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Capacity drop due to the traverse of pedestrians
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In this paper, we have proposed a simplified model to describe the traffic flow when there are pedestrians
traversing the road. The numerical simulation shows that the capacity of the road decreases in the presence of
pedestrians. If the traffic flow rate is small, the traffic flow is basically unaffected even if some pedestrians
traverse the road. However, if the flow rate exceeds a critical value, the vehicles cannot pass without delay, and
a traffic jam appears. We also discuss simplified conditions of the model and accordingly present a modified
model, which predicts qualitatively the same results except with a different capacity.
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[. INTRODUCTION an improvement over the previous ones in that it not only
predicts correct start wave speed but also does not lead to
Over the last decades, problems of traffic flow have atunrealistically high acceleration. Moreover, we discuss the
tracted considerable attention from researchers for variousimplified conditions and a modified model is presented,
reasong1—22. Numerous empirical data of highway traffic Which still predicts qualitatively the same results except for
have been obtained, which show the various complex behagifferent capacity.
iors of traffic flow. The existence of three distinct dynamic
phases has been demonstrated: free traffic flow, synchronized Il. MODEL
traffic flow, and jams. The physical phenomena such as hys-

teresis, self-organized criticality, and phase transitions have !N this section, we give a simplified model to describe
been revealefil—3]. how the traffic flow is affected if there are some pedestrians

To understand the complex behaviors of traffic flow, aWho ignore the traffic rule and traverse the street. First, ac-
variety of approaches have been applied to describe the cgtording to our.empirical observations, it can be assumed that
lective properties of traffic flows, including the car-following € average time needed to traverse a single lane is about
models[4—7], cellular automata model8—12], hydrody- 0.5 s. Based on the assumption, we discretize the time, and
namic models [13-17, and gas-kinetic-based models US€t=0,1,2,3... todenotet=0,0.5s,1.0s,15 s, ....
[18,19. In many works, the traffic system without inhomo- For S|mpI|f|cqt|on, we pqstulqte that the'pedestn.ans arrive
geneity has been investigated under the periodic bounda@nly at the discretized time, i.e., at the integer time ltke
condition. It has been found out that there is a transition fromi~ 0:1,2,3 . . ... ) ) )
the free traffic flow to a jam at a certain density of cg28]. When a pedestrian arrives at one side of the street, he
Recently, Helbinget al.[19] and Leeet al.[13] have studied needs to observe the traffic situation and JL_Jdge |f_ he can
the traffic flow with an on ramp under the open boundarytra_"erse or no_t. We assume that the pedesman arrives from
condition, and various kinds of dynamical states have beeROINt A, the distance from the nearest vehi@eupstream
reported such as the oscillatory flows and the convectively"oM PointA to pointAis D, and the velocity of vehicl€ is
unstable flow, which are supposed to be the origin of the’ [S€€ Fig. 18)]. It is obvious that if the velocity of vehicle
synchronized flow. C remains unaltereq, the time needed. for vehClo reach

However, in real traffic, especially in city traffic, there are Point A is D/v. Since the pedestrian needs 0.5 s to
many external disturbances on the traffic flow. The most uni-
versal example is the traffic light problem, which is the sub- D /A
ject of much research and we are not going to discuss it in
this paper. Other than that problem, there are still some other (a) C v
disturbances. For instance, in some cities, sometimes there
are pedestrians who ignore the traffic rules to traverse the %
road, which obviously has a bad influence on the traffic. To
our knowledge, it has seldom been investigated. ~

In this paper, we examine the effect of the pedestrian’s
traversing the road on the traffic flow. We present a simpli- (b) ‘ C v
fied model to study the flow rate in the presence of the pe- Q)
destrians on the assumption that the vehicles obey the full &
velocity difference(FVD) car-following model[7], which is

FIG. 1. The sketch of a traffic situation in which the pedestrian
traverses the roada) The distanceD, that is, the distance from the
* Author to whom correspondence should be addressed. Email athearest vehicl€ upstream from poin to pointA, is positive.(b)
dress: gswu@ustc.edu.cn D is negative.
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traverse the street, he will feel safe whefw>0.5 because For the initial condition, we assume that the traffic is ho-

even if the driver of vehicléC does not apply the brakes, he mogeneous on the circuit road, i.e., the vehicles are equidis-

will not be crushed. On the other hand, /v <0.5, when tant with the distancéx=H, and the initial velocityV(H

the pedestrian traverses the street, he may be crushed if thel). Fromt=0, there are pedestrians who arrive with the

driver of vehicleC is so aggressive that he does not slowarrival probabilityp. When a pedestrian arrives, he judges if

down and does not apply the brakes. Thus, we take the valuge can traverse the road according to the criterion.

