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RESEARCH ON THE EQUILIBRIUM SPEED-DENSITY
RELATIONSHIP AROUND FLYOVER WORK ZONE

ABSTRACT

Increasing traffic demand has already reached the ca-
pacity of existing traffic facilities in most cities. In order to
alleviate the traffic pressure and expand the capacity of the
road network, constructing flyovers has become an effective
way in most cities in China. During the period of the flyover
construction, work zones occupy road space, impact traffic
flow characteristics and driver behaviour; therefore, this
causes a significant reduction of the capacity. Researching
of the traffic flow characteristics during the period of flyover
construction can improve traffic organization and traffic
safety around work zones. This study analyses the traffic
flow characteristics around the flyover work zone based
on the site data collected in Hohhot City, China. This study
shows that the traditional Logistic model for the equilibrium
speed-density relationship is not applied to the traffic flow
around the flyover work zone. Based on an in-depth analy-
sis of the traffic flow characteristics and specific driver be-
haviours, this paper proposes an improved Logistic model to
depict the equilibrium speed-density relationship around the
flyover work zone. To analyse the mathematical characteris-
tics of the speed-density relationship, this paper proposes
a method to insert virtual data points into the initial data,
which can make the fit curve be continuous.
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1. INTRODUCTION

Research on the traffic flow characteristics around
work zones, especially freeway work zones, has been
conducted for years. Enberg and Mannan studied traf-
fic flow characteristics of expressways at work zones
and found the speed limit of vehicle travel speed af-
fected markedly the time headway [1]. Sisiopiku and
Lyles studied vehicle speed distribution and influence
factors at work zones, and the result shows that vehi-
cle travel speed is usually higher than the speed limit
at work zones and the vehicle travel speed is related

to the number of open lanes [2]. Jiang studied the
capacity, the queue evacuation rate, and the vehicle
travel speed at freeway work zones under congested
condition and free-flow condition, respectively [3].
The results can be used to predict traffic congestion,
to evaluate traffic delays, and analyse the travel cost.
Zhou and Wu studied various factors influencing the
capacity at freeway work zones with VISSIM simula-
tion software [4]. They found lots of complex factors
influencing capacity of highway work zones, including
heavy vehicle rate, length of work zones, longitudinal
gradient and types of closed lanes. Radhakrishnan et
al. analysed traffic flow characteristics of various typ-
ical work zones and studied the relationship between
volume and speed under dynamic and non-dynamic
merged flow [5]. They analysed the traffic flow charac-
teristics of a typical crossover-type work zone in Mis-
souri. Traffic characteristics under the two conditions
were studied based on the speed-flow relationship,
capacity, and time headway parameters. An increase
in traffic flow on one of the afternoons resulted in a
continuous decrease in the speed of vehicles, leading
to congested conditions at certain locations within the
work zone. The study indicated the general behaviour
of Missouri drivers and helped establish the param-
eters that could be used to model and simulate the
traffic flow at other work zones and freeways in Mis-
souri. Chen et al. established a traffic system simula-
tion model for urban expressways, which is capable
of simulating and analysing traffic flow condition and
facility capacity at work zones by the computer simu-
lation [6]. Meng and Weng presented a CA model for
complex roadway work zones. It improves speed and
site update rules while vehicles are passing through
work zones [7]. Weng and Meng studied the effects
of environment, vehicles and driver characteristics
on the risky driving behaviour at work zones, a deci-
sion tree is developed by using the classification and
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regression tree (CART) algorithm to graphically display
the relationship between the risky driving behaviour
and its influencing factors [8]. Hong et al. proposed
an improved collision frequency model based on the
length measurement error at work zones. It is proven
to be better than traditional collision frequency mod-
els in the aspect of data goodness of fit [9]. Weng et
al. evaluated rear-end crash risk associated with work
zone operations for four different vehicle-following pat-
terns: car-car, car-truck, truck-car and truck-truck [10].
The deceleration rate to avoid the crash (DRAC) is ad-
opted to measure the work zone rear-end crash risk.
Results show that the car-truck following pattern has
the largest rear-end crash risk, followed by truck-truck,
truck-car and car-car patterns. Xie presented a series
of principles for traffic organization during the flyover
construction, such as regional traffic organization,
work zone traffic organization, temporary traffic safe-
ty facilities, and emergency plan design [11]. Weng
et al. investigated the drivers’ merging behaviour and
the rear-end crash risk in work zone merging areas
during the entire merging implementation period from
the time of starting a merging manoeuvre to that of
completing the manoeuvre [12]. Results show that the
merging vehicle has a bigger probability of completing
a merging manoeuvre quickly under one of the follow-
ing situations: (i) the merging vehicle moves relatively
fast; (ii) the merging lead vehicle is a heavy vehicle;
and (iii) there is a sizable gap in the adjacent through
lane. However, at present, most studies aim at general
work zones, and there are few studies for flyover work
zones. Therefore, an in-depth study of the traffic flow
characteristics at flyover work zones is significant for
traffic organization, optimization, and control.

