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EFFICIENT ISOLINES CONSTRUCTION METHOD FOR
VISUALIZATION OF GRIDDED GEOREFERENCED DATA

Many types of georeferenced data are modeled by or interpolated onto a regular lati-
tude-longitude grid. Isolines are key graphics for understanding gridded data. This paper de-
scribes efficient method for constructing georeferenced isolines for a global regular latitude-
longitude grid. It incorporates heuristics to deal with peculiarities of the coordinate system
and real data. The method is fast enough and suited for on-the-fly isolines construction. Also,
it represents isolines with polygons and guarantees that all polygons are closed. This enables
GIS computations on them including calculation of the occupied area and identification of
covered or intersected objects. The method is operational in Climate Wikience — cloud service
providing interactive, 3D, real-time, terrain-following visualization of GIS-enabled isopleths
for climate reanalysis archives.

Interactive 3D visualization, real-time, isolines, climate reanalysis archives

Introduction

For over 15 years, the majority of climate research is based on climate re-
analysis archives [1, 2]. They contain retrospective data for up to 80 atmospheric
parameters with 6 hour interval on regular latitude-longitude grids.

Plotting isolines is crucial preparation step before any map interpretation.
In climate data, to perform any further study, a researcher first needs to plot iso-
pleths — isolines based on meteorological data [3]. Key synoptic objects like cy-
clones, anticyclones and weather fronts are readily identified visually once iso-
pleths are built.

Surprisingly, in spite of great impact on data understanding, there are no
tools to plot isolines effectively on-demand to explore large volumes of georef-
erenced data. This paper focuses on the isolines construction method consisting
of 3 stages. First, it uses CONREC algorithm [4] to build segments on locally
triangulated latitude-longitude grid. Second, the proposed method builds R-Tree
to accelerate searching of neighbor segments. Lastly, it connects the segments
into closed polygons both to speed up the visualization and enable GIS features.

The straightforward visualization of CONREC segments is prohibitively
expensive since there are tens of thousands of segments for a single grid. A vis-
ualization subsystem is incapable to handle this number of objects effectively.

Segments connection is also not a straightforward procedure since global
latitude-longitude coordinate system has peculiarities on the poles and near -
180° longitude. In addition, for real data CONREC does not always generate
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necessary segments what results in gaps and unclosed isolines. Special heuristics
were invented to handle these situations properly and effectively.

Background on Climate Wikience and climate reanalysis data

Climate Wikience [5] is cloud service consisting of two main parts. Desk-
top GUI (Climate Wikience) responsible for 3D interactive visualization of
georeferenced data and ChronosServer, enabling real-time data delivery from
the cloud to thousands of simultaneous GUIs.

For vast amounts of climate reanalysis data, it is impossible to precreate
isopleths for all available grids and deliver them on demand. First, the method
for isolines construction has many parameters. Second, isolines will take several
times more space than grids themselves. Isolines are built on client for new data.

Climate Wikience is highly interactive GUI which allows users to explore
the Earth climate data in 3D. It is impractical to store terabytes of climate rea-
nalysis data on local hard drive. Climate Wikience queries ChronosServer seam-
lessly to the user to retrieve the required data for visualization. Usually, the data
exchange is carried out per grid bases. For example, "SELECT DATA FROM
r2.pressure.msl WHERE TIME = 01.01.2003 00:00" will return AMIP/DOE
Reanalysis 2 regular 2.5°%2.5° latitude-longitude grid values for mean sea level
pressure for 2003 Jan 01, 00:00 UTC (fig. 1).

Figure 1 — Mean sea level pressure regular grid with isobars for
01/01/2003 00:00 UTC shown at 20° and 500 GPa intervals respectively. Circle
sizes are proportional to pressure values. Built in 3D with Climate Wikience us-
ing AMIP/DOE Reanalysis 2
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Isopleths

For a given function of two variables, latitude, and longitude, defined
over a geographic area, a contour line represents a curve along which the func-
tion value is constant [3] (fig. 1).

