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Shockwaves, upstream speed and flow detection for a
signalized intersection

1 Introduction

Shockwave analysis has long been applied to traffic flows.[7] Shockwaves are defined as boundary conditions in
the time-space domain that indicate a discontinuity in flow-density conditions [9], or the motion or propagation of a
change in concentration and flow [6]. Shockwaves are caused by sudden temporal or spatial changes in roadway
density due to capacity or volume changes. Shockwave analysis can effectively analyze flow and queuing problems
[11,2]. Numerous schemes have been proposed for plotting shockwaves and forecasting traffic conditions [7,12].
Researchers have also applied this method to freeway bottlenecks and traffic signals [1,3,5].

Most previous analyses and applications determine shockwave values based on gap time, headway, speed [12],
flow, and density [1,2,5,8,10,11]. However, these indirect parameters usually become inaccurate in a traffic jam. For
example, speed and vehicle count are unstable measures in a traffic jam. Unreliable traffic parameters can lead to
inaccurate shockwave values. In this case, shockwave application cannot produce valuable results in a traffic jam. For
most traffic sensors, the presence parameter is the most stable traffic parameter in a traffic jam. Cho and Tseng [4]
provided a method for detecting shockwaves using three new traffic parameters, called Stopped, Moving, and Empty,
in addition to headway, speed, flow, and density. These three new traffic parameters remain stable and accurate in a
traffic jam because they depend only on the presence of a vehicle. Shockwaves detected using these measures will
remain stable in a traffic jam.

This paper extends the idea of Cho and Tseng [4], and offers many enhancements: 1) This study extends the
backward arrival shockwave equations from a special case to general cases. 2) To extends one shockwave to five
shockwaves. 3) Whereas equations in previous studies are only for a fixed red and green time, this study
accommodates a dynamic red and green time. 4) The proposed method also corrects an error in the backward arrival
shockwave equations. 5) This study provides the algorithm to show the usage of three new parameters and five
shockwave equations. And, CORSIM simulations were performed for different combinations of scenarios to identify
new traffic parameter behavior and the effectiveness of the computing algorithm. 6) Finally, this study provides an
upstream flow and speed detection method that makes it possible to predict traffic information far from a sensor’s
location

2 Formulation

The formulation proposed in this algorithm comprises four sections. The first is to find the relations among
shockwaves, speed, and flow. The second is the definition of three new traffic parameters: Stopped, Moving, and
Empty. The following sections discuss departure shockwave detection, ideal arrival shockwave detection, backward
arrival shockwave detection, and the forward arrival shockwave detection. The following subsection discusses the
upstream speed and flow detection. Finally, this study presents an algorithm to demonstrate the usage of these new
traffic parameters and shockwave equations.

2.1 Relations among shockwaves, speed and flow

Flow,Q

D (W2K;,Qn)

Density, K

Fig.1. The relation between shockwaves.
Before detecting the shockwaves, the relations between shockwaves must be explored. Suppose the

traffic flow follows the Green-Shield model. In this case, Fig. 1 depicts the flow-density relationship. The
state 0 ( © in Fig. 1) is defined as the state which has maximal density K ;. The flow and density of state

0 are denoted as Qp and Ky (=K ). The state 1 (@ in Fig. 1) is defined as the state which has the
maximal flow Q. The Qp, is the flow rate for a green signal at an intersection. The flow and density of

state 1 are denoted as Q;(=Qy,) and Ky, respectively. Since the traffic flow follows the Green-Shield
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model, Qp=0and K;=1/2K . Let state x (® in Fig. 1) be a state different from state 0 or 1. The flow,
density, and speed of state x are then denoted as Q, , K, , and U, respectively. Suppose Q, =rQ,,,
where r is a flow ratio between Q, and Qp, . In this case, there are three shockwaves among the states 0,
1, and x: Wyq is the shockwave between state 1 and 0, W, is the shockwave between state x and 1, and

W, is the shockwave between state x and 0. The W, ; can be calculated as

W= 2= _ 20n

_ 1
Ki-Ko  K; W

The W,g and W, can be calculated as some ratio of the Wy by using the following two equations.

_ 2
Wy = 2 (VI )(EE) = (T o @
x ™M ]
- 3)

Ky—-Ko 14+1-r
The relation amongW,q ,W,q and Wy is
Wi =Wxo —Wxq (4)

If the Wy , W,q and Wjgare all detected by sensors, the flow ratio » between Q, and Qp can be
calculated to be

Wy Wyp — Wi

r= 10 X% x0 (5)

Wio

While the W, Qn and the flow ratio » for state x are found, the speed U, and flow Q, can be

calculated as

Qx —r
Uy =X — W (6)
*TK, 1-+1-r 1°
W, W, g —W.2
QX = er = WQm (7)
W3

2.2 Three traffic parameters: stopped, moving and empty

Figure 2 defines Stopped, Moving, and Empty. Stopped means that a vehicle is present for more than a
specified period of time. Moving means that a vehicle is present for less than a specified period of time.
Empty means that no vehicle is detected during a specified time interval. All of these three new
parameters depend only on the presence of a vehicle, which is the most reliable traffic parameter in a

traffic jam. Hence, Stopped, Moving and Empty remain stable and pertinent during a traffic jam.
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Fig. 2 The definition of three new traffic parameters: Moving, Empty and Stopped.

