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A method of approximately simulating buffers based on mathematical
equations for accelerating buffer analysis
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Abstract: Buffer analysis is a very important spatial function of Geographic Information System ( GIS) . However its efficiency in
terms of time and space when used to process massive amounts of geographic data is very limited. To solve this problem we define
an approximate representation form—equational buffer which uses a mathematical equation to simulate the boundary of a buffer in
GIS. Using equational buffer buffer analysis is converted from a process composed of complicated geometric calculations to a
process composed of simple algebraic calculations leading to increased computational efficiency. This paper introduces the defini—
tion pattern application method and performance of the equational buffer. We also apply the equational buffer in the process of d

ata filtering when estimating the real-time traffic information of Chinas highways based on floating car data and the experiment re—
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sult validates that equational buffers are highly efficient in processing massive amounts of geographic data.
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1 INTRODUCTION

Buffer analysis is an important function of Geographic I
nformation System ( GIS)  which may assist the retrieval and
processing of geographic information. It is widely used in various
aspects such as transportation management regional e conomic
analysis city planning and environment monitoring. Buffer anal—
ysis consists of two steps: buffer generation and buffer applica—
tion. Buffer generation is the main key process that determines
the efficiency and accuracy of buffer analysis. As a result many
researchers studied buffer generation methods in o rder to im-
prove buffer analysis.

For a vector buffer the core of generation algorithms is the
generation of the double-paralleldine algorithm which is pre—
sumed to be a very simple process. But when geographic features
are complicated or the generated parallel lines are overlapped
the process becomes complicated. Several researches focus on

1991) de-

veloped an algebraic system of geometric shapes within which

addressing these exceptional cases. Ghosh ( 1990

one can add and subtract shapes exactly as one adds and sub-
tracts within the integer number system. Wu ( 1997) intro-
duced the salient arc method based on the double mathemati—

cal model. Zalik et al. (1999 2003) presented an algo—
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rithm for constructing the geometric outlines of a given set of
line segments using a sweep-ine approach. Dong et al.
(2004) made a further improvement on the generation method
of the salient arc buffer using the rotation-point transform for—
mula and recursion method. Wang et al. (2007) proposed a
buffer generation algorithm based on border line tracing
which extracted complete closed curves by tracing and thus a—
voided complicated geometric calculations.

For a raster buffer the generation algorithm is simple and
easy to implement. The commonly used generation algorithms
for a raster buffer include: the rundength brush overlay algo-
rithm ( Taloy 1994)
(Hu etal. 2006) and the filling algorithm ( Guo 1997) .
Xiang and Stratton ( 1996) proposed a variable buffer genera—

the morphological dilation algorithm

tion method in a raster environment which maps the stream
buffer with variable width using the B function. Wang et al.
(2010) proposed the raster-based distance computing algo—
rithm and a novel algorithm of buffer construction based on
run-ength encoding.

Although much progress has been made in the robustness
and efficiency of the buffer generation method buffer analysis
still faces the following challenges. First the necessary geomet—

ric calculations in the generation method of a vector buffer are ¢
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omplicated and it is difficult to implement. Second when a v
ector buffer is applied in an analysis due to its representation
method the judgment of inclusion relation between two features
needs to be performed frequently causing buffer analysis very
time-eonsuming. Finally a raster buffer uses a collection of ras—
ter cells to store the position of the buffer. Therefore the repre—
sentation accuracy is susceptible to the raster cell size and the
storage of a raster buffer takes a lot of physical memory.

In the past applications the above mentioned problems are
yet not critical ones. Along with the development of GIS ¢
omputer technology and telecommunication technology g
eographic information technology were used in more and more as—
pects and the amount of obtained geographic data is unprecedent—
edly large. With the increased availability of larger geographic
datasets the application of traditional buffer analysis method be—
comes unsatisfactory because of the above problems. Previous
studies mainly focused on the buffer generation methods and re—
searchers hoped to increase the efficiency of buffer analysis
through improving the generation method of buffer. However to
seek a simpler representation method for a buffer is also an effec—
tive solution.

