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Abstract—In wireless sensor networks, sensor deployment is1

an important issue in which sensors are deployed in a spe-2

cific monitoring region using low-cost hardware but achieving3

high coverage quality. In recent years, several mechanisms have4
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TABLE I
COMPARISON OF THE MAIN CHARACTERISTICS OF THE PROPOSED IAD WITH EXISTING RELATED WORKS

Fig. 2. Two backward paths for a Dead-End problem, as produced by IAD
and BSA mechanisms.

to explore the region to be monitored. However, unpredicted71

obstacles severely degraded the deployment efficiency of LRV.72

In [14] and [15], the robot applies right-hand policy for reduc-73

ing the impact of obstacles. However, the trajectory path of74

the robot is inefficient since the robot might move a long path,75

but did not deploy any sensor.76

To reduce the inefficiency caused by obstacles, and77

to improve deployment efficiency, the ORRD [16] andAQ3 78

OFPD [17] mechanisms were proposed. However, those mech-79

anisms left coverage holes in some monitoring areas that80

contained obstacles with certain shapes. When the ORRD and81

OFPD algorithms halted, they left coverage holes.82

A robot deployment mechanism [18] called BSA employs83

a last in first out stack to record all visited locations and turns84

back to an unexplored location whenever it encounters a Dead-85

End problem. As shown in Fig. 2, BSA constructs a long return86

path, which is marked with a black dotted line. In addition,87

BSA needs a large stack. By contrast, the proposed impasse-88

aware robot deployment (IAD) mechanism records very few89

locations. As a result, the robot can return to an unexplored90

region along an efficient path, which is marked with a red91

dotted line in Fig. 2.92

This paper presents an IAD algorithm which consists of93

basic deployment rules and Dead-End handling rules. The94

basic deployment rules are composed of Moving Direction95

and Horizontal and Vertical Movement rules in a 2-D simu-96

lated environment. Guided by these rules, the robot can deploy97

a minimal number of sensors but achieve full coverage. The98

Dead-End handling rules are composed of Normal, Narrow-99

Lane, Dead-End, and GoBack rules which assist the robot to100

overcome the Dead-End problem efficiently.101

Table I summarizes the characteristics of previous related 102

studies and the proposed IAD. The proposed IAD addition- 103

ally considers the Dead-End problem and improves the path 104

efficiency. 105

The rest of this paper is organized as follows. Section II 106

describes the network environment and problem statement of 107

the robot deployment. Section III presents the basic deploy- 108

ment rules, which are mainly applied in environments without 109

obstacles. Section IV presents the Dead-End handling rules 110

which aim to solve the problems of unpredicted obstacles. 111

Section V analyzes and compares the deployment efficiency 112

levels of the proposed IAD algorithm and the earlier BSA 113

algorithm in terms of the length of traversed paths. Section VI 114

presents the physical implementation of the proposed IAD. In 115

Section VII, extensive simulation experiments are presented to 116

compare the performance levels of the proposed IAD and of 117

earlier methods. Section VIII presents the conclusion. 118

II. NETWORK ENVIRONMENT 119

A. System Model 120

In this paper, it was assumed that the robot carries a set 121

of static sensors and is aware of the boundaries of the region 122

to be monitored. These sensors can be deployed in the sim- 123

ulated region to be monitored, M, which is modeled by an 124

arbitrary polygon on a 2-D plane. The obstacles that exist 125

inside M are also modeled as polygons and do not parti- 126

tion M. The robot is equipped with GPS, and an E-compass 127

sensor to provide its current location information and mov- 128

ing direction information, respectively. Moreover, the robot is 129

also equipped with an ultrasonic sensor and radio system for 130

detecting obstacles and communicating with deployed sensors 131

wirelessly, respectively. The communication range of a static 132

sensor is rc which is at least
√

3 times its sensing range rs. 133

This guarantees that full coverage can be achieved with a min- 134

imal number of sensors [16], [17], [19]. The robot is able to 135

calculate its moving distance by using GPS information, local- 136

ization mechanisms [20], [21], and the rotation speed of its 137

wheels. 138

B. Problem Formulation 139

This paper aimed to investigate the robot deployment prob- 140

lem in environments containing unknown obstacles. The robot 141

moves and deploys sensors, aiming to minimize its path length 142
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and to cover the region to be monitored fully with deployed143

sensors, despite the region to be monitored containing unpre-144

dicted obstacles. The proposed IAD algorithm copes with the145

Dead-End problem and guides the robot back to the unex-146

plored region along an efficient path, reducing the time and147

energy required for robot deployment148

Is =
⋃

1≤i≤n cov(si)

|M| −⋃1≤j≤m cov
(
oj
) . (1)149

Let S = {s1, s2, . . . , sn} denote the set of sensors sequen-150

tially deployed by the robot, where n denotes the number of151

deployed sensors. Let O = {o1, o2, . . . , om} denote the set of152

obstacles in the region to be monitored, M. When applying the153

deployment algorithm in the presence of obstacles, the robot154

might encounter the Dead-End problem because of the obsta-155

cles. Assume the robot encounters Dead-End problems at |D|156

locations, denoted by D = {lDeadEnd
1 , lDeadEnd

2 , . . . , lDeadEnd|D| },157

where lDeadEnd
i represents the location of the ith Dead-End158

encountered by the robot. When the robot encounters a Dead-159

End problem, the robot should move back to the unexplored160

region without deploying any sensors. Let PDeployment and161

PBacktracking denote the length of the robot’s forward path, and162

the length traversed when it turns back to the nearest loca-163

tion adjacent to an unexplored region. Because any coverage164

hole would reduce the surveillance quality of the WSN, the165

deployment algorithm strives to maximize the size of the sens-166

ing area covered by the deployed sensors. Let the notation167

|M| denote the size of the relevant region to be monitored M.168

Let cov(si) and cov(oj) denote the coverage areas of the sen-169

sor si and obstacle oj, respectively. The surveillance index Is170

given by (1) is used to estimate the degree of surveillance. The171

surveillance index Is is defined as the ratio of the area covered172

by the deployed sensors to the area of the feasible deployment173

region.174

In addition, let lrobot
i denote the location of the robot when175

the robot stops and deploys sensorsi. Let T = {t1, t2, . . . , t|T|}176

denote a set of points in time when the robot executes the177

deployment task.178

The following presents the objective function and con-179

straints intended to maximize the efficiency of the proposed180

robot deployment algorithm:181

Objective Function182

Maximize Is with minimal
(
PDeployment + PBacktracking

)
(2)183

Subject to:184

dist
(
si, sj

) = √3rs, ∀si, sj ∈ S, sj neighboring to si185

(3)186

∑

lj∈M

wi,j = 1, ∀si ∈ S, where187

wi,j =
{

1, if si is located at location lj
0, otherwise

(4)188

Rdeploy
k + Rmove

k ≤ 1, ∀tk ∈ T, where189

Rdeploy
k =

⎧
⎪⎨

⎪⎩

1, if the robot stops and

deploys sensor at time tk
0, otherwise

and (5)190

Fig. 3. Optimal sensor deployment.

Rmove
k =

{
1, if the robot is moving at time tk
0, otherwise

191

lrobot
i �= lrobot

j , ∀j �= i. (6) 192

The efficiency criterion of a robot deployment algorithm 193

is specified in (2), namely, to minimize the robot’s path 194

(which tends to minimize the deployment time and energy 195

consumption of the robot) and to maximize the degree of 196

surveillance Is. 197

Constraint (3) is intended to limit the hardware cost of 198

deployed sensors. To minimize the number of deployed sen- 199

sors, two neighboring sensors should have a minimal over- 200

lapped sensing region under the constraint of full coverage. 201

Assume that sensors si, sj, and sk neighbor each other. As illus- 202

trated in Fig. 3, previous studies [16], [17], [19] have proven 203

that the optimal deployment can be reached if the coverage 204

areas of three sensors intersect exactly at one point. That is, 205

the Euclidean distance of any pair of si, sj, and sk is equal to 206√
3rs, where rs denotes the sensing range of each sensor. 207

Equation (4) stipulates that each sensor can be deployed to 208

at most one location. Equation (5) identifies the stop-deploy- 209

move model. That is, the robot only has two states: deployment 210

and moving states. In the deployment state, the robot stops and 211

then deploys one sensor. In the moving state, the robot moves 212

to the next target location. Equation (6) indicates that the robot 213

can exactly deploy one sensor at each stop. 214

The next section presents the proposed IAD algorithm 215

intended to optimize objective function (2) while satisfying 216

constraints (3)–(6). 217

III. OPTIMAL DEPLOYMENT MECHANISM 218

WITHOUT CONSIDERING OBSTACLES 219

To simplify the deployment problem, this section assumes 220

a simplified environment in which no Dead-End problem 221

occurs during the deployment process. The Dead-End prob- 222

lem is considered in the next section. This section presents two 223

major rule sets: the Moving Direction Rule and the Horizontal 224

and Vertical Movement Rules. The Moving Direction Rule 225

helps the robot determine the direction of its movement, 226

whereas the Horizontal and Vertical Movement Rules deter- 227

mine the locations of sensor deployment on a 2-D plane. 228

A. Moving Direction Rule 229

The deployment task to enable monitoring of a given region 230

consists of a series of basic operations: moving one step and 231
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Fig. 4. Priorities of movement directions. (a) Priority 1: left. (b) Priority 2:
straight. (c) Priority 3: right.

Fig. 5. Examples of deployment trajectories generated by applying the pro-
posed Moving Direction Rule. (a) Robot moves along a spiral path, from
outside to inside, if it is initially located at the left-top corner. (b) Movement
trajectory of a robot that is not initially located at the boundary region.

then placing a sensor at the current location. Conceptually,232

a spiral movement scheme can be applied to greedily reduce233

the unexplored portion of the region to be monitored until the234

robot has deployed enough sensors to implement full coverage.235

The robot maintains an important valuable, called direction,236

whose value determines the direction of the robot’s next move-237

ment. More specifically, the values of direction might be left,238

straight, or right, which represent that the movement instruc-239

tions “turn left,” “go straight,” or “turn right,” respectively.240

The following Moving Direction Rule mainly implements the241

robot’s spiral movement.242

Moving Direction Rule: The priority of direction for the243

robot’s movement is left, straight, and then right.244

Herein, the robot treats the boundaries of the region to be245

monitored and the sensing regions of the deployed sensors as246

virtual obstacles. Fig. 4 provides the priorities of the move-247

ment directions. As shown in Fig. 4(a), if no obstacle exists248

at the left side of the robot, the robot turns left with the high-249

est priority. Otherwise, the robot goes straight if no obstacle250

exists in front of the robot, as shown in Fig. 4(b). If the afore-251

mentioned two rules fail, the robot turns right, as shown in252

Fig. 4(c).253

The following discusses two cases in which the Moving254

Direction Rule is applied. In the first case, the robot is initially255

located at the top-left corner of the region to be monitored; the256

deployment trajectory is as shown in Fig. 5(a). In the second257

case, the robot is not initially located at the boundary of the258

region to be monitored; it moves in a counterclockwise man-259

ner, from inside to outside, until it encounters the boundary.260

After that, it moves in a clockwise manner, from outside to261

inside, as shown in Fig. 5(b). Consequently, the robot reduces262

the unexplored region step by step until the region to be263

monitored has been completely traversed by the robot.264

B. Horizontal and Vertical Movement Rules265

For satisfying constraints (3)–(6), the basic concept of the266

Horizontal and Vertical Movement Rules is that the robot267

deploys sensors at intervals of
√

3rs.268

Fig. 6. Horizontal and vertical movement rules. Movement of (a) H-mode
and (b) V-mode consists of two patterns.

