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Microscopic modeling of multi-lane highway traffic flow
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We discuss a microscopic model for the study of multi-lane highway traffic flow dynamics. Each car
experiences a force resulting from a combination of the desire of the driver to attain a certain
velocity, aerodynamic drag, and change of the force due to car—car interactions. The model also
includes multi-lane simulation capability and the ability to add and remove obstructions. We
implement the model via a Java applet, which is used to simulate traffic jam formation, the effect
of bottlenecks on traffic flow, and the existence of light, medium, and heavy traffic flow. The
simulations also provide insight into how the properties of individual cars result in macroscopic
behavior. Because the investigation of emergent characteristics is so common in physics, the study
of traffic in this manner sheds new light on how the micro-to-macro transition works in
general. ©2003 American Association of Physics Teachers.
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[. INTRODUCTION not the same as the influence of ¢aon cari. For example,
if car i brakes to avoid hitting caf, carj does not experi-
We present a microscopic model for traffic flow that de-ence the same braking force. The forces propelling each car
scribes individual cars and how they interact. Traffic motionare real, in the sense that they dictate the dynamics of each
is modeled within the framework of Newtonian dynamics. vehicle. However, the value of the force is determined by a
Each car experiences a force resulting from a combination odiriver in response to the desired velocity and neighboring
the desire of the driver to attain a certain velocity, aerodyvehicles®
namic drag, and change of the force due to car—car interac- There are broadly two approaches toward the development
tions. The model also includes multi-lane simulation capabil-of a model for traffic flow. The first is macroscopic and is
ity and the ability to add and remove obstructions. Thebased on a classical continuum/statistical mechanics ap-
model captures the three observed regimes of traffic flowproach, which leads to governing equations based on macro-
light traffic, in which cars are well-separated; medium traffic, scopic variables. For example, applying such an approach to
which includes interacting cars with heterogeneous traffidluid flow leads to the Navier—Stokes equatidhsSimilar
density along the road; and heavy traffic, in which each car’'sheories exist for traffic flow>! This approach is the oldest
motion is determined by the spacing allowed by the highand most direct, but it can be opaque to a beginning student
concentration. By complementing the simulation with simpleand requires considerable mathematical sophistication.
analytical results, the model allows students to grasp the Furthermore, such treatments invariably simplify the de-
main features of traffic flow and how they emerge from thefining dynamics in order to facilitate their execution. As a
underlying microscopic relations. The model is consistentesult, these theories often do not capture the complexities of
with experimental observations. We include some open queshe system. Nevertheless, such a framework is very impor-
tions that students can study by doing simulations. We hopeant because it can identify key aspects of a system.
that it will provide the impetus for further analytical model-  The second approach involves discrete simulation using
ing as well. molecular dynamic&? Monte Carlo, or cellular automata.
Most of us have had direct and personal experience witiThese microscopic approaches involve treating each car in-
traffic flow. In this paper, we show how a microscopic view dividually. One considers the state of every car and alters
of traffic flow, based on an analysis of individual cars andeach state according to some algorithm. However, generating
their interactions, relates to our experience. In implementinghe complex behavior on a macroscopic scale often requires
this model, we provide another perspective to an enduringast amounts of data and computations, making the ultimate
and fundamental question: how do macroscopic phenomenastriction on a simulation the time needed to complete the
emerge from individual parameters, governing laws, and intask.
teractions? In this paper we rely on microscopic simulations aug-
The study of traffic flow has attracted considerable interestnented by analytical results to establish the framework of
in recent years because of its intrinsic importaticeTwo traffic flow theory and to introduce its important results. In
recent articles provide a comprehensive review of models foaddition to introducing the specifics of traffic flow statistics,
traffic flow and related systeniS. The Traffic Forum is a we anticipate that the procedure will instill in the student an
useful repository of recent developments in traffic sciefice, appreciation for how a microscopic theory is developed.
and also provides links to some existing appféts. The paper is organized as follows. In Sec. Il we have
In traffic flow the interactions of the cars have some specollected the definitions of the parameters required to de-
cial feature$. For example, the motion is “self-driven,” scribe traffic flow. Section Il describes the basic elements of
which can be modeled by invoking a driving force. The in-the model: the governing equations, single-car behavior,
teraction between cars, for example braking to avoid a car, isar—car interactions, and lane-changing rules. The simula-
modeled as an inter-car force. Newton’s third law does notion, TrafficMaker!® has been implemented as an applet.
apply to this force, because the influence ofican carj is  Section Il contains a series of suggested simulations using
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Table I. Summary of the quantities of the traffic flow model. M indicates that the mathematical definition of that
quantity is model dependent. The relationshipsgrecv ands;=hjv; .

