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Motivation

Open Source Software

What it Open Source Software?

Open Source Software (OSS)

· · · is the one which is distributed alongside with the source code

It is free to redistribute

It allows the users to inspect and modify the source code at no
cost (BSD and GPL-like licences)

It allows for derived work under the same/similar licence

Widely used in the software industry now (IBM, Google, Nokia,
HP, · · · )
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Motivation

Open Source Software

Levels of OSS

Developers Software

Package level

Developers interested in a project join a
community and develop a given piece of
software (a specific program, libraries, ·)
Every project depends (code-wise) on others

Because of this, there are distributions of
OSS, that package the different pieces of
software, with the dependencies, and
facilitating their installation
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Motivation

Open Source Software

Software development - Project level

There is a dependency network (what is this, exactly, depends on
the language used)

This, evolves in time by different processes:
I creation/deletion of code
I New code depending on other

Code changes done by different people: necessity to track the code
changes
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Motivation

Open Source Software

Software development - Revision control

There are several systems: centralised (CVS, SVN) or
decentralised (git, Mercurial)

The developers periodically commit the changes they do to the
code

All the information about code change is stored: file time-stamps,
difference with previous version, etc.

From a network perspective, this results in a unique property: All
the network evolution is tracked by the system
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Motivation

Open Source Software

Software development - Object oriented
programming

Programming paradigm by which the program logic is abstracted
into objects (classes)

The objects contain
I data -i.e. other objects-
I a set of methods that allow them to interact with other objects
I an object can inherit properties from others

Central to this paradigm: the code written is an abstract
representation of a given problem.

This decreases the degrees of freedom the developer, has for
designing a program, and allows for code reuse
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Motivation

Open Source Software

Software development - Object oriented
programming

Programming paradigm by which the program logic is abstracted
into objects (classes)

The objects contain
I data -i.e. other objects-
I a set of methods that allow them to interact with other objects
I an object can inherit properties from others

Central to this paradigm: the code written is an abstract
representation of a given problem.

This decreases the degrees of freedom the developer, has for
designing a program, and allows for code reuse

Chair of Systems Design
http://www.sg.ethz.ch/people/tessonec



Network growth in OSS Claudio J. Tessone CCSS Seminar · ETH Zürich 05.10.2010 8 / 36

Motivation

Complex networks

Scale-free networks
In contrast random networks, several networks display a broad degree
distribution

Preferential attachment model [Barabási, Albert, Science (1999)]

Assumption 1: nodes have an initial degree (a constant) k0

nodes are added with fixed rate: N ↔ t

The new node is linked to k0 other nodes

Assumption 2: preferential attachment
I new nodes establish links to highly connected nodes more frequently
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Motivation

Complex networks

Preferential attachment model

Rate equation [Krapivsky, Redner, PRL (2000)]

ṅ(k , t) = n(k − 1, t)ω[(k − 1)→ k]− n(k , t)ω[k → (k + 1)]

transition rate: k0 times selecting a node ∝ degree, normalised by
the total degree of the network

ω[(k − 1)→ k] =
k − 1

K (t)
=

k − 1

2k0

The degree distribution yields (by recursion)

n(k) =
2k0(k0 + 1)

k(k + 1)(k + 2)
∝ 1

k3
for large k
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Motivation

Complex networks

Scale-free networks

The degree of a node born at time ti grows as k ∝ 〈(t − ti )
1/2〉
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This model has several extensions

Accelerated growth [Dorogovtsev, Mendes, PRE (2001)]

ω[(k − 1)→ k] ∝ (k − 1), k0 = c0tθ

I K (t) ∝ tθ+1

I n(k) ∝ 1 + 1
1+θ
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Software structure

OSS as a Network

Developers Software

Package level

two different levels
I macroscopic level: dependencies between

projects
I microscopic level: dependencies between

classes (e.g. Java)
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Software structure

Network at the code level

hierarchical network: “inheritance”
class is a subclass of another

directed links: flow of control
B → A: B makes reference to A

incoming links: reuse of code

outgoing links: responsibilities

SE: “open to extension, closed to change”

AuthorPanel

ClassNetwork List BrowserWidget

String

JPanel

DirectedSparseGraph

BrowsableNetwork

ArrayList

Example taken from our Sourceforge project Cuttlefish – check it out!
Chair of Systems Design
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Software structure

OSS as a Complex Network

abstract description of ‘micro’ level:
I nodes: represent Java files (classes)
I links: represent dependencies ⇒ references to other classes

F extending functionalities of other classes
F calling functions defined in other classes

I advantage of Java: no ambiguity in node representation

directed network:
I in-degree (no of incoming links) of node i : k i

in(t)
I distribution n(kin, t): number of nodes with degree kin at time t
I cummulative distribution P(kin > M, t)
I total number of links Kin(t) =

∑
k i
in(t)

I out-degree (no of outgoing links) ...

