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Overview

Timeline Barriers and Technical Targets

: . o Disparity, lack of openness, and heterogeneity of tfransportation
* Project Starf: Oct. 2018 data from sensors, controls, and probes leading to lack of

+ Project End: Sept. 2020 opservability

. Percent Complete: 75% . S.ignifi.con’r computational complexity for fhe opplicc’ripn of .
situational awareness, advanced data science, and simulation
to impact energy savings af regional scale

Budget . Rigorously identifying control decisions and actions and
. Total: $2.4M overcoming technological challenges to implement cyber-
physical control
e FY2019 Funding:
_ ORNL: $1.2M Partners
- NREL: $800K « Tennessee Department of Transportation (TDOT)
« FY2020 Funding: e City of Chattanooga (CDOT)
_ ORNL: $1.2M e University of Tennessee, Chattanooga (M. Sartipi)
_ NREL: $800K * University of Tennessee, Knoxville (S. Chakraborty, A. Kohls)

« Wayne State University (Steve Remias)

e TomTom — Industrial collaborator
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Relevance

« Key target: Achieve 20% energy savings at the regional level.
- Highways, linked arterials and freight present an opportunity at the systems level.
- Framework to be transferable and applicable to other regions.

* Near real-time situational awareness: Create a ‘Digital Twin' of an entire
metropolitan region providing real-time situational awareness for analysis of
the entire region

- Requires data processing at scale across a variety of data sources
- Demands large scalable computing approaches

* Near real-time control of traffic infrastructure and vehicles: Digital Twin forms
the basis of a cyber physical control system for control of the highway/road
infrastructure and connected vehicles in the ecosystem

— Fast simulation and algorithmic decisions

— Orchestration of computational resources on High-Performance Computing
resources

- Data science and arfificial inteligence/ machine learning approaches
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FY2020 Milestones (ORNL)

Milestone Name/Description Criteria End Date Type
ldentify system conftrols mechanism and  Milestone report documenting 12/31/2019 Quarterly Progress
develop methods for control utilization the available system conftrols Report

and methods. Completed
Establish observable metrics and Milestone report documenting 3/31/2020 Quarterly Progress
develop analysis to measure impact  observable metrics in CTwin Report
with a focus on energy and fraffic and analysis with focus on Completed
mobility as per MAP-21 both at energy and traffic mobility as
regional and corridor levels. per MAP-21 measures.
Prototype conftrol algorithm testing Milestone report documenting 6/30/2020 Quarterly Progress
with hardware-in-the-loop in a lab prototype testing in lab setting Report
sefting
Deploy simulation/Al informed control  Milestone report documenting 9/30/2020 Quarterly Progress
input in a real-time cyber-physical implementation results of real- Report
environment along a corridor and time cyber-physical conftrols

measure observables
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FY20 Milestones (NREL)

Milestone Name/Description

Criteria

End Date

|ldentify system conftrols and develop
methods for conftrol for utilization by

Milestone report
documenting the

Quarterly Progress

Report
Regional TMC to impact energy use and available system conftrols 12/317201% P
freight. and methods. Completed
ldentify observables and develop ML/AI Milestone report Quarterly Progress
algorithm to analyze observables and documenting 3 R t
. : ) : /31/2019 epor
measure impact in regional transportation observables and
focused on energy and freight. measures. Completed
Augment digital twin (HPC simulation, Milestone report
optimization and situational-awareness tool)  documenting
with near real-time observables and augmentation of 6/30/2019 Quarterly Progress
: : . Report
measures impacted by conftrols focused on situational awareness
energy and freight. tool.
Develop and prototype near real-fime Milestone report
cyber-physical control informed by documenting near real- 9/30/2019 Quarterly Progress

situational-awareness, simulation and
optimization focused on energy and freight.

time cyber-physical
conftrols

Report
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Technical Approach

« Create multi-institutional collaboration of fransportation science, data science and
simulation researchers to build a ‘digital twin”, enabled by high-performance computing.

« Engage the broader to bring to bear transformative approaches to impact mobility at a
Regional Scale.

