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Abstract: In order to improve the smoothness of traffic flow
on bidirectional two-lane highways, an analytical method is
proposed to optimize the minimum spacing of the signalized
intersections. The minimum signal spacing is determined by
two parts, including the necessary distance for stabilizing the
traffic flow after it passes through the signalized intersections
and the length of the upstream functional area of intersection.
For the former, based on the platoon dispersion theory, the
stable distance determination problem of traffic flow is studied
and a model of dispersion degrees varying with the distance
from the upstream intersection is presented, in which the time
headway is intended to yield the shifted negative exponential
distribution. The parameters of the model for arterial and
collector highways are estimated respectively based on the field
data. Then, the section at which the slope of dispersion degree
curve equals —0.1 is regarded as the beginning of the
dispersion stable state. The length of the intersection upstream
functional area is determined by three parts, including the
distance traveled during perception-reaction time, the distance
traveled while a driver decelerates to a stop, and the queue
storage length. Based on the above procedures, the minimum
signal spacing of each highway category is proposed.
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ntersection spacing is an important element in highway

design and can greatly affect the operational efficiency
and traffic safety. Closely-spaced or irregularly-spaced
traffic signals on arterial or collector roadways can result
in frequent stops, unnecessary delays, increased fuel con-
sumption, excessive vehicular emissions, and high crash
rates'™ . Wang et al. ' examined 161 road segments of
eight suburban arterials in Shanghai. Their modeling re-
sults showed that the density of signal spacing along arte-
rials had a significant influence on minor injuries, severe
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injuries, and total crash frequencies; and non-uniform
signal spacing had a significant impact on the occurrence
of minor injury crashes. A long signal spacing interval in-
creased the range of the cycle lengths and speeds, which
can produce efficient traffic progression. When the sig-
nals are installed at a suboptimal location, a correspond-
ing reduction in the through band or time will occur. Mo-
reover, increasing signalized intersections per mile resul-
ted in more stop-and-go movement, which may lead to
more fuel consumption and vehicular emissions'" .

Some indices have been introduced to research the in-
tersection spacing, such as the weaving section distance,
the additional left-turn lane, sight distance, deceleration
lane distance, and traffic management, etc. AASHTO™
indicates that the length between accesses and intersec-
tions should be not less than the length of the functional
area of at-grade intersections. Generally speaking, few
On the
segment between two signalized intersections, the traffic

flow characteristics present ‘turbulence-transition-stable
25 [4]

studies emphasized traffic flow characteristics.

moving-transition-turbulence” ™. Due to the compression
and splitting at signal lights, traffic flow is separated into
series and moves downstream in platoons. Vehicles in
platoons travel at different speeds due to the driving be-
haviors of drivers and the maneuvering characteristics of
vehicles. While moving downstream, the platoon starts
spreading out in a long segment. At the beginning, vehi-
cles move at low speeds, are at small headways, and
clusters, which can be seen as turbulence. Afterwards,
vehicles speed up and attain suitable headways and similar
operating states, which can be regarded as stable move-
ment. This phenomenon, known as platoon dispersion,

77 Platoon dis-

has been studied by many researchers
persion is a procedure for determining the deterioration of
platoon integrity, which means a change in the compact-
ness of a platoon depending on the time"’.

The purpose of this paper is to introduce a procedure to
measure the minimum spacing of signalized intersections
on bidirectional two-lane highways. Based on the platoon
dispersion theory, an analytical method is proposed and
calibrated. Furthermore, the minimum spacing criteria for
bidirectional two-lane highways are computed.
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1 Methodology
1.1 Definition of minimum spacing

According to the platoon dispersion theory, when the
traffic flow departs from the upstream signalized intersec-
tion, the speed of each vehicle is affected by the speed of
others, resulting in a high inter-vehicles influence degree.
With the platoon moving downstream, the mean speed in-
creases, some vehicles begin to overtake others, the inter-
vehicles influence degree decreases, and the traffic flow
ultimately reaches a stable state, meanwhile, the vehicles
basically achieve their expected speeds. Before this, the
traffic flow should not be affected by the downstream in-
tersection. For presentation purposes, the platoon dis-
persion degree is adopted to express the inter-vehicles in-
fluence. The mathematical form of the minimum spacing
is

L™=d, +d, (D
with

d, =1, +1,+1,
where L™ is the minimum spacing between signalized in-

tersections, m; d, is the distance required making traffic
flow stable; d, is the distance of the upstream functional
intersection area; [, is the distance traveled during percep-
tion-reaction time (usually 2.5 s for rural roadway); [, is
the distance traveled while a driver decelerates to a stop,
and 2.5 m/s’ is adopted as the maximum deceleration
rate”; [, is the average queue storage length, usually 30
m as recommendation"”’ .

