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ABSTRACT

When a user retrieves a page from a web archive, the page is marked
with the acquisition datetime of the root resource, which effectively
asserts “this is how the page looked at a that datetime.” However,
embedded resources, such as images, are often archived at different
datetimes than the main page. The presentation appears temporally
coherent, but is composed from resources acquired over a wide
range of datetimes. We examine the completeness and temporal
coherence of composite archived resources (composite mementos)
under two selection heuristics. The completeness and temporal co-
herence achieved using a single archive was compared to the results
achieved using multiple archives. We found that at most 38.7% of
composite mementos are both temporally coherent and that at most
only 17.9% (roughly 1 in 5) are temporally coherent and 100%
complete. Using multiple archives increases mean completeness
by 3.1–4.1% but also reduces temporal coherence.
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1. INTRODUCTION
When a user retrieves an archived page from a web archive such

as the Internet Archive [28], the page is marked with a Memento-
Datetime (the datetime the archived resource was acquired) of the
root resource, which effectively asserts “this page appeared in this
state at the datetime indicated.” The page is recomposed from
archived resources in an attempt to provide an appearance as sim-
ilar as possible to that which the user would have experienced had
the original page been visited on the indicated Memento-Datetime.
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The presentation appears as real as those from the live web. How-
ever, appearances can be deceiving.

Figure 1 shows a presentation for wunderground.com on Thurs-
day 2004-12-09 19:09:26 (all times GMT). The large radar image
near the page center shows the weather in Varina, Iowa, USA was
clear and sunny. A closer look tells a different story. The daily im-
age for Thursday shows cloudy with a chance of rain and the rest
of the daily images are partly cloudy. These discrepancies indicate
temporal incoherence between the archived root and the embedded
archived resources.

Figure 1: Wunderground Composite Memento, Memento-

Datetime 2004-12-09 19:09:26

An archived web page is a composite resource, generally a com-
position of a root HTML page, images, Javascripts, stylesheets,
and other resources. As shown in Figure 2, although the wun-

derground.com root page itself was acquired on 2004-12-09, the
embedded resources were acquired from −20 days before to +9
months after the root. Many archived resources are missing em-
bedded resources. Some of these are apparent (as indicated at the
top of Figure 2), but many are not. Web archive user interfaces
attempt to create a smooth simulation of browsing the past web.
Thus, the temporal incoherence shown in Figure 2 and hidden in-
completeness are mostly ignored by these interfaces.



Figure 2: Wunderground Composite Memento, Memento-

Datetime 2004-12-09 19:09:26

Public web archives now hold hundreds of billions of archived
web pages. Indeed, as of May 25, 2015, the Internet Archive claims
479 billion pages [21]. These web archives have become trusted
sources. For example, after the shoot down of Malaysian Flight 17,
Arthur Bright, writing for the Christian Science Monitor, cited the
Internet Archive when arguing that the flight had been shot down
by pro-Russian rebels [10]. Knowing what a web site previously
contained is also important in litigation and other legal proceedings.
Howell [19] addresses these uses with an emphasis on the meeting
for rules of evidence and admissibility requirements.

In the data we studied, it is common for the temporal spread
between the oldest and newest captures to be weeks, months, and
sometimes a year or more. Unexpected though were spreads ex-
ceeding five years; a few even exceed ten years. The difference
between expectations and the data, along with our work on Me-
mento [34], motivates us to explore archive completeness and tem-
poral coherence of archived web pages. Our previous studies of
existing web archive content examined the coverage on a broad
scale [1] and the temporal drift that occurs as web archives are
browsed [3]. This paper examines the completeness and temporal
coherence of archived composite resources with a focus on these
questions:

• How prevalent is temporal incoherence?

• Current web archive user interfaces enable access to a single
archive’s resources. If multiple archives are used, is temporal
coherence improved?

• The best memento for an embedded resource can be selected
using many different heuristics. Currently, most web archives
use the Minimum Distance heuristic (see 4.2.1). How do
other heuristics compare?

2. RELATED WORK
Large-scale web archiving requires resolution of issues and ap-

proaches on several axes. Although somewhat dated, Masanès [25]

is an excellent introduction and covers a broad range of web archiv-
ing topics. Of significance to this research are the technical aspects
of acquisition, quality, and completeness. An area not addressed by
Masanès is standardized access to archived resources, which Van de
Sompel et al. [35] addressed with IETF RFC 7089 [34].

2.1 Acquisition
Acquisition is the technical means of bringing content into a web

archive. Client-side archiving works by emulating web users fol-
lowing links; Heritrix [27] is a widely-used tool. Most client-side
archiving suffers from two major limitations: first, only linked re-
sources are captured; second, root and embedded resources are
commonly acquired at different times. (Some archives, such as
WebCite [17], attempt to prevent the second.) Transactional archiv-
ing [16, 18], such as SiteStory [12], is specifically designed to over-
come client-side limitations by inserting the acquisition process be-
tween users and the data source. Unique request-response pairs
are archived, including requests for resources that are not linked
and might not be discovered by client-side archiving. Server-side

archiving makes a direct copy of the content from the server, by-
passing HTTP altogether. This is a common approach for content
management systems and wikis. Although conceptually simple, ac-
cess to the resulting server-side archive can be difficult, requiring
different URIs and navigational structures than the original. This
can be mitigated by implementing the Memento Protocol, as Jones,
et al. [20] did for MediaWiki.

