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ABSTRACT With the development of electric vehicle technology and the Internet of Things (IoT) tech-
nology, IoT-Based electric vehicles (IoEVs) will become a main public transposition in smart city. The
increasing penetration of IoEV will have a great impact on the transportation network and power grid. In this
work, we aim to study the routing and charging scheduling problem of IoEVs with the constraint of power
limit. This paper proposes a clustered rolling framework and a mathematical model for the IoEVs optimal
routing and charging problem to minimize the waiting time of customers and get a good converge ratio of the
energy block with power limit. This framework can effectively deal with the multi-step pickup and delivery
of each vehicle over the time horizon in a dynamic environment. We give a criterion to judge whether pickup
and delivery tasks can be assigned to the IoEV. Then, we design a new rectangle packing method for IoEV
charging dispatch with the constraint of power limit. Moreover, we consider that the charging process of
IoEVs cannot be interrupted before IoEVs meet the electricity demand. We propose the IoEV Routing and
Charging Algorithm and analyze its computational complexity. Simulation results show that IoEVs can offer
the shuttle service to customers with the minimum waiting time and IoEV charging energy block has a good
coverage ratio of the total energy block. Simulation results can verify the effectiveness of our proposed
framework, compared with two benchmark algorithms.

16

17

INDEX TERMS IoT-based electric vehicle, clustered rolling framework, pickup and delivery, routing and
charging, rectangle packing algorithm.

I. INTRODUCTION18

One of the important options for carbon-free transportation is19

electrifying the transportation system by deploying the elec-20

tric vehicles (EVs) [1]. IoT-Based electric vehicles (IoEVs)21

can transport customers more efficiently without internal22

combustion engines, by using artificial intelligence, next-23

generation battery technologies and other forth industrial rev-24

olution technologies [2]. The electrified transportation with25

intelligent automation driving technology will become the26

core part of smart city in the future metropolis [3], [4]. IoEVs27

can offer shuttle service and other emerging transportation28

The associate editor coordinating the review of this manuscript and

approving it for publication was Francisco Perez-Pinal .

network services, such as Uber, Lyft, Zipcar, and Didi. The 29

development of IoEVs facilitates to reduce the energy con- 30

sumption [5]. Accordingly, it is important to design high 31

efficient algorithms and models to boost the utilization rate 32

of IoEVs. 33

In this work, we aim study an IoEV pickup and delivery 34

problem in a clustered rolling framework with the constraint 35

of battery limit. We consider the one-step pickup and delivery 36

problem when there is a customer to pick up and deliver 37

in current time slot. Due to the different pickup and deliv- 38

ery service, the electricity demands of IoEVs are differ- 39

ent. We set the charging criterion and then collect the idle 40

IoEVs that lack electricity to charge in the charging point. 41

Wedesign a new rectangle packingmethod for IoEV charging 42
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TABLE 1. Notations.