The functional intersection area is critical to its func-
tion, in which motorists respond to the intersection, de-
celerate, and maneuver into the appropriate lane to stop
or to complete a turn. It consists of the distance during
perception-reaction time, the distance for maneuvering
and deceleration, and the length of the queue storage, as
shown in Fig. 1. The current procedure and parameter
values, which are used to determine the upstream func-
tional intersection area, can be found in Refs. [1,4]. The
emphasis in this paper is on determining the vehicles’ pla-
toon stable distance d,.

Fig.1 TIllustration of minimum spacing

1.2 Platoon stable distance

The number of traffic conflicts is minimum when the
platoon is completely in a dispersion state. Therefore, the

platoon dispersion degree can be used to measure the safety
performance of different road sections. The higher the pla-
toon dispersion degree, the larger the headway, which
means a high level of safety performance. The time head-
way is introduced to specify the platoon dispersion degree,

1y ol h=h
R=1- S fih) =1 - 3 00 )

where R is the platoon dispersion degree in the traffic
flow; n is the total number of vehicles; f(h,) is the influ-
ence function between vehicles; h, is the time headway
between vehicles, s; h, is the time headway threshold
when vehicles have no effect on each other, s; 5, is the
minimum safe time headway threshold, s.

When R =1, the traffic flow is under a free flow state;
when R =0, it is in a congested state. Using the platoon
dispersion degree to describe the freedom degree of the
traffic flow is a solid basis for studying the platoon dis-
persion process.

1.2.1 Relationship between volume and dispersion
degree

For a two-lane highway, the time headways yield dif-
ferent distribution forms under various traffic flow condi-
tions. Each distribution form has its special characteristics
and limitations. The shifted negative exponential distribu-
tion, which is not complicated and commonly suitable for
low to medium volume conditions, was adopted in this
paper. This distribution form can satisfy the precision re-
quirement'"”’. The mathematical form of the distribution
is

P(t=h) =exp[ —A(h-7)] =€XP[ _51/16]%73_ =
ath=-17_ [ —ah-1.2)
CXP[ T l-gr ] e [ (1-1.2¢9) ] )

where ¢ is the traffic flow rate, veh/s; 7 is the parameter
estimation value, which can be estimated by the sample
mean and variance, and its value interval is [1.0,1.5].
The time headway distribution is usually divided into
three states: the overtaking state (0 </ <1.2), following
state (1.2<h <4.8), and free flow state (h=4.8). 7 is
set to be 1.2 s, which is the threshold of the overtaking
state; h is the given time headway, s; A is the mean time
headway, s.

According to the definition of dispersion degree R and
influence degree function f( ), when h=h,, f(h) =0;
when h<h_;, f(h) =1; and for vehicles whose headway
yields h e {h,,,, h,}, the mean influence degree yields the
following equation:

Woohy —h
E(fin) = [ == dll =Pt > )] =

o= b h) -
> +
PRETRA

min hy
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Based on the calculated probabilities, Eq. (4) and the
definition of influence degree function f( ), the arithme-
tic mean value of the influence degree function under the
dispersion stable state can be computed using the follow-
ing equation:

o(P, -P)E[f(N] +Q(1 -Py) _

Q
(P, -P)E[f(h)] +(1 -P,) (3)

f(hl) =

where Q is the total vehicles arrived within each signal
cycle, veh; f(h ,) is the arithmetic mean value of the in-
fluence degree function under the dispersion stable state;
P, is the probability that the headway is larger than h,; P,
is the probability that the headway is larger than £, .

In Egs. (4) and (5), the computation of P,, P, can re-
fer to Ref. [10]. Therefore, the expression of the disper-
sion degree R, under stable state is

R, =f(h,) (6)

1.2.2 Dispersion degree when vehicles departing

When vehicles pass through an intersection, the traffic
flow condition consists of two parts: 1) During the early
green period, traffic flow is under saturation traffic flow,
and 2) During the late green period, traffic flow is under
the non-saturation state. In order to simplify the calcula-
tion, the number of vehicles that arrive in each cycle is
assumed to yield a uniform distribution, then

