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Why is "MATHEMATICS”
so important in “TRANSPORTATION” ?
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Mathematics as important instrument
for improving traffic and transport

mproving traffic and transport using mathematics is an olad
dream (1900°s), which is nowadays effective in many
disciplines (or fields of Science) through the use of models,
concepts, algorithms, and tools developed in the frame of
,OPERATIONS RESEARCH (From 1960s to date)”
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2) Macroscopic (PDE) 2) Travel-time\Energy\Pollution 2) Proactivity
3) Mesoscopic & Nanoscopic 3) SPP \ SPST \ MST \ TSP\ Flow 3) Performances
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What is "OPERATIONS RESEARCH”
and why is it so important in the field
of “TRANSPORTATION"” ?
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Operations reseach in transportation

Operations research (O.R.) :
1. O.R. performs decision-making based on analytical methods (mathematical models),
statistics and algorithms (simulation models).
2. O.R.is used to analyze complex real-world systems with the aim of improving (i.e.,
controlling/optimizing) their performance.

Traffic
control

Traffic
modelling

. Continuous & Discrete
Statistics, Optimization
® stochasticity &

Game theory
Applied mathematics
(ODEs & PDEs models)

Traffic Machine learning Traffic
simulation forecasting
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What is the value/importance of
"this Lecture/Course”

for the “New ICT- Master Program” ?
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Sample Applications of Mathematics
in transportation Engineering

O The knowledge acquired in this Course can be used to address the following issues:

Transportation Design of Design of
planning Road-Networks Rail-Networks
Example: Designs to facilitate the * Graph theory * Graph theory
move of people & goods from s>t  * Lanes & Road capacity * Rails- Scheduling
(*OD-Matrices,  Optimal path plan- * Traffic jam avoidance * Collision avoidance through

ning,s SPP, « MST, » Max Flow, etc.)  * Travel time optimization ~ + Mov. Synchro. on Rail Tracks

Traffic simulation

Traffic control

Traffic sensing

(Sensor Data) strategies Models/concepts
* Traffic counting * Pretimmed * Design of SimModels
* Traffic tracking/visualization * Actuated based- ODEs & PDEs
* Traffic control * Semi-actuated * Neural networks
. Intelligent Transport Systems: New ICT — based Master’s Curricula in Uzbekistan (INTRAS)
"l &EAY;?E]SFISQ; Agreement number: 2017-3516/001-001

Project reference number: 586292-EPP-1-2017-1-PL-EPPKA2-CBHE-JP



Co-funded by the

INTRAS Erasmus+ Programme

of the European Union

Important aspects to be covered in this
Course/Lecture by each Lecturer
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Important aspects to be investigated in each chapter
> (1)

1 Chapter 1. General introduction

Why is mathematics important in transportation?

How should mathematics be used in transportation?

Principle of modelling transportation systems mathematically
Presentation of concrete systems/scenarios in transportation

along with their corresponding mathematical models

Examples are selected in Railway transportation, Road transportation,
and in Supply Chain Networks (SCN) and Logistics

ANANE NN

AN

d Chapter 2. Basics of graph theory and applications in transportation
Selected applications of graph theory in transportation.

Basic concepts in graph theory

Description of SPP, SPST, MST, TSP, and Max Flow.

Dijkstra algorithm for SPST & MST in graph networks

Matrix- representation (e.g., adjacency-, Incidence-, Circuit- matrices) of
graph networks with concrete examples in transportation.

SN KX
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Important aspects to be investigated in each chapter

2 (2)

1 Chapter 3. Mathematical modeling of traffic flow

v
v
v

v

Fundamental parameters of traffic flow: Speed-Flow-Density
Mathematical modeling of the fundamental parameters of traffic flow
Mathematical modeling of traffic flow on a multilane segment (with
both overtaking and ramps).

Mathematical modeling of wheel pairs movement of a rail vehicles
Mathematical modeling of Railway Rescheduling Problem

d Chapter 4. Basics of traffic signals control at isolated junction

AN NI NI N NN

UNIVERSITAT
KLAGENFURT

Performance criteria of a junction
Mathematical model of a traffic junction
Identification of a traffic junction
Protected- and Unprotected- turns; Critical lane concept
Graphs for traffic lanes and lane- groups
Graphs for road intersections
Intelligent Transport Systems: New ICT — based Master’s Curricula in Uzbekistan (INTRAS)
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* 4 *

Important aspects to be investigated in each chapter
> (3)

 Chapter 5. Mathematical modelling of scenarios/events in Railway transp.
v Graphical models of specific examples in Railway transportation
o (see projects below)
v" Mathematical models of specific examples in Railway transportation
o (see projects below)

 Chapter 6. Basics of supply chain networks (SCN) and modelling principles
v’ Structure of a SCN & Framework for SCM
v’ Design principle of a SCN
v Graphical modeling of a SCN (see projects below)
v' Mathematical modelling of a SCN (see projects below)
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Important aspects to be investigated in each chapter
> (4)

O Chapter 7. MATLAB-CODING: Numerical simulation of Microscopic, Macroscopic
and Mesoscopic traffic dynamics
v" Microscopic traffic (ODEs)
v" Macroscopic traffic (PDEs)
v" Mesoscopic traffic (Coupled ODE & PDE system)

d Chapter 8. LAB.-DEMO: SYNCHRO 7 & 9: Design of traffic junctions with different
control strategies using SYNCHRO and measurement of the performance criteria
v" Pretimed control
v Actuated control
v' Semi-actuated control
v" Roundabout

UNIVERSITAT Intelligent Transport Systems: New ICT — based Master’s Curricula in Uzbekistan (INTRAS)
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What is “The Scientific
value/importance of this
Lecture/Course” ?
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Spin-off of the course/Lecture

O The knowledge acquired in this Course can be used in the following key projects:

Fundamental Experimental

Research Projects Research Projects

Findings are: Development of Outcome is: Implementation of

v’ Traffic Simulation models v’ Traffic SimTools
v’ Traffic control strategies v’ Traffic control devices

v’ Traffic forecasting models Scientific v’ Traffic sensors (e.g. devices

Publications for adaptive cruise control,
tracking & detection, traffic
counting, etc.)

Expected contribution are:
v Conference papers

v Book chapters

v’ Journal papers

v' Master Theses

v" PhD Theses
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Selected concrete application examples
of scenarios in transportation with
related mathematical models
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“A TYPICAL EXAMPLE OF APPLYING MATHEMATICS IN ROAD TRAFFIC”

How maths and driverless cars could
spell the end of traffic jams

[Source]: Article by Lorna Wilson, Commercial Research Associate, University of Bath, 2016

Macroscopic model
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“A TYPICAL EXAMPLE OF APPLYING MATHEMATICS IN ROAD TRAFFIC”
Equation: Factors for Predicting Phantom Traffic Jams

ll A measure of road conditions and
driver behavior. The curvier the
road or the nastier the weather,
the longer it takes to slow down.
That makes this number smaller

P The lowest traffic density (in cars
per unit of distance) at which a
jam can occur. If at least this many €
cars are on the road, watch out.

and reduces the number of cars
needed to make a jam pop up.

)

100 B

I

¥ j; rpM
=M g

P The maximum
traffic density
for the particular
rcad we're
talking about,
bumper-to-
bumper.

[ I——
20 cars per mile

"l UNIVERSITAT
KLAGENFURT

This minus sign configures the
eqguation to give the lowest den-
sity at which a phantom jam can
cccur. But there's a highest den-
sity, too. Replace the minus with a
plus and you get a maximum. If
there are more than this many
cars on the road, everyone is
forced to go too slowly to trigger
ghost gridiock

Intelligent Transport Systems: New ICT — based Master’s Curricula in Uzbekistan (INTRAS)

[Source]: University of Alberta and MIT, 2011

The speed you'd
be going if you
weren't in this

damn traffic jam.

55 mph

1. This
mathematical
model was
developed by a
team of MIT
mathematicians
to describe the
formation of
"phantom jams'

2. This
equation/
Model
(developed at
the University
of Alberta and
MIT) can tell
you when to
prepare for
frustration (due
to jam traffic)

Agreement number: 2017-3516/001-001
Project reference number: 586292-EPP-1-2017-1-PL-EPPKA2-CBHE-JP

A frustrated driver in a traffic jam
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“A TYPICAL EXAMPLE OF APPLYING MATHEMATICS IN ROAD TRAFFIC”

L This course analyses the following models: Greenshields, Daganzo, Smulders, and Drake:

Greenshields model 1 Greenshields model 2 Greenshields model 3
U u U
2 2 S _ £
q:ufk—k—fk LIIHle—k— u—uf_‘k—k
J J J
(Flow versus Density) (Speed versus Flow) (Speed versus Density)
o k
q. = k’i T S k, =—21
m 4 2 2
(Maximum flow) (Speed at capacity)
(Capacity)
uf
q 4
m .
// Speed
Flow /,(/ (kmph)
(vph) /uo
// k ™ Forced Flow
/4 0 3 .
0 Density (vpkm) k Volume (Flow) Density (vpkm) k,‘
|
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“A TYPICAL EXAMPLE OF APPLYING MATHEMATICS IN RAIL TRAFFIC”

L This course analyses the following issue (amongst many others at stake in Rail traffic):

Real Time Rescheduling of Railway Networks

Discrete - & X GO IE
optimization - = optimization

Mathematics in traffic and transport ...

