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Abstract 

Source Control Repositories are used in most software projects to store re- 

visions to  source code files. These repositories operate at the file level and 

support multiple users. A generalized formal model of source control reposi- 

tories is described herein. The modcl is a graph in which the different entities 

stored in the repository become vertices and their relationships become edges. 

We then define and implement Source Control Query Language (SCQL), a 

first order, and temporal logic based query language for source control reposi- 

tories. We demonstrate how SCQL can be used to  specify some questions and 

then evaluate them using the source control repositories of multiple software 

projccts. 

Supervisor: Dr. Daniel M. German (Department of Computer Science) 
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Chapter 1 

Introduction 

Source Control Systems (SCSs) track the rnodification history of software 

projects. SCSs record who made the change, where the change occurred, and 

when the change occurred to a software project. By using this information 

it is possible to learn how a SCS is used and how its use relates to software 

evolution. 

In recent years we have seen a growing interest in the retrieval of historical 

information from SCSs, for various purposes. Usually these systems extract 

information from the Concurrent Versioning System (CVS). CVS is widely 

used in the freelopen source community; as well, several old, mature projects 

keep their history in CVS repositories. These repositories are available to 

researchers. 

Typically a research project that wants to use this historical information 

starts with fact extraction. Facts are processed to create new information; 
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such as metrics [hIFH02, Ger04bl 01- predictors [GDL04, HH041. In some 

cases, this information is queried or visualized [GHJ04, Wu031. 

Some projects store the cxtracted facts in a relational database ([LS03. 

GHJ04. FPG03]), and then use SQL queries to analyze that data. Others 

prefer to  use plain text files and create m a l l  programs to answer specific ques- 

tions [NFH02], while others query the CVS repository every time [Wu03]. 

One of the main disadvantages of these approaches is that it is difficult 

to query this historical data: a query has to be translated from the CVS 

history domain into a query on a set of tables that is used to reprcsent the 

information; or thc query has to  be translated into a set of subroutines that 

are then executed on the plain text files. Furthermore, it is difficult to share 

data between tools as there are no standards for the storage or the querying 

of the data. 

Researchers are not the only group interested in the history of a project. 

Developers and accompanying management can significantly benefit from 

improved access to project histories. For instance, a developer may want to 

know the last developer to contribute to a particular function, if developer A 

worked in the file that was previously modified by developer B, or which files 

have been modified at the same time as another file. A skilled user of a SCS 

may be able to answer each one of these queries with the help of some shell 

scripts, but it is likely that another SCS shall have a completely different 

interface, thus a solution for one SCS probably cannot be easily ported to 

another SCS. 
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In this thesis we propose a query language: Source Control Query Lan- 

guage (SCQL), that, is domain specific to version control histories. This lan- 

guage uses an underlying abstrxt  model to describe version control systems. 

We then evaluate SCQL on several mature, large projects. 

The rationale a.nd rriotivatiori for this work includes wanting: 

to  ask questions of a SCS using first order logic by extending softchange 

0 to test some or part of Lehman's Laws of Software Evolution [Leh80]; 

0 to ask temporal questions of a SCS; 

0 to query inva.riants of a SCS; 

0 to  develop a provably correct system based on the data provided to it; 

0 to avoid the complexity of asking invariant queries using SQL or XQuery; 

to  ask one query across multiple projects; 

0 to ask existential, universal or aggregated queries; 

0 to ask queries which could use time both concretely and relationally; 

0 to compare and contrast results of queries asked across multiple projects; 

to see what useful information can be queried by using a rninimal set 

of facts (changes in a SCS). 
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120 
MRs * 

Releases 

Figure 1.1: Number of Revisions and MRs over time for the Evolution project 

A visual example of the data we are querying is provided in figure 1.1: 

this figure depicts the change history of the GNOME project's email client; 

Evolution, by the riurrlber of NIRs per day over the entire life of the project. 

Note the differing behavior around releases versus normal development time. 

1.1 Source Control Systems 

A SCS is expected to track each change for all files under its control. In 

this thesis we will use the CVS nomenclature. A developer completes a task, 

which required her to modify several files. The developer then submits these 

changes to the SCS, in what we call a Modification Record , or MR (this 

process has also been called a transaction). A NIR is atomic (conceptually 

the MR, is atomic, even though it may not be implemented as atomic by 

the SCS). A change to one or more files is represented in the SCS by a MR; 

which consists of one revision per file modified. A MR is, therefore, a set of 
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one or more file revisions by a single developer. The SCS should allow its 

users to  retrieve any given revision of a file. When given a date a SCS should 

determinc: what the most recent revisions were prior to  that date for every 

file undcr its control. 

SCSs vary in corrlplexity and fea,tures in regards to  how they track change. 

For example, Subversion and CMVC (Configuration Management and Ver- 

sion Control from IBM) guarantee that every MR is atomic and that each file 

revision properly references its corresponding MR. CVS; on the other hand, 

does not keep track of MRs (some heuristics have been developed to  rebuild 

these MRs, see [Ger04a, ZW041). 

Another important feature of SCSs is brunching. Branching creates branches 

of revisions, which are used for parallel development. Branches are further 

explained in sections 1.1.1 and 1.1.2. 

1.1.1 Version Naming 

Throughout this thesis we will be using CVS nomenclature to refer to revi- 

sions stored in the SCS. 

Trunk - This refers to the main branch. The main bra,nch will be 

considered the primary branch that work is done on or the branch 

which the SCS labels the Trunk. This is the main work flow of the 

project. 

HEAD - This refers to  the latest revisions t o  the files on the main 
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branch in a repository. HEAD is the name of main branch in CVS. 

Branch - This refers to a line of development. A branch can be for 

only one file or project wide, branches allow parallel development in 

different, version spaces. Branches are oftcn merged back into the main 

branch (the trunk). A developer can explicitly state that she wants to 

start a branch off the main development trunk or off of another branch 

at  a given point in the development. Any MR is then a part of either 

the trunk or a branch. 

For CVS the first revision is 1.1, the last number is an integer and it 

increases in increments per each new revision to  that file on that branch. 

If there is a branch! a branch ID is chosen and added to  the end of the 

revision number. 1.1.1 would be a branch where as 1.1.1.1 would be the 

actual revision which produced that branch. Note this is per file, not for a 

group of files, groups of files are tracked via their branch names [Fou04b]. 

1.1.2 SCS operations 

Operations on SCS specifically related to version control are: 

Checkout - A checkout operation is a request by the user to  receive a 

copy of the files in the repository at a certain time or version. The 

version checked out is commonly the head of the repository; however, 

it is possible t o  checkout older versions of the files or branched versions 

of the files. 
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Commit - A commit operation is a request to add changes to one or 

more files in the repository. In this thesis we will generally refer to 

commits as Modification R.ecords. A commit is a set of revisions asso- 

ciatcd with rrlult,iple unique files all changed by the same author and 

submitted t o  the repository at the same time. Not all SCSs (such as 

CVS) record the group of files that were committed at  one time. 

Upda.tc - An update takes a checked out working copy and updates the 

files of the working copy to  the head, or the requestcd version, of the 

current branch. If revisions to a file occurred on the branch that was 

checked out then that checked out version updated. 

Merge - Mergcs occur when a branch is joined or rejoined to anothcr 

branch. CVS does not record merges; merges must be donc manually. 

During an update, CVS will try t o  merge source code with the checked 

out modified source code. 

Branching - Branching refers t o  the creation of a branch. A branch is a 

line of revisions scparate from the main TRUNK. Modifying a branch 

means that the changes will not be seen on the HEAD of the rna.in 

TRUNK. Branching usually occurs if the developers want to maintain 

an older release of the software or they wish to experiment more and 

use the repository concurrently wit,hout disturbing those programmers 

working on other branches or the TRUNK. Some SCSs, such as Darcs, 

create new branches per each revision. 
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0 Report - Produces activity information regarding files and their revi- 

sions. 

1.1.3 Entities 

There are 4 main entities tracked by repositories: Authors, Files, Revisions 

and optionally Modification Records. 

0 Author: 

Authors are the creators; they create Modification Records: revisions; 

and files. Authors usually have varying access rights to  the repository. 

Some have access to the entire repository, whereas, others only have 

access to certain modules, or read only access. Usually authors are 

associated with a repository using a unique identifier such as a. user id. 

File: 

A file is basically a named location to  attach revisions to. When an 

user checks out a copy of the repository it contains files which are 

composed of the revisions of a branch, up to the point requested. The 

IEEE standard on Software Configuration Management (SCM) (IEEE 

828-1990 [IEESO, IEE981) recognizes files as configuration items that 

are identified a,nd named. 

0 Revision: 



CHAPTER, 1. INTR,ODUCTION 9 

Revisions are changes to a file. The change can be content a,ddition, 

content content modification, file addition or file removal. Re- 

visions are the basic building block of the SCS: due to branching they 

build either linear graphs, tree graphs; or acyclic graphs of revisions: 

associated with a file. Trees occur if there are branches of the file. 

Acyclic graphs occur if the branches merge ba.ck into a trunk or other 

branches. Revisions are usually grouped by file and then ordered by 

date of revision. 

Revisions are usually handled a.s "text diffs". Diffs are patches to a file 

to produce a new version. This usually entails adding and removing 

lines. Binary files are generally differenced at the byte level, totally re- 

placed, or differenced using a file-type specific diff (Subversion supports 

this feature). 

0 Modification Record : 

Modification Records (MRs) are groups of revisions a,dded to the repos- 

itory during one interval by one author. Some SCSs, such as CVS, do 

not store MRs; therefore, 1LIR.s must be rebuilt from the revision data. 

A CVS commit is considered to an MR. 

1.1.4 S C S s  

There are many SCSs available on the market: 
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CVS is the defacto SCS for Open Source projects. It supports revisions 

of files and does not, track commits. Commits are non-atomic whereas revi- 

sions arc atomic. CVS uses a centralized repository that can he used both 

locally and remotely. CVS does not track merges (merges are manual) but 

allows branching. Many SCSs, such as BitKeeper, export and import to and 

from CVS repositories. CVS is supported on many platforms. CVS is also 

used as a means of distribution in the BSD world where entire operating 

systems and their supporting programs are kept wit,hin a single repository. 

[Fou04a] 

Subversion is a multi-platform SCS attempting to be the successor of 

CVS. Subversion is an Open Source SCS project intent on replacing CVS by 

offering better features while still retaining some of CVS's simplicity. Sub- 

version uses a centralized repository much like CVS. Unlike CVS, Subversion 

supports renaming of files, tracking merges, and tracking directories. Sub- 

version provides support for revisions of directories and symbolic links. It 

also claims to support atomic commits. [Co104] 

R C S  is not a full fledged SCS; it supports changes on a per file basis 

and was used as the basis for CVS. It is multi-platform and is usually only 

used to handle revisions to a single file or a small personal task. [Fou03] 

Darcs is an Open Source distributed SCS like Arch or BitKeeper. Darcs 

supports a decentralized distributed repository which is Peer-2-Peer (P2P) 

in nature. A P2P-like repository is a repository which merges trees between 

multiple repositories rather than merging changes into a central repository. 
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However, it is intentionally kept clear and simple. Every revision is an a,d- 

&ion to  a tree of branches. Darcs is built, upon a formal theory of patches 

which the implementation tries to adhere to as best as it can. [Rou05] 

Bitkeeper is a multi-platform SCS that was formerly used in the devel- 

opment of the Linux Kernel [SC03]. Bitkeeper is developed by BitMover. 

BitKeeper is a P2P-like repository much like Darcs. BitKeeper supports re- 

naming of files, merging, and tracking directories. BitKeeper is similar to 

other SCSs and supports similar actions to CVS. BitKeeper also supports 

CVS integration. [Inc04] 

Arch is meant to be a BitKeeper replacement. It was initia.11~ made 

in protest to the use of Bitkeeper (a proprietary application) for Linux ker- 

nel development. At the moment, Arch is UNIX-centric although there are 

Win32 ports. It supports many of the features of Subversion, but it takes a 

less centralized approach; rather, it is P2P in nature [Lorod]. 

Clearcase is a SCS from Rational owned by IBM. It is similar to CVS in 

that it supports revisions to files, but it does not record groups of revisions. 

However, it supports the versioning of directories. Clearcase supports most of 

the CVS features, it even supports importing CVS repositories. Clearcase is 

very adaptable but is generally centralized. Clearcase is commercial software 

and is multi-platform. 

Perforce is a multi-platform SCS from Perforce. It consists of a central- 

ized repository like CVS that may be accessed both locally and remotely. It 

is easily integrated with many IDES, such as Microsoft Visual Studio, Bor- 
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land JBuilder and Metroworks. Perforce has the ability to merge 3 branches 

into one. It is a multi-platform SCS. [Per04b, Per04al 

Source Safe and Visual Source Safe are SCSs from Microsoft which 

do not follow the common route taken by Software Configuration Manage- 

ment Systems (SCMS). Instead of using a revision metaphor, source safe 

uses a snapshot metaphor. Snapshots refer to the whole project at  one point 

in time as if you had taken a picture of it. Source Safe is normally used 

locally, but has limited network support (3rd parties provide Source Safe 

over TCP/IP support). Unfortunately Source Safe is a commercial product 

currently available for Microsoft Windows only (although there are some 3rd 

party UNIX tools). It is popular because it is integrated with the Wlicrosoft 

Visual Studio IDE [Cor04]. 

1.2 Previous Work 

There is much previous work in the areas of software evolution, SCS fact 

extraction, SCS models, and temporal query languages. 

Lehman's seminal paper, "Programs, Life Cycles and Laws of Software 

Evolution" [Leh80], provided much of the inspiration for this avenue of re- 

search, particularly those aspects which discover invariants about change 

throughout time. 
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1.2.1 Mining Software Repositories 

This work is primarily related to work done in the Mining Software Reposito- 

ries [ChuO4], Software Evolution and Software Maintenance [Has051 research 

cornrnunities. SCQL was designed to  answer questions relating to these re- 

search topics. 

Mining Software Repositories (MSR) focuses on extracting, analyzing and 

interpreting facts extracted from a SCS, CMS, other software repositories or 

collections of releases [FG97]. MSR often deals with correlating the history 

of projects with current models of development. SCQL has been envisioned 

to calculate evolution based metrics. Godfrey et al. cover marly aspects 

of software evolution: applying metrics to multiple releases of the Linux 

kernel [GTOO], detecting code clones, extracting the evolution of software 

architecture and origin analysis [GDKZ04]. 

Mining repositories or release histories often consists of measuring ver- 

sions or releases or entities related to those releases. In [FG97], Gall et al. 

use change rates to describe different behaviors seen in the extracted data. 

Lopez et al. [LFRRIGBO4] mined the relationships among developers to pro- 

duce a social network graph. Xing et al. [XSO4] attempted to correlate 

differences in extracted UML diagrams with the style of a software project. 



CHAPTER, 1. INTRODUCTION 

1.2.2 Logics 

The systems of logic employed in SCQL were first order and temporal logic. 

There are various kinds of formal logical systems that are relcvant to this 

research both in formalism and the language itself. 

First Order Logic or First-Order Predicate Calculus is a system of logic 

built from variables, constants, predicates, functions and logical connectives. 