2.2 Access
Until recently, there were neither standard methods nor a stan-

dard protocol for access to archived resources. Each archive pro-
vided (and still provides) a unique user interface (UI), such as the
Wayback Machine [33] shown in Figures 1 and 2, for access to the
archive’s resources. In general, UI access to archives starts with a
user-selected URI and datetime, after which the archive allows the
user to simply click links to browse the collection.

Van de Sompel et al. addressed the lack of standards with Me-
mento [35, 34]. Memento is an HTTP-based protocol that bridges
web archives with current resources. Each original resource has
zero or more archived resources (mementos) which encapsulate its
state at various acquisition times. Memento provides a standard
protocol for identifying and dereferencing mementos through date-
time negotiation. Similar to the way clients use HTTP content ne-
gotiation, clients use datetime negotiation to request mementos for
original resources by datetime.

2.3 Quality and Completeness
In general, quality is defined as fitting a particular use; objec-

tively, it is defined as meeting measurable characteristics. Our ex-
amination of web archive content is concerned with the latter. For
web archives, quality issues stem from difficulties inherent in ac-
quiring content over HTTP [25]: content can be temporarily un-
available, leaving coverage gaps; web content changes more fre-
quently than archival crawls can occur, creating temporal gaps;
embedded resources may change after root resource acquisition
but before the embedded resources themselves have been acquired,
leading to temporal incoherence.

2.3.1 Completeness (Coverage)

When crawling to acquire content, the tradeoffs required and
conditions encountered routinely lead to incomplete coverage. For
example, the archive may not have the resources required to ac-
quire and store all desired content; thus, only high priority content
is crawled and stored. Desired content may not be available at crawl



time due to server downtime or network disruption. The combina-
tion of compromises and resource unavailability create undesired,
undocumented gaps in the archive.

Although much has been written on the technical, social, legal,
and political issues of web archiving, little detailed research has
been conducted on the coverage, completeness, and coherence of
existing holdings. Day [14] surveyed web archives while investi-
gating the methods and issues associated with web archiving, but
did not address coverage. Thelwall touched on coverage when he
addressed international bias in the Internet Archive [32], but did
not directly address how much of the Web is covered. McCown
and Nelson addressed coverage [26], but their research was limited
to search engine caches. Ben Saad et al. [8, 7] addressed qualita-
tive completeness through change detection to identify and archive
important changes. Leveraging the Memento Protocol and pilot in-
frastructure, Ainsworth et al. [1] showed that 35–90% of publicly-
accessible URIs have at least one publicly-accessible archived copy,
17–49% have two to five copies, 1–8% have six to ten copies, and
8–63% at least ten copies. The number of URI copies varies as a
function of time, but only 14.6–31.3% of URIs are archived more
than once per month.

The ad-hoc nature of web archiving causes many composite me-
mentos to be incomplete. Brunelle et al. [11] studied the value
of missing embedded resources on user perception of the damage
caused. In this study, 19.7%–23.9% of composite mementos were
found to be incomplete.

2.3.2 Temporal Coherence

Spaniol et al. define temporal coherence as meaning that a web
archive’s contents appear to be “as of” timepoint x or within inter-
val [x; y] [31]. The same constraints and conditions that negatively
impact completeness also affect temporal coherence. Spaniol et
al. [30] note that crawls may span hours or days, increasing the risk
of temporal incoherence especially for large sites. Thus, the simple
“as of” timepoint x or within interval [x; y] requirement is impossi-

ble to achieve in a crawler-based paradigm. (It is not impossible in
a transactional archiving or on-demand approach.) Also introduced
is a model for identifying coherent sections of archives, which pro-
vides a measure of quality, and a crawling strategy which helps
minimize temporal incoherence in web site captures. Spaniol et
al. [31] also develop crawl and site coherence visualizations. Span-
iol et al.’s work, while presenting a measure of quality, addresses
the quality of new acquisition crawls; the quality of existing hold-
ings is not addressed.

Denev et al. also address the quality of new acquisition crawls
with the SHARC framework [15], which introduced a stochastic
notion of sharpness (a quality measure). Site changes are modeled
as Poisson processes with page-specific change rates, which allows
reasoning on the expected sharpness of an acquisition crawl. The
authors propose crawl-time quality assessments and page revisits
to improve the quality of future crawls.

Ben Saad et al. [9] show that different methods and measures
are required a priori and a posterior, that is during acquisition and
post-acquisition respectively. Like Denev et al. [15], the a priori

solution is designed to optimize the crawling process for archival
quality. The a posteriori solution uses metadata collected by the a

priori process to direct the user to the most coherent archived ver-
sions. Combining a priori and a posterior measures and methods
into a single solution is shown to produce the most coherent result.

The above research shares a common thread: evaluation and
control of completeness and temporal coherence during acquisition
with the goal of improving future archive holdings. Our research
focuses on the temporal quality of existing holdings.

