




Networking Aspects: As indicated in Section 1 (c.f. Fig-
ure 1), we assume a mesh-like connectivity among the
servers in the cells, and the communication between two
is connection-oriented, e.g., TCP-like [21]. However, for
the actual throughput, besides the capacities of the commu-
nication link per se�, in the actual TCP-like communication
one needs to consider various factors, e.g., the round-trip
time (RTT); the size of the receiver/sender window [21];
errors/packet-drops. As a particular example, the measure-
ments reported in [14] indicate that, typically, 20% of the
TCP �ows have receiver windows limited to 8KB; 35% to
16KB and the rest 45% to 64KB. Throughout the rest of
this paper, we will assume that the time-cost of the com-
munication when transmitting n data packets between two
hosts can be expressed as b1 + b2 · n, where b1 repre-
sents the round-trip time (ACK) for establishing the connec-
tion and b2 represents the throughput, approximated by re-
ceiving window size / round-trip-time [11]. Assuming that
b1 = 320 milliseconds and that the size of the window is
64KB , we obtain that the throughput is 200KBps (= 1/b2),
and to observe the impact of these parameters, assume that
each element of (oi, [t1, t2]) takes 8B (24B total).
Example 2. In the context of Example 1, assume that, in
case of a contention, C2,5 gets the priority to transmit to
C1,5 (followed by C2,4 and C2,6). The total time-cost of the
transmission for the partial answers to the query Q1 using
the naive approach is (9 x 0.3) + (25 x 5,000x 1/(200 KBps)
x 24B) = 18.7 sec. Note that, past this point, the server at
C1,5 has to aggregate the entire collection of partial results,
which (c.f Example 1) yields 21.1 sec. (31.2 sec. with sort-
ing). On the other hand, if the aggregation is used in C2,4
and C2,6 while waiting to connect to C1,5), then the time-
cost of communication is ((6 x 0.3) + (2 x 6 x 5,000 x 1/(200
KBps)x 24B)) + ((2 x 0.3)+(2 x 25,000 x 1 /(200 KBps) x
24B)) = 14.6 sec., with smaller data sets to be aggregated
both at C2,4 and C2,6 (in parallel), as well as at C1,5 at
the end. The overall time-cost to �nalize the aggregation
of the answer now becomes 15.7 sec. (19.2 sec. with sort-
ing). Observe that, in case the network connection is faster
(both smaller b1 and larger b2) the bene�ts of the partial
aggregation will be more signi�cant.

3 BORA-based Range Query Processing

Now we present the main result of our work � the algo-
rithm for constructing the BORA tree and the algorithm for
aggregation of partial answers which uses a given BORA
tree as a routing structure.

For a given range query, we assume that the query-region
of interest R, is an arbitrary polygon. The cells which in-
tersect R are the ones which participate in the answer to
the query. Let Cxd,yd

denote the cell which is the destina-
tion (e.g., C1,5 in Example 1) where the query�s answer is

needed. Let Si,j denote the location of the MOD server of
a cell Ci,j and, in particular, Sxd,yd

denote the location of
the destination (assume they coincide with the cells� cen-
troids). Also, assume that the pixels used in the Bresenham
algorithm are located in the points with coordinates Si,j ,
and the appropriate scaling is applied so that the distance
between two consecutive points along each coordinate is 1.
Let CR = {CR

i1,j1 , CR
i2,j2 , . . . , CR

iq,jq
} denote the set of cells

which have a non-empty intersection with the query region
R.

In order to �nd its relative position in the Bresenham-
based tree for a given query region R, the server in each
cell Ci,j executes the following algorithm:

Algorithm 1:
1. If Ci,j ∈ CR OR ((the line through Si,j and Sxd,yd intersects a
cell in CR) AND (Sxd,yd is not between Si,j and the �rst intersec-
tion of that line with R))

1.1. Draw the line segment Si,jSxd,yd

1.2. Among the neighbors C(i+u),(j+v) (where
u, v ∈ {−1, 0, +1}), detect the pixel S(i+u),(j+v) that
would be illuminated in the Bresenham algorithm for
Si,jSxd,yd

1.3. Select the server in the cell C(i+u),(j+v) to be the
parent of the Ci,j in the tree.
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Figure 3. Constructing the BORA tree

