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This lecture and Announcements

Announcements

1 We will start this term with one tutorial section to be held in the
lecture room SS 1069. If attendance warrants a second section, we
can return to having two tutorial sections. Holding just one tutorial
section allows us more time for grading.

2 Quiz 5 therefore will take place this Friday in SS 1069.

3 Scope of quiz is stable matching and the Gale-Shapley algorithm.

Todays lecture

The world wide web WWW (Ch13)

Perhaps starting today or next lecture: search engines (Ch 14)
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New topic: Information networks
Somewhat new topic but we will see that the topic soon becomes
intertwined with social and economic networks.

Will consider networks where the nodes are pieces of information (e.g.
web pages) connected by links (e.g. hyperlinks) that indicate some
relation between these pieces of information.

This is in contrast to the bulk of our discussions to date where nodes
have been people, organizations, intersections (in a traffic network) or
agents (buyers and sellers) in a market.

Of course when we restrict web pages to say personal home pages or
facebook pages, then we again have a social network. But for this
and the next one or two lectures we will be focusing on information
networks.

Information networks are also different in that now inherently the
links are directed. (Of course, a social network can also be directed.)3 / 20



A history of related “great ideas”

There are a number of related developments relating to the world
wide web WWW and some interesting history leading up to the actual
deployment of this set of great ideas.

The internet, the web and hypertext; search engines (to be discussed
in Chapter 14).

The internet was developed in the 1960s in response to the military
and political need for a communications network that could be fault
tolerant to equipment failures, and physical attacks on the network.
One might now add “software attacks” on the network.

The internet is based on decentralized packet routing in contrast to
what was the existing telephone circuit routing.
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Very brief history of the web
The web is an application (with agreed upon protocols) developed
and implemented (1989-1991) by Tim Berners-Lee for sharing
information over the internet.

Individual sites host publicly accessible web pages. (Of course, a given
site can have limited access where the content is only accessible to
authorized users.)

Beyond that, the web utilizes the great idea of hypertext links that
embody the relationships between web pages.

As the text says, the idea to organize web pages as a network linked
together by hypertext links was both inspired and non-obvious, and
has had a profound impact. ⇒ GREAT IDEA

Why non-obvious?

Could be organized alphabetically or as in say
traditional libraries by taxonomy and then alphabetically.
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The origins of hypertext

The intellectual origins of hypertext can be found in
I the prophetic 1945 article and Memex proposal by Vannevar Bush

(see http://www.theatlantic.com/magazine/archive/1945/07/

as-we-may-think/3881/)
I Ted Nelsons pre-web 1965-1974 vision for a hypertext-enabled

publishing network called Xanadu
(see http://dc-mrg.english.ucsb.edu/conference/CNCSC/

multimedia/documents/wardrip-fruin.pdf)

Vannevar Bush: “Our ineptitude in getting at the record is largely
caused by the artificiality of systems of indexing. The human mind
does not work that way. It operates by association.”

When you forget something (e.g. a name or place), how do you go
about trying to remember (if you don’t have others to ask)?
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The web as a great idea

Two essential aspects to the web:
1 an agreed upon method for accessing publicly accessible pages on

individual sites
2 hypertext

Before hypertext, the idea of embedding information chunks in a
network occurs in citation indices. (See Fig 13.3 in textbook). But
such networks are generally directed acyclic graphs (dags) due to the
fixed time of creation.

This is in contrast to the cross references in an encyclopedia. (See
Fig 13.4 in textbook)

As the text says, Bush’s article foreshadowed the web as a universal
encyclopedia, and as a giant socio-economic system.
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13.2. INFORMATION NETWORKS, HYPERTEXT, AND ASSOCIATIVE MEMORY379
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Figure 13.3: The network of citations among a set of research papers forms a directed graph
that, like the Web, is a kind of information network. In contrast to the Web, however, the
passage of time is much more evident in citation networks, since their links tend to point
strictly backward in time.

Figure : The network of citations among a set of research papers forms a directed
acyclic graph that, like the Web, is a kind of information network. In contrast to
the Web, the passage of time is much more evident in citation networks, since
their links tend to point strictly backward in time. [Fig 13.3, textbook]
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A small Wikipedia cross-reference network13.2. INFORMATION NETWORKS, HYPERTEXT, AND ASSOCIATIVE MEMORY381
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John Forbes 
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RAND

Figure 13.4: The cross-references among a set of articles in an encyclopedia form another kind of infor-

mation network that can be represented as a directed graph. The figure shows the cross-references among a

set of Wikipedia articles on topics in game theory, and their connections to related topics including popular

culture and government agencies.

how it’s possible to get from the article on Nash Equilibrium to the article on NASA (the U.S.

