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Abstract

A microscopic model for phase transitions in traffic flow is presented. The basic
assumption of the model is that hypothetical homogeneous and stationary, i.e.
‘equilibrium’ states of the model cover a two-dimensional region in the flow—
density plane. As in empirical observations, in the model moving jams do
not spontaneously occur in free flow. Instead, the first-order phase transition
to synchronized flow beginning at some density in free flow is realized. The
moving jams emerge only in synchronized flow. As a result, the diagrams of
patterns (states) both for a homogeneous road without bottlenecks and at on-
ramps are qualitatively different from those found in other approaches at present.
In particular, only one type of pattern occurs at on-ramps, if the flow rates to the
on-ramp and on the road are high enough: in this general pattern synchronized
flow occurs upstream of the on-ramp and wide moving jams spontaneously
emerge in this synchronized flow.

PACS numbers: 89.40.+k, 47.54.+1, 64.60.Cn, 64.60.Lx

Diverse patterns, in particular moving jams, are observed in congested traffic flow (see
reviews [1-3]). In models of the jams [1, 2], the multitude of hypothetical homogeneous and
time-independent model states (the ‘equilibrium’ states for short) where all vehicles move with
the same time-independent speed at the same distances between vehicles belongs to a curve
in the flow—density plane. This curve is called the fundamental diagram. In this fundamental
diagram approach, moving jams spontaneously occur in free flow if the density is gradually
increased. In some models, in equilibrium states of very high density no moving jams can
emerge.

The empirical study [4] shows that in congested traffic two different phases should
be distinguished: ‘synchronized flow’ and ‘wide moving jam’. Synchronized flow, which
shows very complex behaviour [3], occurs most at a bottleneck, in particular at an on-ramp.
Synchronized flow of higher vehicle speed can exist for a long time without an occurrence
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of moving jams. Moving jams are likely to occur in synchronized flow of high density and
low vehicle speed, i.e. when a strong compression of synchronized flow is realized (‘the pinch
effect’ in synchronized flow) [5].

A moving jam is an upstream moving localized structure which is restricted by two fronts
where the vehicle speed changes sharply. The distance between the fronts of a wide moving
jam is noticeably higher than the length of the jam fronts. An objective criterion for the
identification of wide moving jams is [3, 6] the following: a wide moving jam propagates
through either free or synchronized flows and through any bottlenecks (e.g. at on-ramps)
keeping the velocity of the jam’s downstream front. In contrast, after synchronized flow has
occurred at a bottleneck, the downstream front of the synchronized flow is usually fixed at the
bottleneck.

Moving jams do not emerge in free flow, if synchronized flow is not hindered [7]. Instead,
the jams emerge due to a sequence of two first-order phase transitions [5]: first the transition
from free flow to synchronized flow occurs (it will be called the F — S transition) and only
later and usually at a different location moving jams emerge in the synchronized flow (the
latter transition will be called the S — J transition and the sequence of both transitions the
F — S — J transitions).

Different explanations of these empirical features of wide moving jams and synchronized
flow which have been made during recent years are to date being discussed by different groups
(e.g. [8-17] and the reviews [1,2]).

In this Letter another approach to an explanation and to a microscopic traffic flow mod-
elling of these phenomena is presented. In this approach, which is based on empirical ob-
servations [3-5] and on the hypotheses of the three-phase-traffic theory [3, 5, 18], there is no
fundamental diagram for equilibrium states of a microscopic model: the multitude of equi-
librium states of synchronized flow in the model belongs to a two-dimensional region in the
flow—density plane (figure 1(a)).

The two-dimensional region of the equilibrium states in the flow—density plane
(figure 1(a)) is restricted by three boundaries: the upper (line U), the lower (line L) and
the left (line F) boundaries. The upper boundary U is determined implicitly by the safe speed
vs, which depends on the front-to-front distance dx and on the vehicle speed v:

v® = o™ (dx® ™), (1

The lower boundary L is determined by the maximal distance D at which the vehicle takes
into account the speed of the leading vehicle when accelerating:

dx® = p® M), 2

The left boundary F corresponds to the maximal speed vgee in free flow which is assumed to
be the same for all vehicles. Here and below the upper index 4 marks functions related to
equilibrium states (homogeneous in space and time-independent states)

v = v® dx; = dx™; 3)

the index i corresponds to the discrete time + = it, i = 0,1,2,...; t is the time step;
dx; = xg; — x;; v; and x; are the speed and the space co-ordinate of the vehicle; the lower
index ¢ marks functions (or values) related to the leading vehicle.