Chair of Systems Design
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Software structure

Empirics: Network at the package level

data: Maven project [G. Kohring, ACS (2009)] (dependencies between
4.000 Java projects, 22.000 jar files)

(left): in-degree follows a power-law distribution

(right): out-degree follows a log-normal distribution

[Valverde, Solé, PRE (2003)] measured total degree ⇒ undirected graph
Chair of Systems Design
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Software structure

“Stylized facts” for Dependencies between Projects

in-degree: follows a Zipf Law, stable over time [T Maillart et al, PRL

(2008)]

n(kin) ∝ k−α
in ; α = 2

I different example: Debian distributions
package dependency network
(Woody: orange, Sarge: green, Lenny: black)

out-degree: follows a skew distribution
I candidates: log-normal distribution, (power-law)
I results depend on the dataset
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Software structure

A simple stochastic model

assumption: growth of links follows multiplicative process

dk = µk dt + σk dWt

I preferential attachment model as defined in 1955 by H. Simon
I approximated by continuous dynamics
I stochastic Wiener process (Wt+τ −Wt ∼ N (0, τ))
I µ: mean value of growth, σ2: variance of noise, µ < σ

result for finite time Ts (for node to become ’mature’):
log-normal distribution ⇒ out-degree

n(k ,Ts) =
1

k
√

2πσ2Ts

exp

−
[
ln k +

(
1−2µ
σ2

)
σ2 Ts

2

]2

2σ2Ts


Chair of Systems Design
http://www.sg.ethz.ch/people/tessonec



Network growth in OSS Claudio J. Tessone CCSS Seminar · ETH Zürich 05.10.2010 17 / 36

Software structure

Links have a history: created at different times
I averaging over life time distribution T
I assumption: life times equally distributed: n(k) =

∫ T

0
dT n(k,T )/T

I for large T , µ� σ2/2 (growth dominated by fluctuations)
power law distribution n(k) ∝ k−2 ⇒ in-degree

Conclusion:
I macroscopic level: same stochastic dynamics can reproduce both in-

and out-degree distribution
I differences in T (time assumed for change)
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Software structure

Empirical evidence for preferential attachment

average growth rate R(∆t) = 〈∆k/k〉,

standard deviation of growth rate S(∆t) =
〈
[∆k/k]2

〉1/2

prediction: R(∆t) = µ∆t, S(∆t) = σ
√

∆t

Data: Different Debian releases. [T Maillart et al, PRL (2008)]
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Software dynamics

Empirical analysis

Network description

2003 2004 2007
Class network of JUNG, a framework for network visualisation

Microscopic level: Class dependencies
I Data source: 18 Java projects
I monthly snapshots of dependency network and CVS logs
I final sizes: from 1.856 to 28.898 nodes
What are the laws of network growth?
I first step: use system size as time
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Software dynamics

Empirical analysis

Empirics: Temporal Distribution of Initial Degrees

Work alternates between central and peripheral parts.

Data Source: Eclipse

I time in network size; grey shadows: months
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Software dynamics

Empirical analysis

Empirics: Evolution of average degrees

There is no monotonous relation between degree and insertion time
t∗.
I compare BA: degree monotonically increases with age

degree grows with age
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data source: Eclipse
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Software dynamics

Empirical analysis

Empirics: Accelerated Growth

Growth of total number of links according to K(N) ∝ Nβ
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eclipse azureus

β ≥ 1: increasing density of network
I confirmed for ‘small’ network sizes → saturation? [β(t)→ 1]
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Software dynamics

Empirical analysis

Empirics: Accelerated Growth

Growth of total number of links according to K(N) ∝ Nβ

β ≥ 1: increasing density of network
I ever-increasing complexity in dependecies. Structural complexity.
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Software dynamics

Empirical analysis

Empirics: Initial/Final Degree Distributions

(left) final degree: n(k) ∝ k−γ

(right) intitial degree: n(k0) ∝ k−α
0

I highly heterogeneous (compare standard BA: k0 = const.)

Data: four OSS projects: Architecturware (black circles), Eclipse (blue squares), JEdit

(violet stars), Sapia (magenta triangles).

C.J. Tessone, M.M. Geipel, F.S., arXiv:1007.1330
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Software dynamics

Empirical analysis

Empirics: Relations between exponents

final degree distribution: n(k) ∝ k−γ

intitial degree distribution: n(k0) ∝ k−α
0

total degree over size: K (N) ∝ Nβ
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Software dynamics

Modelling and analytical approach

A Network Approach to Software Dynamics

Aim: Relation between α, β, γ

I identify universal scaling laws for k , K , N
I more importantly: link different dimension of OSS

F software design (initial conditions ⇒ α)
F developer activities (growth dynamics ⇒ β)
F structure of final product (link dependencies ⇒ γ)