Functions can be domain specific thus our model is defined with it and our 

language is designed to  look like First Order Logic. And alternative to first 

order logic would be Second Order Logic, which is the "quantification over 

subsets of a domain, or functions from the domain into itself, rather than 

only over individual members of the domain" [Wik05]. 

Temporal Logic is a system of logic derived from tense logic, its purpose is 

to reason about entities with respect to time time. It is a logical system where 

elements of a domain exist in time and time relative questions relative can be 

asked. Tense logic has modal operators such as some time before, some t ime 

after., always before, and always after. Temporal Logic is expressible within 

first order logic. 

Linear Temporal Logic (LTL) is a temporal logic that reasons about future 

events in a linear fashion. These paths can be walks of nodes or states. LTL 

is often used for reasoning about event traces. It can reason about sequences 

of events or states. Concurrent temporal logic (CTL) reasons about future 

events via branching paths which represent possible decisions. CTL has been 

used in log auditing [BGHS04]. 
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1.2.3 Fact Extraction 

Fact Extractors extract facts from a. working SCS a,nd allow you to either 

qucry these facts or place these facts in a more accessible format. Fact 

extractors are directly related to our work because we rely on a fact extractor 

(softchange ) to create a database from a repository of a project. 

Fisher and Gall have discussed their fact extractor [FPG03], which is 

furthered refined in softchange by German [GerOLZa] and in another extractor 

by Zimm et al. [ZW04]. 

The implementation of our work, depends heavily upon softchange [GHJ04]. 

softchange is a fact extractor for CVS developed by Dr. Daniel German. 

It attempts to extract MRs from CVS repositories. The MR extracting 

algorithm is explained in German's paper "Mining CVS repositories, the 

softchange Experience" [Ger04aJ, which rebuilds MRs from revisions from a 

CVS repository. 

Kemerer and Slaughter[KS99] discuss methods of fact extraction and data 

analysis appropriate to MSR.. The paper goes into great detail about the 

various techniques and methods used to study software maintenance and 

software evolution. Other research goes into detail about source code entities 

and the ASTs of the actual source code [FSG04]. 
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1.2.4 SCS models 

SCQL includes a model of SCS that was based upon the models and SCM 

standards mentioned in this section. 

Conradi and Westfechtel provide an overview of SCMS and how they han- 

dle versioning [CW98, CW971. This survey supports the view that revisions 

form an acyclic graph. This paper is a good overview of what is needed in a 

general model of SCSs. 

Render and Campbell [RC91] proposed an object oriented model of SCS 

and Software Configuration Management. Their model was defined without 

a query language and shared many similarities with the model proposed in 

this thesis; both models are to a certain extent object oriented. The model 

consisted of many entity types, including composite and aggregated types. 

This complexity made it difficult to reason about the model. This model was 

considered when developing the SCS model for SCQL. 

The IEEE has provided standards and conventions for SCMs but do not 

provide much information regarding how revisioning, versioning, patching or 

ta,kiiig sna.pshots should be handled [IEESO, IEE981. 

There are many CMS and Version Control models in the literature. Dart 

[Dargl], discusses the main ideas behind CMSs, which is to identify artifacts 

and elements of t,he project, and to  store these elements. Many of the models 

focus more on modeling version control rather than modeling CMSs[CW97: 

Sci941; there is some focus on the version control of architectural entities such 

as objects or classes rather than source code [MZYOl, BM881. 
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1.2.5 Log Auditing 

In areas related t o  the use of our model and enginc, we havc found work that 

uses CTL, such as "R,ule-Bascd Runtime Vcrification" [BGHS04]. Th' is paper 

illustrated how temporal logic can be used in auditing system events to flag 

behavior that could be dangerous. "Log Auditing through Model Checking" 

also provided an excellent example of using temporal logic for auditing of 

events [RGOl]. This is relevant as logic could can be used t o  verify that 

certain behaviors are or are not taking place. Essentially this was one of the 

aims of this research. 

1.2.6 Query Languages 

SCQL allows user interaction with the model via a query language. The 

SCQL query language allows temporal and relation queries, some of which 

was inspired by these query languages listed. Many of the following query lan- 

guages were looked at  either because they queried a simila,r domain (graphs, 

time) or because they related t o  MSR. 

Amann and Schol17s [AS921 paper "Gram: a graph data model and query 

language", describes a query language used to  query graphs that model hy- 

pertext documents. The query language described is powerful in that it 

supports recursive queries. The query language is based on relational alge- 

bra as it seems to be inspired by SQL. The Gram query language focused 

on querying walks and paths in graph models. This relates to  the present 
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research because it is a query language specifically built for graphs. Unfortu- 

nately, it does not focus on first order logic (it is heavily focused on relational 

algebra). Also time semantics would have to  be hardwired into the graph. 

The language was inappropriate because of the lack of support for invariants 

and temporal constraints. 

Snodgrass produced a temporal query language named TQuel [Sno87]. 

TQuel is based on temporal logic and is an extension of the earlier query 

language Qrxel. TQuel supports aggregate filnctions such as summations~ 

average, minimum, maximum, etc. 

ATSQL as describcd in "Querying ATSQL Databases with Temporal 

Logic" [CTBOl] is a temporal query language based on SQL. It is intended 

to query temporal RDBMS. In this paper the authors describe how temporal 

logic relations are translated into ATSQL and vice versa. ATSQL works on 

abstract temporal databases (eg. ,  tuples with an inferred time) with opera- 

tors such as contains, meets, overlaps, and precedes defined temporally. 

Hipikat [CM03] is an excellent example of a SCS query system. Effectively 

Hipikat acts as a textual search enginc for software trails which are extracted 

from different sources including SCSs and mailing lists. Hipikat is one of the 

few query systems that was actually related to mining SCSs. 

XPath was evaluated as a possible query language for the model or as 

a back end. Cassidy [Cas03], suggested extensions to  XPath for directed 

graphs as well as strategies for using XPath with directed graphs. These 

were used for querying Linguistic Annotations. The structure of the data was 
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considered more complex than the hierarchical XML model was comfortable 

handling. 

1.2.7 Temporal Databases 

Temporal Databases were looked a t  since SCQL can use temporal quantifiers. 

Thcrc has been a lot of research regarding temporal databases over the past 

3 decades. Much of the work has focused on databases of tuples, which have 

either a relative time or a fixed time. This time might be extended by a 

period over which a state, event, or object exists. 

Gadia elaborated on TQuel and discussed TQuels weaknesses in [Gad88]. 

This paper discusses the application of relational algebra to temporal queries 

and proposes a data model that works well with temporal queries and rela- 

tional algebra. 

1.2.8 Metrics 

Metrics are software measurements. These are known algorithms that process 

some entity or group of entities and produce a measurable qua.ntifiable result. 

SCQL has been used to define some metrics [GH05], as well it has been used 

to calculate metrics. Due to  the fine grained granularity of SCQL, metrics 

are very important to describe the entities. 

Metrics are heavily used to study software evolution because they allow 

users to  measure and compare releases of projects to each other (as well as 
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comparing projects against each other). Mea,surements allow us to compare 

and contrast entities and  project,^. 

Metrics are used both for measurement and prediction. Examples of 

metrics used in software evolution include: 

coupling metrics derived from historical commit data [GJK98J; 

metrics for predicting or identifying design flaws [Mar04]; 

metrics that attempt to predict change [GDL04, Kun04, HH041; 

There is much research in the application of metrics to software evolu- 

tion [LPR+97, MDOlb, MDOla]. These metrics range from using metrics to 

describe differences in releases, to  metrics which measure aspects of change 

in a system. 

Metrics that measure the actual changes rather than comparing the sys- 

tem before and after an event, are rather relevant to this research. Metrics 

which measure the changes (revisions and diffs) themselves have been pro- 

posed by both Ball et. a1 [BAHS97], Draheinl [DP03] and German et al. 

[GH05]. These are metrics which measure and describe fine grain changes 

rather than just providing a difference of a metric between two versions. 

1.3 Hypotheses 

We are attempting to  produce and evaluate a query language and model of 

s c s s .  
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Hypothesis 1: Can we produce a query language that allows us to  com- 

pare multiple projects? That is, one query sholild work and execute on any 

project. This hypothesis suggests that the queries will be rclativc and operate 

on an abstraction of a SCS for a project. 

Hypothesis 2: Can we produce a hlodel which can represent rriultiple 

projects such that we can effectively query multiple projects with the same 

query? Our model should focus on what hasn't been done that well by the 

current representations, which is a formal model, and non-relational algebra 

based model (not SQL tables and qucrics). 
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Model 

After using softchange it became evident that the relational niodel used was 

quite limited. Not only were SQL queries difficult to deal with, the database 

schema was the model of the SCS itself. However, softchange is very useful 

for certain queries which use aggregates or string matches. In this section 

we will discuss a model that affords questions about logical invariants found 

in SCSs. We will call this model and query language, Source Control Query 

Language (SCQL). 

The purpose of the model is to create a system in which expressive and 

powerful questions can be stated and evaluated, specifically, questions about 

invariants in the SCS. In particular, we are interested in a system that sup- 

ports the ability to ask questions with respect to time. The model must be 

of reasonable complexity so that interesting invariant ba,sed questions may 

be asked and answered, while being simple enough that questions can be 
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expressive without excessive complexity. 

Questions regarding time are often relative (i.e., did events occur before, 

after, or during another event: did event A immediately precede event B?) 

We will assume that the concrete time associated with entities is unique and 

atomic with respect to revisions. There is effectively no "during" for entities 

of the same type. Entities occur before, after, or at the same time relative 

to other entities. We need a model where we can use a subset of temporal 

logic (before and after) easily and efficiently. 

2.1 Characteristic Graph of a Source Code 

Repository 

We have decided to model an instance of a SCS as a graph. Graph nodes are 

used to  represent the entities (NIRs, revisions, files, and Authors) and their 

edges to represent the interrelationships (including some of the before, and 

after relationships). Given an instance of a SCS, we can create a directed 

graph that represents it. Attributes of these entities can be expressed as 

maps. 

We are interested in a process that, given a query on an instance of a 

SCS, we can translate this query into a graph query. We can then answer 

the original query by solving the graph query. 
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Author 

1 * 
MR Revision -k 

0.. 1 

File 

Figure 2.1: Model Node / Edge cardinalities [HG05] 

2.2 Entities 

The data model for SCQL contains four different types of entities: MRs, 

Revisions, Files and Authors. Figure 2.1, describes the cardinalities of nodes 

and edges in the graph. Note how both MRs and Revisions link t o  Authors 

and how only Revisions reference Files. 

MRS. The MR entity models a modification request. MRs have at- 

tributes such as log comments and timestamps of their revisions (date, 

time). In our model, MRs are atomic; therefore, no two MRs have the 

same timestamp and each MR has a unique ID. We created a partial 
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relation based on this timestamp: for any given pair of different MRs 

(a, b), a occurs before b; or b occurs before a. Thus when one or more 

MRs exist, there will be one MR, which has no MRs preceding it and 

there will be one MR, with no MRs occurring after it (of course, these 2 

cases could be the same MR if there was only one h4R in the system). 

The set of all MRs in an instance is called MR. MRs are linked to the 

next MR in time by an edge. The purpose of time being expressed by 

an edge is to explicitly encode in the graph structure the importance 

of this partial relation between NlRs; time is the navigable relation 

between MRS. 

Authors are related to  MRs in that there is only one author for each 

MR,. The edge extends from the MR, to the author. MR,s are related 

to files through their revisions; therefore, an MR might be related to 

many files. Although an MR's author may be derived from the author 

of its revisions, an edge extending from an MR to an author allows for 

greater graph navigability. A single MR cannot contain (by contain we 

mean an edge extends from the MR to the Revision) more than one 

revision of the same file. 

MRs are often built from revisions as some SCSs like CVS do not track 

MRs[Ger04b]. 

Revisions. Each revision corresponds to one and only one file, and 

each revision can be uniquely identified by a revision identifier and by 
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the file it corresponds with. 

Revisions are much like MRs; they all have unique timestamps. If there 

exists two revisions with the same time in a repository we assume, due 

to  the atomicity of adding a revision: one revision had to  occur before 

the other. Thus, a unique timestamp is assigned to each revision, even 

if they are part of the same MR. This guarantees that we can always 

determine which revision occurred first. Revisions could be interleaved 

in time with revisions of another MR. Revisions have attributes such 

as the diff of the change, the lines added in the revision, and the lines 

removed in the revision. The amount of meta-data stored in the SCS 

varies widely from one implementation to the next. Meta-data also 

depends on the kind of the file that it modifies. For instance, it might 

not make any sense to compute the number of lines deleted from a 

binary file. The set of all revisions in the graph is denoted as Revision. 

Revisions are also associated with an author. They are associated with 

the same author as their MR. As such, all revisions of one MR have 

the same author. MRs often don't exist in the original SCS, rather, 

the author is inferred through revisions; that is, revisions comprise the 

actual data upon which MRs are built. Revisions are not directly linked 

through time because they have more complex relationships with each 

other. Surrounding each file is an acyclic graph of revisions that might 

branch like a tree or merge back together like a stream. Revisions are 

linked to other branching or consecutive revisions of the same file. 
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0 Files. A file is simply a name and location at  which revisions are added 

[IEESO, IEE981. Each file serves as the "anchor" of an acyclic graph of 

revisions. A version of a file is the result of applying patches in chrono- 

logical order from the root of a tree to  the requested version. It is im- 

portant to mention that,  even though SCSs track files, they could also 

track other types of objects (such as functions or classes). Files have 

a filename attribute, the full path, which is guaranteed to be unique 

for each file in a project. This filename may be used to  derive such at- 

tributes as the basename, the extension, and the directory name. Files 

can be a,ssociated with a module if the module is named and identified. 

For simplicity, we will assume that each file has a unique timestamp. 

The timestamp is the timestamp of the first revision to  that file, and 

again, due to the atomicity of revisions, file timestamps are guaranteed 

to be unique over all files. The timestamp can be interpreted as the 

time in which the file was added to  the system. Questions such as 

"which files were created before this file was created?", could then be 

asked. The set of all files in the graph is denoted as File. 

Authors. Authors are simple entities. Their main attribute is their 

unique userid. Authors may also have many attributes (such as the 

name of the person or their email). There is only one author associated 

with one MR and all of the revisions of that MR; however, one author 

could also be associated with several MRS. Authors are not directly 

related to files as files can be revised by multiple authors. Authors, like 
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files, are timestamped with the timestamp of the first revisions they 

contribute. The set of all authors is denoted as Author. 

The cardinality of relations could change given new SCSs. For instance 

the number of authors related to an MR, could be more than one if the SCS 

supports the idea of collaborative work or pair programming. 

2.3 Formalizing the characteristic graph 

Formally we define the characteristics graph G of a SCS as a directed graph: 

G = (V, E )  

where: 

V = M R  U File U Author U Revision 

e = (v l ,  v2 )  E E if 

0 vl E Revision, u2 E File iff vl is a revision of v2: or 

vl E Revision, v2 E Author iff v2 is an author of vl:  or 

ul E M R ,  vz E Author iff v2 is an author of v l ,  or 

0 vl E M R ,  v2 E Revision iff vl contains revision v2, or 

0 v l ,  vz E MR iff vl is the M R ,  immediately before v2, or 
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0 Z J ~ ;  v2 E Revision iff vl and v2 correspond to the same file f and vl is 

a revision of f and a parent revision of vz. 

