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Eigenvalue-based evaluation for transportation network

Eigenvalue analysis for transportation network E&E#fFERWEZER Y b7 —2 O

Fiedler
vector :

Eigenvector
centrality :

Leading
eigenvalue :

Algebraic connectivity defined by the second smallest eigenvalue of the
Laplacian matrix (degree matrix - adjacency matrix), and the corresponding
eigenvector (Fiedler vector) to evaluate road network connectivity
Laplacian T39O E ZR/NEBEICL > TERINBZRBERE, TNICHLT 2EERY Lz
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Ex. F97% 5(2018), Bell et al. (2017)

Wang and Van Mieghem (2008) studied on improving network connectivity by adding links
using algebraic connectivity index.

‘ Directed network

Port accessibility is evaluated by eigenvector centrality indices for delivery cargo network.
(Wang and Cullinane, 2008)
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|dentification of single additional links that contribute significantly to improve port network
connectivity (Cheung et al, 2020)
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Topological analysis

Typical examples of topological based road network evaluation

- Network efficiency
 Latora and Marchiori (2001) defined a measure of information exchange which is the average
across all node pairs of the reciprocal of distance.
2/ — FEEBROBHOFHICLE>TRry FT7— R EZER
- Mattson and Jenelius (2015) presented a global efficiency index, which indicates how direct the

connections are between all node pairs by comparing the Euclidean distances with the shortest
network distances.

2A—7Yy FERERICEDCREERE Y FT7—I7RUZLRT S LICLY, 70—V EEREZER
- Node centrality
* A measure of how important each node is on the network.
B/ —FDPRy bT—0RATENIZEEETH % H DIEE
* There are several centrality indicators depending on what is defined as “important”.
Mzb>TEELTHINICE ST, SEIELHAFLEEBEINERINTLS

Ex. Degree centrality (Proctor and Loomins, 1951), Closeness centrality (Beauchamp, 1965),
Eigenvector centrality (Bonacich, 1972), Betweenness centrality (Freeman, 1977)



Eigenvector Centrality (Bonacich, 1972)

e If a node adjacent to the important nodes, the centrality of that node is also large.
BELR/ —FeERT L/ —FPBELTCVWSEE, 20/ —FOFLMELRECHS

e Important node pushes up the centrality of adjacent nodes.
EER/ — FNEBE/ — FohoMEEEms ¢ 5

xX(t+1) = Ax(t) 1st iteration : 1 2
X ()

x;(t+1) 0 1 1 1\ /x1(®)
Xt +1) = ) Ay () @+ | _(0 0 0 1)[x0®
S S — : 1 1 1 0
. x : the magnitude of effect X (t+1) x4(t) v3 -
. A adjacency matrix i Q‘ —4)
. N:the number of nodes
This iteration converges to the largest eigenvalue 4,0,
AX = ApaxX %, >0(1<i<N) max’ the largest eigenvalue of A |

Eigenvector centrality is obtained by the eigenvector corresponding

to the largest eigenvalue of the adjacency matrix.



Construct of weighted network

Type of network

- Directed network 5m<s' < 7
 Each link has a direction. Each link connects from tail node to head node.

Ko ARMERED
- Weighted network &4t 77 7

» Each link have element as weight.
BUVIDNEHEFD

Directed and weighted adjacency matrix A
Destination
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0 otherwise




Road Network Evaluation by Eigenvector Centrality

- Set the various feature values as weight for each link to consider the traffic function.
- Evaluate the effect based on each weight setting by weighted eigenvector centrality.

Ax = Ax

_ {weight value of the link from node i to node j ‘ 3

ajj = . 2
0 otherwise -
1 Byels——24) 1 \25 25 15
0.419 0.645 0.392 0.106 0.389 0.089 0.393 0

& 1.5 >@ @'——1.5—>@ @! 1.5—(2) (De—15—(2)

- lterate to normalise for network size to avoid divergence.