Assumption 1: nodes have an initial degree k0

I nodes are added with fixed rate: N ↔ t
I new node is linked to k0 other nodes
I k0 randomly drawn from g(k) = (α− 1)k−α

Assumption 2: preferential attachment
I new nodes link to highly connected nodes more frequently
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Software dynamics

Modelling and analytical approach

Formal Dynamics

n(k , t): number of nodes with degree k at time t

initial condition: fully connected network with n0 nodes

first-order dynamics: rate equation

ṅ(k , t) = δk,k0(t) + n(k − 1, t)ω[k − 1→ k]

+n(k + 1, t)ω[k + 1→ k]

−n(k , t)
{
ω[k → k − 1] + ω[k → k + 1]

}
Node addition transition rate: k0 times selecting a node ∝ degree

ω[k → (k + 1)] = k0(t)
k(t)

K (t)

Node deletion does not play a role in the dynamics

C.J. Tessone, M.M. Geipel, F.S., arXiv:1007.1330
Chair of Systems Design
http://www.sg.ethz.ch/people/tessonec
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Software dynamics

Modelling and analytical approach

Networks dominated by link dynamics

ṅ(k , t) = δk,k0(t) + n(k − 1, t)ω[k − 1→ k]

+n(k + 1, t)ω[k + 1→ k]

−n(k , t)
{
ω[k → k − 1] + ω[k → k + 1]

}
Where

ω[k → (k + 1)] = k0(t)
k

K (t)
+
σ + r

2
k

ω[k → (k − 1)] =
σ − r

2
k
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Software dynamics

Modelling and analytical approach

Networks dominated by link dynamics

If (σ + r)/2 and (σ − r)/2 dominate the process, the rate equation
(in the continuous limit) reads

∂tn(k, t) = r k n(k , t) + ∂2
kk

(
σ2 k2

)
n(k, t)

which is equivalent to the following Langevin dynamics for the degree
ki of a single node i :

k̇i (t) = −r ki (t) + σ ki (t) ξi (t),

This describes the law of proportional growth [ A. Saichev, Y.

Malevergne, and D. Sornette, Theory of Zipf’s law and beyond (2009)], r :
mean growth, σ: Variance of random force
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Software dynamics

Modelling and analytical approach

Results for the total number of links

The total number of links

K (t) =
t∑

t′=1

2k0(t)

K̇ (t) = 2k0(t)

Averaging over multiple realisations, one gets〈
K̇ (t)

〉
= 〈k0|k0 < t〉+ t · Prob[k0(t) > t]

=
α− 1

2− α
+

t2−α

2− α
.

result for total number of links K (t) ∼ tβ

β =

{
3− α if α < 2 ⇒ accelerated growth

1 if α ≥ 2 ⇒ linear growth
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Software dynamics

Modelling and analytical approach

Final degree distribution

Sampling over multiple network realisations

〈ṅ(k, t)〉 =
(α− 1)

kα
+

1

ζ(α) t

[
(k − 1)〈n(k − 1, t)〉 − k〈n(k , t)〉

]
competition between two processes
I addition of new nodes (1st term)
I preferential attachment (2nd term)

result for final degree distribution n(k) ∝ k−γ

γ =

{
α if α < 3

3 if α ≥ 3
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Software dynamics

Modelling and analytical approach

Wrapping up: model results
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β
Dashed lines: simulation results of the model with system sizes between 1000 and 20000

nodes. Solid line: analytical results.
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Software dynamics

Modelling and analytical approach

Comparison betweeen empirics and model
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Dashed lines: simulation results of the model with system sizes between 1000 and 20000

nodes. Solid line: analytical results. Points: Empirical results
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Software dynamics

Modelling and analytical approach

Empirical Validation of Exponents

no accelerated growth in the long run
I accelerated growth ⇒ α < 2 : mean no longer defined
I β saturates to 1 for large networks
I developers avoid increasing complexity in dependencies

software growth on the edge
I α < 3 implies γ = α: initial degree distribution dominates, a

deposition mechanism
I α > 3 implies γ = 3: preferential attachment dominates
I topology completely driven by non-homogeneous network growth
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Conclusions and prospectives

Prospectives

archives of OSS: insight into
I software growth ⇒ dependency network
I interaction of developers ⇒ social network
I projects of different size ⇒ scale effects

long-term goal: co-evolution of product and producers
I are there universal laws for software evolution?
I what is the role of communication?
I are there precursors to indicate successful projects?
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Conclusions and prospectives

Conclusions

Conclusions

1 OSS as a complex network
I two levels: software (structure/dynamics), production (interaction)

2 Universal scaling relations exist
I macro level: between projects ⇒ Zipf law, log-normal distribution
I micro level: between classes ⇒ power law
I allow prediction of software growth and internal complexity

3 Propagation of changes
I highly concentrated on few dependencies ⇒ software engineering

4 Co-evolution between product and producers
I correlations between communcation and changes
I role of users in software innovations
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