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Roads are a shared resource which can be used either by drivers and autonomous vehicles. Since the total
number of vehicles increases annually, each considered vehicle spends more time in traffic jams, and thus the
total travel time prolongs. The main purpose while planning the road system is to reduce the time spent on
traveling. The optimization of transportation networks is a current goal, thus the formation of traffic flows by
creating certain ligaments of the roads is of high importance. The Braess paradox states the existence of a network
where the construction of a new edge leads to the increase of traveling time. The objective of this paper is to
propose various solutions to the Braess paradox in the presence of autonomous vehicles. One of the methods
of solving transportation topology problems is to introduce artificial restrictions on traffic. As an example of
such restrictions, this article considers designated lanes which are available only for a certain type of vehicles.
Designated lanes have their own location in the network and operating conditions. This article observes the
most common two-roads traffic situations, analyzes them using analytical and numerical methods and presents
the model of optimal traffic flow distribution, which considers different ways of lanes designation on isolated
transportation networks. It was found that the modeling of designated lanes eliminates Braess’ paradox and
optimizes the total traveling time. The solutions were shown on artificial networks and on the real-life example.
A modeling algorithm for Braess network was proposed and its correctness was verified using the real-life
example.
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Joporu — pecypc, KOTOPBIl MOXKET UCIIOIb30BAThCS KaK BOJUTENAMHU, TaK 1 aBTOHOMHBIMU TPaHCIIOPTHEI-
MU cpeacTBamMH. ExkeroqHo Konu4ecTBO TPAaHCIOPTHBIX CPEACTB YBEIMYMBACTCS, U3-3a YETO KaXJ0€ OTIAENIBHO
B3SITO€ TPAHCIIOPTHOE CPEICTBO TPATUT BCE OOINBIIE BPEMEHH B NMPOOKaX, TEM CaMBIM YBEJIMYHBAs CyMMapHEBIE
BpeMeHHbIe 3aTpaThl. [Ipy nuaHupoBaHUM HOBOMW JOPOTH KJIFOUEBO 3a1adyell CTAHOBUTCS COKpALCHUE BPEMEHU
B myTH. ONTHMHU3AIMS TPAHCIOPTHBIX CETEH B HACTOSIIIEE BPEMS YacTO MPOUCXOIUT C ITIOMOIIBIO T00aBIEHUS HO-
BBIX CBA3YIOIIUX JOPOT MEXAY BBICOKOHArpyKEHHBIMH dacTsIMU Tpacc. [lapanokc bpaecca 3axitodaercst B TOM,
YTO TIOCTPOEHHE HOBOTO pedpa JOPOKHOW CETH NMPHUBOAUT K YBEIMUYCHUIO BPEMEHH B ITyTH IS KaXK/IO0TO TpaHC-
MIOPTHOTO CPEACTBA B CETU. Llenblo NaHHOU CTaTbU SABISIETCA MPEIUIOKEHUE PA3IMUHbIX pa3pelIeHUH napajokca
Bpaecca mpu paccMOTpEHUM aBTOHOMHBIX TPAHCIIOPTHBIX CPEICTB B KAYECTBE YYACTHUKOB JOPOKHOIO JBUXKE-
Hus. OfMH U3 BapHAHTOB TOIOJIOTHYECKOTO PEIICHHs TPAHCIIOPTHOM 3aJady — MCIIOJIb30BaHHE MCKYCCTBEHHBIX
orpannunTenel Tpaguka. Kak npuMep Takux orpaHMYUTENEl CTaThsl paccMaTpUBaeT BBEICHUE BIEICHHBIX MO-
JI0C, TOCTYITHBIX TOJIBKO JUISl ONIPEAEIEHHBIX BUJIOB TPAaHCIIOPTa. BrlieneHHbIe NoNoCkl 3aHUMalOT 0c000€e MECTO
B TPAHCIIOPTHOM CETH M MOTYT 00CITy>KHBATh IIOTOK 1O-pa3HOMY. B naHHOM cTaThe paccMOTpeHbI Hanbosiee 4acTo
BCTpEYAIOIINecs CITydan pacrpeaeneHus Tpaduka Ha CEeTH U3 IBYX JIOPOT, IPUBEIEHBI AaHATUTHIECKUH 1 YHCIICH-
HBIA METOIB!I ONTHMHU3AIIMHA MOJENN U IPEeACTaBIeHa MOJIENb ONTHMAIBHOTO paclpeneseHns Tpaduka, KoTopas
paccMaTpuBaeT pa3lIMYHbIE BApPUAHTHI BBIACIEHNS MOJIOC HA M30JIMPOBAHHOM TpaHCIIOPTHOH ceTu. B pesynbrare
NPOBEIECHHBIX HCCIEIO0BaHUM ObIIIO 0OHAapY)KEHO, YTO BBE/ICHHE BBIJIENICHHBIX T10JIOC peaeT napanokc bpaecca
Y TIPUBOJMT K YMEHBIICHHIO OOIIEro BpeMEHH B ITyTH. PelieHnst npuBeaeHs! Kak Uil HCKyCCTBEHHO CMOJIEIH-
POBaHHOH CETH, TaK W Ha peaslbHBIX IpUMepax. B cTaree mpencTaBieH aaropuTM MOAEIMPOBAaHUS Tpaduka Ha
OpacccOBCKOM CETH U NMPUBEICHO 000CHOBAHUE €T0 KOPPEKTHOCTH Ha PEallbHOM IIPUMEpE.

