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In developing countries, solid waste levels have continued to climb so quickly that 

municipalities have been unable to handle the increasing quantity of waste. Amidst the bleak 

setting of uncollected waste littering the streets, an informal solid waste processing chain based 

on ragpickers has evolved. Ragpickers earn income scavenging mountains of waste and 

organizing their pickings for sale. Understanding the complex interrelationships within the 

ragpicker community could help ragpickers increase their income. Researchers have yet to look 

at nonlinear interactions among group size, literacy, receptiveness to support from 

nongovernmental organizations, and resource level as factors of the productivity of processing of 

various types of solid waste, including recyclable, biodegradable, and inert waste. To capture 

these nonlinear interactions, I used an artificial neural network (ANN). An ANN does not 

operate with preconceived assumptions about data patterns. Instead, an ANN freely models any 
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data pattern, capturing complex nonlinear relationships among variables. As is the case in many 

nontraditional business areas, it was challenging to collect rich information regarding ragpickers, 

so data were limited. Bootstrapping, oversampling, and the ANN were used to capture nonlinear 

interactions and overcome limitations of the small data set. Capturing nonlinear interactions in a 

small data set in this way was novel and could be a model for researchers in other nontraditional 

business domains who wish to uncover new relationships. 

Keywords: ragpicker, nonlinear interactions, neural network, small data set 
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Productivity of Business at the Bottom of the Pyramid: A Neural Network Analysis of the 

Solid Waste Informal Sector in India 

Underlying most business decisions is an array of complexity. Part of this complexity 

revolves around nonlinear patterns, including nonlinear interactions between variables. 

Unfortunately, many business researchers have relied on linear models for decision making. 

Linear methods are simpler to apply and easier to understand. However, researchers who rely on 

linear models and assume linear interactions miss opportunities to understand nonlinear 

relationships and make more impactful decisions, because they can only identify a small part of 

the actual patterns present (Albers & Grasbrook, 2016). Missing out on these opportunities 

diminishes the decision-making capacity of all businesses, including those at the microenterprise 

level. Many of the microenterprises in urban areas of the developing world have been operating 

within the informal solid waste sector. 

As a country develops economically, its municipalities should ideally keep pace with 

solid waste output. In reality, cities in the developing world have been unable to meet the 

demand for solid waste processing, even though they have enacted policies and begun initiatives 

to solve the substantial waste problem. Municipalities have fallen behind in solid waste 

collection, and the problem has continued to grow; waste has accumulated everywhere, and 

mountains of garbage have piled up (Rathi, 2007). To earn a living from this waste, thousands of 

ragpickers have been scavenging through it in search of valuables (Das & Bhattacharyya, 2015). 

Ragpickers sell to scrap dealers, who negotiate with recyclers, forming an informal solid waste 

chain. Ultimately, recyclers sell the waste back to industrial or agricultural concerns, a woefully 

inefficient process that has been capturing only 15% of generated waste (Prasad et al., 2012). 

Ragpickers form a microenterprise positioned at the bottom of the pyramid (BoP) of business, 
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but they have been earning only $55/month in dangerous working conditions. However, 

ragpickers and the informal solid waste sector they belong to have been vital stakeholders in 

solving the solid waste problem (Das & Bhattacharyya, 2015). 

Other critical stakeholders are nongovernmental organizations (NGOs), such as the India 

Pollution Control Agency, that help pickers improve their recycling yields and income at the 

BoP. When ragpickers collaborate with NGOs, their income rises substantially, and their 

environmental impact improves (Brook, 2014). I studied how NGOs can strategically help 

pickers increase productivity in solid waste recycling and benefit from the corresponding 

increases in income. I found limited existing research on ragpicker productivity. Many 

researchers have relied on restrictive assumptions, including linearity, which may not apply to 

ragpickers. Furthermore, few researchers have analyzed nonlinear interactions at the BoP. 

I did not limit my study to linear assumptions and thus arrived at more accurate findings, 

compared to other researchers, that can guide NGOs helping ragpickers. I proposed that a study 

of nonlinear interactions could provide the insight needed to substantially improve productivity 

of solid waste collection. Picker productivity is measured by the mass of recyclable, 

biodegradable, and inert material collected, in kilograms per capita. I specifically examined 

nonlinear interactions affecting picker productivity, including the role of team size, resources, 

literacy, and receptiveness to NGO suggestions. In this multivariate problem, by identifying 

nonlinear relationships, including nonlinear interactions, I could pinpoint how pickers could gain 

the most productivity. 

Business research often relies on linear models for testing and prediction. However, 

researchers have tended to overlook underlying nonlinear patterns, including interactions. 

Accurate pattern recognition is essential for ragpicker communities because it directly impacts 



BUSINESS PRODUCTIVITY AT THE BOTTOM OF THE PYRAMID  

  

4 

their livelihood (Gualandaris & Klassen, 2018). However, fitting nonlinear data demands 

expertise and computing resources and has particular data requirements. Researchers have often 

failed to gauge nonlinear interactions appropriately and worked under restrictive assumptions 

(Albers & Grasbrook, 2016). I instead relied on an assumption-free model, using the data to 

drive model creation. Artificial neural networks (ANNs) are assumption free and ideal for 

nonlinear modeling. 

The inspiration for ANNs was the human brain; the connections and nodes of an ANN 

simulate the synapses and neurons of the brain. An ANN, like the brain, can learn complex, 

nonlinear interactions. In my study, interactions between two independent variables of waste 

output provided insight into improvement of productivity (Ai & Norton, 2003). 

One difficulty with researching ragpickers was obtaining the quantity of data the ANN 

required. However, I used bootstrapping to oversample the limited data to obtain a data set large 

enough for use with the ANN (Efron, 1993). The resampling occurred with replacement, never 

removing a selected random sample from the original data, so the probability of choosing each 

datum remained constant (Johnson, 2001). Because selection of data was random, some data may 

have appeared more than once, while other data may not have appeared at all. However, by 

creating multiple oversampled data sets and averaging the predicted waste output I should have 

captured the actual underlying data patterns (Breiman, 1996). 

Building an ANN that predicted recyclable, biodegradable, and inert waste output 

required finesse in the selection of model parameters and the number of nodes and layers. I 

expected to use more than one layer in the ANN because doing so adds the much-needed deep 

learning that ensures model accuracy. The learning process of an ANN consists of iteratively 
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adjusting parameters in the network based on errors in outputs. Once its parameters are tuned, an 

ANN’s training is complete, and the ANN is ready for sensitivity analysis. 

For each type of solid waste (recyclable, biodegradable, and inert), sensitivity analysis 

mapped out the productivity levels for nonlinear interactions between two independent variables. 

Given the four independent variables (team size, resources, literacy, and receptiveness to NGO 

suggestions), I could create six combination pairs. I therefore mapped a total of 18 nonlinear 

interactions (six pairs for each of three solid waste types). The practical value of knowledge 

about nonlinear interactions should not be underestimated. Based on the findings, NGOs can 

determine which pairs are more productive and at what levels productivity is the greatest. For 

example, the results could have indicated that one literate person in a group of three pickers 

collects the most solid waste during a month. An NGO could then consider organizing its 

workforce to take advantage of this relationship. 

In the next section, I explore the literature relevant to the informal solid waste sector, 

nonlinear analysis, ANNs, and methods to deal with small data sets. In the method section, I 

describe the data, ANN model training, and validation process. The results follow the method 

section. In the discussion section, I highlight the study’s contribution to the bodies of knowledge 

of several disciplines, examining its impact on the ground and proposing meaningful future 

research. The final section contains concluding remarks. 
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Literature Review 

In this section, I explore existing literature regarding the informal solid waste sector, 

linear versus nonlinear analysis, nonlinear modeling with ANNs, nonlinear interactions, and 

small data sets. To conduct this study, I required an understanding of each of these subjects to 

formulate the ANN and conduct a sensitivity analysis. 

The BoP of Business 

The BoP of business emerged at the end of the Cold War in 1991 when Africa, China, 

India, and Latin America opened their markets to global trade. The resulting opportunity for 

international trade was immense but differed from existing trade. In their seminal research, 

Prahalad and Hammond (2002) and Prahalad and Hart (2002) coined the term “base of the 

pyramid.” They broadly defined BoP as the bottom strata of the global income pyramid, 

representing the largest share of people living in extreme and moderate poverty. 

At the time of writing, the BoP consisted of over 4 billion people, each living on less than 

$2 per day. The BoP spanned numerous cultures, ethnicities, and needs across three continents. 

There was therefore no single profile of a BoP business. The World Resources Institute (2005) 

found that the BoP market held $5 trillion in purchasing power parity. The BoP was therefore 

clearly a largely untouched market. Reaching this market would require a business to rearrange 

existing unorganized and disparate stakeholders into an organized, private-sector market. 

I analyzed several constructs firmly rooted in the BoP. I examined productivity 

improvements in the Indian informal solid waste sector. Improving the productivity of ragpickers 

would increase their income and improve the environment. Conducting a bivariate analysis of 

NGO support, resources, literacy, and ragpicker group size was critical to determining how to 

reorganize the waste chain to improve efficiency. 



BUSINESS PRODUCTIVITY AT THE BOTTOM OF THE PYRAMID  

  

7 

Comparison with the Top of the Pyramid 

Reaching the BoP requires an approach different from regular business practice. First, 

reaching the BoP requires a novel approach; it is not business as usual. Second, selling existing 

products to those in the BoP is not feasible, due to product price alone. Third, a business must be 

embedded in the BoP to cultivate intimate knowledge of the business landscape. Fourth, BoP 

consumers are highly conscious of price. Fifth, some products are just not feasible (Pitta et al., 

2008). 

Role of NGOs 

Conducting business at the BoP requires an external actor to enter the informal economy 

where those in the BoP live and operate. Such external actors can be NGOs, domestic or 

international firms, and nonprofit stakeholders that inject themselves into the BoP world. NGOs 

have developed ongoing, habitual relationships with the BoP community. This presence has 

enabled NGOs to identify needs, coordinate external stakeholder-provided resources, and deliver 

necessary humanitarian services. In addition, NGOs have managed multiple ongoing efforts to 

provide education, health care, and income generation opportunities to the communities they 

serve (Prasad et al., 2018). 

However, London (2008) showed that being external is not enough. An organization must 

enable a new capability not already present in the BoP. The new capability should address 

inherent inefficiencies of the BoP. Innovative business models should focus on cost reduction, 

research, local entrepreneurship, and planning for long-term success. 

Business at the BoP requires multiple bottom lines. Profits provide the sustaining 

resources needed to address poverty, global warming, and other problems simultaneously. 

Multiple bottom lines represent individual synergized goals (London, 2008). These same goals 
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apply to supply chain management at the BoP. BoP projects have the capacity to fuse social 

aspects of sustainability with the theory and practice of supply chain management (Gold et al., 

2013). Supply chain management at the BoP implies innovation that impacts the entire business 

system and balances multiple bottom lines (Prahalad, 2012). 