Multi objective
optimization
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“A TYPICAL EXAMPLE OF APPLYING MATHEMATICS IN SCN”

O This course also investigates the mathematical modeling of SCN

BIFURCATION ANALYSIS AND SYNCHRONIZATION ISSUES IN A
THREE ECHELON SUPPLY CHAIN NETWORK

K. R. Anne, ]J. C. Chedjou & K. Kyamakya
International Journal of Logistics Research and Applications
A Leading Journal of Supply Chain Management Volume 12, 2009

Logistics

e

-~ S
h. -
Order . Order Orde Ord Ord
- I r = raer raer
> In ¥ Out b In “ ot h In +
. A
Retailer T Dis l}h&t_\ Producer —+Production
ssse —5—
<+ Supply ssee Supply Supply |222s| Supply Supply |eee
- Ot s In ﬁ Chat 2ese In ' e Out ai

Figure 1: Three level supply chain model

e The quantity demanded by customers

X, =m(y,, —Xx,,)
® The inventory level of distributors
-‘.l = "-n -1 (r 7 :t-l )

xX=(oc+doW v —xV+d,
VY =((r+dr)x'—y —xz"+d,

e The quantity produced by producers
:l = ".1 l-\': 1 +k:‘l 1

=xVv —(b+db)z"+d,

UNIVERSITAT Agreement number: 2017-3516/001-001
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Selected important projects to be
considered in the frame of this lecture
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Selected projects in railway transportation

o o O 0O O

(

A Mathematical Model for Railway Control
Systems - (NASA Contractor Report 198353)
Mathematical approach applied to train
scheduling

Mathematical modeling of Railway
Rescheduling Problem

Mathematical model of wheel pairs movement
of a rail vehicles

Mathematical model for planning the
distribution of locomotives to meet the
demand for making up trains

A mathematical model of the rail track
presented as a bar on elastic and dissipative
supports under the influence of moving loads

Rail traffic

UNIVERSITAT Intelligent Transport Systems: New ICT — based Master’s Curricula in Uzbekistan (INTRAS)
KLAGENFURT Agreement number: 2017-3516/001-001

Project reference number: 586292-EPP-1-2017-1-PL-EPPKA2-CBHE-JP
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Selected projects in road transportation

Mathematical modelling of traffic flow on
highway

Mathematical modeling of road transport in
context of critical infrastructure protection
Mathematical models for traffic control with
concrete applications

Mathematical modelling using integer linear
programming approach for a Truck Rental
Problem (TRP)

A mathematical model in reduction of cost on
transportation of sugarcane and the loss due to
the accident in transportation

A Neural Network Model for Drivers Lane- Road traffic
Changing Trajectory Prediction in Urban Traffic

Flow

C O O O

U

. Intelligent Transport Systems: New ICT — based Master’s Curricula in Uzbekistan (INTRAS)
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Selected projects in Supply chain networks

0 Modelling Supply Chains with PDEs . :

d Modelling of a Supply Chain Network m ‘, _{.}f ﬁ ‘, @
Driven By Stochastic Fluctuations éﬁ T oy Ovows | | Tl gt i &

L Modelling of Job Shop Scheduling e : ; Bl
Problem 2 ; a

1 Modelling and optimization of the i o il g Bt
assignment problem in a supply chain B i e V0L
network ; ;

@ Supply Chain Network Design under i g é e
Uncertainty with Evidence Theory @ A A

L Formulating a mathematical model G By &iﬁ'{ Q &;‘% & sy
for container assignment optimization Guyh T Vel T i Vel

on an intermodal network Supply chain networks & Logistics
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A didactic lecture on the topic:

“Mathematical modelling of Shortest
path problems (SP) and Travelling
salesman problem (TSP)
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* Mathematical modeling of Shortest Path (SP) and
Traveler Salesman Problem (TSP)

* Simulation algorithms based on the Neuro-dynamics
concept (Neuro-computing)

Univ.-Prof. Dr.-Ing. Kyandoghere Kyamakya
Kyandoghere.Kyamakya@aau.at

Assoc. Prof. PD. Dr. Dr.-Ing. Jean Chamberlain Chedjou

jean.chedjou@aau.at
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Transforming Graph Theoretical problems into set of
ODEs: The Neurocomputing concept (BDMM)

Derivation of the objective function m

Assiénment of attributes to nodes |

| Binarization of decision neurons

ExEression of the Lagrange function |
|| Agglication of the BDMM concegt |

| Derivation of set of coupled ODEs l

| Solving of the Neuro-dynamics model |

UNIVERSITAT Intelligent Transport Systems: New ICT — based Master’s Curricula in Uzbekistan (INTRAS)
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CASE STUDY 1:
Shortest Path Problem (SPP)

A directed graph of magnitude 4 and size 6*
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Mathematical modeling of the shortest path problem
in a directed graph of magnitude 4 and size 6 (1)

O Consider the directed graph of magnitude 4 and size 6 in Fig. 1:

v Use the theory of optimization to model the SP problem in Fig. 1 mathematically.

UNIVERSITAT Intelligent Transport Systems: New ICT — based Master’s Curricula in Uzbekistan (INTRAS)
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Mathematical modeling of the shortest path problem
in a directed graph of magnitude 4 and size 6 (2)

O Mathematical modeling of the SP problem in Fig. 1.

Step 1: Expression of the total cost of the graph in Fig. 1 and objective function
Min[f (x.,¢.) = (cx, +C,X, +€3x, +€,X, +Csx; +Cxg )]

Step 2: Assignement of the three possible attributes to each node of Fig. 1
Nodel: (x, +x, —x,)=4,

Node2: (x, +x,—x;)= & (Source Node: ¢, =1)
2 6 3 2
g(x,.6,) = (Intermediate Node: & =0)
o 1?7 . .=
Node3: (rl—x -X, ) 53 (Destination Nod 5? )
estination Node: &, =—
UNIVERSITAT Intelligent Transport Systems: New ICT — based Master’s Curricula in Uzbekistan (INTRAS)
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Mathematical modeling of the shortest path problem
In a directed graph of magnitude 4 and size 6 (3)

d Mathematical modeling of the SP problem in Fig. 1.

Step 3: Expression of constraints related to binarization

x1(-"'1 —1)— 0
:tr2(.1c2 —1)=0
x;(x3—1)=0
h(xf)=< x4(x4 —1)=0
xﬁ(xs —1)= 0
xﬁ(xﬁ —1)=O

Step 4: Expression of the Lagrange function as the total energy of the system

L= ('91-’51 +0,X, + 03X, + 0, X, + 0 X, + X, )+ A (x3 +x,—x,—0, )
+/?.2(x3 T X5 =X _'52)+’13(x1 XX —53)+i4(x5 X T Xy _54)
+ Asx, (xl - 1)+ AgX, (xz - 1)"’ A, ('xs - 1)+ AgX, (x4 - l)+ AgX (‘xs - l)+ Ayo%s (‘xﬁ - 1)
"l . Intelligent Transport Systems: New ICT — based Master’s Curricula in Uzbekistan (INTRAS)
UNIVERSITAT

KLAGENFURT Agreement number: 2017-3516/001-001
Project reference number: 586292-EPP-1-2017-1-PL-EPPKA2-CBHE-JP
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Mathematical modeling of the shortest path problem
in a directed graph of magnitude 4 and size 6 (4)

U Mathematical modeling of the SP problem in Fig. 1.
Step 5: Application of the BDMM concept and derivation of the coupled ODEs

Application of gradient descent to decision neurons

ﬁ = _5_L = _[Cl -4+ 4+ As(2x _1)]
dt 0ox,
dx, oL
S = — =—C‘,+ﬂ;,— + A 2.‘.’1—1
it ox, e+ 2=, 242, =)
dx, cL
— ===, + A -4+ 2x,—1
e R
<
d OL
i= —(— =—[C4 +A1 —/14 +/13(2x4 —l)]
dt ox,
dx; oL
i o T A A A D]
dx oL
—=-_—-—=—-| +/1 —.&+ 2x _1
i o, = et A At A% D)
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Mathematical modeling of the shortest path problem
in a directed graph of magnitude 4 and size 6 (5)

 Mathematical modeling of the SP problem in Fig. 1.

Step 6: Application of the BDMM concept and derivation of the coupled ODEs

Application of gradient ascent to multip lier neurons (Groupl)

d E;LL
dt 34
d& aL :
dt a&q '
<
d -
t k
dA, 0L :
dr oA,
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Mathematical modeling of the shortest path problem
in a directed graph of magnitude 4 and size 6 (6)

d Mathematical modeling of the SP problem in Fig. 1.
Step 7: Application of the BDMM concept and derivation of the coupled ODEs

Application of gradient ascent to multiplier neurons (Group 2)

% = +5‘_L = +[x1(x1 _l)]

dt 0

% —+ ;}i = +[x,(x, -1)]
% -+ STL? = +[x;(x; = 1)]
% _y ;i = +[x,(x, - 1)]

% = +5_L = +[x5(x5 —1)]

dt ol
d oL
%:"‘ﬁ :+[x6(xﬁ_]‘)]
t 00
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Mathematical modeling of the shortest path problem
in a directed graph of magnitude 4 and size 6 (7)

d Mathematical modeling of the SP problem in Fig. 1.

Step 8: Neurocomputing concept- Derivation of the set of coupled ODEs model

Group 1: Decision Neurons Group 3 : Multip lier Neurons
alr dﬂ
% _ _[C2 + A, = A, + A4(2x, —l)] Group 2 : Multip lier Neurons d; — +[r 1)]
f“l
x, — 0,
b, :_[C3+;1|'1 '11+/‘[7(2x5_1}] [x T 1] %:"‘[xs(xs_l)]
a'/lg 1
2 — X —x,—0,
4= eyt 2y Ay 25(2x,-1)] o +xe v -0)] dﬁ e, (v, - 1)]
a'ﬂa _
r =—es — 4+ Ay + 45(2x5 - 1)] dt =+lx-%-x,-5] %=+[-rs(xs—l)]
di,
—S= _[Cﬁ + A, — Ay + A4(2x _1}] dr +[-’f5 Tl _54] % = +[‘x6(x6 _1)]
dt dt
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Mathematical modeling of the shortest path problem
in a directed graph of magnitude 4 and size 6 (8)

O Mathematical modeling of the SP problem in Fig. 1.

