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Research background
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Research background

dVehicle routing problem

High computational .. &= ‘ ;
complexity!
xk € {0,1} i

[1] Toth, Paolo, and Daniele Vigo. Vehicle routing: problems, methods, and applications. SIAM, 2014 . l]



Research background

dVehicle routing problem

Big-O Complexity Chart
(e () ) ) R

Depots

Integer
programming

Customers
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Research background
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»Reduced dependence ,
on fossil resources "
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»Long charging time

Vehicle routing ‘ Electric vehicle routing
problem problem




Research background

Electric vehicle routing
problem (EVRP)

>VRP
» Objective

» Usage cost, travel time

> Constraint “s
= Vehicle flow {

= Time window

Mixed Integer
Programming
Problem

226 # 10

425 R11 »9



Research background

Literature review
»EXxact algorithms

= Branch and bound method (TITS’18) High computation
= Branch, cut and price method (IJPR’22, TS22) complexity
» Solver-based method (TSG’'18, TVT'20 )
> Approximate approaches _ Suboptimal,
« Dual decomposition (TSG'18, TVT'20 ) =) high computation
complexity
= ADMM (TSG'18, TVT'20)
»Heuristics methods
= Variable neighborhood search (TSG'18, TVT'20 ) .
Subotimal

» Genetic algorithm (TSG'18, TVT'20 )

* Deep reinforcement learning method (TSG’'18,
TVT20)



Research background

dMotivation

»Large-sized electric vehicle routing problem

* The compuataion time of large-sized EVRP, is quite long!
* The online EVRP requires a computation-efficient algorithm!

» Collaborative scheduling of electric vehicle fleet and
customers

» Fixed pickup time of customers reduces the efficiency of electric
transportation system.

» To characterize the collaborative scheduling problem, how to
formulate a suitable mathematical model?
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Outline

2. Electric Vehicles Routing Problem
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EV routing problem

dMathematical model (MIP)

» Objective function

Z Z Z ( Ci + CL)TTij ) K
k k| Xij
+r;p; + wrry g;
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Depots

Operation cost = usage cost +travel time
+ charging cost
+charging time

» Constraints
= \/ehicle flow

k k _

JEV JEV
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Starting from the start depot, after visiting the
customers, return to the end depot
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EV routing problem

dMathematical model (MIP)

»Constraints
= Visiting constriant

ZZx{‘jSL

KEXK jEV
= Visiting time
ti = (Tl-j + g + tl-)x{‘j,
= SoC of EV

k _ k k k
E] _Z(El +Ti —el’j)xij,
IEV

0<Ef<E.

Customer cannot be visited by more
than one EV

The visiting time of customers

The state of charge of EV
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EV routing problem

dMathematical model (MIP)

. k k. \. .k
. min z z Z(Ci + wrTij + 1r{p; + wrrfg;)xf
xijEIBB,ri ER

KEX i€V JEV

zx{;—zx}‘; = b, ViEV,ke€X,by, =1b, =—1b =0
v v

ZZxUS1 VieR

keX jev

th( + g7 +t)x VieV\v,jeEV\v,keX

Lj’
:Z(Elk‘l‘rl —ei]‘)xij,V].EV\Vl,kE:K:,
i€V
0<Ef<E VjeV\v,keX.

Elimination of

the routing problem
bilinear terms =] g P Charging
Primal — Ll -
problem problem scheduling
14

Exact LP relaxation

Integer solution from



EV routing problem

dMathematical model (MIP)

min ¢; + wrTi; X
xll‘jeIBB,rik ER ( J ) J

KEX i€V JEV

st zx{; —zx}‘g =b, Vi€V,k€X,by, =1,b, =—1b; =0
v eV

ZZxUS1 VieR

keX jev
tj > (TU +gi7"ik + ti)x{‘,-,‘v’i € V\Un,j € V\Ul,k e K

Theorem 1 (Dimension reduction)

Elimination of

bilinear terms Routing
A obem

Exact LP relaxation
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EV routing problem

JTwo stage method
(Routing problem)

»Elimination of bilinear 1,
terms
= Eliminating bilinear term r;x;; (r; is S.t.

replaced with e;; )

> Exact LP relaxation

» Vehicle flow constraints. are totally
unimodular, satisfying sufficient
condition of exact LP relaxation

= Time constraint does not break LP
relaxation exactness

Elimination of

bilinear terms Routing
A obem

Exact LP relaxation

P EE) LP

z z Z(ci + a)TTij)xij

KEX i€V JEV

tj = (Tij + t; +,Vi EV\Un,
JEV\v,
inj —le’j = bi: VievV,

v v
by = 1,b,, = —1,b; =0

Z inj <1 VieRr

ikexc jev
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EV routing problem

dTwo stage method (Charging scheduling)
»Given x;; , obtain the path P, for each EV

How to get a better

solution?
) Er}rzliirelp wTZ r;9; + z ;D; The charging scheduling
i ) k
LEPy LEP} roblem is a LP problem
s.t. EjZEi-l-Ti—eij;vjEPk\vl p p
0<Ef<E

