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Background (1)

FHWA EAR Project -- Advanced Signal Control
Strategies based on Connected Vehicle Data

PATH/UC Berkeley, UC Riverside, BMW

Objectives/Scope:
" Estimating of performance measures from CV data

® Determine penetration rates and sampling protocols
® Data fusion with loop detector data

" Traffic signal control for mobility
® Queue spill-back avoidance
® Perimeter control in grid networks to prevent gridlock
® Dynamic lane grouping

" Traffic signal control for safety
® Dynamic all-red extension
® minimizing arrival rate on yellow change interval

" ECO signal operations

® In-vehicle driver speed advisory for minimum fuel
consumption

® Integration of adaptive signal priority with driver advisory

] o

03:00:04 08:00:01

(] 7 S
160 D
180 <
200 7
220 =
240 _|

L Vi
\\ 100120 140



Fixed-Time Plans
Time of Day (TOD)
No Detection
May be actuated

Fixed time plans
Traffic responsive plan selection
System detection

Traffic responsive control
On-line timing development
Approach & system detection

Adaptive control
Measure & predict arrivals per cycle
Extensive detection
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) Background: Traffic Flow Variability vs. Control



Estimation of MOEs: Overview

Algorithms for estimating traffic conditions in arterials based

on CV data

® Intersection level
® Queue length

® Arterial level

® Average speed, delay, # of stops.

acceleration noise

Analyze the algorithms’

accuracy

Determine minimum

penetration rate requirements

Perfect information, p = 100% p = 50%
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) Test Sites

g '?_\J-'H\
NGSIM Data: Peachtree St., Atlanta, GA T Ef—“—
. . . . | fe
® 4 signalized intersections _*F
® Vehicle ID, time, position, lane, speed, acceler J .pJ_

® Resolution=0.1 sec '._
® Undersaturated traffic conditions

= j_jﬁ ;—
Simulated Data: El Camino Real, SF Bay Area . /A
. . *5- (.:/,m,‘ "
® 5intersections i,;ff’?./
® Same trajectory information, resolution e Ay
. _ ) L
® Oversaturated traffic conditions 7o
il

Argote J., E. Christofa, Y. Xuan, and A. Skabardonis .’I _;:"1.&
“Estimation of Arterial Measures of Effectiveness with il —
Connected Vehicle Data,” paper 12-1493, 915t TRB e El'_ -
Annual Meeting, Washington DC, 2012. =g =
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Step 2. Identification of deceleration/acceleration points




(Intersection MOE — Queue Length (3/6) 8

tep 3. Filter outliers:
consider average distance between sampled vehicles
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J tersection MOE — Queue Length (4/6)

tep 4. Filtered deceleration/acceleration points




tersection MOE — Queue Length (5/6)

= Maximum Likelihood (ML)
Methods: . method of Moments (MM)
= Kinematic Wave Theory (KWT)
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Average Absolute Relative Error

Average Absolute Relative Error
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Speed
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Estimation of Arterial MOEs (2)

Summary
Penetration Rate Penetration Rate
MOE (oversaturated)
(undersaturated)
Average Speed
(km/hr) 35% 2
Average Total Delay
(Geci) 50% 10%
Average Number of Stops 50% 20%
Acceleration Noise (m/s?) 10% 1%

Argote J., E. Christofa and A. Skabardonis, “Connected vehicle penetration

rate for estimation of arterial measures of Effectiveness, Transportation
Research part C (2015), 298-312



Minimum CV Penetration rate

. o Min p (under- Min p (over- ISNEE
. MOE {= i =
o Motlvatlon : saturated) saturated) S PO
Average Speed 35% 50 d 4;:5 EEEEEE T EEE
. . (km/hr) A R e T
The minimum penetration — e
. Average Total 50% 10% : 3
rate requirements vary Delay (secim) R
. . Average Number % %
depending on the traffic of Stops > o ‘
.. Acceleration Noise 8 8 £ =
conditions. (ms?) 1% 1 I"Bit12333
MECTEEEEET
e Theoretical derivation: ;
-1 ) ( S . et s
5 s (CD (1-a)o a) p > m,;‘n undersaturated arterial
= 0.17 q
=7 Smin 5
. G p = oversaturated arterial
S =mingpT,|=s |pT QS T
€ ) \ C

e Simulation test:

