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Last week

* We have discussed the different methods we can query
spatial data based on their attributes, topology and
geometry directly in SQL;

« We have discussed how the integration between database
and client (pure SQL/GIS) handles the queries;

* You have started to think about the computational
complexity of some of these queries — they will take longer
depending on how many records need to be compared, and
how complex are the geometries of these records.
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Learning Objectives A

v Understand the principles of indexing

v Understand the filter-refine paradigm for efficient execution
of spatial queries

v Be able to apply the principles of data indexing on spatial
data

v Understand the differences between space driven and data
driven spatial indices; know their characteristics and
pros/cons;
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Overview

p 1. Filter-refine

What are indices, what are they good for
Trees — a bit of terminology

Spatial indexing

Space-driven indices

Object-driven indices

o 0k WD
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Spatial queries — finding matching candidates

« A spatial query has to identify all matching records in a table based on a
spatial (topological, geometrical) operator, applied to the geometries of
these records:

SELECT s.id, s.geom

FROM tmp river segment s -- more than 170'000 recs
WHERE ST Intersects(s.geom,

ST GeomFromText ('LINESTRING (2683846 1250116,
2685846 1249812)',2056)

) ;

« This means, that the query single geometry linestring must be compared
against all line geometries of tmp_river _segement
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Spatial queries — finding matching candidates

Graphically: single line intersecting Table: tmp_river_segment
many riversegments On the fly: single line geometry

* Math happens on these vertices
* Help needed to speed it up

“T SELECT riid, r.geom FROM project25.tmp_river r |2 Enter a SQL exp

2 Hig 733 geom
ﬁj 1 1 MULTILINESTRING ((2693929.1752999984 1288494.6545000002,
. Z 2 MULTILINESTRING ((2614591.9565000013 1267608.2939999998, 2
If 3 | 3 MULTILINESTRING ((2666416.5747999996 1269007.482900001, 2¢
T 4 4 MULTILINESTRING ((2719039.058600001 1274689.2391999997, 27
% T 5 MULTILINESTRING ((2712465.7632 1266640.3187999986, 2712462
a T 6 MULTILINESTRING ((2632301.2848999985 1261832.1664999984, 2
e T_ 7 MULTILINESTRING ((2651515.242899999 1265442.3951999992, 2¢
87 8 MULTILINESTRING ((2688742.8528000005 1258793.1535999998,
9_ 9 MULTILINESTRING ((2695030.3845000006 1265482.794399999, 2
F 10 MULTILINESTRING ((2694234.3308999985 1257787.7252000012,
T 1 MULTILINESTRING ((2582671.7892000005 1246649.064100001, 25
? 73 MULTILINESTRING ((2770042.7041999996 1203402.9952999987,
? 12 MULTILINESTRING ((2597280.3933000006 1248901.045400001, 2!
? 13 MULTILINESTRING ((2614533.596500002 1248039.7747000009, 2
? 14 MULTILINESTRING ((2610864.860800002 1250821.616799999, 261
? 15 MULTILINESTRING ((2643798.014899999 1250332.2730999999, 2
T 16 MULTILINESTRING ((2646827.8704000004 1253481.5780000016, :
18 17 MULTILINESTRING ((2656588.9494000003 1251236.6906999983,
? 18 MULTILINESTRING ((2677252.122299999 1242029.4565000013, 2t
? 19 MULTILINESTRING ((2698099.028999999 1253816.7171999998, 2€
T 20 MULTILINESTRING ((2702517.2465000004 1253278.3797999993,
—g ? 21 MULTILINESTRING ((2713644.9684000015 1245819.7109000012, 2°
& 92 97 MIITIINESTRINC 72796707 7201000007 174404K 7006000004«
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Spatial queries - spatial join finding matching candidates

« Spatial join by definition compares all against all; as a result, all spatial
object interactions of the queried topology are given;

« Cartesian product, but restricted to topology

SELECT b.biogeoid, b.biogeoname, b.geom geom bio, :
s.id, s.geom geom rivseg |
FROM biogeo b :
-- 5 recs (multipolygon, many vertices!) |
JOIN tmp river segement s :
-- 170000 recs (multiline) |
ON ST Intersects(b.geom,s.geom) ; :

* Query geometries biogeo must be compared against all geometries of
tmp_river_segment; roughly 850'000 comparisons;

 Why do we have to wait for the results? What makes this query
expensive? CPU usage?
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Spatial queries — filter refine paradigm

* Very slow for larger tables, and for MxN comparisons

« Number of vertices of participating geometries decreases answer time
proportionally

« Retrieval from harddisk (large full tables) is much slower than from
memory; we cannot load everything to memory;

What we need

« Simpler and faster comparing algorithms and simplified spatial
objects (to filter out some of our query objects)

« A structure that supports this with less need for memory space than
original tables; disk space is ok;

« Having this in place we can reduce the number of objects that have to
be compared with full complex algorithms (point in polygon; line
Intersection;...; refining)
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Spatial queries — filter refine paradigm cont.