Step 8: Neurocomputing concept- Derivation of the set of coupled ODEs model

=X 1A=

Ay =Xy 1A =Xy

Group1:Decision Neurons A=xih4h=X,; Group 3 :Multiplier Neurons

dr Ay =Xy 3 A =Xp5 } - [

—L ==l -x, +x, +Xx,(2x, -1 —"’"(‘ ]

dr [q o TX,(2x, )] Ae =Xy 1 Ay =Xpe d

d\ ‘l- =4 —l

e e + 3 = x5 +x,,(2x, - 1)] Group 2 : Multiplier Neurons LACR)

dx 5 (dx. = [ K

— =, +x, =Xz +x35(2x; -1 — =X+ X, X = +[x; (x; -1))
) & [C X> =X +X,5(2x; )] ar Pl o 51]

a =
‘f;; =—[c4+x-—xw+.r,‘(2x,—l)] %—f[r +x6—x3—5:] +[x‘(x,-1)]
)

dt‘ ——[c - X, + X,y + X, (2x, = 1)] %:«-xl—xs—x:—é;l =+[x,(x, -1)

dr dx =aly (. —
L—a—ti =-[c, +x; = x, +x,,(2x, ~1)] T;O =+{x, - x, -x, - &, L r [xs(x, 1)
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MATLAB-CODING of the Neurocomputing concept

1 Numerical simulation of the SP problem in Fig. 1.

function d==f (t, =)

dx==zercs (16,1);

cl=1; c2=2; c3=3; c4=4; c3=3; c6=6;

zl=1; =2=0; =23=0; =z4=-1;

d=({l)=-( 1 - =(7) + ={(3) )-=(11)*(2*=x(1)-1);
:;.K{:}:—( c2 + }1(8} - }:[9:} }—Hi‘_:}*{:*}:i:}_l}r_
dum(2)=—( 22 + =(7) - =(8) )-= (13} *(2%=(3)-1);
dx(4)==( c4 + x(7) - x(10) )=x(14)* (%= (4)~1);

dz{5)=—( 5 — =(%) + =(10) )-=(15)*(2*=(5)-1);
dz{g)=—1( c6 + =(8) - =(10) )-=(1l6)*{2*=x(6)-1);
de(7)=+( =(3) + =(4) - =(1) - =1 );
dz(8)=+( =(2) + =(6) - =(3) - =52 );
du(3)=+( =(1) - =(5) - =(2) - =83 );
dz{l0)=+{ =(5) - =(6) - ={4) - =2 };
dx(ll)=+x=(1l)*(=(1)-1);
dz (12)=+x (2)* (= (2)-1);
dr(13)=+x(3)*(x(3)-1);
dx(l4)=+x(2)*(=(4)-1);
dz(15)=+=x(3)*(=(3)-1);
dz(lée)=+x(6&)* (x(6)-1);
end
UNIVERSITAT Intelligent Transport Systems: New ICT — based Master’s Curricula in Uzbekistan (INTRAS)
KLAGENFURT Agreement number: 2017-3516/001-001

Project reference number: 586292-EPP-1-2017-1-PL-EPPKA2-CBHE-JP



Co-funded by the

INTR&S Erasmus+ Programme

of the European Union

MATLAB-CODING of the Neurocomputing concept ‘

J N1 (Source) and N2 (Destination)

2 function dx=f(t, =)

13::1 dx=zercs(l6,1);

cl=1l; cZ=2; c3=3; cd4=4; c3=5; cE&=&;
- - =1=1; =IZ=-1; =33=0; =4=0;

du(l)=—( cl - =(7) + 2(2) )-={1l)*(2%=(1)-1);
-1 dz(2)=-{ c2 + =(8) - =(3) )—=(lZ)*(2*=x(2)-1);
du(3)=—( 3 + =(7) — 2(8) )-:(13)*(2*=(3)-1);

) du{4)=—( 4 + =({7) - =(10) J-=(14)*(2*=(4)-1);
- du{5)=—-( &5 - ={9) + =(10) )-=(15)*(2*=(5)-1);
0 20 40 60 80 100 du({6)=—( 6 + =(8) - =(10) J-=(16)*(2*=(6)-1);
———t
10 dx(7)=+( =(3) + =(4) - =(1) - s1 });
dx(8)=+( =(2) + =(6) - =(3) - s2 );
I{f)::3 de(9)=+( =(1) - =(3) - =(2) - =32 );

0 [7 - dx(10)=+( =(5) - =(6) - =(4) - =4 );

da(ll)=+=x(l)*(=(1)-1);
-10 ] du(l2)=+x(2)* (= (2)-1);
dx(l3)=+=x(3)*(=(3)-1);
da(ld)=+=x(2)*(=(2)-1);

20 dx(13)=+=(3)*(=(3)-1);
dx({l6)=+=x(6)*(x(6)-1);
-30
0 20 40 60 80 100 end
—— 1
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MATLAB-CODING of the Neurocomputing concept

L N2 (Source) and N1 (Destination)

2
function dx=f(t, =)

1 du=zercs (16,1]);

=0 cl=1l; cZ=Z; c3=3; cd4=4; c5=5; cE&=E&;

0 sl=-1; s2=+1; s3=0; =s4=0;

1 , dx(l)==( el - =(7) + =(9) )-x(11)*(2*x(1)-1);
dx(2)=-( 2 + =(8) - =(3) )-=(l2)*(2*x(2)-1);
dz(2)=—( 2 + =(7) - =(8) )-=(13)*(2*x(3)-1);

-2 dz(4)=—( c4 + =(7) - =(10) )-=(14)*(2*x(4)-1);

0 20 100 150 dz(3)=—( 5 - =(9) + =(10) )-=(15)*(2*=x(5)-1);
—— 1 dz(6)=—( 6 + =(B) - =(10) )-=(16)*(2*x(6)-1);
10 . - de(T)=+( =(3) + =(4) - =(1) - s1 );
L(t)=3 dx(8)=+( =(2) + =(6) - =(3) - s2 );
de(9)=+( =(1) - =(5) - =(2) - =2 );
0 dx(10)=+( =(3) — =(6) - =(4) - =4 );
10 ] dx (11)=+x (1) * (x(1) 1) ;

du({l2)=+=x(2)*(=x(2)-1);
du({l3)=+=x(3)*(=x(3)-1);
=20 1 dx{l4)=+x=(4)*(=(4)-1);
dm{15)=+=(5)*(=x(5)-1);
du{le)=+x{6)~(x(6)-1);

_30 " L
0 50 100 150
—— 3 f end
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MATLAB-CODING of the Neurocomputing concept

d N2 (Source) and N4 (Destination)

2 +

funetion d==f(t, =)

dx=zercs(le,1l);

cl=1; cZ=2; c3=3; c4=4; c5=5; c&=6;
=1=0; =s2=1; =3=0; =4=-1;

de(l)=-( 1l - =(7) + =(3) )-=(11l)*{(2*=x(1)-1);

dx(2)=—{ 2 + =(8) - =(9) )-={12)*(2*=(2)-1);
dm(3)=—{( 22 + =(7) - =(8) )-:={13)*(2*x=(3)-1);
dm(4)=—{( o2 + =(7) - =(10) )-=(14)*(2*=(4)-1);
‘20 100 200 300 dz(5)=—{( =5 — =(9) + =(10) )-=(15)*(2*=(5)-1);
dz(5)=—{( =6 + =(8) - =(10) )-=(16)*(2*=(6)-1);
—— 1
10 ’ ) ’ du (T)=+{ =(3) + =(4) - =(1) - s1 };
dx(B)=+( =(2) + =x(6) - =x(3) - 82 );
0 L(t)y=6 | dz(9)=+( =(1) - ={5) - =(2) - =3 );
dr(l0)=+{ =(3) - =(6) - =(4) - =4 );

du (11)=+m (1) *(x(1)-1);

10 dm (12)=+m=(2) * (= (2)-1) ;
de(13)=+=(3)*(=(2)-1);

-20 de(l4)=+=(4)*(=(4)-1);
dx(153)=+x(5)*(x(3)-1);
de(lé)=+=(6)*(=(6)-1);

.30 .

0 100 200 300 end
———t
"l UNIVERSITAT Intelligent Transport Systems: New ICT — based Master’s Curricula in Uzbekistan (INTRAS)
KLAGENFURT Agreement number: 2017-3516/001-001

Project reference number: 586292-EPP-1-2017-1-PL-EPPKA2-CBHE-JP



Co-funded by the
Erasmus+ Programme
of the European Union

INTRAS

MATLAB-CODING of the Neurocomputing concept ‘

L1 N4 (Source) and N2 (Destination)

3
function d=x=f(t, x)
2r 1 dx=zercs (16,1);
X, =x;=x;=1
1r cl=1; c2=2; c3=3; c4=4; c5=5; c6=6;
X5 =X4—x5—0 s1=0; s2=-1; s3=0; s4=1;
0 2
du{l)=—( el — =(7) + =({9) J)-=(11)*(2*%=(1)-1);
de({2)=—( 2 + =(B) - ={9) )-={12)*(2*x(2)-1);
-1 de{2)=—( <2 + =(7) - =(8) )-={13)*(2*=(3)-1);
dz(4)=-{( =4 + =(7) - ={(10) )-=(14)*(2*=(4)-1);
-2 dx(5)=-( 5 - =(9) + x(10) )-=(15)*(2*x(5)-1);
0 100 200 300 400 500 dx(6)=-( c6 + :(8) - :(10) )-x(16)* (2%x(6)-1) :
———t
20 de(7)=+( =(3) + =(4) - x=(l) - sl );
L(f):f} d(8)=+( =(2) + =(6) - =(3) - 52 );
10} de(9)=+( =(1) - =(3) - =(2) - 53 );
. de(10)=+( =(53) - =(6) - =(4) - =4 );
0 dx (ll)=+=(l)*(x=(1l)-1);
. de (12)=+=(2)* (=(2)-1);
20 de (13)=+={3)*(=(3)-1);
- de(l14)=+=(4)*(=(4)-1);
a0 dx (15)=+=(5)*(x=({5)-1);
dx (16)=+=(6)*(x(6)-1);
-40 . * ’ .
100 200 300 400 500 end

—— >t
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CASE STUDY 2:
Shortest Path Problem (SPP)
2undirected graph of Magnitude 4 and size 12“
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Mathematical modeling of the shortest path problem
in an undirected graph of magnitude 4 and size 12(1)

O Consider the undirected graph of magnitude 4 and size 12 in Fig. 2:

v" Use the theory of optimization to model the SP problem in Fig. 2 mathematically.