Isopleths are vital for interpretation of an atmospheric state. For example,
cyclones are identified visually as several closed isobars nested in each other.
Cyclones are key atmospheric components responsible for heat transfer from the
tropics to the pole, define local weather conditions, strongly influence severe
weather events, droughts and floods. Some of them, like hurricane Katrina, re-
sult in lives loss and devastation. However, today's publications contain very
poor isopleths plots which vague the perception.

To plot isolines, one need to specify levels for which isolines will be built,

L:{lo, lg, ceey lm} (1)

For example, for pressure levels this may be (in hPa): L = {1000, 925,
850, 700, 600, 500, 400, 300, 250, 200, 150, 100, 70, 50, 30, 20, 10}.

There are two ways to specify levels. The first one is the enumeration of
level values as shown above while second is specifying min, max and step pa-
rameters from which the levels will be generated. The /; is calculated as

[; = min + step xi, (2)
m = (max—min)/step, 3)

where the division in (3) is integer. In either case, the algorithms further
in this paper operate with the set of contouring levels L, regardless of the iso-
lines specification way.

CONREC Algorithm

The CONREC algorithm was introduced in 1987 by Paul Bourke [4]. To
author’s best knowledge it is the only description of a contouring routine availa-
ble on the Web. Let each rectangle of a global regular latitude-longitude grid has
coordinates

flat, lon), flat, lon+9), )
flat+o, lon),  fllat+d, lon+9o),

where o is the resolution of a grid, for example, 2.5 for 2.5°%x2.5° grid.

Each rectangle is divided onto 4 triangles by its diagonals. The center point is
assigned the average value of its corresponding corners.
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To build a contour line for level /;, each triangle is intersected with the
plane p(lat, lon) = I;. The result of intersection (if it takes place) is a segment. A
human eye perceives them as a continuous curve once drawn on a computer dis-
play but in fact it is a large number of independent elements. According to [4],
there are 10 possible outcomes of the plane p and a triangle intersection (fig. 2).

d),h)
a),b).i).j).9) d),h)
d),h)
e)
e)
e)
c).f) c).f)
c).f)

Figure 2 — Possible outcomes of plane and triangle intersection

For cases (a), (b), (i), (j), (g) CONREC does not generate segments. They
occur when all triangle vertices lie below (a) or above (j) plane p, only a single
vertice lies on a plane p and all the rest are below (b) or above (i) it. Lastly, all
vertices may lie on the plane p (g).

Other cases result in a segment: two vertices lie below and one above
plane p (c) or, vice versa, two vertices lie above and one below (f). Also, two
vertices may lie on the plane p and one vertice below (d) or above it (h). The (e)
case takes place when one of the vertices lie on the plane p, one above and one
below it.
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The input data to CONREC must be prepared in a special way to build
segments for global latitude-longitude grid. There is only a single point at a pole
because of longitude convergence. The value for a pole must be replicated for
each longitude to form rectangles instead of triangles in order not to alter the
CONREC algorithm. These rectangles will have two vertices with the same co-
ordinates and values.

Also, longitude coordinates -180° and +180° must be considered equiva-
lent. Any reference to -180° or +180° must retrieve data stored at +180°.

Segments glue algorithm

Let §; denote the set of all segments for a single regular grid found by
CONREC algorithm for level /; € L. The algorithm assumes that isolines do not
intersect. For each segment in S;, a bounding box is created to put it in R-Tree to
accelerate search operations (fig. 3). Let R-TREE(Q) be a constructed R-Tree for
all segments from S;.

Figure 3 — R-Tree building for segments

While constructing R-Tree the following rule must be preserved for con-
sistency. If one of the segment endpoints has longitude value equal to -180°, it
must be changed to +180° if other endpoint has positive longitude value and
must not be changed if its sign is also negative.

