cd0Copyright ' 1998 Hanan SametThese notes may not be reproduced by any means (mechanical or elec-tronic or any other) without the express written permission of Hanan SametHIERARCHICAL REPRESENTATIONSOF LINE DATAHanan SametComputer Science Department andCenter for Automation Research andInstitute for Advanced Computer StudiesUniversity of MarylandCollege Park, Maryland 20742e-mail: hjs@umiacs.umd.edu

BACKGROUNDcd1Goals hierarchical representation of both a region and its boundary1.no thickness associated with a line segment2.exact representation3.Vector data vs: raster data

vector keeps track of the boundary1.polyline: chain of points with implicit lines between them polygon: an area bounded by a closed polyline chain code: approximation by unit vectors in 4 (or 8) principal directions compact raster keeps track of the pixels intersected by line segments2.requires much space as increase the resolution

Advantages of hierarchical representations:

enable focussing computational resources where they are needed1.permit a quick exit (termination) when no more information can be gained2.the distance from a polygon to a point inside it is zero while the distance from the point to the polyline that forms the boundary of the polygon is nonzero

Copyright ' 1998 by Hanan Samet

EXAMPLES OF QUERIES ON LINE SEGMENT DATABASEScd2

Queries about line segmentsAll segments that intersect a given point or set of points1.All segments that have a given set of endpoints2.All segments that intersect a given line segment3.All segments that are coincident with a given line segment4.Proximity queries

The nearest line segment to a given point1.All segments within a given distance from a given point (also known as a range or window query)2.Queries involving attributes of line segments

Given a point, find the closest line segment of a particular type1.Given a point, find the minimum enclosing polygon whose constituent line segments are all of a specified type2.Given a point, find all the polygons that are incident on it3.

Copyright ' 1998 by Hanan Samet

BSPR (Burton)cd3Bottom-up hierarchical curve approximation using upright rectangles analogous to a 2-d suite of values (i.e., run) in merge sorting

preferable to joining successive pairs of line segments

Ex:Construct a tree by pairing adjacent simple sections to yield compound sections2.

Decompose curve into simple sectionsSimple section = segment of a curve whose x and y coordinate values are monotonic

Process terminates when the entire curve can be approximated by one compound section1.Binary Searchable Polygonal Representation

EDCBAHGF1b

Similar to an R-tree where the objects are monotonic curve segments thereby yielding an object hierarchyAIDNDJFNHMFKAMHL

2rNMcd3IJKLAIJFAFKL

3zcd3IJKL

4gcd3Operations:

point-in-polygon determination1.polygon intersection2.5v cd3

Copyright ' 1998 by Hanan Samet

STRIP TREE (Ballard, Peucker)cd4Top-down hierarchical curve approximation

Assume curve is continuous

Ex:Rectangle strips of arbitrary orientation

1bPQ

Contact points = where the curve touches the box not tangent points1.curve need not be differentiable - just continuous2.2r

WLWR

LEFTSONRIGHTSONWRWLYQXQYPXPcd4

3z

ABABcd4

4g

CDCDcd4

5vcd4

Terminate when all rectangles are of width W

Copyright ' 1998 by Hanan Samet

SPECIAL CASEScd5Closed curve1.Curve extends beyond its endpoints2.

1bcd52renclosed by a rectangle cd53zsplit into two rectangular strips

Copyright ' 1998 by Hanan Samet

APPLICATIONScd6Curve intersection1.Union of two curves2.Others3.length

1barea of a closed curve intersection of curves with areas etc.

or cd6

2rNULLCLEARPOSSIBLEcd6

3zcd6

4gnot possible as the result may fail to be continuous

Copyright ' 1998 by Hanan Samet cd7ARC TREE (G�nther)Recursive decomposition based on arc length

Ex:Drawback: computing arc length requires evaluating an elliptical integralComplete binary tree nth level approximation has 2n elementsDecomposition process stops when straight line approximation of each subarc is within a given tolerance

1b2rC03z

C1C14g

C2C2C2C2

Use ellipses as bounding boxes instead of rectangles1.place the foci at the endpoints of each subarc2.the principal axis is the length of the subarc3.advantage over the strip tree as no need for special provision for closed curves or curves that extend past their endpoints5v

Two curves are guaranteed to intersect if their bounding ellipses intersect and the two foci of each ellipse are external to the other ellipse

6rPOSSIBLY

7zYES

Note that intersection of the principal axes of the bound-ing ellipses is not enough to guarantee intersection 8g‘

Copyright ' 1998 by Hanan Samet

COMPARISON: BSPR, STRIP TREE, ARC TREEcd8All independent of grid system in which they are embedded1.BSPR and arc tree do not require special treatment for closed curves2.Uniqueness:3.BSPR not as flexible as the strip tree or arc tree4.no for BSPR as depends on the side of the start

no for all when curve is closed resolution of approximation is fixed since width of the approximating rectangles cannot be varied resolution drawback is same as that associated with hexagonal-based tiling methods