dispatch with the constraint of power limit from power grid.43

Finally, we propose the IoEV routing and charging (ERC)44

algorithm to solve the routing and charging scheduling prob-45

lem of IoEVs. The lightweight structure in our paper is46

conducive to provide the customer services immediately and47

efficiently. The contributions of our paper are summarized as48

follows.49

• We propose a time-efficient service framework for50

IoEVs dynamic transit to formulate a pickup and deliv-51

ery problem joint with IoEV charging. We aim to52

minimize the waiting time of customers with the IoEV53

charging constraints.54

• We propose a clustered rolling model for IoEV pickup55

and delivery with the constraint of power limit. We give56

a criterion to judge whether pickup and delivery tasks57

of customers can be assigned to the IoEV. The idle58

IoEVs which lack electricity are collected to charge and59

we design a new rectangle packing method for IoEV60

charging dispatch with the constraint of power limit.61

• We propose the IoEV routing and charging algorithm62

and analyze its computational complexity. Simulation63

results show that the IoEVs can offer the routing service64

to customers with the minimum waiting time. IoEV65

charging energy block has a good coverage ratio of the66

total rectangle energy block in a fixed time frame with67

the power limit.68

The rest of this paper is organized as follows. The IoEV69

pickup and delivery model and the rectangle packing problem70

for IoEV charging dispatch are proposed in Section III. 71

Online IoEV routing and charging algorithm in a clustered 72

rolling framework is proposed in Section IV. The case study 73

and performance evaluation are in Section V. Section VI 74

concludes this paper. 75

II. RELATED WORK 76

For traditional EVs, some deterministic and probabilistic 77

prediction methods have been studied to predict the future 78

power demand [6]. The radial basis function neural network 79

in a deterministic model in [7], only considered EVs’ his- 80

torical velocity for the prediction. Some methods are not 81

available in the general transportation system and some are 82

mainly utilized in simple traffic scenarios. Compared with 83

traditional EV, IoEV is easier to perceive the surrounding 84

environment equipped with numerous sensors, which can be 85

fully or partially driverless [8]. Without direct human inter- 86

vention, IoEVs are easy to dispatch and schedule, which is a 87

tendency of EVs [9], [10]. The traditional centralized man- 88

agement method for Internet of Vehicles is difficult to solve 89

the real-time schedule problem [11], [12]. The core models 90

and algorithms for IoEVs sharing service in smart cities 91

are studied to improve the routing and charging strategies. 92

The vehicle routing problem over the time horizon can be 93

formulated as a large scale mixed integer linear programming 94

(MILP) problem, which is very challenged to be solved in 95

real time [13]. The problem of a capacitated vehicle with 96

shuttle service is studied in [14] to find a minimum route. 97

Wang et al. [13] investigated a vehicle routing problem (VRP) 98

with simultaneous delivery and pickup and time windows 99

for five objectives in the logistics industry. Zhou et al. [15] 100

proposed a decomposition-based local search algorithm for 101

large-scale VRP with simultaneous delivery and pickup and 102

time windows. A Hamiltonian graph-guided algorithm is 103

designed in [16] to solve the vehicle routing problem. Deep 104

reinforcement learning method is utilized in [17] to minimize 105

the total travel cost of a selected EV charging station and the 106

charging cost by the real time information. Dubois et al. [18] 107

proposed an algorithm with data from the past crisis to solve 108

this VRP for the rescue vehicles according to operation time 109

and rapid intervention. Inspired by these researches, we can 110

solve the pickup and delivery problem of IoEV routing with 111

time windows. 112

The IoEV charging problem will become increasingly 113

important to the stability and power quality of electricity 114

grid with the increasing penetration of IoEVs into power 115

systems. Some researches are studied about the stability of 116

power grid. Zhang et al. [19] studied delay-tolerant charg- 117

ing problem of EVs at a charging station with multiple 118

charge points, which are equippedwith renewable generation. 119

Yu et al. [20], [21] studied the time-based pricing mecha- 120

nism for heterogeneous charging stations and the charging 121

station allocation mechanism for EVs, and proposed a match- 122

ing game framework for the charging stations allocation. 123

ElGhanam et al. [22] proposed an online EV allocation algo- 124

rithmwith a dynamicwireless charging coordination strategy, 125
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which allocates IoEVs to the optimal dynamicwireless charg-126

ing lanes. Tran et al. [23] proposed an energy management127

strategy to reduce the unexpected peak power demand, and128

improved the stability of power grid during peak load with129

vehicle-to-grid service. These works don’t study the routing130

problem of EVs and assume that the charging rate can be131

changed in the charging process. The works [24] and [25]132

pointed out that batteries can only be charged at a fixed charg-133

ing rate and cannot be intermitted during the charging process134

due to the limitations of current charging technology. Based135

on this assumption, we set the charging rate of each IoEV136

as a constant when IoEVs are charged at the charging point137

in this paper. There are some types of charging rates, which138

can be classified into multiple levels from the fast charging139

rate to the slow charging rate. Ding et al. [26] formulated140

a two-dimensional-rectangle packing problem to maximize141

the total profit of a battery swap station over the given time142

frame by finding the optimal battery dispatch with power143

constraints. Due to the uninterrupted charging characteristic,144

we can see the EV charging as a energy block and design the145

unintermitted constant charging problem of IoEVs as a two-146

dimensional-rectangle packing problemwith the constraint of147

energy limits from power grid.148

There are some works that combine the vehicle routing149

problem with the EV charging problem. Zuo et al. [27]150

studied the VRP of EVs with time-window with logis-151

tics maintenance optimization. Chen et al. [5] combined152

EV charging with pickup delivery problems for joint rout-153

ing and charging of EVs with taking electricity price and154

customer satisfaction into account. Montoya et al. [28]155

extended current electric vehicle routing models to con-156

sider nonlinear charging functions with introducing planned157

detours to charging stations. Yao et al. [29] decomposed158

the offline EV routing problem into a master problem and159

some sub-problems by Benders decomposition method to160

increase efficiency. However, these researches don’t com-161

bine the pickup and delivery problem with the unintermit-162

ted constant charging problem of IoEVs. To the best of163

our knowledge, few works have tried to combine the IoEV164

charging problem with the pickup and delivery problem to165

minimize the waiting time of customers with the constraint166

of energy limits from power grid. It is very challenging to167

consider multi-step pickup and delivery of each vehicle over168

the time horizon, which faces complicated dynamic opti-169

mization and is a NP-hard problem. The global optimization170

of the multi-step pickup and delivery problem is an offline171

optimization problem, which is not practical and difficult to172

solve. We aim to seek the online routing solution of IoEVs173

with pickup and delivery service in the rolling windows,174

which may have a worse performance than the offline routing175

solution.176

III. PROBLEM FORMULATION177

In this section, we first propose an IoEV pickup and delivery178

model and then formulate a rectangle packing problem for179

IoEV charging dispatch.180

FIGURE 1. The description about all types of nodes.

A. IoEV PICKUP AND DELIVERY MODEL 181

We consider a set of IoEVs traveling from the starting points 182

to different destinations in a road network, in which there 183

are many pickups and deliveries. The road network can be 184

described as a graph G(N ,R), where N represents all the 185

nodes in the network, and R denotes the set of paths con- 186

necting nodes in N . In graph G(N ,R), there are five types 187

of nodes in N , i.e., starting points of IoEVs N1, end points 188

of the IoEVsN2, charging stationsN3, pickup nodesN4 and 189

delivery nodesN5, which are shown in Fig. 1. In actual case, 190

IoEVs start from the starting points and end at the ending 191

points. Starting points N1 and ending points N2 are certain 192

but the number of customer is not certain and sets of pickup 193

and delivery are scalable when we assign IoEVs to pick up 194

and deliver the customers. The starting point and end point 195

are special nodes because IoEVs only can flow out of the 196

starting point and flow into the end point. We define the travel 197

distance between nodes i and j as Dij, if nodes i and j are 198

directly connected. Notice that node i is starting point or node 199

j is end point, Dji = inf, which means that node j cannot flow 200

into node i and no node can flow into starting node or flow 201

out of the ending node. Otherwise, Dij = Dji. 202

Dij =


Dji i, j /∈ N1 ∪N2

0 i = j
inf i ∈ N1||j ∈ N2

(1) 203

The routing indicator matrix D can be formed by Dij accord- 204

ing to the network topology structure. A small example for six 205

nodes which are not starting point or ending point is depicted 206

in Fig. 2 with the corresponding matrix D as follows, 207

D =


0 D12 inf D14 D15 inf
D12 0 D23 inf D25 inf
inf D23 0 inf D35 D36
D14 D24 inf 0 D45 inf
inf D25 D35 D45 0 D56
inf inf D36 inf D56 0

 , (2) 208
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FIGURE 2. A small network topology example of 6 nodes.

