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The process of moving k nearest neighbor (MkNN) queries has been studied exten-
sively in spatial network databases. Existing state-of-the-art algorithms have focused pri-
marily on handling MkNN queries in undirected and static spatial networks where every 
edge is undirected and its weight does not change over time. However, little attention has 
been paid to MkNN queries in directed and dynamic spatial networks where each edge has 
a particular orientation and its weight may change over time. In this study, we propose a 
Safe Exit Algorithm, named SEAD, for MkNN queries in Directed and Dynamic spatial 
networks. The safe region of a moving query object is an area where the movement of the 
query object does not cause the current kNN set to change. A safe exit point is the contact 
point between the safe and non-safe regions. Thus, the set of safe exit points constitutes 
the border of the safe region. Before reaching a safe exit point, the query object is not 
required to request that the server reevaluate the kNN query. This significantly reduces the 
communication and computational costs between the server and query objects. We also 
introduce the concept of influential region to guarantee the validity of safe regions in dy-
namic spatial networks. The results of our experiments using real-life road maps confirm 
the superiority of the proposed method. 
 
Keywords: moving k nearest neighbor query, directed and dynamic spatial network, safe 
region, safe exit point 
 

1. INTRODUCTION 

Points of interest (POIs), e.g., hotels, campsites, and fuel stations, provided by online 
map services are placed in a spatial network, and their proximity can be determined using 
the travel time between them. An important query type in spatial network databases is the 
k nearest neighbor (kNN) query, which retrieves the k data objects closest to a query loca-
tion [13, 14, 20, 21, 27]. In fact, kNN query results based on network distance are more 
helpful in route search systems than those based on Euclidean distance. This is expected 
because mobile users, e.g., vehicles and pedestrians, travel on underlying spatial networks, 
which can be modeled as weighted directed graphs. 

In this paper, we study moving k nearest neighbor (MkNN) queries over static data 
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objects in directed and dynamic spatial networks where each edge has a direction and its 
weight may change over time. We consider a real-life situation where (1) query objects, 
such as vehicles and pedestrians, move freely along the spatial network, (2) data objects, 
such as hospitals and gas stations, are stationary points within the spatial network, (3) the 
distance from point p1 to point p2 (i.e., , ) is defined by the length of the shortest 
path from p1 to p2, and (4) the travel time between two points frequently changes owing to 
traffic conditions such as deviations and traffic jams. Clearly, the distance between two 
points is not symmetric in a directed spatial network G. That is, for two points , ∈ , 
there is no guarantee that , , .  

Many one-way roads are found in old towns [6]. Once entering a highway, a driver 
must remain on the highway to an exit point, even if he chooses an incorrect path. Thus, a 
highway can be modeled as directed edges. The following scenarios are typical examples 
of MkNN queries where the query result may change depending on the location of the 
query object: an ambulance driver maintains an awareness of the nearest available emer-
gency wards and while driving around a city, a delivery driver maintains a list of the nearby 
gas stations that sell inexpensive gas. Furthermore, the travel time to a destination selected 
by a query user frequently changes depending on the traffic conditions. Maintaining the 
freshness of the query results is crucial because the query objects move constantly and the 
query results provided to them become outdated. In moving objects databases, a safe region 
is a popular technique in processing moving queries [1, 2, 9, 18, 22]. It is an area where 
the movement of a query object does not cause the current kNN set to change and it helps 
to reduce communication and computational costs.  

A simple method to solve this problem is to increase the update frequency between 
the server and the query objects. However, the time cost of this method is extremely high, 
particularly when a spatial network is large and complex. Furthermore, such a periodic 
monitoring approach cannot solve the problem as the results of queries may still be inval-
idated between calls made to the server [10, 28]. Moreover, this approach places an exces-
sive computation burden on the server side, and also burdens the communication channel 
with a high communication frequency. Another considerable approach to solve this prob-
lem is to predict the movement of the query objects to generate the query results before-
hand [8, 13, 27]. However, in this study, we consider a more realistic scenario, in which 
the query objects move arbitrarily in spatial networks and their paths are not known in 
advance. 
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Fig. 1(a) illustrates a directed spatial network with five data objects o1 through o5 
and a query object q to request the two nearest neighbors (NNs) (i.e., 2), which are 
denoted by the rectangles and triangle, respectively. The number next to an edge indicates 
the distance between two adjacent objects. The two data objects closest to q are o2 and o4. 
As indicated in Fig. 1(b), the set of bold line segments is the safe region for q. A safe exit 
point is the contact point between the safe and non-safe regions. Clearly, all points on the 
bold line segments have the same kNN set (i.e, , ). Three safe exit points (i.e., 
, , and ) are identified in this example, each of which is a contact point between 

the safe and non-safe regions of the query object. We elaborate on how to determine the 
safe region of the query object q in Section 5. 

Existing state-of-the-art algorithms [9, 22] focus on computing the safe region of 
MkNN queries in undirected and static spatial networks where every edge is undirected 
and its weight does not change over time. Thus, these algorithms are not appropriate to 
compute the safe region of MkNN queries in directed and dynamic spatial networks. In 
this paper, we propose a safe exit algorithm, called SEAD, for finding and monitoring the 
safe region of MkNN queries in directed and dynamic spatial networks. The proposed tech-
nique has the following key advantages. (1) It requires no precomputation. (2) It gracefully 
handles dynamically changing k values. (3) It efficiently adapts to changes in the weight 
of the edges. However, SEAD based on the safe region demonstrates performance degra-
dation when processing MkNN queries in small maps, which is addressed in Section 7. As 
the map size decreases, the performance of SEAD deteriorates. The reason for this is that 
query objects leave safe regions more frequently in small maps compared to large maps. 

