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UNRAVELING TRAFFIC JAM COMPLEXITY: INSIGHTS FROM ELEMENTARY CELLULAR
AUTOMATA AND STATISTICAL PHYSICS

The Nagel-Schreckenberg (NaSch) model is a foundational cellular automaton framework
for modeling highway traffic dynamics. Despite its simplicity, the model reproduces key features
of real traffic, including the spontaneous emergence of stop-and-go waves and phantom jams.
This study investigates the critical transition from free-flow to congested traffic as vehicle
density increases. Through extensive simulations on large systems, we analyze steady-state
observables such as mean velocity, traffic flow, velocity variance, and the number of jammed
clusters. A sharp transition is observed in both microscopic and macroscopic indicators, with
velocity fluctuations peaking near a critical density that signifies the onset of jamming. To
interpret this behavior, we develop a mean-field theoretical framework that predicts the critical
transition point based on vehicle interactions and stochastic braking. The theoretical prediction
closely matches the numerical location of the peak in velocity variance. Additionally, we study
the formation and coalescence of jams, identifying a secondary peak in jam count at higher
densities, where small clusters merge into large-scale gridlock. These findings provide a
guantitative understanding of the jamming transition in traffic flow and highlight the relevance
of nonequilibrium phase transition theory in transportation systems. The NaSch model thus
serves as a paradigmatic example of how simple local rules can give rise to emergent collective
phenomena and critical behavior.

Key words: statistical physics, traffic flow, phase transition.
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KeniKTiH KenTeniciH ally KelleHi: 31eMeHTap TOp/ibl aBTOMATUKa
YKaHe CTaTUCTUKaNbIK GU3MKa Tacinaepi Ke3FapacbiMeH

Harenb—lpekkeHbepr (NaSch) moaeni aBTomMobBUAb  KONZapbliHAAFbl  KO3fFasbiC
OMHAMMKACbIH CMMATTaWTbIH  KacylafblK, aBTOMaTTbIH, ipreni mogeni 6onbin Tabblnaabl.
KapanablMablNbifblHA KapamacTaH, byn Moaenb HaKTbl KO3FaNbICTbIH HEri3ri epeKLenikTepiH,
COHbIH, iWiHAe e3ajriHeH nanaa 60NaTblH KTOKTAy-*KYPY» TONKbIHAAPbLIH KoHe (GaHTOMAbIK
KenTenictepai Aan benHenenai. byn 3epTreyne Keik Tbifbi3blfbl aPTKAH CaliblH €PKiH afbiIMHaH
KenTeslicke oTy KesiHAeri CblHM aybiCy KapacTbipbliadbl. Ipi Kylenepae »KyprisinreH Kew,
ayKbIMAbl MOAEeNbAeyNep HITUXeCiHAe opTalla MblAAaMAblK, KO3FasbiC KapKbIHAbIIbIFLI,
KbINOAAMAbIKTbIH, AUCMNEPCUACH! XIHEe KenTenic KnacTepiepiHiH CaHbl CUAKTbI CTaLMOHAP/IbIK,
Wamanap TanfaHapl. MukpoaeHrenae Ae, MakpodeHrenae e alKbiH aybicy 6aikanadbl, an
KbINAAMAbIKTbIH, GAYKTyaumMAnapbl Kentenic H6acTanatblH CblHW TbIFbI3AbIK MaHblHAA LWeriHe
)eTeni. byn KyObInbICTbl TYCIHAIPY VLWWIH KOAIKTEPAH ©63apa apeKeTTecyiHe KoHe Ke3aeMncok,
TeesyiHe Heri3genreH opTalla epicTiK TeOPWANbIK Tacin a3ipneHai. Teopuanblk 6GomKam
KbINAAMAbIK, AMCNEPCUACBIHBIH, WbiHbl OaMKanaTblH CaHAbIK HITUMKENEPMEH aKCbl CaMKec
Keneni. CoHbIMeH KaTap, KenTenicTepaiH nanda 6onybl meH Oipiryi 3epTTengi: Kofapsl
TbIFbI3AbIKTA YCaK, KNacTepnepaiH, ipi Kenemai KOo3fanbiC TOKblpaybiHa bipiryimeH 6ainaHbICTbl
KENTesNiC CaHblHbIH  eKiHWIi WbIHbl aHbIKTan4bl. byn  HaTMXKenep KeniK  afblHbIHAAFbI
KenTenictepdid nanaa 60y aybiCyblH CaHAbIK TYPFblAA TYCIHYre MyMKIHAIK Bepeai aHe Kenik
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XyMenepiH 3epTreyae Tene-TeHCI3 ¢asanblK ayblCynap TEopUACbIHbIH, ©3eKTiNiriH KepceTeai.
Ocbinanwa, NaSch mozeni KapanalbiM »KeprifikTi epexenepaiH, YKbIMabIK KyOblibicTap MeH
CbIHW MiHE3-KY/bIKTbI TYAbIPYbIHbIH, NapaAnrmanblk Mmbicanbl 60na anagbl.