After checking the existing method of buffer analysis and
inspired by the view point in analytic geometry that “a mathemat—
ical equation represents a graph in other words it is the mathe—
matical expression or form of a graph”  we present the idea of u-
sing the graph which can be represented by a mathematical equa—
tion to simulate a buffer’s boundary. Then based on the idea we
define an approximate representation form of a buffer—equational
buffer—inspired by the formula of a gravitational isoline. The ap—
plication of equational buffers converts buffer analysis from a
process composed of complicated geometric ¢ alculations to a
process composed of simple algebraic calculations increasing the

computational efficiency.

2 EQUATIONAL BUFFER
2.1 Reflections on the traditional buffer

Because the accuracy of a raster buffer is low and it is s
usceptible to memory limitation people often use a vector buffer
when dealing with a large geographic dataset. Only the vector
buffer is discussed later in the paper unless otherwise specified.
As previously showed the existing buffer analysis method cannot
avoid the complicated judgment of inclusion relation among fea—
tures. So how can we increase the efficiency of buffer analysis?
We seek answers from the process of traditional buffer analysis.
For example there is a task to analyze how many residential are—
as are within the service area of a hospital ( Fig. 1) . Point A re—
presents the hospital each point of point set B represents a resi—
dential area and the service distance of the hospital is three kilo—
meters. The traditional analysis is implemented as below:
first we need to generate a buffer around Point A—a series of
points P, are generated to fit Circle O, whose centre is Point A
and radius is three kilometers. This point array P, is the buffer
of point A and intrinsically a polygon vector. Then we figure
out which points in point set B are located within the buffer
P, thatis to judge the inclusion relation between each point

in point set B and the polygon vector P,. The whole process is

composed of complicated geometric calculations which are
time-consuming. In fact our ultimate aim is to know which
points in point set B are within Circle O, and in a mathemati—

cal point of view it equals to judging if the point coordinate

Te(y-y) <3
where (x, y,) is the co—

(m n) meets the inequality /(x - x,)
which is the equation of Circle O,
ordinates of Point A. In short several complicated geometric
operations need to be done in GIS to accomplish such a simple
algebraic calculation. If we assume that buffer boundaries of
all types of geographic features can be simulated by mathemat—
ical equations buffers can be expressed by mathematical e-
quations and the generation and application of buffers could
be accomplished through simple algebraic calculations rather
than complicated geometric calculations. If that is the case

the challenges which the existing buffer analysis methods are
facing would be solved. The most essential difference between
this kind of buffer and the existing buffer is that the new buffer
is not represented by entities—a set of discrete points but by

mathematical equations so we call it equational buffer.

Residential
area B

{ ¥
\Hospital
A

Fig. 1 Traditional buffer analysis

2.2 Definition of the equational buffer

The key to construct the equational buffer is to find the
mathematical equation that fits well the boundaries of traditional
buffers. The formulas of equational buffers corresponding to v
arious types of features are introduced in this section. Features in
GIS include three types: point polyline as well as polygon. A
polygon can also be represented by polyline features and the bas—
ic composition unit of a polyline is the line segment. Consequent—
ly the basic geometric unit for GIS is the point and the line seg—
ment. This paper presents the definition of equational buffer tak—
ing point and line segment as examples.

Because buffer analysis is mainly based on distance we
suggest that equational buffer is an unbroken closed and dis—
tance—related buffer and of course it should be able to be e
xpressed in a mathematical equation. The formula of gravitational
isolines exactly meets such requirements so we e stablish the e—
quational buffer by borrowing the idea of its f ormula and use a
gravitational isoline of a geographic feature to simulate the bound—
ary of the features closest buffer. The formulas of equational

buffers of point and line segment are d educed as below.
2.2.1 Buffer of point

Suppose that Point A’s mass is m  which is located at ( x,
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¥,) - Another Point B’ mass is m”~ whose distance to Point A is
d and the distance of Point C to Point A is r ( Fig.2) .