Copyright ' 1998 by Hanan Samet

APPLICATION OF THE MX QUADTREE (Hunter)cd9

A record in a DBMS may be considered a point in multi-dimensional spaceEx: a line can be a point in 4-d with (x1,y1,x2,y2)Good for queries about line segmentsNot good for proximity queries since points not on the line (i.e., the query point) are not mapped into the 4-d spaceThe representative points of two lines that are physically close to each other in 2-d space may be very far from each other in 4-d spaceProblem is that the transformation only transforms the space occupied by the lines of the 2-d space and not the rest of the space (e.g., the query point) example:AB

Copyright ' 1998 by Hanan Samet

ONE APPROACHcd10

A data structure based upon spatial occupancy is the best solution1.decompose the space from which the data is drawn into regions called buckets3.interest is in methods that are designed specifically for the spatial data type being stored

Four basic approaches to decomposing space1.minimum bounding rectangles2.disjoint cells3.uniform grid4.quadtrees2.with each block only store whether or not it is occupied by the object or a part of it

i.e., a pointer to a descriptor of the object non-disjointness forces longer search since several bounding rectangles may cover an object, yet the object will only be associated with one box object associated with possibly many cells thereby causing it to be represented more than once!

Q: how to report each object only once!

Copyright ' 1998 by Hanan Samet

MINIMUM BOUNDING RECTANGLEScd15Objects grouped into hierarchies, stored in another structure such as a B-tree

Object has single bounding rectangle, yet area that it spans may be included in several bounding rectangles

Does not result in disjoint decomposition of space

Examples include the R-tree and the R*-tree abcdefghi

1bOrder (m,M ) R-tree1.between m M/2 and M entries in each node except root

2.at least 2 entries in root unless a leaf node

2rR3R4R5R6ic febahgdcd15R3:R4:R5:R6:

3zR4R3

R6R5

R1R2 cd15R2:R1:

4gR2R1 cd15R0:R0

Copyright ' 1998 by Hanan Samet

INSERTING A LINE SEGMENT IN AN R-TREEcd16traverse the tree starting at the root

Determine the appropriate node1.Once leaf node has been determined2.choose the subtree whose minimum bounding rectangle needs to be enlarged the least (areawise) add the line segment to the node check if insertion causes overflow split node if necessary and redistribute records propagate split up the tree

Copyright ' 1998 by Hanan Samet

SPLITTING AN R-TREE NODE ON OVERFLOWcd17minimize total area of covering rectangles (coverage)

Reduce likelihood the node will be visited in subsequent searches2.Reduce likelihood that both nodes are examined in subsequent searches1.minimize area common to both nodes (overlap)

Line SegmentsGoal 2Goal 1

Copyright ' 1998 by Hanan Samet

R*-TREEcd18R-tree variant with more sophisticated node insertion and splitting algorithms

choose the subtree whose minimum bounding rectangle has the minimum increase of amount of overlap with its brothers (i.e., the other nodes pointed at by its father) : satisfies goal 11.Node insertion better than choosing the node whose minimum bounding rectangle would have to be enlarged the least : satisfies goal 22.rationale: reduce likelihood that remaining nodes are examined in subsequent searches3.Node splitting - a node has M+1 objects determine axis (x or y )1.examine all possible vertical and horizontal splits (so each resulting node has at least m and at most M+1-m bounding rectangles) choose the split axis for which the sum of the perimeters of the two resulting nodes from all the possible splits is minimized determine the position of the split2.M-2m+2 possibilities choose the split that minimizes the overlap between the two new nodes

Copyright ' 1998 by Hanan Samet

SEARCHING FOR A POINT OR LINE SEGMENT IN AN R-TREEcd19

1bbahgdicfeR2R1

R4R3

R6R5 abcdefghiR3R4R5R6R2R1 Q

May have to examine many nodes since a line segment can be contained in the covering rectangles of many nodes yet its record is contained in only one leaf node (e.g., i in R2, R3, R4, and R5)Ex: Search for a line segment containing point QR3:R4:R5:R6:R1:R2:R0:R0

Q is in R0

2vcd19

Q can be in both R1 and R2

3rcd19

4zSearching R1 first means that R4 is searched but this leads to failure even though Q is part of i which is in R4cd19

5gSearching R2 finds that Q can only be in R5cd19

Copyright ' 1998 by Hanan Samet

DISJOINT CELLScd20Objects decomposed into disjoint subobjects; each subobject in different cell

In order to determine area covered by object, must retrieve all cells that it occupies

