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Abstract: To establish the empirical capacity model of an on-
ramp merging section, the Erlang distribution is first selected
to define the time headway distribution, and then the gap
acceptance theory is applied to develop the basic capacity
model of the on-ramp merging section. Since not all the time
headways on the shoulder lane can be made full use of by on-
ramp vehicles, a modified capacity model is developed, which
takes the usage probability of time headway into consideration.
Then, a model of capacity discount coefficient £ is developed.
Finally, based on the modified capacity model and the model
of capacity discount coefficient, an empirical merge capacity
model which contains the shoulder lane volume, critical gap,
and the distance from nose to merging point, is constructed.
Results show that, compared with other models, the proposed
model is more reasonable since it takes merging section
geometry into consideration, and it is easy to apply. The
merge capacity varies with the shoulder lane volume, the
critical gap, the distance between the nose and the merging
point, and the design velocity of the shoulder lane and ramp.
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‘ x T ith traffic demand continuously increasing, sever-

al locations on expressways are becoming more
and more congested. There is no doubt that the merge ar-
ea is the most common bottleneck of recurrent conges-
tion. Furthermore, traffic turbulence will spread to affect
the traffic characteristics of shoulder lanes and ramps
around the merge area. As recommended in the Highway
Capacity Manual'", the influence area extends to 450 m
at the on-ramp downstream.

In the past decades, studies focused on explaining and
analyzing characteristics, operations, the capacity of the
on-ramp merging section, and identifying the causes of
capacity drop related to traffic interference caused by ve-
hicle lane-changing maneuvers at merge areas”” . Nowa-
days, the method used in the HCM is widely adopted to
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calculate capacity, and it is an empirical method devel-
oped based on field data. Three key steps are required to
implement this method. First, we should acquire the flow
of Lane 1 and Lane 2. Secondly, the on-ramp merging
section capacity is calculated to ensure that it can satisfy
the existing traffic demand. Finally, the density within
the ramp influence area is determined based on the level
of service. The expressway geometry, the shoulder vol-
ume, and the critical gap are not considered, but these
factors have great influence on the merge capacity.

The gap acceptance theory was developed to explain
the merging process on freeways. Kita'”' formulated a gap
acceptance problem at the freeway merging section. The
binary logit model was used to analyze and explain the
problem. Lertworawanich et al. '™ developed a new gap
acceptance model by defining expressway capacity. Kim
and Son" promoted a new on-ramp capacity model by
making time headway obey different distributions. Howev-
er, most of these models are difficult to implement. In
these papers, the vehicles on the ramp can make full use of
all the appropriate gaps, which is different from reality.

Recently, several studies demonstrated that the express-
way capacity is variational rather than immutable and fro-
zen. Some other studies proposed that capacity can only
truly be defined as a function of breakdown probability,
which is a function of ramp vehicle cluster occur-
U0 Subsequently, a probabilistic model descri-
bing the process of breakdown at ramp-freeway junctions
was examined. Also, a probabilistic model of breakdown
occurrence was put forward. Lorenz et al. """ proposed a
modified capacity definition which took the probabilistic
nature of the freeway breakdown process into considera-

rence

tion. Then, preliminary models based on survey data
were constructed to describe the probability of break-
down'"",

These studies have provided some useful results, but a
generalized empirical capacity model should be estab-
lished to make the model easier to use'’. Additionally,
some other factors, such as distance from nose to merging
point and the design speed, were not taken into consider-
ation in constructing the capacity model. So, this study
aims to establish a novel on-ramp merging section capaci-
ty model, taking the usage probability of time headway
into consideration. First, the Erlang parameter is defined
according to the shoulder flow; secondly, based on the
gap acceptance theory, the ramp capacity is modeled for
each Erlang parameter; thirdly, a model is established to
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calculate the usage probability of time headway and then
this utilization probability is used as a discount coefficient
to obtain the ramp adjusted capacity. Finally, a regres-
sion model of the on-ramp merging section capacity is put
forward to make the model more practical.