With the rapid development of urbanization and
motorization in China, traffic problems have become
ever more significant. Constructing flyovers and up-
grading arterials to expressways, have become a ma-
jor way to alleviate traffic congestion. However, during
the flyover construction period, the probability of road
traffic accidents increases, road traffic capacity de-
creases, and certain impact on the surrounding road
environment is produced. In recent years, the pace of
urban construction has been fast. In particular, some
large construction projects occupy the road space for a
long time so that they produce a lot of traffic problems
and seriously affect the residents’ normal lives. There-
fore, it is very important to analyse the impacts of fly-
over work zones on normal traffic, so as to improve the
traffic organization and management.

2. TRAFFIC FLOW CHARACTERISTICS AT
FLYOVER WORK ZONES

The flyover construction refers to fully enclosed
road engineering operations which occupy the existing

roads. In general, a flyover construction is divided into
six stages:

Stage 1: construct pile foundations, pile caps, and pier
columns of middle piers;

Stage 2: widen road base, move pipelines, construct
temporary pavements;

Stage 3: construct cast-in-place box girder;

Stage 4: construct the pavement of the driveway;
Stage 5: construct non-motor ways and pavements;
Stage 6: construct traffic safety facilities, landscaping,
lighting, and other appurtenant works.

Impact on traffic flow during Stage 2 and 3 is most
obvious and complex, so this paper mainly focuses on
these two stages.

The operation at the work zone is entirely enclosed.
In most cases, there is a temporary traffic channel
between two work zones in order to satisfy the traffic
demand, but traffic markings and traffic channelized
devices are not fully set up in the channel. These road-
way characteristics can cause very complicated traffic
flow characteristics around work zones.

Around work zones, drivers need to timely change
the driving behaviour to adapt to the change of the
roadway condition. Due to the randomness, mutability,
complexity of work zones, drivers are required to per-
form high degrees of specificity and sensitivity. Drivers
have to seek the right time to merge into the main road
and give way to each other to avoid possible collisions
while passing through work zones. Under this circum-
stance, vehicles are highly affected by the surrounding
vehicles, and the drivers are forced to perform car-fol-
lowing and lane-changing behaviours, which can be
identified as a non-free state.

3. DATA COLLECTION AND ANALYSIS

3.1 Data collection

In this paper, the site data are collected near the
intersection of the South 2" Ring Road and Zhaojun
Road, in Hohhot City, China. Before the construction of
the flyover, South 2"9 Ring Road was an eight-lane ar-
terial road of the city with a speed limit of 60 km/h. It
is in Stage 2 of flyover construction while the data are
being collected. The observing time is from 7:00 a.m.
to 11:00 a.m. on the 8™ November, 2014.

