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1. Introduction 
Developing efficient index structures is an important research issue for moving object database. Traditional spatial index structures are 
not appropriate for indexing moving objects because the constantly changing locations of objects requires constant updates to the 
index structures and thus greatly degrades their performance.  
According to reference [1], applications dealing with moving objects can be grouped into three movement scenarios, namely 
unconstrained movement, constrained movement, and movement in transportation networks. Most works for indexing moving objects 
assume free movement of the objects in space. But in many applications, movement occurs on fixed road network. In this paper, we 
propose spatial indexing for the past, present, and anticipated future trajectories of moving objects using the ANR-tree (for dynamic 
updates). The amount of historical trajectories is constantly increasing over time, which makes it infeasible to keep track of all 
location updates. As a result, past positions of moving objects are often approximated by polylines (multiple line segments).  Several 
indexing techniques [10, 11, 15], all based on 3-dimensional variations of R-trees [7] and R*-trees [4], have been proposed with the 
help of ANR-tree, and their goal is to minimize storage and query cost.  
 
2. Common Problems in Spatial Indexing 

 Some of the early works [2, 9] employ dual transformation techniques that represent predicted positions as points moving in a 
two-dimensional space.  

 However, they are largely hypothetical, and applicable either only in 1D space [9] or entirely inapplicable in practice due to 
some large hidden constant in complexity. 

 
3. Related Work 
 
3.1. Indexing Moving Objects in Spatial Networks 
Indexing methods for the moving objects focus on two issues: (1) storage and retrieval of historical information, and (2) prediction of 
future trajectory. Indexing future trajectories raises different problems when compared to indexing historical trajectories. The goal is 
to efficiently retrieve objects that will satisfy some spatial condition at a future time given their present motion vectors. The proposed 
methods are, 
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 To manage moving objects in spatially constrained networks, Pfoser etal. [12] proposed to convert the three-dimension 
problem into two sub-problems of lower dimensions through certain transformation of the networks and the trajectories. 

 Another approach, known as the Fixed Network R-tree (FNR) [6], separates spatial and temporal components of the 
trajectories and indexes the time intervals during which any moving object was on a given network link.  

 The Moving Object Network (MON-tree) approach [3] [4] further improves the performance of the FNR-tree by representing 
each edge by multiple line segments (i.e., polylines) instead of just one line segment. 

 The main focus of the most recent studies is on practical implementation, for instance, the time-parameterized R-tree (TPR-
tree) [14] and its variations[13, 16] are based on R-tree [7], and the Bx-tree [8] and its variations [17] are based on B+-tree. 
These structures use the linear prediction model to support predictive queries and to reduce the number of index updates. 
However, the assumption of linear movement limits their applicability in a majority of real-life applications especially in 
traffic networks where vehicles change their velocities frequently. 

 
4. Solution Approach 
This paper addresses the problem of efficient indexing of moving objects in spatial networks for supporting heavy loads of updates. 
We exploit the constraints of the network and the stochastic behavior of the real traffic to achieve both high update and query 
efficiency.   
Introducing a dynamic data structure called Adaptive Unit (AU) to group neighboring objects with similar movement patterns in the 
network. A spatial index (e.g., R-tree) for the road network is then built over the adaptive units to form the index scheme (e.g., the 
adaptive network R-tree) for moving objects in road networks. 
 
4.1. The Adaptive Unit 
Conceptually, an adaptive unit is similar to a 1-dimensional Minimum Bounding Rectangles or MBR [5] in the TPR-tree, which 
expands with time according to the predicted movement of the objects, it contain. 
 However, in the TPR-tree, it is possible that an MBR may contain objects moving in opposite directions, or objects moving at 
different speeds. As a result, the MBR may expand rapidly, which may create large overlap with other MBRs. The adaptive unit 
avoids this problem by grouping objects having similar moving patterns. Specifically, for objects in the same edge of the spatial 
network, use a distance threshold and a speed threshold to cluster the adjacent objects with the same direction and similar speed. 
Figure 1 illustrates the difference between an AU and an MBR in the TPR-tree [14].  
Utilize an arrow to symbolize the direction and the speed of an object. In Fig. 4.1(b), objects e and f are not in the AU because they 
have different directions and belong to different cluster. As shown in Fig. 4.1(c), the MBR in the TPR-tree experiences significant 
expanding as time goes by.  In comparison, as Fig. 4.1(d) shows, the AU has no obvious enlargement because objects in the AU move 
in a cluster. Thus, AUs ease the problem of MBR rapid expanding and overlap by tightly bounding enclosed moving objects for some 
time in the future. 
 

