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Model of driver overacceleration causing breakdown in vehicular traffic
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We introduce a mathematical approach for the description of driver overacceleration in a microscopic traffic
flow model. The model, in which no driver overreaction occurs, explains the empirical nucleation nature of traffic

breakdown.
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I. INTRODUCTION

Traffic breakdown is a transition from free flow to con-
gested vehicular traffic occurring mostly at bottlenecks.
Between 1958 and 1961 Herman, Gazis, Montroll, Potts,
Rothery, and Chandler [1-4] as well as Kometani and Sasaki
[5-7] assumed that the cause of the breakdown is driver over-
reaction on the deceleration of the preceding vehicle: Due to
a delayed deceleration of the vehicle resulting from a driver
reaction time, the driver decelerates stronger than it is needed
to avoid vehicle collisions. In other words, driver overreaction
causes vehicle overdeceleration. Due to overdeceleration, the
vehicle speed becomes less than the speed of the preceding
vehicle. If driver overreaction is realized for all following
drivers, then traffic instability occurs [1-17]. The traffic in-
stability leads to a wide moving jam (J) formation in free
flow (F) called an F — J transition [18]. This classical traffic
instability is currently a theoretical basic of standard traffic
theory (e.g., [8—17,19-28]).

However, rather than the F — J transition, in real field
(empirical) traffic data traffic breakdown is a phase transition
from free flow to synchronized flow (S) (F — S transition)
[29-33]; the empirical traffic breakdown (empirical F — S
transition) exhibits the nucleation nature [Fig. 1(a)]'. To ex-
plain the empirical nucleation nature of the F — S transition,
three-phase traffic theory was introduced [29-32], in which
there are three phases: free flow (F), synchronized flow (S),
and wide moving jam (J), where the phases S and J belong to
congested traffic.

Contrary to standard traffic theory in which driver over-
reaction should be responsible for traffic breakdown [1-28],
it is assumed in three-phase traffic theory [29-32.40] that
the empirical nucleation nature of traffic breakdown (F — S
transition) is caused by a discontinuity in the probability of
driver acceleration occurring when free flow transforms into
synchronized flow [Fig. 1(b)]: In free flow, drivers can acceler-
ate from car following at a lower speed to a higher speed with
a larger probability than it occurs in synchronized flow. Driver
acceleration that probability exhibits the discontinuity when

"We do not consider classical Lighthill-Whitham-Richards (LWR)
model of traffic breakdown [35-39] because the LWR model cannot
explain the empirical nucleation nature of traffic breakdown [29-32].
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free flow transforms into synchronized flow is called driver
overacceleration, to distinguish driver overacceleration from
“usual” driver acceleration that does not show a discontinuous
character?.

The behavioral origin of driver overacceleration is related
to the wish of drivers to move in free flow. The discontinu-
ity in the probability of driver overacceleration [Fig. 1(b)],
i.e., the discontinuous character of driver overacceleration is
explained as follows (see for more details Sec. VII): At small
space gaps between vehicles and a low speed in synchronized
flow, vehicles prevent each other to accelerate from synchro-
nized flow to free flow; contrarily, due to larger space gaps in
free flow at the same flow rate, drivers can easily accelerate
from a local speed decrease. The discontinuous character of
driver overacceleration can lead to an S — F instability in
synchronized flow [31,32,41].

Contrary to the classical traffic instability that is a grow-
ing wave of a local decrease in the vehicle speed [1-28],
the S — F instability is a growing wave of a local increase
in the speed [31,32,41]. Microscopic three-phase traffic flow
models [42] that simulate the empirical nucleation nature of
traffic breakdown [Fig. 1(a)] show also the classical traffic
instability leading to a wide moving jam emergence in syn-
chronized flow. In these complex traffic flow models [42,43],
both driver overacceleration and driver overreaction are
important.

