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Resume

The spatiotemporal redistribution of traffic flows under alternating blocking
of channels at a signalized four-leg intersection is investigated using the
case of Augustusplatz in Leipzig, Germany. Observations were conducted
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over three days, with flows recorded in 48 half-hour intervals per day across

four directions and four categories of vehicles. For stochastic modelling, the
negative binomial distribution, Taylor’s dispersion index (VMR), Shannon
entropy, and an approximation based on M/G/1 queueing theory were applied.
A mathematically grounded framework for the real-time network control is
proposed, highlighting the necessity of adaptive signal timing adjustments
to accommodate stochastic fluctuations and spatial overcompensation effects

during node closures.
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1 Introduction

A signalized intersection, as a structural element
of the urban road network (URN), represents a point
of concentration of conflicting traffic flows, where the
boundary conditions of capacity are determined not
only by the geometric layout but also by the temporal
distribution of signal phases and the stochastic nature
of demand. Temporary blocking of one or more channels
of an intersection, regardless of the cause (planned
maintenance works, an accident, a public event, etc.),
generates a cascading redistribution of flows in the
adjacent network, the depth and pattern of which
depend on the network’s topological properties, demand
elasticity, and driver behavior characteristics. Blocking
flows leads to the accumulation of vehicles in one place,
which increases the fuel consumption and worsens the
overall environmental situation near these areas [1-2].

Scientific attention should be given to the
asymmetry between two qualitatively different regimes
of restriction: upstream closure (blocking on the approach
side) and downstream closure (blocking on the exit side).
The former is equivalent to removing a flow origin
in the origin-destination matrix, whereas the latter
creates a “traffic trap” within the intersection area,
where a driver has already entered the intersection
but is unable to complete the maneuver in the intended
direction. These two regimes produce fundamentally
different compensation mechanisms and different effects
on adjacent nodes; however, they are rarely considered
within a unified comparative probabilistic framework.

Another issue concerns the estimation of the
duration of inertial effects after the restoration of
normal intersection operation. The phenomenon of
“route hysteresis,” described in classical works on elastic
demand theory, has not yet received an operational
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quantitative criterion for signal control problems. In the
present study is examined this gap through an empirical
analysis of field data from Augustusplatz node, one of
the busiest signalized intersections in Leipzig.

The aim of this study was to develop a stochastic
model of traffic flow redistribution during sequential
blocking of traffic channels at a signalized intersection
and, on this basis, to develop methods for real-time
traffic management within a local segment of the urban
road network (URN). The scientific novelty of the work
lies in the following:

the application of the negative binomial distribution
(NBD) to describe overdispersed traffic flows and the
comparison of dispersion parameters across different
signal phases;

* the use of Shannon entropy as an operational
measure of route choice degradation or enrichment;
e the analysis of queue stability based on the criterion

p < 1 within the M/G/1 model for each direction and

in each phase;

* the introduction of the “redistribution coefficient”

r, and the “hysteresis index” H, ~as quantitative

indicators of inertial effects.

2 Literature review

Contemporary traffic flow theory for signalized
intersections has evolved along several interrelated
directions. The basic analytical framework for capacity
assessment remains classical, namely the formula of
Webster [3] and its extension by Akeelik [4] for non-
stationary demand. However, as early as the 1960s,
Newell [5] demonstrated the fundamental inadequacy of
deterministic approximations under saturated operating
conditions, a conclusion that remains highly relevant
today in the context of real-time traffic management under
disturbances.

Probabilistic approaches to modelling traffic demand
experienced significant development in the 2000s. Lord
and Mannering [6], in a systematic review of statistical
methods for analyzing traffic events, substantiated the
superiority of the negative binomial distribution over the
Poisson distribution for overdispersed flows. Elvik [7]
showed that neglecting overdispersion leads to systematic
underestimation of risks in intersection design. A meta-
analysis by Hauer [8] confirmed that the aggregation
parameter r of the negative binomial distribution is stable
across independent study sites and may be used as a
“signature” of the traffic environment.

Network redistribution theory under node closures
developed intensively during the 2010 s and 2020 s. Zhang
et al. [9] demonstrated that the impact of construction
zones on traffic flow distribution is nonlinear, with partial
capacity restrictions at a single node capable of triggering
cascading overloads in adjacent network links. Adler and
van Ommeren [10] empirically evaluated, in this context,
the mutual influence between public and private transport.

The entropy-based approach to traffic flow distribution
across networks is classically associated with Wilson’s
maximum entropy principle [11]. In amodern interpretation,
Lin and Ban [12] applied entropy theory to identify critical
network links whose modification most radically changes
the stochasticity of route choice. The present study extends
this idea to the level of a single intersection by employing
maneuver entropy as an instantaneous indicator of the
degradation or enrichment of route choice.

The queuing theory, as applied to signalized
intersections, has been further developed in the work of
Filipovska et al. [13], who investigated residual demand
in transport networks under reduced capacity and
demonstrated a systematic increase in delays, as well
as referred to the Pollaczek-Khinchine formula [14] for
the theoretical justification of saturation thresholds. An
unstable queue state ( = 1) in the context of alternating
closures using the M/G/1 model is mentioned in the work
of Gupta [15].

