Person-Based Adaptive Priority Signal
Control with Connected-Vehicle Information

Xiaosi Zeng, Xin Sun, Yunlong Zhang, and Luca Quadrifoglio

The goal for transit signal priority (TSP) strategies is to improve the effi-
ciency of urban transportation systems by promoting fast passage of sys-
tem users. However, because conventional vehicle detection technologies
require TSP strategies to be vehicle based, TSP may not lead to optimal
results for person delay. This paper proposes a signal control model called
PAPSCCI (person-based adaptive signal priority control with connected-
vehicle information). First, by using vehicle speed and location informa-
tion available from connected-vehicle technologies, the model explicitly
computes individual vehicle delay. In this way the model avoids assump-
tions about vehicle arrivals, which often are inevitable in a delay calcula-
tion derived from a queuing model. Furthermore, in the model approach,
the computation of delays for private vehicles is no different from that for
public buses except in the priority level and unifies the two types of vehicles.
With onboard passenger information, the PAPSCCI model computes

a more accurate basis for person delay minimization. The performance

person delay for every vehicle running through the intersection and off\
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The detection is a critical element in the design of an effec-
tive TS tegy. By relying on separate detection channels from
bufgs aidfautds, a TSP strategy must make assumptions about auto
argl aj ust treat autos differently from buses. To estimate auto
del eterministic queuing model is often used. More recently,

cted-vehicle (CV) technology has served as an alternative
etection system that provides enriched probe vehicle data to allow
ormulation of a TSP model with more details (/2). Messages such
as vehicle speed, location, acceleration rate, onboard passengers,
and other information may be transmitted for use in building a less
assumption-dependent model (/3). Several studies have found greater
performance of various transportation applications because of the use
of CV technology (9, 14).

Under the CV paradigm, auto delays can be calculated individually,
and overall auto delays can be aggregated additively. As a result,
the computations of delays for private vehicles are no different
from those for public buses, except they have a lower priority. By
unifying the treatment of private and public vehicles for TSP model-
ing, this paper proposes a signal control model called PAPSCCI
(person-based adaptive priority signal control with connected-vehicle
information).

METHODOLOGY

The PAPSCCI model minimizes the total person delay of all vehicles
at an intersection in mixed traffic. A few assumptions were made.
First, the communication range of the CV technology at the inter-
section is assumed to be large enough to reach both autos and buses
that will arrive within the planning horizon, which is set to be two
cycles in this study. Second, the traveling speed, the number of pas-
sengers, and the requesting signal phase of a vehicle are assumed to
be available from the CV technology.
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Objective Function where

t;, = start time of green of phase j in cycle k,
v;« = phase split of phase j in cycle k,
g« = green time of phase j in cycle k,

C = background cycle length,

Y = yellow time, and

R = all-red time.

The PAPSCCI model treats every vehicle separately. The model mini-
mizes the total person delay, which is the delay of all vehicles multi-
plied by their occupancy. For each optimization, all vehicles waiting
at or waiting to arrive at the intersection within the planning horizon
are included in this objective function.

T s L The first five constraints may be formulated differently for another
min Z = 2 Z Oivjdin/ + 2 Z 0,,d;; @ phasing sequence. Constraint 7 sets the planning horizon to be exactly
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The planning horizon is set as two cycles in this study. That
is, when cycle k is being optimized, the delay of those vehicl
approaching the intersection during cycle k + 1 is also considered. &
this way, the possible influences of each optimization on the follé "a
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OK Arrival 1. Those that arrive before the end of green time in cycle k,

Arrival 2. Those that arrive after the end of green in cycle k but
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Modeling Standard Signal avior 6 before the end of green in cycle k + 1, and

Arrival 3. Those that arrive after the end of green in cycle k + 1.
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For modeling the be‘v based signal
control system, Heagh et alagfoposed 3 simpyesfifective pre- Two binary variables, yi; and y}I', are introduced to determine
cedence model W[he PAPSCC this concept to vehicles from these three arrival types. The relationships between

model the sta idht-phase, (Wo- signal control logic in the binary variables and the vehicle’s arriving time to the stop bar
Equatigns are expressed as Equations 11 through 14:
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where

Iy F Vo — 11, = 2C @)
T?; = projected arrival time of the ith vehicle of phase j at the
Vie=8utY+R (8) stop bar,
¥5j, ¥i' = binary variables, and

8ik 2 Gminj 9 M = large number constant.
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FIGURE 1 Three arrival types for vehicles arriving at intersection.

