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Abstract

One of the problems of empirical studies of software evolution is the lack efffan-
tive technique for extracting facts about very large software systems (ngiltd lines of
code) over hundreds of versions. In this paper, we describe a-Hbdssd approach to pro-
gram extraction that is well suited for the study of large software systeutgan. Our
approach is particularly accurate, convenient and ef cient. Its component is a fact
extractor, calleddx, which is a customized version of the GNU code linkrand per-
forms both code linking and fact extraction. We caltla output graph ams-linked view
(ALV). A sequence of ALVs of successive versions of a softwgstem can be utilized to
help understand software evolution. We describe our preliminary empéticdies on the
evolution of two large open source systems, Linux and PostgreSQL. \Basdiseveral in-
teresting results, which either validate results from earlier studies or sugg® concepts
in studying software evolution.
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1 Introduction

Modern software systems are extraordinarily large. Fomgie, large commercial
database systems and telephone systems have millionsesfdincode and are
highly complex. One of the problems of empirical studies aftvgare evolution
Is the lack of an effective technique for extracting factewtbvery large software
systems (millions of lines of code) over hundreds of versidfe argue that many
current source code extractors are slow, heavyweight, andgrone when being
applied to extract facts across multiple versions for a lpagod. This restricts the
use of program models in the study of large software systertuton.
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Fig. 1. Lightweight Linker-Based Program Extraction

A sequence of program models of a large software systemgwaowudre infor-
mation than simple metrics such as the number of lines of eodehe number of
modules. For example, function call graphs can be used tly $tow the interrela-
tionships of functions evolve over time; and variable usgghs can be utilized
to assess the maintainability of a software system basedmmon coupling as
discussed by Schach and Offui4]. We believe that the study of large software
system evolution can bene t from program extraction tegues that are accurate,
lightweight, and easy to automate.

We have developed a program extraction pipeline that is aptad version of
the program build pipeline. Figuré shows this pipeline. The core component
of the pipeline is a linker-based fact extractor called which outputs a special
kind of software view calleds-linked view(ALV). An as-linked view is a graph of
executable that comprises function calls and variable as&gll as object module
dependencies perceived by the code linker as a programng beilt. We have
successfully applied this pipeline to study the evolutibnmany large software
systems such as Linu¥]Jand PostgreSQLY].

In this paper, we describe our linker-based approach toranogxtraction and
discuss its uses in studying software evolution by examplag approach offers
a practical means to facilitate research in the eld of saftevevolution. The goal
of this paper is not to enumerate all types of possible eimiaty analyses based
on ldx facts, but to motivate ideas of studying software evolutising program
models.

The rest of this paper is organized as follows. Secflgresents our linker-
based program extraction pipeline and discusses its beaad limitations. Sec-
tion 3 describes several empirical studies on the evolution ofi&ange open source
software systems, Linux and PostgreSQL. Sedfioeviews the related work. Sec-
tion 5 concludes the paper.

2 Lightweight Linker Extraction

In the eld of software evolution, an effective program edtion technique is not
readily available without sacri cing completeness in fawd speed, convenience,
and robustness. We made such a tradeoff in the developmenir dihker-based
fact extractotdx.
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Fig. 2. Linker vs. Extractor

2.1 Linker Extractor

Theldxis a customized version of the GNU code linker It can be used as a full
substitute fotd during the extraction of as-linked views, thus making theeaetion
process the same as the normal program build process.

As shown in Figure?, the extractofdx operates directly on object code instead
of source code. It has all the functionalities of GNL In addition, it effectively
leverages linker knowledge to produce useful relationsdfion calls and variable
uses) as well as object module dependencies seen by thamaereduring program
building. The output ofdx is in the form of Graph Exchange Language (GXE) [
or Tuple Attribute Language (TAXL[].

We use symbol linkage to refer to function calls and varialses, which are
most widely used relations in studying software. Extraggmbol linkage can be
achieved using several different approaches such as tbeiog:

(1) Customize an existing code linker;
(2) Customize the front end of an existing compiler;
(3) Develop a lightweight source extractor from scratch.