Fig.2  Deduction of equational buffer of a point

The gravitational force ( Ma 2004) between Point A and

Point Bis F =G @ The gravitational force at Point C is G

-— and the equation of the gravitational isoline at Poin C is F
E

=G

mm’~ . . .
2 where r is a constant. For convenient computation
r

each side of the equation of gravitational isoline is divided by

Gmm” and the buffer of the point is defined as Buffer,,,,: dTB
1 .
— that is also
E
Buffer . /(x —x,) " +(y—y) <7 (1)

where r is the buffer radius.
2.2.2 Buffer of line segment

In order to calculate conveniently a temporary coordinate
system x 07" is defined. Line segment AB is put on the x~ axis
with its middle point at the original point o”. Suppose that the
mass of line segment AB is m and length is [ and there is another
point C in location ( x” y*) whose mass is m” ( Fig. 3) .

The linear density of segment AB is p =m/l. Line segment

Fig.3 Deduction of equational buffer of a line segment

AB is divided into numerous small pieces dx, and the x~ axis
and y~ axis components of the gravitational force between the
piece at (x, 0) and Point C are respectively:

Gpm (x” - «x,;) dx,

32
((x=x)7+y7)
Gpm 7y dx;,

((x-x)° +y,2)3/2

The x” axis and y~ axis component of the gravitational force

dF_. =

x

dF,. =

y

between line segment AB and Point C are respectively:

F. = j:dF -
Gpm~ ! = - ! =
St
F. = fidF). =

Gpm~ x =172 : x +1/2

(y #0)

B e s

The total gravitational force between Segment AB and Point

Cis Fo(x"y) = A/F3,+F§. that is

Fe(xy) =

2

1 1 :
Gpm~ ( - . = 2) +(
V{x +172)7 +y7 (x"=1/2)" +y° ¥y’

1 1

— =0
o rinl i inr 70

Gpm”’ ‘
The gravitational force in location (0 r) is F;(0 r) and the e
quation of gravitational isoline here is F;, = F (0 r) . Also in or—
Fo(x"y)
Gpm”

then the buffer of line segment in the temporary coordinate system

der to calculate conveniently we set F*(x” y7) =

X0y is
F (0
F’(x’ y) > (,( f) — l
Gpm 2
r T+r

where r is buffer radius.

The above calculations are done in the temporary coordinate
system x 0y ". Then the equation of the buffer is transformed to a
geographic coordinate system xoy and the transformation formula

is as below:

x =172 x +1/2 )' V£ 0)

x” = TranX(x) = (x —x,) cost + (y —y,) sint
y* = TranY(y) = (x, —«)sint + (y —y,) cost
where TranX and TranY are transfer function (%, y,) is the g
eographic coordinates of middle point of line segment AB ¢ is the
angle between vector ( (%, ¥,) (=, y,)) and the x axis.
Set F(x y) = F{x"y) = F(TranX(x) TranY(y))
the buffer of line segment is defined as
Buffer,,,: F(x y) = — (2)
r {T + TZ
Point buffer and line segment buffer are the closed curves
expressed by Eq. (1) and Eq. (2) respectively. The buffer of
the polyline is the union of line segment buffers which are calcu—
lated by Eq. (2) . The buffer of the multifeature is the union of

buffers of each single feature within the multifeature. Polygon is
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not taken into account in this paper presently.
2.3 Pattern of equational buffer

To give more intuitive understanding about equational buff-—
ers patterns of equational buffers with various radiuses are d
isplayed. In Fig. 4 there are four buffers of a point and the
buffer radiuses are 20 m 40 m 60 m and 80 m from inside to
outside. In Fig.5 there are four buffers of a line segment and
the buffer radiuses are 40 m 80 m 120 m and 160 m respec—

tively.

Fig4 Pattern of a point’s equational buffer

Fig.5 Pattern of a line segment’s equational buffer
2.4 Application method of equational buffer

Taking geographic information retrieval ( that is to query the
geographic features inside a buffer) as an example the applica—
tion method of the equational buffer is introduced in this subsec—
tion.

(1) Point buffer

When judging if the point feature T( x, y,) is within r buffer

radius of Point A( x, y,) we put the coordinate of point feature

into Eq. (1) yielding /(x, —%,) > +(y, —=%,) °<r. When the
inequality holds then Point T' is within the buffer of Point A4;
otherwise Point T is outside the buffer of Point A. When the

buffer radius changes the process is repeated using the corre—
sponding changed parameter r.