When yf; equals 1, the ith vehicle of phase j will be projected to
arrive at the stop bar before the end of green in cycle k. The meaning
Of yk+1
before the end of green in cycle k must arrive before the end of green
in cycle k + 1, so yf; <y always holds.

The pair of (yf;, yi') values for a vehicle uniquely defines its
arrival type: (1, 1) for Arrival 1, (0, 1) for Arrival 2, and (0, 0) for
Arrival 3. Because the delay calculation varies between arrival types,

the value of (yf,, y") is used to find the right delay calculations for

each vehicle, as shown in Equations 15 through 20:
(\@

is similar but applies for cycle k + 1. Any vehicle that arrives

d,;,-Zd,fj—(l—y,-J) (1 yM)M
d;<d +(1-y)M+(1-y5" M
d
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d,]SdH+y,]M+(l y“l)M

6
) \.9
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0;,+6; <y (22)
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The two constraints enforce three rules. First, vehicles arriving
after the end of green in cycle k cannot clear the intersection during

reen in cycle
orizon; third,

cycle kand k+ 1.

cycle k; second, vehicles arriving after the
k + 1 cannot cleargthe intersection in the
vehicles can neyer lgave the intersecti

The case i chicle does he intersection is not
prohibite e cQhstrai
For /at:/ons fo riva

Delay occurs wh 1cle s arrival time is earlier than the start of
the green. The q, i) in number of vehicles arriving before the
lth vehic val'and the time (7)) this vehicle joins the queue are
two@ant variables in its delay calculation. (The superscripts
ere and elsewhere indicate the arrival type.) Given an

gth of vehicles (L,), the arrival time of vehicle i at the back

th ueue is calculated as follows:
%r 1 Vr. ql! ‘s (23)

For the ith vehicle of phase j, (i — 1) vehicles arrived before it.
However, some of those vehicles may have left the intersection
when the ith vehicle approached. Figure 2 shows three typical situ-
ations when the queue length (gi;) on the arrival of the ith vehicle is
calculated.

The vehicle on the left arrives before the green of cycle & starts.
Hence, L(i - DIN; | vehicles arrived before it and none left the inter-
section when it approached. However, the green had been on for
(t;; — t;x) s when the middle vehicle approached the intersection.
Some of the vehicles arrived before it left. Therefore, the queue at
the vehicle’s arrival at the stop bar reduces to L(i - DIN; 1- Si(ti— ).
Vehicles arriving late enough may have LG - 1)/N; 1< st = b,
meaning all the vehicles arriving before it have cleared the inter-
section, and there would be no queues ahead of it by the time it
arrives. This situation is illustrated by the vehicle on the right in
Figure 2.

Abinary variable (c},) is used in Equations 24 and 25 to distinguish
whether a vehicle arrives before or after the start of green.
<t +(1-6t)M (24)

Lj =

>t —ouM (25)
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FIGURE 2 Three types of queues on arrival of jth vehicle.

Hence, the number of vehicles arriving before the arrival of the
ith vehicle in the case of Arrival 1 can be calculated with the fol-
lowing equations, which correspond to the three types of queues
illustrated in Figure 2:

i—1
0,2|=—|-(1-0,,)M (26)
i
i—
q},j— -5 (zt/l t/k)_GL/M (2
i
Qil,j 20 @
After arriving at the intersection, the vehicle eit rs the
intersection in the current cycle k (8}, = 1) or waits reen in
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a4 x
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hlcle clears the intetSgction only if all the (i — 1) vehicles
ft. This wai time is its delay. However, those that can-

not clear the in in cycle k have to wait longer for the next
green. This ext ng time (P};) equals the red duration between
green lights, shown in Figure 3.

the two consecutl
above arrival and departure scenarios have been listed,
the ch case can be formulated in the following inequalities:

4 k
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Q\\ |

A
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FIGURE 3 Two types of vehicle delay.
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Formulations for Arrival 2