TyliH ce3ep: cTaTUCTMKANbIK GU3NKA, KO3FabIC afbliHbl, Ga3anblk aybicy.
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PaCKprTMe CNOXHOCTU AOPOMHbIX I'IpO6OK! B3rnAag C TO4KMU 3peHNA SINEMEHTAPHDbIX
KNETOYHbIX aBTOMATOB M CTaTUCTUYECKOM CI)MBMKM

Mopgens Harena—llpekkeHbepra (NaSch) asnsetca ¢yHAAMEHTaNbHOW  KNETOYHOM
aBTOMATHOM MOAE/NbIO ANA ONUCAHUA AMHAMMUKU NOPOKHOIO ABMMKEHWA Ha aBTOMArmcTpanax.
HecmoTpsa Ha NpocToTy, MOAEeNb BOCNPOU3BOAMUT KAtoUeBble 0COBEHHOCTU peanbHOro TpaduKa,
BK/IlOYAA CMOHTaHHOE BO3HMKHOBEHWME BOJIH «CTOM-M-TO» M GAHTOMHbIX NPOBOK. B AaHHOM
paboTe uccnenyeTca KPUTUYECKMM nepexod OT CBOBOAHOrO ABWMMKEHWA K 3aTopam npu
yBE/IMYEHUWN MAOTHOCTM TPAHCMOPTHOrO NoToKa. Ha ocHoBe OBGWMPHbIX YMCAEHHbIX
3KCNepMMeHToB Ha 6onblWKMX CUCTEMAX aHaAM3MPYIOTCA CTaUMOHapHble Habntogaemblie
BE/NMUYMNHbI, TaKME KaK CPeHAs CKOPOCTb, MHTEHCMBHOCTb ABWUMKEHWA, AMCNEPCUA CKOPOCTEN U
KOZIMYECTBO 3aTOPHbIX KNacTepoB. B oboux ciyyasx — Ha  MUKPOCKOMMYECKOM W
MaKpPOCKOMMYECKOM YPOBHAX — HabnogaeTca peskuin nepexod, npu atom  GAYKTyaUMm
CKOPOCTW AOCTMIatoT MaKCMMyma BOJIM3M KPUTMYECKOW MNAOTHOCTM, YKas3blBas Ha Havano
bopmmpoBaHmMa Npobok. [ns MHTepnpeTaumm 3TOoro nosedeHua paspaboTaH TeopeTUdecKuin
cpefiHenoneBon noaxon, MNPeACKasblBAOWMM KPUTMYECKYD TOYKY TMepexofa Ha OCHOoBe
B3aMMOAEMNCTBMA TPAHCMOPTHbBIX CPEACTB M CTOXAaCTUYECKOro TOPMOXKeHMUA. TeopeTuyecKkuit
NPOrHO3 XOPOLLO COBMAAAET C YMC/IEHHbIM MONOKEHMEM MUKA AMCHEPCUN CKopocTein. Kpome
Toro, uccneayetcs GOPMMPOBAHME WM CAMAHME 3aTOPOB, MPM KOTOPOM Ha 6Hosiee BbICOKMX
NNOTHOCTAX HabiogaeTcs BTOPOM MUK YmMcna NpoboK, CBA3AHHbIM C 0ObeAMHEHMEM MasbIX
KNacTepoB B KPyNHOMACLUTAbHbIM 3acTOW. DTU pe3ynbTaTbl AatOT KOJMYECTBEHHOE MOHWMaHWe
nepexoda K Npobkam B TPAHCMOPTHbLIX MOTOKAX M NOAYEPKMBAIOT 3HAYMMOCTb TeOoPMM Ga30BbIX
nepexoA0B B HEPABHOBECHbLIX CUCTEMAaX ANA TPAHCMOPTHbIX MCCAeAoBaHMM. Takum obpasom,
moaenb NaSch cny»KuT napaamrmaTMYyeckMm NPMMEPOM TOTO, KaK MPOCTble N0Ka/bHble MpaBkaa
MOTYT NOPOXKAATb KONNEKTUBHbIE ABIEHUA U KPUTUYECKOE MOBEEHME.

