluster formation. Once the optimized and
balanced clusters come into existence, it hands over the
responsibility of further network operations to the network
nodes.

The scheme starts with a bootstrapping phase in which
all the nodes are assigned unique IDs, which in turn com-
municate their IDs and location information to the BS.
The BS then applies the differential evolution with a well-
established fitness function (detailed below) and formulates
the balanced clusters. The selected cluster heads are then
informed of their specific roles and their members’ informa-
tion by the base station. Thus, selected cluster heads then
provide their IDs to the respective members along with the
TDMA schedules. Afterward, the overall network operation
is divided into rounds where each round consists of the
steady-state phase and the responsible node selection phase.
In the steady-state phase, cluster members send their data to
their respective cluster heads, which aggregate the received
data and forward it to the base station. In the responsible
node selection phase, the current cluster head in a cluster,
select a node randomly to act as head for the next round
and broadcast into the concerned cluster. The entire work-
flow is summarized in Figure 3 and has been detailed into
the subsequent subsections and algorithm as follows:

4.1. Bootstrapping. In bootstrapping, differential evolution is
applied by the base station to divide the entire network into
k number of balanced clusters where k is a user-defined

parameter. It starts with the sharing of node-specific infor-
mation such as identity, residual energy, and location infor-
mation to the base station by the nodes deployed. Based on
the information received, BS performs the following to
determine the required partitioning.

4.1.1. Generation of the Random Population. The population
vectors are generated as per the [28]. Each population vector
is chosen in such a way that it indicates the assignment of
every network node to one of the cluster heads. The notation
adopted to represent the ith population vector of the Gth gen-
eration is as follows:

X
!
i,G = x1,i,G, x2,i,G, x3,i,G,⋯, xN ,i,G½ �, ð3Þ

where x1,i,G, x2,i,G, x3,i,G,⋯, xN ,i,G are the random numbers
between 0 and 1. xj,i,G denotes the assignment of the node
sj to one of cluster heads, say k, as follows:

l = ceiling xj,i,G ∗ ComCH sj
� ��� ��� �

, ð4Þ

CHk = index ComCH sj
� �

, l
� �

: ð5Þ
Here, the length of the population vectors is definite and

determined by the number of nodes deployed in the field.
Thus, corresponding to every population vector, say

X
!

i,G = ½x1,i,G, x2,i,G, x3,i,G,⋯, xN ,i,G�, we have another vector,

say Y
!
i,G = ½y1,i,G, y2,i,G, y3,i,G,⋯, yN ,i,G� such that

f xj,i,G
� �

= yk,i,G, ð6Þ

where yk ∈Θ is assigned to the node xj in the ith vector of

Gth generation as per equations (4) and (5).

4.1.2. Fitness Function. It can be easily intuited that if the
clusters are balanced in the clustered network architecture,
they might have an almost similar level of residual energy
and a similar count of member nodes. With this conception,
to meet our primary objective of network partitioning into
some balanced clusters, nodes’ residual energy and cluster
size have been taken as the decision parameters. In addition
to this, nodes’ proximity has also been taken into account,
ensuring the reduced energy consumption in intracluster
communication.

Table 1: Differential evolution schemes.

DE scheme Mutation strategy Mutation expression Crossover type

DE/rand/1/bin Random V = Xr1
+ F Xr2

− Xr3

� �
Binomial

DE/rand/2/exp Random V = Xr1
+ F Xr2

− Xr3

� �
+ F Xr4

− Xr5

� �
Exponential

DE/best/1/bin Best V = Xbest + F Xr1
− Xr2

� �
Binomial

DE/best/2/bin Best V = Xbest + F Xr1
− Xr2

� �
+ F Xr3

− Xr4

� �
Binomial

DE/target-to-best/1/exp Target-to-best V = Xi + F Xbest − Xið Þ + F Xr1
− Xr2

� �
Exponential

DE/target-to-best/2/exp Target-to-best V = Xi + F Xbest − Xið Þ + F Xr1
− Xr2

� �
+ F Xr3

− Xr4

� �
Exponential
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A suitable fitness function always contributes the most to
the differential evolution to converge. Thus, the fitness func-
tion has been derived in such a way that it characterizes all
the aforementioned requirements as follows:

(i) Standard deviation of average cluster energy

If the clusters have been formed in an optimized way,
ensuring the entire network energy is distributed evenly
across the clusters formed in the network, each cluster is
supposed to have an almost similar level of residual energy.
In other words, it can be said that in terms of average cluster
energy (ACE), each cluster should have the approximately
same amount of energy, and hence, the standard deviation
accords to the following:

σCE =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
k
∗ 〠

k

i=1
ACE − ClusteriRE
� �2,

vuut ð7Þ

where k is the number of clusters. It is quite obvious that the
lower the value of σCE, the higher the value of fitness, i.e.,

Fitness Value∝ 1
σCE

: ð8Þ

(ii) Standard deviation of average cluster size

The balanced clusters must have an approximately equal
number of members. In other words, it can be said that the
average cluster size (AvgCS) of each cluster should have
the almost same count of cluster members.

With this, the standard deviation and the fitness value
accord to equations (9) and (10), respectively.

σCS =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
k
∗ 〠

k

i=1
AvgCS − CSið Þ2

vuut , ð9Þ

where k is the number of clusters. It can be intuited again
that the lower the value of σCS, the higher the value of fit-
ness, i.e.,

Fitness Value∝ 1
σCS

: ð10Þ

(iii) Nodes’ proximity within the cluster

This is the metric that ensures that when there comes to
decide on the nodes to be a part of a cluster, the one who is
located at a shorter distance from the other members gets prior-
ity. The central idea behind having this metric is to reduce the
cost of communication within the cluster. The lower the value
of this metric, the higher the value of fitness. More illustratively,

Fitness Value∝ 1
∑k

m=1distm i, jð Þ
: ð11Þ

From equations (8), (10), and (11), we can have the follow-
ing:

Fitness Value∝ 1
σCE

∗
1
σCS

∗
1

∑k
m=1distm i, jð Þ

, ð12Þ

i.e.,

Random population generation

Data transmission

Next round CH-selection
Till nodes
are alive

Mutation - DE / best / 1

Crossover - Binomial

Selection - Greedy based

(b)

(a) (c)

T- Iteration

< ID, (xy) >

Sensor node

Base station (BS)

Figure 3: MLBCT: operation.
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Fitness Value = K

σCE ∗ σCS ∗∑k
m=1distm i, jð Þ

, ð13Þ where “K” is proportionality constant which can be set as K = 1
without loss of generality.