1 Ramp Capacity Model

At merging areas, when appropriate gaps are available,
the entrance ramp vehicles will merge into the shoulder
traffic flow by changing lanes, and the merge capacity is
determined by this process. The general diagram of the
merging area is shown in Fig. 1. The ramp capacity is the
maximum volume allowed to merge into shoulder traffic
flow. With traffic disturbances changing, the ramp capaci-
ty varies.

|
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Shoulder lane |4~ Nose Lane 2 Merging point |
: Acceleration lane

Fig.1 General diagram of merging area

1.1 Modeling headway distribution

With traffic volume increasing, the headways between
vehicles decrease, which will make the interactions be-
tween vehicles more intense. When the traffic flow ap-
proximates free flow, the interactions between vehicles
are weak, and headways are random. When the traffic
volume approaches capacity, the traffic flow approxi-
mates a saturated state, and headways are regular.

The Erlang distribution can be used to represent various
consecutive random distributions by adjusting the parame-
ters. When the Erlang parameter K takes positive integer
value from O to o, the Erlang distribution will be a nega-
tive exponential distribution when K =1. As the K value
approaches infinity, the headway distribution becomes a
constant distribution. So, the Erlang distribution is em-
ployed to describe the headway distribution on the shoul-
der lane. The probability density function of the Erlang
distribution is

Mk( kt)k*]
ﬁ(t)={ h-n1 >0 (1)
0 t<0

where y is the mean value.

The key step is to establish a calculation model of the
parameter K. Hence, the relationship between the shoul-
der lane volume and K should be defined, and K can be
selected according to the volume. Based on the maximum
likelihood estimation method, K can be estimated by

(%)

where 7 is the mean time headway, s; and S is the stand-
ard deviation of the time headway.

Field observation data are used to calculate K in the
case that the shoulder volumes take various values. Data
sets were collected at Nanhu Road and Yatai Street inter-
changes in Changchun, China via the video analysis
method. The investigation was conducted from 8: 00 to
10: 00 and 16:00 to 18:00. Due to the variational traffic
volumes during these periods, the investigation lasted for
10 d. The average time headway and traffic volumes were
acquired every 15 min, and there were 155 average time
headways. These sites were composed of three mainline
lanes and two ramp lanes.

The vehicle headways at the shoulder lane are recorded
to calculate K by using Eq. (2). The shoulder lane vol-
ume is selected as an independent variable, and the calcu-
lation model of the parameter K is established by regres-
sion analysis. As a result of the statistical analysis, the
significant coefficient R* of the regression analysis is
0.958 5. The calculation model is expressed as

K =1.050 39 +0.001 57¢""*° o

where Q is the shoulder lane volume, veh/h.

As shown in Eq. (3), K can be calculated by the
shoulder volume. K must be a positive integer, so the
calculated K values are rounded to the nearest integer. K
values are shown in Tab. 1. When K >3, the calculated
volume value will exceed 2 200 veh/(h - lane) , which is
the basic traffic capacity of the expressway. Therefore, K
=1, 2, and 3 can represent all the possible shoulder lane
volume ranges.

Tab.1 Ranges of shoulder lane volume by the Erlang parameter
K 1 2 3
0/(veh-h™') 0<Q<1664 1664<Q<2004 2004<Q <2 131

1.2 Modeling ramp capacity model

Before establishing a ramp capacity model, several as-
sumptions are made to simplify the modeling process:
1) The traffic streams on the ramp and shoulder lane are
single; 2) There is an inexhaustible queue waiting to en-
ter a shoulder lane; and 3) The ramp vehicles have to se-
lect appropriate gaps to merge into the shoulder lane traf-
fic stream.

Several parameters are introduced to describe the mer-
ging process: f. represents the critical gap that can be
used to merge into the shoulder lane by a ramp car; and
t, is the headway between two ramp cars. Compared to
the headway with the critical gap, the possibility of ramp
vehicles entering the follows :
1) When ¢ <t and ¢ is the shoulder vehicle headway, no
ramp vehicle merges; 2) When 7, <t<t, +1,, only one
vehicle merges; and 3) When ¢, + 1, <1<t  +2t,, two
vehicles merge.

shoulder lane is as
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Therefore, the ramp volume entering the shoulder lane
per second becomes

Co =3600g) (i+1)P[1, +(i-1)t, <t<t, +it]
i=0
(4)

where P[ ¢, + (i—1)t, <t<<t_+it,] is the probability of
i vehicles merging into the shoulder lane; C; is the maxi-
mum ramp volume, veh/h; and ¢q is the shoulder lane
volume, veh/s.