The model provides the two-dimensional region of equilibrium speeds between these
boundaries due to the use of the following rules of vehicle motion:

Vi41 = mMin(Vfree, Ve,is Us,i) Xigl] = X; + Vi T @
v + A at dxi < D;

Ve,i = (5)
o v +a;T at dx; > D;
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Figure 1. The equilibrium states of the model in the flow—density plane (a) and phase transitions
on the road without bottlenecks (b)—(g). Parts (d) and (e) explain the phase transitions in the
flow—density plane. Parts (b) and (f) show the dependences of the critical amplitude of local
perturbations on the density for the F — J transition (curve Fy), for the F — S transition (curve
Fs) and for the S — J transition (curves S;l) and S;z)). Parts (c¢) and (g) show the phase transitions
and the related development of congested patterns in space and in time. Initial local perturbations
used for the study of the phase transitions (b)—(g) are caused by a braking of one of the vehicles
with constant deceleration 1 m s~2 during a finite time, which implies the decrease in the speed
of this vehicle v being chosen as the amplitude of the local perturbation. The parameters of the
initial local perturbations in (c¢) and (g) are the location xo = 16 km (c) and xo = 10 km (g), the
begin time 7o = 10 min, the amplitude v = 20 m s~'; the initial flow rates are gi, = 2320 and
2480 vehicles/h per lane for (c¢) and (g), respectively. In (c) and (g) the vehicle speed is averaged
over the group of ten subsequent vehicles and over two road lanes.

where D; = D(v;, ve;); vs; 1s the time-dependent safe speed; g; is the acceleration;

—fi if v > vy
A,' = 0 if Vi = Vg (6)
Ci if vV < Vg,

s
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Whereas in models characterized by a fundamental diagram (e.g. [8,9, 11-17] and the
reviews [1,2]) a vehicle would close up to the leading one adapting its velocity and gap as
required by secure driving, the new feature of the present model is the introduction of the
distance D, within which the drivers adapt their velocity to that of the leading vehicle without
caring what their precise gap is, as long as it is safe. This explains why there is no unique flow—
density relationship in the present model. Indeed, on the one hand, in an equilibrium state (3)

v; = vy; = v, therefore according to (6) A; = 0. On the other hand, in an equilibrium
state (3) the functions D; and vs; in (4) and (5) do not depend on time; i.e., D; = DM ™)y,
Vs = vs(h)(dx(h), vy, Using these conditions one finds from (4) and (5) that v.; = v; and

consequently v;4; = v;, i.e., the speed does not depend on time, when the following conditions
are fulfilled:

dx®™ < D(h)(v(h)) ™ < vih)(dx(h), v(h)) ™ < Vree. (7)

Thus, from the motion rules (4)—(6) it follows that there is a multitude of equilibrium states in the
model which is determined by the conditions (7). This multitude corresponding to (1) and (2)
indeed covers the two-dimensional region in the flow—density plane between the lines F, U and
L in figure 1(a). This means that a given equilibrium speed is related to an infinite multitude of
the vehicle densities between the boundaries U and L in figure 1(a) and consequently a given
density is related to an infinite multitude of equilibrium speeds.