Informal Solid Waste Sector 

In developing countries, solid waste levels have continued to climb so quickly that 

municipalities have been unable to handle the increasing quantity of waste (Rathi, 2007). This 

growing waste build-up has resulted from population migration to urbanized areas coupled with 

economic growth. The result has been uncollected waste littering the streets, creating an array of 

health hazards (Rushton, 2003). 

Municipalities have been unable to effectively manage waste collection, transportation, 

and final disposal. They have lacked the resources, expertise, and supportive government policy 

necessary for success. At the time of writing, the waste solution was to deliver waste to the 

fringes of cities and haphazardly dump it, creating overflowing landfills. Hence, the land has 

become contaminated and unusable. As mounds of waste decompose, the long-term impact of 

uncontrolled solid waste disposal materializes. Potable water sources degrade, and gas 

decomposition contributes to global warming. 

Municipalities have sought a solution to the solid waste issue but have ignored the many 

nonlinear influences of NGOs, resources, and education on ragpickers. NGOs have made ill-

informed decisions matching needs to stakeholder-provided resources. Community members and 

external stakeholders have then deliberated on the unobserved impact of their efforts. 

Amidst this bleak setting, an informal value chain evolved, providing income to various 

stakeholders from the uncollected waste (Das & Bhattacharyya, 2015). Ragpickers are one of the 
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upstream stakeholders of this value chain. Midstream stakeholders include NGOs and 

aggregators that combine solid waste in logistics hubs before sending it to final processing 

destinations (Srivastava et al., 2015). Researchers analyzing the role of NGOs in the informal 

solid waste sector found that pickers are critical in this value chain but are often marginalized 

(Prasad & Tata, 2015). 

Ragpickers 

The life of a ragpicker in India is not an easy one. Often, pickers are vulnerable, because 

many are migrants, including young women and children. This community is often stigmatized 

and thus ostracized by society (Verma, 2016). At the time of writing, pickers’ earnings were 

minimal, approximately 4,000 Indian rupees ($55) per month, reflecting the entire value stream’s 

inefficiencies (Prasad et al., 2012). 

However, there is hope for the pickers because NGOs have sought to organize the value 

stream, benefitting pickers. NGOs have provided technical inputs and solutions to the waste-

related issues of residential communities, corporations, markets, educational institutes, hotels, 

and restaurants. When collaborating with NGOs, picker income has risen substantially, and 

resources such as safety training, career counseling, and health care have become available 

(Brook, 2014). 

Is it critical to help the pickers, yielding even an additional rupee per transaction to make 

a difference in their lives? Researchers discussed the role of big data on humanitarian supply 

chain networks. Their research focused on external actors in the solid waste chain and how 

power must be exerted amongst the stakeholders to cultivate needed data streams (Prasad et al., 

2018). They concluded that future work should use data for prediction in conjunction with 

stakeholders to gain additional efficiencies for the pickers, and my study fills this gap. 
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In this study, I created predictive models for ragpicker activity to help increase incomes 

by envisioning ragpicker communities as a collective brain. The parallels are evident. Ragpickers 

interact with NGOs, adapt to literacy, organize themselves, and use various resources to improve 

their work, which are all dendrite inspired. The ragpicker community is a cell body that interacts 

with layers of other stakeholder cells. Ultimately, the cell delivers efficiently sourced solid waste 

to recycling. 

In attempting to gain every potential rupee from the informal sector, it is critical not to 

rely on models with assumptions that may have limited external validity and value. In this study, 

I did not limit the analysis by relying on a linear model and the corresponding linear interactions. 

Researchers have not studied ragpicker productivity based on nonlinear resource interactions. I 

intended to fill this gap by applying a distribution-free nonlinear model. 

Sustainability 

Sustainability has existed for as long as humans have. Managing the availability of food 

and water was essential for early cultures to survive. Those in early cultures had to plan for 

unexpected drought or famine and manage ongoing availability of resources. During the 17th 

century, the German term “Nachhaltigkeit” (sustained yield) appeared, and its English 

equivalents appeared in the 19th century. The meaning developed to mean never consuming more 

than can be regenerated (Rack, 2014). In the 20th century, land resource development implied 

long-run sustainability. Sustainability also pertains to the management of ecosystems since it is 

critical to human welfare (Oxford University Press, 2021). 

Few commercial ecosystems are more disconcerting than the BoP of business. The BoP 

consists of half the world’s population, and its projected development is unsustainable. Few 

researchers have investigated sustainability and the BoP, suggesting that this subject is suitable 
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for new, meaningful, and impactful research. Businesses trying to improve sustainability have 

tended to focus on the most vexing issue: poverty. However, BoP business must also consider 

immediate and basic needs, such as clean food and water, housing, and health care. The lack of 

resources such as these indicate how inadequacy of infrastructure exacerbates an already 

challenging situation (Srivastava et al., 2015). 

Integrating those from poor communities, such as ragpickers, into a production process 

(in this case the informal solid waste supply chain) enables opportunities for stable income. 

Stable income empowers poor people to become self-sufficient. Ragpicker groups are informal 

and unorganized but could realize nonlinear productivity improvements by optimizing the size of 

their groups (Wheelan, 2009). Reducing poverty also impacts sustainability. However, low 

literacy levels have plagued ragpicker communities and impeded their cooperation with 

authorities and many influential stakeholders (Himmler & Jäckle, 2018). Himmler and Jäckle 

(2018) concluded that ragpickers are 6 times more likely than others to be functionally illiterate, 

degrading their incomes to the lowest levels, such as those associated with rag picking. 

Increased consumption has potentially negative sustainability consequences. The impact 

of increased consumption is evident in energy used and waste and residue produced (Schrader et 

al., 2012). Businesses seeking to operate sustainably do so for their own gain. Company leaders 

see sustainable strategies as ways to gain market legitimacy, enhance their appeal to customers, 

attract potential alliance partners, and reduce costs (Amankwah‐Amoah & Syllias, 2020). 

However, sustainability has a price. The expected gains, if overestimated, can drain an 

entrepreneurial firm’s resources in the critical early stages of business development. Sadly, an 

entrepreneur may not develop an opportunity to fruition, leaving the impact of elevating poor 

people and improving the environment unseen. 
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The challenge of sustainability faced by organizations is to develop a dual yet mutually 

supportive operating business model that profitably meets the demands of consumers and 

simultaneously reduces environmental impact. Sustainability at the BoP for a business is an 

effort to catch up. Ongoing and planned operations must account for long-neglected and 

simmering social, environmental, and business issues (Silva et al., 2019). 

Operations Management and Supply Chain 

Operations management is the practice that managers use to craft the processes that 

produce or deliver goods and services. Operations management evolved over the past few 

decades to meet emerging business challenges. One of these emerging challenges is supporting 

business at the BoP. However, supporting such business requires integrating poor people (e.g., 

ragpickers) into the production process while addressing environmental concerns (Greasley, 

2007). 

Increasing ragpicker income relates directly to increasing productivity. In this study, I 

measured productivity in terms of the mass of waste collected per unit of time (Medina, 2000). 

Increasing ragpicker productivity, and hence income, also directly improves the environment. 

However, the dire situation of the BoP, ragpickers, and expected dramatic growth in waste has 

led to a need for a dramatic improvement in productivity. Past efforts to manage the solid waste 

chain have too often fallen short and provided no material improvement. My research findings 

using nonlinear analysis should point to multivariate resource combinations that optimize 

productivity. 

Recycling 

Ragpickers collect three types of waste: recyclable, biodegradable, and inert waste. I 

defined productivity as mass (in kilograms) of each kind of waste collected per person during 
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one month. Recyclable waste consists of plastics, paper, glass, and metals. This waste stream can 

be channeled into productive use and bring in revenue. Recyclable waste is the most valuable 

and lucrative type of waste collected by ragpickers because it yields the highest revenue per 

kilogram. Biodegradable waste is usually domestic or commercial food waste. Its value derives 

from reuse in farming activities such as vermicomposting, pig farming, and pisciculture (Ghosh, 

2004). Another possibility is to convert biodegradable waste into more valuable products such as 

chemicals or fuels (Abdel-Shafy & Mansour, 2018). Biodegradable waste is more challenging to 

manage than other types of waste because it is wet food waste and only provides a small source 

of revenue. Inert waste has no direct value and does not easily decompose; ragpickers may even 

have to pay for its disposal. 

Increasing ragpicker productivity benefits ragpickers as individuals and society as a 

whole. Increasing the productivity of recyclable and biodegradable waste collection gives 

ragpickers additional income. Increasing the productivity of collecting all three types of waste 

helps reduce landfill demand and the blight of haphazardly scattered waste. My research question 

therefore focused on determining nonlinear, multivariate interactions that influence ragpicker 

productivity. 

Linear Versus Nonlinear Analysis 

Many researchers in management and other related fields have relied on linear modeling 

for testing and prediction. A linear model is an equation describing two variables with constant 

rate of change. A linear model assumes that the underlying patterns and the respective 

parameters of the model are linear. Such an assumption of linearity might be overly simplistic 

(Armey & Crowther, 2008). Linear models are likely to miss out on underlying nonlinear 

patterns, including possible interactions. Interestingly, many underlying relationships are 
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nonlinear in strategy, operations, and marketing (Albers & Grasbrook, 2016). Municipalities 

historically implemented operational programs to address waste collection but often fell short of 

the accelerating waste production. By resourcing ragpicker groups using nonlinear research, 

municipal decision making is optimized. If most relationships are truly nonlinear, then studies 

relying only on linear models may capture only a tiny part of the actual underlying patterns. 

Evidence from industrial settings (del Amo et al., 2013; Ince et al., 2019; Jones et al., 

2005) indicates that nonlinear models are usually more accurate than linear models. For example, 

in one application modelling catastrophic behavior changes, nonlinear models explained six 

times the variance that linear models could (Armey & Crowther, 2008). Thus, it is possible that 

many studies relying on linear models to model nonlinear data missed out on the actual 

underlying patterns. Finding accurate patterns might be especially important when addressing 

vulnerable communities because missed patterns mean missed opportunities to improve the 

income, health, and livelihood of those in such communities (Gualandaris & Klassen, 2018). 

As such, I applied a nonlinear model to capture patterns in the informal solid waste sector 

to help ragpickers operating at the BoP. Fitting nonlinear data required additional computational 

effort and expertise (Tu, 1996). However, the additional effort was worth it, given the value it 

could provide to vulnerable prickers. 

There are multiple types of nonlinear models and approaches: Any model that is not a 

linear model is, by definition, nonlinear, and typical examples include quadratic, exponential, 

logit, and probit models (Norton et al., 2004). In developing a nonlinear model, it is best to rely 

on existing theory when deciding the model form. However, in new applications, such theories 

might not be readily available, and, as such, specifying the model form becomes difficult. Such 

cases require an approach that makes no assumptions about the model form and simply uses the 
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data to drive the model creation (National Institute of Standards and Technology & Sematech, 

2003).  