As can be seen in Figure 1, the survey used a video
camera to collect traffic volume of Sections B and C.
This method can collect the real volume of a certain
time interval. The method requires Camera 1 to be lo-
cated beside the road and focused on the conflict area
in order to capture vehicles passing Sections B and C
at the same time. The volume of Section A is equal to
the sum of the volume of Sections B and C, because
of the short distance among the three sections. The
collection time interval of traffic volume is 15 min for
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a long time observation from 7:00 a.m. to 11:00 a.m.
and 10 s for a short time observation.

| —
Conflict area /H

Figure 1 - Traffic flow data collection method

Spot speed is the speed when a car passes through
a site, also known as the instantaneous speed. It is
one of important parameters to describe traffic condi-
tions at a site. It needs Camera 2 to be located beside
Section A, so that the video camera is able to clearly

and fully capture vehicles driving from Section A to the
downstream section. Therefore, speed can be calcu-
lated by a specific travel time for a certain distance,
i.e. 20 m.

Traffic flow density refers to the number of vehicles
for the unit length of a lane at an instantaneous time.
It needs Camera 2 to be located beside a certain site
on the downstream. The observation length interval
is 50 m. A short piece of video can be divided into a
number of frames. By counting the number of vehicles
in each frame, and by calculating the average number
of vehicles of all frames, the average number of vehi-
cles is used to obtain the number of vehicles for 1 km.
The illustrative screenshots of the video are shown in
Figure 2.

3.2 Data analysis

Figure 3 shows the traffic flow rate from 7 a.m. to
11 a.m. at Sections A, B, and C. According to Figure 3,
the change of the traffic flow rate of Section A is small,
the standard deviation is 253.98 and the coefficient
of variation is 11.82%. The average traffic flow rate is

Figure 2 - lllustrative screenshots of the video
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Figure 3 - Traffic rate flow of Section A, B, C
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2,295 veh/h, and the peak hour is from 9:30 a.m. to
10:30 a.m. Figure 3 intuitively reflects the traffic flow
rate of Section B and Section C. According to Figure 3,
the traffic flow rate of Section C accounts for 76.25% of
the traffic flow rate of Section A. According to Figure 4,
as an urban traffic arterial, Zhaojun Road carries a lot
of traffic volume. However, during the flyover construc-
tion period, vehicles from Zhaojun Road can only turn
right to travel through Section C so that they can pass
through the intersection. Meanwhile, traffic volume
from the other road is not really big on the basis of
observed experience. So, there are some differences
between the traffic flow rates of Section C and B. The
coefficient of variation of the traffic flow rate of Section
B and the traffic flow rate of Section C are 15.72% and
24.06%, respectively. The heavy vehicle rate of Section
B is 2.91%, while Section C is 3.40%. The calculation
results reflect that the traffic flow rate of Section B is
more stable than that of Section C.

Figure 4 - Photo of road network in the area of intersection

Figure 5 shows the traffic volume of Section A for
200 seconds. According to Figure 5, the traffic volume
of Section A fluctuates from 3 veh / 10 s to 10 veh /
10 s, which reflects that the sub-hour traffic volume of
Section A is unstable. For the whole observation time,
the change of traffic flow rate of Section A is small. For
every specific equally short time interval, the number
of vehicles that passed Section A is variable, although
the sum of vehicles that passed from 7:15 to 7:30 is
not very different from other observation time.

0 20 40 60 80 100 120 140 160 180 200
Time [s]

Number of vehicels for 10s
w b~ OO N 00 ©

Figure 5 - Traffic volume of Section A for 200 s

According to Table 1 and Figure 6, the time mean
speed of samples is 19.54 km/h, which is much low-
er than the original time mean speed. The 85th per-
centile speed is 24.50 km/h, and the 15th percentile
speed is 13.50 km/h. It shows that the work zone re-
duces the spot speed to a very low level.

Table 1 - Frequency distribution table for spot speed
samples

Group Middle ?:Esgr;f % Freq. Cum. %
(km/h) Speed Group in Group Freq
11-13 12 5 5 5
13—-15 14 16 16 21
15-17 16 20 20 41
17—-19 18 7 7 48
19-21 20 5 5 53
21-23 22 19 19 72
23-25 24 15 15 87
25-27 26 9 9 94
27—-29 28 4 4 100
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Figure 6 — Cumulative frequency distribution curve for spot
speed samples

4. SPEED-DENSITY MODEL FOR FLYOVER
WORK ZONES

4.1 Logistic model for the equilibrium speed-
density relationship

Fundamental diagram describes the relationship
between traffic flow and speed which is among the ma-
jor models in the traffic engineering. The speed-densi-
ty model is used to analyse the traffic flow stability, and
determines the level of service of highways. As long
as the relationship between speed and density can
be established, the speed-volume and volume-den-
sity relationships can be determined, accordingly.
Wang et al. proposed a Logistic model for the equi-
librium speed-density relationship, which can fit the
speed-density better than traditional models [13].