In the Ukrainian scientific tradition, the issues of
traffic flow modelling under various loading scenarios
were addressed in the monograph edited by Sokhatskyi
et al. [16]. Fornalchyk et al. [17], in a textbook, provided a
systematic description of traffic flow modelling methods in
urban networks. The stochastic aspects of daily variability
were comprehensively examined by Stepanchuk et al.
[18] using the example of the Kyiv urban road network.
At Pryazovsky State Technical University, this topic has
also been explored previously. Kirkin et al. [19] proposed
new analytical methods for traffic flow management based
on system studies in logistics, forming the foundation
of the probabilistic approach developed in this study.
General theoretical issues concerning the prospects for
the development of real-time traffic management methods
in urban road networks were studied by Ukrainskyi et
al., establishing the methodological basis of the present
research [20]. The regulatory framework in Germany
regarding the calculation of the level of traffic service is
defined by the HBS 2015 (FGSV) document [21].

3 Setting up the experiment

The object of the study is a four-leg signalized
intersection at Augustusplatz in Leipzig, Germany
(coordinates: 51.338719, 12.381922; Figure 1). The
intersection is in the city center at the crossing of two
transport axes: Augustusplatz (axis A-B, north-south)
and Grimmaischer Steinweg (axis C-D, west-east). Tram
lines operated by Leipziger Verkehrsbetriebe (LVB)
are present along both axes and constitute an integral
component of the intersection’s flow structure.

The geometry of the node is asymmetric: approaches
A (Augustusplatz, north), B (Augustusplatz, south), and
D (Grimmaischer Steinweg, east) each have four traffic
lanes, whereas approach C (Grimmaischer Steinweg,
west) has two traffic lanes.

The traffic flow data were collected using continuous
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Figure 1 Map of the studied intersection showing the locations of traffic channels

Study 1 — Blocking of Output Study 2 — Blocking of Input
o = = 4 = : Study 3 — All Channels Open
Channel A Channel A
Vehicle Approach A Vehicle Approach A Vehicle Approach A
_—— _ 6:30-7:00 - _ 6:30-7:00 - _ 6:30-7:00
AC (ight] AB [ AD(left | AA (U- AC (ight] AB [ AD(left | AA (U- AC (ight] AB [ AD (left | AA (U-
gory turn) | (straight) | turn) turm) gory turn) | (straight) |  turn) turm) gory turn) | (straight) | turn) turn)
Car 0 20 186 0 [Car 0 0 0 0 |[Car 0 17 117 0
HV 0 8 31 0 HV 0 0 0 0 HV 0 1 15 0
il 0 15 0 0 |Tr 0 10 0 0 |Tr 0 13 0 0
2W+ 0 0 2 0 2W+ 0 0 0 0 2W+ 0 0 1 0
Vil Approach B N chicle Approach B Nehicle Approach B
e _ 6:30-7:00 e _ 6:30-7:00 e _ 6:30-7:00
BD (ight| BA | BC (left | BB (U- BD (ght| BA | BC (left | BB (U- BD (ight| BA | BC (left | BB (U-
80ty | tum) | (straight) | turn) wm | &Y | tum) | (staight) | tm) wm) | 89T | twm) | (staight) | wm) | tum)
Car 51 0 57 4 |Car 03 190 21 0 |[Car 171 239 21 0
HV 4 P (special) 13 1 ([HV 6 17 5 0o |HV 21 21 5 0
Tr 0 10 0 0 |Tr 0 10 0 0 |Tr 0 15 0 0
2W+ 1 0 2 1 2W+ 2 4 0 0 2W+ 0 5 0 0
Viakide Approach C Nehicle Approach C VadE Approach C
e _ 6:30-7:00 cato _ 6:30-7:00 e _ 6:30-7:00
CB(right] CD | CA(left | CC (U- CB(ight| CD | CA (left | CC (U- CB(@ight| CD | CA(left | CC (U-
oy turn) | (straight) | turn) tum) B turn) | (straight) |  turn) turm) Finy turn) | (straight) |  turn) tum)
Car 2 14 0 0 |[Car 18 102 0 0 |[Car 12 34 0 0
HV 1 3 0 0 HV 3 4 0 0 HV 5 3 0 0
Tr 0 12 0 0o |Tr 0 13 0 0o |Tr 0 12 0 0
2W+ 0 1 0 0 2W+ 0 ) 0 0 2W+ 0 1 0 0
Nehicl Approach D Nehicle Approach D Rl Approach D
o _ 6:30-7:00 e _ 6:30-7:00 it _ 6:30-7:00
DA (right] DC | DB(left | DD (U- DA (right] DC [ DB(left | DD (U- DA (right] DC | DB(left | DD (U-
oy tum) | (straight) | turn) tum) Gy turn) | (straight) | turn) tum) gory turn) | (straight) |  turm) tum)
Car 0 100 182 1 Car 84 49 115 1 Car 04 44 146 0
HV 0 15 44 0 HV 3 6 12 0 HV 18 4 21 0
Tr 0 11 0 0 107 0 11 0 0 Tr 0 13 0 0
2W+ 0 2 2 0 2W+ 0 0 1 0 2W+ 0 1 1 0

Figure 2 Example of a recording sheet for a pre-peak morning time interval

video surveillance from fixed cameras installed at key
points of the square. The video recordings were processed
manually, with interval-based counts performed for each
entry traffic channel, movement direction, and vehicle
category.