The difference between Arrival 1 and Arrival 2 is small. The cycle
superscript is k + 1 instead of k in most of the formulations. How-
ever, the number of vehicles that cleared the intersection during
cycle k (V}‘) should be taken into consideration when the index i is
used to calculate the queues in Arrival 2. Changes to Inequalities 26
through 28 are made as follows:

j—1-V!
2|~ (1-c}))M (38)
i
it i—1- ij rll il
b 2| =8 (1 = 10m) —OLM 39
i
4y > (40)
I
vi=2 8 “
=I5 +1

Similar to the extra wait time (Pf,-) in Arrival 1, vehicles t
clear the intersection in cycle k + 1 (05" = 0) have longer #glay With

an extra waiting time (P}]") added. However, this w

planning horizon because the start time of the
is out of the planning horizon. This extra walt ti
introducing a red time compensation co

). As illustrat
the right of the time bar in Figure tdlit equals the &
duration from the beginning o to eginning e
in the original signal timing plarence the extra w@n be

calculated as in Equation 42

. 8iin)

K+
P} =ty + Ve + Re — (1, k1 (42)
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Int % situation, 1ve after the green of phase j
inc i

in cy 1 and w the intersection within the plan-
ni izon. The ca
d take ip onsid

ation of queues on vehicle i’s arrival
tion the vehicles that have already

departed thg ion during cycle k + 1 (V¥*"), which should
be subtracte Equation 43. The delay is computed as in
Equ@
(i Vi-vH
Me—t (43)
L/
L
ij+1= 2 911_(;1 (44)
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1

A" > DLy v, R~ (45)

1]
Sj

There are a few more constraints on the green durations in cycle k
and k + 1. Inequalities 46 and 47 ensure that the green duration is
long enough to allow no vehicle to wait more than one cycle. With
these constraints, no one phase will become oversaturated while
serving bus priority requests:

> L
S

8jk =

(48)

e belonging to Arrival 1.

Evaluation Pl&a

A traffiggsiggulation was built to evaluate the performance of the
@el. The simulation platform was adopted from the
ng et al. (8). The platform consists of three main mod-

ization, signal control, and simulation. At the beginning

IMYLATION E\IQATI

P.
re
ule
e cycle, the signal control module gathers information of all

se'i le k +
Yy oee ¢ vehicles that would be approaching the intersection during the
estimated® . . . ; . o
K ollowing planning horizon. These pieces of information include

vehicle speed, vehicle location, occupancy, and vehicle type, all
of which can be obtained through CV technology in real time.
All information is extracted from the simulation module and is sup-
plied to the optimization module, where the PAPSCCI model is coded.
Optimization is conducted with IBM CPLEX and follows the PAP-
SCCI model. The optimized signal timing data are then sent back to
the simulation module to continue the traffic simulation. Simulation is
conducted with PTV VISSIM.

Simulation Test Bed

The test intersection was designed as a typical four-leg intersection
shown in Figure 4. Three bus lines were designed for different test
scenarios. Route 202 travels eastbound, with a headway of 300 s and
occupancy of 30 passengers. It requests Phase 2. Route 303 requests
Phase 3 at this intersection, its headway is 360 s, and there are 35 pas-
sengers on each bus. Route 401 enters the intersection from Phase 4.
The bus headway for the route is 400 s, and each bus carries 25 passen-
gers. All buses travel at about 60 km/h (40 mph). Other vehicle types
on the road are CV autos with onboard units and regular autos. Both
types of vehicles travel at 60 km/h with an average of 1.5 passengers
on board. Since the PAPSCCI model collects data from all the vehicles
that would arrive at the intersection during a planning horizon (i.e.,
two cycles or 120 sec), the approach length of the eight movements is
set to be slightly over 2000 m in the simulation test bed.
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Vehicle type: bus (401)

Phase to request: 4

Is it in queue: no

Queue time: 0

Current speed: 60 km/h (40 mph)
Passengers: 25
Headway: 400 s
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Vehicle type: onboard unit
Phase to request: 6

Is it in queue: no

Queue time: 0

Current speed: 60 km/h (40 mph)
Passengers: 2

Vehicle type: bus (202)

Phase to request: 2

Is it in queue: yes

Queue time: 10 s

Current speed: 0 km/h (0 mph)
Passengers: 30
Headway: 300 s

FIGURE 4 (8).

