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Abstract—Understanding driving behavior is a complicated Multilane traffic is not the only dilemma; thereeadifferent

researching topic. To describe accurate speed, dlodvdensity of a
multiclass users traffic flow, an adequate modehégded. In this
study, we propose the concept of standard passeagerquivalent
(SPCE) instead of passenger car equivalent (PCHEstinate the
influence of heavy vehicles and slow cars. Trafftiular automata
model is employed to calibrate and validate theltesAccording to
the simulated results, the SPCE transformationssepte good
accuracy.

types of vehicles and driving behavior on a roaattetype of
vehicle and driving behavior has its own accelergti
deceleration, lane-changing and passing charatitsrisTo
improve the performance of traffic controls, desicry and
predicting the influence of each type of user isessary.
Therefore, this study tries to develop a dynamidtitane
multiclass macroscopic traffic flow model and itsnmerical
simulation. Although there are a large number ofligs about

Keywords—traffic flow, passenger car equivalent, cellularihe traffic CA rules, only a few of them deal wihsystematic

automata

|. INTRODUCTION

N recent years, the traffic demand in metropolaagas has

largely exceeded the vehicular capacity, which oedu
problems of increasing pollution and growing freace of
accidents. Traffic flow involves complex phenomesach as
acceleration, deceleration, dawdling, lane-changiagd
multiple driving behaviors. Therefore, various misdare
developed to understand and predict traffic floleqpdmena so
as to evaluate and adopt traffic control stratediesstly, traffic
flow models are categorized to macroscopic, megiscand
microscopic models. Macroscopic models regard thelev
traffic flow as a continuous medium [1]-[4]. Mesopic
analysis is an intermediate method, which doedistinguish
individual vehicles, but specifies the behaviorimdividuals;
for instance, in probabilistic terms. Microscopicoaels
simulate individual behavior of each vehicle. Thapid
development of computer capacity enhances the estudf
microscopic models [5]-[9]. Among the models, tiaffellular
automata (TCA) have been increasingly used in sitiors of
traffic flow on account of simplicity and flexibiii of the model
[5]-{14].

In CA, a road is represented as a string of cellsch are
either empty or occupied by exactly one vehicle.vbtoent
takes place by propagating along the string ofscdlraffic
problems in real world involve many aspects, siegeometric
design, different driving behavior, different typekvehicles,
weather, lane usage, network topology and so oereThre
diverse research topics of traffic flow. Generalfgultilane
multiclass traffic is a common situation in the Ir@erld.
Multilane traffic involves acceleration, deceleoat;
lane-changing, and passing of vehicles.
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analytical description [15]-[16]. To provide dynamiraffic

information on the roads, rapid computation is ssaey.
Therefore, how to simulate traffic flow fast anadately is an
importation issue of traffic related researches.

In TCA, different driving behaviors are describey the
setting of parameters, such as maximum speed, oegvdl
probability, lane-changing probability and so oniff@ent
types of vehicles, such as trucks, cars and mottesy are
described by different sizes of particles [3]-[4} are
transformed to the same type by passenger caragot(PCE)
[17]. Of course, different types of vehicles maggant different
moving characteristics. Passenger car equivalet Iisetric
used to assess traffic-flow rate on a highway. 8spager car
equivalent is essentially the impact that a modeasfsport has
on traffic variables (such as headway, speed, @rsimpared
to a single car. Typically, the PCE of a heavy uleh{trucks or
buses) is 2 and the PCE of a motorcycle is 1/3nSfoaming
different types of vehicles to the same type by A€Ehe
simplest and most used method. Using this metinedvalue of
PCE plays an important role because the estimatiatensity
and flow depends on the value of PCE. In Taiwaa,REE of
motorcycle is not always equal to 1/3. It variemir0.2 to 0.5
according to different traffic conditions. Theredousing PCE
to transform different types of vehicles to the sagpe should
be carefully. According to the results of Lo anduGh8], PCE
of heavy vehicles is a function of density, if thiéving behavior
of heavy vehicles is the same as it of passengsr ktas not so
realistic because the acceleration, deceleratiah rmaximal
speed of heavy vehicles and passenger cars aeediff@rent.
Therefore, a behavior-based PCE method for diffeygres of
vehicles and different driving behavior is proposethis study.
The paper is organized as follows. In Sec. 2, aoduction of
traffic CA models are reviewed briefly. Then, thesults of
simulations and equivalent transformation are presk in
Sec.3. Finally, Sec. 4 concludes with a short sumnaad
discussion of our findings.
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Il. HETEROGENEOUS TRAFFIC FLOW MODELING