The model can be expressed by Equation 1, or equiv-
alently by Equation 2:
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V(k,0) = vp+——=V0
( ) Vb [1 N exp[%]]ﬁz (1)
k=kt+61Iog{exp[%}-l} (2)

This is the most general Logistic speed-density
model in sigmoidal shape with five parameters. Nota-
tions Vyand V, are the upper and lower asymptotes, re-
spectively. Specifically, V; denotes the free flow speed,
and V, denotes the average travel speed in the stop-
and-go condition. This parameter assumes that traffic
has finite movements even in congested conditions.
Notation 8, is a scale parameter which describes how
the curve is stretched over the whole density range,
and 0, is a parameter which controls the lopsidedness
of the curve. Parameter k; is the turning point at which
the speed-density curve makes the transition from the
free-flow to the congested flow.

The model fits the observed density-speed relation-
ship in most cases, so that it is widely applied to anal-
yse traffic characteristics. Model parameters (V¢ V), k)
have actual physical significance, and outperform the

Greenshields model, Greenberg model, Underwood
model, Northwestern model, and Del Castillo model
from the aspect of the goodness-of-fit [13].

4.2 The speed-density relationship model

The key to analyse traffic flow characteristics is to
build the relationship between speed and density. To
obtain the relationship, there are two possible situa-
tions: one is that the fitting curve is continuous; the
other is that the fitting curve is discontinuous. Figure 7
shows the flow chart of fitting the curve.

To fit the curve, the key step is to determine wheth-
er the curve is continuous. There is a method seeking
the discontinuity density point of speed-density data
points. The discontinuity density point can be called
the key point, which is denoted by T. The method can
be only used for monotonic curves which contain only
one discontinuity point; where, A is a set of densi-
ty-speed points and set A is assumed to have n points.
Point i belongs to set A, where x; < X, < X3 <... < X, <
Xnq < X,, and let b=| y;y; 11, i22. So, if there is a key
point, it should meet the following two conditions:
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relationship
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Improve the model for
the curve
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second part of the curve

v

Improve the model
for the first part or the
second part

No

If the
goodness is satisfying?

No

\

-
N

End

Figure 7 — The flow cha

rt of fitting the curve
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Condition 1: For a T, by must be a local maximum.
Condition 2: Every point in set {y4, Yo, Ya,.-y Y10, Y741 1S
larger than every pointin set {yr,1, Y7+o: Yr430e-01 Y70, Y7h
when the curve is a decreasing function; every point
in set {y4, Yo, Ya,.-.s Y1.0, ¥7.1} IS sSmaller than every point
in set {yri1, Y1420 Y130 Y70, Y13, When the curve is an
increasing function.

For Condition 1, the local maximum is the maxi-
mum value of b; for a selected group of (x;y;). The by
should be large enough in comparison to other b;’s in
the group, so that it can be insured that the point can
become a discontinuity point. It can be given a bound-
ary value to judge whether b; meets the condition, and
this usually depends on the specific question.

For Condition 2, this condition can guarantee that
T is really a discontinuity point rather than an upper
boundary point or a lower boundary point in a group
of stable points.

