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Abstract In order to address the requirements of different user groups
and use cases of web archives, we have identified three views to access and
explore web archives: user-, data- and graph-centric. The user-centric view is
the natural way to look at the archived pages in a browser, just like the live
web is consumed. By zooming out from there and looking at whole collections
in a web archive, data processing methods can enable analysis at scale. In
this data-centric view, the web and its dynamics as well as the contents
of archived pages can be looked at from two angles: 1. by retrospectively
analysing crawl metadata with respect to the size, age and growth of the
web, 2. by processing archival collections to build research corpora from web
archives. Finally, the third perspective is what we call the graph-centric view,
which considers websites, pages or extracted facts as nodes in a graph. Links
among pages or the extracted information are represented by edges in the
graph. This structural perspective conveys an overview of the holdings and
connections among contained resources and information. Only all three views
together provide the holistic view that is required to effectively work with web
archives.

1 Introduction
By offering unique potential for studying past events and temporal evolution,
web archives provide new opportunities for various kinds of historical analysis (Schreibman et al, 2008), cultural analysis and Culturomics (Michel et al,
2010), as well as analytics for computational journalism (Cohen et al, 2011).
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Fig. 1: Three views on web archives, representing different levels of magnification for looking at the archived data.
Consequently, with the growing availability of these collections and the increasing recognition of their importance, an ever larger number of historians,
social and political scientists, and researchers from other disciplines see them
as rich resources for their work (Hockx-Yu, 2014).
However, as web archives grow in scope and size, they also present unique
challenges in terms of usage, access and analysis that require novel, effective and efficient methods and tools for researchers as well as for the average
user (Holzmann, 2019). In this chapter, we tackle these challenges from three
different perspectives: the user-centric view, the data-centric view and the
graph-centric view. One natural way of conceiving these views is as different
levels of magnification for looking at the same archival collection, as illustrated in Fig. 1, starting with the user-centric view that targets single documents to be examined by regular users. By zooming out to the data-centric
view, one can scale the examination up to the whole archival collection or
subsets of it. In contrast, the broadest zoom level, the graph-centric view,
does not focus on the individual documents but deals with the underlying
structures that span an archive as graphs. These are the foundational models
for most downstream applications, such as search and deep data analysis, as
well as models to guide users in user-centric views.
Another way of conceiving the relationships among the views is by considering their levels of abstraction. While the data-centric view is rather
low level, closest to the data as well as to computational resources, both
the graph- and user-centric views may be considered as more abstract. The
graph-centric view is a conceptual layer, dealing with underlying conceptual
models, facts and information contained in the archive and the relationships
among them. The user-centric view, on the other hand, focuses on the users
who interact with the archive without any particular technical or data science
skills required. Both views attempt to hide the underlying data access and
processing complexities from the targeted user group. This understanding
leads to another distinguishing factor of the three views, namely, the types
of challenges they cause. While we care about usability as well as exploration
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in the user-centric view, technical and fundamental questions are raised to a
much larger extent by both other views. Finally, however, all three views are
connected in one form or the other and there exist synergies among them in
all the different ways of conceiving the perspectives outlined here, as we shall
see later.
According to the above, the following user roles may be assigned to the
different views, with which they typically interact:
• User-centric view: web users, close-reading researchers, managers, etc.
• Data-centric view: data engineers, computer scientists, web archive experts, etc.
• Graph-centric view: data scientists, distant-reading/digital researchers,
analysts, software (clients, agents, APIs, downstream applications), etc.

2 User-centric View: Browsing the Web of the past
The natural way to look at a web archive is through a web browser, just
as regular users explore the live Web. This is what we consider the usercentric view: access with a focus on users and their needs, without requiring
additional infrastructure or knowledge about the underlying data structures.
The most common way to access a web archive from a user’s perspective is
the Wayback Machine 1 , the Internet Archive’s replay tool to render archived
webpages, as well as its open-source counterpart OpenWayback 2 , which is
available for many web archives.
These tools are made for users who want to look up an old webpage as
if it is still online, as well as scholarly users who closely read individual
webpages to understand their content and the context rather than or prior to
zooming out and analysing collections in a data analysis or distant reading
fashion (Moretti, 2005). Similar to the live web, where users either directly
enter the URL of a webpage in a browser, click a link or utilise search engines
to find the desired page, the use of web archives from a user’s perspective
can be distinguished as direct access and search:

2.1 Direct access
Direct access to an archived webpage through the Wayback Machine requires
the user to enter a target URL first, before selecting the desired version of
the corresponding webpage from a so-called calendar view, which gives an
overview of all available snapshots of a URL per day, month and year. As
1
2

http://web.archive.org
https://github.com/iipc/openwayback
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URLs can be cumbersome, users on the live web often prefer to use search engines rather than remember and type URLs manually. The Internet Archive’s
Wayback Machine provides search only in a very rudimentary way (Goel,
2016). While the Site Search feature is a great improvement over plain URL
lookups, this approach is pretty limited as it neither surfaces deep URLs to
a specific page under a site nor supports temporal search, i.e., users cannot
specify a time interval with their queries.
An alternative to search, if a URL is not known, is to follow hyperlinks
from other pages. As web archives are temporal collections, such links need
to carry a timestamp in addition to the URL. Within the Wayback Machine,
links automatically point to the closest page or capture of the one that is
currently viewed. However, it is also possible to link an archived page from
the live web. In this case the timestamp needs to be set explicitly.
One way to do this is by manually pointing to a particular capture in a
web archive, as is done in Wikipedia in order to keep references working3 .
Another approach to form such temporal hyperlinks is by incorporating time
information that can be associated with the link, e.g., when software is referenced by its website in a research paper, the publication time of the paper can
be used as a close estimator or upper bound to look up the software’s website
at the time that best represents the version used in the research (Holzmann
et al, 2016d,e). While this example is very domain-specific to software, the
same idea can be applied to other scenarios, such as preserving and referencing the evolution of people by archiving their blogs and social network
profiles (Kasioumis et al, 2014; Marshall and Shipman, 2014; SalahEldeen
and Nelson, 2012).

2.2 Search
Web archives can provide access to historical information that is absent on
the current Web, for companies, products, events, entities etc. However, even
though they have been in existence for a long time, web archives still lacking
the search capabilities that would make them truly accessible and usable as
temporal resources. Web archive search may be considered a special case of
temporal information retrieval (temporal IR) (Kanhabua et al, 2015). This
important subfield of IR has the goal of improving search effectiveness by exploiting temporal information in documents and queries (Alonso et al, 2007;
Campos et al, 2015). The temporal dimension leads to new challenges in
query understanding (Jones and Diaz, 2007) and retrieval models (Berberich
et al, 2010; Singh et al, 2016), as well as temporal indexing (Anand et al,
2011, 2012). However, most temporal indexing approaches treat documents as
static texts with a certain validity, which does not account for the dynamics in
3

https://blog.archive.org/2018/10/01/more-than-9-million-broken-links-onwikipedia-are-now-rescued
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web archives where webpages change over time, and hence their relevance to a
query may also change over time. Furthermore, while information needs in IR
are traditionally classified according to the taxonomy introduced by Broder
(2002), user intentions are different for web archives, as studied by Costa and
Silva (2010). In contrast to the majority of queries on the live web, which
are informational, queries in web archives are predominantly navigational,
because users often look for specific resources in a web archive by a temporal
aspect rather than searching for general information that is commonly still
available on the current Web. Costa et al (2013) presented a survey of existing web archive search architectures and Hockx-Yu (2014) identified 15 web
archives that already featured full-text search capabilities in 2014. With the
incorporation of live web search engines, ArchiveSearch demonstrates how to
search a web archive without the expensive indexing phase (Kanhabua et al,
2016).
One specific goal that is often sought by web archive search systems is to
provide true temporal archive search: given a keyword query together with
a time interval we want to find the most authoritative pages, e.g., “what
were the most representative webpages for Barack Obama before he became
president in 2005?”. This would bring up Obama’s senatorial website rather
than his current website and social media accounts. Such temporal semantics
can often not be derived from the webpages under consideration and require
external indicators. A proof-of-concept of this approach was implemented by
Tempas, which in its first version incorporated tags attached to URLs on
the social bookmarking platform Delicious as temporal cues (Holzmann and
Anand, 2016). Its ranking was based on the frequency of a tag used with a
URL, an approach that we could show results in a good temporal recall with
respect to query logs from AOL and MSN (Holzmann et al, 2016b). Unfortunately, since Delicious has now closed, the available data was limited and
our dataset only covers the period from 2003 to 2011. We also found that it
shows a strong bias towards certain topics, like technology. For these reasons,
a second version of Tempas was developed, based on hyperlinks and anchor
texts. Using a graph-based query model, Tempas v2 exploits the number of
websites and corresponding anchor texts linking to a URL in a given time interval, as shown in Fig. 2. Its temporally sensitive search for authority pages
for entities in web archives has been shown to be very effective in multiple
scenarios (Holzmann et al, 2017b), like tracing the evolution of people on the
web or finding former domains of websites that have moved.

