Application Note: Design Rule Checking

Written: 6/25/2001
Updated: March, 2002

Problem

Given a set of rectangles, how quickly can you find all the rectangles that touch any
given rectangle? “Touch” meansthat if you considered the rectanglesto be solid, there
would be at least one point in common.

Solution

Use Judy to implement a pointerless quadtree. The goal of aquadtreeisto place your
gpatial datain a coordinate system hierarchy that divides up spacein such away that you
only have to look at arelatively small number of divisionsto determine a“touch” (or
whatever lookup you are performing). When you place arectangleinto thishierarchy,
the rectangle resides in the smallest box that is large enough to hold the rectangle (the
minimum bounding box).

To divide up a coordinate system, start with aregion the size of your universe (i.e. the
whole coordinate system) and then recursvely subdivideit into smaller and smaller
regions. Inthisexample, let's divide up the space by a power of 2 in each dimension:

Layer 32 Layer 31 Layer 30

Layer 32 contains asingle grid with an x and y range of 0 to 2%*-1 (the universein this
example). Layer 31 contains four grids (subdivisions). Grid (0,0), the lower left, hasa
usable x and y range of 0to 2*'-1. Grid (1,0) hasan x usable range from 23 to 2 — 1.
The layers continue dl the way through layer O which holdssingle points.

These layers of grids make up adatabase in which to put an object. Any object that gets
put into this space, starting with layer 32, falls through these subspace regions (i.e. grids)
until it hitsadivider. An excellent analogy for thisis a stacked rock sieve. Thisisa
series of sieves that are stacked one upon another, starting with the coarsest grid and
proceeding down tofiner and finer. When you put rocksin the top, they will fall until the
grids are too fine for the rock to pass. Fortunately, we are deding with fixed 2-D data
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that doesn't rotate or slide like arock, so we can calcul ate on which layer and which grid
the rectangle should be stored on. The C macro:

#defi ne Layerconmpute n(xnin, ymn, xmax, ynmax) \
floor _log2 pl(MAX(((xmn) ™ (xmax)), ((ymn) ~ (ymax))))

computes on which layer any rectangle is placed. Rectangles are defined by their [ower
left and upper right coordinates (xmin, ymin), (xmax, ymax).

We can dso calculatein which grid within alayer arectangleis placed:

#define Gidconmpute_n(layer, coord) ((coord) >> (layer))

Representing this array of layers of grids of rectangles is frequently done with a quadtree
that defines each grid and has four pointersto the grids below it. However, since we can
calculate both the layer and the grid, we could represent the whole database as a
multidimensional array. Since this array would have to contain more than 2% gridsit
couldn’t be represented with a conventional array. In our implementation we use JudyL .

Further Possibilities

Some enhancements come tomind. Oneis that the search a gorithm could essly be
threaded. Another isthat thereisno reason tolimit thedivision process to a power of 2
in both the x and y direction. Instead of dividing space into squares we could as easily
divide it up into rectangles the width of the whole coordinate system. Check the aspect
ratio of each rectangle. If it'sverticd, putitinto ahierarchy like:

Layer 32 Layer 31 Layer 30
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If it’s horizontal, put it into a hierarchy like:

Layer 32 Layer 31 Layer 30

Example Code

#i f ndef JIXY_H
#define JXY_H

#i ncl ude <stdi o. h>
#i ncl ude <stdlib. h>
#i ncl ude <mat h. h>

#i ncl ude <assert. h>

#defi ne JUDYERROR_SAMPLE // use default error handling
#i ncl ude <Judy. h>

#def i ne NUMLAYERS 33 /]l in quadtree

#i f ndef M N

#define M N(a,b) ((a) < (b) ? (a) : (b))
#endi f

#i f ndef MAX

#define MAX(a,b) ((a) > (b) ? (a) : (b))
#endi f

/1 MACROS TO COMPUTE LAYER AND GRID (X CRY)

#def i ne Layer conmput e _m( Xm n, Ym n, Xmax, Ymax) \
floor_log2 pl(MAX(((Xmin) ~ (Xmax)), ((Ymin) ~ (Ymax))))

