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Past broadband adoption initiatives underscored common wisdom: “We cannot manage what we cannot accurately measure”, “Trust but verify”. Self-reported Federal Communications Commission data has been notoriously unreliable or lacking granularity and that led to an overoptimistic perception of the quality and coverage of broadband services. Data collected in the past was deficient in providing a complete view of the user experience by focusing exclusively on a simple metric, bandwidth availability. Moreover, data collected in the past typically provided a point-in-time perspective on the state of broadband services in each region. In this paper, we discuss a new set of metrics and measurement techniques needed to make broadband funding decisions efficient in terms of quality of services delivered and return on investment, and to track their progress. We propose composite metrics that capture the complete value of the service to the user and emphasize the feasibility of measuring and monitoring such a metric over time.
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1 INTRODUCTION
Broadband Internet access, originally a nice to have yet expensive service for basic communications, has become a utility for households around the world. The value of broadband to families and individuals has been constantly increased by the emergence of new, productivity, education, and entertainment internet-based applications. These applications provide measurable and sustained improvements to the wellbeing and wealth of households, yet accessibility and utility depend on the availability, quality, and affordability of internet access services.
In economic terms, homes with access to broadband are valued higher than those lacking it (Molnar et al., 2015). Rural broadband access is associated with significant increases in agricultural yields (LoPiccalo, 2020). Broadband enables content rich collaboration and access to enterprise tools which facilitate remote work arrangements. Remote work is a major socio-economic opportunity (De et al., 2020) that became critical during the COVID-19 pandemic. In rural communities where remote work is less common, broadband access is a key economic enabler of precisions agriculture and data-based operation of farm and rural industries (Smith, 2020; Hennessy et al., 2016). The systemic lack of broadband access or at least internet access in rural areas (Perrin, 2019) significantly limits the economic opportunities for rural communities (Whitacre et al., 2014; Kandilov et al., 2017).
Modern K-12 and Higher-Ed education is more and more dependent on internet resources, from collaboration tools to educational resources, and administrative processes. Access to the Internet is critical to the success of students at all levels of their education. Middle and high school students with high-speed Internet access at home have more digital skills, higher grades, and perform better on standardized tests, such as the SAT and are more likely to attend college or university (Hampton et al., 2020). Higher education requires access to high-speed internet for class and project participation and for homework submissions. All the opportunities provided and needs met by broadband access were underlined by the COVID-19 pandemic (Lai and Widmar, 2020). Households without quality or even basic broadband access faced significant challenges in negotiating quarantine constraints. During the COVID-19 pandemic, the digital divide between those who have and those who do not have broadband access at home was clearly underlined.
Finally, Internet connectivity and particularly access to broadband, is playing an increasingly important role in both healthcare and public health (Bauerly et al., 2019). Population based medicine and the increasing application of telemedicine and outpatient care depend on good Internet connectivity to facilitate video conferencing and remote instrumentation. These services are especially important in rural areas seeing a continued decrease in the number of regional hospitals and clinics. Yet again, the pandemic underlined the importance of these services to scaling up medical resources as needed and where needed to address crisis scenarios.
2 CHALLENGES OF BROADBAND INTERNET ACCESS AVAILABILITY
The value of broadband to all households, regardless of geographical location has been repeatedly demonstrated by data. The improvements to the wellbeing of families naturally draw the attention of local, state, and federal governments to the need to push for and fund broadband services everywhere. The visibility and the impetus of these initiatives increased in recent years due to socio-economic drivers, yet the results are lagging, particularly when looking closer at service footprints and quality. While broadband access deserts can be found in even the largest urban areas, the problem is particularly acute in rural areas where only 51.6% of residents had broadband access as defined by the Federal Communications Commission (FCC) (Federal Communications Commission, 2020).
