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+e performance of intersections has been considered a key factor in measuring the efficiency of urban road systems. In this paper,
a reliability model for a two-phase signalized intersection is proposed on the basis of presenting a concept of traffic function
reliability (TFR). First, classic cumulative curves are created to derive delay formulas. +en, a model for traffic function reliability
is proposed based on the quantitative relationship between the random traffic flows, signal timing, and queue lengths. Finally, the
delay threshold of the intersection is determined by referring to the level of service. A numerical simulation has been created to
clarify the proposed mechanism of TFR.+e results show that the saturation and the green time ratio have a dramatical influence
on TFR. Under different saturation levels, the sensitivity of TFR to changes in green time ratio gradually weakened. When the
green signal ratio increases above a certain value, TFR remains nearly constant. Amicroscopic simulation verified the applicability
of the proposed model. +e results show that the accuracy of the model is close to 90% in the case of low saturation. +is method
provides road authorities useful insights to understand travel time variability.

1. Introduction

With the rapid development in communication tech-
nologies, passengers, drivers, and traffic managers rapidly
obtain real-time traffic information that is used to modify
their behavior. Using this real-time information, trans-
portation can evaluate the operational efficiency of urban
roads from a random perspective [1, 2]. Reliability theory
has become an effective method to study the stochastic
traffic performance [3]. System reliability is defined as the
probability that a component or system will perform a
required function for a given period of time [4]. Reliability
theory provides a more comprehensive insight into the
performance of the traffic system and evaluates alternative
traffic management strategies. So far, some studies have
found that reducing travel time fluctuations can provide
travelers with more benefits than just reducing travel time
[5, 6]. Probability distribution is often presented in three
different ways:

(1) Histogram.+e bar heights in the histogram indicate
the relative frequency of a particular condition

(2) Probability Density Function (PDF). PDF portrays
the same information as the histogram, except that
the bar heights are normalized to 1.0 or 100%

(3) Cumulative Distribution Function. CDF is based on a
PDF, where a point value in CDF represents the
integral of the PDF up to that instance

Previous studies have analyzed the reliability of networks
through topology, which is used to evaluate the efficiency of
urban arterials [7]. Existing literature includes research on
network connection reliability [8], traffic capacity reliability
[9], travel time reliability [10–12], service level reliability
[13], and several other aspects [14].

Because it is a significant component, the impact of
signalized intersections on network reliability is critical and
scholars have carried out research on the reliability at in-
tersections [15]. Delays at signalized intersections account
for a significant part of travel time for travelers on urban
arterials [16]. Intersection travel time distribution has an
important impact on the reliability of networks [5].
+erefore, the concept of intersection reliability has been
proposed [17].
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In this field, some researchers focus on delay distribution
models. Olszewski [4, 18] developed an average delay
probability distribution model based on a sequential cal-
culation of the queue length probability. Zuylen and Viti [19]
modeled the dynamics of the queue length probability
distribution within one cycle, rather than using the dy-
namics of queue length. A generic delay probability dis-
tribution expression for both undersaturated and
oversaturated situations was derived by assuming the initial
queue and stochastic arrivals. However, the expression is
rather complicated and may not be well suited for practical
applications. Chen et al. [5, 15, 20, 21] performed an ana-
lytical model to estimate the distribution of average control
delay. +e average delay formula is derived through classic
cumulative curves. +ey made an analogy with the Markov
chain process to clarify the mechanism of stochastic delays
and overflow queues. Based on their analytical model, they
estimated the travel time through a convolution of indi-
vidual link travel time distributions.

Some scholars put forward new performance measures
to evaluate signalized intersection reliability. Lo [22]
developed a measure to describe the performance of a
traffic signal. +eir model estimated the probability that
an available green time in a given phase is able to clear
approaching traffic. +ey refer to this concept as the phase
clearance reliability (PCR). Zhu and Song [23] proposed a
concept of travel time versus capacity reliability (TCR)
with the consideration of intersection capacity limitation.
Combined with probability theory, they analyzed the
advantage of the TCR and presented a method to obtain
acceptable levels of TCR. To describe whether the start
time of signal timing planning adapts to stochastic traffic
flow, Yu et al. [24] put forward the concept of control
scheme reliability. +ey set up a series of virtual experi-
ments using a proposed performance index. +e results of
their research show that it is effective to optimize signal
timing to adapt to the time-varying traffic flow. Using the
application of phase clearance reliability (PCR), Lv and
Niu [25] explored the quantitative relationship among
phase clearance reliability, cycle length, and green time.
+ey deduced the PCR formula in the cases that traffic
flow obeys either the normal or negative exponential
distribution.