The phase sequence on this test intersectio %‘l 1n Figure
Other parameters for this test intersection, i di mber of 1
of each phase, traffic volumes, and bac ignal timing

are listed in Table 1. The phase gpii cle length (882s

S

optimized in SYNCHRO, and gelinetiming serveggas a
1 evaluation with tr%CCI
model. For each test scenario, five ramdom see & . The

ground setup for the simulation
delay results are the ‘er% the five ru

RESULTS A@
PAPS os Only,
Aut@s- he basic test
a@vu ations o

Intersection used in simulati

r the PAPSCCI model evalu-
optimization and PAPSCCI opti-

TABLE 1 @ d Setup for Test Intersection

DAsC

o1 02 93 o4 05 96 07 08
Number 1 2 1 2 1 2 1 2
of lanes
Volume 112 616 90 381 78 784 101 280
(vehicles)
Optimal splits 11 24 11 14 10 25 11 14

O
pe: s (303) @

h (40 mph)

ion are both conducted with no bus operations. SYNCHRO
ptimization refers to the simulation runs that use the fixed timing
obtained from offline SYNCHRO optimizations, listed in Table 1.

The simulation results of vehicle and person delays are listed
in Table 2, along with the delay changes in percentage between
these two optimization types. Unlike the fixed signal timings from
SYNCHRO, the PAPSCCI model allows the cycle length to change,
which gives more flexibility to timing adjustment. It is apparent
that the CV information allows the signal control to be more adap-
tive to cycle-by-cycle vehicle flow fluctuations, generating 10%
delay savings.

PAPSCCI with TSP

The PAPSCCI with TSP test case was designed to evaluate the per-
formance of the PAPSCCI model when multiple conflicting bus
lines are in operation. Up to three bus lines are included.

TABLE 2 Vehicle Delays and Person Delays for Auto-Only Scenario

SYNCHRO PAPSCCI Percentage
Delay Type Optimization Optimization Delay Change
Vehicle delay (s) 21.74 19.45 -10.57
Person delay (s) 21.64 19.20 -11.27

NoTE: Results consider 100% penetration rate of CV technology.
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TABLE 3 Vehicle Delays and Person Delays for Single-Bus-Line Scenario

Vehicle SYNCHRO PAPSCCI Percentage Percentage Delay
Delay Type Type Optimization Optimization Delay Change Change Without Bus
Vehicle delay (s) Auto 21.78 19.78 -9.18 na

Bus 22.54 14.14 -37.27 na

Total 21.78 19.72 -9.45 -10.57
Person delay (s) Auto 21.74 19.38 —-10.85 na

Bus 22.54 13.64 -39.50 na

Total 21.74 19.02 —-12.67 -11.27

NoTE: Results consider 100% penetration rate of CV technology. na = not applicable.

For the case of a single bus line, Table 3 lists the delay changes of
both vehicle delay and person delay for each vehicle type. In com-
parison, the PAPSCCI model can effectively decrease both vehicle
delay and person delay for buses. A 37% greater delay reduction
was observed for the buses. For auto delay, vehicle delay in Table 3
(i.e., 21.78 s) is almost the same as that in Table 1 (i.e., 21.74 s),
because auto vehicle arrivals are exactly the same, except for the
added bus line of Route 202. This added bus line decreased the
vehicle delay improvement on total traffic by about 1.1%. However,
for person delays, it was 1.4% better. These results show that the
PAPSCCI model does favor vehicles with more passengers, such as
buses, over vehicles with fewer passengers.

If a single bus line case is considered to be a scenario of light bus

and heavy bus activity scenarios, respectively. Figure 5 shows colu
charts for the delay changes after PAPSCCI optimization in scen

of multiple bus lines. In the three scenarios, buses experienced
49%, and 28% delay decreases compared with autos, resgc

activity, then two and three bus line cases can be considered as medil;l'K

ments of buses and autos first get better and then
Although all three designed bus routes have confl
have different headways, so they may not alw
cycle competing for green times. When only
through the intersection, the times whe i
actually conflicting at the intersecii® a‘@ fewer than
tion of having three bus lines i gation T his result ingdiat

a priority strategy at a single intShg€ction is most effe t%n the
conflicting bus activities are at a medium level. \

Penetration Ra valdyation

The PAPSCCI

are equipp. h
the foresS&gabl

ase in which all vehicles
case is not realistic in

e First, it is inaccurate to use (i — 1) as the number of vehicles that
have arrived before vehicle i in the calculation of the queue position
of the ith vehicle.