Xy X 5
0, ‘
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Mathematical modeling of the shortest path problem
in an undirected graph of magnitude 4 and size 12(2)

(J Mathematical modeling of the SP problem in Fig. 2.
6:

Step 1: Expression of the total cost of the graph in Fig. 2 and objective function
Min[f(xr. ,C ) =X+ C X, + 03X +6,X, +CXs +CX,
T O X5 Gy Xy +CyXg +C X H O X T Cllez]

Step 2: Assignement of the three possible attributes to each node of Fig. 2

Nodel: ("L’ + X, + X, rg—xj—xg):c?l
(Source Node: 6. =1)
Node2: (x, +x; +X,,— X, — X — X, ) =5 _ ’
g(x.,0)= Node3: ( ) 5‘ (Intermediate Node: &, =0)
oqae +X,+X,—X—X,— X, )= . .
3 12 ! 4 1 3 (Destination Node: &, =—1)
Node4: ( Xy X — Xy — Xy =X, ) =0,
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Mathematical modeling of the shortest path problem
in an undirected graph of magnitude 4 and size 12(3)

1 Mathematical modeling of the SP problem in Fig. 2.

Step 3: Expression of constraints related to binarization

x(x-1)=0 (¥, -1)=0 8,
1‘2(.’6'3 —1)=0 xs(x8 —1)=0

h(xj)=<x3(x3—l)=0 h(x.)=<x9(x9_1)=0
x4(x4 —1)=0 ! xm(xm—l)=0
xs(x5=1)=0 %%, =1)=0 .
xﬁ(x6_1)= 0 -’512(-’512_1)=0

Step 4: Expression of the Lagrange function as the total energy of the system

L =(cx, +€,%, + 3%, +€,X, + C.X, + CXg +Co X, +CoXg +CoX,y +C1gX;0 + €y Xy y +C1aXp)
F (X XX, =X, =X =X =0, )+ Ay (X, X X=X =X — Xy =5,
+ (00 Fxy Hx, —x —x, —x =0 )+ A+ X X — X, — X — X, — O,
+ A%, (3, = 1)+ 2%, (0, = 1)+ A, (0 = 1)+ Ao, (30, = 1)+ Ao (x5 = 1)+ Ay (v 1)
+ A% (x? - 1)"’ A5 (xs - 1)+ Aps%, (xs- - 1)+ ﬂ.me(xm - l) +A45% 1(x1 17 1)+ A6 (xlz - 1)
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Mathematical modeling of the shortest path problem
in an undirected graph of magnitude 4 and size 12(4)

J Mathematical modeling of the SP problem in Fig. 2.
Step 5: Application of the BDMM concept and derivation of the coupled ODEs

Application of gradient descent toall twelve decision neurons

(dx, oL

it ox =la+ A=A+ 225 -D)] %= —gf =—fe, + 4 = A, + 2y(2x, - 1)]
-7
i e R )
A
| P R ) e (R RN
% =" ;i =y + Ay = Ay + A (2x, - 1)] < % =_ ;‘1 =g+ 4, — A, + A, (23, -1)]
{g; T :’i - _[Cj —ht A+ 425 _1]] % = _;I:l = _[‘111_'13 +4, +R‘15(2x11_1)]
k% - _;_I; - _[Cs A=Ayt Ayo(2% = U] % == :;i = e+ 25— A4 + Ag(2x,, - )]
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Mathematical modeling of the shortest path problem
in an undirected graph of magnitude 4 and size 12(5)

1 Mathematical modeling of the SP problem in Fig. 2.

Step 6: Application of the BDMM concept and derivation of the coupled ODEs

Application of gradient ascent tomultiplier neurons (Group 1)

+

=+

=+

=+[x1+x,ES + X, — X, —xﬁ—xs—é'l]

[ Xy + X3 + X, — X — Xy _xll_gs]

% + Xo %, =%, = X0 = X, =5 ]

Intelligent Transport Systems: New ICT — based Master’s Curricula in Uzbekistan (INTRAS)

(dA, e
dr o4,
d

J oL
it oA,

N
dr oA
i, oL

=+
dr oA,
|| P
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Mathematical modeling of the shortest path problem
in an undirected graph of magnitude 4 and size 12(6)

J Mathematical modeling of the SP problem in Fig. 2.
Step 7: Application of the BDMM concept and derivation of the coupled ODEs

Application of gradient ascent to multiplier neurons (Group 2)

i, L ffs 1) Lo ;‘LI = +[x,(x, ~1)]

o 2 sl 1) ==l )

"ii_”:ﬂ;i =+ (v, -1)] %=+% = +[xy(x, 1)

e 2] == Tl

oo i) e (IR

Yoo s 2 sl 1) = =l
| | PvEshe et mamber 3017 as16/00n 001 o (A
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Mathematical modeling of the shortest path problem
in an undirected graph of magnitude 4 and size 12(7)

L Mathematical modeling of the SP problem in Fig. 2.

Step 8: Neurocomputing concept- Derivation of the set of coupled ODEs model

Group 3 : Multiplier Neurons

Group 1 : Decision Neurons As = +[x,(x, - 1)]
i =—Jo, + 4 = A + A, (2%, 1)) ?%.s = +[x,(x, - 1)]
i, =-[c2 — Ay + A+ A5 (2x, = 1)] Ay = +]x (6 = 1))
¥y = e = 2y + 25+ 2, (23 - )] N Jg =+[x,(x, = 1)]
z,= _[C4 A=A+ Ag(2x,~D)] Group 2 : Multiplier Neurons P

X5 = |:1:*q — A+ A, + Ay (2x; —l)] A =+[x1+.r5+x;.—x3—x5—x3—51] 21 :+[x {x _1)]
Ag =_[C6 + A — Ay + A2 _l)] ’iz =+[-’f4 X FX =X — X~ X _52] 1. ’ e

ﬁ.i'-]. =—[CT+/11—,14+111(2:(7—1)] A =+x +x,+x,-x-x,-x,-5,] 2_” =+[x;.-(x? _1)]
fg=—fes =4+ 4+ Ay 2x =D |4 =[x, 43, 40,1 —x—xy—0,] |2 g (v 1]

X = _[‘19 — A+ A+ A33(2% _1)] 213 - +[x9 (xg _1)]
Xy = ‘["10 + A, = Ay + A(2x,, ‘1}] 'im = +[x10(xm _1)]
iy = _[‘"11 — Ay + Ay + A5(2x, _1)] '?.'15 = +[x“{x“ —l)]

s = ey + Ay — Ay + Aig(23,, )]

e = +[xu(x13 _1)]
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Mathematical modeling of the shortest path problem
in an undirected graph of magnitude 4 and size 12(8)

 Mathematical modeling of the SP problem in Fig. 2.

Step 8: Neurocomputing concept- Derivation of the set of coupled ODEs model

Group 3 : Multip lier Neurons
Group1: Decision Neurons A =x A== %, = +[x1(x1 _1)]
X, =—[c‘1+113—.1;15+x1?(2:(1—l}] A=x,4,=x5 4, =%, x13:+[x1(x2_1)]
X = _[‘12 = Xy3+ Xp5+ X520, ‘1:'] Ay = X5 0 Ag =00 Ay = X5 Xyo = +[,755(x3 —1)]
X3 = _[Ca = XpaF Xp5 + Xp(2; —1)] Ay =X Ag =X 1 Ay = X5 ] X = +[x4(x4 —1)]
£y = es 0y = x5+ 0 (25, - D) As =Xy7 3o =Xy S Ais =X Ky = x5 (x5 1)

.t5=—[c5—x13+:r14+x11(2:r5—1)] Mg = Xog
Xg = _[Cﬁ + X3 — X+ Xy (24 ‘1)]

iy ==[e; + x5 =35+ 32325, -D] Group 2 : Multiplier Neurons
X = _[Cs = Xp3+ Xy + X0y (20 — 1)]

Xy = +[xd (x-s - ])]
Xy3 = +[x:,. (x? - ])]
Xy = +[xs{xs - 1)]

o = —Jeg = Xyy + Xp5 + Xp5(2%5 = 1) -’:flz. =+ + x4 - - - - Ey5 = +[x (%, —1)]
Xjo = _['710 + Xy = Xyg + Xp6( 2775 — 1}] .1.(14 ~ e =, -0 Y26 = +[xm(xm - 1)]
Xy = _[311_-’515"'-’515"'-’531(7--’511 —1)] s =+[x: TH T —x4—x11—¢5‘3] Xy =+[x11{x11 _1)]

Y16 =+[-’fs F X+ X — X — XX _‘54]

X, = ‘["-’12 + X5 — Xy + Xpg(2x, - 1:'] X2g = Jr[3512("[12 - 1)]
. Intelligent Transport Systems: New ICT — based Master’s Curricula in Uzbekistan (INTRAS)
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1 Numerical simulation of the SP o e
i i cl=1;c2=2;c3=3;c4=4;c5=5;cb=6;c7=T7;cB=8;c8=9;c10=10

problem in Flg‘ 2. cll=11;c12=12; sl=1; s2=-1; s3=0; s4=0
dx{l)=—-( cl + ={13} - =(15) + =(17)=(2*={1)-1} };:
dR{2)=-( ©2 - ®(13) + =(15) + =(18)={2*x={2)-1} }:
dR{3)=—( ©2 - =(14) + =(15) + = (19} =(2*={3)-1} }:
dx{4)=—( c2 + =(14) - =(15) + =(20)}=(2*x={2)-1) }:
dR{5)=—( ©5 — ®(13) + =(l4) + =(21}=(2*=(5)-1} }:
dn{6)=—( o6 + ={13} - =(l4) + =(22)=(2*=(6)-1) }:
dn{7)=—( 7 + ={13) - =(l6) + =(23)=(2*={T)-1} }:
dx{B)=—( cB — =(13) + =(l6) + =(22)"(2*x=(8)-1} }:
dx{9)=—( c% - =(14) + =(16) + =(25)=(2*x={2)-1} }:
dx{10)=—{ cl0 + =x(14) - x(16) + =(26)={2*=x{10}-1) }:
dm{lly=-{ cll - =x(15) + x(18) + =(27)={2*=(11}-1) I;:
dx{l2)=-( £12 + =®(15) - =(16) + =(28)={2*={12}-1) ):
dm(13)=+( (1) + =(6) + =(T) - =(2) - =(5) - =(8) - =1 ):
dx{l4)=+( =(4) + =(5) + ={10) - ={3) - ={6) - =(2) - =52 }:
dx{l5)=+{ =(2) + =(3) + ={12) - =(1) - ={4) - =(1l) - =3 ):
dx{l&)=+{ =(8) + =(%) + =(11) - ={7) - ={10} - =(12) - =4 }:
dx(17)=+x{1)*(=x(1)-1);
dx(18)=+x{2)*(x(2)-1);
dx (19)=+x (3} ¥ (=x(3)-1):
AR (20)=+x{4)*(=x(4)-1):
AR {21)=+x(5)*(=x(5)-1):
A {22)=+x(6) * (2(6)-1);
dm (23)=+x(T) " (x{7)-1):
dx{24)=+x(8)*(x(8)-1);
dAm{25)=+x {3} *(x(9)-1);
dx {26)=+x (10} * (= (10} -1);
dx(27)=+x(11)* (= (11} -1);
dx(28)=+x(12)* (= (12)-1);
end
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(N1 (Source) and N2 (Destination)  zunction =iz,

