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Figure 5.3  Radar plot for approach delay (s/veh) of fully adaptive network

Table 5.3 Average queue length and vehicle delay results under different control system
from experiment one

M t Queue Length (s/veh) Approach Delay (s/veh)
OVeMENt “HCM  MMITSS PT-Network | HCM MMITSS _PT-Network
SBL 7.09 5.45 12.78 2423 19.74 36.69
SBT 9.50 6.35 1037 30.93 21.10 34.87
SBR 9.50 6.35 10.37 34.83 22.93 41.62
NBL 6.89 731 17.43 17.62 19.44 34.77
NBT 6.67 7.23 9.17 24.41 27.07 31.97
NBR 1.57 1.64 0.67 3.81 3.68 255
WBL 418 4.42 5.53 17.01 18.17 19.01
WBT 2720 2329 15.86 28.05 24.73 16.76
WBR 2720 2329 15.86 28.49 25.54 18.43
EBL 3.88 5.52 6.66 18.04 2328 23.03
EBT 2254 2344 13.57 25.69 26.04 15.11
EBR 2254 2344 13.57 26.10 27.16 16.19
Total delay __ (s) 8646238 8258552  77.497.07
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5.3 Experiment Two: Performance Evaluation of the Coordinated P-T network system

at individual intersections

Coordination needs three parameters: cycle time, splits and offset. In traditional time-based
coordination the cycle time is set 60s and split and offset are the result of baseline timing plan
where the offsets are optimized in PTV VISTRO. The offset value is found seventeen seconds for
intersection 2 and zero second for intersection 1. $2 and ¢6 coordinate along the main line. The
baseline coordination signal-timing plan obtained by VISTRO 5.0 is implemented in intersection
1. The simulation is conducted in VISSIM for 1 hour for ACS, MMITSS and coordinated phase-
time network system. Figure 5.4 is the radar plot of the result analysis of approach queue length.
The results show that in the west bound and eastbound directions, the ACS method generates
shortest queue lengths. In the SBL, SBT, SBR and NBL directions, the MMITSS generates shortest
queue lengths. On the remaining approaches, the fully coordinated phase-time network system has

the lowest queue lengths.
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—e— ACS —e— MMITSS —e— PT-NETWORK

NBL
NBT SBR

EBL

Figure 5.4  Radar plot for approach queue length (s/veh) of coordinated network

Furthermore, the approach delay results in Figure 5.5 shows that on the WBL, WBT, WBR,
EBT and EBR approaches the ACS generates lowest values and on the NBL, NBT, NBL and EBL
approaches the MMITSS generates lowest delays. In the remaining approaches, the fully
coordinated phase-time network system has lower delay. The total delay at the interaction 2 is
calculated by multiplying the number of approaching vehicles with the approach delays and adding
them together. The total delay of intersection 2 by coordinated phase-time network system is

71,511.07 veh/s, which is 6.27% lower than the ACS approach and 9.92% lower than MMITSS.
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Figure 5.5  Radar plot for approach delay (s/veh) of coordinated network

Table 5.4 Average queue length and vehicle delay results under different control system
from experiment two Baseline signal timing plan from VISTRO in different phase

Queue Length (s/veh) Approach Delay (s/veh)
Movement
HCM MMITSS PT-Network | HCM MMITSS PT-Network
SBL 14.56 6.27 7.41 41.13 24.96 21.81
SBT 9.49 8.03 8.95 31.02 29.42 26.67
SBR 9.49 8.03 8.95 41.82 44.51 32.80
NBL 13.64 7.29 7.53 33.37 18.99 19.25
NBT 7.72 7.47 6.08 27.92 21.56 27.48
NBR 1.23 1.48 1.04 3.39 2.79 3.57
WBL 2.82 4.59 3.79 13.38 15.30 17.99
WBT 16.23 21.17 18.48 17.34 20.28 22.68
WBR 16.23 21.17 18.48 18.03 18.67 22.88
EBL 3.82 5.32 3.73 17.53 16.92 21.28
EBT 14.65 21.27 17.31 17.31 19.86 23.13
EBR 14.65 21.27 17.31 17.17 19.89 23.79
Average delay 20.20 21.02 18.93
(s/veh)
Total delay (s) 76,297.49 79,383.63 71,511.07
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54 Experiment Three: Measures of effectiveness (queue length, delay and arterial travel

time) of coordinated system for two coordinated intersections.