The contributions of this paper are as follows: 

• We propose an optimized algorithm, called SEAD, to compute and monitor safe 
exit points of MkNN queries in directed and dynamic spatial networks. 

• We present mathematical analyses that enable SEAD to effectively identify the 
safe exit points of MkNN queries in directed and dynamic spatial networks. 

• We conduct a series of simulations to demonstrate that SEAD can efficiently 
process MkNN queries in directed and dynamic spatial networks. 

The remainder of this paper is organized as follows: In Section 2, previous related 
works are discussed. In Section 3, we introduce the requisite terms and notations used in 

Fig. 1. MkNN query object q and its safe region where  

(a) Directed spatial network (b) Safe region for q 
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this paper. In Section 4, we present an optimized algorithm for identifying the safe exit 
points of MkNN queries in directed spatial networks. Section 5 discusses the computation 
of safe exit points of an MkNN query in a directed spatial network. Section 6 introduces 
the concept of influential region to guarantee safe regions in dynamic spatial networks. 
Section 7 presents the simulation settings and results, and Section 8 offers some concluding 
remarks regarding this research. 

2. RELATED WORK 

The processing of kNN queries has been extensively studied in spatial network data-
bases [6, 7, 8, 16, 17, 22, 23]. Papadias et al. [23] proposed two frameworks for a spatial 
network kNN query: incremental Euclidean restriction (IER) and incremental network ex-
pansion (INE). In IER, the property, where the Euclidean distance connecting two points 
is the upper bound of the network distance, is applied to reduce the search space. INE 
conducts a network expansion from the query location similar to Dijkstra’s algorithm [12] 
and examines the data objects in the sequence they are encountered. The authors demon-
strated that INE typically outperforms IER.  

Kolahdouzan and Shahabi [16] presented a Voronoi-based network nearest neighbor 
(VN3) approach for evaluating a kNN query where the data space is decomposed using a 
first-order network Voronoi diagram (VD) with respect to the data objects. The k NNs of 
query object q are determined by (1) identifying the first NN using a VD and (2) deriving 
the subsequent NNs from the neighboring Voronoi cells. Other precomputation-based 
techniques include kNN algorithms [11, 26]. These algorithms utilize precomputed infor-
mation on the shortest path, which is stored in quadtrees and grid-based data structures. 
Kolahdouzan and Shahabi [17] proposed an upper bound algorithm (UBA) for continuous 
kNN queries in a spatial network. The algorithm retrieves (k+1) NNs for a given location 
and calculates the upper bound. This upper bound is used to eliminate the kNN computa-
tions between locations for which the query results do not change.  

Cho and Chung [8] proposed a continuous kNN technique that performs snapshot 
kNN queries at the intersections on the query path. They demonstrated that the kNN results 
between any two intersections can be inferred from those of the intersections. They also 
formulated an algorithm to identify the points where the kNN set changes for a predeter-
mined query trajectory. Cho et al. [9] developed an algorithm called SEAD that computes 
the safe exit points of MkNN queries in undirected and static spatial networks. Other algo-
rithms for computing the safe exit points of moving range queries were developed in spatial 
networks [10, 28].  

Chen et al. [7] addressed path kNN queries that return k NNs with respect to the short-
est path connecting the destination and the user’s current location. Nutanong et al. [22] 
proposed a technique called a V*-diagram. In addition to retrieving the regular k NNs for 
a given query object, their technique retrieves x auxiliary objects. The value of x is gener-
ally in the same order of magnitude as the value of k. The retrieval of these auxiliary objects 
provides an additional search scope to allow the query object to move while retaining 
enough information to produce kNN results continuously. Consequently, the access cost is 
reduced. They extended the technique to the domain of spatial networks. However, the 
spatial-network V*-Diagram cannot consider directed and dynamic spatial networks. This 
is because the distance is transitive in Euclidean space and undirected spatial networks, 
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whereas the distance is not transitive in directed spatial networks. 
The differences between SEAD and its previous work [9] are as follows: (1) SEAD 

addresses MkNN queries in directed and dynamic spatial networks, whereas the previous 
work considered MkNN queries in undirected and static spatial networks. (2) SEAD em-
ploys the influential region to monitor the validity of the safe region from changes in the 
weight of the edges. (3) We conduct extensive experiments using multiple real-life 
roadmaps to confirm the superiority of SEAD and discuss its limitation to small maps. 
Finally, in recent years, different types of queries on moving objects have also been studied 
extensively. These include range queries [10, 28], kNN queries with two predicates [3], 
obstructed kNN queries [15], peer-to-peer spatial queries in sensor networks [24, 25], etc. 
These studies have different problem settings from ours and their solutions are not appro-
priate. 

3. PRELIMINARIES 

In this section, we define the terms and notations that are used throughout this paper. 
Spatial network: A spatial network is represented by a weighted directed graph 
, , , where N, E, and W denote a node set, edge set, and edge distance matrix, re-

spectively. Each edge connecting two distinct nodes has a weight and a particular orienta-
tion. Specifically,  denotes an undirected edge where  and  are adjacent nodes. 
Conversely,  or  denotes a directed edge. The arrow above the edge denotes the 
associated direction.  
Classification of nodes: Nodes can be classified into three categories according to the 
node degree: (1) if the degree of a node is greater than or equal to 3, the node is referred to 
as an intersection node; (2) if the degree of the node is 2, the node is described as an inter-
mediate node; and (3) if the degree of the node is 1, the node is considered a terminal node. 
Edge sequence and Segment: An edge sequence is a finite sequence of edges of the form 
either ⋯  or ⋯ . The edge sequence corresponds to a path connecting 
two nodes, ns and ne, such that ns (or ne) is either an intersection or a terminal node, and 
the other nodes in the path are intermediate nodes. The two end nodes, ns and ne, are 
referred to as boundary points. In particular, an edge sequence in which query object q 
remains is referred to as the active edge sequence of q. Clearly, all edges in the same edge 
sequence have the same direction. The length of an edge sequence is the total weight of 
the edges in the sequence. One part of an edge sequence is referred to as a segment. Natu-
rally, an edge sequence is also a segment defined by the boundary points of the edge se-
quence. 