Figure 3 illustrates the main aspects of Algorithm 1 for
constructing the BORA tree, using a query region R rep-
resented by the polygon ABCDEF GH and a destination
point for the query�s answer located at C2,5. The dotted
(and dashed) line segments indicate the inputs to the Bre-
senham�s algorithm for the respective cells, and the thick
lines indicate the corresponding branches of the BORA tree.
Observe that the ancestry line that an individual cell would
obtain using the native Bresenham algorithm need not coin-
cide with the actual ancestry line of that cell in the BORA
tree. The reason for this is that in line 1.3. of Algorithm 1,
an individual �pixel� chooses only its parent. As an exam-



ple, observe the cell C8,1 in Figure 3. Using the native Bre-
senham algorithm, the grand-parent node of S8,1 towards
S2,5 would be S6,2 of the cell C6,2, as illustrated with the
dotted line. However, in the BORA tree, its actual grand-
parent is S6,3 of the cell C6,3 � the parent of C7,2 (dashed
line). Another interesting property2 of the BORA tree is as
follows. Let VR = {v1, v2, . . . , vk} denote the vertices of
the query region R. If Sxd,yd

is a vertex on the convex hull
of VR ∪ {Sxd,yd

}, then the root has either three children, or
�ve children (which only happens when the root is collinear
with its two incident vertices on the convex hull. Otherwise,
(Sxd,yd

is in the interior of R or R is concave), the root may
have up to eight children. However, an inner node still has
up to three children.
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Figure 4. BORA Tree for the Region R

The BORA tree corresponding to the example range
query depicted in Figure 3 is illustrated in Figure 4, where
the nodes are labelled with the indices of the corresponding
cells in the grid.

Now we proceed with describing the algorithm for rout-
ing and aggregating the partial results of a given range
query, using the BORA tree. Let LA (Ci,j) denote local
answer that the cell Ci,j ∈ CR has calculated for a given
range query. After it has been transmitted to its parent, call
it P(Ci,j), for the �rst time, LA (Ci,j) is set to ∅. At any
time, Ci,j may have a local data-set relevant for the query,
denote it LD (Ci,j) which is LA (Ci,j) aggregated with the
data that it has received from its children � where Cc(Ci,j)
denotes the c-th child of the Ci,j , in order from left-to-right
in the BORA tree. We assume a transmit-LD function
which formalizes the request from Ci,j to transmit data to
P(Ci,j) and, when granted (ACK), it sends all the data of
LD (Ci,j) to P(Ci,j Once a given node sends LD (Ci,j) to
its parent P(Ci,j), the value of LD (Ci,j) is set to ∅, and
no transmission can be requested whenever LD (Ci,j) = ∅.
Now we have the following:

2Due to a lack of space, we do not make any formal �property/proof�
statements.

Algorithm 2
1. If Ci,j has 0 children (leaf)

1.1. transmit-LA(Ci,j) to P (Ci,j)
2. Else-If Ci,j has one child

2.1. If C1(Ci,j) is ready to transmit
2.1.1. receive the data from C1(Ci,j)
2.1.2. aggregate it with LA(Ci,j)
2.1.3. transmit-LD(Ci,j) to P (Ci,j)

3. Else-If Ci,j has 2 children
3.1. If both children ready to transmit

3.1.1. receive data from C1(Ci,j)
3.1.2. receive data from C2(Ci,j)
3.1.3. aggregate the results with LA(Ci,j)
3.1.4. transmit-LD(Ci,j) to P (Ci,j)

3.2. Else-If one child, say C1(Ci,j), is ready to transmit
3.2.1. execute �2.1� above with that child

4. Else-If Ci,j has three children
4.1. If all three are ready to transmit

4.1.1. Let C2(Ci,j) and C3(Ci,j) aggregate their data
at LD(C2(Ci,j))

4.1.2. Execute �3.� above for C1(Ci,j) and C2(Ci,j)
4.2. Else-If two children are ready to transmit

4.2.1. Execute �3.� above for those two children
4.3. Else-If one child is ready to transmit

4.3.1. Execute �2.1� above with that child

Observe that each child Cc(Ci,j) can inform its parent
when there is nothing else to be transmitted from it, with
respect to the local results for the given query pertaining to
its entire subtree. This information can recursively gathered
in a bottom-up manner. Thus, Algorithm 2 is implemented
to guide the transition of the states of the individual cells,
until their role in the processing of a given query is com-
pleted.

A minor modi�cation of the Algorithm 2 is needed for
the special case of the root node. Namely, the root sim-
ply waits for all of its children to �nalize their transmission,
and then aggregates (merges) the collections of data that it
receives. We reiterate that in each cell, the OIDs are sorted
and that in the essence, the aggregate procedure actually
merges its inputs so that it produces the output which is
again sorted by the OID attribute and, in addition, when
a particular OID is an element of more then one partial an-
swer, it combines the time-intervals (union).

As an example, let us illustrate part of the execution of
the Algorithm 2 for the BORA tree depicted in Figure 4 (in a
top-down manner). Firstly, observe that C2,5 will receive all
the collections of partial answers along the path originating
in C6,1. Assume that C4,4 is done aggregating LA (C4,4)
with the data along the path starting at C7,1, before C4,5
is ready for a transmission. Then, C3,5 will aggregate the
result received from C4,4 with LA (C3,5) and transmit it to
the root. Subsequently, C3,5 will forward the aggregated
result that it receives from C4,5 to the root. In a similar
manner, the subtree rooted at C5,4 will generate the data
that will be forwarded to the root via C4,4 → C3,5. At the