Quantity Definition(in words Definition (math Units
X position ofith car N/A m
v; velocity of ith car N/A m/s
m; mass ofith car N/A kh
i length ofith car(+ minimum clearance N/A m
L Road length N/A m
\% number of cars imx of lane ¢ N/A cars
N
de traffic flow past a regiom\x of lane ¢ Z vi/AX cars/s
C¢ density of cars in regioAx of lane ¢ N/AX cars/m
N
vy mean velocity of cars in regioAx of lane ¢ %2 vi m/s
i
Si_j distance between carand carj Xj=X; m
hi_j time needed for car to drives;_,; (headway Si_jlvi S
Avi_; velocity of cari relative to carj VU m
st following distance desired by the driver of dar M m
hf desired headway for car M s
vy desired velocity for car M m/s
t reaction time for car M s
Fi force caused by driver on car M kg m/s’
Fmax maximum accelerating force of car M kg m/&
Fimi” maximum breaking force of car M kg m/s’
v speed limit for cai M m/s

the program, and introduces single-car behavior, two-car be- Microscopically, two important parameters that determine
havior and car—car interactions, macroscopic traffic statisticthe interaction between carsandj are their spatial separa-

in a single lane, the formation and dynamics of traffic jams tjon, si_.j, and temporal separation or headwhy, ;. The
multiple-lane situations, and jams and traffic flow in multiple two are related by the velocity as

lanes.
Siﬁthiﬁjvi. (4)
Il DEFINITIONS The ’?OtatiQnAUiﬁFv,-—vi is used to represent the relative
; . _ _ _ _velocity ofi andj.

. Before presenting the microscopic model in detal!, we W|I_I The values of the spacing and headway are important rela-
discuss _some of the fundamental concepts in traffigive to the minimum following distances*, or to the related
science’’ We also provide an extensive list of terms and minimum headwayh*. Car—car interactions become impor-
concepts in Table I. Some notable texts on traffic science, . \\hen the separation between cars is on the ordst of
suitable for physicists include Refs. 18 and 19. The quantiioe® wdfih* are ot constants, but dopend on

There are three significant macroscopic variables that deﬂ1e type of each car and its velocity. For simplicity, we take

scribe traffic conditions. First, the flow, for lane¢, is the h* 1o be constant. That is. we assume each driver aims to
number of cars that pass a point per unit time. It is defined as__. . S '
maintain a minimum headway to the car ahead, no matter the

1 conditions. Thers* is given by
== 4., 1
qf LZUI () Sikzli‘*'h*l)i. (5)

whereL is the length of the highway and the summation isIn the program, we have fixelo* =1.25 s, which is chosen

over all the cars in a particular lane. The density, is given ~ to match apfroximately the observed maximum highway ve-
. H 0
simply by hicular flow=" _ _ .
Highway traffic can be é;rouped into three density regimes:

c :& 2 light, moderate, and hea¥y.Light traffic is characterized by
L all the cars on the road being able to drive as fast as they
B 5 =S 0 /N, is th locit h the ba- _desire_without having to interact with other cars. Light traffic
si?:craelljas':?(})% ivi/N¢ 1S the mean velocity, we have tn€ ba- is gimjlar to a gaseous state. As the number of cars on the

road increases, drivers are forced to adjust their driving pat-
qe=Cevy. 3 terns to accommodate other vehicles. This is the moderate
traffic density state. It may be compared to a gaseous state
where intermolecular interactions matter. In moderate den-
sity traffic flow the homogeneous state tends to be unstable.

Therefore, high flow can result from a few fast moving cars,
or many slow moving cars.
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Fig. 1. lllustration of a segment of multilane highway traffic.

Yy
Set New

Small platoons of cars form due to obstructions by slower | conditions for

cars, but these obstructions are short lived. Over all, the av- Car |

erage speed of moderate density traffic is lower than light

traffic, but not appreciably. The scattered platooning of cars Fig. 2. Flow chart giving an overview of the algorithm.

makes moderate traffic behave similarly to water vapor with
slight condensation. Heavy traffic is analogous to the liquid
phase. The traffic density is so high in heavy traffic that theflow around the car is turbulent, arfg; is quadratic inv; .

entire roadway is congested. Follow-the-leader traffic ensuegye will take F4 to be a linear function of velocity. Then the
and average velocities decline significantly. On a multi-lan€yoyerning equation of motion is

road, every lane moves slowly. 5
d Xi dXi

Mgz =Fi— 75 (7)
[ll. ELEMENTS OF THE MICROSCOPIC MODEL

Consider Fig. 1, which shows a schematic drawing of sev-
eral cars on a highway. Our model consists of a highway of
length L with one to three lanes, and a number of céis,

The current state of the system is described by the location
and velocityv; of each car, indexed by9i <N. In Sec. IV,

we will develop a microscopic model for the motion of these
cars. For this purpose, each car has associated with it a mass,
m;, and length];.

We assume that traffic flow can be cast onto the frame- First check if slower
work of Newtonian dynamics in the following way. Upon it
entering the road, each car seeks to accelerate to a desired
cruising velocity. This desired velocity is achieved by the car
exerting a force against the road, while being resisted by
viscous air drag? Isolated cars simply accelerate up to their
desired velocity; . When the density of cars increases, the
force applied by each car is decreased in an attempt to main-
tain a desired following distance. Finally, in a multi-lane set-
ting, cars are allowed to change lanes if frustrated by the
presence of a slower car ahead.

In slowest
lane?