Filter

Coarse, approximate search

Simpler geometries

Hence simpler comparing algorithms
Clever structure used

Mainly in memory - only partly from disk

Refine

Detailed matching and checking for the true relationship — also in
memory if possible

This includes checking all vertices of two geometries against each
other

« Similar strategies are applied also in non-spatial contexts, but with
simple dataypes which can be ordered
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Overview

1. Filter-refine

P 2. What are indices, what are they good for

Trees — a bit of terminology
Spatial indexing
Space-driven indices
Object-driven indices

S
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-

Exercise 1

Find the city with the largest population in 2005 (unordered table)

Cid |City Country Latitude |Longitude |pop1950 |pop2005 |pop2010 [pop2015 [pop2020 [pop2025 [pop2050
1/Sofia Bulgaria 42.7 23.33 520 1170 1180 1210 1230 1240 1236
2|Mandalay Myanmar 21.97 96.08 170 920 960 1030 1170 1310 1446
3|Nay Pyi Taw Myanmar 19.75 96.1 0 60 930 1020 1180 1320 1461
4Yangon Myanmar 16.87 96.12 1300 3930 4090 4350 4840 5360 5869
5|Minsk Belarus 53.89 27.57 280 1780 1800 1850 1880 1880 1883
6[Phnum PEnh Cambodia 11.56 104.91 360 1360 1470 1650 2030 2460 2911
7|El DjazaOr Algeria 36.78 3.05 520 3200 3350 3570 3920 4240 4499
8|Wahran Algeria 35.74 -0.52 270 760 800 850 940 1030 1105
9|Douala Cameroon 4.13 9.7 100 1770 1910 2110 2420 2720 2996

10[YaoundE Cameroon 3.86 11.51 30 1490 1610 1790 2060 2310 2549
11|Calgary Canada 51.03| -114.04 130 1060 1110 1180 1260 1300 1345
12|[Edmonton Canada 53.55 -113.5 160 1020 1060 1110 1170 1220 1256
13|MontrEal Canada 45.54 -73.65 1340 3600 3680 3780 3910 4010 4108
14|Ottawa-Gatineau Canada 45.37 -75.65 280 1120 1140 1180 1230 1270 1315
15[Toronto Canada 43.72 -79.41 1070 5040 5210 5450 5690 5830 5946
16Vancouver Canada 49.27| -122.96 560 2090 2150 2220 2310 2380 2444
17|N'DjamEna Chad 12.1 15.24 20 900 990 1130 1400 1750 2172
18|Santiago Chile -33.43 -70.65 1320 5600 5720 5880 6080 6220 6310
19\Valparalso Chile -33.02 -71.55 330 840 850 880 920 960 982
20/Anshan, Liaoning China 41.11 122.97 480 1610 1640 1700 1860 2030 2167
21|Anshun China 26.25 105.93 190 820 850 900 990 1080 1164
22|Anyang China 36.1 114.33 110 850 890 950 1060 1160 1240
23 Baoding Chlna 38.85 115.48 180 1040 1110 1210 1360 1480 1586
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Find the city with the seventh largest population in 2005 (unordered)

Cid |City Country Latitude |Longitude |pop1950 |pop2005 |pop2010 [pop2015 [pop2020 [pop2025 [pop2050
1/Sofia Bulgaria 42.7 23.33 520 1170 1180 1210 1230 1240 1236
2|Mandalay Myanmar 21.97 96.08 170 920 960 1030 1170 1310 1446
3|Nay Pyi Taw Myanmar 19.75 96.1 0 60 930 1020 1180 1320 1461
4Yangon Myanmar 16.87 96.12 1300 3930 4090 4350 4840 5360 5869
5|Minsk Belarus 53.89 27.57 280 1780 1800 1850 1880 1880 1883
6/Phnum PEnh Cambodia 11.56 104.91 360 1360 1470 1650 2030 2460 2911
7|El DjazalOr Algeria 36.78 3.05 520 3200 3350 3570 3920 4240 4499
8|Wahran Algeria 35.74 -0.52 270 760 800 850 940 1030 1105
9|Douala Cameroon 4.13 9.7 100 1770 1910 2110 2420 2720 2996

10|YaoundE Cameroon 3.86 11.51 30 1490 1610 1790 2060 2310 2549
11|Calgary Canada 51.03] -114.04 130 1060 1110 1180 1260 1300 1345
12|[Edmonton Canada 53.55 -113.5 160 1020 1060 1110 1170 1220 1256
13|MontrEal Canada 45.54 -73.65 1340 3600 3680 3780 3910 4010 4108
14|0Ottawa-Gatineau Canada 45.37 -75.65 280 1120 1140 1180 1230 1270 1315

Vancouver

N'DjamEna

-33.43

18|Santiago Chile 1320 5600 5720 5880 6080 6220 6310
19Valparalso Chile -33.02 -71.55 330 840 850 880 920 960 982
20/Anshan, Liaoning China 41.11 122.97 480 1610 1640 1700 1860 2030 2167
21/Anshun China 26.25 105.93 190 820 850 900 990 1080 1164
22|Anyang China 36.1 114.33 110 850 890 950 1060 1160 1240
23|Baoding China 38.85 115.48 180 1040 1110 1210 1360 1480 1586
24|Baotou China 40.65 109.8 530 1920 2040 2210 2470 2690 2869
25|Beijing China 39.9 116.38 4330, 10720[ 11110 11740 12840 13810] 14545
26/Bengbu China 32.93 117.35 230 870 890 940 1040 1140 1225
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Find the city with the seventh largest population in 2005

Cid City Country Latitude |Longitude |pop1950 [pop2005 |pop2010 |[pop2015 |pop2020 |pop2025 [pop2050
25|Beijing China 39.9 116.38 4330 10720 11110 11740 12840 13810 14545
18|Santiago Chile -33.43 -70.65 1320 5600 5720 5880 6080 6220 6310
15Toronto Canada 43.72 -79.41 1070 5040 5210 5450 5690 5830 5946

