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Abstract

This paper presents the use of the Linking File
System as infrastructure for software evolution
research. The addition of richer metadata in links
and attributes makes LiFS an alternative to con-
ventional approaches to storage for that purpose.
We pursue our approach through the instrumen-
tation of Kenyon and a case study that involves
the correlation of Bugzilla data and CVS histo-
ries. Further investigation into usability and per-
formance evaluation will need to follow.

1. Introduction

A common requirement across many areas of
research is that of sound infrastructure for data
storage. The infrastructure should meet the needs
of its users through satisfying certain criteria
that include efficiency, functionality and usabil-
ity. Moreover, users demand that simply stor-
ing ones data is no longer sufficient. They re-
quire adding metadata to describe the data and the
ability to express semantic relationships about it
all. We have found that traditional file systems
themselves lack the framework to support those
requirements, and generally solutions have been
though ad hoc techniques [1].

We have certainly encountered needs along
these lines in the study of software evolution.
Many projects have been undertaken that involve
the storage of historical data [3, 17, 8, 19, 11].
All the projects use conventional techniques for
data and metadata storage, such as traditional file
systems and relational databases. They use these
systems for their infrastructure because nothing
better has yet been made available to them. Fur-
thermore, Gasseret al. have suggested a need to
standardize metadata, tools, and provide a cen-
tralized data repository with federated access for
software research [10]. Sound infrastructure will
be needed to meet those demands.

In this paper, I present the Linking File System
or LiFS as an alternative infrastructure for use in
implementing tools for software evolution stud-
ies. LiFS provides efficient infrastructure that
is easy to use. It adds functionality with links
and attributes to conventional data storage. Thus,
metadata may be placed directly with the data it
describes for ease in access, as opposed to be-
ing placed separately in a database. The con-
sequence of the latter option is that semantics
might be lost if we cannot maintain the corre-
lation between these conventional, separate sys-
tems over time. Additionally, LiFS can represent
graph structures, which may be very helpful to
software studies that use graph analysis, such as
those mentioned in [14, 2, 12].
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To demonstrate one aspect in which LiFS may
aid the study of software evolution I present a
case study application of LiFS. This study should
seem familiar within the field of software evolu-
tion. It involves the correlation of bug records
from a Bugzilla [4] and software revision history
data in a CVS repository [6] for a small software
project. The goal of this case study is to have a
linking file system instance created for presenta-
tion of this data to a user who may want to see
some specifics of the project with respect to the
available data. This is similar to a goal of Hipikat,
where the authors mention the desire to assist a
newcomer to a project get up to speed though
learning parts of its history [5].

This remainder of this paper is organized as
follows. Section 2 gives an overview of the ma-
jor features of the linking file system. Section
3 discusses the methodology and implementation
for our proof of concept, namely the instrumenta-
tion of Kenyon. Section 4 presents the case study,
composed of implementation details and specific
example output. Section 5 mentions how we may
evaluate the approach taken here and Section 6
suggests some threats to validity. Section 7 and
8 lists the related and future work, and section 9
concludes.

2. Overview of LiFS

In this section I give an overview of the major
features of LiFS. We describe LiFS in more detail
here [1], but I wish to convey the features that
best distinguish it from conventional file systems.

LiFS contains a new file system feature, called
a relational link. These relational links express
relationships between any two files. Thus, in
LiFS a regular file may point or refer to an-
other. Relational links are different than sym-
bolic links which allow a user to create additional
path names for files or directories, thus becoming
“linked” to additional places other than the orig-
inal path. Moreover, relational links may con-
tain metadata in the form of associated attributes.

These attributes take the form of key/value pairs
where on a given link, each key must be unique.
LiFS also allows attributes placed on files di-
rectly, as is done using the extended attribute API
in the Linux kernel 2.6.x [13].

The existence of links between files leads us
to a loss of distinction between files and directo-
ries. Hence, having files refer to other files allows
files to “contain” others, a property that was pre-
viously reserved for directories. Thus, directories
become, in essence, simply zero byte files that
exist for organizational purposes and backwards
compatibility with conventional file system struc-
tures. Moreover, this implies that a path to any
given file shall occur through a series of files that
may also contain data and can be opened.

