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ABSTRACT

Popular video streaming platforms attract a large number of global
marketers who use the platform to advertise their services. While
benefiting platforms and advertisers, users are burdened with the
costs of advertisements. First, users indirectly pay for these ads, not
just in terms of the time they invest but also through the sharing
of personal information. Such exchanges might be justifiable if
they resulted in a free and seamless Internet experience. However,
the reality is that these ads also consume a substantial amount of
data, translating into direct financial costs for the users. This issue
becomes even more pronounced in developing countries, where the
cost of mobile broadband in these countries is disproportionately
high relative to average income levels. In this paper, we perform the
first independent and empirical analysis of the data costs of mobile
video ads on YouTube, the most popular video platform, from the
users’ perspective. To do so, we collect and analyze a data set of
over 46,000 YouTube video ads. We find that streaming video ads
have multiple latent and avoidable sources of data wastage, which
can lead to excessive data consumption by users. We also conduct
an affordability analysis to quantify the cumulative impact of data
wastages and unveil country-specific data costs associated with
these losses. Our findings highlight the need for video platform
providers like YouTube to reduce data wastage associated with ads
to make their services more affordable and inclusive.

1 INTRODUCTION

Over 5 billion Internet users worldwide watch billions of hours
of online video every day—with three out of five video views
coming from mobile devices [8]. The growing popularity of on-
line video platforms has drawn many marketers. Marketers use
these platforms to advertise their services, whereas video platform
providers monetize their services via personalized advertisements;
e.g., YouTube had a global ad revenue of USD 29.2 billion in 2022
and had drawn more than 50% of the global marketers [15].
While advertisements have become a ubiquitous presence in
our online experiences, the hidden costs borne by users are often
overlooked. First, users indirectly pay for these ads, not just in terms
of the time they invest but also through the sharing of personal
information. Such exchanges might be justifiable if they resulted in
a free and seamless Internet experience. However, the reality is that
these ads also consume a substantial amount of data, translating
into direct financial costs for the users. This issue becomes even
more pronounced in developing countries, where the primary mode
of Internet access is through mobile devices [18]. Compared to
developed countries, the cost of mobile broadband in these countries
is disproportionately high relative to average income levels [13].
This disparity means that for a vast majority, every megabyte of
data is a precious resource. A study by the World Bank across 11
emerging countries found that nearly half of the respondents had
difficulty paying for their mobile data usage and 42% had to impose
self-restrictions on their data usage, which inadvertently limits

their access to the vast resources and opportunities the Internet

offers [12].

The gravity of this issue is further underscored by the fact that, as
of 2021, 95 countries did not meet the UN Broadband Commission’s
affordability benchmark for broadband services. This target, set at
2% (or less) of the monthly Gross National Income (GNI) per capita,!
is indicative of the digital divide that continues to impact the global
community [9, 10]. Thus, it is crucial to recognize and address the
unintended economic burdens ads place on users, especially in
regions where access to the Internet is not a given but a luxury.

In this paper, we perform the first independent and empirical
analysis of the data costs of mobile video ads on YouTube from the
users’ perspective. We find that streaming video ads have multiple
latent and avoidable sources of data wastage, which can lead to
excessive data consumption by users. Our findings highlight the
need for video platform providers like YouTube to reduce data
wastage associated with ads to make their services more affordable
and inclusive.

We focus our study on YouTube as it is the most popular on-
line video platform with approximately 2.1 billion users world-
wide [15]. We devise a methodology to systematically collect, clean
and analyze a large video dataset of a cumulative total of 17,600
YouTube videos (referred to as main-videos) and over 46,000 video
ads. The aggregate duration of all videos (including ads) in our
dataset amounts to 8,225 hours. To understand and analyze cross-
country variations, we conduct this study across eight sampled
countries, including four developing and four developed countries
(for our sampling strategy refer to §2.2).

Using the streaming data collected for YouTube videos, we first
analyse the proportion of overall data consumption attributed to
video ads. We then perform a deeper analysis based on client’s
video buffer states and ad placement policies to uncover the hidden
costs arising from instances when video data is wasted as a direct
consequence of these ads. Below, we highlight the key insights from
our measurement study.

e Video Ad Data Consumption: We observe that video ads ac-
count for an average of 13.2% of total video bytes in our dataset
(which included both developed and developing countries). This
percentage considers scenarios where users always skip the skip-
pable ad portions.? However, when users do not skip ads, the
contribution of video ads increases to an average of 28%.

o Data Wastage with Skippable Ads: Our analysis found that
when a user skips the skippable portion of a YouTube in-stream
ad, they have already downloaded a significant amount of data
(video chunks) for that portion of the ad. This data is wasted
when a user has already clicked the skip button and will not view
the skippable portion of the ad. This happens because ads are
aggressively buffered. In developing regions, 31% of skippable ads

U'This is for a 2 GB data-only mobile broadband plan. Recently, the Alliance for Afford-

able Internet has revised these affordability targets and encourage governments across

the world to set targets such that the cost of 5GB of broadband, both mobile and fixed,

should not be more than 2% of the average monthly income by 2026 [11].
2This represents a lower bound on the data cost of video ads.
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were mostly downloaded (between 80-100%) before users clicked

the “skip’ button. In developed regions, this proportion was even

higher at 52.6%, which is an increase of 1.7x. The implications
of skip-loss are significant since most users skip ads [1] but are
still being charged for content they did not watch.

e Skippable vs Non-Skippable Ads: Analysis of the placement
of ads highlights how a large proportion of skippable ads are po-
sitioned at the beginning of the main-video while non-skippable
ads are evenly distributed across the duration. Based on the po-
sition and frequency of both types of ads, we find that users are
more likely to encounter a skippable ad, and hence experience
data wastage due to skippable ads.

e Data Wastage due to Mid-Roll Ads: Our study finds that in-
stream video ads that appear while a video is playing (also called
mid-roll ads) cause buffered main-video chunks to be discarded
and then re-downloaded when the ad finishes. We observe that
on average, a user had to re-download approximately 4.2% of the
main-video in developing regions, while in developed regions
users had to re-download 5.8% of the main-video, which adds to
the data cost. We also observe that mid-roll ads placed in the first
half of the main-video lead to greater buffer losses and conse-
quent re-buffering than those placed in the later half. These losses
appear on both the mobile YouTube app and m. youtube. com.