Techniques differ in degree of regularity

Deletion is achieved in a similar manner

Copyright ' 1998 by Hanan Samet cd21 cd21R+-TREESExtension of the k-d-B-tree

Pages are not guaranteed to be m/M full without very complicated node insertion and deletion procedures

Motivated by a desire to avoid overlap among the minimum bounding rectangles abcdefghi1b2rR3R4R5R6hgd ihcifcbaeiR3:R4:R5:R6:3zR4R3

R6R5

R1R2

R1:R2:4gR2R1

R0:R0

Copyright ' 1998 by Hanan Samet

cd22 abcdefghi

1bDISJOINT CELLS: K-D-B-TREE1. Same principle as R+-tree but developed much earlier¥ in R+-tree, rectangle at depth i is a minimum bound-ing rectangle of contained rectangles at depth i+1¥ aggregates blocks of k-d tree partition of space rather than minimum bounding rectangles into nodes of finite capacity¥ both use minimum bounding rectangles for objects at deepest level2. R+-tree reduces number of false hits compared to k-d-B-tree3. Same drawback of duplicate reporting as in R+-tree2rcd22

R6R5R4R3 iR5:eba

R6:R3:gd

R4:ihc ifchcd22

3zR1R2

R2:R6R5

R1:R4R3 cd22

4gR0

R0:R2R1

Copyright ' 1998 by Hanan Samet

COMPARISON OF R+-TREES AND K-D-B-TREEScd23k-d-B-tree has faster building times than R+-tree1.Storage costs are the same2.point search queries are thus faster as failure is detected earlier

range and nearest line segment queries are faster as the minimum bounding rectangles lead to more pruning

R+-tree minimizes dead space3.

Copyright ' 1998 by Hanan Samet

HYBRID R+-TREEScd24Use minimum bounding rectangle for the line segments in the leaf nodes while not in the nonleaf nodes

R1R2

R3R4

R5R6 hicghdeiabficabcdefghi

1bR6:R5:R2:R1:R4:R3:R0:Simplified construction algorithm

Absence of minimum bounding rectangles in the nonleaf nodes is not so costly given that the number of leaf nodes is much greater than the number of nonleaf nodes

Use this variant in all tests

2rcd24R3R4R5R6

3zR1R2cd24

4gR0cd24

Copyright ' 1998 by Hanan Samet

INSERTING A LINE SEGMENT IN A HYBRID R+-TREEcd25

Place line segment in every leaf node that it intersects

Check if nodes should be split if overflow takes place1.split so that the resulting total number of portions of line segments (bounding rectangles if nonleaf node) is minimized2.must try all possible horizontal and vertical split lines for each split line calculate number of line segments (or bounding rectangles) intersected by the line select the line with the minimum number of intersections in case of a tie, select the one that yields the most even distribution of line segments (or bounding rectangles) among the two constituent nodes

Copyright ' 1998 by Hanan Samet

UNIFORM GRIDIdeal for uniformly distributed dataSupports set-theoretic operationsSpatial data (e.g., line segment data) is rarely uniformly distributedcd26

Copyright ' 1998 by Hanan Samet

QUADTREESHierarchical variable resolution data structure based on regular decompositionMany different decomposition schemes and applicable to different data types:cd27

Supports set-theoretic operations among different maps and different data types

1.points2.lines3.4.regionsrectangles5.surfaces6.volumes7.higher dimensions including timeShape is usually independent of order of inserting the data

Ex: region quadtree

Copyright ' 1998 by Hanan Samet

LINE QUADTREEcd28

Hierarchical encoding of both the interior and the boundary of a region

Only works for polygonal data with orthogonal edges

1b2rRepeatedly subdivide until the leaf nodes represent regions with no line segments passing through their interiors cd28

3zAt each leaf node a code indicates which of its four sides forms a boundary (not a partial border of a region)cd28

4gcd28

Hierarchical because the information is also recorded for nonleaf nodes as long as there is no T-junction at the interior side of the boundary of the block corresponding to the node

5vcd28

Copyright ' 1998 by Hanan Samet

MX QUADTREE¥ Represent the boundary as a sequence of BLACK pixels in a region quadtree¥ Useful for a simple digitized polygon (i.e., non-intersecting edges)¥ Three types of nodes1. interior - treat like WHITE nodes2. exterior - treat like WHITE nodes3. boundary - the edge of the polygon passes through them and treated like BLACK nodes¥ Disadvantages1. a thickness is associated with the line segments2. cannot have more than 4 lines meet at a pointcd29 1b

cd29

2r¥ Raster-to-vector conversion is very difficult

Copyright ' 1998 by Hanan Samet

EDGE QUADTREES (Shneier, Warnock)cd30Repeatedly subdivide until block contains a single curve that can be approximated by a single straight line

