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Abstract—Aiming to comply with the requirement of parallel-
transportation management systems (PtMS), this paper presents a short-
term traffic flow prediction method for signal-controlled urban traffic
networks (UTNs) based on the macroscopic UTN model. In contrast
with other time-series-based or spatio-temporal correlation methods, the
proposed method focuses more on using the substantial mechanism of
traffic transmission in road networks and the topology model of the entire
UTN. Furthermore, this approach employs a speed-density model based
on the fundamental diagram (FD) to obtain more accurate travel times
in links. In the comparison experiment, the microscopic traffic simulation
software CORSIM is adopted to simulate the real urban traffic. The ex-
periment results fully verify the outstanding performances of the proposed
prediction method.

Index Terms—CORSIM, fundamental diagram (FD), parallel-
transportation management systems (PtMS), short-term traffic flow
prediction, urban traffic network (UTN) model.

I. INTRODUCTION

Parallel-transportation management systems (PtMS) have been re-
cently proposed and verified in the real world, as a novel and effective
solution for modeling, analysis, and control of complex urban traffic
systems [1], [2]. PtMS consist of five major components: 1) actual
transportation systems; 2) artificial transportation systems (ATS);
3) traffic operator and administrator training systems (OTSt); 4) de-
cision evaluation and validation systems (DynaCAS); and 5) traffic
sensing, control, and management systems (aDAPTS).

However, when we develop and apply PtMS in engineering practice,
some related intelligent transportation systems theory and technolo-
gies face new challenges. For instance, in the fourth component of
PtMS, i.e., DynaCAS, emerging traffic patterns need to be accurately
predicted based on computational modeling of traffic flow, road, and
environments involved in transportation activities. However, the exist-
ing traffic prediction models are seldom built based on the mechanism
of traffic moving in road networks and the impact of the related
environment factors, but they always focus on fitting the change
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tendency of traffic flow with some function tools based on historical
data or upstream links. This situation can be reflected by the following
review.

Short-term traffic flow prediction has been deeply studied for several
decades, as one of the key technologies for advanced traffic man-
agement and traveler information services. Since the early 1980s,
researchers have employed the historical data to predict short-term
traffic flow by different methods, mostly in freeways, e.g., prediction
through Kalman filtering [3], the nonparametric regression method
[4], the autoregressive integrated moving average (ARIMA) [5], the
artificial-neural-network approach [6], the fuzzy logic-based method
[7], etc. By considering the traffic flow as time series, these approaches
can mostly perform well on a freeway or a location on an urban artery,
instead of the whole complicated urban-road network. In the recent
years, approaches that are incorporating temporal and spatial charac-
teristics have been presented to predict urban traffic flow. Sun et al. [8]
proposed the approach based on the Bayesian network, which takes
account of historical data from both current and neighbor junctions to
achieve better effectiveness. Vlahogianni et al. [9] proposed multilayer
perceptions that were fed with volume data from sequential locations
to improve the accuracy of short-term forecasts. Min and Wynter [10]
predicted road traffic by taking into account the spatial characteristics
of a road network, which contain not only the distances but the average
speeds in the links as well.

Because of the consideration of the operation mechanism of the
network traffic flow, these aforementioned methods can usually ob-
tain good effect only in normal traffic statuses, i.e., the traffic flow
smoothly or gradually changes, whereas they often generate inaccurate
predictions when the traffic flow suddenly changes. In this case, these
existing prediction methods cannot yet satisfy the requirement of
urban PtMS in accuracy. To better realize PtMS in the urban-road
network, in this paper, we propose a novel approach, which is based
on the macroscopic urban traffic network (UTN) model [11], [12], to
implement the short-term traffic flow prediction. This UTN-model-
based approach has two distinguished advantages over the traditional
methods.

1) The UTN model is built according to the transmission pattern
of the traffic flow in the object road network and can thereby
veritably reflect the operation mechanism of the traffic flow.

2) The prediction model can easily integrate the environment fac-
tors that are impacting the traffic flow, such as traffic signal,
turning rate, and input/output flow to obtain better prediction
performances.