KiroueBbie ciioBa: mapagokc bpaecca, mareMarHueckoe MOJICIHPOBAHUE, aBTOHOMHBIE TPAHCIOPTHBIC
cpencrea
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Introduction

The problems of transportation networks have recently become an urgent issue, since the number
of vehicles increased and there is an objective of optimal planning of road systems. The problem is
particularly acute in large cities with lots of cars and public transport. According to WHO, half of the
modern world’s population lives in cities. According to the UN forecast, by 2050, about 85% of the
world’s population will prefer an urban lifestyle [Thorns, 2017]. Since the total number of vehicles
increases annually, the vehicle considered spends more time in traffic jams, and thus the total travel
time prolongs. The main purpose while planning the route is to reduce the time spent on traveling.
Since possible routes require different costs and time depending on the type of the vehicle, this article
presents the model of optimal traffic flow distribution. This model considers different ways of lanes
designation on isolated transportation networks and proposes an algorithm for implementing optimal
traffic flow distribution over the transportation network.

Roads are a shared resource which can be used either by drivers and autonomous vehicles. The
optimization of transportation networks is a current goal, thus the formation of traffic flows by creating
certain ligaments of the roads is of high importance.

However, some problems occur in planning transportation systems. The main purpose is to
reduce travel costs on transport networks. Therefore, it is important to consider and optimize the
system as a whole and not by parts. Wardrop showed that the total traveling time on all routes used
is not greater than the total traveling time of any vehicle on unused routes, since drivers tend to
choose the route according to the total traveling time criterion [Wardrop, 1952]. Hence, the driver
would not choose the route with less traffic if the total traveling time is greater than on a route with
more traffic. The Nesterov—de Palma model [Nesterov, 2003] is based on the concepts of equilibrium
proposed in [Wardrop, 1952]. Each driver tends to choose the most optimal trajectory, no matter what
other drivers choose. This principle is similar to Nash equilibrium and is called Wardrop equilibrium
[Wardrop, 1952]. However, this equilibrium is not necessarily Pareto-optimal [Wardrop, 1952]. Thus,
the search for Wardrop equilibrium can be represented as a game model [Fisk, 1984]. This leads to the
occurrence of the so-called Braess paradox on transport networks. This paradox states the existence
of a network where the addition of the new edge leads to an increase in traveling time [Braess,
2005]. The search for such inefficient edges is an NP-hard problem [Roughgarden, 2006]. On the
other hand, Miltaich indicated that the network of parallel edges is the only network in which Braess’
paradox is impossible [Milchtaich, 2006]. Valiant and Roughgarden in 2006 showed that the Braess
paradox appearance probability in random graphs with an infinite number of nodes converges to 1
[Valiant, 2010].