2.3.1 Primitives 

There are 6 data types in our model: 

0 Vertices - Entities 

0 Edges - Relationships 

0 Sets of Vertices - Sets of entities (abstraction of edges) 

0 Numbers Used for numerical questions (aggregate functions and time) 

0 Strings - Much of the data in the repository is string data and must 

be represented in the functions and attributes. 

0 Booleans - Used for invariants and first order logic. 

Primitive "isa" functions determine whether a vertice belongs to one of 

the entity subsets. Assume 4 is an entity; therefore, 4 E V. We define: 

isaMR(Q) (is Q a hlR),  isaRevision($) (is Q a Revision), isaFile(Q) (is Q 

a File), and isaAuthor(4) (is $ an Author). We will describe the opera- 

tions with prinlitives in detail, as they directly relate to the query language 

operations described later. 

Binary and Unary Boolean Operators used in our model operate on 

boolean values and produce boolean values. Let P and Q be boolean propo- 

sitions. 
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0 P = Q - Bijection 

0 P + Q - Implication 

0 P A Q - Logical And 

P V Q - Logical Or 

0 1P - Boolean Not. Not was included since we are not focusing on 

Horne clauses like Prolog does. 

0 (P) - Parentheses - used for order of operations 

Vertex operators operate on vertices and return boolean values. Let 4 

and 0 be vertices in V. 

4 = 0 - 4 and 0 are the same vertex. 

0 41 = 0 - 4 and 0 are not the same vertex. 

Subset (S E (MR, Author, File, Revision)) and summation (C) opera- 

tors used in the rnodel operate on strict subsets of entities of the same type. 

Let a c S, where a is a subset of one of the subsets MR, Author, File or 

Revision. a cannot contain entities of two or more different types. Let y be 

a numeric expression (a function that maps an entity to a numeric value). 

(4 E alp($)) - Produces a subset of cu such that P (4 )  evaluates to 

true for each element in this subset. 
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0 CmEa y(4) - Produces a, summation of the numeric values returned 

from y(#) for each # E a. y ( 4 )  is a numeric function that optionally 

uses # as a parameter. 

Existential and universal operators operate on edges, vertices, subsets, 

and propositions. Let # and 0 be vertices. 

0 34 E a(P(#) )  - The existential operator implies that # exists in the 

finite set a (4  E a )  where P(4) is true. 

0 'v'4 E a(P(#) )  - The universal operator implies that P(#) is true for 

all elements in the finite set a. The universal operator can be derived 

from 734 E a(+(#)) 

The following operators operate on numeric expressions: 

0 x 0 y where E {+, -, *, /) - These operators return numeric values 

and use numeric parameters 

Z* y where E {=, #, >, <, <=, >=) - These operators return boolean 

values and use numeric parameters 

These are the string primitive functions (let i: j E R, let k ,  1 E Z): 

0 nurnberToStr(i) H String - Returns a string representation of the 

numeric value i 

0 length(#) H R - R,eturns the number of characters in the string #. 
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a substr(b; k ,  1) H String - Returns the substring starting at character 

k (0 indexed) that, is I characters long (if I + k >= length($) then the 

string is truncated to length($) - i characters, if i >= length($) thcn 

undefincd is rcturned) 

a eq($; 8) H B - Retnrns true if 4 and 0 are the same string 

concat($; 8 )  H String - Returns a new string that is the in-order con- 

catenation of d and 8 (with no delimiter). 

a matches($; 8) t-t B - Returns true if 8 is a substring of $ 

These are composite functions; composed of primitives. Let S be a subset 

of V, $; 8 be vertices and let y be a function that maps to a numeric value. 

isEdge($,B) H B u ($,8) E E - Is there an edge between $ and 0 

(there are no self referencing links so isEdge(4: 4) is always false) 

a sum($ y) H R ==+ Cmes y($) - Summation of the function y applied 

to all elements of S. 

a count(S) f-t R ===+ swm(S, f )  - Counts all the elements of S, where 

f (x) = 1 for all x (this is equivalent t,o I ( % I ( ;  the number of elements in 

the subset) 

a avg(S, y) H R ==+ sum($, y)/count (S) - Average of the results of 

the numeric predicate y applied against all elements of the subset S 
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max(S,  y )  F-+ x1V4 E S ( x  >= 4)  - Returns the maximum value of all 

elements of S applied to  y (x is the maximal numeric value). 

0 min(S ,  y )  H x1V4 E S ( x  <= 4)  - Returns the minirriurri value of all 

elements of S applied t o  y (x is the minimal numeric value). 

For the following functions let 4 E MR:  B ,  Q2 E Revision, r E File, and 

$ E Author: 

0 isAuthorO f ($, 4)  H B u isEdge(4, $) - Is $ the author of the 

MR d? 

0 isAuthorO f ($, 8)  tt B u isEdge(Q, $) - Is $ the author of the 

revision B? 

i sMRO f (4, $) H B u isEdge(4, $) - Is the MR, Q created by the 

author $J? 

0 i s M R O f ( 4 , B )  H B e isEdge(4,B) - Is the MR 4 the MR of 

revision Q? 

0 isRevisionO f (8 ,  $) H B u isEdge(4: $) - Is the revision B created 

by the author $? 

0 isRevision0 f ( 8 , 4 )  H B u i s M R O  f (4 ,Q) - Is the revision B part 

of the MR d? 

0 isRevisionOf(Q,-r) H B e i s E d g e ( 8 , ~ )  - Is the revision Q a 

revision of the file +? 
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isFileO f (r,  0 )  H B +=+ isEdge(0, r )  - Is the file r associated wit,h 

the revision Q? 

isFileO f (r, 4) I--+ B +=+ 

3a E Revision s.t. 

(isRevision0 f ( a ,  4 )  A isFileof (7, a ) )  

- Is there a revision of file r that is a revision of the MR. 6,' 

revBe f ore(4,Q) H B ===+ 

- Does revision 0 occur (revision wise) before revision 02, and do both 

19 and 19~ modify the same file? 

revA f ter (0; 02) H B +=+ revBe f ore(Q2, 0 )  - Does revision 0 occur 

after revision Q2 and both ,0 and 62, modify the same file? 

i s M R O f  (4,  r )  I-+ B u 3isFileOf (r ,4)  - Is the file r a file of a 

revision of d? 
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We implement attributes using ma.ps. Attributes may be subsets, strings, 

numerics. or booleans. Another assumption is that the output of a mapping 

is only valid if a node or edge of a correct type is used as an index to the 

map. All other inputs produce an undefined value. More attributes can be 

added at any time but these are the expected attributes. 

Attributes that return entities return a subset of entities even if this subset 

only contains one element. The motivation behind this decision is that scope 

is created each time a new entity is accessed. This makes for consistent 

access to entities. Since sets are rcturned we use plural function names. One 

valuable aspect of returning sets is that empty sets can be returned and 

handled uniformly via universal and existential scopes. Repeated attribute 

definitions can be assumed to be combined together using logical ORs. 

time(q5) H R =$ - If q5 E V return the time attribute of 4 ; 

MR Attributes 

- mrID(q5) H String - R.eturns the MR Identifier of an MR,. Maps 

4 to a string if q5 E MR return the mrID attribute of 4 otherwise 

return undefined 

- logEntry(q5) I+ String - Returns the log entry string of an MR if 

- authorname(q5) H String - Returns the author name string of an 

MR (if 4 E MR V q5 E Author returns the name of the author) 
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- authors(@) w S - Returns a set containing all the authors (one 

author) of the MR (if $ E M R  returns (0 E AuthorlisEdge(q5; 0))) 

- revisions($) H S - Returns a set of Revisions that were associ- 

ated to the MR ( if 4 E MR returns (0 E RevisionlisRevisionO f (Q> 4))) 

- files(4) ++ S - Returns a set of files of the revisions of the MR ( 

if q5 E MR returns (0 E IFile(isFile0 f (0, $))) 

- nextMRs(@) H S - Returns a set of the MRs consisting of the 

next MR in time (if @ E M R  returns (0 E MRlisEdge(@,O))) 

- prevMRs(@) H S & - Returns a set of the MRs which 

were the directly previous MR in time (if 4 E MR returns (8 E 

MRlisEdge(@,O))) 

Revision Attributes 

- reuisioniD(8) H String - R,eturns the revisionID of the revision 

(if 0 E Revision returns the revisionID attribute of 0) 

- daterev(0) H String - R,eturns thc date of revision string (if 

0 E Revision return the date attribute of 0) 

- timerev(0) H String - Returns the string representation of the 

time during the day of the revision (if 0 E Revision return the 

time attribute of 0) 

- linesAdded(8) ++ R - Returns the number of lines added in this 

MR (if 0 E Revision return the linesadded attribute of 0) 
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- linesRemmed(6) H R - Returns the number of lines removed (if 

6 E Revision return the linesremoved attribute of 6 )  

di,f(6) H String - Returns a string of the diff contained in the 

reposikory between revisions (if 0 E Revision return the diff at- 

tribute of 6 )  

- files(6) H S - Returns a subset containing the File entity the re- 

vision modified (if 6 E Revision return ( 4  E FilelisFileO f (q5,6))) 

- mrs(8)  H S - Returns a subset containing the MR entity that is 

related to this revision (if 6 E Revision return ( 4  E MRlisMRO f ( 4 , 0 ) ) )  

- authors(6) H S - Returns a subset containing the author who au- 

thored this revision (if 6 E Revision return ( 4  E AuthorIisAuthorO f (4 ,  0))) 

- nextRevisions(6) H S - R.eturns a subset containing all the child 

(revA f ter)  revisions of this revision (if 8 E Revision returns ( 4  E 

RevisionlrevA f ter(Q,q5))) 

- prevRevisions(6) H S - Returns a subset containing all the parent 

(revBe fore) revisions of this revision (if 0 E Revision returns 

( 4  E RevisionlrevBe f ore(& 4 ) ) )  

File Attributes 

- filename(7) ~-t String - Returns the string of the filename of the 

File (if 7 E File return the filename attribute of 7 )  

- module(r) H String - Returns the string of the module with 
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which this file is associated (if I- E File return the module attribute 

of 7) 

- mrs(r)  H S - Returns the subset of MRs which have a revision 

of this file (if r E File return (0 E MRlisA!lRO f (0; 7))) 

- revis ions(~)  H S - Returns all the revisions associated with this 

file (if 7 E File return { B  E RevisionlisRevisionO f ( 0 , ~ ) ) )  

- filesInModu.le(~) H S - Returns a subset of files which be- 

long to the same module as this file (if r E File return {@ E 

IFileleq(rnodule(r), rnodule(0)))) 

0 Author Attributes 

- userid(+) H String - Returns the string of the author's userid 

used in the SCS (if $ E Author return the userid attribute of +) 

- mrs(+) H S - Returns all of the MRs authored by this author (if 

$ E Author return (6 E MRlisMRO f (@, $))) 

- revisions($) H S - Returns all of the revisions authored by this 

author (if $ E Author return (0 E RevisionlisRevisionO f (0; 4 ) ) )  

2.3.2 Time 

For MRs, if x, y E MR and 3(x, y) E E, then x comes immediately before 

y and y comes immediately after x. Therefore, given two different MRs: 

x, y E MR , x is before y if there exists a walk from x to y along edges 
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( u ,  v )  E ( ( 4 ,  Q )  E El$: Q E MR). This is recursively expressed using the 

predicate: 

be fore(z: y) u i s M R ( x )  A i sMR(y )  A 3(a,  y )  E E(  

i sMR(a)  A (isEdge(x, y) V be fore(z, a ) ) )  

After is defined for MRs: 

For other entities and MRs before(x, y) u t ime(x)  < t ime(y) and 

a fter(x,  y) u be fore(y, x ) .  

Version wise we can traverse the edges between revisions to find the trails 

of change for a particular file f :  

E f  = { ( u ,  v) E El (isRevision0 f ( v ,  f) A isRevision0 f ( v ,  f ) ) }  

With edges in E f  we can traverse edges for a particular file. If there is 

a walk using the edges of E f ,  for all those vertices in that walk, ea.ch vertex 

belongs to  Revision and each vertex links to the same vertex x in File. 

Our graph creation rules dictate that files are only related in time to their 

first revision thus this invariant will be true for any properly made graph: 
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'dq, 6 E IFile(d # 0 ===+ time(4) # time(@)) 

Authors have no time properties associated with them other than the 

time of revisions and AIRS they produce. We have decided to give an author 

a time of their first MR,. This allows us to  compare when authors join a given 

project: 

2.4 Extraction and Creation 

The general algorithm for extracting and creating a graph from a SCS is (as 

described in the paper by Hindle et al. [HG05]): 

Each file becomes a vertex in IFile. 

Each author becomes a vertex in Author 

Each revision becomes a vertex in Revision. Assign revisions unique 

timestamps and connect each revision its corresponding author and file. 

Create vertices for each MR. The MR inherits the timestamp from its 

first file revision. Associate the MR, to its author. 

Each MR is then connected to  the next MR (according to their times- 

tamp), if it exists. 
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For each file, connect each revision to the next revision of the file; 

version-wise. If branching is taken into account, only revisions in the 

sa,me branch are connected in this manner, and then branching and 

merging points are connected. 

2.4.1 Detailed Graph Generation 

The following is an overview of how to create an instance of the equivalent 

graph of a CVS repository. 

Extract all the revisions from the repository. Each revision becomes a 

vertex. 

For each revision, create a file vertex for the file the revision is a,ssoci- 

ated with only if a vertex for such a file does not already exist. 

For each revision, create a revision vertex. Create an author vertex of 

the revision's author if one does not already exist. Create an edge from 

the revision vertex to the author vertex. 

Crcatc an edge from the revision vertex to the file vertex of the files 

with which it is associated. 

Run the MR extractor algorithm [GerOdb] on the revisions. For each 

MR., create an MR vertex with a unique time based on the earliest 

revision with which it is associated. 
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For ea,ch MR: create an edge from the MR vertex to the revision vertices 

it is associated with. 

For each MR vertex, create an edge from the h4R vertex to the author 

vertex who is the author of the MR and all of the MR's revisions. 

For each MR. vertex create an edge from that MR. vertex to the next MR 

vertex in time only if there exists an MR vertex with a later timestamp 

than this MR vertex. 

For each file, for each of its revisions (x): 

- If a revision x is a parent revision of revision y, create an edge from 

x to y. Pa,rents can be determined by the SCS's versioning system 

or the patches. In CVS it may be the case that version 1.3 is the 

parent of to 1.3.2.1 and 1.4 (but 1.3.2.1 might not be a parent of 

1.4 (if it was, the branch merge would have to be detected)). This 

case covers both branches and branch merges. 

When t,his algorithm terminates, the result, is a characterist,ic graph of 

the instance of the SCS. 

Some repositories such as CVS do not record branch merges. Branch 

merge identification can be done using techniques discussed in "Populating a 

Release History Database from Version Control and Bug Tracking Systems" 

[FPG03]. Branch merge identification is not 100% accurate; therefore, by 

integrating branch merge data, the graph is more of an interpretation of the 
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SCS rather than an exact representation of the SCS. hIRs are derived; they 

are not necessarily accurate representations of  commit,^ either. 