Therefore, using the UTN-model-based prediction method,
DynaCAS can obtain better results of traffic flow prediction, which
can greatly improve the performance of urban PtMS.

This paper is structured as follows: Section II specifies the UTN, the
urban topology, and the signalized link model. In addition, the speed-
density model method is also presented to obtain the link average speed
in the UTN model. A simulation case study is expounded in Section III.
Some concluding remarks and directions for the future work are given
in Section IV.

II. URBAN TRAFFIC NETWORK MODEL

In this section, the UTN [12] and link models [13] are briefly
introduced; furthermore, some improvements are employed to make
the UTN model more accurate.

Considering the models that are described in the following sections,
the notations are listed in Table I.

TABLE I
NOTATIONS DEFINED IN THE UTN MODEL

Fig. 1. Urban traffic network element.

A. Node Model

According to the topology of the UTN, it is decomposed into three
types of network elements, i.e., junction nodes, source nodes, and all
links pointing to it, as shown in Fig. 1. Then, the whole UTN can
be constructed by assembling these elements together. The basic UTN
that is shown in Fig. 2 is a network with five lines and five columns and
is made up of three sorts of network elements, i.e., “Cross,” “T-shape,”
and “Source.” “Cross” is a normal element with four coming links,
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Fig. 2. Basic UTN.

“T-shape” elements contain three coming links, and “Source” elements
are the elements where traffic flows get in and out of the network.
Among them, “T-shape” and “Source” are further categorized by their
directions.

Cross is the typical calculating element in the UTN model, which
contains a node and joint links running to it as the solid lines shown in
Fig. 1. The signalized junction of the UTN element is defined by the
coordinates in the form of (i, j) (i and j represent the line and column
numbers of the node). The links assembling to the junction are labeled
by their orientations, i.e., west (W), south (S), east (E), and north (N)
links. The whole UTN element is marked as E(i, j). Once the types
and the coordinates of the network elements are given, the topology of
an urban-road network can be fixed.

After building the UTN element model, the macroscopic traffic
behavior at the signalized junction can be represented by mathematical
formula. Thus, for any link D of E(i, j), the number of the departure
vehicles turning t is given by (1), shown at the bottom of the page,
where xDt(i, j, k) is the number of the vehicles that are waiting in
link D and turning t at time k, and aDt(i, j, k) is the number of the
vehicles that are arriving at end of the tail of the link.

Both of them are expressed by the predefined turning rate as
follows: {

xDt(i, j, k) = xD(i, j, k)βDt(i, j, k)
aDt(i, j, k) = aD(i, j, k)βDt(i, j, k).

(2)

In (1), sDt(i, j), which is the maximal number of vehicles that
can pass the junction turning t in the link, is calculated by the mean
discharge headway th when the vehicle leaves the stop line at the end
of the link [see (3), shown below]. To obtain a good approximation to
the real traffic, it is differentiated that the vehicles that turn left or right
will queue in the leftmost or rightmost lane, whereas the vehicles that
go straight can wait in the lanes left, i.e.,

sDt(i, j) =

{
1/th, if t = {l, r}
1/th · (WD(i, j)− 1), if t = s,T-shape
1/th · (WD(i, j)− 2), if t = s,Cross.

(3)

B. Link Model

The link model that we used is based on the model proposed by
Berg et al. [13]. To simulate the real road link, a basic diagram of

Fig. 3. UTN link model.

the road segment between two signalized junctions is represented as
Fig. 3.

In the process of vehicle transmission in a link, we assume that there
is no vehicle access or that it disappears in the road segment. In another
words, all vehicles that enter a link will depart the link after a period
of time. Based on this assumption, the free space in link D of E(i, j)
is updated by

fD(i, j, k + 1) = fD(i, j, k)− din,D(i, j, k) + dout,D(i, j, k) (4)

where{
dout,D(i, j, k) = dDs(i, j, k) + dDl(i, j, k) + dDr(i, j, k)
din,D(i, j, k) =

∑
Du∈Dupl

dDu,D(i, j, k) (5)

in which Dupl represents the set of upstream links of link D, and
dDu,D

(i, j, k) means the number of vehicles that depart from upstream
link Du to link D at time k.