Thus, up to now there has been no mathematical model
of driver overacceleration on a single-lane road that can ex-
plain the empirical nucleation nature of traffic breakdown
(F — S transition) at bottlenecks solely through driver over-
acceleration, i.e., without the effect of driver overreaction. The

2In [40], the discontinuity in the probability of overacceleration
shown in Fig. 1(b) has been considered for the case of lane-changing
on multi-lane roads and it has been called “probability of passing"
(see Fig. 5.7(b) of Ref. [29]). First mathematical approaches for
simulation of overacceleration for both single-lane and multi-lane
roads have been introduced in Kerner-Klenov stochastic and de-
terministic ATD (acceleration time delay) microscopic models as
well as in KKW (Kerner-Klenov-Wolf) and KKSW (Kerner-Klenov-
Schreckenberg-Wolf) cellular automaton models developed in the
framework of three-phase traffic theory (see explanations in Chap.
11 of [30] and Appendixes A and B of [31]).

©2023 American Physical Society
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FIG. 1. Empirical nucleation nature of traffic breakdown (F — S
transition) at bottlenecks (a) and a hypothesis of three-phase traffic
theory for the discontinuous character of driver overacceleration
(b), (c) [40]. (a) Speed data presented in space and time with averag-
ing method described in Sec. C.2 of Ref. [34] were measured with
road detectors installed along road: A moving synchronized flow
pattern (MSP) that has emerged at downstream bottleneck (B-down)
while propagating upstream induces F — S transition (induced traf-
fic breakdown) leading to emergence of a synchronized flow pattern
(SP) at upstream bottleneck (B); adapted from [29-32]. (b), (c)
Qualitative vehicle density dependence of driver overacceleration
probability per a time interval (b) and equivalent presentation of
(b) as a discontinuous flow-rate dependence of the mean time delay
in driver overacceleration (c). F and S are states of free flow and
synchronized flow, respectively.

introduction of such a model for driver overacceleration in a
road lane is the objective of this paper.

The paper is organized as follows: In Sec. II we introduce
a mathematical model of driver overacceleration on a single-
lane road (Sec. ITA), present a microscopic deterministic
traffic flow model incorporating this overacceleration model
(Sec. I B), and consider the physics of the model (Sec. I1 C).
Simulations of the nucleation nature of traffic breakdown
(F — S transition) and of the S — F instability are presented
in Secs. III and IV, respectively. In Sec. V we study features
of traffic patterns resulting from traffic breakdown. In Sec. VI,
based on model simulations we show that there is no driver
overreaction in the traffic flow model. The behavioral origin
of the discontinuous character of driver overacceleration in
a road lane is considered in Sec. VII. In our discussion,
Sec. VIII, we consider the agreement of the overacceleration
model with real field (empirical) traffic data (Sec. VIII A),
analyze possible changes in model parameters at which driver
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FIG. 2. Qualitative speed dependence of driver overacceleration
aoa(v) in Eq. (1) (a) as well as steady states of model (2)—(5) in
space-gap—speed (b) and flow—density (c) planes (dashed 2D-regions
are related to steady states of synchronized flow). vgee = 120 km/h,
Tafe = 18,7 =38, Vgyn = 80 km/h, d =7.5m.

overreaction becomes possible at a low enough synchronized
flow speed that results in the emergence of a wide moving jam
in synchronized flow (Sec. VIII B), and formulate conclusions
(Sec. VIII O).

II. MODEL

A. Driver overacceleration in road lane

Here we introduce a mathematical approach for driver
overacceleration apa [Fig. 2(a)]:

aoa = O — vsyn)‘ (D

Equation (1) satisfies the hypothesis of three-phase traffic
theory about the discontinuous character of driver overaccel-
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eration [Figs. 1(b) and 1(c)] [29-32,40]. In (1), v is the vehicle
speed, where 0 < v < VUfree, Vfiee 18 @ maximum vehicle speed;
o is a maximum driver overacceleration; ®(z) =0 at z < 0
and ©(z) = 1 at z > 0; and vy, is a given synchronized flow
speed (Vsyn < Vfree)-

B. Microscopic deterministic traffic flow model

Based on Eq. (1), we develop a microscopic traffic flow
model, in which vehicle acceleration or deceleration a in a
road lane is described by a system of equations:

a=KnAv+aon at gur < g<G, (2)
a=0amx at g > G, 3)
a = dsafety (g, v,ve) at g < E&safe, 4

where driver overacceleration app is given by Eq. (1); gis a
space gap to the preceding vehicle, g = x; — x — d, where x
and x, are, respectively, the coordinates of the vehicle and the
preceding vehicle and d is the vehicle length; Av = v, — v,
ve is the speed of the preceding vehicle; K, is a positive
dynamic coefficient; amax is @ maximum vehicle acceleration;
G is a synchronization space gap, G = v1g, T¢ is a synchro-
nization time headway; g iS a safe space gap, geufe = VTsafe
[Figs. 2(b) and 2(c)], where 7y is a safe time headway; and
Asafery (8, V, V¢ ) 1s a safety vehicle deceleration.