CTwin - ‘Digital Twin’ for Regional Mobility, Chattanooga, TN

Situational
Awareness from real- Allows observability at
time data feeds regional scale

1=

. . ldentifies and evaluates
Modsling, and mprovements
Machine Leaming Demonstrates feasibility/

anficipated outcomes

oh

[ Cyber-Physical } Algorithmically actuates

control actions hardware
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Real-Time Data

Data from partner stakeholders is key

Data partners: City of Chattanooga, Tennessee Department of
Transportation, Multiple other agencies: MPO, GA-DOT, Titan, INRIX|, -
TomTom, HERE, ATRI, etc.

Reference/dynamic data: characteristics of
infrastructure/ data collected by sensors

Significant complexity in variety and nuances of the
data, and in the systems that serve the data

Study region

RDS locations in the region

City of Chattanooga TDOT
o GridSmart cameras e Radar Detector Sensors - ~280
—- 72+ 70 planned - Located every 2 mile on average

- Receiving daily 2GB file once a day

« Signalized intersections
— 30s data from RDS sensors

- 350 intersections; ~275 signal control, 1/10t second
* Incident data
- 911, ETRIMS, Waze

- Lane occupancy, speed, classification
 Weather sensors

« Dynamic Message Signs
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Regional Data from Hamilton County, and other sources

From Hamilton County * Probe data — ATRI and TomTom
 Road network (multiple versions) * NREL has access to TomTom and INRIX
- TAZ/NavTeq  Freight data
- Augmented with data from other versions — Dataissues in automated classification from
TDOT sensors

« Traffic light locations and schedule
e Historic traffic counts
e GridSmart Camera

— ATRI data obtained

e Incident data

- Some lag in availability
— Multiple systems — 911 TITAN, GEARS, DPS, WAZE

« NPMRDS data access available
— Noft real-time; only bulk downloads possible

— Live traffic volumes, turn statistics
- Video feed

» Sensys, BlueToad

e Origin/Destination Pairs

Priority data sources: RDS sensors along highways, GridSmart
cameras at intersections, SPaT controllers for signals, Freight
data from ATRI, Probe data from WALZE, and incidents

%0&1{ RIDGE
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Accomplishments — High-Level Highlights

« Real-time situational awareness e Data Science
— CTwin real-time tool stood up — Novel intersection movement visualization
developed

— Collaborators given logins
- Emulated traffic flow from RDS derived

— Signal performance derived from probe data

— Machine Learning to detect freight
prototyped

e Metrics

- Energy, mobility, safety, and MEP
implemented

- MAP21 metrics and ATSPM implemented

- Real-time regional speed and energy » Cyber-Physical Control
estimation achieved - Updated corridor timing implemented
through vendor software

* Modeling & Simulation :
. _ o ' — Direct control through Python program
- MICFO.SCOIOIC} and MESOsSCOopPIC smplo’nons interfacing with the six mé0 controllers on
and simulation-calibration strategies setup Shallowford Rd; additional testing ongoing

— Corridor scale control simulation/
optimization strategy implemented
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Accomplishment — CTwin
Real-Time Situationdl
Awdareness tool




CTwin Home  Region

Corridors Incidents Metrics Help v

admin v

Regional Overview Hazard
.

l ® Accident

90 ® Road closed

Jam
attanooga
60 <
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30

Real Time From Waze - Last
Updated: 2/5/2020 06:18 PM EST

Road Incidents

Go to Region View ®

Prototype stood up

Hazard

Law

Go To System News (O]
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Traffic Mobility Dynamics

Metrics In CTwin
e Mobility Dynamics

— Macroscopic — Freeway travel time reliability, level of

service (average speed and volume to capacity

ratio), vehicle miles of tfravel (VMT) by passenger and
freight.