We can represent the number of vehicles arriving at the tail of the
waiting queues in link D of E(i, j) as follows:

aD(i, j, k)=

(
T−γD(i, j, k)

T

)
din,D (i, j, k−δD(i, j, k)−σ)

+

(
γD(i, j, k)

T

)
din,D (i, j, k − δD(i, j, k)− 1 − σ) (6)

where ⎧⎨
⎩

δD(i, j, k) = fix
(

(CD(i,j)−xD(i,j,k))Lveh
WD(i,j)vD(i,j,k)T

)
γD(i, j, k) = rem

(
(CD(i,j)−xD(i,j,k))Lveh

WD(i,j)vD(i,j,k)T

) (7)

and σ represents the time during which the vehicles freely pass through
the junction. In (7), fix(x/y) represents the quotient of equation x/y,
and rem(x/y) represents the remainder.

Finally, the number of vehicles that are waiting in the queue turning
t in link D of E(i, j) is updated by

xDt(i, j, k + 1) = xDt(i, j, k) + βDt(i, j, k)

× aD(i, j, k)− dDt(i, j, k). (8)

In the previous model proposed in [12], the delay time of the
vehicles that are running from the beginning of link D to the tail of the
queues was calculated by (7). Then, the average speed of the vehicles
in link D from the beginning to the tail of the queue was regarded as
the free-flow speed. However, vehicles cannot always keep free-flow
speed v0D(i, j) on the link, which is particularly located in a high-
density segment. To obtain a more precise prediction, we amend the

dDt(i, j, k) =

{
min {xDt(i, j, k) + aDt (i, j, k)) , fDt,dsl(i, j, k), sDt(i, j)T} , if gDt(i, j, k) = 1
0, if gDt(i, j, k) = 0

(1)
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Fig. 4. Triangular-shaped FD.

average speed vD(i, j, k) based on the speed-density model, which is
described in the next subsection.

C. Speed-Density Model

In this section, we apply a speed-density model based on the
fundamental diagram (FD) [16], [17] into the link model to make the
estimated travel time closer to the real traffic situation. From the speed-
density FD, we can derive a function for the travel speed of the traffic
flows on a road with respect to the traffic density on the road. With
the derived travel speed, we can make a more accurate estimate of
the travel time for traffic flows that are moving inside the link before
reaching the waiting queues.

Classical forms of the FD are the triangular and parabolic shapes.
For the sake of simple and effective calculation, we adopt the
triangular-shaped FD, as shown in Fig. 4. In our case, the FD is defined
by three values: the maximum flow rate (maximum number of vehicles
through the link per hour) qm, the traffic jam density rjam of the link,
and velocity v0 in the free-flow state.

The triangular-shaped curve shown in Fig. 4 consists of two vectors.
One is the free-flow side of the curve, in which the velocity is equal
to the free-flow speed v0. The other vector is the congested branch,
which starts with the maximum flow rate qm to the state with zero
flow and jam density rjam. The congested branch has a negative
slope, which implies that the higher the density on the congested
branch, the lower the flow rate, and it dovetails with the real traffic
condition. The vertex of the triangular-shaped FD (r1, qm) can be ob-
tained by

r1 = qm(i, j)/v0D(i, j). (9)

Based on this diagram, relationships between vehicle density, flow
rate, and average velocity can be described by

q(i, j) =

{
v0D(i, j)r 0 ≤ r < r1

− qm
rjam−r1

r +
qmrjam
rjam−r1

r1 ≤ r ≤ rjam
(10)

where r = [1 − fD(i, j, k)/CD(i, j)]/Lveh, rjam = WD(i, j)/Lveh,
and qm = WD(i, j)/th. Then, the average speed in link D of E(i, j)
at time k can be calculated as follows:

vD(i, j, k) =
q

r
=

{
v0D(i, j) 0 ≤ r < r1

qmv0
D

(i,j)

rjamv0
D

(i,j)qm
· rjam−r

r
r1 ≤ r ≤ rjam.

