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Multidimensional Approaches to Illustrate the Digital Divide among K-12 Students
Abstract
In this paper, we share the initial findings from a multi-disciplinary project by Team D2IE
(Digital Divide and Inclusion in Education), the recent first-place winner of the Global XPRIZE
Education Open Data Challenge, where they investigated how digital infrastructure and internet
connectivity varies among K-12 students at the county level across the United States. Two
quantitative measures (Student Digital Opportunity and Benefit-Cost Ratio) and three interactive
maps were developed from socio-technical and economic perspectives to support
decision-making. The three interactive maps allow stakeholders to evaluate digital access, usage,
cost, and economic benefits at the county level across the country.
Keywords: digital divide, digital access, digital infrastructure, K-12 students, internet
connectivity
Introduction
The digital divide has been widely discussed for three decades in the United States (Attewell,
2001; Cohron, 2015; Compaine, 2001; Gilbert, 2010; Kuttan & Peters, 2003; Mossberger et al.,
2003; Norris, 2001; Yu, 2006; van Dijk & Hacker, 2003; van Dijk, 2006). Outside of the United
States, scholars examine the digital divide within their countries and how it varies
internationally. For example, the global digital divide between the developed and developing
countries (James, 2003; Murelli, 2002), ICT utilization and expenditure in Japan (Nishida et al.,
2014) or user differences among countries in Europe (Brandtzæg et al., 2011).
While there is not a lack of research on the digital divide among the general population, there is a
limited amount of research focusing on school-aged children (K-12 education) in terms of their
opportunity to access and use high speed internet (i.e., broadband) for learning and educational
needs. For researchers and practitioners in the field of education or library sciences, it is known
that collecting data at the individual level comes with many challenges, especially if we are to
collect information from minors within K-12 education. The limitation of not being able to
systematically collect micro-level data can limit our understanding of how different factors
around the students’ educational life influence their access and use of the internet and other
digital technologies. More recent research shifts the focus to mobile network and hand-held
technology due to the prevalence of smartphones and tablets. However, Quaglione et al. (2020)

indicated that the current mobile technology (e.g., 3G or LTE) cannot be considered an
equivalent alternative to fixed broadband. Many of us who own and use a mobile phone can
attest from our experience, where mobile phone signals varied due to location (distance from a
cellular tower) and surroundings.
Schools and libraries offer critical access and support for a student's educational experience,
learning, and information activities. When schools and libraries across the world were forced to
shut down due to the pandemic, the digital divide as an equity issue came to the forefront again.
To address this issue effectively, we need a new approach to gather evidence of the problem. Our
work focuses on using existing open data to support the investigation of the digital divide among
school-aged children within the United States. This unique approach is different to the traditional
way of using survey data to estimate access and use of high-speed internet and related
technologies. We integrated various datasets on the same geographic level – county – within the
U.S. to support our investigation of the digital divide among places where children are enrolled
in K-12 public schools.
Statement of Research Problem
The lack of research on terrestrial broadband (including cable, copper, DSL, and fiber optics)
access and use for education within the U.S. hinders our understanding of the digital divide
among school-aged children. As part of an education open data challenge (Open Data Institute,
2020), we integrated various public data with the released broadband datasets to evaluate the
state of digital divide among K-12 students and how resources can be allocated for the various
regions within our country.
The research objectives of this project include: 1) evaluate the relationship between broadband
availability, usage, and costs at the county level across the United States, 2) assess how
broadband availability, usage, speed, and cost vary at the county level, 3) create a comparable
measure to illustrate how access and use of broadband and digital technology vary for K-12
students, and 4) estimate societal benefit-cost ratios to inform resource allocation and investment
strategies for public and private sectors.
Literature Review
Although, the library and information science (LIS) field does not lack research on the topic of
the digital divide (Ball, 2009; Cohron, 2015; Mandel et al, 2010; Reynolds & Chiu, 2016; Rice &
Katz, 2002; West 2011), the evolving nature of the digital divide due to technology advancement
makes it a continuing challenge to address and stay relevant in research over time.
Early internet users may recall using dial-up connections with a noisy modem and a phone line to
access the internet through a DSL connection from twenty years ago. Many of those born after
1995, often labeled as "digital natives", probably cannot imagine a world without broadband and
feel incompetent without a smart phone. Although the young are born in the era of digital
technology, is it fair to assume they all have equal access and skill to fully utilize the internet and