step. Fukui and Ishibashi [14] proposed a high &% model,

Nagel and Schreckenberg propose the first TCA mod@fhich is so-called FI model. The FI model considtirat a
which is named the NaSch model [8]. The NaSch méslel driver would not dawdle unless he is driving at thaximum

implemented by the following four steps:

(Step 1) Acceleration. If time step is less thamltsimulation
time, let each vehicle with speed, which is smahan
its maximum speeday
i.e.v=min Vmas V+1).

(Step 2) Deceleration. If the speed is greater thardistance
gap d to the preceding vehicle, the vehicle wil

deceleratev = min v, d).

(Step 3) Dawdling. With slow-down probabilipy the speed of

a vehicle decreases spontaneously:max (—1,0).
(Step 4) Propagation. Let each vehicle move forwarells and

speed.
Lo and Chu [18] find that if heavy vehicles and sEmer
cars with different behaviors are simulated firdtert

accelerate to a higher Speedltransformmg the results to passenger car-baseditgear

occupancy, the speed and flow are unreasonablereBisen is
that the simulated speed of TCA is obtained bystieehastic
Process, which depends on the number of vehickkslawdling
probability. Since one truck is equal to two céing, number of
trucks is only a half of the number of cars undgivan density.
Thus, unreasonably high speed and flow are obtaified
correct the unreasonable results, they considéredPCE of
truck is a function of density. By the PCE functiothe

let time step increase one. Then, repeat the pmeed mjtiple-type vehicles traffic flow is simulatedeaessfully.
acceleration, deceleration, dawdling and propagatio

In multi-lane traffic, overtaking maneuver usesesttended
neighborhood behind and ahead the vehicle on hatesl
Technically, one can say that there must be a dazed”
+1+d". The label + (-) belongs to the gap on the takayss in
front of (behind) the vehicle that wants to charayees. In the
following we characterize the security criterioro (accident

condition) by the boundariesd~, d*] of the required gap on

the target lane relative to the current positionthe vehicle

considered for changing lanes. If one vehicle inasigh gaps to
change lane, it still has a probability to keep in the same lane

so as to avoid the ping-pong phenomenon. The diegatep
is inserted in front of the acceleration step.

Multi-class users traffic are also been studiedwS&io-start
rules are mostly studied. Takayasu and Takayasul(trmodel
or the T2 model) [11] suggested a CA model witloavdo-start
rule firstly. According to the TT model, a standwehicle (i.e.,

Ill.  SIMULATIONS AND EQUIVALENT TRANSFORMATION

In traffic cellular automata simulation, the lengthcell is
chosen according to the real world. In Taiwan,upper speed
limit of the No. 3 National Freeway is 110 km/hi¢kneter per
hour). Therefore, the length of a cell is consideas 7 m, the
maximum speetln«is 5 (i.e., 126.2 km/hr). The CA results are
obtained from simulation on a chain of 1,000 sitelsich is 7
km. A periodic boundary condition is assumed so ltwth the
total number and density are conserved at eacHatieaupoint.
For each initial configuration of vehicles, resuéte obtained by
averaging over 10,000 time steps after the firgdQ0 steps, so
that the long-time limit is approached. This citerwas found
to be sufficient to guarantee a steady-state beiaghed. The
density considered herein is dimensionless densitych is
defined ask’ = kik;, wherek is the density andi; is the jam

a vehicle with the instantaneous speed 0) with exactly one density. In this studyk; = 142 veh/km (vehicle per kilometer)

empty cell in front accelerates with probability= 1 —p,, while

all other vehicles accelerate deterministicallye Bhher steps of

the update rule (Step2 — Step4) of the NaSch madekept
unchanged. The TT model reduces to the NaSch niodeée
limit p, = 0.