 
Figure 1: MBR vs. AU 

 
We now formally introduce the AU. An AU is a 7-tuple: 
AU = (auID,ob jSet,upperBound, lowerBound, 
edgeID,enterTime,exitTime) 
Where auID is the identifier of the AU, ob jSet is a list that stores objects belonging to the AU, and upperBound and lowerBound are 
upper and lower bounds of predicted future trajectory of the AU. The trajectory bounds are derived from the trajectory bounds of the 
objects in the AU.  
Assume the functions of trajectory bounds as follows: 
upperBound : Du(t) =αu+βu ·t   
lowerBound : Dl(t) =αl +βl ·t  
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edgeID denotes the edge that the AU belongs to, and enterTime and exitTime record the time when the AU enters and leaves the edge. 
In the spatial network, multiple AUs are associated with a network edge. Since AUs in the same edge are likely to be accessed 
together during query processing, we store AUs by clustering on their edgeID. In other words, the AUs in the same edge are stored in 
the same disk pages. To access AUs more efficiently, create a compact summary structure called the direct access table for each edge, 
which is treated as a secondary index of AUs that can be accessed by an in-memory buffer. A direct access table stores the summary 
information of each AU on an edge (i.e., number of objects, trajectory bounds) and pointers to AU disk pages. Each AU corresponds 
to an entry in the direct access table, which has the following structure (auID,upperBound, lowerBound,auPtr,ob jNum), where auPtr 
points to a list of AUs in disk storage and ob jNum is the number of objects included in the AU. 
Similar to AUs, the entries of the same direct access table and of the different direct access table but in the adjacent edge are grouped 
together so that we can get them into the buffer more efficiently. For a simple network with small amount of AUs, can retain all direct 
access tables in the main memory since it only keeps the summary information of AUs. When the updated locations are stored in a 
database in the server, the index structure of moving objects may be updated frequently with the update of locations. Our task is to 
reduce the cost of such indexing updates by a 1-dimensional dynamic AU structure and an accurate prediction method. 
An important feature of the AU is that it groups objects having similar moving patterns. The AU is capable of dynamically adapting 
itself to cover the movement of the objects it contains. By tightly bounding enclosed moving objects for some time in the future, the 
AU reduces the update problem of MBR rapid expanding and overlaps in the TPR-tree like methods.  
 
4.2. The Adaptive Network R-Tree (ANR-Tree) 
Build a spatial index (e.g., R-tree) for the road network over the adaptive units to form the Adaptive Network R-tree (ANR-tree) for 
network-constrained moving objects. The ANR-tree is a two-level index structure. At the top level, it consists of a 2D R-tree that 
indexes the spatial information of the road network. At the bottom level, its leaves contain the edges representing multiple road 
segments (i.e., polylines) included in the corresponding MBR of the R-tree and these leaves point to the lists of adaptive units. Each 
entry in a leaf node consists of a road segment, i.e., a line segment in the polyline. 
The top level R-tree remains fixed during the lifetime of the index scheme (unless there are changes in the network). The index 
scheme is developed with the R-tree in this study, but any existing spatial index can also be used without change Figure 2 shows the 
structure of the ANR-tree, which also includes a direct access table. The R-tree, the direct access table, and adaptive units are stored in 
the disk. However, the direct access table stores the summary information of some AUs on the edge and is similar to a secondary 
index of adaptive units. In the index scheme, each leaf node of the R-tree can be associated with its direct access table by its edgeID 
and the direct access table can connect to corresponding adaptive units by auPtr in its entries. Therefore, we only need to update the 
direct access table when AUs change, which enhances the performance of the index scheme. 
Since the R-Tree indexes the road network, it remains fixed, and the update of the ANR-tree is restricted to the update of adaptive 
units. Specifically, an AU is usually created at the start of one edge and dropped at the end of the edge. 
 