computer technology? While digital penetration has increased in the United States to address
access issues in certain areas, disparities remain persistent between urban and rural areas,
especially internet use variations by race, income groups, and levels of education (Levitt, 2016).
Previous scholars have described the digital divide phenomenon for the general population from
various viewpoints. Norris (2001) emphasized the discussion of the digital divide at an
international level where there is a global divide of internet access, a social divide of information
rich or poor, and a democratic divide. Attewell (2001) looked at computer ownership at home
and suggested disadvantaged children may tend to use computers for games at home while
affluent children use it for educational enrichment, thus describing the digital divide as a social
problem. Beside home access and usage, the students' experience at school also plays a role.
Thomas et al. (2019) acknowledged that while there are existing challenges of device access,
internet connectivity, and bandwidth issues among schools; the unequal use of technology in
classrooms (e.g., practice among teachers) continues to be a barrier to close the digital equity
gap.
Staff at the public library also face different challenges in navigating the digital divide issue. Ball
(2009) argued the need for public librarians to understand funding and technical aspects of
broadband, then form coalitions to leverage resources to provide internet and information access
for their communities. While the conversation of the digital divide may have shifted to skills
and/or literacy, maintaining access continues to be the primary gap for many in the U.S. (Cohron,
2015).
Recent technological innovations have been implemented to narrow the digital divide in creative
ways. For example, recent efforts by private organizations such as the Microsoft Airband
Initiative (McKinley, 2020) launched in 2017 aimed to bring broadband connectivity to 3 million
people living in unserved rural areas of the U.S. This approach repurposed a technology called
the TV white space without interference to other signals (Wifi Forward, 2020) while providing
broadband access to communities in the rural area.
Another nationwide effort is underway to solve the "homework gap" problem by providing
emergency relief to schools and libraries to support remote learning during the pandemic
(Federal Communications Commission, 2021). Similar to what previous scholars have discussed,
private and public initiatives can address the need for digital infrastructure in different parts of
the country. However, the "availability of internet infrastructure does not directly translate into
adoption" (Reisdorf et al., 2019, p. 3814).
Access vs. Usage
To have a better understanding of how broadband availability and usage vary at the state level,
we utilized aggregated dataset from two sources and created a comparison chart for visual
examination (Figure 1). The aggregated data from the IMLS Indicators Workbook: Economic

Status and Broadband Availability and Adoption (2020) provides state-level broadband
availability information in the U.S. The Microsoft released broadband usage data (Misra et al.,
2020) provides the estimated usage of the internet at broadband speed across the country. By
examining the comparison chart (Figure 1), we see that while broadband appears mostly
available in the 50 states, internet usage at broadband speed (at least 25 Mbps for download) is
much less in many places. This information reflects the discrepancy between broadband access
and use at the state level within our country.
Figure 1
Broadband Availability versus Broadband Usage per Population in the 50 States

Thus, we used a data-driven approach to study and analyze the digital divide from a
multi-disciplinary approach to assess and quantify this phenomenon. This approach is new to the
library and information science (LIS) field due to its use of multiple data sources to investigate
the digital divide. The integration of other disciplines, i.e., education, economics, and data
science, with LIS provided a holistic view of the digital divide that can further inform study and
research at the local levels.
Methodology
Data Sources
It is essential to identify suitable measures at a geographic layer that allows an initial evaluation
of the digital divide among K-12 public school students. After examining the collected public
data from governmental sources and the released datasets (BroadbandNow, 2021; Misra et al,
2020), we selected the county level as the unit of analysis. The county level is the most suitable