To deploy the sensors at the optimal locations, the robot 269

applies either of two movement modes, namely the horizontal- 270

mode (H-mode) or vertical-mode (V-mode). If the robot stays 271

in H-mode, it moves toward and deploys sensors separated by 272

distances of
√

3rs as shown in Fig. 6(a). By contrast, if the 273

robot stays in V-mode, its movement consists of two patterns. 274

As shown in Fig. 6(b), the first pattern is to move straight 275

for a distance of (3/2)rs, turn left, and then move for a dis- 276

tance of (
√

3/2)rs, whereas the second pattern is similar to 277

the first except that the robot turns right. Staying in V-mode, 278

the robot alternately applies the two patterns so that the opti- 279

mized deployment can be achieved. The following presents 280

the proposed Horizontal and Vertical Movement Rules which 281

implement the optimal placement. 282

Horizontal and Vertical Movement Rules: The robot ini- 283

tially moves along the horizontal direction and initially stays 284

in H-mode. The robot stays in H- or V-mode if it moves along 285

horizontal or vertical directions, respectively. 286

By applying the Moving Direction and Horizontal and 287

Vertical Movement Rules, the robot can achieve full coverage 288

by using a minimal number of deployed sensors. 289

IV. IMPASSE-AWARE DEPLOYMENT ALGORITHM 290

This section considers obstacles to overcome the Dead-End 291

problem efficiently. The following first presents the design 292

of the proposed IAD algorithm. The procedures of the IAD 293

algorithm are then proposed. 294

A. Detailed Design of the IAD Algorithm 295

To deal with the Dead-End problem, the robot should con- 296

sider a variety of situations which can be classified into four 297

states, namely the Normal state, Narrow-Lane state, Dead-End 298

state, and GoBack state. Let the notation AvbDir represent the 299

number of available directions along which the robot can move 300

one step without encountering any obstacle. The robot is said 301

to be in a state of Normal, Narrow-Lane, or Dead-End if the 302

values of AvbDir are 2+, 1, and 0, respectively, where 2+ 303

denotes a value greater than or equal to 2. 304

1) Normal State: The robot stays in the Normal state if it 305

has at least two available directions for further movement. 306

In this state, the robot only implements spiral movement 307

and deploys sensors according to the Moving Direction Rule 308

and Horizontal and Vertical Movement Rules. If the value of 309

AvbDir changes to 0 or 1, the robot switches to Dead-End or 310

Narrow-Lane states, respectively. 311
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Fig. 7. Example of a robot executing the proposed IAD algorithm.

Fig. 7 provides an example to illustrate the operations exe-312

cuted by robot in the Normal state. The vertical lines in the313

figure indicate movement in V-mode; the detailed turns and314

motions to deploy sensors would be difficult to depict. To315

facilitate the presentation, the following examples use straight316

vertical lines to represent V-mode movements. As shown in317

Fig. 7, the robot is initially located at the top-left corner of318

the region to be monitored and the value of AvbDir is ini-319

tially 2. Therefore, the robot stays in the Normal state and320

goes straight until it arrives at location D. At this moment,321

the robot has only one available direction for the next move-322

ment (the value of AvbDir changes from 2 to 1); therefore,323

the robot switches to the Narrow-Lane state. When the robot324

moves from location C1 to C2, it has no available direction325

for its next movement (the value of AvbDir changes from 2 to326

0); thus, the robot switches to the Dead-End state.327

2) Narrow-Lane State: The robot stays in the Narrow-328

Lane state if it has only one available direction for its next329

movement. The entrance, exit, and turn points are important330

locations that can guide the robot to leave the dead-end state.331

The robot records the locations of these points in its stack332

when it stays in the Narrow-Lane state.333

Definitions (Entrance, Exit, and Turn Points): The entrance334

point of the Narrow-Lane is defined as the previous location335

of the robot at which the robot switches from the Normal state336

to the Narrow-Lane state. The location of the robot at which337

it switches from the Narrow-Lane state to the Normal state338

is defined as the exit point of the Narrow-Lane. A point at339

which the robot changes direction (i.e., turns) but stays in the340

Narrow-Lane state of a particular region is defined as a turn341

point of the Narrow-Lane.342

Whenever the robot visits the entrance point of a Narrow-343

Lane, it assigns a new ID known as “nid” to that particular344

Narrow-Lane. As a result of Dead-End problems in the345

Narrow-Lane state, the stack is required to maintain some vis-346

ited locations for reversing the robot so that it can eventually347

return to the unexplored regions. In the Narrow-Lane state,348

the robot should push the locations of the entrance, exit, and349

turn points onto the stack. Each entry of the stack consists of350

three fields: {nid, type, (x, y)}, where (x, y) denotes the corre-351

sponding location of the robot and type stores the point type,352

which has possible values of entrance, exit, or turn. In the353

following section, we present the Narrow-Lane Rule, which354

is executed by the robot when it stays in the Narrow-Lane355

state.356

Narrow-Lane Rule: If the robot encounters any point of357

a Narrow-Lane like entrance, exit, or turn point then the robot358

pushes the information of {nid, type, (x, y)} onto the stack. 359

The robot switches to Dead-End or Normal states if the value 360

of AvbDir changes to 0 or 2+. Otherwise, the robot remains 361

in Narrow-Lane state. 362

Fig. 7 provides an example to illustrate the operations exe- 363

cuted by the robot in the Narrow-Lane state. As shown in 364

Fig. 7, when the robot reaches the point D, where the value 365

of AvbDir changes from 2 to 1, it pushes the preceding loca- 366

tion E1, which is an entrance point, onto the stack and then 367

stays in the Narrow-Lane state. Afterward, the robot makes 368

turns at T1, T2, and T3, which are Narrow-Lane turn points. It 369

pushes the corresponding location information of T1, T2, and 370

T3 onto the stack. Lastly, when the robot arrives at location 371

E2, where the value of AvbDir changes from 1 to 2, it pushes 372

the current location information onto the stack because the 373

location is an exit point of the Narrow-Lane. The robot then 374

switches to the Normal state. 375

The following explains why the robot must record the 376

entrance, exit, and turn points of a Narrow-Lane. Suppose 377

that the robot only recorded the entrance point of the Narrow- 378

Lane, and did not record the turn and the exit points. When 379

the robot arrived at location A, it would encounter the Dead- 380

End problem. It would pop the entrance point from the stack 381

and then would try to move directly from location A to 382

the entrance point of the Narrow-Lane, to visit the unex- 383

plored location. However, the robot would be blocked by 384

the obstacle. In Fig. 7, the blocked path is marked by the 385

thin black dotted line. To prevent the robot from encoun- 386

tering obstacles when it goes back to the entrance point, 387

it should record the location information of the entrance, 388

exit, and turn points of its Narrow-Lane. Then the robot 389

can successfully go back to the entrance point along the 390

shortest path, which is marked by the thick red dotted line 391

in Fig. 7. 392

3) Dead-End State: The robot stays in the Dead-End state 393

if it has no available direction for its next movement. In the 394

Dead-End state, the robot must perform two processes: 1) the 395

Pushing Stack Process and 2) Termination Check and State 396

Switch Process. In the Pushing Stack Process, the robot checks 397

whether it should push the preceding location to the stack. 398

Note that the value of AvbDir
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In the Termination Check and State Switch Process, the417

robot should verify whether it has completed the deployment418

task. If the stack is nonempty, the region to be monitored still419

has some unexplored locations. Thus, the robot should switch420

to the GoBack state, aiming to find an unexplored location for421

further deploying sensors. In the GoBack state, the robot can422

pop a target location from the stack and go straight to that423

location for discovering the unexplored region. Otherwise, the424

stack is empty and the deployment task is finished. Fig. 7 pro-425

vides an example in which the robot enters the Dead-End426

state and checks the stack to determine whether the deploy-427

ment task is finished. When the robot encounters the Dead-End428

state at location A, the stack is nonempty, which means that429

the deployment task is not yet finished. As a result, the robot430

switches to the GoBack state, and leaves the Dead-End state.431

By contrast, when the robot enters the Dead-End state at loca-432

tion B, the robot can prove that the deployment task is finished433

because the stack is empty.434

The following formally presents a Dead-End Rule that is435

executed by the robot when it is in the Dead-End state.436

Dead-End Rule: The robot first executes the Pushing Stack437

Process. That is, if the value of AvbDir changes from 2+438

to 0, the robot pushes the preceding location to the stack.439

Otherwise, the robot does nothing. After executing the Pushing440

Stack Process, the robot additionally executes the Termination441

Check and State Switch Process. In this process, the robot442

checks the stack status. If the stack is empty, the robot termi-443

nates the deployment task. Otherwise, the robot switches to444

the GoBack state.445

4) GoBack State: In the GoBack state, the robot tries to446

find an unexplored region. In what follows, we present the447

GoBack Rule, which is executed by the robot when it stays in448

the GoBack state.449

GoBack Rule: The robot pops a location from the stack and450

moves straight to that location without deploying any sensors.451

Afterward, the robot will reset its state according to the AvbDir452

value.453

Fig. 7 provides an example of the robot staying in the454

GoBack state until it reaches the entrance point of the Narrow-455

Lane. When the robot encounters the Dead-End state at456

location A, it pops location E2 (the exit point of the Narrow-457

Lane) from the stack and moves straight to that location.458

Because the value of AvbDir at location E2 is 0, the robot459

switches its status to the Dead-End state and then checks460

the stack status. Because the stack is nonempty, the robot461

switches its status from the Dead-End state to the GoBack462

state. Henceforth, it applies the GoBack Rule by popping loca-463

tion T3 (the turn point of the Narrow-Lane) and then moves464

straight to that location. Similarly, the robot pops locations465

T2, T1, and E1 from the stack and moves straight to the most466

recently popped location after each pop. Because the AvbDir467

value is 2 at location E1, the robot switches to the Normal468

state. The trajectory of the robot in the GoBack state is marked469

by the thick red dotted line in Fig. 7.470

B. Algorithm of IAD471

The following presents the proposed IAD algorithm, which472

is composed of the Normal, Narrow-Lane, Dead-End, and473

Fig. 8. Examples of WSN deployed by applying the IAD and BSA
algorithms.

GoBack States. Steps 4–15 present the situation in which 474

the robot stays in the Normal state and applies the Moving 475

Direction Rule and Horizontal and Vertical Movement Rules, 476

aiming to achieve the optimal deployment. Steps 16–33 477

present the situation in which the robot stays in the 478

Narrow-Lane state and pushes the locations of the entrance, 479

exit, or turn points onto the stack. Steps 34–43 present the 480

situation in which the robot stays in the Dead-End state. In 481

the Dead-End state, steps 37–42 and 43 present the operations 482

designed for the Pushing Stack Process and Termination Check 483

and State Switch Process, respectively. Steps 44–51 present 484

the situation in which the robot stays in the GoBack state, 485

pops a location from the stack and then moves straight to the 486

location, aiming to reach an unexplored location. As shown 487

in step 3, when AvbDir = 0 and the stack is empty, the 488

deployment process is finished. 489

V. ANALYSIS OF DEPLOYMENT TRAJECTORIES 490

This section analyzes and compares the deployment effi- 491

ciency of the IAD and the BSA algorithms, in terms of the 492

length of traversed path. Let W and H, respectively, denote 493

the length and width of the given region to be monitored, M. 494

Fig. 8 depicts the resultant WSN deployed by applying the 495

proposed IAD and the existing BSA algorithms. Let notation 496

nmax denote the total number of sensor nodes required for 497

optimal deployment in region M. Equation (7) provides the 498

derivation of nmax 499

nmax =
(⌊

W√
3rs

⌋

+ 1

)

×
(⌊

H

3
/

2rs

⌋

+ 1

)

(7) 500

|P| = (nmax−1)×√3rs. (8) 501

The traveling path length |P| can be derived by (8) because 502

the path should pass through each sensor and the distance 503

between two neighboring sensors is
√

3rs. Note that the trajec- 504

tory resulting from the Vertical Movement Rule contains many 505

turns, raising unimportant details and diverting the discussion 506

from the proposed algorithm. To facilitate the discussion, the 507

following analyses use straight lines between two successively 508

deployed sensors to represent the robot’s movements. 509

The following discussion considers an environment that 510

contains obstacles. We assume that k obstacles exist in region 511

M. The obstacles constitute the major factor that degrades the 512

efficiency of the deployment. For any obstacle with an irreg- 513

ular shape, we can construct a corresponding regular obstacle 514

such that the impacts of the two obstacles on the traversed 515

path length are equivalent. 516

Fig. 9(a) and (b) gives examples of an irregular obstacle 517

and a corresponding regular obstacle. This motivates us to 518
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Algorithm 1 Impasse-Aware Deployment Algorithm
Input: A robot in a given monitoring region which may con-

tain obstacles. The robot carries static sensors for executing
deployment task.