According to the FCC broadband (high-speed internet access) is currently defined as internet service with speeds of at least 25 Mbps download and 3 Mbps upload speeds (25/3 Mbps) (Federal Communications Commission, 2020). Communities with access to service between 25/3 Mbps and 10/1 Mbps are categorized as underserved while communities with service below 10/1 Mbps are identified as unserved. Internet access services with broadband speeds are not available to everyone, with broadband access deserts present in both rural and urban areas. While these challenges exist at the service level definitions mentioned above, it is worth noting that experts agree, a more appropriate definition of the broadband service should require a minimum of 100 Mbps to accommodate multiple devices and some of the key applications used today.
While service availability is an important factor, adoption of broadband also depends on the cost of these services. According to data collected by the Organization for Economic Co-operation and Development (OECD), the average cost of broadband services in US is $61.07 and $0.43/Mbps (OECD). These costs are significantly higher in the US than in many other countries in the World. By comparison, an Eastern European Country such as Romania has an average cost for broadband service of $8.15 or $0.05/Mbps. For this comparison, broadband services cost in US per average income is twice as high as in Romania.
The current state of broadband availability and adoption is challenging and while the causes of the current state are not the subject of this paper, it is worth noting that lack of data on the true state of broadband access combined with regulatory issues thwarted past attempts to comprehensively address the problem. With the renewed, and funded focus on broadband, it is imperative to approach this issue in a pragmatic and data driven way from day one.
3 MEASURING THE AVAILABILITY AND PERFORMANCE OF BROADBAND SERVICES
Improving broadband access, quality and affordability is an effort that requires a quantitative understanding of the current state and a way to track progress of funded or regulatory driven initiatives. Past efforts to drive broadband adoption highlighted the truism that we cannot manage something we cannot accurately, reliably, and consistently measure. The self-reported data collected from service providers via FCC Form 477 (Federal Communications Commission, 2020) is inherently coarse and does not always agree with data collected directly from users. Figure 1 shows the discrepancy between self-reported data and data collected directly from the citizens in a study run by Merit Network in Berrien County, Michigan (Berrien).
[image: Figure 1]FIGURE 1 | FCC broadband availability data vs. data collected from end-users. Adapted from Berrien County Report, with permission from Berrien County.
The same study also states: “Out of 1,062 census blocks, we have found that in 76% of these, based on survey responses, there were customers who could not obtain service at their address though they are located in a census block that is reported as served based on FCC maps.” This underlines the limitations of census block level self-reporting.
The study went beyond surveying service availability and touched on another critical point: Quality of service. The study observed that 55% of users with >100/100 Mbps, 66% of those with 25/3 Mbps and 77% of those with 10/1 Mbps felt there are not enough broadband service options. Users who have some levels of service are generally unhappy with them and would be very interested in switching providers if available as shown in Figure 2.
[image: Figure 2]FIGURE 2 | User satisfaction with internet access services in Berrien County, MI. Adapted from Berrien County Report, with permission from Berrien County.
The need exists, 33% of households without broadband service are willing to pay over 23% above the average cost of service. The pain exists as well, with over 78% of households with broadband access being interested in switching providers.
The key takeaway is that the data we have been using to make funding and policy decisions with respect to broadband access development is neither accurate nor complete in measuring the experience users have with the service. We must change both the types of data we collect and the way we collect them, we must focus on service availability, service performance, and on service quality. Under the secretary Rosenworcel, the FCC recognizes some of these shortcomings of the past methodologies: “Collecting data from consumers who are directly affected by the lack of access to broadband will help inform the FCC’s mapping efforts and future decisions about where service is needed” (FCC, 2021).
To ensure effective funding and management of broadband initiatives, the focus must be on a more comprehensive approach to service assessment, one that accounts for service performance and sustained service quality over time. To meet this goal, we require a better assessment of the current state by adopting user centric metrics and deploying the instrumentation and processes that will enable accurate tracking of these metrics over time.