(2) Line segment buffer

When judging if the point feature T( x, y,) is within r buffer
radius of line segment AB where A =(x, y,) and B=(x, y,)
we put the coordinate of point feature into Eq. (2) yielding

F(x, v,) Bl/r /%+r2.

When the inequality holds then Point 7' is within the buffer of
line segment AB; otherwise Point T is outside the buffer of line
segment AB.

(3) Polyline buffer

There is a Polyline Q( P, P, *- P,) . When judging if the

point feature T( x, y,) is within r buffer radius of Polyline Q we
need to see if the point feature is within each buffer of the sub-
segment of Polyline (). As long as one inequality holds the point
feature T is within the buffer of Polyline ). Otherwise
utside the buffer of Polyline (.

it is o

3 PERFORMANCE OF EQUATIONAL BUFFER
3.1 Application efficiency

In this section the application efficiencies of a traditional
buffer and an equational buffer are compared including space e
fficiency and time efficiency. Space efficiency is the size of phys—
ical memory for storing buffer and time efficiency is the compu—
tation time spent when applying a buffer which again consists of
generation time efficiency and using time efficiency.

(1) Space efficiency of buffer: a traditional buffer is repre—
sented in the form of polygon vector. The size of physical m
emory for storing the coordinates of node points of polygon is de—
termined by the number size and shape of features. So a lot of
storage space is needed when a large dataset is processed mak—
ing the space efficiency of traditional buffer very low. B ecause of
the representation method of equational buffer the buffers of dif—
ferent features are expressed by a common equation with only dif—
ferent coefficients. So only the common mathematical equation
needs to be stored in memory which costs less than 1 KB.

(2) Generation time efficiency. There are several tradition—
al algorithms for buffer generation: the salient arc method and the
angular bisector method and each algorithm costs a certain time.
Similarly when the amount of processing objects is very large
generating buffers of all features will take a lot of time. In parti—
cular frequent changes of feature location or buffer radius will
increase the duration of computation time even more bringing in—
conveniences to the application of buffer analysis. On the ¢
ontrary the equational buffer of an arbitrary feature is just a
mathematical equation with an unchanged form. Its generation e
quals to the parameter selection of equation and takes little time.

(3) Using time efficiency for a traditional buffer the judg—
ment of inclusion relation between other features and a buffer is
to see if other features are within the polygon vector. The ¢
ommonly used algorithms include the ray line algorithm
1985; Taloy 1998) and the azimuth s
2000)

nvolve complicated geometric calculations. Nevertheless

( Preparata & Shamos
and both algorithms 1
the e

ummation algorithm ( Yan et al.

quational buffer is different from the traditional buffer in the
sense that an equational buffer is a mathematical equation. Thus
to judge if a feature is within a buffer is just to see if the coordi—
which

takes less time. Its time efficiency is much higher especially

nates of features can make the buffer inequality hold
when processing features of point type.

3.2 Simulating accuracy analysis

An equational buffer uses an unbroken smooth graph to sim—
ulate the buffer boundary and as a result the simulating error ex—
ists. We set the buffer generated by the salient arc algorithm as

true value and analyze the simulating error distribution of equa—
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tional buffers. The simulating accuracies of equational buffers of
the point and line features are discussed respectively.

Although the boundary of a true buffer is a continuous
curve In a vector environment its representation has to be discre—
tised in order to be stored and analyzed in a computer. For a
point feature some discrete points are used to fit a circular buff-
er. This kind of representation method causes some errors in the
traditional buffer. In contrast the equational buffer of a point is
represented by the equation of a circle so it exactly simulates the
true buffer ( Fig. 6) . It can be concluded that when it comes to a
point feature no simulating error exists in the equational buffer

and it is more accurate than the traditional buffer.

