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Abstract: Content is a key influencing factor in Web Quality of Experience (QoE) estimation. A web
user’s satisfaction can be influenced by how long it takes to render and visualize the visible parts of
the web page in the browser. This is referred to as the Above-the-fold (ATF) time. SpeedIndex (SI) has
been widely used to estimate perceived web page loading speed of ATF content and a proxy metric
for Web QoE estimation. Web application developers have been actively introducing innovative
interactive features, such as animated and multimedia content, aiming to capture the users’ attention
and improve the functionality and utility of the web applications. However, the literature shows that,
for the websites with animated content, the estimated ATF time using the state-of-the-art metrics may
not accurately match completed ATF time as perceived by users. This study introduces a new metric,
Plausibly Complete Time (PCT), that estimates ATF time for a user’s perception of websites with
and without animations. PCT can be integrated with SI and web QoE models. The accuracy of the
proposed metric is evaluated based on two publicly available datasets. The proposed metric holds a
high positive Spearman’s correlation (rs = 0.89) with the Perceived ATF reported by the users for
websites with and without animated content. This study demonstrates that using PCT as a KPI in
QoE estimation models can improve the robustness of QoE estimation in comparison to using the
state-of-the-art ATF time metric. Furthermore, experimental result showed that the estimation of SI
using PCT improves the robustness of SI for websites with animated content. The PCT estimation
allows web application designers to identify where poor design has significantly increased ATF time
and refactor their implementation before it impacts end-user experience.
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1. Introduction

As internet plays an increasingly important role in almost every workplace around
the globe, web applications have gained a substantial role in streamlining different orga-
nizational, business, or personal processes. The success of web applications significantly
depends on an providing a good user experience [1,2]. Measuring the performance of web
browsing is essential to understand how to improve the end-users’ perceived quality or
Quality of Experience (QoE) [3,4]. According to Callet et al. [5], QoE considers influence
factors beyond service [5], i.e., context, user, content, and system factors. QoE covers the
entire service experience and measures the degree of delight or annoyance of a user while
using a service [5].

In web browsing, when a web page is requested, the browser follows a process to fetch
and render the web content on the user’s screen. The end-user’s QoE is partly dependant
on how fast the visible page content is rendered in the browser [6]. Researchers have been
actively developing metrics and models to estimate QoE of web browsing. Quality metrics
(objective and subjective) and models are the critical components of web QoE analysis.
Quality metrics measure the efficiency and performance of web applications. QoE models
utilize objective quality metrics to estimate the perceived quality [7,8].
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In 2012, Google introduced SpeedIndex (SI) [9] to estimate how fast a web page is
visually completed, starting from the time that a URL is requested (URL request time) until
the time that the visual content is completely painted on the current view-port of the screen
(Above-the-fold (ATF) Time) [9]. In a user study conducted by the authors [10], however, it
was established that if the website has an animation in the ATF area, the estimated ATF
time may not accurately match completed ATF time reported by users. An inaccurate
estimation of ATF will impact the perceived performance estimation metrics, like SI and
QoE models, that rely on ATF estimation [10,11].

Motivated by our previous findings [10], in this paper, a visual metric that estimates
ATF time in accordance with the users’ perception is proposed. In order to differentiate it
from ATF, which is an under-specified term, the metric is referred to as Plausibly Complete
Time (PCT) as it is the time as which the metric predicts a page load to have plausibly
competed rendering ATF content. PCT is designed to estimate the perceived ATF time for
websites with different content characteristics, focusing on animated and non-animated
content classes. The accuracy of the metric is evaluated based on data collected in the
subjective study described in Reference [10] and a public dataset composed of page load
data from 83 commercial websites [6]. The analysis shows that the proposed metric, PCT, is
highly correlated with the perceived ATF time reported by the subjective study. Using PCT
as a KPI in the IQX QoE model (exponential Interdependency of Quality of eXperience
and QoS [7]) improves the robustness of QoE estimation in comparison to the objective
ATF time. (Robustness in this paper refers to better approximating the performance under
various network conditions and content characteristics (e.g., websites with or without
animations).) Furthermore, it is observed that the estimation of SI using PCT improves the
robustness of SI’s speed estimation for webpages with and without animated contents.

Research Questions

To conduct the study, the following research questions are formulated:

• Is it possible to develop a robust objective ATF metric with a consistent estimation
behavior for both animated and non-animated content?

• Is it possible to integrate the proposed metric with SI to passively estimate the per-
ceived performance of interactive web applications?