(11)

The average speed is equal to the free-flow speed, when the traffic
density belongs to the free-flow region (left branch) of the FD; the

Fig. 5. Urban traffic network simulated in the experiment.

value of the average speed depends on the average density, when the
traffic density is in the congested region (right branch) of the FD.

Finally, we update vD(i, j, k) in (7) to implement more accurate
estimation to the vehicle delay time in the link.

III. EXPERIMENT DESIGN AND RESULT DISCUSSION

In this paper, to evaluate the prediction approach based on the
macroscopic road network model, the traffic simulation software pack-
age TSIS-CORSIM, which was exploited by the Federal Highway
Administration [14], is employed to simulate the real-world urban
surface road traffic. The simulation results are treated as the ground
truth. Consequently, the UTN model can be taken as the parallel
model of the simulation traffic network to provide the traffic prediction
results.

Same as many dynamic urban traffic models, the UTN model re-
quires a lot of information. The information can be classified into three
categories: 1) the information that can be directly obtained from the
traffic network infrastructures (e.g., network topology and signal set-
tings); 2) the information that needs to be further estimated/predicted
(e.g., future network input demands and turning rates); and 3) the
information that needs to be calibrated and can be applied as fixed
parameters/features (e.g., discharge headway, link capacity, mean ve-
hicle length, and FD parameters). Information type 1 will not introduce
errors. In the simulations, we could input the same future network
input demands and turning rates for CORSIM and the UTN model.
Thus, the noises and the errors caused by information type 2 can be
eliminated from the simulations. For information type 3, the discharge
headway is obtained from CORSIM data; the link capacity, the mean
vehicle length, and the FD parameters are calibrated by the CORSIM
simulation, where an urban road is made to be fully congested.

A. Experiment Design

For the purpose of simulating the traffic flow in an urban surface
road network, an example of UTNs is built and executed in CORSIM,
as shown in Fig. 5. The experiment continues for 18 h under some
predetermined parameters. The proposed prediction model reads the
traffic states in all of the road links every 5 min and then predicts the
traffic flow in the future 5 min using the detected traffic states and
the property of the road network.

The details of the experiment design are expatiated as follows. First,
the signal information (i.e., cycle length, offset time, phase, split,
etc.) at each intersection are fixed and predefined. Then, the statistical
average of the traffic flows that are feeding into the road network at the
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TABLE II
PREDICTION ERRORS FOR THE THREE TYPICAL LINKS

source junctions (node 1, 2, 3, 7, 11, and 12) are predetermined as well.
Furthermore, to represent the real complex traffic conditions and verify
the effectiveness and the robustness of the proposed prediction model,
the input traffic flows not only vary in a wide range but contain many
noises as well. What deserves special mention is that the traffic flows
feeding into the network follow a statistical average value instead of
the precise input variables. Aside from that, the average vehicle length,
the mean discharge headway, the time the vehicles pass through the
junction, and the average turning percentages at the stop lines are all
set to fixed values in the experiment.

When operating with the predefined parameters, the UTN model
reads the current traffic states of the whole network from CORSIM
every 5 min. Meanwhile, the UTN model lives completely outside
the CORSIM simulation and operates in parallel. Moreover, the UTN
model updates the traffic states of the road network every 1 s. Thus,
after each 300-time updating, the UTN model calculates the average
traffic flow in the 5 min, which denotes the mean traffic flow rate that
is discharged from a link.

Finally, in the sample urban network that we studied, three typical
links are selected to investigate the performances of the proposed
prediction model, i.e., links (1,4), (5,9), and (8,9) in Fig. 5.