In this study, I used an ANN, which required no assumptions about the model form and 

shaped the model based upon actual patterns in the data. An ANN is a nonlinear approach 

unconstrained by any particular form. The following sections detail ANNs. 

Neuroscience and the Brain 

Neuroscience is an aggregation of many different sciences—including cellular 

neuroscience, computational neuroscience, and others—that collectively focus on the structure or 

function of the nervous system (Oxford University Press, 2021a). Cognitive neuroscience is the 

scientific study of the processes that develop knowledge and understanding through experiences, 

sensory input, and mental deliberation (Camerer, 2003). Its focus is on neural connections in the 

brain and how neural circuits control cognitive activities. Cognitive neuroscience fuses theories 

from cognitive science and even affects research through computational modeling (Tibbetts, 

2009). Cognitive neuroscience is one of the crucial constructs for my study of business at the 

BoP. Other researchers have applied cognitive neuroscience to entrepreneurship (de Holan, 

2014), sustainability management (McDonald, 2018), neurostrategy (Powell, 2011), and supply 

chains (Randall et al., 2014). Cognitive neuroscience is applicable to analyzing nonlinear 

relationships with neural networks because neural networks model higher level activities of the 

brain. 

Structure of the Human Brain 

The brain is a fantastic organ and is the core of human life. All that humans have 

accomplished is a result of the brain. Biological organisms can exist when many bodily elements 

are missing. However, the essence of a human stops when the brain dies (de Holan, 2014). When 
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the brain sustains an injury, it exhibits plasticity, allowing it to adapt to the damage using 

different neural circuits within the brain (Hou et al., 2020). 

The two hemispheres of the brain are physically similar but functionally different. The 

left side processes language and speech, and the right processes emotions and facial recognition. 

This differentiation seems suitable for increased cognitive ability. ANNs emulate three critical 

functional areas (Figure 1). The frontal lobe provides higher mental functions, including 

concentration, planning, judgment, emotional expression, creativity, and inhibition. The occipital 

lobe provides sight, image recognition, and image perception. The somatosensory area is where 

evaluation of attributes for pattern recognition occurs. 

Together with the somatosensory area, the frontal and occipital lobes enable high-level, 

abstract, and creative thought, making sense of complex nonlinear patterns. Interestingly, the 

brain can also learn from incomplete data (Del Ser et al., 2020). All mental processing occurs 

within a vast network of billions of interconnected neurons. 
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Figure 1 

Nonlinear Processing Areas of the Brain 

 
Note. Adapted from Brain mind thinking by GDJ, 2017 (https://pixabay.com/vectors/brain-mind-
thinking-a-i-ai-2789698/). Adapted with no permission needed. 
 
Neurons 

The neuron is one of the brain’s basic building blocks and consists of three elements 

often modeled by ANNs (Figure 2). Dendrites receive input from other neurons and pass the 

information to the soma, or cell body. The cell body processes the provided information. 

Neurons perform a vast array of functions, and much is unknown about those functions. If 

further processing is required, the axon carries the soma message to another neuron, starting a 

similar procedure there. Axons interface with the dendrites of other neurons. 

Pulvermüller et al. (2014) found that clusters of neurons are functionally organized 

together but span beyond the confines of their regions. They coined the term “thought circuit” to 

refer to a functionally related group of neurons forming a concept above the level of a neuron but 
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below the level of an entire brain area. Thought circuits cluster similar higher-level learning 

capabilities together and are the focus of a newly emerging research area. 

Figure 2 

Comparison of Biological and Artificial Neurons 

 
 

Note. Adapted from Nerve cell by Mohamad Hassan, 2018 
https://pxhere.com/en/photo/1453897.  Adapted with no permission needed. 
 
Similarities to ANNs 

The biological neural networks of the human brain inspired ANNs (Rumelhart et al., 

1986). Billions of interconnected neurons in the brain provide a powerful cognitive capacity 

capable of nonlinear pattern recognition. An ANN similarly consists of many neurons arranged 

in layers with parameters established by a researcher. The exact mechanism of the neuronal 

layout of the brain is just as ambiguous as the black box of an ANN discussed later in this 

dissertation. 

Dendrites receive information from other neurons in the brain and send data to the cell 

body for processing. Similarly, inputs of an ANN node send data to the node for processing. The 

neuron or ANN node receives its respective inputs and performs a procedure on them. Once the 
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procedure is complete, the axon of the neuron or output of the ANN node transmits the results. 

The axon transmits to other cell bodies, interfacing with their dendrites. In the ANN, the output 

transmits results to the inputs of other nodes. 

Parallels with Ragpicker Variables 

I modeled the ragpicker group as a cell body or node. Stimuli input to the ragpicker ANN 

were resource levels, literacy, group size, and receptiveness to NGO support. Each ragpicker 

node sent its collected, aggregated, and sorted waste to the next node, which could be 

aggregators, NGOs, or intermediary waste collection points. 

Nonlinear Modeling with ANNs 

ANNs are well suited for nonlinear analysis because they are data driven, learn patterns 

even in the presence of noise, can approximate any continuous function, and can yield forecasts 

(Ince et al., 2019). However, ANN explanatory power comes at a cost. ANN research is 

computationally intensive and requires a significant quantity of data. ANN components also do 

not give insight into the variables that influence the outputs; an ANN instead acts as a black box 

(Olden & Jackson, 2002). Furthermore, expertise is needed to tune an ANN based on prior 

research, experience, and experimentation (Tu, 1996). 

One popular method for applying a tuned ANN in business research incorporates 

sensitivity analysis. Sensitivity analysis is the mapping of output variables for a range of input 

variables. For example, sensitivity analysis can measure performance efficiency in banking and 

analyze classes’ stability for composing an optimal portfolio of projects (Chaluvadi et al., 2018; 

Razi & Shariat, 2017). Researchers investigating customer satisfaction of mobile commerce used 

sensitivity analysis to assess the relative importance of predictors (Kalinić et al., 2019). -

Similarly, researchers studying Facebook commerce purchases used sensitivity analysis to 



BUSINESS PRODUCTIVITY AT THE BOTTOM OF THE PYRAMID  

  

20 

compare the relative and normalized importance of predictors (Leong et al., 2018). Therefore, 

sensitivity analysis was a well-developed analytical technique in business research that I could 

use to study nonlinear interactions. 

Nonlinear Interactions 

Researchers analyze interaction terms to estimate the impact one independent variable 

has on the dependent variable for different levels of a second independent variable (Ai & Norton, 

2003). With an interaction, two independent variables interact so that the effect is more than the 

sum of their parts. Interactions can be additive or multiplicative, depending on the model (Buis, 

2010). Additive models are straightforward and easy to interpret. That is why they are often used 

in research, although multiplicative models better fit patterns of data. However, most of the 

additive or multiplicative interactions reviewed in the management literature assume linearity. In 

actual managerial contexts, linearity is the exception to the rule. By assuming the linearity of 

interactions, a researcher may miss valuable insights into managerial decision making. 

Insightful decision making was critical for my study given the ragpickers’ vulnerability. 

Capturing the actual underlying patterns more accurately, including interaction effects, would 

help ragpickers maximize their income. I found some evidence of nonlinear interactions in the 

informal solid waste sector, but the research was not quantitative. Specifically, researchers 

investigating waste recycling in a developing city found a complex set of social interactions 

between local authorities, private enterprises, waste pickers, traders, NGOs, and recycling 

enterprises (Zia et al., 2008). Other researchers coined the term “sustainopreneurs” to mean 

pickers who, as part of the modernization of waste management systems, experience social 

stigmas impeding their social interactions (Yousafzai et al., 2020). Lastly, researchers in the 

Gaza Strip suggested interactions among ragpickers, community, commodity prices, and 
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governmental formalization of the waste chain (Al-Khatib et al., 2020). These interactions are 

socially intricate and hint at nonlinear data patterns. However, these researchers did not 

implement nonlinear methods, probably due to the difficulty of their implementation, which is 

often the case in business research. 

Nonlinear regression can fit nonlinear data patterns but requires more work to match the 

actual pattern of the data to a formula and then interpret the results. Researchers often select 

incorrect nonlinear relationships between variables by attempting to fit an existing formula, such 

as a quadratic, to which the actual data only has a partial resemblance (Albers & Grasbrook, 

2016). Coefficients of nonlinear interactions are not like coefficients of linear interactions 

(Norton et al., 2004). Searching for the presence of a nonlinear interaction effect requires testing 

at different levels of the predicting variable set because the magnitude of the difference could be 

different for each level tested (Mize, 2019). Often coefficient estimates are ignored in favor of 

marginal effect analysis. However, nonlinear models are sensitive. The most common approach 

uses an “average case,” which misses explanatory power (Hanmer & Ozan Kalkan, 2013). 

Interestingly, nobody has examined nonlinear interactions using a multivariate approach in 

humanitarian operations. In this study, I examined the nonlinear relationships derived from a 

small quantity of data. 

Small Data Sets 

Much existing research employing nonlinear models relies on large quantities of data. 

There has been a data-driven revolution in business called “big data.” Firms have been 

accumulating enormous quantities of data to the point that they have become inundated (Huang 

et al., 2018). The thirst for big data to create firm value through data-driven decisions, customer 

analytics, and firm performance projections, to name a few, has seemed insatiable. 
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However, is there not value in small data sets? Small data sets exist because of the 

difficulty of obtaining research data, including moral boundaries to gathering information that 

directly impacts subjects (Adams & Lawrence, 2018). Many researchers simply ignore or are 

unable to handle small data sets, so they miss valuable insights and relationships. In this 

research, I uncover valuable insights in spite of being bounded by small data set availability. One 

of the most common techniques used to address small data sets is bootstrapping (Efron, 1993). 

Bootstrapping is a statistical technique that approximates the sampling distribution of the 

data set using resampling with replacement. Resampling with replacement means that a random 

sample is taken from the population, copied to the new data set, and then returned (Johnson, 

2001). The original population data do not change, and thus the probability of selecting any 

datum remains the same through repeated resampling. Intuitively, a sample that is too small 

could be a problem, but samples of as few as 14 items have produced acceptable results. Also, 

the assumption is that increasing the number of samples does not garner any new information; it 

instead accounts for more of the variance. A sample size of 50 provides good standard error 

estimates (Efron et al., 2015). 

Creating a “bootstrap sample” involves selecting n random samples from a data set 

(Efron, 1993). The bootstrap sample is similar to, but probably not identical to, the original data 

set because some original data points are duplicated or ignored (Chernick, 2007). Therefore, I 

made the assumption that bootstrapped data approximated statistical features of the true 

population (Li et al., 2018). In the bootstrapping process, each bootstrap sample has associated 

accuracy measurements, including traditional statistics such as bias, confidence intervals, 

variance, and prediction error (Efron, 1993). When an ANN combines with bootstrapping, 
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problematic model overfitting is possible (Breiman, 1996). However, aggregation of multiple 

bootstrap samples resolves the overfitting. 