2.3 Shockwaves for signalized intersection

Figure 3 shows five shockwaves for a signalized intersection. State 2 (@ in Fig. 3) exhibits an ideal
traffic flow, in which vehicles arrive regularly and are all discharged in green time. Gray lines represent

the trajectories of individual vehicles, while black lines or black dash lines indicate Shockwaves, there are
three shockwaves states 0, 1, and 2: W20 , an ideal forward arrival shockwave; W21, an ideal backward

arrival shockwave in; and W, , a departure shockwave. State 3 (3 in Fig. 3) is a free state with no traffic
flow. For example, state 3 has a higher traffic flow than state 2 in Fig. 3. There are three more
shockwaves among states 0, 1, and 3: W30 , a forward arrival shockwave; W3l, a backward arrival

shockwave; and W), , a departure shockwave. Since state 3 has a higher traffic flow than state 2, W, [>|

W, | and |W,, [>|W,, |, as Fig. 3 shows.
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Fig. 3 (a) Ideal arrival shockwaves for a specified green and red phase time. In state 2, vehicles arrived in the cycle all be
discharged in green phase time.
(b) Relation between the ideal arrival shockwaves and general arrival shockwaves.
(c) Five shockwave relations in Green-Shield model.

(d) Five shockwaves relations in time-space graph.
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2.4 Departure shockwaves detection

L ey

_ Green

Fig. 4 Departure shockwave detection
When a traffic light turns green, the vehicles start to move forward and a departure shockwave W is
formed. If a vehicle sensor with the capability of outputting three new traffic parameters has been
installed at a distance D from the stop bar, it will change from Stopped state to Moving state after time

AT . Therefore, the departure shockwave can be calculated as

Wy =—— )

2.5 Ideal arrival shockwaves computation

State 2 exhibits an ideal traffic flow, which means that the vehicles arrive at a regular cycle time ¢, and
are all discharged in the green phase time g. In green time, the flow is Q, (= Q,). Therefore, Q, can be

calculated as

Q2 =2 Qm =rQn ©)

The flow ratio » between Q, and Q,, equals g/c. To replace x with 2 in equation (2), the ideal forward

arrival shockwave is calculated to be

W21:—v1— rWloz—,¢1—g/CW10 (10)

Similarly, to replace x with 2 in equation (3), the ideal backward arrival shockwave is calculated as

Woo =Wyg+Wpq =(1-41-g/c Wy (11)
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The equations above show that the ideal arrival shockwaves, W21andW20 , can be simplified to a ratio

of the departure shockwave W, . If a sensor can detect W, and phase time of the traffic light is known

in advance, the ideal arrival shockwaves can be calculated by Eq. (10) and (11).
2.6 Forward arrival shockwave detection

The forward arrival shockwave can easily be calculated using Eq. (4). To replace x with 3, the forward
arrival shockwave is calculated to be
Wy =W, =W, (12)
In general, the departure shockwave W, is detected first, followed by the backward arrival shockwave.

The forward arrival shockwave W31 is the last shockwave to be calculated.
2.7 Upstream speed and flow detection

This sub-section focuses on the speed and flow of state 3. If all shockwaves of state 3 have been
detected, the arrival flow can be calculated by Eq. (5) and (7). To replace x with 3 in Eq. (5), the arrival

flow ratio r is

2
r = 2NaoWso ~Wso

; (13)
Wio
The flow is calculated as the following equation.
2N, MW — W5
Qs =rQp = —1-33—2Qy (14)

2
Wio
where Qm is the flow of the green phase time, which can be collected in advance using many

traditional methods. The speed of state 3 can be derived from Eq. (6).

-r
U= W (15)
S

If all shockwaves of state 3 have been detected, the arrival flow and speed of state 3 can be calculated
using Eq. (14) and (15). As in Fig. 3(b), state 3 is an area which is not only a point near the sensor. A
sensor is not always in state 3 during the cycle time, but it may be in states 0, 1, or 3. Although, the points
of area of state 3 may be far from the sensor’s location, it can still predict the arrival flow and speed at

any point of state 3.

3 Simulation results

This study uses a CORSIM framework to simulate the three new traffic parameters and the proposed
shockwave detection algorithms. A single intersection with four links is created in the CORSIM
environment. Two vehicle sensors are located 300 and 730 feet from the stop bar on a link of intersection,

as Fig. 5 illustrates. Figure 6 shows the phase time and input traffic flow of the link. As the traffic flow
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increases, the green phase time also increases. Thus, the green phase time changes dynamically according

to the traffic flow.

| | Sensor 1 Sensor 2

[ [
| | 300 feet 730 feet

Fig. 5. The intersection of simulation: a link and two sensor locations

305 7 9 1L 1315 17 19 2 23 25 2 29 3 3 35 3 W 4 4 45 41 9 305 7 9 113 IS 1719 2 B 25 W M 3 B W N 44345 4T 4

Fig. 6 (a) The phase times of the intersection. (b) The input flow of the link.