When K =1, the headway distribution in the shoulder
lane obeys the negative exponential distribution, and the
cumulative distribution function P(h<t) can be ex-
pressed as

P(h<t) =1-¢* (5)

The maximum ramp volume entering the shoulder lane
per second for K =1 becomes

Cy =3600g Y nP(t, + (n—-1)t, <t<t, +nt) =
1
3 600ge ™"
T (6)
1 -e

When K = 2, the cumulative distribution function
P(h<t) can be expressed as

P(h<t) =1-¢e7(1 +2qt) (7)

In the same way, the maximum ramp volume merging
the shoulder lane per second for K =2 becomes

Cy =3600g Y nP[1, + (n—-1)t, <t<t +nt] =
1
—4qt,

2qt.e
1 e’z""‘)

3 600ge "
1_732%( 1 +2qt, + (8)
Finally, when K =3, the cumulative distribution func-

tion P(h<t) can be expressed as

2
P(h<t) =1 —e-3‘f’[1 +3qt+(3ﬂ]

: (9)

In the same way, the maximum ramp volume merging
the shoulder lane per second for K =3 becomes

-3q1. , 3qt,(1 +6qt)e "
c, =>90ge [1 gt +4.5q7 + 0 4_1;[) N
1 - 1-e™
9¢°F (1 +e ) e
q h( - )2 ] (10)
(1-e™)

C, can be calculated by Egs. (6), (8) and (10).
When calculating the maximum ramp volume, ¢_is an es-
sential parameter, so ¢, is set to be 2 s for convenience.
For different critical gap ¢,, the relationships between the
maximum ramp volume C, and the shoulder lane volume
q are shown in Fig.?2
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Fig.2 Maximum ramp volume defined by shoulder lane vol-
ume

As shown in Fig. 2, with the same 7., the maximum
ramp volume decreases when the shoulder lane volume in-
creases.

2 Modeling Empirical Merge Capacity

The ramp capacity is calculated by three different for-
mulas for different shoulder lane volumes. It is unfeasible
for use in practice. It is necessary to develop an empirical
model to simplify the merge capacity calculation. Before
establishing the objective, independent variables affecting
merge capacity have to be selected, such as shoulder Q
and ¢,.

2.1 Modified ramp capacity model

The merge capacity is defined as the sum of the maxi-
mum ramp volume and shoulder lane volume. However,
the maximum ramp volume should be multiplied by a dis-
count coefficient because not all of the headways can be
made use of by ramp vehicles to merge into the shoulder
lane. This section describes the discount coefficient mod-
el. Vehicles enter the merging section from the ramp and
shoulder lane, respectively, and the ramp vehicles can
merge into the shoulder lane anywhere in the acceleration
lane rather than merging only at the ramp entrance. Ramp
vehicles utilize headway to merge by estimating whether
the shoulder lane headway is acceptable.

As we know, when calculating the capacity by using
the gap acceptance theory, the vehicles waiting on the
branch road will take advantage of every appropriate gap
to cross the main road traffic flow; however, this is not
true in merging areas. In contrast, when an appropriate
gap appears on the shoulder lane, the ramp vehicles have
a chance to use it to merge into shoulder lane traffic flow.
If the ramp vehicles enter the merging area at the same
time or later than the shoulder vehicles, and the ramp ve-
hicle velocity is lower than shoulder vehicle velocity, the
acceptable headway on the shoulder may not be made full
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use of by the ramp vehicles. This wastes the appropriate
gap and reduces the ramp capacity. To make the ramp ca-
pacity model more logical, the established ramp model
above should be multiplied by a discount coefficient,
which is caused by the waste of the appropriate gap.