LiFS additionally allows multiple links be-
tween files. This is so a single or multiple
users may wish to have different sets of metadata
to show separate relationships between the two
files. I will suggest an example use of this feature
in section 4.2.4. The caveat to this feature is that
links must be uniquely identifiable through some
combination of their attributes. A simple identi-
fication scheme, but one not required by the file
system, is to have a unique name attribute on each
link.

The proposed implementation of LiFS is to
have all metadata for files, links and attributes re-
side in magnetic RAM. MRAM is a new form of
high speed, non-volatile RAM. It should greatly
increase metadata access performance over con-
ventional reads and writes to disk for metadata.

An example related to this research where
LiFS might be used is for a the working directory
of a software project. Binaries may be linked to
object files, which in turn may be linked to the
source files that generated them, or vice-versa. In
addition, we can compile source code for differ-
ent hardware architectures by following the ap-
propriate link to the complier configured for the
target architecture, where a link exists to a com-
piler for each architecture. The resulting object
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Figure 1. The architecture of the LiFS prototype and how Kenyon may access it.

code could be linked to the source with attributes
indicating which architecture it should run on.

A major advantage to using LiFS for data orga-
nization is that related data from various sources
may be linked together in the file system for
the user’s appreciation, rather than utilizing some
other ad hoc technique. My case study in sec-
tion 4.1 shall present how we can relate the data
extracted from a Bugzilla database to data con-
cerning a project extracted from a CVS reposi-
tory using links and attributes.

3. Methodology and Implementation

To demonstrate the application of LiFS for use
in software evolution studies, I have decided to
combine LiFS with Kenyon. Kenyon provides
am excellent framework to work with, in that
it has infrastructure already in place to extract
data from SCM repositories. The data is then
represented in a common internal format. Ad-
ditionally, Kenyon usesConfigGraph objects
for representation of a graph structure [3].

The version of LiFS I used is not the one dis-
cussed above (section 2) that will utilize MRAM,
but a prototype to serve as a proof of concept
for LiFS. This prototype runs with a PostgreSQL
database [18] as the backing store for LiFS’ meta-
data. The interface for standard file system oper-
ations comes through FUSE (file systems in user
space) [16]. A separate channel to the file system

implementation. provides additional API to LiFS
calls that involve access and manipulation of re-
lational links. This API I have made available for
use in programs written in Java via SWIG wrap-
per code [15]. This allows me to properly instru-
ment Kenyon for use of LiFS.

We have a reasonably straightforward “in-
strumentation” of Kenyon. So, as we con-
struct the graph, which Kenyon normally will
store in a database via the Hibernate in-
terface, instead we store the graph data in
LiFS. Basically, methods associated with the
ConfigGraph class and other related classes
have additional calls added to them that inter-
act with LiFS. TheaddNode() method cre-
ates a new file. TheaddEdge() method cre-
ates a link between two files already created by
addNode calls. WithinNode andEdge classes,
theaddAttribute() or setAddribute()
methods have been instrumented to add or change
the attributes on files or links. Additionally, we
write the attribute data to the file (in text). This is
necessary when utilizing the present LiFS imple-
mentation because there are issues in retrieving
the attribute data set on files in the prototype.

We have two tools to retrieve this data for user
inspection or analysis. We can explore LiFS in
the command line using standard shell operations
to the file system and a new program calledls2.
Ls2 is a spin-off of ls that displays links with at-
tributes for a given source file. Also, for graph-
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ical browsing of the file system, one may use
LiFSBrowse. LiFSBrowse shows the links inter-
connecting the files in LiFS with either a tree or
graph structure display. It shows the attributes on
a selected link and the content of the target file of
that link. Additionally, it allows for some interac-
tion with the file system, such as creation, modi-
fication of new links, and a query for links based
on matching attributes. LiFSBrowse is still un-
der development and should also improve greatly
with the future LiFS implementation.

4. Case Study: File System develop-
ment

I have selected the present ongoing develop-
ment of the next version of LiFS for my case
study. I see a number of key advantages from
selecting this project over some other arbitrary
open-source project. First, I am familiar with
the project’s history myself. Therefore, I should
be able to easily verify if the results are sound
and fit with what I should expect to see. Sec-
ond, the scale of the project is good for presenting
examples. The project has three subcomponents
with roughly 10-30 files each and the time frame
is over 6 weeks. This makes the extracted data
very manageable from an evaluators perspective.
Also, there are a small number of bug IDs in
the Bugzilla:∼20. Finally, to ease the coupling
between Bugzilla bugs and CVS transactions, I
have instructed the project’s developers to indi-
cate to which bug ID a CVS commit relates in
the log message. Thus, the coupling information
becomes trivial to extract..