Model of San Pablo Avenue (4-link segment)
Testing multiple scenarios: G/C ={0.20, 0.30, 0.35, 0.40, 0.50, 0.60}
q/s = {0.35, 0.40, 0.50, 0.60}



() Signal Control Strategies for Mobility

® |nfrastructure Control Based on Probe Data

® Queue spill-back detection and control at an
Individual intersection approach

® Control of congested urban grid networks

® Adaptive priority for individual vehicles
(discussed in eco signal operations)

® Dynamic lane grouping

°Christofa, E., J. Argote and A. Skabardonis, “Arterial Queue Spillback
Detection and Signal Control based on Connected Vehicle Technology,
Transportation Research Record No. 2356, 2013, pp.61-70.



Queue Spillback Detection & Control

Queue Length Threshold, L, (for the critical link)
e Earlyintheresearch:L;;,,=(1-k)L (e.g.k=0.9)

e |Issues: Independent of traffic conditions, creates oscillations in the
activation/deactivation of the alternative spillback control strategy.

lea
u 2 : dr~d
i=1

e Based on input-output analysis, to guarantee that a spillback cannot
occur within the next cycle (dependent on traffic conditions).

L

lim

e Avoids oscillation issues in the activation of the alternative strategy.
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Queue Spillback Detection & Control

Potential Spillback Detection (Methods):
e Gap length method, X*(p)

e Only requires Connected Vehicle information and the signal cycle time.

e Based on the assumption that the number of cars until behind the last
CV vehicle in the queue follow a geometric distribution with probability
1-p, where p is the market penetration rate.

Pr(X < X|Ly P) =1 (1~ p)'

NKJ-X) >1— g

X*(p)zmin Ljims N]kj{lr:?l(a?a)—‘ :min{L,im,X(p)}

X
(P) I B cEquipped Car

|
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Queue Spillback Detection & Control

Potential Spillback Detection (Methods):
e Gap length method, X*(p) (@ =0.05)
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necessary to account for the cycles since the last CV was observed



Queue Spillback Detection & Control

Potential Spillback Detection (Methods):

* Gap length method, X*(p), adapted for low penetration rates
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Queue Spillback Detection & Control

Potential Spillback Detection (Methods):

e Method based on kinematic wave theory

e Requires CV info and signal settings (G/R, Cycle, Offset).

e Method: use the last CV stopping point observed to project the queue

length based on flow measurements, and compare that with L, .
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Queue Spillback Detection & Control

Control concept
= Reduce green time for main arterial at upstream intersection

= Reduction should be such to allow only as many vehicles as the
ones that get served by the downstream intersection within

the cycle
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Queue Spillback Detection & Control

Test Site and Simulation Approach

*Three intersection segment of San Pablo Ave, Berkeley, was used to test the
detection and alternative control strategy (the critical intersection being San
Pablo and University with G/C = 0.35).

eEmulation-in-the-loop-simulation tests performed in AIMSUN.

*20 tests were ran for each penetration rate level (0.05, 0.1, 0.15, 0.2, 0.25,
0.5, and 0.75).

eEach run includes a 10 min warm up period and 1 hour simulation with a
variable demand profile (charging until oversaturation and discharging of the

arterial). ‘\

! SAN PABLO/ALLSTON : SAN PABLO/ADDISON
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Queue Spillback Detection & Control

Spillback Control Results:

Baseline
ItS at 10%
ritical
20%
50%
75%
Baseline
Results at .
the arterial 10%
20%

50%

75%

40.12
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38.16
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112.95
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115.76

112.43

14.42

13.80

14.23

14.07

13.09

1.64

1.61

1.64

1.63

1.54

1.00

0.92

0.92

0.88

0.83



Congested Grid Networks
Post Oak Network, Houston TX

®
DYNAMIC: Density (vehs/Km) @."
Oto1l2 *
12 to 26 ® ®
26 to 40 @ ; &
— 1 o 90 PN S 2 T MOES Units  Original
———— v ™ol O ¢ o8 Total Delay Time hr 2079.6
T e Average Density veh/km 58.8
*5
Q S L * Average Speed km/hr 7.6
f‘;‘ o 0O ')
® " Stop Time hr 1944.7
.L Total Distance Travelled km 20184.9
e
> oo @O " i | ‘Q Total Travel Time hr 2493.2
* W Vehicles Out vehs 19120.8
‘I Vehicles Waiting Out vehs 4758.6
®
. ? J - Time of spillback detection % 81%
® (o] A :
™ R=0 & go—0—* ¢ &
@ @ q @ .
3 ! Queue spillbacks
| detected

Intense commercial and entertainment activities, major attraction in
Houston Metropolitan Area.