National Aeronautics and Space Administration) by passing through articles on John Nash

(the creator of Nash equilibrium), A Beautiful Mind (a film about John Nash’s life), Ron

Howard (the director of A Beautiful Mind), Apollo 13 (another film directed by Ron Howard),

and finally on to the article about NASA (the U.S. government agency that managed the

real Apollo 13 space mission). In short: Nash equilibrium was created by someone whose

life was the subject of a movie by a director who also made a movie about NASA. Nor

is this the only short chain of articles from Nash equilibrium to NASA. Figure 13.4 also

contains a sequence of cross-references based on the fact that John Nash worked for a period

of time at RAND, and RAND is the subject of several conspiracy theories, as is NASA.

These short paths between seemingly distant concepts reflect an analogue, for information

Figure : This is another kind of information network that can be represented as a
directed graph. The figure shows the cross-references among a set of Wikipedia
articles on topics in game theory, and their connections to “related topics”
including popular culture and government agencies. [Fig 13.4, textbook]
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The evolution of the web

In the first decade of the web most links were navigational links,
enabling the movement between document pages.

As the web has evolved it has now become a ”web of data and social
networks” [Hall and Tiropanis 2012]

Furthermore, many links now are used to trigger programs to be
executed on the computer hosting the page. For example “add to
shopping cart”. These are called transactional links.

Our emphasis is on the navigational links that define the web as a
directed graph. Links induce a directed graph because my linking to a
web page X on my page Y does not imply that X knows about me
and X may or may not wish to cross reference my page Y even if
they do know about me.
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What does the web look like as a directed graph?

Figure : A schematic picture of the bow tie structure of the Web. Although the
numbers are now outdated, the structure has persisted. [Fig 13.7, textbook]
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The bow tie structure persists?

The web of ∼1999 as depicted by Broder (now at Google).
This bow tie structure has

I one giant strongly connected component; this is the knot in a bow tie.
I set of nodes in “IN” and “OUT”, likely made up of many small

connected components.
I tendrils, tubes, and disconnected nodes.

Claim in some studies: The bow tie structure persists even though the
web is always growing dynamically in size and diversity of content.
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Alternative visualizations of the web graph

deg del max SCC max SCC % SCC num
50,000 9 44.2M 98.9% 81K
21,500 39 43.7M 97.9% 175K
10,000 199 43.2M 96.6% 285K
4,000 1.1K 42.3M 94.7% 505K
1,000 55K 35.1M 78.6% 3.7M
500 120K 31M 69.6% 5.7M
100 1.03M 14.8M 34.6% 14.7M

in-deg del out-deg del total del max SCC max SCC % SCC num
4,000 1.1K 233 1,154 2,263 42.2M 94.4% 595K
2,600 9.9K 185 10K 20.6K 39.8M 89.0% 1.75M
1,750 26K 158 25K 51K 37M 82.9% 3M
1,000 52K 130 54K 105K 33.7M 75.5% 4.75M
500 112K 105 108K 219K 29.4M 66.1% 7M
225 259K 82 227K 487K 23.5M 53.3% 10M
120 518K 62 499K 949K 17.8M 40.8% 13M

(a) Deleting nodes with high total degree (b)Deleting nodes with high in-degree and out-degree

Table 4: Sensitivity of the CORE under targeted attacks

Figure 4: The daisy structure of the Web

5. DISCUSSION AND FUTURE WORK
In this paper we undertook a study of the Web graph at a finer

level. We observed that the ubiquitous presence of power laws
describing several properties at a macroscopic level does not nec-
essarily imply self-similarity in the individual components of the
Web graph. Indeed, the different components have quite distinct
structure, with the IN and OUT being highly fragmented, while the
CORE being well interconnected.
Our work suggests a refinement of the bow-tie pictorial view of

theWeb graph [4]. The bow-tie picture seems too coarse to describe
the details of the Web. The picture that emerges from our work
can better be described by the shape of a daisy (Figure 4): the IN
and OUT regions are fragmented into large number of small and
shallow petals (the WCCs) hanging from the central dense CORE.
It would be interesting to obtain larger, and more “realistic” crawls,

