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The paper considers the concept of lightless traffic, which allows increasing the throughput
capacity of the city’s transport network by replacing the stochastic traffic flow model with a
deterministic one. Efficiency improvement is achieved due to high determinism, the ability to
identify and solve problem situations before they appear. The purpose of the study is to develop a
management apparatus using graph theory and a multi-agent approach for planning the movement
of exchanges in the early stages. In such a system, there is no need for traffic control. It is
assumed that this approach will prevent the occurrence of congestion due to their prediction and
pre-change the behavior of the AV before the possible occurrence of traffic jams.
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Introduction. The task of efficiently organizing traffic is becoming more and more
important every year. The constant increase in the number of cars and traffic volume requires
the improvement of traffic control methods and algorithms. The current stochastic traffic
model is inefficient, and optimization methods are aimed at improving the situation in
individual sections, and do not provide a large increase in productivity across the entire road-
transport network. Most of the optimization methods are aimed at controlling the bottleneck of
the transport system - the intersection, although conditions for the occurrence of traffic jams
can still form on the roads. The stochastic model of motion actually guarantees constant delays
at the traffic lights due to the existence of competitive phases. The paper considers the concept
of lightless traffic, which transfers control from intersections to roads. Describes the idea of
management both on highways and across the entire road transport network. Efficiency
improvement is achieved due to high determinism, the ability to identify and solve problem
situations before they appear.

With the growing number of vehicles in the city, the probability of traffic congestion on
individual highways increases, which is one of the main reasons for the decline in the quality
of life in cities. This problem is especially acute in the hubs of the street-road network (SRN) -
intersections. The main cause of congestion is the inefficiency of traffic lights.

Formulation of the problem. The most common method of traffic control is the use of
fixed phases calculated on the basis of statistical data [1]. The classic traffic light is set to a
constant duration of phases for competitive flows, which is inefficient with uneven congestion,
which occurs with a certain frequency (time of day, days of the week, seasons of the year). To
solve this problem, an adaptive traffic light is used, changing the duration of the phases
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depending on the road congestion condition. The control actions in this case are the change in
the duration of the traffic light cycle, the cycle, the number of traffic light phases and their
sequence [2]. Often this set of changes in the parameters of a traffic light object is not enough,
and the “traffic jam” at the intersection is growing. There are also auxiliary online services, for
example, Yandex-Jams, which inform users about the state of the road in real time. However,
services only help to reduce traffic jams on problem highways, but do not prevent their
occurrence.

In this case the most popular methods of solving problems of traffic jams on the roads
either affect only the traffic light, or do not carry control at all, but only contribute to making a
decision of a person or an intellectual system [1].

No control actions when driving to a traffic light are currently performed. Although the
basic principle of effective management is the constancy of control actions to the control
object, in this case, auto vehicle (AV). Most of the path AV are on the edges of the network
and the future traffic jam on the network node will be born already here. As a result, the
accumulated problems of traffic are collected at the intersection, and they are already not easy,
or even impossible to resolve effectively without the loss. From the stochastic motion model, it
is necessary to move to the deterministic model of the conveyor [2-4].

The operation of the SRN must be reduced to the type of factory conveyor, when a part
from one conveyor passes to another at a strictly allotted (deterministic) point in time. And
only when this other conveyor is free from the previous part. The purpose of the study is to
develop a management apparatus using graph theory and a multi-agent approach for planning
the movement of exchanges in the early stages. In such a system, there is no need for traffic
control. It is assumed that this approach will prevent the occurrence of congestion due to their
prediction and pre-change the behavior of the AV before the possible occurrence of traffic
jams.

It is necessary to organize continuous, non-stop movement in SRN. The current mode of
movement of the AV in the SRN is a start-stop with uninterrupted delays near the intersection.
Queuing mode after stopping bears a big temporary loss. The organization in the network of
non-stop traffic allows you to increase network bandwidth. Then there will be no need to carry
out costly reorganization of the SRN, expanding the number of lanes, which is often impossible
in conditions of dense urban development. In the proposed model, control is transferred from
vertices to edges, or rather, the AV management process is conducted continuously throughout
the entire length of the road, and not just at the intersection.

The concept is to share planning tasks between agents. The main agent is the dispatch
agent, which receives real-time traffic information and uses it to manage traffic. The scheduler
agent is responsible for planning the optimal route based on the knowledge of the dispatcher
agent. A traffic light agent is planning intersections at intersections. Agent driver executes
orders dispatcher agent [1].