KntoyeBble cnoBa: cTaTucTnyeckan Gusnka, TPaHCNOPTHbIM NOTOK, $a30BbIM Nepexoa,.

Introduction

Understanding the emergence of traffic
acceleration,

in parallel updates governed by simple rules:
braking due to the gap ahead,

congestion from simple local interactions remains a
central problem in the theory of driven many-
particle systems. Among the most influential models
in this area is the Nagel-Schreckenberg (NaSch)
model, a minimal cellular automaton introduced by
Nagel and Schreckenberg in 1992 [1]. Despite its
simplicity, the model captures essential features of
vehicular dynamics on highways, including
spontaneous jam formation, stop-and-go waves, and
the characteristic fundamental diagram relating
vehicle flow to density.

The NaSch model represents a road as a one-
dimensional periodic lattice, where each cell is
either empty or occupied by a car with discrete
velocity v € {0,1,...,umax}. The dynamics proceeds
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stochastic deceleration (with probability p), and
movement. These rules are sufficient to generate a
transition from a free-flow regime at low density to a
congested regime at high density, even in the
absence of bottlenecks. This phenomenon, known as
phantom jamming, reflects a self-organized
instability arising from the nonlinear interplay
between local interactions and noise.

Theoretical investigations of this transition have
explored both equilibrium and nonequilibrium
perspectives. A recent study by Jha et al. [2, 11, 12]
demonstrated that the NaSch model exhibits
signatures of nonequilibrium criticality near the
jamming transition, including diverging relaxation


mailto:ednalibaev@gmail.com

Y. Baibolatov et al.

times and enhanced fluctuations. These features
parallel classical second-order phase transitions,
although the NaSch model operates far from
thermodynamic equilibrium. To estimate the critical
point analytically, mean-field and cluster
approximations have been employed [3, 4].Further
refinements using cluster mean-field theory or
kinetic approaches have attempted to incorporate
spatial correlations more accurately [4, 5, 6, 16, 17].
Such models reveal that near the transition point,
traffic exhibits metastability, hysteresis, and
spatially intermittent structures, consistent with
empirical traffic data [7, 8, 13-15, 20].

Recent work on entropy production and broken
detailed balance in active systems also offers a new

Nagel-Schreckenberg model

The study of wvehicular traffic has long
fascinated both physicists and engineers, for it
represents one of the most visible and economically
important instances of a self-organized system.
Despite the apparently mundane nature of cars
moving along a road, the collective dynamics that
emerge: traffic jams, stop-and-go waves, and
metastable states, display all the richness of a
complex system governed by nonlinear interactions
and stochastic influences. In the early 1990s, Kai
Nagel and Michael Schreckenberg introduced a
minimal yet remarkably powerful model for
simulating traffic flow, which has since become a
cornerstone of modern traffic theory: the Nagel-
Schreckenberg (NaSch) cellular automaton model
[12].

At its heart, the Nagel-Schreckenberg model
embraces the philosophy of parsimony. Instead of
attempting to replicate every microscopic detail of
driving behavior, it reduces the highway to its bare
essentials: a one-dimensional array of discrete sites
representing road cells, and wvehicles that occupy
these sites while obeying a set of simple rules. Each
car is characterized only by itsposition and velocity,
measured in integer units. Time advances in discrete
steps, and all cars update their state simultaneously
according to a handful of update rules. These rules
encode the essence of acceleration, braking to avoid
collisions, random fluctuations in driver behavior,
and the actual forward motion of the vehicles. What
is striking is how much macroscopic realism
emerges from this deceptively simple microscopic
scheme.

The lattice structure of the model consists of L
cells arranged in a ring or along an open road. Each
cell can be either empty or occupied by a single
vehicle. If there are N cars on the lattice, the global
density is p = N/L. Each car i has a velocity v;,

framework to quantify the irreversibility and
information flow in jammed traffic [9, 10, 18, 19].
These perspectives extend beyond classical traffic
theory, connecting jamming transitions to broader
principles in nonequilibrium statistical mechanics.