4.3 Computational experiments

Logistic model can accurately describe the
speed-density relationship in most normal traffic envi-
ronment, but it is not suitable for some special traffic
environments, such as flyover work zones. The driving
process is shown in Figure 8. In the driving process,
drivers first accept all sorts of relevant information by
their senses, such as sight, hearing, touch and smell,
namely, the sensation stage. Information produces

consciousness by a series of comprehensive reactions
in the brain. On the basis of consciousness, drivers can
gain driving information, such as speed, time and dis-
tance, namely, the cognition stage. Drivers judge driv-
ing information to make a decision, namely, the judg-
ing stage. Finally, drivers operate vehicles according
to the driving decision, namely, the execution stage.
At flyover work zones, drivers usually change the driv-
ing behaviours in order to adapt to the specific traffic
environment. Driving behaviours at flyover work zones
can be quite different from general driving behaviour.
Therefore, it is necessary to improve the Logistic mod-
el to fit the speed-density relationship at flyover work
zones.

The speed-density relationship of the site under
study in this paper is illustrated in Figure 9. Ganther
form of splashes is divided into two parts: when the
density is less than the key point; the splashes gather
in a form; when density is larger than the key point; the
splashes gather in another form. Therefore, if Logis-
tic model is applied to fit the data, the results inevita-
bly show large deviations with the actual data. Traffic
flow density reflects the number of vehicles for a unit
length of a lane and it is continuous. However, traffic
flow speed reflects an average speed of vehicles and
it is discontinuous. There are 92 speed-density points
gained by artificial video technology. To be specific,
Camera 2 shoots moving vehicles of Section A, and we

\4

Sensation Stage Cognition Stage

\4

> Judging Stage Execution Stage

Y v

v v

Detect state of front

\ 4

Decide relevant

Cognize this change

\ 4
\ 4

Perform operations

vehicle measures
Figure 8 - The driving process
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Figure 9 - The scatterplot of the speed-density relationship
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use the video to gain speed-density points by Equations

3 and 4:
n
2ovi
_ =1
V=""n
2
k=g= n/At __n

v n n
3 v AtY v
i=1 i=1

Table 2 - Ninety-two speed-density points

where At is the statistical period, n is the number of
vehicles in Section A during At, q is the traffic flow
rate during At, v; is the average speed of the i-th ve-
hicle during At. We let At be 60s. Table 2 shows 92
speed-density points. According to Table 2, there are
two maximum values of b;, one is ‘5’ , the other is ‘6",
so we can find two groups of points which meet Con-
dition 1.

K (veh/km) 51 50 53 53 55 55 57 57 58 58
v (km/h) 30 28 30 28 29 28 29 285 30 29
BBl - 2 2 2 1 1 1 0.5 15 1
difference

k (veh/km) 58 60 62 63 64 64 65 67 67 67
v (km/h) 28 31 295 28 28 29 28.6 30 26 29
AERillice 1 3 15 15 0 1 0.4 1.4 4 g
difference

K (veh/km) 69 69 70 71 71 72 72 75 75 78
v (km/h) 25 24 29 30 30.6 30 27 28 29 26
AU 4 1 E 1 0.6 0.6 3 1 1 3
difference

K (veh/km) 80 80 80 83 84 84 85 85 86 87
v (km/h) 30 29 28 25 27 24 23 24 22 16
ARl 4 1 1 3 2 3 1 1 2 6
difference

K (veh/km) 88 87 88 89 20 91 92 92 93 94
v (km/h) 17 14 17 15 14.5 14 13 11 13.5 15
At 1 3 3 2 0.5 0.5 1 2 25 15
difference

K (veh/km) 26 97 98 28 29 100 103 103 104 105
v (km/h) 14 15 12 11 115 12 13 12 12 125
el 1 1 3 1 05 05 1 1 0 05
difference

K (veh/km) 106 107 108 110 110 112 113 117 118 118
v (km/h) 12 11.9 12 11.8 12 11.4 115 11 13 11.7
goscliis 0.5 0.1 0.1 0.2 0.2 0.6 0.1 0.5 2 1.4
difference

K (veh/km) 119 119 119 120 122 122 120 127 128 129
v (km/h) 12 115 11.3 11.4 11.2 11 10.9 10.8 11 10.7
scliis 0.3 0.5 0.2 0.1 0.2 0.2 0.1 0.1 0.2 0.3
difference