Concept description. SRN is described by the graphG(V,E), where v, €V, i =
1..m set of vertices of a graph or intersections SRN, e; € E, j = 1..n set of edges or roads
between intersections (fig. 1).

The agent-driver sends a request to the dispatcher, in which he reports the characteristics
of the AV (w), starting coordinate (v,) and destination coordinate (v,). The dispatcher uses a
scheduling agent when building a track. Track is a vector T = < ay(vy, tg), ) @ (Vy, t,),>,
t; — the time by which the AV must reach the intersection v;.
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As a result of constructing a route for a driver, a track 7 is built. At the same time, in the
process of building the track, the agent-traffic light checks the condition of the possibility of
the intersection of the intersection with a packet of AVs to a given point in time. In accordance
with this, the dispatcher determines the packet [5] in which the AV will cross the intersection.
A pack is a vector P =<v;,e;,t,A >, v; €V,e; € E,, where t — the time, by which P should
arrive to v;, A=<Py,...,B,> P UP ..UP, =P, P, N P,..NP, =@, where P, — set of
cars, moving in the directioni.

Fig. 1. Display of SRN in the form of a graph.

Each particular pack is formed on the edge and disintegrates after crossing the
intersection into parts. Then from the arrived cars a new pack is organized. [6]. If the phases
are joint and there is space in the packet, then the PBX can cross the intersection with the
current packet. Otherwise, the dispatcher agent decides whether to catch up with the pack in
front, or to slow down to merge behind the pack behind, or to form a new pack.

Control must be considered both within the SRN (global), and on a specific edge (local).
Global management is applied at the planning stage of the route by the planning agent. The
goal of global management in calculating the ideal route, taking into account the condition on
the road and planning the composition of packs, in which the AV will follow the route. The
model in calculating the time uses the average value of the vehicle speed, which depends on
the maximum speed, the planned density of traffic flow, weather conditions, the state of the
phases of traffic lights, other conditions that have an impact on the speed of the car. In this
case, the motion is considered uniform, and the acceleration time is assumed to be zero. The
distances between track points can be obtained from the adjacency matrix of the graph vertices,
and the time required to overcome the edge can be calculated by the following formula:
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where d(i,i + 1) —length of edge between vertices i and i + 1 track, < v; > — the average
speed that the driver must stick to in order to overcome the edge at the planned time.

The driving speed is chosen in such a way that at the traffic lights there is a joint phase at
the moment the car reaches the intersection. As a result, we have a vector that stores the
planned time to reach each point of the track. This means that the scheduler sets a goal for the
driver to cross the intersection v , exactly at time t (fig. 2).

5 = 7:13.500

211

Fig. 2. The result of global management for the route from 1 to 13.

Arriving at the right time at the right point of the track ensures the availability of the
permitted phase at the intersection of the intersection, which means that the intersection of the
intersection is non-stop. The schedule agent calculates each subsequent car, taking into account
previously performed calculations. If T, N T; # @, then it is necessary to consider two cases. If
[T, N T;| = 1, then the tracks do not follow the same route, and are competing, provided that
[to,—t;| < a, where a —competing traffic phase time. In such a case, it is necessary to slow
down or speed up one of the AVs for non-stop overcoming the intersection. If |T, N T;| =
Toa> 1, and (V(to, t;) € Tyq) [to—t1] < « then the tracks meet on the point T; ;, which
means both AVs will be included in the packet as a result of management on the edge.

However, these calculations are an ideal case. Due to the need to strive to fulfill the
planned route, it is also necessary to control the edges (local management).

The goal of local control is to try to cross the intersection to a given point in time. In
order to do this, the driver must, in the process of moving along the rib, join the pack that
contributes to the achievement of the goal. If the AVs cannot physically catch up with the pack
in front, and waiting for the pack behind cannot be allowed in terms of performance, it is
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necessary to form a new pack. Thus, the essence of control is reduced to a change in
acceleration on certain sections of the road in order to optimally follow the target (Figure3).

It is necessary to cover the distance D to cross the intersection. D = d, + d,,, where d,

— length of edge, d, —length of intersection path. It will take time to overcome the

intersectiont = ¢, + ¢,. In the case of uniform movement d,=wv=*t,. In the case of

2
uniformly accelerated movement d,, = % + vt,. When crossing the intersection, the vehicle
speed is reduced by the following formula [2]:

v =R*0,33 2

1 L

d1———F
v1=v0+a0*t0 v2 =v1+al*tl
a0 al a2

Fig. 3. Local management.