3 Data-centric View: Processing Archival Collections
In contrast to accessing web archives by close reading pages, as users do,
archived contents may also be processed at scale, enabling evolution studies
and big data analysis reference/mention Part 4 and Part 5 of the book?.
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Fig. 2: Tempas v2 screenshot for query ’obama’ in period 2005 to 2012.
However, in the data-centric view, webpages are not considered as selfcontained units with a layout and embeddings, rather single resources are
treated as raw data, such as text or images. Web archives are commonly
organised in two data formats: WARC files (Web ARChive files) store the
actual archived contents, while CDX files (Capture Index) are comprised of
lightweight metadata records. The data-centric view approaches web archives
from the low-level perspective of these files, which is how data engineers would
typically look at it. This perspective provides a more global point of view,
looking at whole collections rather than individual records. On the downside,
we have to deal with higher complexity at this level, instead of pages being
nicely rendered in a web browser.
When analysing archived collections, “What persons co-occur on the
archived pages most frequently in a specific period of time?” is only one example of the kinds of question that can be asked (Shaltev et al, 2016). Studies
like this are typical cases for the graph-centric view, which is discussed below. However, answering such questions does not usually require a whole web
archive, but only pages from a specific time period, certain data types or
other facets that can be employed for pre-filtering the dataset during graph
extraction in this data-centric perspective. One way to accomplish this is
ArchiveSpark, a tool for building research corpora from web archives that operates using standard formats and facilitates the process of filtering as well as
data extraction and derivation at scale in a very efficient manner (Holzmann
et al, 2016a). While ArchiveSpark should be considered a tool that operates
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on the data-centric view, the resulting datasets consist of structured information in the form of graphs that can be used by data scientists and researchers
in the graph-centric view.
We distinguish between two sorts of data that can be studied: 1. Derived,
extracted or descriptive metadata, representing the web and archived records,
which reflects the evolution of the web and its dynamics; 2. Contents of
archived webpages, from which can be derived insights into the real world,
which is commonly referred to as Web Science (Hall et al, 2017). The latter
should be considered a graph-centric task, focusing on the required facts, after
these have been prepared by data engineers from a data-centric perspective.