An example of the produced graph is depicted in figure 2.2. An example 

of how revisions are structurcd with respect t o  cad1 othcr is depicted in figure 

2.3. 

2.4.2 Formal Graph Generator 

For the formal extraction we assurrie that we have a list of tuples. (File- 

name,RevisionID,Userid,Time, ...) These tuples are extracted revisions from 

a CVS repository. All these tuples are stored in the array R. Let there be a 

function timesort(cu) which sorts an array of tuples by the Time column in the 

tuple. germaniWRExtractor() is the implementation of algorithm that pro- 

duces MRs from revisions [Ger04b]. Assume germanMRExtractor() adds 

edges from the MRs t o  the revisions. addNode() sets all the data in map. 

Branch Merge detection is done after this algorithm is run. (The source code 

is in pseudo-SML notation) 

l e t  s t re tch t ime  l i s t  = 

l e t  countdups cur r  l a s t  = funct ion 

[I -> 0 

1 x : :x s  -> i f  ((timeof x) = l a s t )  then 

max (cur r+ l )  (countdups (cur r+ l )  (timeof x) xs) 

e l s e  
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countdups 0 (timeof x) xs 

in 

let dedup last count = function 

i-1 -> [I 

I x::xs -> let t = timeof x in 

if (last = t) then 

(chgtime x (t + count + 1) ) : : (dedup t (count+l) xs) 

else 

x: :dedup (timeof x) 0 xs 

in 

let c = 1 + countdups 0 0 list in 

dedup 0 0 (List.map (fun x -> chgtime x ((timeof x) * c)) list) 

. * 
Y Y  

let extractor R = 

let c := -1 

#atomicize the revisions if there are conflicts 

let R = stretchtime R 

#now all tuples have unique time 

(Revision,MR,Author,File,V,E) = (Emptyset,Emptyset,Emptyset, 

Emptyset,Ernptyset,Emptyset) 

iter (fun r -> 

let r = addNode(r,Revision) in 
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let f = addNode(filename(r),File) in 

let e = addEdge(r,f,E) in 

let a = addAuthor(author(r)) in 

let ea = addEdge(r,a,E) in 

1 R 

let MR = germanMRExtractor(Revision,Author,File,E) in 

iter (fun m -> 

let m = setTime(m,fold (fun old r -> min old time(r)) 

maxtime revisions(m)) 

let e = addEdge(m,author(first(revisions(m))),E) 

> MR 
for i in 1 . .  IMRI 

let m = MR[i] 

let p = MR[i-11 

addEdge(p,m,E) 

iter (fun f -> 

let revs = revisions f in 

iter (fun rl -> 

iter (fun r2 -> 

if (revLt (rl ,r2) && previous (rl, 2) ) then 

add~dge(rl~r2,E) 

) revs 

) revs 
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) F i l e  

(Revision,~R,~ile,~uthor,V,E) 
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Figure 2.2: Example Model Subgraph 

File1 Revision1 .I Fdel Revisionl.2 File1 Revisionl.3 Fdel Revlsion1.4 Fllel Rev1sionl.5 

I 
branch I merge / 

Ftlel Revisionl.3.1 File1 Revisionl.3.2 

Figure 2.3: Example Revision Subgraph 
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Language 

The present model is defined by using a graph theoretic language combined 

with restrictions described using first order logic and sets. We want to pro- 

duce a language that is close to  the model and the theory so that we can make 

proofs regarding the correctness of the answers to  the queries. Our language 

should also support queries that query time both relatively and concretely. 

Concrete time refers to  exact times and dates. R,elativc time refers to  time 

relative to  an event or time attribute of an object. Before and after are 

examples of relative times where as December 1st 2005 is an example of a 

concrete time. 

The language should allow for edge traversal and iterating over vertices. 

We want to  be able to easily ask questions both globally and locally in relation 

to  the entities in the model. 
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Basis 

The basis for our language will be First Order Predicate Logic (FOPL). 

FOPL can handle the temporal aspects of temporal logic [AHV96], while 

still being powerful enough to handle reasonable queries. 

The language allows for queries that have not only boolean answers but 

string, numeric and set based answers as well. Also print statements are 

provided to allow for debugging of queries and calculating metrics per entity. 

General features of the language are: 

A multi type system to provide answers of different types to queries 

Graph access (via entities and attributes of entities) 

Edge Traversal (via subsets of entities) 

Extrapolation of partial relations (via subsets of entities) 

Multiple scopes to iterate and test subsets 

Arithmetic operations 

String operations 

3.2 Motivation 

We were motivated to  produce a new language because other languages re- 

quired too much effort to traverse typed graphs like our model. By effort 
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we mean the act of translating a question into the query language. We will 

assume that models which do not map well to our mental or formal model 

of the domain are harder to query than those models which are more similar 

to our model. It is harder to ask graph questions with a relational model of 

a graph model than to ask questions of the graph model itself. Conversely, 

it is hard to ask relational algebra related questions of a graph model. We 

found that XQuery was hard to use for this purpose since it was not well 

suited to graphs. XQuery required that the data be hierarchical in nature 

(XTVIL). Without hierarchical structures, the XQuery language requires ref- 

erences through partial relations. This makes any sort of query acting in the 

reverse direction of the hierarchy or across multiple hierarchical tree nodes 

very difficult to express. 

SQL based querying suffers from mapping from one domain, relation alge- 

bra, to another, first order logic and graphs. SQL can use relational algebra 

to solve the queries but it isn't semantically built for graphs. It is meant 

to query and combine tables of values, not deal with somewhat hierarchical 

and path based structures. Finding paths in graphs or iterating through the 

related elements of a graph in SQL is possible but is not an easy or elegant 

way to express a query. 

Some aspects of temporal logic and first order logic are represented in the 

SCQL query language. Aspects of temporal logic were used which fit better 

into a system of multiple types. 
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3.3 Language 

The language consists of a few atomic predicates: boolean values (True, 

False), strings ( "string"), numbers (1, 1.0). We can conibine these atonlic 

predicates into expressions using operators. The language is composed of 

many operators and quantifiers: 

Binary operators: + : == j < , - 7  > > , < , ! = , + , - , / , * , & & , I /  

Unary operators: 1 

Universal Q~ant~ifiers: v b e f o r e  , 'dafter , V 

Existential Quant,ifiers: qbefore , 3 a j t e r  , 3 

Predefined Functions: f unction(x) 

Attributes: x.Attribute 

Identifiers : xi node, y 

Variables store instances of entities such as MRs, Authors, Revisions or 

Files. Each entity usually has a host of attributes accessible using the no- 

tation x.attribute. Variables are only created when scope is created; thus 

there is no real assignment other than selection based scope (anchors). The 

universal, existential, subset, and selection quantifiers produce scope; they 

bind a variable to  both an entity type and an instance of a entity. This 

variable will be used to iterate over the subset provided. We will refer to the 
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quantifiers as scope producers or scopes. A Universal scope produces a new 

scope that will have its predicate evaluated for all elements of the subset that 

the scope is itcrating over. Universal and Existential scopes iterate over an 

entire domain or a subset of that domain. Selcction based scope (anchors) 

find matching elements and iterate over them. 

Attributes are of different types, as described in the model. For the 

purposes of the language, we will abstract edges into sets of entities. Edges 

can be explicitly queried using the isEdge function. 

There are functions that rcturn sets, strings, numbers, or boolean values. 

These functions can accept entities, sets; strings, numbers, or boolean values 

as parameters. 

Existential scopes imply that the proposition will be tested throughout 

the entire domain until the proposition is found to be true; while universal 

scopes will test the proposition till an element evaluates as false. If the 

preposition is false for all of the elements in the subset, an existential scope 

returns false. If the preposition is true for any element in the subset, then 

an existential returns true. For empty domains, the existential scope returns 

false, but the universal scope returns true. 

Existential and Universal scopes are extended by the temporal modifiers 

"before" and "after" ('dbef,,,, 'dafter, 3 b e  ore,  qafter). These modifiers take an 

extra parameter of an entity or time. This entity is used to  relatively test 

other entities if they come before or after it. If the tested entities match 

(either they are before or after the parameter entity) they are tested via the 
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proposition supplied to the scope. I t  is analogous to testing be fore($) + 
P($)  or a f ter($) A P($) (depending on if a universal or existential scope is 

used) instcad of just P(q5). where P is the predicate. 

Subset based scopes iterate through all the elements in a subset of entities 

(such as MR, Revision, File . Author). They produce a subset by selecting 

entities that cause the predicate to evaluate as true. A subset can only be the 

same size or smaller than the set it is selected from. Subsets in the language 

can only be subsets of one kind of entity (MR, Revision! File , or Author) 

Mapping the Model To The Language 

Let the function t be the translation function where given a preposition P(a ) ,  

where a is the parameter, it will convert P ( a )  into its representation in the 

SCQL query language. This will be used heavily in table 3.4 to  convert prepo- 

sitions. This function exists t o  allow a clear translation. Let the notation 2" 

map to the power set of a (since P is already used for propositions). 

Table 3.4 describes various elements of the language but uses the follow- 

ing definitions. The rest of this section will use following definitions unless 

otherwise stated. Let MR = MR, Author = Author, Revision = Revision, 

and F i l e  = File . Let a E {MR: Author, Revision; File). Let a be called a 

domain and subsets of a be a sub-domain. Thus domains and sub-domains 

are subsets of entities of the same type. A sub-dornain can be a domain. Let 

36 (2MR u 2~evision u 2File U . Let 6 be a subset of vertices that is a 
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subset of either MIW: IWe.vision, File, Author. Let 35 E { set of attribute func- 

tions ). Let, 3y E { set of functions ) . Let 34, 0 E { set of all variable names). 

Let P(4) be a proposition on 4. P returns a boolean value. Let EMRTime be a 

subset of edges such that 'd(a, b) E Eh.IRTi~Lei~~~R(a)~i~&~R(b)~be fore(a, b). 

Let I and J be numeric expressions. Let P and Q be boolean propositions. 

Let S and T be string expressions. Let N ( 4 )  be an expression that produces 

a numeric value. Let T(4) be an expression that produces a string value. Let 

U ( 4 )  be an expression that produces a subset value. 

The anchor selection is a short cut scope that attempts to  use logarithmic 

to  constant time access to query one entity. It is similar to an arbitrary 

assignment but is meant for fast access of entities. 

Scopes iterating through MRs generally start at the first I\dR in time and 

follow through to the next MR using the edges in EMRTime.  In the case 

of an existential operator, once a certain MR satisfies the proposition, no 

further MRs need to be evaluated. If no MR satisfied the proposition of the 

existentia,l operator, the existential operator is evaluated as false. In the case 

of the uiiiversal operator, once an MR, does not satisfy the proposition, no 

further MRs need to  be evaluated as the expression is evaluated as false. 

Scopes were made explicit to illustrate the possible complexity of a query, 

where first order logic query 3a, b, c, d E V(P(a,  b? c, d)) does not look like it 

would take 0(n4) but it could if executed naively. This is much more obvious 

in scoped form: 
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Name 
M R  
Revision 
Author 
File 
Not 
Iniplics 
Bijection 
Logical And 
Logical Or 
Equals 
Not Equals 
Less than 
Less than or Equal 
Greater than 
Greater than or Equal 
Addition 
Subtraction 
Division 
Multiplication 
String Equality 
Universal (general) 
Universal (cg.) 
Existential (general) 
Existential (eg.) 
Attribute 
At tribute (eg.) 
Function 
Function (eg.) 
Universal Before 
Universal Before (eg.) 
Universal After 
Universal After (cg.) 
Existential Bcfore 
Existential Before (eg.) 
Existential Aftcr 
Existential After (eg.) 
Subset 
Subset (eg.) 
Anchor Select 
count 
count (eg.) 
Sum 
Sum (eg.) 
Average 
Average (eg.) 

Language 
MR 
Revision 
Author 
File 
!!(P) 
! ( P ) -  > I ( Q )  
! ( P )  <=> ! (Q)  
t (P)&&!(Q) 
a ( P )  l K Q )  
a ( q  == q J )  
! ( I ) !  = E(J) 
! ( I )  < e( J )  
! ( I )  <= ! ( J )  
f(4 > f ( J )  
((1) >= C( J )  
! ( I )  + I ( J )  
! ( I )  - I ( J )  

!(I>/C( J )  
e(r) * e ( J )  
eq ( f ( S ) ,  W ) )  
4 4 ,  m V ( 4 ) ) l  

M R ) { f ( P ( a ) ) )  
E ( 4 ,  6 H t ( P ( 4 ) ) )  
E ( a ,  M R ) { w ' ( a ) ) )  
44  
a.tim.e 

r(e(p>> 
length(!(P)) 
Abef o.e(4,4 Q){ f ( f ' (4> 0 ) ) )  
Abe f ore(a, M R ?  b ) ) { l (P (a ,  b ) ) )  
Aa f  ter(476, Q){!(P(4, 0 ) ) )  
Au. f ter(u,  MR, b)){!(P(a,  h ) ) )  
E ~ ~ ~ o ~ c ( + ,  6, e ) { t ( P ( 4 , 0 ) ) )  
Ebe f ore(a, MR, b)){C(P(a, b ) ) )  
E a f t e r ( 4 ,  4 QHC(P(4,Q))) 
Ea f ter(a, M R ,  b ) ) { f ( P ( a ,  b ) ) )  
S ( 4 ?  b ) {e (P (Q) ) )  
s ( %  M R ) { f ( P ( a ) ) )  
Anchor(a, n/f R," mridl ')!(P(a)) 
count (6 )  
count ( M R )  

s u m  (4,  m e ( P ( 4 ) ) I  
Sum(a ,  M R ) { W ( a ) ) )  

Model Equivalent 
MR 
Reuision 
Author 
File 
4' 
J ' * Q  
P++Q 
P A Q  
P V Q  
I =  J 

I #  J 
I < J  
I I J  
I >  J 
I > J  
I + J  
I - J  

I / J  
I m J  
eq(S, T )  
v4 E b ( P ( 4 ) )  
Va E M R ( P ( a ) )  
34  E J ( P ( 4 ) )  
3a E M R ( P ( a ) )  

I ( 4 )  
t ime(a)  

Y ( P )  
l engt h ( P )  
t'4 E 6(be f ore(#, 0 )  ==+ P ( 4 ,  0 ) )  
Va E MR(be f ore(a, b) + P ( a ) )  
v4 E h (a f t e r (4 ,  0 )  3 P ( 4 , @ ) )  
V ,  E MiR(u. f ter(a,  b) + P(u.)) 
34  E 6(be fore(+, 0 )  A P ( 4 ;  0 ) )  
3a E MR(be,fore(a, b) A P ( a ) )  
34  E J ( a f t 4 4 , Q )  A P(4 ,Q))  
3a E MR(a  f ter(a,  b) A P ( a ) )  
( 4  E J IP (4 ) )  
{ a  E MRIP(a) )  
3a E MR(eq(id(a),"mridll)  A P ( a ) )  
count (6 )  
count ( M R )  
sum(4  E 6; P ( 4 ) )  
sum(MR,  P ( a ) )  
2 ~ 4 4  E 6: P ( 4 ) )  
w g ( M  P ( a ) )  

Table 3.1: Language to Model Mappings of SCQL 
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Regular expressions were not used because some queries cannot be rep- 

resented by regular expressions. Regular expressions do not allow for subex- 

pressions. For instance, if a subexpression referenced an entity from an en- 

closing scope it would suggest that one would have to re-eva.luate the entities. 