Ex:Special nodes at vertices which are at the maximum level of resolution 1b

2rcd30Martin’s least square quadtree: curve in block can be approximated by k straight lines within a least square tolerance

Copyright ' 1998 by Hanan Samet

cd31PM QUADTREES¥Store a collection of line segments¥Divide space into blocks using some rule1.vertex-based¥limit number of vertices per block (usually one)2.edge-based¥involves number of edges per block¥Store line segments intersecting each block¥Generally require variable size nodes¥Enables storing vector data (i.e., quadtree is not limited toraster data)

Copyright ' 1998 by Hanan Samet

cd32

aPM1 QUADTREE1DECOMPOSITION RULE:Partitioning occurs when a block contains more than one segment unless all the segments are incident at the same vertex which is also in the same blockbVertex-based (one vertex per block)

Shape independent of order of insertion b2r3zc4gd5vef6r7zgh8gi9v

Copyright ' 1998 by Hanan Samet aPM2 QUADTREE

1cd33DECOMPOSITION RULE:Partitioning occurs when a block contains more than one line segment unless all the segments are incident at the same vertex (the vertex can be in another block!)bVertex-based (one vertex per block)

Shape independent of order of insertion b2rcd33 c3zcd33 d4gcd33 e5vcd33 f6rcd33 g7zcd33 h8gcd33

9vicd33

Copyright ' 1998 by Hanan Samet aPM3 QUADTREE

1cd34DECOMPOSITION RULE:Partitioning occurs when a block contains more than one vertex (i.e., a PR quadtree with edges)bVertex-based (one vertex per block)

Shape independent of order of insertion b2rcd34 c3zcd34 d4gcd34 e5vcd34 f6rcd34 g7zcd34 h8gcd34

9vicd34

Copyright ' 1998 by Hanan Samet

cd35

aPMR QUADTREE1Split a block once if upon insertion the number of segments intersecting a block exceeds Nb¥ Edge-based¥ Avoids having to split many times when two vertices or lines are very close as in PM1 quadtree¥ Probabilistic splitting and merging rules¥ Uses a splitting threshold value � say NDECOMPOSITION RULE:Merge a block with its siblings if the total number of line segments intersecting them is less than N¥ Merges can be performed more than once¥ Does not guarantee that each block will contain at most N line segments¥ Splitting threshold is not the same as bucket capacity¥ Shape depends on order of insertionEx: N = 22 rb3zcd4g5vef6rg7zh8gi9v

Copyright ' 1998 by Hanan Samet

ORGANIZATION OF LEAF NODES IN PM QUADTREEScd36PM1 quadtree1.one segment set of segments incident at a vertex

PM2 quadtree2.one segment set of segments incident at a vertex

PM3 quadtree3.up to 7 classes of information describing the edges passing through it each class can be stored in a balanced binary tree but a sequential list is usually sufficient unless the number is unusually high incident at the vertexa.crossing the NW, NE, SE, and SW corners of the node’s blockb.PMR quadtree4.set of segments passing through the block store in a sequential list but a splitting threshold increases (i.e., > 8), performance suffers and probably preferable to sort slopea.x and/or y intercept valuesb.orientation around a common pointc.other?d.crossing the EW and NS sides of the node’s blockc.

Copyright ' 1998 by Hanan Samet

SAMPLE CALIFORNIA TIGER DATASETSCounty

SegmentsBlocksQ-edges /BlockMariposaSacramentoLakeCalaverasSanta ClaraImperial928431045021077081125291135641330494229552918494625178162227741884.434.314.414.364.264.27 cd44Q-edges /Segment1.581.921.611.652.141.93Splitting threshold value of 8

Image resolution (i.e., map size) is 16K x 16K

Copyright ' 1998 by Hanan Samet

Q-EDGES PER LINE SEGMENTcd45The average number of q-edges per line segment in the PMR quadtree as a function of the splitting threshold

481216

M ar i po sa

S acr am en to

La ke

C a l ave ra s

S an ta C l ara

Im pe ri a l1234512345

S pl i t ti ng

Th re sho l dQ-edges /SegmentImage resolution size (i.e., map size) is 16K x 16K

Observe that as the splitting threshold increases, most of the line segments are contained in one or two buckets thereby explaining the asymptotic value of 1.4

Copyright ' 1998 by Hanan Samet

ADVANTAGES OF EDGE-BASED METHODSThe decomposition is focussed where the line segments are the densestHandles the situation that several non-intersecting lines are very close to each othercd46Able to represent nonplanar line segment dataGood average behavior in terms of node occupancy

Example:

PM1PMR (N=2)

Copyright ' 1998 by Hanan Samet

CONSISTENCY OF PM APPROACHcd47Stores lines exactly

Each line segment is represented by a pointer to a record containing its endpoints