One of the methods of solving transportation topology problems is to introduce artificial
restrictions on traffic. As an example of such restrictions consider designated lanes which are available
only for a certain type of vehicles. Designated lanes have their own location in the network and
operating conditions [Kieslingm 2006]. Nevertheless, designating lanes for autonomous vehicles
may lead to an increased capacity of roads which are available for all types of vehicles and, as
a consequence, to a growth in individual and total costs [Rezende, 2014]. It deals with the Downs —
Thomson paradox demonstrated in 1962.

Problem Setting

In general, the real network is represented by a set of roads and road intersections. There are
two main different representation methods for urban street networks, called the primal approach and
the dual approach. The primal representation is a natural and intuitional approach, which takes just the
road segments as edges, and intersections or the ends of roads as vertices for an urban street network.
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We consider a road network as a weighted graph. In what follows, we assume that the travel time cost ;
on the road segment i can be represented by the linear function

=1+ bini,

where

7; is travel time at the highest possible speed and in the absence of other vehicles on the road segment i,
b; is inversed coefficient of capacity of the road segment i. This coefficient shows that the more traffic
is on the road, the longer is the travel time for each considered vehicle, and

n; is the number of vehicles on the road segment i.

Generally, in Beckmann-based traffic models the dependence between the fleet-size and the
total delay is not linear. However, the NP-complexity of general problem setting implies the need for
heuristics, which can be developed using linear regression methods. In this article, we define two types
of vehicles: autonomous vehicles and common ones. As far as the designated lanes are concerned, the
travel costs for each of them may differ.

Let t;, = 7;, + b; n;, be the travel time of autonomous vehicles, and t;, = 7, + b;_n; be the travel
time of common vehicles.

After splitting the fleet of vehicles into autonomous and common ones, we get:

b.
b, = —,

Ai

bix
b, = —2_
SR P

where
X > 1, y is the efficiency (inefficiency) coefficient and
A; € [0, 1] is the quotient of the number of designated lanes to the total number of lanes.

The coefficient of efficiency shows the rate of change in the speed of autonomous vehicles from
the fleet-size, which depends on the fleet homogeneity [Daganzo, 2002; Kerner, 2006].

Each member of the fleet of common vehicles chooses a path with the minimal travel time cost.
It moves towards the user equilibrium in the traffic network. In what follows the total time cost in
the network is referred as to TC. User equilibrium is not necessary Pareto-optimal. The problem of
minimization of 7'C leads us to the system optimum [Wardrop, 1952; Beckmann, 1955; Valiant, 2010]
in the network considered. In this article a part of a road network on which Braess’s paradox occurs
is considered. As a solution to the paradox the idea of creating designated lanes for certain types of
transport (e.g. autonomous vehicles) is proposed.

Analytical solutions

Consider a simple transportation subnetwork of two parallel roads (Fig. 1). Let

1, =Ti1 + b,my,
B, =Ty +d,my,
I, =7 + b.nq,

h, =1+ d.ny,

where a denotes coefficients of autonomous vehicles and ¢ denotes coefficients of common vehicles
and m; > 0 and n; > 0O is the total number of vehicles on the road segment i, i € {1, 2}.
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1st road

2nd road

Figure 1. The main example of a two-roads network. O is a source and D is a sink

Let m; + my = m > 0 be the total number of autonomous vehicles and ny + n, = n > 0 be the

total number of common vehicles.

We aim to find the user equilibrium under the assumption that there exist no unused roads. This
implies that there is a positive number of vehicles on each route (m; +n; > 0, my + ny > 0). According
to Wardrop equilibrium, the total traveling time on route 1 is equal to the total traveling time on route 2,

then
T + bcl’ll =T+ dcnz.
Hence,
Ty —T1+d.n
n=————————
d-+b,
T1 — T2 + be.n
np=————
d. + b,
Since n; € (0,n), we get —d.n < 7o — 7| < b.n.
Hence,
TC, = T1d. + b1y + boden

d. + b,
is the total time cost for common vehicles.
To find the optimal total time, the following must hold:

TC, — min.
mji,ny

The minimum of this function is reached if

0 2md;+T1y—T1
m=——————-

2(d, +by)
0o 2mb;+T11 -1
my=——
2(d, + b,)
The solutions satisfy the conditions for equilibrium if m‘l) € (0,m) and mg € (0, m).
Thus,
—-d,m < LERn) < b,m.