We can add the nodes which are not starting point or ending209

point in our model and the road graph is scalable. In practical210

case, IoEVs can drop off the customers according to their211

requirement and the starting points and the ending points212

of IoEVs are certain when we assign IoEVs to pick up and213

deliver the customers.214

To formulate the IoEV routing and charging problem,215

we define the binary variable xk,uij to indicate if IoEV k is216

scheduled to route customer u between node i and j as binary217

variable,218

xk,uij =


1 IoEV k is scheduled to customer u

between nodes i and j,
0 otherwise.

(3)219

The starting node i ∈ N1 must have only one path flowing220

out of it,221 ∑
j

xk,uij = 1, j ∈ N4 ∪N5 ∪N2, ∀u ∈ U, ∀k ∈ K, (4)222

The end node j ∈ N2 must have only one path flowing in it,223 ∑
i

xk,uij = 1, i ∈ N4 ∪N5 ∪N1, ∀u ∈ U , ∀k ∈ K, (5)224

For nodes which are neither the starting and end nodes, there225

is less than one path flowing out of or into the node, which226

satisfies the following two constraints,227 ∑
j

xk,uij ≤ 1, j ∈ N4 ∪N5 ∪N2,228

i ∈ N − (N1 ∪N2), ∀u ∈ U,∀k ∈ K, (6)229 ∑
i

xk,uij ≤ 1, i ∈ N4 ∪N5 ∪N1,230

j ∈ N − (N1 ∪N2), ∀u ∈ U , ∀k ∈ K, (7)231

The left hand side of constraint (6) and constraint (7) can be232

zero, which implies that there is none IoEV passing through233

this node. Constraint (8) indicates that if there is an IoEV234

entering a node i that is neither a starting node nor an end235

node, it should flow out of node i afterward. Otherwise, there236

is no constraint on this node i.237

−M (1− xk,uri )238

≤

∑
j∈N

xk,uij − x
k,u
ri ≤ M (1− xk,uri ),239

i ∈ N − (N1 ∪N2), r ∈ N −N2, ∀u ∈ U, ∀k ∈ K,240

(8)241

Constraint (9) indicates that if there is an IoEV leaving a node 242

j that is neither a starting node nor an end node, it should flow 243

into this node beforehand. Otherwise, there is no constraint on 244

this node j. 245

−M (1− xk,ujr ) 246

≤

∑
i∈N

xk,uij − x
k,u
jr ≤ M (1− xk,ujr ), 247

j ∈ N − (N1 ∪N2), r ∈ N −N1, ∀u ∈ U, ∀k ∈ K, 248

(9) 249

Constraint (10) indicates that an IoEV has supported a pickup 250

and deliver service to one customer, 251∑
j∈N

xk,upj +
∑
h∈N

xk,uhd − 2 ≥ M (1− yku), 252

∀p ∈ N4, ∀d ∈ N5, , ∀u ∈ U, ∀k ∈ K. (10) 253

The sum of service flag yku of customer u should be one to 254

ensure that every customer can be served by only one IoEV, 255∑
k∈K

yku = 1, ∀u ∈ U, (11) 256

where U is the set of all customers. In this work, we study 257

the case where each IoEV k can only offer service to one 258

customer when it finishes delivering, i.e., 259

0 ≤
∑
u∈U

yku ≤ 1, ∀k ∈ K, (12) 260

where IoEV k may not offer service when
∑

u∈U y
k
u = 0. 261

Given customer u, each starting point s ∈ N1(u) must have 262

one way to leave from starting node s, where N1(u) is the 263

starting node set, so we have, 264∑
j∈N out (s)

xk,usj = yku, s ∈ N1(u), ∀k ∈ K, ∀u ∈ U , (13) 265

where s ∈ N1(u) represents the starting node that has access 266

to connect with customer u andN out (s) = N out
NC (s)∪N

out
3 (s) 267

denotes all outflow nodes connected to node s. N out
NC (s) and 268

N out
3 (s) denote nodes that are not available charging nodes 269

and are available charging nodes in N out (s), respectively. 270

Similarly, for given customer u, each end point e ∈ N2(u) 271

must have only one way to reach ending node e, whereN2(u) 272

is the end node set, so we have, 273∑
i∈N in(e)

xk,uie = yku, e ∈ N2(u), ∀k ∈ K, ∀u ∈ U, (14) 274

where e ∈ N2(u) represents the ending node that has access 275

to connect with customer u and N in(e) = N in
NC (e) ∪ N in

3 (e) 276

denote the all inflow nodes connected to node e.N in
NC (e) and 277

N in
3 (e) denote the nodes that are not available charging nodes 278

and are available charging nodes in N in(e), respectively. 279

When node i is neither the starting point nor the end point, 280

inflow should equal outflow at this node, i.e., 281∑
m∈N in(i)

xk,umi =
∑

j∈N out (i)

xk,uij , 282

∀u ∈ U,∀i ∈ N /(N1(u) ∪N2(u)). (15) 283
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In time interval τ , there are |U (τ )| customers and we know284

the pickup node up and drop-off node ud of each customer u,285

where the couple (up, ud ) is certain if customer u is given.286

Then we can know the available charging node connected287

to the drop-off node of customer u, i.e., N out
3 (ud ). We can288

assign IoEV k to customer u only if the battery energy of289

IoEV k is enough to pick up and deliver customer u and290

reach the nearest charging node connected to drop-off node291

ud of customer u. Then, we can formulate this criterion to292

judge whether IoEVs are available to support the pickup and293

delivery service as follows,294

xbk,T
k,u
αkyku295

≥ Di,upx
k,u
i,up + y

k
u(Dup,ud + min

j∈N out
3 (ud )