4Yangon Myanmar 16.87 96.12 1300 3930 4090 4350 4840 5360 5869
13|MontrEal Canada 45.54 -73.65 1340 3600 3680 3780 3910 4010 4108
Diaz3 sorj 2
Baotou . .
5|Minsk Belarus 53.89 27.57 280 1780 1800 1850 1880 1880 1883
9|Douala Cameroon 4.13 9.7 100 1770 1910 2110 2420 2720 2996
20|Anshan, Liaoning China 41.11 122.97 480 1610 1640 1700 1860 2030 2167
10|YaoundE Cameroon 3.86 11.51 30 1490 1610 1790 2060 2310 2549
6/Phnum PEnh Cambodia 11.56 104.91 360 1360 1470 1650 2030 2460 2911
1/Sofia Bulgaria 42.7 23.33 520 1170 1180 1210 1230 1240 1236
14|Ottawa-Gatineau Canada 45.37 -75.65 280 1120 1140 1180 1230 1270 1315
11|Calgary Canada 51.03| -114.04 130 1060 1110 1180 1260 1300 1345
23|Baoding China 38.85 115.48 180 1040 1110 1210 1360 1480 1586
12|Edmonton Canada 53.55 -113.5 160 1020 1060 1110 1170 1220 1256
2|Mandalay Myanmar 21.97 96.08 170 920 960 1030 1170 1310 1446
17|N'DjamEna Chad 12.1 15.24 20 900 990 1130 1400 1750 2172
26|Bengbu China 32.93 117.35 230 870 890 940 1040 1140 1225
22|Anyang China 36.1 114.33 110 850 890 950 1060 1160 1240
19\Valparalso Chile -33.02 -71.55 330 840 850 880 920 960 982
21|Anshun China 26.25 105.93 190 820 850 900 990 1080 1164
8|Wahran Algeria 35.74 -0.52 270 760 800 850 940 1030 1105
3|Nay Pyi Taw Myanmar 19.75 96.1 0 60 930 1020 1180 1320 1461
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Find the city with a population just larger than the seventh largest city in 1950

Longitud ‘

Cid City Country [Latitude |e pop1950 [pop2005 |pop2010 [pop2015 [pop2020|pop2025 |pop2050 [pop2005idx [popl950idx
25|Beijing China 39.9] 116.38 4330 10720[ 11110 11740, 12840 13810 14545 1 1
13|MontrEal Canada 45.54| -73.65 1340 3600 3680 3780 3910 4010 4108 5 2
18|Santiago Chile -33.43| -70.65 1320 5600 5720 5880 6080 6220 6310 2 3

4Yangon Myanmar 16.87] 96.12 1300 3930 4090 4350 4840 5360 5869 4 4
15(Toronto Canada 43.72| -79.41 1070 5040 5210 5450 5690 5830 5946 3 5
16|Vancouver Canada 49.27| -122.96 560 2090 2150 2220 2310 2380 2444 7 6
24|Baotou China 40.65 109.8 530 1920 2040 2210 2470 2690 2869 8 7

7|El DjazaOr Algeria 36.78 3.05 520 3200 3350 3570 3920 4240 4499 6 8

1Sofia Bulgaria 42,7 23.33 520 1170 1180 1210 1230 1240 1236 14 9
20|Anshan, Liaoning |China 41.11) 122.97 480 1610 1640 1700 1860 2030 2167 11 10

6/Phnum PEnh Cambodia 11.56| 104.91 360 1360 1470 1650 2030 2460 2911 13 11
19|Valparalso Chile -33.02| -71.55 330 840 850 880 920 960 982 23 12

5|Minsk Belarus 53.89] 27.57 280 1780 1800 1850 1880 1880 1883 9 13
14|0Ottawa-Gatineau |Canada 45.37| -75.65 280 1120 1140 1180 1230 1270 1315 15 14

8/Wahran Algeria 35.74 -0.52 270 760 800 850 940 1030 1105 25 15
26|Bengbu China 32.93] 117.35 230 870 890 940 1040 1140 1225 21 16
21|Anshun China 26.25 105.93 190 820 850 900 990 1080 1164 24 17
23|Baoding China 38.85| 115.48 180 1040 1110 1210 1360 1480 1586 17 18

2|Mandalay Myanmar 21.97| 96.08 170 920 960 1030 1170 1310 1446 19 19
12|[Edmonton Canada 53.55| -113.5 160 1020 1060 1110 1170 1220 1256 18 20
11|Calgary Canada 51.03| -114.04 130 1060 1110 1180 1260 1300 1345 16 21
22|Anyang China 36.1| 114.33 110 850 890 950 1060 1160 1240 22 22

9|Douala Cameroon 4.13 9.7 100 1770 1910 2110 2420 2720 2996 10 23
10|YaoundE Cameroon 3.86 11.51 30 1490 1610 1790 2060 2310 2549 12 24
17|N'DjamEna Chad 12,1 15.24 20 900 990 1130 1400 1750 2172 20 25

3|Nay Pyi Taw Myanmar 19.75 96.1 0 60 930 1020 1180 1320 1461 26 26
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Indexing

* Index: a data structure that improves the speed of retrieval of
data matching a query;

« A way to speed up the identification of records in a database
based on a given attribute — avoids having to inspect all
records for matching values;

« Imposes an ordering on records based on the values of an
attribute using an additional structure (presorted cols, index tables, ...)