In the third experiment, the three traffic control systems are compared in terms of queue
length and delay as before. In this experiment, the performance of intersection 1 is also evaluated
together with Intersection 2. Apart from the queue length and delay, the arterial travel time
(crossing two intersection) are also measured. The cycle length is also fixed to 60s with 3s yellow
and 1s all-red clearance. The baseline timing plan from Table 5.2 and the turning ratio from Table
5.1 are given as the inputs of ACS/3 controller. The same timing plan are inputs into the ACS,
coordinated phase-time network and MMITSS systems. The simulation is conducted for 1 hour
and queue length and delay of each approach at Intersection 2 intersection, is collected. Intersection
1 is coordinated in the time-based ACS mode (60s cycle length and Os offset). The offset between
two intersections is set as 17s. For Intersection 2, the results of queue lengths and delays are similar
with Experiment Two. Figure 5.6 represents a radar plot of the result analysis of approach queue
length at Intersection 2. It is seen that, for different approach, the shortest approach queue length
varies system to system. In NBT, NBR, WBT and WBR the phase-time network system generates
the shortest queue length. Table 5.5 represent the performance analysis at Intersection 1, and Table
4.6 represents the performance analysis at Intersection 2.

Furthermore, the approach wise delay results in Figure 5.7 also shows that in the NBT,
NBR and SBT the delay time is shorter for phase-time network. The total delay of the interaction
1 is calculated by multiplying the approach values with the approach delay and adding them all.
The total delay of the intersection by coordinated phase-time network is 17,222.79 veh/s, which
reduces the total delay by 8.04% compared with the traditional time-based coordination (TBC)

and 7.67 % compared with MMITSS.
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Figure 5.6  Radar plot for approach queue length (s/veh) of intersection 1 in coordinated
network

—— TBC —— MMITSS —— PT-NETWORK
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WBL

Figure 5.7  Radar plot for approach delay (s/veh) of intersection 1 in coordinated network
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Table 5.7 represents the arterial travel time analysis from each three methods. Also Figure
5.8 is the radar plot for the arterial travel time in different method. The plot indicates that in most

of the arterials, phase-time network gives improved travel time result.

—— TBC —— MMITSS —— PT-NETWORK

Figure 5.8  Radar plot for network travel time (s) across two intersections

Table 5.5 Average queue length and vehicle delay results under different control system in
intersection 1 from experiment three

Queue Length (s/veh) Approach Delay (s/veh)
Movement
HCM MMITSS  PT-Network HCM MMITSS PT-Network
SBL 1.27 1.42 1.42 21.91 24.66 25.26
SBT 0.57 0.53 0.55 24.57 22.03 22.44
SBR 0 0 0 1.91 2.41 2.34
NBL 0 0 0 0 0 0
NBT 7..19 6.42 6.71 51.33 47.44 45.88
NBR 7..19 6.42 6.71 37.80 3593 37.67
WBL 0.13 0.12 0.08 4.22 3.08 3.64
WBT 8.48 8.31 6.88 8.16 7.91 6.66
WBR 8.48 8.31 6.88 7.16 6.98 8.55
EBL 0.05 0.07 0.06 3.04 3.59 3.10
EBT 5.66 5.62 5.65 7.36 7.48 7.22
EBR 5.66 5.62 5.65 8.21 8.44 8.44
Total delay (s) 18,728.83 18,654.23 17,222.79
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Table 5.6 Average queue length and vehicle delay results under different control system in
intersection 2 from experiment three