4 USER CENTRIC METRICS TO ASSESS AND TRACK BROADBAND SERVICES
The common metrics used in defining and assessing broadband services are technology centric: bandwidth (speed) up and down and in some cases, latency (the average response time), drops (the average number of dropped packets over a period), and service availability (uptime). These metrics have been measured in various ways over time and have been commonly used in a variety of past reports (Bauer et al., 2010). Measuring these basic metrics, particularly to commonly used speed tests, has its own challenges as summarized by Feamster and Livingood (Feamster and Livingood, 2020). The traditional approach to measuring and documenting broadband service availability was recognized to be limited for the past decade (Grubesic, 2012) yet it continued to be used. The major shortcoming of this traditional view on measuring broadband access is that it does not reflect the real user experience with the service (Feamster and Livingood, 2020).
Broadband services should be measured in terms of their capability to support the applications users need, to measure the consistency over time in delivering those applications, and finally, the Return on Investment (ROI) for the user, or the economic value of the service. We will analyze each of these three components individually and then discuss options for describing a monitored broadband service by using the three metrics.
4.1 User experience
To measure user experience (UX) of a broadband service, we first need to identify a set of applications or general workflows that are expected to be supported by Internet access, individually and within a usage profile. For each one of these applications, we can identify an application specific metric to measure user experience. Table 1 lists the main applications to be considered and the corresponding metric.
TABLE 1 | Typical applications used by broadband subscribers and related UX metrics.
[image: Table 1]All the metrics listed in Table 1 can be inferred by individually collecting specific network and application response information such as: throughput, latency, jitter, drops, and DNS response time. However, applications typically use multiple infrastructure and cloud services delivered by broadband access providers which themselves impact UX. For example, a speed test’s results will depend on the DNS resolution times, on routing done by the provider and its upstream peers and finally on the end-to-end quality of the path, assuming the target is consistent in its performance.
The data can be collected by monitoring live traffic or by synthetic transactions. The former raises privacy concerns but with proper analysis can capture the true user experience of end users. The latter is a simulation of traffic generated by an application or an end-point device making it a representation of the actual UX. Synthetic transactions can easily simulate the usage profile and are highly deterministic. It is important to note that the renewed efforts of FCC to assess broadband service availability and quality are focused on user experience rather than singular network centric metrics (FCC Announces). The Measuring Broadband America initiative employs a user experience focused approach and uses synthetic transactions for assessment (Measuring Broadband, 2022).
Measuring a single application, as commonly done in the past, for example, measuring file transfer times (speed tests), is not sufficient to describe the overall user experience. Using a traffic monitoring approach, a common usage profile can be statistically extracted from the monitored traffic. However, this approach makes it difficult to consistently compare performance amongst users across wide service areas. Traffic monitoring-based evaluations are better suited for assessing the performance of individual applications. By contrast, synthetic transactions are better suited for assessing the performance of broadband services through deterministic measurements where a likely traffic profile consisting of a set of simulated applications can be used for consistent evaluation. An example profile could be to take UX measurements for simulated traffic specific to the applications in Table 1. The synthetic traffic-based approach and the use of set traffic profiles, in this case reflecting usage profiles, is in line with benchmarking methodologies used in Internet technologies performance evaluations (RFC 2544, 1999). It facilitates consistent testing, monitoring, analysis, and reporting.
User experience should be measured for each service considered in the usage profile. While application specific UX metrics can be compared across evaluated broadband services, the overall assessment of a service which consists of metrics for multiple applications becomes challenging. Moreover, the more metrics are involved in the service assessment, the harder it is to convey the results to end-users.
To simplify reporting, the individual UX measurements can be normalized to service target values and weight averaged according to the usage profile to provide a single number characterizing the overall quality (QS) of the broadband service observed. For example, in the case of the profile proposed in Table 1, the normalized metrics are calculated as follows:
[image: image]
where NUXi represents the normalized value of measured (average) UXi and Si is the satisfactory value for UXi. All normalized UX values greater than 1 are set to 1. The weights reflect the likelihood of use or the value to user: WVoIP (weight VoIP), WVideo (weight Video), WFT (weight File Transfer), WWeb (weight Web).