The conditions (4)—(6) are the basis of the model. All results below are derived with the
following specific functions, which complete the model (4)—(6): for the safe speed in (4)

v, = min (V;, 7' (dx; — d) + Vi) ®)
for the distance D in (5)
D(v;, ve;) = d +max(0, kv;T +ag ' vi (v — ve,)) ©)
for the vehicle deceleration in (6)
fi =min (Y + £O, bor) (10)
and acceleration in (6)
¢; =min (™ + ¢, a;7) (11
where
Bvi — ;) if Byg;=1 and r < p;
fi(dy") = or Bi=1 and r < p, (12)
0 otherwise
oa(Vp; — V; if B i = 0
gt = ot ¥ (13)
0 otherwise
- bot if rp<p, and (P >0o0rv, <uv)
7= . ’ (14)
0 otherwise
® ait if r,<p, and ¢ >0
¢ = ) (15)
0 otherwise
a if r > or v; > vj_
a; 0 1 . Po 1 (16)
0 otherwise

where V; = vgfe(dx;, ve;), Vsare 1s taken from [12] ((3)—(5) in [12] with the deceleration
b =1ms? and the gap g = dx; — d); d is the vehicle length; B;y,; = 1 if vy < v; — § and
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Biv1 =0if vy > v — 6 «, B, k, ao, bo, p1, pa, pp and § are model parameters; po = po(v;)
and p, = p»(v;) are considered as vehicle speed functions; r; and r; are independent random
values uniformly distributed between zero and unity; in (8), (12) and (13) the ideas of an esti-
mation of the safe speed of the leading vehicle and of the brake-light and its status B; [14,15]
are used; the functions ™ (12) and ¢®™ (13) describe the smooth adaptation of the vehicle
speed to that of the leading vehicle whereas the functions fi(r) (14) and cl@ (15) give the fluc-
tuations when the vehicle decelerates or accelerates, respectively; the slow-to-start rules [16]
are used in (16)—vehicles escape at the downstream front of a wide moving jam with the
mean delay time t4e) = 7/(1 — pp(0)), which as well as in [15] provides the jam propagation
through free and synchronized flows with the same velocity of the jam downstream front v,,
that corresponds to a qualitative theory and to the related formula vy = 1/(omaxTder) from [5];
Pmax 18 the density inside the jam.

For the case of a two-lane highway where vehicles may change lane the known incentive
and security conditions [17], which have been modified for the present model with continuous
changes in the vehicle speed, are used. The following conditions for the lane change from the
right-hand lane to the left lane (R — L) and a return (L — R) are taken:

R—>L: v >v+6 and v = g 17
L>R: v >uv,+8 or vl >v;+38, (18)
dx; > min(y*v;t +d, D) dx; > min(y v, t+d, D7) (19)

where D* = D(v;,v]), D~ = D(v; ,v;); 61 =2 0,8, > 0, y* and y~ are constants; the
upper index + (—) belongs to the vehicle on the target lane ahead (behind) the vehicle that
wants to change the lane; dx;* (dx; ) is the distance between this vehicle and the vehicle ahead
(behind). At §; = O the incentive conditions (17) and (18) are the ‘hypothetical American
rules with slack’ (§,) used in cellular automata models [17]. Since the present model is the
model with continuous changes in the vehicle speed, the finite speed difference §; = &, is
used in criterion (17). In addition, similarly to [17], the speed v} (ve;) in (17) and (18) is
set to oo if the distance dx; (dx;) exceeds the look-ahead distance L, equal to 150 m. The
conditions (19) taken without the functions D*, D~ are the usual security conditions used in
different multi-lane models [17]. The functions D*, D~ in (19) facilitate the synchronization
of the vehicle speed across the lanes in the dense flow. If the conditions (17)-(19) are fulfilled,
then also in [19] in the model the vehicle changes lane with the probability p..

A numerical study of the model (4)-(6), (8)-(19) is made for two cases: the
homogeneous (without bottlenecks) two-lane road with cyclic and open boundary conditions
(figures 1(b)—(g)) and the two-lane road with an on-ramp (open boundary conditions)
(figures 2 and 3). For simulation of the on-ramp two consecutive vehicles on the right-hand
lane of the road within the on-ramp area are chosen randomly and the entering vehicle is
placed at equal distances between them, taking the speed of the leading vehicle v* [13]. The
additional condition was that the distance between two consecutive vehicles on the right-hand
lane should exceed some value Av*t + 2d, where the parameter A characterizes the behaviour
of entering vehicles (A = 0 corresponds to the most aggressive behaviour).