Movement Queue Length (s/veh) Approach Delay (s/veh)
HCM MMITSS PT-Network | HCM MMITSS PT-Network

SBL 14.56 6.27 7.41 41.13 24.96 21.81
SBT 9.49 8.03 8.95 31.02 29.42 6.67
SBR 9.49 8.03 8.95 41.82 44.51 32.80
NBL 13.64 7.29 7.53 33.37 18.99 19.25
NBT 7.72 7.47 6.08 27.92 21.56 27.48
NBR 1.23 1.48 1.04 3.39 2.79 3.57
WBL 2.82 4.59 3.79 13.38 15.30 17.99
WBT 1623 21.17 18.48 17.34 20.28 22.68
WBR 16.23 21.17 18.48 18.03 18.67 22.88
EBL 3.82 5.32 3.37 17.53 16.92 21.28
EBT 14.65 21.27 17.31 17.31 19.86 21.13
EBR 14.65 21.27 17.31 17.17 19.89 23.79

Total delay  (s) 76297.49 79383.63  71511.07

Table 5.7 Average travel time (s) in arterial from experiment three

Direction HCM MMITSS PT-Network
SBL 67.23 39.67 46.45
SBT 47.49 39.01 45.14
SBR 55.19 39.04 58.77
NBL 54.86 42.63 44.06
NBT 49.37 50.36 42.08
NBR 25.08 25.85 24.59
WBL 38.33 45.65 41.38
WBT 44.15 50.36 47.84
WBR 41.78 49.84 41.38
EBL 46.62 50.92 46.43
EBT 46.61 56.71 48.88
EBR 4598 58.53 46.63
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CHAPTER VI

CONCLUSION AND FUTURE WORK

6.1  Summary of the research

With the increasing demand and complexity, the modern traffic control system needs to be
improved with the use of modern technologies. To address safety and mobility, the special vehicles
like ambulances, fire trucks and transit vehicles needs special attention in the traffic control
strategies. Traffic signal priority (TSP) is a common operation at signalized intersections to
accommodate the green requests from special vehicles like buses or ambulance. This research
presents a new traffic signal priority mechanism considering multiple simultaneous TSP requests.
This thesis first focuses on the mathematical mixed integer linear programming formulation for
the problem and then extended to serve more general network to handle the issue of excessive TSP
requests some of which must be properly declined due to the capacity limitations. More
specifically this research mainly focuses on the following:

e Presenting a new mixed integer liner programming (MILP) formulation based on
phase-time network and extending it to an R-MILP formulation to facilitate the
identification of causes for infeasible solution;

e Developing an acceptance and rejection policy for multiple priority requests;

e Developing an adaptive traffic signal control mechanism based on the proposed P-

T Network model.
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6.1.1 Mixed integer liner programming (MILP) and Resilient-MILP formulation for
Heterogeneous TSP Scheduling

In this research, a new mixed integer linear programming (MILP) in light of the phase-time
network for the heterogeneous transit signal priority scheduling problems. The heterogeneous TSP
requests are represented by various time windows within which the TSP requests must be serviced.
The high-priority TSP requests have small time windows while the low-priority TSP requests’
time windows are large because their requests can be put on hold. The proposed TSP scheduling
mechanism gradually adjusts the traffic timings at small steps to serve the TSP requests within the
scope. This feature will minimize the negative impact on the background traffic. When the TSP
requests become intense, it is possible that all the TSP requests cannot be serviced due to the traffic
signal mandates. To address this issue, the MILP formulation is extended to the resilient MILP or
R-MILP formulation. To construct an R-MILP formulation, the original phase-time network needs
to be extended to a resilient phase-time network by introducing “clone” phases and arcs for each
phase. The advantage of R-MILP formulation over MILP formulation is that the solver will always
find a mathematically feasible solution and it is easy to identify if the solution is feasible in practice
by examining if any clone phases are visited to reach a solution. If so, not all the TSP requests can
be serviced. This is an important feature to determine a TSP declining policy if the TSP requests

are beyond the intersection’s capability.