[image: image]
The overall service quality number is compared against service targets. As far as users are concerned, bandwidths and speeds are irrelevant if the applications they need are not working well. As far as engineers and operations staff are concerned, the more specific metrics related to individual applications and the infrastructure related metrics such as latency, jitter, drops, and DNS response time are more relevant to understanding the causes for the observed performance.
4.2 Consistency of user experience
The second dimension of assessing a broadband service relates to measuring the consistency of the quality of service. Many infrastructures providing broadband access today are shared amongst multiple users (George, 2019; Hoffman, 2017). This results in dramatic changes in the quality of service when many users are online at the same time. A 25/3 broadband service can quickly degrade to a nonbroadband service when experiencing load. This degradation can also happen at the most inconvenient times thus rendering the service sub-optimal. Moreover, many broadband infrastructures, particularly in sub-urban and rural areas have suboptimal distribution infrastructures that are not buried thus exposed to factors leading to interruption of service Heidemann et al. These service interruptions must be taken into consideration when assessing the overall quality of the service provided. Making 25/3 service available only during some days and some hour during the day can technically qualify as broadband by the FCC definition but it is not consistently delivering the expected user experience. It is thus important to monitor the performance of a service, through the UX metrics, over time.
Quantifying the consistency of user experience with a service can be done using APDEX (The APDEX users group, 2023). APDEX is a simple measure of the proportion of measured data points that are within the range of acceptable service quality compared to the proportion of measured data points that are not. For a given application “q”, the UX measurements over a period are placed into three buckets: Satisfactory UX, Tolerated UX, Frustrated UX. These buckets are separated by two predefined thresholds. The APDEX of application “q” over the period when the data was collected is calculated as:
[image: image]
APDEX should be evaluated on a per application basis and the acceptable service threshold should also be defined for each application. Whenever the overall Internet Access is down, the failing scheduled UX measurements should be placed in the Frustrated bucket for each application assessed.
Similar to the challenge of determining the quality of a service when measuring the UX of individual applications, the APDEX of the broadband service could be a single number calculated as the weighted average of the APDEX scores for each monitored application. The weights used are the same as the ones used to calculate the quality of service described in the section above.
[image: image]
It should be apparent that, like UX measurements, the APDEX measurements depend on the performance of the applications delivery infrastructure and not just the broadband access service quality.
4.3 ROI of broadband services
Finally, the third dimension in assessing broadband services is the return on investment (ROI) for individual households. Broadband must become a utility like water and electricity, however, before we achieve that goal with all its regulatory implications, internet access service offerings varied significantly in terms of economic value delivered. Many communities, especially rural and low-income communities are not covered by competitive broadband services, and they will pay disproportionately for the level of service. This opens the door for providers who fill in the coverage gaps with economically suboptimal solutions funded by broadband initiatives. These solutions will deliver some level of Internet access at prices driven by lack of supply rather than market competitiveness and delivery costs. In rural areas in particular, new companies are employing old technologies such as mesh WiFi (Moreno et al., 2013) to build infrastructure to support Internet access. New companies are exploring new technologies such as Citizens Broadband Radio Service (CBRS) wireless communications (Mun, 2017). While some of these solutions hold positive potential for success, in many cases they are not yet delivering true broadband access while charging significant subscription fees.
State and federal investments in broadband initiatives have proved to be effective according to an extended study performed on investments made across OECD member states (Briglauer and Grajek, 2021). The increases in per capita GDP, in the short and medium term, justify the investments in supporting broadband service coverage expansion. The benefits of these initiatives will depend on the quality of the services and on their affordability. Affordability and not just availability of service correlates with direct positive economic outcomes such as increased employment (Reddick et al., 2020; Zuo, 2021). According to a Pew Research Center report, the average income in areas most affected by a lack of broadband access is less than $30 k per year (Vogels, 2021). Moreover, over 34% of the households in the same income bracket stated they had trouble paying for broadband access service during the COVID-19 pandemic (McClain, 2023). For these reasons, broadband investments funded or subsidized by federal, state, and local governments must be evaluated in terms of both performance and ROI to users.
