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Synonyms8

Bx-tree9

Definition10

The Bx-tree [1] is a query and update efficient B+-tree-11

based index structure for moving objects which are rep-12

resented as linear functions. The Bx-tree uses a lineariza-13

tion technique to exploit the volatility of the data values14

being indexed i. e., moving-object locations. Specifically,15

data values are first partitioned according to their update16

time and then linearized within the partitions according17

to a space-filling curve, e. g., the Peano or Hilbert curve.18

The resulting values are combined with their time partition19

information and then indexed by a single B+-tree. Figure 120

shows an example of the Bx-tree with the number of index21

partitions equal to two within one maximum update inter-22

val �tmu. In this example, there are maximum of three23

partitions existing at the same time. After linearization,24

object locations inserted at time 0 are indexed in partition25

1, object locations updated during time 0 to 0.5 �tmu are26

indexed in partition 2 and objects locations updated during27

time 0.5 �tmu to time �tmu are indexed in partition 3 (as28

indicated by arrows). As time elapses, repeatedly the first29

range expires (shaded area), and a new range is appended30

(dashed line). This use of rolling ranges enables the Bx-31

tree to handle time effectively.32

Historical Background33

Traditional indexes for multidimensional databases, such34

as the R-tree [2] and its variants were, implicitly or explic-35

itly, designed with the main objective of supporting effi-36

cient query processing as opposed to enabling efficient37

updates. This works well in applications where queries38

are relatively much more frequent than updates. Howev-39

er, applications involving the indexing of moving objects40

exhibit workloads characterized by heavy loads of updates41

in addition to frequent queries.42

Several new index structures have been proposed for43

moving-object indexing. One may distinguish between44

TS3
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indexing of the past positions versus indexing of the cur- 45

rent and near-future positions of spatial objects. The Bx- 46

tree belongs to the latter category. 47

Past positions of moving objects are typically approximat- 48

ed by polylines composed of line segments. It is possible to 49

index line segments by R-trees, but the trajectory member- 50

ships of segments are not taken into account. In contrast to 51

this, the spatio-temporal R-tree [3] attempts to also group 52

segments according to their trajectory memberships, while 53

also taking spatial locations into account. The trajectory- 54

bundle tree [3] aims only for trajectory preservation, leav- 55

ing other spatial properties aside. Another example of this 56

category is the multi-version 3DR-tree [4], which com- 57

bines multi-version B-trees and R-trees. Using partial per- 58

sistence, multi-version B-trees guarantee time slice per- 59

formance that is independent of the length of the history 60

indexed. 61

The representations of the current and near-future posi- 62

tions of moving objects are quite different, as are the index- 63

ing challenges and solutions. Positions are represented as 64

points (constant functions) or functions of time, typical- 65

ly linear functions. The Lazy Update R-tree [5] aims to 66

reduce update cost by handling updates of objects that 67

do not move outside their leaf-level MBRs specially, and 68

a generalized approach to bottom-up update in R-trees has 69

recently been examined [6]. 70

Tayeb et al. [7] use PMR-quadtrees for indexing the future 71

linear trajectories of one-dimensional moving points as 72

line segments in (x, t)-space. The segments span the time 73

interval that starts at the current time and extends some 74

time into the future, after which time, a new tree must be 75

built. Kollis et al. [8] employ dual transformation tech- 76

niques which represent the position of an object moving 77

in a d-dimensional space as a point in a 2d-dimensional 78

space. Their work is largely theoretical in nature. Based 79

on a similar technique, Patel et al. [9] have most recently 80
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2 Query and Update Efficient B+-Tree-based Indexing of Moving Objects