6.1.2 Developing an acceptance and rejection policy for multiple priority request

To solve the target problem at large-scale, a scalable search algorithm is developed. In
addition to the search algorithm, a TSP declining policy is also developed according to the R-
MILP formulation and the search algorithm. The policy is named as acceptance and rejection

policy. In situations where multiple TSP requests are placed, the proposed policy works to get the
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most mobility and maximum serve rate. The existing TSPs are categorized into two groups named
high-priority TSP and low-priority TSP. The high-priority TSPs, because of having shorter request
time window, are given most priorities when multiple requests are present. Initially the search
algorithm checks the feasibility of the problem. If no feasible solution is available, the next step is
dropping low TSPs and serving the high ones. After serving all the high TSPs, the search algorithm
adds low TSP requests one by one and thus maximizes the number of servable TSP requests.
Developing this policy helps to continue mobility and ensure maximum safety if the TSP requests
are beyond the intersection’s capability.

The proposed algorithm is applied for fully adaptive phase-time network and coordinated
phase-time network. In both cases, the search algorithm can serve maximum number of TSP

request including both high TSP and low TSP request among thirteen requests available.

6.1.3 Developing an adaptive traffic signal control mechanism based on proposed phase-
time network

The performance analysis of the proposed mixed integer linear programming method using
phase-time network is done using simulation. The queue length and signal delay obtained from the
proposed phase-time network, ACS method and MMITSS are evaluated. The analysis is conducted
into three sets of experiments.

Initially, the queue length and delay values for each approach are collected for the three
methods in fully adapted condition. From the result analysis, it is seen that the shorter queue length
varies from approach to approach. Similarly, the approach minimum delay is found from different
method for different approaches. However, the total delay for the intersection is found to be the
lowest in the fully adaptive phase-time network system. It reduces the total delay from ACS

method by 10.37% and from MMITSS by 6.16%.
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Furthermore, the queue length and approach delay values are collected for the three
methods in coordinated condition. The results indicate that, likewise fully adaptive condition, in
the coordination mode, the shorter queue length varies from approach to approach. Although the
minimum approach delay varies for different approach, the shortest total delay for the intersection
is found from the fully coordinated phase-time network. It reduces the total delay from ACS
method and MMITSS by 6.62% and 9.92% respectively.

Finally, in the third experiment, the queue length and delay time of in two intersection are
collected using all three methods. The result shows that the total delay of intersection 1 is reduced
from ACS method by 8.04% and total delay from MMITSS by 7.67 %. It reduces the total delay
of intersection 2 from ACS method and MMITSS by 6.62% and 9.92% respectively. The travel
time of the arterial is also collected and the proposed coordinated phase-time network method

improves the overall travel time of the arterial.

6.2 Future research

This research focuses on an individual intersection in light of the fully adaptive phase-time
network and coordinated phase-time network. In addition, performance analysis of the proposed
formulation is conducted for connected vehicle environment without considering the traffic signal
priority request. Therefore, in the future the research might be extended towards the following
directions:

e Traffic signal priority request: The total delay and queue length in the different
traffic control system with the presence of a good number of heterogenous TSP
results shall be estimated to ensure more acceptability of the proposed formulation.