and perform the same measurements to verify our hypothesis. Our
current results are sensitive to the choices and limitations of the
crawlers, and it is not clear if the available crawls are representa-
tive of the actual Web graph. Unfortunately, there are no publicly
available crawls that have been collected with the aim of validating
our hypothesis on the structure of the Web graph. We plan in the
future to collect crawls with this goal in mind.
A deeper understanding of the structure of the Web graph may

also have several consequences on designing more efficient crawl-
ing strategies. The fact that IN and OUT are highly fragmented may
help in splitting the load between different robots without much
overlapping. Moreover, the fact that most of the vertices are at few
hops from the COREmay explain why breadth first search crawling
is more effective than other crawling strategies [17].
Our work motivates further experiments on the Web graph. It

would be interesting to devise efficient algorithms for estimating
the clustering coefficient, a commonly used measure for connectiv-

ity. Furthermore, further exploration of the structure of the CORE
is necessary to gain a deeper understanding. Possible measure-
ments could include spectral properties, or clustering and commu-
nity discovery. As a concluding remark, we observe that we are still
very far from devising a theoretical model that is able to capture the
finer connectivity properties of the Web graph.
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A visualization of the Chinese web graph

relevant URL from right to left and stops after seeing an unknown 
component.   

If we wish to go further, we may say national Webs as the fourth 
layer, 2 and the global WWW as the top layer.  In an analogue, 
individual pages are bricks, hosts buildings, domains street 
blocks, and national Webs cities of the global kingdom of WWW. 
It is both necessary and informative to examine the structure of 
each layer of the Web. In the current study, we confine to the 
three layers ranging from pages to domains. 

3. RESULTS 
3.1 Teapot Graph 
Of the 837M pages crawled, 43 billion links are found, which 
amounts to 52 links per page, or almost twice as much as found in 
Italy (28 links/page) and Indochina (27 links/page) or 3 times as 
much as in UK (16 links/page).  However, as shown below, the 
larger number of links per page in the Chinese Web does not 
necessarily result in a denser graph, though. 

Table 1. Components of Chinese Web Graph 

 
Italy1 UK1 Indochina1 

China 
(page-
level) 

China 
(host-
level) 

China 
(domain-

level) 

SCC 72.3% 65.3% 51.4% 44.1% 50.7% 63.3% 
IN 0.03% 1.7% 0.7% 25.5% 1.4% 0.7% 
OUT 27.6% 31.8% 45.9% 14.6% 47.4% 34.9% 
DISC 
/Tendrils 0.01% 1.2% 2.1% 15.8% 0.5% 1.1% 

Total 100% 100% 100% 100% 100% 100% 
N of 
Pages 41.3M 18.5M 7.4M 836.7M 16.9M 

(hosts)
0.79M 

(domains)
N of 
Links 1.15G 194.1M 298.1M 43.28G 43.28G 43.28G 

1 Taken from [2]. 
As shown in Table 1 (column 4), the overall graph of Chinese 
Web departs significantly from the Bow Tie shape because the 
SCC accounts for a much larger share (44%) and the OUT a 
smaller share (15%) than the counterparts in Bow Tie. On the 
other hand, the Chinese Web has not become a Daisy yet because 
its SCC is still smaller than half of the graph and both OUT and 
Disc/Tendrils are still sizable. It appears that the Chinese Web 
looks more like a Teapot (Figure 1).  The Teapot graph also 
differs from an earlier Chinese web graph [3], most noticeable in 
the size of SCC (44% vs. 80%), which might be attributed to 
differences in time, crawling strategy, and other factors.  

3.2 Hierarchical Structure 
Also shown in Table 1 (columns 5 and 6), the Chinese Web 
becomes increasingly closer to the Daisy shape when it is 
progressively aggregated from pages to hosts and domains.  When 
links from individual pages are pooled together into 
hosts/domains, the latter expectedly become more connected, 
resulting in a larger SCC (from 44% at the page-level to 51% at 

                                                                 
2 In large countries, there may be local and/or regional layers 

between institutional and national layers. We are currently 
exploring the role of provincial layer in the Chinese Web. 

the host-level and 63% at the domain level).  The finding differs 
again from Liu et al. [3], in which the SCC became, surprisingly, 
smaller (from 80% to 67%) when aggregated from pages to hosts.   

What cannot be predicted in advance is how the three other 
components realign after the aggregation. Interestingly, it turns 
out that the OUT component becomes a “winner” as it takes 
almost all the remaining share (47% at the host-level and 35% at 
the domain-level), which is similar to Liu et al. (from 7% to 30%) 
[3]. Nevertheless, it is necessary to note that what has changed 
here is the relative proportion, not the absolute size, of OUT. In 
fact, the absolute size of OUT has reduced as well in the 
aggregation (from 213M pages to 8M hosts and 277K domains).   

