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other software systems. Biological metadata (for ex-
ample, genome annotations) need to be tightly inte-
grated with the analysis of primary data, and the Bio-
conductor project has invested a lot of effort in the
provision of high quality metadata packages. The ex-
perimental data in functional genomics require more
structured formats than the basic data types of R, and
one of the main products of the Bioconductor core is
the provision of common data structures that allow
the efficient exchange of data and computational re-
sults between different packages. One example is the
ExpressionSet, an 54 class for the storage of the es-
sential data and information on a microarray experi-
ment.

The articles in this issue span a wide range of top-
ics. Common themes are preprocessing (data import,

quality assessment, standardization, error modeling
and summarization), pattern discovery and detection,
and higher level statistical models with which we
aim to gain insight into the underlying biological
processes. Sometimes, the questions that we en-
counter in bioinformatics result in methods that have
potentially a wider applicability; this is true in par-
ticular for the first three articles with which we start
this issue.
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Introduction

Network structures are fundamental components for
scientific modeling in a number of substantive do-
mains, including sociology, ecology, and computa-
tional biology. The mathematical theory of graphs
comes immediately into play when the entities and
processes being modeled are clearly organized into
objects (modeled as graph nodes) and relationships
(modeled as graph edges).

Graph theory addresses the taxonomy of graph
structures, the measurement of general features of
connectedness, complexity of traversals, and many
other combinatorial and algebraic concepts. An im-
portant generalization of the basic concept of graph
(traditionally defined as a set of nodes N and a bi-
nary relation E on N defining edges) is the hyper-
graph (in which edges are general subsets of the
node set of cardinality at least 2).

The basic architecture of the Bioconductor toolkit
for graphs and networks has the following structure:

e Representation infrastructure: packages graph,
hypergraph;

e Algorithms for traversal and measurement:
packages RBGL, graphPart

e Algorithms for layout and visualization: pack-
age Rgraphviz; RBGL also includes some lay-
out algorithms;

e Packages for addressing substantive prob-
lems in bioinformatics: packages pathRender,
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GraphAT, ScISI, GOstats, ontoTools, and oth-
ers.

In this article we survey aspects of working with
network structures with some of these Bioconductor
tools.

The basics: package graph

The graph package provides a variety of 5S4 classes
representing graphs. A virtual class graph defines
the basic structure:

> library(graph)
> getClass("graph")
Virtual Class

Slots:

Name : edgemode

Class: character

edgeData nodeData
attrData attrData

Known Subclasses: "graphNEL", "graphAM",
"graphH", "distGraph", "clusterGraph",
"generalGraph"

A widely used concrete extension of this class is
graphNEL, denoting the “node and edge list” repre-
sentation:

> getClass("graphNEL")

Slots:
Name: nodes edgel. edgemode edgeData
Class: vector list character attrData
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attrData
nodeData

Extends: "graph"

An example graph is supplied, representing the
“integrin mediated cell adhesion” pathway as de-
fined in a previous version of KEGG (Kyoto Ency-
clopedia of Genes and Genomes, Kanehisa and Goto,
2000; the pathway is now called “focal adhesion™).

> data(integrinMediatedCellAdhesion)
> IMCAGraph

A graphNEL graph with directed edges
Number of Nodes = 52
Number of Edges = 91

> nodes (IMCAGraph) [1:5]
[1] "ITGB" "ITGA" "ILK"
> edges (IMCAGraph) [1:5]
$ITGB

[1] "ITGA" "ILK"

|ICAV|I IISHCII

IICAVII IISHCII IIACTNII IITLNII
$ITGA

[1] "ITGB"

$ILK
(1] "ITGB"

$CAV
[1] "ITGB"

$sSHC

[1] "FYN" IIGRBQII "ITGB"

Methods that can be used to work with graph in-
stances include:

e The edgemode method returns a character to-
ken indicating whether the graph is directed or
undirected.

e The nodes method returns information on
graph nodes; in the case of a graphNEL in-
stance it returns a vector, intended to repre-
sent the (unordered) node set through charac-
ter names of entities described by the graph.
(Note that there are more general represen-
tations available, in which objects other than
strings can constitute graph nodes, see remarks
on nodeData below.)

e The edges method returns a named list. The ith
element of the list bears as its name the name
of the ith node, and contains a vector of node
names to which the ith node is directly linked
by a graph edge.

> all.equal (names (edges (IMCAGraph)),
nodes (IMCAGraph))
(1] TRUE

http://www.graphviz.org
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The network may be visualized using the follow-
ing code:

library(Rgraphviz)

plot (IMCAGraph,
attrs = IMCAAttrs$defAttrs,
nodeAttrs = IMCAAttrs$nodeAttrs,
subGList = IMCAAttrs$subGList);

See Figure 1.

Figure 1: Rendering of the IMCA pathway.

We will illustrate aspects of other parts of the sys-
tem using this example graph structure.