Output: A region is fully covered by the deployed sensors.
Initialization: Create an empty stack K consisting of three fields:

{nid, type, location}
1: deploy the first sensor node
2: update AvbDir
3: while AvbDir > 0 or stack �= empty do
4: //Normal State
5: If AvbDir = 2 then
6: state←Normal
7: If PreAvbDir = 1 then
8: type←exit
9: location←current location

10: push {nid, type, location} onto the stack.
11: end if
12: execute Moving Direction Rule
13: execute Horizontal and Vertical Movement Rules
14: update AvbDir
15: end if
16: //Narrow-Lane State
17: If AvbDir = 1 then
18: state←Narrow-Lane
19: If PreAvbDir = 2 or PreAvbDir = 0 then
20: nid←generate a new ID
21: type←entrance
22: location←preceding location
23: push {nid, type, location} onto the stack.
24: end if
25: If PreAvbDir = 1 and direction is changed then
26: type←turn
27: location←current location
28: push {nid, type, location} onto the stack.
29: end if
30: execute Moving Direction Rule
31: execute Horizontal and Vertical Movement Rules
32: update AvbDir
33: end if
34: //Dead-End State
35: If AvbDir = 0 and then
36: state = Dead-End
37: If PreAvbDir = 2 then
38: nid← null
39: type←null
40: location←preceding location
41: push {nid, type, location} onto the stack.
42: end if
43: If stack �= empty then
44: //GoBack State
45: state = GoBack
46: do
47: j=The number of elements in the stack
48: pop out a element K[j] from the stack
49: move straightly to K[j].location
50: update AvbDir
51: end if
52: end if
53: end while

concentrate our attention on the regular-obstacle environment.519

Consider the environment that contains m regular obstacles oi520

with sizes Li×αiLi,1 ≤ i ≤ m, as shown in Fig. 9(b). Without521

loss of generality, we assume that the thickness of the obstacle522

is
√

3rs. As a result, the number of sensors covered by these523

Fig. 9. To simplify the deployment efficiency analysis, each obstacle is treated
as a rectangular region. (a) Irregular obstacle. (b) Corresponding regular
obstacle.

obstacles can be evaluated by (9), if we put these obstacles in 524

the WSN shown in Fig. 8 525

m∑

i=1

(

2×
(

Li√
3rs
+ αiLi

3
/

2rs

))

. (9) 526

Equation (10) evaluates the number of sensors deployed by 527

applying both IAD and BSA algorithms because no sensors 528

should be deployed inside the obstacles 529

nreq = nmax −
m∑

i=1

(

2×
(

Li√
3rs
+ αiLi

3
/

2rs

))

. (10) 530

The BSA mechanism overcomes the Dead-End problem 531

by pushing all visited locations onto the stack. If the robot 532

encounters a Dead-End problem, it turns back to the entrance 533

point along the original path, as marked by the thin black 534

dotted line in Fig. 9(b). Thus, the robot must return to the 535

entrance point by revisiting all the sensors deployed on the 536

path. Equation (11) evaluates the total length of backward 537

paths PBackward
BSA for the BSA algorithm, where

√
3rs is the 538

distance between two neighboring sensors 539

∣
∣
∣PBackward

BSA

∣
∣
∣ =

m∑

i=1

(
Li√
3rs
× αiLi

3
/

2rs

)

×√3rs. (11) 540

Consequently, the total traveling path length, as given 541

in (12), of the BSA algorithm can be calculated by the sum 542

of the forward paths and the backward paths 543

|PBSA| =
[
(
nreq − 1

)+
m∑

i=1

(
Li√
3rs
× αiLi

3
/

2rs

)]

×√3rs. 544

(12) 545

However, the proposed IAD turns back along the shortest 546

path from the Dead-End point to the entrance point. For exam- 547

ple, as shown in Fig. 9, the robot encounters the Dead-End 548

at s17 and then moves backward to the entrance point along 549

the thick red dotted path, with a length of 2×√3rs. Because 550

the Dead-End problem may occur at any location, the evalu- 551

ation of the length of the backward path is complicated. For 552

simplicity, we assume that the Dead-End occurs at the far- 553

thest location from the entrance point. Therefore, the path 554

length for turning back to the entrance point of obstacle oi is 555
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Fig. 10. Analysis of the performance improvement of the proposed IAD
approach against the existing BSA approach in terms of ξpath.

√
(Li)2 + (αiLi)2. Consequently, the total traveling path length556

of the proposed IAD can be derived by557

|PIAD| ≤
∣
∣PIAD_MAX

∣
∣ = (nreq − 1

)×√3rs558

+
m∑

i=1

(√

(Li)
2 + (αiLi)

2
)

. (13)559

As a result, the improvement, denoted by xpath, of IAD to560

BSA in terms of traveling path length, can be derived by561

ξpath = |PBSA| − |PIAD| ≥ |PBSA| −
∣
∣PIAD_MAX

∣
∣562

=
m∑

i=1

[(
αi(Li)

2

3
√

3
/

2× (rs)
2

)

×√3rs −
√

(Li)
2 + (αiLi)

2

]

.563

(14)564

Let Li = ai×rs and αiLi = bi×rs, where ai and bi represent565

the widths and heights of the obstacles oi, respectively.566

Because the thickness of the obstacle is
√

3rs, the obstacle567

oi is solid, without any holes, when the size of oi is less than568

or equal to 2
√

3rs × 2
√

3rs. Therefore, the value of ξpath can569

be derived as570

ξpath = |PBSA| − |PIAD|571

≥
m∑

i=1

⎧
⎪⎪⎨

⎪⎪⎩

(
2
3 aibi −

√
a2

i + b2
i

)

× rs, if ai > 2
√

3 and

bi > 2
√

3
0, otherwise.

572

(15)573

Because the size of each obstacle is larger than 2
√

3rs ×574

2
√

3rs, the value of ξpath is larger than 0. This also implies that575

the traveling path length of IAD is shorter than that of BSA.576

Equation (15) indicates that IAD shortens the traveling path577

length in proportion to the size and number of obstacles. The578

larger and more numerous the obstacles are, the more IAD579

shortens the path.580

According to (15), Fig. 10 depicts the improvement of581

the traveling path length ξpath from IAD, as compared with582

the BSA scheme under rs = 25. Consider an environment583

that contains m regular obstacles, each of which measures584

αrs × αrs. The parameters m and α vary, ranging from 1 to585

10 and 2 to 10, respectively. This figure shows that IAD586

Fig. 11. Experimental environment of the (a) Lego robot. (b) Scenario 1.
(c) Scenario 2.

significantly outperforms BSA in terms of traveling path 587

length. 588

VI. PHYSICAL EXPERIMENTS 589

In this section, we present the physical implementation of 590

the proposed approach in a Lego Mindstorms robot system, as 591

shown in Fig. 11(a). The hardware of our Lego Mindstorms 592

robot included a 32-bit ARM7 microcontroller, 256kB Flash, 593

64kB RAM, and 6 AA batteries as a power supply. All oper- 594

ations of the robot were controlled by a notebook through 595

a Bluetooth wireless communication link (Bluetooth Class II 596

V2.0 compliant). The robot was equipped with an ultrasonic 597

sensor, which enabled the robot to see and detect obstacles, 598

and to measure the distance from obstacles to itself. Three ser- 599

vomotors enabled the movements of the robot. Each motor had 600

a built-in rotation sensor, which enabled the robot to record 601

its movements and rotation precisely. 602

The proposed IAD was implemented on a notebook in Java. 603

The implemented IAD sent commands (API calls within the 604

iCommand module) through the Bluetooth wireless channel 605

to control the robot’s operations, such as spiral movements, 606

obstacle detection, and rotation. For example, the API calls 607

moveForward(int n) and turnLeft(d) commanded the robot 608

to move forward for n milliseconds and turn left d degrees, 609

respectively. 610

Fig. 11(b) depicts scenario 1, in which the monitoring 611

area contained an obstacle. The area in scenario 2, shown in 612

Fig. 11(c), contained two connected obstacles. The robot was 613

initially placed in the top-left corner of the region. This exper- 614

iment tested the robot’s movement trajectory; therefore, the 615

robot did not actually deploy sensors. Instead, the robot only 616

detected the obstacles using its ultrasonic sensor and moved 617

according to the Moving Direction Rules, as applied to the 618

Normal state, Narrow-Lane state, and Dead-End state. Since 619

scenarios 1 and 2 are indoor, the GPS cannot be used. Instead, 620

we use the rotation speed of the robot’s wheels to measure the 621

distance moved by robot. We implemented the key compo- 622

nents of IAD and BSA in the Lego robot and compared them 623

in terms of path length. We define the following efficiency 624

ratio to compare the performance levels of the IAD and BSA: 625

Efficiency Ratio = IAD Path Length

BSA Path Length
. (16) 626

As shown in Table II, the proposed IAD outperformed BSA 627

in terms of path length and energy conservation. 628

In the physical environment, we used rotation speed of the 629

robot’s wheels to measure the distance moved by robot and 630
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TABLE II
EXPERIMENTAL RESULTS

TABLE III
COMPARISON WITH DIFFERENT EXPERIMENTAL ENVIRONMENT

TABLE IV
SIMULATION PARAMETERS

hence the location information can be obtained. In this way,631

the location error can cause the robot deploy at the locations632

which are different to the expected locations. Let dbasic denote633

the distance of basic movement and dactual denote the actual634

distance by using the rotation speed of robot wheels. To mea-635

sure the impact of the inaccurate location, we measure the636

distance between actual location and expected location and637

calculate the average error ratio of each movement by applying638

Average Error Ratio =
∣
∣dbasic − dactual

∣
∣

dbasic
. (17)639

As shown in Table III, the average error ratio is significant640

if the ground is slippery. However, in case of dry ground, the641

average error ratio is acceptable. We believe that the average642

error ratio can be further improved if some other complex643

localization mechanisms [20], [21] are applied.644

VII. SIMULATION STUDY645

In this section, we use simulator TOSSIM/TinyViz [22] to646

compare the performance levels of the proposed IAD mech-647

anism and previously published works [16]–[18], in terms of648

the coverage ratio, energy efficiency, deployment path length,649

and required stack space.650

This section presents the report results of simulations coded651

in TOSSIM/TinyViz [22], which has been widely used in sim-652

ulating realistic and expandable networks. The proposed IAD653

mechanism is compared with the previous works including654

ORRD, [16], OFPD, [17], and BSA, [18]. Table IV summa-655

rizes the simulation environment. The parameters values of656

the communication range and the sensing range are the typical657

parameters of Berkeley motes [23]. The robot is assumed to be658

equipped with a compass and a constant number of Berkeley659

motes. The parameters values of the robot speed and the mobil-660

ity cost refer to the typical parameters of the Robomote [24].661

The experimental environment is described below.662

Fig. 12. Shapes of regular obstacles considered in the simulation.
(a) Square-shaped region to be monitored. (b) H-shaped region to be mon-
itored. (c) X-shaped obstacle. (d) C-shaped obstacle. (e) Complex obstacles.
(f) Exhibition center.

