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Punctuated equilibrium in software evolution
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An approach based on the paradigm of self-organized criticality is proposed for experimental investigation
and theoretical modeling of software evolution. The dynamics of modifications is studied for three free, open
source programsiozILLA, FREE-BSQ and EMACS using the data from version control systems. Scaling laws
typical for self-organized criticality found. A model of software evolution presenting the natural selection
principle is proposed. Results of numerical and analytical investigation of the model are presented. They are in
good agreement with data collected for real-world software.
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Basic self-organization mechanisms of complex systemsumber of improvements to be made in a computer program
in nature have been intensively studied in recent years. Theorresponding to a given specification becomes useless if the
paradigm of self-organized criticalifsOC proposed in the specification changes in time. Our approach can be consid-
pioneering paper of Bak, Tang, and Wiesenfdlfappearsto ered as an elaboration of a prototype for dynamical metrics
be most fruitful here. SOC dynamics is characterized by avabased on the use of characteristics of the SOC universality
lanchelike changes of the system state with power law staelass of the system.
tistics of the avalanche growth. The main feature of the SOC There are many phenomenological works about software
regime is that it is an attractor of the system dynamics apevolution. Lehman’s laws suggest that as a system grows in
proached without any fine-tuning of control parameters.  size, it becomes increasingly difficult to add new code unless

Studies of fossil records have shown that biological evo-explicit steps are taken to reorganize the overall design
lution is a strong nonequilibrium process with long periods[13,14. Some systems have been examined both at the sys-
of stasis interrupted by avalanches of large changes in thiem level and within top-level subsystems. It has been noted
biosphere. This is a main point of the punctuated equilibriunthat subsystems can behave quite differently from the system
concept of biological evolution suggested by Gould and El-as a whole[9,10.. Good metaphors such as “code decay”
dredge[2,3]. A quantitative analysis of paleontological dates have been proposed to describe the continuous process that
revealed scaling manifested in power laws of avalanche disnakes software more brittle over tini@,15. Thus software
tributions in the extinction of specig4,5]. Therefore bio- evolution has many similar features to the evolution of bio-
logical evolution can be considered as a kind of SOC dynamlogical species, and one can expect that evolution of large
ics. This has been demonstrated by Bak and Sneppen in tlkemputer programs has a physical background presented by
proposed model of Darwinian selection in ecosystdBjs some class of universality of SOC dynamics.

The development of computer science and engineering cre- To study software evolution processes it is necessary to
ated a “virtual biosphere” with specific evolution laws of have information about the state of the system in different
“virtual species”—computer programs. In this paper we pro-moments of time. The usual sources of such data are various
pose an approach to studying software evolution in theversions or releases of a prod{i2{10,13. Unfortunately, the
framework of the SOC concept. number of releases rarely exceeds a couple of tens. This fact

The “life” of a large computer program is a natural evo- significantly decreases the possibility of studying the evolu-
lutionary process. During its creation the program often untion of programs. Better sources of information about
dergoes multiple internal reorganizations. New devices andhanges in computer programs are version control systems.
platforms are supported, new features added, system tunir@ne of them is the Concurrent Versions Systenvs). It
performed, erroneous code corrected, and a large number kéeps information about changes happening in short time
cosmetic changes go on during the development of any prantervals.
gram[7,8]. Despite the fact that the first papers on software Using the CVS in our work, we studied the histories of
evolution study are now decades old, universal mechanisnthree software projects: theoziLLA web browser, th&rREE-
of computer program evolution are unclear. Most of the exBsD operating system, and the GreEmAcCs text editor
isting research methods in this area are based on the assunif6—18. For each of these projects we analyzed only files
tion that estimates of possible changes in a program can heritten in the basic project language. These are+ for
obtained without taking into account the underlying dynami-moziLLA, € for FREE-BSQ andLIsP for EMACS. Header files
cal laws creating this systefd,10. In a multitude of papers for c andc++ were not studied. The total amounts of pro-
authors propose statistical methods predicting the number afessed files are approximately 9000, 11 000, and 900 for
defects in a program using some kind of metrics describingoziLLA , FREE-BSQ andEMACS. The total lengths of Revi-
complexity, size, volume, et¢11,17. sion Control System files arex110’, 1x 10, and 2x 1¢°