geographic layer for the current analysis which allows meaningful comparison and visualization
of the digital divide on a national map.
We aggregated public school’s administrative data (National Center for Education Statistics,
2018; 2019), rurality information (U.S. Census Bureau, 2010), and computer & internet access
for households with children under 18 (U. S. Census Bureau , 2019a; 2019b). There is a time
consideration while collecting these data, in which the released broadband datasets were
collected between 2017 – 2019. Therefore, we extracted the governmental datasets within a
similar time frame to reflect the observations around those years.
Quantitative Composite Measure and Economic Indicator
To formalize the conception of student digital opportunity and operationalize this construct for
quantitative analysis, there are several aspects to consider. From our perspective, we consider the
term "digital inequality" a better representation to explain the differences among students' access,
use, or application of digital technology and resources for their learning and information needs.
Hilbert (2014) emphasized that "inequality is a relative, not an absolute measure. Even if
everyone advances, some can advance more than others, potentially increasing relative
inequality" (p. 823). With this frame of reference, we created a measure to represent the digital
divide as a continuum among school-aged children within the United States.
Currently, there are several conceptualizations of digital divide or digital inequality. van Dijk and
Hacker (2003) distinguished four types of access barriers: mental, material, skill, and usage,
where a person's access issues would gradually shift from the first two barriers to the latter two.
Ragnedda (2019) described a three-level model of digital divide where physical access is at the
first level, differences in digital skills and uses of the internet are at the second level. Due to the
difference in access and use from the first two levels, the associated social and tangible benefits
at the third level distinguish the inequalities among people (p. 35). Other researchers examined it
from a long-term perspective where ongoing cost (van Deursen & van Dijk, 2019) and
technology maintenance beyond the initial access continues to be a barrier for low-income
groups (Gonzales, 2016).
Based on the previous literature and the lack of a holistic measure that looks beyond internet
access, a composite variable was developed to represent the multidimensional nature of the
digital divide among K-12 students. The Students' Digital Opportunity (SDO) is a composite
measure to represent the four components of digital connectivity: access, usage, speed, and
ownership of digital devices (Figure 2). The SDO can be treated as the "prerequisite" in terms of
connectivity and equipment ownership before any students can tap into existing learning
resources online for their educational needs. The SDO composite measure is estimated for each
county in the United States.

While internet access, usage, and skills are discussed as the first and second level of the digital
divide. There is a third level that is often not discussed which examines social and economic
benefits quantitatively for policymakers to make decisions on broadband or technology
investment. A benefit-cost analysis was conducted to estimate a benefit-cost ratio at the county
level for decision-making in resource allocation. The costs and benefits are derived from a social
perspective, meaning the costs and benefits would not just accrue to governments or internet
providers, but to many groups in society as a whole. This allows us to assess whether increased
access and connection would produce large enough educational benefits by geographic area,
subject to the region's estimated cost constraints.
Figure 2
Students’ Digital Opportunity (SDO) Conceptual Model with Open Data

Methodology Challenges
This research approach of using open data is not without challenges. From a measurement point
of view, variables will require rescaling and transformation in order to allow “apples to apples”
comparison. Another aspect of our methodology is to adapt psychometrics principles where a
latent construct is of interest. This approach is commonly used in educational measurement when
there is a latent construct that consists of multiple dimensions (DiStefano et al., 2009; OECD,
2008). There is also a lack of open data at the micro-level where we can examine digital literacy
as part of the underlying factors. Thus, we acknowledge the importance of digital skills and
literacy data while we focused on evaluating access and usage among the student population as a
first step of our work.