And, hence,

or

4.1.3. Mutation Strategy. Like in [28, 42], DE/best/1/bin
scheme is adapted here in this work which refers to the
application of the DE/best/1 mutation strategy. As depicted
in Figure 2, each target vector of the population (say, of the
size P) will go through this scheme to get transformed into a
donor vector. From Table 1, the mutation expression for the
selected strategy is

V
!

i,G = X
!
best,G + F X

!
r1,G − X

!
r2,G

� �
, ð16Þ

where X
!
best,G and X

!
r1,G, X

!
r2,G refer to the best vector, and any

two randomly selected vectors from the Gth generation of
the population such that i, r1, and r2 are the three random
integers ∈½1, P� and i ≠ r1 ≠ r2, respectively. F is the scaling
factor that may have any value between ð0, 2Þ.

From equation (3), it is quite obvious that the compo-

nents of the vectors in equation (16)—X
!

best,G, X
!
r1,G, and

X
!

r2,G—are the random values ∈ð0, 1Þ. In order to ensure that

the components of the vector V
!

i,G are also the values ∈ð0, 1Þ,
a few amendments are being introduced as in [28].

Let

D
!

i,G = X
!

r1,G − X
!

r2,G, ð17Þ

then,

dj,i,G =
1 + xj,r1,G

�
− xj,r2,G, if  xj,r1,G − xj,r2,G

� �
≤ 0,

xj,r1,G − xj,r2,G
� �

, otherwise:

(

ð18Þ

Also, for the computation of vj,i,G contributing to V
!

i,G,
the following can be referred to

vj,i,G =
xj,best,G + F ∗ dj,i,G
� �

− 1, if  xj,best,G + F ∗ dj,i,G
� �

> 1,
xj,best,G + F ∗ dj,i,G, otherwise:

(

ð19Þ

4.1.4. Crossover Scheme. The crossover schemes in terms of
the binomial and exponential crossover are already
described in Section 3. A binomial crossover scheme is used
in this work to convert the donor vector into the trial vector.

4.1.5. Selection or Offspring Generation. Once all the trial
vectors are generated following the above-mentioned steps,
the next generation can be obtained on basis of the compar-
ison of fitness values of the corresponding pair of target and
trial vectors as given in

X
!

i,G+1 =
U
!

i,G if fitness U
!

i,G
� �

≥ fitness X
!

i,G
� �

,

X
!

i,G, otherwise:

8><
>:

ð20Þ

4.1.6. Complexity Analysis. Throughout the proposed
scheme, fitness function would be evaluated for NP +NP ∗
T times where NP refers to the size of population and T
refers to the number of iterations known a priori.

Moreover, exploiting solution space in search of the
most optimal solution is a continuous process in the meta-
heuristic scheme. For this reason, even in the best case, the
complexity of the fitness function will be Oðn2Þ as each
newly generated solution has to be compared with its prede-
cessor in terms of its fitness value. Similarly, complexity of
the fitness function in the worst case will be Oðn2Þ due to
successive fitness value computation and comparison. Thus,
the average-case complexity for the fitness function can be
concluded as Oðn2Þ.

As explained at the beginning of this section, once the
clusters are formed, and members are notified of their
respective initial heads, further network operations can be

Fitness Value = 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1/k ∗∑k

i=1 ACE − ClusteriRE
� �2q

∗
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1/k ∗ ∑k

i=1 AvgCS − CSið Þ2
q

∗∑k
m=1distm i, jð Þ

ð14Þ

Fitness Value = kffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑k

i=1 ACE − ClusteriRE
� �2q

∗
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑k

i=1 AvgCS − CSið Þ2
q

∗∑k
m=1distm i, jð Þ

: ð15Þ
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divided into two rounds—the steady-state phase and the
responsible node selection phase.

4.2. Steady-State Phase. This phase refers to the data trans-
mission in which cluster members send their data to their
respective cluster heads in the designated time slots. After
receiving the data from its members, cluster heads aggregate
the collected data and forward it to the base station on behalf
of their entire cluster.

4.3. Responsible Node Selection Phase. After executing the
steady-state phase, a cluster head in its respective cluster
selects a node randomly as the head for the next round
and communicates the same to its members. The members
note the same and communicate their data to that newly
selected cluster head in the upcoming round accordingly.
The process is carried out in each of the clusters in the
network.

5. Performance Analysis

This section deals with the various experimental processes
conducted throughout the work and analyses the obtained
results thoroughly.

5.1. Experimental Environment. In conducting the experi-
ments, different network configurations with varying node
densities have been examined. More illustratively, experi-
ments have been performed with the different number of
nodes, say 50, 100, 150, and 200 in an area of 100 × 100m2

with two different sink placements—one at the center of
the sensing field (50m, 50m) and another beyond the net-
work precisely at (50m, 150m). An instance of clustering
with 50 nodes and 5 and 10 cluster heads, respectively, is
demonstrated in Figure 4. The base station is situated at
(50m, 150m) in this exemplary instance.

An extensive set of experiments have been performed for
the proposed scheme using MATLAB.

Mainly, the experiments have been performed to

(1) Prove the efficacy of the proposed fitness function

In this set of experiments, the proposed fitness function
as in equation (15) has been tested for the quality of clusters
being produced. It has been verified that the proposed fitness
function yields balanced clusters in terms of cluster size. The
clusters generated as per equation (15) have been compared
with the clusters produced by the fitness function given in
[42] under two different clustering scenarios. The network
is divided into 5 clusters and 10 clusters, respectively.