dx=zercs (28,1);

cl=l;c2=2;c3=3;c4=4;c5=5;cé=6;c7=7;cB=B;cB=0;cl0=10;
2 cll=11;ecl2=12; gl=1; s2=-1; =33=0; s4=0;
x,=x;=1
1 de{l)=—{ cl + ={13) - =(15) + ={17)*{2*x=(1)-1} }:
dx{2)=—{ ©2 - =(13) + = (15} + =({1B)*{2*x(2)-1)} }:
] X =X,=X: =X =X, =1 du{2)=—{ 23 - =(14) + =(15) + =(13)*{2*x(3)-1) }:
0 - 1 dx{4)=—{ o4 + =(14) - =(15) + ={(20)*{2*x=(4)-1)} }:
Xg =Xg =Xy = X1 = X5 =0 du{5)=—( o5 - =(13) + =(14) + =H(2L})*{2*x(5)-1) }:
du{8)=—( o6 + ={13) - =(14) + =2(22)*(Z*x=(8)-1) ):
-7 1 de{7T)=-( 7 + ®{13) - =(16) + ®R{Z3)*(Z*x(T)-1} }:
du{8)=—( c8 - x=(13) + =(16) + =(24)*(2*x(8)-1) }:
ot ] du{2)=—{ o8 - x={14) + =m(18) + =(IS)*{(2*x=(2)-1) }:
de{10)=—{ cl0 + =(14) - =(18) + =(26)={2*=(10)-1) )=
du{11)=-{ cll - =(15) + =(18) + =x(27)={2*=(11)-1) )=
-3 . . . : du{l2)=—( clZ + =(15) - =(18) + =x(28)={Z*=x(l2)-1) ):
0 100 200 300 400 500
¢ du{13)=+( ={1}) + =(8) + =(T}) - ={2) - =(5) — =(B) - =1 };:
du{l4)=+| x{4) + =(5) + =(10) - =(3) - =(6) - =(%) - =2 ):
5 du{15)=+{ ={2) + =(3) + =(12) - =(1) - =(4) - =({11) - =3 );
L(I)=4 dx{18)=+( =(8) + =(9) + =(11) - =(7) - =(10) - =(12) - 34 ):
0 du {1T7)=+x (1) = (x{1l)-1):
du{18)=+x(2) " (x(2)-1):
5t ! du {13)=+x(3) " (x{3)-1):
du{Z0)=+x(4) " (x{4)-1):
du{21)=+x(5) = (x(5)-1):
-10 - du {22)=+x (&) " (x{6)-1):
dx (23)=+x(T)* (x(7)-1):
15 | du{24)=+x(8) " (x{8)-1):
dw {25)=+x (%) " (x{%)-1);
dw {28)=+x(10) " (x{10)-1);
20 . . . . dx {27)=+x(l1)* (x{ll)-1):
a 100 200 300 400 500 dz{28)=+x(ll) " (=(12)-1):
—— > end
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(1 N2 (Source) and N1 (Destination)
2 ; . ; .

function dx=I(t,x)

dx=zeros (2B, 1) ;
cl=l;ec2=2;c3=3;cd4=4;c5=5;c6=6;cT7=T7;c8=8;c9=9;cl0=10;
1.5 cll=11;cl2=12; sl=-1:; =2=1; =3=0; =54=0:
|HW 'TS ::1
1| A " de(l)=—( cl + =(13) - =(15) + =x(1T)~(2*=x(1)-1}) ):
'l--'" dx(2)=-( cZ - x(13) + x(1L5) + x(1B)~(2*x(2)-1) ):
05 ,| dx(3)=—( c3 - =(14) + =(1L5) + =x(19)~=(2*x(3)-1) ):
s Iy dx(4)=—( c4 + x(14) - =(L5) + =x(20)*(2*x(4)-1) ):
N=x=x=x,=0 dx(5)=—-( c5 - =(13) + x(14) + =(21)*(Z*x(5)-1) };:
1] — dn(8)=—( cf + =(13) - =(L4) + =x(22)*(2*x(6)-1) ):
Xg = X7 = X3 =X =0 de(7T)=—( c7 + =(13) - =(16) + =x(23)~(2*x(T)-1) ):
05 dm(8)=—( cB - =(13) + =(L&) + x(24)*(2*x(8)-1) ):
X0 =X =X =0 dx(9)=-( c8 - x(14) + x(16) + x(25)*(2"x(9)-1) );
P A (10)=-{( cl0 + =(14) - x(16) + =(2E)*{Z*=x(10)-1} }:
N dx(12)=-{ cl2 + =(15) - x{16) + =(2B)*{(2==x(12)-1)} }:
6 . . . . d (13)=+({ ®(1) + =(6) + =(7) - =(2) - =(5} - =(8) - a1 };
dx (14)=+( x(4) + ®(5) + x(10) - =(3) - x(6) - x(9) - =2 ):
d (15)=+( ®{2) + =(3) + x{12) - =(1}) - =(4) - =x(1l) - 83 ):
4 L(f)ZS A (lE)=+( ®(B) + =(9) + x{1ll) - =(7} - =(10) - =(12Z) - =4 ):
2 dx (17)=+x (1) * (x(1}-1):
dr (18)=+x(2)* (= (2}-1):
0 dx (19)=+x(3)* (x(3}-1):
dx (20)=+=x(4)*(=x(2)-1);
de (21)=+x(5)* (=(5})-1):
-2 dx (2Z)=+x(6) * (x(€)-1);
e (23)=+x(T) % (=(7}-1):
-4 dx (24)=+x(B)*(=z(8)-1);
dx (25)=+x (9) * (=(%)-1):
6 ) . ) dx (26)=+x (10) * (x{10)-1)
dx (27)=+x (11)* (x{11)-1):
0 100 200 3?0 400 500 i (28) =+x (12) * (2 (12) —1) ¢
- end
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1 N3 (Source) and N4 (Destination)

function dx=If(t,x)
dx=zerocsa(28,1):

2 cl=l;c2=2;c3=3;c4=4:c5=5;c6=6;cT7=T7;c8=8;c9=%;c10=10;
cll=11;cl2=12; s1=0; 32=0; s53=1; s54=-1;
1.5}F
.x2 =x? =1 dx(l)=-{ cl + =(13) - =(15) + =x(17)={(2*=x(1)-1) }:
1k o dx(2)=—{ o - =(13) + (15} + =(1B)={2*=(2)-1) };
| @ (3)=—( c3 — x(14) + (15} + =(18)*{Z*=(3)-1) );
dx(4)=—{ c& + x(14) — (15} + =(20)=(2*=(4)-1) );
0.5 ey —x. =0 diS)=-{ c5 - :(13) + :{14) + =(21)*(2*=(5)-1) };
¢ Xi=X3=X, =X = A(6)=—( c6 + :=(13) — =(14) + = (22)={2*x(8)-1) ):
0 — @ (T)=—{ 7 + =(13) — (18} + =(23)=(2*=(T)-1) );
F Xg =Xy =Xy =0 dx(B]=—( cB — =(13) + x(16) + x(24)*(2*x(8)-1) ):
) — — — @ (8)=—{ c9 — x(14) + (16} + =(25)*(2*x(9)-1) };
0.5 xlﬂ xll xl? 0 dx(l0)=—{ <10 + =({14) - ={18) + =(26)*{2"=(10)-1} }:
] . . @ (11)=—{ cll - =({15) + x(15) + =(2T)*(2*=x(11)-1) };
- dx(12)=—{ cl2 15) - ={l5 28y * {2 x(12) -1} ):
0 100 200 300 400 500 (f2)=mfeiz = =lis) = ={le) = =297 (2712 =1) )
—— @ (13)=+{ ®(1) + =(6) + x(7) — =(2) - =(5}) — =(8) - sl ):
G (l4)=+({ =(2) + x=(5) + x{10) - =(3} — =(8) - =(8) — =2 };
@ (15)=+{ =(2) + =(3) + x(12) - =(l) - =(4) — =(11}) - =3 };
L(l‘)=9 | @ (16)=+({ %(8) + x(9) + x(11) - =(T)} - =(10) — =(1l2) — 54 );
i (1T)=+x (1) *(=(1}-1);
 (18)=+x (2) * (2(2)-1)
G (19)=+x(3) T (x(3}-1);
G (20)=+x (&) * (2 (4)-1);
i (21)=+x(3) T (x(3}-1);
i (22)=+x (8) T (=(8)-1);
 (23)=+x (T) T (2(T7}-1)

o (24)=+:(8) 7 (x(28)-1);
e (25)=+:(9) 7 (x(2)-1);
e (28) =+ (10) * (= (10} -1) ;

0 100 200 300 400 500 ax (27) =+ (11) ™ (x(11}-1) ;
chx (28) =+x (12) * {x (12} -1} ;
———>t end
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(d N4 (Source) and N3 (Destination)

function dx=I(t,x)