Dud ,j)296

∀u ∈ U, ∀i ∈ N /(N1(u) ∪N2(u)), ∃j ∈ N out
3 (ud ),297

(16)298

where T k,u is the time slot that IoEV k is assigned to customer299

u, xbk,T
k,u

has a range constraint [Bmin,Bmax], and αk is300

the mileage per kilowatt hour of IoEV k . When yku is 0,301

then xk,ui,up = 0 and both sides of constraint (16) are zero.302

Constraint (16) holds when yku = 0. When yku = 1, the left303

hand of constraint (16) is the available mileage xbk,T
k,u
αk304

and the right hand has three parts, where the first one Di,up305

represents the distance from IoEV k location to the pickup306

node of customer u, the second partDup,ud means the distance307

from pickup node to delivery node of customer u, which308

is a certain value if customer u is given, and the third part309

is minj∈N out
3 (ud ) Dud ,j, which is the minimum distance from310

the delivery node of customer u to the charging station.311

According to the linearization technology in [30], since yku312

is a binary variable and xbk,T
k,u

is a nonnegative variable,313

we linearize the product xbk,T
k,u
αkyku by introducing a new314

variable rk,u = xbk,T
k,u
yku if xb

k,T k,u is bounded by a constant315

M . Then, we reformulate the constraint as follows,316

rk,uαk ≥ Di,upx
k,u
i,up + y

k
u(Dup,ud317

+ min
j∈N out

3 (ud )
Dud ,j),∀u ∈ U ,318

∀i ∈ N /(N1(u) ∪N2(u)), ∃j ∈ N out
3 (ud ),319

(17)320

s.t. rk,u ≤ ykuM , (18)321

rk,u ≥ xbk,T
k,u
+M (yku − 1), (19)322

rk,u ≤ xbk,T
k,u
, (20)323

rk,u ≥ 0. (21)324

The travel time between nodes i and j is decided by the325

travel distance, road congestion, weather and road traffic326

impedance. The road traffic impedance includes the density327

of bus stops, intersections and the saturation [31]. Consider-328

ing the actual traffic conditions, we set the travel speed of329

IoEV k between nodes i and j as vk ,330

vk =
Vk

1+ β(Qi,jCr
)γ
, ∀i, j ∈ N , ∀k ∈ K, (22)331

where Vk is the ideal speed of IoEV k , Qi,j is traffic flow of 332

nodes i and j, Cr is road capacity, β and γ are experimental 333

parameters from actual observations. Then the equivalent 334

traveling time of nodes i and j can be given as follow, 335

ti,j =
Di,j
Vk

(1+ β(
Qi,j
Cr

)γ ), ∀i, j ∈ N , ∀k ∈ K. (23) 336

We set IoEV k assigned to customer u at node i at time 337

slot T k,u and we need to minimize the total waiting time of 338

customers as follows, 339

fti=
∑
k∈K

∑
i∈N

∑
u∈U

(
T k,u +

Di,up
vk

(1+ β(
Qi,j
Cr

)γ )xk,ui,up

)
, (24) 340

where Di,up is the distance between node i of IoEV k and the 341

pickup node up of customer u. For the reference time for the 342

start node s, we set the initial time stamp of IoEV k as Tk,0 = 343

0. IoEV k is assigned to customer u at time slot T k,u. IoEV 344

k can be dispatched to charge if IoEV cannot be assigned to 345

any customer. 346

B. RECTANGLE PACKING PROBLEM FOR IoEV 347

CHARGING DISPATCH 348

After the control center receives the signal from the cus- 349

tomers, it will schedule IoEVs to pick up and deliver the 350

customers in a time frame. There is a charging optimization 351

problem of idle IoEVs, where there are two problems: when 352

and which charging station to charge. In time slot t , the 353

control center can make out which IoEV k is out of service, 354

i.e.,
∑

u∈U y
k
u = 0. We denote the set of IoEVs out of service 355

in time slot t asHt . When an IoEV is out of service, then this 356

IoEV is qualified to be charged. By charging strategy, IoEV k 357

sends a charging signal to the control center, which includes 358

the requested charging amount Bck . 359

We study a two-dimensional-rectangle packing problem 360

for the uninterrupted charging problem of IoEVs with the 361

constraint of power limits from power grid. Due to the unin- 362

terrupted charging characteristic, we can see the EV charging 363

as a energy block. The two-dimensional-rectangle packing 364

problem can be efficient to solve by the optimization toolbox. 365

IoEVs can support the pickup and delivery service when 366

they have enough electricity. For those idle IoEVs that lack 367

electricity, we need to do the charging schedule of IoEVs. 368

The maximum charging rate is limited by power limit of 369

the charging station (i.e., Pmax). We formulate our charging 370

optimization model under a maximum allowed parking time 371

Tmax. When it reaches the time limit Tmax, the IoEV should 372

stop charging and leave the charging station. During the 373

time interval [0,Tmax], the base blocks are represented as 374

histogram with B blocks. In Fig. 3, we show that there are 375

a certain number of IoEVs coming to charging station during 376

time period [0,Tmax]. Due to the limitation of current charg- 377

ing technology, the charging rate should be discrete in the 378

charging process and the charging process is not interrupted 379

until the electricity demand is met. Therefore, we skillfully 380

consider the charging amount in a time interval of IoEV k 381

as a rectangle energy block. The rectangle energy packing 382

98576 VOLUME 10, 2022



Y. Cao: Online Routing and Charging Schedule of Electric Vehicles With Uninterrupted Charging Rates

problem is challenging to solve. The n−th (n ∈ {1, . . . ,N })383

type rectangle energy block can be described by a triplet384

(CTn,Pn,Xn), where CTn is the charging duration time, Pn is385

the charging rate and Xn = Pn ∗ CTn is the charging amount.386

The IoEVs can be charged at N type of charging rates, e.g.,387

if IoEVs charge at fast, medium and slow charging rate,388