One of the most congested areas in Houston (average speeds of 7.6
mph- free flow speed 50 mph)

The period analyzed is the PM peak period
Arrows shown represent the extension of queue spillback detected
in the model.



Post-Oak Existing Conditions

|
Fixed time signal Critical 1
control spillbacks JL\

150 second cycle

Arrows show the
formation of the first
spillbacks are showed
In the network. These

are defined as critical
spillbacks

Tudela, A., J. Argote and A. Skabardonis, “Queue Spillback Detection and
Signal Control Strategies based on Connected Vehicle Technology in a
Congested Network,” paper 14-5565, 93 TRB Annual Meeting, 2014.




A threshold of 80% was
determined. If a CV was detected in
this area with a velocity lower than
5 km/hr, spillback was considered
detected.

Once spillback is detected, the
following mitigation control
strategies are activated:

* Perimeter control: reduce the green
times in the entrances of the
network

 Phase service change: downstream
intersection turns directly to green
(to allow the through movement).
The upstream intersection, the
phase changes directly to red

1. Through
movement
goes to the
% , green phase
| I |
= | || =SOCOCOBRCOE | =)
I 80% of totallength II
2. Through E Unequipped vehicles
movement Equipped vehicles
goes to the
red phase



() Perimeter Control Strategy

I:> Reduced green times by 10% when spillback is detected

L Q
- Unattended internal inputs ﬂ ﬂ ﬂ L{




) Results of Perimeter Control

Current
. Current strategy + %
MOEs units strategy spillback benefit
detection
- 0,
Total Delay Time hr 2079.6 2089.0 0.5%
Average Density veh/km 58.8 55.2 6.2%
Average Speed km/hr 7.6 7.8 2.9%
Stop Time hr 1944.7 1951.9 -0.4%
Total Distance km 201849 210505  4.1%
Travelled
Total Travel Time hr 2493.2 2513.5 0.8%
Vehicles Out vehs 19120.8 19526.4 2.1%
Vehicles Waiting Out  vehs 4758.6 5077.2 -6.7%
Time of splllback % 81% 850 4.7%
detection

® Once a spillback is detected, green time on main entrances to the
network are reduced by 10%

® Effectiveness of strategy is affected by the internal flows in the
network (peak PM period).



Existing Intersection Delay (s/veh)

Intersection Delay with perimeter o
control (s/veh)
Benefit (%)
? ®
66.00 -109
35.9L@14 43.4 1% —
q @Al
68.3 || 62
75.9 |59 . 7 e
3 5% 3.7 . o : b o

71.7 7/ E

Improvements on intersection delay on arterial without internal
flows



(C)Iternative Strategy

Extra 25% of
Green Time

® Provide extra green
time (to improve
capacity) at the
approaches with
critical spillbacks.

® Reduce the system
cycle time to 120
seconds.




Ischarge Flows: MFD
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esults (20% penetration rate)

. |
Current Proposed
MOEs Units Gl strgtegy * % benefit Prajpese strgtegy * % benefit
strategy spillback strategy spillback
detection detection
Total Delay Time hr 2079.6 2072.2 0.4% 1920.9 1896.7 1.3%
Average Density veh/km 58.8 54.5 7.4% 56.0 53.4 4.6%
Average Speed km/hr 7.6 8.1 5.4% 8.8 8.8 0.3%
Stop Time hr 1944.7 1926.6 0.9% 1774.9 1752.9 1.2%
Total Distance Travelled km 20184.9 21624.3 6.7% 22468.1 22275.0 -0.9%
Total Travel Time hr 2493.2 2533.6 1.6% 2441.2 2407.8 -1.4%
Vehicles Out vehs 19120.8 19970.6 4.3% 20519.2 20607.6 0.4%
Vehicles Waiting Out vehs 4758.6 4669.0 1.9% 3808.2 3563.0 6.4%
Time of spillback % 81% 79% 1.6% 85% 75% 9.7%
detection
Total delay on network (hr) ]
11000 20796 o Number of trips ended
\qn —e 21000.0
2050.0 0519.2 20607.6
2000.0 20500.0 O .
19970.6
1950.0 19209 20000.0
O— 1896.7 /
19000 . 19500.0
1850.0
Without spillback detection With spillback detection 19000.0
Without spillback detection With spillback detection
—4—Current strategy = =lll=Proposed strategy
== Current strategy = =lll=Proposed strategy