« Storage of data records could also be physically ordered (=on
the hard disk; such as clustered index / index organized table — only one per table),
usually not the case in databases;

Trade off
— Indices have to be maintained
— Indices take some more storage space; why?
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|ndeXES - used in q ueryi ng (for numbers, strings and datetime)
Without index Lexed

Client Client

ISELECT t.id, t.start elevation ISELECT t.id, t.start elevation |
FROM tmp ped path t |FROM tmp ped path t |
I_WHERE t.start elevation < 420; |WHERE t.start_elevation < 420; |

[ Result set Result set
Server TCP/IP Server
o 4 5 %
Memory Memory
S S
HDD HDD
..‘ Indgx Range
._ Scan
4 — /ARE—
) Full Table —
S can | start_elevatign




L3 | Spatial Indexing Geo875 | Spatial Databases | FS24
18 | Indices Z. Zhou, R. Meile, Univ. of Zurich

Indexes — DB query explain plan

No Index

““QUERY PLAN

| EXPLAIN ANALYZE

| SELECT t.id, t.start elevation
| FROM tmp ped path t

| WHERE t.start elevation < 420;

1
2 | Filter: (hoehe_anfang < '420":double precision)
3 | Rows Removed by Filter: 19267

4 | Planning time: 0.127 ms

5

Execution time: 17.311 ms

:CREATE INDEX pedpath startelevati idx ON tmp ped path
| USING btree(start elevation);

I c— — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — —

| EXPLAIN ANALYZE “*QUERY PLAN

| SELECT t.id, t.start elevation
| FROM tmp_ped_path t Recheck Cond: (hoehe_anfang < '420"::double precision)

1
2|
| WHERE t.start elevation < 420; 3 | e
— o — — — e 4 | -> Bitmap Index Scan on pedpath_startheight idx (cost=0.00..21
el
6|
7]

Index Cond: (hoehe_anfang < '420"::double precision)
Planning time: 0.498 ms

Execution time: 13.022 ms
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Indexes — retrieval complexity

* Records with close values have indices of similar values
(are close by). In clustered indices, they are also stored
nearby (speed up!)

« On non-spatial tables, direct lookup is of linear complexity
(directly proportional to the number of records, O(n) );

 Indexing allows to reduce this to non-linear time (e.qg.,
O(log(n)) )
* Indices are used to police database constraints:
— NOT NULL;
— UNIQUE;
— PRIMARY KEY,... (there is an index for all your PKs in your DB!)

* Order in which you specify columns on your composite
Index matters
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Overview

1. Filter-refine

2. What are indices, what are they good for
» 3. Trees - a bit of terminology

4. Spatial indexing
Space-driven indices
6. Object-driven indices

o1
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o

Recall exercise 2

How would you find the cities with population around 520K in 1950 with
steps (records known to be presorted/presaved on column pop1950)?

Longitud ‘

Cid City Country |Latitude e pop1950 |pop2005 |pop2010 |pop2015 [pop2020 [pop2025 |pop2050
25|Beijing China 39.9] 116.38 4330, 10720, 11110/ 11740 12840, 13810 14545
13|MontrEal Canada 45.54| -73.65 1340 3600 3680 3780 3910 4010 4108
18|Santiago Chile -33.43| -70.65 1320 5600 5720 5880 6080 6220 6310

4Yangon Myanmar 16.87 96.12 1300 3930 4090 4350 4840 5360 5869
15[Toronto Canada 43.72| -79.41 1070 5040 5210 5450 5690 5830 5946
16/Vancouver Canada 49.27| -122.96 560 2090 2150 2220 2310 2380 2444
24|Baotou China 40.65 109.8 530 1920 2040 2210 2470 2690 2869

7|El DjazaOr Algeria 36.78 3.05 520 3200 3350 3570 3920 4240 4499

1/Sofia Bulgaria 42.7 23.33 520 1170 1180 1210 1230 1240 1236
20lAnshan, Liaoning |China 41.11] 122.97 480 1610 1640 1700 1860 2030 2167

6/Phnum PEnh Cambodia 11.56] 104.91 360 1360 1470 1650 2030 2460 2911
19\Valparalso Chile -33.02| -71.55 330 840 850 880 920 960 982

5IMinsk Belarus 53.89 27.57 280 1780 1800 1850 1880 1880 1883
14|0Ottawa-Gatineau [Canada 45.37| -75.65 280 1120 1140 1180 1230 1270 1315

8|Wahran Algeria 35.74 -0.52 270 760 800 850 940 1030 1105
26|Bengbu China 32.93] 117.35 230 870 890 940 1040 1140 1225
21|Anshun China 26.25| 105.93 190 820 850 900 990 1080 1164
23|Baoding China 38.85| 115.48 180 1040 1110 1210 1360 1480 1586

2|Mandalay Myanmar 21.97| 96.08 170 920 960 1030 1170 1310 1446
12|[Edmonton Canada 53.55| -113.5 160 1020 1060 1110 1170 1220 1256
11|Calgary Canada 51.03| -114.04 130 1060 1110 1180 1260 1300 1345
22|Anyang China 36.1 114.33 110 850 890 950 1060 1160 1240

9|Douala Cameroon 4.13 9.7 100 1770 1910 2110 2420 2720 2996
10[YaoundE Cameroon 3.86 11.51 30 1490 1610 1790 2060 2310 2549
17|N'DjamEna Chad 12.1 15.24 20 900 990 1130 1400 1750 2172