N = 3. Furthermore, we define the left-bottom corner of389

the rectangle energy block of K IoEVs and B base blocks as390

(τi, hi) to indicate the location of K +B energy blocks, where391

τi is the starting time of energy block i and hi is the maximum392

power of energy block i. We set the first K blocks for IoEV393

battery energy blocks and the rest B energy blocks are used394

for base blocks. The locations of B energy blocks are fixed395

and the left-bottom corner (τK+b, hK+b) of the base load b396

can be expressed as follows,397

τK+b = Tmax −
B∑

m=b

TK+m, b = 1, . . . ,B, (25)398

399

hK+b = 0, b = 1, . . . ,B, (26)400

where (25) and (26) show the X-axis and Y-axis relationship401

between τK+b and TK+b about left-bottom corner of the base402

load b. We denote a binary variable zi,n that indicates whether403

n-th type rectangle energy block is charged at time slot τi.404

We need to guarantee that the four corners of each rectangle405

energy block i is within the rectangular area with allowed406

parking time Tmax and power limit Pmax. The constraints can407

be represent in the following constraints.408

Left− bottom :409

0 ≤ τi ≤ Tmax , 0 ≤ hi ≤ Pmax , i = 1, . . . ,K , (27)410

Left− top :411

0 ≤ τi ≤ Tmax ,412

0 ≤ hi +
N∑
n=1

Pnzi,n ≤ Pmax , i = 1, . . . ,K , (28)413

Right− bottom :414

0 ≤ τi +
N∑
n=1

CTnzi,n ≤ Tmax ,415

0 ≤ hi ≤ Pmax , i = 1, . . . ,K , (29)416

Right− top :417

0 ≤ τi +
N∑
n=1

CTnzi,n ≤ Tmax ,418

0 ≤ hi +
N∑
n=1

Pnzi,n ≤ Pmax , i = 1, . . . ,K . (30)419

As shown in Fig. 4, the location of two energy blocks i420

and j has four possible non-overlapping relationship in the421

following expression when the packing is feasible.422

hj + Hj ≤ hi or τj +Wj ≤ τi or423

hi + Hj ≤ hj or τi +Wj ≤ τj424

FIGURE 3. Rectangle packing problem for IoEV charging dispatch.

FIGURE 4. Four possibilities for two energy blocks without overlapping.

i = 1, . . . ,K ,K + 1, . . .K + B, 425

j = 1, . . . ,K ,K + 1, . . .K + B. (31) 426

where the expressions of Hj and Wj are in the following 427

expression, 428

Hj =

{∑N

n=1
Pnzj,n j = 1, . . . ,K ,

Lj−K j = K + 1, . . . ,K + B,
(32) 429

Wj =

{∑N

n=1
CTnzj,n j = 1, . . . ,K ,

Tj−K j = K + 1, . . . ,K + B.
(33) 430

Hj and Wj are the length of the base load, of which the 431

left-bottom corner is (τi, hi). Lj−K : j = K+1, . . .K+B is the 432

energy block of base load, which is the same description as 433

LK+b : b = 1, . . . ,B. The rectangle energy blocks should not 434

be overlapped with each other. The location of two rectangle 435

energy blocks i and j has two possibilities, where two energy 436

blocks are not overlapped with each other over the X-axis and 437

Y-axis. We consider that there is not queue order between the 438

left-bottom corner (τi, hi) and (τj, hj) of two IoEVs i and j. 439

The constraints of the left-bottom corner of IoEVs i and j are 440

given as follows, 441

hj + Hj ≤ hi or τj +Wj ≤ τi, 442

i = 1, . . . ,K , j = i+ 1, . . .K + B, (34) 443
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It is difficult to handle the ‘‘or’’ constraints of hj and τj444

in convex optimization. Therefore, we apply the big M445

approach [32] to reformulate the constraint (34) to make446

it easy to handle in convex optimization as the following447

expression.448

−M1αi,j + Hj ≤ hi − hj, (35)449

−M2(1− αi,j)+Wj ≤ τi − τj,450

i = 1, . . . ,K , j = i+ 1, . . .K + B,451

(36)452

where M1,M2 are large numbers, αi,j is a binary variable.453

If αi,j = 1, the constraint (36) is active and the constraint (35)454

is redundant. Otherwise, if αi,j = 0, the constraint (35) is455

active and the constraint (36) is redundant. Here, the number456

of binary variables αi,j is K (K + 2U − 1)/2. The constraints457

of M1,M2 satisfy the following relationship,458

−M1 + Hj ≤ hi − hj,−M2 +Wj ≤ τi − τj, or (37)459

M1 ≥ max
∀i,j
{Hj + hj − hi},M2 ≥ max

∀i,j
{Wj + τj − τi},460

(38)461

Since,462

max
∀i,j
{Hj + hj − hi} ≤ max

∀i,j
{Hj + hj} −min

∀i,j
hi} = Pmax, (39)463

max
∀i,j
{Wj+τj − τi} ≤ max

∀i,j
{Wj + τj} −min

∀i,j
τi} = Tmax, (40)464

where we can set M1 = Pmax and M2 = Tmax. To satisfy the465

energy limits from power grid, we need to schedule as many466

IoEVs as possible to charge in a fixed time frame Tmax with467

the power upper limit Pmax of the charging station, which is468

formulated as follows,469

fz =
K∑
i=1

N∑
n=1

Xnzi,n, (41)470

where Xn is the charging amount of the n-th type rectan-471

gle energy block and zi,n is a binary variable that indicates472

whether the n-th type rectangle energy block is charged at473

time slot τi.474

In a time frame, there are limited IoEVs connecting to475

charging station to charge at discrete charging rate uninter-476

ruptedly. In general, IoEV charges at discrete charging rate477

uninterruptedly, which may not be interrupted until the elec-478

tricity demand is met. The objective function of the charging479

problem in (41) is to maximize the total charged energy from480

external grid.481

IV. ONLINE IoEV ROUTING AND CHARGING ALGORITHM482

IN A CLUSTER ROLLING FRAMEWORK483

In this section, we will discuss the solution to the online484

IoEV routing and charging schedule in a clustered rolling485

framework. The online routing and charging problem can be486

formulated as follows,487

min
xk,uiup

,zi,n

∑
k∈K

∑
i∈N

∑
u∈U

di,up
Vk

xk,ui,up +

K∑
i=1

N∑
n=1

Xnzi,n,488

s.t.(4)− (15), (17)− (21), (25)− (36) (42)489

FIGURE 5. Original multi-step pickup and delivery problem of IoEVs over
the time horizon.

