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Defeating the Digital Divide

Executive Summary:

As epitomized by the current pandemic, high-speed internet has transcended its former role
as a gateway to entertainment and now represents a vital factor for academic and financial success
as well as physical and mental health. However, this growth in high-speed internet has
unfortunately exacerbated wealth and geographical divides, presenting a new problem in
determining how to best bridge this digital disparity. As such, our group seeks to explore the cost of
bandwidth and each household’s relative need for the internet to together combine this into
establishing a node distribution plan that effectively meets the bandwidth needs of any region.

We first strove to determine the cost per unit of bandwidth in dollars per Mbps over the
next 10 years for US and UK consumers. Thus, we developed two expressions for the price per
Mbps of bandwidth for each country by using the average bandwidth download speed and the
average plan price (wireless or wire internet), thus AS/PP. Then, by learning that the distribution of
internet plans was 68.3% wireless and 31.7% wired, we computed a weighted average for the
overall prices for both prices, eventually determining that by 2030, each Mbps of bandwidth costs
$.10 and $.22 in the US and UK, respectively. This is a logical conclusion as in the past decade,
internet plan prices have steadily decreased while innovations in broadband technology have
created exponential increases in Mbps of bandwidth, causing greater transmissions of bandwidth
for decreased prices and thus, decreases in cost per unit in the next decade.

Next, we worked to develop a model to predict a given household’s need for the internet
over the course of a year and tested this model against three given scenarios. Because we wanted to
find the total amount of data each household uses, we discovered that this data amount usage
equaled the bandwidth spent during a certain amount of time. As such, to understand how people
utilize their time (respective data usage), we analyzed age and household income levels. To
determine the respective weights for each factor, we performed linear regressions of the data in D4
to find the magnitude of lines of best fit which reflected upon the impact of each factor on hours
spent on an activity. Knowing the time spent on certain activities and their respective bandwidth
and data usage, we determined the minimum amount of required bandwidth for the three
scenarios: (1) 3.090 Mbps for 90% and 3.604 Mbps for 99%, (2) 2.878 Mbps for 90% and 3.356
Mbps for 99%, and (3) 3.290 Mbps for 90% and 3.836 Mbps for 99%.

Finally, we established a model that optimizes the distribution of mobile broadband
transmitting cellular nodes in a region. In order to do so, we determined the bandwidth demand of
each subregion and created a model that calculates the minimum number of nodes outputting low,
middle, or high band required to satisfy the bandwidth and area requirements. Whichever number
of nodes is the lowest of the three bands is chosen for the particular subregion. Through this model,
we determined that subregions 1, 4, 5 (A) require 1 node of high band while subregions 2, 3, 6 (A)
require 2 nodes of high band, subregions 2, 6, 7 (B) require 3 nodes of high band while subregions
3,4 (B) require 2 nodes of high band, subregion 1(B) needs 5 nodes of high band, and subregion 5
(B) needs 4 nodes of high band, and finally all subregions of C require 2 nodes of high band.
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Introduction

Restatement of the Problem

We are tasked with the following problem!1l:

1.

2.

1.2
1.
2.
3.
4,
2

Build a model to predict the cost per unit of bandwidth in dollars or pounds per Mbps
over the next 10 years for consumers in the United States and the United Kingdom.
Create a flexible mathematical model to predict a given household’s need for the
internet over the course of a year. Apply your model to the example households listed
below and determine the minimum amount of required bandwidth that would cover
their total internet needs 90% of the time. What about 99% of the time?

a. A couple in their early 30s (one is looking for work and the other is a teacher)
with a 3-year-old child.

b. A retired woman in her 70s who cares for two school-aged grandchildren
twice a week.

c. Three former M3 Challenge participants sharing an off-campus apartment
while they complete their undergraduate degrees full-time and work part-
time.

Develop a model that produces an optimal plan for distributing/placing cellular
nodes in a region.

Global Assumptions

Bandwidth will be defined as download speed of data per second.

There will not be any major revolutionary advancement in broadband technology

beyond the currently developed and used technologies (fiber optic, DSL, cable, etc.).

a. Justification: Over the course of 10 years, there will solely be adaptations to

current existing technology such as improving 5G networks as the
development of major advancements in broadband technology require often
spans across multiple decades as seen in the development of fiber-optic
communication since 1880121,

Inconsistencies in environmental conditions (such as severe weather, buildings,

altitude differences) are negligible and can be ignored.

Sudden surges in population density (such as unexpected crowds) will be extremely

uncommon. As such, their impact on internet infrastructure will be ignored.

Part I: The Cost of Connectivity

As the need to provide access to quick and stable internet grows due to our

increasingly digital world, a situation that the coronavirus pandemic accelerated
significantlyl3], the cost of such an initiative remains highly unknown and a potential barrier
toward this goal. As such, this section outlines the mathematical model for predicting the
cost per unit of bandwidth in dollars per Mbps in both the United States and the United
Kingdom and analyzes the cost in relation to wireless versus wired plans for customers
across the next 10 years.
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2.1 Local Assumptions

1. The prices for 4G and 5G plans will be roughly equal and change at the same rates. That
is, a price increase in 4G will result in an identical price increase in 5G, allowing us to
calculate an overall price of broadband without having to calculate a weighted average
stratified by 4G plans vs. 5G plans.

a. Justification: According to Ofcom, most internet providers are allowing
consumers to switch from 4G to 5G plans at no additional costl>l. We can
assume this trend to continue as more consumers make the switch to 5G over
the next decade.