To simplify this information, Table 1 summarizes the notations used in this paper. 
The distance between two points in a directed spatial network G is not symmetric. Specif-
ically, for two points , ∈ , ,  does not equal ,  in a directed 
spatial network. Here, ,  is the length of the shortest path from p1 to p2. Note 
that if SEAD works in the same manner for undirected and directed segments, an undi-
rected segment is used for convenience to describe our scheme. 
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Table 1. Notations and their definitions 
Notation Definition 

 Edge connecting two adjacent nodes  and   
⋯

 
Edge sequence where  (or ) is the start (or end) boundary point and 
the other nodes, , ⋯ , , are intermediate nodes 

, Length of the shortest path from point ps to point pe 
,  Length of the segment connecting two points p1 and p2, such that p1 and p2 

are in the same edge sequence 
q Query object 
k Number of requested NNs  

 Anchor point 
 Boundary point 
 Set of k NNs at point p 

 Set of data objects in segment  
 The k-th NN of query object q 

Ω Set of safe exit points for query object q 
ω

 
Safe exit point where the safe and non-safe regions of q encounter each 
other 

 The answer object farthest from point p, such that ,

, |∀ ∈ for each ∈  
 The non-answer object nearest from point p, such that ,

, |∀ ∈ ∪ for each ∈  
Ψ  Influential region for query point p 

Fig. 2 shows the difference between the distance (e.g., , 7) and the seg-
ment length (e.g., , 13) in a directed spatial network. In this figure, the distance 
from q to o is , 7 because the shortest path from q to o is → → → . 
Conversely, the distance from o to q is , 13 because the shortest path from o 
to q is → → → . This demonstrates that the distance is not symmetric in a di-
rected spatial network. The segment connecting q and o in the same edge sequence 

 is → → →  rather than → → → , and thus its length is 
, 13. It is important to note that ,  is defined if and only if the two 

points, p1 and p2, are in the same edge sequence. 

4. FINDING SAFE EXIT POINTS IN DIRECTED SPATIAL NETWORKS 

SEAD starts with investigating the active edge sequence and explores the directed 

Fig. 2. , , , , and ,  
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spatial network to determine the safe exit points for a query object q. If no safe exit point 
is found along the edge sequence, the algorithm adds the adjacent sequences to the stack. 
The algorithm stops searching when the stack is empty.  

 
Algorithm 1: SEAD (q, k)  
Input: q: query point, k: the number of requested NNs
Output: : query result, Ω: the set of safe exit points for q 
1: ← ∅ // stack is used for the DFS  
2: Ω ← ∅ // Ω is initialized as an empty set 
3: ← ∅ // explored stores information on visited edge sequences and their anchor point 
4: // note that seqactive indicates the active edge sequence 
5: stack.push (seqactive, q)  
6: while stack is not empty do 
7: 〈 , 〉 ←stack.pop ()  //  denotes an anchor point where ∈ , ,   
8: if 〈 , 〉 ∉  then
9: ← ∪ 〈 , 〉
10: Ω ←locate_safe_exit_points_in_seq ( , ) // it finds the safe exit points in seq
11: Ω ← Ω ∪ Ω
12: if segment  has no safe exit point then
13:  stack.push (each edge sequence adjacent to , )  //  is added as an anchor point 
14: if segment  has no safe exit point then 
15:  stack.push (each edge sequence adjacent to , )  //  is added as an anchor point 
16: return ( , Ω) // query result and the set of safe exit points are returned to the query object q  

 
Algorithm 1 outlines how to find the safe exit points of an MkNN query in a spatial 

network. The algorithm starts by exploring the active edge sequence in which the query 
object q is located. The traversal of the edge sequences continues until the stack for depth-
first search (DFS) is exhausted. Each entry in the stack takes the form 〈 , 〉, where  
is the anchor point in the edge sequence seq. Specifically, q is the anchor point if seq is the 
active edge sequence; otherwise, either ns or ne is the anchor point. Thus, it holds that ∈

, , . If segment  has no safe exit point, the entries of 
〈each	edge	sequence	adjacent	to	 , 〉 are added to the stack for further investigation. 
Similarly, if segment  has no safe exit point, the entries of 
〈each	edge	sequence	adjacent	to	 , 〉 are added to the stack. After the stack is ex-
hausted, the query result and a set of safe exit points (i.e.,  and Ω) are returned to the 
query object. 

 
Algorithm 2: locate_safe_exit_points_in_seq ( , ) 
Input: : edge sequence to be explored, : anchor point 
Output: Ω : the set of safe exit points in  
1: if  then       // note that 〈 , 〉 〈 , 〉 
2:  Ω ← locate_safe_exit_point_in_seg ( , , )  
3: else if then      // note that 〈 , 〉 〈 , 〉 
4:  Ω ← locate_safe_exit_point_in_seg ( , , )  
5: else if  then       // note that 〈 , 〉 〈 , 〉 and that 〈 , 〉 〈 , 〉 
6:  Ω ← locate_safe_exit_point_in_seg ( , , ) ∪ locate_safe_exit_point_in_seg ( , , )
7: return Ω