2 dx=zeros (28,1);
cl=l;c2=2;c3=3;cd4=4;c5=5;cbé=6;cT=T7;cB=8;c9%=9;cl0=10;
15 cll=11l;cl2=12; s1=0; 32=0; s83=-1; =s4=1;

dm(l)=-{ cl + =({13) - =(L3) + =(L7)={2*=(l)-1) ):
1 d=(2)=-{ c2 - =({1l3) + =(1l3) + =(1E8)=(2*=x(2)-1) );
dx(3)=-{ c3 - ={14) + =(15) + =(18)={2*x(3)-1) );
0.5} dx(4)=-{ c% + =({14) - =(15) + =(20)={2*=(4)-1) ):
dm(S)=-{ c5 - =({13) + =(Ll2) + =(21L)~{2*=(5)-1) );:
0 dm(g)=-{ c& + =(13) - =(L2) + =(22)~"{2*=(6)-1) );:
dx(7)=-{ c7 + =(13) - =n(L&) + =(22)~(2*=(T)-1) ):
dx(8)=-{ cB - =({13) + x(L&) + =(24)~"(2*=x(B)-1) );:
0.5 dx(9)=-( c9 - =(14) + =(18) + =(25)=(2*x(9)-1) )
dx(10)=-( =10 + x({14) - ={16)}) + ={28)*(2==x(1l0)-1} }:
-1 " " . dm{ll)=-( cll - ={13) + =(18) + =(2T)*(2==(ll)-1) }:
0 200 400 600 dx(l2)=-{ <l + x=(15) - =(16) + ={(2B)*(Z==x(1l2)-1) ):
—>t dx(13)=+( ={1) + =(8) + ={7) - ={2) - =(5) - =(8) - 51 }:
15 dm(l4)=+{ =(4) + =(5) + =(10) - =(3) - =(6) - =(9) - =2 ):
dm(l3)=+{ =(2) + =(3) + =(12) - =(l) - =(4) - =(1ll) - =3 };
de(le)=+{ =(8) + =(%) + =(11) - ={(7) - =(10) - ={1lZ) - =4 );
10 L(f)=9

dx (17)=+=x(1)* (x(1)-1):
dx (18)=+x(2) * (2(2)-1):
5t 1 de (19)=+x(3)* (=({3)-1);
dx (20)=+x (4) * (x(4)-1);
0 | e (21)=+x(5) * (x(5)-1):

de (22)=+x(8) * (=(£)-1):
de (23)=+=(T)* (=({7)-1):
dx (24)=+x (8] * (2(8)-1):

5 da (25)=+® (9) * (x(9)-1);
A (28)=+x (10) " {x{10}-1):
10 G (27)=+x (11} {x{ll}-1):
0 200 400 800 dx (28)=+=x(12)=(x(12)-1):
———> end
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CASE STUDY 3:
Traveler Salesman Problem (TSP)

,»A directed graph of magnitude 4 and size 6“
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Mathematical modeling of the Traveler Salesman
problem in a directed graph of magnitude 4 and size 6 (1)

 Consider the directed graph of magnitude 4 and size 6 in Fig. 1:

v" Use the theory of optimization to model the TSP problem in Fig. 1
mathematically.

@
5, 2 5,
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Mathematical modeling of the Traveler Salesman
problem in a directed graph of magnitude 4 and size 6 (2)

O Mathematical modeling of the TSP problem in Fig. 1.

Step 1: Expression of the total cost of the graph in Fig. 1 and objective function

Min [f(xi ,¢;) = (c,x, +,x, + %, +C,x, +Cx, +Cex, )]

Step 2: Assignement of the three possible attributes to each node of Fig. 1

(Nodel: (x,+x,—x)=8, n (x,+x,+x)=5,
g(x“gi):<Node2 (x, +x5—2,)=68, N (x;+x,4x,)=06, {5,:0 (i:0dd)
Node3: (x,—x,—x,)=8, N (x,+x+x,)=5, 6, =2 (i:even)
(Node4: (x;—x,—x,)=6, N (x,+x,+x,)=0
.'l UNIVERSITAT Intelligent Transport Systems: New ICT — based Master’s Curricula in Uzbekistan (INTRAS)
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Mathematical modeling of the Traveler Salesman
problem in a directed graph of magnitude 4 and size 6 (3)

1 Mathematical modeling of the TSP problem in Fig. 1.

Step 3: Expression of constraints related to binarization

Step 4: Expression of the Lagrange function as the total energy of the system

L= (clxl +e,x, +ox, +o,x, +ex +egx )+/1l(x +x,—x,—0, )‘|‘/?.2(x3 +x,+x —52)+ .vlﬂ(x2 +X,— X, —53)
+/14(x2+x6+x3—§4)+){5(x1—x5—x ) (x +x5+x2—§6)+ﬂq(x5—x5—x4—5?)+ﬂﬂ(x5+xﬁ+x4—§g)
+ A%, (‘xl - 1)+ Ao, (xz - 1)"’ ’111?*'3( )"’ A%y (-x4 - 1)"’ Aoss (x5 - 1)"’ Aas (‘xﬁ - 1)
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Mathematical modeling of the Traveler Salesman
problem in a directed graph of magnitude 4 and size 6 (4)

O Mathematical modeling of the TSP problem in Fig. 1.
Step 5: Application of the BDMM concept and derivation of the coupled ODEs

Application of gradient descent to decision neurons

[ dx, oL
—_— ==, — A + + + A+ 2x, —1
. le =2+ 2, + A5+ 46 + 25 (2%, - 1)]
dv, _OoL _ ey + 2+ 2, =25+ A+ 20(2x, - 1)]
dt ox, i i
dx oL
?; =~ - —es + 4+ 2, — A+ Ay + 4y, (23, 1)
ﬂ: _oL :_[(744-,11+A,j — A, + A, + A4,(2x, —1)]
dt ox, i i
dx. oL
—=— =—lc;— A+ A+ A4+ A+ A4, (2x. -1
i o, les = 25 + A6+ A, + Ay + 45 (2x, - D]
Do o L fegt gt Aot dg + (25, -]
dt Oxg
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Mathematical modeling of the Traveler Salesman
problem in a directed graph of magnitude 4 and size 6 (5)

 Mathematical modeling of the TSP problem in Fig. 1.

Step 6: Application of the BDMM concept and derivation of the coupled ODEs

Application of gradient ascent to multiplier neurons (Group1)

d oL (dA, aL :
—’11 ——+[x3,+x,jr - X — 51] —;L’=+—=+x1—,7c5—xz—éf,j
d oA, d 8 :
di, OL - d oL : ]
TR ’ it 0dg :
<
d - d oL : .
dr a,g - di 04, -
da aL d oL’ | :
a0, A -
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Mathematical modeling of the Traveler Salesman
problem in a directed graph of magnitude 4 and size 6 (6)

 Mathematical modeling of the TSP problem in Fig. 1.
Step 7: Application of the BDMM concept and derivation of the coupled ODEs

Application of gradient ascent to multiplier neurons (Group 2)

Do —+ 2 =il - 1)
d 04

d
&l =+ oL = +[Jc2 (.1:q —1)]
dt 04y, i

d. oL
4 == +[x3(x3 _1)]
dr 0y

<

dA,, oL
12 = L 1)
dt i,

d oL
% - r—= +[x5 (x: _1)]
di O,

d oL
e =4 2L (-1
d oy,

"l UNIVERSITAT Intelligent Transport Systems: New ICT — based Master’s Curricula in Uzbekistan (INTRAS)
KLAGENFURT Agreement number: 2017-3516/001-001

Project reference number: 586292-EPP-1-2017-1-PL-EPPKA2-CBHE-JP



Co-funded by the

INTRAS Erasmus+ Programme

of the European Union

Mathematical modeling of the Traveler Salesman
problem in a directed graph of magnitude 4 and size 6 (7)

O Mathematical modeling of the TSP problem in Fig. 1.

Step 8: Neurocomputing concept- Derivation of the set of coupled ODEs model

Group 2 : Multip lier Neurons

dj‘l TL =+[""3+x4_xl—51] .
dat 04 Group 3 : Multiplier Neurons
Group | : Decision Neurons di, _ aL
=+ — =+, +x,+x, -6, ] d

o ar oy 0 H i _ = +[x,(x, -1)]

a R — =—Jo, = A+ Ay + A5 + A + Ag(2x, - 1)] dA, oL o dt 6’19

dt o, E=+E‘)I3 =+[.11+,15—x3—53] diy, [ ( 1)]

0 —=+—=+x, X, =

&=_?_L=_[Cz+i3+’I-1_f15+/11s+i10{2x:—1)] dA, oL dt aﬁ'lﬂ o

dt ox, E=+"‘i =+[.r3+x6+x3—54] di,
@, I [e, 4 A+ A, = A+ A, + A, (2x, = 1)] dis a'fl 521 —+[t3(x3—1)]
T T A T 2 T Ty =1 = oL 1

ﬂ'f 8'13 E—'i'a__i'[xl_xi_xl_ﬁf] dﬂi
dx, L , i P R =+|x.(x, =
= = oy Ayt Ay = Ay Ay + (2, - D) di dt +a;ﬂ 1)
dt oxg o - e = +[:;1 +X 4 X, - 66] i,
dx oL _ ’ 3 _
o — = o = A+ A + Ay + Ay + Ay (25 = 1)] d aL 7 5 —+[:(5{x5—1)]
dt 5-‘& ?j;=+mq =+x,—x,-x,-&,] i %
dx, oL [e, + ) ) 4
—S = — = et A+ Ay — A+ A+ Ay (2% - 1) A - __+[‘tﬁ(‘ 1)]
dt 0 %=+%=+[xj+x6+x4—§s] dt N

o
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Mathematical modeling of the Traveler Salesman
problem in a directed graph of magnitude 4 and size 6 (8)
U Mathematical modeling of the TSP problem in Fig. 1. A=%54 =50 =%l —x,;
Step 8: Neurocomputing concept- Derivation of the set of cou 4s =X;; g = X514, = X3 1A = x4