One temporal quality issue we have documented is temporal drift
as users navigate from page to page using web archives. The drift is
subtle, but can be observed by examining Memento-Datetime. We
examined temporal drift under two target datetime policies [3]. The
sliding policy emulated web archive user interfaces by allowing the
target datetime to shift; the sticky policy held the target datetime
to the user’s originally selected value. Although some drift is in-
evitable due to the sparse nature of web archive collections, we
found that the sticky policy reduced median drift by 30 days com-
pared to the sliding policy.

Continuing our temporal coherence focus, the present research
addresses temporal coherence of composite resources under two
heuristics and when embedded mementos are selected from the
same archive as a web page or from multiple archives.

3. COMPOSITE MEMENTOS

3.1 Original Resources and Mementos
As mentioned in Subsection 2.2, Memento [34] extends HTTP to

provide standard protocol for recognizing and accessing archived
resources using datetime negotiation. Each original resource (URI-
R) has zero or more mementos (URI-Mi), that encapsulate the URI-
R’s state at times ti. A timemap (URI-T) provides a list of memen-
tos for a URI-R. Each archived URI-R will have a timemap for
each archive holding mementos for the URI-R.

Memento has become the de facto standard for web archive in-
teroperability. Some web archives support Memento natively (Me-
mento support was added to version 1.6 of the Wayback Machine
in 2011), and for others the Los Alamos National Laboratory Re-
search Library Prototype Team and Old Dominion University Com-
puter Science Web Science and Digital Libraries Group have devel-
oped Memento proxies. The proxies allow the Memento aggregator
to simultaneously access native and proxied Memento archives [6].
This study did not use the aggregator. All timemaps and memen-
tos were collected directly from archives that support the Memento
Protocol natively or by proxy.

3.2 Composite Mementos
Given a root URI-R (rURI-R), which contains embedded URI-Rs

(eURI-Rs), which may contain eURI-Rs, etc., a Composite Me-
mento comprises mementos for the rURI-R (rURI-M) and for all
eURI-Rs (eURI-Ms); that is, all the URI-Ms needed to recompose
the the original representation. Figure 3 shows a tree representa-
tion of a composite memento1. For HTML, a composite memento

rURI-M

eURI-M1 eURI-M2 eURI-Mi-1
...

eURI-Mi eURI-Mi+1 eURI-Mn
... eURI-Mn-1

Figure 3: Composite Memento Tree

1Composite mementos are actually directed graphs, but in this context can
be treated as trees without loss of generality.



Table 1: Sample Mementos from http://www.rpgdreamers.com/

URI-R Last-Modified Memento-Datetime Delta Root? Bracket? Coherence Color

http://www.rpgdreamers.com/ N/A 2006-11-10 04:37:51 – Y – C Black
.../aslmain.js 2006-04-25 14:03:39 2006-11-10 23:44:02 – N Y C Green
.../home_exp_leader_728x90_468x60.js 2006-11-11 00:30:18 2006-11-11 01:02:19 19.9h N N V Red

http://www.rpgdreamers.com/ N/A 2006-12-06 08:04:42 – Y – C Black
.../aslmain.js 2006-04-25 14:03:39 2006-12-07 01:07:32 – N Y C Green
.../home_exp_leader_728x90_468x60.js 2006-12-05 17:54:31 2006-12-05 18:30:00 13.6h N N PC Blue
.../show_ads.js N/A 2006-12-06 12:00:00 3.9h N N PV Yellow

http://www.rpgdreamers.com/ N/A 2007-01-01 21:31:16 – Y – C Black
.../aslmain.js 2006-04-25 14:03:39 2007-01-02 16:23:01 – N Y C Green
.../home_exp_leader_728x90_468x60.js 2006-12-09 14:41:27 2006-12-09 15:04:45 23.3d N N PC Blue
.../show_ads.js N/A 2007-01-05 12:00:00 86.5d N N PV Yellow

generally includes an archived web page and archived embedded
resources (e.g., images and stylesheets).

Recomposing a composite memento follows a process analogous
to a web browser rendering a web page. The process starts with
a rURI-R and target datetime, which are use to select a rURI-M.
The rURI-M is dereferenced to retrieve its representation from the
web archive. Recomposition continues recursively for each eURI-
R until eURI-Ms have been retrieved for every rURI-R. It is likely
that not every eURI-R will have been archived; these are considered
missing.

3.3 Temporal Coherence
We define an eURI-M as temporally coherent with respect to an

rURI-M when it can be shown that the eURI-M’s representation
existed at the rURI-M’s Memento-Datetime [4]. However, tempo-
ral coherence is more nuanced than simply coherent or not. De-
termining the coherence state of an eURI-M requires examining
the relationship between rURI-M using Memento-Datetime, Last-
Modified datetime, and possibly content equality and similarity.
Relationships between eURI-Ms and rURI-Ms form patterns. An
example pattern, which we call [4] the Two-Memento Bracket Pat-

tern (2B) is shown in Figure 4. Here, L represents a Last-Modified

T0 Ti,jTi,j-1
Li,j

L
i,j-1

eURI-ML eURI-MRrURI-M

Figure 4: Two-Memento Bracket Pattern (2B)

datetime and T is a Memento-Datetime. The horizontal axis repre-
sents time and the URI-Ms are represented as diamonds plotted at
the URI-M’s Memento-Datetime. The black diamond is the rURI-
M; the left and right diamonds are two consecutive eURI-Ms (sub-
scripts L and R indicate left and and right respectively). Note that
the eURI-MR Last-Modified, Li, j, and its Memento-Datetime, Ti, j,
time Bracket the rURI-M’s Memento-Datetime, T0, as shown by
the thin green line. This time bracket shows that the eURI-MR rep-
resentation existed when rURI-M was acquired. Thus, eURI-MR is
temporally Coherent with respect to rURI-M.