2. While broadband prices do vary due to differences in service providers (i.e., AT&T,
Comcast, BT, etc.) or due to differences in materials (i.e., cable vs. DSL vs. fiber optic), we
can assume that these differences are negligible when discussing overall broadband
price increases or decreases.

a. Justification: There is no evidence to support that existing market shares will
drastically increase since they have remained roughly constant since 2015 in
both the United States and the United Kingdom[ll7l. For example, it is unlikely
that Verizon will suddenly gain far greater control over the ISP market and
therefore gain more influence over broadband prices.

3. All consumers will utilize the same wired and wireless plans for the next ten years.

a. Justification: As stated above, all plans will have a negligible price difference,
so we can assume all consumers pay the same prices for their wired or
wireless plans.

4. The costs of the wireless plans in the US are approximately 1.86 times the prices in the
UK.

a. Justification: When comparing the prices of mobile internet between the US
and UK, the prices in the US are 1.857 times greater than that of the UK, so this
relationship can be applied to the prices of UK vs. US wireless plans[8l. This
assumption was made because US wireless plan data was not available neither
through the given data nor online.

2.2 Model Development

When developing our model, we first found an expression for the price per Mbps of
bandwidth. If the average speed is AS and the average plan price is PP, then the average price
per Mbps would be AS/PP. We then decided to differentiate between wired and wireless
plans. Therefore, if the proportion of wired plans is Propwires and the proportion of wireless
plans is Propwireless, then the average price per Mbps for all plans would follow this equation:

ASwired
PPwired

ASWireless)

PPwireless

Propwired < ) + Propwireless <

We used this equation to calculate for the respective prices of both countries. We then
assumed that the equations for the speeds and prices of both wired and wireless plans were
exponential functions. Using the data found in the provided data, we used regression to
calculate the exponential trendlines to model these values over time and recorded the
equations:
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If x equals years from 2020:
us:
AS = ASwirea = ASwiretess = 3.896¢°193(+11)
PPWired — 62.26_0'009(x+8)
PPyireless = 44.267¢~0132(x+5)

UK:
AS = ASyirea = ASwiretess = 3.274¢0-299(x+11)
PPyiretess = 27.214¢~0:034(x+6)
PPyireless = 23_84330-193(x+5)

We then researched the distribution of the total plans to either wired or wireless plans. We
found that in 2020, 68.3% of plans were wireless and 31.7% of plans were wired[®°l. We
assumed that these proportions were the same in the US and the UK. We also found that on
average, the number of wireless plans increased by 3% per year and the number of wired
plans increased by 5% per year. Using this data, we were able to create equations for
Propwired and Propwireless:

0.317(1.05)*

0.683(1.03)* + 0.317(1.05)*
0.683(1.03)*

0.683(1.03)* + 0.317(1.05)*

Propyirea =

Propyiretess =

We plugged these equations into the general price equation and used Python in order to get
a model. In our model, we used the conversion rate of one pound is equal to 1.39 dollars to
convert pounds to dollars and get a more accurate comparison between US prices and UK
prices.

2.2.1 Defined Variables and Parameters in Model

Symbol Term Formula
ASyired/wireless Average Wired/Wireless US: 3.896¢0-193(x+11)
Bandwidth Speed (Mbps) UK: 3.274¢0-299(x+11)
Propwired wiretess Proportion of Wired/Wireless Wireless: 0.683(1.03)*
Plans " 0.683(1.03)¥+0.317(1.05)*
Wired: 0.317(1.05)*

0.683(1.03)*¥+0.317(1.05)*

PP, ired Average Wired Plan Price ($ or £) US: 62.2¢70:009(x+8)
UK: 27.214¢~0.0340x+6)

PP, ireless Average Wireless Plan Price ($ or US: 44.267~0-132(x+5)
£) UK: 23.843¢0-193(x+5)
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Table 2.2.1: Variables of Model of Connectivity Costs

2.2.2 Equations Utilized in Model

Swired

PPwired

ASWireless)

PPwireless

Propwired < ) + Propwireless <

us:
AS = ASyirea = ASwireless = 3.89660'193(x+11)
PP, ireq = 62.2¢~0-009(x+8)
PPyireiess = 44.267¢~0132(x+5)

UK:
AS = ASWired = ASWireless = 3.27460'299(’“'11)
PPwireless = 27-2146_0'034(’“'@
PPy ireless = 23.843¢0-193(x+5)

, B 0.317(1.05)*
"OPwired = 4 683(1.03)* + 0.317(1.05)%
0.683(1.03)*
Propyiretess =