There are cases where finite state machines or regular expressions would work. 

Given this query: 
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we could go through and mark nodes if they return true for both functions 

P and Q. Then we could use the Regex P. * Q  as the query. Instead of naively 

taking 0 ( n 2 )  t,imc we would only takc O(n). However the query: 

E(a,MR) ( 

Eafter(b,MR,a) ( 

Q(a,b) 

cannot be executed effectively with a finite state machine. We would 

have t o  do 0 ( n 2 )  operations before we could begin. I t  would no longer be a 

stream of entitics, rather, it would be a matrix of entities. Thus, for queries 

of a reasonable complexity, there is minimal benefit in producing finite state 

machines when the naive approach will often work just as well. 

3.5 Functions 

Functions such as revA f ter; revBe f ore, isFileO f ,  i sMRO f ,  isRevision0 f ,  

isAuthorO f ,  isEdge, , after ,  before, i saMR, isaFile: isaRevision; isaAuthor, 

eq, length, matches are imported from the model. Other functions are pro- 

vided as a convenience: 

isFirstRevision(q5 E Revision) H I5 ==+ 136 E Revision(isEdge(Q,q5)) 

- is this revision q5 the first revision of the file the revision is related to? 
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print(x E String) H B ==+ true - as a side effect. this funct,ion prints 

the string; it is provided for debugging purposes 

endMatch(x E String, y E String) H B ===+ length(y) <= l e n g t h ( x ) ~  

eq(substr(x, length(x) - length(y), length(y)), y)- returns true if y is a 

suffix of x 

boolean(x E R) H B ===-+- l ( x  = 0) - returns false if x is zero, 

otherwise it is true (x ends in y) 

a boolean(x E String) H B ==+ (leq(x,""))  - returns false if x is an 

empty string, otherwise it is true 

neq(x E String, y E String) t?. B leq(x,  y) - are stJrings x and y 

not equal? 

days(x E R) H R ===-+- the number of days since the Unix epoch that 

this time represents, an integer value rounded down 

3.6 Domains and Sub-domains 

Domains and sub-domains exist to  allow for navigation between entities that 

share a relationship with each other. Domains are subsets of entities of the 

same type and sub-domains are subsets of those domains. Sub-domains often 

fill the role of traversing edges from one entity to another (a set of end points 

of directed edges). In the query hnguage, sub-domains are used means to 
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traverse edges and partial relations that exist in the model. For example. 

sub-domains could be the revisions of an MR accessed by mr.revisions, the 

MRs of an author, author.mrs, or thc revisions of a file , file.revzsions. Scc 

tables 3.2, 3.3, 3.4 and 3.5 for a more explicit explanation and definition of 

the sub-domains used. 

Sub-domains exist for single edges (MR to Author) as well, but we use 

plural names for consistency. This is because the only assignment in the 

language is done with scope operators; thus, this enforces uniform access of 

entities via sets and subsets. There might be thc case where singlc edges in 

the model arc not necessarily accurate, for instance if a SCS supported pair 

programming, that is if it allowed multiple programmers to  associated with 

a change, more than one author would be associated with the revisions and 

MRS. 

Some sub-domains are expansions of partial relations such as time. Other 

sub-domains are extra edges which are shortcuts to  other entities, these short- 

cuts allow queries to  reduce their complexity (e.g. f.authors would be a 

sct of author who made rcvisions to the file f ) .  Additionally, sub-domains 

are groups of entities that are related. Expressing partial relations as sub- 

domains allows us to iterate through entities as though we were iterating 

through edges in the graph. Sub-domains provide a quick abstraction of 

edges in our model. 
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Example 
A(a,  MR){A(b ,  a.authors) { 

NIR 

A sub-domain consisting of the author of the MR . 

Type 
Author 

Entity 
MR, 

(8  E Author JisAuthorO f (0,  a ) )  
revisions I Revision I A(a,  MR){A(b ,  a.revision){ 
A sub-domain consisting of the revisions of the MR. 

MR 

MR 

Table 3.2: Sub-domains of MRs 

Sub-domain At,tribut,e 
authors 

{B E RevisionlisRevisionO f (0 ,  a ) )  
files I File ( A(a,  MR){A(b ,  a. files){ 
A sub-domain consisting of the files that the MR, has revisions of. 
{B E FilelisFileO f (0, a ) )  
nextmrs I M R  I A(a,  MR){A(b ,  a.nextmrs){ 
A sub-domain consisting of the next MR in time after the current 
MR. 

MR 
( 8  E nex tMRs(a) )  
prevmrs I MR I A(a,  MR){A(b ,  a.prevmrs){ 
A sub-domain consisting of the last NIR in time before the current 
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Entity 
R,evision 

Revision 

Revision 

Revision 

Table 3.3: Sub-dornains of Revisions 

Sub-domain Attribute 
authors 

with. 
(6' E PilelisFileO f (0, a))  
nextrev I Revision I A (a, Revision) {A(b, a.nextrev) { 
A sub-domain consisting of the first Revision, revision-wise after 

Revision 

the current Revision. 
{Q E RevisionlO E nextRevisions(a)) 
prevrev ( Revision I A(a, Revision) {A(b: a.prevrev) { 
A sub-domain consisting of the last Revision, revision-wise before 
the current Revision. 
(0 E RevisionlQ E prev Revisions(a)) 

A sub-domain consisting of the author associated with the Revision. 
(0 E AuthorlisAuthorO f (0, a ) )  
mrs / MR I A(a, Reaision){A(b, a.mrs){ 
A sub-domain consisting of the MR that the Revision is associated 
with. 
{Q E MRlisMRO f (0; a)) 
files I File I A(a, Revision){A(b, a. files){ 
A sub-domain consisting of the file that the Revision is associated 

Type 
Author 

Example 
A(a, Revision){A(b, a.authors) { 
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I Author 

has created. 
{Q E Revision(isRevision0 f (6, a)) 
files ( File I A(a, Author){A(b, a. f iles){ 
A sub-domain consisting of the files of the revisions of the MRs 

Sub-domain Attribute 
mrs 

that the author has created. 
{0 E IFile13r E Revisim(isRevision0 f (a, Q) A i sF i l e0  f (0, T))) 
prevauth I Author I A(a, Authm){A(b, a.prevauth){ 
A sub-domain consisting of the first Author in time after the cur- 

A sub-domain consisting of the MRs that the author has created. 
{Q E MIRJisMRO f (Q, a ) )  
revisions I Revision I A(a, Author){A(b, a.reuisions) { 
A sub-domain consisting of the revisions of the h1R.s that the author 

Type 
MR. 

rent Author (time is based on the first revision of each author). 
(6 E Authwl'v'r E Author((before(r,a) (Q = r V  

a f  ter(Q, T)))) 
nextauth I Author / A(a, Author){A(b, a.nextauth){ 
A sub-domain consisting of the last Author in time before the cur- 
rent Author (time is based on the first revision of each author). 
{Q E Authorl'v'r E Author((a f t e r ( r ,  a) + (Q = T V 

bef ore(Q: 7)))) 

Exa,mple 
A(a, Author){A(b, a.mrs){ 

Table 3.4: Sub-domains of Authors 
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I file. 

Entity 
File 

Sub-domain Attribute 
mrs 

File 

I of this file. 

( 0  E MRlisMRO f (0 ,  a ) )  
revisions I Revision I A(a ,  File) { A @ ,  a.revisions) { 
A sub-domain consisting of the Revisions of this file. 

File 

A sub-domain consisting of the MRs that contain revisions of this 

Type 
MR 

{O E IRevisim~isReuisionO f (6, a ) )  
authors I Author I A(a ,  File){A(b, a.authors){ 
A sub-domain consisting of all the Authors who created revisions 

1 current file including the current file. 

Example 
A(a ,  File){A(b,  a.mrs){ 

File 
{ Q  E Authorl3-r E revisions(a) (isAuthorO f ( 0 , ~ ) ) )  
modulefiles I File I A(a,  File){A(b,  a.module f i les){ 
A sub-domain consisting of all the files in the same module as the 

( current file including the current file. 

File 
{ O  E IFileleq(module(a), module(%)) 
dirfiles I File I A(a ,  File){A(b, a.module files){ 
A sub-domain consisting of all the files in the same directory as the 

File (time is based on the first revision of each file). 
Given a , { e  E IFilel'v'r E IFile((before(r,a) ==+ (0  = r V 

a f  W Q ,  7 ) ) ) )  

File 

File 

Table 3.5: Sub-domains of Files 

{O E IFileleq(directory(a), directory(0)) 
nextfile I File I A(a,  File){A(b, a-next f ile){ 
A sub-domain consisting of the first File in time after the current 
File (time is based on the first revision of each file). 
Given a,  { e  E IFilel'v'r E IFile((a f ter(r ,  a )  ==+ (0 = r V 

bef ore(Q,7))))  
prevfile I File I A(a ,  File){A(b,  a.nextfile){ 
A sub-domain consisting of the last File in time before the current 
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3.7 Constants 

There a,re 2 main kinds of constants, strings and numbers: 

0 Strings: "Example String", " 

" " :  "2005-04-04" - Strings are characters between double quotes, 

slashes are used to escape double quotes. 

0 Integers and Floats: 1, 1.0,  -1, 1. OeO - Numbers are weakly typed as 

numbers, that is numbers can act as both floating point numbers and 

integers. 

3.8 Examples of Queries 

We will show how to compose the query for the question, "does there exist 

an author, who only modifies files that are previously modified by another 

author?" This can be expressed in first order logic as: 
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3 b  E Author ( 

'v'r E {x E RevisionlisAuthorO f (a: x))( 

V f E {x E FileslisFileO f (x, r))( 

3r2 E {x E RevisionlisFileO f (f, x))( 

be f ore(r2, r) A is Author0 f (b, r2) 

1 ) ) ) )  

To convert this first order logic query to the SCQL language, we first 

find the two authors, a and b ( ~(a,Author) {~(b,Author) { ), then we 

go through all the revisions of author a ( A(r,a.revisions){ ). We are 

using a.revisions to get the subset of all revisions that belong to author a. 

Then for that file of that revision ( A(f , r . files) { ) we check if all of the 

revisions before revision r ( Ebef ore (1-2, f . revisions, r) { ) are from the 

same author ( isAuthorOf (b ,r2) ). 
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E(a,Author) ( 

E(b,Author) ( 

a !=  b && 

A (r , a. revisions) C 

A(f,r.files) ( 

Ebefore(r2,f.revisions,r) ( 

isAuthor0f (b ,r2) 

1 

1 

1 

3.9 Halting 

Does every query asked in our query language halt? To answer this question, 

we must first be awase of some intentional design characteristics of the model 

and the query language. Sets created in the model are subsets of other sets. 

Ncw entities are never created or added in anyway. All the entities are finite: 

there are a finite number of nodes modeled and there are a finite number of 

relations. 

All of the primitives of the system are indeed haltable; the composition 

of these primitives also halts. All the isa functions ( i saMR ; isaRevision 
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. zsaFile , isaAuthor) are checks for set inclusion. which are in polynomial 

time for finite domains. A11 the boolean operators such as =, ,A, V, 1 

arc simplc boolean logic expressions and obviously halt. 

Existcntial operators halt if their propositions halt and their domain of 

values is finite. Existential operators in the model work on only the finite 

vertices and edges. Conversely since (739 E alP(q5)) = (V# E aP(#) )  we 

know that the universal operatom halt if its proposition halts (because the 

primitives used halt as well). 

The subsct S(d, a){P(4)) operator uscd in the model and the query 

language halts if its proposition halts. It acts in a similar manner to  the 

universal operator but acts on the whole domain it is querying without short 

circuiting. Since all domains are finite, if the proposition for determining 

members of the subset halts then the subset operator halts. 

For all the numeric operators whether they return boolean values or nu- 

meric values such as P l Qs.t.0 € {+. -, *. / =, ! =, >, <, <=, >=) we know 

that given propositions P and Q halt because thcsc operators can be evalu- 

ated in polynomial timc. 

Attributes will always halt since they are maps from one value (an entity) 

to another (string, subset, numeric, boolean). Maps have been shown to 

be accessed in constant time. Attributes that return subsets will return 

subsets of entities. They will not make any new entities - there is no way to 

create new entities, only query them. Given that restriction, universal and 

existential will ultimately halt if they are iterating over a subset that was 
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returned from an attribute function (and if their proposition halts). 

Therefore the functions formed of previously defined primitives and prim- 

itivc fimctions will all halt unlcss thcy are broken rccursive functions. There 

are only two rccursively defined functions. revBe f ore($, 0 )  and revA f ter($; 0 ) .  

revA f ter(4.0) is derived from revBe f ore. We will show that revBe f ore($, 0 )  

halts: 

Let P(q5.0) + isaRevision($)AisaRevision(Q)A(3r E IFile(isEdge($, 7 )  A 

i s E d g e ( 0 , ~ ) ) ) .  

Let Q($, 0 )  * ( (4 .6 )  E E V 3(r, 0 )  E E(revBe f ore(@: 7 ) ) ) .  

Therefore revBe f ore(q5: 8 )  ===+ P($, 0 )  A Q($, 8)  P(q5; 8)  halts becausc 

it is composed of non-recursively halting primitives. Q($,6)  returns imme- 

diately if there is a direct edge from revision $ to  revision 8. If there is not 

a direct edge then all edges that go to entity 8 are tested to see if they are 

on the same file and if they are revision edges. For those edges that meet 

those requirements the same test is repeated. We know that the subgraph 

of rcvisions on one file is acyclic and since there arc a finite number of nodes 

there are a finitc number of paths from d to 0,  if there exists such a path. 

If there is not a path from @ to  0,  effectively all possible paths to  8 will be 

exhausted. This can be evaluated in 0(n2)  time as each previous element 

might have to evaluate the proposition for almost all the revisions in the 

model. 

Since revBe f ore($, 8)  has been proven to  halt, revA f ter($ ,%) halts it is a 

composition of halting operators and primitives as well as uses revBe f ore(0,+). 
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Therefore since all primitives halt and it has been shown that even the 

most complex composites provided halt, any query generated using these 

primitives will halt. This is mainly due to the fact that SCQL iterates over 

finite sets, and our functions and operators do not allow for arbitrary looping 

or recursion. 
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Engine 

The purpose of the engine is to allow us to ask our queries and execute them 

on real SCSs. As described in figure 4.1; when a query is to be eva.luated, it 

must be first parsed into an abstract syntax tree (AST); this AST is passed 

off to  the interpreter, which executes the query upon the model. The model 

holds the graph skeleton and calls upon the data layer to access da.ta from 

the softchange database when it needs it. softchange extracts and processes 

the data from a CVS repository and puts it into a relational database. 

The implementation consists of 4 modules: 

0 Query Language Interface and Parser: The query language interface 

reads and interprets the query, by converting it to an Abstract Syntax 

Tree (AST). The interface also handles reporting the results back to 

the user once the interpreter has executed the AST. 