Group 2 : Multiplier Neurons Ay =155 Ao = Xrig3 Ay = Xp7 3 Ay = Xig 3

d oL Aiy = X9 3 Ay = Xop3
d_?=+";1 =+[x, +x,-x,-4] o
O4 Group 3 : Multiplier Neurons
Group 1 : Decision Neurons dA, oL
P —E=ta =+x, +x,+x-6,] di, oL
dx aL ! o4 — =t ="'[-"51(-’(1 ‘1}]
B e~ A+ A+ A+ A+ Ay (2x, -1)] di, _, oL i tx—x 0] dt 04
"o a o TS Vi -]
® Y, Tt =T LT
D Ok eyt syt A= As + A+ Ay (202 D)) di, . aL _ dt  Ohy
dt ax, —=+= =+[x3+x6+,13—54] J 5
B Ay =2+ Ay + Ay (22, - 1)] ; (1)14 %ﬁa_L =+l 1)
ar 33'3_ Cy+ A+ A4 = A+ A, + 4, (27, %=+%=+[ﬁ’1_3—5—ﬁ_5§] d;!: ;11
OA; L
dx, @L . e L = +[x, (x —1)]
— == =—le,+ A4+ A4, - A+ A +4,(2x,-1) A 4\t
dt ax et Ay By =y 2,0 % =+ ii =+[x + x5+ 3, - 5] dt Oy
¢ dA, oL
dx oL 3 _ _ )
—2 =——— == A+ Ag + Ay + Ay + A(2x5 1) 3 _—"'_—"'[-’('(-’*5‘1)]
(ﬁ axs [ 3 ‘&‘6 7 A’E 13{ 5 ] %=+ :'/J;_; =+[x5 —x6—3'4_§T] df 51113 3
C
dx, oL : ) da, oL (e
— == =—lc,+ A, + A, —A,+ A+ A4, (2x, 1) A — =t __——=+X (-1 —1)
ar o, [6 Ay + Ay = Ay + Ag + A, (2% ] %=+2i=+[xi+xa+x4_5s] di Y [ 6\ ]
Ly
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MATLAB-CODING of the Neurocomputing concept

d Numerical simulation of the Traveler Salesman problem (TSP) in Fig. 1.

function d=x=f(tc,x)
dx=zeros (20,1);

H ; H
= =" == =" I =Tu
=0; =4=2; 835=0; =3&=2; 37=0; =sB=I;

= : .
5 31=0; s82=2; 3

- ®(7) 4+ ®{B) + :(11)+ m(12)+ =(15)*(2*x(1)-1) ):

—
[+H
i

—
=

1
I

dr (Z)=—| :E + ®{9) + =(10} - =(1l1l}+ =(12) + =(le)*(2=x(2)-1) );
dm(3)=—{ 23 + (7)) + =(B) - =(9)+ :={10)+ ={17)"{2*={2)-1} }:
de(4)=-( c4 + =(7) + =(8) - =(13)+ =({14) + ={18)=(2*=x{4)-1) }:
dr(5)=-( 5 - =(11) + =(12) + ={13)+ =(14)+ =({19)*(2=x(5)-1) ):
de(8)=—( cb + x(9) + =(10) - =(13)+ =(14)+ ={(20)=(2*=x(6)-1) }):
de (T)=+( =(3) + =(4) - ={(1l) - =1 }:
de(8)=+( =x(3) + =(4) + x(1) - =2 };
de (3)=+( x(6) + ={2) - x(3) - =3 }:
dx(1l0)=+( =(6) + =(2} + =®(3) - =4 ):
dx(11)=+( =x{1l) - (2} - =®(5) - 85 ):
de(l2)=+( =(1) + x(2) + =%(3) - 36 );
dx (13)=+( =x(5) - =(4) - =x(e) - 87 ):

5 x2 5 du(l4)=+{ =(5) + =(4) + =(6}) - 38 );

2 3 de (L5)=+=x(1l)={=x(1)-1):

dx (16)=+x {2} * ({2} -1}
dx (17)=+x {3} * (=2(3)-1};
dx (18)=+x {4} * (2(4)-1};
dx (19)=+x {5} * {x(5)-1};
dx (20)=+x (6} * (= (6) -1}

end
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MATLAB-CODING of the Neurocomputing concept ‘

1 Numerical simulation of the Traveler Salesman problem (TSP) in Fig. 1.

1.5 function dw=f£(t,x)
X=X =X;=x,=1
1t — dx=zeros (20,1} ;
cl=1; c2=2; c3=3; c4=4; c5=5; cb=b;
05 sl=0; s2=2; 83=0; s4=2; s5=0; s6=2; s7=0; s8=2;
Xy =Xy =0 dmil)=—{ cl - ={7) + =(8) + =(11)+ =(12}+ ={15)7(27=(1)-1} }:
1] — dmil2)=-{ 2 + =(2) + =(10) - =(1l)+ =(1Z) + ={1l&)=(2*x{2)-1) ):
dmi3)=—{ c3 + =(7) + =(8) - =(2)+ =H(L0)+ =(LT)*(2==(3)-1) }:
05 dmi4)=—{ c& + =(7) + =(8) - =(13)+ =(14) + =(18)7(2"=(4)-1) ):
dmiS)=-{ 5 - =(11l) + x{12} + =({13)+ =(14)+ ={12)=(2*x(5)-1) ):
1 dmi8)=—{ c6 + =(3) + =(10) - =(13)+ =(14)+ =(20)*(Z==(§)-1) ):
dm(7)=+( ®(3) + =(4) - =(1}) - 51 }:
-1.5 . . L dx(8)=+( x{3) + x{4) + =(1}) - 52 };
0 5 _Ei_n 15 20 G (9)=+( x(6) + x(2) - =(3) - 53 );
dr(10)=+{ =(6) + =(2) + ={(3) - 52 ):
30
dm(11)=+{ =(1) - =(2) - ={5) - 85 }:
dmil2y=+{ =(1) + =(2) + x{(5) - =6 ):
20 L[T)ZIS dm(13)=+{ =(5) - =(2) - ={(6) - 87 }:
dmildy=+{ =(5) + ={4) + x{(8) - =8 ):
10 dm{l5y=+x: (1) *(=(1)-1):
dmilé)=+x:(2) *(=(2)-1):
0 dml7)=+x(3) *(=(3)-1):
dm(18)=+x:(4) " (x(4)-1):
dm{l8)=+x:(5) *(=(5)-1):
-10 dm{20)=+x(6) * (2 (§)-1):
end
-20 . : L
0 5 _1_Ij_>r 15 20 [t,x]=0ded45(@TSP1,[020],[11111111111111111111 ]);
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CASE STUDY 4:
Traveler Salesman Problem (TSP)

,Undirected graph of magnitude 4 and size 12“
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Mathematical modeling of the Traveler Salesman problem
In an undirected graph of magnitude 4 and size 12 (1)

O Consider the undirected graph of magnitude 4 and size 12 in Fig. 2:

v" Use the theory of optimization to model the TSP problem in Fig. 2
mathematically.

X
5 o 5
2 3
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Mathematical modeling of the Traveler Salesman problem
in an undirected graph of magnitude 4 and size 12 (2)

d Mathematical modeling of the TSP problem in Fig. 2.

Step 1: Expression of the total cost of the graph in Fig. 2 and objective function

Min [f(xr. ,C,) =C X, +C, X, + X, +¢,X, + X5 + X,
T CXy + CXg + Co X +Ci Xy T 61X F Cllez]
Step 2: Assignement of the three possible attributes to each node of Fig. 2

(Nodel : (x1+x6+x?—x2—x5—x8)=§l A (X, + X+ X, + X, + X, + X, ) =0,

Node2: (x,+x,+x,—%,—X,—%)=05, N (x,+x,+x,+%+X,+X,)=0, {420 (i:odd)
: _ _ 0, =2 (i:even

Node3: (x3+x3+x13—xl—x4—x“)—55 N (xz+x3+xu+x1+x4+x11)—56 =2 ( )

| Node4 : (x8+xg+x11—x?—xlo—xu):ﬁ? N (x8+.x9+x11+x?+xm+xu)=53

g(‘xi'5§i) =9
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Mathematical modeling of the Traveler Salesman problem
In an undirected graph of magnitude 4 and size 12 (3)

O Mathematical modeling of the TSP problemin Fig. 2.

Step 3: Expression of constraints related to binarization

le(x1_1)=0 'x?( X7 1) 0
ngxz 1)):0 % (%, =1)=0
x,(x,—1)=0 x,(x,~1)=0
h(xi)= x4(x4—1)=0 h(xj)= 10(x10 )=0
xs(xs _1)=0 xll(xll 1)=0
xs(x6_1)=0 X (xlz 1)=0

Step 4: Expression of the Lagrange function as the total energy of the system

L= (0,0, 4+ €%, + CyX, + €%, + CsX; 4 CgXg +CoXy + CaXg + CoXy + CooXyg + €y Xy, + Cayy )+ Ay (X, + % + X, — X, =X, — X, = 5,
+ 2, (X, X+, X, + 3+ X = 8, )+ Ay (3, X X0 = X = X — X — 8 )+ Ay (X, X, + X0+ X, + X+ X, — O,
(1’1+x3+'f12 X=X, — Xy, — 5)+/Ls(x2+x3+x12+xl+x4+x“—56)+i7(x3+x9+x11—x?—xm—x12—5?)

+ J.g (xg + Xy + X, + X+ X X, — O )+ Agx, (xl - l)+ Ao, (x2 — 1) +A,.% (x3 - l)+ Anx, (x4 — 1) + A% (.’r5 - l)

+ ’1143'6(356 - 1) + A5, (xT - 1) + A (.1’3 - l)"’ ;{1?I9(x9 - l)"’ AsXyg (xm - 1) + 40Xy, (xll - 1) + Ay (xlz - l)
"l . Intelligent Transport Systems: New ICT — based Master’s Curricula in Uzbekistan (INTRAS)
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Mathematical modeling of the Traveler Salesman problem
in an undirected graph of magnitude 4 and size 12 (4)

O Mathematical modeling of the TSP problem in Fig. 2.
Step 5: Application of the BDMM concept and derivation of the coupled ODEs

Application of gradient descent toall twelve decision neurons
(% = _[cl + X3+ Xy = X+ X+ X, (23 - 1)]

X, = —[c2 —%3 FXa a6+ %5(2% — 1)]

X = —[03 — B e E XXy 220~ 1)]

= _[04 x5+ Xy — Xy, + X+ X, (2, _1)]

Xs = _[cs =Xy Xy X5 X X5 (2x5 - l)]

X = —[06 +%&; F XX T +x26(2x6 —1)]

6
x = —[07 + X5 FX— %y + X5+ X5 (2% — 1)]
Xy = "‘[cs — X3 + Xy + Xyg + X0 + X5 (205 — 1)]
Xy = _[09 = Xps F X6+ Xyg + X0 + X5 (2, _1)]
".‘10 = _[CIO T X5 T X =X T Xy T x3o(2x10 _1)]

5‘11 = _[011 =X, T X5+ X+ Xy +x31(2x11 _1)]

\5‘12 = _[012 + X + X5 — X + X0 + X35 (2, — 1)]
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Mathematical modeling of the Traveler Salesman problem
in an undirected graph of magnitude 4 and size 12 (5)

d Mathematical modeling of the TSP problem in Fig. 2.