N,=0Q-N=gqgc—-q(r+t) (7)
with
1=
s—q
_ N+NE[f(h
&=ﬂ%>:—iléﬁ3l (8)

where R, is the dispersion degree when vehicles depart
from the upstream intersection; f(h,) is the arithmetic
mean value of the influence degree function when vehicles
depart; N is the number of vehicles departed under satura-
tion traffic flow, veh; ¢ is the saturated green time, s; N,
is the number of vehicles that departed during the late
green period, veh; s is the saturation flow rate, veh/s; ¢
is the cycle length, s; r is the effective red time, s; ¢ is
the arrival rate of upstream intersection, veh/s.
1.2.3 Model of dispersion degree along the segment
Based on the above analysis, the dispersion degree
along the segment can be formulated. When x =0, R =
R,; when x =, R =R,. Hence, the dispersion degree
yields the following equation:

R(x) =R,exp( —ax) + R, (1 —exp( —bx)) (9)

where R(x) is the dispersion degree value at a certain sec-
tion which is x away from the upstream intersection; a and
b are the undetermined constants; x is the distance between
the control point and the upstream intersection, km.

The parameters a and b in Eq. (9) can be estimated by
the field data, which should be collected from at least two
control points. In order to ensure the precision of the esti-
mation, four control points are investigated in this study
on the spot, where the investigated results at 0 m are
adopted in the parameter estimation.

2 Data Collection

The field surveys were carried out on sections of arteri-
al highways and collector highways. The following crite-
ria were used in selecting and observing the sample road
segments:

1) Independent, fixed period and two-phase signalized
intersection;

2) Low external disturbance, low non-motorized vehi-
cles, and pedestrians flow;

3) Low lateral interference within 500 m of an intersec-
tion downstream area (e. g., driveway);

4) The distance to the downstream intersection is lon-
ger than 1 000 m;

5) The wide field of vision, favorable for the arrange-
ment of traffic survey equipment.

Segment 1 Intersection “S122-G312” is located in
Jiangsu province, signalized by a signal cycle of 58 s.
The exit segment on S122 from west to east was ob-
served. S122 belongs to the minor arterial highway (2B
access classification) with a design speed of 80 km/h.

Segment 2  Signalized intersection “Danyang Road-
G312” is located in Jiangsu province, with a signal cycle
of 52 s. The exit segment from west to east on Danyang
Road was observed. Danyang Road belongs to the 3C ac-
cess classification with a design speed of 60 km/h.

Cameras were deployed at the successive control points
(100, 200, and 300 m) in the departure lane. The dura-
tion time of the synchronous observation was 1 h. The
videos were processed with the help of Moviemaker soft-
ware manually. At each control point, the vehicular li-
cense plate numbers and front bumper passing time were
recorded. The time headways were extracted during each
signal cycle. The dispersion degree was calculated under
stable state R, and at the starting point of the segment
R,.

For each signal cycle, the number of vehicles that pas-
sed through the intersection under saturation traffic flow
was found to be 60% of the total traffic volume. N/Q =
0.6 was adopted during the calculation. After the data
comparison of each cycle, the data of 20 signal cycles
was selected. The data analysis results for the two seg-
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ments are shown in Tab. 1 and Tab. 2. Overall, the wa-  the general distribution tendency is accordant; i.e., as
ving range of the dispersion degree at different control the distance away from the upstream intersection increa-
points for each signal cycle is relatively large. However, ses, the platoon dispersion degree decreases.