No

T_Ld>=1.93,
T Lg>=1.72and
SA>=SD

Move to slower
lane

Check

—» |
A. Dynamics of noninteracting vehicles ?;‘,Z'

Flow charts of the algorithm are given in Figs. 2 and 3. DU
The dynamics of cair is governed by the equation of motion ol G
(see Fig. J. lane? _ g

2 i 0
miW:Fi+Fd(vi)' © H_T>=1.58

T_Ld>=1.93
and T_Lg>=
1.72

SA >= 8D and

Equation(6) states that the total force on cais the force V_T>=v_H

due to the enginéor brake$, F;, along with the drag force
of wind resistancel-4. F; is the force applied by the driver
of cari. A positive F; represents the driver using the gas
pedal, and a negativ€é; represents the driver using the

Stay in same
lane

brakes.
At low velocities the air flow is laminar, and the damping
force F4 is linear in velocityv; . At higher velocities, the air Fig. 3. Flow chart showing the process for changing lanes.
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The constanty; represents an effective frictional viscosity. forward integration method has the advantage that only the
The constantn;/ %, represents a characteristic time as dis-calculation of the force involves interactions with other cars.
cussed in the Appendix. This time represents how long iifherefore, the integration of the motion is independent for
takes a car to change velocity when the force changes su@ach car. This advantage allows us to simulate large numbers
denly. If the drag force is assumed to be quadratic in velocof cars easily. However, it suffers from numerical instabili-
ity, we would also find that the transient response of a veties if the time step is on the order of or larger than the
hicle for a change in force has a characteristic time. Undegharacteristic time.

realistic conditions, the drag force is closer to being qua-

dratic than linear in velocity. However, as shown in the Ap- e . . .

pendix, once we fix a char?ilcteristic time, the linear and q5a|-3' SpecifyingF; - The car—car interaction
dratic drag terms result in very similar responses. Therefore, From the point of view of the driver, the influence of the
we can incorporate the analytical simplicity resulting from surroundings is twofold. The presence of a car ahead modi-

the linear drag term without compromising our model. fies the force the driver applies. Moreover, the cars ahead
The general solution for the homogeneous case o Bg. and in adjacent lanes may cause the driver to change lanes.
(Fi=0), We describe here how the force is modified due to the pres-
29 e do? ence of other cars. _ _ _
L em— 4 p9=0 8 Many approaches are possible as was mentioned in Sec. I.
ml d 2 Ui d m| d 7iUj ’ ( ) . . . . .
t t t We assume that the driver of cawill modify her/his speed
is based on the position and speed of thejcprst ahead of it.

o That is, the driver places primary importance on the desired
vi(t)=Ae” M (9) N . . ;

i i ' following distances; . The driver adjusts the forc@ccel-
That is, cars achieve their steady-state velocity with the charerator or braketo bring his/her car to the desired following
acteristic time,r; distance as quickly as possible, without exceediiig In

m particular,F; is chosen to be
I

_E. Fi= 77Uj+(FimaX_ nvj)[l_eAqu/v’e(si*fsi_,j)/s’]'

To find the particular solution to E@7), we assume thé; (15
is independent of both position and time. The particular soHere F"®is the force necessary to drive the car at velocity

(10

i

lution is v™ while v’ ands’ are the characteristic velocity and
Fi distance, respectively. In our implementatiari,=v{* and
vip(t)=;. 1) o=y,
o To see how we arrive at Eq15), consider again Fig. 1.
The complete solution is Imagine yourself in car, looking ahead at cgr. Consistent
E. with the assumption that the force is determined by the spac-
vi(t) =v?(t)+vi”(t)=Aie*“Ti+ ;' (12 ing and relative velocity, move to a frame of reference fixed

: with respect to caj. When a faster car is behind a slower
where the constard; is determined by the initial condition one, we anticipate that in the steady state, the faster one will
for the velocity. One of the fundamental features of ourreduce its force to maintain a fixed distaneg,. Therefore
model is that an isolated car will achieve a desired steadycari must exert a force that allows it to travel at the velocity
state velocity ofF;/#n ast—c. If it started with an initial  of carj. In the steady state,
velocityv? att=0, thenA;= (v?—F;/ ;). In our implemen-
tation, we take all the cars be the same type, that is, they all 7i= 7Vi> (16)
have the same mass, length, and characteristic time. We lgthen si.j=s and Av;_;=0. Moreover, when either

the characteristic time be=$ s andm;=1000 kg. Conse- —s;_j or Av;_; approach—, we have
quently, = 7, =125 kg/s? With these assumptions, the ve- e
locity of the car is Fi=F. (17
s Fi . F Both conditions are satisfied by
(t=|v)——|e 7+ —. 13
vt (”' 77) " B E= g (FPY )G(Ao (s s ), (18

Hence F; /5 represents the desired velocity. As we shall seejf the functionG(x,y) has the properties
this velocity will vary depending on the conditions of the

surrounding traffic. The position of carcomes from inte- G(0.0=0, (193
grating the velocity over time: G(—o,y)=1, (195
Xi(t):_T(vo— —I) e YT+ t+x,. (14) G(x,—»)=1. (190

K K The choice,

Given a state of the road described by the position and ve- _ ,
locities of all cars, the program moves);orwafd anincrement  CVi—j.(Sf—si_j))=[1—e™i-il el ~si-)le,

of time, At, by forward numerical integration of the equation (20
of motion (Euler method, using the values at the beginning gives Eq.(15). The results of this definition d¥; satisfy the
of the step. After each time step, the driver adjusts This  following intuitively obvious requirements:
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Fre,

(1) If cari is far behind caj, Fi— Uld—UH

(2) If cari is much slower than cgr, F;—F*. SA= o (229

(3) If cari follows carj at a distances) andv;=v;, then
the force is just enough to maintain the velocity, — gp— “T_H (22
min[v; o] uT

(4) If car i gets closer thars| to carj, there is a strong When SA exceeds SD, changing lanes will allow the car to
braking force. travel faster. On the other hand, if changing lanes would

(5) If cari is much faster than cgr, cari will begin brak-  result in a slower speed, the driver should not do it, so we
ing. If cari is far behind caj, then car will gradually ~ prevent lane changes when SD exceeds SA or if the speed
slow down. If cari is close to caj, then caii will brake  disadvantage SD is negative, meaning the head car is travel-
quickly. ing faster than the car of interest.

