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Abstract In order to get the optimal road congestion charging scheme in mixed driving environment of connected
autonomous vehicles (CAV) and human-driven vehicles (HDV), this paper conducts a quantitative analysis of the
impact of CAV on road networks (especially on road capacity), and analyzes the functional relationship between the
road capacity and HDV flows as well as CAV flows. Secondly, the traditional Bureau of Public Road (BPR) Function
is improved, and the system optimal allocation model is established based on the new BPR function. The system
optimum (SO) assignment is performed on the traffic flow under the conditions of different CAV proportions and
different HDV-CAYV headways. Then, Frank-Wolfe algorithm is used to solve the SO model, by considering the extra
traffic cost of HDV in the differences of SO results under different conditions. The corresponding road networks are
formulated using the optimal toll theory charge plan. Finally, the model and the algorithm are applied to the Nguyen-
Dupuis transportation network. The results show that under the coexisting condition of HDV and CAV, the marginal
cost under the optimal allocation result of the system is the optimal congestion charging which can be the basis for
the road toll scheme design under the coexistence of HDV and CAV.

Key words connected autonomous vehicles; road network; Bureau of Public Road (BPR) function; system optimum
assignment; Frank-Wolfe algorithm; congestion charging
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Table 1 Traffic flow distribution
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1-5 8336.80 5557.90 10560.00 82 6214.70 4143.20 7872.00
1-12 5608.40 3738.90 7104.00 9-10 9712.30 6474.90 12302.30
4-5 9246.30 6164.20 11712.00 9-13 4850.50 3233.70 6144.00
49 3941.10 2627.40 4992.00 10-11 4850.50 3233.70 6144.00
56 3334.70 222320 4224.00 11-2 4687.70 3125.10 5937.70
59 5911.60 3941.10 7488.00 11-3 8336.80 5557.90 10560.00
67 8185.30 5456.80 10368.00 12-6 5608.40 3738.90 7104.00
6-10 6074.40 4049.60 7694.30 12-8 9246.30 6164.20 11712.00
7-8 4687.70 3125.10 5937.70 13-3 3941.10 2627.40 4992.00
7-11 10015.50 6677.00 12686.30
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Table 2 Road congestion and travel costs

Ji%423 PIEF R L BHBT T AT AR it 423 Bk [HEET TE AT AR
1-5 1.76 7.32 77276.00 8-2 0.98 10.11 79595.00
1-12 0.89 11.65 82783.00 9-10 1.54 14.71 180976.00
4-5 1.95 15.89 186090.00 9-13 1.54 7.37 45252.00
4-9 1.25 13.30 66372.00 10-11 0.77 25.69 157834.00
5-6 0.70 593 25059.00 112 0.99 19.01 112884.00
5-9 1.25 9.65 72236.00 11-3 1.32 7.32 77276.00
6-7 1.73 12.81 132798.00 12-6 0.89 11.65 82783.00
6-10 0.96 11.28 86819.00 12-8 293 15.89 186090.00
7-8 1.48 15.55 92360.00 13-3 1.25 13.30 66372.00
7-11 1.41 11.69 148322.00
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Fig. 6 Optimal cost relationship of the system
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Table 3 Comparison of traffic flow distribution methods
JidE A RTCATTC: SO

IRG 38 & FHHT AT A IRA 3T FHHT AT A

1-5 21888.00 192.96 4223406.00 9880.00 14.72 145433.00
1-12 0.00 9.00 0.00 12008.00 15.85 190358.00
4-5 10944.00 23.94 262030.40 8084.00 13.45 108719.00
4-9 3648.00 13.25 48318.62 6508.00 24.61 160182.00
5-6 32832.00 406.46 13344784.00 11220.00 8.50 95401.00
5-9 0.00 9.00 0.00 6744.00 11.15 75228.00
67 32832.00 677.43 22241307.00 11842.00 16.38 193976.00
6-10 0.00 13.00 0.00 5890.00 13.57 79945.00
7-8 18240.00 329.28 6006074.00 4920.00 6.72 33046.00
7-11 14592.00 18.33 267453.00 6922.00 9.47 65568.00
8-2 18240.00 45.48 829583.30 10416.00 12.88 134153.00
9-10 0.00 10.00 0.00 7054.00 10.91 76936.00
9-13 3648.00 9.93 36239.00 6198.00 16.78 104016.00
10-11 0.00 6.00 0.00 12944.00 12.17 157505.00
11-2 0.00 7.00 0.00 7824.00 10.04 78522.00
11-3 14592.00 21.28 310554.60 12042.00 14.16 170521.00
12-6 0.00 7.00 0.00 6512.00 7.46 48586.00
12-8 0.00 14.00 0.00 5496.00 21.48 118079.00
13-3 3648.00 12.14 44292.00 6198.00 20.51 127130.00
it / 1825.50 47614042.00 / 260.80 2163303.00

& BACIAL 3L i SO Atk

KB IRG 38 & FHHT AT A RA 3T FHHT AT A
1-5 9576.00 13.81 132270.70 10560.00 7.32 77276.00
1-12 12312.00 16.57 204051.10 7104.00 11.65 82783.00
4-5 8664.00 14.87 128829.50 11712.00 15.89 186090.00
4-9 5928.00 20.68 122608.30 4992.00 13.30 66372.00
5-6 10716.00 7.58 8121291 4224.00 5.93 25059.00
5-9 7524.00 12.34 92833.29 7488.00 9.65 72236.00
67 12084.00 17.34 209531.10 10368.00 12.81 132798.00
6-10 5016.00 13.30 66719.69 7694.30 11.28 86819.00
7-8 5016.00 6.85 34382.70 5937.70 15.55 92360.00
7-11 7068.00 9.51 67241.50 12686.30 11.69 148322.00
8-2 10944.00 13.73 150239.30 7872.00 10.11 79595.00
9-10 7541.00 11.18 84340.50 12302.30 14.71 180976.00
9-13 5911.00 15.44 91252.85 6144.00 7.37 45252.00
10-11 12557.00 11.46 143940.10 6144.00 25.69 157834.00
11-2 7296.00 9.30 67821.75 5937.70 19.01 112884.00
11-3 12329.00 14.77 182088.60 10560.00 7.32 77276.00
12-6 6384.00 7.43 47406.28 7104.00 11.65 82783.00
12-8 5928.00 24.13 143043.00 11712.00 15.89 186090.00
13-3 5911.00 18.87 111531.30 4992.00 13.30 66372.00
it / 259.20 2161344.00 / 240.10 2152635.00
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