Models of Dynamic Web Content*

Maria Carla Calzarossa

Dipartimento di Informatica e Sistemistica

Universita di Pavia
via Ferrata 1, I — 27100 Pavia, Italy
mcc @unipv.it

Abstract

Web pages are created, modified and removed at unspec-
ified times by their owners. The frequency and extent of
changes to Web pages vary across sites and across pages
within sites. These changes influence the quality of the in-
formation retrieved from the Web and to some extent the
delays experienced by the users. Our study focuses on the
analysis of a news Web site with the objective of modeling
the dynamic behavior of its content. We identify weekly and
daily patterns in the page creation and update processes
and we analyze the degree of change of the content of the
pages. The study shows that many new pages were created
every day, whereas existing pages but front pages, were up-
dated few times and typically to a limited extent.

1. Introduction

The large amount and variety of information available
on the Web open many challenging issues. It is necessary
to locate useful and up—to—date information and to deliver
it to the users with minimal delays. Scheduling strategies in
Web crawling are used to improve the quality of the infor-
mation retrieved from the Web. Content delivery strategies
are used to distribute and replicate the information with the
objective of improving the performance perceived by the
users. All these strategies are influenced by the dynamic na-
ture of the Web. Web pages are created, modified and re-
moved at unspecified times by their owners. The frequency
and extent of changes to Web pages vary across sites and
across pages within sites. For example, pages that display
data such as, headline news, weather reports, stock activity
reports, change frequently, whereas pages that display data
such as, legislations, historical information, seldom change.
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To provide users with up—to—date information without over-
provisioning, it is then necessary to understand how often
new pages are created and how often and to what extent ex-
isting pages are modified.

The dynamic nature of the Web has been studied since
late nineties (see, e.g., [1, 2, 3, 6, 10, 12]). These stud-
ies focused on different aspects of the evolution of Web
pages. In [4] a large number of Web pages is analyzed
to experimentally derive frequency estimators that can be
used to improve the effectiveness of Web crawling and Web
caching. Models that capture the characteristics of dynamic
Web content are presented in [14]. These models are de-
rived from the analysis of the content of six representa-
tive sites. The evolution of several million of Web pages
is studied in [7]. The paper analyzes the degree of change
of these pages and identifies the attributes that are corre-
lated with their change intensity. The content of the pages
is compared by applying a similarity metric based on syn-
tactic document sketches. The study shows that the rate of
change varies across top—level domains and past changes
to a page are a good predictor of future changes. Moreover,
larger pages tend to change more often and to a larger extent
than smaller pages. An analysis of the human perception of
changes to Web pages is presented in [8]. The study con-
siders the relevance of three categories of changes, namely,
content, presentation and structure of Web pages. The re-
sults show that the perception of a content change is highly
correlated with the perception of an overall change. In [5]
changes to Web pages are studied in the framework of sup-
porting maintenance of distributed collections of Web ma-
terials. Context based methods are applied to compare Web
pages.

This paper analyzes the dynamic behavior of the content
of a popular news Web site, i.e., the MSNBC web site [11],
with the objective of identifying typical patterns and model-
ing the page creation and update processes. We derive mod-
els of the behavior of the pages by studying page update in-
stances and page change frequency. Moreover, we classify
pages according to their characteristics.



The changes to pages were characterized by two distinct
behaviors, that is, pages were created and updated when-
ever new events happened and deterministically or quasi—
deterministically to keep the site “alive”. Changes varied
significantly from page to page and some parts of a page
changed more frequently than others. We have also ob-
served that, even though most of the pages were created
and modified during Eastern Time working hours, the site
became quite dynamic, that is, new pages were created and
existing pages updated, late in the evenings. Furthermore,
the degree of change to a page ranged from minor typo-
graphical corrections to replacement of large chunks of its
content, whereas the structure of a Web page changed very
rarely.

This study has important performance implications in
that our findings and models could be used to differentiate
caching policies and to improve Web crawling and content
distribution strategies by avoiding, for example, retransmis-
sions of unchanged pages.

The paper is organized as follows. Section 2 describes
the experimental setup used for the study. Section 3 focuses
on the analysis of the Web pages and presents the mod-
els that describe their dynamic behavior. Finally, Section 4
concludes the paper by discussing the performance implica-
tions of the behavior of the site and by outlining future re-
search directions.

2. Experimental setup

To study the dynamic behavior of the MSNBC news Web
site, we actively monitored the site by periodically down-
loading the Web pages to track changes, that is, to deter-
mine if and to what extent pages have changed since last
download. At each access we downloaded all HTML files
that were on the site, including the new files uploaded to the
site since last access.