The shape of obstacle can have notable effects on the effi- 663

ciency of the robot deployment. Two types of obstacles were 664

considered in the experiments: 1) regular obstacles and 2) ran- 665

domly generated irregular obstacles. As shown in Fig. 12, 666

regular obstacles with six different shapes were generated. 667

In the environments with irregular obstacles, the numbers 668

of generated obstacles were 0, 3, 6, 9, 12, or 15. The process 669

for generating an irregular obstacle is more complicated than 670

the process for generating a fixed obstacle. In the experiments, 671

each irregular obstacle was composed of k unit squares, with 672

each unit square having an edge length of rs, where rs denotes 673

the sensing range. 674

The robot was initially placed at the top-left corner of the 675

region to be monitored. Each simulation result was collected 676

based on the average of 200 independent runs. 677

A. Coverage Ratio 678

The coverage ratio of a WSN represents its surveillance 679

quality. It denotes the ratio of the covered area to the area of 680

whole region to be monitored. Fig. 13 compares the cover- 681

age ratios of the IAD, ORRD, OFPD, and BSA mechanisms 682

for different scenarios. In Fig. 13(a), the region to be moni- 683

tored contains regular obstacles of various shapes. Although 684

the ORRD and OFPD mechanisms applied rules to cope 685

with the obstacle problem, they did not handle the Dead- 686

End problem and thus caused coverage holes. The BSA and 687

the proposed IAD achieved a 100% coverage ratio because 688

the Dead-End problem was overcome by different forms of 689

Dead-End rules. Fig. 13(b) simulates an environment that con- 690

tains irregular obstacles. The number of obstacles ranged from 691

0 to 15. Similar to the fixed obstacle environment, the BSA 692

and the proposed IAD outperformed the other two mechanisms 693

because they considered the Dead-End problem. The coverage 694

ratios of the proposed IAD and BSA slightly dropped when 695

irregular obstacles existed, as compared with regular obsta- 696

cle environments. The major reason was that the arc edges 697
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Fig. 13. Coverage ratios of different mechanisms. Results for experi-
mental environments containing (a) regular obstacles of different shapes
and (b) irregular obstacles.

Fig. 14. Coverage ratios of different mechanisms at different evaluation
times. The obstacle environment given in Fig. 12(f) is considered.

of the irregular obstacles caused small holes at some obstacle698

boundaries. In general, the proposed IAD and BSA achieved699

coverage ratios above 96.5% and outperformed ORRD and700

OFPD in all cases. The BSA mechanism can achieve high701

coverage ratios. However, it requires a large memory space.702

In addition, the path traversed by the robot is not efficient703

when the Dead-End situation is encountered.704

Fig. 14 considers the regular obstacles environment given705

in Fig. 12(f) and investigates the achieved coverage ratio at706

different evaluation time. Since the existing ORRD and OFPD707

mechanisms did not handle the Dead-End problem, the cov-708

erage ratio is stop growing at 32.8% and 17.6%, respectively.709

The BSA and the proposed IAD mechanisms achieve full cov-710

erage since they can overcome the Dead-End problem. As711

shown in Fig. 14, by applying the proposed IAD mechanism,712

the coverage ratio grows significantly with the evaluation time.713

Conversely, the curve of the existing BSA increases slowly714

with the evaluation time. This simulation result shows that715

Fig. 15. Comparison of the proposed IAD and BSA mechanisms in terms
of EEI. The experimental environment contains regular obstacles of different
shapes.

Fig. 16. Comparison of the proposed IAD and published BSA mechanisms
in terms of EEI. The experimental environments contained different numbers
of irregular obstacles.

the Dead-End handling policy proposed in IAD mechanism is 716

more efficient than that of existing BSA mechanism. 717

B. Energy Efficiency 718

The ORRD and OFPD are not considered in the following 719

experiments because that they did not address the Dead- 720

End problem. Hence, their energy efficiency, deployment path 721

length, and required stack space for full coverage deploy- 722

ment cannot be evaluated. The following experiments compare 723

only the proposed IAD and existing BSA robot deployment 724

mechanisms. 725

The existence of unpredicted obstacles can increase the 726

path length or even raise the Dead-End problem. Furthermore, 727

the Dead-End problem additionally increases the path length 728

because the robot must go back to the unexplored region. 729

Figs. 15 and 16 compare the proposed IAD and the BSA 730

deployment mechanisms in terms of the energy efficiency 731

index (EEI), which is measured by (18). A deployment mech- 732

anism with a large EEI value indicates that a large coverage 733

area can be achieved by consuming less energy. This also 734

indicates that the robot deploys the sensors along a more 735

efficient path 736

EEI = Covered Area m(2)

Total Energy Consumptio n(J)
. (18) 737

In Fig. 15, the results for regular obstacles of various shapes 738

are presented. The BSA mechanism pushes all visited locations 739

in the stack and turns back to the entrance point along a long 740

path whenever the robot encounters a Dead-End situation. 741



IEE
E P

ro
of

CHANG et al.: IMPASSE-AWARE NODE PLACEMENT MECHANISM FOR WIRELESS SENSOR NETWORKS 11

Fig. 17. Snapshots of robots’ backtracking paths for IAD and BSA mecha-
nisms using the obstacle environment given in Fig. 12(f). Execution of (a) IAD
and (b) BSA.

This leads to an inefficient backward path which consumes742

considerable energy. However, the proposed IAD mechanism743

only pushes the locations of entrance, exit, or turn points in744

the stack. As a result, the robot can go back to an unex-745

plored location along a more efficient path whenever the robot746

encounters the Dead-End problem. As shown in Fig. 15, the747

proposed IAD consistently obtained larger EEI values of EEI748

than did the BSA mechanism. Despite the performance of the749

proposed IAD slightly dropping when complex obstacles were750

presented, its deployment efficiency nevertheless exceeded that751

of the BSA mechanism in all cases.752

Fig. 16 shows results for experiments in which a number753

(ranging from 0 to 15) of randomly-generated irregular obsta-754

cles were present in the region to be monitored. The EEI755

of the BSA mechanism notably decreased as the number of756

obstacles increased. The proposed IAD mechanism applied757

the Narrow-Lane Rule and GoBack Rule to cope with the758

Dead-End problem and consequently outperformed the BSA759

mechanism in terms of EEI in all cases.760

C. Trajectory Path761

Fig. 17 presents snapshots of the IAD and BSA deployments762

for the scenario given in Fig. 12(f). The deployment paths are763

marked by thin blue dotted lines and the backward paths are764

marked by thick red lines. The BSA path was much longer765

than the IAD path. This occurred because the robot imple-766

menting IAD moved to the nearest unexplored location along767

an efficient path when it encountered the Dead-End prob-768

lem. Consequently, the backward path in BSA was 5.04 times769

longer than that in IAD.770

Fig. 18 compares IAD and BSA paths for an environment771

containing six irregular obstacles. The results are similar to772

those in Fig. 17 because the proposed IAD was designed to773

cope with the Dead-End problem more efficiently.774

D. Required Stack Space775

Fig. 19 compares the IAD and BSA mechanisms in terms of776

the Required Stack Space by considering a scenario contain-777

ing regular obstacles. In a region containing small obstacles,778

the robot must deploy sensors in a large region without obsta-779

cles. Thus, the path of the robot decreases as the obstacle size780

increases. As shown in Fig. 19, the BSA mechanism always781

Fig. 18. Snapshots of robot deployments applying IAD and BSA using a sce-
nario containing six irregular obstacles. Execution of (a) IAD and (b) BSA.

Fig. 19. Comparison of the proposed IAD and published BSA mechanisms in
terms of required stack space. The experimental environments contain regular
obstacles of different shapes.

Fig. 20. Comparison of the proposed IAD and published BSA mechanisms
in terms of required stack space. The experimental environments contained
different numbers of irregular obstacles.

requires an extremely large stack space, as compared with the 782

proposed IAD mechanism. This occurs because that the BSA 783

mechanism pushes all visited locations onto the stack. By con- 784

trast, the proposed IAD pushes only the locations of entrance, 785

exit, or turn points onto the stack so that the robot can 786

return to the unexplored locations. As a result, the stack space 787

required by the proposed IAD is notably smaller than that 788

of the BSA. 789

Fig. 20 further illustrates the required stack space for an 790

environment containing irregular obstacles. The number of 791

irregular obstacles was randomly generated in a range from 792

0 to 15. The results are similar to those of Fig. 19 because 793

the proposed IAD pushes only the locations of entrance, exit, 794

and turn points onto the stack. 795
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Fig. 21. Amounts of stack space required for handling each Dead-End prob-
lem when applying IAD and BSA mechanisms to the obstacle environment
depicted in Fig. 12(f).

Fig. 21 concerns an environment containing regular obsta-796

cles that are arranged as given in Fig. 12(f). The size of797

monitored region was 800 × 600 m. Two instances are798

depicted at the location where the robot encounters a Dead-799

End situation. The light blue and deep blue bars present800

the required stack space by applying the BSA and IAD801

mechanisms, respectively.802

As shown in Fig. 21, the BSA mechanism requires a large803

stack space to record the visited locations to overcome804

each Dead-End situation. However, the robot locates the805

unexplored location along the original trajectory in a back-806

ward direction. Combining Figs. 17 and 21 reveals that the807

path length for finding the unvisited location increases with808

the required stack space. When the robot applies the BSA809

mechanism but encounters a Dead-End situation, it turns810

back to an unexplored location by popping the locations811

stored in the stack and thus moves using a long path, as812

shown in Fig. 17(b). By contrast, the proposed IAD mech-813

anism only pushes some proper locations onto the stack.814

As a result, the robot applying the proposed IAD mecha-815

nism requires smaller stack space than that applying the BSA816

approach, as shown in Fig. 21. The impact of the small817

required stack space on the short backward path is illustrated818

in Fig. 17(a).819

VIII. CONCLUSION820

This paper presents an efficient algorithm, called IAD,821

which is intended to overcome unknown obstacles and deploy822

sensors, thereby achieving full coverage of monitored areas.823

The Moving Direction and Horizontal and Vertical Movement824

rules were proposed to minimize the number of deployed sen-825

sors but achieve full coverage of an obstacle-free region. In826

addition, to overcome the Dead-End problem which occurs827

because of the existence of obstacles, this paper proposed828

a state management scheme in which the Normal, Narrow-829

Lane, Dead-End, and GoBack states and their corresponding830

rules were developed. The results of the performance study831

indicate that the proposed IAD algorithm achieves superior832

performance to the existing deployment mechanisms in terms833

of coverage ratio, energy efficiency, deployment path length,834

and required stack space.835
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Impasse-Aware Node Placement Mechanism
for Wireless Sensor Networks

Chih-Yung Chang, Member, IEEE, Yu-Ting Chin, Cheng-Chang Chen, and Chao-Tsun Chang, Member, IEEE

Abstract—In wireless sensor networks, sensor deployment is1

an important issue in which sensors are deployed in a spe-2

cific monitoring region using low-cost hardware but achieving3

high coverage quality. In recent years, several mechanisms have4

been developed for the efficient robotic deployment of sensors.5

Their performance levels are highly dependent on unknown6

obstacles that can give rise to the dead-end problem. A key7

challenge when developing a robot deployment mechanism is to8

overcome the dead-end problem and deliver full coverage with9

a minimal number of sensors. This paper proposes an impasse-10

aware robot deployment (IAD) algorithm. The proposed IAD11

mainly consists of basic deployment rules and dead-end han-12

dling rules. The basic deployment rules are intended to achieve13

full coverage with a minimal number of sensors; the proposed14

dead-end handling rules can efficiently resolve the dead-end15

problem. Extensive experimental studies have demonstrated that16

our proposed IAD achieves superior performance to that of17

existing robot deployment mechanisms with respect to coverage18

ratio, energy efficiency, deployment path length, and required19

stack space.20

Index Terms—Coverage, dead-end, impasse, deployment,21

obstacle, robot, wireless sensor network (WSN).22

I. INTRODUCTION23

W IRELESS sensor networks (WSNs) and robot control24

have been used in numerous applications, including in25

trajectory tracking [1], healthcare [2], road safety [3], envi-26

ronmental monitoring [4], military surveillance (i.e., demining27

robots) [5], adaptive control [6], and sensor deployment. The28

sensor deployment issue has received much attention in recent29

years. The proposed deployment mechanisms can be classi-30

fied into random deployment, mobile sensor dispatching, and31

robotic deployment. Random deployment [7], [8] are simple32

and can be implemented easily, but they are not efficient33

because the sensor densities vary in different regions. A region34
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Fig. 1. Robot encounters a Dead-End problem.