4.1. Fact Extractor Implementation

I implement the process of storing the CVS
and Bugzilla data I wish to examine using a
Kenyon fact extractor. A fact extractor is a
subclass of theFactExtractor class that
is part of the Kenyon code base. This fact
extractor takes advantage of Kenyon’s SCM

log parsing functionality. Kenyon provides
all revisions from a single commit operation
within a Transaction object. For each
transaction found, my fact extractor, called the
CVSLogExtractor , creates a new node. We
save the metadata of the author name and log
message in a link to the transaction node from
a root node and on the node itself. Additionally,
we parse the recorded Bugzilla bug ID from the
log message so it may be used to link associated
bug data to the transaction.

After that, we create a node for each file revi-
sion in the current transaction. We link the trans-
action nodes to the revision nodes and create at-
tributes for the file name, file’s revision number,
and the time stamp. If a node already exists for
the file, we link the current transaction to that
node, as opposed to creating a new node. Node
file names contain both the actual file name and
a hash code for the parent file path, generated by
the JavahashCode() method. This was nec-
essary due to a problem with the prototype han-
dling path names, resulting in storing all files in
a flat space. Given that various directories within
a project may contain different files with same
name, for example, Makefiles, we wish to be able
to differentiate between each under one directory,
made possible by the unique hash code for each
path..

Then, we provide additional information from
the revision files. We apply this process only to
.c and.h files; all others are ignored. We count
the lines of code for each file. This is a sim-
ple count which includes blank lines and com-
ments. Given that a file may persist through mul-
tiple transactions and each transaction will have
links to the node for the file, we may see the num-
ber of lines of code vary from one link to the next.
The other information we acquire from reading
the file is links for#include directives within
source files. We only process local#include s
for .c and header files within the same direc-
tory. For each#include we create a new link
from the source file containing the#include
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to the target included file. This builds a subgraph
of #include statements for a group of related
files. As we repeat this process for each trans-
action over time, we may see new links for new
header file inclusions. This should allow us to see
the evolution of#include s within the software
project.

The second part of the fact extractor imple-
mentation is a component that creates files and
links for the Bugzilla data. It should be noted that
Bugzilla bugs do not necessarily refer strictly to
“bugs” to be fixed, but also new feature or en-
hancement requests. We create a file (Node) for
each Bugzilla bug record. We link a root node
for the bug records, named “AllBugs” to each
bug node and place the bug record metadata on
both the link and the node itself. This metadata
includes the bug ID, the owner, the bug prior-
ity, severity, current status, the component, and
a summary of the issue. Additionally, we create
links between the bug nodes when we encounter
relationships given between bug records. Thus,
when bug 2 depends on the completion of bug 1,
we will create a link from bug 2 to 1 tagged with
an attribute to specify that relationship.

We perform this process prior to the extrac-
tion of the SCM data and creation of the corre-
sponding graph components. Thus, when we go
through the transactions and extract the bug IDs,
we can link the bug record nodes to the appropri-
ate SCM transactions that address that particular
bug record. With that, the creation of a linking
file system to represent the history of the project
is complete.

4.2. Examples of Generated LiFS Data

I have generated a linking file system from the
case study data with which I shall show exam-
ples of how we may use links to learn a few
things about our subject matter. This data is gen-
erated with Kenyon configured to extract from
the CVS repository with a one week period. This
has resulted in only three transactions extracted,

although there are more transactions that have oc-
curred during the specified time frame. I did at-
tempt to run Kenyon with a shorter frequency,
but the resulting data caused problems with the
LiFS prototype that were difficult to diagnose.
Therefore, I chose to make my examples with
the weekly extraction data, as it did produce sta-
ble results. Nonetheless, these results I believe
do give a picture of some of the history of this
project.