Our monitoring focused on the HTML files classified in
the MSNBC site under five major categories: news, busi-
ness, sports, entertainment and health. In particular, we
downloaded the so—called front pages, that is, the pages
containing the headline news of the site, as well as the news
pages, that is, the pages containing the actual text of the
news. Moreover, among the front pages, we downloaded the
main front page that corresponded to the home page of the
site.

The choice of the granularity of the downloads was a
challenging issue. The granularity had to be fine enough to
capture all updates and coarse enough to minimize the time
spent to download all files over the network. By monitor-
ing the site at intervals of various lengths, we discovered
that the front pages were characterized by more frequent up-
dates than the news pages. As a result of this analysis, we

chose to download front pages every 5 minutes, whereas it
was enough to download news pages every 15 minutes.

As part of the experimental setup, we extracted the core
of the news pages, that is, the actual body of the news.
Moreover, we applied some filters based on HTML tags to
extract fragments, e.g., top stories section, headline news
sections, from the front pages. Indeed, front pages consisted
of well identified fragments that seemed interesting to an-
alyze separately. For these purposes, we did some post—
processing of all the HTML files downloaded from the site.

Note that HTML files were usually rather small. On the
average, the size of a news page was equal to 42Kbytes and
did not vary significantly across pages belonging to differ-
ent news categories and between successive instances of the
same page. In the case of front pages, the size of the corre-
sponding HTML files varied across categories from a mini-
mum of 42Kbytes to a maximum of 70Kbytes, correspond-
ing to the entertainment and sports categories, respectively.

The site was monitored for a period of 19 continuous
weeks starting mid November 2004 and ending late March
2005. It is worth to point out that the number of front pages
on the site was almost constant since they were part of
the core structure of the site itself, whereas news pages
were added daily to the site. The number of different front
pages associated to the five news categories considered in
our study was 76 and very few of them were added dur-
ing our monitoring period. On the contrary, the number of
news pages tended to become larger and larger. Hence, to
avoid redundant transfers and an uncontrolled increase of
the download time, we identified the pages that were “ac-
tive”, that is, still worth monitoring. For this purpose, we
assumed that a news page was no longer active, if it was not
updated during a five days interval. To identify active pages,
we compared successive instances of the core of each page.
Indeed, the size of the corresponding HTML file was not
a good indicator of actual changes to the file itself due to
the presence of contents, such as, advertisements, that typi-
cally changed at every access. On the average, at every ac-
cess, i.e., every 15 minutes, we downloaded from the site
500 active news pages. Moreover, we accessed the site ev-
ery 5 minutes to download 76 front pages.

3. Data analysis

To characterize the dynamic behavior of the content of
the MSNBC Web site, we started with an exploratory analy-
sis of its temporal evolution. More specifically, we focused
on the dynamic properties of the creation and update pro-
cesses of the Web pages. Note that we analyzed separately
the news pages and the front pages because of their differ-
ent scope within the site.

The total number of unique news pages collected during
our monitoring interval was equal to 10,902. Among them,



the static pages, that is, pages whose core did not receive
any update during their lifetime, was equal to 5,654 and ac-
counted for 51.86% of the global number of unique pages.
The remaining 5,248 pages were dynamic, that is, their core
was modified at least once. Figure 1 shows the fraction of
dynamic pages within each of the five categories of news
considered in our study. The complement of each bar dis-
plays the fraction of static pages. As can be seen, the frac-
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Figure 1. Fraction of dynamic pages within
each news category.

tion of dynamic pages varied across categories. The sports
category was characterized by the largest fraction (59.9%)
of dynamic news, that is, 2,785 out of 4,649 sports pages
were dynamic. The entertainment category was character-
ized by the largest fraction (65.97%) of static news, that
is, 572 out of 867 pages. Note that the fraction of dynamic
pages within the business category could have been larger.
This is because we could not capture the summary report of
stock indices displayed on the pages as it was implemented
as a script embedded into the corresponding HTML file.

Table 1 presents some descriptive statistics of the number
of changes to dynamic pages. On the average, each page re-
ceived 2.898 changes during its lifetime, even though there
were pages in the sports category modified as many as 88
times.