Based on the analysis of previous studies, the two
topics are needed. +e first is to study the influence of
some traffic performance indicators on travel time re-
liability which includes delays, queue length, and other
factors. +e other topic uses the intersection signal
timing and proposes new indicators such as phase
clearance reliability and travel time versus capacity.
Research on intersection reliability has received con-
siderable attention. Besides using empirical travel time
data, efforts have been made to model travel time reli-
ability through approaches with traffic assignment [26].
However, there has been little discussion about the re-
liability of real-time signal control intersections. Van
Lint et al. classified quantitative indices for travel time
reliability into four categories: statistical indices, buffer
indices, tardy trip indices, and probabilistic indices. +e

first three indices are used to measure travel time reli-
ability between OD in the transportation network. +e
probabilistic indices refer to the proportion of trips
whose travel times exceed a predetermined travel time
threshold [27]. +us, the probabilistic index is used to
interpret the real-time reliability when vehicles travel
through intersections.

+e primary objective of this study is to propose a
method for signal control intersection reliability and to
improve the assessment of these intersections. A proposed
TFR model will be used to obtain the reliability of signalized
intersections in real time and to provide drivers with in-
formation about signalized intersections so they can use that
information to plan their routes.+is research contributes to
a deeper understanding of the intersection travel time re-
liability. +e study makes three contributions:

(1) Using the concept of traffic function reliability
(TFR), a method to calculate TFR is created.

(2) +e effects of saturation and green time ratio on TFR
is studied using a numerical simulation.+ese results
show that under different saturation conditions, the
value of TFR gets a rapid rise with an increasing
green time ratio. When the green signal ratio in-
creases greater than a certain value, the value of TFR
reaches a plateau.

(3) +e validity of this model for the case when there is
low saturation is verified by a microscopic simula-
tion model after the model was calibrated with actual
data.

+e structure of this paper is as follows. +e first section
gives an introduction on quantitative evaluation method of
TFR.+e second section is concernedwith thismethodology. In
that section, delay formula is created and the TFR model is
proposed. Next, the delay threshold is determined at inter-
sections according to the level of service. +e last two sections
are a numerical case study and a model application, which
clarify the proposed mechanism for TFR. +e schematic of
intersection evaluation is shown in Figure 1.

2. Problem Description

2.1. Traffic Function Reliability. +e average delay for vehicles
is the critical indicator for intersection reliability. In system
reliability theory [28], traffic function reliability (TFR) is de-
scribed as the probability that the average delay reaches the level
of traffic function requirements at signalized intersection under
specific conditions for a given period of time. A diagram for
TFR is shown in Figure 2.

Based on the intelligent transportation system, the reliability
of the two-phase signal intersection can be obtained through the
TFR model. According to the evolvement of reliability over a
period of time, it is possible to reflect the delay variation. As
reliability increases, the probability that average delay is less than
the delay threshold also increases.

2.2. Parameter Description. +e variables that are used in
this paper are summarized (Table 1).
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2.3. Mathematical Description. Figure 3 shows a vehicle
queuing diagram. It describes the phenomenon of vehicles
queuing in oversaturated situations. +e length of vehicle

queue reaches the maximum in cycle i when red light phase
ri ends. After that, the queue length starts to decrease. When
the arrival curve and departure curve intersect, the queue
length becomes zero. +e vertical dashed lines (Figure 3)
represent the queue length, and the gray area is the total
delay in cycle i [29].

+e delay equations are derived based on the above
geometrical relationships. It can be concluded that vehicle
average delay is related to signal timing, queue length, traffic
flow, and saturation flow. In this paper, it is assumed that the
arriving traffic follows a Poisson distribution so that the
traffic flow obeys an exponential distribution. +e expres-
sions of average delay, traffic flow distribution, and TFR are
as follows:

d � Φ ni, q, tc, ri, s( ,

q ∼ Eλ,

Ri � P d≤do .