B. Results and Discussion

In the accuracy experiment, two criteria are employed to evaluate
the prediction error of the proposed model. One is the mean absolute
percentage error (MAPE); the other criterion is the mean absolute
scaled error (MASE). Especially, the MASE is the measure of the fore-
cast accuracy proposed by Hyndman and Koehler [15]. In contrast with
the traditional error measures (e.g., the root-mean-square error and the
MAPE), the MASE takes into account the gradient error between the
prediction values and the actual values. Therefore, using the MASE,
the prediction accuracy can be compared not only between different
methods for the same link but between methods for different road links
as well. Similarly, a smaller MASE indicates better prediction. The
MAPE and the MASE are defined as follows:

MAPE =
1
K

K∑
k=1

|Vk − V̂k|
Vk

(12)

MASE =
1
K

K∑
k=1

∣∣∣∣∣ Vk − V̂k

1
K−1

∑K

k=2
|Vk − Vk−1|

∣∣∣∣∣ (13)

where K is the total number of intervals during the experiment, Vk

denotes the average traffic flow generated by CORSIM and is treated
as the actual value, and V̂k is the prediction value that is produced by
the proposed UTN model.

Table II shows the experimental results of three typical road links
that are located in the border and the center of the road network.
The prediction errors of all the road links are also shown in Fig. 6.
Furthermore, Figs. 7–9 show the trend lines of the actual traffic flows
that are produced by CORSIM and the predictive values that are
produced by the proposed model.

In Fig. 6, it is shown that most of the links acceptably perform with
the MAPE less than 0.15 and the average MAPE is equal to 0.133.
From the perspective of the MASE, the average MASE of the links

Fig. 6. Prediction errors for every link of the traffic network.

is 0.856, which indicates that the predictive results are acceptable,
according to the criterion mentioned in [15]. Moreover, it is obviously
observed that the prediction result in link (1,4) is much better than that
in the other two links. As shown in Fig. 7, the traffic flows generated
by the proposed prediction model maintain a high degree of unity with
that of CORSIM. This result can really verify the effectiveness of the
link transmission model, as the traffic flow in this link directly comes
from the source junction and is not impacted by other factors, such as
turning rates and waiting vehicles. Therefore, the average MAPE in
the six links that are directly connected to the source junctions is as
low as 0.063.

However, for the road links that are located in the center of the traffic
network, the prediction accuracy of the UTN model is inferior to that
for the marginal links (see Table II). Through intensive study on the
proposed UTN model, we realize that such higher errors are caused
by the predefined parameters of the model, i.e., the turning rates, the
number of waiting vehicles, etc. On the contrary, the real-world urban
surface traffic networks include many uncertainties, as does CORSIM.
Furthermore, such impacts can constantly accumulate with the increas-
ing number of passed links. In spite of this, the prediction curves of
the UTN model are still able to follow the variation tendencies of the
actual values, particularly at the time when the traffic states suddenly
and greatly change. This advantage can be clearly observed not only
in Fig. 7, which shows the result in the link near the source junction,
but in Figs. 8 and 9 as well, which show the results in the center links.
We can take Fig. 8 as an example to show this advantage. In Fig. 8,
there are a sudden and huge increase in the traffic flow outputted
by CORSIM from the 25th to 27th periods and a sudden and huge
decrease from the 51th to 55th periods. For these sudden changes, the
proposed prediction method gives accurate and rapid response. This
performance is very valuable, as obtaining this performance is not very
easy for most of the traditional methods. Moreover, it is worthy to
mention that this prediction model considers no information about the
historical data when performing prediction.

In the experiment, the UTN model was operated in a personal
computer with a 2.8-GHz processor and 4-GB memory. The comput-
ing time for each prediction step is observed to vary between 1 and
2 central-processing-unit seconds for the whole network (shown in
Fig. 5) in a small sampling time interval T = 1 s. Obviously, larger
sampling intervals can further reduce the computing cost. Therefore,
the proposed prediction model can satisfy the requirement of real-time
prediction.

Additionally, the flexibility and the robustness of prediction meth-
ods are both indispensable indicators aside from the accuracy and the
operation speed in short-term traffic flow prediction. By combining the
current observed traffic states and the inherent properties of road net-
works to predict the traffic flow in short term, the proposed prediction
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Fig. 7. Prediction of average traffic flow for link (1,4).