developed a practical indexing method, termed STRIPES,81

that supports efficient updates and queries at the cost of82

higher space requirements. Another representative index-83

es are the TPR-tree (time-parameterized R-tree) family of84

indexes (e. g., [10, 11]), which add the time parameters to85

bounding boxes in the traditional R-tree.86

Scientific Fundamentals87

Index Structure88

The base structure of the Bx-tree is that of the B+-tree.89

Thus, the internal nodes serve as a directory. Each inter-90

nal node contains a pointer to its right sibling (the point-91

er is non-null if one exists). The leaf nodes contain the92

moving-object locations being indexed and corresponding93

index time.94

To construct the Bx-tree, the key step is to map object loca-95

tions to single-dimensional values. A space-filling curve is96

used for this purpose. Such a curve is a continuous path97

which visits every point in a discrete, multi-dimensional98

space exactly once and never crosses itself. These curves99

are effective in preserving proximity, meaning that points100

close in multidimensional space tend to be close in the one-101

dimensional space obtained by the curve. Current versions102

of the Bx-tree use the Peano curve (or Z-curve) and the103

Hilbert curve. Although other curves may be used, these104

two are expected to be particularly good according to ana-105

lytical and empirical studies in [12]. In what follows, the106

value obtained from the space-filling curve is termed as the107

x_value.108

An object location is given by O = (−→x , −→v ), a position109

and a velocity, and an update time, or timestamp, tu, where110

these values are valid. Note that the use of linear functions111

reduces the amount of updates to one third in compari-112

son to constant functions. In a leaf-node entry, an object113

O updated at tu is represented by a value Bxvalue(O, tu):114

Bxvalue(O, tu) = [index_partition]2 ⊕ [x_rep]2 (1)115

where index_partition is an index partition determined by116

the update time, x_rep is obtained using a space-filling117

curve, [x]2 denotes the binary value of x, and ⊕ denotes118

concatenation.119

If the timestamped object locations are indexed without120

differentiating them based on their timestamps, the prox-121

imity preserving property of the space-filling curve will122

be lost; and the index will also be ineffective in locat-123

ing an object based on its x_value. To overcome such124

problems, the index is “partitioned” by placing entries125

in partitions based on their update time. More specifical-126

ly, �tmu denotes the time duration that is the maximum127

duration in-between two updates of any object location.128

Then the time axis is partitioned into intervals of dura- 129

tion �tmu, and each such interval is sub-partitioned into n 130

equal-length sub-intervals, termed phases. By mapping the 131

update times in the same phase to the same so-called label 132

timestamp and by using the label timestamps as prefixes 133

of the representations of the object locations, index parti- 134

tions are obtained, and the update times of updates deter- 135

mine the partitions they go to. In particular, an update with 136

timestamp tu is assigned a label timestamp tlab = �tu + 137

�tmu/n�l, where operation �x�l returns the nearest future 138

label timestamp of x. For example, Fig. 1 shows a Bx- 139

tree with n = 2. Objects with timestamp tu = 0 obtain label 140

timestamp tlab = 0.5 �tmu; objects with 0 < tu ≤ 0.5�tmu 141

obtain label timestamp tlab = �tmu; and so on. Next, for 142

an object with label timestamp tlab, its position at tlab is 143

computed according to its position and velocity at tu. Then 144

the space-filling curve is applied to this (future) position to 145

obtain the second component of Eq. 1. 146

This mapping has two main advantages. First, it enables 147

the tree to index object positions valid at different times, 148

overcoming the limitation of the B+-tree, which is only 149

able to index a snapshot of all positions at the same time. 150

Second, it reduces the update frequency compared to hav- 151

ing to update the positions of all objects at each timestamp 152

when only some of them need to be updated. The two com- 153

ponents of the mapping function in Eq. 1 are consequently 154

defined as follows: 155

index_partition = (tlab/(�tmu/n) − 1) mod(n + 1) 156

x_rep = x_value(−→x + −→v · (tlab − tu)) 157

With the transformation, the Bx-tree will contain data 158

belonging to n + 1 phases, each given by a label times- 159

tamp and corresponding to a time interval. The value of 160

n needs to be carefully chosen since it affects query per- 161

formance and storage space. A large n results in smaller 162

enlargements of query windows (covered in the following 163

subsection), but also results in more partitions and there- 164

fore a looser relationship among object locations. In addi- 165

tion, a large n yields a higher space overhead due to more 166

internal nodes. 167

To exemplify, let n = 2, �tmu = 120, and assume 168

a Peano curve of order 3 (i. e., the space domain is 169

8 × 8). Object positions O1 = ((7, 2), (−0.1, 0.05)), O2 = 170

((0, 6), (0.2, −0.3)), and O3 = ((1, 2), (0.1, 0.1)) are 171

inserted at times 0, 10, and 100, respectively. The Bxvalue 172

for each object is calculated as follows. 173
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Step 1: Calculate label timestamps and index partitions.174

t1lab = �(0 + 120/2)�l = 60,

index_partition1 = 0 = (00)2

t2lab = �(10 + 120/2)�l = 120,

index_partition2 = 1 = (01)2

t3lab = �(100 + 120/2)�l = 180,

index_partition3 = 2 = (10)2

175

Step 2: Calculate positions x1, x2, and x3 at176

t1lab, t2lab, andt3lab, respectively.177

x′
1 = (1, 5)

x′
2 = (2, 3)

x′
3 = (4, 1)