(a) Equational buffer

(b) Salient arc buffer

Fig.6 The equational buffer and the salient arc buffer of a point

Part of the true buffer of a line segment is lines parallel to
the segment and two semicircles link them at both ends. For a
line segment feature the equational buffer is different from the
salient arc buffer: it matches with the salient-arc buffer at middle
points aside but is smaller in other parts. Fig. 7 demonstrates p
atterns of two kinds of buffers of the same line segment. The
length of the segment is 200 m and its buffer radius is 20 m. The
simulating error of an equational buffer is analyzed below. A-
round two end points the difference between the equational buff-
er and the true value is fairly big. But the area in this part is
comparably small so in common case the influence is not big
and the error can be overlooked. The error in one side of the
buffer needs to be analyzed. Two kinds of buffers are put in the
same coordinate system and the simulating error where the x ¢
oordinate is from 0 m to 100 m is analyzed ( Fig. 8) .

The simulating error where the x coordinate is x is g, =
Yn
Y1
coordinate is ¥ y, is the y coordinate of the equational buffer

where v, is the y coordinate of salient-arc buffer whose x

where the x coordinate is x. The simulating errors are calculated

with buffer radius 1 m 10 m 30 m 100 m and 400 m respec—

tively and the results are shown in Fig. 9.

_— ) .

(a) Equational buffer

(b) Salient arc buffer

Fig.7 The equational buffer and the salient arc buffer of a line segment

0 50 100/

Fig8 Schematic diagram of accuracy analysis
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Fig9 Error distribution with buffer radius 1 m,
10 m, 30 m, 100 m and 400 m

The experiment results show that the simulating error is
smaller than 7% in 99% region for 1 m of buffer radius smaller
than 10% in 93% region for 10 m; smaller than 10% in 80%
region for 30 m smaller than 20% in 99% region for 100 m
smaller than 3% for 400 m. The above data indicates that when
there is a large difference between buffer radius and the segment
length  no matter larger or smaller the simulating error is small.
When the buffer radius is close to segment length the error b
ecomes large. However the error in nearly 80% of region is less
than 10%
part.

and all errors are under 20% except a very small

Although simulating errors exist in equational buffers these
errors are acceptable in the buffer analysis without a very strict
accuracy requirement. Taking geographic information retrieval as
an illustration example because the area of equational buffer is
smaller than that of the true buffer the existence of simulating
errors would lead to some data omitted. But the application of e
quational buffers instead of traditional buffers would cause only a
little part of data missing which influences little on the result

while greatly increases the computational efficiency.

4 A CASE STUDY

To further demonstrate the equational buffer’s advantages in
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dealing with a large geographic dataset in this section we apply
it in the real-time traffic information estimation based on floating
car data ( Draijer et al. 2000) . We are currently involved in a
r esearch program in which real+ime positioning data are collect—
ed from the GPS-equipped vehicles across China and then these
signals were used to estimate the real-time traffic information of
China‘s highway. Because the amount of the data in this program
is hugely large it is very suitable for testing the validity of equa—
tional buffer in processing massive geographic data. The data
source is GPS positioning data of vehicles and road data from dig—
ital maps. Both types of data have unavoidable measurement er—
rors so the first step in traffic information estimating is map
matching ( Lu & Cui

which each GPS positioning point belongs. At this stage the pur—

1999) —identifying the road segment to

pose of the program is to estimate the traffic information of high—
ways. However the vehicles may travel on various levels of roads
( highway national road provincial road) or park in a parking
zone and they do not have effect to estimate highways” traffic in—
formation. To improve the computational efficiency before map
matching we conduct a coarse filtering on the original GPS
points—weeding out the invalid positioning points which are far
away from any highway. The coarse filtering is usually implemen—
ted using the buffers of highways. In this section we realize the
filtering procedure using the traditional buffer and the equational
buffer respectively and compare their results. The following ex—
periment is done in a computer with a 2. 8 GHz dual core CPU
and a 2 GB memory.