with a large number of deployed sensors usually suffers 35

from high overhead costs, such as hardware costs, comput- 36

ing costs, and communication costs. By contrast, a region 37

with low sensor density usually contains coverage holes. To 38

achieve full sensor coverage, a large number of sensors may 39

be required, incurring a high hardware cost. Some related 40

mechanisms involve analyzing the deployment of mobile sen- 41

sors (i.e., mobile sensor dispatching) before deployment begins 42

in centralized [9], [10] and distributed ways [11], [12]. First, 43

a set of locations in a coverage hole can be calculated. The 44

mobile sensors then cooperatively move to the locations of 45

coverage holes. However, this incurs overhead costs such as 46

hardware costs and the energy consumption costs of mobile 47

sensors. 48

Other studies have used robots to address the deployment 49

problem. In each round, a robot moved a certain number 50

of steps, stopped, and deployed one static sensor, thereby 51

readily achieving full coverage using only the appropriate 52

numbers of sensors. In addition to sensor deployment, a robot 53

can perform other tasks such as detecting coverage holes, 54

redeployment, and surveillance. However, diverse unknown 55

obstacles can have deleterious effects on deployment effi- 56

ciency. When a robot deploys sensors, it may become trapped 57

by obstacles, boundaries, or deployed sensors, leading to a sit- 58

uation in which the robot has no available direction for further 59

movement; this is called the Dead-End problem. The robot 60

depicted in Fig. 1 encounters the Dead-End problem when 61

it moves to location A. In this scenario, the robot is sur- 62

rounded by obstacles or deployed sensors and it is unable to 63

advance. Consequently, the deployment process is terminated, 64

leading to the existence of coverage holes, which are marked 65

in gray. 66

To overcome the Dead-End problem, in [13], a robot 67

deployment mechanism, called LRV, was presented. When the 68

robot visited a deployed sensor, the sensor broadcast the least 69

recently visited direction with the aim of guiding the robot 70

2168-2216 c© 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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TABLE I
COMPARISON OF THE MAIN CHARACTERISTICS OF THE PROPOSED IAD WITH EXISTING RELATED WORKS

Fig. 2. Two backward paths for a Dead-End problem, as produced by IAD
and BSA mechanisms.

to explore the region to be monitored. However, unpredicted71

obstacles severely degraded the deployment efficiency of LRV.72

In [14] and [15], the robot applies right-hand policy for reduc-73

ing the impact of obstacles. However, the trajectory path of74

the robot is inefficient since the robot might move a long path,75

but did not deploy any sensor.76

To reduce the inefficiency caused by obstacles, and77

to improve deployment efficiency, the ORRD [16] andAQ3 78

OFPD [17] mechanisms were proposed. However, those mech-79

anisms left coverage holes in some monitoring areas that80

contained obstacles with certain shapes. When the ORRD and81

OFPD algorithms halted, they left coverage holes.82

A robot deployment mechanism [18] called BSA employs83

a last in first out stack to record all visited locations and turns84

back to an unexplored location whenever it encounters a Dead-85

End problem. As shown in Fig. 2, BSA constructs a long return86

path, which is marked with a black dotted line. In addition,87

BSA needs a large stack. By contrast, the proposed impasse-88

aware robot deployment (IAD) mechanism records very few89

locations. As a result, the robot can return to an unexplored90

region along an efficient path, which is marked with a red91

dotted line in Fig. 2.92

This paper presents an IAD algorithm which consists of93

basic deployment rules and Dead-End handling rules. The94

basic deployment rules are composed of Moving Direction95

and Horizontal and Vertical Movement rules in a 2-D simu-96

lated environment. Guided by these rules, the robot can deploy97

a minimal number of sensors but achieve full coverage. The98

Dead-End handling rules are composed of Normal, Narrow-99

Lane, Dead-End, and GoBack rules which assist the robot to100

overcome the Dead-End problem efficiently.101

Table I summarizes the characteristics of previous related 102

studies and the proposed IAD. The proposed IAD addition- 103

ally considers the Dead-End problem and improves the path 104

efficiency. 105

The rest of this paper is organized as follows. Section II 106

describes the network environment and problem statement of 107

the robot deployment. Section III presents the basic deploy- 108

ment rules, which are mainly applied in environments without 109

obstacles. Section IV presents the Dead-End handling rules 110

which aim to solve the problems of unpredicted obstacles. 111

Section V analyzes and compares the deployment efficiency 112

levels of the proposed IAD algorithm and the earlier BSA 113

algorithm in terms of the length of traversed paths. Section VI 114

presents the physical implementation of the proposed IAD. In 115

Section VII, extensive simulation experiments are presented to 116

compare the performance levels of the proposed IAD and of 117

earlier methods. Section VIII presents the conclusion. 118

II. NETWORK ENVIRONMENT 119

A. System Model 120

In this paper, it was assumed that the robot carries a set 121

of static sensors and is aware of the boundaries of the region 122

to be monitored. These sensors can be deployed in the sim- 123

ulated region to be monitored, M, which is modeled by an 124

arbitrary polygon on a 2-D plane. The obstacles that exist 125

inside M are also modeled as polygons and do not parti- 126

tion M. The robot is equipped with GPS, and an E-compass 127

sensor to provide its current location information and mov- 128

ing direction information, respectively. Moreover, the robot is 129

also equipped with an ultrasonic sensor and radio system for 130

detecting obstacles and communicating with deployed sensors 131

wirelessly, respectively. The communication range of a static 132

sensor is rc which is at least
√

3 times its sensing range rs. 133

This guarantees that full coverage can be achieved with a min- 134

imal number of sensors [16], [17], [19]. The robot is able to 135

calculate its moving distance by using GPS information, local- 136

ization mechanisms [20], [21], and the rotation speed of its 137

wheels. 138

B. Problem Formulation 139

This paper aimed to investigate the robot deployment prob- 140

lem in environments containing unknown obstacles. The robot 141

moves and deploys sensors, aiming to minimize its path length 142
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and to cover the region to be monitored fully with deployed143

sensors, despite the region to be monitored containing unpre-144

dicted obstacles. The proposed IAD algorithm copes with the145

Dead-End problem and guides the robot back to the unex-146

plored region along an efficient path, reducing the time and147

energy required for robot deployment148

Is =
⋃

1≤i≤n cov(si)

|M| −⋃1≤j≤m cov
(
oj
) . (1)149

Let S = {s1, s2, . . . , sn} denote the set of sensors sequen-150

tially deployed by the robot, where n denotes the number of151

deployed sensors. Let O = {o1, o2, . . . , om} denote the set of152

obstacles in the region to be monitored, M. When applying the153

deployment algorithm in the presence of obstacles, the robot154

might encounter the Dead-End problem because of the obsta-155

cles. Assume the robot encounters Dead-End problems at |D|156

locations, denoted by D = {lDeadEnd
1 , lDeadEnd

2 , . . . , lDeadEnd|D| },157

where lDeadEnd
i represents the location of the ith Dead-End158

encountered by the robot. When the robot encounters a Dead-159

End problem, the robot should move back to the unexplored160

region without deploying any sensors. Let PDeployment and161

PBacktracking denote the length of the robot’s forward path, and162

the length traversed when it turns back to the nearest loca-163

tion adjacent to an unexplored region. Because any coverage164

hole would reduce the surveillance quality of the WSN, the165

deployment algorithm strives to maximize the size of the sens-166

ing area covered by the deployed sensors. Let the notation167

|M| denote the size of the relevant region to be monitored M.168

Let cov(si) and cov(oj) denote the coverage areas of the sen-169

sor si and obstacle oj, respectively. The surveillance index Is170

given by (1) is used to estimate the degree of surveillance. The171

surveillance index Is is defined as the ratio of the area covered172

by the deployed sensors to the area of the feasible deployment173

region.174

In addition, let lrobot
i denote the location of the robot when175

the robot stops and deploys sensorsi. Let T = {t1, t2, . . . , t|T|}176

denote a set of points in time when the robot executes the177

deployment task.178

The following presents the objective function and con-179

straints intended to maximize the efficiency of the proposed180

robot deployment algorithm:181

Objective Function182

Maximize Is with minimal
(
PDeployment + PBacktracking

)
(2)183

Subject to:184

dist
(
si, sj

) = √3rs, ∀si, sj ∈ S, sj neighboring to si185

(3)186

∑

lj∈M

wi,j = 1, ∀si ∈ S, where187

wi,j =
{

1, if si is located at location lj
0, otherwise

(4)188

Rdeploy
k + Rmove

k ≤ 1, ∀tk ∈ T, where189

Rdeploy
k =

⎧
⎪⎨

⎪⎩

1, if the robot stops and

deploys sensor at time tk
0, otherwise

and (5)190

Fig. 3. Optimal sensor deployment.

Rmove
k =

{
1, if the robot is moving at time tk
0, otherwise

191

lrobot
i �= lrobot

j , ∀j �= i. (6) 192

The efficiency criterion of a robot deployment algorithm 193

is specified in (2), namely, to minimize the robot’s path 194

(which tends to minimize the deployment time and energy 195

consumption of the robot) and to maximize the degree of 196

surveillance Is. 197

Constraint (3) is intended to limit the hardware cost of 198

deployed sensors. To minimize the number of deployed sen- 199

sors, two neighboring sensors should have a minimal over- 200

lapped sensing region under the constraint of full coverage. 201

Assume that sensors si, sj, and sk neighbor each other. As illus- 202

trated in Fig. 3, previous studies [16], [17], [19] have proven 203

that the optimal deployment can be reached if the coverage 204

areas of three sensors intersect exactly at one point. That is, 205

the Euclidean distance of any pair of si, sj, and sk is equal to 206√
3rs, where rs denotes the sensing range of each sensor. 207

Equation (4) stipulates that each sensor can be deployed to 208

at most one location. Equation (5) identifies the stop-deploy- 209

move model. That is, the robot only has two states: deployment 210

and moving states. In the deployment state, the robot stops and 211

then deploys one sensor. In the moving state, the robot moves 212

to the next target location. Equation (6) indicates that the robot 213

can exactly deploy one sensor at each stop. 214

The next section presents the proposed IAD algorithm 215

intended to optimize objective function (2) while satisfying 216

constraints (3)–(6). 217

III. OPTIMAL DEPLOYMENT MECHANISM 218

WITHOUT CONSIDERING OBSTACLES 219

To simplify the deployment problem, this section assumes 220

a simplified environment in which no Dead-End problem 221

occurs during the deployment process. The Dead-End prob- 222

lem is considered in the next section. This section presents two 223

major rule sets: the Moving Direction Rule and the Horizontal 224

and Vertical Movement Rules. The Moving Direction Rule 225

helps the robot determine the direction of its movement, 226

whereas the Horizontal and Vertical Movement Rules deter- 227

mine the locations of sensor deployment on a 2-D plane. 228

A. Moving Direction Rule 229

The deployment task to enable monitoring of a given region 230

consists of a series of basic operations: moving one step and 231
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Fig. 4. Priorities of movement directions. (a) Priority 1: left. (b) Priority 2:
straight. (c) Priority 3: right.

Fig. 5. Examples of deployment trajectories generated by applying the pro-
posed Moving Direction Rule. (a) Robot moves along a spiral path, from
outside to inside, if it is initially located at the left-top corner. (b) Movement
trajectory of a robot that is not initially located at the boundary region.

then placing a sensor at the current location. Conceptually,232

a spiral movement scheme can be applied to greedily reduce233

the unexplored portion of the region to be monitored until the234

robot has deployed enough sensors to implement full coverage.235

The robot maintains an important valuable, called direction,236

whose value determines the direction of the robot’s next move-237

ment. More specifically, the values of direction might be left,238

straight, or right, which represent that the movement instruc-239

tions “turn left,” “go straight,” or “turn right,” respectively.240

The following Moving Direction Rule mainly implements the241

robot’s spiral movement.242

Moving Direction Rule: The priority of direction for the243

robot’s movement is left, straight, and then right.244

Herein, the robot treats the boundaries of the region to be245

monitored and the sensing regions of the deployed sensors as246

virtual obstacles. Fig. 4 provides the priorities of the move-247

ment directions. As shown in Fig. 4(a), if no obstacle exists248

at the left side of the robot, the robot turns left with the high-249

est priority. Otherwise, the robot goes straight if no obstacle250

exists in front of the robot, as shown in Fig. 4(b). If the afore-251

mentioned two rules fail, the robot turns right, as shown in252

Fig. 4(c).253

The following discusses two cases in which the Moving254

Direction Rule is applied. In the first case, the robot is initially255

located at the top-left corner of the region to be monitored; the256

deployment trajectory is as shown in Fig. 5(a). In the second257

case, the robot is not initially located at the boundary of the258

region to be monitored; it moves in a counterclockwise man-259

ner, from inside to outside, until it encounters the boundary.260

After that, it moves in a clockwise manner, from outside to261

inside, as shown in Fig. 5(b). Consequently, the robot reduces262

the unexplored region step by step until the region to be263

monitored has been completely traversed by the robot.264

B. Horizontal and Vertical Movement Rules265

For satisfying constraints (3)–(6), the basic concept of the266

Horizontal and Vertical Movement Rules is that the robot267

deploys sensors at intervals of
√

3rs.268

Fig. 6. Horizontal and vertical movement rules. Movement of (a) H-mode
and (b) V-mode consists of two patterns.