Then t,calculated by the formula 3, and ¢, by the formula 4.

—Vo +Vp’+2xaxd,

t = (3)

P a

where a — car acceleration,v, — initial speed of movement.

—vy+ 2+ 2% ax(dy)
L= ot ot - "’(pzo (4)

3x@ ,#0

where v, —vehicle speed at the time of intersection,¢ — rotation angle in radians.
In reality, the agent driver will be forced to change the acceleration many times in the
process of moving along the edge. Thegeneralizedformulaforsuchacasewillbe:
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m —vj+\/vj2+2*aj*(d]-)
2, 5 ¢=0 (5)
t=1+ 77
m —vj+\/vj2+2*aj*(dj)
Z +3*x@,@+*0
e a;
Jj=0

where m — number of ranges with different acceleration, v; —speed at the region j, a;—
acceleration at the region j, d; — length of the region j.

Then t; =t +¢t;_,. The essence of local control is reduced to the selection of such
vectors < ag a; ...a, >, <dyd, ..d, >, sothatsystem 6 is truth:

( m
| Z d=D,
| = ®)
Imax(a) < gy
max(v) < Vpax

Vectors are selected on the basis of knowledge of current packs on the edge. Agent-driver
strive to catch up in front of the pack. The calculation of the opportunity to catch up with a
pack begins as soon as the AVs reaches the edge. In this case, 1/10 of the edge is allocated for
the calculation, and if possible, catch up with the pack for overclocking. The speed with which
the car should move after overcoming the 1/10 edge:

_09%d ¥, @)
- e

v

where [; —length of i row packs, n —amount of row, t — arrival time of the pack to the
crossroads.

Thus, while the pack travels a distance s,, the car must pass s, + s;, where s, — pack
distance to intersection, s; — car distance to the end of the pack. Notice, thats, +s; = d, —
lengthofedge.

In this case, the condition for being able to catch up with the pack is the condition v <

Vmax- Otherwise, the driver agent creates a new pack and builds its own model of behavior for
getting into the joint phase at the moment of reaching the intersection.

When reaching the intersection, the pack splits into n packs, where n is the number of
directions. As a result of crossing the intersection, the newly arrived packs in each direction are
combined into a new pack. Depending on the direction of movement, the time of intersection
of the intersection is different, which contributes to the location of the AVs in the packet and
the order of their separation [8].

Colision resolution. Because of random effects that were not taken into account at the
planning stage with a high traffic intensity, a collision may occur when two competing wads
arrived at the intersection at the same time. The question arises — who should wait for? To
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resolve the issue, you need to do so in order to minimize the loss function of the "intersection”
system f, =fo + fi.

The "intersection™ system is a pair (P,, P,) of competing packs, n; is car count in P;.

Let each car in a pack increases the time it takes for a pack to cross an intersection byAt.
Then the loss function can be expressed as the sum of the losses of each car. If we take into
account that the pack is indivisible before the beginning of overcoming the intersection, then
the loss function is equal:

f=mnox At xmny 8

From this it follows that from a mathematical point of view, it does not matter which
bundle to skip first. However, each individual agent feels the loss only from its own side. Thus,
each agent in a smaller bundle will be forced to wait more time than an agent in a larger bundle
would wait. That is, from the point of view of psychology, it is more profitable to miss a
smaller pack, all other things being equal. Statement is true if v, = v;. Otherwise, it is
probably more profitable to skip a pack with greater speed.

Conclusion. The paper presented the concept of lightless traffic, and described the
mathematical foundations of control, both within roads and within the SRN as a whole. The
concept is based on a multi-agent approach.

Further work on the development of the concept of a traffic-free movement consists in
describing global and local control at the level of a traffic light agent, as well as a mechanism
for resolving conflict and emergency situations. It is also necessary to develop the concept of
communication between the system and the AVs in order to modify behavior in real time.
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KOHIEIIISI BE3CBITJIO®OPHOI'O PYXY HA BA3I MYJIbTHATEHTHOT'O
MIAXONY
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B poboti posrismaercss koHuenmiss 0e3cBITIOQOPHOrO pyxy, siKa JO3BOJSIE IiIBHIINTH
MPOIYCKHY 3[aTHICTh TPAHCIIOPTHOI MEPEeXi MiCTa HIISIXOM 3aMiHH CTOXaCTHYHOI MOJENTI pyXy
Ha aeTepMiHoBaHy. OnucaHi MaTeMaTHYHI OCHOBH KepYBaHHS OTOKAaMH, SIK B MEXaXx JIOpir, Tak i
y BYAM4HO-10poxkHii Mepexi (BM) B minomy. KoHuemniist ocHoBaHa Ha 0a3i MyJIbTHareéHTHOIO
M1 IXO1Y.