— Microscopic - Level of service (vehicle delays, queue
length and signal delays) from signalized intersection:s.

e Traffic Safety =T

- Roadway segment level - fatalities per capita and
serious injuries per capita (crashes per VMI)

— Intersection level — crashes per 100,000 vehicles

e Energy Usage

- Minute by minute on-road vehicle fuel consumption & | - _. "
cost - —

- RouteEk - Energy estimation over roadway segments A 8 o A

« Mobility — Energy — Productivity (MEP) L7 ey
yoncr|moPilty weighted by [energy, cost, frip purpose]) - A BT
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Automated Traffic Signal Performance Measures from
Signal Phase and Timing (SPaT) Data
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Shallowford Road Trajectory Data Analysis:
High Arrival on Red around Noon

* Analysis performed using T T T
three months of multi- wckoryvaliey B
source tragjectory data

« Scalable

» Built on previous effort using
Ohio data

« Base Statistics:

Delay Stop % LOTTR
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Travel time, speed and fuel use from RDS data

Travel time

Speed (mph)

utes)
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Corridor Travel Times (I1-153 to Ashford Rd) =

125

10
Z\ i Z\

7.5

0 5 10 15 20
Time of Day

~ Eastbound — Westbound

Corridor average speeds (1-153 to Ashford Rd) =
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Corridor Fuel Use (mpg) (I-153 to Ashford Rd) =

Analysis indicates the spatial relationship of the
extent of congestion (about 15 km) and length
of time (around 2 hours) that the congestion lasts

In the region.
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Space-Time matrix of variance and variogram from RDS data




Real-time Regional Speed
and Energy

road segments

[ellielin o Near real-time speeds

Data

« Historical probe volume counts and speeds at

* Machine learning to estimate volume given
weather, time of day, day of week, road

Volume type, speeds, probe counfs

Estimation

|
) ]

for network consistency

» Grid partitioning networks by grids decrease

Map
computation tfime from 2 weeks to 2 hours

Matching

« Match TomTom road network to TPO network
d

 Use of machine learning to estimate energy
consumption on each road segment

* Estimate is derived from RouteE algorithm

Energy
Estimate
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Accomplishment —
Modeling & Simulation




Candidate Corridor for Simulation

Shallowford Road Arterial identified for analysis and optimization based on data availability and
priority discussion with City of Chattanooga, TN

o GridSmart Cameras Spatial scope: Signalized Arterial
o Signalized Intersections with timing g

information
o Radar Detection Systems
o Traffic Incidents

? Losstian St g Temporal Signal settings | Perfformance | Nearreal-

= S scope: optimization- -based fime

= iz frequency of standard optimization | optimization
S adjusting techniques

P signal settings

a4 5-15 minutes Yes No Yes

® oo Hourly Yes No Yes
T\ , Time-of-day Yes Flexible No

@ Weather- NOA 2 L

Elwats "\ Y 4 y Daily Yes Yes No

 — N Weekly Yes Yes No
OAK RIDGE '
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Simulation for Shallowford Road

 Three newly developed traffic signal control methods to the 8-intersection
traffic corridor in Chattanooga:

- Linear Feedback Control, Linear Quadratic Regulator (LQR) Control, and Bilinear Control

e Evaluated in a microscopic traffic simulation environment, VISSIM
—— “ N

%OAkRIDGE  EXisting pre-fimed control Bilinear control
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Traffic control strategies

« Signal timings and optimization
— In cyber-physical implementation

e Responsive and adaptive traffic signal control
— In cyber-physical implementation

o Other strategies that CTwin can facilitate:
— Speed harmonization
- Real-time Information-Sharing for Traffic Coordination
- Ramp Metering and Junction Controls
— Part-time shoulder use

— Ofther strategies: dedicated freight lanes, flow restrictions, parking
restrictions

¥ OAK RIDGE
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Accomplishment — Data
Science




GridSmart data — Novel Turn Movement Visualization

o New visualization of flow

Automated Site Configuration Analysis
A % - Do not use consistent phase numbering
— Configurations have changed over time

i) Implemented site history for any given
; ':,":" ‘ : dOTe

A e Easy-to-digest output that lists all

| TN Qhases cmdl ’r'urns exomplle' ; |
““!North = South: 2779 {GpprOOCh . 'Eastbound , turn';

Straight’}




Emulated Flow from RDS Data
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Animated Trails

Animated strips-network

color-coded arrows.

Lane usage is characterized as the lane-level
vehicle density, which is represented by the
spacing between arrows. The spacing is calculated
by dividing the total vehicle length (vehicle count x
average vehicle length) with the road link length.

DM

Pros:
~ M+ Show vehicle position.
* Show vehicle counts.

Cons:

* Hard to differentiate
lanes.

* Vehicles appear to be
cluttered.