K (veh/km) 130 130 134 134 136 140 140 141 142 147
v (km/h) 10.9 10.6 10.9 10.2 10.4 11 10.3 10 10.2 10
OIS 0.2 03 0.3 0.7 0.2 0.6 0.7 03 0.2 0.2
difference

K (veh/km) 150 150

v (km/h) 10.5 10

Absolute

difference s e
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Table 3 - Two groups of points meet Condition 1

k (veh/km) 67 67 69 69 70 71 71 72
v (km/h) 26 28 25 24 29 30 30.6 27
Absolute 2 3 1 5 1 0.6 3.6
difference

k (veh/km) 84 85 85 86 87 88 87 88
v (km/h) 27 23 24 22 16 17 14 17
Absolute - 4 1 2 6 1 3 3

difference

By analysing Table 3, group one has points which
are larger than points before points in highlight, only
group two meets Condition 2, so the density value for
a key point is 87.

Compare the goodness of fit of the method of us-
ing the Logistic model and the improved method. The
square sum of error as a standard is used to evaluate
the goodness of fit, as expressed by Equation 3, i.e., the
smaller the square sum of error

SSE=Z(XI-X)2 (5)

the higher is the goodness of fit (denote x; as the fit
value, and x is the real value). Use the Logistic model
to fit the curve whenk €[50,87). When k €[50,87)
, the SSE of the Logistic model is 105.1502. The fit
curve is shown in Figure 10.

Use other models to fit the curve when
k €[87,150]. The traffic flow speed-density scat-
terplot shows that the scatter distribution trend is
relatively flat and there is no obvious turning point.
Therefore, the curve can be fitted by a linear model and
the Underwood model. The result of the linear fitting
is shown in Figure 11, which follows the relationship
V=-0.07086k+20.23, and SSE=49.4717. The result of

the Underwood model is shown in Figure 11, which fol-
lows the relationship V=24.09exp(-k/161.1344), and
SSE=46.4767. Therefore, the Underwood model out-
performs the linear model when k €[87,150].

Scale parameters 8, and 6, of the Logistic model
can be calculated by non-linear least squares method.
The arithmetic can be operated by MATLAB. The re-
sult of the Logistic model is shown in Figure 12, where
SSE=183.1346. The result of comparing the fit meth-
od of the Logistic model and the improved fit method
is shown in Table 4. As a result, the SSE value of the
improved fit method is lower than that of the Logis-
tic model, so the goodness of the improved fit meth-
od is better than the Logistic model. Figure 13 shows
the fit curve of improved method, and Figure 14 shows
both improved curve and Logistic curve. The expres-
sion of the improved fit method can be expressed by
Equation 4.

V(k) = ©)
8.8763
20.3024 + k €150,87
_ [1 + exp[%”ooogi [ )

K
24.09 exp| 1512547 ) Kk [87,150]

20.3024+(29.1787-20.3024)/(1+exp(x-81.5048)/0.0318)°.00%

=
~
€
=,
o
Q
g
(%]
50 55 60 65 70 75 80 85 90
Density [veh/km]
Figure 10 - The fit curve when k € [50,87)
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Figure 12 - The fit curve of the Logistic model
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Figure 13 - The fit curve of improved method
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357~

Speed [km/h]

Improved curve

Logistic curve
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Figure 14 - Both improved curve and Logistic curve
Table 4 - The result of comparing the fit method of the Logistic model and the improved fit method
Method Expression SSE
Logistic Model a.11.2768+17.2764/(1+exp((x-83.3381)/0.7064))."0.1687 183.1346
a. 20.3024+8.8763/(1+exp((x-81.5048)./0.0318)).~0.0091
Improved method 151.6219
b. 24.09exp(-x/161.1344)

5. A METHOD TO INSERT VIRTUAL DATA
POINTS INTO THE INITIAL DATA

5.1 Method

The above analysis shows that when traffic flow
density increases to a certain point, traffic flow speed
jumps down suddenly. However, the mathematical
characteristics of the speed-density relationship
should be studied further, so it needs a uniform func-
tion (not piecewise function) which has good mathe-
matical properties. Therefore, inserting virtual data
points into the initial data makes the fitting curve be
continuous so that the Logistic model can be used to

terplot values of the upper and the lower boundary can
be used to determine functions g(x) and f(x) by linear
fitting. The ideal boundary scatterplots should satisfy:

V(X yi)(Xpy) EAXi < Xj—Yi > Y (7)

where A is upper boundary set of points, B is lower
boundary set of points and B’s condition is the same
asA’s.