Tab.1 Field data analysis on Segment 1

Dispersion degree
Flow rate g/

Cycle  N/veh (veh - ) P, P, Py E(f(h)) fChy)  fChy) R, R, on observed section
100 m 200 m 300 m
1 7 0.121 0.585 0.893 0.107 0.165 0.158 0.666 0.666 0.158 0.476  0.355 0.279
2 4 0.069 0.751 0.942 0.058 0.099 0.077 0.639 0.639 0.077 0.411 0.329 0.217
3 5 0.086 0.694 0.926 0.074 0.122 0.102 0.649 0.649 0.102 0.462 0.286 0.191
4 6 0.103 0.638 0.910 0.090 0.144 0.129 0.657 0.657 0.129 0.449 0.362 0.271
5 4 0.069 0.751 0.942 0.058 0.099 0.077 0.639 0.639 0.077 0.427 0.321 0.225
6 7 0.121 0.585 0.893 0.107 0.165 0.158 0.666 0.666 0.158 0.512 0.413 0.307
7 6 0.103 0.638 0.910 0.090 0.144 0.129 0.657 0.657 0.129 0.453 0.362 0.213
8 4 0.069 0.751 0.942 0.058 0.099 0.077 0.639 0.639 0.077 0.416 0.285 0.208
9 4 0.069 0.751 0.942 0.058 0.099 0.077 0.639 0.639 0.077 0.445 0.323 0.219
10 5 0.086 0.694 0.926 0.074 0.122 0.102 0.649 0.649 0.102 0.457 0.333 0.213
11 6 0.103 0.638 0.910 0.090 0.144 0.129 0.657 0.657 0.129 0.472 0.342  0.265
12 8 0.138 0.534 0.876 0.124 0.185 0.187 0.674 0.674 0.187 0.536 0.442 0.337
13 4 0.069 0.751 0.942 0.058 0.099 0.077 0.639 0.639 0.077 0.434 0.316 0.207
14 6 0.103 0.638 0.910 0.090 0.144 0.129 0.657 0.657 0.129 0.475 0.378 0.282
15 3 0.052 0.811 0.957 0.043 0.075 0.054 0.630 0.630 0.054 0.272 0.000 0.000
16 6 0.103 0.638 0.910 0.090 0.144 0.129 0.657 0.657 0.129 0.463 0.349 0.242
17 7 0.121 0.585 0.893 0.107 0.165 0.158 0.666 0.666 0.158 0.523 0.446 0.352
18 5 0.086 0.694 0.926 0.074 0.122 0.102 0.649 0.649 0.102 0.396 0.307 0.226
19 4 0.069 0.751 0.942 0.058 0.099 0.077 0.639 0.639 0.077 0.439 0.301 0.189
20 5 0.086 0.694 0.926 0.074 0.122 0.102 0.649 0.649 0.102 0.451 0.324 0.193

Average 5.3 0.091 0.677 0.921 0.079 0.128 0.110 0.651 0.651 0.110
Tab.2 Field data analysis on Segment 2

Flow rate g/ ) . Dispersion degrf:e

Cycle  N/veh (veh - s-1) P, P, Py E(f(h)) f(hy) f(hy) R, R, on observed section
100 m 200 m 300 m
1 5 0.096 0.662 0.917 0.083 0.134 0.118 0.654 0.654 0.118 0.392 0.241 0.172
2 4 0.077 0.725 0.934 0.066 0.109 0.088 0.644 0.644 0.088 0.374 0.227 0.151
3 5 0.096 0.662 0.917 0.083 0.134 0.118 0.654 0.654 0.118 0.386 0.245 0.142
4 4 0.077 0.725 0.934 0.066 0.109 0.088 0.644 0.644 0.088 0.385 0.221 0.155
5 4 0.077 0.725 0.934 0.066 0.109 0.088 0.644 0.644 0.088 0.353 0.224 0.147
6 5 0.096 0.662 0.917 0.083 0.134 0.118 0.654 0.654 0.118 0.388 0.137 0.168
7 6 0.115 0.601 0.898 0.102 0.159 0.149 0.663 0.663 0.149 0.399 0.267 0.186
8 4 0.077 0.725 0.934 0.066 0.109 0.088 0.644 0.644 0.088 0.382 0.232 0.158
9 4 0.077 0.725 0.934 0.066 0.109 0.088 0.644 0.644 0.088 0.369 0.235 0.161
10 5 0.096 0.662 0.917 0.083 0.134 0.118 0.654 0.654 0.118 0.377 0.251 0.175
11 3 0.058 0.790 0.952 0.048 0.083 0.062 0.633 0.633 0.062 0.211 0.000 0.000
12 5 0.096 0.662 0.917 0.083 0.134 0.118 0.654 0.654 0.118 0.379 0.245 0.166
13 4 0.077 0.725 0.934 0.066 0.109 0.088 0.644 0.644 0.088 0.363 0.226 0. 146
14 5 0.096 0.662 0.917 0.083 0.134 0.118 0.654 0.654 0.118 0.372 0.253 0.162
15 4 0.077 0.725 0.934 0.066 0.109 0.088 0.644 0.644 0.088 0.351 0.219 0.131
16 6 0.115 0.601 0.898 0.102 0.159 0.149 0.663 0.663 0.149 0.347 0.258  0.183
17 3 0.058 0.790 0.952 0.048 0.083 0.062 0.633 0.633 0.062 0.000 0.000 0.000
18 5 0.096 0.662 0.917 0.083 0.134 0.118 0.654 0.654 0.118 0.358 0.239 0.172
19 4 0.077 0.725 0.934 0.066 0.109 0.088 0.644 0.644 0.088 0.368 0.230 0.159
20 5 0.096 0.662 0.917 0.083 0.134 0.118 0.654 0.654 0.118 0.367 0.242 0.164

Average 4.5 0.087 0.693 0.926 0.074 0.122 0.103 0.649 0.649 0.103
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3 Determination of Parameters