0 Interpreter: The interpreter runs the ASTs aga.inst the graph model. 
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Parses and sends 

AST to the 

Interpretter 4 
Query Language Parser 

Interpretter 

Queries entities 

and edges from 

Model 

Builds graph and 

query attributes 

Datalayer 

Figure 4.1: SCQL Implementation Architecture 

The purpose of the interpreter is to keep track of symbols, iterate across 

sets and execute all the expressions needed in a query. The interpreter 

calls upon the model to access entities and edges. 

Model Layer: The model maintains a skeletal graph of the system and 

provides the primary means of interacting with the entities aad their 

edges. The model layer overlays a graph layout upon what is stored in 

the data layer. The model layer also abstracts data layer access from 
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layers above it. 

Data Layer: The data layer queries, caches and pre-fetches entities 

from the softchange relational database. The data layer ma.nages the 

caching and prefetching of data in memory to speed up queries and 

reduce interprocess communication costs. Since some instances of the 

model may contain upwards of a million elements one has to be careful 

about the amount of data stored in memory, especially if one wants to 

keep the skeleton of the model in memory. 

Usually a query is provided by the user, it is then parsed into an AST 

and given to the interpreter to execute. The interpreter then runs the query 

by iterating over the scopes, maintaining the symbols and executing the 

expressions. The interpreter calls upon the model to provide the entities and 

the sets of entities that are needed. The model layer maintains a skeletal 

structure of the graph (flyweight entities and their relations). It gets the full 

implementation of the entities from the data layer. The data layer will cache 

arid query data from softchange . 

4.1 Implementation 

When the engine starts, it extracts the vertices and the edges of the database 

(not the attributes) and produces a skeletal graph. This graph is often tra- 

versed by the scope operators. Usually this is much faster than accessing a 

database repeatedly. The database is only called when the attributes of an 
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entity are accessed. When an entity's attribute is accessed on a flyweight 

object, the full heavyweight entity is pulled from the cache or the database. 

The current implementation relies on pre-caching and pre-fetching to avoid 

much of the overhead of inter-process communication (IPC) when accessing 

the database. 

The current implementation is written in Perl. A dynamically typed 

language such as Perl was ideal for dealing with the multiple types of return 

values. One disadvantage was that data takes up a lot, memory due to the 

Perl interpreter. 

To extract data from SCS we use softchange developed by Dr. Daniel 

German. soft Change takes a CVS repository, extracts the revisions, regener- 

ates the MRs, and stores it all in a relational data.base. We use this relational 

database as the data source for SCQL. 

The data in the relational databases maps well enough to the entities in 

the model, but querying the database can prove quite difficult. Some entities 

such as revisions are spread across multiple tables and authors are just a 

column in the MR, table. This makes it difficult to write queries using SQL. 

In section 3.2, some difficulties of dealing with SQL are discussed. Iterating 

through records and grabbing records related to the current element is quite 

costly as it often requires large dakabase queries. 

There is not always enough memory to store the entire database in mem- 

ory, especially when dealing with multiple projects. The size of the database 

is partially the reason a SQL backend is still used. Unfortunately the sizes 
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of some domains such as revisions, are so large that any query more than 

O(n)  in complexity could take a rather long t,ime t,o compute on a large 

project. The runtime of large queries can be somewhat alleviated by using 

time relational scopes and short circuiting logic. 

We implemented a prefetching and caching strategy. The cache could 

hold many entities but once there was a cache miss, a specified number of 

entities would be pre-fetched along with the entity requested. The entities 

are usually pre-fetched in order. The cache is a large hash table of entity 

IDS so a cache hit takes constant time while a non-cache hit depends on the 

implementation of the database (O(log(n))) and the cost of prefetching. 

Prefetching was more useful than caching because we were iterating through 

the entire set of entities in order. This means we would linearly walk through 

entities rather than accessing them again. Caching helped performance when 

the sets of entities were small enough to fit in the cache. Revisions are usually 

the most numerous entities; as a result, one should cache as many as possible. 

There are usually fewer files and authors than revisions or MRs, thus they 

can be permanently cached, although there are limitations. For instance, the 

number of files in the repository of the Mozilla project (an open source web 

browser) we used, was near 35000 files versus near 500000 revisions (as of 

December 2003). 

To iterate over the sets of entities, the Iterator design pattern was used 

[GHJV95]. The Flyweight design pattern [GH JV95] was also heavily used. 

The Flyweight pattern allows us to store lightweight entities as a graph skele- 
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ton and then query the heavy weight implementation from the database when 

we actually needed it. Moreover it allows us to use delete and garbage collect 

old heavy weight implementations without much trouble. 

If for either existential or universal operators, thc operator is a "before" 

opera,tor, the first NIR used is the earliest MR (the MR that has no edges in 

Erni,, that point to it). If it is an "after" operator the first MR is used is 

the immediately next MR. The MRs are evaluated in order from earliest to 

latest,. 

"Before1' and "after" work difkrently for the other domains, that is' in- 

stead of following directed edges, the entities are ordered by a partial relation 

(time) . 

Authors, Files, and Revisions are iterated through by their partial time 

relations, not unlike MRs, but each is ordered by time since there are no time 

based edges for these entities. 
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Applications 

There are many applications for SCQL. They range from the evaluation and 

verification of theories of software evolution, to SCS access control, and to 

automatic invariant discovery. One important aspect of this research is that 

it can be used for multiple purposes such as historically based access controls, 

verifying laws of evolution and metrics. 

5.1 Verifying Lehman's Laws 

One of the original motivations of this research was to empirically verify 

Lehman's Laws of Software Engineering [Leh80] on a per project basis. That 

is, can we rate a project on how closely it follows Lehman's laws? We re- 

quired a system which could answer questions about the lack of change in 

a repository of change. We had to create a system in which invariants of 
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change regarding a project could be queried. 

Throughout this research it has become apparent that to verify many 

of these laws we need to model the architecture of the software project as 

well as thc repository. Whilc some measurements of software evolution need 

information about the software architecture, not all measurements need it. 

Furthermore, there can be multiple interpretations of information about soft- 

ware architecture. One view of a project architecture is not necessarily the 

designers or implementors view either. 

Which of Lehman's laws [Leh80] can we attempt to test, check, or verify? 

The law of increasing complexity: " As time flows forwards entropy 

increases. That is, as a program evolves its structure will become more 

complex. Just as in physics this effect can, through great cost, be 

negated in the short term." [Leh80] 

To properly test this law we would need more architectural information. 

Simple information such as how many methods were added or removed 

can provide us with a metric for complexity. Luckily softchange pro- 

vides some support for extracting tbis information. If we provide these 

statistics to  SCQL, it can help us by providing us with the average 

differences between methods for each MR. If the average h'IR adds 0 

or more methods this may suggest that the system slowly grows more 

complex over time. Of course, the size of this average may also suggest 

the rate of change in complexity. 
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The law of large program evolution. "Program evolution is a self- 

regulating process and measi~rements of system attributes such as size: 

time between releases. number of reported errors, etc., reveals statisti- 

cally significant trends and invariances." [Lch80] 

This law ha,s provided a lot of the motivation for SCQL. SCQL already 

provides many possible ways of asking about system wide invariants. 

More importantly SCQL can be used to  calculate metrics for the entities 

and attributes of a software project. 

The law of organizational stability. IOver the lifetime of a program, 

the rate of development of that program is approximately constant and 

independent of the resources devoted to  system development." [Leh80] 

By using per MR. and per revision measurements we may be able to 

test if a project has consistent properties of change. For example, the 

standard deviation of rate can be used to test if the rate of change is 

variable or not. 

The law of conservation of familiarity. ' 'Over the lifetime of a sys- 

tem: the incremental system change in each release is approximately 

constant ." [Leh80] 

As explained before SCQL provides some support for verifying incre- 

mental system change. 
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5.2 CVS Access Control / Auditing 

By using a system such as SCQL we can create a very elaborate system 

of access controls and rules for policy verification and enforcement. Other 

research available suggests that log auditing and rule-based verification are 

cfkctive [BGHS04. RGOl] for vcrification and enforcement. A manager or 

project lead who controls the software process could attempt to use SCQL 

queries to audit the repository. These audits could be attempts to enforce 

certain policies in regards to how changes are made to a repository or to the 

source code. These changes could be audited based on the history of the 

actual project. This implies that policies can be based upon data that is 

actually in the repository and the history of that data. 

System constraints could be built upon the historical behavior of a de- 

veloper. Decisions based on historical information can be both complex and 

powerful. For example, a manager could be notified every time a program- 

mer modified source files that they have never modified before. An example 

of this query could be: 
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Another potential policy could dictate that programmers are only allowed 

to work in modules where they have already modified files or created files. 

A(a,Author) C 

A(r1, a. revisions) ( 

( ! isFirstRevision(r1)) -> 

Ebefore(r2, a. revisions ,r1) ( 

A(f1,rl.files) ( 

A(f2,r2.files) ( 

eq(f1 .module,f2.module) 

3 

1 

3 

Another example would be a policy where programmers can only change 
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code which they changed previously or added to the repository. 

A(a, author) C 

A(r1, a. revisions) ( 

( ! isFirstRevision(r1)) -> 

Ebefore(r2,a.revisions,rl) ( 

(r1 != r2) -> 

A(f1,rl.file) C 

is~evisionof (r2, f 1) 

3 

1 

Perhaps a manager would like to  enforce a commit style. They might 

want to be notified each day of programmer infractions against this commit 

policy. The example query checks if all MRs during the past 24 hours have 

followed a commit style of always including a Changelog, modifying no more 

than 15 files, updating the Changelog and enforcing that all files are within 

the same module (this query could be run nightly): 
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A(a,MR) ( 

((days(today) - days(a)) < 1) -> 

count (a. revisions) > 1 && 

count(a.revisions) <= 15 && 

E(d,a.files) ( 

eq(b . filename, "Changelog" ) 

3 && 

A(b,a.files){ 

A(c,a.files) ( 

eq(b.module,c.module) 

3 

3 

Policies could be enforced at the coirirriit time or by batch jobs during 

unused times (e.g. nightly). It is probably more important to identify prob- 

lematic entities than to attempt to prevent their addition to the SCS. The 

performance of the queries is not necessarily good enough to run during a 

commit. If these queries were to be run at commit time they might make it 

difficult for a programmer to figure why their commit is not going through. 

Thus due to  performance and possible headaches for the SCS users, it would 

be beneficial to run queries during off times. 

Once SCQL is integrated with a metrics suite, managers can ask even 

more complex questions. 
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CVS servers often support external authentication. It is possible to inte- 

grate SCQL into an authentication module such that real commit,s could be 

authenticated. Caching the previous results of a query to  allow for spcedups 

with regards to access control. Since changes are only increment the old 

results can be conhined with an evaluation of the new incremental changes. 

5.3 Asking questions about entities 

One of the more useful features of having a system that deals with tirne is 

that one can choose an MR and ask about its history as well as the future 

changes related to a MR. For instance if one were looking for MRs in which 

a programmer caused a bug, one might look at  the MR where the bug is 

diagnosed and fixed. Then one could look for a hlR that revised most of 

the lines that were changed in the bug fix MR. Using the history of previous 

couplings between files, one could attempt to predict change propagation 

[HH04]. 

Queries that compute metrics can be used with machine learning tech- 

niques to classify, cluster, and partition MRS. What makes many of these 

queries useful is that they produce boolean answers, thus enabling the cre- 

ation of decision trees to  partition entities. By using multiple queries, one 

can find subsets of entities that share a partial relation. 

By partitioning entities we can attempt to cluster and classify such en- 

tities. Classifying entities of change is quite valuable as it can give users 
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a quick overview of changes to repositories. Classification of changes in a 

SCS [Ger04b, Ger04al allows for many useful global visualizations as well 

providing potentially useful subsets of entities t o  query. 

These classifications can be joined together to  provide mctrics for change 

or even quality attributes of a software project. Even more importa.ntly a sub- 

set of queries could provide information on the health of a software project. 

If a developer can be given possible indicators of a project's health, mea- 

sures can be taken to  circumvent foreseeable project difficulties or improve 

the quality of the software project itself. 

Possible rnetrics SCQL can provide: 

0 Count of how many unique authors previously modified the files which 

the current MR. modified. In this query we want to  get results per 

MR,, so we'll use the print function to  print the MR identifier and the 

number of unique previous authors. To count the previous authors we 

check each author if they were responsible for immediately previous 

revisions to the same file. This is a coarse grained measurement which 

suggests how many authors might be interested or affected by this 

change (MR). If the MR has a large number of previous unique authors 

it might suggest that the MR is a bug fix MR (or that there is not a 

lot of code ownership), where as only one unique author may suggest 

that an author was previously working on these files. 

Note how r . prevrev is used to  access the immediately previous revi- 

sions to  the revisions of the current MR.. 
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A(m,MR) ( 

print(concat(m.mrid, 

count (S (a,Author) ( 

E(r ,m. revisions) ( 

E(r2, r . prevrev) ( 

isAuthor0f (a, r2) 

3 

3 

Per author, print the percentage of revisions for the file made by the 

current author. Again, this would be a possible code ownership metric. 
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A (a,  Author) ( 

Measures of quality of a software project which can be derived from the 

repository could be: 

Percentage of MRs that span modules. A large percentage of MRs 

spanning multiple modules could indicate that the code is highly cou- 

pled. There has already been much research suggesting that source files 

changed at  the same time are possibly coupled [GH05]: 
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count ( 

S(a,MR) C 

E(e,a.files) C 

E(f,a.files) 1 

neq(e.modules,f.modules) 

3 

The ratio of the number of files of a specific module that a specific 

author has modified divided by the total number of all the files that 

the author has modified. This could be used to rank authors by how 

coupled they were to one module. It might suggest that an author is 

focusing on a specific module. In this example we are using "module- 

name" and "userid" as constants to specify both a specific author and 

a specific module. 
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count (S(f ,File) ( 

eq(f.module,"modulename") && 

E(f .authors) ( 

eq(a. userid, '!userid'') 

3 

3) / 

count (S(f ,File) ( 

E(f . authors) { 

eq(a.userid, "userid") 

3 

1 > 

5.4 Legal Questions And Responsibility 

5.4.1 SCO Case 

Often there a.re issues such as the SCO vs IBM [Tay03] case regarding who 

was responsible for adding code to a product, or the extent to which a pro- 

grammer made changes to the system. By being able to generate queries 

about who changed what and the extent of a user's changes, one would be 

able to provide factual evidence in court. 

SCO refused to show me the revision history of the Unix file. I 

pointed out this made it impossible to judge the order of deriva- 
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tion; SCO agreed, and said it was a matter of discovery for the 

court case. SCO said it is confident the code had not appeared 

in BSD and was developed internally at  AT&T and successors. - 

Ian Lance Taylor on Linux Journal [Tay03]. 

Initially SCO made claims that IBM had submitted SCO code into the 

Linux kernel. If the was tainted code it would be very important to find all 

changes to the tainted files, or files which were modified at the same time as to 

determine the propagation of code taint. Using propagation rnetrics [HH04] 

SCQL could help determine the extent of the propagation of misappropriated 

code. Possibly propagation could be determined by all those files that were 

modified together with the misappropriated code. 