of D/v as the criterion for judging if a pedestrian can If the criterion is satisfied, the pedestrian will traverse. In

traverse or not. ID/v>0.5, the pedestrian will traverse the the 0.5 s period during which the pedestrian is on the road,

street, and in contrast, D/v<0.5, the pedestrian will not the driver of the nearest vehiclé upstream from poinA

traverse the street. will react as if there were a roadblock at potand thus the
Since the vehicles have a finite size, it is likely that thevehicle obeys the following equation during the 0.5 s period:

front of a vehicle is downstream from poiAt For this case,

D may be regarded as negative and the vehicle blocks point %

A. Thus, the pedestrian cannot travelrsee Fig. 1b)], which gr ~ KIVxa=xc)—vcl+ —x 7(0-ve), (3
is consistent with the criterion becauBév is negative and
the conditionD/V<0.5 is met. wherex, andxc are the positions of poirk and the front of

Next, we consider the behavior of the vehicle when thevehicle C, andv is the velocity of vehicleC. At the same
driver sees a pedestrian traversing the street. For the driveime, other vehicles still move according to the FVD model
he manipulates the vehicle and avoids crushing the pede&q. (1).
trian even if an unpredictable incident occurs. For example, If the criterion is not satisfied, the pedestrian will not feel
the pedestrian may stop in the middle of the street for someafe and will not traverse the road. For simplification, we
reason. Thus, the driver reacts to the situation just as if theuppose that the pedestrian will not wait for the next chance
pedestrian were a roadblock. In this case, even if the pedete traverse, instead, he will choose other ways to go to the
trian stops, the vehicle will not crush him. When the pedesother side of the road. For this case, all the vehicles will obey
trian reaches the other side of the street, the driver will reacthe FVD model.
as if the roadblock were cleared. To rewrite Eq.(1) and to integrate it by the Euler scheme

Based on the above assumptions, we can carry out th&2], we have
simulation. We adopt a circuit road and assume that the pe-

destrians can traverse the road only at one péAibecause dvpea(t)
the road is fenced except at poitTo describe the flow rate gt VOGO =X (D =D =vn (V)]
of the pedestrians who want to traverse the road, we intro-
duce a pedestrian arrival probabilipyat each integer dis- Mo [V, —vraD], @)
cretized time at poinA. When there is no external influence, Xn(1) = Xp11(1) n+l
the traffic flow is modeled by the FVD model, and the mo-
tion of carn+1 that follows cam is given by[7] dv,.1(1)
vn+1(t+At):Un+1(t)+TAta ()
dupig
dt (V) =vn ]+ MUn=vns), @D and update the position of the vehicle accordind2®y;
whereh is the headway of can+1, v, andv,,; are the dvp(t)
velocities of carsy andn+ 1, respectivelyx and\ are sen- Xp+1(tHA)= Xn+1(t)+Un+1(t)At+ > dt ———(At)2
sitivity parameters, andf(h) is the optimal velocity function (6)
that denotes the velocity that the driver prefers when its
headway to the preceding car s For A, we choosex Similarly, for the vehicleC that obeys Eq(3), the inte-
=\o/Ax [4], whereAx=h+1 is the distance between two gration leads to
successive car$js the average length of cars and is assumed
to be 5 m in thesimulations, and\ is a constant. doc(t) = k[V(Xa—Xc(D) —ve(D)]+ Ao
We choose the typical optimal velocity function of city dt YVaTTe ve Xp—Xc(t)+1
traffic proposed by Helbing and Tildl6], “[0—ve(t)]. @
Vi+Votani(C1h—Cy), h>hy,
vih=1, hen @ duc(t)

; i ve(t+At)=v(t)+ dt At, (8
whereh;=2.3 m is the jam headway. The parameter values )
V;=6. 75 m/s, V2—7 91 m/s, C;=0.13 m!, C,=1.57. c(
We setk=0.273 s and\,=10 m/s, and for these values, Xc(t+At)= XC(t)+UC(t)At+ 2 (Ap% (9

the maximum acceleration for an unobstructed stopped car is
4 m/g and the start wave speed falls into the range 17—23Ve set the calculation time intervAlt=0.1 s in the simula-
km/h, which is obtained empiricallj21]. tion.
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300 =~ T g . ; T ; . y After five computations, we reach the time 1. At this

] time, we need to examine whether vehi€lés still the near-

est upstream from poiri. If it is not, the sign will be given

to the vehicle following vehicl€. We continue the judgment
until the sign is passed to the vehicle that is the nearest
upstream from poinf. Then another random number is gen-
erated and another circle starts.