⎧⎪⎪⎪⎨

⎪⎪⎪⎩

(1)

Using equation (1), reliability at a signalized intersection
can be described by the following equation:

Traffic function reliability for signalized 
intersections

Quantitative evaluation method of traffic
function reliability for signalized intersections

Develop

Propose

Conclude

System reliability theory

Reliability model for signalized intersections

Average delay formulas

Probability theory

Reliability for signalized intersections formulas

Degrees of saturation(i)
Green time ratio(ii)
Simulation duration(iii)

Classic vehicle arrival
cummulative curve

(i)

Poisson distribution(ii)

Figure 1: Schematic of intersection evaluation.

Import

Methodology

Intersection reliability evaluation

Intersection signal optimization

Application

Vehicle average delay(i)
Model of TFR(ii)
Delay threshold(iii)

Real-time data of intersection(i)
Various parameters(ii)

Figure 2: Construction layout for TFR.

Table 1: Definition of the variables.

Φ: delay formula
F: probability distribution function
ni: the overflow queue at the beginning of cycle i

q: the arrival rate (veh/s)
s: the saturation flow rate (veh/s)
gi, ri: the green time and the red time during cycle i (s)
λ: green time ratio
d: the average delay d for vehicles during cycle i (s)
tc: cycle length (s)
Ri: reliability of signalized intersections
P(·): the probability that indicator attains to the level of traffic
function requirements at signalized intersections
d0′: base value of the delay threshold (s)
δ: adjustment coefficient of delay threshold
d0: delay threshold (s)
SABEFD: area of ABEFD
t′: the green time when arrival curve and departure curve intersect
v/c: ratio of traffic volume to capacity
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Ri � P d≤ tdo  � F( q � ψ ni, tc, ri, s, do( . (2)

3. Reliability Model

In this section, the preliminaries are discussed, and then, the
estimation method of TFR for a signalized intersection is
derived. Afterwards, the method for determining delay
threshold is presented.

3.1. Preliminaries. In real life, arrivals are uncorrelated. A
common way to deal with this in a model is to assume that
the average arrival does not change significantly during the
evaluation period. In addition, the arrivals are constant with
a specific distribution. For example, Olszewski adopted the
Poisson arrival process to model the arrivals evolvement
over time at isolated intersections [18]. Later, Zheng et al.
analyzed the delay distributions with the Poisson arrival
distribution and with the Binomial arrival distribution.
Results show that different arrival patterns have little in-
fluence on the delay distribution in undersaturated condi-
tions [16].

In this paper, the traffic volume of the intersection of
Nanjing Road andHenan Road in Shanghai is collected in an
oversaturation condition.+e data were collected onMay 21,
2018, from 8 : 00 to 8 : 45. By fitting the data, it can be
concluded that the traffic volume obeys an exponential
distribution and the goodness of fit is shown in Table 2. +e
Kolmogorov–Smirnov test method is used. +e results show
that the traffic volume obeys an exponential distribution.
+erefore, in this case of oversaturated conditions, it is
feasible to assume that the arrival of traffic obeys a Poisson
distribution (Figure 4).

As in several previous research studies on travel time
variability [15, 20], although it is assumed that the number of
vehicle arrivals per cycle is a random variable with a known
probability distribution, vehicle arrivals are able to be
uniformly distributed within each cycle. Intersection han-
dling capacity refers to the maximum number of vehicles
that can be dealt with in a given period. It is also regarded as

the saturation flow rate [15, 20]. So far, the saturation flow
rate has been assumed to be a constant value [29] or either a
binomial [28] or normal [19] distribution.

In this study, TFR for an isolated signalized intersection
is estimated in real time.+e following is a brief summary of
the assumptions that have been made:

(i) +e number of vehicle arrivals per cycle is random
with a known probability distribution. In the case of
an isolated intersection, a Poisson distribution is
used.

(ii) +e saturation flow rate is assumed to be a constant..
(iii) Traffic function reliability during a certain evalua-

tion period is used as a performance measure of the
signalized intersection.