The system optimum for autonomous vehicles is the solution of the optimization problem

2md, + 1) — 171 2md, + 71— 711 2mb,+ 11— T2 2mb, + 11 — T

b
2d, + by " 2T dy + by

TCY =
Ca 2(d, + by) 2 (dg + ba)

If m(l) < 0, then all autonomous vehicles should move along the second road, hence

2md, — 11 + 712 2md, — 11 + 1)

TC? = ba
T T et b 2T 2 (dy + by

2021, T. 13, Ne 2, C. 281-294
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If mg < 0, then all autonomous vehicles move along the first road, hence
2mb, + T — T2 2mb, —T1 + 12
— T tdy————————

2(dg + ba) 2(dq + ba)

Thus, it is possible to optimize the total time costs by setting the optimal vehicles distribution
along the traffic flows. Consider four possible scenarios of arrangement of designated lanes on two
roads:

TCY =

1. There are designated lanes for autonomous lanes only on one road.

2. One road is available only for autonomous vehicles, while the second one has a designated lane
and lanes for common vehicles.

3. One road has a fixed coefficient for a designated lane and the second road is proposed for
modeling.

4. Both roads have designated lanes.

These options are the main cases of distribution of designated lanes over two roads.

Option 1

Suppose there exists a network (Fig. 2). If A; € (0,1), 4, = 0 (road 2 has no designated lanes),
then all autonomous vehicles move along the road 1, thus

TC=TCy+TC, = Tide + b7y + dcbcnn + (11 + bym) m,
d. + b,
d. =d (since A3 € (0, 1)),
P Gince ay € 0.1)
1-A A1 T
bm? bny (ty +dn — 11)

be

= 2
TC=mn+m)Tt + 2 + AT — 1) + by 2)

The minimum is d+b
2 = m(d + by) . 3)

\/bn)((Tg +dn—711)+dm
Substitute (3) into (2):
b b dn — d -
TC = (n+mym + m(\/ ny (Zi:bn) T1) + dm) N bny (T2d+ d: T1) @)
o d(l - m(d + bx) ]+ b
\/bn)( (tp+dn—711)+dm

is the optimal value of TC.

A1 €(0,1)

Figure 2. A network of two lines where the first lane has a A; autonomous vehicles capacity and the second one
is closed for them
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A is the minimum of the function (1) if B = bny(rp, + dn — 71) > 0 and 42 € (0,1).

md + by , then T'C increases and if 1 < md + by
\/bn/\/(‘l'z +dn—T11)+dm \/bn/\/(‘l'z +dn—T11)+dm

Ifa> , TC decreases.

Option 2

Assume that the second road is available only for autonomous vehicles (Fig.3), so 4, = 1 and
A1 € (0, 1). This implies:

b b
da:da bc:%; ba:Z
Suppose 1, — 11 = k.
Thus, the minimum is achieved when
0o _ 2md,+k o 2mb, -k
m;=—————;, My=—7H.
2(dy + by) 2(dy + by)
So, the system optimum of 7C for common vehicles is
m (11dA + 12b + bdm) by k-2
TC = — - 5
b+dl +(TI+1—A”” 4+ d) )
Hence,
22 b+ Qdm + 2 g + A + ddkom + K ©