Findings
The final dataset includes terrestrial broadband information, school characteristics,
socioeconomic measures, and geographical information. Exploratory data analysis through
descriptive statistics provided insights into the features and relationships of the selected variables
in the dataset (Table 1 & 2). An interesting result is the correlational relationship among the
selected variables. Broadband access, usage, and speed are negatively correlated with rurality,
meaning the more rural an area is, the less in access, usage, and speed for families in those
regions (see Table 2).
Table 1
Descriptive Statistics of Selected Variables

Mean

Median

Standard
Deviation

Percentage of Broadband Availability (FCC)

0.76

0.84

0.24

Percentage of Broadband Usage (Microsoft)

0.28

0.24

0.19

Number of Providers of Broadband at 25/3 Mbps (per
County)

2.39

2.12

1.42

Lowest Monthly Internet Plan Price (Reported by ISPs)

45.89

45.12

21.31

Median Speed (Mbps)

26.93

15.76

29.31

Percentage of Rurality (U.S. Census Bureau)

58.64

59.49

31.44

Percentage of Home with PC and Internet (with
school-aged children)

0.89

0.92

0.07

Variable

Note. The final number of counties in the dataset is 3138 where there is at least one school in
operation.

Table 2
Correlations for Selected Variables (N=3138)

Variable

Access

Usage

Speed

Rurality

Percentage of Broadband Availability (FCC)

1

Percentage of Broadband Usage (Microsoft)

.67

1

Median Speed (Mbps)

.47

.56

1

Percentage of Rurality (U.S. Census Bureau)

-.54

-.68

-.46

1

Percentage of Home with PC and Internet
(with school-aged children)

.27

.39

.18

-.23

PC and
Internet

1

By examining the visualizations, we found that broadband availability and usage at the county
level (N = 3138) presented a positive relationship; however, this relationship is not linear (Figure
3). Counties that reported having a high percentage (> 85%) of broadband availability displayed
a wider range of usage (between 0% - 100%). Counties on the lower end of broadband
availability (< 40%) are limited in terrestrial broadband access and their reported usage of
high-speed internet are mostly on the lower range (< 40%) for their population.
We also explored the distribution of broadband availability and usage with two histograms to
evaluate the overall range of access and use among the 3138 counties where at least one K-12
schools are in operation (Figure 4 & 5). In Figure 4, the histogram displayed the distribution of
broadband availability in percentages where county is organized by frequency count per bin.
This information is reported by the Internet Service Providers to the Federal Communications
Commission (FCC) as to what percentage of the county population have access to terrestrial
broadband internet (including cable, copper, DSL, and fiber optics). We can see that roughly
47% counties within the U.S. (about 1485 counties out of 3138 counties) were reported to have
access to terrestrial broadband for at least 85% of their population.
The distribution of broadband usage in percentages where county is organized by frequency
count per bin is displayed in Figure 5. We see that most counties in the U.S. fall on the lower to
middle range of broadband usage. This released data from Microsoft (Misra et al., 2020)
represents an estimated usage information, where they were able to assess if users are using the

internet at broadband speed, which is 25 Mbps per download on the computer, across the
country.
Figure 3
Relationship Between Broadband Availability and Usage per County in U.S.

Figure 4
Distribution Broadband Availability at the County Level

Figure 5
Distribution of Broadband Usage at the County Level

To further explore the differences regarding broadband access, use, and pricing information, we
developed three visualizations in map formats to illustrate the status of the digital divide across
different counties and aid decision-making in resource allocation (Figure 6).
Figure 6
Broadband Availability, Usage and Pricing Information by Country, 2020

Note. The interactive version of this map along with the other two are available online in Tableau Public
at https://public.tableau.com/app/profile/cary.k.jim/viz/EducationOpenDataChallenge-D2IETeam/SDO

Students Digital Opportunity (SDO)
The SDO measure is a composite measure to compare digital opportunity in terms of broadband
access, usage, speed, and computer ownership with internet subscription among households with
school-aged children within each county. This composite measure has a mean of zero and a
standard deviation of 1 for relative comparison. The SDO gives the relative position of students
who reside in each county in terms of their digital opportunity as defined in this construct.
During the data exploration, we discovered that three counties in the U.S. do not have public
schools in operation for the 2017-2018 school years. Therefore, we only estimated the SDO
measure for 3138 counties in the U.S. By examining the distribution of the SDO among all the
counties in this dataset, we found that there are several counties at the higher end as outliers. The
median value (- 0.18) falls below the mean, with the SDO score ranges from -1.5 to 3.89.
We used a box and whisker plot to illustrate the distribution of the SDO score (Figure 7). The
relative short box and its position on the scale suggests that most students have a low level of
digital opportunity among the various counties. While examining the lower whisker, we
observed smaller differences for students who are positionally below average in their digital
opportunity. The upper whisker is longer in length and indicates a greater variation of digital
opportunity among those positionally above average. This suggests that students in the upper
range experience a larger variation in their digital opportunity.
Figure 7
Students’ Digital Opportunity (SDO) Score Distribution

Note. X indicates the mean of the SDO measure, and the median value is below the mean of zero.