We select part of North China as the study area with the g
eographic range of 37°44°41"N—40°44°47"N and 114°7°10"E —
117°53°1"E.

nformation is half an hour

If the update frequency of real-time traffic i
it means the traffic information of
highways” each segment is estimated using the data received with—
in half an hour. All GPS positioning data collected by one data
exchange centre from 01: 30 to 02: 00 on September 19 2010 are
selected as experiment data. There is a total of 194205 GPS posi-
tioning points in this dataset and Fig. 10 shows the spatial distri—
bution of those data locating within the study area. A rcEngine a
mature business product in GIS is the use of the salient arc meth—
od to generate a buffer. We take it as an example of traditional
buffer analysis to implement data filtering. Setting the buffer ra—
dius as 500 m the buffers of highways” all segments are genera—
ted and the GPS positioning points falling outside the buffers are
removed. Excluding the generation time of buffers the entire fil-
tering process takes 415. 61 s and 11171 effective GPS positio—
ning points are screened out ( Fig. 11) . We also use e quational
buffer to realize the same function. Setting the parameter for
buffer radius as 500 m the GPS positioning points falling inside
the buffers are retrieved. The entire process which includes buff—
er generation takes 76.27 s and 10564 effective GPS positioning
points are screened out ( Fig. 12) .

The number of filtering results of the equational buffer a
ccounts for 94.6% of that of the traditonal buffer. After a further
analysis we find that all the positioning points screened out by
the equational buffer are included in the filtering result of the tra—
ditional buffer without any point screened out mistakenly. By
analyzing the spatial distribution of omitted points by the e

quational buffer we also find that almost all of omitted points

+ GPS point

Fig.10
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0 25 50 100
1 km

locating within the study area

: \"_"'““-’—.—:\
i >
Shanxi, ) . Hebei
5 p g
£ gt =
— 3 - ’ebal - 5\
{ & 2
Shanxi & # 5
I jin
b ~ L~
(
Hebei 3
{.’
GPS point N 0 25 50 100
— Highway Ly km
Fig.11 Filtering result of traditional buffer
. Sy
1 /'-’ s
Shanxi. \ Hebei
e ng % -
# z r!
— . bei -
| 1
Shanxi’ . o ; \ $ 5
J in
! AL A
{
Hebei 5
<GPS point Ly 0 25 30 100

— Highway

A

L ; km

Fig.12 Filtering result of equational buffer



LI Jun, et al. : A method of approximately simulating buffers based on mathematical equations for accelerating buffer analysis 1137

are far away from any highway. Fig. 13 gives two example r
egions in which the hollow point is the common filtering result of
two buffers and the solid point is the point screened out by the
traditonal buffer while omitted by the equational buffer. From the
above analysis we know that only less than 6% of positioning
points are omitted by the equational buffer and most of these o—
mitted points are invalid data which hardly have influences on the
subsequent computation of traffic information. More importantly

the adoption of equational buffer makes the speed of coarse filte—
ring process increase nearly six times improving the time effi—

ciency of real-time traffic information estimating of highways.

e

(a) Example region 1

(b) Example region 2

Fig. 13 Spatial distribution of omitted positioning points
by the equational buffer
( The hollow point is the common filtering result of two buffers and the solid
point is the point screened out by the traditonal buffer while omitted by the e

quational buffer)

S CONCLUSION

The traditional buffer is represented by physical entities.
This determines that the generation and application of buffer is a
process composed of complicated geometric calculations causing
the time efficiency and space efficiency to be very low when buff-
er analysis is applied in processing massive geographic datasets.
In this paper we define an approximate representation form of a
buffer by imitating the formula of gravitational isoline and call it
equational buffer. Using equational buffers converts buffer analy—
which

speeds up buffer analysis. The experiment result of data filtering

sis to algebraic operations on mathematical equations

of floating car technology has proven the effectiveness of equa—
tional buffers in buffer analysis without a very strict a ccuracy re—
quirement.

Although the equational buffer obtains good results in deal—
ing with a large dataset there are still many aspects deserving
further research. For example the equational buffer is not appli—

cable to polygon features at present while the polygon type is a

widely used feature type. It is very necessary to analyze if the e
quational buffer could be applicable to polygon features. Moreo—
ver an equational buffer is represented by a mathematical equa—
tion making it easy to be transformed into three-dimensional
form. And the time and space efficiency do not decrease greatly
after the transformation. So it can serve as a promising solution to
the challenges that the existing buffer faces when extended to
three-dimension space.

Acknowledgements: Thanks to Antoine Lokongo for p
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nonymous reviewers for their effort and useful comments on this

article.
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