From our point of view the main disadvantage of such anlines. The total volume of all three repositori@scluding not
approach is that even the best static metric forecasting thenly files of basic languages, but all fileexceeds 2 gi-
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VST of SOC dynamical mechanisms allows one to hope that a
AR . simple “holistic” model can be constructed for its quantita-
A5k - tive description19]. To realize this idea for software evolu-
2L " 4 tion modeling we use the following assumptions. The pecu-
< o5k - i liarity of software changes is that a programmer cannot
ch» 3l i modify a program at different points simultaneou&y least
o using a traditional development tgolThe point of the
B9 ] changes is characterized as the “weakest” one in the program
4r 7 text: a programmer has some subjective estimation of parts
-45 |

e ] of a program and makes changes in a place that is estimated
-5 1 as extremely nonsatisfactory. If a change is made at some
0 05 1 15 2 25 3 35 4 : ; :
point, corresponding changes must be made in some other
log A places, i.e., in the program there is a coordination structure
of its elements. We suppose that changes in the program
cannot make its size less than some minimal one.
We formulate the model presenting this concept as fol-
ows. The computer program as a system constitutes a se-

FIG. 1. DistributionP(A) for FREE-BSD

gabytes. Due to some resource limitations only part of th
FREE-BSD CVS storage was processed. The histories of al ¢ ol s i f code. At ti irthe ith
three projects are stored under control of the CVS and wer: uence ol elemenis—iines of code. ime polrine |

publicly available during our research period from the corre-'€ IS characterized by a numbbi(t), 0<bi(t) <1, repre-
sponding internet servefa6—1. senting its “fitness” in the program text or a barrier in respect

For each change of each file an amoDnof deleted lines to change in future stages of evolution. The state of the sys-
and an amouné of added lines were collected. Empty lines €M Of N elements is fully given by the set of barriest)
and comments were collected together with the rest of th&{Pi(t),i=1,2....,N}. The evolution of the program is de-
data. The number of lines in the very first version of each fileSctibed in our model as the sequenc&( for discrete time
was not counted. DistributionB(A) and P(D) were evalu- Pointst=0,1,2,... The coordination structure of the program
ated for these two arrays andD;. As an example the data IS represented by a network of its elements, where each ele-
for FREE-BSDare shown in Figs. 1 and 2 on a common log- Ment node conforms with its nearneighbors. The node having
log scale(logx=log;x). Results foreMACS andMozZILLA are minimal barrier is defined as the weakest unit of the system.
similar. One can see that power functions are accurate agt €ach time pointt we define the se¥(t) containing the
proximations forP(A) and P(D):P(A) ~A*a, P(D)~D#d.  Weakest unit with all its neighbors. We calll(t) the weakest
The values of the exponents are the followirgRee-esp ~ component at time. _ _ _ _
ma=—1.44+0.02 uy=-1.48+0.02; MOZILLA, o= The dynamics in the model is defined in the following
-1.43+0.02 ,uq=-1.47+0.02; EMACS, o= way. The initial number of nodeN(0) and the minimal pos-

-1.39+0.03,uq=—-1.49+0.04. These scaling laws can besible number of nodek are supposed to be given. The initial
considered as a manifestation of SOC in the evolution o¥alues of barrierd;(0) are chosen at random. The st&ig)
software. at time pointt transforms into statB(t+ 1) as follows. If the
One important notion being used in the description ofnumber of nodesl(t) in the system is more that two kinds
SOC dynamics is the avalanche. The SOC process can lmf changes are possible. With probability the weakest unit
presented as a consequence of metastable states interrupiedleleted from the system or with probability &-a new
by avalanchelike changes in the system. For evolution oheighbor node to the weakest unit is inserted into the system.
computer programs a close analog of the avalanche is the safter that the barriers of all nodes from the weakest compo-
of changes from version to version. We see that the avaaentW(t) are set randomly. So iN(t) >K, the size of the
lanche statistic in the evolution of software is described bysystem decreases or increases by 1 for one time step. If
power functions with nontrivial exponents. The universality N(t)=K, then deletion is impossible and the above described
insertion is made.