Step 2: Construct and insert virtual data points into the
initial data. Virtual data points set is denoted by Set S.
Assume that there is a group of virtual data points (x,
¥;), as an x-value has mapy y-values. Therefore, there
exists (x,yo) minimising > (yo-yi

i=1

¥ . Assume:

n
fit the curve well [13]. According to the function of the ~ H(yo)= Y (yo-yi) (8)
Logistic model, some key characteristics can be ob- the derivéztilve of Equation 6 is:
tained. There is a group of data points, (x,y;), where x;
<Xy X3 <. <X, < X,3 <X, and let x; be the density H (yo) = 2nyo-2iyf (9)

value of the key point.

In order to make the problem simple and general
the virtual data points are defined to have specific
characteristics. For any x;, there is the same number
of y;. The relationship between x; and the average val-
ue of y; is linear, and set {x;} is an arithmetic sequence.
The process of inserting virtual data points can be di-
vided into two steps:

Step 1: Build the upper and the lower boundary mod-
el of the speed-density scatterplot. Denote f(x) as
the linear expression of the lower boundary of the
speed-density scatterplot when x €[x1,x7); denote
g(x) as the linear expression of the upper boundary of
the speed-density scatterplot when x [ xr,x,]. Scat-

Let H'(yo)=0, so Yo = Zy,/n, which minimize
H(yo). For the fitting result the value of the point is
the average of y;. Therefore, virtual data points should
meet:

g(x) <yi < f(xi),
n n n
Syim > v > > yhyn,
k=1 k=1 k=1

V(x,-,y,-) eS

(10)
V(x,yf) e S,x1 < x2 < ... < Xm
where, i=1, 2,...m, k=1, 2,...,n and € should meet:
e, T-e <xi<T+¢&V(x,y) €S (11)
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At the same time, assume that there is a line which

passes through (x;-¢, f(xr€), (X;+ € g(x; +¢)), and
n

[Xiyzy;(/n} so virtual data points can be found by
i-1 !

above conditions.

5.2 Computational experiments

Scatterplot values of the upper and the lower
boundary are given in Table 5. The ideal boundary scat-
terplot is given in Table 6.

Scatterplot values of the upper and the lower
boundary can be used to determine functions g(x) and
f(x) by linear fits. The results are shown in Figure 15,

where R-square of f(x) is 0.8189 and R-square of g(x)
is 0.8527, and the fit result is ideal.

In Figure 15, the number of points in the length of
the black dotted line should be equal to the number
of points in the length of the grey dotted line because
it is assumed that the linear density of points is ap-
proximate. Therefore, when £=5, m=5, and n=3, the
virtual data points can be found by this method, and
the values of 15 virtual data points are given in Table 7.