o Affordability of Video Access: Our analysis shows that for
developing countries in our dataset, video ads alone consume
9.2% of the baseline 2 GB mobile internet data plan (under the as-
sumption that all skippable ads are skipped). This has significant
implications for users in developing countries, where mobile
data plans cost a significant fraction of the per-capita income [6].

e Potential Solution and Impact: We discuss a potential solution
to minimize video buffer loss due to mid-roll ads. Our analysis
shows that the proposed solution can reduce the average data
consumed by 1.2X. This reduction allows a user to watch an
additional 7 mins worth of video on a 2 GB data-plan. We also
show that an optimal solution that does not incur any excess
buffer loss allows a user to watch an additional 38 mins of video
on a 2 GB data-plan.

e Validation Across Platforms: By default, we conduct experi-
ments using YouTube Mobile Web. In addition, we conduct valida-
tion experiments using YouTube mobile app on multiple Android
smartphones. We observe that Android YouTube app also expe-
riences video buffer losses due to skippable ads and mid-roll ads
(83.5).

These findings have significant implications for various stake-
holders in the video-streaming ecosystem. Our study highlights
opportunities for video-streaming platform providers like YouTube
to improve their services by making video accesses more affordable
for mobile broadband users. For example, they can develop more
intelligent media player applications that can differentiate between
the type of video being rendered (e.g., ad-video vs. main-video) to
reduce video buffer wastage. They can also adapt video buffering to
make video access more affordable and inclusive. Furthermore, our
study suggests that extending ad systems to incorporate video loss
considerations in deciding ad placements can improve video access
affordability. By implementing these measures, video-streaming
platform providers can reduce data costs for users and increase

Anon.

video accesses to their platforms. Moreover, our study has identi-

fied hidden data costs that users incur while watching videos on

YouTube and it can help users make informed decisions about their

video streaming habits.

Altogether, we make the following key contributions.

e We devise an experimental methodology for systematically col-
lecting and cleaning a large corpus of video ad data. Our method-
ology allows for automatically crawling videos and extracting
ad video data. We stream 17,600 videos, over 46,600 ad videos,
totalling approximately 8,225 hours. We share an anonymized
link to our code and data for the community here.

e We analyze video ad data consumption as well as conduct an
in-depth video buffer analysis. Our study reveals multiple hidden
data costs of viewing videos and highlights the need for video
platform providers to reduce data wastage associated with ads.

e We conduct a systematic affordability analysis to quantify the
affordability of video streaming with in-stream ads across all
countries in our dataset. Our analysis points to the need for
video platform providers to make video accesses more inclusive
and affordable.

e We discuss the implications of our study on different stakeholders.
In particular, we suggest solutions that can help reduce data
wastage due to pre-emptive downloading of ad video data.

The remainder of this paper is organized as follows. First, we
provide an overview of YouTube ads and describe our measurement
methodology (§2). We then analyze video ad data (§3). We quantify
the affordability of video streaming with in-stream ads across eight
countries in (§4). This is followed by a discussion on the implica-
tions of our study (§5). We discuss related work in (§6) and finally
conclude (§7).

2 MEASUREMENT METHODOLOGY

In this section, we provide an overview of video ads on YouTube
and detail the methodology used to construct the YouTube dataset
for our study.

2.1 Overview of YouTube Ads

YouTube provides marketers with different ad formats, including
video and non-video options. This paper focuses on video ads that
appear before, during, or after a YouTube video within the player
(in-stream ads) to analyze the data cost of ads and particularly
look into video buffer states. These ads are categorized into two
types based on their format: skippable ads and non-skippable ads.
Skippable ads allow viewers to skip them after a designated time-
to-skip duration, while non-skippable ads must be watched entirely.
Furthermore, ads can be classified based on their placement (i.e.,
when an ad appears within the video stream): (1) pre-roll ads appear
before the video starts, (2) mid-roll ads appear during the video
playback and (3) post-roll ads appear after the video has finished
streaming. Consecutive ads shown back-to-back are referred to as
double ads.

2.2 Sampling Methodology

Our study focuses on a sample of four developing and four devel-
oped countries, as categorized by the UN Human Development
Report 2021-22 [19]. We included these countries in our dataset to
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Figure 1: Proportion of data consumed by ads considering only watch time. Ads watched entirely
(left) and skippable ads skipped (right).

ensure the representation of a significant proportion of YouTube
users. We selected countries based on their ranking among the top
20 countries in terms of YouTube audience size [7]. Out of these
20 countries, we chose a convenience sample of four developing
countries (Indonesia, Brazil, Mexico, and Pakistan) and four devel-
oped countries (USA, Canada, Germany, and Japan). This selection
covers a total of 862.9 million YouTube users. Our dataset comprises
17,600 YouTube videos, referred to as the main-video in this paper.
For each country, there are two categories of main-videos collected:

e Trending Videos: Videos on the YouTube Trending page are
categorized based on their high view count and temperature.>
Trending videos represent the most watched videos in a country.

e Non-Trending Videos: Videos present on the YouTube home-
page, but not on the Trending page.

2.3 Video Streaming and Data Collection

For each country, the data collection process was divided into two
phases. In Phase 1, a Selenium-based web scraper (henceforth, S;)
was used to scrape the URLs of trending and non-trending main-
videos. In Phase 2, another Selenium script (henceforth, S;) was
used to stream the URLs and collect data of interest. Both phases
of data collection were repeated daily over a period of two months
from 2023-03-01 to 2023-05-01, resulting in a dataset consisting
of 1,100 trending and 1,100 non-trending main-videos for each
country. When crawling the web scraper to collect the video URLs,
we automated the pipeline using CRON [2] to ensure that the videos
being streamed were scraped at the same local time-of-day. In total,
our dataset comprises 17,600 main-videos and 46,613 video ads,
with a combined duration of 8,225 hours.