N (vehicle)

Ill. RESULTS AND DISCUSSION

We first examine the results gf=0, which means no
° pedestrian arrives at any time. Thus, the vehicles will not be
p” 0 p ” 700 affected and the homogeneous traffic will remain. We record
H (m) the numbeN of vehicles that pass poi#t betweert =0 and
t=1000, which is shown in Fig. 2. The theoretical value of

FIG. 2. The number of vehicles that pass polbetweent  the number of vehicles that pass pots equal to the flow
=0 andt=1000. The solid line represents the theoretical curve infate multiplied by the timegxt=V(H—1)/H X 1000x0.5,
the situation in which there is no pedestrian and the traffic flow iswhich is also shown in Fig. 2. It can be seen that the simu-
homogeneous. The scattered points are simulation results. The fillddtion results are in good agreement with the theoretical val-
triangle and the open triangle represent the resultg=00 andp ues.
=1, respectively. Another special case =1, which means that at every

discretized time, there is a pedestrian who arrives. For this

The simulation is carried out as follows. First, we scan thecase, except for the fact that there may be one vehicle that
positions of the vehicles and find the vehidethat is the can pass poinf at the beginning of the simulation because
nearest upstream from poiAt We give a sign to vehicl€.  of the difference of the initial distribution of the vehicles,
At time t=0, a random numbex uniformly distributed be- other vehicles cannot pass poifst which is shown by the
tween 0 and 1 is generated. We compangith p. simulation(see Fig. 2.

(1) If x>p, there will be no pedestrian arriving at time  In Fig. 3, the simulation results of differeptare given,
t=0, and all the vehicles obey Eqgl)—(6). We iterate the and it is found out that the results can be classified into three
computation for five times because each integer discretizedategories for a givep. When H is quite large, i.e., the
time step is five timeat. density is small, the numbeX almost remains unaltered

(2) If x<p, then two subcases are distinguished. If thewhether there are pedestrians or not. This implies that the
traverse criterion is not satisfied, the pedestrian will notpedestrians have almost no influence on the traffic flow.
traverse and he will choose another way to go to the othe8imilarly, whenH is quite small, i.e., the density is large, the
side of the road. Thus, the motions of the vehicles are th@edestrians also have no influence on the traffic flow. Only
same as in case 1. whenH is in the intermediate regiofsee Fig. 4 does the

If the traverse criterion is satisfied, the pedestrian willnumberN decrease remarkably if there are pedestrians com-
traverse the road. For this case, vehiClebeys Eqs(7)—(9) pared with the situation without pedestrians, which means
and other vehicles still obey Eqgl)—(6). The computation that the presence of pedestrians has a very bad influence on
also needs to be iterated five times. the traffic flow.

(6

N (vehicle)

FIG. 3. The number of vehicles that pass
point A betweent=0 andt=1000 of different
pedestrian arrival probabilitp. () p=0.2, (b)
p=0.4,(c) p=0.6, and(d) p=0.8. The solid line
represents the theoretical curve in the situation in
which there is no pedestrian and the traffic flow is
homogeneous. The scattered points are simula-
tion results.

N (vehicle)

N . . .
20 40 80 80 100

H (m) H (m)
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FIG. 4. The region oH that is affected and unaffected by dif- FIG. 6. The number of pedestrians who arri\“glI and the
ferent pedestrian arrival probability In the unaffected region, the number of pedestrians who do not traverse the rdag ,(which are
numberN of vehicles that pass poift almost remains unaltered represented by the open triangles and the filled triangles, respec-
whether there are pedestrians or not. In the affected region, thgyely.

numberN decreases remarkably if there are pedestrians, compared

with the situation without pedestrians. o .
fications have been adopted. First, we assume that the pedes-

Moreover, it is also found that in the region where the trians only arrive at the int_eger _discretize_d time. Second, we
traffic flow is affected, the numbeN of vehicles that pass SUPPOSe that the pedestrian will not wait but choose other
point A at the same time has almost remained unaltered@ys t0 go to the other side of the road if he cannot traverse
Because of the introduction of arrival probability, oscil- ~ UPON his arrival. In the following, we will discuss these sim-
lates in a certain range, but the oscillation has a small amplifications. o
plitude. Assuming the average valueMfinder this situation First, we discuss the second simplification. Because the

is Q, it is shown that with the increase pf Q decreases. We traverse criterion is not satisfied in the simulation, some pe-
give the plot ofQ againstp in Fig. 5. destrians cannot traverse. In Fig. 6, we give the ploNgf

According to the simulation, we can draw the conclusionth€ total number of pedestrians who arrive g the num-
that a bottleneck forms at the traverse pairbecause there Per Of pedestrians who do not traverse the road agéiret
exist pedestrians traversing the road. The capa@ityf the ~ P=0-4. Theoretically, the expected value Nf is 100
bottleneck depends on the flow rate of the pedestrians. Wheti 400, which is independent df. The simulation result is
the traffic flow rate is less tha@, the vehicles can pass consistent with the theory. From Fig. 6, we also find out that
totally, and in contrast, when the traffic flow rate is greaterN2> decreases a little with the increase tf however, the

than Q, the vehicles cannot pass without any delay, whichfatio of N, to Ny is quite large. _
leads to a traffic jam. In reality, since the pedestrians always prefer to wait for a

