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p, N2 FEE R RN RS Z SRR
Hir 545 (D AREBHIMINLP HEAE, FNTEXZAL
i E AT S Sl e o 8 =] 7 N T O 4 A
HE ST AT B (T IE Z  2 SERUR A B M. XUZ AR AR
TR Z LIRS AR (3 FIAR @ —3.

B T S5 R A A7 e 82 B T e AR i 5 S 1 2l i e 2
ARG JEIEMINLPEAR [ AL (1)~ QD AR,
SERE T PP gl ESRETHANX (23)
ik,

; k-1 5i , i
Sr = {0 if Yilg, < 6 < YhLg,

1 otherwise (23)

FEREHNZE, FTUHAX (100~ 21 Al
IDM B E5R s . 28 b, A5 (100~ (23) #
SE T AN TFE RN AT Z AR AR RS . A [R] A
—ANMINLP i) #, {H&HFEEMINLP 1 @] A (1)~
QU IM4EEF BRI L . FRIGMINLP IR (1 kA7 RF 45
B[R] 75 T8 2O AR A ZE AR AR B A R AR &, R
CRPEAS X TV AR RS Hp A Sh S BRI B AT TEAT T4
o ZATE BT AT LU Matlab H (INOMAD 3K fif 4%
SKAR[27] 245 74 B IDM i1 55/ 58 35 20 4 It B 1) 22 4k
P AN B . WEBFTR, N T HRBISAENLZE, 7
B} 38 2 M MINLP A Y A s i “ I BT e e #2 i3k

TIEART S, BHBE ARSI 1R . WS RR T A IR
ESER PR R A Z Z (RIATC) /NEERME,
107,

3. BESLL

ASCHE H HI AL B AE 5 A AT i [R5 il AR AR % g i
BT H 2 g AT T, Mg FE S T B ME
SR WA AR RS B T AH BR800 m (0.5 miDs
WBHEB & 7 [ 28 5 H . i 5 AR, 28 X i
W E SUNEEELL F 5400 m A1 R 7400 mz . (E%
AN 48 130 G Ak A EOBE ML EIA I 2259, FLRIR T Al A
UR TR A I ER A EAN . BRATDE BB I R — A
3B O BRSO R A A AE5E D, R A AR
TEAT . BRI GRS I R B E N100% . PRS2 T
T332 oK Ho v e H AR Y AT Le A oy B = AN P R
B, EAFERASE T RAKFE T, fESYNCHRO H 5
BAEE S TS, AFEE IR K AL RESER A FIAH
frZ2e FIR, BEXSEEREHL, RHASE R 73k B
A SR (AEALFREER [ FARAL 22D e, did7E
A — 5 B W0 2 S B RIS, SRS AN T ik
FIPERE . EVER, SYNCHROZE R —4$F 52 i 8] B Y St
THEENREGESHE R PR@EER), ZHE
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AN RIS TR ) PO BN [ R B B R . M, R
CVHAR, TEESHFHEEFES, 2 USSR AE
B2 8T S BIA RO . AR R R R DL R
L/ Eid R .

TATE MR T 7SA ), XL R H R T AN K
AR ACE A AR (K1), 5LifBan [17,23]1
MR FERBI~TH, B B NS4, R
BEARTE (WED J7 1A I 75 R 5B MK [ 45 /N 25058 42
(vph) 12175 (800 vph) o X TR L iE ) AL (NSO T ],
TR W E N 125 vphy 250 vph A1250 vph. 7EEBITV~VI
o, EEE SR 5 =B~ TR A E], 1 43R ] .
AL TT ) BT R N ER A (EV), WEJT A
LRI AN A TR . FEXNFER T, 80% [
BRI N EAT B, T HAR20% (1) B RG  AE
FEANE G A

F2WoR T AE AN R =0 7 A B AN TR
S HCE R A (TR RN T AN S ) SR A K
Ao H—FP 1R SYNCHRO A A K itk 015 54T
BRI RS 4 TEhEE B Mg TN ERE,
SYNCHRO FJ U H RS 5 S8, BFEAE AL RFSE T
B JE BN ZE . AUE TR, F FEL A R
() B IA ZE A AN FH IDM 45 31 () 240 0dE,  #AEAT BTN 2%
HSEEL, DA E S RAS, BIAR (1) AR (2. &