1= —4d*>n? + 4d?m? + 4dkm + k? i —4d2yn? + 4d?m? + 4dkm + k2
Substitute (6) into (5):
byn® (~(k + 2dm)> + 4d>xn?)
4d(b + d)xn? — 2J(b + d)2x(k + 2dm)*n? "
i (~(k + 2dm)? - 4bdyn?)
4(b + d)(k + 2dm)? — 8d \J(b + d)2x(k + 2dm)*n> ’
N 2m(k + 2dm)? (t1d + b (12 + dm))
2b + d)(k + 2dm)? — 4d \[(b + d)2x(k + 2dm)*n?
—8bd2)(m (71 + T2 + dm) n® N
2b + d)(k + 2dm)? — 4d \J(b + d)2x(k + 2dm)*n>
(k2 — 471dm) (b + d)2x(k + 2dm)*n? ,
" 2(b + d)(k + 2dm)? — 4d \[(b + d2x(k + 2dm)’n® @

Therefore, since the Pareto-optimal value of 7C has been found, the total traveling time may be
evaluated. The total optimal traveling time for this case may be evaluated using (7).

TC =1in+

+

+

A €©,1)

Figure 3. A network of two lines where the first lane has a A; autonomous vehicles capacity and the second one
is opened only for them

2021, T. 13, Ne 2, C. 281-294
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Option 3

Consider the case where the road 2 has a fixed coefficient of designated lanes and A; € (0, 1)
(Fig. 4). This implies

d by b by

dg = —; be = ——; by = —; d. = ,
“T N P TN CT1-2
bndy?
b _ _
TC, = T1dy L (1-a)d /lz)nn,
1-24 1-4 dy N by
1-1 1-2
d b d - 1)?
TC22L71—+72—+ bm— (2= 71) .
d b A2 A A b d
—+ — 41—+ —
A Ay A A2
The minimum of the TC = TC. + TC, is reached at the point
b bA
\/6(3(1—/12)+1)— 372
A1 = , ®)
VB + \C
where
m(4‘r]d—(72—‘r])2/12)
A=|Tin+ ,
4d
b(1-2
B:n(% (T2—T1)+b/\/n),

d

A2 (4T1d— (2 —Tl)z/lz)
4d ‘

b
C = m— ((Tz/lz +dm) -
However, the constraints imposed on 4 € (0, 1) can provide the boundary solutions described in
Options 1 and 2.

A1 €(0,1)

Figure 4. A network of two lines where the first lane has a 4; autonomous vehicles capacity and autonomous
vehicles capacity coefficient for the second road A is fixed
Option 4

Consider the case where the autonomous vehicles can move along both roads and the coefficient
for each road is not fixed, 4; € (0, 1), 4> € (0,1) (Fig. 5). In this case we have to find the extrema of
the function of two variables: A;, A,. This leads us to the search for two separate extrema as functions
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A4 €(0,1)

Figure 5. A network of two lines where /; is an ith lane’s autonomous vehicles capacity coefficient

of 4; from A4;, i, j = 1,2, based on the results obtained in Option 3. However, the boundary solutions
have more complex structure in this case.

TC =TC.+TC? =
_T]d(l—/l])—b‘rz(l—/12)+bd)(nn+ m o
B b(1 =) +d(l-21) (dA + bAr)

1
X ([T]d/l] + TobAy + dbm] — Z (T] - T2)2 /11/12). (9)

Suppose k =1, — 717.
Thus,
1 (b+d)2mb+kAy) dAy
1= - —
b(2mb + kdy +2vF) b

(10)
(b+d)Qmb+kd)  dd
b(2mb + kA, +2VE) b

where ¥ = nb (k(1 — Ap) + bny), & = nb (k(1 — A1) + bny).
The solution of (10) can be found using a computer environment with further substitution of the
resulting values into equation (9). Equation (9) implies that 4; and A, exist only if:

A =

>

nd(k(1 — A3) + dny) 0
0;

nb(k(1 — A1) + bny)

dny

— -1 > Ao;
A 2

bny

— -1 > Ay;
X 1

A1 €(0,1), A €(0,1).

VoV

If (10) has no solutions on the interval (0, 1), then the optimal values are not in the domain.
Therefore, consider A;, A, € {0, 1}, where 4; = 0 corresponds to the road without designated lanes
and A; = 1 corresponds to the road available only for autonomous vehicle. Hereby, all special cases of
designating lanes on two roads were considered.