Breiman (1994) introduced bootstrap aggregation, or bagging, and Breiman (1996) 

expanded the method. Bagging is a technique for generating multiple versions of a predictor, 

which combine into an aggregate predictor. Bootstrap samples of the original data set are 

created, with replacement, forming new learning sets. Coefficient instability of a model impacts 

bagging. Instability results when a slight change in a model predictor has a significant impact on 

the model’s predictions (Breiman, 1996). 

Conversely, when a relationship is stable, bagging offers little additional value. Bagging 

is best used with instability because it improves accuracy and reduces overfitting (Dietterich, 

2000). Bagging was essential for this study because it produced an accurate model representing 

the original data set’s general patterns. In the next section I detail how I built an ANN model 

with multiple oversampled data sets inspired by bagging. 

Method 

I studied the relative impact of nonlinear interactions on productivity at the BoP using an 

ANN. By analyzing data collected in partnership with an NGO supporting ragpicker colonies, I 

hoped to provide insight into improving ragpicker livelihoods and solid waste collection, which 

has plagued developing nations. Other researchers have examined relationships between 

ragpickers and formalization of ragpickers’ contribution to the solid waste system, but those 

researchers have focused on linear relationships. However, in business, relationships are 

frequently nonlinear (Albers & Grasbrook, 2016). It is therefore a safe assumption that most 

relationships in the ragpicker business world are nonlinear. However, no other researchers 

studying picker productivity have applied nonlinear resource interactions. In this study I was not 
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bound by any particular model form’s assumptions and therefore could examine ragpicker 

productivity more accurately. In the sections that follow I describe how I prepared the data set, 

trained an ANN model, tested the model’s generalizability, and conducted sensitivity analysis. 

Data Set 

Collecting research data on ragpicker communities is challenging from several 

perspectives. Data collection must take place in areas strewn with solid waste. Ragpickers are 

suspicious of outsiders, and time they spend being interviewed impacts their income, health, and 

rest time. Minimizing the time taken collecting data and limiting the total number of interviews 

is therefore critical for ragpickers’ well-being. 

My study was a joint international effort involving researchers and a local NGO in India. 

Initial rapport grew into a long-term relationship with the ragpicker groups. This unique access 

enabled me to obtain data for the independent variables of my model: resources, literacy, 

receptiveness to NGO suggestions, and group size. The NGO’s waste collection records were the 

source of data for the dependent variables: the masses of biodegradable, recyclable, and inert 

waste. Data validation occurred at various stages of collection. NGO officers and academic 

researchers followed up with field visits to the various ragpicker warehouses, known as 

“godowns.” At the godowns, researchers verified the validity of data with ragpicker interviews 

and review of NGO records. Before analysis, I further scrutinized the emerging data set. 

Data gathering took place at nine godowns located throughout India's National Capital 

Region. Researchers and NGO officers interviewed 196 ragpickers organized into 42 picker 

groups. I therefore had 42 data points, one for each group (Table 1). 

From the data collected, I found that the waste types had different economic and social 

values. Recyclable waste was the most profitable and sold quickly for revenue. Biodegradable 
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waste was suitable for repurposing into farming and compost, but resale could take longer. Inert 

was the least desirable and usually ended up in a landfill. The removal of all three waste types 

supported a cleaner environment. 

Table 1 

Descriptive Statistics of Ragpicker Data Set 

Variable M SD Minimum Maximum 
Dependent variables (kg/capita/month) 

Biodegradable 5,238 2,499 833 7,750 
Inert 320 169 50 603 
Recyclable 3,224 1,674 558 7,067 

Independent variables 
Group size 4.67 1.69 1 9 
Receptiveness to nongovernmental organizations 0.48 0.51 0 1 
Number of literate members 0.14 0.31 0 1 
Resource level 1.64 0.93 0 3 
 

In the next section, I formulate the research question using the small data set. 

Research Question 

I analyzed the interactions of four independent variables and their influence on waste 

productivity. Six pairs formed from these four variables (Table 2). Only limited anecdotal 

evidence existed regarding nonlinear interactions at the BoP (O'Leary-Kelly et al., 1994; 

Himmler & Jäckle, 2018; Gualandris & Klassen, 2018; Steiner, 1972). I examined each bivariate 

interaction among the productivities of biodegradable, recyclable, and inert waste collection. 

Capturing the bivariate interactions required separating data into training and testing sets to 

model the underlying patterns. 
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Table 2 

Bivariate Interaction Pairs of Multiple Independent Variables 

Bivariate interaction Variables held constant to median value 
Group size x receptiveness to NGOs Resource level, literate members 
Group size x resource level Receptiveness to NGOs, literate members 
Group size x literate members Resource level, receptiveness to NGOs 
Receptiveness to NGOs x resource level Group size, literate members 
Receptiveness to NGOs x literate members Group size, resource level 
Resource level x literate members Group size, receptiveness to NGOs 

Note. NGO = nongovernmental organization. 

Model Validation 

Researching nonlinear interactions with an ANN required large quantities of data. 

However, for the reasons described earlier, I had only a small data set consisting of 42 data 

points. So, how does a researcher know whether a model works? Validation of an ANN model 

depends on its generalizability to new data (James et al., 2013). Valid ANN models give accurate 

estimates of the training data that generalize to unseen data. Therefore, dividing the data set is 

essential for assessing validity. 

I split the original data set into training (80%) and testing (20%) data sets, and the testing 

data set served as the unseen data (Figure 3). This 80/20 split is a common technique when 

building an ANN model (Kohavi, 1995). Ultimately, the ANN model had 33 training data points 

and nine testing data points. I would have achieved generalizability, and produced a valid model, 

if the predictions based on the testing set were acceptable (James et al., 2013; Johnson, 2001). 

However, building the ANN required large quantities of data. 
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Figure 3 

Neural Network 80/20 Data Split, Training, and Validation 

 
 

To get the number of data points needed, I had to expand the training data set by 

bootstrapping approximately 800 data points. In preliminary testing, the model showed signs of 

overfitting when trained with more than 800 data points; however, I needed to confirm this while 

building the ANN. ANN models require many data points so that the backpropagation process 
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can iterate through learning correctly (Breiman, 1996; Johnson, 2001). In the next section, I 

describe how the training data set was essential to training of the ANN. 

Building the Model 

Researchers are often inspired by nature when they develop metaheuristic algorithms. 

Such algorithms behave just like their natural counterparts. These new methods often carry 

attention-grabbing names, such as ant colony, genetic algorithms, and particle swarm 

optimization (Eberhart & Kennedy, 1995). For this study, I implemented an ANN based on a 

biological brain structure. A brain is capable of the abstract thought and complex calculations 

necessary to study nonlinear interactions. The brain is a vast array of interconnected neurons. 

Each neuron receives a signal, processes the signal, then decides whether it should transmit the 

result to another neuron. An artificial neuron imitates this process using a mathematical formula. 

Using an ANN to find the impact of interactions was critical to improving ragpickers’ 

livelihoods because recommendations based on the ANN could directly improve their incomes. 

Building an ANN requires research and experimentation. In the sections that follow, I 

address data gathering peculiarities (including those related to small data sets), ANN training, 

bootstrapping, and oversampling. I then show how ANNs can capture nonlinear interactions 

using sensitivity analysis. First, however, I address activation functions, which are critical to 

ANN operation. 

Activation Functions 

An activation function is a formula that directs the processing of a neural network. Each 

node in the network has an activation function that acts as a signal gatekeeper. The function 

evaluates the signal input and determines the signal to pass on. The activation function also helps 

normalize each node’s output to lie in the range 0 to 1 or –1 to 1 (Grznar et al., 2007). The 
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outputs of more recent advanced activation functions can range from 0 to infinity. Different 

layers of an ANN can have different functions. It thus takes preliminary research, trial, and error, 

to determine the most appropriate function or functions to use. I narrowed down function 

candidates (Table 3) to those that model nonlinear relationships and then experimented to find 

the best performing function. Each candidate function has different traits that impact model 

building. 

My preliminary research indicated that a sigmoid activation function produced better 

results on a small subset of the training data. Once formal research began, I had to confirm these 

results. Although superior, an ANN with a sigmoid activation function takes more processing 

power and time to build a model. The activation function was a critical element of the ANN’s 

operation. In the section that follows, I detail the structure of the ANN. 

Table 3 

Neural Network Activation Function Candidates 

Activation function Description Application 
Linear Straight line for activations Applicable to linear problems only 
Sigmoid Nonlinear curve, such as a letter 

“C” or “S” 
Range is 0 to 1. 
Refuses to learn as errors approach 0 

Hyperbolic tangent Nonlinear curve, such as a letter 
“C” or “S,” that bisects plane 
at origin 

Range is −1 to +1. 
Detects small changes better than 

sigmoid. 
Refuses to learn as errors approach 0 

Rectified linear unit Both linear and nonlinear Range is 0 to infinity. 
Requires less processing power 
Stops learning as it nears zero 

Note. Adapted from “A Novel Activation Function for Multilayer Feed-Forward Neural 
Networks,” by A. N. Samatin Njikam and H. Zhao, 2016, Applied Intelligence, 45(1), 75-82 
(https://doi.org/10.1007/s10489-015-0744-0). Copyright 2016 by Springer. 
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ANN Structure 

The most straightforward ANN consists of an input layer, a hidden layer, and an output 

layer. Each layer has one computational node representing one input variable, one calculation 

node, and one output variable. The input layer represents the independent variables that impact 

the output layer, which represents the dependent variables. An ANN can accept multiple 

independent variables and also evaluate multiple dependent variables. My model used group 

size, resource level, receptiveness to NGO suggestions, and literacy as nodes in the input layer. 

The output layer consisted of one node representing productivity for one type of waste. Because I 

researched biodegradable, recyclable, and inert waste, each type of waste had a separate model. 

It would have been possible to build a single ANN model with all three outputs, but this would 

have taken much more computing power and required more data; therefore, I modeled one 

dependent variable at a time. 

Internal to my ANN design (Figure 4) is the hidden layer; typically, a hidden layer 

consisting of one layer of nodes is sufficient for most business research (Warner & Misra, 1996). 

However, I used multiple layers of nodes in the hidden layer to create a deep learning model, 

which increased computing power accordingly. My analysis of nonlinear interactions between 

independent variables in an under-researched business sector warranted the additional computing 

power. I determined the number of layers and nodes in each layer through experimentation. I 

found that two layers of nodes in the hidden layer, each with approximately 40 nodes, produced a 

good balance between computational results and processing time. 
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Figure 4 

Artificial Neural Network Analyzing Multivariate Nonlinear Interactions 

 
 

Therefore, my ANN had a structure of 4:40:40:1, where the colon-separated numbers 

indicate the number of nodes in each layer of nodes starting with the input layer, continuing with 

the hidden layer, and ending with the output layer. In the section that follows, I describe how 

backpropagation traversed this network structure learning the relationships between the 

variables. 