The electronic recording sheets (Figure 2) include
data on both the quantitative and qualitative composition
of traffic flows moving in each direction. Specifically: Car
- passenger cars; HV (Heavy Vehicles) - trucks and buses

(including special vehicles marked as “spec.;” Tr (Trams)
- trams; 2W+ (T'wo-wheelers, etc.) - motorcycles, mopeds,
bicycles, e-scooters, animal-drawn vehicles, etc.

The counting interval is 30 minutes (hereinafter
referred to as TO). Each individual study covers 48 equal
TOs, with a total of 144 TOs.

The study was conducted on weekdays over three
separate days during construction and repair works at
Augustusplatz (Figure 3).
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Figure 3 Surveillance camera screenshots for the morning pre-peak TO, shown from top to bottom:
S1 (closure of exit A), S2 (closure of entry A), and S3 (stabilization of intersection operation)

Each day corresponds to one of the three traffic
restriction scenarios:
I. Study 1 (S1) - downstream closure of channel A.
Approach A (entry to the intersection from direction A)
remains open: vehicles may enter from A and perform
a left turn (AD), proceed straight (AB), or make a
right turn (AC). However, exit from the intersection
toward A (movements BA, CA, DA) is blocked by
construction barriers. The tram line operates under
normal conditions.
II. Study 2 (S2) - upstream closure of channel A.
Approach A (entry channel) is closed to road traffic:
no vehicles can enter the intersection from direction
A (movements AC, AB, AD = 0 for motor vehicles).
Exit towards A remains technically open for vehicles
already within the intersection node area. The tram line
operates without restrictions.
III. Study 3 (S3) - restoration of normal operation after
completion of construction works. All four channels are
open, and the standard signal timing plan is applied.
For analytical clarity, the conditions are differentiated
as follows: the “historical baseline” represents the long-
term normal state prior to any roadworks, whereas

S3 represents the “early recovery state” immediately
following the restoration of normal operation. The
historical baseline values were not obtained through a
separate fourth field survey. Instead, they were derived
from an analysis of historical traffic count data available
for the intersection, reflecting typical flow conditions
prior to the onset of the construction works. The baseline
functions strictly as a stable pre-construction reference
point against which the early recovery state (S3) is
evaluated for residual hysteresis effects.

In the recording sheets (see example in Figure 2),
movements and directions are encoded using two-letter
symbols: the first letter denotes the entry direction
(A, B, C, or D), and the second letter denotes the exit
direction. A U-turn is indicated by a repeated letter (AA,
BB, etc.). For each approach, four types of maneuvers
are recorded: right turn, straight movement, left turn,
and U-turn.

The observations were conducted on weekdays
over three separate days corresponding to the distinct
operational states: Thursday, May 29 (S1); Thursday,
June 26 (S2); and Thursday, November 13 (S3), 2025.
Notably, all three surveys were conducted on the same
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day of the week, which helps control for intra-weekly
drift effects in the comparison between scenarios.
Weather conditions were similar across all the three
observation days: overcast skies with intermittent
clearings and no precipitation. No traffic accidents,
public events, or disruptions to public transport services
were observed on any of the three days, and no other
external factors likely to have affected the recorded
traffic parameters were identified. The tram lines at the
intersection operate on separated tracks located in the
center of the intersection, dividing the multi-directional
vehicular flows. This physical separation minimizes
direct frictional interference with cars but strictly
dictates specific signal phasing interactions and the
overall intersection clearance time.

To ensure the reliability of the manually processed
interval-based counts from the video recordings, a
rigorous quality control procedure was implemented.
Two independent observers were engaged in parallel to
extract the data. The independently obtained datasets
were systematically cross-checked. In the event of any
discrepancies or conflicting interpretations of complex
traffic situations, the observers conducted a joint review
of the specific video segments at slow playback speed to
reach a consensus.

4 Materials and methods

4.1 Stochastic model of traffic flow and
overdispersion assessment

The observed traffic flow Q(t) at the approaches
to the intersection is interpreted as a realization of a
quasi-stationary stochastic process within individual
calculation periods of the day. Traditionally, traffic
events are modeled using the Poisson distribution,
which assumes equality of the mean and variance
(1 = 6?). However, empirical data under urban conditions
with a high level of saturation, particularly under
disturbances caused by road repair works, inevitably
exhibit significant overdispersion, rendering the Poisson
approximation inadequate.

For more accurate stochastic modelling, the
negative binomial distribution (NBD) is applied, whose
probability mass function is given by Equation (1).