- This iteration converges to the largest eigenvalue. The eigenvector corresponding
largest eigenvalue should be all positive. (Perron-Frobenius theorem)

1

> 1—> —1—> —1—> 6
0.097 0.419 0.159 0.343 0.139 0.383 0.145 0.368




Comparison with other centrality measures

Target centrality measures

Centrality measure

Degree Centrality

Closeness Centrality

Eigenvector Centrality

Betweenness Centrality

Reference

Proctor & Loomis
(1951)

Beauchamp
(1965)

Bonacich
(1972)

Freeman
(1977)

Formulation
n
Xi = Z ' Clij
J
n
.'X'i =
2:J' dl}

Definition

The number of links connected to the node.

The mean distance from a node to other nodes using the
shortest path through a network between two nodes.

A node's importance in a network is increased by having
connections to other nodes that are themselves important.

The extent to which a node lies on the shortest paths
between other nodes.




Comparison with other centrality measures

A small-scale road network in Gifu City

e Upper 20%

© 20 -40%
- 45 &

° - o /A - N - 809

- 50~ 100% ‘N - 80 Tooss

* Upper 20%
* 20 - 40%

Degree Centrality Closeness Centrality Betweenness Centrality Eigenvector Centrality Eigenvector Centrality
Capacity weighted

o
* 80 - 100%

Table. Spearman'’s rank correlation

- The similarity between CC and EC.

Eigenvector

coEECo R Do, o e e Ean
_ I%gés significantly effected by bypass E—— 1 0000 e
DC I /8 A /8 R SE T 0 B8 Ak s Closeness Centrality 0.5004 1.0000
- EC includes the characteristics of Betweenness Centrality 0.5554 0.5132 1.0000
both DC and CC. Eigenvector Centrality 0.5717 0.7679 0.3546 1.0000
ECIZDC & CCOMA D% Eigenvector Centrality ¢ 4o 4 0.9263  0.4646  0.8405 1.0000

Capacity weighted

The similarity suggests the big advantage of eigenvector centrality since the calculation of
shortest pass is not needed.



Classification of functional and geographical
characteristics of road networks



Weight settings on eigenvector centrality

Classification of

Weight

Equation

Eigenvector Centrality

Challenges

The magnitude and strength of movement ability on road network. Connectivity

The evaluation of Capacity We = Ce considering the ease of link disruption based on the traffic capacity.
road improvement
Road area We = LoC, Contribution for the supply performance by the road improvements.
Speed w. =S The distribution of road rank connectivity.
P ¢ ¢ Connectivity distribution of links with high and low speed limits.
Capacit — The magnitude and strength of movement ability on road network. Connectivity
pactty ¢ € considering the ease of link disruption based on the traffic capacity.
Characterised the 3PR The distribution of road rank connectivity.
region on the road function W, = to; (1 + an) Connectivity distribution of links with short and long travel time considering
network congestion.
Travel time W. =t The distribution of road rank connectivity.
e e Connectivity distribution of links with short and long travel time.
Distance We = L, The spatial density of network by the connectivity of length on each link.
: |7/
. . Congestion We = —= Concentration and distribution of crowded roads.
The usage situation rate Ce
of road network Traffic . o .
we =1, Concentration and distribution of traffic volume. '] O

volume



Weight settings on eigenvector centrality

Classification of
Challenges

Weight

Equation

Eigenvector Centrality

The distribution of road rank connectivity.

We =S L .
Speed ¢ ¢ Connectivity distribution of links with high and low speed limits.
Capacit — The magnitude and strength of movement ability on road network. Connectivity
pactty ¢ € considering the ease of link disruption based on the traffic capacity.
Characterised the 3PR The distribution of road rank connectivity.
region on the road function W, = to; (1 + an) Connectivity distribution of links with short and long travel time considering
network congestion.
Travel time W. =t The distribution of road rank connectivity.
e ¢ Connectivity distribution of links with short and long travel time.
Distance w, = L, The spatial density of network by the connectivity of length on each link.
Congestion Ve , T
, , We = — Concentration and distribution of crowded roads.
The usage situation rate Ce
of road network Traffic . o .
we =1, Concentration and distribution of traffic volume. 11

volume



Eigenvector Centrality by Each Traffic Feature Values

Traffic
Volume

Capacity

Congestion
Rate

BPR
Function

1: Top 20% of Rank
2:20% - 40%
3:40% - 60%
4:60% - 80%

5:80% - 100%
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Factor Analysis

To identify the potential common factors.