Figure 8
Benefit Cost Ratio Map

Benefit-Cost Ratio (BC ratio)
A cost-benefit analysis was conducted to estimate the benefit-cost ratio at the county level. The
cost for broadband investment includes capital and operating cost for broadband access,
hardware, and speed quality. The educational benefit includes improved teacher salaries and
increased student performance by earnings and educational attainment. Since only K-12
education-derived benefits were measured, a scaling factor was used to allow estimates to be
comparable (Grant & Tyner, 2018).
Similar to the construction of the SDO variable, the benefit-cost ratio was estimated for the 3138
counties where operating public schools were present during the 2017-2018 school year. The
benefit-cost ratio from this analysis ranges from 0.01 to 311.04 meaning for every US dollar
invested into broadband to improve access and quality, a return in US dollars could range from
$0.01 to $311.04 for the different counties within the U.S. For a full comparison of the
benefit-cost ratio at the county level, a map is created to visualize this information (Figure 8).
Discussion
Broadband Availability
Based on our findings, the reported broadband availability data per county aggregated by
BroadbandNow sourced from the FCC is not a reliable way to determine if residents are using a
broadband connection to access the internet. One of the limitations of the FCC data is due to the
self-reporting nature of broadband availability by internet service providers (ISPs) as to whether

they provide broadband services at the local level. In our descriptive analysis, even though
access and usage presented a positive relationship, the actual usage varies greatly among
counties with high percentage of broadband availability. This indicated that having broadband
available does not equate to adoption and use in these regions. Counties on the lower end of
broadband availability (< 30%) are limited in terrestrial broadband access and thus usage can be
expected to be low as well.
The different types of broadband services related to pricing and speed are often not explicitly
discussed in the literature. For example, based on where you live, your internet options could be
limited and have to choose between distinct types of technology, e.g., fiber optics vs. cable in
urban or suburban areas. You may have only one type of internet service available, such as
satellite broadband, if you live in a rural area. However, fiber optics, cable, or satellite broadband
are not the same kinds of technology. Cable internet slows significantly when more people share
this form of connection in your area, where fiber-optics connection quality is not affected by this
factor. Satellite broadband has a high upfront cost of equipment and installation, and its
connection quality could be affected by the weather. We found that broadband subscription cost
is not a good predictor of internet access and usage. This is due to the different pricing strategies
used in areas that have competition versus little or no competition. In sum, the differences in
access and use of broadband, ownership, and utilization of technology equipment, such as
personal computer, and speed variation (e.g., disruption of broadband internet regardless of the
price paid for an expected speed) are the primary factors driving the digital divide.
SDO and Benefit-Cost Ratio
A limitation of the SDO and the benefit cost ratio is their estimated values for small areas. For
areas with small populations, estimates on broadband access, use, and computer ownership are
not as reliable due to the sample size or missing values in the datasets. This is an ongoing
challenge of evaluating how the digital divide is experienced by students living in less populated
areas.
One interesting discovery based on our result is that not all rural areas experienced the same kind
of challenge in terms of broadband access or usage. For example, many counties in North Dakota
may have a small enrollment of K-12 students (<10,000), however, the estimated opportunity for
digital connection and technology for students in those counties are above average (mean)
comparatively. Also, the box plot (Figure 7) displays the within group variation among students
below average in the SDO in comparison to the above average in the SDO score, even though
students positionally above average , they have a much-varied opportunities among the different
counties.