In summary, the NaSch model provides a
paradigmatic platform for studying emergent
jamming phenomena in driven systems. The critical
transition from free flow to congestion can be
located both numerically — via peaks in velocity
variance or jam counts — and theoretically — via
mean-field analysis. These insights are relevant not
only for traffic engineering but also for
understanding the universality of dynamical phase
transitions in active, stochastic systems.

constrained to lie between zero and some maximum
value vmax. The state of the system at a given time
step is thus specified by the set of all positions and
velocities {x;, v}. The key to the Nagel-
Schreckenberg model lies in the update rules, which
are applied synchronously to every vehicle at each
time step:

(i) Acceleration. If a car is not yet traveling at
the maximum velocity, it attempts to increase its
speed by one unit. This simple rule captures the
natural tendency of drivers to accelerate whenever
possible, reflecting the desire to travel as fast as
conditions allow.

(if) Deceleration due to other cars. If the
distance (gap) to the next car ahead is smaller than
the current velocity, the car reduces its velocity to
avoid collision. This encodes the essential constraint
of car-following: no vehicle can advance further
than the empty space in front of it.

(iii) Randomization. With a given probability
p, each car reduces its velocity by one unit, provided
it is greater than zero. This step models the
stochastic elements of human driving: hesitation,
imperfect reactions, distractions, and introduces
fluctuations into the system that play a crucial role in
generating realistic traffic phenomena.

(iv) Movement. Finally, each car advances
forward by a number of cells equal to its updated
velocity. This step simply executes the motion
determined by the previous rules.

These four steps: acceleration, braking,
randomization, and movement, are the entirety of the
Nagel-Schreckenberg algorithm. Their appeal lies
not only in their simplicity but also in their
synchronous application: all wvehicles update
simultaneously, ensuring that no artificial priority is
assigned to any driver. Despite the minimalism of
the rules, the emergent behavior of the system
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captures many of the empirically observed features
of highway traffic.

One of the first observations made by Nagel
and Schreckenberg was that the model exhibits a
sharp transition between free flow and congested
traffic. At low densities, cars accelerate to the
maximum velocity, and traffic proceeds smoothly
with minimal interactions. As density increases,
interactions  between vehicles become more
frequent, leading to the appearance of localized
slowdowns. Beyond a critical density, the system
undergoes a phase transition: stable traffic jams
form, propagating backwards through the system as
stop-and-go waves. These jams are not artifacts of
the discretization; rather, they mirror the phantom
traffic jams observed on real highways, which arise
spontaneously without any visible obstacle.

The introduction of the randomization step is
crucial for the appearance of such phenomena.
Without it, the system would behave
deterministically, with cars forming perfectly
ordered platoons that unrealistically eliminate many
features of real traffic. The stochastic element
ensures that minor fluctuations amplify into large-
scale congestion under conditions of high density. In
this way, the Nagel-Schreckenberg model highlights
the dual role of randomness: at once a source of
noise and an essential mechanism for the emergence
of collective patterns.

A further strength of the model is its ability to
reproduce the so-called fundamental diagram of
traffic flow: the relationship between the global
density of vehicles and the average flow (vehicles
per unit time). At low densities, the flow increases
linearly with density, as more cars occupy the road
while still moving near the maximum velocity. After
reaching an optimal density, however, the flow
begins to decline as congestion dominates and jams
suppress movement. The resulting diagram has the
characteristic concave shape observed in empirical
traffic measurements. Importantly, the maximum
flow, corresponding to the capacity of the road,
depends sensitively on the randomization probability
p and the maximum velocity vmax, thus linking the
microscopic rules to macroscopic transport capacity.

Over the years, the Nagel-Schreckenberg
framework has been extended in multiple directions.
Multi-lane versions have been developed to model
overtaking  and lane-changing maneuvers,
incorporating  probabilistic  rules for lateral
movement. Variants introduce heterogeneous driver
populations, with differing maximum velocities or
braking behaviors, to reflect the diversity of vehicles
and drivers. Other extensions include open boundary
conditions with inflow and outflow of cars,
modeling real highways rather than closed loops;
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inclusion of traffic lights and intersections; and
adaptations to study pedestrian motion. Each of
these elaborations preserves the cellular automaton
spirit  while enhancing realism for specific
applications.