Existing Intersection Delay (s/veh)
Intersection Delay with proposed
strategy (s/veh)
Benefit (%)
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Dynamic Lane Allocation/Grouping (DLG)
at Signalized Intersections

= Most signal control strategies assume fixed lane utilization
on intersection approaches

= Spatial variations in traffic demand degrade intersection
performance

= Solutions for predictive situations (TOD lane assignments)




Dynamic Lane Allocation/Grouping (DLG) (1)

= Changing lane allocation in response to real-time
movement demands

=  Allows exclusive and shared lanes

= Requirements
= O-Dinformation
(Connected vehicles) :—,“——,_:;—,}———7?—

Zhang L., and G. Wu “Dynamic Lane Grouping at Isolated Intersections:
Problem Formulation and Performance Analysis,” Transportation Research
Record No 2311, 2012, pp.



)Dynamic Lane Allocation/Grouping (DLG) (2)

Vehicge @~ @ —— = == == —- Evaluation of
detection intersection

/Communication : :E : :ﬂ:E : performance
Prediction Dynamic Lane Focus of
___model Grouping our paper

Assumed demand is known and can be predicted



() DLG Problem Formulation

Given real-time O-D demands at a signalized intersection, how to
dynamically determine the lane assignment to improve
performance?

= Approach:
= For each intersection leg find the optimum lane grouping
Minimize the max lane flow ratio y
(y = flow/saturation flow)

St
Allowable movements (safety constraints)

= Sub-problem:

Determine the steady state traffic flow among lanes within
each lane group also



Evaluation of DLG

Numerical Analysis

= Scenarios:

= Keep total demand fixed

= Increase total demand (oversaturated conditions)
= Demand ratio among movements
= # Lanes per approach
= Fixed timing vs. “adaptive” timing (EQUISAT or HCM2000

QEM)

= MOEs max lane flow ratio,, average delay sec/veh (per HCM)

Simulation
= PARAMICS microsimulation model
= MOEs: Delay, Stops, Fuel, Emissions
*Wu G., K. Boriboonsomsin, L. Zhang, M. Barth, “Simulation-Based Benefit

Evaluation of Dynamic Lane Grouping Strategies at Isolated Intersections,”
Proceedings 15" IEEE ITSC Conference, Anchorage, AK, September 2012.
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Results: Max Lane Flow Ratio/Lane (2)

Higher DLG benefit in terms of max lane flow ratio when
demand deviation increases

0.45 | ‘ ‘
Fixed lane grouping
04l |+ DLG based on minmax flowrato| . . _
0.35
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Average Delay
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Discussion

= FInaings:

= Dynamic lane allocation appears promising to address spatial
demand variation

= Improves efficiency and robustness
= Higher benefits for multilane approaches

= Challenges:
= Need O-D demands
Existing and emerging technologies
= Safety issues and potential capacity reduction:
Induced lane changes
Lane transition in and out
Driver expectancy warning

= Opportunities:
= Integration with adaptive signal control strategies



Appendix I: Minimize max flow ratio

Problem:

i5c8- il
I l . . FI . F I

Given demand matrix Q(n), to find the optimum lane grouping § = (55J Lk) by the objective

function
min max y; (n),

subject to movement constraints.

Sub-problem: estimate steady state traffic flow by
Given 6 = (51-”;_;;), min(maxy yix)
such that y;x, = Vi, forany 1 < ky, k; < N# that satisfies following conditions
6(i,j, k1) =6(i,j, k) Vjand Xj6(i,j, ky) = 2000, kp) =1
(1.e.. lane /i; and lane %, are both exclusive lanes for the same movement)
and y; p, = ming, Yk, ,

vk,, k, that satisfies Z 5(i,j, ky) > 1,2 5,7 ky) = 1
J Jj
and Vj,6(i,j, ko) < 6(i,j, k1) ;

(i.e.,lane k1 is a shared lane and lane k2 is any exclusive lane with common moveme
along lane k1)

Z fli.j k) =1, forany k =1, ..., N*
J
0<f(ijk)<6@Gjk), forany k=1,..,N*j=1..,Nr.