I'k+o?) 1 o o
F(a*lo)lkz (1+aﬂ> (1+aﬂ>,(1)

1

P(Q="Fk)=

where:

I is the mean value of the flow intensity;

a is the dispersion (overdispersion) parameter;
I1(-) is the gamma function.

The variance for the negative binomial distribution
is defined as: Var(Q) = u + ap?. To quantitatively assess
the nature of vehicle arrivals at the stop line, Taylor’s
dispersion index, also known as the Variance-to-Mean
Ratio (VMR), is introduced:

2

o’
VMR = e (2)

This criterion makes it possible to classify the traffic
flow regime: VMR = 1 corresponds to random arrivals
(a Poisson flow); VMR > 1 indicates bursty or clustered
movement, characterized by high stochasticity and
interference within the flow; VMR < 1 corresponds to
deterministic movement, typical of trams and scheduled
public transport vehicles operating according to fixed
timetables.

4.2 Entropy analysis of maneuvers

The spatial redistribution of flows is evaluated
using an information-theoretic measure of uncertainty
in choice of direction of movement, namely Shannon
entropy. For each approach i, the route choice entropy
H_ is calculated as:

k
H; =~ pilogsp;, (3)
i=1

where:

p, is the empirical probability of choosing the j-th
maneuver (straight movement, right turn, left turn,
U-turn);

k is the number of permitted maneuvers at the
approach.

The theoretical maximum entropy is achieved when
the demand is evenly distributed across all directions
(H, = log, k). A decrease in entropy (AH < 0) under
experimental scenarios indicates a degradation of
available alternatives or a forced shift in route choice due
to blocking, whereas an increase in entropy reflects flow
dispersion, as drivers randomly search for detour routes.

4.3 Queue stability assessment using the M/G/1
queueing model

Since the channel blocking sharply reduces the
effective capacity of the node, an approximation based
on the M/G/1 queueing model is applied to describe
the dynamics of queue formation. The arrival process
is approximated as a Markovian process (M), while the
service time (i.e., the time required to cross the stop
line) follows a general (arbitrary) distribution (G), which
rigorously accounts for the heterogeneity of the traffic
composition. (Car, HV, 2W).

The key criterion for system stability is the traffic
intensity (utilization) factor p:

=i @

where:
L is the arrival rate of vehicles;
u, is the effective service rate of the signal phase.
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The expected queue length L in the stationary

regime is described by the Pollaczek-Khinchine
formula:

~p*+ A*Var(S)
L= Taee ®
where:

Var(S) is the variance of the service time.

It must be noted that while the VMR analysis
indicates non-Poisson arrival patterns due to vehicle
clustering, the M/G/1 model (where M assumes
Markovian, memoryless arrivals) is employed here as
a practical mathematical approximation. Although this
assumption might slightly underestimate queue lengths
for highly overdispersed flows under intermittent
signalized service, it provides a sufficiently robust
boundary assessment for determining the system’s
threshold transition into an unstable state (p > 1).

Under the sequential blocking of approaches,
adjacent directions may transition into an oversaturated,
unstable state (p > 1), in which the stationary
regime breaks down, and the queue grows linearly or
exponentially, being limited only by the storage capacity
of the road section.

4.4 Derived indicators and quantification
of inertial effects

To evaluate the macroscopic effects of spatiotemporal
redistribution, the aggregate redistribution coefficient r
is introduced:

_ A Qi
r—Z:'Ale', ©)

If r = 1, the law of conservation of flow mass is
satisfied. Values of r > 1 indicate overcompensation
(induced demand or a systematic inflow of traffic
from other corridors), whereas r < 1 points to “traffic
evaporation.”

To assess the residual effects after the restoration
of normal intersection operation (scenario S3), the
phenomenon of route choice hysteresis is examined.
The hysteresis index H, ~is formalized through the
statistical significance of the difference between the
baseline flow volume and the restored flow volume.
Welch’s t-test is applied, with effect size evaluated using
Cohen’s d:

|,Un3 - ,ubase|
d = —F————, (7)
O-ZDJ + O-;msz)
V 2

The presence of a statistically significant deviation,
combined with a medium or large effect size (|d| = 0.50),
constitutes the mathematical evidence of route inertia:
drivers adopted alternative routes during the blockage
and did not immediately return to the optimal path after
the restrictions were lifted.

4.5 Statistical verification of results and step-by-
step analysis of empirical data

To verify the adequacy of the proposed mathematical
models and to quantitatively assess the spatiotemporal
redistribution, an empirical dataset collected at
Augustusplatz was used. The total sample comprises 48
half-hour intervals for each of the three scenarios (S1 -
downstream closure of channel A; S2 - upstream closure
of channel A; S3 - all channels open), with disaggregation
by four vehicle categories (Car, HV, Tram, 2W).

Below, detailed statistical verification of the key
system parameters is presented, including a step-by-
step demonstration of the calculation algorithms based
on aggregated empirical samples.