0.683(1.03)* + 0.317(1.05)*

2.3 Results
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From the models our team created, we were able to predict the cost per Mbps of bandwidth
in dollars from 2020 (our base year) to 2030, a span of 10 years. We wrote and ran a Python
program that calculated the value of our equations above and used these values to model a
price vs. time for the US and UK. Figure 2.3.1 shows the growth of US and UK bandwidth
speeds while Figures 2.3.2-2.3.5 display the decrease in wired and wireless internet plan
prices over time. Finally, Figure 2.3.6 and Table 2.3.1 present bandwidth prices per Mbps in

dollars across the 10 years.
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Figure 2.3.1: Graph of US and UK Bandwidth Speeds from 2009 to Projected 2030
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Figure 2.3.2: Graph of US Wired Internet Plan Prices from 2012 to Projected 2030
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Figure 2.3.3: Graph of US Wireless Internet Plan Prices from 2015 to Projected 2030
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Team #14482 Page 8 of 25
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Figure 2.3.5: Graph of UK Wireless Internet Plan Prices from 2015 to Projected 2030
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Figure 2.3.6: Graph of US and UK Price per Mbps of Bandwidth in Dollars from 2020 to

2030
Year US Price in Dollars per Mbps UK Price in Dollars per Mbps
2020 1.044 0.788
2021 0.811 0.686
2022 0.634 0.599
2023 0.497 0.526
2024 0.392 0.463
2025 0.311 0.408
2026 0.247 0.361
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2027 0.197 0.320
2028 0.158 0.284
2029 0.127 0.252
2030 0.102 0.224

Table 2.3.1: Distribution of US and UK Bandwidth Prices per Mbps in Dollars (2020-2030)

Thus, our model concludes that across the next 10 years, the cost per unit of bandwidth in
dollars per Mbps in both the US and UK will exponentially decrease, with a sharper
decrease in the United States. By 2030, the US price and UK price will be about $0.10 and
$0.34 per unit, respectively.

2.4 Model Evaluation

2.4.1 Validation

The results of our model are reasonable in the context of the problem. As the prices in wired
and wireless plans decrease over time, as seen in the trends from the early 21st century to
2020, this trend coincides with the exponential increase in broadband speeds[1?], creating a
drastic decrease in price per Mbps of bandwidth as reflected in the table.

2.4.2 Sensitivity Analysis

Constant % Change in Constant US % Change UK % Change
0.683 (Propwireless in +5% -2.04% +1.65%
2020)
0.683 (Propwireless in 5% +2.49% -3.34%
2020)
1.03 (Propwireless Yearly +5% -21.0% +15.2%
Multiplier)
1.03 (Propwireless Yearly 5% +25.4% -18.4%
Multiplier)
0.317 (Propwireain 2020) +5% +2.35% -1.67%
0.317 (Propwireain 2020) 5% -2.35% +1.82%
1.05 (Propwired Yearly +5% +24.1% -17.5%
Multiplier)
1.05 (Propwired Yearly -5% -22.8% -16.0%
Multiplier)

Table 2.4.1: Sensitivity Analysis for Part
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As seen in the table, the change in the US’s price was inversely related to a change in
the proportion of wireless plan customers but directly proportional to the proportion of wire
plan customers while the opposite occurred in the UK.

2.5 Strengths and Weaknesses

Overall, one of the strengths of our model is that it bases the changes in price on the
changes in price plans rather than individual variables like materials, labor, etc. which
contributes to the simplicity and conciseness of the model. Additionally, our model is
fundamentally centered around historical trends (real data) rather than future values, which
provides concrete support for the models that we developed. Finally, our model is accurate
in the short-term because changes in the exponent coefficients cause minimal changes
(minimal error) in the country prices in the short run.

However, our model used a ratio factor to determine the US wireless prices because
online data for US wireless plan prices was not available, and we instead chose to compare
the ratio between mobile internet prices between the US and UK and apply this to wireless
prices. The actual US wireless prices could deviate from this ratio factor, which would distort
actual change in US cost per unit of bandwidth. Additionally, as seen in the sensitivity table,
our model is not resistant to changes, with changes in the constants by 5% causing the results
to change by nearly 25%. Moreover, because our model is an exponential function, changes
in the power coefficient causes bigger changes in the variable as time passes, signifying a
weakness in our model.

3  Partll: Bit by Bit

In order to better gauge the widespread necessity of high-speed internet, the respective
needs of a variety of households must be quantitatively determined. However, this need
greatly fluctuates depending on the two major consumption factors, work/school and
leisure, and the demographic and socioeconomic makeup of individual households. Thus, we
created a flexible mathematical model to calculate a household’s yearly internet needs given
these factors and familial makeups and utilized this model to determine three households’
minimum amounts of bandwidth to cover their internet needs 90% and 99% of the time.

3.1 Local Assumptions
1. The data collected by the Nielsen Corporation on internet media consumption by
different demographics is representative of the people we are testing our model on.
a. Justification: The Nielsen Corporation is a professional company which has
previously published research on the topicl11l.
2. Individuals will require the same amount of bandwidth consumption from week to week.
a. Justification: For most weeks in the month, individuals' schedules are
relatively similar. For other weeks, the possible difference is assumed to be
negligible.
3. All households have their desired level of access to the internet.
a. Justification: For simplicity of the model, we will assume that demand will be
fully met for all applicable households.
4. Cable television does not affect the bandwidth consumption of a household.
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a. Justification: Bandwidth is not used for watching traditional television
because every channel is broadcast to households in the area, rather than
bandwidth being specifically required to watch traditional television.