3.1 Three new traffic parameters

Figure 7 displays three traffic parameters for two vehicle detectors. Due to changes in phase time,
some cycle times are shorter or longer than others. When traffic flow is low, the two sensors only output
Empty and Moving time. The Stopped time of sensors is presented when a traffic queue is shown on the
detection area. Figure 8 shows the relation between the Stopped time and red phase time. Notably, the
Stopped time of two sensors occasionally approaches the effective red time, indicating that many vehicles
are discharged for more than two cycles. In other words, if the Stopped times of two sensors are almost
the same as the red phase time, the traffic queue has reached the location of sensor 2. Furthermore,
because traffic is queued from sensor 1 to sensor 2 and disappears from sensor 2 to sensor 1, the cycle

numbers of the sensorl’s Stopped time are always longer than sensor 2.
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Fig. 7 (a) The Stopped, Moving and Empty time of sensor 1. (b) The Stopped, Moving and Empty time

of sensor 2.
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Fig. 8 Relation between the Stopped time and red phase time.

3.2 Shockwaves

According to the backward arrival shockwave detection equations in section 2 and the characteristics
of the new three parameters, each equation can only detect backward arrival shockwave accurately during a
specific time interval. For example, Eq. (14) should be used when the Empty and Moving times are the
outputs of the sensor; Figure 9 shows the results of the algorithm in Fig. 9(b). This section focuses on the
Stopped time detection method. The delta Stopped time in the graph is scaled down to show the relation
with the backward arrival shockwave. The change of the delta stopped time is positively related to the
change of the backward arrival shockwave. When the delta stopped time changes to a smaller value, the
backward arrival shockwave becomes smaller. When the delta stopped time changes to a higher value, the
backward arrival shockwave becomes higher.

Figure 10 illustrates the summary results of the algorithm proposed in Fig. 9(a). The ideal forward

arrival shockwave W,, is a basic curve for general forward arrival shockwave W, ;. The shockwave W, ; is



lower than the shockwave W,, when the arrival traffic flow is discharged for more than two cycles. On the
contrary, the shockwave W, is higher than the shockwave W, when the arrival traffic flow is discharged
for a single cycle. Similarly, the ideal backward arrival shockwave W, is a basic curve for general

backward arrival shockwave W30. The shockwave W30 is higher than the shockwave W, when the

arrival traffic flow is discharged for more than two cycles. On the contrary, the shockwave W30 is lower

than the shockwave W20 when the arrival traffic flow is discharged for a single cycle. Figure 10 illustrates

that the algorithm can yield good results. The detected arrival shockwaves are almost identical to the direct
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measure shockwave of CORSIM.

Fig.

Fig.

S-i: Using Stopped time for sensor i ; M/E-i : using Empty and Moving for sensor i ; Mavg : using moving

average; W30(T) : the combined results.

direct measure in simulation environment.

3.3 Flow and speed

If all shockwaves of state 3 have been detected, the arrival flow and speed of state 3 can be calculated by Eq. (14)
and (15). These calculations provide an upstream flow and speed detection method that makes it possible to
determine traffic information far from a sensor’s location. Figure 11 shows the predicted results for flow. To see the
effect of method, the predicted flow is presented as a ratio of green time’s flow (Qm ). The new predicted flow is

almost the same as simulation. Figure 12 shows the predicted results for speed, which is a little lower than the

previous simulation.

LS| As2  —+—ME1 =81 M/E-2 —= W30(T) = W30(sim) W13(T) WI3(SIM) —= W20 - W12
——S-2 ——Mavg —— W30(T)
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9 Results of the backward arrival shockwave detection algorithm. A Si : the delta Stopped time for sensor i;

10 Shockwaves of the link. A symbol (T) indicates the proposed algorithm’s results. A symbol (Sim) means
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Fig.11.The predicted traffic flow of state 3

Fig.12 The predicted traffic speed of state 3
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4 Conclusions

This study proposes three new traffic parameters and a new approach to detect five shockwaves for a signalized
intersection. This study also provides an upstream flow and speed detection method that makes it possible to
determine traffic information far from the sensor’s location.

The proposed detection approach includes five shockwaves: departure shockwave, ideal backward arrival
shockwave, ideal forward arrival shockwave, general backward arrival shockwave, and forward arrival shockwave.
The new traffic parameters are Stopped, Moving, and Empty. The proposed algorithm demonstrates how to use
sensors, new parameters, and shockwave equations to detect five shockwaves. This study also performs simulations
to identify the effectiveness of the proposed algorithm. Simulation results indicate that the proposed algorithm for
vehicle sensors can accurately detect shockwaves, upstream speed, and flow.

This study demonstrates the feasibility of using shockwave equations and the proposed algorithm for shockwave
detection in urban intersections. This algorithm is easily applied and cost-effective because low-cost detectors can be
used to generate these three parameters and detect shockwaves. Further research may extend this concept to adaptive
traffic signal control or highway applications.
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