Video Streaming. To replicate the network conditions for each
country, S was throttled to the Average Mobile Bandwidth (AMB)
for that country, obtained from Open Signal [14]. It also ran in
mobile emulation mode, emulating Nexus 5 Build/JOP40D, and
spawned a new Google Chrome instance (version 111.0.5563.64) to
stream the URLs on YouTube Mobile Web (m. youtube. com). It is im-
portant to note that using YouTube Mobile Web ensured that each
streamed URL was provided with the same environment, Chrome
version, and setup, eliminating variations caused by different mo-
bile operating systems, YouTube application versions, and versions
of the same mobile OS. This standardization was crucial for fair
and unbiased cross-country comparisons, especially considering

3The rate at which a video generates views [21].

the additional variance introduced by different device types, OS
preferences, and mobile OS versions across countries. Additionally,
all videos were streamed at the default resolution of 360p to en-
sure consistency across the dataset. Consequently, all ads were also
streamed at the automatic 360p resolution chosen by the player.
Lastly, S1 and Sy were run on 8 Ubuntu 22.04 LTS-powered ma-
chines, and each machine was connected to one of the 8 countries in
our sample using a commercially available Virtual Private Network
(VPN) service.

Data Collection. Within each main-video, ads were identified
by monitoring changes to the HTML5 video player and relevant
ad-data such as the type (skippable/ non-skippable), time-to-skip
duration, and timestamp (i.e., the streamed duration of the main-
video at which an ad appears) were collected using the HTML5
video player. Metadata for the videos, such as the video ID, resolu-
tion, and buffer (the additional prefetched seconds of video content),
was obtained by enabling the YouTube ‘Stats for Nerds’ interface.

3 ANALYSIS AND RESULTS

In this section, we first investigate the data consumption of watch-
ing all video ads within a main-video. We then reveal two hidden
buffer losses directly associated with YouTube ads and shed light on
the data consumed by YouTube ads, which is significantly higher
than the data associated with ads watched by the user. Moreover,
we examine the impact of streaming resolution on the data con-
sumed by ads. To quantify ad consumption, we express the data
associated by ads relative to the total data consumed during the
streaming of the main-video. This measure is referred to as the ad
data proportion.

3.1 Ad Data Consumption based on Watch Time

We begin our analysis by examining the primary variable of interest:
ad data proportion. In this section we consider a scenario where
users are only charged for the content they watch, with no inclusion
of any potential hidden costs associated with the ads. We consider
both scenarios: one in which a skippable ad is skipped and another
in which the user watches the entire duration of the skippable ad.
The visualization of these results is presented in Figure 1.

As expected, we observe a significant decrease in the data con-
sumed by ads when users choose to skip the skippable ad. This
reduction can be substantial, with a maximum decrease of 10.8X
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Figure 2: Proportion of skippable ad
downloaded at time-to-skip.

for non-trending videos in developing regions, and a minimum
reduction of 5.6X for non-trending videos in developed regions.

Ad Proportion on Trending vs Non-Trending Videos. Our
analysis reveals a notably higher ad data proportion associated with
trending main-videos in comparison to non-trending main-videos.
When users watch the complete skippable ad, ads on trending
main-videos constitute a median of 22.9% of the data consumption,
whereas non-trending videos in the same scenario account for a
median of 15% of the data. Similarly when skippable ads are skipped,
ads on trending videos result in a median of 2.7%, compared to
2% for non-trending videos. The higher proportions of ad data in
trending videos are unexpected, especially given that our dataset
indicates fewer ads (19,445) in trending main-videos compared
to non-trending main-videos (27,168). However, we attribute this
difference to the significantly shorter duration of trending main-
videos (315 secs) compared to non-trending main-videos (1,081 secs).
Hence, the ad data proportion is greater due to the increased number
of ads per unit time of main-video.

Differences in Ad Gaps. Next, in our exploration of ad frequency
and distribution, we introduce a novel metric termed the "Ad Gap,'
representing the time elapsed before an ad is displayed during a
main-video. A smaller Ad Gap value signifies a higher frequency
of ads shown on a main-video per unit of time. Our analysis un-
covers that, on average, an ad appears after 4.6 mins on trending
main-videos and every 6.1 mins on non-trending main-videos. Ad-
ditionally, users in developing regions encounter an ad after around
4.9 mins of content streamed, while those in developed regions see
an ad after approximately 6 mins. Based on these findings, we can
conclude that when watching main-videos of equivalent durations,
YouTube users are more likely to encounter more ads when watch-
ing trending videos than non-trending videos or when streaming
main-videos in a developing region than a developed region within
the scope of our dataset.

3.2 The Hidden Cost of Skippable Ads

In this section, we unveil a hidden cost linked to skippable ads,
which has significant implications for the affordability of video
streaming. Among the 46,613 video ads in our dataset, 74.6% are
skippable ads, while the remaining 25.4% are non-skippable ads.
Additionally, we examine ad placements to gain further insights
into these ad formats.

Skip Loss. In an ideal scenario, users should only pay for the
portion of the skippable ad they actually watch in terms of data

Figure 3: Proportion of data
consumed by skip-loss.
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location.

consumption costs. However, we observe the contrary. Excessive
buffering of ads, beyond time to skip (5 secs), result in buffer loss
when the user skips the ad. Figure 2 reveals the extent of this
buffering at time-to-skip for an equal number (17,000) of skippable
ads from the developed and the developing region. Within the first
5secs, 80%-100% of the ad is downloaded for a surprising 52.6%
of all skippable ads in developed regions and 31% in developing
regions. Once a user skips the ad, all the excess buffer downloaded
beyond the skippable time, for the unwatched content goes to waste.
We term this avoidable buffering and subsequent loss as skip-loss.
The implications of skip-loss are significant since most users skip
ads [1] but are still being charged for content they did not watch.

Impact of Skip-Loss. Next, we quantify the impact of skip-loss. We
find that skip-loss consumes 5.9% of the total data consumption of
the main-video for trending main-videos and 3.9% for non-trending
main-videos; see Figure 3. Similarly, for the developed and develop-
ing regions, the proportion of data consumed by skip-loss is 5.1%
and 4.3% respectively. The mean difference in skip-loss between
trending and non-trending groups (0.8%) was statistically signifi-
cant (p < .001). Moreover, the mean difference in skip-loss between
developing and developed regions was also statistically significant
at the 5 percent level (p = .0164). For this analysis, the size of
the skippable portion of the ad (to calculate ad data proportion)
is modeled as follows: (1) the size of the portion of the ad that is
watched by the user until time-to-skip and (2) the size of additional
ad content that is downloaded beyond the time-to-skip and stored
in the buffer. It is interesting to note that the proportion of data
consumed just by all skip-losses is higher than the proportion of
data consumed by the watched content of all ads if users always
skip at time-to-skip (highlighted in Figure 1).