2. Background

In Figure 1, the loading process of a web page is illustrated. When a user first navigates
to a website, a TCP or a UDP connection is made to the web server. The connection will be
used for the data transport between the application server and the user’s browser. The web
application server processes the request and sends a response back to the browser. The
browser then constructs a Document Object Model (DOM) and starts rendering the web
page on the user’s screen. Depending on how the web application is designed, the browser
may paint the visual elements all at once, or at different points in time. At the time the
browser completes painting the current viewport, the user perceives the website as visually
complete (ATF time) and may already start interacting with the HTML elements [11]. The
browser, however, may still load more visual and non-visual objects until the page gets
fully loaded.

ATF time can be used as an independent KPI, or as an input to time integral metrics
for QoE estimation [6,11]. The time integral metrics (e.g., SI) quantify how fast a web page
is visually loaded by tracking the visual progress of a web page over time (see the gray
area in Figure 2). SI uses the following equation to estimate the visual loading speed of a
website:

X =
∫ tend

0
(1− vc

100
), (1)

where X is the estimated speed, tend is the time the last event occurs, and vc is the time
evolution of the Visual Completion (VC) to reach tend (as shown in Figure 2, it calculates
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area above-the-curve). For example, PLT is generally considered as the tend time, while vc
is the visual completion progress ratio of the web page over time. The VC progress ratio
of SI is calculated based on a comparison of Mean Pixel Histogram Difference (MPHD)
between the current state of the web page at time t and the state of the page at the PLT. SI
uses a series of snapshots (at a rate of 10 frames per second) from the time that the URL
is requested until PLT. The frames are analyzed in the same order to determine the VC
progress ratio over time. The time that VC progress reaches 100% is referred to as Objective
ATF time [12].

Navigation First Paint Visually Completed on 
the Screen (ATF)

Page Load 
Completed

Figure 1. The loading process of a website from time that the URL is requested until the time that the
website is completely loaded.

0% 40% 100% 100% 

Figure 2. Illustration of the Visually Complete (VC) time (x-axis) and progress (y-axis) with example
page rendering. SpeedIndex (SI) calculates the area above-the-curve from page request time, t = 0,
until the time at which the Above-the-fold (ATF) is 100% VC (i.e., ATF time). VC progress usually
occurs before the Page Load Time (PLT) event. However, depending on the content, network, and
computational conditions, ATF and PLT may occur simultaneously.

VC time and progress are related factors influencing the ATF time estimation and
the result of SI. For instance, if the time increases and the VC progress has not reached
100%, the area above-the-curve also increases (impacting SI estimation). For example,
from Figure 3, it can be seen that the existence of animated shopping items increases the
above-the-curve area. The ATF time estimation is also prolonged until the animation stops
or the page load event occurs (PLT).
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PLT

Subjective ATF
Time

URL Request
Time

Objective ATF
Time

Animated Shopping Items

Figure 3. Prolonged ATF time estimation for websites with animated content. This is an example of a
website where ATF estimation is overestimated due to animated components in the webpage. The
grey area between the green and red lines is included in the ATF and SI estimation as a result of the
animation changing. However, the ATF for the page should be considered complete at the green line
time, not the end of the video. This sample is visualized based on the data collected in Reference [10]
for harveynorman.ie under 3 Mbps bandwidth condition.

Researchers have proposed various heuristic based metrics to estimate ATF time. In
Reference [13], the authors have proposed TFVR (Time for Full Visual Rendering) which
TFVR estimates ATF time by extracting loading events and rendering timing from the
browser HTTP Archive (HAR) file. Similarly, Da Hora et al. [14] proposed Approximated
Above-The-Fold (AATF) that estimates ATF time from the browser’s heuristics without
requiring image processing. However, to the best of our knowledge, no previous studies
have considered the impact of various content types while estimating ATF time.

In Reference [10], we established a range of perceived ATF times and demonstrated
that objective ATF is generally overestimating the perceived ATF time. Consequently, for
the websites with animated content, the computed SI using the objective ATF prediction,
overestimates the speed of loading. A prolonged ATF time can also impact the QoE
estimation.

In this study, the Plausibly Complete Time (PCT) metric is proposed, aiming to
estimate ATF time with a consistent behavior for the websites with and without animated
content. PCT can be used in web QoE estimation models to predict the quality perceived
by the end users. PCT uses Structured Similarity Index Measure (SSIM) [15] to infer the
difference between the video frames of the web page loading progress. It is technically
possible to use SSIM or MSE or PSNR in PCT. However, MSE and PSNR metrics do not
reflect the perceptions of the recipient [16]. The next subsection describes how the SSIM
algorithm, used in PCT, is applied to infer the difference between video frames of the web
browsing loading process.