FIGURE 6. Pickup and delivery problem of IoEVs over the time horizon
with the rolling windows method.

Constraints (4)-(15), (17)-(21) are from the routing part and 490

constraints (25)-(36) are from the charging part. This opti- 491

mization problem is a NP-hard problem and super large scale 492

mixed integer linear programming, which is challenging for 493

commercial solver such as CPLEX to solve it directly with 494

given time limit. It would be impractical if the response time 495

is too long. Thenwe propose a clustered rolling framework by 496

dividing the whole region into several small regions based on 497

the location of the charging stations. Due to the complexity 498

of the IoEV routing problem, we propose a rolling framework 499

to reduce the computational burden of multi-step pickup and 500

delivery (MPD) problem of IoEVs over the time horizon 501

illustrated in Fig. 5 to reformulate a pickup and delivery (PD) 502

problem of IoEVs over the time horizon with the rolling 503

windows method shown in Fig. 6. The white dots are IoEV’s 504

starting points, the brown dots are the couple of pickup and 505

delivery points of customers, the dark dots are the ending 506

points, and the green dots are the charging nodes. In time slot 507

t2, we need to solve a larger optimization problem in Fig. 5, 508

compared with the optimization model in Fig. 6. Therefore, 509

we study the routing part of this optimization problem in each 510

current time slot by the rolling windows method. 511

If pickup and delivery services of customers come up one 512

by one, it is easy to figure out the routing problem of IoEVs. 513

We focus on the optimal routing problem that the pickup 514

and delivery services of customers come up simultaneously. 515

First, we generate a regional map partitioned from the whole 516

mapwith clusteringmethod, which contains some pickup and 517
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delivery nodes of customers and charging nodes.We schedule518

IoEVs to study the optimization problem in the small region.519

Second, we calculate the minimum distance from the delivery520

nodes of customers to all the charging stations in the regional521

map. Then, if the energy of IoEV k is not sufficient to reach522

the nearest charging station of the customer u delivery node,523

it cannot be arranged to customer u. Finally, we need to524

solve the rectangle energy packing problem to schedule these525

idle IoEVs to charge. We summarize the IoEV Routing and526

Charging (ERC)Algorithm inAlgorithm 1. The flow diagram527

of ERCAlgorithm is shown in Fig. 7. Then the computational

Algorithm 1 IoEV Routing and Charging Algorithm (ERC)
1: Initialization: Generate a regional map around the

pickup and delivery node of the customer. The node set
N includes starting point N1, end point N2, charging
station pointN3. The control center can get the real-time
information about the battery level and location of IoEVs.

2: while there is a pickup and delivery request do
3: Calculate the minimum distance from the delivery

point ud ∈ N4 of customer u to all the charging station
minj∈N out

3 (ud ) Dud ,j.
4: if the electricity of IoEV k is enough to pick up and

deliver the customer u and reach the nearest charging
node connected to drop-off node ud then

5: Solve problem (42) to get an optimal routing
schedule

6: else if there are a certain number K of idle IoEVs to
charge then

7: Solve the rectangle packing problem (41) for IoEV
charging dispatch.

8: end if
9: end while

528

complexity of the routing part of ERC algorithm has the529

following theorem.530

Theorem 1: The computational complexity of the rout-531

ing part of ERC algorithm is O(1τ · kτnu), less than that532

O((kτnu)1τ ) of multi-step pickup and delivery problem.533

Proof: When we consider the pickup and delivery prob-534

lem of IoEVs over the time horizon 1τ , we consider there535

are kτ ∈ K IoEVs to pick up and deliver nu customers at536

pickup nodes up ∈ N4 and delivery nodes ud ∈ N5 in537

each time slot, therefore the computation complexity of this538

PD problem over the horizon 1τ is O(1τ · kτnu), where539

nu is the number of N4 and N5. The number of N4 is the540

same as that of N5, where the pickup node and delivery541

node is a pair. When we consider MPD problem of IoEVs542

over the time horizon 1τ , there are also kτ IoEV possible543

routing schedule problem in the next time slot, and therefore544

the computational complexity of this MPD problem over the545

horizon is O((kτnu)1τ ).546

If the energy of IoEV k is enough to pick up and deliver the547

customer u and reach the nearest charging node connected to548

FIGURE 7. Flow diagram of IoEV optimal routing and charging algorithm.

drop-off node ud , we can assign IoEV k to customer u. If the 549

energy of IoEV k is not sufficient to pick up and deliver any 550

customer and reach the nearest charging node connected to 551

drop-off node, IoEV k cannot be arranged to support pickup 552

and delivery service. When an IoEV is out of service, this 553

IoEV is qualified to be charged. After checking with the 554

charging strategy, IoEV k sends the control center a charging 555

signal, which includes the requested charging amount Bck . 556

After the control center receives the signal from the cus- 557

tomers, it will schedule IoEVs with plenty of electricity to 558

pick up and deliver the customers. For the idle IoEVs with 559

insufficient energy, there is a charging optimization prob- 560

lem. If there are a large number of IoEVs to charge, it will 561

influence the stability of power grid. We consider that there 562

are a certain number K of idle IoEVs to charge in a fixed 563

time frame Tmax with power upper limit Pmax of the charging 564

station. It is a two-dimensional rectangle packing problem for 565

IoEV charging dispatch. We need to decide when to charge 566

those idle IoEVs. Here, the worst-case computational com- 567

plexity of IoEV charging dispatch has the following theorem. 568

Theorem 2: The worst-case computational complexity of 569

two-dimensional rectangle packing problem for IoEV charg- 570

ing dispatch isO
(
Ψx(Tmax)Ψy(Pmax)(Ψx(Tmax)+Ψy(Pmax))