In the traverse model proposed in Sec. I, several simplichance to traverse rather than choose other ways to go to the
other side of the road, next we modify the traverse model in
300 —  —— ————r Sec. Il and use the modified model to simulate the traffic

— ] flow under the condition that the pedestrian waits for the
oy :‘;Lgc;i’}?;dmn‘:::'el 1 chance to traverse if he cannot traverse upon his arrival.
\\ . Assuming that a pedestridnarrives at tima =t,, and the
200 - ‘\’\A . traverse criterion is not satisfied, thus he waits at the roadside
) \Q : until t=ty+1. If at timet=ty+1, a second pedestriavi
-_g 150 |- & 8 arrives, we can regard the pedestriandM as a group of
o K 1 pedestrians and assume that the group has the same traverse
6’ 100 |- A\ y criterion as a single pedestrian. If at tirhety+ 1, there is
1 no second pedestrian to arrive, then there is only one pedes-
s T trian L. Next, we judge if the criterion is met or not &t
1 =ty+1. If it is met, the group or the single pedestrian will
0 o v o v o traverse. If it is not met, the group or the single pedestrian

will go on waiting.
Using the modified model to simulate the traffic flow, we
FIG. 5. The plot ofQ against pedestrian arrival probabilipof ~ Obtain the qualitatively same results as the original model.
two different models. The open triangles and the filled trianglesThe difference is thaQ of the modified model is smaller
represent the results of the original model and the modified modethan that of the original model for the sarpgwhich can be
respectively. It can be seen tHatof the modified model is smaller seen from Fig. 5. This is interpreted as follows. We assume
than that of the original model for the same in the original model, that only one pedestriararriving at
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t=t, cannot traverse. If we simulate the same situation usinggtically, we are going to further improve the simplified
the modified modell will wait for the chance to traverse. model in future work.

We suppose that at=ty+t,, the traverse criterion is met and

L can traverse. Thus, two subcases are distinguighed at IV. SUMMARY

t=to+t;, a second pedestrian arrivéhe probability isp), |n this paper, we have studied the effect of the pedestri-
then the results of the two models are the same because itd's traversing the road on the traffic flow. In real traffic,
assumed that a group of pedestrians has the same traveissime people do not obey the traffic rules and traverse the
criterion as a single ongii) Otherwise(the probability is 1 road ad arbitrium which definitely has a bad influence on
—p), the nearest vehicle upstream from poitat time t the traffic flow. This phenomenon is more likely to occur in
=t,+1t, should decelerate in the modified model because ofleveloping countries and deteriorates the originally undevel-
the traverse of. while it need not react to the pedestrian in oped traffic status. However, to our knowledge, the problem
the original model. Obviously, cagé) has a bad influence has seldom been discussed in the literature of traffic flow
on the traffic flow. Since the actual number of pedestriangesearch.

that cannot traverse is quite large in the original model, the For the purpose, we have developed a simplified method
accumulated influences lead to the further drop of the capad® model the problem. The numerical simulation shows that
ity in the modified model. Nevertheless, note that with thetraffic flow is affected by the traversing of the pedestrians in
increase ofp, the probability that caséii) occurs becomes that the capacityQ of the road decreases. If the traffic flow
smaller and smaller. Thus, for large the accumulated in- rate is small, the traffic flow is basically unaffected even if
fluences are not so distinct that the further drop of the capacOMe pedestrians traverse the road. However, if the flow rate

ity in the modified model is quite small, which can be Seenexceed§ the capaci@ determined by thg flow rate of the
from Fig. 5. pedestrians, the vehicles cannot pass without delay, and the

Now we consider the first simplification. The reason fortrafflc jam appears. Numerical simulation reveals fale-

proposing this simplification is to guarantee that when thecre\;s\l/seslwnhd_the mcrt'ﬁase_ of T_I?Wdrate (chft_the pefdtehstrlansd. |
first pedestrian is traversing the road, there will be no secong‘II d('e a?o |scusfsth € .S'mrl).f'. 'z cor&_t! lons or the mote.
pedestrian to arrive. Otherwise, the criterion will be unsuit- uding 1o one of the simplified conditions, we present a

able for the second pedestrian, because the traversing of t}%odified version. It is found that the results of the modified
' ersion show no qualitative difference from the original

first pedestrian makes the vehicle upstream decelerate. Prob -
ably we have the following experience. For the actual trafficrnOOIeI except that the capacities in the two models are some-
situation, we generally do not dare traverse the road rashl)‘/yhat different.

However, when we see other pgdgstrlans traversing, we _dare ACKNOWLEDGMENT

to follow them. We argue that this is due to the mutual action
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