Once the final lane has been determined, the simulation

In the simulation, we add two additional constraints. Thecalculates the new velocity of the car based on the car-

new velocity of any car is not allowed to be negative, and thdollowing model, which means drivers adjust their speed to
new position is not allowed to be behind the current positionmatch the conditions in the new lane, not the old lane.

For sufficiently small time steps these conditions are satisfied

automatically. Enforcing these conditions in the program enyy ExXAMPLE SIMULATIONS

sures realistic behavior.

We now present a sequence of simulations for students to
do using TrafficMaket® These simulations start with simple

C. Rules for changing lanes one and two car simulations on a single-lane road and in-

crease in complexity. We also introduce some principal fea-
Unlike the car-following behavior of single-lane driving, tures and results of traffic flow dynamics.
the act of changing lanes is a discrete, not continuous, pro- Figure 4 shows a snapshot image of the program. Traffic
cess. Hence, we handle lane-changing separately from caioves from left to right. The road can Beor 1 mile long,
following. ) ) and has periodic boundary conditions at its ends. That is, cars
There are two aspects of a lane-changing model. First, thgyiting from the right reenter at the left, as if the road were a
driver must choose the destination lane. Then, the drivegjrcylar track. The simulation has two types of cars: normal
must ma_ke a yes or no decision to change based on th&yrs and broken-down cars to serve as lane obstructions.
surrounding traffic. , Normal cars can be introduced by clicking on the road or
To decide how a car will change lanes, we assumed tha{qged automatically at regular intervals. Broken-down cars
most highways have fast and slow lanes. In keeping with th@an pe added and later removed. A check-box enables the
convention of American highways, the right-most lane is they;isyalization of the braking distance ahead of each car. The

“slow” lane. Therefore, we want the cars in our simulation starting conditions can be light, medium, or heavy traffic.
to keep to the right-most lane whenever possible. Given ghe two panels plot flow statistics.

reason to change lanes, a car will switch to the next lane to

the left, if such a lane exists, and return to the lane to thé\. One lane, one car

right as soon as it is clear. y . . . .
When determining if a lane change is safe, a driver must The simplest simulation involves a single car without any

consider not only the car directly ahead, but also the lead an@PStructions or outside influenc€sThe car initially starts

lag vehicles in the target lan@see Fig. 1 Because of the with a random sp_ee_d, but n0’t|ce hO.W It qmck_ly moves to a
number of cars involved in the decision, a lane-changing?t€2dy Speed. This is the car’'s maximum desired speed.
model will have a significant number of parameters. We have To get a feel for how a car brakes and acceler?%é—:‘s, add a
turned to the work of Ref. 24 in which a lane-changing Proken-down car. A broken-down car will never mgveBy

model based on the observation of cars on urban streets B]lac[ng broken-down cars at different dllstances .from the
Kansas City, MO, was developed. In our highway traffic MOVing car, you can explore how the braking force is a func-
simulation, cars execute what Wi al?* call a “discretion-  tion of distance.

ary lane change,” which is defined as passing “a slower-

moving vehicle.”?* In this model, a driver considers three B. One lane, several cars

parameters when deciding if a lane change is acceptable: the

headway to the head cari(), to the lead carT,4), and to
the lag car T,4) (see Fig. 1 According to Ref. 24, a dis-
cretionary lane change will be accepted if

After exploring single car dynamics, the next step is to add
a second car. Start the simulation with a single car on a
one-lane road. Then add a second car far away from the first
car, so it will reach a steady state without interacting with the

H;=1.58 s, (219  first car?’

Then extend the simulation to several cars, say 10—-20, and
T=193s, (21D opserve how they eventually pile-up behind the slowest.
T =172 s. (210 Then consider the question: given a distribution of individual

car velocities and many realizations of, say, 20 cars, what is
Although these are the conditions for accepting a landhe distribution of the mean velocity? Clearly, for a one-lane
change, what makes a driver decide to change lanes in thread, the mean road velocity in the steady state is simply the
first place? In Ref. 24 two quantities are defined, the speedelocity of the slowest car. This case is an example of
advantage, SA, and speed disadvantage, SD. They are dextreme-value statistics which is important in several other
fined as contexts, for example, in the strength of brittle soffign
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interesting problem is can one derive an analytical expresa certain number, the traffic will no longer return to normal
sion for the road velocity distribution in this case? and the traffic jam will persist. Estimate the velocity of the
jam and measure its length.