VST Our model is a modification of the well known simple
T ] model of biological evolution suggested by Bak and Sneppen
-15 . [6], and its essential specific is that the number of system
- 2r . elements varies in time. In our study we have considered two
g 25 i - versions of the model: with one-dimension&D) and ran-
> 3r - dom neighbor(RN) coordination structure. In the 1D case
= a5l 4 the nodes are organized into a 1D lattice with periodic
4| S i boundary conditions, and each node has two neighbors. In
45| SR the RN model, there is no fixed coordination structure in the
5 ) ) ) LT system, and at each time stepandom nodes are chosen as
0 05 1 15 2 25 3 35 4 neighbors of the weakest unit. We have considered the case
log D k=1 Only.
An avalanche as the elementary process of complex be-
FIG. 2. DistributionP(D) for FREE-BSD havior of a nonequilibrium dynamical system can be defined
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in diﬁerent ways. Usually in the mo_del of SOC dynamlilss, Cﬁ,N = 3)\/—L20n,N + 3)\21“Pn,Nv Dﬁ,N = 3)\2,Lwn’N + ?\SPn,N-
and transient avalanches are considg¢fd0,2]. In studies

of our model we were interested mostly in transient ava-
lanches. They can be defined as follows. At the time moment
to the minimal barrier has the valug. The sequence d& d
time steps during which the minimal barrier does not exceed Chan=Aonn.
fo,_bmin(t)<fo, t0<t<_t9+_S,_ is called a t_ran3|er_1t avalanche Here, the coefficients

or just an avalanche if it finishes at the time pdi Swhen

the value of the minimal barrier becomes larger than 2\ B2 C2n D2, B2 Al Bl
fo, bmin(t+S) > fy. The distributionP(S) of the avalanche q .
temporal duration and the distributidt(R) of the avalanche &ndEny are defined for & rr‘f N. Forn<0 a_ndn>||\l they
spatial volume are important characteristics of the type of'® assumed to be ZETo. T .e.maSter equafipenab €s one
dynamics. For our model it is reasonable to consider twd® find Pnn(D) for t=0, if the initial valuesP, y(0) are given.
values as characteristics of the volume of changes producegfS€d on this equation one can obtain analytical results for
in the system by the avalanche. One of them is the nurber the characteristics of the dynamics in the RN model. With
of new elements appearing in the system at the end of thihat end in view it is convenient to use the formalism of the
avalanche. The other is the numiizof elements disappear- 9€nerating function that appeared to be very effective for
ing from the system at the end of the avalanche. In the dy(_:onstrucuon of the exact solution for the master equations of
namics of our model we studied mostly the distributionsth® RN version of the Bak-Sneppen mo{z8-2§. The dy-

P(S), P(A), andP(D) of the temporal and spatial character- "@mics of the RN model is more complex than that of the
istics of avalanches. Bak-Sneppen model, and solution of the master equation for

We studied numerically the 1D and RN versions of thethe RN model for software evolution appears to be not an
model for a:%. The initial size of the system was 8000 easy_pzrgblem. Hereh,. Vr;'e. prt:asent Snll)%.thehexaﬁt result for
elements. The experiment went on until one million ava—PN(t)_ “=0P”'N(t)’.w Ic .'St € proba ||tyt at t_e system
lanches were registered. We got the following results. Th@""s'\I elements with barriers Ie_ss thm.t time pointt. L.‘.at.
P(S), P(A), and P(D) distributions can be sufficiently ap- us denote a.A/(y(,mu) the genehﬁzlr:g function for pI’ObablllltleS
proximated by the power functionB(S)~S7, P(A)~Ara, PN INMY, U =25 -oPn(DY™ " U". From Eq.(1) we obtain
and P(D)~D“ with exponents 7=—1.358+0.0054, the following equation foriy,u):

-1.45+0.01, anduy=-1.47+0.02 for the 1D model and _ 2 - 2 _
=-1.901+0.008 u,—1.98+0.01, anduy=-2.10+0.02 for Ay uly - ulay™+ £)]=yNTy, 0) + ugly” = LIMO.U).
the RN model. It describes one-dimensional discrete diffusion with reflec-

For the RN model it is possible to obtain an analyticaltion and can be solved by the methods usef2B+2§. The
description in the framework of the master equation formal+esult has the form
ism. To do it one can use the method of construction of the 5
master equation proposed for analysis of SOC dynamics of Ayt = YNy, 0)(u - 7) + uarN(7,0)(y" - 1)
the random neighbor version of the Bak-Sneppen model ' (u= Dy -u(ay*+ B)]