Model description on Braess’ network

Consider the simple Braess network (Fig. 6). Let N,, N. be the total number of autonomous and
common vehicles, respectively.

Thus, the total number of autonomous and common vehicles on each of the five roads is equal to
n'=N'"+N, nr=N', 2P=N%, n*=N+N), =N

2021, T. 13, Ne 2, C. 281-294




290 E. A.Belkina, E. A. Zhestov, A. V. Shestakov

Figure 6. An example of a simple Braess network

Figure 7. 1st network traversal Figure 8. 2nd network traversal Figure 9. 3rd network traversal
option option option

Using the results obtained from Options 1, 2, 3, and 4, TC for each route can be evaluated.
At the same time computational modeling allows evaluation of possible delays in general form.

Algorithm

We propose the following algorithm:

1. Fix the set of lambda.

2. Look for the social optimum for the autonomous vehicles. It will reach the minimum 7'C, on the
set N, on 3 trajectories.

TC, = (t! + AN + (¢} + 2 + N> + (2 + N2

3. Look for the user equilibrium for the common vehicles. Choose the quant of size Q which is
a small part of a virtual vehicle.

4. Set W as a number of common vehicles. There will be W - O of quants in queue.

5. Extract the next quant from queue and find the best route for it. Repeat until the queue becomes
empty. Add the quant size to route counters.

6. TC, is calculated from the values of the route counters.

7. Find TC =TC, + TC,. Repeat step 1 to step 6 to find the minimum 7°C.

The algorithm (page 290) iterates through the possible combinations of edges and distribution
of designated lanes on them, calculating the smallest value of TC and the corresponding value A.
According to the principle of greedy behavior, each driver chooses the optimal route in terms of the
total traveling time. This forms Wardrop equilibrium and the system optimum is reached. The algorithm
(page 290) was realized in C++ programming language.
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Results of modeling

Only common vehicles

Assume that we have only common vehicles on all routes. At first compute 7C and the
equilibrium on traffic flows. Fix the parameters of the Braess paradox network which were proposed
in [Steinberg, 1983] (Fig. 10) and increase the value of the lanes coefficient A for autonomous vehicles
on edge A — B.

Figure 10. An example of Braess’ network that was used for testing our numerical model

From the results shown in the chart TC(2) (Fig. 11) it can be concluded that the optimal solution
is reached if the road A-B is available only for autonomous vehicles. The same results were obtained
in [Steinberg, 1983], which proves the correctness of the developed program and the applied algorithm.

¢ o ! ! ! ! !
U i
| | P ®-e | | |
: : : °~¢ : :
540 [t dmommomoeees Fomomeees 1- T Fommmmeeee
: : : : °_ | :
g 530 foopomeeenees e — e
g : : : : . :
& ! ! ! ! ! !
&~ 520 s b e b %
1 1 1 1 1 L ] 1
1 1 1 ! ! Q !
: : : : : ¢ |
L S e e .
: : : : : o
: : : : : o
I L L L L e |
0 | | | | o
0.0 0.2 0.4 0.6 0.8 1.0
2

Figure 11. Relation between TC and A graph

Autonomous and common vehicles

Consider the traffic flows in the same transportation network and explore the dependence of the
optimal total time on the efficiency coefficient y. If we fix the parameter A and increase parameter
X, we get the results of the algorithm [Steinberg, 1983] (page 290) which are demonstrated on the
following chart TC(y).

This chart (Fig. 12) shows the linear dependence, which implies that there should be no common
vehicles on route 3 (Fig. 9), nor on route A-B. In the case of Braess’ paradox in the model with
common vehicles, the only solution is to make the road A-B available only for autonomous vehicles.
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Figure 12. Relation between TC and y graph

Examples of real-life network modeling

It is not a rare scenario when Braess’ paradox occurs after some time when the amount of
traffic on the network reaches a certain value. The simplest way to deal with it is to remove the
“problematic” edge from the network. In this article an alternative solution is proposed. This solution
involves the traffic flow adjustment method, which is based on the principle of addition of designated
lanes. Consider an example of an isolated network in one of Moscow districts (Fig. 13).