2 FFMINLP J5 A0 SUZ AR T 5 i AR A6 A [ (O A2 P
KATHE A . HE, NTTES I EES], RATEAR
WEFTH A R T E R I K. - SYNCHROfl
BN [EE B A B K, BMRR E F R (CRAIATV)
60 s, TERETFRR (EHIIFV) N80 s, miiET
ROCERBIIITAMVD ~120 s. 5 Fgik, BIAN (D
~ (21) FiRIRMINLP, FMatlabH [FINOMAD K fi#
KM WE2FTR, BANMMESAHSMNEM. WRE10
MR B SR, WX TS SAME S T E
WX 2SRk, KA 404 IR AH AL FE S [R] (1) 742 f f4 A4S AH
PrZEA R B =M R R AR SR M XUE AR, T
DLH sk 2 F 6 5 R AR . TEAE X% 14 g)), HIDP
T35 SR AR AR AN 28 U A SRR B0 [R), 3 HL AT DATE 3
A JESHEF . fETIEZON, B 104 JE R — R W .

Xt F T 6], MINLPATUSUZ AR A0 AR R i 45 S #40
L SYNCHRO 45 24y Xt FRBIARZHIIV, Z
AR ) 45 BB T MINLP 25 8. K6 EoR T84
N R RE (R B RE R . 7E 7 SR KA B i 2
BITANTV A, odh i B /N T oA 2 0 X — R BT R
RO, AR E A BN LR, P [E 4 SR
A PR .

B 7 AT B T AR RE R A A, FATIE LR T
o ik s b8, iR 3FRAFTR. fERTAE S

B5. AL A X L B4 . WE: ZRP8 5 a8 5t (B RIS 1975 1))

K1 AFESGEE RGP PR T RIS 50

Item Case | Case 11 Case 111 Case IV Case V Case VI
Vehicle demands ~ NS: 125 vph NS: 250 vph NS: 250 vph NS: 125 vph NS: 250 vph NS: 250 vph
WE: 250 vph WE: 500 vph WE: 800 vph WE: 250 vph WE: 500 vph WE 800 vph
Vehicle types All sedans All sedans All sedans NS: EVs NS: EVs NS: EVs
WE: Buses WE: Buses WE: Buses

NS: northbound and southbound direction; EVs: electric vehicles.



AR, PR T A S AR RBOE D> T AR T
8. Ak, SYNCHRO 7L R B 2K T
MMINLP AR AL TS5 S (1945 42 R

N T B VP AL D R A 75 T DU A 2% (B
FEA RSO T I BT AR B S 258, BRATHE
T PRGOS ARRPERE Akt AR RANTE P A CEAR
RLZESETF) . B, fEMINLPH, FRATE %R A
B 40 M ARALFF AL [ AR R A, JFRE AT ARG 2 B

9

RJG, FRATLEIDM szt (G S SR, I
A B 32 BT RN IR EAE ) R AR o IR — AR 53R
FRIEANKERI AT (1)~ 21, Ak T AL Fr S
AL ZE 1 &5 BT L. XUZ A AR 2R SR [R) A5 ) 3t
. RSBRTHRER. MEERPIHER, F£IR
HEAT B[R4 1) J5 2 30 Bk T 38 1) % X 3R TS 1 AR 2
WX FTFE AT R, AR E (R
[EEFITV) T, MINLPARIXUZ A Y 3 SR BLAFE,