5.4.2 Malicious Linux Code 

During 2003, a malicious attempt was made to insert a root exploit in the 

Linux kernel source code [And03]. The attempt was caught because it was 

a change to a CVS repository and at  the time the Linux kernel used Bit- 

Keeper. CVS was still used because some developers didn't want to use 

BitKeeper and BitKeeper could export to CVS repositories. The malicious 

change was luckily caught by BitKeeper during an update of the CVS tree; 

some checksums did not match and thus the maintainer was notified. 

It seemed that the server that the CVS repository was hosted on was 

compromised and a change was made to the CVS repository holding the 



CHAPTER, 5. APPLICATIONS 

Linux kernel. 

How could have SCQL helped? SCQL could have been used to ask the 

Question, "is this programmer modifying something which they have never 

touched before, or is a programmer modifying something relatively stable?". 

Let N be a threshold for the number of days before something is considered 

stable. 

5.5 Invariant Testing 

Invariant testing is testing of invariants on software projects. SCQL was built 

explicitly to do this. To test an invariant in SCQL one translates the query 

to the SCQL query language and then runs that query against a project. 

There are two main kinds of invariants, project wide and software wide. 

Project wide invariants are invariants which are true for the whole project at 

all times. Software wide invariants are invariants which for all projects are 
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--------------------------------------------------------------------------------, 
: Soltware Wide Invariant 

; Multi Project Invariant 

I I----------------------------------- 

: : Project Wide lnvarmt , - - - - - - - - - -  : * 

' , : ;  
: ;  lntelval , 
: ;  Invariant : ' 
: * L -  - - - - - -  - - 8  , : I 

Figure 5.1 : Invariant Hierarchy 

true. A set of invariants on one project may not be invariants on another 

project. 

Invariant testing can be used to test for strict rules regarding the evolution 

of a project or other software in general. They can suggest a strictness or 

rigidity of development. 

5.6 Invariant Discovery 

Invariant discovery is when one or more projects are queried, either man- 

uaIly or automatically, for an invariant. Invariants can exist over time in- 

tervals (an invariant could exist during the initial development but not be 

true during maintenance), over entire project histories (project invariants), 



CHAPTER, 5. APPLICATIONS 92 

across projects or for all projects (software invariants). Figure 5.1 visually 

describes the hierarchy of the various kinds of invariants. Invariants which 

are projcct  invariant,^ but not global software invariants are good candidates 

for corrlputing metrics which can be used to  compare projects. The fact that 

it is not a software invariant suggests that it can be used to compare projects. 

The metric could be used as a feature in a feature set used for clustering, or 

for determining project similarities. Therefore: even project wide invariant 

an might be useful when used with other metxics. 

For manual invariant discovery one needs to have an interface through can 

ask one query of multiple projects. For automatic discovery one needs a query 

generator and a multiplexing interface. With such a system we can search for 

invariants automatically and verify those invariants across multiple projects. 

Essentially a query generator would generate queries. Possible invariants 

could be tested across multiple projects. If an invariant was true across 

many of the projects it could be recorded for further evaluation. Automatic 

invariant discovery could be used to  find good queries to  act as features which 

describe a project. 

Issues facing automatic invariant discovery are of the following: 

0 the search space of queries for invariants is infinite in size; 

0 there are too many predicates to  test ; 

0 randomly generated invariants could be very naive and thus have a 

large time complexity. For example, a naive query could easily take 
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0(n2) time: 

for a large data set of nearly a million entities this could take a long 

time . 

We have created a query generator and learned about a few of the issues 

that face automatic query generation. One issue was that generating se- 

mantically correct queries (appropriate types used in functions). Even more 

iniportant is generating queries which make sense to  us. Queries that don't 

make sense would include queries which compare attributes which are unre- 

lated (revisionID vs mrID) . 

Thcre are many attributes that can be operated on, but many are not 

related. Thus if they were used together, e.g. eq(a .  t imerev, a . m i d ) ,  it 

would be n~eaningless to evaluate. Such predicates could be trivially true. 

trivially false. or random. 

The parameters of a function, scope, or operator must be chosen accord- 

ing to  their type in order to  produce semantically correct queries. Not all 

semantically correct queries are useful. Therefore, we found it beneficial to 
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codify the relationships between attributes since attributes are the base data 

that is queried. 

By creating a table of relations between attributes of the same type one 

can probabilistically add weight to attributes that arc related to  cach other. 

This way, when a query is randomly generated, there is a higher probability 

that the attributes used as parameters in a function are semantically relevant 

to each other. while still allowing for all possible valid choices. 

Since the search space is so large, randomization is used to recursively 

evaluate possible tree paths for generation of queries. This allows us to take 

a sample of the search space rather than exhaustively iterating through the 

search space. Instead of a linear traversal recursively through the query 

space, we take random recursive paths. The choices are not totally random, 

if one random choice fails, the next will be chosen until all possibilities are 

exhausted. 

Queries can be generated very fast. In a few minutes, 100000 queries or 

more can be generated. Evaluation of each of these queries can take a much 

longer time so we want a system to rank these queries for usefulness or value. 

By value we mean how a user would rank the query: would they think it was 

redundant? Would it be useful? Were there better ways to express the same 

query? Such a system would be much more difficult to create as it would 

have t o  encode a value system and rank the aspects of a valuable query. 

Examples of queries that contain worthless parts could bc sub queries 

such as a I I ! a or eq(a .b, a .  b) . Other traits of bad queries would be 
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repeating the same predicate, eg . ,  P (a)  I I P (a)  . Another bad trait is a 

useless scope, for example: 

A(a,Author) ( 

A(b, author)  ( 

P (a) 

> 
3 

If scope is created a variable will iterate over a domain. If that variable 

is not accessed or used with the predicate that is inside the scope, it is a 

wasteful query which may increase the complexity of the query by an order 

of magnitude or more. 

5.7 Metrics 

We have shown many examples of SCQL queries being used to compute 

metrics; thus we suspect that SCQL would be most useful in querying and 

calculating metrics from existing projects, as well as discovering new useful 

metrics. We would like to  see existing metrics tools integrated into our engine. 

By providing functional access to  metrics, queries could become even more 

powerful without much trouble. One method of metric integration is to  cache 

the evaluated metrics in a separate table in the softchange database. These 

results can thus be easily queried and used as attributes in SCQL or just as 
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functions. 

This example query, the Standard Deviation of methods added per MR. 

might bc l~seful for determining how variablc the changes that occur to a sys- 

tern are to  the system over time. hletrics of incremental change are especially 

relevant to a system dedicated to  query repositories of change. 

Examples of evolution appropriate metrics come from research by German 

and Hindle [GH05]. These metrics include coupling metrics which measure 

the proportion of total changes that the two entities are changed together, 

strength of couplings between authors and entities such as files or modules, 

and many measurements of changes such as revisions and MRS. German 

et al. also covers both SCS entities and architectural entities of the code. 

The paper specifically covers nletrics of change (such as an MR) which are 

measurements of the change itself rather than just the difference. 
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Evaluation 

In this section we provide sample queries created using SCQL, additionally, 

we evaluate these queries against various open source projects. Many of the 

sample queries can be used as metrics for describing entities or projects. 

We evaluated these queries on the extracted data from various open source 

projects: Gnumeric, a spreadsheet program for the GNOME project; Evolu- 

tion, an ernail client similar to Microsoft Outlook for the GNOME project; 

Postgresql, a RDBMS; Xerces, an XML parser from the Apache project; 

OpenSSL, a secure socket layer implementation; Samba, Windows network 

file system support for UNIX; and mod-ped, an Apache module for running 

Per1 web applications. 

These projects were chosen by their availability of their repositories, their 

popularity, random choice, and some, such as Evolution, and Postgresql were 

chosen because they were common benchmarks used in the MSR community. 
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The next 3 groups of queries were run across different sets of projects due 

to  time constraints for larger queries for larger projects, as well as t o  allow 

for more projects to be evaluated. This section is a demonstration of queries 

being run across multiple projects. 

6.1 Sample Queries 

These queries were run against the multiple projects. Some queries pro- 

duce the same results across many projects, which suggests that it may be a 

multiple project invariant. 

Example 1: Is there an author a who only modifies files that author b 

has already modified? This query can be formally expressed as: 

3a, b E Author s.t. 

a # bA 

'v'r E revisions(a) s-t. + 

'v'f E files(r) s.t. ====+ 

37-b E revisions(f) s.t. be fore(rb, r)A 

isAuthorO f (b, rb) 

We have used this query before in section 3.8 but now we are going to  

further explain and evaluate it. We are trying to find two different authors 
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such that for all revisions of one author, there exists a previous revision (by 

the second author) to  the same file. The SCQL query first finds two authors 

and makes sure each is different. It then iterates through all the revisions of 

author a. For each revision, it checks if the file of that revision has another 

previous revision that belongs to author b. a.revisions obtains all the 

revisions related to the author a while isAuthor0f (b ,r2) tests if b is 

the author of the revision of the file f .  

E(a, Author) ( 

E(b, Author) C 

a!=b && 

A(r, a.revisions) ( 

A(f, r-file) ( 

Ebef ore( r2, f .revisions, r) ( 

isAuthorOf( b, r2) 

1 

Example 2: Compute the proportion of MRs that have a unique set of 

files that have never appeared as part of another MR before. With this query 

we want to find out how variable are the sets of files modified in MRS. We 
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hypothesize that an old, stable project will have a small proportion, while a 

project that is still growing, and continues to  have structural changes, will 

have a larger proportion. This query can be expressed directly in SCQL as: 

1 - (Count (mr,MR) ( 

Ebefore(a,MR,mr)) ( 

A(f,mr.files) C 

isFile0f (f ,a) 

1 

1 

} / count (MR) 

It iterates over the set of all MRs, counting only those that have a previous 

MR that modifies all its files. It then counts all NIRs and computes the 

desired proportion. 

Example 3: Is there an Author whose changes stay within one directory? 

3a E Author s.t. 

'df E f i l es (a)  s.t. 

'df2 E f i l es (a)  s.t. 

eq(directory( f ) ,  directory( f i ) )  

In this case we want to know if there exists an author such that for all 

pairs of files modified by this author, they are both in the same directory. 

This query can be written in SCQL as: 
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E(a,  Author) ( 

A(f, a . f i l e s )  ( 

A(f2, a - f i l e s )  .( 

eq(f .d i rec tory ,  f 2 .  d i rec tory)  

3 

3 

3 

6.2 Evaluation of Sample Queries 

We have built an implementation of SCQL. In order to demonstrate the effec- 

tiveness of SCQL we ran the 3 example queries against five different projects: 

Evolution (an Email Application), Gnumeric (a spreadsheet), OpenSSL (A 

Secure Socket Layer library), Samba (Linux support for Win32 network file 

systems), and rnodperl (a module for Apache that acts like a Per1 Applica- 

tion server). The table 6.1 provides the output of the 3 example queries for 

each of these projects. We include the size of the MR set (number of MRs) 

and the File set too. 

6.3 Example Queries 

The following queries were evaluated using the extracted data from: Gnu- 

meric, Evolution, Postgresql, Xerces. 
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,ble 6.1: Evaluation of the 3 example queries 
evolution gnumeric openssl samba modperl 
true true false false true 
0.002 0.004 0.003 0.002 0.015 
false false false false true 
4748 3685 3698 4246 300 
18573 11337 10847 27413 1398 

Similar Changes Interval: During the past 30 days has there been a 

repeated change to  the repository. A repeated change is an MR that has 

revisions of the same subset of files as a previous MR in that interval. 

Using the days () function we check the day of the current NlR and the 

MR before it. By testing the filenames modified by the revision, we shortcut 

accessing the file. 

E(a,MR) ( 

Ebefore(b,MR,a) ( 

( days(a) - days(b) <= 30 && 

A(x, a. revisions) ( 

E(y,b. revisions) ( eq(x. f ilename ,y. f ilename) 3 

3 

1 

3 

3 

One Revision: There exists a file that has only 1 revision. 



CHAPTER, 6. EVALUATION 

3 f E File1 = I { r  E RevisionlisFileO f (r; f)) 1 

This can be expresscd using f . r ev i s ions :  

E ( f  , F i l e )  ( 

coun t ( a , f . r ev i s i ons )  ( t r u e  ) = I 

Small Committers: The number of authors who only commit less 

than five files per MR. To get the number of authors we want to produce 

a subset of authors and the count the number of authors in the subset. 

count ( 

S(a ,  Author) ( 

A(b,a.mrs) ( 

count(b . revis ions)  < 5 

Total Line DiE The sum of all the lines added and removed. 

Quiet Authors: For a project do all the authors submit MRs with no 

log comment? 
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A (a, Author) ( 

E(b,a.mrs) C 

length(b. log) < 1 

1 

1 

Log Commenters: For a project do all the authors submit log comments 

on average of less than 100 characters? 

A(a,Author) C 

100 > Avg(b,a.mrs) € 

length(b. log) 

3 

1 

Module Stick: Does there exist an author who has at least two revisions 

in each module that the author has modified? 
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A (b, a. revisions) C 

E(C ,a.revisions) ( 

b != c && A(d,b.file) C 

A(e,c.file) ( 

C Files: How many C source files are in the repository'? 

count (S(a,File) ( 

endMatch(a.filename,".cU) 

3 1 

Java Files: How many Java source files a.re in the repository? 

count (S (a,File) ( 

endMatch(a.filename," .Java") 

3 1 

.H Files: How many C .h source files are in the repository? 
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Name 
Total Code Ownership 
Subset Changes 
One Revision 
Small Committers 
Total Line Diff 
Quiet Authors 
Log Commenters 
Module Stick 
C Files 
Java Files 
H Files 
C++ Files 

Evolution 
false 
true 
true 
3 7 
12403454 
false 
false 
true 
1195 
0 
1063 
0 

Gnurncric 
false 
true 
true 
28 
16563594 
false 
false 
tme 
547 
0 
473 
0 

Postgresql 
false 
true 
true 
0 
6394136 
false 
false 
true 
1072 
273 
1012 
0 

Xerces 
false 
true 
true 
2 
2495942 
false 
false 
true 
46 
1767 
90 
1020 

Table 6.2: Comparison of queries on various projects 

count (S (a, File) { 

endMatch(a.filename,".h") 

3 > 

C++ Files: How many C++ source files are in the repository? 

count (S (a, F i l e )  ( 

endMatch(a.filename,".cpp") 

3 )  

Table 6.2 compares the results of all these queries. 
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6.4 Even More Example Queries 

This section exists to further demonstrate SCQL and to show that the cn- 

forced iiwariaiits that were used to create the graph hold true (e.g. cardinal- 

ities of edges). 

These queries are provided as an example of what else can be asked 

of SCQL. These queries were evaluated on Gnumeric, mod-perl, OpenSSL, 

Rsync (a file synchronizer) and Xcrces. The results of this evaluation can 

be found in table 6.3. The index column correlates to  the numbered query 

in this section. Sub indexes are used for cxamplcs that consisted of more 

than one related query (the sub indexes are assigned in the order than the 

example query appears). 

1. There exists a last revision. This is a check of the data to make sure 

there are end points in the revision graph. 