C. One lane, traffic jam Consider the following interesting questions:

A self-created traffic jam moves in the opposite direction
from the direction of traffic flow. What is the rate of move-
ment of the traffic jam to the left? To formulate this prob-

Create a traffic jam by placing a broken-down car in the
lane and stacking up cars behind it.

After starting the simulation with a single car as before, . . .
place a broken-down car in the center of the road. Add five €M, consider the rate at which cars enter the jam versus
normal cars and wait for them all to stop behind the broken- the rate at which cars exit the jam.
down car. Then remove the broken-down car to allow the What is the condition for a jam to dissipate rather than
cars to move agaift. Notice that the traffic soon returns to ~ grow? Simply put, if the flow of cars to the left is greater
normal, with the cars traveling at or close to their maximum than the exit flow, the jam will grow, otherwise it will
desired velocity. Reset the simulation and create another traf- dissipate. If the entering flow is prescribed, the answer of
fic jam, this time increasing the number of cars by two or this question requires a solution to the previous problem.
three. Again, remove the broken-down car and observe the
traffic return to normal. Repeat this procedure several times, In the bottom half of the applet, two graphs show a run-
each time increasing the number of cars in the traffic jam. Anhing plot of flow versus concentration and flow versus mean
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Fig. 5. Flow statistics for single lane highway traffic. In both plots, the darker the dots, the more common the appearance of that particulartimad condi
(a) As the concentration of cars increases, flow increases linearly until the transition to the medium traffic regime, indicated by the peak aroumite35 cars/
After the medium traffic regime has been reached, additional cars only obstruct each other, reducing theTlmplot of mean velocity versus flow shows

that the highest flow does not necessarily correspond to the highest mean velocity. High flow can result from many cars driving slowly or a fewgecars drivin
quickly.
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-5 @ R (b)
S Al S Fig. 6. Flow statistics for two lane
13 S , 13 ' highway traffic: Slow lane(a) Even in
) 8 /:' 5 8 ; the multi-lane case, the flow versus
ola 4 21 = y 3 concentration curve retains its charac-
®Ts )( ) o8 '3 teristic peak. (b) However, because
ﬁ « ;{ ﬁ - ; fast cars move to the fast lane, the bot-
=TS8 { g"“o” tom right corner of the flow versus
E 4 i mean velocity curve is now essentially
+y +5 a single trace instead of the wide base
o » 05 i s % L. 72 . in Fig._ 5 due to the homogeneity of
" h t t i t _.--'”; t h 1 velocities.
Concentration (cars/mile) Mean Velocity (mph)

velocity. This information provides quantitative feedback We can derive simple analytical expressions for steady
and is often used to describe traffic conditiéhd®—3?Allow  state flow in the light and heavy traffic regimes. In the latter
sufficient concentration to build up to see data like thoseegime we assume that every car is traveling at the same
shown in Figs. &) and 3b).* velocity and by definition has the sansg. Then the con-

Both the flow/concentration and flow/mean velocity centration and the distance between the cars is given by
curves have three distinct types of behavior, corresponding to
light, medium, and heavy traffic flow. In the flow/ L 1 .
concentration curve the straight line extending from the ori- S :E:“ +h*v). (23
gin indicates that cars are far enough apart to not interact, so
every new car drives at its desired speed and increases ti#esimple rearrangement shows that the relation between flow
flow proportionally. Once the cars begin to interact, someand concentration in the congestguabavy traffi¢ case is
cars must slow down. Traffic is not dense enough to force all
of the cars to slow down, allowing a broad distribution of 1 o«
velocities. However, the flow and mean velocity constantly 97 1% ~ 1% -
change, because sometimes fast cars are forced to brake and
slow cars drive at full speed, while other times the situationFor data and fits from real traffic measurements that are con-
is reversed. This fluctuation produces irregular oscillations irsistent with this model, see Ref. 30. The derivation of Eq.
the middle section of the curve, due to the time-dependeni24) is a simple way of understanding the linear reduction in
nature of the flow. When the concentration of cars increasefiow with increasing concentratigrsee Fig. 5a)]. For light
to the point that all of the cars must slow down, each additraffic, each car travels at its peak velocity. Then
tional car forces every other car to brake accordingly and the
curve suddenly stabilizes into the linearly decaying segment 1 S pr= N(v*) ok 5
indicating heavy traffic. Notice that the same flow is L4 Vi T =c(v*). (29
achieved at two different concentrations.

As cars are added, they accelerate or decelerate to thelhis regime represents the increasing portion of the plot in
desired speed. Because the desired speeds are distribuféid. 5a) at small concentrations.
about 65 mph in our model, in light traffic the mean velocity If we equate the flow-concentration expressions in Egs.
approaches 65 mph with each new car added. The transitioi24) and (25), we find that the transition between light and
from light to medium traffic is indicated by the divergence of heavy traffic occurs approximately at a concentration of
the previously converging traces. Just like the flow/
concentration curve, the portion of the flow/mean velocity _ 1
curve representing medium traffic is irregular. Once the traf- Cu=j +(v*)h*"
fic becomes heavy, the graph converges once again. The
graph becomes especially narrow due to constant obstructidror the parameters of our implementatiag,~37, consis-
by the other cars, greatly reducing the range of possible veaent with Fig. §a). The corresponding maximum flow, or the

(24)