The Rgraphviz package

Rgraphviz provides an interface to graphviz!,
an open source library for graph visualization.
Graphviz performs several types of graph layout:

e dot: draws directed graphs in a hierarchical

way

e neato: draws graphs using Kamada-Kawai al-
gorithm

o fdp: draws graphs using Fruchterman-

Reingold heuristic
e twopi: draws radial layout
e circo: draws circular layout

Many aspects of graph rendering are covered,
with general programmatic control over colors,
fonts, shapes, and line styles employed for various
aspects of the display and annotation of the graph.

The Bioconductor Rgraphviz interface package
lets you choose the layout engine for your graph ob-
ject among the options dot (the default), neato and
twopi.
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We generate a graph and plot it using different
layout engines:

> library("Rgraphviz")

> set.seed(123)

> V <- letters[1:10]

> M<-1:4

> gl <- randomGraph(V, M, 0.2)

A graphNEL graph with undirected edges
Number of Nodes = 10

Number of Edges = 16

> plot(gl)

Figure 2: Rendering with dot.

> plot(gl, "neato")

Figure 3: Rendering with neato.

> plot(gl, "twopi")

Figure 4: Rendering with twopi.

Zhttp://www.boost.org
Shttp://www.boost.org/libs/graph
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The RBGL package

Researchers study different kinds of biological net-
works: protein interaction networks, genetic regu-
latory systems, metabolic networks are a few exam-
ples. Signaling pathway identification could be mod-
eled using shortest paths in a protein interaction net-
work. The task of identification of protein complexes
can be conducted by finding cohesive subgroups in
protein interaction networks. The protein interaction
network under consideration is built from the experi-
mental data, which contains incomplete information,
false positives and false negatives. Extensible repre-
sentations that can manage such complications are at
a premium in this process.

RBGL provides a set of graph algorithms to anal-
yse the structures and properties of graphs and net-
works.

There are three categories of algorithms in this
package:

e interfaces to graph algorithms from the boost?
graph library (BGL3);

e algorithms built on BGL; and

o other algorithms.

The Boost C++ Library provides peer-reviewed
C++ libraries, with the objective of creating highly
portable open source resources for C++ program-
ming analogous to the proprietary standard template
library (STL).

The Boost Graph Library (BGL) is one of the Boost
libraries. BGL provides a set of generic data struc-
tures to represent graphs, and a collection of C++
modules (all defined as templates) constituting algo-
rithms on graphs.

Package RBGL provides a direct interface to
many of the graph algorithms available in BGL. Table
1 lists the main functionalities currently provided.

In the second category, we implemented
minimum-cut algorithm minCut, based on one of
the maximum-flow algorithms from BGL.

In the third category, we implemented

e highly connected subgraphs (function
highlyConnSG), a clustering algorithm pro-
posed by Hartuv and Shamir (2000).

e a number of algorithms from social network
analysis: k-cliques (function kCliques), k-
cores (function kCores), maximum cliques
(function maxClique), lambda-sets (function
LambdaSets), and

e predicate functions: to decide if a graph is tri-
angulated (function is.triangulated), to test
if a subset of nodes separates two other subsets
of nodes (function separates).
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RBGL functions Comments
Traversals
bfs breadth-first search
dfs depth-first search
Shortest paths

dijkstra.sp
bellman.ford.sp
dag.sp
floyd.warshall.-
all.pairs.sp
johnson.all.pairs.sp

Single-source, nonnegative weights
Single-source, general weights
Single-source, DAG

Returns distance matrix

Returns distance matrix

Minimal spanning trees
mstree.kruskal
prim.minST

Returns edge list and weights
As above

Connectivity
connectedComp
strongComp
articulationPoints
biConnComp
edgeConnectivity

init.incremental.-
components
incremental.components
same.component

Returns list of node-sets

As above

As above

As above

Returns index and minimum
disconnecting set

Special processing for
evolving graphs

Boolean in the incremental setting

Maximum flow algorithms
edmunds.karp.max.flow
push.relabel.max.flow

Vertex ordering
tsort
cuthill.mckee.ordering
sloan.ordering
min.degree.ordering

List of max flow, and edge-
specific flows

Topological sort
Reduces bandwidth
Reduces wavefront
Heuristic

Other functions
transitive.closure
isomorphism
sequential.vertex.coloring
brandes.betweenness.-

centrality
circle.layout
kamada.kawai.spring.layout

Returns from-to matrix

Boolean

Returns color no for nodes
Indices and dominance measure

Returns vertex coordinates
Returns vertex coordinates

Table 1: Names of key functions in RBGL. Working examples for all functions are provided in the package

manual pages.
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To illustrate an application, we wuse the
sp.between function to determine the shortest path
in the network between the SRC gene and the cell
proliferation process:

> sp.between(IMCAGraph, "SRC",

"cell proliferation")
$‘SRC:cell proliferation
$‘SRC:cell proliferation‘$path
[1] "Src" "FAK"
[3] "MEK" "ERK"
[6] "cell proliferation"

$‘SRC:cell proliferation‘$length
[1] 4

$‘SRC:cell proliferation‘$pweights
SRC->FAK
1
FAK->MEK
1
MEK->ERK
1
ERK->cell proliferation
1

The resulting list includes a vector encoding the
shortest path, its length, and the weights of individ-
ual steps through the graph.