In a numerical study of the model (figures 1-3) the following parameters have been used:
d=75m, Ve =30ms 2, t=1s,a0=by=05ms 2, a=8=1,k=235,8 =0.01,
p1 =04, p, =0.15, p, =0.1, p(v) =0.5+0.360(v — 15), where 6(z) = 1 if z > 0 and
0(z) =0if z < 0, po(v) = 0.3+ 0.125max(0, 1 — v/10), p. = 0.45, §; = 2ap7, y* =1,
y~ =0.5and A = 0.5. The on-ramp starts at 16 km from the beginning of the 20 km long road
and its merging area was 0.3 km long. The study allows us to draw the conclusions presented
below.
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Figure 2. The diagram of congested patterns at on-ramps (a), the general pattern (GP) (b), the
dissolving general pattern (DGP) (c), the widening synchronized flow pattern (WSP) (d), the
localized synchronized flow pattern (LSP) (e¢) and the moving synchronized flow pattern (MSP) (f).
In (b)—(f) at tp = 10 min the on-ramp inflow is switched on; the flow rates (gon, gin) have the
following values: (b) (600, 2000), (c) (290, 2290), (d) (180, 2290), (e) (480, 1675) and (f)
(75, 2290) vehicles/h per lane. In (b)—(f) the vehicle speed is averaged over the group of ten
subsequent vehicles and over two road lanes.
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Figure 3. The vehicle speed (left) and the flow rate (right) for the GP (a) shown in figure 2(b), for the
widening synchronized flow pattern (b) shown in figure 2(d) and for the moving synchronized flow
pattern (c¢) shown in figure 2(f). One minute averaged data of virtual detectors whose coordinates
are indicated in (@)—(c). The on-ramp is at x = 16 km. Data are shown for both road lanes.
(1) On a homogeneous two-lane road (without bottlenecks), phase transitions and congested
patterns show the following spatial-temporal nonlinear features (1)—(5).

(1) The F — S transition is the first-order phase transition. If alocal perturbation occurs in
an initial free flow this perturbation grows leading to the F — S transition only if the amplitude
of the perturbation §v exceeds some critical value, dv., otherwise the perturbation gradually
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dissolves and the initial free flow is recovered (the nucleation effect). The critical amplitude
of the local perturbation dv, is a decreasing function of the density in free flow (the curve Fg
in figure 1(b)). The critical amplitude §v. reaches the maximum value at the threshold density

for the F — S transition, py,, and it is zero at the maximal density in free flow pr(nf;ie), which is

related to the maximal flow rate in free flow goe. If the density is lower than pg, no F — S
transitions can be induced by the chosen local perturbation.

After the F — S transition has occurred, a further spacetime evolution of a region of
synchronized flow inside an initially free flow is shown in figure 1(c). The circle points S in
figure 1(d) which are related to this synchronized flow (measured at the location 11.5 km and
then averaged during 30 s intervals) show that this synchronized flow belongs to ‘homogeneous-
in-speed” synchronized flow where the speed is nearly constant (=55 km h™') and the density
changes over space and time. If the initial density is close to the threshold density for the F — S
transition, pg, the region of synchronized flow does not expand (in contrast to figure 1(c)) and
can dissolve in about 5-10 min due to the self-fluctuations in the model.

(2) At any density of free flow moving jams do not spontaneously occur. In free flow
above the threshold density ppi, for the F — J transition (the phase transition from free flow
to a wide moving jam), the jams can only be excited if an initial local perturbation of a very
large amplitude is applied. This amplitude should be higher than the critical amplitude of the
local perturbation for the F — J transition (curve Fy in figure 1()). The density pp;, is related
to the flow rate g, = 1810 vehicles h™! in the outflow of a wide moving jam (for the case
when free flow is formed downstream of the wide moving jam).

As in [4] the velocity of the downstream front of a wide moving jam vy is the character-
istic, i.e. unique, predictable and reproducible, parameter, which is a constant for given model
parameters. This velocity together with the threshold point, Pmin, gout, determine the charac-
teristic line J for the downstream front of a wide moving jam (line J in figures 1(d) and (e)).