 
Algorithm 2 identifies the anchor point  and boundary point  using the given 

input  and . If  is ns, then node ne is assigned to be  and  is in-
vestigated to find a safe exit point. Similarly, if  is ne, then node ns is assigned to be 
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 and  is investigated. If  is q, then  is divided into two segments 
 and  and each segment is investigated.  
Let  be the set of data objects in a segment , and  and  be the sets 

of the k NNs at both endpoints α and β, respectively. Lemma 1 can then be used to check 
whether a safe exit point exists in .  
Lemma 1. If  equals  and  is a superset of  (i.e., ∧ ⊇

, no safe exit point exists in ; otherwise, a safe exit point exists in .  
Proof) For each point ∈ ,  is a subset of ∪ ∪ . Let | | be the car-
dinality of a set S. For simplicity, assume that both | |  and  hold. If  
equals  and  is a superset of , then ∪ ∪  becomes k and thus 

 equals ∪ ∪ . This means that every point p has the same kNN set and 
no safe exit point exists in . If  does not equal ∪ , then ∪ ∪

 is greater than k and thus  is a subset of ∪ ∪ . This means that 
a safe exit point exists in . ■ 

According to Lemma 1, if  does not equal , nor is  a superset of , a 
safe exit point exists in the segment . We introduce  and , which are referred to 
as the farthest answer object and nearest non-answer object, respectively, from each point 
∈ . The  and  can be formally defined as follows: ,

, |∀ ∈ 	for	each	 ∈  and ,
, |∀ ∈ ∪ 	for	each	 ∈ . Therefore, the safe exit 

point  is the point in the segment  that satisfies , , . If more 
than one point satisfies the inequality, the point closest to anchor point  is chosen as the 
safe exit point. We present how to evaluate ,  for data object ∈ ∪ ∪

 and each point ∈ , followed by how to evaluate ,  for data object 
∈ ∪ ∪  and each point ∈ . 
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We first investigate the change in the length of the shortest path (i.e., , ) 
from point ∈  to data object ∈ ∪ ∪ . Fig. 3 shows how to compute 

,  for three cases: ∈ , ∈ , and ∈ . In this figure, the Y-axis 
represents ,  and the X-axis represents ,  for 0 ,

, . If the data object o belongs to , then the distance from p to o is ,
, , , as shown in Fig. 3(a). Similarly, if the data object o belongs to , 

then the distance from p to o is , , , , as shown in Fig. 3(b). 
Finally, if the data object o belongs to , then the distance from q to o is 

, , , as shown in Fig. 3(c). Table 2 summarizes a method for evaluating 
,  for each point ∈ , according to these three cases. 

Table 2. Determining ,  for each point ∈  
Condition ,
∈ , , , /* see Fig. 3(a) */ 

∈ , , ,  /* see Fig. 3(b) */ 

∈ , ,  /* see Fig. 3(c) */ 

 
Table 3 summarizes the computation of ,  for ∈  and ∈ ∪
∪ . Because a qualifying object o must belong to a combination of , , or 

, a total of seven possible cases exist. Note that , , , , , , 
and ,  are constants and that ,  is the length of the shortest path among 
the multiple paths from p and o. 

(a) If ∈ , then 

 , , ,  

(b) If ∈ , then 

 , , ,  

(c) If ∈ , then , ,  

Fig. 3. Determining , , where ∈  and ∈ ∪ ∪  

o 

 

,  

, ,  

 

,  o 

 

, ,  

 

 o  

,  

,



HYUNG-JU CHO AND JINSEOK CHAE 

 

218

 

Table 3. Computing ,  where ∈  and ∈ ∪ ∪  
Condition ,

∈ ∪ , , ,  

∈ ∪ , , ,  

∈ ∪ , ,  

∈ ∩ , , , , , ,  

∈ ∩ , , , , ,

∈ ∩ , , , , ,

∈ ∩ ∩ , , , , , , , ,

 
Next, we investigate the change in the length of the shortest path (i.e., , ) 

from point ∈  to data object ∈ ∪ ∪ . Fig. 4 shows how to compute 
,  for three cases: ∈ , ∈ , and ∈ . In the figures, the dashed-

dotted lines mean that no paths from p to o exist for the corresponding intervals, which are 
represented as , ∞. As shown in Fig. 4(a), if ∈ , then ,

,  if ; otherwise, , ∞. Similarly, as shown in Fig. 4(b), if ∈
, then , , , . Finally, as shown in Fig. 4(c), if ∈

, then , ,  if ∈ ; otherwise, , ∞ . Table 4 
summarizes a method for evaluating ,  for each point ∈ , according to the 
three cases. Because ,  is the length of the shortest path from p and o, it is deter-
mined using Table 3 for query object ∈  in the same way as ∈ . 

 

(a) If ∈ , then 

 , , if	
∞ otherwise

 

(b) If ∈ , then 

 , , ,  

(c) If ∈ , then , , if ∈
∞ otherwise

 

Fig. 4. Determining , , where ∈  and ∈ ∪ ∪  
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Table 4. Determining ,  for each point ∈  
Condition ),( opd

∈  , , if
∞ otherwise

 /* see Fig. 4(a) */ 

∈  , , ,  /* see Fig. 4(b) */ 

∈  , , if ∈
∞ otherwise

 /* see Fig. 4(c) */ 

 
Algorithm 3: locate_safe_exit_point_in_seg , ,  

Input: : segment to be explored, : anchor point, : boundary point 
Output: : safe exit point in  

1: ← evaluate_knn_query_at_point ( , ) //  indicates the set of k NNs at   
2: ← evaluate_knn_query_at_point ( , ) //  indicates the set of k NNs at   
3: ← search_data_objects_in_segment ( ) //  indicates the set of data objects in   
4: //  and  correspond to  and ∪ , respectively 
5: ← , , ∈ , ∃ ∈ , ∀ ∈ , , ,  