The model’s success is not limited to qualitative
realism. It has been employed in large scale
simulations of real traffic networks, where its
computational efficiency is particularly
advantageous. Unlike continuous car-following
models that rely on differential equations, the
Nagel-Schreckenberg automaton updates millions of
vehicles using simple integer arithmetic, making it
ideal for large-scale urban or national traffic
forecasts. Indeed, it formed the basis for some of the
earliest attempts to use parallel computing for
simulating  traffic  in  metropolitan  areas,
demonstrating its enduring utility beyond theoretical
explorations.

From a broader scientific perspective, the
Nagel-Schreckenberg model exemplifies the power
of minimal models in statistical physics. By
stripping away extraneous detail, it isolates the
essential mechanisms that govern macroscopic
behavior: acceleration toward a preferred velocity,
deceleration due to interactions, stochastic
perturbations, and conservation of spatial exclusion.
This reductionist approach is reminiscent of models
like the Ising model in magnetism: while the rules
are simple and unrealistic in detail, the emergent
patterns capture the critical essence of the
phenomenon under study. In this sense, the NaSch
model is to traffic flow what the Ising model is to
ferromagnetism, a paradigmatic example that guides
both theoretical understanding and applied research.

Critics have noted that the discrete nature of the
model, cars jumping between cells and velocities
changing in integer steps, may oversimplify the
continuous character of real driving. Yet such
criticism misses the point: the NaSch model was
never meant as an engineering tool for designing
highways with millimeter precision. Rather, it is a
conceptual and computational laboratory for
exploring the fundamental laws of traffic dynamics.
The fact that it reproduces empirical flow—density
relations, spontaneous jam formation, and
metastable states with such frugality of assumptions
speaks to the robustness of its underlying principles.

In conclusion, the Nagel-Schreckenberg model
stands as one of the most influential contributions to
traffic theory in the past three decades. Its cellular
automaton formulation distills the essence of driving
into a handful of synchronous rules, yet yields an
astonishing variety of emergent phenomena that
mirror reality. It bridges the microscopic scale of
individual drivers with the macroscopic scale of
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traffic waves and flow diagrams, providing both
conceptual clarity and computational efficiency.
Beyond traffic, it has inspired analogous models in
domains as varied as pedestrian dynamics, biological

Critical jam transition

A powerful tool for analyzing the emergent
behavior of the NaSch cellular automaton is the
space—time diagram, exemplified in Figure 1. In this
representation, the abscissa denotes the discrete
spatial sites of the roadway, while the ordinate

transport, and granular flow. For physicists and
engineers alike, it remains a model case of how
simplicity, when chosen wisely, can illuminate the
complexity of the world.

indicates the progression of discrete time steps.
Vehicle positions are plotted as black dots, such that
the trajectory of each car is represented by a
sequence of points forming an approximately
diagonal line.

o

100

Time step

Nagel-Schreckenberg

Space-Time Diagram

7

0 200 400

GOO 500

Position on road

Figure 1 — Space-time diagram of the Nagel-Schreckenberg cellular automaton model. The horizontal axis
represents position along the discretized road, while the vertical axis denotes discrete time steps (increasing
downward). Black dots correspond to occupied cells, and diagonal lines trace the trajectories of individual
vehicles. Dense, backward-propagating diagonal bands indicate spontaneously emerging traffic jams, while
regions of shallow, nearly parallel lines correspond to free flow. The diagram illustrates the characteristic
formation of stop-and-go waves arising from the microscopic update rules of the model.

In regimes of free flow, trajectories appear as
nearly parallel straight lines with slopes inversely
proportional to vehicle velocities. Shallow slopes
correspond to high velocities, whereas steep slopes
indicate reduced motion. Deviations from linearity
occur when interactions between vehicles take place:
a faster vehicle approaching a slower predecessor is
forced to decelerate, producing a distinct kink in the
trajectory. The stochastic braking rule of the NaSch
model further induces small fluctuations, leading to
the irregular microscopic patterns visible in the
diagram.

The most salient structures in Figure 1 are the
dense diagonal bands extending from top left to
bottom right. These bands correspond to traffic jams,
i.e., spatiotemporal regions of high vehicle density
and low average velocity. Notably, these jams

propagate backwards relative to the direction of
vehicle flow, a phenomenon consistently observed in
empirical highway data. The process is cyclic:
vehicles enter a jam from the right, experience
prolonged  deceleration or  standstill, and
subsequently accelerate again upon exiting to the
left. Between jammed domains, trajectories exhibit
free-flow characteristics.