If the initial density in free flow is only slightly higher than py,;, (dotted part of the curve
Fy in figure 1(b)), after the maximal possible amplitude of the critical perturbation leading to a
stop of the vehicle is chosen, it is necessary to maintain this stop for some further time (about
2-3 min at pp;,) for the F — J transition in free flow.

(3) At any density in free flow the critical amplitude of the local perturbation needed for
the F — J transition (curve Fj in figure 1()) is considerably higher than that for the F — S
transition (curve Fg): atany density in free flow fluctuations can cause only the F — S transition
rather than the F — J transition (figure 1(»)). Thus, in our model the diagram of patterns on
the homogeneous road is qualitatively different from those in other approaches [1, 2].

(4) Line J determines the threshold of the moving jam excitation in synchronized flow.
All densities in equilibrium synchronized flows related to line J are threshold densities with
respect to the jam formation (the S — J transition) (e.g. pr(;iyn“’ D and pgiynn’ ? are the threshold
densities for the speeds vg(}l,fl = 72 kmh~! and vgl)q =5l kmh™!, respectively, figure 1(e)).
At the same speed, the higher the density is, the lower the critical amplitude dv. of a local
perturbation for the S — J transition is (curves Sgl) and ng) for the speeds vs(;r)l and vgr),,
respectively, figure 1(f)). The critical amplitude §v. for the S — J transition reaches the
maximum value at the threshold density. At the same difference between the initial density
and the threshold density, the lower the initial speed is, the lower the critical amplitude dv. is
(compare curves S}l) and S}z)).

(5) The latter result allows a simulation of the F — S — J transitions (figure 1(g)). If due
to the F — S transition, which is caused by the local perturbation applied at some location,
synchronized flow of a relatively low vehicle speed occurs, then the S — J transition occurs
later spontaneously at another location.
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(ii) On the two-lane road with the on-ramp, depending on the flow rate to the on-ramp g, and
on the flow rate on the highway upstream of the on-ramp ¢,, different congested patterns
are possible. The related diagram of the patterns at on-ramps is shown in figure 2(a).
The study of these patterns allows us to make the pattern classification and to find their
spatial-temporal features in (1)—(8) below.

(1) Right of the boundary S}B) and of line G a congested pattern occurs where synchronized
flow appears upstream of the on-ramp and wide moving jams spontaneously emerge in that
synchronized flow. Because this pattern consists of both traffic phases in congested traffic
(‘synchronized flow’ and ‘wide moving jam’) this pattern will be called ‘the general pattern’
or ‘GP’ for short (figure 2(a)).

At high enough flow rates g,, and g, the GP consists of two parts (figure 2(b)):

(a) the spatial-temporal pattern of synchronized flow which is upstream bordered by

(b) a sequence of wide moving jams, or the region of wide jams for short.

This GP resembles the pattern studied in empirical observations [5]. Indeed, asin [5], in the
synchronized flow the pinch effect is realized where the vehicle density is high and the vehicle
speed is low. In the pinch region, growing narrow moving jams emerge (figures 2(b) and 3(a)).
Atthe upstream boundary (front) of the synchronized flow some of these narrow jams transform
into wide moving ones; i.e., the S — J transition occurs. The successive process of the
transformation of narrow moving jams into wide moving jams at the upstream boundary of
synchronized flow leads to the formation of the region of wide jams. The upstream boundary
of this region is related to the upstream front of the most upstream wide jam. The mean time
distance between the downstream fronts of wide moving jams is considerably higher than the
mean time distance between narrow moving jams in the pinch region (18 min at the location
9 km and about 5.5 min at the locations 14.5-15.5 km in figures 2(b) and 3(a)).

Due to the upstream wide jam propagation, the region of wide jams is continuously
widening upstream. Between wide moving jams either synchronized flow or free flow is
formed. Nevertheless, the velocity of the downstream front of wide moving jams v, remains
constant (v, = —15.5 km h™" in figure 2(b)).