Representations and general at-
tributes

As noted in the class report for getClass("graph"),
a variety of graph representations are available as
S4 classes. It is particularly simple to work with
graphAM on the basis of a binary adjacency matrix:

> am = diag(4)
> am = cbind(1,am)
> am = rbind(am,0)
> am[5,3] = am[3,5] = 1
> am[1,1] =0
> dimnames(am) = list(letters[1:5],
letters[1:5])
> am
abcde
a01000
b10100
cl10011
d10001
e00100
> amg = new("graphAM", am,
edgemode="directed")
> amg

A graphAM graph with directed edges
Number of Nodes = 5
Number of Edges = 9
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> nodes(amg)

[1] llall llbll "C" lldll llell
> edges(amg) [2]

$b

[1] llall "C"

Other classes can be investigated through examples
in the manual pages.

To illustrate extensibility of graph component
representations, we return to the IMCAGraph exam-
ple. As noted above, the node set for a graphNEL in-
stance is a character vector. We may wish to have ad-
ditional attributes characterizing the nodes. In this
example, we show how to allow a “long gene name”
attribute to be defined on this instance.

First, we establish the name of the node attribute
and give its default value for all nodes.

> nodeDataDefaults (IMCAGraph,
attr="longname") <- as.character(NA)

Now we take a specific node and assign the new at-
tribute value.

> nodeData(IMCAGraph, "SHC",
attr="longname" ) =
+ paste("src homology 2 domain",
"containing transforming protein")

To retrieve the attribute value, the nodeData accessor
is used:

> nodeData(IMCAGraph, "SHC")

$SHC

$SHC$longname

[1] "src homology 2 domain containing
transforming protein"

The hypergraph and graphPart
packages

A hypergraph is a generalised graph, where a hyper-
edge is defined to represent a subset of nodes (in con-
trast to the edge in a basic graph, which is defined by
a pair of nodes). This structure can be used to model
one-to-many and many-to-many relationships. The
package hypergraph provides an R class to represent
hypergraphs.

A protein interaction network could be consid-
ered as a hypergraph: nodes are proteins, hyper-
edges are protein complexes, a node is connected
to a hyperedge when the corresponding protein is a
member of the corresponding protein complex.

A k-way partition of a hypergraph assigns the
nodes to k disjoint non-empty sets so that a given
cost function is minimum. A typical cost function is
the weight sum of hyperedges that span over more
than one such disjoint sets. Computing k-way parti-
tions of hypergraphs is NP-hard.
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There are several libraries available that provide
approximate solutions to the above partition prob-
lem. The package graphPart provides interfaces to
two such libraries:

e hMETIS*: a set of algorithms based on the mul-
tilevel hypergraph partitioning schemes devel-
oped in Karypis Lab at Univ. of Minnesota.
These algorithms have shown to produce good
results and are scalable.

e PaToH’: a multilevel hypergraph partitioning
tool developed by U. Catalyurek in Ohio State
Univ. It is fast and stable, and can handle par-
titioning with fixed cells and multi-contraints.

Note that these libraries are not open source, and
must be obtained independently of the Bioconductor
tools described here.

The pathRender package

The Cancer Molecular Analysis Project (c(MAP) from
NCICB® maintains a collection of genes organized
by pathways and by ontology. The pathway inter-
action database is assembled from publicly avail-
able sources, represented in a formal, ontology-based
manner. The pathways are modeled as directed
graphs.

The data package cMAP contains annotated data
from cMAP for use in bioconductor. For a given
pathway, the package pathRender provides a tool to
render this pathway as a whole or just a part of it.

pathRender does the following:

e it takes data from the cMAP database via pack-
age cMAP;

e it builds a graph where nodes represent
molecules/proteins, edges represent interac-
tions between them;

e it assigns different properties to the nodes and
edges according to what they represent; then

e it uses package Rgraphviz to render such a
graph on graphical display.

4http://glaros.dtc.umn.edu/gkhome/views/metis
Shttp://bmi.osu.edu/ umit/software.html
®http://cmap.nci.nih.gov
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Outlook

For RBGL, we're planning to implement additional
algorithms, such as algorithms for calculating clus-
tering coefficient and transitivity of graphs, and com-
puting k-cores of hypergraphs. Further experience is
needed to establish more effective use of these algo-
rithms in bioinformatic work flows.

Since bipartite graphs and hypergraphs are likely
to play a substantial role, we will also introduce more
specialized algorithms for these structures.
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