178

Step 3: Calculate Z-values.179

[Z_value(x′
1)]2 = (010011)2

[Z_value(x′
2)]2 = (001101)2

[Z_value(x′
3)]2 = (100001)2

180

Range Query Algorithm181

A range query retrieves all objects whose location falls182

within the rectangular range q = ([qxl
1, qxu

1], [qxl
2, qxu

2])183

at time tq not prior to the current time (“l” denotes lower184

bound, and “u” denotes upper bound).185

A key challenge is to support predictive queries, i. e.,186

queries that concern future times. Traditionally, index-187

es that use linear functions handle predictive queries by188

means of bounding box enlargement (e. g., the TPR-tree).189

Whereas, the Bx-tree uses query-window enlargement.190

Since the Bx-tree stores an object’s location as of some191

time after its update time, the enlargement involves two192

cases: a location must either be brought back to an earli-193

er time or forward to a later time. Consider the example194

in Fig. 2, where tref denotes the time when the locations195

of four moving objects are updated to their current value196

index, and where predictive queries q1 and q2 (solid rect-197

angles) have time parameters tq1 and tq2, respectively.198

The figure shows the stored positions as solid dots and199

positions of the two first objects at tq1 and the positions200

of the two last at tq2 as circles. The two positions for201

each object are connected by an arrow. The relationship202

between the two positions for each object is p′
i = pi +203 −→v · (tq − tref). The first two of the four objects, thus, are in204

the result of the first query, and the last two objects are in205

the result of the second query. To obtain this result, query206

rectangle q1 needs to be enlarged to q′
1 (dashed). This is207

achieved by attaching maximum speeds to the sides of208

Query and Update Efficient B+-Tree-based Indexing of Moving
Objects, Figure 2 Query window enlargement

q1 : vl
1, vl

2, vu
1, andvu

2. For example, vu
1 is obtained as the 209

largest projection onto the x-axis of a velocity of an object 210

in q′
1. For q2, the enlargement speeds are computed simi- 211

larly. For example, vu
2 is obtained by projecting all veloc- 212

ities of objects in q′
2 onto the y-axis; vu

2 is then set to the 213

largest speed multiplied by –1. 214

The enlargement of query q = ([qxl
1, qxu

1], [qxl
2, qxu

2]) is 215

given by query q′ = ([eqxl
1, eqxu

1], [eqxl
2, eqxu

2]): 216

eqxl
i =

{
qxl

i + vl
i · (tref − tq) if tq < tref

qxl
i + vu

i · (tq − tref) otherwise
(2) 217

218

eqxu
i =

{
qxu

i + vu
i · (tref − tq) if tq < tref

qxu
i + vl

i · (tq − tref ) otherwise
(3) 219

The implementation of the computation of enlargement 220

speeds proceeds in two steps. They are first set to the 221

maximum speeds of all objects, thus a preliminary q′ is 222

obtained. Then, with the aid of a two-dimensional his- 223

togram (e. g., a grid) that captures the maximum and min- 224

imum projections of velocities onto the axes of objects in 225

each cell, the final enlargement speed in the area where the 226

query window resides is obtained. Such a histogram can 227

easily be maintained in main memory. 228

Next, the partitions of the Bx-tree are traversed to find 229

objects falling in the enlarged query window q′. In each 230

partition, the use of a space-filling curve means that a range 231

query in the native, two-dimensional space becomes a set 232

of range queries in the transformed, one-dimensional space 233

(see Fig. 3); hence multiple traversals of the index result. 234

These traversals are optimized by calculating the start and 235

end points of the one-dimensional ranges and traverse the 236

intervals by “jumping” in the index. 237

k Nearest Neighbor Query Algorithm 238

Assuming a set of N>k objects and given a query object 239

with position q = (qx1, qx2), the k nearest neighbor query 240

(kNN query) retrieves k objects for which no other objects 241

TS4 Please note that this figure will be printed in gray in the final version.

Editor’s or typesetter’s annotations (will be removed before the final TEX run)



�

Shekhar • Xiong: GIS — Entry 169 — 2007/9/6 — 17:41 — page 4 — LE-TEX

�

� �

4 Query and Update Efficient B+-Tree-based Indexing of Moving Objects

TS4

Query and Update Efficient B+-Tree-based Indexing of Moving
Objects, Figure 3 Jump in the index

