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Introduction

This work is based on research in a field of scheduling theory [1,2, 3], intelligent agent systems [4],
negotiation algorithm [5] solving tasks of energy saving [6], optimal electric vehicle control [7] and
transport flow control in traffic jam.

The research includes analysis of different control modes for city traffic and public electric transport.
It is devoted to improve control of public electric transport motion and traffic using scheduling theory
algorithms. Solutions for following tasks are proposed in research: reducing consumption of electrical
energy using intelligent control system for electric transport; increasing of motion speed of public
electric transport and reducing of idle time of public electric transport in traffic jams, taking in account
schedule criteria and optimal electric transport control using scheduling theory algorithms.

Public electric transport should have higher priority than private cars, by criterion of transported
passenger number, electric energy consumption and service level evaluated by schedule fulfilment.
Public electric transport, such as trams and especially trolleybuses, which are more sensible to traffic
jams, uses more electric energy during frequent acceleration and braking in traffic jam and infringe
scheduled time. Also traffic lights are not synchronized and working independently from transport
flow. Computer experiment of modelling of traffic dynamics is described.

Problem Formulation

The purpose of research is to develop new mathematical models and new algorithms for optimal
electric transport flow control using scheduling theory and taking in account dynamic parameter of
city transport system.
Main goals are
o Research of scheduling theory algorithms for optimal control of electric transport in conveyor
and parallel job processing systems and development of procedures for optimal schedule of
traffic control.
o Research of using of developed procedures in computer modelling of electrical transport
systems’ optimal control [2], taking in account criteria of minimization of electrical energy
consumption, maximization of processing speed and minimization of processing time.

Following object classes are defined for problem formulation in electric transport control system
(fig. 1):

Set of electric transport vehicles: T = {ti, ty,...,t,}

Set of traffic lights: L = {1, L, ..., .}

Intelligent control system : S

Set of electric drives for each vehicle: Dr= {d;, d; ..., d,,}

Sets of sensors for transport and traffic lights - M1, My

Sets of transmitters for transport, traffic lights and control system: Rr, Ry, Rg
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o Sets of actuators for transport and traffic light: At, AL
o Electronic control devices for transport, traffic lights and control system : V1, Vi, Vg
o Database for transport, traffic lights and control system: Db, Dby, Dbg
o Software with artificial intelligence procedures for transport, traffic lights and control system:
PgTa PgL’ PgS
o Power supply for transport, traffic lights and control system: By, B,, B3
L traffic lights control center

B,

Environment
A ———» Dt «— B;
Fig. 1. Structure of electric transport system with intelligent control.
Mathematical Model

Following mathematical model of optimal schedule is proposed.
Let us assume that are given:
o Set of M identical parallel processors
o Set of N tasks
o dx >0 time moment of arrival of k-th task for processing
o t> 0 time units are needed to process k-th task,
where eachk=1,2, ..., N

o Schedules = s(¢) = {s,(¢),5,(?),...,s,,(¢)} , a set of partly continuous functions
where
s, =5,(8),s,()=[0,n]
L=12,.,M,0<t<w
with constraints:
o Ifs,(t')=k#0,t=1¢,then s5,(t")#k foreach 1< L # H < M i.. each processor
performs only one job in one time interval.
o Ifs,(t')=0 and?=¢", then processor is free.
e Completeness constraint: summary length of intervals, where s, (#') =k # 0, is tk

e Readiness constraint: s, (t")#k, t<d,, t=12,.,n



Vector #(s)={f,,t,,...,t,} of processing ending time moments for each schedule s, where

[1G.00-k)=o0.

Monotone increasing functions F(x) = F(x,,x,,...,x,), X =t(s) for quality characterised of
the schedule.
Cost function @, (x, ) that depends on job processing ending momentx, =7, .

Optimal schedule in general case is defined as

F(X) > min.

In case of cost function optimal schedule s* is characterized by summarized function ¢, (x,) value:

F(t(s)) = anqok(t_k) — min ,

F(#(s)) = max {9, ()} - min ,

where k=1,2,....,n.
Additional parameters and functions are defined for traffic flow modelling.

Constants:
o L —vector of street lengths;
0 M. — vector of maximal number of vehicles;
0 Vimax — vector of maximal speed;
o R —matrix of priorities, which defines priority of directions;
o T — matrix of possible transitions, which defines next section for transition.
Variables:
o t— current time;
o dt—time of iteration;
o M!(t) — vector of number of vehicles — describes number of cars in each section;
o MX(t) — matrix of number of vehicles — describes possible transitions of vehicles to next
section;
o B(t) — number of free space — describes free space (possible number of vehicles to move) in
possible directions;
o G(t) — matrix of light durations of the traffic lights — describes duration of lights in each

direction; M2(t) — matrix of number of moved vehicles in each direction; V(t) — matrix of
vehicles current speed; D(t) — matrix of moving distances.