Specifically, targets should be set for the expected monthly subscription for a service with a measured QS and APDEX. Further analysis can be done on the economic value of the service by calculating the broadband ROI which can be performed based on usage profiles being tracked, usage profiles mapped to specific economic benefits. Each area of economic opportunity, education, healthcare, work mobility, etc., is enabled by the application types captured in the profile. The approach proposed in this paper allows for state and federal agencies to set affordability targets at community level based on specific socio-economic criteria yet still be able to monitor and assess broadband services at a larger scale. The three dimensions of assessing broadband: QS, APDEX, and ROI can be tracked independently or combined into a single metric. Both approaches are acceptable if the methodology of calculating composite metrics is clear and understood. Collecting the data for these metrics requires a systematic approach to engaging the users and the tools to monitor the services on an ongoing basis.
4.4 IPv6 considerations
One consideration in assessing the quality of broadband services is the availability of IPv6 and the quality of the infrastructure supporting it. Data transport and the protocols used in the process should be transparent to the user so whether the next-generation of the Internet Protocol is used or not, should in principle be of no consequence to the user experience. Nevertheless, over the past 5 years, broadband providers accelerated their plans to deploy IPv6 at the access layer to mitigate the exhaustion of IPv4 address space. These deployments vary in quality (architecture, use of translation) which in practice means users will have different experiences with applications running over IPv4 vs. IPv6 (Pickard et al., 2019). It is thus recommended that the three metrics defined in the earlier sections should be measured across each protocol independently and reported accordingly. The methodology for measuring IPv6 vs. IPv4 performance was described by the author in (Pickard et al., 2019) and it uses the guidelines shown in RFC 5180 (Popoviciu et al., 2022). If deployed properly, IPv6 has been shown to deliver improved user experience due to simpler transport infrastructures.
When services are evaluated for regulatory reasons or for federal and state local funding support, effective support of IPv6 should be considered an important criterion. This is a measure of future proofing of services. IPv6 is the current plan of record for the networking industry, and it provides the foundation for more diverse, more cost-effective services to be provided in the future.
5 MONITORING BROADBAND INITIATIVES
One of the key objections to the adoption of the proposed approach to assessing broadband services is the perception that it would require a very complex set of tools and analysis capabilities. This is a tractable problem that can be solved at scale with investments that would represent a fraction of the investments made to address the broadband adoption issues. In fact, all local, state, and federal investments should include single digit percentage allocations to managing these investments. These allocations should be used for instrumentation, monitoring, and reporting purposes, leading to accountable and delivery optimized initiatives.
The process of developing and executing an effective broadband strategy at local, state, and federal levels is complex and requires a systematic approach. The first step is to identify the meaningful metrics that will be used to understand the problem and to measure the outcomes of the solution. The metrics proposed by the author in the previous sections would enable the development of a strategy centered around the users, not the technology. Next, it is important to prepare the tools that will be used to collect the relevant data. These tools cover various data collection methods: surveys, polls, instrumentation. These initial steps will establish a clear, consistent framework for managing the initiative.
The third step is to develop a clear baseline for the current state, a baseline based on the metrics identified in step one. This baseline should be determined by engaging the community and applying monitoring tools to collect the relevant data from the users themselves. These steps will help build a more realistic picture of the current state, facilitate subsequent monitoring, and provide the data needed to evaluate the impacts of the initiative beyond simple adoption.