(2) At a given flow rate g;, in the whole region of the GP (right of the boundary S§B) and
of line G) the GP does not transform into another type of pattern if the flow rate to the on-ramp
gon continuously increases. This is true for the model even if very low values of A (down to
zero, an extremely aggressive driver behaviour) have been used.

(3) Below and left of the boundary FéB) free flow occurs at the on-ramp. Between the

boundaries FéB) and S}B) congested patterns occur where, in contrast to GP, wide moving jams
do not emerge in synchronized flow. These patterns consist of the synchronized flow upstream
of the on-ramp only. Therefore such a congested pattern will be called ‘the synchronized flow
pattern’ or ‘SP’ for short (figures 2(d)—(f)). The limit point of the boundary FéB) atgon = O1is
related to the maximum flow rate in free flow where gin = g\ (¢ = 2570 vehicles ™',
figure 1(e)).

It has been found out that at high flow rates g, the flow rate in synchronized flow in
SP is lower than g;, and therefore the region of the synchronized flow is widening over time
(figure 2(d)). This widening SP will be called ‘the widening synchronized flow pattern’
or ‘WSP’ for short. At lower flow rates gi,, the region of the synchronized flow is not
continuously widening over time: the region of synchronized flow remains localized at the
on-ramp. This localized SP will be called ‘the localized synchronized flow pattern’ or ‘LSP’
for short (figure 2(e)).

In both of these synchronized flow patterns (WSP and LSP) (figures 2(d) and (e)) the
vehicle density (30—40 vehicles km™") is usually lower and the speed (45-60 km h™") is usu-
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ally higher than the related values inside the pinch region of GP (40-80 vehicles km~! and
10-35 km h™") (compare the examples in figures 3(a) and (b)). WSP where a relatively high
and sometimes nearly constant vehicle speed in synchronized flow is realized (figures 2(d)
and 3(b)) may explain ‘homogeneous-in-speed’ states which have been found in empirical
observations [3,4].

(4) It is found out that the flow rate in any SP pinned at the on-ramp cannot exceed
some characteristic value gos’, which for the chosen model parameters is g\oy’ =
2200 vehicles h™'.

(5) Right of the boundary FéB) and left of line M (the region marked ‘MSP’ in figure 2(a))

the flow rate gi, in an initial free flow upstream of the on-ramp satisfies the condition g;, > qSZ: )

(figure 2(a)). The point where the line M intersects the curve FéB) is related to the flow rate
qin, Which is equal to q,(,jz;‘ ). After SP has just appeared at the on-ramp, the flow rate directly
upstream of the on-ramp decreases. This flow rate in SP pinned at the on-ramp cannot be
higher than g3

Apparently for this reason, it is found out that rather than WSP right of the boundary
FgB) and left of line M one or a sequence of moving SP(s) emerge upstream of the on-ramp.
After the SP has emerged at the on-ramp, the SP comes off the on-ramp and transforms into a
moving SP. This moving SP will be called ‘the moving synchronized flow pattern’ or ‘MSP’
for short (figures 2(f) and 3(c)). In the MSP both the upstream and the downstream fronts
move upstream of the on-ramp; i.e., the MSP moves as a whole localized pattern upstream of
the on-ramp. In the outflow from the MSP, i.e. downstream of the MSP and upstream of the
on-ramp when the MSP is far enough from the on-ramp the free flow condition with some flow
rate ¢free OCCUIS.

At given values g,, and gj, right of the boundary FéB) and left of line M two different
scenarios have been found.

(a) The value gy satisfies the following condition: the point (gon, giree) lies right of the
boundary FéB) and left of line M in figure 2(a), where instead of the initial flow rate g, the
value gy, 15 used in the diagram of congested patterns. Under this condition a new SP emerges
at the on-ramp. This SP comes off the on-ramp later, and so on. In this case, a sequence of
two or more MSPs emerge at the on-ramp (figures 2(f) and 3(c)).

(b) The point (¢on, Giree) Mentioned in (a) lies left of the boundary F{” in figure 2(a). In

this case, the free flow condition remains at the on-ramp as long as gfee < qggf ) and the flow
rate upstream of the on-ramp is determined by the outflow from this MSP only.