3|Nay Pyi Taw Myanmar 19.75 96.1 0 60 930 1020 1180 1320 1461
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Indexes — tree structures for search and insertion

All following examples with the binary tree

A tree data structure enabling the organisation of data with
logarithmic time complexity;

Captures the idea introduced a moment ago;

Enables efficient search, sequential access, insertion and
deletion of data;

Has a natural equivalent array form, that simplifies
sequential search and reduces the storage of blank values
INn memory;,
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Trees Principles

A tree Is a directed graph data structure with

* Nodes

* Edges - from node to node

* Order of tree {N}: max
num of children
here 2

Parent node
This one also Root

Left node Right node
Child node Child node
Leaf node

0 1 2

3
Corresponding array:
+ Valuesandcellindex | 25 | 11 | 12} 10
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Trees (cont.): Array storage

« Natural mapping for most simple binary search tree between
node | and cell value (starting 1 at O {root}):

+ Index of Left child: 2i+1 0 (=)
 Index of Right child: 2i+2
* Index of parent:(i-1)/2 ;

0 1 2 3
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Trees (cont.): Properties

* Full tree: every node has 0 or 2 children (and contains 1
entry)

« Balanced tree: minimum possible height

« Complete tree: Completely filled tree with exc. of bottom
row, filled from left to right
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Trees: Lookup

* We benefit from tree properties for search and insertion of
data
* Binary search tree — sorted binary trees (BST trees):

@We can search in a tree (tree lookup)
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Trees: B*-Tree Definition

« A generalisation of the binary search tree enabling for more
children are the B-Trees (family of trees, e.q.,
BinarySortedTree, B*Tree, B*Tree, others)

« Qrder of tree: maximum number of pointers to children (N)
« Children can be leafs or internal nodes

* Root has at least one key (value), non-root nodes at least
N/2 subtrees

« All nodes/root contain separator keys

« All leaves are sorted, map to disk space (disk pages)
* All leaves are at the same level

« Often used in databases as a 'standard' index
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‘rees: B*-Tree

. Tree of order 5 {N}
Maximum branching 5 {N}
Root node should only have one entry
Min 2 {(N-1)/2} entries per node in nodes or leaves (not root)

Max 4 {N-1} entries per node or leave; 4 entries in a node can
separate 5 {N} further nodes

- Wil be a non-balanced tree
. All values are in leave nodes as well (unlike BinarySearchTree)

Insertion of 2, 3, 7, O | &£ e

9,10, 13, 15 the tree/\

2 37| & O 10 13 15| &




Trees: B*-Tree

Insertion of 22 in the
tree

237 9| % 10 13 15 23|

Insertion of 16 Iin the
tree /\

{ |A# < Underfilled nodes ->

N\ N

2 3 |® 79 | % 10 13| ¢ (15 16 23| %
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Trees: B*-Tree

Insertion of 17 in the

tree /\

2 3

Insertion of 12, 21
24 In the tree

&

Z. Zhou, R. Meile, Univ. of Zurich

10 f{ B o

/\

-

&

79

<- Nodes underfilled ->

N

10 13 15| ¢

10

ﬁ = fsl k';::

16 17 23 | ®

,/\

-

&

N\

2 3
&

<- Nodes underfilled ->

79

&

1316 21| ~

10 12

13 15

16 17

21 23 24
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B*-Tree summarized

All values In nodes and leaves are ordered

Nodes only contain references to the storage of dependant
nodes or leaves (=B+-Tree)

Contents of nodes are called separators and not record
values

Leaves in our example contain indexed data itself

But leaves in real world indices contain data plus additional
references to the physical storage location (pages on disk)

of the data; example: further attributes for a record with an

identifier;

Leaves are interlinked (sorted) = Range-Scan!
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Overview

1. Filter-refine
2. What are indices, what are they good for
3. Trees —a bit of terminology
P 4. Spatial indexing
5. Space-driven indices
6. Object-driven indices
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Spatial indexes

« Generalisation of the previous ideas into 2+
dimensions

 We need to sort things to order and number
them in space somehow.

« We want close things to be close together in
an index;

* No natural way to sort x and y coordinate!
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\ 1 Ukraine
Austna . ‘ ) L Kazakhstan
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Italy o Yo X -
e o Uzbeklstan' Kyrgyzstan
: Gree . durkey . T
‘ urkmenistan
e fiaeclose to B |
igeclose to Beijng?
- yria
Tunisia Afghanistan
Morocco Iraq Iran 7
- Pakistan
Algena
9 Libya Egypt
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S.‘:I’f.’:la Saudi Arabia India
Maurntania

\ Mali Niger B ) ;
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Burkina .
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City Latitude |Longitude |pop1950

Beijing 39.9 116.38 4330

Montréal 45.54 -73.65 1340

Santiago -33.43 -70.65 1320

Yangon 16.87 96.12 1300

Toronto 43.72 -79.41 1070

Vancouver 49.27 -122.96 560

Baotou 40.65 109.8 530

El DjazaOr 36.78 3.05 520

Sofia 42.7 23.33 520

Anshan, Liaoning 41.11 122.97 480

Phnum PEnh 11.56 104.91 360

Valparalso -33.02 -71.55 330

Minsk 53.89 27.57 280

Ottawa-Gatineau 45.37 -75.65 280

Mongolia

e} $ e/ :
Sea of Japan
China Q Japan
(@]

South Korea

@Thailand

dvietnam Philippines
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Spatial indexes

Two approaches:
a) Space-driven indexing

Space is regularly partitioned into regions (cells)

with an assigned index value)
b) Data (content) driven indexing

Geo0875 | Spatial Databases | FS24
Z. Zhou, R. Meile, Univ. of Zurich
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36 | Spatial indexes

Spatial indexes

* Problems:

— We have points, irregular lines, weird shaped
polygons; all eventually "multi-";

— Sizes of objects can vary largely
— Application type: frequent writes or frequent reads?