Such diagrams reveal the spontaneous
formation of stop-and-go  waves: collective
oscillatory modes of congestion that arise in the
absence of external perturbations or bottlenecks.
Hence, the space-time representation demonstrates
how macroscopic traffic patterns, including
metastability, wave propagation, and flow
breakdown — emerge directly from the simple
microscopic interaction rules of the NaSch model.
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The NaSch model is a prototypical cellular
automaton for studying traffic flow. It exhibits a
transition from free flow to congestion as vehicle
density increases. To estimate the critical density of
this transition analytically, we employ a mean-field
approach by modeling the system as a one-
dimensional lattice where each site is either empty
(with probability 1 — p) or occupied by a vehicle
with velocity v, occurring with probability c¢,. The
overall car density is p = ¥, ™ c,,.

Assuming spatial independence between cells,
the probability distribution of gaps g between cars
becomes geometric: (g) = (1 — p)9. The mean gap is
then (g) = 1%’, and the mean headway is h :% .
Car dynamics follow four rules: acceleration,
braking (by gap), random deceleration (with
probability p), and movement.

In the free-flow regime, vehicles never brake
due to interactions and only slow down due to
randomization. This holds when (g) > vmax, leading

Steady-Stale

1

to the condition p < T The average velocity

Umax

becomes viee = Umax — p, Yielding a free-flow flux

Jtree = (Umax - P)-
In the interaction-limited regime, where p >

L vehicles frequently brake due to insufficient

Umax

headway. Here, the system flux is approximated as
Jiam = 1 — p, corresponding to the outflow from
jammed clusters.

The full mean-field fundamental diagram is
constructed as (p) = min[p(vmax — p),1 — p], and the
critical density corresponds to the intersection point
of the two branches:

1

Pe = 1+ Upax =P

This expression predicts the onset of congestion and
agrees well with numerical simulations in the large-
system limit.

Mensures vs Density

0.f s
Dessi ty (p)

Figure 2 — Steady-state observables in the Nagel-Schreckenberg model as a function of vehicle density p.
The top panel shows the average vehicle velocity and traffic flow in steady state. The theoretical critical

density pmd =

1+VUmax—P

is marked with a dashed vertical line, corresponding to the transition predicted by

mean-field theory. The bottom panel displays the mean number of jammed clusters (defined as contiguous
segments of vehicles with velocity zero). The peak jam count occurs at a higher density pjam, indicating a
secondary congestion regime where stop-and go waves coalesce into long-lasting jams. The data was
obtained by running NaSch simulations on a periodic lattice of length L = 5000, averaging over multiple
realizations and long temporal windows to ensure statistical convergence.
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Conclusions

The NaSch model remains one of the simplest
and most powerful models for investigating the
collective behavior of traffic flow. Despite its
minimal set of rules are acceleration, stochastic
braking, and deterministic motion, the model
captures a wide range of realistic traffic phenomena,
including spontaneous jam formation, stop-and-go
waves, and capacity drop. Central to its significance
is the ability to characterize the transition from free
flow to congested traffic, which emerges purely
from local interactions and noise.

In this study, we examined this transition both
numerically and analytically. Through large scale
simulations and density sweeps, we computed
macroscopic observables such as the average
velocity, traffic flow, velocity variance, and jam
count. A distinct transition was observed: at low
densities, vehicles moved nearly freely, while
increasing density led to increased interactions,
sharp drops in velocity, and the emergence of

jamming. The velocity variance served as a sensitive
indicator of this transition, peaking sharply at a
critical density.

To explain this behavior, we employed a mean-
field theoretical approach, deriving a selfconsistent
estimate for the critical density at which free flow
becomes unstable. Under the assumption of spatial
independence, the critical density was obtained
analytically as (3.1). This result aligns well with the
onset of strong velocity fluctuations in simulation,
confirming its validity in the thermodynamic limit.

Overall, the NaSch model exemplifies how
complex macroscopic behavior—such as phase
transitions—can arise from simple local rules. The
derived critical density formula provides a clear and
intuitive understanding of how system parameters
govern the stability of traffic flow, and serves as a
foundational benchmark for more refined models of
vehicular dynamics.
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