For the ramp and shoulder lane vehicles entering the
merging section at the same time, the shoulder vehicles
will drive out of the merging section first because they
have higher speed. The merging area’s travel time differ-
ence between ramp vehicles and shoulder vehicles is

represented by Ar. That is to say, the sum of the time
headways of the ramp vehicles overtaken by the shoulder
vehicle is equal to Af, which can be calculated by

(11)

where L is the distance from nose to merging point on the
acceleration lane; V| is the shoulder design velocity; and
V, is the ramp design velocity.

The general diagram of this process is shown in Fig. 3.
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Fig.3 General diagram of the parameter At
As shown in Fig. 3, all the ramp vehicles entering the = (AAD" g 16
merging section in At before Vehicle 2 entering the mer- J A nl ¢ () (16)

ging section can make use of the time headway T between
Vehicle 1 and the front vehicle; hence, the discount coef-
ficient is equal to the probability of the ramp vehicle arri-
vals within Az + 7, and T can be used by the ramp vehi-
cles to merge into the shoulder lane.

First, we calculate the probability of the headway utili-
zation. T obeys the Erlang distribution, and when K =1,
it obeys the negative exponential. The probability density
function f(¢) can be expressed as

f(t) =ae™

So, when y = At + T, the probability density function
of Yis

(12)

-A(y-An)

(13)

The probability distribution function of Y can be ex-
pressed as

g(y) =Ae

G(y) =P(Y<y) = f:g(y)dy — 1 =M
(14)

In the case of Y =y, the probability of n vehicles ap-
pearing on the ramp is

(ALAD"

P(N=n/Y=y) = o

(15)

So the probability of n vehicles appearing on the ramp
can be expressed as

P(N =n) = f:[puv = /Y = y)dG(y) =

The discount coefficient £ is equal to the probability of
the ramp vehicle arrivals during Az + 7T and it is represen-
ted by

=LA

i (/\ZAI) ne—AAr

=1-e
n=1 n!

(17)

In the same manner, when K =2, 3, the discount coef-

£=P= iP(N:n) =

ficient model is expressed as

E=P=1-e*¥ (18)

where A, is the ramp lane flow rate, veh/s.

Egs. (17) and (18) suggest that the headway distribu-
tion has no influence on the discount coefficient.

After being modified, the model is finally expressed as

Crm =€Cy (19)

where C,,, is the modified ramp capacity.

The next section develops a generalized merge capacity
model using the modified ramp capacity model and ad-
dresses the ramp flow effect on the merge capacity.

2.2 Definition of independent variables

According to Eqs(6), (8) and (10), the maximum
ramp volume, that is, the ramp capacity, is determined
by the shoulder lane volume, so the shoulder lane can be
selected as one variable. The ramp capacity is determined
when the shoulder volume is determined. As shown in
Fig. 2, when the critical gap takes different values from 2
to 7, the correlation curves of the ramp capacity and the
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shoulder lane volume approximate to linear, which dem-
onstrates the tendency that the ramp vehicles merge the
shoulder lane with more difficultly with the shoulder lane
volume increasing. Fig. 2 shows that when the critical
gap is 2, 826 ramp vehicles can merge into the shoulder
lane per hour in the case that the shoulder volume is
1 896 veh/ (h - lane) ~'.
merge into the shoulder lane when the critical gap is 7.
According to Tab. 1, Fig. 2 is divided into 3 regions when
K=1,2,3.

Fig. 4 (a) shows the calculated merge capacity when
the ramp capacity takes different values. After regression
analysis, Fig.4(b) shows the fitted exponential curve of
the merge capacity for each critical gap value. It is clear
that the merge capacity decreases with the increase in the
ramp capacity. Furthermore, the merge capacity also de-
creases rapidly as the critical gap value increases. When

However, only 11 vehicles can

the critical gap value is 7, a small change in the ramp ca-
pacity will result in a larger change in the merge capaci-
ty. Compared with that of #, =2, the merge capacity de-
crease is more dramatic when 7, =7.
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Fig.4 Relationship between merge capacity and ramp capaci-
ty. (a) Observed; (b) Fitted

