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Some Real Networks 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Temporal Graph 

• StaLc 
• Shortest path (A,G) = [A,B,D,E,G] 
• Shortest path length (A,G) = 4 hops 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Temporal Graph 

• StaLc 
• Shortest path (A,G) = [A,B,D,E,G] 
• Shortest path length (A,G) = 4 hops 

• Temporal 
• Shortest path (A,G) = [A,C,B,D,E,F,G] 
• Shortest path length (A,G) = 6 hops 
• Time=3 seconds 

t=1  t=2  t=3 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Temporal Metrics 

•                     Shortest Temporal Path Length 

•                     Shortest Path with temporal constraints           

•                     Temporal Efficiency 

dij =

d∗ij =

Eij =
1

dij
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Temporal Metrics 

•  Average Temporal 

•  Average Temporal 

•  Average Efficiency 

L = 1
N(N−1)

∑
ij dij

L∗ = 1
N(N−1)

∑
ij d∗ij

Eglob = 1
N(N−1)

∑
ij Eij
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Does it really maZer? 

•  Infocom 2005 conference environment 

•  Bluetooth colocaLon scans 
•  5 Minute Windows 

•  Measure 24 hours starLng 12am 

Sta6c Temporal 

Day N <k> Ac6vity Contacts  L Eglob L* L Eglob 

1 37 25.73 6pm‐12pm  3668  1.291 0.856 4.090 19h 39m 0.003 

2 39 28.31 12am‐12pm  8357  1.269 0.870 4.556 9h 6m 0.024 

3 38 22.32  12am‐12pm  4217  1.420 0.798 4.003 10h 32m 0.018 

4 39 21.44  12am‐5pm  3024  1.444 0.781 4.705 9h 55m 0.013 
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Important Nodes 
•  Most number of friends 
•  Quickly spread informaLon to many people 
•  Mediates between the most informaLon flows 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Degree 

•    
•  Popular nodes 

Cdeg
i = number of links to i
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•    
•    Average shortest path length to all other nodes 

StaLc Closeness Centrality 

Ci =
∑

i !=j dij
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•    
•  FracLon of shortest paths which pass through node i 

StaLc Betweenness Centrality 

Cbet
i =

∑
i !=s !=t

δst(i)
δst

where δst is # shortest paths from s to t
δst(i) is # shortest paths passing through i
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Temporal Centrality Metrics 

•  StaLc Closeness and Betweenness based on 
sta*c shortest paths 

•  Reformalise closeness and betweenness with 
temporal paths: 
– DuraLon 
– Time Order 
– Frequency 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Temporal Closeness 

Average over shortest temporal paths to all  
other nodes: 

Ch
i =

1
W (N − 1)

∑

j !=i∈V

dh
i,j
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Temporal Closeness 

A 

B 

C 

D 

E 

F 

Time 
1 2 3 

CA =
(2 + 2) + (3 + 3 + 3)

(3 ∗ (6− 1))
= 0.867
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•  Using temporal path length 

Temporal Betweenness 

A  B  C 

Time 
1  2  6 5 4 3 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•  Take into account dura6on 

Temporal Betweenness 

A  B  C 

Time 
1  2  6 

B 

5 4 3 

B B 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Temporal Betweenness 

 Where: 
–                                

–                  

CB
i (t) =

1
(N − 1)(N − 2)

∑

j∈V
j "=i

∑

k∈V
k "=i
k "=j

U(i, t, j, k)
|Sh

jk|

CB
i (t) =

1
(N − 1)(N − 2)

∑

j∈V
j "=i

∑

k∈V
k "=i
k "=j

U(i, t, j, k)
|Sh

jk|CB
i (t) =

1
(N − 1)(N − 2)

∑

j∈V
j "=i

∑

k∈V
k "=i
k "=j

U(i, t, j, k)
|Sh

jk|

returns number of shortest paths from j to k, which node 
i is holding a message at Lme window t 

number of shortest temporal paths between j and k 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Temporal Betweenness 