2.1. Structured Similarity Index Measure

Structured Similarity Index Measure (SSIM) is a standard image quality metric that
quantifies the perceptual difference between two images [15]. SSIM has been frequently
used in image enhancement algorithms, video quality monitoring and enhancement, and
image encoding applications. SSIM is a full reference metric that requires two images from
the same scene. The first image is the original image, and the second one is either degraded
or different [15].

SSIM between two images, x and y, can be computed as
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SSIM(x, y) =

(
2µxµy + C1

)(
2σxy + C2

)(
µ2

x + µ2
y + C1

)(
σ2

x + σ2
y + C2

) , (2)

where µx and µy are referring to the sample mean of the x and y, respectively. Similarly,
σx and σy are the sample standard deviations of x and y, and σxy is the sample correlation
coefficient between x and y.

A computed SSIM is bounded between −1 and 1. An SSIM score equal to 1 means the
two images, x and y, are identical. An SSIM of less than 1 indicates a perceptual difference
between the two images. In this study, SSIM is calculated using a sliding Gaussian window
of size 11× 11 pixels which as been shown to be appropriate for images of the resolution
used (133× 200 pixels) [17,18]. A SSIM quality map matrix is created by moving the sliding
window pixel-by-pixel on the image. A total SSIM score is the mean value of the SSIM
quality map matrix.

3. Plausibly Complete Time (PCT)

The objective of developing PCT is to have a robust metric that can accurately estimate
the perceived ATF time for websites with various content types (i.e., both animated and
non-animated content).

PCT is a visual metric that analyzes the video of a web page loading process and
determines when the maximum number of paintable pixels are painted at least once on
the user’s screen. As a result, if the browser has already painted the maximum number of
paintable pixels, an increased loading time and the existence of animated elements will not
prolong the PCT estimation. It is hypothesized that PCT forms a high correlation with the
perceived ATF time.

3.1. Algorithm

Figures 4 and 5 use an example visualization and a flowchart, respectively, to help
explain the PCT algorithm. The computation of PCT is comprised of three concrete steps:
preparation, computation, and estimation.

3.1.1. Step 1: Preparation

In the preparation step (step 1 in Figure 4), the video of the web loading process is
converted into n number of grayscale video frames (Python OpenCV library is used to
record the web loading process in AVI format and convert the videos into multiple frames).
The frames are extracted at the rate of 10 frames per second and re-sampled and scaled to
133× 200 pixels. The 100 ms (10 frames per second) is the minimum perceived duration
that two stimuli within this range would be perceived as simultaneous [19]. One might also
consider a lower or higher frame rate. A lower frame rate facilitates faster visual progress
computation. However, it lowers the precision of ATF time estimation, which can squander
fast websites’ performance optimization [20]. The higher frame rate improves the accuracy
of the metric but it takes longer to estimate the ATF time. For efficient model performance,
empirical evaluation was conducted to find the lowest resolution that did not influence
the PCT accuracy. From the extracted frames, an array of the frames will be constructed
(F[1...n]). For example, for a web page with PLT = 5 s, the constructed array of frames
includes 50 grayscale images (n = 50), where F[1] refers to the image of the browser at
the URL request time, and F[n] represents the final state of the website in the browser at
time PLT.
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Page Load Time
(Frame N)

Time

Step 1

 Web Browsing  Video 
Frames

(extracting the web browsing 
video to frames)

Video Frames 

(1,2,3,...,
N)

URL Request Time
(Frame 1)

100% Cumulative 

Visual Change 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1
10 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 0 1 1 1 1 1 0 1 1 1 1 
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1
10 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 0 1 1 1 1 1 0 1 1 1 1 
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
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1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

10 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  0 1  
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  0 1
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

0 0 0 0 0 0 
1 1 1 1 1 1
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0

Binary Accumulator Matrix 
(Update  Newly Painted 

Pixels to Binary Accumulator )

Plausibly Complete Time
(99% of Cumulative Visual Change)

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
10 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 0 1 1 1 1 1 0 1 1 1 1 
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
00 00 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
000 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0

 0 0 0 0 0  0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  0 1  
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  0 1
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

0 0 0 0 0 0 
1 1 1 1 1 1
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0

Binary Masked Matrix
(Apply a binary mask to SSIM 

Matrix )

SSIM 
(Frame N-1, Frame N)