C. Physics of traffic flow model

The physics of model (2)—(4) is as follows:

(i) In Eq. (2), in addition to driver overacceleration (1),
there is function Ka,Av [29-32,42] that describes vehicle
speed adaptation to the speed of the preceding vehicle v,
occurring independently of space gap g within the space-gap
range guafe < & < G. Thus, a decrease in the speed of the
preceding vehicle v, does not lead to a stronger decrease in
the speed v: No driver overreaction occurs.

(i) Equation (3) describes vehicle acceleration at large
space gaps g > G.

(iii) Contrary to driver overacceleration apa (1) applied in
Eq. (2), function Ka,Av in Eq. (2) at Av > 0 and Eq. (3)
describe “usual” driver acceleration that does not show a
discontinuous character.

(iv) Equation (4) describes safety vehicle deceleration that
should prevent collisions between vehicles at small space
gaps g < gsafe; contrary to Eq. (2), safety vehicle decelera-
tion dgafery (&, v, v¢) in Eq. (4) can lead to driver overreaction.
There are many concepts developed in standard traffic flow
models [1-28] that can be used for safety vehicle deceleration
Qsafety (8, v, V¢). For simulations below, we use one of them
described by Helly’s function [8]

asafety(ga v, vg) = K1 (g — Zsate) + K2 Av, @)

where K and K are positive dynamic coefficients?.

3Contrary to [44], in model (2)-(5) no different states (like opti-
mistic state or defensive state of [44]) are assumed in collision-free
traffic dynamics governed by safety vehicle deceleration.
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FIG. 3. Simulations with model (2)—(5) of nucleation nature of
traffic breakdown on a single-lane road of length L = 10 km with
two identical on-ramp bottlenecks B and B-down at locations x =
Xon,g = 6km and x = xon 5_down = 9 km, respectively. (a) Speed data
presented in space and time as made in Fig. 1(a). (b), (c) Averaged (1-
min) speeds atx = 7 km within MSP (b) and atx = 5.7 km (c) within
a synchronized flow pattern (SP) induced through MSP propagation
at bottleneck B. Flow rate in free flow on the road at x =0 is
gin = 2250 vehicles/h. Bottleneck model is the same as that in [45]:
there is a merging region of length L,, = 0.3 km; vehicles merge
at a middle location between vehicles on the road at the preced-
ing vehicle speed v* when g > giggg = AVt +d with 4, = 0.3 s;
on-ramp inflow rates are gon g—down = 0 and gon g = 685 vehicles/h;
to induce the MSP at bottleneck B-down, impulse gon g—down = 400
vehicles/h at + = 20 min during 2 min has been applied. Vehicles
are identical ones with the following parameters: dm,x = 2.5 m/ s%,
a=1m/s?, Ky, =08 571, K; =0.15 s72, K, = 0.95 s~'. Under
conditions 0 < v < Vgee, vehicle motion is found from equations
dv/dt = a, dx/dt = v solved with the second-order Runge-Kutta
method with time step 1072 s. In panels (b) and (c), F and S are
states of free flow and synchronized flow, respectively. Other model
parameters are the same as those in Fig. 2.

As often assumed, drivers cannot estimate space gaps very
well. A misjudgment of the headway leads often to hard
braking that can lead to driver overreactions. The same is true
for the speed difference between vehicles. Driver reaction on
short space gaps and large speed differences are simulated in
model (2)—(5) as follows. If the space gap g becomes smaller
than safe space gap gsare, this leads to hard braking described
by Eq. (5). Hard braking can lead to driver overreaction,
but it should not necessarily lead to driver overreaction; this
depends on values K and K in (5). When the speed difference
causes hard braking, this can also lead to driver overreaction,
but it should not necessarily lead to driver overreaction. In
simulations of model (2)—(5) (Figs. 3-7), we have chosen
values K; and K, at which no driver overreaction occurs.
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III. NUCLEATION NATURE OF TRAFFIC
BREAKDOWN (F — S TRANSITION)

We have shown that if we choose coefficients K; and K,
in (5) (Fig. 3) at which even at g < gwfe no driver over-
reaction occurs in model (2)—(5), then, nevertheless, this
model shows all known empirical nucleation features of traffic
breakdown [Fig. 1(a)]: A moving synchronized flow pattern
(MSP) induced at downstream bottleneck B-down propagates
upstream. While reaching upstream bottleneck B, the MSP
induces F — S transition at the bottleneck [Fig. 3(a)].