The algorithm ISOLINES-GLUE (fig. 5) takes as input the segments S;
and R-TREE(i). It yields the set of closed isolines /; for level i and part of iso-
lines U; that have gaps for the same level. Parts are merged into closed isolines
with the algorithm ISOLINES-GLUE-U (fig. 7) presented later in this paper.

The algorithm represents an isoline / as closed polygon with a sequence of
points [ = <py, p;, ..., py> Where py= py and p; = (lat;, lon;) where lat; and lon; are
latitude and longitude coordinates respectively for point p;. Let s(1) and s(2) be
the endpoints for the segment s §;. Let also /[/] denote point p; of isoline /.

The algorithm builds isolines sequentially, one at a time. It starts from an
arbitrary segment that has not been marked yet as part of another isoline. New
segments are attached only at one end of the isoline under construction (fig. 4).
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d) h)

Figure 4 — Attachment of new segments to an isoline. Black — visited segments,
grey — candidates for gluing, dotted — not visited segments.
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ISOLINE-GLUE: S, R-TREE(i) — 1, U,

I L «{J}, U «{J}

2 whileS;, #

3 s <« S;// choose arbitrary segment from S;

4 Sl' (—Sl' | {S}

5 [ «<s(1), s(2)> // new isoline which is being built

6 i <1 //last index in sequence [ corresponding to point p;= s(2)
7 while [[i] # [[0] // while not closed

8 C < R-TREE(i).neighbor-search(l[i]) N S;

9 D «{c eC:dist[i], c(1)) < e v dist(l[i], c(2)) < &}
10 if |D|=1

11 thend <D

12 elseif |D| > 1

13 then d < heuristic-tie(D) (fig. 6)

14 else U; < U; U{l}

15 break

16 [ <1+ (dist(I[i],d(1)) < &) ?d(1) :d(2)

17 i <«i+1

18 I <1, U{l}

Figure 5 — Segments glue algorithm

In line 3 the algorithm takes any segment which has not yet participated in
gluing. In line 5 it creates new isoline with a single segment chosen previously
at line 3. The loop in lines 615 seeks for segments to continue isoline / until it
becomes closed or a special case (line 14) is encountered leaving it unclosed.
Although it is only a part of an isoline it is nevertheless called isoline.

Fast neighbor search is performed using R-TREE(7) to determine segments
located close to the point /[i] and prune already used one (line 8). Only a seg-
ment with one of its endpoints equal to the point /[i] may become a candidate for
attachment to the isoline under construction. Function dist(-,") takes two points
as its arguments and calculates Euclidian distance between them. A constant pa-
rameter ¢ is usually set to 0.01 and introduced to deal with inaccuracies taking
place in floating point calculations.

Normally, one candidate segment must be found (line 10). Several candi-
dates (line 12) are possible when two isolines touch each other in one point (fig.
6¢). Note, that all of the segments shown on figure 6a may comprise a single
isoline in reality. However, the grid resolution is insufficient in this case to de-
termine the real situation. Thus, the most correct solution is to treat them as two
separate isolines.
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A heuristic rule is used to choose between the candidates. It selects a
segment which endpoint is the farthest from the point /[i—1]. This endpoint must
not be equal to /[i] (determined similar as in line 16). On figure 6c¢, [[i-1] = A,
[[i] = O and OD, OB, OC are candidate segments. Their endpoints not equal to
[[i] are D, B, and C respectively. The distance is measured between A and D, A
and B, A and C. Finally, OD segment is chosen since point D is the farthest
from point A = [[i-1]. This rule was devised after practical study of isolines
touching each other. This case occurs frequently in real data, especially with
slowly varying fields like mean sea level pressure.
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Figure 6 — Heuristic rule to break ties with several candidates
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In case of |D| = 0 (no candidates for isoline continuation), it is added to
the set of unclosed isolines (line 14). Ternary C-style operator a?b:c returns b if
condition a is true or ¢ otherwise (line 16).