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0.7 0.7 0.6 0.7 0.5 0.4 0.9 0.7 0.8 0.8 0.6 0.6 0.7
0.8 0.7 0.6 0.7 0.5 0.2 0.5 0.6 0.7 0.3 0.9 0.4 0.5
0.3 0.7 0.6 0.7 0.5 0.4 0.9 0.7 0.8 0.8 0.6 0.2 0.1
0.8 0.7 0.6 0.7 0.4 0.2 0.2 0.6 0.7 0.8 0.8 0.3 0.5
0.8 0.7 0.6 0.7 0.5 0.4 0.8 0.7 0.8 0.8 0.6 0.6 0.5
0.8 0.7 0.6 0.7 0.5 0.2 0.7 0.6 0.7 0.3 0.8 0.4 0.3
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.3  
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Figure 4. Visual illustration of the major steps of the Plausibly Complete Time (PCT) estimation. In
order to improve the visual clarity of the figure, the dimensions of the matrices are reduced.
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Pixels to Binary 
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Step 3 - Estimation

Figure 5. The flowchart illustrates a detailed flow of PCT estimation.

3.1.2. Step 2: Computation

Once the preparation is completed and the array of frames (F[]) is formed, the compu-
tation step begins by iterating thorough the extracted frames F[] and creating an array of a
binary accumulator matrices binaryAccumulatorMatrix[cmi] (see step 2.3 in Figure 4). The
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binary accumulator matrices are used to keep track of the painted pixels in a cumulative
fashion. A binary accumulator matrix (cmi) is a two dimensional array, initialized as a
matrix of zeros with the same dimension as the extracted images (cm(133×200)

i ). Each value

of a binary accumulator matrix (cm(x,y)
i ) corresponds to a pixel. If the corresponding pixel

was already painted in the previous frame (F[i− 1]), the value of cm(x,y)
i will be 1, and 0

otherwise (step 2.3 in Figure 4).
While iterating through the video frames (F[]), at every iteration(i), the following sub-

steps are executed to construct a binary accumulator matrix (see step 2.1–2.3 in Figure 4):

1. SSIM quality map matrix (ssimMatrix) is computed (see step 2.1 in Figure 4) based on
the current video frame (i) and the next frame(i + 1): ssimMatrix=SSIM(F[i], F[i + 1]).
The ssimMatrix and video frame share the same dimension (133× 200). Each value
of the (ssimMatrix(x,y)) represents the score of the similarity between the two corre-
sponding pixels of two consecutive images (Section 2.1). As explained in Section 2.1,
a score of 1 represents a pixel-wise 100% match, and an SSIM value of less than 1
shows a discrepancy between the two sets of input data.

2. By applying a binary mask to the ssimMatrix, a binary matrix (binaryMatrix) is
computed to allow the ith frame of the accumulator matrix to be calculated (see step
2.2 in Figure 4). If the ssimMatrix(x,y) is 1 (100% similarity), the corresponding value
of binaryMatrix will be 0. For any other value, binaryMatrix(x,y) will be set to 1. As a
result, binaryMatrix represents the pixels that have been changed between the two
video frames, regardless of the degree of similarity.

3. Finally, a new binary accumulator matrix (cmi) is computed (see step 2.3 in Figure 4).
It is achieved by performing a logical OR (||) between cmi−1 and the binaryMatrix
(cmi = cmi−1 || binaryMatrix). The computed (cmi) represents the number of pixels
that have been changed at the current iteration.

3.1.3. Step 3: Estimation

PCT is determined by iterating through the binary accumulator matrices to identify
the first index of a binary accumulator matrix (i) that corresponds to 99% of the cumulative
visual change (see step 3 in Figure 4). For example, consider 26,600 as the maximum
number of paintable pixels (count(cmn) = 26, 600), PCT is a time that corresponds to the
first cmi with 26,334 painted pixels (count(cmi) = 26, 334 = 99%). Therefore, if i = 35,
PCT will be 35 ∗ (1000/10) = 3500 milliseconds. The 99% threshold is derived based on
the evaluation of the algorithm on a subjective data collected in the user study illustrated
in Reference [10]. It is technically possible to use a lower value for the cumulative visual
change threshold. However, it should be noted that the lower threshold may estimate ATF
time too soon and before the users perceive ATF content. For example, for websites with
graphical objects and small but essential text blocks, at the 95% cumulative visual change,
the graphical objects are visualized. However, the users are still waiting for the text blocks.
Weblogs are a common example of the aforementioned cases.