4.5.1 Verification of the stochastic nature
of the flow (VMR and negative binomial
distribution)

Classical traffic flow theory often relies on the
Poisson distribution, which requires equality between
the mean and the variance (un = o¢?). To test this
hypothesis under disturbed traffic conditions, Taylor’s
dispersion index (VMR) was calculated for different
categories of vehicles.

Consider the sample of arrival intensities for
passenger cars (Car) at approach B under scenario
S2 during the morning peak period (6:30-9:30, 6 TO
intervals). The empirical series of values Q(B,Car)(t) is:
{153, 182, 171, 168, 155, 164} veh per interval.

Then, the sample mean and variance are computed,
followed by the VMR:

1) the mean (expected value):

e = %Z Q; = 165.5 veh/interval ®)

2) the empirical variance:

1
n—1

Y (Q—u) =1+ 5435 = 1087, (9)

2 —
O Car =

3) in the overall dataset for the entire day (accounting
for peaks and off-peak periods), the variance
increases significantly. For the full daily sample:

Mcw = 142.4; 0%, = 455.6, (10)
4) calculation VMR:
_ 455.6 _
VMRCar - 1424 - 32 (11)
Since VMR, >> 1, the hypothesis of Poisson arrivals

is rejected. The flow exhibits significant overdispersion,
which provides a mathematical justification for using the
negative binomial distribution (NBD) with a clustering
(dispersion) parameter o > 0. Vehicles tend to move
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in dense groups (platoons), which increases internal
interference within the flow.

For comparison, the calculation for trams (Tram),
which operate on a fixed schedule at the same approach,
yielded the following results:

Uran = 15.2 veh/interval; 6%, = 5.0, (12)

A VMR value less than 1 confirms the deterministic
nature of arrivals for scheduled public transport vehicles.

4.5.2 Calculation of the redistribution coefficient
and evidence of induced demand

The most indicative marker of macroscopic changes
was the aggregate redistribution coefficient r under
scenario S1 (downstream closure of channel A). The
analysis revealed an anomalous surge in intensity at
the adjacent approach B (+170.9%). The mechanism for
deriving this effect is demonstrated below.

It is known that under the baseline scenario (S3),
the average daily intensity at approach Ais Q, .. = 650
veh/h, while at approach B it is Q.. = 420 vel/h.

In scenario S1, downstream channel A is completely
blocked; therefore AQ, = 10 - 6501 = 650 veh/h.

At approach B, an increase in flow was recorded up
to QBD1 = 1138 veh/h.

The relative increase: ((1138 - 420)/420):100% =

=+ 170.9%.

The absolute change at approach B amounts to
AQ, = 1138 - 420 = 718 veh/h. Considering the changes at
approaches C and D as well, the total absolute variation
of flows at the node amounted to >, A Q; = 1079 veh/h.

Substituting into Equation (6) follows:

po 2@ 1079
| A Qul 650

The obtained value r = 1.66 (r > 1) is mathematical
evidence of a violation of the linear law of flow
conservation within a single intersection. The blocked
volume was not merely redistributed to adjacent lanes;
rather, the node attracted “external” transit traffic,
i.e., induced demand, as drivers attempted to make
a broader network-level detour through the city and
accumulated at approach B.

= 1.66. (14)

4.5.3 Queue stability assessment using the M/G/1
model during peak periods

Empirical data made it possible to verify the
threshold states of the intersection. According to the
M/G/1 queueing model, system stability is determined
by the coefficient p.

During scenario S2 (morning peak, 8:00-8:30), the
arrival intensity in the critical direction was recorded as
L = 485 veh/h. Due to construction works, the effective
capacity of the phase (1) dropped to 450 veh/h.

Load factor calculation:

p A 485

= T 450 1.07.

(15)

Since p > 1, the system transitioned into an
oversaturated (unstable) state. The Pollaczek-Khinchine
formula for the queue length is given by L in the
stationary regime, has in the denominator the expression
(1 - p). When p 2 1, the denominator becomes zero or
negative, indicating a breakdown of stationarity: the
queue grows without bound (in practice, limited only
by the storage capacity of the link). L, — « and grows
linearly over time until the peak period ends.

4.5.4 Quantification of route inertia (route
hysteresis)

To verify the residual effects after the restoration of
normal intersection operation (S3), the mean intensities
of the restored flow (11,,) were compared to the baseline
historical values (u, ). The hypothesis was that drivers
have developed new travel habits during the construction
period and did not immediately return to their previous
routes.

The sample for approach C (straight movement,
sample size n = 48 intervals) is given by:

e restored flow: pg, = 215 veh/interval, standard

deviation o, = 34;

* baseline flow: p,__ = 198 veh/interval, standard

deviation o, = 28.

To quantify the standardized difference between the
means, Cohen’s d effect size is computed as follows:

g JHo gl (215198 17
\/G%wrdim JEEEN /970

17

= 3114 — 094

A value of d = 0.54 (approximately 0.5) indicates a
medium effect size according to Cohen’s scale. Combined
with Welch’s ¢-test (which yielded p < 0.05 for this
sample, this confirms the statistical significance of the
difference.