6: ← , , ∈ , ∃ ∈ , ∀ ∈ , , ,  
7: // safe exit point  is the point p closest to anchor point  while satisfying , ,   
8: find the point  closest to , such that , ,  holds true 
9: return  

Algorithm 3 locates a safe exit point in segment . First, it evaluates , , and 
, which are the set of k NNs at anchor point , the set of k NNs at boundary point 

, and the set of data objects in , respectively. It then determines  and . Recall 
that  is the answer object farthest from each point ∈ , whereas  is the non-
answer object nearest from p. Thus,  (or ) is a composite object assembled from 
answer objects (or non-answer objects) as described in line 5 (or line 6). The safe exit point 

 is the solution derived from ,  and , , such that ,
,  holds true. If there are two or more values of p that satisfy ,
, , then the point p closest to  is chosen as the safe exit point . 

5. COMPUTATION OF SAFE EXIT POINTS FOR THE MKNN QUERY 
EXAMPLE 

We now discuss the construction of safe exit points for query object q in Fig. 1. Recall 
that the number of NNs requested by q is 2 and the query result is , . 
Table 5 summarizes the computation of the safe exit points for query object q. 

Table 5. Computation of safe exit points for MkNN query q in Fig. 1 where  
    ∪   

 q 
 

,  ,
 

 False  

 q 
 

,  , ∅ True None 

  
 

,  ,  False  

   ,  ,   False  
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As shown in Algorithm 1, SEAD first explores the active edge sequence , 
where query object q lies. Because  is the active edge sequence, q becomes the 
anchor point. Both segments  and  are explored individually. 

 

For segment , we have , , , , , , and 
. Because  does not equal ∪ , a safe exit point exists 

in . As shown in Fig. 5(a), the distance from p to o2 (i.e., , ) is determined 
as follows: , 3  for  and , , 4  for ∈

. Similarly, the distance from p to o4 (i.e., , ) is determined as follows: 
, , 3 for ∈ . Thus, because , , ,  

is determined using , , |	 ∈ , ∈ ,  as fol-
lows: , 11 for  and , , 4 for ∈ . 
As shown in Fig. 5(b), the distance from p to o1 (i.e., , ) is determined as follows: 

, ,  for ∈  and , ∞ for ∈ . Similarly, 
the distance from p to o3 (i.e., , ) is determined as follows: , 2 for 

 and , ∞  for . Thus, because ∪
, , ,  is determined using , , |	 ∈

, ∈ ,  as follows: , 2  for , ,
,  for ∈ , and , ∞ for ∈ . Therefore, the safe exit 

point  can be determined using the inequality , , . This is be-
cause  satisfies the condition , 	 , , as shown in Fig. 5(c).  

No safe exit point is found for segment  because  equals ∪ , as 
shown in Table 5. Consequently, the three edge sequences adjacent to o4 (i.e., , 

, and ) are successively investigated using . Recall that  
is skipped because it has already been investigated. 
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For segment , we have , , , , , , and 
. Because  does not equal ∪ , a safe exit point exists in 

. As shown in Fig. 6(a), ,  is determined as follows: ,
,  for ∈ . Similarly, ,  is determined as follows: ,
,  for ∈ . Thus, because , , ,  is determined us-

ing , , |	 ∈ , ∈ ,  as follows: 
, ,  for ∈  and , ,  for ∈ . 

Note that c1 indicates point p such that , , . As shown in Fig. 6(b), 
,  is determined as follows: , , 2 for ∈ . Be-

cause ∪ , ,  is determined using ,
,  for ∈  as follows: , , 2  for ∈ . 

Therefore, the safe exit point  can be determined using the inequality ,
,  because  satisfies the condition , 	 , , as shown 

in Fig. 6(c).  
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Fig. 6. Determining , , and safe exit point  where ∈  

(b) ,  , 2 (c) safe exit point  

4 

o2 

n
2
 o4 c1 

o
2
 

3 

3 
1 o

2
 

6

2 o3

4
n

2
o4 o4 

 

 
4

6 

3

3 
 

2

1 
n

2

1 



HYUNG-JU CHO AND JINSEOK CHAE 

 

222

 

 

For segment , we have , , , , , , 
and . Because  does not equal ∪ , a safe exit point 
exists in . As shown in Fig. 7(a), ,  is determined as follows: 

, , 3  for ∈  and , , 1  for ∈
. Similarly, ,  is determined as follows: , ,  for ∈

. Thus, because , , ,  is determined using ,
, |	 ∈ , ∈ ,  for as follows: , ,  

for ∈ , , , 3  for ∈ , and ,
, 1 for ∈ . Note that c2 indicates the point p such that ,
,  and that c3 indicates the point p such that , 3 , 1.  

As shown in Fig. 7(b), ,  is determined as follows: ,
, 2  for ∈ . Similarly, ,  is determined as follows: 
, ,  for ∈ . Because ∪ , , 
,  is determined using , , |	 ∈ , ∈

,  as follows: , 2  for , , , 2  for 
∈ , and , ,  for ∈ . Therefore, the safe exit point 
 can be determined using the inequality , ,  because  sat-

isfies the condition , 	 , , as shown in Fig. 7(c).   
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6. MONITORING SAFE REGIONS IN DYNAMIC SPATIAL NET-
WORKS 

It is essential to monitor the validity of the safe regions when the weight of an edge 
changes. Therefore, we introduce an influential region to enable SEAD to monitor the safe 
region. Fig. 8 continues the example of Fig. 1, where recall that the safe region Q and the 
set Ω of safe exit points are , ,  and Ω , , . Fig. 8 il-
lustrates the safe region for a query object q and the corresponding influential region at 
time . We will interchangeably use the terms “a query object q” and “a query point q” if 
there is no confusion in the context. The influential region Ψ  for a query point q is de-
fined as a set of points p such that , ,  holds. If the weight of an 
edge changes inside the influential region Ψ , the kNN query at query point q must be 
reevaluated to reflect the change of the weight. However, if the weight changes outside the 
influential region Ψ , the change can be safely ignored. Let Q be a safe region that in-
cludes m safe exit points, i.e., Ω , ,⋯ , . Then, the influential region Ψ  is 
defined by the union of the influential region for each query point ∈ , i.e., Ψ
⋃ Ψ∈ . This can be simply represented as Ψ ∪ ⋃ Ψ , where Ψ  is the in-
fluential region at a safe exit point ω .  