3.2. Reliability Model of a Signalized Intersection. With
reference to system reliability theory [28], the concept of
traffic function reliability is introduced and defined as the
probability that average delay reaches to the level of traffic
function requirements at signalized intersections under
specific conditions for a given period of time. Mathe-
matically, the traffic function reliability (TFR) is expressed
as

Ri � P d≤ tdo . (3)

As shown in equation (3), TFR is coherently related to
the average delays. Using real-time data, this paper utilizes
the classic vehicle arrival cumulative curve proposed in
HCM2000 to construct a calculation model of vehicle delay.
+e calculation of average delay is divided into two cases
(Figure 5).

(1) Figure 5(a) shows that the arrival curve and de-
parture curve do not intersect during cycle i, which
means that traffic demand exceeds the approach
capacity for departures. In that case, not all vehicles
could depart during cycle i. Some will incur an extra
delay waiting for the green phase of cycle i + 1 or
even later cycles.
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Figure 3: Vehicle queuing.
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(2) Figure 5(b) shows that the arrival curve intersects the
departure curve during cycle i. All vehicles are able to
depart during the cycle.

According to the geometric relationships described
previously, the average delay d for vehicles during cycle i is
calculated by the following equations:

(1) ni + qtc > sgi

d �
2ni + qtc( tc − g

2
i s

2 ni + qtc( 
, (4)

(2) ni + qtc < sgi

d �
n
2
i + 2risni + r

2
i sq

2(s − q) ni + qtc( 
. (5)

According to equations (4) and (5), the average delay is
related to the overflow queue at the beginning of every cycle
and the arrival rate.+erefore, the reliability at signal control
intersections can be calculated for four cases:

(1) ni � 0,

(i) qtc > sgi, substitute equation (4) into equation (3).

Ri � F q �
g
2
i s

t
2
c − 2tcdo

 , (6)

Ri � F q � s −
r
2
i s

2tcdo

 . (7)

(2) ni ≠ 0,

(i) ni + qtc > sgi, substitute equation (4) into equa-
tion (3).

Ri �

F q �
g
2
i s + 2ni d0 − tc( 

t
2
c − 2tcd0

 , t
2
c − 2tcd0 ≥ 0,

1 − F q �
g
2
i s + 2ni d0 − tc( 

t
2
c − 2tcd0

 , t
2
c − 2tcd0 < 0,

⎧⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

(8)

Ri � P(φ(q)≤ 0),

φ(q) � 2tcd0q
2

+ 2q nid0 + r
2
i s − stcd0  + n

2
i + 2nis ri − d0( .

(9)

(ii) qtc ≤ sgi, substitute equation (5) into equation (3).
(ii) ni + qtc ≤ sgi, substitute equation (5) into equation

(3).

Note that the signalized intersection system is governed
by a cyclic mechanism [30]. +is method allows researchers
to use discrete time steps, which are equal to the cycle length,
and to calculate the initial queue length distribution at the
beginning of every period. Regardless of the timing control
or real-time adaptive control strategy, the state of ni+1 de-
pends only on the state of the previous ni and the number of
arrivals and departures in a period of time. +is method is
also referred to as renewal theory [31], where ni+1 can be
calculated by the following equation:

ni+1 � ni + qtc − sgi. (10)

4. Delay Threshold

+e quantity, d0, in equation (3) represents the delay
threshold. TFR represents the probability that the average
delay is less than d0. In HCM2000, control delay refers to the
extra time experienced by users due to the signal controllers,
including the time of vehicle acceleration, deceleration, and
waiting for the green light [29]. According to the code for
design of urban road engineering of China (CJJ37-2012)
[32], the level of service at urban road intersections is di-
vided into four regions (Table 3).

In this study, control delay of intersection in the first
level of service is used as the basis for determining the delay
threshold. Different delays result from the mix of vehicle
speed, intersection level of service, and intersection location.
Accordingly, taking these interfering factors into consid-
eration is necessary.