Lastly, instrumentation should be deployed to enable continued monitoring of the service quality. This instrumentation can be achieved through a crowdsourcing model or through an incentive program. The involvement of the community requires continuous, public reporting to actively show the value of the initiative to the end users and the positive outcomes of the community’s involvement. This reporting will also be a mechanism to offer quantitative guidance to service providers, both incumbents and new entrants on how to align their strategies with the goals of the initiative.
There are multiple options for assigning responsibility for the instrumentation and data collection, with options ranging from crowd sourcing with a state run backend, to entrusting service providers, to funding a third party to manage the mapping and monitoring of the quality of broadband access services. The model chosen should align with the primary sponsor of the broadband initiative. Research shows that state-level funding leads to an average increase in broadband availability by one to two percent (Whitacre and Gallardo, 2020). For this type of initiatives which often have dedicated staff, monitoring the availability and quality of broadband services can be led by the dedicated state office with technical support provided by the local REN (Research and Education Network) providers. Private-public partnerships and cooperatives are another driver for broadband adoption in smaller communities (Falch and Henten, 2010; Girth, 2014; Sadowski, 2017) with active development of service enablement and operation. For these initiatives, the communities can assume joint ownership of monitoring the progress and quality of deployment with the local provider or cooperative since transparency is expected. The technical aspects of data collection can be mitigated using paid monitoring services funded through the initial budget.
It is worth taking a moment to discuss the options available to underserved communities which might not have the financial, economic, political resources to drive broadband initiatives even though the state and federal governments might provide commercial organizations with the incentives to deliver broadband services in those communities. A good example in the US are tribal areas where lack of broadband access is a significant constraint to the wellbeing of the community (Mack et al., 2022; Blackwater, 2023; Hutto and Wheeler, 2023). These communities must assert their right to assess and track the quality of the services claimed in their name. Underserved communities should be provided direct funding to support the effort of independent monitoring of broadband services, to enable them to qualify the quality of the services provided. This function can be implemented through partnerships with academic institutions or with hired third party experts.
The author recommends the involvement of third-party experts who can be funded at state or federal level to provide the data needed to measure the return on the investment in broadband initiatives. A limited number of accredited organizations could step into this role, with the express requirement to adhere to common standards as described in this paper. This model would provide the level of data consistency needed for effective management across a state or across the country.
In an upcoming paper, the author will present recommendations for instrumentation, data management and data reporting to enable and manage effective broadband initiatives at local, state, and federal levels. The technology involved in the proposed instrumentation, the costs of deployment and operation, and the ways in which deployment can be facilitated by existing social and civic structures and services will be described.
6 CONCLUSION
Broadband Internet Access has become an essential service to the wellbeing of individuals, households, communities, and the country. The proven economic, social, health and educational benefits of broadband services are driving a renewed interest and effort to make the service ubiquitously available and delivering the performance necessary to support modern applications. The COVID pandemic underlined the significant challenges faced by communities lacking broadband access services and was a catalyst for the increased local, state, and federal level funding made available to support broadband initiatives.
A successful broadband initiative design and execution at local, state, or federal level depends on the metrics used to baseline the current state and track progress towards the target state. Past efforts were plagued using less relevant metrics and by data collection methods that are unreliable or not granular enough.
In this paper we propose a change in perspective with respect to broadband service assessment. We identify three dimensions of assessment: Quality of service (QS)—a user experience centric metric, Consistency of Service–an APDEX based evaluation of the quality of the user experience over time, and ROI–an economic value assessment of the service. The metrics are calculated based on elemental infrastructure data collected from the user premise over time. They are assessing the quality of the broadband service based on its ability to support a good user experience for a profile of relevant applications over time.
The case is made for the use of more complex metrics that will account for the true value delivered by the services to the communities it serves. Methods for collecting the necessary data are discussed and the case for the use of synthetic transactions is made, an approach that addresses consistency and control of measurements as well as privacy concerns. The paper is also addressing the concerns related to the feasibility and scalability of employing such methods to monitor broadband initiatives. Details of a working set of tools and the recommendations for applying them in practice are the subject of a follow up paper.
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