Unclosed isolines occur due to absence of segments connecting isoline
parts. Recall, that for certain cases CONREC generate only points (b), (i) or
does not generate segments at all (g). While this is formally correct, for real data
this causes gaps in an isoline curve (when several triangle vertices with distinct
coordinates have equal values).

Consider the case when only one segment is absent for an isoline. Thus,
U; will contain at least two parts that will need to be glued with each other. This
takes place since the algorithm stops once it does not find a segment to continue
the isoline. However, the remaining segments belonging to the same isoline will
be glued into a separate isoline since they are not allowed to attach to that part of
the isoline that contains already used segments. The remaining part of the isoline
may be also split into several parts depending on the segment endpoint from
which the construction started.

However, if isoline construction starts from the segment having one of its
endpoints equivalent to one of the endpoints of the missing segment, the first
and the last isoline endpoints must be checked (line 13, fig. 7).

ISOLINE-GLUE-U: U, I, — I,

1 while U; #

2 [ « U;// get arbitrary unclosed isoline
3 Ui« U\ {l}

5 i «len(l)—1

6 while [[i] # [[0] // while not closed

7 D «{ueU:dist(l[i], u[0) Su v dist(l[i], u[len(u) —1])<u }
8 if |D| 21

9 then d <D

10 elseif |lI| <2

11 then break

12 elseif |D| =0

13 then if dist(I[i], [[0]) £ u
14 then d < <I[0]>

15 else error

16 [« 1+d

17 i «<i+len(d)—1

18 U, < U\ {d}

19 I <1 O{l}

Figure 7 — Glue algorithm of unclosed isolines
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In line 7 the algorithm seeks for an isoline part to glue with isoline part /.
It selects the closest isoline to / within constant distance u. The len(l) function
returns the number of elements in sequence / (number of points in isoline part).
For an ERA-Interim [6] grid with 1.5°%1.5° resolution, x4 is chosen to be

V2 x1.5. This is the maximum length of segment that could be added to an iso-
line by this algorithm. The maximum length of a segment built by CONREC is
1.5. However, for real data none of the segments may be built for any of the tri-
angles of a single rectangle when it has the same values in all of its endpoints.

If an 1soline has only 2 points (line 10) it is totally removed. This happens
for real data when small islands of a particular value exist. However, the grid
resolution is insufficient to build an isoline with non zero area. These confluent
isolines have no meaning to a person exploring data visually.

The algorithm reports an error when two or more successive segments are
absent or when the data are incorrect (line 15). This case has not been observed.

Performance evaluation

The method was implemented on Java, embedded in Climate Wikience,
and tested on the machine with characteristics shown in table 1.

Table 1. Machine characteristics
OS RAM Processor Java ver.

Windows 7 |2 GB AMD Athlon II Dual-Core P320 (2.1 GHz) 1.6.0.26

Table 2 lists the time for each step of the algorithm, the number of seg-
ments generated by the CONREC and isolines number resulted from gluing the
segments. Note, that the number of isolines is always significantly smaller (al-
most in 200 times) than the number of segments. Using polygons instead of sep-
arate segments considerably reduces load onto a visualization subsystem.

Mean sea level pressure ERA-Interim 1.5°x1.5° (240x120 points) grids
were taken to evaluate the performance of the implemented method. The
runtime is almost the same for each of these grids, thus, table 2 shows typical
runtime values for a randomly taken grid.

Measurements were done for 4 different steps (the first row of table 2).
The isolines levels were calculated using formulas (2) and (3). The min and max
values were not fixed. For each grid minimum and maximum values that it con-
tains were taken.
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Table 2. Performance characteristics of the method implementation

1000 500 250 100
CONREC, ms 13,63 19,27 74,28 356,25
R-Tree, ms 80,11 137,32 243,87 628,73
GLUE, ms 157,16 306,37 249,27 845,31
TOTAL, ms 250,90 462,96 567,42 1830,29
Segments, # 15358 30898 61332 154740
Isolines, # 86 170 332 859

The execution time for ISOLINE-GLUE-U algorithm is negligible and not
shown. Typically, less than 1% of total isolines have missing segments.