Figure 1. A Teapot Graph of Chinese Web 

4. CONCLUSION AND FUTURE WORK 
In this paper, we present a large-scale experiment on the graph 
properties of Chinese Web. A Teapot Graph is constructed as 
alternative to the classic Bow Tie or Daisy Graphs. A three-layer 
structure is further considered for the national Web. The most 
unexpected finding is the absence of self similarity between page-
level and host/domain levels. In addition, the existence of a large 
number of hosts with only single page in the current data set may 
have introduced extraneous influences to the resulting graphs 
across all three levels.  

In future work, we will examine the reasons behind the dramatic 
change in the relative proportions of IN and OUT and identify 
content, technical, and geographic features of the web pages and 
sites appearing in different components of the structures.  
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Figure : The teapot view of the Web. [Zhu et al, WWW 2008]
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Recent obervations on web graph structure

Meusel et al [WWW 2014 conference] analyze a 2012 crawl of the web
containing over 3.5 billion web pages and 128.7 billion links. They observe:

Some observed features of the web graph depend on the crawling
process and hence cannot be called structural graph properties.

The existence of a giant strongly connected component (i.e. the
central core in Broder’s bow-tie) persists and hence can be
understood to be a structural property.

The proportion of nodes that can reach and be reached from the
central core (i.e. the “IN” and “OUT” nodes in the bow tie) depends
on the particular crawl.

The distributions for node in-degrees, out-degrees and sizes of
strongly connected compnents do not obey power law distributions
(as observed in smaller crawls) but still appear to be “heavy-tailed”.
Note: We will discuss power law distributions in Chapters 18 and 20.
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How big is the web?

The first Google index (1998) had 26 million pages.

In a July 2008 blog, Google claimed that there are 1 trillion unique
URLs (Unique Resoure Identifers).
http://googleblog.blogspot.ca/2008/07/we-knew-web-was-big.html

More recently (2013) [see
http://www.google.com/insidesearch/howsearchworks/thestory/] the
claim is that there are 60 trillion individual pages.

But Google does not index all of these pages. And amongst these
pages there are duplicates or near duplicates.

Statistics Brain Reearch Insititute
[http://www.statisticbrain.com/total-number-of-pages-indexed-by-
google/] claims that Google indexes 30 trillion
pages.
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Some more conservative estimates

There are many (often inconsistent) estimates and some report a much
smaller size of the web.

One December 2013 estimate
(http://www.factshunt.com/2014/01/total-number-of-websites-size-
of.html) states that Google indexes about 43 billion pages, Bing
about 16.5 billion pages. These are often very rough estinates based
on word occurences. And amongst these pages there are duplicates or
near duplicates.

In [http://www.worldwidewebsize.com/], the claim is that “The
Indexed Web contains at least 4.82 billion pages (Tuesday, January
12, 2016)” Is this a typo? They provide a graph for the size of the
web (from Oct 15, 2015 to January 12, 2016) that shows a mostly
constant web size of approximately 47 billion pages.

Note that these two estimates are off by almost three orders of
magnitude from the 30 trillion estimate.
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How is the web size estimated

Note that in principle there are inflinitely many web pages since, for
example, online calendars that have a next day or next month link can
generate an infinite number of pages.

How is the indexed web size estimated? According to Ask.com:
“The size of the index of a search engine is estimated on the basis of
a method that combines word frequencies obtained in a large offline
text collection (corpus), and search counts returned by the engines.
Each day 50 words are sent to all four search engines. The number of
webpages found for these words are recorded; with their relative
frequencies in the background corpus, multiple extrapolated
estimations are made of the size of the engine’s index, which are
subsequently averaged.”
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Continuing evolution of the web: web 2.0

Major forces:
I More common authoring styles (wikipedia) ⇒ more shared content
I The improved quality of search engines (Chapter 14)
I Personal online data (gmail) hosted by large companies; one aspect of

the cloud
I Links between people (facebook) rather than documents
I Graphical data and searching on pictures vs. text
I Crowd sourcing

The web as a major source of advertising (Chapter 15)

The “semantic web”, with “meta data enabling automated agents
(i.e. programs) to access data more intelligently and perform tasks on
behalf of humans”.

I Ex: “I need a non business flight. . . ”. What does such an automated
travel agent need to know?

I Question: What would be your examples of automated agents?
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