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General statistics for Irkutsk region

Census 2010:
@ Population: 2424355
@ Settlements: 86 (1976484)
@ Unaccouned: 447871
@ Economically active: 61%
@ Car ownership: 22.4%
Modal split:
@ individual vehicles : 19% (2204-103 trips.est.)
@ transit: 65% (76350-103 trips)
o rail: 15% (17143477 trips)
@ air: 1% (2x 865935 trips)
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Graph model for automobil road network of Irkutsk district

22
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Graph Model of East Siberian Railway

Nurminski (FEB RAS)

RTM-IRKUTSK



Methodology — OD-matrix

Modified gravitational model (Voor1955-1958, Carr1956, Wilson1967-1971,
Livsh1973, Popkov1983).

T,'j = A,'O,'Bijf(C,'j), (1)

where:
Tjj — correspondence between i and j;
O; — outflow from i; D; — inflow to j;
cij — unit expenses (time, money, ... ) between i and j;
f(cjj) — distance function for the OD-pair i, j ;
A; n Bj — problem parameters.

OD-balance equations:
-1

n m -t
A = Zl ij(c,-j) , Bj = [Zl A,'f(C,:,')] : (2)
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Methodology

Balancing

Algorithm due to Fur65,Arrowsmith,Lam81,Schn90:

Initialize: ) 1
TI? = O,'Djf(C,j) Z D/f(C,'/)] )
L /=1
and iterate:
m 1-1 m
P K ) k
Th TUDJ[ZTU_ if YTy > Dy,
ij i=1 i=1
Tijf — otherwise
QG=0- Tj R=D-> Tf 4

-1
n
TéfJrl = TF + QiRif(cy) [Z Rif (cir)

I=1

until input-output balances are satisfied.
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Data preparation

Distance functions

Car traffic:
f(t5) = Ajexp{—7t]},

where t;; average time (h) for driving from i to j, v and 6 — scaling
coefficients,

Transit, rail and air;
8
fcij) = e

where cjj — the cost of i — j trip.

In both cases § — scaling coefficient, \jj — attractiveness factor for the
i — j trip.
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Attractiveness factor

Borrowed from Cratuctuyecknii exxerogiuk TpaHCnopT U CBA3b
WpkyTckoii obnactu C78 Crat.cb./ MpkyTckeraT. WpkyTek, 2012. 100 ¢ :

e . a; ol
Aij = kij X Tj X E; ><Ej.

where kj; — the linkage factor for i, j settlements, 7;, 7; — tourist
attractiveness of i/, j, E;, E; — income per capita in i, j, aj, j — elasticities.
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Data preparation

3HaveHns ko3hULNEHTOB CBASHOCTM

Twun nocenka | MNpuHagnexxHocTb Koadbd. cesazHocTU
lNopop, arT Mocenok
lopog OawH paiioH 1 1 0.7
Pa3Hble palioHbl 0.4 0.3 0.1
nrT Opuh paiion 1 0.7 0.3
PasHble palioHbl 0.3 0.3 0.1
Mocenok OpawH paiioH 0.7 0.5 0.2
Pa3zHble palioHbl 0.1 0.1 0.1
Ceno Oput paiion 0.5 0.2 0.2
PasHble paiioHbl 0.1 0.1 0.1
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Data preparation

Data preparation

@ OD-modeling for an ideal transportation network
@ OD-modeling for automobile transportation

o Individual car transportation
@ Transit

@ OD-modeling for rail
@ OD-modeling for air
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OD for an ideal transportation network

OD for an ideal transportation network

Ideal transportation network corresponds to complete transportation graph.

7482 corresponding pairs, modified gravitational model with the distance
function f(c;) = )\,-jcijfe (to agree with some popular simulation models).
Traffic forcast predicted the following 10 highest flows:

AHrapck NpkyTck
NpkyTck AHrapck
NpkyTck Bpatck
BpaTtck NpkyTck
LLlenexos NpkyTck
NpkyTck LLlenexos
Vconbe-Cubupckoe VpkyTck
BpaTck Verb-Nnumcek
Verb-Nnumck BpaTck

18796.2
3086.11
1054.48
2119.95
1262.13
6441.69
1038.12
1601.31
4074.79

which in general agrees with the observed data on daily labor migration.
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OD for the road transportation

Graph model

Graph model for Irkutsk roads

Black — paved road, gray - combined, green — ..., red — no road, blue —

ferries.
Computations were conducted for the backbone net with 5550 OD-pairs
without the disconnected part at the left.
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OD for the road transportation

o Individual vehicles
@ Transit
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OD for the road transportation Individual vehicles

Individual vehicles

Modified gravitational model with distance function
f(t7) = Ay exp{—tf},

tj — minimal time to get from i to j (found by Dijkstra algorithm) with
individul times for the edges.
Average velocities for different quality roads were taken as

va = 90 km/4 for paved roads;

va = 80 km/4 for combined dress;

Va =60 km/4 for ...;

va = 40 km/4 for no road;

va = 20 km/y for ferries.
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OD for the road transportation Transit

Transit and rail

Gravitational model with the power law for the distance function:

—0
f(C’J)_ ij U 9

in all cases c;; was the trip cost, 6 is 4 for the transit, and 2 for the rail.
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erved data

Comparison with observed data
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blue — computed traffic, red — observations.
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Quality Indicators of Network Topology

@ Latora-Marchiori (Latora V., Marchiori M. Efficient behavior of
small-world networks // Physical Review Letters, 2001, v. 87)

@ Nagurnay-Qiang Nagurney A., Qiang Q. Network Efficiency Measure
with Application to Critical Infrastructure Networks // Journal of
Global Optimization, 2008, v.40, 261-275.