Fig. 8(b) illustrates the influential region Ψ , where the dotted line and square brack-
ets indicate the influential region and its boundary points, respectively. A set of the two 
NNs at a safe exit point  is ,  and the k-th NN of  is . Thus, 
the distance from  to  is , 6 and thus the influential region Ψ  be-
comes Ψ , , . Similarly, the influential region Ψ  for a safe exit 
point  evaluates to Ψ , , ,  because we have 

, , , and , 3. Finally, the influential region Ψ  for a safe 
exit point  evaluates to Ψ ,  because we have , , 

, and , 2 . Consequently, the influential region Ψ  becomes 
Ψ ∪Ψ ∪Ψ ∪Ψ , , , , , , as indicated 
in Fig. 8(b).  

Assume that the weight of an edge  is updated from 4 to 7 at time 	
, as illustrated in Fig. 9(a). This update may invalidate the safe region Q. This is because 

the updated edge  overlaps the influential region Ψ . In this case, the server pro-
actively requests query object q to report its location immediately to reevaluate the safe 

3

Fig. 8. Safe region and influential region for q at time  

(b) Influential region Ψ  

o
1

n
4

q 

n
1

n
2

n
3

3 

3 2

o
3

o
4
 

2

o
5
 

o
2

2

 1 
2 

7
n

5

6

2 2

2

2

3

1 

2 

 

 

(a) Safe region Q 

o
1
 

n
4
 

q

n
1
 n

2

n
3

4

2 

3 2 
o

3
 o

4

2 2 

o
5
 

1 
 o

2
 1

5 2 

1 2 

7 n
5
 

6 

1



HYUNG-JU CHO AND JINSEOK CHAE 

 

224

 

region. For simplicity, assume that at time , query object q reaches the position of  
in Fig. 8(a). After receiving the updated location from query object q, the server evaluates 
and returns the updated kNN set and a set of updated safe exit points to the query object, 
which correspond to ,  and Ω , , , respectively. Fig. 9(a) indicates 
the updated safe region at time . If the safe region is updated, the influential region must 
be updated accordingly. Fig. 9(b) presents the updated influential region at time . Note 
that the procedure for computing the safe region and its influential region at time  is the 
same as Fig. 8, which is omitted. Finally, updates to the weight of edges such as  and 

 that are not included in the influential region can be safely ignored. 

7. PERFORMANCE STUDY 

We describe our experimental settings in Section 7.1 and present our experimental 
results using real-life road maps in Section 7.2. 
 
7.1 Experimental Settings 

In the experiments, we employ three road maps obtained from [29] to examine the 
effects of the map size on the performance of SEAD. The first road map, which consists 
of 175,813 nodes and 179,179 edges, includes major roads (e.g., highways) in North 
America (NA) and corresponds to a data universe of approximately 2.5 10  km2. The 
second road map, which consists of 18,263 nodes and 23,874 edges, includes major roads 
(e.g., city streets) in San Joaquin County (SJ), California and corresponds to a data uni-
verse of approximately 3.6 10  km2. The third road map, which consists of 6,105 nodes 
and 7,035 edges, includes major roads in Oldenburg (OL), Germany and corresponds to 
a data universe of approximately 1.0 10  km2. For road map NA, the number of edge 
sequences and their average length are 12,416 and 29,052 m, respectively. For road map 
SJ, the number of edge sequences and their average length are 20,040 and 248 m, respec-
tively. For road map OL, the number of edge sequences and their average length are 3,803 
and 272 m, respectively. Table 6 summarizes the parameters investigated. In each experi-
ment, we vary a single parameter within the range indicated, while maintaining all other 
parameters fixed at their default values marked in bold text. The directed and updated edge 

Fig. 9. Updating the weight of an edge  from 4 to 7 at time  
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sequences are selected randomly, irrespective of the locations of the data and query objects. 
The length of an updated edge sequence is selected randomly from between 0.1 and 10 
times the original length. The number of query objects is fixed to 1,000. We simulate mov-
ing query objects using the network-based moving objects generator described in [5]. 

Table 6. Experimental parameter settings 
Parameter Range 

Number of requested NNs (k) 1, 2, 4, 8, 16 
Ratio of directed edge sequences to total edge sequences (Rdir) 0, 5, 10, 20, 50 (%) 
Ratio of updated edge sequences to total edge sequences per 
timestamp (Rupd) 

0, 0.3, 0.5, 0.7, 1 (%) 

Number of data objects (Ndata)
 

1, 3, 5, 7, 10 ( 10 ) for NA 
1, 3, 5, 7, 10 ( 10 ) for SJ 
1, 3, 5, 7, 10 ( 10 ) for OL 

Speed of query objects (Vqry) 20, 40, 60, 80, 100 (km/h) for NA  
20, 40, 60, 80, 100 (km/h) for SJ and OL 

Distribution of data objects (Ddata) Uniform
Distribution of query objects (Dqry) Uniform
Number of query objects (Nqry) 1,000
Road map NA, SJ, OL 