Formula (1) for driver overacceleration explains induced
traffic breakdown (induced F — S transition) as follows.
Due to a vehicle merging from the on-ramp, condition g <
Zsafe can be satisfied resulting in vehicle deceleration. As
a result of this vehicle deceleration, a local speed decrease
occurs at bottleneck B [labeled by “local speed decrease” in
Fig. 3(a)]. The minimum speed v'%” within the local speed
decrease satisfies condition vr(fiic) > Ugyn. Therefore, accord-
ing to (1), vehicles accelerate with overacceleration aps =
o from the local speed decrease; this prevents congestion
propagation upstream of bottleneck B. Contrarily, the mini-
mum speed within the MSP satisfies condition vfn]\i/[nsp) < Usyn
[Fig. 3(b)]. Then, according to (1), driver overacceleration
aoa = 0: When the MSP reaches bottleneck B, synchronized
flow is induced. A synchronized flow pattern (SP) resulting
from induced traffic breakdown remains at bottleneck B. This
is because the speed within the SP is less than the speed
Vsyn in (1) [Fig. 3(c)] and, therefore, driver overacceleration
aoa = 0.

It should be noted that because the deceleration capabilities
of a car are much higher than the acceleration capabilities, for
simulations of the F — S transition in Fig. 3(a) we have used
a relatively small maximum driver overacceleration o = 1
m/s?. This choice should show that already a small driver
overacceleration can explain the nucleation of traffic break-
down (F — S transition). Simulations made show that the
choice of a larger driver overacceleration [for the maximum
driver overacceleration o in Eq. (1) we have used values
between 1 and 2.5 m/s*] does not qualitatively change results
presented in Fig. 3.

IV. NUCLEATION NATURE OF S — F INSTABILITY

Formula (1) for driver overacceleration explains also the
S — F instability. We consider the time development of a
local speed increase in an initial homogeneous state of syn-
chronized flow (Figs. 4 and 5). The cause of the local speed
increase is a short-time acceleration of one of the vehicles
(vehicle 1 in Fig. 4 or vehicle 8 in Fig. 5) occurring within
the same initial homogeneous state of synchronized flow in
Figs. 4 and 5. Vehicle 1 (Fig. 4) and vehicle 8 (Fig. 5) have to
decelerate later to the speed of the preceding vehicle moving
at the initial synchronized flow speed (v = 70 km/h in Figs. 4
and 5).

It has been found that there are two possibilities:

(i) The increase in the speed of following vehicles (vehicles
2-7 in Fig. 4) decays over time (Fig. 4). This decay of the
initial local speed increase occurs when the maximum speed
of vehicle 2 (@) = 77.9 km/h) that follows vehicle 1 is less
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FIG. 4. Nucleation character of S — F instability: No S — Fin-
stability occurs. Simulations with model (2)-(5) made on single-lane
road of length 8§ km without bottlenecks with initial homogeneous
synchronized flow state at v = 70 km/h and g = 27.5 m. (a), (b)
Time development of speeds (a) and trajectories (b) of vehicles 1-7
caused by initial local speed increase of vehicle 1 simulated through
short-time acceleration of vehicle 1 with @ = 0.5m/s? during 6.5 s.
(c) Spatiotemporal development of the vehicle speed during the de-
cay of the initial local increase in the speed of vehicle 1 in (a). Other
model parameters are the same as those in Figs. 2 and 3.

than the critical speed vgy, in (1). Therefore, driver overac-
celeration is equal to apgy = 0. Because there is no driver
overacceleration, the initial local speed increase in synchro-
nized flow decays over time.