Algorithms for Problem Solution

Authors have developed and proposed for the first time new flow algorithm (REIT GL-1) for
scheduling, taking in account specifics of optimal control of electric transport. Algorithm for traffic
light scheduling takes in account intensity of traffic flow and priority of electric transport routes.
Algorithm consists of the following steps:

Initialization. t = 0.
Step 1: Defining the vector M' of number of vehicles for each section.
Step 2: Transforming the vector M' into matrix M?, where

2 1
m; =r;-m;. (1)

Step 3: Calculating free space vector B' for each section:



b =My, —m; )

Step 4: Transforming vector B' into matrix B, where
2 _ gl
by=1;-b;

: 3)
Step 5. Calculating of possible transition matrix H(t) of number of vehicles using free space on the
next section:

2

My -y

2 2 2
by 1y, by <my 4

2 2
bl.j >m;

i

Step 6. Finding matrix of costs Z(t), which is maximal number of possibly transited vehicles for each
crossroad:

z; =maxh, &)

Step 7: Calculating a matrix traffic light’s duration G (t):
t,+(z; ¢ d=5,)/Vpu

85 \2:z;cdla, z;-c-d<s, . (6)

Step 8: Selecting minimal time interval from matrix (G (t):
dt =min(G). t =t + dt; )

z;rcrdzs,

Step 9: Running procedure of traffic flow modelling using the schedule for time period dt.
Step 10: Repeat from step 1.

Procedure of traffic flow control schedule modelling is used on step 9 of REIT scheduling algorithm
and consists of following steps

Initialization: Time interval dt, M' number of vehicles on each edge; initial speed matrix V° for each
vehicle on each section, where v’ € V', current distance from crossroad — D°, where d°;. € D°,
where j—index of the street section, ¢ — vehicle’s number. If traffic light on crossroad is green g; > 0,
then start the algorithm.

Step 1: Calculating of maximal possible distance to move si; and maximal speed vj without
hindrances:

ta_/c = (vmax _vjc)/ajc (8)
a -dt* 12+ (dt—t, W, dizt,

S.=

Yo lagditl2, de<a, )
Vi, At 2 Ly,

R d
Vietdt-a, di<t, (10)

Step 2: Calculating of each car maximally possible transition according to it’s position before
crossroad:

d =dj —s, (11)
Step 3: Calculating of number of vehicles, which have passed the crossroad:
C,=|{D":d; <0} (12)

Step 4. Calculating a current position of each car before crossroad after transition taking in account
hindrances.

d'iweD'. j=r; k=r_; i=|r|,2 (13)
Step 5: Calculating of each vehicle’s actual speed



VieelV! (14)
6. Step. Calculating average speed of each vehicle
v.eV v, =(dj —d,)ldt (15)

Step 7: Repeat from step 1 with new dr.

Computer Experiment

Computer experiment includes modelling of scheduling theory algorithm and flow (REIT GL-1)
algorithm in comparison with existing traffic light schedule. Three series X-type crossroads with
traffic lights are selected. In Riga it may be streets, where traffic jams are usually creating and public
electric transport is moving (Fig. 2.).

[P ]

\

Fig. 2. Example of Riga crossroads of experiment

Transport network graph model is created. Nodes, subnodes and edges are defined (Fig. 3.). Transport
flow routes are calculated and priorities are set up.

Following factors are used in calculations during the simulation: maximal number of vehicles on
streets, current number of vehicles on streets; free space on the streets, defining number of possible
transited vehicles to next section, green and red light duration, current speed of vehicles, current
distance to crossroad, maximally possible transition distance for each vehicle, maximal current speed
before crossroad after transition, average speed of each vehicle. Iteration results are number of
vehicles moved away from the street and number of cars left on the street.
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Fig. 3. Example of graph model of j-th crossroad’s traffic flows

Following parameters are used for simulation to compare scheduling theory algorithm and REIT GL-1
algorithm with really existing traffic light schedule.

green light duration limits,

relative number of electric transport in the traffic flow,

initial street fullness,

average length of a vehicle,

minimal distance between vehicles in traffic jam,

maximal speed,

driver’s reaction time,

acceleration time to maximal speed,

weather, that has influence on driver’s reaction and acceleration time:
o clear,
o cloudy with rain
o heavy rain with reduced visibility,

weights if optimization criteria,

distributions for time interval between new vehicles and for number of new vehicles:
o normal

uniform,

Poisson,

exponential,

lognormal

Weibull.