(2) Prove the supremacy of the proposed scheme,
MLBCT in terms of network lifetime and network
stability

In the second set of experiments, the performance of
MLBCT is compared to that of DEBCRP [42] and improved
differential evolution-LEACH (ImDE-LEACH) [46], majorly
in terms of network lifetime and network stability with respect
to the number of alive nodes in the network, network energy

consumption, average residual energy per network nodes over
the network rounds, and data packets delivered to the base sta-
tion under the variable network configurations. Moreover, for
the sake of experimentation, the performance of the LEACH
[6] has also been recorded into the same context as that of
MLBCT, DEBCRP, and ImDE-LEACH.

5.2. Simulation Parameters. To compare the performance of
the proposed scheme, MLBCT, with that of DEBCRP and
ImDE-LEACH, simulation parameters have been adopted
here as listed in Table 2. However, to prove the scalability
and adaptability of the proposed scheme, the performance
has also been tested under variable network configurations.

In addition to the parameters listed in Table 2, the fol-
lowing performance criteria have been used for the evalua-
tion of schemes:

(i) Network lifetime: the network lifetime is generally
measured as the time when the first node dies, or
when the last node dies in the network [28–31, 42].
In this work, both definitions have been considered
to demonstrate the supremacy of the MLBCT over
DEBCRP, and ImDE-LEACH

(ii) Network stability: network stability refers to how
smoothly the network operations are going on. It
can be measured in terms of the rate of the network
energy consumption and the average residual energy
per network node. The lower the rate of energy con-
sumption, the more stable the network is, resulting
in improved network lifetime. Similarly, the higher
the value of average residual energy per network
node, the more stable and durable the network is

To further compare the performance of the sche-
mes—MLBCT, DEBCRP, and ImDE-LEACH, packet deliv-
ery at the base station can also be considered as a criterion.

The success in this regard can be judged by the higher
number of successfully delivered packets to the base station.

To find the energy consumption by the nodes in the net-
work operation, the widely adopted first-order radio model
[13, 28, 42, 46–52] has been used here in this work.

5.3. Results and Discussion. As stated in point 1 of Section
5.1, the suitability of the proposed fitness function equation
(15) is manifested in the first set of experiments. Since the
scheme is a metaheuristic one, a suitable fitness function
might contribute a lot to decide the best possible clusters.
The main objective of this work is to formulate the clusters
which are balanced in the sense that the clusters are having
an almost similar count of member nodes and the member
nodes are located close to one another to have minimized
intracluster communication.

In this experimentation, variable node counts as in
Table 2 have been considered for two instances of clustering
such as 5 clusters and 10 clusters as shown in Figure 5.

The success of the fitness proposal mentioned above is
evident in Figure 5. When implemented in the scheme
DEBCRP, the proposed fitness function has been found
more effective in having more balanced clusters. In other
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words, clusters are obtained with an approximately similar
count of member nodes, leading to the even distribution of
load throughout the network nodes. In Figure 5(a), the effi-
cacy of the proposed scheme is demonstrated with five clus-

ters being formed in the network, whereas Figure 5(b)
presents the same while partitioning the network into 10
clusters. It can be easily observed from the figure that the
members recorded in the clusters do not vary to the extent

Input:
∗ N: No. of randomly deployed sensor nodes.
∗f f nðÞ: Fitness function.
∗ F: Mutation/Scaling factor.
∗ T: No. of iteration
∗ k: No. of user-specified clusters
∗Cr : Crossover rate
◊ BEGIN

%% BOOTSTRAPPING PHASE %%.
◊ for i ⟵1: N
◊ Status Transmission(Nodei ⟶ BS)
◊ end for
◊ Random population generation (P) where each vector (Xi) refers to the complete assignment of all the nodes to the k cluster heads
◊ for i ⟵1: size(P)
◊ f f nðXiÞ
◊ end for
◊ for i ⟵1: T
◊ for j ⟵1: size(P)
◊ V j = Xbest + FðXr1

− Xr2
Þ

%% V j is the jth donor vector

◊ U j = ½ulj� where ulj is the lth component of Uj defined as follows:

ulj =
vlj if r ≤ Cr OR l = δ

xlj if r > Cr AND l ≠ δ

8<
:

%% U j is the jth trial vector
◊ end for (inner loop)
◊ for j ⟵1: size(P)
◊ f f nðUjÞ

%% i.e. fitness function evaluation of the jth trial vector
◊ if (f f nðU jÞ > f f nðXjÞ)
◊ Update P

%% Greedy approach for the update of population vector
◊ end if
◊ end for (inner loop)
◊ end for (outer loop)

%% STEADY STATE PHASE %%
◊ while(nodes are alive)
◊ for i ⟵1:

%% i.e. for every cluster
◊ for j ⟵1:

%% m ⟶ no. of members in the ith cluster
◊ DataTransmission(Nodeij ⟶ CHi)
◊ end for (inner loop)
◊ DataTransmission(CHi ⟶ BS)

%% here, aggregated data by the CHi to the base station
◊ end for (outer loop)

%% RESPONSIBLE NODE SELECTION PHASE %%
◊ for i ⟵1: k
◊ Random selection of CHi

next from within the ith cluster by CHi:

◊ New CH’s Information dissemination by the CHi

◊ end for
◊ end while
◊ END

Algorithm 1: MLBCT.
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as it is there in DEBCRP over the network rounds. Also, it
has been verified that the scheme for the fitness evaluation
of the clusters works invariably well irrespective of node
density present in the network.

5.3.1. Statistical Analysis. Statistical analysis is performed to
further explain the efficacy of the proposed fitness function
(MLBCT-fitness) as in equation (15) in producing the bal-
anced clusters. This is done by finding out the standard devi-
ation of average cluster size, σCS following equation (9)
along with the confidence interval. Standard deviation is
defined as the measurement of how the clusters being pro-
duced deviate from the ideal distribution of the nodes
among the specified number of clusters. The ideal distribu-
tion refers to the clusters with ðN/kÞ nodes if N nodes are
to be distributed among k clusters.

For this very purpose, as explained above, the proposed
fitness function is fitted into the scheme of DEBCRP, and
the performance of such a modified scheme is compared
with that of DEBCRP with respect to the formation of clus-
ters. This is achieved by recording the clusters’ length in
both cases until the first node dies. Afterward, standard devi-
ations of the average cluster size are measured in both of the
cases—with its own fitness function (σD−Fitness) and MLBCT-
fitness function (σM−Fitness).