Updates can be made in a consistent manner - i.e., when a vector feature is deleted, the database can be restored to the state it would have been in had the deleted feature never been inserted

Uses the decomposition induced by the quadtree to specify what parts of the line segments (i.e., q-edges) are actually present

1.not a digitized representation2.no thickness associated with line segmentsThe line segment descriptor stored in a block only implies the presence of the corresponding q-edge - it does not mean that the entire line segment is present as a lineal feature

Useful for representing fragments of lines such as those that result from the intersection of a line map with an area map

Ex:1b2rcd47

3zcd47

Copyright ' 1998 by Hanan Samet

FRAGMENTScd48

1bcd48 2r

abdehcd48

3z4cd48gWhen a line segment is split or clipped, a line segment fragment is produced

Fragment any connected piece of a line segment (including the whole)

Fragments are represented by a collection of q-edges

Copyright ' 1998 by Hanan Samet

STORING FRAGMENTS USING PMR QUADTREEScd49Split to localize cutpoints

Ex:Use PMR splitting rule to prevent excessive node occupancy

Assume a splitting threshold value of 2

1b2cd49r

3cd49

z4cd49 g

Copyright ' 1998 by Hanan Samet

INSERTION OF LINE SEGMENTS a AND bcd50

1b2cd50 r

ab3cd50No splitting as a and b are entirely in the window and the splitting threshold has not been exceeded z

Copyright ' 1998 by Hanan Samet

INSERTION OF LINE SEGMENT ccd51 1b

ab2cd51r c3cd51No splitting as c falls outside the window z

Copyright ' 1998 by Hanan Samet

INSERTION OF LINE SEGMENT dcd52 1b

ab2cd52r d3cd52Three splits to localize the two cutpoints of d as the endpoints of d fall outside the window z

Copyright ' 1998 by Hanan Samet

INSERTION OF LINE SEGMENT ecd53 1b

abd2cd53r e3cd53Two splits to localize the cutpoint of e as the endpoint falls outside the window z4cd53gOne PMR split as 3 q-edges (from a, b, and e) are in the same block

Copyright ' 1998 by Hanan Samet

INSERTION OF LINE SEGMENTS f AND gcd54 1b

abde2cd54r gf3cd54zNo splitting as f and g fall outside the window

Copyright ' 1998 by Hanan Samet

INSERTION OF LINE SEGMENT hcd55 1b

abde2cd55r h3cd55zTwo splits to localize the cutpoint of h as the endpoint falls outside the window

4cd55gNo PMR split necessary as the splitting thresholds in the NW quadrant are not exceeded

Copyright ' 1998 by Hanan Samet

INSERTION OF LINE SEGMENT icd56 1b

abdeh2cd56r i3cd56zNo cutpoint localization split is necessary as the cutpoint falls on the boundary of an existing block

4cd56gOne PMR split as 3 q-edges (from b, e, and i) meet at a vertex and thus are in the same block

Copyright ' 1998 by Hanan Samet

MERGING BLOCKS CONTAINING FRAGMENTS¥ Must be careful not to destroy decomposition that localizes cutpoints¥ Only merge if siblings contain fewer than N (splitting threshold value) line segment references and are compatiblecd57¥ Siblings are incompatible if the inner boundaries contain cutpoints abca

b

Copyright ' 1998 by Hanan Samet

MAXIMAL SEARCH RADIUS

Pcd58Properties of the PM quadtree family (PM1, PMR, etc.) greatly localize the search area for nearest line segment

Assume that the query point P falls in the SW corner of the small highlighted block

By virtue of the existence of a block of this size, we are guaranteed that at least one of the remaining siblings contains a line segment

1b2rthreecd58

3zcd58

Copyright ' 1998 by Hanan Samet

cd59NEAREST LINE SEGMENT ALGORITHMA four stage intelligent search processMaximal search radius equal to length of parent node’s diagonal

Basic algorithm:

Search the block containing the query point1.1 b2Search the three siblings2.rcd593

Search the three regions of size equal to that of the parent that are incident to the block containing the query point3.z cd594

Search the final four groups of two adjacent blocks to the previous step4.gcd59

Copyright ' 1998 by Hanan Samet

EMPIRICAL TESTS OF THE ALGORITHMcd60

What is the relationship between map segment density and the search times for finding the nearest line segment?What is the effect of changing the value of the splitting threshold on the storage requirements of the PMR quadtree?What is the effect of changing the value of the splitting threshold on the execution time?What is the average execution time for our implementation of the algorithm?