The mementos in Table 1 are a subset of the mementos needed
to recompose three http://www.rpgdreamers.com/ composite
mementos. Figure 5 is a scatter plot of these mementos. Each Com-
posite Memento is a single row with diamonds representing indi-
vidual rURI-Ms and eURI-Ms. The vertical axis is time. The hor-
izontal axis is the delta between the rURI-M Memento-Datetime

and the eURI-M Memento-Datetime, with the scale in days (d).
For datetimes outside the two-day range, the delta is shown in the
plot area. Composite Mementos are positioned vertically based on
their rURI-M Memento-Datetime. Black diamonds are rURI-Ms.
eURI-Ms are represented by colored diamonds with the color indi-
cating there coherence state as defined by Ainsworth et al. [4]:
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rURI-M

Probably Violative
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3.6d

Figure 5: Scatter Plot Sample

Prima Facie Coherent (green). The eURI-M was acquired after
the rURI-M Memento-Datetime and its Last-Modified date-
time is on or before the rURI-M Memento-Datetime, brack-
eting rURI-M Memento-Datetime. Therefore, the eURI-M’s
representation existed at the time the rURI-M was acquired.

Prima Facie Violative (red). The eURI-M was acquired after the
rURI-M and its Last-Modified datetime is after the rURI-M
Memento-Datetime. Therefore, the eURI-M’s representation
did not exist at the time the rURI-M was acquired.

Possibly Coherent (blue). The eURI-M was acquired before the
rURI-M. Therefore, its representation could have existed at
the time the rURI-M was acquired.

Probably Violative (yellow). The eURI-M was acquired after the
rURI-M Memento-Datetime and lacks a Last-Modified date-
time. Without Last-Modified, the eURI-M cannot be consid-
ered Prima Facie Violative or Prima Facie Coherent. Finally,
unlike Possibly Coherent, there is no evidence that the eURI-
M’s representation existed at rURI-M Memento-Datetime.

Table 2 contains temporal coherence statistics for the three sam-
ple composite mementos discussed above. The composite memen-
tos have 37 or 39 eURI-Rs each, 72.5%–78.9% of which are Prima



Table 2: Sample Composite Memento Statistics

Description ’06-11-10 ’06-12-06 ’07-01-01 Mean

eURI-Ms 37 39 39 38.3
Coherent 78.9% 72.5% 72.5% 74.6%
Possibly Coherent 2.6% 12.5% 12.5% 9.3%
Probably Violative 0.0% 2.5% 2.5% 1.7%
Violative 7.9% 0.0% 0.0% 2.5%
Missing 10.5% 12.5% 12.5% 11.9%

Facie Coherent. Another 2.6–12.5% are Possibly Coherent. Prima
Facie Violative (0–7.9%), Probably Violative (0–2.5%), and miss-
ing mementos (10.5–12.5%) account for the remainder. These are
individual statistics for three mementos. (Subsection 3.3 and Ta-
ble 9 present statistics for the entire sample set.)

The full scatter plot shown in Figure 6 reveals interesting pat-
terns. Many embedded resources are archived infrequently; these
create right-to-left diagonals. Also, some resources are archived
much later than the root resources, which results in unexpectedly
large deltas. For example, the 2005-03-10 03:21:27 composite me-
mento (indicated by the dashed green line) includes several em-
bedded resources that were archived well after the root. Of par-
ticular note is media.gif2, which had only a single URI-M with
Memento-Datetime 2011-06-06 20:10:22 and was acquired nearly
seven years after the rURI-M. Full details for all sample URIs can-
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Figure 6: Full Scatter Plot

not be made available within this paper. We will provide the scat-
ter plots and statistics for the entire sample set online at http://
coherence.cs.odu.edu.

2http://www.rpgdreamers.com/rpgworld/logo/media.gif

Table 3: Archival Rates
Sample This study Jan’13 [1] Jan’11 [3]

DMOZ 97.0% 95.2% 79%
Search Engine 55.2% 26.4% 19%
Bitly 28.3% 23.5% 16%
Delicious 95.0% 91.9% 68%

Aggregate 68.9% 59.4% 46%

4. EXPERIMENT

4.1 Sample URIs
Building on previous work, we used the same four URI sample

sets (from DMOZ, search engine, Bitly, and Delicious) as in [1].
Each sample contains 1,000 randomly-selected URI-Rs for 4,000
URI-Rs total. Random selection details can be found in [2].

The percentage of sample URI-Rs found to be archived at the
time of the experiment is shown in Table 3. There are several sig-
nificant differences from our 2011 results [1, 36] and January 2013
results [3]. The 2013 results noted increased holdings availabil-
ity provided by the Internet Archive [22], which helped increase
archival rates. This experiment again found that archival rates in-
creased. Most significant difference from [1] and [3] is the use of
additional archives, including seven with primary languages other
than English.