The entire algorithm of PCT can be seen in Algorithm 1. It presents the a high-level
implementation of the PCT algorithm using python style pseudo-code syntax (https://
github.com/hzjahromi/pct/ (accessed on 12 February 2021)).

https://github.com/hzjahromi/pct/
https://github.com/hzjahromi/pct/
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Algorithm 1: Plausibly Complete Time (PCT)

Input: F list [ fi], i = 0, 1, 2, ..., n, where each element is a video frame,
[ fi] ∈ R133×200

Output: pct
1 ssimMatrix = [smi], i = 1, 2, 3, ..., n where smi ∈ R133×200;
2 binaryMatrix = (bmmmn) where bmmmn ∈ (0, 1)133×200;
3 binaryAccumulatorMatrix = [cmi], i = 0, 1, 2, ..., n where cmi ∈ (0, 1)133×200;
4 cumulativeSum = [csi], i = 0, 1, 2, ..., n where csi ∈ R ;
5 normalizedCSum = [ncsi], i = 0, 1, 2, ..., n where 0 ≤ ncsi ≤ 1 ;
6 for i← 1 to len(F)− 1 do
7 ssimMatrix = 1− (SSIM(F[i], F[i + 1]));
8 binaryMatrix = ssimMatrix > 0 ;
9 binaryAccumulatorMatrix[i] =

binaryAccumulatorMatrix[i− 1] || binaryMatrix;
/* The logical OR (||) operator returns 1 if and only if one or

more of its operands is 1 */
10 cumulativeSum[i] = countNonZero(binaryAccumulatorMatrix[i]);

/* The countNonZero function counts the number of matrix elements
that has a value other than 0 */

11 end
12 normalizedCSum = normalize(cumulativeSum) ;

/* The normalize function normalizes cumulativeSum by scaling values
between 0 and 1 */

13 for j← 1 to len(normalizedCSum) do
14 if normalizedCSum[j] ≥ 0.99 then
15 return j ∗ (1000/10) ;

/* pct = plausibly complete frame number (j) multiplied by the
frame rate of 10 fps */

16 end
17 end

4. Evaluation

In order to evaluate the robustness of PCT and its relationship with the alternative
metrics for estimating ATF time, the data collected in Reference [10] is utilized, and PCT is
computed for each test case (21 test cases in total).

The data is used in the following subsections to quantify the effectiveness of PCT
across various facets:

1. ATF time estimation.
2. Its influence on the result of SI for different content types.
3. PCT in the wild. The term “in the wild” is used to refer to unseen data collected

by other researchers from globally accessible websites, under an undefined network
condition and is not a synthetic dataset.

4. The effect of using PCT on QoE estimation models.

4.1. PCT and the Estimation of ATF Time

A Spearman Rank-Order Correlation Coefficient (SROCC) analysis (Figure 6) confirms
that PCT has a high correlation with the objective ATF, but its correlation with the perceived
ATF is stronger than the correlation between the objective ATF and the perceived ATF.
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Figure 6. The Spearman Rank-Order Correlation Coefficient (SROCC) between PCT, Perceived ATF,
Objective ATF, and PLT.

The computed SROCC for the objective ATF and mean and median of perceived ATF
are 0.87 and 0.78, respectively. The same analysis reveals a stronger correlation between
PCT versus mean and median of the perceived ATF (SROCC = 0.89 and SROCC = 0.86,
respectively). Whether a web QoE is modeled based on mean or median of perceived ATF,
the high correlation of PCT (with both mean and median) with perceived ATF makes PCT
a suitable proxy metric for predicting perceived ATF. The correlation between PCT and
objective ATF is (SROCC = 0.87). Despite the high correlation between the two metrics,
there are still some cases where PCT estimation differs from the objective ATF metric (e.g.,
websites with animations).

The left subplot of Figure 7 compares PCT with perceived ATF. It can be seen that, for
the majority of the cases, ATF estimation of PCT is close to the mean ATF time reported by
the users, i.e., the perceived ATF time is similar to the estimated ATF time. However, the
middle subplot shows the objective ATF overestimates the perceived ATF time. Root Mean
Square Error (RMSE) is used to measure the performance of the metrics. The computed
RMSE based on all test cases is lower for PCT (RMSE = 5705.986435) and higher for the
objective ATF (RMSE = 18, 579.652607).

From the middle subplot, one can also see that, while the distance between two
variables increases as the load time increases, this trend is not always true for PCT (left
subplot). In fact, PCT stays close to the diagonal line and shows a tight positive linear
correlation with the perceived ATF, even when the load time increases (see the orange ×
marker on the left subplot for PCT = 43).