Figures 6(a) and 6(b) demonstrate the standard devia-
tions of the average cluster size for the different network
deployments with 50, 100, 150, and 200 nodes with the
requirements mentioned above of having 5 clusters and 10
clusters, respectively. It can be explicitly observed that the
standard deviations and the MLBCT-fitness function are
quite low compared to the standard deviations obtained via
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(a) Clustering instance with 5 clusters
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(b) Clustering instance with 10 clusters

Figure 4: Simulation interface for network operation.

Table 2: Parameters used in the simulation.

Parameter Parameter’s value

Network area 100 × 100m2

Base station’s position 50m, 50mð Þ, 50m, 150mð Þf g
Node deployment strategy Random deployment

Number of nodes deployed in the network 50,100,150,200f g
Initial energy of the normal nodes 0.1 J

Size of data packet 4000 bits

Size of data packet header 200 bits

Energy consumed in data aggregation εdað Þ 5 nJ/bits/signal

Energy consumed in the transceivers’ circuitry Eelecð Þ 50 nJ/bit

Amplification factor in free space model εfsð Þ 10 pJ/bit/m2

Amplification factor in multipath fading model εmp
� �

0:0013 pJ/bit/m4

Population size 10
Mutation factor 0:5
Crossover rate 0:7
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the application of the DEBCRP-fitness function for all the
node deployments under both the specified requirements
of 5 clusters and 10 clusters. This also justifies the efficacy
of the scheme.

Another statistical analysis known as confidence interval
justifies the probability of the deployment of the nodes
within a range of the values of the cluster. In this case, the
confidence intervals with the confidence levels 95% and
99%, respectively, are measured for both cases of the cluster-
ing scenarios with variable node counts. Table 3 clearly
explains the efficacy of the MLBCT-fitness function over
the fitness function used in DEBCRP in every possible net-
work configuration. For example, when 100 nodes are
deployed to be distributed among 5 clusters, ideally, each
cluster should have 20 nodes. Here, the proposed fitness
function ensures that each cluster has a node count in the
range [18.8245, 21.1755] with 95% confidence and in the
range [18.4526, 21.5474] with 99% confidence, whereas the
fitness function of DEBCRP finds the same as in the ranges
[15.2210, 24.7790] and [13.7093, 26.2907] with 95% and

99% confidences, respectively. It can be easily intuited that
the node count in each cluster is much closer to the ideal
node count (20 here) with the MLBCT-fitness function
when compared to that with the DEBCRP-fitness function.
The consistency of the MLBCT-fitness function in terms of
balanced clusters’ formation can be seen in Table 3.

5.3.2. Experimental Analysis. In this second set of experi-
ments, as stated in point 2 of Section 5.1, MLBCT is com-
pared to DEBCRP, ImDE-LEACH, and LEACH
concerning the metrics—network lifetime, network energy
consumption rate, and average residual energy per network
node under two different network configurations, say
WSN#1 and WSN#2. In WSN#1, the sink has been placed
at the center of the 100 × 100m2 sensing field, precisely at
(50m, 50m) whereas, in WSN#2, the sink is located outside
the sensing field at (50m, 150m). Moreover, to validate the
adaptability of the scheme, simulations have been conducted
with variable node deployments, say with 50 nodes, 100
nodes, 150 nodes, and 200 nodes.
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Figure 5: Efficacy of the proposed fitness function.
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(1) Network Lifetime. As mentioned earlier in this section
that the network lifetime can be defined as the time when
the first node dies in the network or the time when the last
node dies in the network. In Figures 7 and 8, both strategies
have been followed separately.

Figures 7(a) and 7(b) describe the death of the first node
that is FND (first node death) in the schemes MLBCT,

DEBCRP, ImDE-LEACH, and LEACH under the network
scenarios WSN#1 and WSN#2.

In WSN#1 (Figure 7(a)), when the number of nodes
deployed are 50, 100, 150, and 200, the events of the first
node’s death (FND) occur at the round no. 115, 106, 99,
and 82 in the proposed scheme; at 84, 72, 63, and 49 in
DEBCRP; at 76, 75, 68, and 58 in ImDE-LEACH; and 33,
36, 35, and 33 in LEACH, respectively. Similarly, in
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Figure 6: Standard deviation of average cluster size for the clusters formed over the network rounds.

Table 3: Mean of standard deviations and confidence intervals for the clusters generated.

Clustering scenario #nodes MeanσD−Fitness MeanσM−Fitness

Interval estimate with 95%
confidence

Interval estimate with 99%
confidence

With D-fitness With M-fitness With D-fitness With M-fitness

Scenario#1 (with 5
clusters)

50 18.9254 4.4628 [4.7541, 15.2459]
[8.7630,
11.2370]

[3.0947,
16.9053]

[8.3717,
11.6283]

100 24.3826 5.9975
[15.2210,
24.7790]

[18.8245,
21.1755]

[13.7093,
26.2907]

[18.4526,
21.5474]

150 27.1672 6.9578 [25.6523,34.3477]
[28.8865,
31.1135]

[24.2771,
35.7229]

[28.5343,
31.4657]

200 25.9534 5.7280
[36.4030,
43.5970]

[39.2061,
40.79939]

[35.2652,
44.7348]

[38.9550,
41.0450]

50 11.6163 6.3429 [1.7801, 8.2199] [3.2419, 6.7581]
[0.7616,
9.2384]

[2.6857,
7.3143]

Scenario#2 (with 10
clusters)

100 15.8541 8.4076 [6.8926, 13.1074]
[8.3521,
11.6479]

[5.9096,
14.0904]

[7.8308,
12.1692]

150 21.6239 9.5944
[11.5395,
18.4605]

[13.4646,
16.5354]

[10.4448,
19.5552]

[12.9789,
17.0211]

200 21.7987 10.7536
[16.9789,
23.0211]

[18.5096,
21.4904]

[16.0232,
23.9768]

[18.0382,
21.9618]
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WSN#2 (Figure 7(b)), FNDs occur at round no. 96, 91, 77,
and 83 in MLBCT; at 62, 55, 53, and 59 in DEBCRP; at 52,
44, 53, and 44 in ImDE-LEACH; and at 33, 36, 14, and 36
in LEACH, respectively, for the aforementioned nodes’
count.