5.3 Mathematical characteristics of the speed-
density relationship

Table 5 - Scatterplot values of the upper and the lower boundary

Density 53 55 57 58 64 67 69 72 75 80 84 85 87
The upper | Speed 30 29 29 30 29 30 25 30 29 30 27 24 22
boundary | Density 92 98 103 | 110 | 118 | 119 | 122 | 125 | 130 | 134 | 140 | 147 | 150
Speed 13 12 13 12 13 12 | 112 | 109 | 109 | 109 | 11 | 10.6 | 10.5
Density 53 55 57 58 64 67 69 72 75 30 84 85 87
The lower | Speed 28 28 | 285 | 28 28 26 24 27 28 28 24 23 14
boundary | Density 92 98 103 | 110 | 118 | 119 | 122 | 125 | 130 | 134 | 140 | 147 | 150
Speed 11 11 12 | 118 | 11.7 | 11.3 | 109 | 10.8 | 10.6 | 10.2 | 10.3 | 10 | 101
Table 6 - Filtrated scatterplot values of the upper and the lower boundary
Density 53 55 57 - 64 - 69 - - - - 85 87
The upper | Speed 30 29 29 - 29 - 25 - - - - 24 22
boundary | Density 92 98 - 110 - 119 | 122 | 125 | 130 | 134 - 147 | 150
Speed 13 12 - 12 - 12 | 11.2 | 10.9 | 10.9 | 10.9 - 10.6 | 10.5
Density 53 55 - 58 64 67 69 - - - 84 85 87
The lower | Speed 28 28 - 28 28 26 24 - - - 24 23 14
boundary | Density 92 | 98 - - - - 122 | 125 | 130 | 134 - 147 -
Speed 11 11 - - - - 10.9 | 10.8 | 10.6 | 10.2 - 10 -
35 L L L L L L L L L
| f(x)
* % - g(X)
30 ol 4  Data Point [
- f(x)=-0.1604x+36.85 -
= 25 T X+
S~
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=
o | . n
§ 20 0‘
% .
s
15 - - {%{% - e - g(x)=-0.3908x+16.19 |
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_—
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Figure 15 - The fit result of the upper and the lower boundary model
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Table 7 - Values of 15 virtual data points

Interval Virtual data points
(83, 22.59) (85, 21.37) (87, 18.15) (89, 15.93) (91, 13.70)
[82,92] (83, 23.49) (85, 20.37) (87,20.15) (89, 16.93) (91, 14.70)
(83, 21.69) (85, 19.37) (87, 16.15) (89, 14.93) (91, 12.70)

The Logistic model is used to fit points which are
the inserted 15 virtual data points, and the fit curve
is shown in Figure 16 where v=10.6720, v,=29.1181,
k=81.1199, gl_T(O.0694, 6,=0.0105. From Equation 1,
let @ = exp 1t , when a—o, V—v,, see the fit re-
sult, v,=10.6720. When k=50, a=0, so, the speed
can be as the lowest average speed around flyover
work zones. When o—0, V—v;, see the fit result,
v~=10.6720+18.4461=29.1181, when k=150, a—o,
so the speed can be regarded as the highest average
speed around flyover work zones. As can be seen from
Figure 16, when k > 87 veh/km, the downtrend of speed
is smooth and slow, when the density increases from
90 veh/km to 150 veh/km, the speed reduces from
15 km/h to 10 km/h. However, when k < 87 veh/km,
the situation is different. From Figure 14, an important
point can be found, which is k = 80 veh/km. When k
< 80 veh/km, it can be found that the speed uniformly
increases from 28 km/h to 30 km/h. When 80 veh/
km < k < 87 veh/km, the downtrend of speed is so fast
that the discontinuity point arises when k = 87 veh/
km. Therefore, when 80 < k < 87, the traffic flow is in
the unstable state, which may cause traffic accidents
during the state around the flyover work zones.

The traffic volume at the flyover work zones can be
divided into two parts: one part belongs to vehicles go-
ing straight on the arterial road, the other part belongs
to vehicles merging into the arterial road. The change
of traffic volume of the work zone is small for a long
time, but it is not stable for a short time. It is noted that
the traffic volume of Section C is much larger than the
traffic volume of Section B. And the spot speed at the
work zone is very low. The fitting result of the improved
method is better than the fit result of the Logistic mod-
el. The method to insert virtual data points into the
initial data is simple and effective, which makes initial
scatterplot become continuous and smooth so that
it can be used to analyse the mathematical charac-
teristics of the speed-density relationship. This paper
proposes a method to solve the fit problem which has
a discontinuity point, and it gives a method to insert
virtual data points into the initial data in order to study
the mathematical characteristics. In order to find gen-
eral methods to analyse the traffic flow, the next work
includes the study of other kinds of work zones and
the exploration of the relationship between the discon-
tinuity point and the actual traffic conditions.

6. CONCLUSION ACKNOWLEDGEMENT
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Figure 16. - The Logistic model curve after inserting virtual data and the curve before inserting virtual data
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