Epochs and Overfitting 

Backpropagation is the process by which ANNs learn data patterns. ANNs learn complex 

data patterns by adjustment of nodal weights. The weights of an ANN represent the strengths of 

the connections between nodes. As computation progresses through the network, the predicted 

value reaches the output layer for comparison with the desired value. Backpropagation then 

adjusts the nodal weights throughout the network based on the error. This backpropagation seeks 

to minimize the network’s total error (LeCun et al., 2012). 
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An ANN that processes from input layer to hidden layers and stops at the output layer is a 

feed-forward network. The network structure itself does not learn by iteration by attempting to 

minimize error. However, backpropagation combined with a feed-forward network provides the 

ability to learn and adapt. Each iteration forward and backward within the network is a training 

epoch. I determined the number of epochs necessary through experimentation. I saved the model 

parameters, including the number of epochs, when the error between desired and predicted 

values was minimized. Once I had built the model, it was ready for sensitivity analysis. 

Sensitivity Analysis 

Taking the four independent variables in pairs led to six combinations. The collective 

impact of each combination on waste productivity was evaluated in an iterative fashion. For 

example, to determine the combined impact of group size and resources on the waste 

productivity, I needed to calculate the waste productivity for each pair’s value. For each analysis, 

the remaining two independent variables remained constant at their mean values. Eighteen plots 

formed the core of my research to study nonlinear interactions—six sets of results for each of 

three waste types (biodegradable, recyclable, and inert). However, based on the model validation 

method described earlier, I had to perform the analysis using many ANN models. In the next 

section, I describe how I obtained my final results from these many models. 

Obtaining Final Analysis Results from the ANN Models 

Each independent variable had its own range of possible values. I divided each range into 

steps so that I could use sensitivity analysis to capture the waste productivity for that 

combination of inputs. For example, group size ranged from 2 to 9, so I divided this range into 

25 steps. Resources ranged from 0 to 3, which I also divided into 25 steps. I measured waste 

productivity for every combination of steps. 



BUSINESS PRODUCTIVITY AT THE BOTTOM OF THE PYRAMID  

  

33 

Every ANN model produced unique results because it began training with randomly 

generated weights, so no two outputs were the same. By combining the results of many ANN 

models, I could accurately capture the underlying data patterns. I trained several hundred models 

and then calculated the median productivity value for each pair. I then plotted the median 

productivity values, showing the pair’s interaction with a dual-axis plot, and saved the data in 

Microsoft Excel format for detailed analysis. 

I focused on improving productivity for the benefit of ragpicker communities and the 

informal solid waste sector. The aggregated sensitivity analysis results were insightful for work 

in this sector, filling a significant research gap. Analysis with ANNs using bootstrapping and 

oversampling provided a more accurate model of the variables, which predicted increased 

ragpicker productivity and income. Capturing nonlinear interactions in a small data set in this 

way was novel and could be a model for researchers in other nontraditional business domains 

who wish to uncover new relationships. 

Results 

In this section, I present the results of my analysis of nonlinear interactions of literacy, 

resources, receptiveness to NGO support, and group size with the weights of recyclable, 

biodegradable, and inert waste collected. The Appendix describes each relationship further. 

Group Size and Receptiveness to NGO Support 

Ragpicker groups ranged in size from two to nine members. Ragpicker groups are often 

women with small children who have migrated from rural areas to urban, and often ethnically 

different, areas. Some ragpicker groups may be naturally inclined to receive NGO advice. NGOs 

provide technical, business, and logistical support to ragpicker groups to broker and coordinate 
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waste-stream stakeholders. Figures 5–7 illustrate the ragpickers’ productivity in kilograms of 

waste per capita per month based on group size and receptiveness to NGO support. 

Figure 5 

Productivity (Kilograms per Capita per Month), Group Size, and NGO Support: Recyclables 

 

Note. For small (n = 2) and large (n = 9) group sizes, Δ = 53 kg for receptive to NGO, and 
Δ = −1,089 kg for not receptive to NGO support: −53 kg – (−1,089 kg) = 1,036 kg. NGO = 
nongovernmental organization. 
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Figure 6 

Productivity (Kilograms per Capita per Month), Group Size, and NGO Support: Biodegradables 

 

Note. For small (n = 2) and large (n = 9) group sizes, Δ = 499 kg for receptive to NGO, and 
Δ = −2,201 kg for not receptive to NGO support: 499 kg − (−2,201) kg = 2,700 kg. NGO = 
nongovernmental organization. 

Figure 7 

Productivity (Kilograms per Capita per Month), Group Size, and NGO Support: Inert Materials 

 

Note: For small (n = 2) and large (n = 9) group sizes, Δ = 49 kg for receptive to NGO, and 
Δ = −58 kg for not receptive to NGO support: 49 kg – (−58 kg) = 107 kg. NGO = 
nongovernmental organization. 
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If the ragpickers were receptive to NGO support and formed into large groups (n = 9), the 

nonlinear interaction improved the relative productivity yields1 per capita per month for 

recyclables (1,036 kg), biodegradables (2,700 kg), and inert materials (107 kg). 

Table 4 gives the numerical results depicted in Figure 5, which indicate a nonlinear 

interaction. The interaction between ragpicker groups and their receptiveness to NGO support 

varied based on group size. The difference in productivity grew as the group size increased. The 

differences between the productivities of groups of adjacent sizes (two and four, four and six, 

and six and eight) are Δ-values. The inequality of the Δ-values was evidence of nonlinearity. 

Table 4 

Nonlinear Interaction of Receptiveness and Group Size: Recyclable Collection (Kilograms per 

Capita per Month) 

 Group size 

Picker receptiveness 2 4 6 8 

Receptive 3,539 3,525 3,510 3,493 
Not receptive 2,412 1,996 1,562 1,371 

Difference 1,127 1,529 1,948 2,122 
∆ 

 
402 419 174 

Note. The ∆-value for each pair of columns appears in the rightmost column of the pair. 

Analysis of the Δ-values could lead to one of three conclusions. First, if each Δ-value 

were zero (Equation 1), there would be no interaction: 

! Δ!
!∈{$,&,'}

= 0. (1) 

 
1 Relative productivity yield is the difference between those receptive to NGO support and those that are not 
receptive, between small and large groups, essentially a yield improvement. 
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If the Δ-values were all equal (Equation 2), there would be a linear interaction: 

∆$= ∆&= ∆'. (2) 

If the Δ-values were not equal (Equation 3), there would be a nonlinear interaction: 

∆$	≠ ∆&	≠ ∆'. (3) 

Equation 4 shows that the Δ-values for receptiveness and group size were not equal, and 

therefore there was nonlinearity in the collection of recyclable waste: 

402	kg ≠ 419	kg ≠ 174	kg. (4) 

The nonlinear interaction was evident in all three waste types as group size increased. 

Productivity increased or remained level when the ragpicker groups were receptive to NGO 

support. Ragpicker groups that were not receptive to NGO support had lower productivity as the 

group size increased for each waste type. The interaction between group size and ragpicker 

receptiveness was strongest for recyclables collection (see Figure 5). The collection of 

biodegradables and inert materials involved limited interactions (see Figures 6 and 7). 

Researchers have reported that productivity initially decreases as group size increases 

(Grznar et al., 2007). However, evidence from the ANN models indicated that groups that were 

receptive to NGOs maintained productivity as group size increased and displayed greater 

commitment to collecting less lucrative biodegradable and inert waste. Receptive groups saw 

collaboration with NGOs as a benefit. NGOs can provide access to basic needs, health care, 

education, and waste-stream stakeholders. NGOs in the developing world often have a 

charitable, altruistic mission to improve the local environment, funded mainly by reselling 

recyclables. Possible economies of scope might become active as groups become more 

synchronized to NGOs’ altruistic missions. 
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Group Size and Resource Level 

Researchers have also analyzed how ragpicker group size interacts with resources 

available to each group. The ragpicker groups analyzed had different resources available, divided 

into levels as follows: Level 0 corresponded to no equipment; Level 1 corresponded to education 

materials; Level 2 corresponded to education materials, rikshaws, and trolley carts; and Level 3 

corresponded to education materials, rikshaws, trolley carts, and a carrying bag (bakku). Figures 

8–10 illustrate the productivity in kilograms per capita per month of ragpickers based on the 

interaction between group size and resource level. 

Productivity was highest when ragpickers were organized into small groups (n = 2) and 

equipped with Level 3 resources. The relative productivity yields per capita per month increased 

for recyclables (25 kg, see Figure 8), declined for biodegradables2 (−1,266 kg, see Figure 9), and 

increased for inert materials (51 kg, see Figure 10). 

Figure 8 

Productivity (Kilograms per Capita per Month), Group Size, and Resource Level: Recyclables 

 

 
2 The difference is between two sets of differences, small group size to large group size at two resource levels (0 and 
3).  The difference between them is reduced by 1,266 kg. 
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Note. For high (Level 3) to low (Level 0) resource levels, Δ = 1,233 kg for small groups (n = 2), 
Δ = 1,259 kg for medium groups (n = 5), and Δ = 1,208 kg for large groups (n = 9): 
1,233 kg – 1,208 kg = 25 kg. 

Figure 9 

Productivity (Kilograms per Capita per Month), Group Size, and Resource Level: 

Biodegradables 

 

Note. For high (Level 3) to low (Level 0) resource levels, Δ = 458 kg for small groups (n = 2), 
Δ = 1040 kg for medium groups (n = 5), and Δ = 1724 kg for large groups (n = 9) groups: 
458 kg – 1724 kg = −1,266 kg. 
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Figure 10 

Productivity (Kilograms per Capita per Month), Group Size, and Resource Level: Inert Material 

 

Note. For high (Level 3) to low (Level 0) resource levels, Δ = −43 kg for small groups (n = 2), 
Δ = −89 kg for medium groups (n = 5), and Δ = −94 kg for large groups (n = 9): 
−43 kg − (−94 kg) = 51 kg. 

Nonlinear interaction was evident for biodegradable and inert waste collection as the 

resource level increased (n ≥ 2). Figure 8 indicates that recyclable waste productivity had a more 

linear relationship with resource level for the group sizes shown. Smaller groups were more 

productive than larger groups at collecting all three waste types, which is consistent with the 

findings of Wheelan (2009). 

Table 5 gives the numerical results depicted in Figure 10, which indicate a nonlinear 

interaction for collection of inert materials. The Δ-values correspond to the differences between 

Resource Levels 0 and 1, Resource Levels 1 and 2, Resource Levels 2 and 3, and Resource 

Levels 3 and 4. As Equation 5 shows, the Δ-values were not equal for resource level and group 

size, and therefore there was nonlinearity in the collection of inert waste: 

33	kg ≠ 20	kg ≠ 2	kg. (5) 
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Table 5 

Nonlinear Interaction of Group Size and Resources: Inert Collection (Kilograms per Capita per 

Month) 

 Resource level 

Group size 0 1 2 3 

2 313 304 297 271 
9 255 213 186 162 

Difference 58 91 111 109 
∆ 

 
33 20 −2 

Note. The ∆-value for each pair of columns appears in the rightmost column of the pair. 