S =4
<o

T2 ANEHE AL (A £I0)
Method Case I Case 1T Case IIT Case IV Case V Case VI
SYNCHRO 232.07 804.34 2048.80 320.44 1088.50 2778.50
MINLP 227.44 737.53 1998.03 316.86 1036.23 2623.95
Two-level model 229.50 764.42 1884.63 314.81 1065.70 2675.47
10.00
L 9.00 -
£ 8.00 [
[0}
£ 7.00 -
[}
5 6.00
g 5.00 [
g 4.00 |
é 3.00 [
S 200}
T 1.00 J
s 1
) []
Case | Case ll Case lll Case IV Case V Case VI
M MINLP Two-level model
B 6. ZHII~VIHT BRI T (AL SYNCHRO).
R3 WA TT A 4 2
Method Case I Case I1 Case II1 Case IV Case V Case VI
SYNCHRO 0.62 1.56 1.96 0.78 1.78 2.22
MINLP 0.36 1.12 1.49 0.61 1.32 1.72
Two-level model 0.42 1.21 1.42 0.57 1.37 1.51
R4 A7 A RIS
Method Case | Case I Case II1 Case IV Case V Case VI
SYNCHRO 0.82 1.58 2.08 0.92 1.84 2.38
MINLP 0.44 1.16 1.63 0.77 1.36 1.88
Two-level model 0.46 1.25 1.54 0.59 1.45 2.36
RE I I R X 2 A RN A I PR AR TR T B A 1 v
Case I (%) Case II (%) Case 11T (%) Case IV (%) Case V (%) Case VI (%)
Method Main Minor Main Minor Main Minor Main Minor Main Minor Main Minor
street Street street Street street Street street Street street Street street Street
MINLP -2.5 -1.5 9.1 -0.6 4.5 1.2 2.7 -2.9 4.6 1.6 5.9 0.3
Two-level model -1.1 0.5 8.7 0.7 3.7 -0.7 0.5 0.6 7.8 -0.8 3.8 0.2
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MAER = A K (R, 1. VAIVD A
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A FL 2259 A AL B IA 1 T IEAE AR, PR IR L 4 4
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IXFSA BN T A0 i = R R A () 5 A &
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R T7 M R R AN R 03 5 R AT IR R, R
WHNEAN R CRBIVII~IX). &5, A7 2% s
T A RKAZET R EEBVI~IXF, RS
VLT R II10% ~20% 2 18] BEH LA FE 2240 AT A e Al A
o b, MRJT MA@ T SRWAAEE. B, 7EF
i b, E-WHIW-EJ7 R E AR X T 24V
FIVIL, A7 A E TR S e, WRFT R,
TERBIIX R, BEAST5 ) 1 28 38 75 3R 7E — 8 Y [ N B AL
KK Hiln, EE-WJiH b, ¥I4E TR 2 M250 vph 2
500 vphyl [ W BENL (5] &P ETA =604,
MINLP FIXUZ AT 1 BE A8 T3 28 SYNCHRO 45
A, B e A 7 R

KI8 7R 1 #E4000 m T3 P A F AN [FAE 5 1 RIS i

R6  AFEZCHET R BMITT R, AN F 5L A
Item Case VII Case VIIL Case IX
W-E: 250 vph  W-E: 500 vph ~ W-E: 250-500 vph
E-W:500 vph E-W:250 vph = E-W:250-500 vph

Vehicle demands

N-S: 100 vph  N-S: 150 vph ~ N-S: 100-150 vph
S-W:150 vph ~ S-W:100 vph ~ S-W:100-150 vph
SYNCHRO (USD) 316.57 318.32 349.56
MINLP (USD) 307.91 305.43 323.73
Two-level model ~ 304.75 306.90 330.21
(USD)
9.00
°\E 8.00 t+
€ 7.00 |
£
£ 600 -
3
E‘ 5.00 -
E 4.00
é 3.00
o 2.00 r
2
® 100 +
0
Case VII Case VIII Case IX
B MINLP Two-level model

B 7. =B VI-IX P RARYE 32T (W LESYNCHRO),

103 (600 s) Ja I ZE4HEEE . R4 E S s W-E
JrEATH . 5K (a) HHHSYNCHRO A 15 ZEAH
tb, K8 (b) A1 (¢) A FIMINLP J5 vk AR AL i

4000

Intersection 5

35001
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25001

20001
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1500
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Yl

1000 7
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7
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0 . 4 f .
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Time (s)
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7 /:?,‘/'_ y
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N/ ‘ i
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Time (s)
(b)
4000
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3000 r Intersection 4

E 2500+
c
L
® 2000 F
(s}
o
—

1500 - y/

Intersection 2 /
1000
500 Inte/r/s{f:ﬁt&ip/’r; 1
0 Y / ‘ // .
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Time (s)
(c)
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73.254

73.00 4

72.75 4

~
N
15
o

72.25

Total cost (USD)

~
N
o
)

71.754

71.50 1

71254

o
N
~
(2]
oo

Number of iterations

(@)

236 1

2351

234 1

2331

2324

Total cost (USD)

2314

2304

0 2 4 6 8
Number of iterations
(b)