5. The demographic information of age group and household income are the best
predictors of how an individual will interact with the internet.

a. Justification 1: Age is capable of predicting this as different age groups are
likely to have different interests and technological capabilities. For example,
younger aged individuals are more likely to use the internet for gaming, and
this is reflected in the datal!?] as well.

b. Justification 2: Household income is capable of predicting this as different
levels of wealth have access to different levels of resources. For example,
people with higher incomes do not need to rely on cheap entertainment, such
as computer usage, as they can go outside for their entertainment more often.
This lowers the amount of time they spend on bandwidth requiring activities.

3.2 Model Development

In this model, in order to determine the minimum amount of bandwidth required for
different households, we decided to first find the total amount of data each person in the
household would use. Different people spend different amounts of time on different
activities which require different amounts of bandwidth. The amount of data an individual
uses on any given activity can be found this equation:

D=T-B

Here, the data used for any single activity (D) is found by multiplying the time spent
on that activity (T) by the bandwidth required to perform that activity (B). Of course, since
the exact time an individual spends on any given activity is not known, it must be
approximated. We have assumed that the largest determinants which influence an
individual’s choice of activities are the age group and household income level they belong to,
as explained in Assumption 3.1-5.

In order to determine the relative influence these characteristics have on an
individual’s choice of activities, we analyzed the data the Nielsen Corporation(12] collected on
the amount of average weekly hours spent by different demographic groups on different
bandwidth using activities. By performing a linear regression on time spent on each activity
for each demographic, we are able to estimate the impact that demographic has on activity
preference. That is, the slope of the line of best fit will have a greater magnitude if that
demographic group has a larger influence on that type of bandwidth usage. Then, by
comparing the magnitude of the slope of the linear regressions, we are able to find the
relative weight of the demographics of age and household income compared to each other.
The linear regression coefficients and derived relative weight for the demographics age and
household income for each activity is listed here:

Analysis - Linear Regression Linear Regression Relative Weight of that
Activity List | Coefficients for Age Coefficients for Household Demographic
Data (Ma) Income Data (Mn) Characteristic (Wa, Wh)

Watching 8.417142857 -7.479 (0.5295,0.4705)
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Traditional
Television
TV Connected -0.7671428571 -1.959 (0.2814, 0.7186)
Game Console
TV Connected -0.4962857143 -1.625 (0.2340, 0.7660)
Internet Device
Internet on a -0.469 -1.307 (0.2641, 0.7359)
Computer
Total App/Web -3.939 -0.813 (0.8289,0.1711)
on a Smartphone
Total App/Web -
R ot 0.834 0.141 (0.8554, 0.1446)

Table 3.2.1 Calculations Used to Determine Relative Weight to Give to Demographic
Factors

The relative weight of demographic characteristics compared to each other was found by
adding the linear regression coefficients of both demographics for one activity, then finding
the proportion of the linear regression coefficient of one demographic compared to the sum.

MT=MA+MH
M,
WA—M—’;,WH=1—WA

With these weights, the average amount of time that an individual spends on certain
bandwidth using activities can be approximated using their age and household income
demographics. By using average demographic data in conjunction with the derived
demographic weights, the average amount of time an individual in a given demographic
spends on a certain bandwidth using activity can be calculated.
Ty = Wy, Ty, + Wy, T,
For any given activity, the amount of time a person spends on said activity (7;) is determined
by summing the average amount of time people in the same two demographic groups spend
on that activity (7, for the demographic of age, Ty, for the demographic of household
income) times the weight of the influence that demographic has on that activity (T, and
Ty, respectively).
D; = TiR; = (Wa,Ta, + Wy, Ty, )R;
Then, by multiplying this number (T;) by the amount of bandwidth that the chosen activity
uses (R;), the total amount of data the individual spends on that activity can be calculated
(D;). To ensure the units match up, this number must be multiplied by 3600 to keep the units
consistent (T is in hours, R is in megabits per second, there are 3600 seconds in an hour)
D = %Wy, Ta, + Wy, Ty )R
To find the total amount of data used by an individual (D), the sum of bandwidth used for all
activities the individual does must be summed up. Finally, because a family consists of all
members of a household, finding the sum of data used for all activities for all members of the
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household and combining them will result in the total amount of data used by a household
(DF).

D =YD
Then, the total amount of data used by a household can be divided by their hours of internet
use to determine their bandwidth required for average usage,

Drp
B=—
T

Then, to determine the minimum amount of required data 90% of the time and 99%
of the time, we used a normal distribution function. We assumed above calculated bandwidth
was the average bandwidth required 50% of the time. Then, a standard deviation (Psta) was
20% of the calculated bandwidth. The bandwidth at 90% and 99% frequencies on the normal
distribution function, corresponded with the minimum amount of required bandwidth the
household needs 90% of the time and 99% of the time—our answer.

Refer to the below chart to see the different activities and bandwidth required
constants used in the above equations. The explanations for how we calculated the
bandwidth required for the activity is shown below.

Activity Bandwidth Required

Watching Traditional Television 5.5 Mbps (Source: D5)

TV Connected Game Console 2 Mbps (Source: D5)

TV Connected Internet Device 6.5 Mbps (Source: D5)

Total Internet on a Computer 3 Mbps (Source: D5)

Total App/Web on a Smartphone 0.43 Mbps (Calculation Explained Below)
Total App/Web on a Tablet 0.688 Mbps (Calculation Explained Below)

Table 3.2.1 List of Activities and Bandwidth Required

We calculated an average of 5.5 Mbps used while watching traditional television,
which encompasses watching standard-definition video streaming (3-4 Mbps) and high-
definition video streaming (5-8 Mbps). We averaged these values to calculate an average of
5.5 Mbps.