Figure 10 indicates that the Δ-values diverged between Resource Levels 1 and 2, 

highlighting the interaction. Small groups (n = 2) generally outproduced larger groups collecting 

inert waste at every resource level. Both large and small groups had similar mechanization 

capabilities (rikshaws and trolley carts) at Resource Level 2; however, a productivity gap 

emerged. Large groups are more likely to find work in more lucrative waste types because of 

their greater capacities to transport waste. Therefore, it is more efficient for businesses and 

industries to hire a few larger picker groups than many smaller groups. 

The interaction for biodegradable waste collection was different from that for inert waste 

collection (see Figure 9). When large groups had high levels of resources, the productivity gap 

between them and small groups closed. Larger groups may better operationalize complimentary 

resources (e.g., larger carts) and thus gain economies of scale. 

Group Size and Literacy 

I also analyzed interactions between ragpicker group size and group literacy. None of the 

ragpicker groups analyzed had more than one literate member, and many had no literate 
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members. Figures 11–13 illustrate the ragpickers’ productivity per capita per month based on 

their group size and literacy level. 

Nonlinear interactions were evident for biodegradable and inert waste collection but not 

recyclable waste collection. The strongest interaction was for the collection of biodegradable 

waste. Ragpickers were most productive when they collected all waste types and formed into 

small groups (n = 2), each with one literate member. When ragpickers formed into smaller 

groups (n = 2), each with one literate member, the productivity yield per capita per month 

equalized for recyclables (−91 kg) but worsened for biodegradable (−2,074 kg) and inert 

materials (−15 kg). 

For biodegradable waste collection, there was a strong interaction between group size and 

literacy. Ragpicker groups with higher literacy can obtain work in business and industrial 

settings with no biodegradable waste streams. 

Figure 11 

Productivity (Kilograms per Capita per Month), Group Size, and Literacy: Recyclables 

 

Note. For high (1) to low (0) literacy level, Δ = 585 kg for small groups (n = 2), Δ = 796 kg for 
medium groups (n = 5), and Δ = 676 kg for large groups (n = 9): 585 kg − 676 kg = −91 kg. 
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Figure 12 

Productivity (Kilograms per Capita per Month), Group Size, and Literacy: Biodegradables 

 

Note. For high (1) to low (0) literacy level, Δ = −1,644 kg for small groups (n = 2), Δ = −435 kg 
for medium groups (n = 5), and Δ = 430 kg for large groups (n = 9): −1,644 kg − 430 kg 
= −2,074 kg. 

Figure 13 

Productivity (Kilograms per Capita per Month), Group Size, and Literacy: Inert Material 

 

Note. For high (1) to low (0) literacy level, Δ = 3 kg for small groups (n = 2), Δ = 19 kg for 
medium groups (n = 5), and Δ = 18 kg for large groups (n = 9): 3 kg − 18 kg = −15 kg. 
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Higher literacy improved biodegradable waste collection, but only for large groups (n = 9). This 

interaction effect may have been due to the presence of a third variable, which could have 

confounded the results; this possibility warrants further examination in the future. 

Table 6 gives the numerical results depicted in Figure 12, which indicate an interaction 

within biodegradable collection: The productivity differed between different sized ragpicker 

groups with different literacy levels. The Δ-value is the difference between the productivities of 

groups with no literate members and groups with one literate member each. The value of Δ was 

large, which was evidence of an interaction: 

−2,398	kg ≠ 0	kg. (6) 

Table 6 

Interaction of Group Size and Literacy: Biodegradable Collection (Kilograms per Capita per 

Month) 

 Literacy 

Group size 0 1 

2 4,750 2,988 
9 2,549 3,185 

Difference 2,201 −197 
∆ 

 
−2,398 

Note. The ∆-value for the pair of columns appears in the rightmost column of the pair. 

Receptiveness to NGO Support and Resource Level  

I analyzed interactions between receptiveness to NGO support and available resources. 

The ragpicker groups analyzed had different resources available, divided into levels as follows: 

Level 0 corresponded to no equipment; Level 1 corresponded to education materials; Level 2 

corresponded to education materials, rikshaws, and trolley carts; and Level 3 corresponded to 
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education materials, rikshaws, trolley carts, and a carrying bag. Figures 14–16 illustrate the 

ragpickers’ productivity in kilograms per capita per month based on their receptiveness to NGO 

support and resource level. 

Nonlinear interactions were evident in the recyclable and inert waste collection but not in 

the biodegradable waste collection. The interaction was strongest for the recyclable waste 

collection. Ragpickers achieved the best relative productivity if they employed Level 3 

resources. Collection yields per capita per month increased for recyclables (4,814 kg) and 

biodegradables (928 kg) but declined for inert materials (−180 kg). 

For recyclable waste collection, as shown in Figure 14, there was a strong nonlinear 

interaction between receptiveness to NGO support and resource level. Ragpicker groups that are 

nonreceptive to NGO support and invest in better resources tend to pursue lucrative recyclable 

collection, foregoing collection of biodegradable and inert waste. 

Figure 14 

Productivity (Kilograms per Capita per Month), Receptiveness to Nongovernmental 

Organization Support, and Resource Level: Recyclables 

 



BUSINESS PRODUCTIVITY AT THE BOTTOM OF THE PYRAMID  

  

46 

Note. For high (Level 3) to low (Level 0) resource levels, Δ = 4,953 kg for nonreceptive, and 
Δ = 139 kg for receptive: 4,953 kg – 139 kg = 4,814 kg. 

Figure 15 

Productivity (Kilograms per Capita per Month), Receptiveness to Nongovernmental 

Organization Support, and Resource Level: Biodegradables 

 

Note. For high (Level 3) to low (Level 0) resource levels, Δ = 2,584 kg for nonreceptive, and 
Δ = 1,656 kg for receptive: 2,584 kg − 1,656 kg = 928 kg. 
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Figure 16 

Productivity (Kilograms per Capita per Month), Receptiveness to Nongovernmental 

Organization Support, and Resource Level: Inert Material 

 

Note. For high (Level 3) to low (Level 0) resource levels, Δ = −170 kg for nonreceptive, and 
Δ = 9.5 kg for receptive: −170 kg − 9.5 kg = −180 kg. 

This interaction effect may also be due to a third variable; this possibility warrants further 

examination in the future. 

Table 7 gives the numerical results depicted in Figure 14, which indicate a nonlinear 

interaction between receptiveness to NGO support and resources for the collection of recyclable 

waste. The difference increased with the resource level. Equation 7 shows that the Δ-values were 

unequal for receptiveness and resource level, and therefore there was a nonlinear interaction for 

collection of recyclable waste: 

−405	kg ≠ −1,480	kg ≠ −2,929	kg. (7) 
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Table 7 

Nonlinear Interaction of Receptiveness and Resources: Recyclable Collection (Kilograms per 

Capita per Month) 

 Resources 

Picker receptiveness  0 1 2 3 

Receptive 3,554 3,602 3,644 3,693 
Not receptive 2,700 3,152 4,674 7,652 

Difference 855 450 −1,030 −3,959 
∆ 

 
−405 −1,480 −2,929 

Note. The ∆-value for each pair of columns appears in the rightmost column of the pair. 

In Figures 14–16, it is evident that ragpicker receptiveness stabilized productivity across 

resource levels. When receptive, pickers gain access to NGOs that provide support, including 

resources. NGOs expect an outcome in return, such as waste collection in the less lucrative 

biodegradable and inert waste types (Prasad & Tata, 2015). NGOs also assist with the collection 

and disposal of inert waste by providing free disposal logistics systems. 

Receptiveness to NGO Support and Literacy 

I analyzed interactions between receptiveness to NGO support and group literacy. Figures 

17–19 illustrate the productivity in kilograms per capita per month of ragpickers based on the 

interaction between their receptiveness to NGO support and literacy level. Nonlinear interactions 

were evident for all three waste types. The interaction was strongest for the collection of 

recyclable waste. If ragpickers were receptive to NGO support and each group had one literate 

member, productivity yield per capita per month increased for recyclables (1,540 kg), 

biodegradables (1,166 kg), and inert materials (76 kg). 
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For recyclable waste collection (Figure 17), there was a strong interaction between 

receptiveness to NGO support and literacy level. Ragpicker groups with higher literacy work in 

business and industrial settings with no biodegradable or inert waste streams. 

Figure 17 

Productivity (Kilograms per Capita per Month), Responsiveness to Nongovernmental 

Organization Support, and Literacy: Recyclables 

 

Note. For high (1) to low (0) literacy level, Δ = 1,595 kg for nonreceptive, and Δ = 55 kg for 
receptive: 1,595 kg – 55 kg = 1,540 kg. 
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Figure 18 

Productivity (Kilograms per Capita pr Month), Receptiveness to Nongovernmental Organization 

Support, and Literacy: Biodegradables 

  

Note. For high (1) to low (0) literacy level, Δ = 501 kg for receptive, and Δ = −665 kg for 
nonreceptive: 501 kg – (−665 kg) = 1,166 kg. 

Figure 19 

Productivity (Kilograms per Capita per Month), Receptiveness to Nongovernmental 

Organization Support, and Literacy: Inert Material 

 

Note. For high (1) to low (0) literacy level, Δ = −27 kg for receptive, and Δ = −102 kg for 
nonreceptive. −27 kg – (−102 kg) = 76 kg. 
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Higher literacy improved productivity in recyclable collection among nonreceptive ragpicker 

groups more than among receptive groups. I expected the literacy interaction to show greater 

ragpicker productivity. This unusual interaction effect may have been due to a third variable; this 

possibility warrants further examination in the future. 

Table 8 gives the numerical results depicted in Figure 17, which indicate an interaction 

for recyclable collection: The productivity differences between receptive and not receptive 

ragpicker groups with different literacy levels result from the interaction. The Δ-value is the 

difference between the productivity of groups with no literate members and groups with one 

literate member each. Because Δ was large, there was evidence of an interaction: 

−1,539	kg ≠ 0	kg. (8) 

Table 8 

Interaction of Receptiveness to Nongovernmental Organization Support and Literacy: 

Recyclable Collection (Kilograms per Capita per Month) 

 Literacy 

Picker receptiveness 0 1 

Receptive 3,554 3,609 
Not receptive 2,715 4,309 

Difference 839 −700 
∆ 

 
−1,539 

Note. The ∆-value for the pair of columns appears in the rightmost column of the pair. 

Figures 17–19 indicate that there were limited interactions for the biodegradable and inert 

waste collection. Higher literacy enabled greater productivity when ragpickers were receptive to 

NGO support. Literate ragpicker groups were likely more receptive to NGO support and 
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achieved better productivity because health care, education, and access to waste-stream 

stakeholders became available. 