This list is by no means complete but gives three viable aggres. Our fact
extractorldx takes the rst approach, and CPPX][CAN [7], and TkSee/SN{]
use the second approach. The idea of developing extrabiansgh customization
Is to leverage knowledge and functionality of existing soaé much as possible. In
the development adx, we made only small modi cations to GNUdl to support
fact extraction. The resulting fact extractor includes armant set of features of
Id . For example, our extractor is available on most platforntssupports multiple
binary code formats. Compared to the rst two approachesldging an extractor
from scratch is more expensive and requires more maintenanc
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2.2 ALV Example

We now examine a small C program callddllo.c . We explain how to extract
its as-linked view and what information this view contaimbeHello.c  program
is shown as follows:

#include <stdio.h>

int main() {
printf("Hello\n™);

}

To extractHello.c  on a Linux machine, we can execute the following com-
mands. Command 13 is used to substitdtefor GNU Id. The compilergccwill
useldx instead ofld as its code linker. Command 14 produces an object le
Hello.o . Command 15 builds the nal executalitello . The le Hello.ta
is generated adello is being created, and it stores facts producettiRy

[12] Is

Hello.c

[13] In -s “which ldx" “/bin/ld

[14] gcc -c¢ Hello.c

[15] gcc Hello.o -o Hello

[16] Is

Hello Hello.c Hello.o Hello.ta

Figure3shows a graph of thdello program based on the dataHiello.ta
This graph is an as-linked view. The node at the top represiiet executable
program, which depends on one object modddédo.0 and one dynamic library
libc.s0.6 . At the bottom of the graph is a name referepcatf , which is
in the shape of diamond. The call between functoain and functionprintf
exists as a resolved cross-reference. Looking at the scods we know that the
functionmain is de ned inHello.c . Thus, itis contained by the object module
Hello.o . The functionprintf  is provided by the dynamic C programming
library libc.so0.6

Fig. 3. ALV of Hello

2.3 Bene ts and Limitations

The major bene ts that a linker extractor likéx offers include the following:
4



Wu-Holt

(i) 1t can deal with very large software systems at a readyrfabt speed.

We have observed that the average linking time accountdbfuutdl -2 per-
cent of the total build time for a software system. The extalx is about
10 times slower than the linkéd. Therefore, linker extraction only causes
10-20 percent overhead of the total build time. This perfmmoe gure was
collected through extracting two large open source systémsx and Post-
greSQL) as well as the DB2 database management system on anCBWthP
one Pentium 4 1.6GHz CPU and 1GB memory.

(i) Its output is more than one order of magnitude smallant@PPX output.

In comparison with CPPX, which outputs a complete abstratbsygraph
(ASG) for each C/C++ source ldgdx only outputs facts about function calls
and variable uses as well as object module dependencies b&he ts stud-
les related to call graphs and variable usage by saving tinegtracting and
transforming data. The disadvantage is tdaoutput is not useful for studies
requiring details below the function level (e.g., progrditiisg).

(iii) Itis less susceptible to failure than a general pugossurce code extractor.
A binary format is less prone to change than syntax checkerfppned

by a source extractor. A source extractor needs more fregpelates than an
binary code extractor. For example, in order to build 368asés (1996-2003)
of the Linux Kernel from 2.0 to 2.5.75, we needed to downldadé different
versions of GNU GCC: 2.91.66, 2.95.3, and 3.1. The GCC-3.0 bas®XCP
ran into problems when being used to extract older Linuxigassbefore
year 1999 since more strict syntax checking was performe@d®§-3.0. The
|dx based ord-2.14had no problems of extracting facts from all binary code
produced by three different GCC compilers.

(iv) The intricacies of the build process become transgaternng fact extraction.
The build scripts of a large software system normally ineledn gure,
Make le(s), and shell scripts. Theon gure script probes the underlying sys-
tem environment to generate appropriate structures, idlgms, andMake-
le (s). Then, theViake le(s) are used to build the entire system. Many intri-
cacies occur in this process, and they may hinder fact @ixracBy using
ldx, the build process simply becomes the fact extraction [moce

(v) Itis easy to automate fact extraction over multiple i@ns.
The extractotdx has all the functionality of GNUH. By substitutinddx for
Id, we can piggyback a program's build process to carry out éattaction
automatically. For example, we successfully extracted 8&tily builds of
PostgreSQL (from January 1997 to January 2004) by simplgdiogi them.
The extraction took 10.5 hours on a Linux machine with Pentdu1.6 GHz
CPU and 1 GB memory.