We conducted a similar procedure when calculating the bandwidth used for each
remaining TV category. For TV-connected game consoles, online gaming requires 1-3 Mbps,
or an average of 2 Mbps. For TV-connected internet devices like Apple TV and Amazon Fire,
which offer high-definition video streaming (5-8 Mbps), we calculated an average
bandwidth used of 6.5 Mbps.

Meanwhile, in calculating internet and app usage for computers, smartphones, and
tablets, we utilized monthly data usage (in gigabytes and megabytes) in order to calculate
the average bandwidth required (in Mbps). We cannot assume that the Total App/Web
Speed and Total Internet used on a smartphone, tablet, or computer will fall into any one of
the categories given in Data Table 5 given that activities on these devices can range from
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texting (which uses very little amounts of data) to video streaming (which uses large
amounts of data). As a result, a more detailed analysis is required.

To calculate Mbps used on a smartphone we used the following methodology: On
average, an American spends about 5.4 hours on their phone dailyl13l. Also, an average
American uses about 251,200 Mb per month (converted from 31.4 GB mentioned in the
article)14l. Therefore, we calculate that the average App/Web consumption of a smartphone
in Mbps would be 251200/[(5.4 (hrs/day)*30(average days in a month)*60 min/hr*60
seconds/hr] = 0.43 Mbps

To calculate Mbps on a tablet: According to data, bandwidth usage on a tablet is
approximately 160% more than that of a phone. Thus, we can multiply our value from the
smartphone by 1.6 to get the bandwidth consumed by a tablet. 0.43 * 1.60 = 0.688[15],

Common uses of the computer include internet related purposes such as general web
surfing, standard definition video streaming, and online gaming. These are all low bandwidth
uses [D5], so the assumption of 3Mbps is a reasonable one.

3.2.1 Defined Variables and Parameters in the Model

Variable Definition Units
D, D, Df Total Data Used by an Individual, Data Usedl for a Single Activity, Total Data Megabits
Used by a Family
TT Time Spent, Time Spent for a Single Activity, Average Time Spent on an
T’- TI’ _ Activity by the Demographic Group of Age, Average Time Spent on an Hours
Ai L Activity by the Demographic Group of Household Income
My, Linear Regression Coefficient for Age Data, Linear Regression Coefficient N/A
My,Mrt for Household Income Data, Combined Linear Regression Coefficient
Wi Wi Weight of Age on Chosen Activity Le\./e.ls, Weight of Household Income on N/A
chosen Activity Levels
Ri Bandwidth Required for Given Activity Megabits/Second
B Bandwidth Megabits/Second
Pstd Constant, Standard Deviation of Mean (Assumed to be 20% of calculated Ds) 0.2
3.3 Results

By using linear regression to determine the influence of the demographic
characteristics of age and household income on internet activity, we were able to predict a
household’s total data usage. Then, we used a normal distribution to determine the
probability of how much bandwidth would be used by a household by using the
household’s total data requirement as a baseline (total data was converted to bandwidth by
dividing by hours spent on the internet). This allowed us to determine the minimum
bandwidth of the household for 90% and 99% of scenarios by finding the value at 90% and
99% of the normal distribution, respectively.
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Situation 1:
TV
TV Connected Connected Internet on a Total Total
App/Webona | App/Web on
Game Console Internet Computer
. Smartphone a Tablet
Device
(0.2814*3.73)+ | (0.234*5.33)+ | (0.2641*4.57)+ | (0.8289%24.67)+ | (0.8554*4.37)+
Teacher (0.7186*5.34) | (0.766*6.21) = | (0.7359%9.12) | (0.1711*12.05) | (0.1446%6.97)
=4.89 6.00 =792 =22.51 =475
Unembloved | (028143.73)+ | (0234*533)+ | (0.2641%4.57)+ | (0.8289*24.67)+ | (0.8554*4.37)+
s ploy (0.7186*5.34) | (0.766*6.21) = | (0.7359%9.12) | (0.1711*12.05) | (0.1446%6.97)
pouse = 4.89 6.00 =7.92 =22.51 =4.75
3.vear-Old | (0-2814°2.92)+ | (0234*555)+ |  (0.2641%0)+ (0.8289%0)+ (0.8554*0)+
Child (0.7186*5.34) | (0.766*6.21) = | (0.7359*9.12) | (0.1711*12.05) | (0.1446%6.97)
1 =4.66 6.06 =6.71 =2.06 =1.01
TI‘)’::IVIV{::;S 14.43 18.06 2255 47.08 10.50
Total
R&‘[’)“;Z‘;d 103,917 422,691 243,519 72,885 26,006
Week

Total Hours for Household per Week = 181.64175 hours
Total Mb for Household per Week = 869,018.0549 Mb

Mean Mbps = 1.230
90% Effectiveness: 1.230 + (0.2)(1.230)(1.282) = 1.545 Mbps / 0.5 = 3.090 Mbps
99% Effectiveness: 1.230 + (0.2)(1.230)(2.326) = 1.802 Mbps / 0.5 = 3.604 Mbps
The median teacher salary is $64,524, making this household’s income fall between $50,000 and