Therefore, investigating other characteristics at a local level, such as local/state policy on
broadband regulations or presence of higher education institutions, may help further understand
the population characteristics in relation to their digital connectivity.
Policy Recommendations
We suggest differentiated solutions to address short-term and long-term needs for digital
connectivity and technology to address the digital divide among K-12 students. Our philosophy
is to take an inclusive approach where socio-technical conditions and economic development are
both considered.
Based on the estimated BC ratio, many counties in the U.S. have a below one ratio which
indicates that initial investments (cost) in digital infrastructure may be too high for communities
in those areas to increase access to broadband with quality connection. This suggests the need for
public investments (e.g., state, and federal) to first address the access issue among the counties
with a low benefit-cost ratio. High estimated benefit-cost ratios are mainly observed in areas
with high population densities. These areas would benefit most from increased access and
internet quality. Since potential investments would have a higher payoff in high benefit-cost
regions, perhaps these regions could be supported with private or community investments to
expand broadband to various social groups and improve their internet quality. In sum,
investments between public and private partnerships can address immediate and intermediate
needs at the school level. A broader, longer-term need is to provide support at the community
level where skills and other socio-psychological factors (e.g., culture, attitudes, and beliefs) play
a role in how people are participating and utilizing digital infrastructure.
Based on the Students’ Digital Opportunity (SDO) measure, we recommend ongoing
improvement of broadband access in high-need areas with targeted training and resources to
increase their adoption and use of the internet. For urban and suburban areas, low-income
families can benefit from low-cost internet subscription and skills training to improve their
adoption of broadband and online engagement. As Warschauer (2003) suggested, a multifaceted
approach should be applied not only to situations where internet penetration is high, but also in
places where it is low or just beginning. The need to promote skill, social support, and autonomy
for places that are just beginning to expand their internet penetration will be most important (p.
199). Supporting teachers and families with their digital needs are especially important for the
school-aged children. When teachers and parents are at an advantageous position in using and
adopting digital technologies, they could be serving as role-models for their students to
understand how the use of technology can enhance learning and improve economic outcomes.
Implications and Conclusions
Even though scholars have claimed that many people have moved beyond the first level of the
digital divide, what is the evidence to support this claim? Cohron (2015) suggested that the core
of digital divide is not simply providing access to the internet and computers, “it is about

leveling the playing field in regard to information diffusion” (p. 84). This study attempts to do
that by proving a standardized measure in a continuum to assess the digital divide. The suggested
approach and methodology in evaluating the digital divide with open data is a replicable way for
others in the LIS field. For international comparison, we need a better understanding of how
high-speed internet or broadband availability, and usage is measured and evaluated at each
country for a probable comparison.
As Yu (2006) pointed out, “the concept of digital divide is often used to advance political
interests rather than to improve the understanding of the issues” (p. 243). Therefore, the library
and information science community are in a position to advance the understanding of digital
inequality as we are at the nexus of people, information, and technology.
To conclude, we recognize the lack of comparative measures, as well as a comprehensive
assessment of digital connectivity beyond broadband access in the United States. The new
Students’ Digital Opportunity (SDO) measure provides an understanding of digital opportunity
for K-12 public school students across counties and states. Our benefit-cost analysis provides a
clear way of targeting investment according to varying priority at the county level. The
determination of return on investment, by county, could be valuable for policy makers and
community members in decision making. Local leadership could partner with federal, state, and
other funders to determine and negotiate with broadband businesses for their digital needs. Our
results bridge the strength of data science, education, and economic research. We plan to
continue this work by collaborating with local organizations to further understand the nuances of
the digital divide at the local level. For example, our current study could be enhanced by
collecting additional information such as what types of technology related services school or
public libraries have provided to their student population. While mobile technology has been
discussed as a promising alternative, much work is needed to understand what type of mobile
network is suitable, with what kinds of equipment, and how reliable it is for children's
educational needs in the long run. We suggest school librarians continue their work in advocating
for low-cost reliable internet and equipment access for school-aged children and consider the use
of open data to enhance their discussion with policy makers.
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