B9, FHIHXIUZ AR RISE B . Cad B SAJIPITE BT — XA L
22; (b) 10/ IS8T — AR 22

Y B RE IR FE L RO B R B @A E Skl 4
ATt ATL A RS 1 ZE 26 T DA IR e et 28 i 11

A HAE SIS WA T AN [F] 77 VAR 104 8] B I 1 2 20
CREAS B [ 5, S TA] A1 10~20 minD. AT BLRE K
B JE B, (XA B /R KT T (). Y 2R
TR, A SRR R BR RN Rk AR B
Z) I, NOMAD Kfif#s n] e ik B v AT MR R 07 56
BUZARACA AL I8 5 0] A ORI Sk, (H R T B ] 2> AR 4
FREETA AR, B8R T B 7 2 5 Hr
B AN B ) R AR AR IR B . B8 38 2 72 10 AR U8
FEFH A Z ] bt n] DR BIR A, fE LA IS .

4. 53¢

ABETEIT R T — M5 5 e A A A B [ 42 1 ) A
B, SARBAECVIABT RS T AR PIL. Bk
P T AR EMINLP,  BUE (5 54T I Ky AR
WG, PRS2 A58 S LA 22 A o AR i S 1 1Y)

11

FRIEC X ZE SR T 3 5 AT RN 100%, A SCHE I 7 95
IDM ERZEASE R KAl T FO TG ZE 4 I e o |l T8 T
2%, FRATTHKG in) AR B OSSR AR R E A A8 X
120, A FH 2B 35 Je i A48 X D K IDP 5 v2:,
RN K, EERTEEN, A X
TR AR A AL 22 . AUZ BT FEAIC 7 MINLP & 28 .
T RPAZAERY, FRATHE— IR T — P T R ) 5K
fift g7 58, AT DLIEARHAR iz in) . B RSB B, FRATT
FEALE TN B8 FR T BT 5 e RS R AN SR A 7
o MINLP AR JZ A58 Y 1) 285 SR AE 28 38 4E 152 FRRHH #6
JHFIT SYNCHRO A IG5 KT itk 77 %o fiE A+
Yo A [ A2 8 5 AN R 2 B I 22 A e AT TR, A5 R
R, 55 P [R5 1) X6 A2 38 AL R A A2 S 1 2
E I F R RMCE AR . LA, AT
HETBCTE B AW T 3 AT RO 100 % IR, IR 7 R
2T REECVILE ST HECV I FLT AT fli 1. h4b,
AV RIME 2 5 (s bR & AE 5 P )
AR AN GG Fr 42 I SUE AR A T 15

L)

VB 2 BL A I B 42 o R N R 21 DL, A AT 45 B
Mk T ASCHIR AR RRA . XTI FAF B T 414K B
W ERLIE (C2SMART) — K24 B RO [ HEE
A (USDOT) BN I SR, %% Bk [ a4
Wik (69A3551747124),

Compliance with ethics guidelines

Wan Li and Xuegang Ban declare that they have no

conflict of interest or financial conflicts to disclose.

References

[1] Henry RD. Signal timing on a shoestring. Report. Washington, DC: US
Department of Transportation Federal Highway Administration; 2005 Mar.
Report No.: FHWA-HOP-07-006.

[2] Bowers D A. Progressive timing for traffic signals In: Proceedings of Institute
of Traffic Engineers; 1947; New Haven, CT, USA; 1947. p. 93-100.

[3] Petterman JL. Timing progressive signal systems. Traffic Eng 1947;29:194-9.

[4] Davidson BM. Design of signal systems by graphical solutions. Traffic Eng
1960;31(2):32-4.

[5] Little JD, Kelson MD, Gartner NH. MAXBAND: a versatile program for setting
signals on arteries and triangular networks. Transport Res Rec 1981;795:40-
6.

[6] Gartner NH, Assman SF, Lasaga F, Hou DL. A multi-band approach to arterial
traffic signal optimization. Transp Res Part B Methodol 1991;25(1):55-74.

[7] Messer CJ, Haenel HE, Koeppe EA. Report on the user’s manual for progression
analysis and signal system evaluation routine—passer II. Report. Arlington:



National Technical Information Service; 1974 Aug. Report No.: TTI-218-72-
165-14 Intrm Rpt.