$75,0000171,

Situation 2:

v Total Total
TV Connected Connected Internet on a
App/Webona | App/Web on
Game Console Internet Computer
Device Smartphone a Tablet
Retired (0.2814%0.15)+ | (0.234*2.17)+ | (0.2641*3)+ | (0.8289*13.37)+ | (0.8554*7.12)+
e (0.7186*9.89) = | (0.766%9.14) = | (0.7359*12.01) | (0.1711*13.14) | (0.1446%6.84)
oman 7.14 7.51 =963 =13.33 =7.08
(2)*(2/7)*[(0.28
Grandchildren | 14*4.08)+(0.718 4.46 5.05 1.28 0.57
6*9.89)] = 4.72
ngilvl\}l::l:s 11.86 11.97 14.68 14.62 7.64
Total
Rlsl‘l])“;':;d 85,438 236,974 158,553 22,625 18,934
Week

Total Hours for Household per Week = 126.7612187 hours
Total Mb for Household per Week = 522,523.3573 Mb
Mean Mbps = 1.145 Mbps
90% Effectiveness: 1.145 + (0.2)(1.230)(1.282) = 1.439 Mbps / 0.5 = 2.878 Mbps
99% Effectiveness: 1.145 + (0.2)(1.230)(2.326) = 1.678 Mbps / 0.5 = 3.356 Mbps
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Situation 3:

v Total Total
TV Connected Connected Internet on a ota ota
App/Webona | App/Web on
Game Console Internet Computer
Device Smartphone a Tablet

(0.2814*3.73)+ | (0.234*5.33)+ | (0.2641*4.57)+ | (0.8289*24.67)+ | (0.8554*4.37)+
Each Student | (0.7186*7.83) | (0.766*7.94)= | (0.7359*9.71) | (0.1711*12.05) | (0.1446*7.12)
= 6.68 7.33 =835 =22.51 =4.77

Total Hours

20.03 21.99 25.06 67.53 1430
per Week
Total
Required 144,207 514,514 104,540 104,540 35,426
Mb per
Week

Total Hours for Household per Week = 226.979787 hours
Total Mb for Household per Week = 1,069,308.431 Mb
Mean Mbps = 1.309 Mbps
90% Effectiveness: 1.309 + (0.2)(1.230)(1.282) = 1.645 Mbps / 0.5 = 3.290 Mbps
99% Effectiveness: 1.309 + (0.2)(1.230)(2.326) = 1.918 Mbps / 0.5 = 3.836 Mbps

The median wage/salary of a part-time worker is $307 per week, or $15,964 per
yearl[18], This translates to a household income of $47,892.

For all three situations, the calculated minimum Mbps was divided by 0.5 because the
average WiFi speed experienced in one’s home will generally be 50% below the maximum
download speed due to wireless interferencel°]

3.4 Model Evaluation

3.4.1 Validation

Relative to one another, the results of our model make sense in the context of the scenarios
provided. For example, it is reasonable that the working and learning college student
household in scenario 3 would require a greater bandwidth than the retired woman and her
grandchildren in scenario 2. The household in scenario 3 would require greater amounts of
internet for their choice of internet usage. Furthermore, numerically, the calculated
bandwidths of roughly 3 Mbps would be capable of popular internet activities such as
general web surfing, standard video streaming, and video conferencing. The numbers
independently seem reasonable as it is a high enough number to be capable of most tasks
that require the internet. Furthermore, relative to each other, the numbers seem reasonable,
as groups that seem to require more internet are appropriately modeled to have more
bandwidth than groups that seem to require less internet.

3.4.2 Sensitivity Analysis

Constant -> Psta Psta
Percentage Change +5% -5%
Situation 1 (90%) +1.04% -0.96%

Situation 1 (99%) +1.60% -1.58%
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Situation 2 (90%) +0.99% -1.05%
Situation 1 (99%) +1.57% -1.61%
Situation 3 (90%) +1.01% -1.04%
Situation 3 (99%) +1.08% -1.59%

3.4.2 Strengths and Weaknesses

One of the strengths of our model is the fact that it is based on real demographic data.
This is most evident in the methodology we used to calculate the weights we assigned to the
demographics—those coefficients have a real world basis. Another strength of our model is
that it is not sensitive to change. For our constant Pst, the output of the model changes by a
lesser amount than we changed it by. Since it was difficult to find a specific number to use
for Pstwd, a low percentage change is desirable because it indicates that new data (which might
significantly change Psw) will not disrupt the model overall.

Due to limited data availability, our model displays weaknesses. Better estimates for
bandwidth requirement could be found for each activity by breaking down each activity into
proportionate sub-sections which could more accurately describe bandwidth requirement.
For example, the activity “Total Internet on a Computer” could be broken down into time
spent on online gaming, video conferencing, and streaming by using the popularity of each
smaller activity. Another weakness our model includes our use of a normal distribution.
However, bandwidth usage is more likely skewed to the left. Factors such as high cellphone
usage, which require low amounts of bandwidth and distort the mean, support this. This
would imply that the minimum required bandwidth should be higher than what the model
indicates.

4  PartlIlIl: Mobilizing Mobile

Even with an understanding of bandwidth cost and household needs, mobile
broadband depends on the effective implementation of cellular nodes across a region to
maximize broadband coverage. As such, we developed a model to optimize the distribution
of cellular nodes and tested this model with three hypothetical regions.