4.2 Parameters
The experiment recomposed four variants of each sample com-

posite memento. Each variant used one of two memento selection
heuristics and either a single archive or multiple archives.

4.2.1 Heuristics

Public web archives currently use a single heuristic to select me-
mentos. We call this heuristic Minimum Distance. As explained
in subsection 3.3, less than 50% of the embedded mementos se-
lected by this heuristic are Prima Facie Coherent. Anticipating that
a more sophisticated heuristic would improve coherence, this ex-
periment also included a second heuristic we call Last-Modified

Datetime/Memento-Datetime Bracket, or Bracket for short. Both
heuristics are defined below:

Minimum Distance (Mindist) Select the URI-M with Memento-
Datetime closest to the root’s (it can be before or after). The
heuristic cost is absolute value of the difference between the
two Memento-Datetimes.

Last-Modified/Memento-Datetime Bracket (Bracket) Establish
URI-M lifetime using the range starting from Last-Modified
datetime and ending with Memento-Datetime. This range is
the time frame when the URI-M’s representation is known to
have existed in its archived state. When an eURI-M’s life-
time overlaps an rURI-M Memento-Datetime, it is Prima Fa-
cie Coherent with cost 0. When the lifetime does not over-
lap, this heuristic falls back to a modified form of Mindist,
which computes cost for both Memento-Datetime and Last-
Modified, selecting the least as heuristic cost.

4.2.2 Source Constraint

Composite mementos are recomposed using a single or multiple
archives. Using a single archive mimics the behavior of existing
web archive user interfaces; all eURI-Ms are chosen from the same
archive as the rURI-M. Using multiple archives enables eURI-Ms
to be selected from multiple archives, possibly filling completeness
and datetime gaps. The archives used are listed in Appendix A.

http://coherence.cs.odu.edu
http://coherence.cs.odu.edu
http://www.rpgdreamers.com/rpgworld/logo/media.gif


Table 4: rURI-R Timemap Statistics

Desc. DMOZ S.Eng. Bitly Deli Total

URI-Rs 1,000 1,000 1,000 1,000 4,000
URI-Rs Archived 971 552 282 951 2,756

in Multiple Archives 14.5% 11.1% 23.0% 57.5% 29.5%
Timemaps 1,154 682 404 2,167 4,252

per URI-R 1.19 1.14 1.43 2.28 1.58
Mementos 120,765 11,508 36,816 174,214 343,303

per URI-R 124.37 20.85 130.55 183.19 124.57

4.3 Procedure
The examination of temporal spread was accomplished using

the procedure described below. Timemaps and mementos were
collected in May 2013. The proxies described in Subsection 3.1
were used to obtain timemaps for all archives except the Internet
Archive, which was the only native Memento Protocol archive for
the duration of preparation and data collection. Data collection was
accomplished in two phases:
• Selection of rURI-Ms, and
• Recomposition of composite mementos.

Phase I. Selection of rURI-Ms

Phase I selected rURI-Ms by retrieving timemaps for all sample
URI-Rs and choosing a subset of URI-Ms from the timemaps.

Process. We attempted to retrieve timemaps for all 4,000 sam-
ple rURI-Rs from 15 archives. Table 4 shows that 2,756 sample
rURI-Rs had at least one timemap available; these are considered
archived. Of the archived rURI-Rs, 29.5% are held in multiple
archives and had multiple timemaps available, with an average of
1.58 timemaps each. The timemaps listed 343,303 rURI-Ms, av-
eraging 124.57 per archived rURI-R. Of these 343,303 rURI-Ms,
88,054 (25.6%) were sampled for retrieval and evaluation. Specif-
ically, we selected the rURI-M that was acquired closest to mid-
night on the 12th of each month during which the the rURI-R was
archived.

Phase II. Recomposition of composite mementos

This phase recomposed composite mementos for each rURI-M se-
lected in Phase I. It was executed four times, once for each com-
bination of heuristic and source constraint. For each selected root
URI-M, the following steps were performed.

Step 1. Download rURI-M. The rURI-M was retrieved using
curl. A failure at this step stopped recomposition.

Of the 88,054 rURI-Ms, 93.6% were available and returned a
200 HTTP status. As shown in Table 5, the most common failure
status was HTTP 503, which generally means the URI-M is not
currently available (perhaps its data store is offline). Status 503 is
generally considered temporary, so each 503 was retried twice over
the course of a week before considering the 503 final for this study.
The next most common failures were 403 and 404, access restricted
and the memento does not exist, respectively.

Step 2. Extract eURI-Rs. The BeautifulSoup Python package
(version 4.1.3) was used to extract eURI-Rs from HTML docu-
ments. Additionally, eURI-Rs were extracted from CSS files using
regular expressions. If the memento did not contain eURI-Rs (or
could not; e.g., images), processing finished.

Note: Steps 3–6 were repeated for each eURI-R found in step 2.
Step 3. Retrieve the eURI-R timemap. The eURI-R timemaps

were retrieved using curl. Status 503 Failures were retried twice. If
timemaps could not be retrieved, processing finished.