 
In the performance study, we evaluate the performance of SEAD using the following 

measures: (1) the total amount of server CPU time per timestamp, (2) the total communi-
cation cost as the total number of points (i.e., the location updates sent by the query objects, 
and the query results and safe exit points, both of which are returned by the server), trans-
ferred between query objects and the server per timestamp, and (3) the total communica-
tion frequency, which corresponds to the number of location updates sent by the query 
objects per timestamp. The computation time for each query object is negligible, and thus 
we only measure the CPU time on the server. Because battery power and wireless band-
width consumption typically increase with the amount of data transferred between query 
objects and the server [4, 19, 22, 26], we use the amount of transferred data as a metric to 
evaluate the communication costs. Each query object is continuously monitored for 600 
timestamps. Our report provides the average value per timestamp when 1,000 query ob-
jects move for 600 timestamps. Note that for road map NA, the speed of the query objects 
is set to 100 km/h by default, whereas for road maps SJ and OL, the speed is instead set to 
60 km/h by default.  

For comparison, we also report the performance of a periodic querying approach, re-
ferred to as the baseline method, which issues a new query request to the server at every 
timestamp. In our experimental settings, the baseline method employs a shared execution 
approach [4] to eliminate redundant searching overhead. Specifically, the baseline method 
reuses the query results at the same timestamp to reduce the computational time. To the 
best of our knowledge, other works regarding evaluating MkNN queries in directed and 
dynamic spatial networks have not been presented yet. Clearly, using the precomputation 
techniques [8, 13, 27] is not an option because frequent changes in the edge weights affect 
the distance between two points in spatial networks. We implement all methods in C++ 
and all experiments are conducted using a desktop PC with a 2.8 GHz processor and 4 GB 
of memory. 
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7.2 Experimental Results  
In this section, we compare SEAD and the baseline method in terms of their commu-

nication and computational costs. Specifically, we provide a comparison of the communi-
cation costs in Section 7.2.1 and a comparison of the computational costs in Section 7.2.2.  
 
7.2.1 Comparison of Communication Costs 

Fig. 10 presents a comparison of the communication costs of SEAD and the baseline 
method for evaluating MkNN queries in road map NA, where each chart illustrates the 
effect of varying a single parameter from Table 6. The values in parentheses indicate the 
numbers of query objects that report their locations to the server to update the query results 
per timestamp. Let Uqry be the number of query objects that request the server to update 
the query results per timestamp. Clearly, the communication cost is closely related to Uqry. 
For the baseline method, Uqry is fixed to 1,000 and is omitted because all query objects in 
the baseline method request the server to update the query results at each timestamp. 

Fig. 10. Comparison of communication costs for road map NA 
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Fig. 10(a) illustrates the communication cost as a function of the number of requested 
NNs (i.e., k). The communication costs of both methods increase with k. However, the 
communication cost of SEAD is significantly less than that of the baseline method for all 
cases. In SEAD, fewer than 40 query objects report their locations to the server to refresh 
the query results. Fig. 10(b) indicates the communication cost as a function of the ratio of 
directed edge sequences to the total number of edge sequences (i.e., Rdir). In this case, Rdir 
= 0 % indicates an undirected spatial network. The communication costs of both methods 
decrease marginally as Rdir increases because the search space decreases as Rdir increases. 
For Rdir = 50 %, the cardinality of the kNN sets is frequently less than k. Fig. 10(c) displays 
the communication cost as a function of the ratio of updated edge sequences to the total 
number of edge sequences per timestamp (i.e., Rupd). In this case, Rupd = 0 % indicates a 
static spatial network. The communication costs of the baseline method are virtually con-
stant regardless of the value of Rupd because all query objects in the baseline method submit 
kNN queries at each timestamp. However, the communication costs of SEAD increase with 
Rupd. This is because the probability that the influential region overlaps an updated edge 
sequence increases with Rupd. Thus, a greater value of Rupd results in a higher communica-
tion cost. Fig. 10(d) presents the communication cost as a function of the number of data 
objects (i.e., Ndata). As Ndata increases, the communication cost of SEAD decreases mar-
ginally. This is because as Ndata increases, the distance from a safe exit point to its k-th NN 
decreases and the influential region shrinks. Fig. 10(e) indicates the communication cost 
as a function of the speed of the query objects (i.e., Vqry). The baseline method has a con-
stant communication cost regardless of the value of Vqry. Conversely, the communication 
cost of SEAD increases linearly with Vqry because, as the query objects in SEAD move 
faster, they leave the safe regions more quickly. 
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Fig. 11 presents a comparison of the communication costs of SEAD and the baseline 
method using road map SJ. As illustrated in Fig. 11(a), the communication cost of SEAD 
is significantly less than that of the baseline method in the majority of the cases. This is 
because the query objects in SEAD update their locations to the server to refresh query 
results when they leave the safe regions or when changes in the weight of the edges affect 
the influential regions. As indicated in Fig. 11(b), the communication cost of SEAD is less 
than that of the baseline method regardless of the value of Rdir. As illustrated in Fig. 11(c), 
the communication cost of SEAD is significantly less than that of the baseline method for 
all cases. Observe that the communication cost of SEAD increases rapidly with Rupd, 
whereas the communication cost of the baseline method is not sensitive to the value of Rupd. 
As displayed in Fig. 11(d), for 1,000, the communication cost of SEAD is 2.1 
times greater than that of the baseline method. However, for 3,000 10,000, 
the communication cost of SEAD is less than that of the baseline method. This is because 
a lower density of data objects makes the influential regions larger and thus changes in the 
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Fig. 11. Comparison of communication costs for road map SJ 

(a) Effect of k 

(d) Effect of Ndata 

(163) 
(168) 