/1l Same as Layerconpute_m but for one di mension

#defi ne Layer conput eld_m( Xorym n, Xorymax) \
floor_log2 pl((Xoryxmn) ~ (Xoryxmax))
#def i ne Gridconpute_n(Layer, Coord) ((Coord) >> (Layer))
/1 GET A LIST OF ALL THE POPULATED GRI DS BY X COORDI NATE
/1
/1 This is a JudyL array for which the key is the X coord of the grid. The
/'l value of each of these JudyL elenments is a pointer to a JudyL array
/1l containing all the rectangles at the Y coords of the given X coord

#defi ne XGids_m(Sdbp, 1) ((Sdbp)->layer[1])

/] CHECK I F A RECTANGLE TOUCHES ANOTHER
/1

http://www.hp.com/go/judy Copyright 2002 Hewlett-Packard Co Page 3 of 11



/1l Note: xmn, xmax, ymn, ymax are in the context:

#defi ne i ftouch_m(A) \
if (((A)->xmax >= xnin) \
((A)->xm n <= xmax) \
((A)->ymax >= ynin) \
((A)->ymn <= ynax))

/1 RECTANGLE OBJECT:
typedef struct object t * PQObject;
struct object t {
uint32_t xmin, ymn, Xmax, ynmex;
uint32 t i;
Pbj ect all _obj _Iink;
PObj ect sane_bucket i nk;
}s
/1 ARGUMENTS OBJECT:
typedef struct args t * PArgs t;

Word_t Xxmin, ymin, xmax, ymax;
Wrd t hits, msses, found;

/1 LAYERS ( SPATI AL DATABASE) :

typedef struct { void * |ayer [ NUMLAYERS] ; } | ayers t;

typedef struct { void * layer[2] [ NUMLAYERS]; } hvlayers_t; // O=horiz, 1l=vert.
/1 XYLI B PROTOTYPES:

PPvoid t XYlns(layers t * spatdb,
Wrd_t xmin, Word_t ymin, Wrd_t xmax, Word_t ynmax);

i nt XYTouch(layers_t * spatdb,
Wrd t xmin, Wrd t ymin, Wrd t xmax, Wrd t ynax,
int (* Processbjs) (PCbject PCollection, Pvoid_t PArgs),
Pvoid_ t PArgs);

#endi f // JIXY_H

The | owest and nost left coordinate is (0,0).

/1
/1
/1
/1
/1 Term nol ogy:

I Multiple "layers" hold all rectangles (object t's).

/1 Each | ayer is conposed of 1..n grids, where n = 2**(64 - (2 * |ayer)).
I So layer 1 is can contain 2**64 grids with an expanse of 0 to 2.

/1 Layer 2 can contain 2**60 grids with an expanse of 0 to 4.

I Layer 3 can contain 2**58 grids with an expanse of 0 to 8.

/1 Layer 32 can contain 1 grid with an expanse of 0 to 2**32.

/1

/1

/1

/1

Each | ayer contains a gridset (set of grids).
Each gridset contains 0..n grids.
Gids are exam ned for touches.

#i nclude "jxy. h"

#i f def FI LTEROBJSFI RST
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/1 FIND TOUCHES I N WHOLE GRI D:

#def i ne ProcessGid m \
for (PGidobj = *PPGidobj; \

PG idobj !'= (object t *) NULL; \

PG i dob) = \

PG i dobj - >same_bucket _I i nk)
\
iftouch_m PGidobj) /* touch found, do something with it: */ \
{ \
rv = (*ProcessObj s) (PGidobj, PArgs); \
if (rv) return(rv); \
\
#el se
#define ProcessGid_m \
rv = (*Processbj s) (*PPGidobj, PArgs);\
if (rv) return(rv);
#endi f
/'l COVPUTE floor(log2(val))+1, 0 if val ==
static unsigned int floor_|log2_pl(Wrd_t Val)
{
unsigned int b = 17;
if (val <= 2) return(Vval);
if (Val < 1<<16) b =1;
if (Val >= (1<< 7) << b) b += 8;
if (Val >= (1<< 3) << b) b += 4;
if (Val >= (1<< 1) << b) b += 2;
return(b + (Val >= (1<<0) << b));
}
#pragma | NLI NE fl oor _| og2_pl
ER R R R R R R S I I I I R R R I I R I I I I I R R R I I I O O

XY I NS

Insert a rectangle defined by the | ower |eft and upper right coordi nates
(xmn, ymn), (xmax, ynax) into the spatial database spatdb:

~— o — — —
~—— — — — —

ACTUALLY, this just returns a pointer to a pointer to the grid.