There are two views given for the examples
from the project. First are screen-shots from ex-
ecutions of ls2 run on various files within the re-
sulting file system. The images contain links,
each with a source file, the target files for that
source, and the attributes shown as comma delim-
ited strings of key/value pairs. Also, I have pro-
vided screen-shots of related LiFSBrowse views.
In those images, the left-hand column shows the
linking file structure, i.e. a graph rendering of
the files and links. Files are shown by blue cir-
cles, and links are shown with black arrows or
arcs connecting the files. The label below or on
each link gives the file name for the target file
for that link. A link and its label are together hi-
lighted using the color red when the user selects
that link. The upper left quadrant of the applica-
tion shows the attributes on a selected link, and
the lower right quadrant shows the content of the
target file of the selected link, if a “filetype” at-
tribute designates it as text.

4.2.1. Showing Bugs and Transactions
When examining a file system generated for a
project like our case study, the first items that
a user may consider are the root nodes or files.
These files contain the links to files for individual
transactions and bug records. Figure 2 shows the
links from these root nodes with the metadata
shown as comma delimited strings for each link.
Figure 3 also shows the same links graphically.
In both figures we can see that there are a large
number of links emanating from AllBugs.node.
Given that there is significant metadata on each

5



Figure 2. ls2 view of bug and transaction root
nodes and links. Explained in section 4.2.1.

link, the use of an attribute based query might
be helpful to the user in order to narrow down
the links displayed to bug records that she may
consider relevant.

4.2.2. Links from Bugs Figure 4 shows the
links that have the source file for bugs 2 and 5.
Bug 2 has a single link to bug 1. Bug 5 has two
different types of links as implied by that the at-
tribute strings on each have different key names.
The “relationship” key name is common across
both links, but the link between bugs has the
value “dependsOn”, while the link to the transac-
tion node differs. While the other links described
in section 4.2.1 contain metadata describing the
node to which they point, these links do not. They
exist more to show the relationships between the
nodes of same or different types.

Figure 5 gives a graphical view of some links
similar to those described above. In the bottom
half of the left-hand side column we see the nodes

Figure 3. LiFSBrowse view of bug and trans-
action root nodes and links. Explained in
section 4.2.1.

Figure 4. ls2 view of links from bug records
to other bugs and transactions. Explained in
section 4.2.2.
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Figure 5. LiFSBrowse view of links from bug records to other bugs and transactions. Explained in
section 4.2.2.

for bug records. The arc hi-lighted red goes from
the file for bug 1 to file for transaction 1. We
see in the upper left that the relationship is “re-
visions”1 and the transaction is number 1. The
lower right corner shows the metadata written to
the file for that node. It contains the author’s
name and log message. The transaction node also
has a number of links from it, of which I shall de-
scribe next.

4.2.3. Revisions Figure 6 gives a list of the
links from a transaction node file to the revision
files. All the links have consistent metadata, i.e.,
similar sets of keys on each. On this transaction
we may note that each file revision has the same
timestamp, suggesting it took place with a single
commit statement. However, we can see different

1‘Transaction” may have been a better name for the
value for this relationship attribute.

Figure 6. Links to file revisions from a trans-
action node. Explained in section 4.2.3.

version numbers, so some of the files are likely
to have been changed through other transactions

7



Figure 7. Sample of links within the
#include graph. Explained in section
4.2.4.

with differing frequencies. After each file name,
we see the hash code for the parent path name.
Some have matching codes, indicating that they
are from the same source directory, while others
do not.

Although only a single transaction is repre-
sented here, we may learn additional information
from looking at multiple transactions that refer-
ence some of the same files. The links pointing to
the same files from different transactions should
have different timestamps, revision numbers, and
number of lines of code. This should infer the fre-
quency of changes and if an addition or subtrac-
tion to the file content has occurred. Additional
metrics could be placed on the links for revisions
to show changes over time beyond what I have
done for this case study.

4.2.4. Include Graph Represented Figure
7 gives some links that constitute part of
the #include subgraph for a group of
files. The interface.c file has a sin-
gle link to interface.h , and subsequently,
interface.h has a few links to some other
header files. We may deduce through a path of
links what code from which header files ends up
included within a.c source file. Also, this data
includes the transaction number on each link. In
this case the transaction number is always the
same, as only a single transaction was used to
generate this include graph. However, it is pos-
sible that we could have used multiple transac-

tions to generate the graph. In that case we may a
have a situation in which we encounter multiple
links between files: one per transaction where the
#include directive is present between files. In-
creases in the number of links over time may indi-
cate growth in functionality or increased coupling
between modules. Decreases may indicate refac-
toring performed between some transactions.