Another slow-to-start CA model is the BJH modelgosed
by Benjamin, Johnson and Hui [12]. Their slow-tarstule is
different to the TT model. According to the BJH mbdthe
vehicles which had to brake due to the next vetatlead will
move on the next opportunity only with probabilltyps. Step 1,
3, 4 of are the same as the NaSch model. An ebepgStep 1.5)
is introduced and Step 2 is modified as follows:

(Step 1.5) Slow-to-start. If flag = 1, then let= 0 with
probability p.
(Step 2’) Blockagev = min (v, d) and, then, flag = 1if= 0, else

flag = 0.

Here flag is a label distinguishing vehicles whitdve to
obey the slow-to-start rule (flag = 1) from thoshkiehh do not

have to (flag = 0). Obviously, for;p 0 the above rules reduce

to the NaSch model. Velocity dependent randominafitDR
model) is a generalized BJH model, which considetarger
slow-down probability while the velocity is zerotime last time

per lane. Figures 1-3 show the simulation resuftheavy

vehicles and passenger cars by the NaSch modetr&@bnthe

average length of a car is about 4 to 5 meterstlem@verage
length of a truck or a bus is about 7 to 10 mefEngrefore, a
car occupies one cell and a heavy vehicle occupiesells in

our simulation.

Lo and Chu [18] propose that PCE of heavy vehidea
function of traffic density. They show that Eq. (%)a good
approximation of PCE for single-lane and two-laiadfic under
Vmax=5 andp=0.25. In traffic flow theory, speed is a functioh
density. Therefore, the basic assumption of thenhsis that if
the average speeds of traffic flow on differend®are the same,
the densities of the roads must be the same.

PCE(k) = 1028 *098. (1)

In this study, we follow the assumption and exantige (1) by
further combination of parameters. Figure 4 illagts the PCE
of heavy vehicle under nine combinations of siniafat
coefficients, that is, combinations af,=3, 4, 5 and=0.25,

0.5, 0.75. PCE varies largely when density is [Blerefore, we
omitted the data, which density is smaller than e PCE
value does not influence traffic flow much when signis
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smaller than 0.1 because in that regime traffisvfie under
free-flow situation. The PCE function calibrated $isnulation
results ofvna=3, 4, 5 ang=0.25, 0.5, 0.75 is given by

PCE(k) =1.016X + 0991, 2

which is close to Eqg. (1). The R-square value of @] is
0.9853. Table | gives the mean absolute percentager
(MAPE) of Eq. (2). All of the MAPE values are snaalthan 6%,
which are highly accurate estimation. Accordinghe results,
we can conclude that Eq. (2) is a good equivatansformation
of heavy vehicles to passenger cars or singledadetwo-lane
traffic under all combination of simulation paraewst of the
NaSch model. However, the equation can only transfeeavy
vehicles to passenger cars with the same drivirfgavier.
Therefore, we propose a concept of standard passeay
equivalent (SPCE) to transform heavy vehicles tespager
cars. Furthermore, the SPCE can be employed tmastithe
effect of slow passenger cars because the influeiheslow car
on traffic flow is more than the influence of arsdard car. If
there are slow cars in the traffic flow, the denshould be
larger. In this study, the fastest car is considergthe standard
passenger car and its SPCE is set to be one. TGE §Pslow
car will be larger than one. Two transformationgadures are
considered. The first one is transforming influenéeawdling
probability first then transforming influence of ri@um speed.
For example, transforming a car with.=3 and p=0.5 to
standard car, whose,.=5 and p=0.25. According to the
procedure, we transform the slow carw@,=3 and p=0.25
firstly and then transform it ta,,=5 andp=0.25. The second
procedure is transforming influence of maximum spéest
then transforming influence of dawdling probabiliyccording
to the procedure, we transform the slow car,tg=5 andp=0.5
firstly and then transform it te,.=5 and p=0.25.Figure 5
illustrates the SPCE-density relationship of défardawdling
probabilities. When density is small, SPCE redlaegely. The
SPCE 0p=0.75 is quite different to that of the other tWagure
6 illustrates the SPCE-density relationship of etight
maximum speeds. When density is larger than 0.ZESias a
steady trend.
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Fig. 1 Speed-density relationship of (a) heavy ¢lelsiand (b)
passenger cars undegy,,=3 and different dawdling probabilities
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Fig. 2 Speed-density relationship of (a) heavy elesiand (b)
passenger cars undgr,,=4 and different dawdling probabilities
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Fig. 4 PCE of heavy vehicle and density relatiopsbr combination
of Vma=3, 4, 5 ang=0.25, 0.5, 0.75