are nearer to the query object at time tq not prior to the242

current time.243

This query is computed by iteratively performing range244

queries with an incrementally enlarged search region until245

k answers are obtained. First, a range Rq1 centered at q246

with extension rq = Dk/k is constructed. Dk is the esti-247

mated distance between the query object and its k’th near-248

est neighbor; Dk can be estimated by the following equa-249

tion [13]:250

Dk = 2√
π

⎡
⎣1 −

√
1 −

(
k

N

)1/2
⎤
⎦ .251

The range query with range Rq1 at time tq is computed, by252

enlarging it to a range R′
q1 and proceeding as described in253

the previous section. If at least k objects are currently cov-254

ered by R′
q1 and are enclosed in the inscribed circle of Rq1255

at time tq, the kNN algorithm returns the k nearest objects256

and then stops. It is safe to stop because all the objects that257

can possibly be in the result have been considered. Other-258

wise, Rq1 is extended by rq to obtain Rq2 and an enlarged259

window R′
q2. This time, the region R′

q2 − R′
q1 is searched260

and the neighbor list is adjusted accordingly. This process261

is repeated until we obtain an Rqi so that there are k objects262

within its inscribed circle.263

Continuous Query Algorithm264

The queries considered so far in this section may be con-265

sidered as one-time queries: they run once and complete266

when a result has been returned. Intuitively, a continuous267

query is a one-time query that is run at each point in time268

during a time interval. Further, a continuous query takes269

a now-relative time now + �tq as a parameter instead of270

the fixed time tq. The query then maintains the result of271

the corresponding one-time query at time now + �tq from272

when the query is issued at time tissue and until it is deac-273

tivated.274

Such a query can be supported by a query qe with time275

interval [tissue + �tq, tissue + �tq + l] (“l” is a time276

interval) [14]. Query qe can be computed by the algo- 277

rithms presented previously, with relatively minor modi- 278

fications: (i) use the end time of the time interval to per- 279

form forward enlargements, and use the start time of the 280

time interval for backward enlargements; (ii) store the 281

answer sets during the time interval. Then, from time tissue 282

to tissue + l, the answer to ql is maintained during update 283

operations. At tissue + l, a new query with time interval 284

[tissue + �tq + l, tissue + �tq + 2l] is computed. 285

A continuous range query during updates can be main- 286

tained by adding or removing the object from the answer 287

set if the inserted or deleted object resides in the query 288

window. Such operations only introduce CPU cost. 289

The maintenance of continuous kNN queries is somewhat 290

more complex. Insertions also only introduce CPU cost: 291

an inserted object is compared with the current answer set. 292

Deletions of objects not in the answer set does not affect 293

the query. However, if a deleted object is in the current 294

answer set, the answer set is no longer valid. In this case, 295

a new query with a time interval of length l at the time of 296

the deletion is issued. If the deletion time is tdel, a query 297

with time interval [tdel + �tq, tdel + �tq + l] is triggered 298

at tdel, and the answer set is maintained from tdel to tdel + l. 299

The choice of the “optimal” l value involves a trade-off 300

between the cost of the computation of the query with the 301

time interval and the cost of maintaining its result. On the 302

one hand, a small l needs to be avoided as this entails fre- 303

quent recomputations of queries, which involve a substan- 304

tial I/O cost. On the other hand, a large l introduces a sub- 305

stantial cost: Although computing one or a few queries is 306

cost effective in itself, the cost of maintaining the larger 307

answer set must also be taken into account, which may 308

generate additional I/Os on each update. Note that main- 309

tenance of continuous range queries incur only CPU cost. 310

Thus, a range query with a relatively large l is computed 311

such that l is bounded by �tmu– �tq since the answer set 312

obtained at tissue is no longer valid at tissue + �tmu. For the 313

continuous kNN queries, l needs to be carefully chosen. 314

Update, Insertion, and Deletion 315

Given a new object, its index key is calculated according 316

to Eq. 1, and then insert it into the Bx-tree as in the B+- 317

tree. To delete an object, an assumption is made that the 318

positional information for the object used at its last inser- 319

tion and the last insertion time are known. Then its index 320

key is calculated and the same deletion algorithm as in the 321

B+-tree is employed. Therefore, the Bx-tree directly inher- 322

its the good properties of the B+-tree, and efficient update 323

performance is expected. 324

However, one should note that update in the Bx-tree does 325

differ with respect to update in the B+-tree. The Bx-tree 326
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Query and Update Efficient B+-Tree-based Indexing of Moving
Objects, Figure 4 Bx-tree evolution