Figure 8 shows the LiFSBrowse view of the in-
clude graph. This may aid users trace what head-
ers are included in which source files and see the
overall complexity of header file inclusion within
a project. We may identify which header files de-
fine the lowest level operations in a web of depen-
dencies from viewing this graph. Querying by the
transaction number attribute may show how the
dependencies have evolved as well.

4.2.5. Whole File System Figure 9 lets us see
an overview of the structure of the entire gen-
erated file system. LiFSBrowse runs here in its
maximum “zoom out” mode. The main advan-
tage of this view is to give a sense of the num-
ber of bugs linked to transactions, The long links
from the lower to up half connect the bug records
to various transactions. The image shows the
link connecting “bug 9” with “transaction 3” hi-
lighted. The log message associated with the
transaction reveals that the author should prob-
ably try to write slightly more descriptive mes-
sages, as one may not be aware of what the first
cut accomplishes.

5. Evaluation

I wish to evaluate how LiFS stands as sound
infrastructure to aid in software evolution re-
search through two means. This section shall
propose how to go about such evaluation. First
is usability. The examples presented in the case
study above (section 4.2) show one such use for
LiFS. While I may claim that the examples speak
for themselves with respect to usability, they are
severely limited by the tools we have to explore
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Figure 8. LiFSBrowse view of #include graph. Explained in section 4.2.4.

the file system. For instance, LiFSBrowse could
benefit enormously from an improved graph lay-
out engine. Presenting examples like to a group
of users for evaluation at this point would thus
not really reflect the use of LiFS itself, but the
applications that run atop it.

Moreover, the ease in implementing tools that
would use LiFS as a repository may figure into
the value of LiFS to a researcher. I may wish to
claim that it will be easier to work with the LiFS
API than API to access a database to conduct
S.E. research, as both can be used to represent the
same data. I may add an additional claim to the
value of LiFS through stating that LiFS facilitates
this by first, placing the data in the file system so
it is more easily accessible to a user, and second,
combines the file data and metadata together for
ease in accessibility. Of course, these claims are
highly subjective, and evaluation may only favor
one view over another. We may wish to exper-
iment with human subjects and see to what ex-
tent they may favor LiFS over conventional ap-

proaches. Such studies do not seem like a partic-
ularly easy task.

The other aspect of LiFS to evaluate is perfor-
mance. Good performance is a common goal of
much research, with systems research in partic-
ular. We would want to look at the performance
overhead of instrumenting Kenyon and extracting
data from LiFS versus using a database repos-
itory. Such evaluations are better left until we
have a proper version of LiFS to benchmark, as
we are already aware that the prototype imple-
mentation of LiFS does not perform very well.
My initial observations of the instrumentation
runs shows little noticeable loss in performance
for Kenyon, but complex query operations were
not involved.

6. Threats to Validity

This exploration of the use of the file system
is still very preliminary. At this point my study
lacks results of evaluation as mentioned above
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Figure 9. LiFSBrowse view of the entire generated file system. Explained in section 4.2.5.

in section 5. My use of the prototype has con-
strained the scope of this research. An example of
this is that I was limited to shorts run of Kenyon
for extraction of my CVS repository. Moreover, I
only considered a single project for a case study
and used a single fact extractor.

7. Related Work

Hipikat is a system with similar goals as those
for my case study [5]. Its authors had in mind
assisting new developers get up to speed with a
project through giving an understanding of its ar-
tifacts. The system allows users to add certain ar-
tifacts to their system such as file revisions, bug
records or documents. These are similar to the
files or nodes added to LiFS in the case study.
Users may then add links between the artifacts
using Hipikat. Additionally, Hipikat contains a

UI to allow users to browse the system, akin to
LiFSBrowse.

Whereas LiFSBrowse allows users to visual-
ize graph structures in LiFS, there has been some
work done in visualizing software history. Gall,
et al. looked at using 3-D pictures of mod-
ule decompositions and repository changes over
time [9]. LiFSBrowse allows for visualization of
the same data, but without the use of the third
dimension. Eick,et al. show the use of a graphi-
cal tool to show relationships between files based
on modification requests [7]. Likewise, we may
present a similar picture when browsing the LiFS
implementation case study.