4.1 Local Assumptions
1. All nodes in each region will be placed at locations throughout each subregion which
will cover the maximum distance possible.

1. Justification: Our model will not account for overlap of nodes thus we are
assuming that each node will be placed at positions to cover the maximum
amount of area and disregard any overlap in service.

2. The population is spread evenly over every subregion.

1. Justification: There is no data available which describes the distribution of
the population within different parts of each subregion.

3. We assume that the median age and median household will be representative of the
entire population.
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1. Justification: Given that the population will likely be skewed in a particular
direction, the median will be the best value to represent the population (Also,
this is the only value provided in the data).

4. We assume that each band will operate at max capacity in terms of range and Mbps.

1. Justification: This assumption will aid in simplicity of the model.

4.2 Model Development

Our second model is able to predict the demand of an individual based on his/her age
and income bracket. Given this information we will use the median age and median
household income to calculate the bandwidth demand of an individual in a particular
subregion. After multiplying this value by the total population of the subregion we will be
able to approximate the bandwidth requirement for the entire subregion.

The model will then determine the minimum number of nodes required outputting
low band for each subregion which will cover the total area of each subregion, returning the
value N_A. Next, it will calculate the minimum number of nodes outputting low band
required to meet the bandwidth requirement of each subregion returning the value N_B. The
model will select whichever value is greater as it will satisfy both of the requirements
(bandwidth and area). It will then calculate this for each of the three different bands.
Depending on whichever number of nodes is the lowest out of the three different bands we
are able to determine the number of nodes required in a particular subregion.

4.2.1 Defined Variables and Parameters in the Model

Variable Definition Units

A Median Age Years

H Median Household Income $

P Population # of people
Q Area miles?

4.2.2 Equations Utilized in Model
We reuse the equations we used to calculate bandwidth demand in question 2 to find
regional bandwidth demand.
D = Y(Wy,Ta, + Wy, Ty, )R;

4.3 Results
Subregion Subregion 2(A) | Subregion 3(A) Subregion Subregion Subregion
1(A) 4(A) 5(4) 6(4)
Demands in mbps 2312919 4766.625 4608.282 1080.053 4396.081 4919.509
Optimal Number of 1 node - high 2 nodes - high 2 nodes - high 1 node - high 1 node - high 2 nodes -
Nodes and band band band band band band high band
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Subregion Subregion 2(B) Subregion Subregion Subregion Subregion Subregion
1(B) 3(B) 4(B) 5(B) 6(B) 7(B)
Total Mbps 12812.33 6993.358 4678.729 3734.863 9308.915 7932.863 6698.834
Optimal 5 nodes - 3 nodes - high 2 -highband | 2-highband | 4-highband | 3-highband | 3-highband
Number of High band band
Nodes and
band
Subregion Subregion Subregion Subregion Subregion Subregion Subregion
1(9) 2(Q) 3(9) 4(Q 5(Q) 6(C) 7(Q)
Total Mbps 4856.315 4964.867 3347.814 4284.01 4001.854 3334.581 5918.22
Optimal Number | 2 nodes -|2 nodes -|2 nodes -|2 nodes -| 2 nodes 2nodes-high | 2 nodes
of Nodes and | highband high band high band high band high band band high band
Band
4.4 Model Evaluation

4.4.1 Validation

As can be seen in the results of all of the regions, we can see that the model
predicted for the implementation of only high band nodes. This prediction makes sense as
the regions in the database provided are all very population dense. In other words, the
population is very large per unit of area and in population dense areas it would make sense
to use high band nodes. Our model, however, would predict the use of low band nodes in
areas where there is a very low population density as area of coverage would become a
much larger factor than the Mbps.

4.4.2 Strengths and Weaknesses

Strengths: This model was able to recognize that a high population density would
result in the implementation of high band nodes.

Weaknesses: Ideally on a smaller scale one would want a model to consider how a
particular node could interface over multiple regions. However, at a scale as small as the
regions provided both the mid and low bands could cover the entirety of the regions.

5 Conclusion
5.1 Summary and Analysis

Overall, our first model centers on determining the cost per unit of bandwidth in
dollars per Mbps in both US and UK. It demonstrates that the historical trends in decreasing
price plans for both wired and wireless internet connections as well as the rapidly increasing
speeds of bandwidth will in fact cause the cost per Mbps of bandwidth to decrease in the next
10 years: from $1.04 to $0.102 in the US and from $0.788 to $0.224. Thus, these quantitative
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results hint at a positive outlook for the increased digitization of our world, noting that at
the very least, the relative cost of connectivity will decrease which will improve access to
those in rural and low-income areas.

Next, our second model focuses on calculating the individual internet and bandwidth
needs for a year of a randomly chosen household, especially with a newfound awareness for
the global shifts in online education and work. Because data amount usage is equal to the
time spent using a certain network bandwidth, our model analyzed age and household
income levels in relation to time utilization and we performed linear regressions of [D4] data
to relatively weigh each factor on their respective impact on time consumption of a
bandwidth. From this analysis, we determined that the former challenge students in scenario
3 demanded the most amount of bandwidth while the retired woman and the grandchildren
required the least amount of bandwidth, which makes sense considering our new focus on
online education and the greater use of technology and the internet among teenagers and
young adults.