When in commercial areas, the travel time is more
valuable; correspondingly, the delay threshold should be
smaller than in suburbs. As a whole, delay increases as the

Table 2: Goodness of fit.
Root mean squared error (RMSE) 36.9
Coefficient of determination (R-square) 0.9518
Degree-of-freedom adjusted coefficient of determination (adjusted R-square) 0.949
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Figure 4: Data fitting of traffic volume.
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number of phases increases. In order to unify the eval-
uation criteria, the delay threshold with a large number of
phases should be larger. Taking the above influencing
factors into account, this paper introduces the adjustment
coefficient δ to determine the delay threshold. +e traffic
environment of each intersection is different and traffic
conditions of the same intersection can also be different
in different time periods, which should be considered at
the same time when determining the delay threshold.
+erefore, the range of adjustment coefficient δ is given
alone. For each actual intersection, the δ will be obtained
after sensitivity analysis in different conditions. +e range
of adjustment coefficient δ is defined in equation (11) and
the values are shown in Table 4.

d0 � δ × d0′ . (11)

5. Numerical Examples

In this section, saturation and green time ratio are taken into
account to investigate their effect on the TFR. To illustrate
the applicability of the proposed models, this study applies
the control approach to an intersection, which has two lanes
(one approaching lane and one exit lane) at each arm
(Figure 6). +e simulation time is 30 minutes and the initial
queue is zero at the beginning of each simulation. +e
parameters are shown in Table 5.

5.1. Sensitivity toDifferentDegrees of Saturation. +is section
will analyze the evolution of TFR and delay probability

distribution for saturation values of 0.5, 0.7, and 0.9. +e
results show that when 30 cycles are simulated, the TFR of
the intersection tends to be stable. Consequently, this paper
using an evaluation period is 30 cycles.

Figure 7 illustrates the evolution of the average delay for
different saturation cases (v/c � 0.5 to 0.9). In this region, the
shape of delay distribution gradually evolves from a single
peak to a bimodal distribution. +e figure further shows that
the average delay distribution is significantly influenced by
the saturation.

Figures 8(a) and 8(b) show the evolution of average delay
and TFR for a saturation of 0.5. It is apparent that the shape
of the delay distribution changes very little after the first five
cycles. +e average delay probability exhibits a unimodal
distribution over time (Figure 8(a)). TFR is approximately
0.7 as the number of cycles increases (Figure 8(b)). When
traffic demand is less than the saturated flow, almost all
vehicles can depart in one cycle. In that case, the TFR at the
intersection is high. +erefore, the results of numerical
simulation are consistent with the actual situation.

Figures 8(c) and 8(d) illustrate the evolution of average
delay and TFR at a saturation of 0.7. As the number of cycles
increases, the probability of average delay gradually changes
from a single peak to a bimodal distribution (Figure 8(c)).
From Figure 8(d), we can see that when the saturation is 0.7,
the value of TFR eventually stabilizes around 0.4. With a
saturation of 0.5, the TDR decreases to 0.3. A possible ex-
planation for these results might be that the later arrivals in a
cycle are prone to be influenced by overflow queues and
therefore must wait for more than one cycle. Consequently,
the probability of a high delay increases.

Figures 8(e) and 8(f) describe the evolution of the average
delay and TFR under a saturation of 0.9. +e rapid change of
delay distribution becomes quite apparent (Figure 8(e)).
Compared to the saturation at 0.7, the probability of vehicles
waiting for more than one cycle increases faster, and the
probability of high delay is greater. When the traffic flow is
close to saturation, the TFR is as low at about 0.1 (Figure 8(f)).
As the flow saturation increases, vehicles entering the
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Figure 5: Delay in cycle i: (a) arrival traffic demand is higher than approach capacity. (b) Arrival traffic demand is lower than approach
capacity.

Table 3: Signal control intersections service level.

Level of service 1 2 3 4
Control delay (s/vel−1) <30 30∼ 50 50∼ 60 ≥60
v/c rate <0.6 0.6∼ 0.8 0.8∼ 0.9 ≥0.9
Queue length (m) <30 30∼ 80 80∼100 ≥100
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Table 4: Range of adjustment coefficient δ.

Phase
Control area

Intersections in commercial district Intersections in residential area Intersections in fringe area
Two-phase (0.90, 1.00] (1.00, 1.10] (1.10, 1.20]
+ree-phase (0.95, 1.05] (1.05, 1.15] (1.15, 1.25]
Four-phase (1.00, 1.10] (1.10, 1.20] (1.20, 1.30]

3.
5m

250m

Figure 6: Geometric layout of an arm in the numerical case.