On the other hand, if the network lifetime is taken as
the time when the last node dies that is LND (last node
death) in the network, Figures 7(a) and 7(b) describe the
outcomes of experiments conducted in this regard with
the variable number of nodes as above, say 50, 100, 150,
and 200, respectively.

In WSN#1 (Figure 8(a)), the last node’s death events
occur at round no. 194, 202, 246, and 216 in the MLBCT;
at 161, 152, 138, and 141 in DEBCRP; at 111, 131, 131,

and 130 in ImDE-LEACH; and at 102, 114, 129, and 119
in LEACH, respectively. Likewise, in WSN#2 (Figure 8(b)),
LNDs occur at round no. 178, 187, 193, and 203 in MLBCT;
at 150, 151, 126, and 138 in DEBCRP; at 98, 113, 119, and
118; and at 93, 99, 108, and 103 in LEACH, respectively,
for the aforementioned nodes’ count. The appreciable results
due to FND and LND calculation state the supremacy of
using the proposed MLBCT over other schemes.

Moreover, the comparative performance of the schemes
MLBCT, DEBCRP, ImDE-LEACH, and LEACH with
respect to the nodes’ death rate can also be observed from
Figure 9.

Figure 9(a) describes the performance of the MLBCT
against that of DEBCRP, ImDE-LEACH, and LEACH in
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Figure 7: Network lifetime comparison in terms of FND.
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Figure 8: Network lifetime comparison in terms of LND.
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variable node population under the first network scenario
WSN#1. Similarly, Figure 9(b) describes the same but for
WSN#2. It is evident from Figure 9 that irrespective of
the network configuration and nodes’ population in the
sensing field, MLBCT performs consistently well as the
nodes’ death rate is low in MLBCT, and hence, the num-
ber of alive nodes is high at any point of network oper-
ation in MLBCT when compared to DEBCRP, ImDE-
LEACH, and LEACH. Thus, it can be concluded here

that the MLBCT outperforms DEBCRP, ImDE-LEACH,
and LEACH in terms of the first performance criter-
ion—network lifetime.

(2) Network Energy Consumption. From Figure 10, it can be
concluded that at any point of the network operation, the
energy consumption in MLBCT is less than that in
DEBCRP, ImDE-LEACH, and LEACH in both of the sce-
narios implemented that is in WSN#1 (Figure 10(a)) and
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WSN#2 (Figure 10(b)). Moreover, to demonstrate the con-
sistency in the performance, variable counts of sensor nodes
have been deployed here too.

(3) Average Residual Energy/Node. In this next set of exper-
iments, the performance of MLBCT is measured in terms of
the average residual energy that a network node has at any
point in the network operation for the schemes DEBCRP,

ImDE-LEACH, and LEACH. It can be explicitly observed
that the nodes are always equipped with a larger amount
of residual energy if being operated with MLBCT in compar-
ison to DEBCRP, ImDE-LEACH, and LEACH (Figure 11).
It is noticed not only in WSN#1 (Figure 11(a)) but also in
WSN#2 (Figure 11(b)); average residual energy for a net-
work node is higher at any point in network operation if
implemented with MLBCT.
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This depicts that a network utilizing MLBCT saves
energy and keeps its resource intact for future usage, which
is the desired criteria for sensor networks.

(4) Data Packet Delivery at Base Station. In the final set of
experiments, the performance of MLBCT against the
DEBCRP, ImDE-LEACH, and LEACH with respect to the
number of data packets delivered to the base station is com-

pared. The predominance of the proposed scheme, MLBCT,
can be read for both the network scenarios WSN#1 and
WSN#2 in Figures 12(a) and 12(b), respectively. For the
50, 100, 150, and 200 nodes, MLBCT enriches the base sta-
tion with 915, 969, 1221, and 1054 data packets, respectively.
However, DEBCRP results into 800, 755, 685, and 700 data
packets, ImDE-LEACH results into 550, 650, 650, and 645
data packets, and LEACH results into 416, 477, 533, and
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401 data packets, respectively, for the aforesaid network
nodes into WSN#1. Similarly, for the WSN#2, in compari-
son to 745, 750, 625, and 685 data packets due to DEBCRP,
98, 113, 119, and 118 data packets through ImDE-LEACH,
and 382, 360, 388, and 372 data packets via LEACH,
MLBCT results into 838, 903, 950, and 983 data packets at
the base station, respectively, for the node deployment men-
tioned above. This suggests that MLBCT successfully trans-
mits more packets depicting its dominance in terms of
successful transmission.

Based on the outcomes of the various simulations con-
ducted so far, it can be concluded that the MLBCT outper-
forms the DEBCRP, ImDE-LEACH, and LEACH in terms
of the chosen criteria of network lifetime, network stability,
average residual energy, and data packet delivery.

6. Conclusion and Future Works

In this work, a Metaheuristic Load-Balancing-Based Cluster-
ing Technique has been proposed for wireless sensor net-
works. To achieve the prime objective of load-balanced
clusters, a fitness function has been proposed that offers bal-
anced clusters in terms of their size and energy and ensures
the members to be in close proximity to one another reduc-
ing the cost of intracluster communication. Through an
extensive set of simulations and experimentation, the
supremacy of the proposed scheme MLBCT has been proved
over the existing ones DEBCRP, and ImDE-LEACH in
terms of improved network lifetime and network stability,
average residual energy, and data packet delivery.

Statistical analysis also justifies and supports the feasibil-
ity of the scheme. Moreover, the scheme’s adaptability and
scalability have also been established by varying the network
configuration with the different number of nodes and differ-
ent placement of the base station.