The right subplot of Figure 7 directly compares PCT with objective ATF. While PCT
and the objective ATF have some degree of agreement and positive linear correlation on
ATF estimation (see the markers on the diagonal line), disagreement can also be seen for a
few websites without animations and the majority of the websites with animated content
(see the ×markers).

The result illustrates that PCT provides a robust estimation of ATF for the wide range
of network conditions and content types tests. PCT provides ATF estimation for animated
content without compromising performance for other content.
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Figure 7. The relationship on estimation of ATF time. The left subplot shows the relationship between
PCT (y-axis) and perceived ATF (x-axis). The middle subplot illustrates the relationship between
objective ATF (y-axis) and perceived ATF (x-axis). The right subplot demonstrates the relationship
between PCT (y-axis) and the Objective ATF (x-axis).

4.2. The Influence of PCT on SpeedIndex (SI)

It has been illustrated that SI may not estimate an accurate loading speed while using
objective ATF time for website with animations (see the Introduction section). In this
section, PCT is integrated with SI and demonstrates how PCT can improve the robustness
of SI for websites with and without animations.

Figure 8 presents a comparison of SI computed using perceived ATF against the
objective metrics. The data is plotted with different shapes representing the content
(animated/non-animated) and colors to represent the network speed. For most network
conditions and page types tested, the computed SI using PCT and perceived ATF yield
similar results. This can been seen by the large number of test points on the diagonal line
of the left subplot of Figure 8. However, for websites with animated contents, marked with
x markers in the right subplot of Figure 8, a wider distribution of SI is computed using the
objective ATF. In most cases, SI is overestimating the speed of loading for websites with
animated contents. While the overestimation of SI using objective ATF for the websites with
and without animated content is more apparent for the lower bandwidth levels (3 Mbps
and 1 Mbps), SI computed using PCT has a more consistent behavior for different content
types and bandwidth levels (see the regression line nearly aligned with the diagonal line).
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Figure 8. The influence of PCT on SpeedIndex (SI). The (left) subplot represents the estimation of SI
using PCT (y-axis) and its tight positive correlation with the corresponding SI computed based on
ground truth perceived ATF (x-axis). The (right) subplot shows the relationship between SI estimated
based on the objective ATF (y-axis) and perceived ATF (x-axis).
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The coefficient of determination analysis (known as ”R-squared”) is used to quantify
how close the SI PCT and SI perceived ATF time are to the fitted regression line. The
computed R-squared is 0.93, meaning that 93% of the variation in SI computed using
perceived ATF can be explained by the SI computed based on PCT. A similar analysis on
the SI objective ATF and perceived ATF returns an R-squared of 0.74. The higher R-squared
value for the SI computed using PCT shows that the known issue of the SI overestimation
of SI was seen when animated contents exists is significantly reduced [10].

Correlation analysis reveals a stronger relationship between SI PCT and SI perceived
ATF time (SROCC = 0.90) versus SI objective ATF and SI perceived ATF (SROCC = 0.84).

4.3. Impact of PCT on QoE Estimation

To investigate how PCT impacts the robustness of QoE estimation models, we used
IQX and WQL (Waiting time and its QoE evaluation on a linear ACR scale is Logarithmic)
web QoE models. The IQX and WQL are two parametric web QoE models which can be
used to quantify the link between perceived user QoE and waiting time for a web page
loading. The IQX model is a generic QoE model where QoE and technical QoS metrics
are correlated through an exponential relationship [7]. The IQX model uses the following
equation:

QoEIQX(t) = αe−βt + γ, (3)

where t is the waiting time measured by a time instant or time integral metric and α, and
β and γ are empirically derived constants. The constants are tuned in accordance with
the context (i.e., Web, VOIP, Video). The authors illustrate that when the current level of
QoE is high, a small variation in the QoS is perceptually noticeable, thus yielding to an
exponential relationship between QoE and waiting time.

Egger et al. [8] proposed a logarithmic web QoE estimation model in accordance with
the Weber-Fechner law [21]. Their proposed web QoE model is derived from a hypothesis
which assumes the relationship between Waiting time and its QoE evaluation on a linear
ACR scale is Logarithmic (WQL). The authors used the following fitting function and
validated the WQL hypothesis:

QoEWQL = a− bln(t), (4)

where t refers to the waiting time measured by a time instant or time integral metric, and a
and b are derived by minimizing the least square errors between the fitting function and
the Mean Opinion Score (MOS) values.