Finally, the third model optimizes the distribution of mobile broadband transmitting
cellular nodes in a region. Once the bandwidth demand of each subregion was calculated, the
model can determine the minimum number of nodes outputting low, middle, or high band
required to satisfy the bandwidth and area requirements. At the end, whichever number of
nodes is the lowest of the three bands is chosen for the particular subregion. In the end, our
model predicted that subregions 1, 4, 5 (A) require 1 node of high band while subregions 2,
3, 6 (A) require 2 nodes of high band, subregions 2, 6, 7 (B) require 3 nodes of high band
while subregions 3, 4 (B) require 2 nodes of high band, subregion 1(B) needs 5 nodes of high
band, and subregion 5 (B) needs 4 nodes of high band, and finally all subregions of C require
2 nodes of high band. The prevalent use of high band is reasonable to maximize broadband
coverage to minimize the number of nodes.

5.2 Takeaways

As our world progresses toward a more connected, digitized realm, what was once regarded
as a simple commodity now transforms itself into a fundamental need: access to high-speed
internet. A disparity further emphasized by the coronavirus pandemic, the versatile nature
of high-speed nature has irrefutably entrenched itself in our academic, healthcare, economic,
and informational lives, which necessitates the addressment of the technical, logistical, and
economic challenges enhancing high-speed internet access entails. Thus, by accounting for
both wired and wireless connections to the internet amongst people in all different
households and regions as well as balancing bandwidth costs with individual household
needs to accurately and optimally provide broadband coverage, we can certainly take a
complete leap forward toward shared high-speed internet ... together.
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7 Appendix

7.1  Partl: The Cost of Connectivity

import -numpy - as-np
import-matplotlib.pyplot-as-plt
import -math

poundtoDollar-=-1.

def - fune(t):
2020

Propwireless:=:8.683*pow(1.83,x})
Propwired:-=-0.317*pow(@.95%1.05,x)
total =:Propwired+Propwireless
usAS -=- - 3.896%pow(math.e, -0.193%(x+11) )
ukas 274%pow(math.e, -8.299%(x+11) )
usPPwired:=:62.2*pow(math.e,-8.009%* (>+8} )
usPPwireless-=-44.267*pow(math.e,-0.132*%(x+5))
ukPPwired-=-27.214%pow({math.e, - -0.034%*{x+6} )
ukPPwirele 23.843*pow(math.
usPrice-=-(Propwirele: S SS *usPPwired)/(total*usAS)
ukPrice:=:poundtoDollar*(Propwireless*ukPPwireless+Propwired*ukPPwired)/( total*ukAs)
return{usPrice, -ukPrice}

fig-=-plt.figure(facecolor="w"
ax-=-fig.add subplot(111, -axisbelow=True}
x-=-np.linspace(2020, - 2030, - 11}

rows:=:[ “¥d-Year -%:y-for-y-in-x]

US, -UK-=-func{)

ax.set_ylabel( “Price-in-Dollars/Mbps )}
ax.set_xlabel( "Year ‘)

ax.plot(x, -US, -label-=- "Us "}

ax.plot(x, ‘UK, -label-=: "tk ")
fig.suptitle( ‘Price-per-#bps - of - Bandwidthi-vs -Year-in-the-US -and-UK ')
legend - =-ax.legend(loc="best ")

legend.get frame().set alpha{@.5)
plt.show(block=True}
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7.2  Partll: Bit by Bit

No Code Available



7.3
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Part III: Mobilizing Mobile

import math

A_subregions_area
A_subregions_mbps

B_subregions_area
B_subregions_mbps

C_subregions_area
C_subregions_mbps

[1.21,0.8,0.67,1.65,0.36,2.14]
[2312.919, 4766.625, 46@8.282, 1080.053, 4396.081, 4919.509]
[3.48, 4.35, 4.64, 2.32, 7.54,
[12812.33, 6993.358, 4678.729,

3.77, 7.54]
3734.863, 93@8.91 ,7932.863, 6698.834]

[0.38, 0.14, 0.1, 0.24, .13, 0.31, 8.34]
[ 4856.315, 4964.867, 3347.814, 4284.01, 4001.854, 3334.581, 5918.22]
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3 a in s

math.pi * 400

math.pi * 9
math.pi * 1

#c ula are miles that a particular band can
lowRange
midRange =

highRange =

midMbps = 900
highMbps = 3000

#calculate minimum number of nodes purely based on area coverage per different|band
for 1 in A_subregions_area:

print((i)/lowRange)

print((i)/midRange)

print((i)/highRange)

- 1 in B_subregions_area:
print((i)/lowRange)
print((i)/midRange)
print((i)/highRange)

i in C_subregions_area:
print((i)/lowRange)
print((i)/midRange)
print((i)/highRange)
calculate minimum number of no purely based on mbps co 2 per band
-1 in A_subregions_mbps:
print{(i)/lowMbps)
print((i)/midMbps)
print((i)/highMbps)

i in B_subregions_mbps:
print((i)/lowMbps)
print{(i)/midMbps)
print((i)/highMbps)

for 1 in C_subregions_mbps:
print((i)/lowMbps)
print((i)/midMbps)
print((i)/highMbps)
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