Skippable Ad Location. Lastly, we make an interesting observa-
tion about the placement of different formats of video ads within a
main-video. To analyze this, we define "Ad Location" as the ratio
of the ad timestamp to the duration of the main-video. Figure 4
shows the kernel density plot for Ad Location of skippable and non-
skippable ads in the dataset. We observe that a large proportion
of skippable ads are positioned at the beginning of the main-video
with their density progressively declining throughout the remain-
der of the video except at the very end. Conversely, non-skippable
ads have a relatively even distribution across the duration of the
main-video. More specifically, 69.1% of the skippable ads lie between
the Ad Location 0.0 and 0.2, whereas only 17.3% of non-skippable
ads lie within this Ad Location. Given the high concentration of
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Figure 5: Percentage of main-video lost
due to mid-roll ads.

skippable ads at the start of the video, we can presume that even
users who decide to quit before watching the entire main-video
encounter a greater number skippable ads than non skippable ads.

In conclusion, we gather two key takeaways from the analysis
of skippable ads. First, excessive buffering and pre-fetching of the
ad content beyond time-to-skip leads to significant data loss when
the user decides to skip the ad. Secondly, given the ad-counts and
location, users are more likely to encounter skippable ads compared
to non-skippable ads, resulting in a higher frequency of incurring
the overhead cost associated with skip-loss.

3.3 The Hidden Cost of Mid-Roll Ads

In this section, we present the analysis of mid-roll ads. We highlight
an avoidable buffer loss associated with mid-roll ads and quantify
its impact on the ad data proportion. Additionally, we examine the
influence of mid-roll ad placement on this buffer loss.

Mid-Roll Buffer Loss. Analysis of the main-video buffer states
unveils another hidden and unnecessary cost borne by YouTube
users. We examine the main-video buffer right before and after a
mid-roll ad appears and observe how any buffered content drops to
zero as soon as a mid-roll ad begins playing. This implies that the
additional seconds of the main-video content that the user has yet to
watch, but has already paid for in terms of data costs, are effectively
wasted when the mid-roll ad is encountered. Consequently, once
the ad concludes, the buffer needs to be re-downloaded, leading to
redundant data consumption. We term the loss of the main-video
buffer, and the consequent re-downloading, as mid-roll buffer
loss.

To quantify mid-roll buffer loss, in Figure 5 we plot the per-
centage of the main-video lost due to this issue. This percentage
represents the cumulative mid-roll buffer losses on a main-video,
relative to its duration. On average, in developing regions, 4.2%
of the main-video is lost due to mid-roll ads, while in developed
regions, this number increases to 5.8% of the main-video. The ob-
served difference (1.6%) is statistically significant at conventional
significance levels (p < .001). Similarly, 4.9% of main-video is lost
due to mid-roll ads on trending videos, and 5.1% is lost for non-
trending videos. The difference between trending and non-trending
groups is also statistically significant (p < .001) . The higher pro-
portion for developed regions can be attributed to the relatively
greater bandwidth availability in these countries. This results in a
larger buffer state of prefetched video content, which ultimately
gets lost when a mid-roll ad plays.

Developed 0-25% 25-50% 50-75% 75-100%

Region Mid-Roll Ad Placement

Figure 6: Proportion of data consumed Figure 7: Main-video lost due to mid-roll
by mid-roll buffer loss.

ads categorized by placement.

Impact of Mid-Roll Buffer Loss. To analyze the impact of mid-
roll buffer loss, we calculate its ad data proportion in Figure 6.
We observe that in the developed region, mid-roll loss accounts
for 5.5% of the total data consumption for a main-video, while
in the developing region, it contributes to 4%. Similarly, mid-roll
buffer loss for trending videos contributes approximately 4.7% to the
total data consumption of the main-video, while for non-trending
videos, it amounts to around 4.9%. The difference between the
proportion of data consumption for trending and non-trending
videos is statistically significant at conventional levels (p < .001).

Mid-Roll Ad Placement. We also examine the relationship be-
tween the placement of mid-roll ads and the resulting main-video
buffer loss. We categorize mid-roll ads based on their placement and
highlight the main-video buffer lost for each category of mid-roll
ads in Figure 7. Our analysis reveals that ads positioned in the first
half of the main-video result in a significantly higher mid-roll buffer
loss compared to those appearing in the second half. Specifically,
mid-roll ads in the first quarter result in a loss and subsequent re-
downloading of approximately 71 secs of the main-video content,
while ads in the second quarter contribute to a loss of about 58 secs.
The observed difference was statistically significant (p < .001). For
the third and fourth quarters, the loss decreases further to 43 secs
and 34 secs, respectively. The difference between the third and
fourth quarter was also statistically significant (p < .001). Consid-
ering that an equal number of mid-roll ads are randomly sampled
for each placement category, the variation in main-video buffer
loss can be attributed to the extent of buffering of video chunks in
each placement category. These findings highlight the importance
of considering ad placement in monetization policies to minimize
unnecessary buffer loss and data wastage.

In summary, we quantified mid-roll buffer loss in this section.
We also observed variations in the proportion of mid-roll buffer
loss based on their placement within the main-video. Specifically,
in-stream ads in the first half of the main-video result in higher
buffer loss and data wastage compared to those appearing in the
second half.

3.4 Impact of the Hidden Losses

Finally, we quantify the ad data proportion, taking into account not
only the data consumed when streaming all ads (as in Figure 1) but
also the data consumed by skip-loss and mid-roll buffer loss. This
proportion is represented in Figure 8. We assume that all skippable
ads are skipped at the 5 sec time-to-skip instance, hence our results
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Figure 8: Proportion of data consumed by Figure 9: Data consumed by ads across
main-video resolutions.

ads considering hidden losses.

represent a conservative estimate for the ad data consumption.
Comparing Figure 8 to Figure 1, we observe that excessive and
unnecessary buffer losses, which are directly associated with ads,
account for a significant portion of the data consumed by ads in
each main-video. When taking into account these losses, ad data
proportion for trending videos increases from 2.7% to 11.9%, while
for non-trending videos it increases from 2.0% to 9.6%. Similarly,
data consumption for ads in developing regions increases from
2.1% to 9.4%, and data consumption for ads in developed regions
increases from 2.4% to 11.7%. On average, we observe a surprising
increase of 4.7X in the ad data proportion if we take into account
unnecessary buffer losses. Therefore, by uncovering the hidden
buffer losses and their additional data costs, we provide a more
comprehensive understanding of the true impact of video ads on
users’ data consumption.

