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Thank you, Dr. xx. It is my great honor and pleasure to be here. I am gonna present my recent work on smoothing trajectories of connected automated vehicles in highway traffic. 
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Hope for CAV: Capacity Booster

 People expect connected automated vehicles 
can significantly increase (or even multiple) 
high way capacity

 How to realize this potential?

Human-driven traffic CAV traffic
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Steps to Improve CAV Capacity

 Microscopic trajectory control
 Reduce headway
 Improve traffic smoothness

 Macroscopic capacity analysis
 Understand the relationship between cav traffic 

characteristics (e.g., CAV penetration ratio) and 
macroscopic measures (e.g., traffic throughput) 

 Validation
 Field experiments
 Data analysis
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CAV Trajectory Optimization

 Signalized Intersections
 Coordinate signal timing with vehicle trajectory 

control  

Human-driven traffic CAV traffic



5

Parsimonious Algorithms

 Shooting heuristic (SH)
 A small number of analytical sections



6

Benchmark vs. SH

Reference 
*Ma, J., Li, X., Zhou, F., Hu, J. and Park, B. 2017. “Parsimonious shooting heuristic for trajectory design of connected automated 
traffic part II: Computational issues and optimization” Transportation Research Part B, 95, 421-441.
*Zhou, F., Li, X. and Ma, J. 2017. “Parsimonious shooting heuristic for trajectory design of connected automated traffic part I: 
Theoretical analysis with generalized time geography.” Transportation Research Part B, 95, 394-420.
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CAV Trajectory Optimization

 Signalized Intersections
 Mixed Traffic (CAVs + Human-driven vehicles 

(HVS))

Reference 
*Yao, H., Cui, J., Li, X., Wang, Y. and An, S., 2018, “A Trajectory Smoothing Method at Signalized Intersection based on 
Individualized Variable Speed Limits with Location Optimization”, Transportation Research Part D, 62, pp. 456-473
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CAV Trajectory Optimization

 Freeway Speed Harmonization

I. Prediction
problem

II. Shooting
heuristic
problem

Reference: 
* Ghiasi, A., Li, X., Ma, J. and Qu, X. 2018. “A Mixed Traffic Speed Harmonization Model with Connected 
Automated Vehicles”, Transportation Research Part C. Under Revision

Exit time
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Trajectory Control → Capacity Analysis

 CAV control → Heterogeneous headways in 
mixed traffic
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Capacity Analysis

 CAV technology uncertainties
 Will CAV reduce headways?

Google car pulled over for being too slow
http://www.bbc.com/news/technology-34808105

Presenter
Presentation Notes
There might be some possible cases that CAVs will be too conservative, Specially for the initial phases of these technologies
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Capacity Analysis

 Different technology scenarios
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So, we need to take care of these cases as well.
For the conservative CAV technology scenarios, CAV headways will have greater values than HV headways. 
So, to conclude, these headways are not fixed and will highly depend on the future CAV technologies.
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Capacity Analysis

 CAV market penetration rate

12

Low CAV market penetration rate

High CAV market penetration rate

Presenter
Presentation Notes
Besides, another formulation difficulty is that mixed traffic capacity is affected by different CAV market penetration rates.
And, different penetration rates may result in different capacities.
As you see, we illustrate two penetration rates here: low and high, which visually have different densities.
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Capacity Analysis

 CAV platooning intensity

13

Low CAV platooning intensity

High CAV platooning intensity

Presenter
Presentation Notes
Another issue coupled with Penetration rate is CAV platooning intensity. 
Even the same CAV penetration rate may correspond to different platooning intensities.
If it is low (like the upper figure), CAVs are somehow scattered along the highway. 
On the other hand, if intensity is high (like the below figure), they form into platoons. 
This may also affect capacity.
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Analytical Capacity Formulation

 Markov chain model

1 0

𝑛𝑛 + 1
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Analytical Capacity Formulation

 Markov chain model
 𝑃𝑃1 ∈ 0,1 : CAV market penetration rate
 𝑂𝑂 ∈ [−1,1]: CAV platooning intensity

 𝑇𝑇 ≔
𝑡𝑡11 𝑡𝑡10
𝑡𝑡01 𝑡𝑡00

15
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Further, we define CAV penetration rate and platooning parameters as P_1 and O respectively
, and with some calculations, we integrate them to derive the elements of the transition matrix as shown here.
And this formulations can address all the mentioned four challenges. 
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Analytical Capacity Formulation