Table 5: Parameters in numerical case study.

Cycle length, tc (s) Green time, gi (s) Red time, ri (s) Saturation flow rate, s (pcu/h) Delay threshold (s)
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Figure 7: +e evolution of delay probability distribution under the degrees of saturation from 0.5 to 0.9.
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Figure 8: Continued.
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intersection approach queue up. In this case, the driving be-
havior becomes more complicated, and the traffic capacity
changes.+erefore, it is possible that the TFR of 0.1 under high
saturation may be inconsistent with real conditions.

According to the above analysis, it can be concluded that
the intersection average delay changes from a unimodal
distribution to a bimodal distribution with an increase of
traffic flow saturation, and the intersection reliability decreases
significantly with the increase of traffic flow. In low flow
saturation, the TFR of a signalized intersection is high and
most vehicles can depart the intersection in one signal cycle.
While in the high flow saturation condition, the TFR becomes
low and the probability of high vehicle delay is increased. In
this case, the traffic efficiency at intersections is reduced.

5.2. Sensitivity to Different Green Time Ratio. +e analysis in
Section 4.1 shows the influence of saturation variation on delay
probability distribution and TFR. In this section, the evolution
of TFR with the change of green time ratio is analyzed.

Figure 9 describes the evolution of TFR at a signal
control intersection approach under the saturation of 0.3,
0.5, and 0.7. +e cycle length is 60 s. What stands out in this
figure is that the green time ratio has a significant impact on
TFR. For low values of the green time ratio, TFR increases
rapidly, while it becomes constant for higher values of the
green time ratio. What is surprising is that when the TFR
becomes a constant at different saturation value, the green
time ratio is still less than 1.+is result is indicated in the red
box area. +ese results indicate that the adjustment of the
signal timing plan does not necessarily improve the inter-
section reliability. Changes in TFR are more sensitive at low
saturation. When the green time ratio is constant, overall,
the TFR is higher than that at high saturation (Figure 9).

5.3. Comparison betweenNumerical Analysis and Real-World
Example. +e traffic data and signal control scheme of two
actual intersections (the intersection of Boshi Road and
Zuchongzhi Road; the intersection of Boshi Road and
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Figure 8: Delay distribution and reliability degree (v/c � 0.5, 0.7, and 0.9). (a) Delay distribution. (b) Evolution of TFR. (c) Delay dis-
tribution. (d) Evolution of TFR. (e) Delay distribution. (f ) Evolution of TFR.

8 Advances in Civil Engineering



Guanlin Road) are collected to analysis the ability of the
proposed model to solve real-world problems. According to
the actual data obtained, the reliability of the two inter-
sections is calculated, respectively, whose results are com-
pared with those in the sensitivity analysis, as shown in
Figures 10 and 11.

As shown in Figure 10, according to the traffic data
during the morning peak period, the TFR of the intersection
of Boshi Road and Zuchongzhi Road is obtained based on
the proposed model. +e saturation in morning peak period
is similar to 0.9. Hence, the TFR of actual intersection is
compared with the TFR at a saturation of 0.9 in the nu-
merical analysis. It is apparent that the traffic function re-
liability is low and the probability that average vehicle delay
is larger than delay threshold is high due to the high sat-
uration degree, which is consistent with the actual situation.

As shown in Figure 11, the TFR of the intersection of
Boshi Road and Guanlin Road is obtained during the off-
peak period. +e saturation is about 0.3. +e TFR is
compared with that at the saturation of 0.5 in numerical
analysis. It is obvious that the reliability of actual inter-
section is higher than that in the saturation of 0.5. +is
result indicates that when the traffic flow saturation is
lower, the reliability of the intersection is higher, and the
probability that the average vehicle delay is less than the
delay threshold is higher.

6. Model Validation

To verify the applicability of the proposed method, this
section constructs a case intersection, which was micro-
scopically simulated at saturations of 0.3, 0.5, and 0.7. +e
case intersection is a two-phase signal control intersection
that is illustrated in Figure 12. +e parameters of the in-
tersection are shown in Table 6.