(i1) Contrarily, if vehicle 8 (Fig. 5) accelerates only 0.5 s
longer than vehicle 1 (Fig. 4), the local speed increase initiated
by vehicle 8 grows over time [vehicles 9-14 in Figs. 5(a) and
5(b)] leading to the S — F instability (Fig. 5). The S — F
instability occurs because the maximum speed of vehicle 9
() = 81.9 km/h) that follows vehicle 8 is higher than the
critical speed vgy, in (1). Therefore, driver overacceleration is
equal to apa = «. The driver overacceleration causes the S —
F instability. The time development of the S — F instability
leads to a local S — F transition in the initial synchronized
flow [Fig. 5(c)].
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FIG. 5. Nucleation character of S — F instability: S — F in-
stability occurs. Simulations with model (2)—(5) made at the same
model parameters as those in Fig. 4, in particular, at v = 70 km/h
and g = 27.5 m in initial homogeneous synchronized flow state;
however, in comparison with Fig. 4 there is only one exception:
The duration of short-time acceleration of vehicle 8 with a = 0.5
m/s? is equal to 7 s, i.e., the initial acceleration of vehicle 8, which
causes the local speed increase in synchronized flow, is 0.5 s longer
than that of vehicle 1 in Fig. 4. In (a) and (b) time development of
speeds (a) and trajectories (b) of vehicles 8—14. (c) Spatiotemporal
development of speed during S — F instability shown in (a) and
(b). Dashed-dotted curves in (b) denote the development of S — F
instability in synchronized flow leading to the S — F transition.
Other model parameters are the same as those in Figs. 2—4.

V. RANGE OF HIGHWAY CAPACITIES AND TRAFFIC
PATTERNS RESULTING FROM BREAKDOWN

Formula (1) for driver overacceleration explains also the
range of highway capacities of three-phase traffic theory
[29-32,42] (Fig. 6):

(i) Free flow is metastable with respect to traffic breakdown
at the bottleneck when Cuin < ¢sum < Cmax, Where gsum =
¢in + Gon; Gin 18 the flow rate in free flow on the road upstream
of the bottleneck, g, is the on-ramp inflow rate; Cpni, and Ciax
are minimum and maximum highway capacities, respectively.
Under condition Cpin < ¢sum < Crax, traffic breakdown (F —
S transition) can be induced at the bottleneck.

induced breakdown
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FIG. 6. Simulations with model (2)—(5) of traffic congested
patterns resulting from traffic breakdown on a single-lane road
of length 8 km with on-ramp bottleneck at 6 km at the same
flow rate gi, = 2250 vehicles/h as that in Fig. 3. (a)-(d) Speed
in space and time: (a) gon = Gonmin = 645 vehicles/h, (b) gon =
680 vehicles/h, (¢) Gon = Gon.max = 695 vehicles/h, (d) gon =
840 vehicles/h; Gon.min = Cmin — Gins Cmin = 2895 vehicles/h (a);
Gon.max = Cmax — qin> Cmax = 2945 vehicles/h (c). (e) Range of high-
way capacities: The speed in free flow and the mean speed in
synchronized flow within the SPs in panels (a), (b), (c), and (d) as
functions of the total flow rate in free flow at the bottleneck ggp,. In
(a) and (b), traffic breakdown has been induced at ¢+ = 20 min by on-
ramp inflow impulse Ag,, = 355 vehicles/h (a) and 320 vehicles/h
(b) of 2 min (a) and 1 min (b) duration. LSP is a localized SP; WSP
is a widening SP. Other parameters are the same as those in Figs. 2
and 3.

(i) When ggm < Cuin, no traffic breakdown can be in-
duced: Any initial short-time disturbance in free flow at the
bottleneck decays over time.

(iii) At gsum = Cmin, @ congested pattern resulting from
induced traffic breakdown is a localized SP (LSP) [Fig. 6(a)]:
The LSP width (in the longitudinal direction) does not in-
crease over time.

(iv) When at a given g, and ggym > Cpin the on-ramp
inflow rate g,, increases, a widening SP (WSP) results from
induced traffic breakdown [Fig. 6(b)]: The WSP width in-
creases over time.