only updates objects when their moving functions have327

been changed. This is realized by clustering updates during328

a certain period to one time point and maintaining several329

corresponding sub-trees. The total size of the three sub-330

trees is equal to that of one tree indexing all the objects.331

In some applications, there may be some object posi-332

tions that are updated relatively rarely. For example, most333

objects may be updated at least each 10 minutes, but a few334

objects are updated once a day. Instead of letting out-335

liers force a large maximum update interval, a “maximum336

update interval” within which a high percentage of objects337

have been updated is used. Object positions that are not338

updated within this interval are “flushed” to a new partition339

using their positions at the label timestamp of the new par-340

tition. In the example shown in Fig. 4, suppose that some341

object positions in T0 are not updated at the time when342

T0 expires. At this time, these objects are moved to T2.343

Although this introduces additional update cost, the (con-344

trollable) amortized cost is expected to be very small since345

outliers are rare. The forced movement of an object’s posi-346

tion to a new partition does not cause any problem with347

respect to locating the object, since the new partition can348

be calculated based on the original update time. Likewise,349

the query efficiency is not affected.350

Key Applications351

With the advances in positioning technologies, such as352

GPS, and rapid developments of wireless communication353

devices, it is now possible to track continuously moving354

objects, such as vehicles, users of wireless devices and355

goods. The Bx-tree can be used in a number of emerg-356

ing applications involving the monitoring and querying of357

large quantities of continuous variables, e. g., the positions358

of moving objects. In the following, some of these appli-359

cations are discussed.360

Location-Based Service361

A traveller comes to a city that he is not familiar with.362

To start with, he sends his location by using his PDA or363

smart phone (equipped with GPS) to a local server that pro- 364

vides location-based services. Then the service provider 365

can answer queries like “where is the nearest restaurant 366

(or hotel)?” and can also help to dispatch a nearby taxi to 367

the traveller. 368

A driver can also benefit from the location-based services. 369

For example, he can ask for a nearest gas station or motel 370

when he is driving. 371

Traffic Control 372

If the moving objects database stores information about 373

locations of vehicles, it may be able to predict the pos- 374

sible congestion in near future. To avoid the congestion, 375

the system can divert some vehicles to alternate routes in 376

advance. 377

For air traffic control, the moving objects database system 378

can retrieve all the aircrafts within a certain region and pre- 379

vent a possible collision. 380

E-commerce 381

In these applications, stores send out advertisements or e- 382

coupons to vehicles passing by or within the store region. 383

Digital Game 384

Another interesting example is location-based digital game 385

where the positions of the mobile users play a central role. 386

In such games, players need to locate their nearest neigh- 387

bors to fulfill “tasks” such as “shooting” other close play- 388

ers via their mobile devices. 389

Battle Field 390

The moving object database technique is also very impor- 391

tant in the military. With the help of the moving object 392

database techniques, helicopters and tanks in the battlefield 393

may be better positioned and mobilized to the maximum 394

advantage. 395

RFID Application 396

Recently, applications using radio frequency identification 397

(RFID) has received much interest. RFID enables data to 398

be captured remotely via radio waves and stored on elec- 399

tronic tags embedded in their carriers. A reader (scanner) is 400

then used to retrieve the information. In a hospital applica- 401

tion, RFIDs are tagged to all patients, nurses and doctors, 402

so that the system can keep a real-time tracking of their 403

movements. If there is an emergency, nurses and doctors 404

can be sent to the patients more quickly. 405
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Future Directions406

Several promising directions for future work exist. One407

could be the improvement of the range query performance408

in the Bx-tree since the current range query algorithm uses409

the strategy of enlarging query windows which may incur410

some redundant search. Also, the use of the Bx-tree for411

the processing of new kinds of queries can be considered.412

Another direction is the use of the Bx-tree for other contin-413

uous variables than the positions of mobile service users.414

Yet another direction is to apply the linearization technique415

to other index structures.416
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Synonyms 468

Maximum update interval 469

Definition 470

The maximum update interval in moving objects databas- 471

es denotes the maximum time duration in-between two 472

subsequent updates of the position of any moving object. 473

In some applications, a variation of the maximum update 474

interval denotes the time duration within which a high per- 475

centage of objects have been updated. 476

Main Text 477

In moving objects databases, there exist a population of 478

moving objects, where each object is usually assumed to 479

be capable of transmitting its current location to a central 480

server. A moving object transmits a new location to the 481

server when the deviation between its real location and its 482

server-side location exceeds a threshold, dictated by the 483

services to be supported. In general, the deviation between 484

the real location and the location predicted by the server 485

tends to increase as time passes. Even the deviation does 486

not increase, it is also necessary to inform the server peri- 487

odically that the object still exists in the system. In keeping 488

with this, a maximum update interval is defined as a prob- 489

lem parameter that denotes the maximum time duration in- 490

between two updates of the position of any moving object. 491

This definition is very helpful to index and application 492

development especially those with functions of future pre- 493

diction. Given such a time interval, trajectories of objects 494

beyond their maximum update interval when the objects 495

will definitely be updated usually do not need to be consid- 496

ered. In other words, the maximum update interval gives an 497

idea of a time period of validity of current object informa- 498

tion. 499
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