« Compromises are necessary, and depend on
the priorities
— What kind of searches (range, exact,...)
— How often we insert new objects?
— How costly is the update of the index?
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Spatial indexes - Summary: common approach

« We divide space or group objects based on some criteria,

« These spatial divisions or groups are somehow numbered
(indexed);

 The numbering is meaningful, in order to support sequential
search;

* Problem:
— large objects, long objects, concave objects

e Solution: hierarchical divisions
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Overview

Filter-refine
What are indices, what are they good for
Trees —a bit of terminology
Spatial indexing
P 5. Space-driven indices
6. Object-driven indices

N e
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Space-driven spatial indexes

* We divide space into regular cells
* These cells may be hierarchically organised

« Cells may be always present (index slots always stored), or
they may be generated based on the data inserted — but the
scheme defines the division
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Space-driven spatial indexes: Grid index

« We divide space into regular and fixed sized cells

* Objects get an address in this space — either numbered, or
as x and y index

* One object may be assigned to multiple cells
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Space-driven spatial indexes: Grid index

« Sorting of cells is based on binary sorts (e.g., B-Tree)

* Numbering of cells following some logical order:
— Row ordering (below) and others
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Space-driven spatial indexes: Grid index

« Sorting Is based on binary sorts (e.g., B-Tree)
 Interleaved numbering of cells:
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Space-driven spatial indexes: (Fixed) Grid index

 Numbering cells may be smart — and may have hierarchical
Implications
* Interweaved cell id values

Cell id Object id
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Grid indices: Pros&Cons

* Pros:
— Simple application of 1D sorting;
— Simplicity

e Cons:

— Inefficient in terms of storage size, may include large
amounts of empty, pre-allocated space or redundancy

— Depending on object distribution, may be less efficient for
range search (object close in space may be far in index);
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Space-driven spatial indexes: Quad tree index

* From the interleaving example: bringing in hierarchical
partitioning is clever — helps deal with objects of different
Sizes;

Quadtrees
« Divide space into hierarchically nested, adaptable cells;
« Each cell has a limit size (N of objects)

« The directory (the index array) follows a spatially motivated
numbering scheme.

* Recursive (self-similar) numbering — space filling curves
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Space-driven spatial indexes: Quad trees

* Hierarchial regular subdivision — many
variants

 Built up dynamically to fill subdivisions
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Space-driven spatial indexes: Quad trees

* Tree is calculated based
on grouping algorithms

« Attributes and geometric o0
. LOD 2
distance lead to g
subdivision LoD 1 :
> o S
LOD 0 gg

a» Target LOD

Background Layer (eg. Web
Map Tile Service WMTS )

Bereuter 2015, Thesis: Quadtree-based Real-time Point Generalisation for Web and Mobile Mapping



Geo0875 | Spatial Databases | FS24

L3 | Spatial Indexing
Z. Zhou, R. Meile, Univ. of Zurich

48 | Space driven indexes

Quadtrees: Pros&Cons

Pros
— Usually do not require recomputing after insertion/deletion of
new geometry
— Simple to index using modifications of standard 1D sorting;

— Useful for raster indexing!

Cons
— Depending on object distribution, may be less efficient for
range search (objects close but far in index);

— Trees can be unbalanced in depth — hard to estimate retrieval
time;
— Depends on the order in which objects are inserted
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Overview

Filter-refine

What are indices, what are they good for
Trees —a bit of terminology

Spatial indexing

Space-driven indices

P 6. Object-driven indices

a bk e
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Object driven indexes

« Adapt to the distribution of objects (approximated
oy bounding shapes) in the plane/space,;

* Do not fully cover space — only space occupied
Oy spatial objects;
* Based on containment relationship, recursively

* Rely on a balanced hierarchical structure with
direct mapping to disk space (=page) .

oA (o
Py R
Suggestions for simplified geometries Sy -=n
stored in spatial index 1Pl S
1 \//ﬁ\h—;—; ":\_,\,)5
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R-Tree indexes

« Various refinements: R*Tree, R*Tree, STR-Tree...
« Main principle:
— Depth-balanced tree (maps well to B*Tree) — all leaves on the
same level,
— Each node corresponds to a disk page

— Each leaf node contains an array of leaf entries as tuple [(mbb,
objectreference _on_disk)];

— Non-leaf nodes contain an array of node entries [(mbb,
reference_node_pointer)];

— M is the maximum number of entries per node

— Number of entries x in node should comply with m<x<M, where m in
[0,M/2] (avoid underfilling of nodes storage structure)



R-Tree indexes

-> Geographical extent of spatial index

; | Tree with M=4 in this example
r

: nr.'l'ﬂrl?r.'l'ﬂnr.'l'ﬂ .......... E

Minimum /\

bounding boxes
_---I of objects, a b C d
:_ _ directory nodes,
LLTLN of two diff. levels / / \ \
1256/(|347 10|89 14|11 12 13
C] Spatial object (here a polygon) |—\

stored in spatial table
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R-Tree index of a real table

» Example spatial table gemegren (geometries of communities) in Oracle
Spatial. Table has a spatial index on its geometry attribute.