(v) At geum = Ciax, after a time delay, spontaneous traffic
breakdown at the bottleneck occurs [Fig. 6(c)]. At a given gjj,
and ggym > Chax, the more the on-ramp inflow rate go, ex-
ceeds a maximum on-ramp inflow rate gon max = Cmax — Gin»
the shorter the time delay of spontaneous traffic breakdown
[Figs. 6(c) and 6(d)].
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FIG. 7. Absence of driver overreaction in model (2)-(5) under
parameters used in Figs. 2 and 3. Simulations made on single-lane
road of length 8 km without bottlenecks with initial homoge-
neous state of synchronized flow with v = 70 km/h and g = gy =
19.5 m: Time development of vehicle trajectories (a), speed in space
and time (b), and speeds of a sequence of vehicles 15-21 caused
by initial local speed decrease of vehicle i in (a) simulated through
deceleration of vehicle i with @ = — 0.5 m/s? to the speed v = 0;
vehicle i remains stationary for 1 s and then accelerates.

(vi) In general, the larger the on-ramp inflow rate g,, (at a
given gi,), the lower the mean synchronized flow speed within
the SP [Fig. 6(e)].

VI. ABSENT OF DRIVER OVERREACTION
IN TRAFFIC FLOW MODEL

We have found that in model (2)—(5) under parameters
used in Figs. 2 and 3 there is no driver overreaction on the
deceleration of the preceding vehicle even at the smallest
possible space gap between vehicles g = g in an initial
homogeneous state of traffic flow.

In Fig. 7 under condition g = gguf 1in an initial
homogeneous synchronized flow, vehicle i decel-
erates to a standstill, remains stationary for 1 s,

and then accelerates. It turns out that none of the

following vehicles decelerate to the standstill. The
minimum speed of the following vehicles increases slowly
over time [vehicles 15-21 in Fig. 7(c)]. Finally, rather than
a wide moving jam, a state of synchronized flow with a
lower speed v &~ 15.5 km/h [labeled by “resulting state of
synchronized flow” in Fig. 7(b)] results from the deceleration
of vehicle i.

VII. BEHAVIORAL ORIGIN OF DRIVER
OVERACCELERATION IN ROAD LANE

As is well known [1-28], the behavioral origin of driver
overreaction is related to the wish of drivers to avoid vehicle
collisions. Contrarily, the behavioral origin of driver overac-
celeration is related to the wish of drivers to move in free
flow. To understand the origin of the discontinuous character
of driver overacceleration, first recall that as formulated in (2),
space gap g can be larger than safe space gap gsafe-

(i) We consider a driver that reaches the local speed de-
crease at the bottleneck (bottleneck B in Fig. 3(a)). This is
realized during time interval, when the MSP is still far enough
downstream of the bottleneck [Fig. 3(a)]. We assume that
the driver accelerates (overacceleration occurs, i.e., dop = @)
trying to escape from the local speed decrease. This driver
overacceleration, which prevents upstream propagation of the
local speed decrease at the bottleneck, is possible at the cost
of the decrease in the space gap (as long as g > ggr.) and only
when the local speed decrease at the bottleneck is still low
enough. Contrarily, when the MSP has already reached the
bottleneck, dense synchronized flow of a low enough speed is
at the bottleneck. Then we assume that drivers recognize that
there is no possibility to escape from this synchronized flow;
therefore, no driver overacceleration is realized, i.e., aps = 0.

(i1)) We assume that a driver can randomly accelerate in
synchronized flow leading to a local speed increase in the syn-
chronized flow (Figs. 4 and 5). Model (2)—(5) is deterministic.
For this reason, the random local speed increase is simulated
through time-limited acceleration of a vehicle (vehicle 1 in
Fig. 4 or vehicle 8 in Fig. 5). This vehicle acceleration leads
to acceleration of the following vehicles (vehicles 2—7 or
vehicles 9-14, respectively, in Figs. 4 and 5). When in initial
homogeneous synchronized flow the space gap g > gsafe and
the synchronized flow speed is not very low (in Figs. 4 and
5, speed v =70 km/h and space gap g = 27.5 m, whereas
safe space gap gwafe = 19.5 m), we assume that there can be
two possibilities for the development of the initial local speed
increase in synchronized flow:

First possibility. The initial local speed increase in syn-
chronized flow is not large enough [Fig. 4(a)]. Then we
assume that the following drivers are not motivated for strong
acceleration because the drivers recognize that there is no
possibility to escape from synchronized flow (no driver over-
acceleration is realized, i.e., apa = 0). If this occurs, the initial
local speed increase decays (Fig. 4).