O O O O O

The computer model is created to work in web-environment and it’s graphical user interface is
presented on figure 4.



Ly, =

Time: 217

Number of electric 18
vehicles:

Total energy: 15.019 kWh

Average time per
electric vehicle: 81 s

Average speed of
electric vehicles: 25 kmh

GOSSTOF

Fig. 4. Interface of the computer model.
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Fig. 5. Example of graph model of j-th crossroad’s traffic flows.

Figure 6 presents the result of modelling of existing traffic light mode and schedule created by REIT
GL-1 algorithm. Results of computer modelling shows that REIT GL-1 algorithm gives possibility:

o in case of normally distributed incoming transport flow to reduce consumption of electrical
energy up to 32%, to reduce idle time of electric transport up to 13% and to increase motion
speed of electric transport up to 53%.

o in case of incoming transport flow distributed by Poisson distribution to reduce consumption
of electrical energy up to 31%, to reduce idle time of electric transport up to 9% and to
increase motion speed of electric transport up to 24%.

o in case of uniformly distributed incoming transport flow to reduce consumption of electrical
energy up to 27%, to reduce idle time of electric transport up to 10% and to increase motion
speed of electric transport up to 22%.

o in case of lognormal distributed incoming transport flow to reduce consumption of electrical
energy up to 32%, to reduce idle time of electric transport up to 13% and to increase motion
speed of electric transport up to 39%.

o in case of exponentially distributed incoming transport flow to reduce consumption of
electrical energy up to 26%, to reduce idle time of electric transport up to 20% and to increase
motion speed of electric transport up to 31%.



o in case of incoming transport flow distributed by Weibull distribution to reduce consumption
of electrical energy up to 7%, to reduce idle time of electric transport up to 14% and to
increase motion speed of electric transport up to 12%.

Average Usage of Electric Energy

1 Existing
B REIT GL-1

kWh

Incoming traffic distribution

Fig. 6. Comparison of existing situation and work of REIT GL-1 algorithm by electric energy
consumption criteria

Total results shows that REIT GL-1 algorithm give possibility to reduce consumption of electrical
energy up to 26%, to reduce idle time of electric transport up to 13% and to increase motion speed of
electric transport up to 28%.

Conclusions

Algorithm developed in this work may be used for modelling of public electric transport motion and
traffic. Developed procedures may be realized in intelligent electric transport control system. Results
of modelling of these procedures propose solution for the following tasks: to increase motion speed of
public electric transport and to reduce idle time of public electric transport in traffic jams; to reduce
consumption of electrical energy using intelligent control system for electric transport, taking in
account schedule criteria.

Developed procedures gave possibility to realize algorithm of optimal speed control for modelling of
intelligent agents to reduce consumption of electrical energy; to realize modelling of algorithm of
negotiation for intelligent agents with a purpose to reduce idle time in traffic jams, to increase average
movement speed and to reduce consumption of electrical energy for public electric transport, as well
as to optimize traffic flow control.

The result of computer modelling does not include costs for installation of necessary devices. Realistic
value should be about 10% of reduction of electric energy consumption. As for Riga 70 000 000 kWh
of electric energy is used for electric transport it costs about 3 500 000 Ls. Saving of 10% of this



energy may give economy in 350 000 Ls. The economical effect is obvious, as well as traffic jams
may be reduced using developed algorithm.
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Gorobecs M., Levcenkovs A., Ribickis L., Balckars P. Sarakstu teorijas algoritmu izstrade un
modeléSana intelektuala elektriska transporta sistéma

Petijuma merkis ir izstradat jaunus matematiskos modelus un jaunus algoritmus intelektualam iekartam, lai
vaditu elektriskd transporta sistemu, nemot véra dinamiskos parametrus pilsetas transporta sistema. Modeli un
algoritmi tiek piedavati daudzkriterialai optimizacijai.

Petijuma galvenais mérkis ir samazindt pilsétas elektriska transporta elektroenergijas patérinu. Matematiskais
modelis un sarakstu teorijas algoritms izstradats un piedavats, lai atrisindtu daudzkritériju optimizdcijas
uzdevumu elektroenergijas patérina minimizéSanai, stavésanas laika minimizéSanai un vidéja transporta
pliismas kustibas atruma maksimizésanai ceJu sastregumos.