As a future extension of this work, a heterogeneous wire-
less sensor network (HWSN) would be investigated to device

a clustering-based scheme induced by metaheuristic tech-
niques to consistently contribute to the network operations
without being affected by the heterogeneity present in the
network.
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Abstract: Comparative studies of the 2D numerical modelling and simulation of graphene-based
gallium arsenide and silicon Schottky junction solar cell are studied using TCAD tools. The per-
formance of photovoltaic cells was examined while taking parameters, such as substrate thickness,
relationship between transmittance and work function of graphene, and n-type doing concentration
of substrate semiconduction. The area with the highest efficiency for photogenerated carriers was
found to be located near the interface region under light illumination. The significant enhancement
of power conversion efficiency was shown in the cell with a thicker carrier absorption Si substrate
layer, larger graphene work function, and average doping in a silicon substrate. Thus, for improved
cell structure, the maximum JSC = 4.7 mA/cm2, VOC = 0.19 V, and fill factor = 59.73% are found under
AM1.5G, exhibiting maximum efficiency of 6.5% (1 sun). The EQE of the cell is well above 60%. This
work reports the influence of different substrate thickness, work function, and N-type doping on the
efficiency and characteristics of graphene-based Schottky solar cells.

Keywords: external quantum efficiency; graphene; power conversion efficiency; Schottky barrier
solar cell (SBSC); TCAD

1. Introduction

Due to graphene’s unique structure and characteristics, a single atomic layer has
attracted significant attention, such as high mobility, low resistivity, and band gap [1].
Graphene has been created as ultrathin sheets made of a few atomic layers through mechan-
ical exfoliation or CVD (chemical vapour deposition) and can be shifted to many substrates;
thus, it will open up a large range of potential applications, including smart composites,
photo sensors, and high-performance electronic devices [2]. Specifically, the graphene layer
is a major material for use in the production of effective solar cells due to its exceptional
combination of optical transparency and high electrical conductivity in the visible and
near-infrared spectrum [3,4]. On various substrates, such as Si [5], CdS [6], CdSe [7], and
GaAs [8], graphene-based Schottky junction solar cells have been produced in recent years.
A Schottky junction was successfully formed on n-type GaAs by Wenjing et al., producing a
power conversion efficiency of 1.95% [9]. GaAs has more radiation resistance [10] than the
Si substrate, which is most frequently used, and has a direct band gap [11], which makes it
suitable for highly efficient solar cells for both terrestrial and space applications. However,
in order to increase solar cell efficiency, the band parameter must be studied, and various
thicknesses of the structure must be optimised. We, therefore, optimised the thickness of
the GaAs substrate with a graphene layer in SILVACO TCAD in this paper, and the results
were confirmed using published experimental data.

The proposed graphene structure is shown in Figure 1. It consists of three regions. The
ability to create graphene-on-silicon Schottky solar cells at room temperature opens up a wide
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range of applications for light gathering and conversion with the benefits of environmental
friendliness and lower cost [12]. In this design, the graphene sheet performs dual roles for
separation of holes/electrons as an active layer and as a carrier medium for transportation, in
addition to acting as a transparent electrode for the transmission of light [13]. Despite the fact
that the initial energy conversion efficiency is only 1.65% [14], the performance of graphene
silicon Schottky cells was improved using silicon nano-array substrate adoption [15], chemical
doping [5], and a graphene/P3HT/silicon configuration [16], ranging from 1.96% up to 10.3%.
Some of the critical parameters, such as surface charge recombination, work function, and
graphene conductivity, played a key role in establishing the performance of the device. Still,
there has not been much research conducted on Schottky barriers. Thus, considerably more
consideration and study are needed for the use of graphene in Schottky solar cells. Figure 2
shows an energy band diagram of graphene solar cells.
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The graphene GaAs and silicon junction solar cell are numerically simulated in this
work using standard TCAD tools. It uses a typical method for materials such as amor-
phous, including state model of continuous density, auger recombination mechanisms, and
Schottky, to solve continuity, Poisson, and current density equations. The dependence of
these optical parameters with the photon energy has been included, taking into account the
thickness of the substrate, work function of graphene, doping level, and their impact on
cell efficiency.

2. Modelling Semi-Transparent Top-Layer Graphene in Atlas

Due to the fact that graphene is a novel material, it is not yet included in the SILVACO
Atlas material library. As a result, in order to develop a reliable and exact model of the
graphene film, the initial definition of the layer used 4H-SiC as the base material, which
was then modified to give the metallic material properties and match experimental sheet
resistance values [17]. First, the material 4H-SiC model was made entirely transparent
without changing its optical characteristics. Next, the graphene transmittance was entered
by creating an .nk file for graphene from the obtained value [18]. With 15,000 cm2/Vs
of carrier mobility [19], graphene is described as the Fermi distribution, and band gap,
effective masses, and thickness values of 10 nm were changed to make sure they matched
the experimental findings. Table 1 is a list of the simulation parameters that the Atlas tool
utilized for this cell [20].

Table 1. Material utilized in this numerical simulation.

Essential Layer Properties ATLAS Identifier

Material Layer

Graphene Substrate

4H-SiC GaAs Silicon

Band gap layer Eg (eV) EG 0.0 1.42 1.08
Relative permittivity, εr (F cm−1) Permittivity 25 13.1 13.5

Electron affinity Xe (eV) Affinity 5.8 4.07 4.17
Mobility, µp (cm2/V s) MUP 15,000 400 500
Mobility, µn (cm2/V s) MUN 15,000 8000 1000