Second possibility. The initial local speed increase
in synchronized flow is larger than some critical value
[Fig. 5(a)]. Then we assume that the following drivers are
motivated for strong acceleration, because the drivers recog-
nize that there is a possibility to escape from synchronized
flow. As a result of this strong driver acceleration, the vehicle
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speed becomes larger than the speed of the preceding vehicle
(driver overacceleration occurs, i.e., apa = «). If this driver
overacceleration is realized for the following vehicles, then
the S — F instability occurs (Fig. 5).

As defined in three-phase traffic theory, overacceleration is
vehicle acceleration that exhibits the discontinuous character
when free flow transforms into synchronized flow [Figs. 1(b)
and 1(c)]. However, the prefix over in the term overaccelera-
tion literally implies too much acceleration. The choice of the
term overacceleration can be understood if we consider the
S—F instability: In this case, overacceleration is a stronger
vehicle acceleration than it is needed for car-following in the
initial synchronized flow. Indeed, due to overacceleration the
speed of the following vehicle becomes higher than the speed
of the preceding vehicle.

As emphasized, the behavioral origin of overacceleration is
related to the wish of drivers to move in free flow. Contrarily,
the behavioral origin of vehicle overdeceleration caused by
driver overreaction on deceleration of the preceding vehicle
is related to the wish of the drivers to avoid vehicle colli-
sions. This totally different physics of overacceleration and
overdeceleration can nevertheless be used for some addition
explanation of the choice of the term overacceleration: Due to
overacceleration the speed of the following vehicle becomes
higher than the speed of the preceding vehicle; contrary to
overacceleration, due to overdeceleration the speed of the fol-
lowing vehicle becomes less than the speed of the preceding
vehicle.

VIII. DISCUSSION

A. Comparison of simulations of model of overacceleration
with empirical traffic data

We have shown that a traffic flow model that incorporates
a discontinuity in driver overacceleration (1) [Fig. 2(a)] can
indeed show and explain the nucleation nature of traffic break-
down (F — S transition) at a highway bottleneck [Fig. 3(a)]
without the effect of driver overreaction. The nucleation char-
acter of traffic breakdown (F — S transition) at bottlenecks is
often observed in real field (empirical) traffic data measured
on highways [Fig. 1(a)] (see other empirical examples in
[31,32]).

This traffic flow model (2)—(5), in which no driver
overreaction is realized, show also SPs resulting from traf-
fic breakdown, like LSP [Fig. 6(a)] and different WSPs
[Figs. 6(b)-6(d)]. LSPs and WSPs have been observed in a
huge number of empirical traffic data (see, e.g., [29-33]).

Currently, there are many available microscopic empirical
data measured through probe vehicles (see, e.g., [32,33]).
In the probe vehicle data, empirical S—F transitions within
synchronized flow have been observed (see, e.g., Fig. 26 of
Ref. [43]). However, the microscopic traffic data are related
to a small share of probe vehicles moving in traffic flow
(about 3-5%). For this reason, such empirical microscopic
traffic data cannot be used for a study of the S — F insta-
bility that model (2)—(5) shows (Fig. 5): For the resolving of
the S — F instability in empirical data, almost all empirical
vehicle trajectories in traffic flow are needed to be measured.
Unfortunately, suitable microscopic empirical data, which can
be used for empirical studies of the S — F instability, are not

currently available; empirical studies of the S — F instability
can be an interesting task for further investigations.