3.1 Metadata analysis
Web archives that span multiple years constitute a valuable resource for
studying the evolution of the Web as well as its dynamics. In previous works
on web dynamics, suitable datasets had to be crawled first, which is tedious
and can only be done for shorter periods (Cho and Garcia-Molina, 2000; Fetterly et al, 2003; Koehler, 2002; Ntoulas et al, 2004; Adar et al, 2009). With
access to existing archives, more recent studies of the Web were conducted
retrospectively on available data (Hale et al, 2014; Agata et al, 2014; Alkwai
et al, 2015), commonly with a focus on a particular subset, such as national
domains or topical subsets. These kinds of works are typical data-centric
tasks as they require access to archived raw data or metadata records.
An example of such a study is an analysis we conducted in 2016 of the
dawn of today’s most popular German domains over 18 years, i.e., the toplevel domain .de from 1996 to 2013, with the required data provided by
the Internet Archive (Holzmann et al, 2016c). This investigation was carried
out purely by studying metadata describing the archived records, without
analysing actual payloads. Based on that, we introduced properties to explore
the evolution of the web in terms of age, volume and size, which can be used to
replicate similar studies using other web archive collection. These properties
deliver insights into the development and current state of the Web. One of
our findings was that the majority of the most popular educational domains,
like universities, have already existed for more than a decade, while domains
relating to shopping and games have emerged steadily. Furthermore, it could
be observed that the Web is getting older, not in its entirety, but with many
domains having a constant fraction of webpages that are more than five years
old and ageing further. Finally, we could see that popular websites have been
growing exponentially since their inception, doubling in volume every two
years; and that newborn pages have become bigger over time.
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3.2 Web archive data processing
In order to analyse deeper structures and characteristics of the web, or to
study its contents, the actual archived payloads have to be accessed. Because of the sheer size of web archives, in the order of multiple terabytes
or even petabytes, this requires distributed computing facilities to process
archived web data efficiently. Common operations, like selection, filtering,
transformation and aggregation, may be performed using the generic MapReduce programming model (Dean and Ghemawat, 2010), as supported by
Apache Hadoop 4 or Apache Spark 5 (Zaharia et al, 2010). AlSum (2014)
presents ArcContent, a tool developed specifically for web archives using the
distributed database Cassandra (Lakshman and Malik, 2010). In this approach, the records of interest are selected by means of the CDX metadata
records and inserted into the database to be queried through a web service. The Archives Unleashed Toolkit (AUT), formerly known as Warcbase,
by Lin et al (2014), used to follow a similar approach based on HBase, a
Hadoop-based distributed database system, which is an open-source implementation of Google’s Bigtable (Chang et al, 2008). While being very efficient
for lookups, major drawbacks of these database solutions are their limited
flexibility as well as the additional effort to insert the records, which is expensive both in terms of time and resources. In its more recent version, AUT
loads and processes (WARC) files directly using Apache Spark in order to avoid
the HBase overhead, for which it provides convenient functions to work with
web archives. With the Archives Unleashed Cloud (AUK), there even exists a
hosted service for a limited number of analyses based on WARC files.
In contrast to that, ArchiveSpark introduces a novel data processing approach for web archives and other archival collections that exploits metadata
records for gains in efficiency while not having to rely on an external index (Holzmann et al, 2016a). ArchiveSpark is a tool for general web archive
access based on Spark. It supports arbitrary filtering and data derivation
operations on archived data in an easy and efficient way. Starting from the
small and lightweight CDX metadata records it can run basic operations, such
as filtering, grouping and sorting very efficiently, without touching the actual data payloads. In a step-wise approach, the records are enriched with
additional information by applying external modules that can be customised
and shared among researchers and tasks, even beyond web archives (Holzmann et al, 2017a). In order to extract or derive information from archived
resources, third-party tools can be integrated. It is only at this point that
ArchiveSpark seamlessly integrates the actual data for the records of interest
stored in WARC files. Internally, ArchiveSpark documents the lineage of all derived and extracted information, which can serve as a source for additional
filtering and processing steps or be stored in a convenient output format
4
5
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to be used as a research corpus in further studies. Benchmarks show that
ArchiveSpark is faster than competitors, like AUT/Warcbase and pure Spark
in typical use case scenarios when working with web archive data (Holzmann
et al, 2016a).