Resource Level and Literacy 

I analyzed interactions between resource level and group literacy. Linear interactions 

were evident for the collection of all three waste types. Productivity was the highest for 

recyclable collection when ragpicker groups had high resource levels and one literate member 

each. Figures 20–22 illustrate the productivity in kilograms per capita per month of ragpickers 

based on the interaction of resource level and literacy. If ragpickers were equipped at Resource 

Level 3 and each had one literate member, the productivity yield per capita per month increased 

for recyclables (55 kg), decreased for biodegradables (−21 kg), and increased for inert materials 

(7.5 kg). 

Figure 20 

Productivity (Kilograms per Capita per Month), Resource Level, and Literacy: Recyclables 

 

Note. For high (1) to low (0) literacy level, Δ = 809 kg for Resource Level 3, Δ = 770 kg for 
Resource Level 2, and Δ = 754 kg for Resource Level 0: 809 kg − 754 kg = 55 kg. 
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Figure 21 

Productivity (Kilograms per Capita per Month), Resource Level, and Literacy: Biodegradables 

 

Note. For high (1) to low (0) literacy level, Δ = −2,202 kg for Resource Level 3, Δ = −2,342 kg 
for Resource Level 2, and Δ = −2,227 for Resource Level 0: 2,206 kg − 2,227 kg = −21 kg. 

Figure 22 

Productivity (Kilograms per Capita per Month), Resource Level, and Literacy: Inert Material 

 

Note. For high (1) to low (0) literacy level, Δ = −5.5 kg for Resource Level 0, Δ = −3 kg for 
Resource Level 2, and Δ = 2 kg for Resource Level 3: −5.5 kg − 2 kg = −7.5 kg. 
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When ragpicker groups had higher resource levels, productivity increased for recyclable 

and biodegradable waste collection. Ragpickers with more resources can shift from 

biodegradable and inert collection to lucrative recyclable collection, displaying ragpicker self-

interest (Asproudis, 2011). Ragpicker groups with higher literacy levels can also shift from 

biodegradable to recyclable collection. For inert waste collection, there was minimal interaction 

with literacy. 

Table 9 gives the numerical results depicted in Figure 21, which indicate an interaction 

for biodegradable collection. The Δ-values are differences between resource levels and between 

groups with no literate members and groups with one literate member each. The Δ-values were 

large, which was evidence of an interaction. Equation 9 shows that the Δ-values for literacy and 

resource level were unequal, and therefore there was nonlinearity for recyclable waste: 

−44	kg ≠ 158	kg ≠ −136	kg. (9) 

Table 9 

Nonlinear Interaction of Literacy and Resource Level: Biodegradable Collection (Kilograms per 

Capita per Month) 

 Resource level 

Literacy 0 1 2 3 

0 5,315 5,338 5,512 5,636 
1 3,088 3,155 3,171 3,431 

Difference 2,227 2,183 2,341 2,205 
∆ 

 
−44 158 −136 

Note. The ∆-value for each pair of columns appears in the rightmost column of the pair. 

Figures 20–22 indicate interactions between literacy and resource level. Higher levels of 

literacy enabled greater productivity when ragpickers were receptive to NGO support. Literate 
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ragpicker groups and highly resourced ragpicker groups are more likely to work in business and 

industrial settings without biodegradable or inert waste streams. 

Interactions Supporting NGOs’ Missions 

NGOs use recyclable waste to fund their overall missions, such as interacting with 

ragpickers to reduce poverty and organizing waste-stream stakeholders to clean up the 

environment. The pair of variables that most affected the accomplishment of both missions, 

based on total waste collected, were ragpicker receptiveness and resource level (5,562 kg). A 

nonlinear interaction influenced this relationship, allowing ragpickers and NGOs to receive the 

most revenue, based on the 4,814 kg of recyclable waste collected. However, the collection of 

inert material diminished by 180 kg. A third variable may also have affected these results. 

Group size and receptiveness to NGO support were the second most effective pair of 

variables, with a total volume of 3,843 kg waste collected. This pair was also the most effective 

for collection of biodegradable and inert materials (2,700 kg + 107 kg = 2,807 kg), which are the 

least profitable waste types but fulfill NGOs’ altruistic missions. Nonlinear interactions 

substantially influenced the collection of both biodegradable and inert waste when compared to 

other pairs of variables. 

The variable pair of group size and literacy was the only one that had a negative relative 

productivity yield across each waste type. There was evidence of strong linear interactions and 

possibly a third variable. The combined effect drove biodegradable collection to the lowest level 

for any of the paired variables. Table 10 summarizes the interactions found. 
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Table 10 

Summary of Interactions and Productivity (Kilograms per Capita per Month) 

 Waste type  

Bivariate pair Recyclable Biodegradable Inert Total 

Group size x receptiveness 1,036 a 2,700 107 3,843 
Group size x resource level 25 −1,266 51 a −1,190 
Group size x literacy −91 −2,074 bc −15 −2,180 
Receptiveness x resource level 4,814 ac 928 −180 5,562 
Receptiveness x literacy 1,540 bc 1,166 76 2,782 
Resource level x literacy 55 −21 a 7.5 42 

a Nonlinear interaction. b Linear interaction. c Possible third variable present. 
See Figures 5 through 10 for the respective waste type calculation details. 
Data represents the greatest difference in productivity between bivariate pairs. 

 
Discussion 

In this section, I examine how the findings from my research can improve solid waste 

collection efforts in the informal waste sector. In addition, I discuss how this research contributes 

to the literature regarding operations management, BoP, and other topics while extending 

nonlinear interactions to a new context. 

I began this dissertation intending to examine business at the bottom of the business 

pyramid, which others have often overlooked. My study is one of the first examining nonlinear 

interactions in this context. I found nonlinear and linear interactions between the pairs of 

variables analyzed. 

Variable Pairs with Nonlinear Interactions 

In this section I discuss variable pairs that had nonlinear interactions. 
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Group Size and Receptiveness to NGO Support 

Groups that were receptive to NGO support maintained productivity as group size 

increased, and receptive ragpickers displayed greater commitment to collecting less lucrative 

waste types. When ragpickers were receptive and organized into groups of six or more, the 

nonlinear interaction produced the most ragpicker productivity. This arrangement yielded the 

greatest productivity and total volume of waste collected. Productivity enhancement aligns with 

NGO coordination of waste stream services (Prasad et al., 2018).  Receptive ragpickers 

maintained productivity when group size increased (Wheelan, 2009). Therefore, based on my 

findings, NGOs should organize receptive ragpickers into groups of six or more to achieve the 

greatest productivity. Waste collection increased 3,843 kg/capita/month, and income increased 

$49/capita/month3 in this pair analysis. 

Group Size and Resource Level 

Among groups with high resource levels, productivity increased as group size decreased, 

except for inert waste collection. Small groups with high resource levels had the highest 

productivity thanks to the nonlinear interaction between group size and resource level. Nonlinear 

analysis accurately uncovered underlying data patterns in this business context (Albers & 

Grasbrook, 2016). The biodegradable and inert collection data clearly indicated nonlinear 

interactions at work. Biodegradable waste productivity accelerated and converged for all three 

group sizes when resources were at Level 3, which was the highest resource level. Inert waste 

productivity diverged between small and larger groups at Resource Level 2 and decreased for all 

group sizes as resource level increased. This nonlinear interaction suggests that ragpickers with 

high resource levels shifted to the more lucrative collection of recyclable and biodegradable 

 
3 1,036 kg of recyclable waste collected x 3.5 INR per kg x 1/74 INR/USD = $49   
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waste. Based on these results, NGOs should help equip ragpicker groups with resources and 

organize them into smaller groups to achieve the greatest productivity. There should ideally be 

two ragpickers per group. Waste collection decreased 1,190 kg/capita/month, while income 

increased $1/capita/month4 in this pair analysis. 

Receptiveness to NGO Support and Resource Level 

Groups receptive to NGO support effectively maintained productivity as resource level 

increased, and they displayed greater commitment to collecting less lucrative waste types. When 

participants were receptive to NGO support and equipped with high resource levels, the 

nonlinear interaction produced the greatest ragpicker productivity, with the exception of 

recyclable waste collection. The results suggest that ragpickers who were not receptive to NGO 

support and had high resources shifted to the more lucrative collection of recyclable and 

biodegradable waste, therefore acting in their self-interest. The nonlinear interaction was evident 

in recyclable waste collection, because nonreceptive ragpicker productivity accelerated as 

resource level increased. According to these results, NGOs should organize ragpicker groups that 

are receptive to NGO support and equip them with Level 3 resources to achieve the greatest 

productivity. Waste collection increased 5,562 kg/capita/month, and income increased 

$228/capita/month5 in this pair analysis. 

Variable Pairs with Linear Interactions 

In this section I discuss variable pairs that had linear interactions. 

 
4 25 kg of recyclable waste collected x 3.5 INR per kg x 1/74 INR/USD = $1 
 
5 4,814 kg of recyclable waste collected x 3.5 INR per kg x 1/74 INR/USD = $228 
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Group Size and Literacy 

For groups that had one literate member each, productivity increased as group size 

decreased, with the exception of biodegradable waste collection. For biodegradable waste 

collection, the inclusion of one literate ragpicker in each group equalized productivity across 

groups of different sizes. A third variable may have impacted the biodegradable waste collection 

results, because no other unusual impact was apparent in recyclable or inert waste collection. My 

findings contrast with the linear productivity findings of Wheelan (2009) but extend the 

nonlinear findings of Grznar et al. (2007) by including the effects of literacy onto group 

productivity. According to these results, NGOs should organize ragpickers into smaller groups of 

two ragpickers each, with one literate ragpicker in each group, for the greatest productivity. 

Waste collection decreased 2,180 kg/capita/month, and income decreased $4/capita/month6 in 

this pair analysis. 

Receptiveness to NGO Support and Literacy 

Groups that were receptive to NGO support maintained productivity as literacy increased. 

When participants were receptive and organized into groups with one literate member each, the 

linear interaction produced the greatest ragpicker productivity for biodegradable and inert waste 

collection. The linear interaction was strongest for recyclable collection. Literacy is the conduit 

for existing ragpicker skills, including collaboration ability, and without it those capabilities are 

useless. Ragpicker groups that were not receptive and had one literate member each were more 

productive than receptive ragpicker groups with one literate member each. This difference for the 

recyclable collection indicates the action of ragpicker self-interest. Ragpickers who were either 

receptive or literate were likely to work in industrial and business sectors where they had 

 
6 -91 kg of recyclable waste collected x 3.5 INR per kg x 1/74 INR/USD = -$4 
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established work relationships. According to these results, NGOs should organize receptive 

ragpicker groups with one literate member each for the greatest productivity. Waste collection 

increased 2,782 kg/capita/month, and income increased $73/capita/month7 in this pair analysis. 