As described in previous sections, the ramp capacity is
determined by the shoulder lane volume because the ramp
vehicles will have more difficulty to merge into the shoul-

der lane as the shoulder lane volume increases. This also
causes disturbance in the shoulder lane traffic flow. Fig.5
(a) shows that the calculated merge capacity when the
shoulder volume takes different values on the condition
that the critical gap value changes from 2 to 7. Based on
the regression analysis, Fig.5(b) shows the fitted linear
curve of the merge capacity.
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Fig.5 Relationship between merge capacity and shoulder vol-
ume. (a) Observed; (b) Fitted
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As shown in Fig.5, the merge capacity increases as the
shoulder lane volume increases. A linear relationship can
be used to describe the relationship between the merge ca-
pacity and the shoulder lane volume. Since the ramp ca-
pacity is determined by the shoulder lane volume, the
shoulder lane volume and the critical gap are selected as
factors for developing the empirical merge capacity model.

Apart from the shoulder lane volume and the critical
gap, At is another key factor for developing the empirical
merge capacity model, which can be calculated by Eq.
(11).

Fig. 6 (a) shows the calculated merge capacity when
the shoulder volume takes different values under the con-
dition that the distance from nose to merging point chan-
ges from 10 to 300 m ( Af changes from 0.9 to 27). Af-
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ter regression analysis, Fig.6(b) shows the merge capac-
ity fitted linear curve for each At, the least R’ value of
0. 88 means that the linear curve is appropriate for illus-
trating the relationship between the merge capacity and At
with the fitted curves.
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S 800F
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Fig.6 Relationship between merge capacity and Af. (a) Ob-
served; (b) Fitted

When ¢, =4, the merge capacity increases with the in-
crease in the shoulder lane volume, a linear relationship
can be used to describe the relationship between the
merge capacity and the shoulder lane volume. Further-
more, the merge capacity also increases as the distance
from nose to merging point in the acceleration lane in-
creases ( At increases) because the longer the distance
from nose to merging point is, the larger the probability
of the gap used by the ramp vehicle is.

In conclusion, ¢,, Q, and At should be selected as
model independent variables to establish the generalized
empirical merge capacity model.

2.3 Establishment of the empirical model

Since the linear relationships can describe all the rela-
Q, and At, the
linear model is chosen to develop the empirical merge ca-
pacity model. The high R® value is calculated, which is

tionships among the merge capacity, ¢

c

0. 84 for the linear function.

Three parameters are applied to derive the merge capac-
ity empirical model. Ar can be calculated by Eq. (11),
and it is also the only parameter representing the merging
area’s geometry. Using the parameters mentioned above,
the generalized empirical merge capacity model is ex-
pressed as follows:

C,; =0.4680 -163.940¢, +12.069 6At +1 776.753 =

0.4680 — 163. 940z, +12.069 6( ) +1776.753

L
Vl _Vz
(20)

where C,, is the merge capacity, veh/(h - lane).

Generally speaking, when the traffic becomes heavy,
not only the shoulder lane vehicles but also the ramp vehi-
cles are not able to accelerate, and the merge capacity de-
creases when compared to fast moving traffic. The mer-
ging vehicles have to take adventure gaps to merge into
the shoulder lane; the accepted critical becomes smaller,
which directly causes an increase in merge capacity. The
empirical capacity model established in this paper consid-
ers the dynamic demand for the critical gap at different
speeds and volume.

3 Conclusion

In this paper, the established empirical capacity model
suggests that the merge capacity varies with 7., Q, and
At. Differently from other studies, the analysis results il-
lustrate the phenomenon that the acceptable gap cannot be
made full use of for merging into the shoulder lane by the
ramp vehicles, and the ramp capacity is discounted. The
discount coefficient model is established by the probabili-
ty theory. After being multiplied by the discount coeffi-
cient ¢, the modified ramp capacity is applied to calculate
the merge capacity. Finally, to simplify the merge capac-
ity, an empirical capacity model is modeled. The empiri-
cal model contains 7., @, and Af. According to the em-
pirical model, the merge capacity is variable rather than a
fixed value. This model is more practical because it con-
siders the utilized inadequacy of the acceptable gap.
However, the model does not take the effects of the other
lanes’ traffic conditions into account. If the shoulder and
other lane vehicles change lanes in the merge area, with
the disturbances in the merging sections becoming grea-
ter, the merge capacity will experience a new decrease.
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