[22]. If we denote byP, \(t) the probability that at time point R _ . _

t there areN nodes in the system, amdhave barriers less Where 7=(1-\1-4u’apB)/2ua is the analytical solution of

than\, where 0<\ <1, then the dynamical rules of the RN the equatior{ 7—u(a7*+8)]=0 at the pointu=0. The mean

model result in the following master equation: value n(t) =K+Z\Py(t)N of the system element number at

the time pointt has the followingﬁymptotic for large

Pon(t+1) = (a+ By ks PN + BPIN(D), (D t:nt)=(2a-1t for a>1/2,n(t) =2t/ for a=1/2, and

if we denote bype,(pog the probability that the initial num-

ber N(0) of nodes is eveiiodd), then

_ d _ d _
Eﬁ,N = )\3<Tn,Na AN= MPaNs  Ban= Mo Nt ApnNs

where B=1-a, and in terms ofu=1-\, p,n=(n-1)/(N
-1), ando,y=1-py the quantitiesPﬁ’N(t) and P, () can

be presented by the following relations: n(t) = K+ [1 + (= 1)"K(1 - 2a)%(pe, — Poa) /[ 2(1 - 2a)]
PEND = Afo ne1Prsan-1(t) + Biyg n-1Prean-1(t) for «<1/2. The corrections to the leading terms of the
ca p D2 P asymptotic are of the form(0) — 2aB/ (a?- B?) +f(t)g,(t) for
* Con-1Pan-1(t) + Doy n-1Pr-an-a(t) a>1/2,t72%g,(t) for a=1/2, and f(t)g,(t) for a<1/2.
+E5 5 no1Proan-1(t) + (138, 0+ 3Np?6, 5 Heref(t)=[4aB]"2/t"3? andg;(t), i=1, 2, 3, are bounded for

larget, i.e., there are constants M such thatg;(t)| <M if

t>T. Since &B<1 for a+# 1/2, the functionf(t) decreases
exponentially fast for largée

PE N = A% o e 1Prsznsa (D) + Bt e aPrsanea (D) The asymptotic behavior af(t) demonstrates the dynami-

d cal phase transition at the poinat=1/2. For «<1/2 the

* CrpeaPrna(® + (4ono* Mon ) Popea(D), voluf')ne of the system remairrl)s finite, but fee1/2 it can

became as large as one likes. At the paitl/2, the dy-

AN 0N Ban= 3Neppn + o, namics of the system is critical.

+3\2u 82+ A28, ) Pon-1(b),
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In the above formulated model we tried to present el-was the reason we studied transient avalanches of the self-
ementary mechanisms of software changes. They are ma@eganization period and not theavalanches of the station-
by a programmer locally in the place where these changegry mode. The obtained statistical characteristics of ava-
are most needed. But a program changed in one place oftggnches make it possible to conclude that SOC is the
must be changed in other places in some way Co””eCtedﬁfominaﬁng dynamical regime in the evolution of free soft-

the first one. For example, in order to change the number are. Our results demonstrate that natural selection can cre-

arguments of a subroutine call, one needs to change not ONte this type of “punctuated equilibrium” of such complex
the line containing the call operator but the definition of the . yp P d b

subroutine also. This would lead to some subsequent changedrtual beings” in the information sphere. We believe that in
of all the calls to the subroutine in the whole program. If onethe framework of the proposed approach modern methods of
adds a line in which some data are read from a disk onévestigation of SOC dynamics can be very effective for
should add some lines to check whether the data have bestudies of physical aspects of software evolution. Our results
read successfully, and this in turn can require some change tould be seen also as a theoretical prerequisite for the devel-
the list of modules included, which in turn can cause a nam@pment of new tools and methods for advanced measures of
conflict, which in turn can cause other changes, etc. Thussoftware engineering quality.

avalanchelike processes seem to be natural for modifications _ .

of programs. The avalanche ends when all the parts of the The work of Yu.M.P. was supported in part by the Russian
program code more or less satisfy some subjective and infoundation for Basic Resear¢Grant No. 03-01-00837 the
plicit criterion of the programmer. Naively speaking, the pro-Swiss National Science Foundatig8COPES Grant No.
gram as a whole becomes “a little bit better.” In the model it7SUPJ0622965 and a Nordic Grant for Network Coopera-
can be presented as a process terminating when the value tadn with the Baltic Countries and Northwest Russgh¥o.

the minimal barrier becomes greater than the initial one. ThigIN-6/2002.
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