Integer solution from

the routing problem .
Charging
D rcculing
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EV routing problem

lterative two stage dPerformance
method guarantee
»Two stage method

U = Both routing and charging
problem are LP problems,
which reduces the

U computation time
Solve the LP-based routing problem > Ite rative meth Od
Set the charged energy of

customers with the violated . .
4 = Converge in finite

visiting time, r; = e
iterations
Any customer

» Optimality gap
CMIP < CILP < CTLP
violatez::?visiting >C0mputati0n time

Topp > Thp 2 Trpp

Set the initial charged energy as 0,r; = 0

ij
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EV routing problem

dSimulation results
»Comparison between TLP, and ILP
»Large-sized problem

S | mmr —o—ILP 1 ' i
S o |ty ”
= Optimal: 1 0] —
. pima o . ik =
'(..3 1.15 |: 10 F g
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g .% 10" £ 10°
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N Q 1 £ =
T 105 e S
: 8w | T -
§ 1 O—O—M 107 ; s s s ‘ s s
17 19 21 23 25 27 29 31 33 35 10'21 5 26 2‘5 3‘0 35 50 100 150 200 250 300 350
Size of Network Size of Network Size of Network
The optimality gap of ILP lower than 10% The computation time of ILP 0.1 s 350 nodes and
The optimality gap of TLP lower than 20%  The computation time of TLP 0.05 s 35 EVs solved
in 10 seconds
[2] C. Yao, S. Chen and Z. Yang, "Joint Routing and Charging Problem of Multiple Electric Vehicles: A Fast Optimization Algorithm," in IEEE 19

Transactions on Intelligent Transportation Systems, vol.

23, no. 7, pp. 8184-8193, July 2022.



Online EV routing problem

dOnline routing problem
»Real-time generated customers
» The uncertain charging prices

Rolling horizon
framework : 2" time |

oo -~ slot
L Isttime - ------ !
plili:;ngl: slot ll'l Planning horizon
me Depot Customers Charging

Rolling nodes

N )




Online EV routing problem

J1Online |.'out|ng prOblem Challenges: Multi-depot
»Real-time generated customers FETE e 51t
» The uncertain charging prices

Rolling horizon
framework : 2" time |

slot
planning * Planning horizon
time l N
r
T T i T T T > I
time Depot Customers Charging

nodes

Multidepot routing



Online EV routing problem

dMulti-depot routing problem

»The equivalent transformation rule

= The road selection variable and travel time of virtual roads are set as
1,0, respectively.

* The energy consumption of virtual roads is set as the difference
between the battery capacity and current SoC of EV.

R
- Request nodes N
- Location of EV 4
Start and end depots /
- Virtual depot
V4 Le2 5 R,
de d ( _’. : ;. y N de
c3 4

a) The 1st time slot

b) The 2nd time slot

l

Homogenous EV at the virtual depot
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Online EV routing problem

dSimulation results
» Evaluation of the simulated competitive ratio

1.3 : :
" [ - SCR

o 1.25 _ s Optimal: 1
g
g 12r
§ i
S 115
8 :
3 11Ff
© [
g L
» 1.05F
n

8 9 10 11 12 13 14 15 16
The number of customers at the initial time slot

The SCR of ILP is lower than 1.2, demonstrating
that the ILP works well in online routing problem

[3]1C. Yao, S. Chen and Z. Yang, "Online Distributed Routing Problem of Electric Vehicles," in IEEE Transactions on Intelligent Transportation
Systems, vol. 23, no. 9, pp. 16330-16341, Sept. 2022.
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Outline

3. Electric Vehicles Routing Problem with Time
Flexibility
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EVRP with time flexibility

dTime flexibility

8:00 90 min  9:30

\\EO m::1 eo“/ Howto determing. it ibleyvisit

time of fhe Z"éustgmer’?
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EVRP with time flexibility

dMathematical model of the fleet operator
» Objective function

. pl‘EBlTAT
min E (cl + wrly; + a)Trik gi)xf‘j
x{‘jE[BB,rik qj.t; t:eER

LEC TEA keX lEV JEV

TN\
+ 2] ER q] ZLEV ZI{ES‘C xl] Fleet Operator

Operation cost of the fleet +
delivery fee discount

» Constraint
= SoC
= Vehicle flow
= Visit time
= Flexible time window
tr <t; <tf+6, VjeER




EVRP with time flexibility

dMathematical model of
customers

_ Minimize the inconvenience cost +
g_lé% 7(8;) — a;8;, maximize the discount of delivery fee

st. 0<8;<§;

s Fleet Operator )
dThe joint model of the o O O 2o
fleet and customers X,7.q

N—

B; At
min ) ) FEES 4 ) D) (et orTy + orrf)
iEC TEA kEK i€V JEV a 0 g 0;
\

X)) Z : :
JER i€V keX B ﬂ ﬂ ﬂ

St 6]* € arg n%in{g (8]) - q]8], O S 8] S 6]}, Customer 1 Customer i Customer n

Vj ER, How to solve the joint optimization
problem? 27




EVRP with time flexibility

dThe equivalent reformulation method

» KKT optimality condition
Stationary Bilevel optimziation
V?(Sj) —qi—o0j+tu;=0,VJER # condition model