Table 5: rURI-M Statuses
Status DMOZ S.Eng. Bitly Deli. Total Percent

200 46,242 4,461 2,876 28,846 82,425 93.6%
503 2,989 254 155 1,046 4,444 5.0%
404 324 42 26 191 583 0.7%
403 161 6 28 193 388 0.4%
400 41 10 10 42 103 0.1%
Other 34 17 7 53 111 0.1%

Total 49,791 4,790 3,102 30,371 88,054 100.0%

Step 4. Select eURI-M for eURI-R . A heuristic was used to
select the best eURI-M, which is the eURI-M with lowest score
according to the heuristic in use. For the Mindist heuristic, the
closest eURI-M was selected directly from the eURI-R’s timemaps.
For the Bracket heuristic, two candidate eURI-Ms were selected:
one acquired before and one acquired after the root’s Memento-
Datetime (final selection is part of step 5). If no closest memento
was available, processing finished.

Step 5. Download embedded memento. The representation for
the selected eURI-M was retrieved using curl. Status 503 Fail-
ures were retried twice. For the Bracket heuristic, the “on or after”
eURI-M was retrieved first. If it bracketed the root, it was consid-
ered best. If it did not bracket the root, the Bracket heuristic fell
back to Minimum Distance (which may have caused the “before”
eURI-M to be selected and retrieved).

Step 6. Recursion. Steps 2–5 were repeated for HTML frames
and other resources containing eURI-Rs.

As Table 6 shows, 1,619,805–1,623,354 eURI-Rs were found
varying by source constraint and heuristic. Timemaps and memen-
tos were found for 1,250,641–1,332,993 (73.1%–78.1%) of URI-
Rs. rURI-Ms average 21.2–21.2 eURI-Rs each, of which only
14.2–15.1 had available eURI-Ms. The primary reason for not
finding mementos was that 19.3%–24.4% of eURI-Rs were not
archived, as shown by the No timemaps reason. The next most
common cause was 404 status (2.5%-2.9% of URI-Ms), which in-
dicates the archive was not able to acquire a copy of the eURI-R.
Other reasons account for about 1% of eURI-Rs.

5. RESULTS

5.1 Completeness
Completeness is the ratio of available mementos to required me-

mentos. A rURI-M with no eURI-Ms (for example a plain HTML
page with no CSS or JavaScript) is inherently 100% complete. That
same web page with a single embedded image is 50% complete if
no mementos for the image can be found (i.e., were never archived
or not retrievable). Completeness is affected by both source con-
straint and heuristic.

Source Constraint and Completeness

As shown in the first line of Table 7, using multiple archives im-
proves completeness by 4.1% for both heuristics. This is less than
we expected. We hypothesize that the primary cause is minimal
URI-R and Memento-Datetime overlap across the archives studied.

Heuristic and Completeness

Changing heuristic had a negligible impact on completeness, dif-
fering by just 0.01% for both single- and multi-archive recomposi-
tions. This is as we anticipated because the Bracket heuristic is an
enhancement of the Minimum Distance heuristic. What is a little



Table 6: eURI-M Retrieval Statistics
Mindist Mindist Bracket Bracket

Description Single Multi Single Multi

Memento Counts

eURI-Rs 1,620,597 1,623,354 1,619,805 1,623,127
per rURI-M 19.7 19.7 19.7 19.7

eURI-Ms available 1,250,641 1,330,858 1,252,125 1,332,993
per rURI-M 14.2 15.1 14.2 15.1

eURI-Ms not found 369,956 292,494 367,680 290,134
Not-Found Reasons

No timemaps 395,545 312,843 395,065 312,641
404 41,588 46,330 40,428 44,852
403 6,186 6,194 6,105 6,116
503 6,092 5,806 5,697 5,442
Other 2,970 3,746 2,810 3,508

Table 7: Completeness and Temporal Coherence

Mindist Mindist Bracket Bracket
Description Single Multi Single Multi

Completeness

Mean complete 76.1% 80.2% 76.2% 80.3%
Mean missing 23.9% 19.8% 23.8% 19.7%

Temporal Coherence

Mean Prima Facie Coherent 41.0% 40.9% 54.7% 54.6%
Mean Possibly Coherent 27.3% 28.7% 12.8% 14.2%
Mean Probably Violative 2.5% 5.3% 2.5% 5.3%
Mean Prima Facie Violative 5.3% 5.3% 6.2% 6.2%

surprising is that there is any difference at all—both heuristics will
either find or not find an eURI-M for the same URI-R and target
datetime. The difference has two causes. First, the heuristics can
select different eURI-Ms for the same URI-R and target datetime;
one may be available and the other not. Second, even when both
are available, they may have different eURI-Rs.

5.2 Temporal Coherence
Mean temporal coherence values for eURI-Ms are in the lower

section of Table 7. These means represent the percentage of all re-
quired URI-Ms in the specified coherence state. Most of the avail-
able URI-Ms were Prima Facie Coherent, ranging from a mean of
41.0% for Mindist/Single to 54.7% for Bracket/Single. Adding
Possibly Coherent increases the means to 63.8–69.6%. On the
other hand, 7.8%–11.5% of required mementos were violative, with
5.3%–6.2% Prima Facie Violative.