Resource Level and Literacy 

Ragpicker groups with higher resource levels and one literate member each had the 

greatest productivity for recyclable waste collection. For biodegradable waste collection, the 

relationship with literacy was inverted, with nonliterate groups producing more than the literate 

groups at the same resource level. This inversion resulted from the linear interaction of resource 

level and literacy and suggests that literate pickers leave, with their resources, to collect more 

lucrative recyclable waste. The linear interaction led productivity to accelerate as resource level 

and literacy increased. For ragpicker collection of inert waste, the relationship between resource 

level and productivity was opposite that found for recyclable and biodegradable waste collection. 

Literate groups with few resources outproduced literate groups with better resources collecting 

inert waste. This reversal suggests that ragpickers with high levels of resources and literacy 

move to recyclable collection. According to these findings, NGOs should support high levels of 

resources for ragpicker groups and assign one literate member to each group. By supporting the 

resources and literacy of ragpicker groups, NGOs may incentivize the groups to collect more 

waste from the less lucrative waste types. Waste collection increased 42 kg/capita/month, and 

income increased $3/capita/month8 in this pair analysis. 

 
7 1,540 kg of recyclable waste collected x 3.5 INR per kg x 1/74 INR/USD = $73 
 
8 55 kg of recyclable waste collected x 3.5 INR per kg x 1/74 INR/USD = $3 
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Contribution to Academic Research 

This study makes valuable contributions to the body of knowledge. Specifically, the 

study relied on non-linear interaction analysis in the BoP setting. Researchers generally do not 

look at non-linear interactions to improve productivity at the BoP (Chan, 2005). I used data 

collected in the field, and I analyzed the findings with an ANN which can build and examine 

non-linear interactions. 

This study also provides empirical and quantitative evidence of the role of NGOs in the 

BoP, including the effects of NGOs on ragpicker productivity. NGOs can improve productivity 

by focusing on the nonlinear interactions between the pairings of group size, literacy, resource 

level, and receptiveness to NGO support. My results suggest actionable measures based on the 

weight of waste collected in kilograms, number of ragpickers per group, number of literate 

members per group, resource level, and receptiveness to NGO support. Existing findings suggest 

that NGOs—or any organizations at the BoP—require new capabilities to operate with 

innovative business models (Pitta et al., 2008). The nonlinear interactions analysis I conducted in 

this study fills that gap by providing unique insight into how NGOs can improve stakeholder 

coordination using pair analysis data. 

Researchers investigating the informal solid waste sector and ragpickers have never 

really solved the problem of mounting solid waste and poverty (Rathi, 2007). Potential solutions 

have lacked focus on critical resources, expertise, and municipal policies. Proposed solutions 

have often only addressed the issue from a linear perspective, leading solutions to fall short of 

expectations (Armey & Crowther, 2008). I used nonlinear interactions to examine the potential 

for augmenting productivity in bivariate pairs. The findings of this study relate to ragpicker 
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receptiveness, group size, resources, and literacy and therefore advance research into the 

informal solid waste sector. 

Sustainability Research 

Sustainability researchers have typically focused on communities able to afford to be 

conscious of their impact on climate change. Instead of seeing sustainability as a cost, I 

attempted to rethink the problem of sustainability as an opportunity. Ragpickers begin their 

scavenging out of necessity for survival, capitalizing on the volumes of available waste. My 

research into bivariate pairs analysis was empirical and illuminated a potential novel solution to 

the improvement of sustainability that simultaneously addresses ragpickers’ poverty and health. 

Researchers investigating business at the BoP have predominately relied on linear 

analyses. Unfortunately, most of the cases examined by researchers  have been complex, and 

linear analyses are ill-suited to this task (Albers & Grasbrook, 2016; Armey & Crowther, 2008; 

Chaluvadi et al., 2018). For this study, I used an ANN to examine complex, nonlinear 

interactions that influence productivity. The applicability of this technique extends beyond the 

BoP because complexity is everywhere, and all things interact. 

Management researchers using interactions have primarily analyzed additive interactions 

under assumptions of linearity (Al-Khatib et al., 2020; Buis, 2010). This simpler research pattern 

clashes with multiplicative interactions applied to nonlinear constructs. Few researchers, if any, 

have examined nonlinear interactions using a multivariate approach in humanitarian operations. 

Furthermore, the pairs I analyzed deepen the insights available regarding literacy, receptiveness, 

group size, and resources in informal solid waste research. The difficulty of obtaining these data 

have limited analysis to small data sets. 
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Businesses and business researchers alike seek to add firm value through data-driven 

decisions. Researchers have shown that firms have steadily acquired greater quantities of data to 

analyze. However, acquiring the right data to examine may be more critical than acquiring great 

quantities of general data, and this study contributes to the former. Quality data are often hard to 

find and exist only in small data sets. This study also contributes to knowledge regarding the 

preparation of small data sets through bootstrapping, bootstrap aggregation, and analysis with 

ANNs. My study contributes to interactions research but also has limitations. 

Limitations 

One of my study’s limitations is that I did not model three- and four-way interactions 

among four independent and three dependent variables. There is potential value in understanding 

the completeness of the interactions, but doing so requires reaching into the nascent literature in 

this area and assembling the necessary computing power. I did find evidence of the effects of a 

third variable in some variable pairs. The four independent variables combine into four three-

way interactions and one four-way interaction which then solves for any unaccounted variables. 

These higher order analyses could take months of computing time for each dependent variable 

and its visualization, and interpretation of the results would be challenging. However, 

discovering these new nonlinear insights would bring completeness to the results of this study. 

For NGO leaders making decisions in the field, interpreting interaction results can be 

difficult. Interpreting an interaction pair requires managers to consider simultaneously the effects 

of two independent variables, such as resources and literacy. For this pair, data may show that 

Resource Level 3 and high literacy are the most effective combination. However, for another 

pair, say resources and receptiveness to NGO support, data may show that Resource Level 2 is 

the most productive resource level. A decision maker must choose which bivariate pair is most 
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relevant. However, all six nonlinear interactions happen simultaneously. Leaders should 

therefore make decisions based on simultaneous data, reconciling all pairs, and the 

computationally intensive three- and four-variable interactions are thus necessary for decision 

making. 

Future Research 

Future researchers should explore the presence of higher order (third and fourth) variable 

nonlinear interactions in this context. Analysis of higher order interactions can provide the most 

profound insights into relationships at the BoP and can eliminate decision-making ambiguity in 

the field. Extending the methods used in this study to a higher order would increase the 

computing time needed to weeks for just one of the three dependent variables. However, given 

the potential for improving the lives of ragpickers and addressing environmental concerns, 

researchers should attempt to secure the computing resources needed for such a study. 

I found empirical evidence that NGOs are productivity multipliers in the informal solid 

waste sector. NGO influence took the form of nonlinear interactions with group size and 

resources in the collection of waste. NGOs also had linear interactions with literacy and waste 

collection. The potential for further NGO influence in other areas of the informal solid waste 

sector is promising and warrants future investigation. 

Future researchers should extend analysis of non-linear interactions analysis into other 

areas of the BoP. Especially interesting is the interrelationship of NGOs with other waste stream 

stakeholders including municipalities, transportation, and corporate producers. The business 

complexity and contrast alone provide a ripe opportunity for productivity improvement. The 

potential for extending research using analysis of bivariate pairs is promising and warrants 

further research. 
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Conclusion 

I began this dissertation intending to apply advanced technology to solve some of the 

most difficult challenges facing business and society. This study extended a 7-year research 

effort in collaboration with a waste stream NGO in India, which provided rare access to 

conditions in the field. My study stemmed from hopes of improving the income and livelihoods 

of ragpickers in the informal solid waste sector and visibly reducing waste. 

Poverty and waste are vexing problems throughout the developing world. Efforts to 

address these issues have always seemed to fall short of their goals. Early in these efforts, 

researchers assumed that the many complex relationships involved were linear. Furthermore, 

they did not consider interactions among variables, particularly nonlinear interactions. With this 

study, I made a diligent effort to address these gaps by using a form of artificial intelligence—an 

ANN—to model BoP interactions. The resulting insights into productivity and poverty are 

founded on and extend existing research and, I hope, will make a difference in the developing 

world. 
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Appendix: Productivity Pairs 

The three-dimensional plots of the bivariate pairs in Figures A1–A18 complement the 

two-dimensional plots found in the results section. In each plot, the z-axis corresponds to the 

weight of waste collected per month in kilograms. The x- and y-axes correspond to the variables 

of the variable pair undergoing sensitivity analysis. In the following plots, a deeper green color 

represents higher productivity and thus more desirable outcomes. 

Figure A1 

Productivity (Kilograms per Capita per Month), Group Size, and Nongovernmental 

Organization Support: Recyclables 
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Figure A2 

Productivity (Kilograms per Capita per Month), Group Size, and Nongovernmental 

Organization Support: Biodegradables 

 
 

Figure A3 

Productivity (Kilograms per Capita per Month), Group Size, and Nongovernmental 

Organization Support: Inert Materials 

 
 



BUSINESS PRODUCTIVITY AT THE BOTTOM OF THE PYRAMID  

  

78 

Figure A4 

Productivity (Kilograms per Capita per Month), Group Size, and Resource Level: Recyclables 

 
 

Figure A5 

Productivity (Kilograms per Capita per Month), Group Size, and Resource Level: Biodegradable 
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Figure A6 

Productivity (Kilograms per Capita per Month), Group Size, and Resource Level: Inert Material 

 
 

Figure A7 

Productivity (Kilograms per Capita per Month), Group Size, and Literacy: Recyclables 
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Figure A8 

Productivity (Kilograms per Capita per Month), Group Size, and Literacy: Biodegradable 

 
 

Figure A9 

Productivity (Kilograms per Capita per Month), Group Size, and Literacy: Inert Material 
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Figure A10 

Productivity (Kilograms per Capita per Month), Receptiveness to Nongovernmental 

Organization Support, and Resource Level: Recyclables 

 
 

Figure A11 

Productivity (Kilograms per Capita per Month), Receptiveness to Nongovernmental 

Organization Support, and Resource Level: Biodegradable 
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Figure A12 

Productivity (Kilograms per Capita per Month), Receptiveness to Nongovernmental 

Organization Support, and Resource Level: Inert Material 

 
 

Figure A13 

Productivity (Kilograms per Capita per Month), Receptiveness to Nongovernmental 

Organization Support, and Literacy: Recyclables 
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Figure A14 

Productivity (Kilograms per Capita per Month), Receptiveness to Nongovernmental 

Organization Support, and Literacy: Biodegradable 

 
 

Figure A15 

Productivity (Kilograms per Capita per Month), Receptiveness to Nongovernmental 

Organization Support, and Literacy: Inert Material 
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Figure A16 

Productivity (Kilograms per Capita per Month), Resource Level, and Literacy: Recyclables 

 
 

Figure A17 

Productivity (Kilograms per Capita per Month), Resource Level, and Literacy: Biodegradable 
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Figure A18 

Productivity (Kilograms per Capita per Month), Resource Level, and Literacy: Inert Material 
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