According to the results, we have two regressiaméqgns.
Equation (3) is the transformationwf0.5 top=0.25 and Eq. (4)
is the transformation q#=0.75 top=0.25. The R-square values
of Egs (3) and (4) are 0.8779 and 0.9979, respaygtitet
SPCE , be theSPCEvalue of a car with speedvsind dawdling

probability p. SPCE, = SPCE x SPCFE, whereSPCE is the

standard passenger car equivalent of dawdling |bitityap and
SPCE is the standard passenger car equivalent of mawimu
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speeds. A general form o8PCE is given by Eq. (5), wher&p) SPCE,,is shown as Eq. (9). Table Il shows the MAPE valfie
andb(p) arep dependent coefficients. In this study, we can onlig. (9). Only MAPE oSPCE, ,sandSPCE g sare larger than
determinea(p) andb(p) by two data points. More simulations 10%, the others are smaller than 10%. The redubi shat our

are left for further studies.

SPCE* (k) = - 0705k +1.6722. 3)
SPCE(k') = -2.3554+3.4044. (4)
SPCE (k)= & plk+b(p)- (5)
TABLE |
MAPE VALUE OF ACTUAL PCEAND ESTIMATED VALUE OF EQ. (2)
Vinay p MAPE (%)
3 0.25 5.12
0.5 3.41
0.75 3.07
4 0.2% 2.3C
0.5 1.92
0.7¢ 1.9¢
5 0.2t 2.97
0.5 1.74
0.7 1.4¢
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Fig. 5 SPCE-density relationship of passenger wager (aVyq,=3
and (b)vna=4 with different dawdling probabilities
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Fig. 6 SPCE-density relationship of 50.5 and (bp=0.75 under
different maximum speed

Finally, the transformations of maximum speed avergby
Eqgs (6) — (7)k; is the minimunk’, which makeSPCEK’) = 1.
Also, a general form od8PCE is given by Eq. (8), where(V)

equivalent transformations present good accuragyEgs (2)
and (9), we can find the equivalent value of heaafyicles with
different driving behavior so as to estimate thefluence on
the road accurately.

SPCE(k'):{ 8?42’8k +11869, ifk' <k, (6)
1 ifk' 2k,
SPCE (k)= { 85.3.4’9k +15664, ifk' <k, @
1 ifk'=k,
v [dvk +d(v), ifk <k, 8
SPCE(k) {1 ifk' =k, ®
spce (o) [l It pesslpl itk <k g
? pk+b(p). ifk 2k,
TABLE Il
MAPE VALUE OF ACTUAL PCEAND ESTIMATED VALUE OF EQ. (9)
Vimay p MAPE (%)
3 0.25 15.70
0.5 10.1¢
0.75 8.78
4 0.2 6.21
0.5 4.76
0.7t 3.2¢8
5 0.5 7.5
0.75 2.34

IV. CONCLUSION

In this study, a standard passenger car equiveBCE) is
proposed to estimate the influence of heavy vehiated slow
cars on the road. According to the results, oumadion
presents a high accuracy of passenger car equivaiare
simulations are left for further researches socamake our
work more compact and robust.
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