With 100 Pa step isobars are very dense. In certain regions distance be-
tween two neighbor isobars reaches 20 km and less.

The execution time of each method stage reveals that a great deal of time
is spent on the construction of R-Tree (fig. 8).

CONREC
‘ 356,25 19%
R-TREE
137,32 .
30% GLUE b
845,31 mm»
47%
R-TREE
628,73
34%
(a) (b)

Figure 8 — Execution time of method stages for step 500 (a) and 100 (b)

Two observations make possible to eliminate both the time required to
construct the R-Tree and the time for neighbor search in ISOLINE-GLUE al-
gorithm that uses it.

The first observation is about the nature of CONREC algorithm: only
one segment per triangle may exist. The second is about nature of grid struc-
ture: all of the triangles have homogenous coordinates.

Thus, a triangle containing point with given latitude and longitude co-
ordinates may be easily located in O(1). A simple bucket data structure may
be used with constant search time instead of R-Tree.
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Conclusions

This paper presented isolines construction method and evaluated its
performance on climate reanalysis data. Unlike other isoline plotting algo-
rithms, the proposed method represents isolines by polygons instead of sepa-
rate segments. The polygons are closed and their number is almost 200 times
less than the number of segments for climate reanalysis grids.

This enables GIS operations on them as well as their efficient interac-
tive exploration. Also, the method proposes heuristics to deal with cases that
frequently occur in real data like guessing missing segments.

The proposed method is successfully used in Climate Wikience which
constructs isolines on-the-fly in real-time in 3D for any grid in a climate rea-
nalysis archive.

This paper does not contain colored 3D image of isolines due to gray-
scale printing of collected articles this paper belongs to. The reader is encour-
aged to try out the method in action himself. Climate Wikience is freely
available at wikience.donntu.edu.ua.
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P.A. Poapurec 3anennnoc
JloHenKHii HallMOHAIbHBIM TEXHUYECKUA YHUBEPCUTET

¢ dekTUBHBIH MeTOA NOCTPOCHMS H30JMHMI JJIsi BH3YAJM3ALMH JAHHBIX PacroJio-
’KEHHBIX B y3/1aX reorpa¢guyecku NpuBs3aHHON pemeTku. MHOrue TUIbI reorpaguieckux
JAHHBIX MOJIEIUPYIOTCS JINOO MHTEPIOJUPYIOTCS Ha PEryJspHYIO IIMPOTHO-JOJTOTHYIO pe-
meTky. M30auHum SBIIsSIOTCS KIII0OUEBOM rpadMKoi Uisl IOHUMaHUS JaHHBIX, PAaCIOJI0KEHHbIX
B y3JIaX PEMICTKU C reorpaduueckoil KOOPAUHATHOW MPUBS3KOW. JTa CTAThsl OMKCHIBACT (-
(EeKTHBHBIN METOM JUIS MIOCTPOCHUS TeOTrpapuUecKy MPUBS3AHHBIX H30JMHUAN 110 TJI00AIBHON
PEryispHOil MMPOTHO-AOATOTHOM pemieTke. OH BKIIOYaeT B ce0sl IBPUCTUKH JUIsl 00pabOTKU
0COOEHHOCTE KOOPIMHATHOM CHCTEMBI U pEalbHbIX JaHHBIX. MeToa A0CTaTOYHO OBICTP U
MIOJAXOJUT JUIsl TIOCTPOCHMS M30JMHUN Ha JieTy. Takke OH NMpEeACTaBiIseT W30JIMHUM B BHJIE
MIOJINTOHOB U TapaHTUPYET, YTO BCE MOJIUTOHBI 3aMKHYTBI. JTO IPEJOCTABIISAET BO3MOKHOCTh
BbINOJHATE HAa HUX ['MIC BbluMcneHus, HampuMep, pacueT 3aHMMaeMoll Iomaan u ooHapy-
XKeHHe 00BEKTOB KOTOPbIE MOKPHIBAIOTCS JIMOO NepeceKaroTcss U30JnHuel. MeTto1 npakTuye-
cku ucrnonb3yercs B Climate Wikience — o6aqyHOM cepBHce, KOTOPBIM NPeaoCTaBseT UH-
TepakTUBHYIO 3D BH3yanmm3aiuro U30IUIET JJI1 apXMBOB IOBTOPHOIO aHanu3a kimmara. HM3o-
TIJIETHI BU3YAJIM3UPYIOTCS C ornbanueM penbeda mectHocTH U ocHamieHsl [ UC pyakmsmu.
HNurepakTuBHas 3D Busyajaunsanusi, peajibHoe BpeMsi, H30JJUHHH, APXUBbI IOBTOPHOI'0
aHaJIM3a KJIUMaTa