[8] Coogan S, Kim E, Gomes G, Arcak M, Varaiya P. Offset optimization in
signalized traffic networks via semidefinite relaxation. Transp Res Part B
Methodol 2017;100:82-92.

[9] Zheng F, van Zuylen HJ, Liu X, Le Vine S. Reliability-based traffic signal control
for urban arterial roads. IEEE Trans Intell Transp Syst 2017;18(3):643-55.

[10] Hu H, Liu HX. Arterial offset optimization using archived high-resolution
traffic signal data. Transp Res Part C Emerg Technol 2013;37:131-44.

[11] Tang X, Blandin S, Wynter L. A fast decomposition approach for traffic control.
IFAC Proceed Vol 2014;47(3):5109-14.

[12] Wongpiromsarn T, Uthaicharoenpong T, Wang Y, Frazzoli E, Wang D.
Distributed traffic signal control for maximum network throughput. In:
Proceedings of the 15th Intelligent Transportation Systems 2012 International
IEEE Conference; 2012 Sep 16-19; Anchorage, AK, USA. New York: IEEE; 2012.
p. 588-95.

[13] Varaiya P. The max-pressure controller for arbitrary networks of signalized
intersections. In: Ukkusuri SV, Ozbay K, editors. Advances in Dynamic
Network Modeling in Complex Transportation Systems. New York: Springer;
2013. p. 27-66.

[14] Anderson L, Pumir T, Triantafyllos D, Bayen AM. Stability and implementation
of a cycle-based max pressure controller for signalized traffic networks. Netw
Heterog Media 2018;13(2):241-60.

[15] Brett C, Jabari S, Blandin S, Wynter L. Control plan optimization. In:
Proceedings of 95th Annual Meeting of the Transportation Research Board;
2016 Jan 10-14; Washington, DC., USA; 2016.

[16] Li W, Ban X], Wang J. Traffic signal timing optimization incorporating
individual vehicle fuel consumption characteristics under connected vehicles
environment. In: Proceedings of 2016 Connected Vehicles and Expo; 2016 Sep
12-16; Seattle, WA, USA; 2016.

[17] Li W, Ban X]. Connected vehicle based traffic signal timing optimization. IEEE
Trans Intell Transp Syst 2018:1-13.

[18] Beak B, Head KL, Feng Y. Adaptive Coordination based on connected vehicle
technology. Transp Res Rec 2017;2619(1):1-12.

[19] Lee ], Park B, Yun I. Cumulative travel-time responsive real-time intersection
control algorithm in the connected vehicle environment. ] Transp Eng
2013;139(10):1020-9.

[20] Li Z, Shahidehpour M, Bahramirad S, Khodaei A. Optimizing traffic signal
settings in smart cities. IEEE Trans Smart Grid 2017;8(5):2382-93.

[21] Priemer C, Friedrich B. A decentralized adaptive traffic signal control using
V2I communication data. In: Proceedings of 12th Intelligent Transportation
Systems; 2009 Oct 20-22; Lille, France, 2009.

[22] Islam SMABA, Hajbabaie A. Distributed coordinated signal timing
optimization in connected transportation networks. Transp Res Part C Emerg
Technol 2017;80:272-85.

[23] Li W, Ban X]. Traffic signal timing optimization in connected vehicles
environment. In: Proceedings of the Intelligent Vehicles Symposium; 2017
Jun 11-14; Redondo Beach, CA, USA; 2017.

[24] Zhao ], Li W, Wang ], Ban X. Dynamic traffic signal timing optimization
strategy incorporating various vehicle fuel consumption characteristics. IEEE
Trans Veh Technol 2016;65(6):3874-87.

[25] Smith JC, Taskin ZC. A tutorial guide to mixed-integer programming models
and solution techniques. In: Lim GJ, Lee EK, editors. Optimization in medicine
and biology. New York: Auerbach Publications; 2008. p. 521-48.

[26] Treiber M, Hennecke A, Helbing D. Congested traffic states in empirical
observations and microscopic simulations. Phys Rev E 2000;62(2 Pt A):1805-
24.

[27] Currie ], Wilson DI. OPTI: lowering the barrier between open source optimizers
and the industrial MATLAB user. In: Proceeding of Foundation of Computer-
Aided Process Operation; 2012 Jan 8-13; Savannah, GA, USA; 2012.