Copyright ' 1998 by Hanan Samet

TESTING ENVIRONMENTcd61

PMR quadtree with a varying splitting threshold (i.e., N = 2,4,...,16)Choice of query points

1.2.Not a uniform distribution of pointsUse a two stage processa.uniform distribution of blocks in a particular map to yield a block containing the query pointb.uniform distribution within a block to yield the query pointData sets are Census Bureau TIGER / Line filesEach B+-tree node is stored in a page of size 1K bytes

Sun SPARCstation 1+ (13.8 SPECint92, 11.1 SPECfp92)

Image resolution (i.e., map size) is 16K x 16K

PMR quadtree is implemented as a linear quadtree and stored in a B+-tree

Buffer size of 16 pages

Copyright ' 1998 by Hanan Samet

NEAREST LINE SEGMENT PERFORMANCECounty

SegmentsLine SegCompsMariposaSacramentoLakeCalaverasSanta ClaraImperial9284310450210770811252911356413304919.4217.8519.2918.9117.0617.86

PagesAccessed5.715.935.815.835.906.13cd62CPUSeconds0.01540.01560.01550.01630.01480.0158(N = 8)Observe that the number of comparisons for Imperial County appears to be ~log2(number of line segments)

Sun SPARCstation 1+

Pages accessed includes the B-tree structure and an auxiliary segment table.

abdehigcfg x y x y index

Segment Tablef x y x y index

Copyright ' 1998 by Hanan Samet

BUCKETS SEARCHEDcd63The average number of buckets (blocks) searched for each random nearest line segment query in the PMR quadtree as a function of the splitting threshold

BucketsSearched

481216

M ar i pos a

S a cra me nto

Lak e

C al av era s

S ant a C l a ra

Imp er i al4.54.755.255.55.754.54.755.255.55.75

S p l i tti ng

T hre sh ol dThe values are stable since the closest line segment is usually in the query block or its siblings

Copyright ' 1998 by Hanan Samet

LINE SEGMENTS COMPAREDcd64The average number of line segments compared for each random nearest line segment query in the PMR quadtree as a function of the splitting threshold

SegmentsCompared

481216

M a ri po sa

S acr am en to

La ke

C a l ave ra s

S a nta

C l ar a

Im pe ri al01020300102030

S p l i tti ng

T hr esh ol dNumber of comparisons increases with the splitting threshold since the average bucket size increases

Uses sequential search in each bucket which causes many line segments to be needlessly accessed and can be reduced by sorting the line segments in each bucket

Copyright ' 1998 by Hanan Samet

DISK I/O cd65The average number of pages (1K page size) read from disk for each random nearest line segment query in the PMR quadtree as a function of the splitting threshold.

PagesRead

481216

Ma ri p osa

S ac ra me nto

La ke

C al a ver as

S an ta

C l ara

Im pe ri a l4567845678

S p l i tti n g T hr esh ol dIncreases with splitting threshold as buckets contain more line segments

Also includes the disk pages that must be read to fetch the line segment data from the segment table which is disk-resident

Uses sequential search in each bucket which causes many line segments to be needlessly accessed and can be reduced by sorting the line segments in each bucket

Copyright ' 1998 by Hanan Samet

CPU TIMEcd66The average number of cpu seconds (on a Sun SPARCstation 1+) required for each random nearest line segment query in the PMR quadtree as a function of splitting threshold

CPUSeconds

481216

M ar i po sa

S acr am en to

L ake

C a l ave ras

S a nta

C l ar a

I mp er ia l0.010.02

S pl i t ti ng

Th re sho l dIncreases with splitting threshold as buckets contain more line segments

Uses sequential search in each bucket which causes many line segments to be needlessly accessed and can be reduced by sorting the line segments in each bucket

Copyright ' 1998 by Hanan Samet

COMPARISON OF BUILDING TIMES AND SPACE REQUIREMENTScd67Structure Build Time (secs.) Leaf NodesMX quadtree 22.55 19699edge quadtree 20.48 7723PM3 quadtree 29.38 3939PMR quadtree 19.08 2078VAX 11/785

Splitting threshold value of 4

No method overwhelmingly superior with repect to build time

PMR quadtree as good or better than other methods

Copyright ' 1998 by Hanan Samet

COMPARATIVE INTERSECTION TIMEScd68VAX 11/785

Execution times are inversely proportional to the storage requirements

As node complexity increases, so does the execution time

PM quadtree execution times can be improved slightly by sorting the line segments in each block instead of performing sequential search in each block (result is a two-level storage hierarchy)

Ex: Intersect road map with floodplain

Structure Time (secs.)MX quadtree 4.10edge quadtree 5.60PM3 quadtree 6.83PMR quadtree 8.02