To deploy the sensors at the optimal locations, the robot 269

applies either of two movement modes, namely the horizontal- 270

mode (H-mode) or vertical-mode (V-mode). If the robot stays 271

in H-mode, it moves toward and deploys sensors separated by 272

distances of
√

3rs as shown in Fig. 6(a). By contrast, if the 273

robot stays in V-mode, its movement consists of two patterns. 274

As shown in Fig. 6(b), the first pattern is to move straight 275

for a distance of (3/2)rs, turn left, and then move for a dis- 276

tance of (
√

3/2)rs, whereas the second pattern is similar to 277

the first except that the robot turns right. Staying in V-mode, 278

the robot alternately applies the two patterns so that the opti- 279

mized deployment can be achieved. The following presents 280

the proposed Horizontal and Vertical Movement Rules which 281

implement the optimal placement. 282

Horizontal and Vertical Movement Rules: The robot ini- 283

tially moves along the horizontal direction and initially stays 284

in H-mode. The robot stays in H- or V-mode if it moves along 285

horizontal or vertical directions, respectively. 286

By applying the Moving Direction and Horizontal and 287

Vertical Movement Rules, the robot can achieve full coverage 288

by using a minimal number of deployed sensors. 289

IV. IMPASSE-AWARE DEPLOYMENT ALGORITHM 290

This section considers obstacles to overcome the Dead-End 291

problem efficiently. The following first presents the design 292

of the proposed IAD algorithm. The procedures of the IAD 293

algorithm are then proposed. 294

A. Detailed Design of the IAD Algorithm 295

To deal with the Dead-End problem, the robot should con- 296

sider a variety of situations which can be classified into four 297

states, namely the Normal state, Narrow-Lane state, Dead-End 298

state, and GoBack state. Let the notation AvbDir represent the 299

number of available directions along which the robot can move 300

one step without encountering any obstacle. The robot is said 301

to be in a state of Normal, Narrow-Lane, or Dead-End if the 302

values of AvbDir are 2+, 1, and 0, respectively, where 2+ 303

denotes a value greater than or equal to 2. 304

1) Normal State: The robot stays in the Normal state if it 305

has at least two available directions for further movement. 306

In this state, the robot only implements spiral movement 307

and deploys sensors according to the Moving Direction Rule 308

and Horizontal and Vertical Movement Rules. If the value of 309

AvbDir changes to 0 or 1, the robot switches to Dead-End or 310

Narrow-Lane states, respectively. 311
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Fig. 7. Example of a robot executing the proposed IAD algorithm.

Fig. 7 provides an example to illustrate the operations exe-312

cuted by robot in the Normal state. The vertical lines in the313

figure indicate movement in V-mode; the detailed turns and314

motions to deploy sensors would be difficult to depict. To315

facilitate the presentation, the following examples use straight316

vertical lines to represent V-mode movements. As shown in317

Fig. 7, the robot is initially located at the top-left corner of318

the region to be monitored and the value of AvbDir is ini-319

tially 2. Therefore, the robot stays in the Normal state and320

goes straight until it arrives at location D. At this moment,321

the robot has only one available direction for the next move-322

ment (the value of AvbDir changes from 2 to 1); therefore,323

the robot switches to the Narrow-Lane state. When the robot324

moves from location C1 to C2, it has no available direction325

for its next movement (the value of AvbDir changes from 2 to326

0); thus, the robot switches to the Dead-End state.327

2) Narrow-Lane State: The robot stays in the Narrow-328

Lane state if it has only one available direction for its next329

movement. The entrance, exit, and turn points are important330

locations that can guide the robot to leave the dead-end state.331

The robot records the locations of these points in its stack332

when it stays in the Narrow-Lane state.333

Definitions (Entrance, Exit, and Turn Points): The entrance334

point of the Narrow-Lane is defined as the previous location335

of the robot at which the robot switches from the Normal state336

to the Narrow-Lane state. The location of the robot at which337

it switches from the Narrow-Lane state to the Normal state338

is defined as the exit point of the Narrow-Lane. A point at339

which the robot changes direction (i.e., turns) but stays in the340

Narrow-Lane state of a particular region is defined as a turn341

point of the Narrow-Lane.342

Whenever the robot visits the entrance point of a Narrow-343

Lane, it assigns a new ID known as “nid” to that particular344

Narrow-Lane. As a result of Dead-End problems in the345

Narrow-Lane state, the stack is required to maintain some vis-346

ited locations for reversing the robot so that it can eventually347

return to the unexplored regions. In the Narrow-Lane state,348

the robot should push the locations of the entrance, exit, and349

turn points onto the stack. Each entry of the stack consists of350

three fields: {nid, type, (x, y)}, where (x, y) denotes the corre-351

sponding location of the robot and type stores the point type,352

which has possible values of entrance, exit, or turn. In the353

following section, we present the Narrow-Lane Rule, which354

is executed by the robot when it stays in the Narrow-Lane355

state.356

Narrow-Lane Rule: If the robot encounters any point of357

a Narrow-Lane like entrance, exit, or turn point then the robot358

pushes the information of {nid, type, (x, y)} onto the stack. 359

The robot switches to Dead-End or Normal states if the value 360

of AvbDir changes to 0 or 2+. Otherwise, the robot remains 361

in Narrow-Lane state. 362

Fig. 7 provides an example to illustrate the operations exe- 363

cuted by the robot in the Narrow-Lane state. As shown in 364

Fig. 7, when the robot reaches the point D, where the value 365

of AvbDir changes from 2 to 1, it pushes the preceding loca- 366

tion E1, which is an entrance point, onto the stack and then 367

stays in the Narrow-Lane state. Afterward, the robot makes 368

turns at T1, T2, and T3, which are Narrow-Lane turn points. It 369

pushes the corresponding location information of T1, T2, and 370

T3 onto the stack. Lastly, when the robot arrives at location 371

E2, where the value of AvbDir changes from 1 to 2, it pushes 372

the current location information onto the stack because the 373

location is an exit point of the Narrow-Lane. The robot then 374

switches to the Normal state. 375

The following explains why the robot must record the 376

entrance, exit, and turn points of a Narrow-Lane. Suppose 377

that the robot only recorded the entrance point of the Narrow- 378

Lane, and did not record the turn and the exit points. When 379

the robot arrived at location A, it would encounter the Dead- 380

End problem. It would pop the entrance point from the stack 381

and then would try to move directly from location A to 382

the entrance point of the Narrow-Lane, to visit the unex- 383

plored location. However, the robot would be blocked by 384

the obstacle. In Fig. 7, the blocked path is marked by the 385

thin black dotted line. To prevent the robot from encoun- 386

tering obstacles when it goes back to the entrance point, 387

it should record the location information of the entrance, 388

exit, and turn points of its Narrow-Lane. Then the robot 389

can successfully go back to the entrance point along the 390

shortest path, which is marked by the thick red dotted line 391

in Fig. 7. 392

3) Dead-End State: The robot stays in the Dead-End state 393

if it has no available direction for its next movement. In the 394

Dead-End state, the robot must perform two processes: 1) the 395

Pushing Stack Process and 2) Termination Check and State 396

Switch Process. In the Pushing Stack Process, the robot checks 397

whether it should push the preceding location to the stack. 398

Note that the value of AvbDir might change from 1 to 0 or 399

from 2+ to 0 when the robot stays in the Dead-End state. 400

In the case that the value of AvbDir changes from 1 to 0, 401

the robot does nothing and then tries to perform the next 402

process, as described in the following sections. Otherwise, 403

the value of AvbDir might change from 2+ to 0. This indi- 404

cates that the robot changes from the Normal state to the 405

Dead-End state directly. Fig. 7 provides an example of this 406

special case. As shown in Fig. 7, the values of AvbDir are 2 407

and 0 at locations C1 and C2, respectively. When the robot 408

arrives at location C2, which is the Dead-End point, the robot 409

has no instruction to move back to location C1 for further 410

deployment of sensors in the unexplored region. Therefore, 411

in this case, the robot should push the preceding location 412

C1 to the stack if the value of AvbDir changes from 2+ to 413

0 at location C2. The Pushing Stack Process is then com- 414

plete and the Termination Check and State Switch Process 415

starts. 416



IEE
E P

ro
of

6 IEEE TRANSACTIONS ON SYSTEMS, MAN, AND CYBERNETICS: SYSTEMS

In the Termination Check and State Switch Process, the417

robot should verify whether it has completed the deployment418

task. If the stack is nonempty, the region to be monitored still419

has some unexplored locations. Thus, the robot should switch420

to the GoBack state, aiming to find an unexplored location for421

further deploying sensors. In the GoBack state, the robot can422

pop a target location from the stack and go straight to that423

location for discovering the unexplored region. Otherwise, the424

stack is empty and the deployment task is finished. Fig. 7 pro-425

vides an example in which the robot enters the Dead-End426

state and checks the stack to determine whether the deploy-427

ment task is finished. When the robot encounters the Dead-End428

state at location A, the stack is nonempty, which means that429

the deployment task is not yet finished. As a result, the robot430

switches to the GoBack state, and leaves the Dead-End state.431

By contrast, when the robot enters the Dead-End state at loca-432

tion B, the robot can prove that the deployment task is finished433

because the stack is empty.434

The following formally presents a Dead-End Rule that is435

executed by the robot when it is in the Dead-End state.436

Dead-End Rule: The robot first executes the Pushing Stack437

Process. That is, if the value of AvbDir changes from 2+438

to 0, the robot pushes the preceding location to the stack.439

Otherwise, the robot does nothing. After executing the Pushing440

Stack Process, the robot additionally executes the Termination441

Check and State Switch Process. In this process, the robot442

checks the stack status. If the stack is empty, the robot termi-443

nates the deployment task. Otherwise, the robot switches to444

the GoBack state.445

4) GoBack State: In the GoBack state, the robot tries to446

find an unexplored region. In what follows, we present the447

GoBack Rule, which is executed by the robot when it stays in448

the GoBack state.449

GoBack Rule: The robot pops a location from the stack and450

moves straight to that location without deploying any sensors.451

Afterward, the robot will reset its state according to the AvbDir452

value.453

Fig. 7 provides an example of the robot staying in the454

GoBack state until it reaches the entrance point of the Narrow-455

Lane. When the robot encounters the Dead-End state at456

location A, it pops location E2 (the exit point of the Narrow-457

Lane) from the stack and moves straight to that location.458

Because the value of AvbDir at location E2 is 0, the robot459

switches its status to the Dead-End state and then checks460

the stack status. Because the stack is nonempty, the robot461

switches its status from the Dead-End state to the GoBack462

state. Henceforth, it applies the GoBack Rule by popping loca-463

tion T3 (the turn point of the Narrow-Lane) and then moves464

straight to that location. Similarly, the robot pops locations465

T2, T1, and E1 from the stack and moves straight to the most466

recently popped location after each pop. Because the AvbDir467

value is 2 at location E1, the robot switches to the Normal468

state. The trajectory of the robot in the GoBack state is marked469

by the thick red dotted line in Fig. 7.470

B. Algorithm of IAD471

The following presents the proposed IAD algorithm, which472

is composed of the Normal, Narrow-Lane, Dead-End, and473

Fig. 8. Examples of WSN deployed by applying the IAD and BSA
algorithms.