 Approximate capacity
 𝑐̂𝑐 ≔ 𝑁𝑁−1

∑𝑛𝑛=1𝑁𝑁−1 𝔼𝔼 ℎ𝑛𝑛
= 𝑁𝑁−1

∑𝑛𝑛=1𝑁𝑁−1 �ℎ𝐴𝐴𝑛𝑛𝐴𝐴𝑛𝑛+1
= 1

∑𝑠𝑠∈𝑆𝑆,𝑟𝑟∈𝑆𝑆 𝑃𝑃𝑠𝑠𝑡𝑡𝑠𝑠𝑠𝑠�ℎ𝑠𝑠𝑠𝑠

 Theorem 1: 𝑐̂𝑐 ≤ ̅𝑐𝑐 for any finite N
 Theorem 2: When 𝑂𝑂 < 1,  𝐏𝐏𝐏𝐏 𝑐̂𝑐 → ̅𝑐𝑐 𝑎𝑎𝑎𝑎 𝑁𝑁 → ∞

16

Presenter
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With this, we can formulate an approximate capacity based on Markov-chain method
We propose analytical theorems to show the accuracy of the proposed approximate capacity
Theorem 1 states that this approximate capacity always underestimate the ground-truth expected capacity for any finite number of vehicles
However, based on Theorem 2, this approximate measure converges to the real capacity for a large numbers of vehicles.
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Capacity analysis

 Numerical analysis

17

Optimistic Headway Conservative Headway

Presenter
Presentation Notes
Further, we performed numerical experiments to verify the theorems that investigate the capacity changes with respect to different CAV penetration rates
As you see, under the defined headway parameters, c_hat is a convex increasing function of penetration rate.
However, we also tested different CAV technology scenarios. One of them is presented here. As you see, under this scenario, c_hat is no longer an increasing function of P1. 
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Application – Lane Management

 Determine the optimal number of CAV lanes

𝑐̂𝑐A ≔ 1/�ℎ11
𝑞𝑞𝐴𝐴 ≔ 𝑚𝑚𝑚𝑚𝑚𝑚 𝑃𝑃1𝐷𝐷, 𝑙𝑙𝐴𝐴𝑐̂𝑐A

𝑝𝑝1 ≔
𝑚𝑚𝑚𝑚𝑚𝑚 0,𝑃𝑃1𝐷𝐷 − 𝑙𝑙𝐴𝐴𝑐̂𝑐A
𝑚𝑚𝑚𝑚𝑚𝑚 1,𝐷𝐷 − 𝑞𝑞𝐴𝐴

𝑐̂𝑐mi𝑥𝑥 ≔
1

∑𝑠𝑠∈𝑆𝑆,𝑟𝑟∈𝑆𝑆 𝑝𝑝𝑠𝑠𝑡𝑡𝑠𝑠𝑠𝑠 �ℎ𝑠𝑠𝑠𝑠

𝑄𝑄 ≔ 𝑞𝑞𝐴𝐴 + min 𝐷𝐷 − 𝑞𝑞𝐴𝐴, 𝐿𝐿 − 𝑙𝑙𝐴𝐴 𝑐̂𝑐mi𝑥𝑥

𝑙𝑙𝐴𝐴

𝐿𝐿 − 𝑙𝑙𝐴𝐴

Reference: 
* Ghiasi, A., Hussein, O., Qian, S.Z. and Li, X., 2017. “A mixed traffic capacity analysis and lane management model for 
connected automated vehicles: a Markov chain method”, Transportation Research Part B, 106, pp. 266-292.
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CAV Fundamental Diagrams 

 Ongoing Research
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Reference: Qian, Z.S., Li, J., Li, X., Zhang, M. and Wang, H., 2017. “Modeling heterogeneous traffic flow: A 
pragmatic approach”. Transportation Research Part B, 99, pp.183-204.
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Field Experiments
 10 HVs following tests in Harbin, China (collaborating 

with Harbin Institute of Technology)
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Field Experiments

 HV following CAV/HV at the 2.4 km test track 
at Chang’an University, China

 Test different drivers, different CAV speed
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Field Experiments

 HV following CAV/HV at the 2.4 km test track 
at Chang’an University, China

 Test different drivers, different CAV speed
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Field Experiments

 Difference between HV-following-CAV and 
HV-following-AV
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.Finally, I would like to graciously thank these sponsors to our research. Thank all of you for coming, I am happy to take any questions. 
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