Copyright ' 1998 by Hanan Samet

IMPLEMENTATION ISSUES IN MAKING COMPARISONScd69

Often details are left out

Danger that compare implementations rather than data structures

Goal is to implement data structures in way that make them look best

Ex. R+-tree description is silent on building algorithm and ideal parameters

Use implementations described in the literature unless can find something better

Copyright ' 1998 by Hanan Samet

MAKING THE TESTING ENVIRONMENTS SIMILARcd70

Try to ensure that the data structures all use the same amount of storage1.R*-tree always uses less than R+-tree (and PMR quadtree) since each line segment is stored in only one block2.can make node (i.e., page) sizes the same

If a time vs. space issue, then opt for an implementation that is more time-efficient at the cost of increasing spacePMR quadtree page can store more line segments than R-tree variants since no need for bounding box information

Not always possible

1.e.g., node format for R-tree variants

one bounding box for each node, OR one bounding box for each line segment2.prefer second choice as otherwise an extra disk access is needed for each access to a line segment3.PMR quadtree:

each block is a bounding box but is not a minimum bounding box as for the R-tree variants bounding box can be encoded by its locational code (i.e., x and y coordinate values of a corner and its size)

Copyright ' 1998 by Hanan Samet

ACTUAL IMPLEMENTATION ENVIRONMENTcd71

Assume database is disk resident and 1K byte nodes1.linear quadtree (only leaf nodes retained)2.each line segment passing through a block is a 2-tuple (L,O)

R-tree variantsL is the locational code of the block (4 bytes)

PMR quadtree

1.each line segment and bounding box is a 2-tuple (R,O)

O points to segment table entry for a leaf node or a son for a nonleaf node (4 bytes)2.can store 50 line segments in each pageO is a pointer to a segment table entry (on disk) for the line segment

3.can store 120 line segments in each page4.embedded in the QUILT spatial database system5.splitting threshold is 4 since it is rare for more than 4 roads to intersectR is minimum bounding box (4 values of 4 bytes)3.m is 40% of M

Copyright ' 1998 by Hanan Samet

QUERIEScd72Given an endpoint of a line segment, find all the line segments that are incident at it (point query)1.Given an endpoint of a line segment, find all the line segments that are incident at the other endpoint of the line segment2.ex: find all roads passing through a given region

Given a point in the two-dimensional space containing the line segments, find the nearest line segment using a Euclidean distance metric3.Given a point in the two-dimensional space containing the line segments, find the minimal enclosing polygon by outputting its constituent line segments4.Given a rectangular window, find all the line segments in the window (range query or window query)5.simple search query that does not require that the space occupied by the line segments be sorted ex: find nearest subway line to a given house more efficient when the line segments are sorted

Copyright ' 1998 by Hanan Samet

ACTUAL TESTING ENVIRONMENTcd73

Main statistic is number of disk accesses (actually where a potential for them exists)1.can distinguish between operations that access the same page and those that do not2.meaningful execution times hard to obtain

Choice of query points1.uniform distribution2.two-stage process drawback is that many of the query points lie outside the boundary of the map or in large empty areas uniform distribution of blocks in a particular map to yield the block containing the query point

Window queries used .01% of total area

Data sets are Census Bureau TIGER/Line files

HP 720 (58.2 SPECfp92, 36.4 SPECint92)

16K x 16K image

Buffer pool of 16 1K pages using an LRU page replacement policy uniform distribution within the block to yield the query point

Copyright ' 1998 by Hanan Samet

DATA STRUCTURE BUILDING STATISTICScd74Observations:R+-tree is the fastest1.PMR quadtree requires sorting contents of B-tree nodes and hence must move data around2.R*-tree slow because of expensive node overflow handler3.number of disk accesses are comparable with PMR quadtree usually smaller4.

must reinsert about 30% of bounding boxes

R*-tree uses the least space but not by much5.space requirements of PMR quadtree and R+-tree are comparable6.~50% slower for PMR than R+ slower by about a factor of 8!

10 - 30% less space

Copyright ' 1998 by Hanan Samet

EFFECT OF BUFFER AND PAGE SIZEScd75

Disk accesses decrease as the page size and the size of the buffer pool increase

Lower values for the PMR quadtree since R+-tree pages contain fewer line segment tuples

0200004000060000

5

1

2

2

5

6

3

84

10

2

4

7

6

8

1

53

6

2

0

48

1

6

2

4

3

2

4

8

4

0

Pa ge

Si ze

( by t es

)

Bu ff e r

Si ze

(

Kb)PMR quadtreediskaccesses

0200004000060000

5

1

2

2

5

6

3

8

4

10

2

4

7

6

8

1

53

6

2

0

48

16

2

4

3

2

4

8

4

0

Pa ge

Si ze

( by t es

)

Buf f er

Si ze

(Kb

)R+-treediskaccesses

Copyright ' 1998 by Hanan Samet

MAP DATAcd76

Line segment distributions for maps were quite different1.urban: 5-6 line segments per polygon (Baltimore)2.suburban: 19 line segments per polygon (Anne Arundel)