Fig. 8. Prediction of average traffic flow for link (5,9).

Fig. 9. Prediction of average traffic flow for link (8,9).

model can stably perform on weekdays and holidays and even while
encountering special cases (e.g., severe weather, traffic accidents, or
large assemblies).

IV. CONCLUSION AND FUTURE WORK

This paper has presented a short-term traffic flow prediction ap-
proach based on the macroscopic UTN model for urban surface road
network with signalized junctions. The proposed method is totally on
the basis of the spatial structure of the UTN and the transmission
mechanism of traffic flow. Furthermore, we have employed a simple
speed-density model based on the triangular-shaped FD to obtain
the more accurate approximation of the vehicle delay time from the
beginning of links to the tail of queues. Finally, the comparison exper-

iments with CORSIM indicate that the proposed model can timely and
accurately predict the short-term traffic flow, even during sudden state
changes and traffic peaks. Therefore, this UTN-model-based predic-
tion method is more suitable for PtMS than the traditional prediction
methods.

Nonetheless, this prediction model still requires several known
parameters (current number of the waiting vehicles at the stop line,
traffic flow feeding in the network in the future, etc.) as input variables.
However, obtaining the exact values of these parameters is usually
very difficult. Therefore, the further steps of this paper are to find the
method to acquire more precise values of these required parameters, as
well as to test this model in real-world urban-road networks.

In addition, the proposed traffic-predicting UTN model can be also
substituted with other traffic models, such as the model proposed by
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Flotterod and Rohde [18]. Therefore, we will attempt to extend the
model of Flotterod and Rohde for the traffic flow prediction of UTNs
in the future and make a comparison with the results of this paper.
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Studying the Effects of Driver Distraction and Traffic
Density on the Probability of Crash and Near-Crash

Events in Naturalistic Driving Environment
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Abstract—Driver distraction detection and intervention are important
for designing modern driver-assistance systems and for improving safety.
The main research question of this paper is to investigate how the cu-
mulative driver off-road glance duration can be controlled to reduce
the probability of occurrences of crash and near-crash events. Based on
the available data sets from the Virginia Tech Transportation Institute
(VTTI) 100-car study, the conditional probability is calculated to study the
chance of crash and near-crash events when the given cumulative off-road
glance duration in 6 s has been reached. Different off-road eye-glance
locations and traffic density levels are also evaluated. The results show that
one linear relationship can be obtained between the cumulative off-road
eye-glance duration in 6 s and the risk of occurrences of crash and
near-crash events, which varies for different off-road eye-glance locations.
In addition, the traffic density level is found to be one significant moderator
to this linear relationship. Detailed comparisons are made for different
traffic density levels, and one nonlinear equation is obtained to predict the
probability of occurrences of crash and near-crash events by considering
both cumulative off-road glance duration and traffic density levels.

Index Terms—Cumulative driver off-road glance duration, driver dis-
traction, human factors, naturalistic driving environment, traffic density.

I. INTRODUCTION

D RIVER distraction is one of the most widely known prominent
contributors to traffic accidents [1]. Based on the attention-

competing model between road demand and concurrent secondary
tasks [1]–[3], researchers tried to explain the underlying mechanism
causing degraded driving performance and summarize empirical ev-
idences of the effects of distraction on driving safety. According to
one naturalistic driving study reported in [1], about 25% of police-
reported cases [2] and 65%–80% of crash and near-crash cases have
driver distraction and/or driver inattention involved as contributors.
In [2]–[5], the relationship between external/internal driver distraction
sources and driving safety/performance measures in different environ-
ments are investigated. It is clear that many kinds of distracted driving
behaviors are associated with specified driving safety degradation.

Extensive research has been done to detect driver distraction and to
design preventive systems to improve driving safety. According to the
work in [5], the most commonly used inputs to detect driver distraction
include driver biological measures [6], [7], driver physical measures
[6]–[15], and driving performance measures [8]–[10], [15], [16]. It is
noticeable that, for most of the comprehensive models, the detection of
driver distraction is essentially based on the driver physical measures,
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