The mean time between two successive changes to a
given page was equal to 208 minutes, with a standard de-
viation equal to 452. Moreover, about 73.5% of the changes
occurred within the first three hours of the lifetime of the
pages and 90% within the first eight hours. We have also ob-
served that a few of the changes were not correlated to the
occurrence of any specific event. This was the case, for ex-
ample, of editorials that were usually updated in a sort of
deterministic way.

The analysis of the temporal similarity of the content of

Category mean stddev. max unique pages
News 2702  3.672 38 1,192
Business 2253  1.611 14 676
Sports 3.288  5.159 88 2,785
Entertainment 2904  2.893 22 295
Health 1.766  1.407 13 300
Global 2.898 4.284 88 5,248

Table 1. Descriptive statistics of the number
of changes to dynamic pages.

page instances was based on the vector model used in the
framework of information retrieval [13]. For this purpose,
each page was represented by a vector, whose components
are its unique words. Within each page we focused on the
core of the corresponding news, that is, its text and HTML
tags, thus including the URLSs of all its embedded objects.

Let N denote the size of the vocabulary, that is, the
global number of distinct words in all instances of a given
page. The j—th instance of a page was then mapped into
this N—dimensional space and represented by a vector
d; = (w1, w25, ...,wn,;), Where w; ; denotes the weight
of word 7 in the j—th instance of the page. In our study, the
weights corresponded to the raw frequency of the words,
that is, the number of times each word appeared in the
page. With this assumption, words that occurred frequently
in a page were considered more important than infrequent
words.

To assess the similarity between successive instances of
a page, we used the cosine coefficient (see [9, 17]). Accord-
ing to this metrics, the similarity between instances d; and
dy, of a page is given by:

d; - dy

N
sim(d;, dg) = _ i1 Wi X Wik
DI | x (e N 2 N 2
J Z'L:lwi,jx Dim1 Wi

This metrics yields values in the range [0, 1]. Values close
to 1 denote a high degree of similarity, i.e., the angle be-
tween the two vectors is close to 0 degrees.

To determine to what extent successive instances of a
page changed, we computed the cosine coefficient between
pairs of instances. The analysis has shown that the aver-
age cosine coefficient computed for all pages was equal
to 0.96125 and corresponded to a 16 degrees angle. This
means that successive instances were rather close to each
other in terms of the frequency of their words. Moreover,
despite previous studies, our results did not show any spe-
cific correlation between the degree of change and the size
of the page. Indeed, the size of successive instances of a
given page typically varied to a limited extent.



A refinement of this analysis was aimed to study to what
extent a page changed during its lifetime. For this purpose,
we compared the first instance of a page with all its succes-
sive instances and computed the corresponding cosine coef-
ficients. Figure 2 shows the distribution of the cosine coeffi-
cient computed for all dynamic pages. Since more than 90%
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Figure 2. Distribution of the cosine coeffi-
cient of similarity for the dynamic pages.

of the values were greater than 0.6, the diagram plots the
distribution in the range [0.6, 1]. The average cosine coeffi-
cient was equal to 0.866 and corresponded to a 30 degrees
angle. The distribution shows that differences between the
first instance of a page and its successive instances tended
to become larger, even though they were not as large as ex-
pected. Indeed, there was a large fraction of pages (45.5%)
that received one update only. The median of the distribu-
tion was equal to 0.943 and the angle was of 19.44 degrees.

To further investigate the dynamic behavior of the con-
tent of the site, we studied the evolution of new pages and
the changes to existing pages as a function of the time of the
day and of the day of the week. Note that for the sake of con-
sistency with the MSNBC site, the times reported in what
follows refer to the Eastern Time zone.

Figure 3 shows the weekly behavior of the number of
pages created per hour. The diagram refers to all the pages
created during the monitored period of 19 weeks. The gran-
ularity of the rate is one hour. The black area of the di-
agram shows the creation rate of static pages. The labels
on the z axis are centered at noon of each day. New pages
were created at a rate of 3.415 per hour. Among them, static
pages were created at a rate of 1.771 per hour. By looking
at the diagram, we can easily identify a daily pattern. Rates

creation rate
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Figure 3. Weekly behavior of the page cre-
ation rate per hour.

were higher during working hours, even though there were a
few high peaks around midnight. These peaks typically cor-
responded to sports events. Moreover, as expected, fewer
pages were created over week—ends. The rate was equal to
2.272 pages per hour on Saturdays, whereas it was almost
double, i.e., 4.386, on Tuesdays.