The decision to extract facts at link-time renders the aislfast and straight-
forward. However, there are several drawbacks ofdikéased extraction. First, it
Is not capable of producing detailed information below tinection level and does
not support analyses related to types and data structunescdn be complemented
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by using other source code extractors, such as CPPX, whessagge Second, it
simply fails when syntax errors are present in the source.céé found that syntax
errors did exist in large software systems such as Linux arstigPeSQL, but only
in a negligible amount. We manually xed those syntax errdrsird, it only con-
siders con gurations for a particular platform. If multgplatforms are involved,
ldx has to be run on all those platforms. In this cdd&,probably is not a good
choice for collecting program facts.

3 Empirical Studies

This section describes several empirical studies we havéumied. We show that
linker-based program extraction produces useful datatémtying the evolution of
large software systems. We focus our discussions on twekmellvn large open
source systems, PostgreSQL and Linux. PostgreSQL is a Ratgbase Man-
agement System (DBMS), and Linux is a Unix-type operatindesysoriginally
created by Linus Torvalds with the assistance of develogrensnd the world.

We extracted as-linked views for 85 monthly builds of Pos8@®L (January
1997 — January 2004) and for 368 releases of the Linux ke2r@H2.5.75). Linux-
2.0 was released on June 09 1996, and Linux-2.5.75 was edleasJuly 13 2003.
The 368 releases of Linux cover 86 months development. Dtieetéact that the
order of Linux releases by version numbers is different fitbwir order by date,
we studied Linux in two cases: (1) analyzing 324 releasesreriboth by version
numbers and date; (2) analyzing 79 representative (boliestand development)
releases ordered by date, which were chosen on an appreynmabnthly basis.
In the latter case, we did not choose any release from Jun@ @00December
2000 since no development releases had ever been of ciallyated during that
time. Instead, we used the last development release in M@ #0represent the
development activities in those months.

3.1 Evolution of Functions and Function Calls

Given theldx output of a software system, we can easily collect varioagssics
of functions and function calls, for example, the numberufdtions, the number
of function calls, and the average number of calls per famncti

PostgreSQL

Figure4 provides an evolutionary view of PostgreSQL. In Figdfa), we can
see that PostgreSQL grows approximately linearly in terite@number of func-
tions de ned. The growth rate is about 45-50 functions penthoLehman stated
thatE -type systems grow continuall\t®]. It is interesting to see that PostgreSQL
not only observes the law @bntinuing growthbut also grows at a linear rate.

It is suspected that the average number of function callfymetion stays con-
stant as a software system evolves. To our knowledge, na@ghpirical studies
have been conducted to verify this conjecture. Figiflg plots the average number
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of function calls per function in two cases: (1) countingfafiction calls including
those to system library functions, and (2) ignoring callsytstem library functions.
Both cases show considerable instability in PostgreSQLsirétrly development
period prior to its major release 6.5. Reading through PeSIQL's release notes
and change logs, we found that frequent restructurings demne during that pe-
riod. Similar results were reported i8][ A sudden rise in the number of calls per
function appears after release 7.3. An examination of PeStQL ALVs revealed
that this rise was caused by the rewrite of error reportinge dldelog func-
tion of elog.c was replaced by three new functioegstart , errfinish
andelog _finish . This resulted in a widespread change across the system. The
call graph of PostgreSQL is becoming larger and more coragdoverall. This
clearly shows Lehman's law a@frowing complexity12].

Figure 4(c) shows a scatter plot of the number of function calls agaimst t
number of functions. Two trend lines based on linear regrasse included in the
gure. They explain the strong linear relationship betwée® number of function
calls and the number of functions. The tindexes of bd®, have very high values
around0:97. They indicate the high quality of the t of the two linear megsion
models.

Linux Kernel

We found that the evolution of Linux was signi cantly difiemt from that of
PostgreSQL. This perhaps is because these two applicatietasrgeted at different
domains. One is a operating system, and the other is a datapsiem.

Figure5(a) shows that the releases of Linux are growing at a super+lirsda
over time. This further con rms the growth rate of Linux reped by Godfrey and
Tu in year 2000 §]. In addition, the growth of Linux shows irregularities $uc
as jumps. All the jumps only appeared during the period oktigament releases
that are odd-numbered. For example, from month 76 to montithé8number of
functions jumped from 8500 to 12500. This was apparentlyseduby integration
effort.

As Linux evolves, each function makes three calls approteipa However,
the average number of calls does not stay constant butaissillWe can see from
Figure5(b) that a sudden rise occurred during each development peniddhan
it was followed by continuous drops. Two drops are partidulanteresting. The
smaller drop in month 14 was related to release 2.1.44, whiahextremely un-
stable and can cause lesystem corruption according to ti@ee documentation
of Linux [4]. The larger drop from month 47 to month 55 was related to tiee p
releases of Linux 2.4.0, which we suspect was intended tlihe system back
to a more maintainable form. A signi cant amount effort wagpended but no
releases were delivered form June to December in 2000.