Normalize R-tree variants with respect to PMR quadtree3.rural: 132 line segments per polygon (Charles)

Sample un-normalized data (Charles)Query Metric PMR R+ R*Point1 disk I/ O 1.55 2.07 2.74 seg comp s 3.48 2.43 2.39 bbox/bucket comps 1.00 105.02 149.89Point2 disk I/ O 1.72 2.29 2.90 seg comp s 4.43 3.38 3.35 bbox/bucket comps 2.00 209.75 299.10Nearest disk I/ O 2.21 2.52 3.35Line seg comp s 11.23 27.02 36.16(2-stage) bbox/bucket comps 5.33 248.01 389.05Nearest disk I/ O 7.18 6.75 3.38Line seg comp s 22.32 75.08 40.35(1-stage) bbox/bucket comps 8.77 387.86 765.98Polygon disk I/ O 13.19 18.46 14.07(2-stage) seg comp s 451.43 388.23 389.85 bbox/bucket comps 185.98 16996.69 23730.10Polygon disk I/ O 12.62 18.67 13.43(1-stage) seg comp s 368.10 347.95 333.55 bbox/bucket comps 152.35 14101.58 20387.28Rang e disk I/ O 2.93 3.24 3.50 seg comp s 14.70 8.17 6.88 bbox/bucket comps 16.57 149.24 179.76

Copyright ' 1998 by Hanan Samet

BOUNDING BOX COMPUTATIONScd83

Bounding bucket comparisons for PMR quadtree is analogous to bounding box for R-trees but omitted since 2 orders of magnitude difference in favor of the PMR quadtree

Contents of a PMR quadtree B-tree node (i.e., page) are sorted by locational code and thus no need to do sequential search within the B-tree node as in the R-variants

We did not count the logarithmic search within each B-tree node for the right PMR quadtree node

2.01.0RelativeBounding BoxComputationsby Query Type(R+ = 1.0)

R+-tree

R*-treePoint1NearestLine2-stagePoint2NearestLine1-stageRangePolygon2-stagePolygon1-stage highlowave.

Could define R-tree variants to also sort the bounding boxes but build times will now be slower

R+-tree better than R*-tree since a disjoint decomposition of space

Copyright ' 1998 by Hanan Samet

DISK ACCESSEScd84

Exclude accesses to segment table1.R*-tree is better for the polygon query due to the effect of locality on the repeated application of the point query2.R*-tree is better for 1-stage nearest line query due to the emptyness of the regions queried thereby forcing larger initial search radii

When the R+-tree is better than the R*-tree, the reason is the disjoint decomposition of space

Exceptions:

PMR quadtree usually had a slight edge over R-tree variants

2.01.00.0RelativeDisk Accessesby Query Type(PMR = 1.0)

R+-tree

R*-treePMR quadtreeNearestLine2-stagePoint2Point1NearestLine1-stage

Range

Polygon2-stagePolygon1-stage maxminave.

large initial search radii meant more disk accesses for PMR and R+ as pages are not organized by locality to the same extent as the R*

Copyright ' 1998 by Hanan Samet

SEGMENT COMPARISONScd85

Implies access to segment table which is disk-resident1.bounding bucket comparisons are very small for the PMR quadtree2.PMR quadtree is superior to R-tree variants by several orders of magnitude

PMR quadtree is significantly better than R-trees for the nearest line segment query since it sorts the line segments and hence can prune the search space

Insignificant differences for point and polygon queries

Little actual difference in disk activity as segments are usually in close proximity

Look at sum of segment comparisons and bounding box and bucket comparisons as no bounding boxes stored in PMR quadtree3.poor range query performance of PMR quadtree is due to absence of a good bounding box mechanism

2.01.00.0RelativeSegmentComparisonsby Query Type(PMR = 1.0)

R+-tree

R*-treePMR quadtree

Point1NearestLine2-stagePoint2NearestLine1-stageRangePolygon2-stagePolygon1-stage maxminave.3.0

3.22

Copyright ' 1998 by Hanan Samet

CONCLUSIONScd86No overwhelming superiority for any particular data structure1.Choice of data structure depends on repertoire of operations2.choose a splitting threshold value that yields an average bucket (node) occupancy similar to the average page occupancy in an R-tree

If operations involve search, then the R+-tree and PMR quadtree are best as they yield a disjoint decomposition of space3.If results are to be composed with the results of other operations, then the PMR quadtree is best as it uses a regular decomposition4.R*-tree is most compact space-wise but performance is not as good as the R+-tree due to non-disjointness of the decomposition induced by it5.Performance could be improved by addressing the issue of how to organize line segments in each bucket or node (e.g., sort them)6.Splitting threshold plays similar role to bucket capacity7.

Copyright ' 1998 by Hanan Samet