In contrast to a wide moving jam, inside the MSP both the vehicle speed (60-90 km h™!)
and the flow rate are high. Usually the flow rate inside the MSP is gmsp =~ 2100-
2200 vehicles h ~!; i.e., gwmsp is higher even than the flow rate in the free flow in the outflow
from a wide moving jam ¢o, = 1810 vehicles h~!. Besides, the velocity of the downstream
front of the MSP vysp is not a characteristic parameter. This velocity can change from about
—10to —25 km h™! in the process of the MSP propagation or for different MSPs.

In some cases it has been found out that after the MSP is far away from the on-ramp, the
pinch effect (the self-compression of synchronized flow) occurs inside the MSP and a wide
moving jam can be formed there.

(6) Right of the boundary S}B) the pinch region is formed in the synchronized flow and
moving jams spontaneously emerge in that synchronized flow upstream of the on-ramp. This
leads to the GP formation (figure 2(b)). However, right of the boundary S}B) and left of line
G (the region marked ‘DGP’ in figure 2(a)) in an initial free flow upstream of the on-ramp
the flow rate g;, satisfies the condition g;, > ¢out, Where goy is the flow rate in the outflow
of a wide moving jam. The point where line G intersects the curve S}B) is related to the flow
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rate gin, which is equal to goy. Thus, after a wide moving jam in synchronized flow has been
formed, the initial condition g, > ¢gou can no longer be satisfied because the flow rate in the
jam outflow cannot be higher than gy.

This may explain the result that right of the boundary S§B) and left of line G (figure 2(a))
the GP dissolves during a relatively short time after it has first emerged. This short-living
pattern will be called the ‘dissolving general pattern’ or ‘DGP’ for short (figure 2(c)). As a
result of the dissolving of the GP, one or several traffic jams moving upstream occur, and one
of the SPs (either WSP or LSP, figures 2(d), (¢)) may be formed upstream of the on-ramp. In
the outflow of wide moving jams the free flow is formed that separates the jams and SP at the
on-ramp (figure 2(c)). In some cases due to S — F transition rather than the emergence of
one of the SPs the free flow is recovered in the vicinity of the on-ramp.

(7) If gon decreases, the GP either dissolves or it transforms into one of the SPs (between

the boundaries F§” and S{*’) (item (6)).

(8) The discharge flow rate qéﬁf"le), i.e. the flow rate downstream of the on-ramp, depends

on the type of congested pattern which is formed upstream of the on-ramp, on the pattern
parameters and on the flow rate g,,. For example, for the GP in figure 2() the discharge flow
rate ¢ > ~ 2030 vehicles h~', for the WSP in figure 2(d) ¢°*" ~ 2250 vehicles h~' and
for the LSP in figure 2(¢) ¢'>"" ~ 2150 vehicles h~'. In all these cases, g2 is higher
than the flow rate out from the wide jam g, = 1810 vehicles hl.

(iii) Within the fundamental diagram approach a diagram of congested patterns at on-ramps
has recently been derived for a wide class of traffic flow models [8]. Both the diagram in
figure 2(a) and nonlinear features of congested patterns in figures 2(b)—(f) are qualitatively
different from the results in [2, 8]. These differences are summarized below in (1)—(6).

(1) In the diagram of congested states based on the fundamental diagram approach
[2,8-10], at the highest values of the flow rate to the on-ramp ¢,, the homogeneous congested
pattern (HCT), i.e. a region of homogeneous traffic flow of very high density and low vehicle
speed upstream of the on-ramp widening over time, occurs. WSP (figure 2(d)) at first sight
looks like HCT in [2, 8]. However, in contrast to HCT, which occurs at very high flow rates
to the on-ramp ¢,, only, in our model (figure 2(a)) the widening synchronized flow pattern
(WSP) occurs at low values of the flow rate to the on-ramp ¢,, only.

As aresult, features of the WSP and HCT are totally different: whereas the HCT is related
to stable equilibrium states on the fundamental diagram of a traffic flow model where the
vehicle speed is very low and the density is very high [2, 8, 10], the WSP in our model, in
contrast, is related to a part of a two-dimensional region of states of synchronized flow of high
vehicle speeds and low densities.