Another result of simulations of model (2)—(5), in which
no driver overreaction occurs, is as follows: Independent of
the flow rate at the bottleneck, no moving jams emerge within
SPs resulting from traffic breakdown (Fig. 6). This contradicts
to both the three-phase traffic theory and empirical results
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FIG. 8. Simulations of model (2)—(7) with vy, = 36 km/h,
gmin = 3 m on single-lane road of length 8§ km with on-ramp bot-
tleneck at 6 km at the same flow rate ¢;, = 2250 vehicles/h as that in
Fig. 3. (a, b) Model steady states in space-gap—speed (a) and flow—
density (b) planes (dashed 2D-regions are related to steady states
of synchronized flow). (c) Speed data in space and time presented
by regions with variable shades of gray [shades of gray vary from
white to black when the speed decreases from 120 km/h (white) to 0
km/h (black)]; gon = 875 vehicles/h. Other parameters are the same
as those in Figs. 2 and 3.
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(see, e.g., [29-33]), in which wide moving jams emerge in
synchronized flow at a low enough synchronized flow speed;
the moving jams are also called “stop-and-go” traffic patterns
(see, e.g., [21,27]). For this reason, we can assume that the
emergence of wide moving jams in synchronized flow (S — J
transition) is caused by driver overreaction in synchronized
flow, i.e., by the classical traffic flow instability in synchro-
nized flow: Because no driver overreaction occurs in model
(2)—(5), this model cannot show the classical traffic flow insta-
bility and S — J transitions resulting from the development of
the classical instability. This assumption will be supported in
the next subsection.

B. Effect of driver overreaction: Emergence of wide moving jam
in synchronized flow

Up to now we have studied traffic flow model (2)—(5) at
such model parameters at which no driver overreaction occurs.
Clearly, at other model parameters in (2)—(5) as those used in
Figs. 27 driver overreaction can occur. This case is illustrated
in the following example.

As known, when the vehicle speed v — 0, safe space gap
Zsafe Should tend to a minimum space gap gmin. Respectively,
in (2)~(5), rather than ggfe = VTste and G = v [Figs. 2(b)
and 2(c) and 3], we get

Goate = UTsafe at v = Upig (6)
sate &min + U(Tsafe - Tmin) at VU < Umin,
G — UTG at v > vmin (7)
8min + V(TG — Tmin) Al ¥ < Upin,

WhETE Timin = gmin/Vmin5 &min aNd Vnin (Where vpin < Usyn) are
parameters [Figs. 8(a) and 8(b)]. Model (2)—(7) shows results
of three-phase traffic theory [29-32,42] [Fig. 8(c)]:

(i) Traffic breakdown (F — S transition) is caused by
driver overacceleration.

(i) When within SPs resulting from traffic breakdown the
synchronized flow speed denoted by vs satisfies condition
Vs > Umin, NO classical traffic instability and, therefore, no
moving jams occurs within SPs. This result is explained as
follows: At v > v, and under the same other parameters as
those used in Figs. 2 and 3, model (2)—(5) and model (2)—(7)
are identical models, i.e., no driver overreaction occurs in both
models. The synchronized flow speed vs within each of the
SPs shown in Fig. 6 satisfies condition vg > vp,. For this

reason, all results presented in Fig. 6 for model (2)—(5) remain
also the same ones for model (2)—(7).

(iii) Only when the synchronized flow speed vs within an
SP is low enough, specifically, the speed satisfies condition
Vs < Umin [Fig. 8(c)], as we have found, driver overreaction
can occur within synchronized flow. As a result, at a large
enough flow rate at the bottleneck, at which the synchronized
flow speed vs within the SP satisfies condition vs < Umin,
model (2)—(7) shows the classical traffic instability caused by
driver overreaction within the SP leading to wide moving jam
emergence in synchronized flow [labeled by “wide moving
jam” in Fig. 8(c)].

Therefore, simulations of model (2)—(7) show that traffic
breakdown (F — S transition) occurs at the bottleneck solely
due to the discontinuity in driver overacceleration (1), i.e.,
without the effect of driver overreaction. Contrary to traffic
breakdown (F — S transition), wide moving jam emergence
in synchronized flow (S — J transition) results from driver
overreaction occurring in synchronized flow at a low enough
synchronized flow speed.

C. Conclusions

The main conclusion of this paper is as follows:

— A model of driver overacceleration (1) used in traffic
flow model (2)—(5), in which no driver overreaction occurs,
explains the empirical nucleation nature of traffic breakdown
through driver overacceleration.

In the paper we have proven that the mechanism of driver
overacceleration (1) explains the empirical nucleation nature
of traffic breakdown (F — S transition) at bottlenecks. Fur-
ther applications of driver overacceleration model (1) for the
development of other traffic models (like cellular automaton
traffic flow models) as well as for studies of other vehicular
traffic phenomena that are out of the scope of this paper can
be an interesting task for scientific investigations.
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