(1)

)
©)

“)

(5)
(6)



Eco-Driving

Messages
“‘Here | am”
Signal Phase & Timing (SPaT)

Application: Dynamic Speed
Advisory (source: UC & BMW)

14% Reduction
In Fuel Use

BMW Group

Forschung und Technik

~—e—— A

- Countdown

0.000 0.0



Communication System

AG/ITE network

wired/wireless
backhaul ﬁ

(Verizon
Wireless)
Cloud server
(Amazon Web -
Services) modified 12735

messages

El Camino / Richmond Field

Station test fields ’ .
BMW research vehicle running

speed advisory system



Speed
recommendation
1/min x 1000

BMW Group
Forschung und Technik




= due to GPS positioning problems, the
yellow leg is unusable

— data gathering for blue leg only

Length of test section: 320 m (1050 ft)
Speed limit: 25 mph

Default Signal Timing: 60 sec cycle
(30 sec green; 3 sec yellow; 27 sec red)

All data is gathered from the vehicles
CAN buses, e.qg. consumption from
digital motor management.

4G/LTE communication link, 1Hz update
frequency.




Scenarios

1. Uninformed Driver (Baseline Scenario)

- drive without speed recommendation n=270

- driver behaves economic reasonable

2. Informed Driver
n=292

4 4

- follow speed-recommendation

3. APIV (Adaptive Priority for Individual Vehicle) & Uninformed Driver

- drive without any speed recommendation n=108

&

- intersection adapts timing with individual vehicle priority

4. APIV & Informed Driver

- drive with speed-recommendation n=108

&

- intersection adapts timing with individual vehicle priority



RFS Testing: Test Results (3)

|
35
driving without
0 <« — slowing down
in green phase
. slowing down
i or even stop
& . in red phase
I
g
£ 15
=
c

=
Lo}

Z// M{\\A

5 55 6 65 7 75 & 85 9 95 10 105 11 11.5 12 125 13 135 14 145 15 155 16 16.5 17
fuel consumption [1/100km]

s | Jninformed — ss—nformed APIY Uninformed s AP Informed



RFS Testing: Test Results (3)

Uninformed Informed APIV Uninformed  APIV Informed
60

40 -

B
0 - . T T

-20

-40

-60

W Stop Frequency (%) ®% of Change

51



RFS Testing: Test Results (4)

——
Uninformed Informed APIV Uninformed  APIV Informed
20
-20
-40
-60
-80
-100
W Average Stopped Time (sec) W % of Change

52
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Traffic Signal
(intersection 1)

V

Traffic Signal
(intersection 2)

I
Server
P
3G antenna 3G antenna 3G antenna
@« Electric|Control N « Electric|Control N « Electric|Control N
Cabinet Cabinet Cablinet
Modem 1 Modem 2 Modem 3
A A A
Ethernet Ethernet Ethernet
\ \
Embedded Embedded Embedded
PC1 PC 2 PC 3
i A A
RS-232 RS-232 RS-‘232
\
Shadow Shadow Shadow
controller controller controller
7 4 o 7 4 o 7 4

V

Traffic Signal
(intersection 3)



Algorithm Overview (1)

Select best arrivaltime
1 or @
decidetostop at intersection -
2 Calculate speedtrajectory

3 Get speed recommendation fromtrajectory




Algorithm Overview

2

guaranteed green of any
cycle reachable ?

1 ves no

select best arrival time “maybe-green” reachable
no | yes
2 calculate trajectory calcullate stop
trajectory
W
get SPEEd from recommended .
3 trﬂjectory speed no recommendation




Challenges

distance [m]

time [sec]

Maybe green: Guaranteed green Green band (Guaranteed) Red
| | |

Speed recommendation changes at intersection



Looking Ahead

Capacity
6,000

Air quality

._'_H.p-""
2,000

-—— Automation

Connected Veh
ATM

Current
technologies

20 ~. Safetv



NBackground: Initial Deployment Plans

Planned US VII Deployment’O
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