» Oracle can store 34 entries per node. A node has a capacity of 8kB ,
equivalent to max 34 records incl. MBB information

o423 Tables
v BB FUNKT

+ B GEMEGREN o
= BE GEMEINDE ~ Spatial index

+ B5 GPSPONT  (R-Tree as a Table) Root and nodes
v BB KANTON

R o s 123456789 1* 8kByte

+ BB MDRT_14E11%
+ BB MDRT_14E18%
#-EQ ORT
+ BB PERS

v BB RalM

+ B8 TEILN oy -y oy .
- ([0 Views
+- (10 Materialized views Leave nodes Q* 8kByte
-7 Packages

; % netens The entries for the MBBs of the geometries of the

¥ ([ Sequences 190 Gemeinden are stored in these leaves.
-] Triggers
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R-Tree indexes — under the cover — root node

SOL | Output | Statistics

EELECT COUNT (*) FROM usrdemo. gemegren o;

SELECT ii.* FROM Uszer Sdo Index Info ii; (=13
SELECT CASE WHEN ix node level=1 THEN 'Elatt’
THEN ix.n _level=(SELECT max (node lewvel) FROM usrdemo. THEN 'Tarzel’ ~
ELSE 'F L
END knoten
LAAVYvAAEAAACY DA
AF ... ARLE L.
..... AL @3
ARAVGVAL
EALACYOAAC. ¥.. ..
AR, ... A% {n. ...
AJiA, .. AVID. ...
AAAVYVAAEAAACYOA
- AD. . v. ASpr
g2 = W~ nsha A
A.BES. .. AAAVQVAA
KMOTEM_TP | KMOTEM_IMHALT |KNOTEM_LALFNR ) |ROWID | oo EAAACYDAAE.Y?. ..
_ 3
B 1 [vhurzel 10 | S AN gy SAEL LAy A A 5 ggg A%;*;- CoLABAGL ...
P R
2 |Blatt <BLOB= 1| B8 A e 8 AED D0 Can 00, Fil  AAAVGVAAEAAACYGA
3 |Blatt <BLOB= 2 DA AN e 8 AE DD 0 Can i 0 E) 000 AA.y....A82.....
4 | Blatt =BLOB= 3 | AAAYGYAAEAAACYOAAC «Gmm— TN v
5 |Blatt <BLOB= 4 00N e AE DD D Pan i 0T 000 EAAACYOAAB......
6 | Blatt =BLOB= 5 ASAYGYAAEAAACyOMAE e
T |Blatt =HLOB= B A80NgwALESLAN YoM LF etC F4l AAAVgVAAEAAACYOA
& | Bllatt =BLOB= T ALAN G SRS o hg. .- A
9 |Blatt <BLOB= B | LAAY e 8 AE DD 0 Cn b o H 181 ALt AAAVgvAA
10 | Blatt <BLOB= g | 8804 e A AE DD 0 Can | 000 EAMACYOAAI......
000 AS17. ... A%.E....
000 &%, .. .a..I....
HP H H 41 . o
» Cryptic: the content of the root node points to the 9 rowids of the leaves [, :ivvasipscres
Y- Ak .
» The MBB of the respective rowid 000 A.KX..o.oi...o.
I
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R-Tree indexes — under the cover — leaf node

S0L | Output | Statistics

SELECT COUNT (*) FROM usrdemo. gemegren o;
SELECT ii.* FROM User Sdo Index Info ii;

EEX

SELECT CASE WHEN ix.node lewvel=1l THEN 'Elatt'’
VWHEN ix.r e lewel= (SELECT max(node lewel) FROM usrdemo.MDRT 14E15F) THEN 'Thurzel’ A
ELSE 'K 1 8

SELECT gm. gemhame, . gemsegrenid,
FROM 1.1-_:; T 14B18% ix SDO_UTIL.TO GMLGEOMETEY (. gemeshape) oml geometrie
ORDEER BY _level DESC, ix.node if FROM usrdemo. gemegren o INNER JOIN usrdemo. gemeinde om
ON o.gemhntr = Jgo. Jenmnr
THERE o rowid="AAAPTfAAEARACdryrhdl !

B~ & ) 3

KNOTEM_TYP [ KNOTEN_INHALT [KNOTEN_LA —
B 1| vurzel Mt - % ﬂ =§§ H
2 | Blatt =BLOB= ==
3 | Bilatt =BLOB= GEMMAME | GEMEGREMID | GML_GEOMETRIE
+ B =L Ol B 1 |adikon - §24  =CLOB=
5 | Blatt =BLOB= . _
6 | Blatt <BLOB= 5 AMSYGYALEAALCYOMAE e
7 |Blatt =BLCOB= G ALANgvALAELLRM O AF F4l AAAVGVAAEAAACYOA
8 |Bstt =BLOB= T OAAAN G AAELAD NG o hg. .- A
5 | Blatt =BLOB= B ALANgAAEALLCY0AAH 181 AL AAAVgwAA
10 | Blatt =BLOB= 9 AAAN gy S AEA ATy 0] 000 EAAACYOALT. .....
000 A%17....&%.8....
oo0 A.S7....AL DL
» Leaf with references to community records stored on disk SarTAsAvavAARAAACych
EL RS- Ak
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R-Tree indexes — Operation on indexes

Search
« Lookup = Spatial search = Filter Step

Maintenance

* Insertion

e Splitting (of node)

« Deletion

« Update (deletion + insertion)
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R-Tree indexes — Lookup/spatial search

Query window

TR
; g
n2 o[B8 '
: 6 EC 12

al -
-'La———:::_;.___T'IJ__: 13|
13 I L__:I_ 1
: e

3 0]

i 7

] I

] I

el b : .