(26)

locities. peak flow capacity of the road is, roughly,
3 (@) 3 (b)
- 3 - Fig. 7. Flow statistics for two lane
Rl =13 highway traffic: Fast lane(a) Again,
5 4 : ] a T jf the fast lane’s flow versus concentra-
ol ~ o= 2 X L.
L SR A tion curve also has the characteristic
£ ° / g Y % peak, indicating the fundamental na-
i/ ‘;’.-g ture of the flow versus concentration
E °f ke curve. (b) Under low traffic condi-
""._g' - Ls tions, the fast lane contains faster cars,
! ® : hence the higher mean velocity under
#’ 35 70 105 140 175 18y 8B Bdet 72 %0 in the light traffic regime.
' Con(lzentrationl (cars/mi?e) ' Mea'n VeIocit)’ (mph) !
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Fig. 8. Screen shot of a two-lane

bottleneck.
(v*) mean velocity? Figures 6 and 7 show statistics for the slow
q= m (27) and fast lanes. Notice that the flow-concentration curves for

the two lanes are remarkably similar, reflecting the underly-
Statistical variations limit the actual peak flow to be consid-ing microscopic traffic parameters, not individual lane con-
erably lower. Use the program to judge how accurate thesgitions. The differences between lanes are more apparent in
simple analytical results are for the different regimes of traf+pe flow-mean velocity diagrams. The fast lane truly is faster
fic flow. The mediu_m flow 'regime i.S the most difficult to only in the light flow regime. In light flow, for the same
analyze, because it contains a mixture of congested angycentration, the fast lane has faster cars. Once congestion
freely-flowing regions. Many of the works in traffic flow ,,,09r5 the mean velocity in the two lanes become very
thepry 1asttempt to solve for flow and mean velocity in this similar because the flow is determined by the spadsee
regime.
Eq. (29)].

In the one-lane case, a broken-down car completely halts
traffic. However, in the multi-lane case a bottleneck forms.

Add|ng a second lane makes a qua”tative Change; passirléere we investigate how a bottleneck effects traffic flow.
transforms the simulation from a relatively simple follow- Start the simulation with two lanes and put a broken-down
the-leader process into true highway driving. Because of théar in the slow lane, as shown in Fig. 8. Both lanes merge at
added complexities associated with multi-lane driving, it isthe bottleneck, doubling the concentration at that point. If the
best to start simply. Start the simulation with two lanes. No-concentration of both lanes is very low, cars will pass
tice that regardless of the initial lane, the car immediatelythrough the bottleneck without slowing down. Once the con-
moves to the slow lane. Now introduce a broken-down cacentration in the unimpeded lane becomes high enough so
somewhere in the slow lane. The normal car will switchthat cars in the blocked lane must wait to pull into the clear

D. Two lanes

lanes to go around the obstruction. lane, a queue forms in the blocked lane. Cars in the blocked
lane slow down as they wait in the queue, so when they
E. Two lanes, several cars finally pull into the unimpeded lane at their reduced speed,

they force the traffic in that lane to slow down as well. Thus,

Attempt a two-lane simulation with two cars. In the single Both lanes jam under bottleneck conditions,

lane situation, the faster car inevitably became stuck behin .
the slower car. Now the faster car can pass the slower ¢ After you have observed bottleneck behavior, what sort of

and both can proceed at their desired speeds unhindereéf.’W Stgpélics do you expe_ct? See Figs. 9 ar_1d 10 for a case of
Awo-lane highway with a single obstruction in the slow lane.
will always contain faster cars. Note the increased scatter in the flow-concentration and
flow-mean velocity diagrams. Also, the fast lane enters the
medium flow regime at smaller concentration, because near
the obstruction the entire flow is forced to go through the fast
Use the simulation to answer the questions: is the flow idane. Locally the concentration is much higher than the
both lanes similar? Does the faster lane actually have a fastenean.

F. Two lanes, many cars

(a)

(b)

n "
|

09/1
L
T

09/1

Flow (cars/hour)
Flow (cars/hour)

70 105 140 175 18e— 36 e o 54 72 90
i e 4 i et mmcSZEeS Il i

e

Concentration (cars/mi:e) Mean Velocity (mph)
Fig. 9. Flow statistics for two-lane highway traffic with a broken-down car in the slow (see Fig. 8 The plot shows the road statistics for the lane
containing the blockagéa) Although we still see the characteristic peak, the curve has a large spread in data values, resulting from conditions around the
broken-down car varying over timé¢b) The streaks in the mean velocity versus flow curve result after a jam at the bottle-neck clears, allowing the entire
roadway to gradually increase speed. When a car changes lanes, the flow changes in an incremental amount, hence even distribution of strégks. Eventual
a jam reforms at the bottle-neck, the cars are forced to slow down, and the cycle begins again.
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Fig. 10. Flow statistics for two-lane highway traffic with a broken-down car in the slow (ke Fig. 8 This shows the road statistics for the lane without

the blockage, in this case the fast laf@.Because cars from both the slow lane and the fast lane must merge to pass through the bottle neck, the clear lane’s
concentration effectively doubles, hence the peak occurs at half the concentfati®iow cars waiting in the obstructed lane eventually enter into the
unblocked lane, resulting in large oscillations in the mean velocity in the unblocked lane.