In other words, the flow in scenario S3 is statistically
different from the baseline. This provides mathematical
evidence of route choice hysteresis: the system retains
a “memory” of prior states, and a portion of drivers
continues to use detour routes even after all restrictions
have been fully lifted.

Table 1 presents the baseline and calculated
indicators of traffic flows at the studied intersection.
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Table 1 Summary of Baseline and Calculated Traffic Flow Indicators

Indicator Notation S2 S3 A(S1—-S2) A(S1-S3)
Basic indicators
Average 30-minute intensity (all 5 478.9 10411 1904.6 18.6% 47 99
directions) veh [ interval ' ’ ' e rolen
Maximum (peak) Q .,
SR "max 1067 1357 1567 +27.2% +46.9%
30-minute intensity veh [interval
Minimum daytime Q. .,
. . . o 516 543 622 +5.2% +20.5%
30-minute intensity veh [interval
Share of passenger cars, % fooe 82.1 87.7 90.4 +5.6 p.p. +8.3 p.p.
Share of trams, % foom 5.70 4.73 421 -0.97 p.p. -1.49 p.p.
Calculated indicators
Daily variability coefficient k, 1.215 1.303 1.301 +7.3% +7.1%
Peak hour factor PHF 0.958 0.974 0.966 +1.6% +0.9%
Coefficient of variation of total flow Cv 0.169 0.210 0.183 +24.3% +7.9%
Peak asymmetry coefficient (evening/ k 1.110 1.342 1.214 +20.9% +9.4%
morning) peak
Saturation flow (veh. pcu/ interval) Hpog 1115.1 1224.9 1375.8 +9.8% +23.4%
Share of A in the total flow fu 29.3% 1.3% 15.2% -28.0 p.p. -14.1 p.p.
Share of B in the total flow fs 19.1% 43.6% 41.4% +24.5 p.p. +22.3 p.p.
VMR of the total flow VMR 25.16 46.12 40.16 +83.3% +59.6%
NBD aggregation Bamerer (approach . () 31.66 9554 3547 -19.3% +12.1%
Maneuver entropy for approach A fi 0.393 0.039 0.497 -90.0% +26.5%
(normalized) A
P95 of the total flow (Gumbel) P95,
. 1322 1622 1835 +22.7% +38.8%
veh /interval
P99 of the total flow (Gumbel) P99,
. 1609 2003 2244 +24.5% +39.4%
veh [interval
Redistribution coefficient (approach B) I, 1.175 1.358 - -
Hysteresis index (approach B), % HHI, - -197.7 - -
Hysteresis index (approach A), % HHI, - +28.8 - -

Note. PCU - passenger car unit equivalency factors assigned in accordance with HBS 2015 [21] guidelines (passenger car = 1.0; bus

= 2.5; tram = 3.0; motorcycle = 0.5); p.p. - percentage points.

5 Design results and statistical interpretation

5.1 Stochastic dispersion structure
and parameters of the negative binomial
distribution

To better understand the microscopic nature of
traffic flow redistribution, an analysis of the dispersion
structure of empirical samples was conducted using the
negative binomial distribution (NBD) model.

Table 2 presents the parameters of the negative
binomial distribution and the results of the ANOVA
analysis.

The behavior of direction A in S2 is particularly
noteworthy: VMR = 0.330 < 1. Underdispersion is a
rare phenomenon in traffic flows, indicating a nearly
deterministic nature of the process.

The physical explanation is that the entire residual
flow in direction A in S2 consists exclusively of trams

operating according to a fixed schedule. This regime
is better approximated not by Poisson or standard
binomial models, but by a Neyman Type A distribution
or a degenerate (deterministic) process. However, for
short-term traffic flows characterized by high variance
and clustered vehicle arrivals (often exacerbated by
upstream signal influences or varying time resolutions)
the negative binomial distribution remains a
highly suitable and empirically validated choice, as
demonstrated by Akinfala et al. [22].

The remaining vehicular directions and time periods
exhibit persistent overdispersion with VMR € [5.05;
23.66].

The aggregation parameter r; attains its minimum
value for direction D in S2 (¥ = 17.94) - This indicates
maximal clustering, reflecting the amplification of peak
“waves” in this direction under congested conditions.
The dispersion analysis yields n? = 0.912 for A and
n? = 0.739 for B, the time-of-day factor explains
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Table 2 NBD Parameters and ANOVA Results

Direction Day (intez"val) o2 VMR g Pz F (ANOVA) n?

S1 2517.70 1301.8 5.052 63.61 0.198 212.9%** 0.912
A S2 14.00 4.62 0.330” - -

S3 183.41 1906.5 10.395 19.52 0.096

S1 167.50 1053.6 6.290 31.66 0.159 58.1%%* 0.739
B S2 453.82 8516.4 18.766 25.54 0.053

S3 498.59 7507.3 15.057 35.47 0.066

S1 68.50 659.6 9.629 7.94 0.104 35.07%%* 0.631
C S2 166.71 1307.9 7.845 24.35 0.128

S3 99.71 903.9 9.065 12.36 0.110

S1 384.50 4639.8 12.067 34.74 0.083 0.64* 0.030
D S2 406.59 9621.6 23.664 17.94 0.042

S3 422.94 6512.6 15.398 29.37 0.065

Note. *¥** - p < 0.001; * - p > 0.05; “ - VMR < 1 (underdispersion; corresponds to the deterministic schedule of public transport).