3.5 Hidden Buffer Losses Across Platforms

While m. youtube. com provides an environment which is indepen-
dent of platform and OS differences, we extend our results to the
YouTube mobile app (version 18.39) on Android (across editions 11
and 13) in an effort to validate our m. youtube. com findings across
different platforms. We used Android phones because of their pop-
ularity; over 3 billion active devices use Android worldwide [4].

We conduct an analysis of 50 mid-roll ads and 50 skippable
ads. Data for mid-roll and skippable ads is collected by manually
screen recording the video playback for each URL and retaining
ad instances within each video. The results reveal that the An-
droid YouTube app also experiences both skip-loss and mid-roll loss.
Thus, the mid-roll buffer loss and skip-loss is a concern not just for
m.youtube.com streaming, but also for the Android YouTube app.
We leave a more detailed analysis for future work.

3.6 Comparison across Video Resolutions

In this section, we examine the influence of streaming resolution
and video content quality on data consumption. We create two
datasets that comprise streaming data collected under identical
network conditions and streaming environments for the same ~500
trending main-videos in Pakistan. In dataset 1, the main-videos are
streamed at 360p, while in dataset 2, the main-videos are streamed
at 720p. The ad resolution stays consistent at 360p. Our objective
in this analysis is to uncover any differences in data consumption
patterns by video ads (if any) on YouTube across different streaming
resolutions. We compute the data consumed by video ads and the

Main-Video Resolution

o
IS

720p 0 500 1000 1500 2000 2500
Bitrate (kbps)

Figure 10: Distribution of average video
bitrates across main-video Resolutions.

accompanying hidden buffer losses for each main-video in the
two datasets and observed that in the 360p dataset, the average
data consumed by ads and hidden losses per streamed main-video
amounts to 13.5 MB. However, for videos streamed at 720p, there
is a significant increase in ad data consumption, reaching 22.3 MB.
The results are visualized in Figure 9.

Further analysis reveals that the disparity in the data consumed
by ads between the two streaming resolutions can be attributed to
the substantial difference in mid-roll buffer loss across the datasets.
When main-videos are streamed at 360p, an average of 3.4 MB of
data is lost to mid-roll buffer loss per video. Conversely, when
streamed at 720p, the average data lost to mid-roll buffer loss in-
creases to 10.1 MB. The variation in data lost to mid-roll buffer
loss can be attributed to the higher bitrate requirements for videos
streamed at higher resolutions. Typically, 720p videos have a higher
bitrate compared to 360p videos. Consequently, heavier video data
chunks are usually buffered and prefetched in the same unit of
time, thereby increasing the likelihood of greater buffer loss due
to mid-roll ad interruptions. We observed significant differences in
the bitrates of the main-videos in our dataset. The mean bitrate for
videos streamed at 360p was 333.3 kbps, while for videos streamed
at 720p, it increased to 932.6 kbps, indicating a more than twofold
increase as observed in Figure 10.

4 AFFORDABILITY ANALYSIS

In this section, we conduct a fine-grained country wise analysis of
the cumulative buffer loss and its implications for cost and afford-
ability. We explore cost through a data-plan lens which represents
cost as a proportion of a base data plan. Next, we present a poten-
tial solution to minimize mid-roll buffer losses. We conclude with
a what-if analysis which analyzes data consumption savings for
different versions of video streaming.

4.1 The Real Cost of Ads

Section 3.4 quantified the proportion of data consumed by ads
while taking into account all associated buffer losses. In this section,
our objective is to understand the cost associated with ads and its
country-wise implications for affordability. We adopt a data-plan
perspective to quantify the cost which represents the percentage
of data consumed for a fixed data-plan. To calculate data-plan cost,
we assume a base 2 GB data plan subscription.

To understand the impact of ads and excessive buffer losses over
a period of one month, we model a user that utilizes the entire
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Table 1: Monthly data plan costs due to buffer loss.

Country Average Buffer Lost (MB) | Data Plan Cost (%)
United States 165.4 8.07
Germany 149.8 7.31
Canada 162.7 7.94
Japan 172.0 8.40
Pakistan 129.6 6.32
Mexico 121.2 5.92
Brazil 62.1 3.03
Indonesia 137.8 6.73

data-plan for video streaming on YouTube. In that case, we define
video accesses for each country as the number of videos that can
be streamed with a 2 GB data plan, considering the average data
consumed when streaming a main-video (including the data cost
of streaming the ads and the hidden losses) in each country. Next
using video accesses, we compute the monthly data consumption
associated with ads and the corresponding data-plan cost. Figure
11 represents this data-plan costs for different cases of ad data
consumption. ‘No Loss’ corresponds to the scenario where there is
no mid-roll buffer loss and skip-loss associated with the ads, and all
skippable ads are skipped. Therefore, the only cost that is incurred
is for watching the ad content. ‘All Losses + Skipped’ represents the
case where ads incur both skip-loss and mid-roll buffer loss, and all
skippable ads are skipped. ‘All Losses + Not Skipped’ refers to the
case where skippable ads are not skipped. In this case, skip-loss is
not incurred but mid-roll buffer is.

In Figure 11, we observe a significant difference in data-plan
cost between the ‘No Loss’ and ‘All Losses + Skipped’ scenario. On
average, the data-plan cost increases from 2.4% of the base 2 GB data
for ‘No Loss’ to 9.2% for ‘All Losses + Skipped. This indicates that
nearly 7% of the 2 GB data-plan is consumed by excessive buffer
losses. Table 1 provides more detailed information on the data-plan
costs associated with these losses. Furthermore, there is an even
greater increase from the ‘All Losses + Skipped’ scenario to the
‘All Losses + Not Skipped’ scenario. Specifically, the data-plan cost
rises to 23.5% from 9.2%. This increase is due to the higher data
consumption when watching entire skippable ads and streaming the
much longer skippable portions beyond the time-to-skip instance.