4 Graph-centric view: exploring web archive content
The final perspective, besides the user-centric and data-centric views, is referred to as the graph-centric view. This view enables the exploration
of web archives from a more structural perspective, which constitutes the
foundational model for most downstream applications and studies run by
researchers, data scientists and others who are not as close to the data as
engineers. In contrast to the views discussed above, the focus here is not
on content or individual archived records, but on the facts and information
contained within them and the relationships among them. In the context
of the Web, the most obvious relationships are the hyperlinks that connect
webpages by pointing from one to another. However, there is a lot more
valuable data on the Web that is less obvious. Looking at hyperlinks from a
more coarse-grained perspective, multiple links can be combined to connections among hosts, domains or even top-level domains, revealing connections
among services, organisations or the different national regions of the Web.
Furthermore, by zooming out to the graph perspective after processing the
archived data from a data-centric view, even relationships among persons or
objects mentioned on the analysed pages can be derived (Shaltev et al, 2016;
Fafalios et al, 2017, 2018).
The holistic view of archival collections provided by graphs is very helpful
in many tasks and naturally generates synergies with the other views. The
broad zoom level is crucial to get an overview of available records in an
archive and to find the right resources as well as to run analyses and power
downstream applications. Hyperlinks among the archived pages can point
users or algorithms in search or data analysis tasks to the desired entry
points within the big and often chaotic web archive collections. As shown
before, we make use of this with our web archive search engine Tempas (see
Sec. 2). The effectiveness of hyperlinks and attached anchor texts for this
task has already been shown by previous works (Craswell et al, 2001; Kraaij
et al, 2002; Ogilvie and Callan, 2003; Koolen and Kamps, 2010).

4.1 Data analysis
The approaches for exploring web archives through graphs that are described
here allow for queries on a structural level (cf. Fig. 1). Once a set of documents
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Fig. 3: Combining different views on web archives for systematic data analysis.
that match a query has been identified, a data engineer might be involved to
zoom in to the contents in order to extract new structured knowledge graphs
from a data-centric perspective, to be processed further by data scientists or
the like. Quite commonly, such workflows also involve manual inspection of
the records under consideration from a user-centric view. This is helpful to
get an understanding of the data that is being studied. Ultimately, derived
results need to be aggregated and presented to the user in an appropriate
form.
Fig. 3 shows this generic analysis schema which outlines a systematic way
to study web archives. This schema can be adopted and implemented for a
range of different scenarios. In such a setting, the graph-centric view is utilised
to get an overview and find suitable entry points into the archive. This may
initially be done manually by the user, to get a feeling for the available data
using a graph-based search engine like Tempas, but can also be integrated
as the first step in a data-processing pipeline to (semi-)automatically select
the corpus for further steps. Next, the selected records can be accessed from
a data-centric view at scale, using a tool like ArchiveSpark (see Sec. 3), to
extract the desired information, compute metrics or aggregate statistics. Finally, the results are presented to the user. A concrete implementation of
this pipeline is outlined in Holzmann et al (2017b), where we describe the
example of analysing restaurant menus and compare prices before and after
the introduction of the Euro as Europe’s new currency in Germany in 2001-2.
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4.2 Open challenges
The reason for addressing the graph-centric view at the end of this chapter is
because it requires a certain understanding of the eventual task or study in order to evaluate its utility. While there are many synergies between graphs and
the challenges discussed above, in which this structural perspective is very
helpful, they also raise new issues and questions. Graphs enable completely
different kinds of analysis, such as centrality computations with algorithms
like PageRank (Page et al, 1999). However, scientific contributions in this
area specific to web archives are very limited and results are less mature.
Although scientists have looked into graph properties of the web in general,
both in static (Albert et al, 1999; Broder et al, 2000; Adamic et al, 2000;
Suel and Yuan, 2001; Boldi and Vigna, 2004) and evolving graphs (Huberman and Adamic, 1999; Leskovec et al, 2005, 2007), we found that certain
traits of web archives lead to new kinds of questions. For instance, as we show
in Holzmann et al (2018, 2019), the inherent incompleteness of archives can
affect rankings produced by graph algorithms on web archive graphs.

5 Summary
Web archives have been instrumental in the digital preservation of the Web
and provide great opportunities for the study of the societal past and its
evolution. These archival collections are massive datasets, typically in the order of terabytes or petabytes, spanning time periods of up to more than two
decades and growing. As a result of this, their use has been difficult, as effective and efficient exploration, and methods of access, are limited. We have
identified three views on web archives, for which we have proposed novel concepts and tools to tackle existing challenges: user-, data- and graph-centric.
Depending on who you are, these provide you with the right perspective from
which to approach archived web data for your needs, with suitable abstractions and simplifications. Switching between roles and combining different
views provides a holistic view on web archives.
Acknowledgements This work was partially funded by the EU Horizon 2020 under ERC
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