Sabiedriska elektrotransporta sistemas matematiskaja modeli ir dinamisko parametru kopa. Visi mainigie
nepartraukti maindas. Lidz ar to ir nepieciesams izmantot sarakstu teorijas algoritmu, lai adaptétu optimalo
risinajumu tekoso dinamisko parametru vertibam. Sarakstu teorijas algoritmu ar dinamiskiem parametriem var
pielietot luksoforu darbibas grafika sastadiSanai, nemot vera transporta plismu un sabiedriska transporta
sarakstu, lai izvairitos no dikstaves, direktivo terminu parkapumiem un pasazieriem piedavatu labaku servisu.
Raksta tiek apskatits art praktisks piemers, lai parbauditu piedavato modeli un noteiktu algoritma efektivitati.

Gorobetz M., Levchenkov A., Ribickis L., Balckars P. Development and modelling of scheduling theory
algorithms for intelligent electric transport system

The purpose of research is to develop new mathematical models and new algorithms for intelligent devices to
control in electric transport system taking in account dynamic parameter of city transport system. Models and
algorithms are proposed for multi-criteria optimization.

Main goal of research is energy saving for public electric transport. Mathematical model and scheduling theory
algorithm is developed and proposed in the paper to solve multi-criteria optimization task minimizing idle time
and electric energy used by public electric transport and maximize average speed of the flow in traffic jam.
Mathematical model of public electric transport system has a set of dynamic parameters. All these variables are
changing continuously. That is why scheduling theory algorithm is necessary to adopt optimal solution to
current input dynamic parameters. Scheduling theory algorithm with dynamic input parameters can be very
useful to create schedule for traffic lights according to transport flows and public electric transport schedule to
avoid idle time, directive term infringements and to provide faster service to passengers. Paper presents a
practical example to test proposed mathematical model and workability of developed algorithm.

T'opoben M., JlepuenkoB A., Puonnkuc JI., Banukapc IL.. Pazpa6orka n Mmogea1upoBaHue aJIrOpUTMOB
TeOPHUH PACHUCAHUN [UIl HHTELIeKTYAJbHBIX 3JIeKTPOTPAHCIOPTHLIX CHCTEM

Lenv uccneoosanuss paspabomamo HOSble MameMamuyeckue MoOeiy U Areopummul 0N UHMENNEKMYalbHbIX
YCmpoticme 0l ynpagienus CUCeMotll 2NeKMpOmpancnopma npUHUMAs 60 GHUMAHUE OUHAMUKY 20POOCKO20
mpancnopma. Modenu u aneopummbsi NPeOnoIHCeHbl 015l MHO2OKPUMEPUATIbHOT ONINUMUSAYUL.

I'nasnas yenwv uccne0oeanus 3mo ymenvbuenue 3ampam d1eKmpodHepuu 0is 20p00CK020 dNeKMPOMPAHCROPMA.
Mamemamuueckas mooenb U anrcopumm meopu pacnucanuii paspabomarnsvl U NPeONoNCeHbl 0N Peulenus
MHOOKPUMEPUATLHOU  3a0a4y  ORMUMUZAYUY  OAS MUHUMUZAYUYU 3aMPam AeKMPOIHEPSUl, MUHUMUZAYUU
8peMeHU NPOCMOs U MAKCUMUZAYUYU CPeOHell CKOPOCIU OBUICEHUSL 80 BPEMsL 3AMOPA.

Mamemamuueckaa modens cucmemvi 00UWeCMEeHHO20 dJIEKMPOMPAHCHOPMA COOEPAHCUM PAO OUHAMUYECKUX
napamempos, Komopbvle HenpepwieHo usmensiomca. Ilosmomy eo3nukaem Heo0OXOOUMOCHb UCHONb306AMb
aneopummsl  Meopuu  PAcnucaHull Ons  aoanmayuyu ONMUMANLHO20 peuieHus Nnoo meKyuee 3HaueHue
OUHAMUYECKUX Napamempos. Aneopumm meopuu pachucanuti modcem Obvlmb HpUMeHeH OJid COCMAGIeHUs
epaguxa pabomel  ceemo@opos, yuumMvledas HOMOK MPAHCHOPMA U  pacnucanue  oOujecmeeHHo20
INIEKMPOMPAHCNOPMA, YMOObl YMEHbUUMb 8PEMS NPOCTNOS, HAPYUEHUS OUPEKNUBHBIX CPOKO8 U NPEONIONCUNb
Jyduee Kavecmeo cepeuca Ona naccaxdcupos. B cmamve paccmompen makoice npakmuueckui npumep O

nposepxu g pexmusnocmu Mooenu u pazpabomanno2o areopummad.
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