4.2 Alternative Video Streams

We now present a potential solution to mitigate the impact of mid-
roll buffer loss on the cost of ads. Next, we analyze how ad data

USA Germany

Ad Data Consumed per Video (MB)

Japan Canada

Country

Brazil Mexico Indonesia

Country

Pakistan

Figure 12: Data consumed by ads across different types of video streams for the
developed regions (left) and developing regions (right).

consumption varies across different versions of video streaming on
YouTube, including in the case of the proposed solution.

A Simple Solution. Building upon the insights from Section 3.3,
we propose a straightforward solution to minimize buffer losses
attributed to mid-roll ads. The root cause of the mid-roll buffer loss
is the interruption of main-video by ads. The frequency of these
interruptions directly impacts the extent of total mid-roll buffer
loss for a main-video. Our proposal centers around reducing the
total number of main-video interruptions by ads while maintaining
the same number of ads. To achieve this, we utilize double ads. Note
that double ads are already a part of the YouTube video streaming
architecture but not all mid-roll ads are double ads.

We suggest replacing two single mid-roll ads with one double-
ad, thereby reducing the frequency of interruptions of main-video
streaming. When a double ad is encountered, the mid-roll buffer is
lost as the first ad begins playing. As the second ad appears within
the double-ad, there is no further loss of main-video buffer since it
had already been emptied during the first ad’s playback. However,
if the second ad occurs at a distinct timestamp, encountering it
will result in the loss of the main-video buffer once again. We
evaluate the impact of this solution below as part of the Improved
Stream. However, it is important to consider that the proposed
solution solely aims to reduce the impact of excessive mid-roll
buffer loss without taking into account any influence of double
ads on user engagement and experience. Repeatedly encountering
two consecutive ads during a video stream may negatively impact
the user experience and cause early departure from videos due to
increased waiting times before watching the desired content.

What-If Analysis. To understand the impact of the proposed
solution, we conduct a what-if analysis across three different types
of video streams: (1) Original stream: The current YouTube stream
which suffers from mid-roll buffer loss and skip-loss, (2) Optimal
stream: The counterfactual stream where there is no mid-roll buffer
loss and no-skip loss, and (3) Improved stream: The stream incor-
porating double ads to minimize mid-roll buffer loss. Note that the
improved stream will still incur all skip-losses.

Figure 12 depicts the distribution of total data (including the
cost of ads and buffer losses) consumed by ads per main-video
for both the developed and developing countries. We observe an
improvement in data consumed by ads for both regions with the
improved stream, as compared to the original stream. The average
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buffer loss for the original stream in developing countries is 7.9 MB,
which is improved to 7 MB with the improved stream. Similarly,
the average data consumed by ads in developed countries for the
original stream is 8.23 MB, which improves to 6.83 MB with the
improved stream. For comparison, the optimal stream leads to an
average data consumption of 1.5 MB in the developed countries,
and 2.8 MB in the developing countries. The difference in the data
consumed between developed and developing countries was statis-
tically insignificant at the 5 percent level (p = 0.071). However, the
difference between the improved stream and the optimal stream
had a p-value less than .001. Finally, we highlight the video savings
that can be realized across different streams. This provides a more
context-specific perspective of the impact of excessive buffer losses.
On average, the improved stream results in 422.5 secs (7 mins) more
video playback per-month as compared to the original stream. Simi-
larly, the optimal stream results in 2257.7 secs (38 mins) more video
playback for a month, as compared to the original stream.

5 DISCUSSION

In order to make video streaming platforms such as YouTube more
affordable and inclusive, it is important to address the issue of data
costs associated with watching video ads. Our study highlights the
need for platform providers to take action to reduce these costs. To
this end, we propose a set of recommendations aimed at reducing
the amount of data required to watch video ads and improving the
overall user experience on the platform.

Firstly, our findings call for video-streaming platform providers
to develop more intelligent and user-friendly media player applica-
tions that can differentiate between the type of video being rendered
(e.g., ad video vs. main-video) and adapt video buffering to make
the video accesses more affordable. There are multiple possible
solutions: (i) client can stop main-video buffering before a mid-roll
ad appears to prevent the loss of the already downloaded bytes due
to ad interventions, (ii) a client-side player can maintain two sepa-
rate video buffers (one for main-video, and the other for ad-video)
so that the buffered main-video is not lost, and the user does not
incur a startup delay after the mid-roll ad. However, this solution
can increase the memory overheads on the client device, and (iii)
the client player can be modified such that it does not pre-fetch
skippable portion of ads to avoid skip-loss.

Our analysis also shows that ad placement has a significant
impact on data wasted due to ads. YouTube and other video platform
providers can incorporate data wastage constraints in their Ad
Systems. For example, ad systems can make more strategic policies
for the placement of mid-roll ads such that the buffer lost due to their
intervention can be minimized. We quantify in the affordability
analysis that one way to minimize the mid-roll buffer loss is to
introduce more spread-out double ads instead of single ads. As
discussed in the section 4.2, this refinement would cut down on the
overall data consumption by 1.2X. Provided that skippable ads are
more concentrated in the early quarters of the video as discussed in
section 3.2 and they result in greater data loss than non-skippable
ads due to the data consumption incurred by skip-loss, we call for
dynamic skippable ad placement so they’re evenly spread out across
the entire video. Incorporating such affordability constraints in ad
systems can help make video streaming inclusive.

Anon.

6 RELATED WORK

In this section we highlight past works that are related to our study.
We discuss related works in the following domains: data wastage,
affordability, and YouTube ads.

Data Wastage. Recent efforts [20, 22, 23] revolve around data
wastage in Adaptive Bitrate (ABR) streaming in the context of user-
perceived QoE. While data wastage serves as a common motivator
between these efforts and our work, there is an important distinc-
tion to be made between the nature of data wastage that is under
investigation. Prior work focuses on main-video buffer lost due to
the frequent occurrences of early departures by mobile users while
streaming video. On the other hand, our work analyzes the cost of
video ads and their associated hidden buffer losses. Any buffer loss
resulting from user early departures would be in addition to the
buffer losses we quantify. Moreover, our work emphasizes the data
plan cost associated with buffer wastage and its implications for
users with fixed cellular-data plans. To the best of our knowledge,
our work is the first to explore such costs.