GoBack States. Steps 4–15 present the situation in which 474

the robot stays in the Normal state and applies the Moving 475

Direction Rule and Horizontal and Vertical Movement Rules, 476

aiming to achieve the optimal deployment. Steps 16–33 477

present the situation in which the robot stays in the 478

Narrow-Lane state and pushes the locations of the entrance, 479

exit, or turn points onto the stack. Steps 34–43 present the 480

situation in which the robot stays in the Dead-End state. In 481

the Dead-End state, steps 37–42 and 43 present the operations 482

designed for the Pushing Stack Process and Termination Check 483

and State Switch Process, respectively. Steps 44–51 present 484

the situation in which the robot stays in the GoBack state, 485

pops a location from the stack and then moves straight to the 486

location, aiming to reach an unexplored location. As shown 487

in step 3, when AvbDir = 0 and the stack is empty, the 488

deployment process is finished. 489

V. ANALYSIS OF DEPLOYMENT TRAJECTORIES 490

This section analyzes and compares the deployment effi- 491

ciency of the IAD and the BSA algorithms, in terms of the 492

length of traversed path. Let W and H, respectively, denote 493

the length and width of the given region to be monitored, M. 494

Fig. 8 depicts the resultant WSN deployed by applying the 495

proposed IAD and the existing BSA algorithms. Let notation 496

nmax denote the total number of sensor nodes required for 497

optimal deployment in region M. Equation (7) provides the 498

derivation of nmax 499

nmax =
(⌊

W√
3rs

⌋

+ 1

)

×
(⌊

H

3
/

2rs

⌋

+ 1

)

(7) 500

|P| = (nmax−1)×√3rs. (8) 501

The traveling path length |P| can be derived by (8) because 502

the path should pass through each sensor and the distance 503

between two neighboring sensors is
√

3rs. Note that the trajec- 504

tory resulting from the Vertical Movement Rule contains many 505

turns, raising unimportant details and diverting the discussion 506

from the proposed algorithm. To facilitate the discussion, the 507

following analyses use straight lines between two successively 508

deployed sensors to represent the robot’s movements. 509

The following discussion considers an environment that 510

contains obstacles. We assume that k obstacles exist in region 511

M. The obstacles constitute the major factor that degrades the 512

efficiency of the deployment. For any obstacle with an irreg- 513

ular shape, we can construct a corresponding regular obstacle 514

such that the impacts of the two obstacles on the traversed 515

path length are equivalent. 516

Fig. 9(a) and (b) gives examples of an irregular obstacle 517

and a corresponding regular obstacle. This motivates us to 518
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Algorithm 1 Impasse-Aware Deployment Algorithm
Input: A robot in a given monitoring region which may con-

tain obstacles. The robot carries static sensors for executing
deployment task.

Output: A region is fully covered by the deployed sensors.
Initialization: Create an empty stack K consisting of three fields:

{nid, type, location}
1: deploy the first sensor node
2: update AvbDir
3: while AvbDir > 0 or stack �= empty do
4: //Normal State
5: If AvbDir = 2 then
6: state←Normal
7: If PreAvbDir = 1 then
8: type←exit
9: location←current location

10: push {nid, type, location} onto the stack.
11: end if
12: execute Moving Direction Rule
13: execute Horizontal and Vertical Movement Rules
14: update AvbDir
15: end if
16: //Narrow-Lane State
17: If AvbDir = 1 then
18: state←Narrow-Lane
19: If PreAvbDir = 2 or PreAvbDir = 0 then
20: nid←generate a new ID
21: type←entrance
22: location←preceding location
23: push {nid, type, location} onto the stack.
24: end if
25: If PreAvbDir = 1 and direction is changed then
26: type←turn
27: location←current location
28: push {nid, type, location} onto the stack.
29: end if
30: execute Moving Direction Rule
31: execute Horizontal and Vertical Movement Rules
32: update AvbDir
33: end if
34: //Dead-End State
35: If AvbDir = 0 and then
36: state = Dead-End
37: If PreAvbDir = 2 then
38: nid← null
39: type←null
40: location←preceding location
41: push {nid, type, location} onto the stack.
42: end if
43: If stack �= empty then
44: //GoBack State
45: state = GoBack
46: do
47: j=The number of elements in the stack
48: pop out a element K[j] from the stack
49: move straightly to K[j].location
50: update AvbDir
51: end if
52: end if
53: end while

concentrate our attention on the regular-obstacle environment.519

Consider the environment that contains m regular obstacles oi520

with sizes Li×αiLi,1 ≤ i ≤ m, as shown in Fig. 9(b). Without521

loss of generality, we assume that the thickness of the obstacle522

is
√

3rs. As a result, the number of sensors covered by these523

Fig. 9. To simplify the deployment efficiency analysis, each obstacle is treated
as a rectangular region. (a) Irregular obstacle. (b) Corresponding regular
obstacle.

obstacles can be evaluated by (9), if we put these obstacles in 524

the WSN shown in Fig. 8 525

m∑

i=1

(

2×
(

Li√
3rs
+ αiLi

3
/

2rs

))

. (9) 526

Equation (10) evaluates the number of sensors deployed by 527

applying both IAD and BSA algorithms because no sensors 528

should be deployed inside the obstacles 529

nreq = nmax −
m∑

i=1

(

2×
(

Li√
3rs
+ αiLi

3
/

2rs

))

. (10) 530

The BSA mechanism overcomes the Dead-End problem 531

by pushing all visited locations onto the stack. If the robot 532

encounters a Dead-End problem, it turns back to the entrance 533

point along the original path, as marked by the thin black 534

dotted line in Fig. 9(b). Thus, the robot must return to the 535

entrance point by revisiting all the sensors deployed on the 536

path. Equation (11) evaluates the total length of backward 537

paths PBackward
BSA for the BSA algorithm, where

√
3rs is the 538

distance between two neighboring sensors 539

∣
∣
∣PBackward

BSA

∣
∣
∣ =

m∑

i=1

(
Li√
3rs
× αiLi

3
/

2rs

)

×√3rs. (11) 540

Consequently, the total traveling path length, as given 541

in (12), of the BSA algorithm can be calculated by the sum 542

of the forward paths and the backward paths 543

|PBSA| =
[
(
nreq − 1

)+
m∑

i=1

(
Li√
3rs
× αiLi

3
/

2rs

)]

×√3rs. 544

(12) 545

However, the proposed IAD turns back along the shortest 546

path from the Dead-End point to the entrance point. For exam- 547

ple, as shown in Fig. 9, the robot encounters the Dead-End 548

at s17 and then moves backward to the entrance point along 549

the thick red dotted path, with a length of 2×√3rs. Because 550

the Dead-End problem may occur at any location, the evalu- 551

ation of the length of the backward path is complicated. For 552

simplicity, we assume that the Dead-End occurs at the far- 553

thest location from the entrance point. Therefore, the path 554

length for turning back to the entrance point of obstacle oi is 555
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Fig. 10. Analysis of the performance improvement of the proposed IAD
approach against the existing BSA approach in terms of ξpath.

√
(Li)2 + (αiLi)2. Consequently, the total traveling path length556

of the proposed IAD can be derived by557

|PIAD| ≤
∣
∣PIAD_MAX

∣
∣ = (nreq − 1

)×√3rs558

+
m∑

i=1

(√

(Li)
2 + (αiLi)

2
)

. (13)559

As a result, the improvement, denoted by xpath, of IAD to560

BSA in terms of traveling path length, can be derived by561

ξpath = |PBSA| − |PIAD| ≥ |PBSA| −
∣
∣PIAD_MAX

∣
∣562

=
m∑

i=1

[(
αi(Li)

2

3
√

3
/

2× (rs)
2

)

×√3rs −
√

(Li)
2 + (αiLi)

2

]

.563

(14)564

Let Li = ai×rs and αiLi = bi×rs, where ai and bi represent565

the widths and heights of the obstacles oi, respectively.566

Because the thickness of the obstacle is
√

3rs, the obstacle567

oi is solid, without any holes, when the size of oi is less than568

or equal to 2
√

3rs × 2
√

3rs. Therefore, the value of ξpath can569

be derived as570

ξpath = |PBSA| − |PIAD|571

≥
m∑

i=1

⎧
⎪⎪⎨

⎪⎪⎩

(
2
3 aibi −

√
a2

i + b2
i

)

× rs, if ai > 2
√

3 and

bi > 2
√

3
0, otherwise.

572

(15)573

Because the size of each obstacle is larger than 2
√

3rs ×574

2
√

3rs, the value of ξpath is larger than 0. This also implies that575

the traveling path length of IAD is shorter than that of BSA.576

Equation (15) indicates that IAD shortens the traveling path577

length in proportion to the size and number of obstacles. The578

larger and more numerous the obstacles are, the more IAD579

shortens the path.580

According to (15), Fig. 10 depicts the improvement of581

the traveling path length ξpath from IAD, as compared with582

the BSA scheme under rs = 25. Consider an environment583

that contains m regular obstacles, each of which measures584

αrs × αrs. The parameters m and α vary, ranging from 1 to585

10 and 2 to 10, respectively. This figure shows that IAD586

Fig. 11. Experimental environment of the (a) Lego robot. (b) Scenario 1.
(c) Scenario 2.

significantly outperforms BSA in terms of traveling path 587

length. 588

VI. PHYSICAL EXPERIMENTS 589

In this section, we present the physical implementation of 590

the proposed approach in a Lego Mindstorms robot system, as 591

shown in Fig. 11(a). The hardware of our Lego Mindstorms 592

robot included a 32-bit ARM7 microcontroller, 256kB Flash, 593

64kB RAM, and 6 AA batteries as a power supply. All oper- 594

ations of the robot were controlled by a notebook through 595

a Bluetooth wireless communication link (Bluetooth Class II 596

V2.0 compliant). The robot was equipped with an ultrasonic 597

sensor, which enabled the robot to see and detect obstacles, 598

and to measure the distance from obstacles to itself. Three ser- 599

vomotors enabled the movements of the robot. Each motor had 600

a built-in rotation sensor, which enabled the robot to record 601

its movements and rotation precisely. 602

The proposed IAD was implemented on a notebook in Java. 603

The implemented IAD sent commands (API calls within the 604

iCommand module) through the Bluetooth wireless channel 605

to control the robot’s operations, such as spiral movements, 606

obstacle detection, and rotation. For example, the API calls 607

moveForward(int n) and turnLeft(d) commanded the robot 608

to move forward for n milliseconds and turn left d degrees, 609

respectively. 610

Fig. 11(b) depicts scenario 1, in which the monitoring 611

area contained an obstacle. The area in scenario 2, shown in 612

Fig. 11(c), contained two connected obstacles. The robot was 613

initially placed in the top-left corner of the region. This exper- 614

iment tested the robot’s movement trajectory; therefore, the 615

robot did not actually deploy sensors. Instead, the robot only 616

detected the obstacles using its ultrasonic sensor and moved 617

according to the Moving Direction Rules, as applied to the 618

Normal state, Narrow-Lane state, and Dead-End state. Since 619

scenarios 1 and 2 are indoor, the GPS cannot be used. Instead, 620

we use the rotation speed of the robot’s wheels to measure the 621

distance moved by robot. We implemented the key compo- 622

nents of IAD and BSA in the Lego robot and compared them 623

in terms of path length. We define the following efficiency 624

ratio to compare the performance levels of the IAD and BSA: 625

Efficiency Ratio = IAD Path Length

BSA Path Length
. (16) 626

As shown in Table II, the proposed IAD outperformed BSA 627

in terms of path length and energy conservation. 628

In the physical environment, we used rotation speed of the 629

robot’s wheels to measure the distance moved by robot and 630
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TABLE II
EXPERIMENTAL RESULTS

TABLE III
COMPARISON WITH DIFFERENT EXPERIMENTAL ENVIRONMENT

TABLE IV
SIMULATION PARAMETERS

hence the location information can be obtained. In this way,631

the location error can cause the robot deploy at the locations632

which are different to the expected locations. Let dbasic denote633

the distance of basic movement and dactual denote the actual634

distance by using the rotation speed of robot wheels. To mea-635

sure the impact of the inaccurate location, we measure the636

distance between actual location and expected location and637

calculate the average error ratio of each movement by applying638

Average Error Ratio =
∣
∣dbasic − dactual

∣
∣

dbasic
. (17)639

As shown in Table III, the average error ratio is significant640

if the ground is slippery. However, in case of dry ground, the641

average error ratio is acceptable. We believe that the average642

error ratio can be further improved if some other complex643

localization mechanisms [20], [21] are applied.644

VII. SIMULATION STUDY645

In this section, we use simulator TOSSIM/TinyViz [22] to646

compare the performance levels of the proposed IAD mech-647

anism and previously published works [16]–[18], in terms of648

the coverage ratio, energy efficiency, deployment path length,649

and required stack space.650

This section presents the report results of simulations coded651

in TOSSIM/TinyViz [22], which has been widely used in sim-652

ulating realistic and expandable networks. The proposed IAD653

mechanism is compared with the previous works including654

ORRD, [16], OFPD, [17], and BSA, [18]. Table IV summa-655

rizes the simulation environment. The parameters values of656

the communication range and the sensing range are the typical657

parameters of Berkeley motes [23]. The robot is assumed to be658

equipped with a compass and a constant number of Berkeley659

motes. The parameters values of the robot speed and the mobil-660

ity cost refer to the typical parameters of the Robomote [24].661

The experimental environment is described below.662

Fig. 12. Shapes of regular obstacles considered in the simulation.
(a) Square-shaped region to be monitored. (b) H-shaped region to be mon-
itored. (c) X-shaped obstacle. (d) C-shaped obstacle. (e) Complex obstacles.
(f) Exhibition center.