The sensitivity analysis of the proposed penalty and reward for coordinated phase-
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time network is not performed in this research. In future, the selectivity of system
for different penalty and reward will be taken into accounts.

e Network optimization: In this research, only individual intersection is taken into
consideration. In future the optimization can be conducted considering network
with multiple intersections. The green band with coordinated phase-time network

will make the proposed formulation applicable for the large-scale networks.
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APPENDIX A

CUMULATIVE ARRIVAL AND DEPARTURE COUNTS TO ESTIMATE BACKGROUND

TRAFFIC DELAY
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Cumulative arrival and departure at different phase

Table A.1

Phase 2 Phase 3 Phase 4
Arrival

Arrival

Phase 1

Time(s) Arrival

Arrival Departure Departure

Departure

Departure

10

11

12
13
14
15
16
17
18
19
20

21

22
23

24
25

26

27

28

29

30
31

32
33

10
11
11

34
35

12
12
12

36
37
38
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Table A.1 (continued)

12
12
12
12
13
13
13
13
14
14
14
15
16
16
16
16
17
17
18
18
19
19
19
19
19
20
20
20
20
21

39
40

41

42

43

44
45

10

11

46

12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
13

47

48

49

10
10
10
10
10
10
11
11

50
51

52
53

54
55
56
57
58

10
10
11
11

12
12
12
13
13
13
13

59
60
61

12
13
13
13
13

62
63

14
14
15
15
15
15
15
15
15

64
65

13
13

14
15
15

66
67
68

14
15
15
15

15
15

21

69
70
71

21

16
17
17
17
17
17
17
17
17

21

16
17
17
17
17
17
17
17

22
22
22
23

72
73

16
17
18
19
19
19

74
75

23

76

23

77
78

23
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Table A.1 (continued)

19
19
19
19
19
20
21

23

17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
18
19
20
21

17
18
18
18
18
19
19
19
19
19
19
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
21

79
80
81

23

24
24
24
24
24
24
25

82
&3

&4
85
86
87
88
&9
90
91

21

22
23

25

24
24
24
24
24
24
24
24
24
24
24
24
25

26
26
26
26
27

92
93

27
27

94
95

27

96
97
98

27
27

28

99
100

101

28

28

26
26
26
27

28

102
103

29
29
30
30
31

104
105

28

21

106
107

29
29

21

31

21

108

29
29
29

29

31

21

109

31

22
22
23

110
111

31

31

112
113

29

32
33
33
34
34
35

23

29
29

22
23

23

114

115

23

29

23

24
24
25

116

29
29

23

117
118

24
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Table A.1 (continued)

119 9
120 9

25
25

25
25

35
36

29
29
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APPENDIX B
A LABELLING ALGORITHM TO SEARCH THE LEAST-COST PATH (OPTIMAL TIMING
PLAN) IN THE PHASE-TIME NETWORK CONSIDERING THE BACKGROUND

CONTROL DELAY
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Let W(P,T) denote a phase time network (fully adaptive or coordinated); Vp,p’' € P; p, denote
the initial phase; 7, h denote time indices; c(p, T, p’, h) denote the phase-time arc cost and its initial
value is 1; lc(p, T) denote the label cost of (p,7); d(p,T,p’, h) denote the background control
delay due to traffic signal operation (p, 7, p’, h) and is calculated with the resulting A-D curves;
r(p,T,p’, h) denote the reward due to a TSP service; T denote the time horizon and; Pred(p, 1)
denote the predecessor of (p, T) in the shortest path (optimal traffic control operations) in ¥ (P, T).
The polynomial time algorithm can be described as follows.
Initialization: lc(p,t) = +oo,(t = 0,1, ....,T);lc(py, 0) = 0;
FORT=0toT-1
FORVp € P
FOR Vp' € P (IF p - p' is a feasible transition)
FOR At = min(p) to max(p)
c(p,T,p’,h) =c(p,7,p’,h) +d(p,t,p',h) + r(p,T,p’, h) //compound P-T arc cost
IF (le(p’, T + At) > lc(p,T) + c(p, 7,0, T + At)
le(p', T+ At) =lc(p, 1) + c(p,T,p', T + Ab)
Pred(p',T + At) = (p,7)
END IF
END // for each At
END //for each p’
END //for each p

END //for each T
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