The constants from IQX and WQL models fitting curves (where MOS is estimated
based on ATF time) were taken from a study by da Hora et al. [6]. The constants of the
fitting curves are then used to compute corresponding MOS values for a given PCT time
(a measure for ATF). Please note that we have assumed that the result of Reference [6]’s
study is generalizable and can be used to estimate QoE in this research.

In our previous study [10], a similar analysis for both WQL and IQX using objective
ATF metric illustrated that both models are generally underestimating the perceived quality
using objective ATF with R-squared of 0.76 and 0.66, respectively. Using PCT as a measure
for ATF in the QoE models reduces the underestimation of both IQX and WQL. In both
cases, the estimated MOS using PCT is closer to the estimated MOS using perceived
ATF. For example, in Figure 9, the majority of MOS estimations using PCT and perceived
ATF are close to the diagonal line, which represents a tight positive correlation between
them. Moreover, the MOS estimation using IQX shows a lower distance between the two
estimations (using PCT and perceived ATF). The computed R-squared is for WQL and IQX
are 0.79 and 0.76, respectively. It can be seen that, while the R-squared for WQL using PCT
and objective ATF stayed the same (due to the logarithmic nature), the R-squared for IQX,
which is an exponential model, is improved by 0.10.
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Figure 9. Using PCT to estimate ATF for use in the Waiting time and its QoE evaluation on a linear
ACR scale is Logarithmic (WQL) and IQX Quality of Experience (QoE) models. The (left) subplot
shows a high positive linear correlation between QoE estimation of WQL using PCT (y-axis) and the
ground truth perceived ATF (x-axis). The (right) subplot represents a positive correlation between
QoE estimation of IQX using PCT (y-axis) and perceived ATF time (x-axis). Comparing these results
with those presented in Reference [10] shows that PCT has positively improved QoE estimation for
IQX and comparable results for WQL.

It is acknowledged that, in order to comprehensively demonstrate the influence of
PCT on WQL/IQX, an end to end subjective test evaluation would be valuable. However,
it is presented here with constants taken from another study [6] to illustrate how PCT can
improve speed metrics, like SI, and as a component to improve QoE estimation models.

4.4. PCT in the Wild

To investigate the effectiveness of PCT in the wild, a publicly available dataset of
videos of web browsing is used. The dataset includes 83 videos for a range of websites from
various content categories. For each website, PCT, Objective ATF, and SI are computed.

The left subplot of Figure 10 illustrates the relationship between objective ATF (y-axis)
and PCT (x-axis). For the majority of the test cases, the estimated ATF time using objective
ATF is higher than the corresponding objective ATF computed using PCT. To quantify
this, a R-squared of 0.55 is computed. The computed R-squared indicates that PCT is only
explaining 55% of the variation in objective ATF. Despite the fact that both metrics are trying
to estimate ATF time, PCT and objective ATF are quite different in estimating ATF time.

To explore the impact of ATF estimation using objective ATF and PCT, computed SIs
are visualized in the right subplot of Figure 10. The x-axis shows SI computed using PCT
and y-axis shows SI computed using objective ATF. Except in some cases, both variations
of SI yield to a similar result with a computed R-squared of 0.88.

A post-analysis verification performed by the authors (Figure 11) shows that, for the
websites with non-animated content, both PCT and ATF are detecting the same video frame
as an ATF time. However, for the websites with delayed privacy or GDPR popups, layout
shifting, animated content, and placeholders with background colors, PCT is detecting the
ATF time sooner than the objective ATF. Several studies confirm that the web users visually
and cognitively ignore pop-ups [22,23]. Thus, it can be understood that PCT operates well
on the wide variety of issues and scenarios that occur beyond a controlled laboratory setup.
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Figure 10. The performance evaluation of PCT in the wild. The (left) subplot represents positive
linear relationship and some degree of agreement on ATF estimation between PCT (x-axis) and the
Objective ATF (y-axis). The (right) subplot shows a tight positive linear relationship between SI
estimated based on PCT (x-axis) and SI estimated using objective ATF. Since the majority of the test
cases are the website without animations, the result confirms that computing SI using PCT yield a
similar result as the SI computed based on state-of-the-art ATF metric. A post-analysis verification
shows that the majority of the outliers are related to the websites with animations, pop-ups, or late
loading contents (see Figure 11).
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Figure 11. PCT estimation on a public data-set. In the (left) column of subplots, the blue lines
represents the cumulative visual progress of PCT, purple bars are the Similarity Index Measure
(SSIM) scores between two consecutive frames, the dotted green line is the PCT frame time, and the
solid red line shows the objective ATF frame. The (middle) column shows the frames associated with
PCT and the (right) column shows the objective ATF frames.
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4.5. Limitations and Future Enhancements

