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➢ Hypothesis: 

Biological function are carried by discrete functional modules.
❖Hartwell, L.-H., Hopfield, J. J., Leibler, S., & Murray, A. W., Nature, 1999.

➢Question: Is modularity a myth, or a structural property of biological networks?

(are biological networks fundamentally modular?)

Modularity in Cellular Networks

➢ Traditional view of modularity:





Modularity in cell biology



Definition of a module

• Loosely linked island of densely 
connected nodes

• Groups of co-expressed genes



Concept of modules in a network



Concept of modules in a network



Computational analysis of modular 
structures

Data clustering approach



Concept of data clustering analysis

• Partitioning a data set into groups so 
that points in one group are similar to 
each other and are as different as 
possible from the points in other groups.

• The validity of a clustering is often in 
the eye of beholder. 



Concept of data clustering analysis

• In order to describe two data points are 
similar or not, we need to define a similarity 
measure.

• We also need a score function for our 
objectives.

• A clustering algorithm can be used to 
partition the data set with optimized score 
function.



Types of clustering algorithms

• Partition-based clustering algorithms

• Hierarchical clustering algorithms

• Probabilistic model-based clustering 
algorithms



Similarity measure for network 
clustering

• Correlation

• Shortest path length

• Edge betweenness



Score function for network clustering

• To maximize the intra group connections 
as many as possible and to minimize the 
inter group connection as few as 
possible.



Quantitative measurement of 
network modularity
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Threshold selection



club network



club network



Examples of agglomerative 
hierarchical clustering



Modules in the E. coli metabolism
E. Ravasz et al., Science, 2002

Pyrimidine metabolism



Spotted microarray for 
Saccharomyces cerevisiae

Similarity measure 



Regulatory module network



Genome Biology, 9, R2, (2008).



Limitations of Hierarchical Clustering

• Once a decision is made to combine two 

clusters, it cannot be undone

• No objective function is directly minimized

• Different schemes have problems with one 

or more of the following:

– Sensitivity to noise and outliers

– Difficulty handling different sized clusters and 

convex shapes

– Breaking large clusters



Simulated Annealing (SA)

• Simulated annealing is a powerful 
technique to provide high quality solutions 
to some difficult combinatorial problems

• It keeps a variable Temperature (T) which 
determines the behavior of the annealing 
process. This variable T is initialized to a 
very large value at the beginning, and will 
be gradually decreased (cooled down).



Simulated Annealing

Algorithm:

Initialize T and a feasible solution f

While (T  a threshold)

• Make a slight modification to f to get g

• Check if g is better than f, i.e., cost(g) 
cost(f)?

• If yes, accept g, i.e., f  g; else, compute p as 
e-k(cost(g)-cost(f))/T where k is a positive constant, 
and then, accept g with probability p

• Update T



Basic Ingredients of Simulated 

Annealing

• Solution Space

• Neighboring Structure

• Cost Function

• Annealing Schedule

– Moves are selected randomly, and the 

probability that a move is accepted is 

proportional to system’s current temp



模拟退火算法是模拟固体的退火过程，对
Metropolis算法进行迭代的组合优化算法。设组合
优化问题的一个解i和目标函数f(i)分别与固体的一
个微观状态i和能量状态Ei等价，并用控制参数t担
当固体退火过程中温度T的角色，则对于控制参数
t的每一取值，算法持续进行“产生新解－判断－接
受/舍弃”的迭代过程，控制参数t随算法进程递减
其值，使得整个迭代过程与固体在某一恒定温度
下趋于热平衡的过程相对应。



Guimerà and Amaral, Nature 2005.



利用模拟退火法（SA）进行模块划分

使网络模块性(Modularity)最大

其中
NM模块的数目，
L是整个网络内所有链接数目的总和，
ls是模块s内部节点间链接的数目，
ds是模块s内部节点的连接度的总和。



• 能量函数C = -M

• 接受准则 Metropolis

其中cf是更新后的能量函数，ci是更新前的
能量函数



在每个温度T，通过两类随机移动改变网络模块
结构：

1)某一个节点从一个模块随机移动到另一个模块，
做ni次，定义ni=fω2; 

2)随机合并两个模块或者将某一个模块随机地划分
成为两个模块，做nc次，定义nc=fω。

其中，ω为整个网络的节点数目；f为迭代因子；
温度T按照冷却因子Δ进行改变，T’=ΔT，一般
Δ∈[0.990，0.999]。当温度连续改变25次模块性
M都不变时，收敛，得到的收敛状态即为最终的
模块化结果





Case study

Comparative analysis of metabolic 

networks between chloroplast and 

cynobacteria.



Global Topology of metabolic networks of chloroplast 

and different cyanobacterias

enzyme cluster 

coefficient

compound 

cluster 

coefficient

average 

enzyme path 

length

enzyme 

diameter
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compound 

path length

compound 

diameter

Chloroplast 0.534371 0.431872 5.07847 19 4.83902 19

syw 0.59365 0.503954 4.07523 11 3.972854 12

ana 0.590467 0.513945 4.15901 11 3.95608 12

cte 0.577056 0.506881 4.12231 12 3.94473 12

gvi 0.594211 0.518726 4.15974 12 3.95251 12

pma 0.577878 0.487342 4.09658 12 3.92037 12

pmm 0.590459 0.48967 4.06937 10 3.92196 11

pmt 0.581159 0.495484 4.09455 12 3.98362 12

syn 0.590339 0.501971 4.1349 12 3.91225 12

tel 0.593009 0.488283 4.11994 11 3.87589 12



Ratio of topological parameters between calvin cycle 

–centered subnetwork and whole network
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叶绿体和各种蓝藻模块化结构的相似性



叶绿体 蓝藻syw



Network Motifs

We have looked at some global features of real

complex networks:

• Short distance between nodes (small-world)

• Low number of hubs (scale-free)

• High local clustering (modular)



Network Motifs

Now we look at “patterns” in complex networks

Network motif = small subgraphs that are
significantly over-represented

Example of a 3-node motif:

Do you expect this motif to be over-represented?

First focus on directed networks and look at 3- and 4-node motifs

What is a 2-node motif?
How many 3-node motifs are there?
How many 4-node motifs are there?

Beware of overcounting due to isomorphisms(同构)!



Detection of important network 

motifs

• Technique:

– construct many random graphs with the same number 

of nodes and degree distribution

– count the number of motifs in those graphs

– calculate the Z score: the probability that the same or 

larger number of motifs in the real world network 

could have occurred in a random one

• Software available: mfinder

– http://www.weizmann.ac.il/mcb/UriAlon/



Enumeration of directed 3-node motifs

Again, interpretations (what those formalisms actually mean)!
Does X↔ Y make sense in the food web context?

Exercise: Howmany undirected 3-node motifs are there?



Example: Feed-forward loop

➢

➢

➢

Count how many times it appears in the real network
Count how many times it appears in “comparable” random networks (through edge-
swapping)
Compute empirical p-value or z-score.



What the Z score means

m = mean number of times the motif

appeared in the random graph

# of times motif 

appeared in random graph

zx=
x - mx

sx

s standard deviation

In the context of motifs:

Z > 0, motif occurs more often

than for random graphs

Z < 0, motif occurs less often

than in random graphs

|Z| > 1.65, only a 5% chance of

random occurrence



Examples of network motifs 

(3 nodes)

• Feed forward loop

– Found in many 

transcriptional 

regulatory  networks

coherent incoherent



Different classes of networks prefer different
network motifs



Finding classes on graphs based on 

their motif “profiles”



All 4 node subgraphs (computational expense increases 

with the size of the graph!)