Y=Af+¢

Y: The set of observed variables, A: The set of factor loadings of each variable and each
factor, f: The set of common factors, €: The set of unique factors

- Three common factors are extracted by factor analysis
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3) Third factor loading
Road Rank Factor 13



Cluster classification

- Cluster 1 [472:26%] “Rural part cluster”

Gero City, Ena City, the north part in Shirakawa town and
Hida City,

- Cluster 2 [372:21%] “Western urban part cluster.”
Oogaki, Motosu, Ibigawa, Kaizu.

- Cluster 3 [140 : 8%) “Northern urban part cluster”
Takayama City

- Cluster 4 [678:38%]) “Central urban part cluster”
Gifu, Kakamigahara, Minokamo, Seki, Gujo

- Cluster 5 [121:7%) “Expressway cluster”

Nodes are mainly located along the expressway

Result of factor analysis by using eigenvector centrality classified the road network

by functional and geographical characteristics.
ECICESCHAFAIICLY, BHI v b7 — 2 £ - EBIEIC L > THHE 14




Cluster classification

The number

Average factor score 1  Average factor score 2 Average factor score 3

Cluster  pnodes  oreentage  wp ke demand” “Road sparsity” “Road rank”
1 472 26% -0.376 0.348 -0.830
B 372 21% 0.378 -1.267 -0.729 |
3 140 8% 0.247 2.252 -0.541
4 678  38% 0479 0060 0861
s 2 % 2665  -0402 1281

Average factor score in each cluster

- Cluster 2 [372:21%] “Western urban part cluster.”
Oogaki, Motosu, Ibigawa, Kaizu.

Traffic demand : High demand

Road sparsity : Dense

Road rank : Low

Large capacity roads are insufficient despite high demand and dese networks. For road
improvement, capacity expansion of existing links is effective.

BEANBLICHELOFTAABOBHEATS, Fv b7/ HBRFELTVS. BEY Y2 ORBIEANE.
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Relationship between road improvement
and usage in the long term



Weight settings on eigenvector centrality

Classification of

Challenges Weight Equation Eigenvector Centrality

The evaluation of
road improvement
~Road area We = LeCo Contribution for the supply performance by the road improvements.

Characterised the
region on the road
network

The usage situation
of road network Traffic

we =V, Concentration and distribution of traffic volume.
volume




Multiple-year data

The number of nodes and links in road networks by year

- Target area : Gifu Prefecture, Japan Year 1990 1999 2005 2010
> 10,620 kn in size and included mountainous and Node 1727 1770 1791 1793
urban areas. Link

(Ordinary roads) 4494 4618 4717 4723

- Target years : 1990, 1999, 2005, 2010 I
» The road networks have been improved year-on-year (Expressway roads)
Total lengths (km) 9000 9495 9798 9857

35 52 69 73

| 1
i 5010 / / / / i Different weight settings

for the same network

/MD /O& oo ° " ! Different weight values for

the same weight setting

Supply Side : W, = L.C, Demand Side : W, =1,
Concept figure

18



The change of road network in Gifu

Improvement of road network
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Tokai Hokuriku Expressway
Partial opened in 1986
All opened in 2008
Under construction for 4 lanes

Tokai Ring Expressway

East side opened in 2005
Under constriction for west side
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Chuo Expressway
All roads have been opened

Meishin Expressway
All roads have been opened
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Impact of road improvements on supply and demand

Scatter plots of logarithm eigenvector centrality values on supply side and demand side for each year
BEEOHBA L BEAORMEE 2 b LEOBER

(1990 1999 2005 2010 The glope of the linear approximation line through the origin

The log-scaled EC on ?&emand side 0

-120
= Year Slope R? In 1990-2005, many nodes have )
f 1990 0.808 0.830 lower demand side evaluations than
% 1999 0.834 0.755 supply side evaluations
@)
2005 0.737 0.712 2005%F E T3 BER o FHE A BRI O ST &£ W B L
§~ 2010 1002  0.774 /o PaEe )

-120

Connectivity on road performance have improved by road development on the supply
side, however impacts on the demand side are not as large as the supply side?
EREEEEIC & U SRR RS ER M OERE AL L2, BEEAAOFERZNIEATCALDON? 71



Correlation of supply and demand

Correlation coefficients of both weights

Supply
Year 1990 1999 2005 2010
1990 | 0.720 0300 0.140 0.131
‘3? 1999 | 0.715 0289 0.154 0.140
%; 2005 | 0728 0.289 0.157 0.143
2010 @ 0478 0361 0.349

The correlation between supply in 1990 and demand
in 2010 is high, even though the EC is calculated with

different weights and years.