)
. 571

ρτ = [Tmax/CT0] is the maximum number of rectangle 572

energy block on the x-axis, where CT0 = minCTn, ρ = 573

1, 2, . . . , ρτ and ρh = [Pmax/h0] is the maximum number 574

of rectangle energy block on the y-axis, where h0 = min hn, 575

ρ = 1, 2, . . . , ρh. Ψx(Tmax) ≤
∑ρτ
ρ Cρρ+m−1, Ψy(P

max) ≤ 576∑ρh
ρ Cρρ+m−1 577

Proof: For a rectangle region (Tmax,Pmax), there are 578

Ψx(Tmax)Ψy(Pmax) possibilities for crosscut or vertical cut. 579

Then the total computational complexity is O
(
Ψx(Tmax) 580
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FIGURE 8. Transportation nodes of topology network.

TABLE 2. Node profile.

Ψy(Pmax)(Ψx(Tmax)+Ψy(Pmax))
)
for each recursively sub-cut581

after each cut. According to the definition of discrete set,582

the element of Ψx(Tmax) is obtained from the x-axis of583

small energy block, where there is
∑ρτ
ρ=1(

∑m
i=1 τi)

ρ, ρ =584

1, 2, . . . , ρτ . We know that
∑m

i=1 CTiτi ≤ Tmax, the number585

of terms of (
∑m

i=1 τi)
ρ isCρρ+m−1, then the number of terms of586 ∑ρτ

ρ=1(
∑m

i=1 τi)
ρ is

∑ρτ
ρ=1 C

ρ
ρ+m−1. Therefore, Ψx(T

max) ≤587 ∑ρτ
ρ Cρρ+m−1, Ψy(P

max) ≤
∑ρh
ρ Cρρ+m−1.588

V. PERFORMANCE EVALUATION589

The case studies are simulated based on a road network590

from a real world map. We use the real traffic flow data591

to generate the parameters of our proposed dynamic transit592

framework. We divide the total map as 20 small regions,593

each of which 24 nodes and 76 paths in Fig. 8. The trav-594

eling distances between nodes are given over the path. The595

profiles of different IoEV nodes and charging nodes are in596

Table 2. U1 and U2 are two groups of pickup and delivery597

services at two different periods. We set 200 IoEVs to sup-598

port the pickup and delivery services in the total map and599

each region has 10 IoEVs. The capacity of IoEV battery600

is 35 kWh based on Jianghuai iEV7L and the maximum601

permitted mileage of IoEVs is 302 km [33]. The ideal speed602

of IoEV is assumed as 80 km/h. The traffic flow data is603

from [34]. We assume that the pickup and delivery services604

from customers are requested simultaneously. There are 10605

IoEVs available to pick up and deliver the first 6 customers606

simultaneously in Table 2. The IoEV starting nodes are607

{1, 2, 7, 12, 24, 21, 20, 18, 15, 22}. The charging nodes are608

TABLE 3. Route solution and waiting time.

TABLE 4. Number of IoEVs for charge and the total profit.

{4, 5, 10, 14, 16, 19, 22}. The pickup and delivery nodes of 609

customers are presented as pairs, where {4, 22} indicates that 610

the customer should be picked up at node 4 and delivered to 611

node 22. In this simulation, we set the initial battery level of 612

each IoEV as 80%. The travel time is estimated according to 613

the distance shown in Fig. 8. The maximum power is set as 614

133 KW and the time frame is set as 12 h, which is broken 615

down into 720min. The charging efficiency is set to be 100%. 616

The routing simulation runs in a Matlab environment on a 617

general computer. 618

The optimal solution of U1 is that IoEV 1 at node 1 serves 619

the pickup and delivery {3, 17} of customer 1, IoEV 2 at 620

node 2 serves the pickup and delivery {4, 22} of customer 2, 621

IoEV 3 at node 12 serves the pickup and delivery {11, 15} 622

of customer 5, IoEV 4 at node 24 serves the pickup and 623

delivery {23, 16} of customer 4, IoEV 5 at node 21 serves 624

the pickup and delivery {5, 14} of customer 3, and IoEV 6 at 625

node 20 serves the pickup and delivery {19, 10} of customer 6. 626

The route solutions and waiting time of customers are shown 627

in Table 3. The total waiting time of customers to pick up 628

is 2.2 hours. The state of charge (SOC) of IoEV 1 to IoEV 629

6 are {49.54%, 39.93%, 68.08%, 58.81%, 59.80%, 70.07%}. 630

The starting points of IoEV 1 to IoEV 6 in next step are nodes 631

{17, 22, 15, 16, 14, 10}.The optimal solution of U2 is that 632

IoEV 1 at node 17 serves the pickup and delivery {12, 8} of 633

customer 8, IoEV 2 at node 22 serves the pickup and delivery 634

{6, 16} of customer 7, IoEV 3 at node 15 serves the pickup 635

and delivery {21, 24} of customer 9, IoEV 4 at node 16 serves 636

the pickup and delivery {12, 3} of customer 10, IoEV 5 at 637

node 14 serves the pickup and delivery {23, 13} of customer 638

11, and IoEV 6 at node 10 serves the pickup and delivery 639

{9, 2} of customer 12. The SOC of IoEV 1 to IoEV 6 are 640

{28.35%, 31.65%, 62.12%, 50.53%, 51.19%, 56.16%}. 641

IoEVs that need to charge are out of routing service. 642

They wait in the charging station to charge when there are 643

37 IoEVs.We decidewhen these IoEVs are charged under the 644

constraint of power limit 133 kW and time limit 12 h.We con- 645

sider three charging rate: fast charging 60 kW (C1-type), 646

medium charging 6 kW (C2-type) and slow charging 3 kW 647
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FIGURE 9. Rectangle charging for 37 IoEVs by 80% battery capacity.