3aBiaHHs eCKTHBHOI OpraHizaiii JOPOXXHBOTO PYXY 3 KOKHHM POKOM CTa€ BCE OibII
akTyaspHUM. [locTiiiHe 3pocTaHHS 4YHCIa aBTOMOOLTB Ta OOCSTYy TepeBe3eHb BUMArae
BJIOCKOHAJICHHSI METOJIIB 1 &JITOPUTMIB KEPYBaHHS PyXOM. 3 POCTOM YHCJIa TPAHCIIOPTHHX 3ac00iB
B MICTi 30UTBIIYEThCS HMOBIPHICTh BHHUKHEHHS 3aTOPIB HA OKPEMHUX MaricTpassx, 0 € OHIE0 3
TOJIOBHUX IPUYMH 3HIKEHHS SKOCTI *XMTTA B Micrax. OcobmuBo rocrpo 1 npobiema
NPOSIBIIIETBCA Ha By310BUX HyHKTax BJIM - mepexpecrsix. OCHOBHOIO NpPUYMHOIO 3aTOpIB €
HeeeKTHBHICTh poOOTH CBiTIIO(OPIB.

Haii6inpm nmomynspHi MeToAN BUpileHHs npobiieM KOPKiB Ha 0oporax abo BILIMBAIOTh Tillb-
KU Ha CBITIO(Op, a00 HE HECYTh KEPYIOYOro BIUIMBY 30BCIM, a JIMILE CHPHSIOTh HPUHHSTTIO pi-
LICHHS JIIOAMHOIO 200 IHTEJIEKTYaIbHOI crcTeMoro. [1py 1IbOMY )KOJHUX KepYyUuHX Oil mpu pyci
1o cBiTioopa B IaHMI Yac HE MPOBOAUTHCA. X04a OCHOBHUM NPUHLUI e()eKTUBHOTO KEPYBaHHS
TIOJISITa€ B CTAJIOCTI 1014l KEPYIOUUX BILUIMBIB Ha 00'€KT KEpyBaHHs, B JaHOMY BUIIA/IKy Ha aBTO-
TpancnoptHi 3acobu (AT3). Binbury uactuny nuisaxy AT3 3HaxoasTbes Ha pedpax Mepexi i Maii-
OyTHsI poOKa y BY3Jli MEpexXi 3apO/KYEThCS BXKe TYT. B pe3ynbrari HakonmuueHi npodiIeMu pyxy
30MparoOThCs Ha MEepPexpecTi, 1 IX yke HempocTo, abo HaBiTh HEMONJIMBO €(DEKTHBHO BHPIIINTH.
Bizg croxacTHuHOI MOJEIN PYXY HEOOXIIHO IIEPEXOIUTH JI0 IETEPMIHOBAHOI MOJIE]Ii KOHBEEPA.

B Mmogeni, 110 NpONOHYETHCS, KEPYBAaHHS IEPEHOCUTHCS BijJ BEPILIMH 10 pebep, a TOYHIIIE,
mpouecc kepyBaHHs AT3 Berercs HENpepBHO IO BCii TOBXHHI JOpOTHM, a HE TIIBKH Ha
HIePEeXPEeCTsIX.

KoHrerniis mossirae B MOALUI 3aBJaHb IUIAaHYBaHHS MiX areHtamu. KIIIOYOBMM € areHr-
JHCIIeTYep, SIKUil OTprMye 1H(OPMALIiIO PO CTaH Ha AOPOrax B PEXKUMI peasbHOro 4acy, i BUKO-
PHUCTOBYE 11 JUIsl KepyBaHHS TPAHCIOPTOM. ATEHT-IUIaHYBaJIbHHK BiANOBIJA€ 32 IUIAHYBaHHS OIl-
THMaJbHOrO MapUIPYTy Ha MiJACTaBi 3HAaHb areHTa-aucherdepa. AreHT-cBiTIO(op 3aiMaeThest
IUIaHYBaHHSIM PO3T3/1iB Ha MepexpecTsiX. AreHT-BOAiN BUKOHYE HaKa3u areHra-qucreTdepa

Kniouosi cnoea:  MylnbTHareHTHE  KepyBaHHs, Oe3CBITIODOpHUI  pyX, ONTHUMI3aLlis
ABTOMOOIJIBHOTO PyXYy.
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