A series of work relates to populating SCM
and bug tracking data into a common reposi-
tory. Fischer,et al. consider the use of CVS
and Bugzilla in their work to populate their
RHDB [8]. SoftChange similarly has a repos-
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itory for CVS and Bugzilla data [11]. It addi-
tionally considers ChangeLog data and discusses
a process for recovering MRs, much like the
Transaction objects in Kenyon that we store
using LiFS. Zimmerman also looks at extracting
CVS data, mirroring it in a database, and restor-
ing the individual transaction groupings of revi-
sions [19]. Finally, BEAGLE contains a database
to store mined SCM data [17]. While the LiFS
prototype implementation presently also uses a
database to store its file system representation,
we hope that it will eventually serve as a different
approach to storing this type of data, that being a
high-performance in-memory file system.

8. Future Work

While in many ways the work presented here
so far is that of a proof of concept, future work
on this should move our understanding beyond
that stage. First and foremost, the next genera-
tion LiFS implementation should hopefully ad-
dress all problems that we have found using the
prototype. As shown in section 4.2 I had to do
a somewhat limited data extraction with Kenyon
due to problems with the prototype that we be-
lieve are rooted in how it was integrated with
PostgreSQL. Robust scalability is a major goal
for the next version, and we hope it should cor-
rect the problem. Additionally, other bugs that
affected this project, including the inability to re-
trieve the attributes on files, should be corrected
as well.

Another potential feature considered for this
project was to use LiFS directly as the target
file system for Kenyon’s SCM extraction, and
this too was hampered by flaws in the proto-
type. By default, we configure Kenyon to ex-
tract the data to/tmp , but if a user wishes to
preserve and perhaps manipulate the data, which
could include the application of LiFS features di-
rectly (links and attributes), it would be possible
to extract the files directly to a LiFS directory in-
stead of to/tmp . This is unfortunately not pos-

sible with the LiFS prototype because pathnames
within an instance of LiFS must have directory
names flagged with an@character. My instru-
mentation of Kenyon contained this “fudge” to
make it work. The output from the SCM ex-
traction process usually contains somewhat com-
plex directory structures. Further instrumentation
of Kenyon would be required to make it work.
Thus, I decided to postpone implementing this
feature, as the next version of LiFS should solve
this problem. Then, I shall be able to write a fact
extractor that could work with the data written di-
rectly to LiFS.

LiFS could potentially facilitate the adminis-
tration of “Time-travel builds”. Such allows an
investigator to build different versions of a prod-
uct over time through extracting those versions
from an SCM and perform the builds. While this
is certainly possible using conventional file sys-
tems, LiFS should facilitate this through provid-
ing the infrastructure for metadata regarding each
individual build, providing the linking of the built
version with the source files, and potentially sav-
ing space through building a directory structure
using links for each build version. Each structure
can point to common versions file that are shared
cross build releases. In addition, where we may
find that different versions of a compiler or build
tools have been used for various versions, they
can be linked to the version under consideration
as well.

Finally, LiFS allows for the construction of
compound documents. LiFS may represent a
compound document through a file containing
links to other files with which to concatenate, or
perhaps each file containing a single piece of the
larger document may link to the next piece, and
so on, to form the entire document. As much of
the study of software evolution comes from see-
ing how “deltas” in SCMs change over time, it
could be possible to have the different versions of
files under consideration be represented through
compound documents as sequences of the deltas,
held together using links.

11



9. Conclusion

We have shown that alternatives to conven-
tional approaches to metadata storage can be
adopted for use in software evolution research. In
our case, the task has been simplified by chance.
The two existing systems we consider happen to
share similarity in a common graph structure that
allows them to be integrated. We see this in our
instrumentation of Kenyon with calls to the LiFS
API. We have shown that LiFS can be used for
showing relationships between data. This ap-
plication is most valuable when situations arise
where we encounter related data from disparate
sources. The case of Bugzilla and CVS data ef-
fectively demonstrates this usage.

Work on LiFS is still ongoing with the proto-
type as a start. It served a the purpose of iden-
tifying possible applications of LiFS, but falls
short for purposes of evaluation where we already
know that performance will be sub-par. Addition-
ally, further investigation into the true usability
of LiFS versus conventional techniques from an
application programmer’s point of view will be
necessary to truly give light to the value of our
infrastructure.
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