FEHINHENTLWEIDICHEHL LT, 1990FEHEE L 2010EFFEED
HEARD E W

- Road network is improved because of the increase

in demand
or
- Demand increased by the results of road
improvements.
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Correlation of supply and demand

Correlation coefficients of both weights

Supply
Year 1990 1999 2005 2010
1990 | 0.720 0300 0.140 0.131
‘3? 1999 | 0715 0.289 0.154 0.140
%; 2005 | 0728 0.289 0.157 0.143
2010 | 0.764 0478 0.361 0.349

The correlation between supply in 1990 and demand
in 2010 is high, even though the EC is calculated with
different weights and years.

- Road network is improved because of the increase
in demand

A

There should be the correlation between past

demand and future supply.
BEOBEICH L THIGOERMED 1 CEEI R RS T

The correlation coefficient continually decrease,

this suggestion does not occurred.
HERBITED LT THY, RELRT S 23




Correlation of supply and demand

Correlation coefficients of both weights

Supply
Year 1990 1999 2005 2010
1990 (J0.720 0300 0.140 0.131
‘3? 1999 (]0.715 J0.289 0.154 0.140
%; 2005 |J0.728 §0.289 J0.157 0.143
2010 [J0.764 J0.478 |0.361 0.349

There is a lagged effect of road investment.

The correlation between supply in 1990 and demand
in 2010 is high, even though the EC is calculated with
different weights and years.

- Demand increased by the results of road

improvements. '

There should be the correlation between past supply
and demand subsequence year.
BEOHIGIH L TREOERHIES T EEEAM AR D IFT

The correlation coefficient continually increase.

MBI FRER L F /Y (SN

Demand-side connectivity increases as supply-side connectivity becomes better by road
improvements. EEEIC LY HREBOESFEIAELZObIC, TEAOEEOHAY AT S 24



Conclusions

- Eigenvector centrality analysis showed that it is possible to evaluate a road network from different
perspectives by using some weight settings.

- Factor analysis has been used to identify important factors (traffic demand, road density and road
rank) for characterizing the road network.

- The supply side and demand side evaluations by topological approach showed differences in impacts
of road network improvement.

- The evaluation of changes over a 20-year period using real road networks suggests that there may
be a time lag in the impacts of road network improvement on demand side.
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Network inherent structure

The eigenvector centrality measure is relative evaluation index within a network, it is
difficult to evaluate the impact of network topology changes due to disasters, urban

development, etc. @Ea~s brmitiE@iEsy b 7— 2 ROBMOBTEEETSH Y . BRELOFE
BEEMNICHES 2 Z LlETE AN

1. Absolute evaluation by the leading eigenvalue, an index uniquely determined for
the entire network v t7—s&fkic L t—BICR % 28ETH 2 RABBIMEIC & 2T

 To obtain the unique leading eigenvalue in directed graph, the graph must be
strongly connected. #m75 7icsuci—ioRke 3 ICEBERE S T 7 THELE LEEL

* The leading eigenvalue is evaluated higher when there are extremely strong parts.

So, the evaluation by the leading eigenvalue has weak affinity with homogeneity
and fairness. EXEHEEH IR ERT 2BOIHNIEH S ITEBMEELRL, HEEPATEHE BRI REEAD

2. Evaluate the impact of missing parts by the amount of the eigenvector centrality
change from a criteria value determined by the network size
2y b7 =Y A RICE > TREBREEA DOEERS PARLMEELEICL > T, BROBHOEA 7> T HEL TS 5
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Thank you ! 26