Affordability. While previous research has aimed to minimize data
consumption in ABR video streaming and proposed cost-aware
buffer management techniques [17], the motivation of these ef-
forts has not been on understanding the affordability of the video
streaming ecosystem. While some studies have touched upon web
affordability [5, 16], the specific challenge of making video stream-
ing more affordable has not been explored earliar. Given the drastic
growth of video streaming over the internet, we believe such ad-
vances for video are equally important in the context of affordability
and accessibility of the internet. Our work takes the first step in an-
alyzing YouTube video streaming through an affordability lens and
providing recommendations in making YouTube more affordable.

YouTube Ads. Prior work on YouTube ads primarily focused on
user perception and engagement with video ads [1, 3]. However,
unlike prior studies that mainly focus on the psychological percep-
tion of users towards YouTube video ads, our work represents a
pioneering effort to conduct a comprehensive cost analysis from
the user’s perspective of these ads. Specifically, we evaluate the
platform’s ad strategies across various formats and placement poli-
cies to better understand the cumulative implications of these costs
on the platform’s affordability and inclusivity.

7 CONCLUSION

In this work, we conducted the first large-scale empirical analysis
of YouTube with the goal of understanding the data costs of video
ads through an affordability lens. We collect and analyse a dataset
of over 17,000 videos and 46,000 ads across 8 countries. Our findings
showed that on average 13-28% of the data is consumed by YouTube
video ads, and surprisingly a significant amount of additional data
is wasted because of (i) aggressive ad buffering of skippable ads
and (ii) interplay between the main-video and mid-roll ad video
media. We further conduct a country-specific affordability analysis,
revealing the implications of buffer wastages and highlight poten-
tial monthly data savings for users if these hidden buffer costs are
avoided. We discuss solutions and recommendations for video plat-
form providers to reduce data wastage associated with video ads to
improve video access, and make video streaming more affordable
and inclusive.

871

87

N

873

874

876
877
878
879
880
881
882
883
884
885
886
887
888
889
890
891
892
893
894
895
896
897
898
899
900
901
902
903
904
905
906
907
908
909
910
911
912
913
914
915
916
917
918
919
920
921
922
923
924
925
926
927

928



929
930
931
932
933
934
935
936
937
938
939
940
941
942
943
944
945
946
947
948
949
950
951
952
953
954
955
956
957
958
959
960
961
962
963
964
965
966
967
968
969
970
971
972
973
974
975
976
977
978
979
980
981
982
983
984
985

986

Uncovering the Hidden Data Costs of Mobile YouTube Video Ads

REFERENCES

(1]

(6]

(9]

[10]

[11]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

Mariana Arantes, Flavio Figueiredo, and Jussara M. Almeida. 2016. Understanding
Video-Ad Consumption on YouTube: A Measurement Study on User Behavior,
Popularity, and Content Properties. In Proceedings of the 8th ACM Conference
on Web Science (Hannover, Germany) (WebSci '16). Association for Computing
Machinery, New York, NY, USA, 25-34. https://doi.org/10.1145/2908131.2908159
ArchWiki. 2023. cron. Retrieved 2023 from https://wiki.archlinux.org/title/cron
Snehasish Banerjee and Anjan Pal. 2021. Skipping Skippable Ads on YouTube:
How, When, Why and Why Not?. In 2021 15th International Conference on Ubig-
uitous Information Management and Communication (IMCOM). 1-5.  https:
//doi.org/10.1109/IMCOM51814.2021.9377378

Cranz, A. 2022. The Verge. There are over 3 billion active Android de-
vices. https://www.theverge.com/2021/5/18/22440813/android-devices-active-
numbersmartphones-google-2021.

Rumaisa Habib, Aimen Inam, Ayesha Ali, Ihsan Ayyub Qazi, and Zafar Ayyub
Qazi. 2023. A First Look at Public Service Websites from the Affordability
Lens. In Proceedings of the ACM Web Conference 2023 (Austin, TX, USA) (WWW
’23). Association for Computing Machinery, New York, NY, USA, 2731-2741.
https://doi.org/10.1145/3543507.3583415

Rumaisa Habib, Sarah Tanveer, Aimen Inam, Haseeb Ahmed, Ayesha Ali,
Zartash Afzal Uzmi, Zafar Ayyub Qazi, and Thsan Ayyub Qazi. 2023. A Frame-
work for Improving Web Affordability and Inclusiveness. In Proceedings of
the ACM SIGCOMM 2023 Conference (New York, NY, USA) (ACM SIGCOMM
’23). Association for Computing Machinery, New York, NY, USA, 592-607.
https://doi.org/10.1145/3603269.3604872

J. Clement. 2022. Most popular websites worldwide as of November 2021, by total
visits. Retrieved 2022 from https://www.statista.com/statistics/1201880/most-
visited-websites-worldwide/

Frank Loh, Florian Wamser, Fabian Poignée, Stefan Geifiler, and Tobias Hoffeld.
2022. YouTube Dataset on Mobile Streaming for Internet Traffic Modeling and
Streaming Analysis. Scientific Data 9, 1 (2022), 293. https://doi.org/10.1038/
541597-022-01418-y

[n.d.]. 2018. UN Broadband Commission Adopts A4AI “1 for 2” Affordability Target.
Retrieved 2022 from https://a4ai.org/news/un-broadband-commission-adopts-
adai-1-for-2-affordability- target/

[n.d.]. 2020. ITU Price Baskets. Retrieved 2022 from https://www.itu.int/en/ITU-
D/Statistics/Dashboards/Pages/Digital-Development.aspx

[n.d.]. [2021]. Affordable Internet: Journey from 1 to 5. Retrieved 2023 from
https://a4ai.org/affordable- internet-journey-from- 1-to-5/

[n.d.]. 2021. World Bank Digital Development. Retrieved 2022 from https:
//www.worldbank.org/topic/digitaldevelopment

[n.d.]. [2022]. Mobile internet usage worldwide - statistics and facts. Retrieved 2022
from https://www.statista.com/topics/779/mobile-internet/#dossierKeyfigure
[n.d.]. 2022. Open Signal. Retrieved 2022 from https://www.opensignal.com/
[n.d.]. 2022. YouTube: Statistics and Facts. Retrieved 2022 from https://www.
statista.com/topics/2019/youtube/#topicHeader__wrapper