The PCT algorithm has been shown to be robust to a wide variety of scenarios encoun-
tered on websites in the wild. One edge case has been identified that can cause issues. It
occurs when a page contains a large ratio of dark-colored placeholder objects that become
visible prior to content being painted. This can result in an underestimation of ATF by
PCT. Similarly, for the web pages with a low quality image placeholder that use a blurred
version of an image as the placeholder in the ATF area, PCT may underestimate the ATF
time in low network quality conditions (e.g., low bandwidth, high packet loss rate, or
latency). These are not anticipated to be a significant limitation to address and will not
effect the fundamental steps of the presented algorithm.

The design of PCT and its integration with SSIM allows the metric to be customized
and makes it content-aware. The literature shows that the users may not pay attention
to every visual elements of a webpage [24,25]. In fact, they may ignore some elements
(e.g., ads). An image processing or computer vision machine learning technique could
be integrated with PCT to classify and exclude content from the PCT computation based
on expected importance to a user’s perception. A better estimation of PCT can further
improve the perceived quality estimation of web QoE models.

5. Discussion on SI, PCT, and the User’s Interactions

SI has been used as a valuable KPI for QoE estimation [11]. In Reference [26], it is
established that the web users keep interacting with a web page beyond the first page-load
which influences the QoE of interactive web applications. However, SI estimates the speed
of the first page load [9]. Consequently, if the video of web browsing extends beyond
initial ATF to include further user interactions, the estimated speed may not be an accurate
representation of the loading speed. This is illustrated by the extended above-the-curve
area (gray area after the sky blue line) in Figure 12.
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Figure 12. VC progress calculation for an entire web mapping session. The blue line shows the visual
progress over time. While the sky blue vertical line is the time that objective ATF occurred, the purple
vertical lines show the user’s subsequent interactions.

A possible solution to this is splitting the video of web browsing into multiple parts
based on the user’s interactions. Then, compute the SI for each interaction. This forms an
array of SI estimates where each element represents the speed of loading associated with
the user’s interaction. However, similar to the first page load, the existence of animation in
the ATF area may negatively impact the speed estimation of SI. In Figure 13, Cumulative
SI (CU SI) is computed to illustrate how the speed estimation of SI is artificially inflating
and increasing when a user keep interacting with a single page AJAX application.

The previous section (Section 4) established that using PCT as an ATF measure in
SI solves the inaccurate measurement of SI caused by animated content. Thus, SI upper
bounded to PCT can be used to measure the speed of interactions without being concerned
about the content type.

Motivated by the concept of iLT that we proposed in Reference [26], the term interac-
tive SpeedIndex (iSI) can be introduced. As shown in Figure 13, iSI represents computation
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of SIs associated with a user’s interactions for the entire web browsing session. It can be
seen that iSI has a potential to demonstrate an accurate distribution of speed of the user’s
interactions in compare to SI computed for the entire session.
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Figure 13. An example illustration of SI measured in accordance with iLT time (user’s interactions) for
an entire web mapping session. Cumulative SI (CU SI) is referring to a cumulative SI that measures
SI from time 0 until each user’s interaction. CU SI demonstrates how the result of SI can artificially
increase, if the subsequent interactions gets included in the computation. However, if the estimation
gets split, guided by iLT (based on the user interaction), iSI can be computed, which can accurately
represent a speed estimation of SI associated with each user’s interaction.

6. Conclusions

This paper proposes the PCT metric to improve the estimation of ATF in accordance
with the users’ perception and minimize the effect of animated content. The proposed
metric uses SSIM to analyze the video of the loading process of websites (frame-by-frame)
and determine, at what point in time, the maximum paintable pixels are painted once, on
the users screen. This allows the metric to be robust enough in the ATF estimation for
websites with animated and non-animated content. The accuracy of PCT is verified by
performing various correlational analyses. PCT is shown to have a higher correlation with
Perceived ATF (SROCC = 0.89) in comparison to the state-of-the art objective ATF metric
(SROCC = 0.87). It is demonstrated that, by computing SI using PCT, SI shows a consistent
estimation behavior for websites with and without animated content. An evaluation of
PCT on a public dataset of web browsing also confirms its effectiveness in ATF estimation
in the wild. It not only performs well on websites with animated-content but minimizes
the effect of prolonged ATF time due to privacy popups and layout shifting. It is further
demonstrated that SI bounded to PCT can also be used to estimate the speed of a user’s
interactions and introduce the concept of iSI.
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