The daily pattern of the creation rate varied over the five
categories of news considered in our study. Figure 4 shows
the weekly creation rate of sports pages. Very few pages
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Figure 4. Weekly behavior of the creation rate
of sports pages per hour.




were created early in the morning, whereas the rate started
to increase steadily around noon. The rate was high until
very late at night and exhibited higher peaks on Monday
and Saturday nights. This diagram shows that the dynamic
behavior of the news pages was highly dominated by the
sports pages, which accounted for about 43% of the pages
analyzed in our study.

To refine these results and get further insights in the dy-
namic behavior of the page creation process, we analyzed
the hourly rate over different days. Table 2 reports a few
statistics of the page creation rate over the various days of
the week. The statistics refer to all static and dynamic pages

Day mean std dev. unique pages
Monday 3.680 1.956 1,678
Tuesday 4386  2.381 2,000
Wednesday 4.129  2.152 1,883
Thursday 3.675 1.793 1,676
Friday 3.379 1.671 1,541
Saturday 2.272 1.575 1,036
Sunday 2386 1.576 1,088
Global 3415  2.037 10,902

Table 2. Descriptive statistics of the page cre-
ation rate per hour.

created during the monitored period. The standard devia-
tion was always smaller than the corresponding mean, that
is, the creation rate across the 19 weeks was characterized
by low variability.

To summarize the main statistical measures of the hourly
creation rate we used the box—and-whisker diagrams as
they are very useful in spotting differences in distributions.
Figure 5 shows the diagram corresponding to the pages cre-
ated on the 19 Wednesdays considered in our analysis. The
diagram plots the median and two measures of dispersion,
namely, the range and inter—quartile range. The upper and
lower boundaries of the boxes correspond to the 25 and 75
percentiles. The solid line within each box represents the
median. As can be seen, the median, inter—quartile range
and range of the number of pages created between 8:00 and
9:00 were equal to 4, 3.5 and 6, respectively. Moreover, the
75 percentile of the hourly rate never exceeded 10.5. By
looking at the height of the boxes, we discovered that the
hourly distributions were rather narrow, that is, the num-
ber of pages created per hour across different weeks did not
vary significantly. Our analysis has shown that this conclu-
sion holds on most days, even though we detected a few
large differences. For example, the range of the rate be-
tween 11:00 and 12:00 on Tuesdays was as large as 23. On
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Figure 5. Box—and-whisker diagram of the
hourly creation rate for all Wednesdays.

week—end days the distributions were even narrower. The
inter—quartile range was always lower than 5.5.

Figure 6 shows the weekly behavior of the number of
changes per hour to dynamic pages. The diagram refers
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Figure 6. Weekly behavior of the change rate
per hour of dynamic pages.

to all changes received by the pages. The labels on the z
axis are centered at noon of the corresponding day. The rate
of change is equal to 4.848, with a standard deviation of
2.707. The rate is higher on weekdays than on week—end
days, even though the highest peak, that is, 13.42 changes



per hour, occurred late on Sunday evening. A refinement
of the analysis has shown that the peak was due to sports
events that caused a large number of changes to the corre-
sponding pages. On Sundays the rate of change to sports
pages was equal to 3.781 per hour, whereas the rate com-
puted for the news pages is equal to 0.621. Note that the
overall change rate was equal to 4.71 on Sundays, whereas
it was about 22% higher on Wednesdays. This proves once
more the dominant effect of the sports pages on the dynamic
behavior of the content of the pages.

To obtain analytic representations of the dynamic behav-
ior of the pages, we applied numerical fitting techniques
based on the linear least squares method. We modeled the
daily and weekly behaviors of the creation and change
rates using polynomial functions. Before applying the fit-
ting techniques, we smoothed the measured data to take out
local fluctuations. The smoothing was based on either 3—
term or 5—term moving average estimators. Moreover, to
avoid instability problems in the computation of the coef-
ficients of the polynomials, we scaled the independent vari-
able, that is, the time of the day, in the range [—0.5,0.5]. The
reliability of the models was assessed by applying standard
criteria, such as, coefficient of determination and F statis-
tic (see [15, 16]). These criteria were also used to choose
the optimal degree of the polynomial functions. For the var-
ious models, the optimal degree ranged between 5 and 16.
In particular, the daily change rates were best described by
polynomials of degree 5 or 6, whereas polynomials of de-
gree 15 were used to represent the weekly change rates.