Effective density of states Nc (cm−3) NC300 3 × 1017 4 × 1017 2.8 × 1019

Effective density of states Nv (cm−3) NV300 3 × 1017 7 × 1018 1.0 × 1019

3. Modelling Graphene-Based Solar Cells

With the use of TCAD, including the optical intensity, as shown in Figure 3, and using
parameters from Table 1, the user of ATLAS can choose from a number of physics models
to compute recombination and carrier mobility. We utilized the following models in our
design for our analysis. The doping-dependent low-field mobilities of holes/electrons
in the cell at 300 K were modelled. The recombination models utilized were the Optical
Recombination (OPTR) and the Schottky–Read–Hall (SRH) recombination models. As
already stated, Figure 4 shows the cross section of a graphene Si solar cell that was modelled
in TCAD software. The device is made up of three areas, from bottom to top, namely the
silicon substrate, the SiO2 window, and the graphene layer. Here, an oxide window was
used to coat the silicon substrate with a 10 nm thick layer of graphene. Figure 5 shows the
detailed top layer of the cell.
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Most studies show that the heterojunction device for this structure is fabricated from
a transferred chemical vapour deposition graphene layer on silicon in order to avoid
expensive deposition methods and complicated processing [21,22]. In essence, the Schottky
junction can be created using any semiconductor with a specific metal, provided the work
function differences are sufficiently large and the carrier densities are moderate. The
calculations show that graphene sheets and silicon create a Schottky junction, which is
advantageous for creating a sizable built-in field [14]. The photoexcited holes and electrons
are produced in the silicon substrate when it is illuminated, and they are subsequently
separated at the Schottky junction through the built-in electric field. The bottom electrodes
gather electrons/holes, leading to a photovoltaic reaction. The thermionic emission model
can be used to describe the Schottky junction’s non-linear I-V property [23]:

Io = αB∗ T2 exp(−eϕBn/kT) (1)

where α is area cell, B* is effective Richardson constant, ϕBn is metal–semiconductor (n-
type), k is Boltzmann’s constant, and T absolute temperature.

ϕB = ϕG − χ, for n-type semiconductor (2)

Additionally,

ϕB = EG − ϕG + χ, for p-type semiconductor (3)

where ϕG = graphene work function, χ = electron affinity, EG = energy gap semiconductor.

4. Results and Discussion

In order to mimic the global terrestrial sunshine, the modelled device was illuminated
with AM1.5G solar spectrum, which is taken into account by LUMINIOUS 3D for modelling
sunlight in SILVACO Atlas [24]. The light could be absorbed in the barrier layer and inside
the semiconductor. The photogeneration rate is provided by G = η0

Pλ
hc αe−αy, where P

represents the total effect of the ray path’s absorption, reflection, and transmission losses, y
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is the ray for the provided relative distance, α is the computed absorption coefficient for
every combination value of (n, k), λ is wavelength, h is Planck’s constant, c is the speed of
light, and η0 is the internal quantum efficiency, denoting the carrier number produced per
photon per pair. It can be seen from Figure 6 that the highest efficient absorption area is
around 0.1 µm from the surface connection and it not only increases the light absorption
length but is also concentrated to the light field, which results in enhanced excitation of
photon-induced carriers. The recombination rate is also higher at the interface region, as
indicated by the result shown in Figure 7. Figure 8 shows the potential developed inside the
cell, indicating that maximum potential is developed in the anode vicinity and that there is
a greater collection of charge. Figures 9–11 show a comparison of different thicknesses for
the photogeneration rate, electric filed, and potential, respectively. Figure 9a–c show the
photogeneration rate of Si cells under AM1.5 (sun) with depths of absorption, which were
examined at 5 µm, 10 µm, and 20 µm. The semiconductor and barrier could both absorb
the light. Figure 9c shows that 20 µm thickness is more than sufficient for full-spectrum
absorption because the intensity of the photogenerated carrier suddenly reduces in the
deep area of the Si substrate. In Figure 10, as the number of solar cells rises, the electrical
field also rises. In fact, an increase in the number of solar cells leads to an increase in
the open-circuit photovoltage. The main aim of this paper is to enhance the conversion
efficiency through a reduction in silicon matter. As a result, fewer solar cells must be utilised
to generate the electrical field, which lowers the amount of semiconductor materials needed
to make solar cells. Figure 10 gives the evolution of the electric field as a function of the
solar cells. Figure 11 shows the potential developed inside the cell, showing that maximum
potential is developed in the anode vicinity, indicating a greater collection of charge.
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It is crucial to utilize ISC and VOC to establish how well a solar cell works because they
affect how much power it can produce.

VOC =
nKT

q
ln
(

IL
I0

+ 1
)

(4)

FF =
VOC − Ln(VOC + 0.72)

VOC + 1
=

ImVm

ISCVOC
(5)

ISC and VOC utilisation at maximum power is measured via the fill factor. The efficiency
can be expressed using FF as:

η =
VOC ISCFF

Pin
=

Pmax

1000
[
Wm−2]×CellArea [m2

] (6)

These are the performance metrics that we employed in our research for evaluating
solar cells.
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4.1. GaAs and Si Thickness Effect

The Si crystal substrate is illuminated with an orientation <100>. For photogenerated
carrier intensity, graphene functions as a transparent electrode. The difference between
the work functions was built using a Schottky junction. We computed the I-V curves
and external quantum efficiency (EQE), as illustrated in Figures 12 and 13, respectively,
to examine the impact of silicon thickness on solar cell performance. Since silicon has
an indirect band gap, it works with longer wavelengths and results in higher quantum
efficiency. When silicon crystal thickness decreases, long-wavelength light passes through
the device and lowers the IQE. On the other hand, the enhanced recombination carrier rate
on the back electrode causes a significant increase in the dark current. Because the silicon
substrate is thicker, it is discovered that the efficiency of the device ranges from 2.37% to
5.99% (given in Table 2).
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function 4.8).

Thickness (µm)
JSC (mA/cm2) VOC (V) FF (%) Efficiency (%)

GaAs Si GaAs Si GaAs Si GaAs Si

1 6.10 2.76 1.00 0.29 51 28.69 3.29 2.37
2 6.80 3.26 0.97 0.29 51 31.88 5.03 3.11
5 7.90 4.14 0.94 0.18 49 58.08 4.74 4.51

10 8.40 4.72 0.93 0.19 45 60.21 4.58 5.47
20 9.00 5.05 0.91 0.19 45 60.95 4.58 5.99
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4.2. Graphene Work Function Effect

The difference between silicon χ and graphene фG is related to the barrier height фB,
as discussed in Section 3. Therefore, a higher work function will enhance the фB, which
will make the built-in potential Vbi increase according to the equation, Vbi = фB − Vn,
where Vn is the distance between Ec and Ef in silicon. Consequently, an enhanced graphene
work function results in an increase in Vbi that corresponds to the upper limit of Voc. As
shown in Table 3, the built-in potential Vbi increases monotonically along with the FF and
power conversion efficiency. This result is inconsistent with Y.F. Li’s group’s experimental
findings [25].