(2) In [2, 8], if the flow rate ¢,, continuously increases starting from ¢,, = 0 and the flow
rate on the road gj, upstream of the on-ramp remains given and high enough, first triggered
stop-and-go traffic (TSG) occurs where no synchronized flow can be formed, then oscillating
patterns (OCT) appear where no wide moving jams can be formed, and finally HCT occurs.
In contrast, in the diagram in figure 2(a), the GP which occurs at high enough g,, does not
transform into another type of pattern at any possible high flow rate gq,.

(3) Besides, the GP shows a qualitatively different behaviour from both TSG and OCT
in [2,8]. Either free or synchronized flow can occur between the wide moving jams in the GP
(figure 3(a)), whereas in TSG there is only free flow between moving jams. In contrast to the
GP, OCT does not contain the subsequence of wide moving jams and the amplitude of speed
oscillations in OCT decreases with increasing go,. Thus, in our model there are no TSG and
no OCT patterns.
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(4) In [2, 8], if gon decreases, then depending on g;,, instead of TSG also the pinned
localized cluster (PLC) or the moving localized cluster (MLC) may occur, i.e. either pinned
or moving jams of very high density and very low speed. This is in contrast to our diagram
in figure 2(a): if g,, decreases, one of the synchronized flow patterns (either MSP or WSP or
else LSP) can occur where the density is much lower and the speed is much higher than inside
either synchronized flow of the GP or inside any moving jams.

Thus even the LSP, which at first sight looks like the PLC, has a different nonlinear nature
from the PLC in [2,8]. The latter can also be seen if one notes that in [2,8] at low values g, and
high enough ¢,, where the PLC exists, the PLC always transforms into HCT if the flow rate
qon further increases. In contrast, in our approach if the flow rate g,, increases, the LSP either
remains LSP at any high possible g,, (between the boundaries FéB) and S;B) in figure 2(a)) or

the LSP transforms into the GP (right of the boundary SJ(B)).

(5) In the diagram of congested patterns at on-ramps in [2, 8], near the boundary which
separates TSG and OCT a congested pattern which is a mixture of TSG and OCT can occur,
which has been used in [2, 10] for an explanation of the pinch effect observed in [5]. This
mixture of TSG and OCT at first sight looks like the GP. However, this mixture pattern in [2, 10]
does not have its own region in the diagram of states because it transforms either into TSG
if gon decreases or into OCT if g,, increases. In our model, as has already been mentioned,
there is no TSG and no OCT. As a result, the GP exists in a very large range of flow rates gop
and gj,. At a given gj,, the GP does not transform into another congested pattern even if gop
increases up to the highest possible values (figure 2(a)). Thus, the GP in our model has totally
different features from the mixture of TSG and OCT in [2,10].

(6) The DGP at first sight looks like the moving localized cluster (MLC) in [2, 8, 20].
However, the MLC occurs in initial free flow near the on-ramp and then it propagates upstream
of the on-ramp leading to free flow conditions at the on-ramp. In contrast, in the DGP, the
widening upstream region of the synchronized flow occurs first, then one or several wide
moving jams emerge in this synchronized flow at large distances upstream of the on-ramp and
finally synchronized flow can remain at the on-ramp (figure 2(c)).

The MSP (figures 2(f) and 3(c)) at first sight looks like the MLC in [2,8,20]. However,
inside the MLC the vehicle speed and the flow rate are very low (down to zero). In contrast,
inside the MSP the vehicle speed is high (60-90 km h™!) and the flow rate is almost as high as
in free flow conditions. Besides, in contrast to the MLC, the velocity of the downstream front
of the MSP is not a characteristic parameter. At given model parameters this velocity for the
MSP can change in a wide range.

To conclude, in our model based on three-phase-traffic theory [5, 18] both the diagram of
congested patterns and the features of the patterns are totally different from those in models
based on the fundamental diagram approach [2,8-10,20].

We thank Dietrich Wolf for discussion and for helpful suggestions and the German Ministry
of Education for the financial support within the BMBF project ‘DAISY”.
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