The scatter plot shown in Figuigc) has a linear regression trend line with a
very highR? value. However, the linear model in this gure does not t thiata as
well as the two models in Figu#(c). There are more outliers not consistent with
the linear regression model for Linux.
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3.2 Evolution of References to Global Variables

In this section, we discuss the evolution of referencesabajlvariables. We also
study how coupling between modules grows over time. Dueedithited space,
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we only show our empirical results of the Linux kernel. Theurgs in this section
used data from 324 kernel releases.

We only count global variables that are readable and wetadnhd we ignore
all global constants. Figuré(a) shows two growth lines of global variables in
Linux. One is the growth of global variables that are refeszhby functions, i.e.,
Gvars; the other captures the growth of global variables thate@oesnmon cou-
pling between two different modules, i.€puplingGvars. ModulesX andY are
common (globalxoupledif they share references to the same global variable and
one of them de nes that global variable. T@&ars andCouplingGvars are both
growing at a linear rate approximately and are stronglyetated.

Figure6(b) plots the growth of the number of references to global véemhf
a function makes several references to a global variablegnisecount one refer-
ence to that variable. That is to say, references to glob&hlas are lifted to the
function level. The growth curve in the gure is a mixture afrestant levels, sharp
rises, and sudden drops. The sudden drop right before tlestaile release 2.4.0
re ects that great effort was devoted to enhance the manahility of the kernel at
that time. Figures(c) shows the growth of common couplings between modules.
It is interesting that the gure§(b) and6(c) share a very similar curve. This can
be explained as that common coupling relationships betwesdules are actually
lifted references to global variables at the module level.

In an earlier study on the maintainability of the Linux kdrrfg&chach and Of-
futt manually counted the number of instances of common laogifor all kernel
releases before release 2.4 and they found that the expargnoivth of common
coupling is an inherent feature of successive versionsmfix.{14]. They further
claimed that the development of Linux would be slowed in thieife unless the
kernel is restructured with a bare minimum of common coupli@ur results sug-
gest that restructuring efforts have reduced the instamicesmmon coupling. We
suspect that this restructuring process partially counteith to the delay of Linux
releases from June 2000 to December 2000. Fig@ceshows a worrying trend
toward more instances of common coupling as release 2.6mngoclose. This
trend requires attention of Linux developers.

Lehman's law ofself regulationstates that the inherent stabilizing mechanisms
of a software system yield regulations as the system evfh@®sA superimposed
ripple on the general growth patterns of a software systent@nmonly observed
phenomenon. The curves in Figuend6(c) strongly suggest that the develop-
ment of Linux is self-regulated.

3.3 Evolutionary Change of Program Models

In order to effectively analyze software evolution, resbars need good models of
change. In the following, we will describe a simple model b&oge based on the
concept of program models. Given two releases of a softwaters X andY, we
useM (X ) andM (YY) to represent their program models respectively. We assume
thatM is an algorithm for generating sets, for example, sets ekliof code and

11
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sets of function calls. We de nAddition (X;Y ) andDeletion(X;Y ) to denote
the differences between these two releases:

Addition (X;Y)= M(Y) M(X)

Deletion(X;Y )= M(X) M(Y)

We then de ne relative change rates of addition and deledgn

jAddition (X; Y )]
IMX) [ M(Y)]

Additiong(X;Y) =

jDeletion(X;Y)j

Deletiong(X;Y) = IMOO T M)

A program model, in the simplest case, can be an ordered egii€ace) of
lines of source code. A diff tool can be used to determine whatided or deleted
for any two software releases. In the study of the changeryistf Linux, we used
the graph of function calls and variable uses as the progradetrof Linux. We
studied 79 Linux releases that were chosen on an approximmatathly basis.

We calculated monthly change rates. We plotted them usagkst areas as
shown in Figure/. The light grey area represents deletion, and the dark gesy a
represents addition. Figuréa)displays a view of change rates at the function level
for any two adjacent monthly releases, while Figtfe) provides a view of change
rates at the subsystem level. We adopted the source codtodyrstructure as the
subsystem hierarchy. A subsystem is a directory that direontains at least one
source le. The dependencies between subsystems are at@ddased on lower
level function calls and variable uses. Both gures show thiatx is continually
changed in order to meet new requirements. The lawooitinuing changg12]
applies to Linux. However, the change was not evenly disted. The two gures
also suggest that the evolution of Linux is punctuated. &uitisl changes were
made during the periods of months 5-13, 40-49, and 68-78.