@ Shortest path statistics

@ System cost impact indicator (Jenelius E., Petersen T., Mattsson L.G.
Road network vulnerability: identifying important links and exposed
regions // Transportation Research A, 2006, v. 40, 537-560.)

@ Minimal spanning tree (Tero A; Takagi S; Saigusa T; Ito K; Bebber
DP; Fricker MD; Yumiki K; Kobayashi R; Nakagaki T. 2010. Rules for
biologically inspired adaptive network design. Science. 327(5964):
439-442.)
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Quality Indicators of Network Topology

Notations further on:
@ Graph G ={V, E};
@ V— the set of vertexes with cardinality n = |V/|,
@ E C V x V — the set of edges;
@ W C V x V — the set of OD-pairs, nyy = |W|.
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Quality Indicators of Network Topology Latora-Marchiori

Latora-Marchiori network efficiency

Network efficiency measure, according to Latora-Marchiori:
re(G) =~ Y d!
n(n—1) & U~
IJEV,i#]

where djj — network distance from i to j.
When edges e € E have lengths I, e € E compute

E/E(G — 1) Z/_

ecE

and Latora-Marchiori coefficient is defined as

etm(G) = €1e(G) /ere(G).
erm(G) is maximal (=1) for complete graphs. Irkutsk €,y = 0.13894.
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(OITEY VA [3Te =N TSR M NS LT YA Nagurnay-Qiang network efficiency

Nagurnay-Qiang

The LM-measure does not take into account the network load.
Nagurnay-Qiang suggested the similar measure which takes the load into

account.
eno(G Z qu '
IJGW

where gjj = pjj/djj with p; —equilibrium cost, djj — network distance.
As it happen epq correctly predicted the negative value of the additional
road in well-known Braess paradox.

Disadvantage: to estimate eyg(G) the difficult equilibrium problem has to
be solved.
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e e
Shortest paths

"All-or-Nothing"traffic assignment: 5740 routes. Most frequently visited
nodes and edges:

Most imp nodes Most imp edges
No. Settl. Rel imp (%) | Settl. Settl. Rel imp (%)
1 3anapm 100.0000 3anapn  Teiperbl-s 100.0000
2 TyayH 02.4178 3uma ToipeTbl-s 99.0368
3 YepemxoBo 88.2398 3anapu  Kytynuk 08.2487
4  Toipetbl-51 87.9304 3uma CasiHck 98.0736
5 3unma 87.0793 Kytynuk “epemxoso 96.9352
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Overview

Quality Indicators of Network Topology
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(OTE| A BT TETTERCT BN ST R A System cost impact indicator

System cost impact indicator

If removal of the edge e leaves the net connected, SCIl is defined as
1 e
ve(e) = ———= > (p§— pi):

where pjj, pi; — are equilibrium marginal costs for the net with and without
the edge e.
Modified SCII:

se(e)= > aylp§ —py);

(ij)ew
where ajj = rjj/ > (s yyew st — is the relative weight of i — j traffic,
makes SCII higher for heavy loaded edges.
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Road network resilience for Irkutsk district

Model
Data:
o YO ={y0 e c E} —initial edge capacities, d,, — demand for OD-pair
we W;

@ T — a finite set of network accidents, e € [0,1],t € T,e € E,
shares of capacity losses;
°
Unknowns:
@ Y = {y., e € E} — extra capacities
@ x% — diverted flow from the demand d,,, w € D on the edge e € A
under the damage scenario t.
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Road network resilience for Irkutsk district

Optimization
Objective:

Z Ceye - total cost of the network expansion
ecE

Capacities constraints:
Z X% < ety +ye), te OU T,ecE,

weD

Flow conservation constraints (Kirchhoff law):

dw, i=r,
w w __ M
g Xop — g Xop = 0, i¢w
GEE,-OUt eEEii" _dW7 I =5, t e (OU T)7 w e D7
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Road network resilience for Irkutsk district Computations

Computations

LP problem has about
Ny = |E| 4+ |E| x |D| x (|T| 4+ 1)+ |E| x (| T| + 1) variables,

where |E| is a number of edges in transportation network, |D|| is a number
of corresponding pairs, | T| is a number of disaster scenarios.

Number of constraints
My =14|T|)x |E|+(1+]|T]|) x|D| x|V|

For |E| ~ 100, |D| ~ 100, | V| ~ 100, | T| ~ 1000 the both N; and M; are
of the order of 10" and this problem can be referred to as gigabyte
optimization problem.
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Road network resilience for Irkutsk district Problem setup

Problem setup

Technology:

GMPL — NEOS(GUROBI — AMPL)

Test problem (failure of 1 of 3 major exit roads out of Irkutsk).

Problem Failed. ~ Vars.  Cnstr. Nonz. lter.  Time(sec)
neos-48-56 0 252784 108400 758128 47099 1.74
neos-48-56-1 1 500944 216798 1502718 175646 264.31
neos-48-56-2 2 749104 325196 2247308 267152 935.75
neos-48-56-3 3 997264 433594 2991898 382015 498.68
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Road network resilience for Irkutsk district Problem setup
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