Source Constraint and Temporal Coherence

Unlike completeness, multiple archives have little effect on tempo-
ral coherence, just 0.1%. However, using multiple archives appears
to reduce Prima Facie Coherence. This is a side effect of the fact
that during this study only the Internet Archive returned original
Last-Modified headers3. Thus, only the Internet Archive’s URI-Ms
could be Prima Facie Coherent. When using multiple archives, In-
ternet Archive rURI-Ms can be paired with eURI-Ms from other
archives. Since Last-Modified is not available from other archives,
those eURI-Ms cannot be Prima Facie Coherent. If paired with an
Internet Archive rURI-M, the eURI-Ms may have been Prima Facie
Coherent. Using multiple archives improves the Possibly Coherent
mean. More available eURI-M increases the likelihood that the

3Several other web archives now also return original Last-Modified
headers.

Table 8: eURI-M Temporal Coherence Counts

Mindist Mindist Bracket Bracket
Description Single Multi Single Multi

Prima Facie Coherent 622,565 621,447 864,736 859,625
Possibly coherent 497,405 466,046 244,104 215,585
Probably violative 104,376 53,734 104,339 53,694
Prima Facie Violative 100,760 103,662 114,062 117,469

Total 1,325,106 1,244,889 1,327,241 1,246,373

eURI-M selected will match a Possibly Coherent pattern. Multi-
ple archives also increase Probably Violative counts. The primary
reason is the increase in eURI-M without Last-Modified datetimes.
Multiple archives also increase completeness by 4.1%, but 2.8% is
an increase in Probably Violative URI-Ms. The violative eURI-Ms
ratio stays the same with multiple archives.

Heuristic and Temporal Coherence

Compared to Mindist, the Bracket heuristic increased Prima Fa-
cie Coherent eURI-Ms by 13.7%. However, Possibly Coherent
eURI-Ms decreased by 14.5% and Prima Facie Violatives eURI-
Ms by 0.9%. This appears to be reduction in coherence—quite
unexpected. Indeed, we expected to see the coherence values in-
crease and the violatives decrease. The Bracket heuristic makes
two changes when Last-Modified is available. First, when select-
ing the best eURI-M and the rURI-M Memento-Datetime is brack-
eted by an eURI-M lifetime (see 4.2.1), then the eURI-M is Prima
Facie Coherent. Compared to Mindist’s Memento-Datetime-only
calculation, Bracket is much more likely to select a Prima Facie
Coherent eURI-M over a Possibly Coherent eURI-M, increasing
Prima Facie Coherent eURI-Ms and decreasing Possibly Coher-
ent eURI-Ms as shown in Table 8. Second, when the root is not
bracketed, Last-Modified is used in the fall-back Mindist calcula-
tion, which increases the selection of eURI-Ms captured after the
root. All these are Prima Facie Violative by definition (see 3.3).
However, because Bracket uses eURI-M lifetime instead of just a
point in time whenever possible, even with the increase in viola-
tives, Bracket still provides a more accurate representation of the
composite memento.

Composite Memento Coherence

Figure 7 and Table 9 provide two other, more compelling, views
of the same data. (The figure shows only the Bracket heuristic and
Single Archive source constraint due to space limitations.) Each
row on the plots represents one sample URI-R. The horizontal
axis represents the rURI-M Memento-Datetime. Only 2,756 of
the the rows contain data; the other 1,244 sample URI-Rs had no
timemaps (see Table 4) or were not publicly available (i.e., 403
status). For the available URI-Rs, 88,054 rURI-Ms were selected
(see 4.3). Of these, 93.6% could be retrieved and were recom-
posed as shown under Bracket Single column in the All Coherence

States row. Excluding composite mementos containing Prima Fa-
cie or Probably Violative eURI-Ms, leaves 54.8%–65.1% (Possi-

bly Coherent & Prima Facie Coherent row). And, as the last row
of Table 9 shows, only 12.4%–17.9% are both 100% Prima Facie
Coherent and 100% complete. Figure 7 provides a visual dipic-
tion: 7(a) includes all composite mementos, 7(b) excludes compos-
ite mementos with Prima Facie or Probably Violatives, and 7(c) in-
cludes only composite mementos that are both 100% complete and
composed only from Prima Facie Coherent eURI-Ms. These results
are striking and could have significant implications for non-casual
uses such as litigation [19] and historical research. Still, public web
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82,425 of 88,054 (93.6%)

(a) All Composite Mementos
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52,309 of 88,054 (59.4%)

(b) No Prima Facie or Probably Violatives
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15,750 of 88,054 (17.9%)

(c) Complete and Prima Facie Coherent

Figure 7: Composite Memento Coherence

Table 9: Composite Memento Coherence

Mindist Single Mindist Multi Bracket Single Bracket Multi
Description Quantity Percent Quantity Percent Quantity Percent Quantity Percent

All Root Mementos in Timemaps 88,054 100.0% 88,054 100.0% 88,054 100.0% 88,054 100.0%
All Composite Mementos (complete and incomplete)

All Coherence States 82,425 93.6% 82,425 93.6% 82,425 93.6% 82,425 93.6%
Probably Violative through Prima Facie Coherent 62,749 71.3% 62,603 71.1% 60,525 68.7% 60,525 68.7%
Possibly Coherent & Prima Facie Coherent 54,120 61.5% 48,289 54.8% 52,309 59.4% 52,309 59.4%
Prima Facie Coherent only 23,147 26.3% 20,262 23.0% 34,074 38.7% 34,074 38.7%