By Linux tradition, even-numbered kernel releases (e.g),&e stable releases
for production systems, while odd numbered kernel rele@sgs 2.5) are develop-
ment releases. A notable spike appears between two stéddseeLinux-2.4.0 and
Linux-2.4.1. This spike is apparently caused by the intiggmeof various features
experimented during the development periods of releases. 2.

Figure 7 shows that change of Linux is largely targeted at introdgianew
features (addition) rather than restructuring the systeehefion). For example,
the spike in month 76 has a larger addition rate and a smadletidn rate. This
can be mapped to the sudden growth of functions shown in &fgfa). In month
26, the deletion rate is grater than the addition rate. Thhedgtevas cleaned up by
removing gratuitous function calls and variable uses dyitirat time.

12



Wu-Holt

0.6 Change rate at the function level

0.5
B Addition
O Deletion
0.4
0.3
0.2
I
0.1
L TR B | ¥ LA
21 25 85

1 5 9 13 17 29 33 37 41 45 49 53 57 61 65 69 73 77 81

Time (months from June 1996 to July 2003)

(a) Relative Change at the Function Level (Function Calts\éariable Uses)

0.3 Change rate at the subsystem level

0.25 —
l Addition
02 @ Deletion
0.15
0.1
0.05
GO |11 PP P 23 T Y PO P11 PO
25

1 5 9 13 17 21 29 33 37 41 45 49 53 57 61 65 69 73 77 81 85

Time (months from June 1996 to July 2003)

(b) Relative Change at the Subsystem Level (Subsystem [deperes)

Fig. 7. Evolutionary Change of Linux
4 Related Work

Our linker-based program extraction pipeline is a modi enlsion of the SwagKit
program comprehension pipeling11]. Our pipeline extracts facts at the stage of
code linking, while the SwagKit pipeline extracts factsted stage of compilation.
Our approach is more cost effective when being used to extets from hundreds
of versions of a large software system.

Lehman's pioneering work on software evolution has reslitesight laws on
how E-type software systems evolvéZ,13]. As shown in SectiorB, as-linked
views are useful for examining whether the evolution of éaspftware systems
conforms to these laws. In particular, we examined four lavesitinuing growth
growing complexityself-regulation andcontinuing changeLehman suggests us-
ing the number of modules to measure the size of a large s&ftsystem, while
we used the number of functions.

Godfreyet. al. studied the evolution of the Linux kerne8][ They used the
number of uncommented lines of code (LOC) to measure varigpescas of Linux.
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In contrast, our data of Linux provides a relational viewlté system. We suspect
that our data may be used to produce more interesting reswididate their views
of Linux's evolution. Also, they studied all source les raglless of what archi-
tecture they are targeted at. We studied only compiled messior the i386/i686
architecture.

Schach and Offutt studied the maintainability of Linux byuoting the num-
ber of instances of common couplin@4]. They did the work manually. Our
linker-based approach to fact extraction is easy to autem@ad more accurate. In
addition, our studies on Linux's common coupling furthetemd their work and
reveal that substantial restructuring has been done taceedommon couplings
before release 2.4.

5 Conclusions

We presented a linker-based approach to program extradfiencustomized the
GNU linker Id into Idx to extract facts from binary code. Tlax fact extraction is
accurate, convenient, and easy to automate. It is suitabénhflyzing the evolution
of very large software systems. We successfully apptiedo extract hundreds of
versions of Linux and PostgreSQL.

We conducted empirical studies on the evolution of PosiQte&hd Linux. Our
studies con rmed four of Lehman's laws and showed severtresting results.
For example, PostgreSQL is growing at a linear rate whilaukistill at a super-
linear rate. This is surprising given that Godfieyal. has shown the growth Linux
is super-linear during its early development periods. Tlaéntainability of Linux
measured using common coupling gets improved before eel2a@sbut shows a
big growth as release 2.6 is approaching. We also presergetdlmased model for
studying software change basedldrdata.

Finally, we consider our method of linker-based programagtion provides a
practical means to advance the study of large softwarerystelution. Now, we
are preparing a web site to host all the data we have collesctéar. \We hope that
our data can help the software evolution community to prenftiure research.
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