Table 3 Redistribution matrix of normalized flow intensities and comparison statistics

Direction  S1,1i[95% CI] S2, 17[95% CT] S3, 1[95% CI] AS1582) C(')‘lin'%n r
A 257.70 [231.9; 283.5] 14.00 [12.9; 15.1] 183.41 [161.0; 205.9] —243.7*%* 9.54 -
B 167.50[144.3;190.7] 453.82[406.4; 501.3] 498.59 [454.0; 543.1] +286.3%** 4.14 1.175
C 68.50 [50.1; 86.9] 166.71 [148.1; 185.3] 99.71[84.2; 115.2] +98.2%*% 3.13 0.403
D 38450[335.8;433.2] 406.59 [356.2;457.0] 422.94 [381.4;4644]  +22.1ns. 026  0.091

Note. *** - p < 0.001 (the Welch’s t-test). = Ai(Sl—>S2) / IAAI ; Zr, = 1.66 - overcompensation.

91% and T74% the total variance, respectively. For D
n?2 = 0.030 (F = 0.64, p = 0.533): This direction is
invariant with respect to the restriction regime and
operates independently under saturated conditions.

5.2 Maneuver entropy and structural
transformation

Shannon entropy in direction A exhibits a sharp
degradation in S2 (H: 0.393 — 0.039 — 0.497) and,
importantly, an exceedance of the baseline level in S3.
This behavior reflects genuine structural enrichment:
after the restoration of operation in A, a portion of
drivers returning via B—A increases the share of
maneuver AB (straight) from 14.1% to 26.7%, thereby
raising the entropy. The increase in HA from 0.393
to 0.497 (S1 — S3) constitutes a measurable routing
footprint of hysteresis: the structure of maneuver choice
does not fully revert even after the removal of the
restriction.

For direction D, the entropy increases from S1
(1= 0.501) to S2 (1T = 0.738) and remains stably elevated
in 83 (H = 0.742). The emergence of a significant
D—A flow (right turn, p = 0.000 — 0.327) and the
simultaneous reduction of D—C (straight-through,
p = 0.362 — 0.147) form a new stable routing structure

that persists after the repair-providing quantitative,
entropy-based evidence of hysteresis, independent of
mean flow intensities.

5.3 Redistribution matrix, r, coefficients,
and queue analysis

Table 3 presents the redistribution matrix with 95%
confidence intervals (CI) and the results of the Welch’s
t-test.

The global balance of transport demand was
assessed using a redistribution matrix, with 95%
confidence intervals (95% CI) and application of the
Welch’s t-test. The blockage of the entry generated
an absolute loss at approach A of AA = -243.7 units
per time interval. However, the network compensation
proved to be asymmetric. At the adjacent approach B, an
increase was observed AB = +286.3 veh/interval, which
corresponds to a redistribution coefficient of r, = 1.175.
Together with the increases in directions C (r, = 0.403)
and D (r, = 0.091), the aggregate system index reached
Zr, = 166.

A value of Zr; > 1 constitutes evidence of the activation
of induced (latent) demand. The loss of capacity on the
primary direction A triggered a macroscopic rerouting
by drivers across the entire Leipzig network. Road users
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who had previously avoided Augustusplatz due to its
consistently high load altered their trajectories, attracted
by the released signal phases for directions B and C,
thereby generating a paradoxical excess accumulation
of traffic. This effect represents a local manifestation of
mechanisms akin to the Braess paradox and the Downs-
Thomson paradox, whereby a change in the capacity of a
single network segment can disproportionately degrade
the performance of the entire system.

The estimation of effect sizes using the standardized
metric of Jacob Cohen indicates a substantial shift
in the distributions: for direction A, Id|l = 9.54, and
for direction B, |d| = 4.14. These values exceed the
conventional “large effect” threshold (d > 0.80) by an order
of magnitude, indicating that the statistical distributions
of flow intensities in Scenarios 1 and 2 are practically
non-overlapping.

5.4 Microscopic delay modelling
and the spillback effect in oversaturated
states (M/G/1)

For a quantitative assessment of the viability of the
existing traffic signal control plans, an approximation
based on queueing theory for an M/G/1 system was
employed. In S2, the system crossed the boundary of
phase stability: all the three active vehicular channels
operated in an oversaturated regime with utilization
factors p > 1 (p, = 1.261; p, = 1.235; p,, = 1.506).

In S3 (after the removal of restrictions), directions
B and D failed to return to a stable state. (p, = 1.385;
p, = 1.566). By contrast, approach C stabilized
(p, = 0.739). Using the Pollaczek-Khinchine formula for
direction C, the expected queue length under steady-state
conditions was L, ~ 1.6 veh, while the mean waiting delay
was W ~28.3s.