Sum over all Lme windows for each node: 

CB
i =

1
W

W∑

t=1

CB
i ((t× w) + tmin)
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EvaluaLng Centrality 

•  Corporate Email Dataset 
•  Two perspecLves: 

– SemanLc: roles of each node 

– Dynamic Processes: simulate communicaLon 
•  InformaLon DisseminaLon 

•  InformaLon MediaLon 



Computer Laboratory 

EvaluaLng Centrality 

•  Corporate Email Dataset 
•  Two perspecLves: 

– SemanLc: roles of 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Enron in the News 

$ 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Scandals 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Public InvesLgaLon 

•  Telephone logs 
•  Documents 

•  Financials 
•  Emails 

‐ 151 user mailboxes 
‐ May 1999 to Jun 2002 
‐ 250,000 emails 
‐ NOT anonymised 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Email exchanges to Temporal Graph 

•  Core 151 users 
•  Window size= 1 business day 

•  1137 days 

Time!

Mon!

Tue!

Wed!

Thu!

Fri!

Sat!

Sun!
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Centrality Rankings 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Digging deeper 

•  StaLc centrality strongly correlated with degree 

SB SC SD TB TC TD
SB 1.00 0.57 0.69 0.41 0.24 0.43
SC - 1.00 0.70 0.36 0.22 0.31
SD - - 1.00 0.39 0.28 0.48
TB - - - 1.00 0.43 0.34
TC - - - - 1.00 0.40
TD - - - - - 1.00
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EvaluaLng Centrality 

•  Corporate Email Dataset 
•  Two perspecLves: 

– SemanLc: roles of each node 

– Dynamic Processes: simulate communicaLon 
•  InformaLon DisseminaLon 

•  InformaLon MediaLon 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SemanLcs 
ID Role
009 (Unknown)
013 Legal
017 Manager
048 Executive
053 Trader
054 President
067 Vice President
073 Trader
075 Director of Trading
107 Trader
122 Managing Director
127 Manager
139 Director
147 Trader
150 Secretary
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ID Name Role
9 Stephanie Panus (Unknown)
13 Marie Heard Legal
17 Mike Grigsby Manager
48 Tana Jones Executive
53 John Lavorato Trader
54 Greg Whalley President
67 Sara Shackleton Vice President
73 Jeff Dasovich Trader
75 Gerald Nemec Director of Trading
107 Louise Kitchen Trader
122 Sally Beck Managing Director
127 Kenneth Lay Manager
139 Mary Hain Director
147 Carol Clair Trader
150 Liz Taylor Secretary

SemanLcs 

•  Big bonuses linked with informaLon mediators 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EvaluaLng Centrality 

•  Corporate Email Dataset 
•  Two perspecLves: 

– SemanLc: roles of each node 

– Dynamic Processes: simulate communicaLon 
•  InformaLon DisseminaLon 

•  InformaLon MediaLon 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InformaLon DisseminaLon 

Top 2 closeness node  Top 10 closeness node 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InformaLon MediaLon 

Top 2 betweenness node  Top 10 betweenness node 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Understanding Temporal Dynamics 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Summary of Talk 

•  Temporal Graphs & Distance Metrics 
–  StaLc shortest paths overesLmate available hops and hence 

underesLmate shortest path length 
•  Temporal Centrality Metrics: 

–  More consistent node role 
–  BeZer for dynamic processes 

•  Future Work 
–  Inference using Temporal Model 

•  Missing nodes/links, Future nodes/links, De‐anonymise people 
–  More traces with semanLc informaLon 
–  Malware propogaLon 

•  Best nodes for patching 
–  Spectral Analysis 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QuesLons? 
John Tang 

 email jkt27@cam.ac.uk 
 homepage www.cl.cam.ac.uk/~jkt27 
 twiEer @johnkiZang 
 project hZp://www.cl.cam.ac.uk/research/srg/netos/spa6altemporalnetworks 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