* Do not display vehicle
driving direction.

Pros

* Show lane usage.

* Show vehicle driving
directions in each lane.

* Show lane speed.

Cons:

* Do not display
individual vehicle
positions.

Lane Speed is reflected through -
the following color map:

20-30 mph
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Generate Trajectories from Road Network

Generic road

Generate connectivity

Derive flow directions

Bezier curve optimization

network

—

»
~
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Road Network Geometric Analysis

Generate control points

Calculate curvature

Generate offsets

=

Derive lane geometry

Corridor
scale

Regional
scale




Accurate Traffic Volume Estimation, including Non-
Interstate Traffic and Special Events

Non-interstates Interstates

Predicted vs. Actual Predicted vs. Actual
| R-squared |MAE (vh/hour)

0480
077 :

Predicles
Predicled

{ 1001 { W 2000 )
Actual Actual

Station ID: R2G-00175-036.8N, MAE=102.0, FRC =0
3000| — xGBoost Special

-= Observed

2500 Event

’
- \
1000 h i1
\ \
500 | / \‘ b
-

2019-01-14 2019-01-15 2019-01-16 2019-01-17 2019-01-18 2019-01-19 2019-01-20 2019-01-21

g,()nK RIDGE

al Laboratory

Time NREL | 26



ldentify Freight with Video Feed
Analysis

You-Only-Look-Once (YOLO V3) deep image processing
network to identify cars and trucks from low-resolution traffic
cameras.

ldentifying frucks vs passenger vehicles is important for traffic
mifigation strategies and energy calculations

Results
* Study performed over 2-week period Average hourly counts over study period Averag%h(fﬁg)'p%ﬂ%r_'ﬁﬁ ?S'f/ryﬁﬁugy period

i late October 2019 (10/16/2019-11/02/2019) . ‘ : Fimee]

« |-75 and Shallowford Road ' mos 3 3 w0
= YOL0 Tnele S8 0|  Mighttime.
« 10% Trucks and 90% Cars on average se Poor Guelty \ Poor Quaty
. . g3 ™ \/

+ Performance degrades during rain §2

events and with rotating camera
angles

Hourly average S-minute volume counts
g8 8 8. &
|

g
B
. H|gh¢r resolution yldeo feed § o ‘ .
obtained; detection performance to E oSN ot
be evaluated & w /
""""""""" W 33aszzrsIRRA % 1 2 3 & 5 & 7 & 5 100 1219 fi:’;limi'vﬁfamma
QOAI{ RIDGE NREL | 27
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Logical flow of cyber-physical interface with controllers

Hardware in the loop testing

: M&/Data Test settin
Ingest BISIS / : N9
Traffic data Metrics SC provides values In
new values lab env
Configure mapping of Setup computing of New values should be Develop software to send
IP addresses between ATPSM from data streams available from M&S and new values to controller
CDOT and ORNL to for each intersection other conftrol studies

receive SPaT data

Vetting, deployment, and measurement

Vet Vet
Test on one Test alon
approach approach Intersection c:orridorg
with experts with CDOT
Evaluate the impact of Evaluate the strategy with  Test program-based control  Test program-based
new timings with Airton Tommy and Cindy to change one intersection; confrol fo change signals
Kohls observe and measure along the whole corridor;
OAK RIDGE observe and measure
%Nnﬁml Lahoratory Open slide master to edit




Phased strategy for signal control along Shallowford Rd

Using existing vendor interface

e Results from M&S available - Optimized
timings tested in simulations showed 18%
energy reduction

- Formulated the optimal signal fiming
problems for NEMA controllers as a
nonlinear programming problem that can
be solved by IPOPT

e Set new values using existing vendor
software abstraction

— Control ran for 3.5 hours one affernoon in
February

« Some changes in CDOT deployment
» Positive feedback from CDOT

*,OAI{ RIDGE_,

-Mational Laboratory

Programmatic interface with controllers

Connect with the signal controllers using
code

Set new values using output from M&S
and data science

Mé0 controllers can be in ‘free’ or
‘coordinated’ modes

After Hardware-in-loop testing, ran initial
test in Chattanooga:

- Successfully changed minimum green
time on all signals along Shallowford Rd

Can change phases and splits while
keeping cycle length constant

- Addifional testing and vetfing in progress



Prior AMR Comments/Questions

Main comments

 Reviewer 1: collaboration between ORNL/NREL not clear; are payments needed to get
the real-time data

- Individual lab milestones listed separately
- Data obtained through collaborations; only ATRI data purchased

 Reviewer 2: 20% energy savings optimistic; team has not met with computational people
yet; research plan needed to overcome barriers

- About 18% energy savings showed in simulation; measurement in field to be conducted
- Team is comprised of researchers with HPC experience

e Reviewer 3: Team has not put all pieces together; real-time feeds may be challenging;
HPC needed to solve the simulation challenges

- Hopefully, in this presentation, the individual efforts and the scale up is showing

- HPC and data science strategies are employed in a significant way. The accomplishments are
sectioned accordingly

Thank you for the feedback!
*,QAI{ RIDGE
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Collaboration and Coordination

o City of Chattanooga
e Tennessee Department of Transportation

e University of Tennessee at Chattanooga (M. Sartipi)

e University of Tennessee, Knoxville (S. Chakraborty, A. Kohls)
« Wayne State University (Sfeve Remias)

« TomTom (Indusfry collaborator)

111111111111111




Remaining Challenges and Barriers

 Data access and ingestion contfinues to be challenging
— Primarily because of proprietary systems
— Data partners extremely forthcoming

e Freight data availability is an issue
— Data science technigues employed

e For cyber physical control
- Measurement using GridSmart, SPaT, and TomTom have discrepancies
— Graceful degradation on faults is needed

- Spillover effects of optimization on neighboring roads calls for
expanding across larger region

¥ OAK RIDGE
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Proposed Future Research

FY2020

Real-time RDS ingestion and data analysis

Work though the conftroller to implement a full

cyber-physical experiment on Shallowford Rd
Develop real-tfime traffic volume estimation

Energy estimates model refinement using
random forest (ML) models, including freight
model

HPC-enabled calibration and validation of
mesoscopic simulations

Investigate ufilization of wejo connected
vehicle waypoint data

Automate current manual ATSPM process for
regional evaluation

%0&1{ RIDGE
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FY2021

Extend into Georgia and infegrate new data
sources in CTwin and demonstrate portability
to other regions

Improve upon and scale up the conftrol
algorithms, mechanisms and strategy within
the city

Data science for freight insights and conftrol

Advance volume estimation to real-time, use
real-time connected vehicle data

Streamline and scale vehicle classification
from video analysis

Data science for energy, sensor health,
safety and TMC operations



Summary

« Key target: Achieve 20% energy savings at the regional level.
- Highways, linked arterials and freight present an opportunity at the systems level.
- Framework to be transferable and applicable to other regions.

* Near real-time situational awareness: Create a ‘Digital Twin' of an entire
metropolitan region providing real-time situational awareness for analysis of
the entire region

- Requires data processing at scale across a variety of data sources
- Demands large scalable computing approaches

* Near real-time control of traffic infrastructure and vehicles: Digital Twin forms
the basis of a cyber physical control system for control of the highway/road
infrastructure and connected vehicles in the ecosystem

— Fast simulation and algorithmic decisions

— Orchestration of computational resources on High-Performance Computing
resources

- Data science and arfificial inteligence/ machine learning approaches

*,QAI{ RIDGE_,
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Chattanooga-Hamilton County

7 H LA « Study region boundary defined
: S N S « Only TN side
N A2 7 ‘ * 1,037 TAZs for TPO region
R Yy, S8 « Complete street network with centroid connector
S AR EVs /=28 =Sl C IR notional links to represent within TAZ flows
. ’? ' « Origin-destination TAZ vehicle flow averages (at AM
S LTPhOE: peak, PM peak, and off-peak times) for 2014 and
p _)];‘*’ kT projected for 2045 (passenger, single-unit, and mulfi-unit
‘Tennessee g’. e frucks)
Road network Yes TPO, Navteq
Historic traffic flows Yes TDOT, GDOT
Historic radar data Yes TDOT, GDOT
Incident Data Yes TITAN, GDOT
Origin-Destination Yes TPO
Data




Emulated Flow from RDS Data
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