+e vehicle speed and vehicle composition are the de-
fault values. +e green time ratio λ changes from 0.1 to 0.9

with a 0.05 step size. +e simulation runs for 3600 s under
every signal timing plan, and random seeds are different for
each simulation. When the green time ratio is low (e.g.,
λ � 0.1, 0.15, 0.2, 0.25, 0.3, and 0.35), a warning appears
during the simulation, and some vehicles do not pass
through the intersection at the end of simulation. In this
case, only the data of vehicles leaving the intersection are
selected for the analysis. After the microsimulation, the TFR
of westward approach was calculated. +e comparison be-
tween microscopic simulation and model estimation is
shown in Figure 13.

Figures 13(a)–13(c) present a comparison between
microsimulation and model estimation. At a saturation of
0.3, TFR increases rapidly as λ increases. When λ is greater
than 0.5, the TFR of the west approach tends to be stable. A
possible explanation for this phenomenon is that in the case
of low saturation, almost all arrivals are able to leave in one
cycle.+erefore, most vehicles experience low delays and the
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Figure 9: Green time ratio: the reliability of the signalized in-
tersection approach.
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numerical example with a saturation of 0.9.
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Figure 11: Traffic function reliability of actual intersection for a
saturation of 0.3 and in numerical example with a saturation of 0.5.
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TFR rapidly tends to 1. At a saturation of 0.5 and 0.7, the
TFR gradually reaches 1 when λ is more than 0.75. When the
saturation is high, the TFR can be increased to 1 only by
obtaining a longer green time. It is somewhat surprising that
the green time ratio is far less than 1 when the TFR reaches 1,
as shown in the red marker (Figure 13).

Figures 14 and 15 provide the deviation between
microsimulation calculation and model estimation. It can
be seen that the absolute error of approach reliability is
less than 0.2 overall. When the saturation is 0.3, the
absolute error between microsimulation and model es-
timation is less than 0.1. +e relative error is less than 20%,

250m

Figure 12: Geometric layout of an arm in the microsimulation.

Table 6: Parameters in microscopic simulation.

Cycle length, tc (s) Lanes Lane width (m) Lane length (m) Simulation time (s) Delay threshold (s)

60 2 3.5 250 3600 30
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Figure 13: A comparison between microsimulation calculation and model estimation. (a) v/c � 0.3, (b) v/c � 0.5, and (c) v/c � 0.7.
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except when the green time ratio is 0.1. When the flow rate
is in the case of high saturation, the absolute error is all
most more than 5%. Especially in the flow rate of 0.7, the
absolute error is more than 10%, even though in the
situation of high green time ratio. A comparison of the
two results reveals it is reasonable to evaluate the oper-
ation of signalized intersections using the reliability
model constructed. At the same time, these results further
support the assumption that this paper’s model is more
suitable to the reliability evaluation under low and me-
dium traffic saturation.

7. Conclusions

+is study proposes a TFRmodel to evaluate the reliability of
signal control intersections. +e model introduces traffic
function reliability on the basis of probability theory. A
procedure was proposed for calculating TFR considering an
average delay. After that, the numerical case study of TFR
was conducted, taking into various factors (i.e., saturation
and green time ratio). +e model was evaluated in micro-
simulation, and the results indicate the ability of the pro-
posed method to assess the reliability of intersections. It can
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Figure 14: Mathematical deviation between microsimulation calculation and model estimation.
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Figure 15: Absolute error and relative error between microsimulation calculation and model estimation.
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be seen from the results that the accuracy of the model
solution is close to 90% in the case of low saturation, which
indicates that the proposedmodel is reasonable in evaluating
the reliability of intersections.

In summary, the ability to capture the evolution of the
TFR at signal control intersections is a critical step in
evaluating the performance of urban roads. Gaining
knowledge of intersection reliability makes it possible to
estimate the probability of the average delay. However, it is
unfortunate that this study only considered the reliability of
isolated intersections and did not consider the impact of
adjacent intersections. One should increase the complexity
of this model by studying the reliability of correlated in-
tersections. Additionally, the focus on identifying the entire
intersection reliability is beneficial to the evaluation of urban
road system. +is will be the foundation of our future work.
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