There are two possible ways to get to VDNKh when the vehicle moves along the Schyolkovskoye
highway (Fig. 13). The first trajectory is along Third Ring Rd and then along Prospekt Mira (white
trajectory) or along Rostokinsky proezd (red trajectory). The black route is faster, since it takes
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Figure 13. Map used for modeling, [OpenStreetMap, CODD, Otraslevoy...]
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16 minutes to get from the starting point (red) to the end point (blue) without traffic jams. The white
toute takes 23 minutes without traffic jams. However, the white route has greater capacity (4 lanes
may serve up to 8300 vehicles per hour), while the black route has only 2 lanes and a capacity of
6700 vehicles per hour.

Since Rostokinsky proezd is located near Bogorodskoye and Metrogorodok districts, increasingly
more drivers from these districts choose the black route. In order to save time, the driver would rather
choose Rostokinsky proezd. When the number of vehicles on this route is large, the traffic will be
backed up. This is the situation when Braess’ paradox occurs. If there were no route Schyolkovskoye
highway — Veteranov Avenue — Rostokinsky proezd, the traffic on this road system would be more
optimal. Perform analysis for this network. Consider the graph of the network.

There are two possible trajectories. The capacity of the route through Metrogorodok is
6700 vehicles per hour and through TRR — 8300 vehicles per hour. If the traffic through Rostokinsky
proezd is restricted for drivers from Schyolkovskoye highway, the total system load decreases. To
solve the paradox, we can delete the Schyolkovskoye highway — Metrogorodok edge from the
network. Consider an example. Assume that there are 7000 vehicles. 5000 vehicles move along the
Schyolkovskoye highway and have to choose the trajectory and the remaining 2000 vehicles are in
Metrogorodok. Suppose that 2000 vehicles choose Rostokinsky proezd and 3000 choose TRR (the data
was obtained during observation from 7 to 8 am during rush hours).

Let the total time cost on the road segment i, where i € {1, 2} is the set of trajectories, be a linear

function #; = 7; + b;n;, where for routes 1 and 2 by = —— = 0.009, b, = —— = 0.007, respectively.

Thus, T =t +t = 71 + byn; + T3 + byny = 96 min is the total traveling time through both trajectories.
The average time is 48 min.

Now consider the case where there is no edge which connects the Schyolkovskoye highway and
Metrogorodok. Then ny = 2000, n, = 5000. Thus 7 =t + t; = 71 + byny + T3 + byny = 92 min. The
average time is 46 min.

Therefore, this implies that the removal of this edge from the network optimizes the total network
load.

Now consider the modeling on this transportation network. According to gucodd.ru, in
Moscow, public transport accounts for 2% of the total amount of vehicles. Thus, if we have
7000 vehicles in total, 140 of them are public. According to the efficiency coefficient, y = 0.7,
which implies that the public transport traffic is less effective. Since 4; € (0, 1), A, = 0 by definition,
all public vehicles will move along the first road. Therefore,

bm( \/bn)( (ty +dn —711) +dm) N bny (ty +dn — 11)

d+b
(d +byx) i m(d + by)

TC =n+m)r +

- + by
\/bn)( (o +dn—711)+dm

is the optimal value of TC for this system (5).
Therefore, the total time cost is

62.72 N 2377.9
0.0133  0.013

TC =112000 + =299631.

By evaluating the average traveling time for both trajectories in this network for a common

vehicle, we get
299 631

7000
Hence, the proposed method allows to reduction of the network load.

= 42.8 min.

o=
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Conclusion

In this article the problem of network system modeling has been solved using a set of examples.
It was shown that Braess’ paradox can significantly amplify the total network load. The model of
designated lanes was proposed. Simple cases of organizing designated lanes were considered. Optimal
strategies for common and autonomous vehicles were obtained. The model realization was illustrated
by an example. It was found that the modeling of designated lanes eliminates Braess’ paradox and
optimizes the total traveling time. The algorithm which simulates drivers’ behavior to determine the
system equilibrium was proposed and realized in programming language.
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