P.A. Poapirec 3aninunic
JloHenbKHiA HAIIOHATbHUN TEXHIYHUN YHIBEPCUTET

EdexTuBHuii MeTox nodyaoBH i30/1iHii 114 BidyaJizaiil JaHUX PO3TALIOBAHUX Y BY3JIax
reorpagiuHo nmpuB’sizaHoi pemiTku. barato TumiB reorpadiyHUX JaHUX MOJAEITIOETHCS a0
THTEPIOJIIOETHCS HA PETYISAPHY IIUPOTHO-AOBIOTHY PEIIITKY. [301iHIT € KI1I090BOI0 rpadikoro
JUIS pO3YMIHHA JIaHUX, PO3TAllIOBAHUX Yy By3JaxX reorpadiuHo mpus’s3aHoi pemitku. Ls crart-
TS onucye epekTUBHUN MeToa Uil oOymoBH reorpadiuHo MpuB’sI3aHUX 130J1HINA MO TI00a-
JIbHIN peryJIsipHild IIMPOTHO-AOBrOTHIN penritii. BiH BkiItoyae y cebe 3acodn 00poOKku 0coo-
JUBOCTEH KOOPAMHATHOI CUCTEMU Ta PeaJbHUX JaHUX. MeTo1 J0CTaTHRO MIBUIKUN Ta MiAXO-
JUTH 117151 IOOYTOBHU 130JTiHIN Ha JIbOTY. TakoX BiH MPEACTaBIISIE 13011HIT Y BUTJIAI IMOJITOHIB
Ta rapaHTye, 10 yCl NOJIroHu 3aMKHYTI. Lle Hajae MoxiuBicTs BUKOHYBaTH Ha HUX ['IC 00-
YHUCIICHHS, HAMPUKIAA, PO3PaxyHOK 3aiiMaHOI IUIONI Ta BUSABJICHHSA 00 €KTIB 110 MOKpHUBa-
1I0Tbc a00 TepecikaroThCsl 3 130JiHIEI0. MeToa MpakTU4YHO BUKOpHUCTOBYeThcs y Climate
Wikience — xmMapHOMY cepBici, KMl Hajae iHTepakTUBHY 3D Bizyamizallito 1301IeT s apXi-
BIB MOBTOPHOI'O aHANI3y KiIIMaty. [3011eTH Bi3yani3ylOThCsl 3 OTHHAHHAM pelnbedy MiclieBOC-
Ti Ta ocHaeHi I'IC ¢pyHkuismu.

InTepakTuBHa 3D Bisyauisanisi, peajJbHuil 4ac, i30J1iHil, apXiBM NOBTOPHOI0 aHAII3Y
KJIiMaTty
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