3.1 Time headway threshold

Numerous observations and statistics are required to de-
termine the time headway threshold. Generally, the
thresholds are related to vehicle speeds and vehicle

types[ 2

Due to the speeds varying along with road sec-
tions, the corresponding thresholds should be different.
Furthermore, the differences in the proportions of vehicle
types for various functional category highways will also
result in different headway thresholds. Considering the
numerous differences, we measured the headway thresh-

193] " The mini-

old based on the previous research results’
mum time headway £, to ensure safe driving is 2 s; the

time headway threshold under free flow state is 5 s.
3.2 Model parameter calibration

Based on the conclusions of the field survey, the pa-
rameters used in the dispersion degree model were calibra-
ted using the Leverberg-Marquardt method in SPSS. At
the beginning of calibration, R, and R, were input as the
known parameters. The initial value of parameter a is 3,
and b is 4. The model calibration results are shown in
Tab. 3.

Tab.3 The results of model calibration

95% confidence interval

Computed Standard

Segment Parameter . ower Upper
value  deviation

bound bound

Segment 1 a 5.582 0.278 6.139 5.025

(arterial ) b 15.268 6.726 28.732 1.804

Segment 2 a 9.348 0.640 10. 629 8.068

(collector) b 29.340  38.895 107.197 48.517

Furthermore, based on the mean flow rate in all 20 sig-
nal cycles, the dispersion degrees R, and Rl are calculated
and shown in Tab. 1 and Tab.2. The results are regarded
as the representative values for arterial highways and col-
lector highways. Hence, the dispersion degree models for
arterial and collector roads are illustrated by the following
two equations respectively.

R,...=0.651 3exp( —5.582x) +

0.110 2(1 —exp( - 15.268x) ) (10)
R s =0.648 8exp( —9.348x) +
0.102 8(1 —exp( —29.34x)) (11)

3.3 Platoon dispersion stable distance

According to Eq. (10) and Eq. (11), when x—o , R
—R,. It is found that the curve is monotone decreasing,
at least before reaching the stable state. Therefore, the
slope f of the dispersion degree function can be used to
estimate the stable point, the curve slope equations are

Foenn =1.682 Sexp( —15.268x) —3.635 6exp( —5.582x)
(12)

Foanear =3.016 2exp( —29.34x) —6.065exp( —9.348x)
(13)

The changes in the dispersion degrees and slopes with
increasing distances to the upstream signalized intersec-
tions can be observed (50 m interval) , as shown in Fig.
2 and Fig.3. When f= -0. 1, the dispersion degrees are
regarded as reaching a sufficient small value. The corre-
sponding distance is the expected distance to stabilize the
traffic flow. The dispersion stable distance for two-lane
highways are shown in Tab. 4.

0.87
0.7k —x— Arterial
1 —— Collector
0.6
0.5}
0.4
<
0.3r
0.2}
0.1f o
0 L L L L ]
0 0.2 0.4 0.6 0.8 1.0
x/km
Fig.2 Platoon dispersion degree trend
0 :.................t;,.,::.;f;;;;:;nm———*ﬂ—*—'

—«— Arterial
—+— Collector

0.6 0.8 1.0
x/km

Fig.3 Curve slope of dispersion degree distribution trend

Tab.4 Minimum spacing of signalized intersections

Functional Design speed/ Minimum spacing/m

category (km-h7') d, A I, I d, L™
Arterial 80 640 60 120 30 210 1010
Collector 60 440 45 80 30 155 730

3.4 Minimum spacing

Based on the analysis above, the minimum spacing of
highway signalized intersections can be measured as
shown in Tab. 4.

4 Conclusion

Based on the platoon dispersion theory, an analytical
method is proposed to measure the minimum spacing for
signalized intersections, which is determined by the traf-
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fic flow stable distance and the length of the intersection
upstream functional area. In order to obtain the minimum
distance that will make the platoon dispersion stable, the
changes in platoon dispersion are estimated with the var-
ying distance to the upstream signalized intersection. The
length of the upstream functional intersection area is de-
termined based on previous research. This paper places
particular emphasis on the theoretical analysis of optimal
spacing of signalized intersections from the aspect of traf-
fic flow stability. However, the traffic flow stable dis-
tance is influenced by various factors, such as the propor-
tion of vehicle types, traffic volumes,
time headways.
tailed field data to calibrate the model. Furthermore, in
engineering practice,
signalized intersection spacing should be adjusted consid-
ering various influencing factors, such as access catego-
and median openings.

and distribution of
Future research should collect more de-

the recommended specifications for

ry, land use, driveways,
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