Step 6: Application of the BDMM concept and derivation of the coupled ODEs
Application of gradient ascent to multiplier neurons (Group1)

X3 =/11 =+[x1+x6+x?—x1—x5—x3—51]
X =A =+Hx +x,4+x+x,+x; +x8—53]
X = A =+Hx, +x +x,—x,—x,—x, -0, ]

Xy = Ay = Hx, +x,+x,+ X, +x,+x, -0,

X = - =+:x2 Ta X, T X Ty _“55:
Xy = 16 =+:Jc2 +xX,+x, Hx x4 X _55:
Xip = = +:x3 T Xy X X T X A _5?]
(X5 = = +:‘x8 T Xy Xy T X T X, T X, _58]
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Mathematical modeling of the Traveler Salesman problem
In an undirected graph of magnitude 4 and size 12 (6)

[ Mathematical modeling of the TSP problem in Fig. 2.

Step 7: Application of the BDMM concept and derivation of the coupled ODEs

Applicatim of gradient ascent tomultip lier neurons (Group 2)

rizl = ’L) = +[x1 (-"1 - 1)] Xy = j‘lS = +:x? (x, - 1)]
X =’i10 =+:x3(x2 _1)] Xog =’i15 =+:xs(xs_1)]
4-’."23 Z);n :+:x3(x3—1)] 43.(29 :2‘1? :+:x9(x9—l)]
Xpg = ’ilz = +:x_1 (x4 - 1)] Xy = ’ils =+ :xm(xm _1)]
X5 2’113 :+:x5 (xﬁ _1)] Xy :jw :+:xu(x1]—l)]
Xp6 = ’114 = +:x6 (xﬁ _l)] X = ’izo = +[x12(x13 _1)]
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i MATLAB-CODING of the Neurocomputing concept

function d=x=f(t,x)

(J Numerical simulation of the TSP dx=zezos (32,1} ;

cl=1; ec2=2; c3=3; c4=4; c5=5; c6=6; cT7=7; cB=B; c%=9; cl0=10; cll=11;
51=0; s2=2; 33=0; s4=2; 85=0; s6=2; 37=0; s3B=2; cla=12z2;
dm{l)=—{ cl + x{13) + =(14) - =(17) + =(18) + =(21)*"{2"=(1)-1) ):
de{2)=—{ c2 - x{13) + =(14) + =(17) + =(18) + =(22)*"{2*=(2)-1) ):
de(3)=—{ 3 - x{15) + =(l6) + =(17) + =(18) + =(23)*"{2*=(3)-1) ):
de{4)=—{ c4 + x{15) + =(l6) - =(17) + =(18) + =(24)*{Z==({4)-1) ):
de(3)=—{ c5 - x{13) + =(14) + =(15) + =(18) + =(2Z5)*"{2*=(5)-1) ):
de(8)=—{ cf + x{13) + =(14) - =(15) + =(18) + =(2Z8)*{Z==(8)-1) ):
d(7)=-( 7 + =(13) + =(14) - =(18) + =(20) + =(2T)*{Z==(T)-1) );
de(8)=—{ cB - x{13) + =(14) + =(12) + =(20) + =(2ZB)*{2*=(8)-1) ):
de(#)=—{ c8 - x{15) + =(l6) + =(12) + =(20) + =(28)*{Z==(9)-1) ):
de (10)=-( cl0 + =(13) + x(18) - =(1%) + =(20) + =(30)*(Z*=x(10)-1) ):
de{1l)=-{ cll - =(17) + x({1B) + =(1%) + =(20) + =(31)*(Z*=(11l)-1) ):
de(12)=-{ cl2 + =(17) + =(1B) - ={1%) + =(20) + =(3Z)*(Z*=(12)-1) ):
g (13)=+( =(1) + =(8) + =(T} - ®(2) - =(5) - =(8) - 31 }:
di(14)=+( =(1) + ={&) + =(T} + ={2) + =(5) + =(8) - 32 );
dm{13)=+( =(4) + =(3) + ={10) - =(3) - =(8) - =(3) - 33 ):
du{l8)=+( =(4) + =(3) + x{10) + =(3) + =(8) + =(3) - 54 ):
dm (1T)=+( ®(2) + =(3) + x(12) - =(1) - =i4) - =(11) - =5 }:
dm(l8)=+( ®(2) + =(3) + x(12) + x(1) + =i4) + =(11) - =8 }:
dm{l%)=+( ®(8) + x=(8) + (11} - =(7) - =il0) - =(1Z) - =7 }:
dm{20)=+( ®(8) + =(3) + (11} + =(7) + =il0) + =(1Z) - =8 }:
dm (21)=+x (1) = {x({1}-1);
dm (2Z)=+x (2} = {2 (2} -1);
dm (23)=+x (3} = (2 (3)-1);
do (24)=+x (4} = (2 ({4)-1);
dm (23)=+x (3} = {2 (3} -1);:
dm (28)=+x(8) = {x (&) -1);
dx (2T)=+= (T} " {z (T} -1):
dm (28)=+x (B} = {2 (8)-1);
do (28)=+x (8} = {2 (%)-1);
dm (30)=+x (10) " (x(l0)-1);
de (31)=+=(11)* (=(11l)-1);
de (3Z)=+=(12)* (x(12)-1);
end
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MATLAB-CODING of the Neurocomputing concept

function dmx=f(c,=z)

1 Numerical simulation of the TSP Ssimmeros (22,1) 5

2 cl=1; c2=2; c3=3; c4=4; c5=5; cb=6; c7=7; cB=B; c9%=9%; clo=10; cll=11;
s1=0; =I=2;  =3=0; =4=I; =5=0; s=6=2; =7=0; =8=I; cla=1z:
150, d de(l)=—( el + ={13) + =(14) - ={17) + ={18) + =(21)*(2*=x(1)-1) )
. — — - — e (2)=—1 2 - x=(l3) + =(14) + x(17) + =(18) + =(2Z)=(Z"=(2Z)-1) }:
- xl .1’3 xS xlo 1 dm(3)=—( o2 — x({15) + =(16) + =(17) + =(18) + =(23)7(2*x(3)-1) }:
1 d(4)=—{( c4 + x({15) + =(18) - x(17) + :=(18) + =(24)"(27=(4)-1) }:

g i (3)=—{ 5 - x{l3) + =(14) + x(15) + =(1&) + =(25)*(2*=(5)-1) }:
d(8)=—1{ c& + x(l3) + =(14) - x(15) + =(1&) + =(2Z&6)"(Z*=x(8)-1) }:
de (7)=—( €7 + ={13) + =(14) - ={19) + =(20) + =(27)*(2*=(T)-1} }:
cd(8)=—{( c8 - x({13) + =(14) + x(18) + :(20) + =(2B)*(2*=(E8)-1) }:
e (2)=—{( % - x(l5) + =(18) + x(19) + =(20) + =(29)*(Z*=x(2)-1) }:
e (10)=—{ cl0 + x{13) + =(16) - =(19) + x(20) + =(30)*{Z*=(l0)-1) }:
de(11)=—{ €11l - =(17) + =(1B) + =(19) + =(20) + =(31)*(2*=x(11}-1) }:
d(12)=-{ cl2 + x{17) + =(18) - =(1%) + =(20) + =(32)*{2*=(12)-1) }:
e (13)=+{ =(1) + =(8) + =(7) - =i(2) - =(5) - =(B) - 3l }:
cho(l4)=+{ x(1) + =(8) + =(7) + =(2) + =(5) + =(8) - 32 }:

e (15)=+{ =(4) + =(5) + =(10) - =(3) - =(&) - =(2) - =2 ):
i (l6)=+{ x(4) + =(3) + =(10) + =(3) + =(8) + =(2) - =4 ):
e (17)=+{ =(2) + =(3) + x(12) - =(l) - =i4) - =(ll) - =5 };
30 T T e (18)=+{ =(2) + =(3) + x(1Z) + =(L) + =i4) + =(1ll) - =6 };
ce (19)=+{ =(B) + =(9) + =(11) - =(T) - =(10}) - =(12) - =57 }:
25 L f :22 , che (20)=+{ =(8) + =(%8) + =(11) + =(7) + =(10}) + =(12) - =8 }:
() do (21)=+x (1) = (x (1) -1):
20 ] di (22)=+x (2) = (x(2)-1):

dx (23)=+x () = (=(3)-1);
dx (24)=+x (4) *(x(4)-1);

15 1 dx (25)=+x (3) * (% {5} -1):
dx (28)=+x (6) (= (B} -1):
10 | de (27T)=+x= (T} = (=(7)-1);

i (28) =+ (8} * {x(8) -1} ;
e (28) =+ (8} * {2(2) -1} ;

5 | i (30)=+x (10) * (2 (10)-1):
e (31)=+: ({11)* (x(11)-1):
i (32)=+x (12)* (2(12)-1):

D i i
0 1 2 3 end
———1 x10° [t,x]=ode45(@TSP2, (0300000, [11111111111111111111111111111111])
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CONCLUDING REMARKS

d We have demonstrated why is mathematics so important
in transportation

(d We have presented some/selected concret (or real-life)
application examples of mathematics in transportation

(J We have described the important information/knowledge
to be provided (in each chapter) by the Lecturer

(d We have selected some projects to be considered (by the

Lecturer) in the frame of this Course/Lecture.

J As a didactic example, we have selected amongst the eight
chapters of this Course the chapter entitled ,,Mathematical
modeling of graph theoretical problems- SPP & TSP The
full content of this chapter has been presented.
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