Thsan Ayyub Qazi, Zafar Ayyub Qazi, Ayesha Ali, Muhammad Abdullah, and
Rumaisa Habib. 2021. Rethinking Web for Affordability and Inclusion. In Pro-
ceedings of the Twentieth ACM Workshop on Hot Topics in Networks (Virtual Event,
United Kingdom) (HotNets '21). Association for Computing Machinery, New
York, NY, USA, 9-15. https://doi.org/10.1145/3484266.3487376

Yanyuan Qin, Chinmaey Shende, Cheonjin Park, Subhabrata Sen, and Bing
Wang. 2021. DataPlanner: Data-Budget Driven Approach to Resource-Efficient
ABR Streaming. In Proceedings of the 12th ACM Multimedia Systems Conference
(Istanbul, Turkey) (MMSys 21). Association for Computing Machinery, New
York, NY, USA, 94-107. https://doi.org/10.1145/3458305.3459596

Statista. 2022. Percentage of mobile device website traffic worldwide from 1st
quarter 2015 to 4th quarter 2021. Retrieved 2022 from https://www.statista.com/
statistics/277125/share-of-website- traffic- coming- from-mobile-devices/
United Nations. 2022. Human Development Report (2021-22). Retrieved 2022
from https://hdr.undp.org/content/human-development-report-2021-22

Hema Kumar Yarnagula, Parikshit Juluri, Sheyda Kiani Mehr, Venkatesh Tama-
rapalli, and Deep Medhi. 2019. QoE for Mobile Clients with Segment-Aware
Rate Adaptation Algorithm (SARA) for DASH Video Streaming. ACM Trans.
Multimedia Comput. Commun. Appl. 15, 2, Article 36 (jun 2019), 23 pages.
https://doi.org/10.1145/3311749

YouTube Help. [n.d.]. YouTube Trending. Retrieved 2022 from https://support.
google.com/youtube/answer/7239739

Guanghui Zhang, Ke Liu, Haibo Hu, Vaneet Aggarwal, and Jack Y. B. Lee. 2023.
Post-Streaming Wastage Analysis — A Data Wastage Aware Framework in Mobile
Video Streaming. IEEE Transactions on Mobile Computing 22, 1 (2023), 389-401.
https://doi.org/10.1109/TMC.2021.3069764

Guanghui Zhang, Ke Liu, Haibo Hu, and Jing Guo. 2021. Short Video Streaming
With Data Wastage Awareness. In 2021 IEEE International Conference on Multi-
media and Expo (ICME). 1-6. https://doi.org/10.1109/ICME51207.2021.9428379

A ETHICS

This research paper adhered to strict ethical standards throughout
the study. No ethical concerns were identified during the research
process. The research findings are based on rigorous analysis and
conducted with integrity and responsibility. Overall, this study is
conducted in full compliance with ethical research practices.

987

988

989

990

991

992

993

994

995

996

997

998

999

1000
1001
1002
1003
1004
1005
1006
1007
1008
1009
1010
1011
1012
1013
1014
1015
1016
1017
1018
1019
1020
1021
1022
1023
1024
1025
1026
1027
1028
1029
1030
1031
1032
1033
1034
1035
1036
1037
1038
1039
1040
1041
1042
1043

1044


https://doi.org/10.1145/2908131.2908159
https://wiki.archlinux.org/title/cron
https://doi.org/10.1109/IMCOM51814.2021.9377378
https://doi.org/10.1109/IMCOM51814.2021.9377378
https://www.theverge.com/2021/5/18/22440813/android-devices-active-numbersmartphones-google-2021.
https://www.theverge.com/2021/5/18/22440813/android-devices-active-numbersmartphones-google-2021.
https://doi.org/10.1145/3543507.3583415
https://doi.org/10.1145/3603269.3604872
https://www.statista.com/statistics/1201880/most-visited-websites-worldwide/
https://www.statista.com/statistics/1201880/most-visited-websites-worldwide/
https://doi.org/10.1038/s41597-022-01418-y
https://doi.org/10.1038/s41597-022-01418-y
https://a4ai.org/news/un-broadband-commission-adopts-a4ai-1-for-2-affordability-target/
https://a4ai.org/news/un-broadband-commission-adopts-a4ai-1-for-2-affordability-target/
https://www.itu.int/en/ITU-D/Statistics/Dashboards/Pages/Digital-Development.aspx
https://www.itu.int/en/ITU-D/Statistics/Dashboards/Pages/Digital-Development.aspx
https://a4ai.org/affordable-internet-journey-from-1-to-5/
https://www.worldbank.org/topic/digitaldevelopment
https://www.worldbank.org/topic/digitaldevelopment
https://www.statista.com/topics/779/mobile-internet/#dossierKeyfigure
https://www.opensignal.com/
https://www.statista.com/topics/2019/youtube/#topicHeader__wrapper
https://www.statista.com/topics/2019/youtube/#topicHeader__wrapper
https://doi.org/10.1145/3484266.3487376
https://doi.org/10.1145/3458305.3459596
https://www.statista.com/statistics/277125/share-of-website-traffic-coming-from-mobile-devices/
https://www.statista.com/statistics/277125/share-of-website-traffic-coming-from-mobile-devices/
https://hdr.undp.org/content/human-development-report-2021-22
https://doi.org/10.1145/3311749
https://support.google.com/youtube/answer/7239739
https://support.google.com/youtube/answer/7239739
https://doi.org/10.1109/TMC.2021.3069764
https://doi.org/10.1109/ICME51207.2021.9428379

	Abstract
	1 Introduction
	2 Measurement Methodology
	2.1 Overview of YouTube Ads
	2.2 Sampling Methodology
	2.3 Video Streaming and Data Collection

	3 Analysis and Results
	3.1 Ad Data Consumption based on Watch Time
	3.2 The Hidden Cost of Skippable Ads
	3.3 The Hidden Cost of Mid-Roll Ads
	3.4 Impact of the Hidden Losses
	3.5 Hidden Buffer Losses Across Platforms
	3.6 Comparison across Video Resolutions

	4 Affordability Analysis
	4.1 The Real Cost of Ads
	4.2 Alternative Video Streams

	5 Discussion
	6 Related Work
	7 Conclusion
	References
	A Ethics