Complete Composite Mementos Only

All Coherence States 26,969 30.6% 29,200 33.2% 27,077 30.8% 27,077 30.8%
Probably Violative through Prima Facie Coherent 23,284 26.4% 25,180 28.6% 22,678 25.8% 22,678 25.8%
Possibly Coherent & Prima Facie Coherent 21,576 24.5% 21,976 25.0% 21,010 23.9% 21,010 23.9%
Prima Facie Coherent only 10,944 12.4% 10,901 12.4% 15,750 17.9% 15,750 17.9%



archive interfaces give no indication that on average only 17.9% of
holdings are both 100% complete and 100% Prima Facie Coherent.

6. FUTURE WORK

6.1 Redirection and Missing Mementos
The research conducted so far has accepted the lists of URI-Ms

in timemaps as ground truth; however, timemaps only tell part of
the story. For example, a URI-M listed in a timemap may redi-
rect to another with a different Memento-Datetime [5]. Redirec-
tions are likely to impact temporal coherence, which could change
the coherence state of some eURI-Ms. Redirection could also be
an indication of duplication; however, timemaps and archives pro-
vide no indication of cause for redirections, so we cannot be sure.
Timemaps also list URI-Ms that do not exist or are not accessi-
ble, which this study simply considers missing. A heuristic that
searches the timemap to locate reasonable substitutes for missing
URI-Ms could be developed.

6.2 Duplicates and Similarity
This study calculated deltas as the simple difference between

rURI-M and eURI-M Memento-Datetimes (as is common practice
for web archives). We have observed that web archives frequently
return identical representations for multiple Memento-Datetimes.
Consider an rURI-M with a Memento-Datetime of July 5 and two
eURI-Ms with Memento-Datetimes of July 1 and July 10. It ap-
pears that the best delta is four days (July 5 − July 1). However,
if the eURI-Ms have identical representations (e.g., a logo that has
not changed), then the July 1 eURI-M should be considered Prima
Facie Coherent instead of Possibly Coherent. For file types such
as images, duplicates are easily identified using message digest al-
gorithms (e.g., SHA-256). However, text (and especially HTML),
is commonly modified for branding and user interface purposes by
every web archive we have studied. This is evident in Figure 1,
which shows the banner added by the Internet Archive’s Wayback
Machine. The changes are inconsequential to human users but pre-
vent simple machine duplicate detection. Lexical Signatures [29,
23] and the SimHash [13, 24] algorithm may be able to help deter-
mine if modified files similar enough to be considered semantically
equivalent and thus Prima Facie or Possibly Coherent. Ainsworth
et al. [4] define equality and similarity patterns that can be used
once appropriate similarity methods and measures are identified.

6.3 Communicating Status
One significant issue with existing web archive user interfaces is

that temporal coherence is not communicated to the user. An icon
or symbol that quickly communicates the temporal coherence of
composite mementos would be very useful.

7. CONCLUSIONS
This study addressed temporal coherence of composite memen-

tos recomposed from existing web archive holdings, comparing the
use of Single and Multiple Archives and two eURI-M selection
heuristics: Bracket and Minimum Distance. Using a sample of
4,000 original URIs with 343,303 corresponding URI-Ms, 88,054
(25.6%) URI-Ms were selected for recomposition. Of these, 82,425
(93.6%) were available and recomposed. We found that using mul-
tiple archives improves completeness by 4.1% but has no signifi-
cant impact on temporal coherence. We also found that the Bracket
heuristic improved temporal coherence, in particular increasing the
number of Prima Facie Coherent mementos by 13.7%, compared
with the Minimum Distance heuristic typically employed by web

archives. To maximize completeness, multiple archives provide
the best results; changing heuristic provided no significant bene-
fit. To maximize coherence, the Bracket heuristic with a single
archive provides the best results (privided that the archive has sig-
nificant holdings for the URI-R). Truly significant is the finding
that at most 17.9% of composite mementos held by web archives
are both complete and Prima Facie Coherent.

As of this study, only the Internet Archive returns the original
Last-Modified header, which significantly improves both eURI-M
selection and temporal coherence evaluation. We recommend that
all web archives capture and return all original headers.
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APPENDIX

A. WEB ARCHIVES
Table 10 lists the web archives used for this study.

Table 10: Web Archives Used in This Study
Archive Home Page

Archiv C̆eského Webu wayback.webarchiv.cz
Archive-It! wayback.archive-it.org
Archief Web EU www.archiefweb.eu
Archuivo de la Portguguesa arquivo.pt
L’Arxiu Web de Catalunya www.padi.cat
Library and Archives Canada www.collectionscanada.gc.ca
Hrvatski arhiv weba haw.nsk.hr
Internet Archive www.archive.org
Icelandic Web Archive wayback.vefsafn.is
Library of Congress Web Archives webarchive.loc.gov
The National Archives (UK) webarchive.nationalarchives.gov.uk
NTU Web Archive webarchive.lib.ntu.edu.tw
UK Web Archive (British Library) www.webarchive.org.uk
Wikia wikia.com
Wikipedia www.wikipedia.org
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