V. SUMMARY AND CONCLUSIONS dratic form, given the same characteristic time. The use of

. . ' the simpler linear form in the main body of the paper allows
We have presented a microscopic model for traffic flow 5 15 obtain simple analytical resultSec. Il A).

that shows how macroscopic dynamics emerge from indi- ¢ e grag force increases quadratically with velocity, the

vidual car behavior and their interactions. Traffic flow hasequation of motion is

been modeled from the perspective of the individual driver,

making it well suited for simulation. The simulation allows dx; dx\?

us to capture considerable complexity in car—car interactions Mg T Gp | = Fi

and the range of traffic parameters. The traffic flow varies

from light, medium, to heavy traffic. For fixedF;, the solution is
The light and heavy phases of traffic flow are more ame-

nable to analysis. The flow-concentration result for heavy  y (t)=c,+ m log] cosH at Vi —Cymy Fi/m, ‘/Z)]_

traffic is independent of the specific car—car interaction a

model. For light traffic, the results depends only on indi- (A2)

vidual car parameters. Medium traffic may be viewed as arpe velocity is

combination of light and heavy traffic. It consists of hetero-

(A1)

geneous distribution of cars on the highway—freely-flowing F, —Cym\F; + at\F;

regions together with traffic jams. vi(t)=1\/ t@an : (A3)
The use of a simulation along with the analysis allows mi\/Z

students to visualize the more complex features of a mode|t 3 (0)=0, thenC,=0, and

while being grounded by fundamental principles. By sequen-

tially following a series of example problems, the user can _

quickly appreciate the diverse phenomena associated with Ui(t)_vxtam{; (Ada)

traffic flow. We also bring the attention of the user to some

additional problems, for example the dynamics of traffic Fi

jams. This simulation tool has the flexibility to explore these ~ V== \ " (A4b)

and other interesting questions.
where the characteristic time=m/\F,a. The comparable
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shows that, for the same characteristic timehere is little

APPENDIX: DRAG FORCES difference between the two.

The power required to maintain a car at a given velogity
s mv?. For one of our cars traveling at 100 km/h, the power
' _ : : : needed is about 130 hp, a rather high value. The reason for
bir’l gnge/?ﬁasRe'—ptléili/y, yvher?[p 'Sl t;;( ?g,ger;f'ty this is that we have assumed that the driver will maintain a
(~1.23 kg/nm), pis the air viscosity {-1. ) Pas,  constant force. It is more likely, of course, that the force
v; is the velocity of.the body, and, is the characteristic applied by the driver decreases as the car approaches the
length. In our casé; is the length of the car{5m). For  desired velocity. As we show here,represents an effective
most bodies, the drag is linearly related to velocity only if yalue that determines characteristic time, but not the power.
Re.=10, the Stoke’s flow regime. For valuesRf=10°, the  One can simultaneously satisfy the required characteristic
drag is very close to quadrafit. time and reasonable power usage at desired velocity by al-

For a typical range of velocities, we find the Reynoldslowing the force to reduce as the velocity increases.
number to be around $@o 1, but, as shown below, the Imagine, for example, flooring the accelerator on entering
transient response varies little between the linear and qua highway, and then backing off to a lower force. If we

The functional dependence of the drag force on velocity is
determined by the value of the dimensionless Reynolds nu
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model this behavior as a |inear|y decreasing app“ed forcel’gA Introduct_ion to Traffic Flow Theor}editeq by_ D. L. Gerlough and D. G.
the governing equation of motion for a single car becomes , Capelle, Highway Research Board, Publication 1121, 1964.
Highway Capacity ManualSpecial Report 209, Transportation Research

d?x; dx Board, 1985.
m—>+7—--=Fi—(v;—v])c. (AB) 2. C. Edie, “Flow theories,” in Traffic Scienceedited by D. C. Gazis
dt dt (Wiley, New York, 1974, pp. 1-108.
We rewrite Eq.(A6) as 2The acceleratirjg force results from the gngine exerting a torque on the
wheels, which is matched by a force against the road acting on the radius
d2>(i d)(i of the tires. That is, the actual force propelling or braking the car is a real
m; a + ni'm =F/, (A7a) Newtonian force. The choice of its value comes from the driver in re-
sponse to the desired velocity and the neighboring cars.
r_ ZThe power required to maintain a car at a given velogity 7v2. For one
7 =m+C, (A7b) of our cars traveling at 100 km/h, the power needed is about 130 hp, which
Fi’ —F,+ Cvi* . (A7) is rather high. The reason for this is that we have assumed that the driver

will maintain a constant force. It is more likely, of course, that the force
Therefore. even for a decreasing force. the dynamics can Sti”applied by the driver decreases as the car approaches the desired velocity.
be characterized by a simple, constant force and the ViSCOSityAS shown in the Appendixy represents an effective value that determines
! t

. . he characteristic time, but not the power. One can simultaneously satisfy
equations of Sec. IlIA. For example, by choosing the required characteristic time and reasonable power usage at desired

~39 kg/s, we can reduce the cruising power requirement atvelocity by allowing the force to reduce as the velocity increases.
100 kmph to 40 hp. By choosing~85, we can simulta- 244, Wei, E. Meyer, J. Lee, and C. Feng, “Characterizing and modeling
neously achieve a characteristic time of 8 s. As far as the 02Seved lane-changing behaviour,” Transp. Res. RECQ 37-46

simulation is concerned, the cars move with effective viscos (2000.
itV of 125 ’ 25To select a single car, select 1/2 Mile, 1 Lane, and Light Traffic from the
ity 0 .