E(a,Revision) ( 

count ( 

S(b,a.nextrev){ 

t r u e  

1) == 0 

1 

2. How many authors only made 1 single commit. 
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Index 
1 
2 
3.1 
3.2 
3.3 
4.1 
4.2 
4.3 
4.4 
5.1 
5.2 
5.3 
6 
7 
8 
9.1 
9.2 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 

Gnumeric 
true 

30.00 
31504.00 

462.00 
1 .oo 

31966.00 
125.60 

0.00 
9052448.00 

305.00 
6.36 
1.00 
true 
true 
true 
true 
false 
false 
4.34 
true 
false 
0.84 
0.17 
true 
true 
true 
true 
true 
true 

mod-per1 
true 
1 .00 

2857.00 
251.20 

1.00 
751.00 

7.38 
0.00 

27806.00 
106.00 

2.70 
1.00 
true 
true 
true 
true 
true 
true 
2.85 
true 
true 
0.84 
0.31 
true 
true 
true 
true 
true 
true 

OpenSSL 
true 
2.00 

19657.00 
2976.81 

1.00 
4201.00 

21.51 
0.00 

1024538.00 
933.00 

4.39 
1.00 
true 
true 
true 
true 
false 
false 
3.19 
true 
false 
0.79 
0.19 
true 
true 
true 
true 
true 
true 

Rsync 
true 
1 .00 

2260.00 
555.55 

1.00 
5530.00 

19.57 
0.00 

119605.00 
49.00 

1.86 
1 .oo 
true 
true 
true 
true 
true 
false 
5.96 
true 
false 
0.86 
0.46 
true 
true 
true 
true 
true 
true 

Xerces 
true 
4.00 

6636.00 
955.84 

1.00 
52213.00 

36.10 
0.00 

1552636.00 
872.00 

3.94 
1.00 
true 
true 
true 
true 
false 
false 
1.97 
true 
false 
0.68 
0.23 
true 
true 
true 
true 
true 
true 

Table 6.3: R.esults of running queries from section 6.4 on Gnumeric, mod-perl, 
OpenSSL, Rsync and Xerces 
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count (S (a, Author) ( 

count (S(b,a.mrs) ( 

true 

3) == I 

3) 

3. Maximum, average, and minimum number of revisions per author 

Max(a,Author) ( count (S(b, a. revisions) (true)) 1 

Avg(a,Author) ( count (S(b, a. revisions) (true)) 3 

Min(a, Author) ( count fS(b, a. revisions) (true)) 1 

4. Maximum, average, minimum, and summation of the number of lines 

per revision. 

Max(a,Revision) ( a.linesadd 3 

Avg(a,Revision) ( a. linesadd 3 

Min(a,Revision) ( a.linesadd 3 

Sum(a,Revision) ( a.linesadd 3 

5. Maximum, average, and minimum numbers of revisions per author. 

Max(a,MR) ( count (S(b,a.revisions)(true)) 3 

Avg(a,MR) ( count(S(b,a.revisions)Ctrue}) 

Min(a,MR) ( count (S(b, a. revisions) (true)) 3 
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6. Check to see that every MR has only 1 author. 

A(a,MR) ( count (~(b, a. authors) (true)) == 1 3 

7. All authors have changed more than 1 file. 

E(a,Author) ( 

count (S (by a. f iles) (1)) > 0 

3 

8. All the files belonging to  an author have more than one revision. 

E(a,Author) C 

A(b,a.files) ( 

count (S (c, b. revisions) C1)) > 0 

3 

3 

9. For all revisions related to an author, that author is the author of the 

revision. 
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E (a, Author) ( 

A(b,a.files) ( 

eq(a.userid,c.author) 

3 

1 

3 

10. There exists an author who only modified files that were previously 

modified. 
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11. The average number of revisions per file of an author. 

12. There exists a file such that for all MR.s that include revisions of this 

file stay within the same directory, the other revisions are in the same 

directory as well. 
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~(a,File) ( 

A(mr,a.mrs) ( 

A(f ile ,mr. f iles) ( 

(file != a) -> 

eq(f ile. directory,a. directory) 

3 

3 

13. There exists an author who for all files they have modified, those files 

reside in the same directory. 

~(author,Author) ( 

~ ( f  ilea,author . f iles) ( 

A (f ileb, author. files) C 

eq(fileb.directory,filea.directory) 

3 

3 

3 

14. The average per revision of all the revision authors modify the file 

before. 
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int ( A (author, a. authors) { 

Ebefore(rev,author.revisions,a) ( 

15. Average per MR over the average number of MRs before the current 

MR that has revisions of files in the same directory as the current MR. 
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3 

3) / 

count ( 

S(a,MR) 1 

before(a,mr) 

3 1 

3 

16. Check t,o see that every revision has only 1 author. 

A(a,~evision) ( count (S(b,a. authors){l]) == 1 3 

17. Check to  see that every revision has only 1 file. 

18. Check to see that every revision has only 1 MR. 
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A(a,~evision) C count (S(b,a.mrs){l)) == 1 

19. All authors have revisions. 

20. All authors have MRS. 

A(a,Author) ( count (~(b, a.mrs) {true)) > 0 1 

21. There exists both revisions with no revisions before or no revisions 

after. 

E(a,Revision) { count(S(b,a.prevrev){true)) == 0 ) && 

E(a,Revision) { count (~(b,a.nextrev)(true)) == 0 
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Future Work 

In this section, we discuss query optimization, extensions to  both the model 

and the language, improved integration with merge point identifiers, and the 

use of SCQL to generate features of entities for machine learning. 

7.1 Query Optimization 

One of the downsides of implementing an engine such as this is that huge 

issues such as query optimization must be handled by us. This suggests that 

naive queries can easily run in 0(n2) or greater time such as A(a,MR) { 

E(b,MR) ( after(a,b) ) ) . 

To reduce query run time, one should use a query optimizer. Simple 

optimizations, such as ba.1ancing expressions, could take advantage of short 

circuiting boolean logic. 
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Other optimizations include caching results or creating temporary tables 

of partial results. that may be used to speed up repetitive queries. A simple 

optimization could include identifying variables that are not being used; and 

thus. ignoring their scope. Some optimizations may seem trivial; however, if 

one is running automatically generated queries, avoiding wasted computation 

is helpful. 

We did not use systems such as Prolog because of issues regarding how to 

integrate a Prolog system with a conventional SQL database. Other issues 

that concerned us was the need to  have over 500 000 data elements, could 

our Prolog implementations handle that much? Many of our queries are 

iterative, that is they are a linear iteration through subsets. thus the benefits 

of backtracking are questionable. 

Both XQuery and SQL, although very powerful, require identifiers or 

primary keys to work with the graph model. The edges of the model cause 

much difficulty when querying the data through SQL or XQuery. We could 

have modeled the system using a hierarchical structure but we would have run 

into problems with entities that are not in the same hierarchy, or arc in super 

hierarchies. Both XQuery and SQL were easy to use from a hierarchical, top- 

down approach, such as MR (which contains revisions), but this structure 

did not afford the same amount of navigability in the opposite or different 

directions (e.g., MRs of a file, or revisions of a file). 

Future work could be done in automatically translating SCQL queries 

into other query languages (like XQuery, SQL, Prolog) in order to  gain the 
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performance benefits of those systems. Reducing the SCQL implementation 

to a tree transformation engine would reduce complexity and offload main- 

tenance and performance issues onto the underlying data store. 

Model Extension 

To extend the model, future work could focus on the expmsion of either the 

formal or the instantiated model of a source code repository to  include the 

entities of source code such as classes, methods, and associations, functions, 

etc. 

If we were to add architectural entities to the model, we would have to 

add elements of architectural change. Some of trhe architectural modeling 

might be based on work done by Render and Campbell with their object 

oriented model of a SCS. [RC91]. 

Some aspects of architecture are easily extracted and do not require hu- 

man help to  identify. These a.re the most valuable facts as they are true; 

such facts would be method definitions, parameters and other code level 

facts. Fact extraction on dynamically typed systems poses a challenge. By 

focusing oil facts based on real entities in the code we can guarantee answers 

which are as accurate as the fact extractors used. 

The extension to  the SCQL model would include architectural revisions. 

That means for any architectural entity, it could be added, removed or mod- 

ified. 
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Once the architecture of a pr0gra.m has been modeled and linked against 

the evolution of the program (the changes to  the program that occur through 

the source code repository) we can further valida,te and verify some of Lehman's 

laws that relate to complexity and incremental change. 

Non-architectural additions could be iilcluded as well. These could be 

externa,l sources: such as emails on mailing lists related to  the entities, or 

perhaps Bugzilla entries. By adding non-architectural entities we enable our 

queries to  ask questions regarding the level of developers activity at  the time 

particular entities where created. Questions could be inquiring about the 

amount of activity that is recorded inside and outside the repository when a 

bug is being fixed. The bug would be identified by its Bugzilla ID, allowing 

queries to  anchor around the identifiers of already identified entities. 

The model could include better support for intervals and units of time. 

A time domain could be created that is partitioned into months, weeks, and 

days. An example of the improved expressiveness interval wise could be 
E(d,Day) 1 

A(mr,d.mrs) 1 

P (mr) 

3 

instead of 
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7.3 Query Language Extension 

If the model is extended, the query language should be extended as well. The 

query language would have to  the cover the new domains such as classes, 

methods, functions, attributes, and associations. As well, domains would 

have t o  include revisions of these new elements. 

At the functional level, the addition of more statistically oriented func- 

tions and maps would be quite useful. Functions related to  statistical distri- 

butions would be very useful. A Fourier transform could be used to extract 

frequency data, this makes it easier to  reasoning about the frequency of 

events. 

User defined functions could be useful as they would provide even more 

expressive power to the language (unfortunately, the query language could 

no longer provably halt unless there was no recursion and the predicates were 

created from the query language itself). Lambdas could allow users to make 

and abstract parameterized queries. 

A possible improvement for iterating through the graphs would be a 
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XPathkindofsyntax: E(a,'Revision/Files/Author') { P(a) ) . This 

example could be translated to E(r,Revision) { E(f ,r . f  iles) { E(a,f .authors) 

( P(a) ))) . This kind of query would enable a globally relationally path 

based query. An added bcncfit over XQuery would be that the paths spec- 

ified would be edge traversal in a non-hierarchicaI model. whereas XQuery 

and XPath require hierarchical XML data structures. 

7.4 Branch Merge Points 

We have made an assumption that branch merge points can be identified. 

The extractor used should be modified to include the latest research regarding 

the identification of branch merge points from CVS. 

We can only act on the information we have and how we choose to  an- 

notate it. Whether CVS branch merges should be identified is an issue of 

whether we want queries based on our interpretation of the project (a merge 

point detection algorithm could be wrong), or on the actual data that was 

recorded (of course, we assume that our MR detection algorithms are accu- 

rate). A pleasant side-effect of improving the fact extractor is that, in our 

model, our queries would become more expressive and accurate. 
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7.5 Machine Learning 

By using the results from the various queries evaluatcd in SCQL, we can 

attempt to  partition, group, and cluster projects and their entities. Further 

investigation is needed to find and choose queries that can be used to create 

a feature vector. This feature vector is a point in n-dimensional space that 

can be used to partition and cluster the projects that the points represent. 

One could then manually evaluate the projects that wcre grouped to- 

gether to determine if they had similar development styles. project sizes, or 

commit styles. Projects such as Niozilla and Apache differ from each other 

as the Apache project requires the developers to vote on patches, whereas 

Mozilla gives developers CVS access and they are free to make changes with- 

out committee approval. 

I t  could be valuable if, by extracting a feature vector and clustering or 

by similarity testing, we could make the claim that project A is more related 

to  Apache than to IvIozilla in development style and developer behavior than 

project B. 

Future work could include applying machine learning techniques to clas- 

sify the development style of projects. For instance a classifier could attempt 

to  determine if one project follows Apache CVS style commit conventions 

versus I'vlozilla style commit conventions. 

Of course, the results of the partitioning would have be validated manu- 

ally. Initially some projects would have t o  be studied and manually classified. 
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Thus, using their feature vectors and machine learning techniques, future 

projects could be evaluated without the manual labor of the initial projects. 

Machine learning techniques such as cluster analysis have already been 

used in software evolution research, Ball et a1 [BAHS97] derives the proba- 

bility tha,t two classes are modified a,t the same time using cluster analysis. 

We have already used machine learning techniques with SCQL. Using 

SCQL we calculated metrics for all the revisions in various projects like Post- 

greSQL. Using this data we asked the question "Can we identify the MRs 

which occur around a release, even when we don't know when the release 

actually occurred?", we asked this question of a minimum amount of data, 

the data and relations stored within a SCS. We had no source code level 

metrics. Unfortunately machine learning did not produce reliable or positive 

results. 

Figure 7.1 shows the average MRs per day of Postgresql correlated with 

the releases (the vertical lines), the marks at  the bottom of the graph indicate 

an MR, which were identified as release MRs by the Bayesian Network. Note 

the virtual lack of correlation between releases and predicted releases. The 

training data used was correlated release data from many other projects. At 

least these experiments indicate that there probably isn't enough information 

to allow classifiers to operate with a reasonable amount of accuracy. 

See table 7.1 for a summary of the effectiveness of each machine learning 

algorithms with the Postgresql project. The classifiers were from the WEKA 

project [IH99]. "Pre." is precision as in Precision and Recall, the higher 
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Postgresql: Predicted Releases versus Minor Releases 

Figure 7.1: MRs classified as releases correlated with releases 

Classifier 

BayesNet 
Naive Bayes 
K* 
1-NN 
Perceptron 

Release 
Recall 
0.153 
0.016 
0.063 
0.193 
0.034 

Correct 

77% 
85% 
82% 
70% 
81% 

Table 7.1: Results of various machine learning classifiers on classifying Post- 
gresql aggregate MRs 

these numbers the better the results. In general less than 10% of the MRs 

Work 
Pre. 

0.862 
0.857 
0.859 
0.855 
0.855 

were release MRS. 

Work 
Recall 
0.876 
0.981 
0.946 
0.788 
0.946 

Release 
Pre. 

0.170 
0.120 
0.163 
0.131 
0.096 



Chapter 8 

Summary 

This research is important as it attempts to  enable provably correct empirical 

studies of software evolution based on the actual data that was recorded when 

the software was developed. This is especially important as the analysis of 

data extracted from industry and OSS projects is invaluable for bridging the 

gap between theory and practice; this allows researchers to generate new 

theories about software evolution ba.sed upon real data from real software 

projects. 

This research attempted to use a minimal amount of information (the 

information in the SCS rather than the source code) to answer various queries 

and formulate new ones. Throughout the research the limitations of the fine 

grained level of granularity and the lack of architectural information became 

apparent, especially for testing Lehman's Laws of Software Evolution. Many 

of Lehman's Laws required architectural information. This project focused 
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on inva,riant querying and testing with regards to incremental changes in a 

SCS. 

The research consists of a theoretical model of SCS - formally defined 

to allow for answers to queries upon the model to be proved correct. Built 

upon this model is a formally defined query language built from primitives 

to  allow for an easily composable and provably correct query language. 

A query engine, based on both the model and query language, that an- 

swers queries based on the extracted data from real CVS repositories, was 

created. The engine was used to query data from the extracted repositories 

of such OSS projects as Evolution and Xerces. 

Most importantly was that an effort was made t o  make domain specific 

tools (a query language and engine) for mining software repositories and the 

data they hold. 

There is much in the way of future research, whether it be further in- 

variant discovery manually or automatically, query optimization, model ex- 

tension, architectural modeling, machine learning or metrics of fine grained 

changes. 
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