 
Figure 2: Structure of the ANR-tree 

 
Since the AU is a 1-dimensional structure, it performs update operations much more efficiently than the 2-dimensional indexes. The 
update of the ANR-tree can be done as follows: 
Creating an AU, dropping an AU, adding objects to an AU, and removing objects from an AU. Here the descriptions of these 
operations in detail. 
 
4.2.1. Creating an AU 
Actually, AU is created in two cases: (1) at the initial time when on bulk-loading at each network edge, and (2) when the objects leave 
the original edge with a single object. The steps to create an AU are: 

 Stage (i) First create the ob jSet - a list of objects traveling in the same direction with similar velocities (velocity difference is 
not larger than a speed threshold), and in close-by locations (location difference is not larger than a distance threshold). 
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 Stage (ii) Then predict the future trajectories of the AU by simulation and calculate its trajectory bounds. In fact, we treat the 
AU as one moving object (the object closest to the center of the AU) and predict its future trajectory bounds by predicting 
this object.  

 Stage (iii) The prediction starts when the AU is created and ends at the end of the edge.  
 Stage (iv) Finally, we write the created AU to the disk page and insert the AU entry to its outline structure.  

 
4.2.2. Adding and removing objects from an AU 

 Step (i) When an object leaves an AU, remove this object from the AU and find another AU in the neighborhood to check if 
the object can fit that AU. If it can, the object will be inserted into that AU; otherwise, a new AU is created for this object. 

 Step (ii) when adding an object into an AU, first find the direct access table of the edge in which the object lies and by its AU 
entry in the table, access the AU disk storage. 

 Step (iii) Finally, insert the object into the objects list of the AU and update the AU entry in the direct access table.  
Note: Removing an object from an AU involves a similar process. 
The update Algorithm of the ANR-tree can be done as follows: 
Update(ob jID, position, velocity,edgeID) 
input : ob jID is the object identifier, position and velocity are its position and velocity, 
edgeID is the edge identifier for the position of the object 
Find AU where ob jID is included before update; 
if AU.edgeID != edgeID or (ob jID is not the boundary object of AU and 
(position < AU.lowerBound or position > AU.upperBound)) then 
//The object moves to a new edge or exceeds bounds of its original AU; 
Find the nearest AU AU1 for ob jID on edgeID; 
if GetNum(AU1.ob jSet) < MAXOBJNUM and 
ObjectFitAU(ob jID, position, velocity,AU1) then 
InsertObject(ob jID,AU1.auID,AU1.edgeID); 
else AU2 ← CreateAU(ob jID,edgeID); 
if GetNum(AU.ob jSet) > 1 then 
DeleteObject(ob jID,AU.auID,AU.edgeID); 
else DropAU(AU.edgeID,AU.auID); 
else if (ob jID is the low boundary object of AU and position−AU.lowerBound ≥ε) or 
(ob jID is the high boundary object of AU and AU.upperBound− position ≥ε ) then 
AdaptAUBounds(AU, position); 
 
5. Conclusion and Future Enhancement 
In summary, updating the AU-based index is easier than updating the TPR-tree. It never invokes any complex node splitting and 
merging. Moreover, owing to the similar movement features of objects in an AU and the accurate prediction of the SP method, the 
objects are seldom removed or added from their AU on an edge, which reduces the number of index updates. Since the future 
movement of the adaptive unit is predicted through the simulation based prediction method, the ANR-tree can be used to index the 
future trajectory of moving objects to support efficient predictive queries. The predicted movement of the adaptive unit in the ANR-
tree is not given by a single trajectory, but instead by two trajectory bounds based on different assumptions on the traffic conditions 
and obtained from the simulation. Since objects in an AU have similar movement, we then predict the movement of the AU, as if it 
were a single moving object. In this part, we propose future enhancement in an algorithm for predictive range query in the ANR-tree. 
It can also be extended to support the predictive kNN query and continuous query. A predictive range query effectively captures all 
objects moving in a road network. This will helpful to minimize the updating cost and increase the efficiency of querying future 
trajectories in a moving object. 
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