To study the similarities of the rates across different days
and weeks, we applied clustering techniques. The rates were
described by the coefficients identified by the least squares
method. Figure 7 shows the polynomial function that mod-
els the change rate of the five weekdays. The function cor-
responds to the centroid, i.e., the geometric center, of one of
the two clusters obtained by analyzing the change rates over
the 19 weeks considered in our study. This cluster groups
the rates of 15 weeks. The rates of the remaining 4 weeks
were grouped in a second cluster as they were character-
ized by much higher values. Note that all rates were mod-
eled by polynomials of degree 13.

As a final step to fully describe the dynamic behavior
of the content of the MSNBC Web site, we analyzed the
front pages of each of the five categories of news consid-
ered in our study, as well as the main front page, which cor-
responded to the home page of the site. In particular, we fo-
cused on their composition and rate of change. Moreover,
due to their peculiarities, we were not interested in study-
ing to what extent they changed whenever they were mod-
ified. We were rather interested in analyzing the fraction of
fragments that changed between successive instances of a
given front page.

As already pointed out, each front page typically con-
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Figure 7. Model of the change rate corre-
sponding to a cluster centroid.

sisted of distinct fragments. In particular, within each page,
we could identify the so—called top stories section and a
variable number of headline news sections containing links
to other front pages and to news pages. The number of frag-
ments varied across front pages and during the monitored
interval. The sports front pages were characterized by the
largest and most variable number of fragments. On the aver-
age, a sports front page consisted of 27 fragments, whereas
the home page consisted of 16 fragments only. Within each
page there were fragments that changed more frequently
than others. Actually, some contents could be considered
more important than others and consequently some changes
more important than others. Our analysis has also shown
that the large majority of the changes (92.8%) to the home
page involved two fragments at most.

Table 3 presents descriptive statistics of the time, ex-
pressed in minutes, between two successive changes to front
pages. The home page was very dynamic. On the average, it
was updated every 12.2 minutes. Moreover, 90% of its up-
dates occurred within 25 minutes and 95% within 35 min-
utes.

Figure 8 shows the weekly behavior of the number of
changes per hour to the home page. The labels on the x axis
are centered at noon of each day. The rate was equal to 4.82
changes per hour. The standard deviation was much smaller
than the corresponding mean, i.e., 1.76. It is interesting to
point out that the hourly rate was always greater than zero.

As for the case of the news pages, we could recognize
a daily pattern. The rate was lower on week—end days and
higher on weekdays. The rate was equal to 3.91 changes per
hour on Saturdays, whereas it was equal to 5.62 on Wednes-
days. The top stories section was the fragment of the home



percentiles
Category mean std dev. 90 95
News 32.1 47.77 70 110
Business 26.2 51.58 55 97
Sports 15.3 40.90 25 35
Entertainment  43.7 82.29 92 195
Health 61.1 110.03 145 215

Home Page 12.2 11.83 25 35

Table 3. Descriptive statistics of the time
(in minutes) between successive changes to
front pages.
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Figure 8. Weekly behavior of the change rate
per hour of the MSNBC home page.

page with the highest change rate, that is, 1.38 changes per
hour. For this fragment, the change rate was independent
of the days, that is, there was no difference between week-
days and week—end days. Similar considerations hold for
the sports front page. Their change rate was equal to 3.92
per hour and did not change significantly across days.

4. Conclusions

The highly dynamic nature of Web contents influences
the quality of information retrieved from the Web and to
some extent the delays experienced by the users. To provide
users with up—to—the—minute information with minimal de-
lays, it is important to implement caching and content repli-
cation policies that take into account the dynamic behavior
of Web contents.

Our study focused on the analysis of the content of the
MSNBC news Web site with the objective of identifying
models able to describe the evolution of the site. The analy-
sis has shown that many pages were created every day either
because of the occurrence of new events and at some spe-
cific times of the day. Moreover, front pages changed very
often and within them the top stories section was the most
dynamic fragment. On the contrary, despite what expected,
news pages were not so dynamic. Each news page was up-
dated only few times and whenever it changed, it was typi-
cally modified to a rather limited extent. Let us remark that
we did not analyzed the types of content, such as, adver-
tisement, that typically changed at every access as a func-
tion of pre—defined algorithms or of the cookies set by the
site.

We identified daily and weekly patterns in the page cre-
ation and update processes. The analytical models obtained
by applying fitting techniques were able to capture and re-
produce these patterns. Our findings and models have im-
portant performance implications in that they could be used
to improve scheduling strategies of search engines and to re-
fine data distribution policies.

As a future work, we plan to extent the analysis to fur-
ther investigate the impact of the dynamic behavior of Web
content on the performance perceived by the users. We also
plan to use these models in the framework of content repli-
cation strategies.
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