The shape of obstacle can have notable effects on the effi- 663

ciency of the robot deployment. Two types of obstacles were 664

considered in the experiments: 1) regular obstacles and 2) ran- 665

domly generated irregular obstacles. As shown in Fig. 12, 666

regular obstacles with six different shapes were generated. 667

In the environments with irregular obstacles, the numbers 668

of generated obstacles were 0, 3, 6, 9, 12, or 15. The process 669

for generating an irregular obstacle is more complicated than 670

the process for generating a fixed obstacle. In the experiments, 671

each irregular obstacle was composed of k unit squares, with 672

each unit square having an edge length of rs, where rs denotes 673

the sensing range. 674

The robot was initially placed at the top-left corner of the 675

region to be monitored. Each simulation result was collected 676

based on the average of 200 independent runs. 677

A. Coverage Ratio 678

The coverage ratio of a WSN represents its surveillance 679

quality. It denotes the ratio of the covered area to the area of 680

whole region to be monitored. Fig. 13 compares the cover- 681

age ratios of the IAD, ORRD, OFPD, and BSA mechanisms 682

for different scenarios. In Fig. 13(a), the region to be moni- 683

tored contains regular obstacles of various shapes. Although 684

the ORRD and OFPD mechanisms applied rules to cope 685

with the obstacle problem, they did not handle the Dead- 686

End problem and thus caused coverage holes. The BSA and 687

the proposed IAD achieved a 100% coverage ratio because 688

the Dead-End problem was overcome by different forms of 689

Dead-End rules. Fig. 13(b) simulates an environment that con- 690

tains irregular obstacles. The number of obstacles ranged from 691

0 to 15. Similar to the fixed obstacle environment, the BSA 692

and the proposed IAD outperformed the other two mechanisms 693

because they considered the Dead-End problem. The coverage 694

ratios of the proposed IAD and BSA slightly dropped when 695

irregular obstacles existed, as compared with regular obsta- 696

cle environments. The major reason was that the arc edges 697
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Fig. 13. Coverage ratios of different mechanisms. Results for experi-
mental environments containing (a) regular obstacles of different shapes
and (b) irregular obstacles.

Fig. 14. Coverage ratios of different mechanisms at different evaluation
times. The obstacle environment given in Fig. 12(f) is considered.

of the irregular obstacles caused small holes at some obstacle698

boundaries. In general, the proposed IAD and BSA achieved699

coverage ratios above 96.5% and outperformed ORRD and700

OFPD in all cases. The BSA mechanism can achieve high701

coverage ratios. However, it requires a large memory space.702

In addition, the path traversed by the robot is not efficient703

when the Dead-End situation is encountered.704

Fig. 14 considers the regular obstacles environment given705

in Fig. 12(f) and investigates the achieved coverage ratio at706

different evaluation time. Since the existing ORRD and OFPD707

mechanisms did not handle the Dead-End problem, the cov-708

erage ratio is stop growing at 32.8% and 17.6%, respectively.709

The BSA and the proposed IAD mechanisms achieve full cov-710

erage since they can overcome the Dead-End problem. As711

shown in Fig. 14, by applying the proposed IAD mechanism,712

the coverage ratio grows significantly with the evaluation time.713

Conversely, the curve of the existing BSA increases slowly714

with the evaluation time. This simulation result shows that715

Fig. 15. Comparison of the proposed IAD and BSA mechanisms in terms
of EEI. The experimental environment contains regular obstacles of different
shapes.

Fig. 16. Comparison of the proposed IAD and published BSA mechanisms
in terms of EEI. The experimental environments contained different numbers
of irregular obstacles.

the Dead-End handling policy proposed in IAD mechanism is 716

more efficient than that of existing BSA mechanism. 717

B. Energy Efficiency 718

The ORRD and OFPD are not considered in the following 719

experiments because that they did not address the Dead- 720

End problem. Hence, their energy efficiency, deployment path 721

length, and required stack space for full coverage deploy- 722

ment cannot be evaluated. The following experiments compare 723

only the proposed IAD and existing BSA robot deployment 724

mechanisms. 725

The existence of unpredicted obstacles can increase the 726

path length or even raise the Dead-End problem. Furthermore, 727

the Dead-End problem additionally increases the path length 728

because the robot must go back to the unexplored region. 729

Figs. 15 and 16 compare the proposed IAD and the BSA 730

deployment mechanisms in terms of the energy efficiency 731

index (EEI), which is measured by (18). A deployment mech- 732

anism with a large EEI value indicates that a large coverage 733

area can be achieved by consuming less energy. This also 734

indicates that the robot deploys the sensors along a more 735

efficient path 736

EEI = Covered Area m(2)

Total Energy Consumptio n(J)
. (18) 737

In Fig. 15, the results for regular obstacles of various shapes 738

are presented. The BSA mechanism pushes all visited locations 739

in the stack and turns back to the entrance point along a long 740

path whenever the robot encounters a Dead-End situation. 741
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Fig. 17. Snapshots of robots’ backtracking paths for IAD and BSA mecha-
nisms using the obstacle environment given in Fig. 12(f). Execution of (a) IAD
and (b) BSA.

This leads to an inefficient backward path which consumes742

considerable energy. However, the proposed IAD mechanism743

only pushes the locations of entrance, exit, or turn points in744

the stack. As a result, the robot can go back to an unex-745

plored location along a more efficient path whenever the robot746

encounters the Dead-End problem. As shown in Fig. 15, the747

proposed IAD consistently obtained larger EEI values of EEI748

than did the BSA mechanism. Despite the performance of the749

proposed IAD slightly dropping when complex obstacles were750

presented, its deployment efficiency nevertheless exceeded that751

of the BSA mechanism in all cases.752

Fig. 16 shows results for experiments in which a number753

(ranging from 0 to 15) of randomly-generated irregular obsta-754

cles were present in the region to be monitored. The EEI755

of the BSA mechanism notably decreased as the number of756

obstacles increased. The proposed IAD mechanism applied757

the Narrow-Lane Rule and GoBack Rule to cope with the758

Dead-End problem and consequently outperformed the BSA759

mechanism in terms of EEI in all cases.760

C. Trajectory Path761

Fig. 17 presents snapshots of the IAD and BSA deployments762

for the scenario given in Fig. 12(f). The deployment paths are763

marked by thin blue dotted lines and the backward paths are764

marked by thick red lines. The BSA path was much longer765

than the IAD path. This occurred because the robot imple-766

menting IAD moved to the nearest unexplored location along767

an efficient path when it encountered the Dead-End prob-768

lem. Consequently, the backward path in BSA was 5.04 times769

longer than that in IAD.770

Fig. 18 compares IAD and BSA paths for an environment771

containing six irregular obstacles. The results are similar to772

those in Fig. 17 because the proposed IAD was designed to773

cope with the Dead-End problem more efficiently.774

D. Required Stack Space775

Fig. 19 compares the IAD and BSA mechanisms in terms of776

the Required Stack Space by considering a scenario contain-777

ing regular obstacles. In a region containing small obstacles,778

the robot must deploy sensors in a large region without obsta-779

cles. Thus, the path of the robot decreases as the obstacle size780

increases. As shown in Fig. 19, the BSA mechanism always781

Fig. 18. Snapshots of robot deployments applying IAD and BSA using a sce-
nario containing six irregular obstacles. Execution of (a) IAD and (b) BSA.

Fig. 19. Comparison of the proposed IAD and published BSA mechanisms in
terms of required stack space. The experimental environments contain regular
obstacles of different shapes.

Fig. 20. Comparison of the proposed IAD and published BSA mechanisms
in terms of required stack space. The experimental environments contained
different numbers of irregular obstacles.

requires an extremely large stack space, as compared with the 782

proposed IAD mechanism. This occurs because that the BSA 783

mechanism pushes all visited locations onto the stack. By con- 784

trast, the proposed IAD pushes only the locations of entrance, 785

exit, or turn points onto the stack so that the robot can 786

return to the unexplored locations. As a result, the stack space 787

required by the proposed IAD is notably smaller than that 788

of the BSA. 789

Fig. 20 further illustrates the required stack space for an 790

environment containing irregular obstacles. The number of 791

irregular obstacles was randomly generated in a range from 792

0 to 15. The results are similar to those of Fig. 19 because 793

the proposed IAD pushes only the locations of entrance, exit, 794

and turn points onto the stack. 795
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Fig. 21. Amounts of stack space required for handling each Dead-End prob-
lem when applying IAD and BSA mechanisms to the obstacle environment
depicted in Fig. 12(f).

Fig. 21 concerns an environment containing regular obsta-796

cles that are arranged as given in Fig. 12(f). The size of797

monitored region was 800 × 600 m. Two instances are798

depicted at the location where the robot encounters a Dead-799

End situation. The light blue and deep blue bars present800

the required stack space by applying the BSA and IAD801

mechanisms, respectively.802

As shown in Fig. 21, the BSA mechanism requires a large803

stack space to record the visited locations to overcome804

each Dead-End situation. However, the robot locates the805

unexplored location along the original trajectory in a back-806

ward direction. Combining Figs. 17 and 21 reveals that the807

path length for finding the unvisited location increases with808

the required stack space. When the robot applies the BSA809

mechanism but encounters a Dead-End situation, it turns810

back to an unexplored location by popping the locations811

stored in the stack and thus moves using a long path, as812

shown in Fig. 17(b). By contrast, the proposed IAD mech-813

anism only pushes some proper locations onto the stack.814

As a result, the robot applying the proposed IAD mecha-815

nism requires smaller stack space than that applying the BSA816

approach, as shown in Fig. 21. The impact of the small817

required stack space on the short backward path is illustrated818

in Fig. 17(a).819

VIII. CONCLUSION820

This paper presents an efficient algorithm, called IAD,821

which is intended to overcome unknown obstacles and deploy822

sensors, thereby achieving full coverage of monitored areas.823

The Moving Direction and Horizontal and Vertical Movement824

rules were proposed to minimize the number of deployed sen-825

sors but achieve full coverage of an obstacle-free region. In826

addition, to overcome the Dead-End problem which occurs827

because of the existence of obstacles, this paper proposed828

a state management scheme in which the Normal, Narrow-829

Lane, Dead-End, and GoBack states and their corresponding830

rules were developed. The results of the performance study831

indicate that the proposed IAD algorithm achieves superior832

performance to the existing deployment mechanisms in terms833

of coverage ratio, energy efficiency, deployment path length,834

and required stack space.835
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