choices at the top of the applet. Turn off Enable Auto-Add to prevent
unwanted cars from being added. Pressing the Start button will create a

3Electronic mail: sujagota@aol.com single car driving on a one-lane highway. The Stop button clears the road,
!R. Herman and I. Prigogin&inetic Theory of Vehicular TrafficAmerican and Start will start a new car. Although each car has a different maximum
Elsevier, New York, 1971 desired speed, the desired speeds are distributed about 65 mph.
2Powders and Grains 97, Proceedings of the 3rd International Conferenceé®Follow the same procedure as in Ref. 25 and select a single car on the
on Powders and Grains, Durham, North Carolinadited by R. P. road. Select Add a Broken Down Car. Clicking on the road will place a
Behringer and J. T. Jenkir8alkema, Rotterdam, 1997 new broken-down car at the location of the click. The Remove button will
3Proceedings of Workshop on Traffic and Granular FJd11 October clear all of the broken-down cars from the road, allowing traffic to flow
1995, edited by D. E. Wolf, M. Schreckenberg, and A. Bach#&¥orld again.

Scientific, London, 1996 2"Make sure Auto-Add is off. Select Add Normal Car and choose an initial
4G. D. B. Cameron and G. |. D. Duncan, “Paramics-parallel microscopic speed for the new car. Once the first car has reached a steady state, add the
simulation of road traffic,” J. Supercomput0, 25—-53(1996. second car by clicking on the desired starting location. Add the second car
5P. A. Cundall and O. D. L. Strack, “A discrete numerical model for granu- far away from the first car, so it will reach a steady state without interact-
lar assemblies,” Geotechniqu8¥, 47—65(1979. ing with the first car. Now two cars are moving independently of each
5V, Vitek, “Pair potentials in atomistic computer simulations,” MRS Bull. ~ other. If by chance both cars have the same desired speed, restart the
21, 20-23(1996. simulation. Because of the periodic boundary conditions, the fast car will
D. Helbing and B. Tilch, “Generalized force model of traffic dynamics,” always become stuck behind the slow car.

Phys. Rev. E58, 133—-138(1998. 28\, Weibull, “A statistical distribution function of wide applicability,” J.
8Dirk Helbing, “Traffic and related self-driven many-particle systems,” Appl. Mech.18, 293—-297(1951).

Rev. Mod. Phys73 (4), 1067-1141(2002). 2%As before, disable auto-add. After you have created a jam, click Remove

D. Chowdhury, L. Santen, and A. Schadschneider, “Statistical physics of to allow the cars to move again.
vehicular traffic and some related systems,” Phys. Reg9, 199-329  3°F. L. Hall, A. Pushkar, and Y. Shi, “Some observations on speed-flow and
(2000. flow-occupancy relationships under congested conditions,” Transp. Res.

The Traffic Forum can be found #ttp://www.trafficforum.orgy. Rec.1398 24-128(1993.

Ueor example, see (http://vwish7.vkw.tu-dresden.defztreiber/  S'Organization for Economic Co-operation and Developm@naffic Ca-
MicroApplet/index.htm). pacity of Major RoutesJuly 1983.

12G. K. Batchelorntroduction to Fluid MechanicéCambridge U. P., Cam-  %2). Banks, “Freeway speed-flow-concentration relationships: More evi-
bridge, 1967. dence and interpretations,” Transp. Res. RE225 53—-60(1989.

13\, J. Lighthill and G. B. Witham, “On kinematic waves, Part II: A theory *if the graphs are filled with stray points, use the Reset button to clear them.
of traffic flow on long crowded roads,” Proc. R. Soc. 229, 317-345 To produce the best curves, set the road length to 1 mile, start with one car,
(1955. and then increase the number one at a time. Using the auto-add feature

M. P. Allen and D. J. TildesleyComputer Simulation of Liquidgxford automates this process. The blue dot indicates the current state of the lane
U. P., Oxford, 198Y. and the red dots past states. The darker the red dot, the longer the lane was

see, for example, J. R. WeimaSimulation with Cellular Automata at that particular state. Save the plots using screen capture software for
(Logos, Berlin, 199Y. later comparison. Reset the graphs and redo the curves, trying different

6TrafficMaker, the accompanying manual and the source code are depositedvaiting times for auto-add. Regardless of the auto-add rate, the curve
at EPAPSDocument No. 15906. EPAPS is locate¢htp://www.aip.org/ traces out essentially the same path. Each graph can only plot approxi-
pubservs/epaps.htmor from ftp.aip.org in the directory /epaps/. See the mately 1 hour’s worth of data. If the maximum number of points is ex-

EPAPS homepage for more information. ceeded, the new points will replace the older points in a first in, first out
YOur definitions and notation are taken from Ref. 21. fashion.
BA. D. May, Traffic Flow FundamentaléPrentice—Hall, Englewood Cliffs, 34/, L. Streeter and E. B. WyligFluid MechanicSMcGraw-Hill, New York,

NJ, 1990. 1979.
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