However, for directions with p > 1, the stationary
model breaks down. Let us model the development of
congestion for approach B in S3 (A = 498.6 veh/interval,
B, = 360 veh/interval). The deficit accumulation rate
is Ag = L - 1, ~ 138 vehicles per half-hour. With an
average dynamic vehicle length of 1 = 6.5 m, such a
queue requires nearly 900 m of storage space. Given
that the distance to the nearest arterial intersection is
approximately 250 m, corresponding to a storage capacity
of N~ 38 vehicles per lane, the time to full upstream
blocking of the adjacent node, i.e., the spillback effect, is
calculated as:

Nmax
Agq

.30 = % 30 ~ 8.2 minutes.

Lspin = aam

Thus, the current signal timing plan, optimized
for the baseline conditions of S1, is suboptimal for the
modified routing matrices of S2 and S3. Without the
reallocation of green phase durations, the junction
generates network-wide breakdowns every 8-10 minutes
under peak demand conditions.

5.5 Spatial concentration and structural
transformation of traffic flows: Herfindahl-
Hirschman Index (HHI) analysis

To quantitatively assess the spatial redistribution of
traffic load across directions, the Herfindahl-Hirschman
Index (HHI), adapted to the transportation context, was
employed:
HHI = ) pi, (18)
where:

p; is the share of the i-th direction in the total
intersection flow. A value of HHI—1 corresponds
to extreme concentration of traffic on a single
direction, whereas HHI—1/n indicates a uniform
distribution across n directions.

The HHI calculation results are presented in Table
1. Under S3, the HHI, index increased by +28.8%
relative to the normal level, indicating a pronounced
concentration of flow toward approach A, which had
previously been blocked. In contrast, HHI, exhibited
a sharp decline of -197.7%: this abrupt “dispersion”
of traffic reflects disorientation in route choice under
conditions of complete removal of dominant inflow/
outflow paths. Notably, even after full stabilization of the
junction operation, none of the indices returned to their
baseline values. This is consistent with the results of
the entropy-based analysis (Section 5.2) and constitutes
the structural evidence of route hysteresis: the system
“retains” the deformed distribution matrix and maintains
it even after all constraints have been fully lifted.

Complementing the spatial dimension, a temporal
analysis of diurnal variability was performed. The peak
hour factor (PHF) increased from 0.958 in S1 to 0.974
in S2, indicating a smoothing of micro-peak fluctuations
and a transition of the flow toward a quasi-stationary
oversaturated state. The daily variability coefficient
rose from 1.215 to 1.303, suggesting that, in an effort
to avoid congestion during the conventional morning
peak, drivers shifted their trips, thereby extending the
temporal distribution of demand. The evening peak
gained absolute dominance over the morning peak:
the peak ratio index kpeak increased from 1.11 to 1.342,
reflecting an altered rhythm of commuting patterns
under perturbed conditions.

The HHI and the temporal -coefficients are
complementary indicators of the same process: an
infrastructure perturbation deforms the transport system
simultaneously in space (concentration/dispersion across
directions) and in time (shifts and smoothing of the peak
demand profile).

6 Conclusions

The conducted study made it possible to
mathematically formalize the patterns of spatiotemporal
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redistribution of traffic flows under infrastructure-

induced disturbances and to develop a toolkit for

proactive management of the urban road network.

Based on the results of the field quasi-experiment at

Augustusplatz and the application of a set of stochastic

models, the following key conclusions were obtained:

1. Stochastic heterogeneity and rejection of the
Poisson paradigm. It has been demonstrated that
under conditions of roadway capacity reduction,
the traffic flow loses the properties of random
arrivals. High clustering of passenger cars leads
to pronounced overdispersion (VMR >> 1), which
necessitates the use of the negative binomial
distribution (NBD) for accurate queue modelling.
At the same time, isolated scheduled transport
(trams) exhibits underdispersion (VMR = 0.33),
forming a stable deterministic component within an
oversaturated system.

2. Asymmetry of network response and induced
demand. The nonlinear nature of macroscopic
effects depending on the topology of restrictions
has been established. Blocking the downstream
channel triggers an overcompensation effect: the
attraction of latent (induced) demand leads to
a situation where the total increase in traffic
on adjacent directions significantly exceeds the
blocked volume (Yr, = 1.66). This locally degrades
system performance due to mechanisms akin
to the Braess paradox. In contrast, upstream
closure is accompanied by macroscopic “traffic
evaporation.”

3. Indicators of route hysteresis. Using Shannon
entropy (F) and standardized effect sizes (Welch’s
t-test, Cohen’s d), the potential presence of transport
network inertia has been outlined. The data suggests
that the system does not immediately return to its
initial equilibrium state after the complete removal
of restrictions. A residual structural deformation of
the maneuver matrix is observed, accompanied by
an increase in entropy (A > 0), which may indicate
a temporary or long-term shift in drivers’ cognitive
perception of detour routes.
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