0<8 -8 <MyVjeER

Linearized
1 .
0=y < M(1 - L|JJ')' VjER complementarity KKT Big M method,
0<6; < Mde,Vj ER condition optimality Zero duality
0<o; <M(1-Vy?)VjeR condition gap

> Linearization of nonlinear terms

Nk = wrr{gi —M(1—xf),VieV,jeVkeX
n5 =79(8;) +u;s; — p*(8;) — M<1 — Z zx{;),w € R.

l keEX ieJ

Zero duality gap of the

lower-level problem 28



EVRP with time flexibility

Linearized single-level problem
»MIP-based single-level Problem
»Solved by commercial solver

mjn Z z Z(n%jk +13 + (wrTy + ¢;)xf5)

KEK i€V JEV
0.05
Z(55)

g 0.041 ¥ x=0.0133; y=0.01 |
E Solvable single-level
qg "% Inconvenience function |
% 0.02 J
% o1 / How to design the distributed
= algorithm to protect the

0

' ' ' ' privacy of both sides?
0 0.005 0.01 0.015 0.02

Time flexibility [h] 29



EVRP with time flexibility

dThe algorithm details

[ MIP based single-level problem ]

iGeneraIized Strengthened
i [ MP ]ii »[ Relaxed J |

BD MP GBD

i [ SP ] | [Variant SP] :

¥ Faster convergence

Slow convergence | N rate!
=
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EVRP with time flexibility

dSimulation results
»Impact of Different Time-flexibility Levels 8_]

T T T T T T 40 T T T T T T
— 570 k- Without incentives 4 g I VVith incentives and § = 1.5
) With incentives and § = 1.5 0 I With incentives and § = 1.0
= —#i— With incentives and § = 1.0 %D 30 I VWith incentives and § = 0.5
Q . . . N > r -
O 560 L =—fft— With incentives and § = 0.5 | | =
n

g g
E T 20
= > g
§ 550 F . g
s,
5 540 . g 10 1
= 5

' Z

530 1 1 1 1 1 1 0
13 15 17 19 21 23 13 15 17 19 21 23
Number of Delivery Nodes Number of Delivery Nodes
The operation cost becomes smaller with increasing values of §;;
The delivery fee saving becomes lager with increasing values of §;
[5] C. Yao, S. Chen and Z. Yang, "Cooperative Operation of the Fleet Operator and Incentive-Aware Customers in an On-Demand Delivery System: A 31

Bi-Level Approach," in IEEE Internet of Things Journal, doi: 10.1109/JI0T.2023.3324047.



EVRP with time flexibility

dSimulation results
»Comparison results between SGBD, GBD, BCP

110t

n I BPC-t
- | =0~ GBD-t
‘g lll*lll SGBD—t
= 107 | | I GBD-i
8 [ SGBD-i 5- 0O
= [ -
2 Fog
= - R
3 T TR "" 3
S Y, P ik
o0 _‘
[y “-‘
g 00 '
> 100 L
11 21

SGBD shows a better performance than GBD, and BCP in

Size of the Netvvork

106

102

1100

Average Iteration Number

terms of the number of iterations and computation time

[6] C. Yao, S. Chen, M. Salazar and Z. Yang, "Joint Routing and Charging Problem of Electric Vehicles With Incentive-Aware Customers Considering
Spatio-Temporal Charging Prices," in IEEE Transactions on Intelligent Transportation Systems, vol. 24, no. 11, pp. 12215-12226, Nov. 2023.
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EVRP with time flexibility

dSimulation results
» The scalability of SGBD

Instance  |V] = 11 _|V] = 51 [V] = 101 [V] = 151
E| = 22 |&] = 102 IE| = 202 IE| = 302

Run 2.06 121.47 837.35 *

time (s)

€ 0 0.41% 2.33% 12.23%

SGBD can solve the EVRP with up to 150 nodes and 15 EVs

[6] C. Yao, S. Chen, M. Salazar and Z. Yang, "Joint Routing and Charging Problem of Electric Vehicles With Incentive-Aware Customers Considering 33
Spatio-Temporal Charging Prices," in IEEE Transactions on Intelligent Transportation Systems, vol. 24, no. 11, pp. 12215-12226, Nov. 2023.
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4. Conclusion
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Conclusion

dDesign the approximate method to solve large-sized
EVRP in polynomial time

Devise the rolling horizon based method to solve the
online EVRP with the near-optimal solution

dPropose a bilevel optimization model, to characterize the

mathematical model of customers and the electric vehicle
fleet

Design the KKT condition based equivalent reformulation
method, and the strengthened generalized Benders
decomposition method
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