FIGURE 10. Rectangle charging for 37 IoEVs by 80% battery capacity.

FIGURE 11. Rectangle charging for 49 IoEVs by 60% battery capacity.

(C3-type). When the SOC of IoEVs become lower than 20%,648

they are out of service and need to charge 80% of the battery649

capacity. We adopt the base load profile in South California650

Edsion of 12 hours from [35], which shown as the blue line651

in Fig. 9.652

We evaluate the performance of ERC algorithm by using653

practical data and compare it with two benchmark algorithms654

as follows,655

1) Lowest-level left align best fit (LLABF) algorithm [36]:656

LLABF algorithm considers the width-fit first rule and657

Height-fit first rule.658

2) Bottom left fill (BLF) algorithm [37]: First, BLF places659

the energy block at the top-right corner and move this block660

to the bottom. Then BLF moves this block to the the far left661

and iterates until the boundary constraint is not satisfied.662

TABLE 5. Performance comparison of three algorithms.

The rectangle packing problem for IoEV charging dispatch 663

is simulated in Gurobi 9.0 [38] and the result is shown in 664

Fig. 9 and the total load is shown in Fig. 10. The left-bottom 665

corner of each rectangle shows the optimal IoEV charging 666

time in Fig. 9. There are 25 C1-type, 11 C2-type and 1 667

C3-type energy blocks. The running time for rectangle pack- 668

ing problem of IoEV charging dispatch is 43.67 s. We can 669

see that the coverage ratio of available IoEV charging energy 670

block is 85.65% from Fig. 10, where the coverage ratio is the 671

rate of the available IoEV charging energy block to the total 672

energy block. If IoEVs are charged by 60% of the battery 673

capacity, the running time for rectangle packing problem of 674

IoEV charging dispatch is 13.39 s. There are 34 C1-type and 675

15 C2-type energy blocks. The scheduling result for 49 IoEVs 676

by 60% battery capacity is shown in Fig. 11 and the coverage 677

ratio of available IoEV charging energy block is 85.21%. 678

If we charge less, we can arrange more IoEVs to satisfy the 679

energy limits from power grid.We need to change the planned 680

number of IoEVs when the charging amount of IoEVs out of 681

routing service is changed. 682

We set the electricity price for sale as a constant 0.2$/kWh, 683

then the result of four charging scenarios for two power 684

limits 133kW and 200kW are shown in Table 4. Scenario ‘A’ 685

(only C1) allows the fast charging rate, scenario ‘B’ (only 686

C2) allows the medium charging rate, scenario ‘C’ (only 687

C3) allows the slow charging rate and scenario ‘D’ allows 688

the mixed kinds of charging rates. The simulation results 689

show that coordinating three types of charging rates can 690

achieve the optimal charging dispatch. The optimal solution 691

of scenario ‘D’ increases by 32.43%, 13.51%, 10.81% for 692

the case where the power limit is 133 kWh and increases by 693

19.35%, 12.90%, 11.29% for the case where the power limit 694

is 200 kWh, compared with that in scenario ‘A’, ‘B’, and ‘C’. 695

For the coverage ratio of the total energy block, we com- 696

pare the performance of our ERC algorithm with that of 697

LLABF andBLF algorithms in two scenarios, which is shown 698

in Table 5. We can see that in the scenario where EVs need to 699

charge up to 80% of the battery capacity, the coverage ratio 700

of the total energy block of our ERC algorithm is 85.65%. 701

In this scenario, the coverage ratio of the total energy block of 702

LLABF and BLF algorithm are 66.35% and 76.88%, which 703

is 22.53% and 10.24% lower than ERC algorithm. In the 704

scenario where EVs need to charge up to 60% of the battery 705

capacity, the coverage ratio of the total energy block of our 706

ERC algorithm is 85.21%. In this scenario, the coverage ratio 707

of the total energy block of LLABF and BLF algorithm are 708

64.16% and 80.90%, which is 24.70% and 5.06% lower than 709

ERC algorithm.We can see that ERC algorithm has the better 710

performance than LLABF and BLF algorithms. Our ERC 711

algorithm has the largest coverage ratio of the total energy 712

block with power limits. 713
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VI. CONCLUSION714

In this work, we propose a clustered rolling framework for715

optimal routing and charging of IoEVs. We take the waiting716

time of customers and power limit of power grid into con-717

sideration. First, we divide the map into many regions by718

clustering method and propose a clustered rolling framework719

to formulate a pickup and delivery problem for customers720

with limited capacity of IoEV battery in a smaller region.721

We set the criterion to judge whether IoEVs are available722

to support the pickup and delivery service and IoEVs need723

to be charged when IoEVs are at low battery level. For724

the idle IoEVs, we formulate a rectangle packing problem725

for IoEV charging dispatch in a fixed time frame with the726

power upper bound to satisfy the energy limits of power grid.727

Finally, simulation results show that The optimal solution of728

scenario ‘D’ increases by 32.43%, 13.51%, 10.81% for the729

case where the power limit is 133 kWh and increases by730

19.35%, 12.90%, 11.29% for the case where the power limit731

is 200 kWh, compared with that in scenario ‘A’, ‘B’, and ‘C’.732

In this scenario, the coverage ratio of the total energy block of733

LLABF and BLF algorithm are 66.35% and 76.88%, which734

is 22.53% and 10.24% lower than ERC algorithm. IoEVs can735

offer the pickup and delivery service to customers with the736

minimum waiting time and available IoEV charging energy737

block has a good coverage ratio of the total energy block with738

power limits.739
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