Table 3. Performance of cell with graphene work function (under optimal 10 µm si-thickness).

Graphene
Work Function

JSC (mA/cm2) VOC (V) FF (%) Efficiency (%)

GaAs Si GaAs Si GaAs Si GaAs Si

4.4 6.10 4.72 1.00 0.18 51 50.34 3.29 4.9
4.6 6.10 4.72 0.97 0.16 51 48.21 5.03 5.3
4.8 6.10 4.72 0.94 0.19 49 60.21 4.74 5.4

4.3. GaAs and Silicon n-Type Doping Effect

The ability of silicon’s N-type doping to raise the photogeneration carrier intensity
and energy level of Fermi is well recognised. Due to the larger barrier height compared
to a substrate made of pure silicon, both VOC and ISC increase for doping concentrations
below 3 × 1015 cm−3. When the doping concentration exceeds 3 × 1015 cm−3, the cell’s
performance is radically different. The mechanism for electron emission could be the origin
of this phenomenon. The emissions of a carrier from silicon to graphene are dominated by
the tunnelling emission process rather than the thermionic emission mechanism. As a result,
there is a slight decrease in the open-circuit voltage. Second, a high doping level reduces the
photogeneration carriers’ lifetime, particularly for light that has a long wavelength. These
losses in the carrier collection result in a reduction in ISC. Thirdly, as indicated in Table 4,
the 3 × 1016 cm−3 doping level has the largest fill factor, despite having a lower power
conversion efficiency than the other two doping concentrations. Therefore, the optimal
efficiency is found at a moderate doping level of 3 × 1015 cm−3.

Table 4. Performance of cell with doping concentrations (under optimal 10 µm si- thickness).

Doping of n-Type Effect (/cm−3)
JSC (mA/cm2) VOC (V) FF (%) Efficiency (%)

GaAs Si GaAs Si GaAs Si GaAs Si

3 × 1014 6.10 4.7 1.38 0.20 68 57.04 9.54 5.65
3 × 1015 6.10 4.7 1.37 0.19 66 59.73 9.52 6.50
3 × 1016 6.10 4.3 1.36 0.18 67 60.21 9.50 5.47

In order to improve the design, it is also necessary to identify different performance
parameters. A solar cell I-V curve with varying substrate thicknesses is depicted in Figure 12.
We determine the current–voltage curves and external quantum efficiency (EQE) for GaAs,
as shown in Figures 14 and 15, respectively. It is found that Si EQE has well above 60% and
GaAs EQE has 50%, which is optimized at the (2–5) µm substrate thickness due to the high
photogeneration rate found at this substrate thickness.
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The absorption and transmission co-efficient of the cell is depicted in Figure 16. The
proposed cell works effectively in a wavelength range of 300 to 700 nm. After 700 nm,
the efficiency starts decreasing due to an increase in transmittance and less absorptivity
of photons, as shown in Figure 16. Most of the spectrum is found to be utilized in the
generation of the carrier in the optimal 10 µm thickness Silicon substrate. Equation (7) can
be used to determine JSC using the measured EQE.

JSC = q
∫

F(λ)EQE(λ)dλ (7)

where F(λ) = intensity spectrum of AM1.5G sunlight, and q is electron charge. It is found
that EQE is well above 60%, which is an indication of an effective cell structure. Table 5
provides a tabular comparison that demonstrates that the Si substrate is significant when
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compared with existing results. Through comparison with the existing results, it is found
that graphene-based Schottky solar cells with Si and GaAs as substrates have increased
efficiency of GaAs (4.74%) and Si (5.99%) over conventional Schottky junction solar cells.
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Table 5. Comparison of various factors, such as substrate thickness, work function, and doping
concentration, with existing device.

GaAs
Thickness

(µm)

Work
Function (ev)

N-Type
Doping (/cm3) JSC (mA/cm2) VOC (V) FF (%) Efficiency (%)

GaAs junction solar cell [26] 5 4.8 1 × 1014 7.966 0.301 49 1.518
Our proposed work 5 4.8 3 × 1016 6.10 0.94 49 4.74

Si Thickness
(µm)

Work
Function (ev)

N-Type
Doping (/cm3) JSC (mA/cm2) VOC (V) FF (%) Efficiency (%)

Si junction solar cell [27] 20 4..8 1 × 1017 5.72 0.158 58 0.874
Our proposed work 20 4..8 3 × 1016 5.05 0.19 60.95 5.99

5. Conclusions

Silvaco ATLAS software was used to model graphene-based GaAs solar cells and
graphene-on-Si Schottky junction solar cells in a unique way for photovoltaic applications.
Numerical simulation in two dimensions was used to analyze the output performance. Ad-
ditionally, we thoroughly examined the performance vs. various graphene work functions,
substrate thicknesses, and N-type doping concentrations. The findings demonstrate that
greater graphene work function, adequate absorption thickness, and mild silicon doping
are superior for increasing the power conversion efficiency. Further analysis revealed that
the anode’s vicinity experienced the development of the highest potential, which leads to
improved charge collection and an improvement in the solar cell’s overall performance. It is
possible to research, design, and construct various structures of graphene-based solar cells
using this remarkable optimization technique and data. The conversion of the emission
electron mechanism from the thermionic mechanism to the tunnelling emission mechanism is
due to the implementation of high-level doping, resulting in maximum FF but lower efficiency.
For GaAs, under low illumination, the majority of the carriers created in the region reside
relatively near to the interface. When compared to graphene’s lower transmittance and greater
work function regarding cell performance, the work function is effective for increasing the
cell performance. GaAs with moderate n-type doping has a significant increase in power con-
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version efficiency; however, this form of device is significantly more sensitive to open-circuit
voltage than short-circuit current. Therefore, Si has maximum conversion efficiency in terms
of thicker absorption, larger graphene work function, and average doping in semiconductor
substrates. As a result, it can be concluded from this work that graphene can function as a
semi-transparent charge collector electrode and Schottky junction with a thermionic emission
phenomenon for improved efficiency in SBSC solar cells.
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