(399) 

(216) 
(286) 

k 

(b) Effect of Rdir 

(256) (211) (216) (228) (230) 

R
dir
 

(c) Effect of Rupd 

(92) 
(196) (216) 

(308) (317)

R
upd

(216) (192) (194) 

(530)

(263) N
data
 



A SAFE EXIT ALGORITHM FOR MOVING K NEAREST NEIGHBOR QUERIES IN DIRECTED AND 

DYNAMIC SPATIAL NETWORKS 

 

229

 

weight of the edges invalidate more safe regions. As illustrated in Fig. 11(e), the commu-
nication cost of SEAD is clearly less than that of the baseline method regardless of the 
value of Vqry. The communications of the baseline method are constant for all cases, 
whereas those of SEAD increase marginally with Vqry. This is because as the query objects 
in SEAD move faster, they leave their safe regions more frequently. 

Fig. 12 presents a comparison of the communication costs of SEAD and the baseline 
method using road map OL. The results of the baseline method indicate similar patterns to 
those in Fig. 11. However, SEAD performs more poorly for road map OL than for road 
map SJ. Recall that road map OL includes a 36 times smaller area than road map SJ. This 
implies that SEAD suffers from performance degradation in small road maps. As indicated 
in Fig. 12(d), for 100, 75.8% of the query objects report their location to the 
server to update their safe region at each timestamp. This causes the communication cost 
of SEAD to be greater than that of the baseline method.  
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7.2.2 Comparison of Computational Costs 

Fig. 13 presents a comparison of the query processing times of SEAD and the baseline 
method for evaluating MkNN queries using the workloads from Fig. 10. As illustrated in 
Fig. 13(a), the query processing times of both methods increase with k. However, the query 
processing time of SEAD is less than that of the baseline method in all cases. The query 
objects in SEAD request the server to refresh the query results when the query objects 
leave the safe regions or when updates in the weight of the edges invalidate the safe regions. 
However, the query objects in the baseline method request the server to update the query 
results at every timestamp. As indicated in Fig. 13(b), the query processing times of both 
methods are insensitive to the value of Rdir. The query processing time of SEAD remains 
less than that of the baseline method regardless of the value of Rdir. As displayed in Fig. 
13(c), the query processing time of SEAD increases with Rupd because the probability of 
the influential region overlapping any updated edge sequence increases with Rupd. Thus, a 
greater value of Rupd leads to a longer query processing time. The query processing time of 
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Fig. 13. Comparison of computational costs for road map NA  
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the baseline method remains stable regardless of the value of Rupd because all query objects 
in the baseline method issue kNN queries at each timestamp. As illustrated in Fig. 13(d), 
the query processing time of SEAD is significantly less than that of the baseline method 
for all cases. As indicated in Fig. 13(e), the query processing time of the baseline method 
remains stable. Conversely, the query processing time of SEAD increases marginally with 
Vqry because, as the query objects move faster, they leave their safe regions more frequently. 

Fig. 14 presents a comparison of the query processing times of SEAD and the baseline 
method for evaluating MkNN queries using the same workloads as in Fig. 11. Unlike the 
results using road map NA, the query processing time of SEAD is typically longer than 
that of the baseline method when road map SJ is used. This is expected because the safe 
regions in road map SJ are considerably smaller than those in road map NA. As illustrated 
in Fig. 14(a), the query processing time increases with k because the search space also 
increases with k. As indicated in Fig. 14(b) and 14(c), the query processing time of SEAD 
is more sensitive to the values of Rdir and Rupd, respectively, than that of the baseline method. 
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As displayed in Fig. 14(d), the query processing time of SEAD is greater than that of the 
baseline method regardless of the value of Ndata. As indicated in Fig. 14(e), the query pro-
cessing time of SEAD increases with Vqry for the same reason as discussed earlier for Fig. 
13(e). The longer query processing time of SEAD can be offset by its improvement in 
communication costs, which is presented in Fig. 11, because the transmission time for 
sending an answer set to a query object dominates the overall response time. For moving 
objects databases, the system bottleneck is no longer the query processing time of the 
server; rather, it is the transmission time of the communication channel [4]. 

Fig. 15 presents a comparison of the query processing times of SEAD and the baseline 
method for evaluating MkNN queries using the same workloads as in Fig. 12. The results 
indicate similar patterns to those in Fig. 14. For road map OL, the baseline method indi-
cates superior performance compared to SEAD. The performance difference between the 
two methods is greater for road map OL than for road map SJ. As shown in Fig. 15(d), a 
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lower density of data objects in dynamic spatial networks adversely affects the perfor-
mance of SEAD. Typically, as Ndata increases, the size of the influential regions decreases. 
Therefore, changes in the weight of the edges invalidate more safe regions in a low density 
of data objects, e.g., Ndata = 100, compared to a high density, e.g., Ndata = 1,000. 

8. CONCLUSION 

In this paper, we propose a new algorithm called SEAD that identifies and monitor 
safe exit points of MkNN queries in directed and dynamic spatial networks. A performance 
evaluation using real-life road maps confirms the superiority of SEAD in a large map and 
demonstrates its degraded performance in small maps. SEAD can be considered highly 
useful in the following real-world scenarios: (1) when mobile devices have a limited net-
work bandwidth and the server demands a high throughput, and (2) when each road seg-
ment has a particular orientation and its travel time changes over time. Although we utilize 
SEAD in this study to compute and validate the safe regions of MkNN queries in directed 
and dynamic spatial networks, SEAD can be applied to other scenarios. For example, if 
the path of a query object is known in advance, SEAD can determine the safe regions along 
that path only and report them to the query object, thereby minimizing the communication 
and computational costs.  
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