Checks entries of the
nodes

Geometries to be

Compares the query window with the
incidence of all the nodes’ MBBs (directory or
leaf) in the tree, hierarchically.

The result is a coarse filter - returns all the

geometries with incident bounding boxes.

Refinement happens in the second step,

where all the geometries identified by their

bounding boxes are matched in detail.
—

r

Ao}

O compared in refine
step; not part of

index algorithms;

w
N
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R-Tree indexes: Insertion

For all entries of each node, check:
1. Object inside of a MBB?

-> select entry
2. Object inside multiple MBBs?

- Select entry with smallest area so far
3. Object outside, or cut?

-> Select entry that needs to be extended
by smallest amount

1 256(347 10|18 9 14|[11 12 13X




R-Tree indexes: Insertion

Adding z

Consider the maximum
capacity of a node to be 4.

[
!..!
] T T e T i e T T i e T T isssnnnnnnnsn

1 256(347 10|18 9 14|[11 12 13X




R-Tree indexes: Insertion

We must apply split algorithms to
find the right place for z.

b C de

1 256(347 10|[8 9 14|11 12||13x z
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R-Tree indexes: Split by overflow of node

Search two seed elements for new nodes;
- Compare pairwise all pairs of objects (N? complexity of alg.)
- Minimize total area of the two new nodes;
- Minimize overlap of the two new nodes
These conditions are in conflict: heuristic used:
- Maximise dead space between both seed elements, and iteratively
expand to include additional elements, minimizing
space/distance/number of elements.

Seed element A A f .—// Dead space
\ MBB of object
B —

Seed element B
I Example with defined M =5
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R-Tree indexes: Split by overflow of node

Search two seed elements for new nodes;
- Compare pairwise all pairs of objects (N? complexity of alg.)
- Minimize total area of the two new nodes;
- Minimize overlap of the two new nodes
These conditions are in conflict: heuristic used:
- Maximise dead space between both seed elements, and iteratively
expand to include additional elements, minimizing
space/distance/number of elements.

Compare f with A OKI Compare f with B NOK

Af/ — [
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R-Tree indexes: Split by overflow of node

Search two seed elements for new nodes;
- Compare pairwise all pairs of objects (N? complexity of alg.)
- Minimize total area of the two new nodes;
- Minimize overlap of the two new nodes
These conditions are in conflict: heuristic used:
- Maximise dead space between both seed elements, and iteratively
expand to include additional elements, minimizing
space/distance/number of elements.

f | 1. New Node

A

2. New Node
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R-Tree indexes: Deletion

Two situations
« Deletion of leave results in a node that is not underfilled

— Leave is deleted

— MBBs and references fixed in parent nodes, all the way to the root
« Deletion of leave results in underfilled parent node

— Remaining leaves need to be re-inserted into the R-Tree;

— Their references and MBBs are first deleted all the way to root, then
re-computed (within the branch).

Underfilling = if the limit for m is not satisfied

m<x<M, where m>(M/2). Example: Oracle, max M = 34; this is stored in
one page (memory and file based); storage amount 8K;
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R-Tree indexes: Problematic cases

R-Trees can lead, after many I/Os to some problem cases,
deteriorating the quality of the tree:

(1) (2) ] ,

@[T

“ =
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R-Tree indexes: Problem cases

Solution: recompute tree In Iits entirety:

(4)

-- Postgis: Analyze Table,
VACUUM ANALYZE tmp ped path;

DROP INDEX tmp ped path geom sidx;
CREATE INDEX tmp ped path geom sidx ON tmp ped path

L_?fﬁﬁfﬁfﬂ

=

USING GIST (geom) ;

-- REBUILD SPATIAL-INDEX in Oracle
ALTER INDEX USRDEMO.PARZPOLY SHAPE IDX REBUILD;

Z. Zhou, R. Meile, Univ. of Zurich

then drop and recreate
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Bottom line — finding matching candidates

« Spatial index outperforms «no index» by at least of a factor of 10

: EXPLAIN ANALYZE

| SELECT s.id, s.geom

: FROM tmp river segment s -- more than 170'000 recs

| WHERE ST Intersects(s.geom,

| ST GeomFromText ('LINESTRING (2683846 1250116, 2685846
| 1249812) ' ,2056)

1)

: --> Scans on spatial index (=filter); does the

| detailed vertices math (=refine) with 4 river

: segment records; results in 3 recs;

I
I
|
I
I
I
|
I

DROP INDEX tmp river segment geom sidx;

/* Rerun above query EXPLAIN ... */

——=> Full scan on table; no index awvailable; filter
AND! refine with 170'000 records; 10-100 x slower;
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Summary

 Indexing — sorting of data records, tree data
structures

« Expansion of 1D ideas to 2D for spatial indexes:

— Space driven:
« Sort order
* Grid, Quad Trees

— Object driven: R-Tree as the generic case
« MBB-based hierarchical grouping
« Operations, storage > mapping to disk space

* Pros and Cons (for insert, deletion, for different
distributions of spatial objects)
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