e Second, with fewer autos recognized by the system, the person
delay of buses gains higher weights in the objective function.

system. A known penetration rate (PenRate) and a r3
tion of equipped vehicles are assumed, and thengang
can be applied by dividing the penetration rafef
of vehicles actually,seen and indexed by thé§yste
26,27, 38, 39,43, 46, and 47 are revised

onstraints 10,
straints 49 through
grmulation was revised

Vie[l,1? (49)

(50)
(5D
Y
a2 PenRate —N(jl -0l )M ©2)
Y
a2 PenRate — s; (tfl‘v»nj— tign)—O1M ©3)
AU IS ij
{(i—l)—v,-k —Vf“J
'HJI = Perzl\lzate G
i
€2 m (55)
[1;2 +A, -V} J
Ghin 2L (56)

(s, X PenRate)
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Autos

One Bus Route

-9.18%
-9.87%

Auto passengers

One Bus Route

-10.85%
-12.67%

%, Route 202, is running. Fig-
al trend that the performance of

rate for demonstrating benefits in any CV application is typically
near 20% to 30% (16).

Autos are the most affected by the lower penetration rate of all
vehicle types in the tests. When the penetration rate is lower than
60%, vehicle delay and person delay for autos are increased after

W Buses

Two Bus Routes

2
o
0
©
i

(a)

® Bus passengers

Two Bus Routes

85

M Total vehicles

Three Bus Routes

2
[V
™~
N
|

-10.37%

—28.44%

-12.93%

multiple bus lines: (a) vehicle delay change and (b) person delay
% penetration rate of CV technology.

the PAPSCCI optimization. This increase is because their vehicle
information cannot be collected by the CV system and therefore
they are not counted in the optimization.

All buses are assumed to be equipped with CV devices, so their
delay changes appear to benefit from the decrease of penetration
rate at first but are then negatively affected when penetration rate
continues to drop. A smaller penetration rate reduces the accuracy
in estimating auto behaviors on the road and inevitably affects the
decision on granting signal priority to buses.

To test further the influence of penetration rate on the perfor-
mance of the PAPSCCI model, more penetration rate tests were made
with multiple bus lines running through the intersection. Figure 7
compares changes in person delay for various bus route scenarios.
Combining the results from Figures 7 and 6 shows that the threshold
for the CV penetration rates for the PAPSCCI model to generate any
benefit is about 30%.
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n model, PAPSCCI, was pro-

ation, the PAPSCCI model directly

th the PAPSCCI model were conducted on

t intersection were designed to test the model per-
intersection with no, light, medium, and heavy bus
activity. results showed that the PAPSCCI model can effectively
decrease the person delay of buses in single and multiple conflicting
bus line scenarios. As well, the PAPSCCI model can come up with
good timing to reduce the intersection delay by around 10.5% when
there are no bus lines running through the intersection, demonstrat-
ing the PAPSCCI model’s potential as an adaptive signal control sys-
tem. Tests were also performed to evaluate the performance of the

-58.92%
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h various penetration rates: (a) vehicle delay change and

PAPSCCI model with different penetration rates. Results show that
although the delay changes after optimization become smaller with
lower penetration rates, the PAPSCCI model can perform effectively
with a 30% penetration rate.

However, this PAPSCCI model has some limitations. Because
vehicle information is detected and recorded in the system before each
optimization, and these data, including vehicle speed and route infor-
mation, remain constant until the next optimization begins, the predic-
tion accuracy in the model is affected. Also, the 2-km communication
range of the CV technology at the intersection is too large for imple-
mentation. In future studies, a rolling optimization process may be
used to minimize the negative impacts of prediction accuracy.

Calculation of the person delay for every vehicle in the planning
horizon can be computationally intensive. A possible solution is to
group vehicles together to reduce the number of binary variables.
He et al. proposed an approach to optimizing signal timing that is
based on vehicle platoons (/7). Similarly, a person platoon instead
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FIGURE 7 Person delay changes of penetratQ st with multlpleN a) auto, (b) onboard unit, (c) bus, and (@) total.

of a vehicle platoon can be used as an input in th
to reduce the complexity of the PAPSCCI

a likely person cluster based on less th: penetratlo
is not a trivial task.
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