PPvoid t XYl ns(
layers_t * spatdb,
Word_t xmn, Word t ymn, Wrd t xmax, Wrd t ymax)

{
Word_t tlayer; /]l layer that would contain test coords.
Word_t tgridXxil, tgridYl;
PPvoid t PPILYG i ds; /] JudyL array pointed to from JLXG i ds.
/1 key: Y1 grid coord, val: PG dobj.
PPvoid t PPGi dobj; /] pointer to pointer to grid of objects.
assert(xmn <= xmax);
assert(ymn <= ynax);
assert(xmax <= Oxffffffff);
assert(ymax <= Oxffffffff);
/1 The | ayer nunber:
/1
/1l Layer 31 is the entire expanse, that is, a grid with 2232 x 2732 or 2764 x
/1l 2764 units. Layer 0 is a single point.

tlayer = Layerconpute m(xmn, ymn, Xnmax, ymax);
assert(tlayer <= NUMLAYERS) ;

tgridxl
tgridyl

Gridconpute_m(tlayer, xmnin);
Gridconpute_m(tlayer, ynin);
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JLI (PPILYGids, XGrids n(spatdb, tlayer), tgridXl);
/1l Get the gridobj array:

JLI (PPGridobj, *PPILYGids, tgridYl);
return(PPG i dobj);

} 11 XYIns()

// ER R R R R R I S I I I I R R I R R R T I I I I S R R R I I I

/Il XY TOUCH

/1

/] XYTouch returns ProcessOhjs: Value if it is nonzero.

/1l Test rectangle coords are (xnmin, ymn), (xmax, ymx).

i nt XYTouch(
layers_ t * spatdb,
Word_t xmn, Word_t ymin, Wrrd_t xmax, Word_t ymax,
int (* ProcessObjs) (PObject PCollection, Pvoid t PArgs),
Pvoi d_t PAr gs)

{

Word_t tlayer;
Pvoid_t PILXGids;

| ayer that would contain test coords.
JudyL array of grids in |ayer.

key: X1 grid coord, val: PILYG ds.
JudyL array pointed to from JLXG i ds.
key: Y1 grid coord, val: Pgridobj.
pointer to pointer to grid of objects.
Pbj ect PGidobj; pointer to grid objects.

Word_t currl ayer; current | ayer being exam ned.

Word_t tgridXxl, tgridYl, tgridX2, tgridY2;

Word t gridX, gridy;

int rv; /'l generic int return val ue.

i nt i;

struct args_t * Args = (PArgs_t) PArgs;

PPvoid t PPILYG i ds;
PPvoid t PPGi dobj;

R
~ e~ e

/] COWPUTE LAYER AND LOVER LEFT GRI D OF THE TEST RECTANGLE:

tlayer = Layerconpute m(xmn, ymn, Xmax, ymax);

assert(tlayer <= NUMLAYERS) ;

FIND ALL TOUCHES I N LAYER O:

Treat layer 0 (the point |ayer) separately since each grid in the |layer that

contains any part of the test rectangle must be a touch. This special
treatnment isn't necessary but seens |like a good optim zation.

~—— — —
~—— — —

currlayer = 0;

/] Conpute ending grids (same as coords in this |ayer):

tgridXl = gridX = xmn;
tgridYl = ymn;
tgridX2 = xnmx;
tgridY2 = ynax;

PILXGids = XGids_n(spatdb, currlayer);
if (PIJLXGids)

JLF(PPILYGids, PIJLXGids, gridX);
/Il Get all the Y grids at this X coord:
while ((PPIJLYGrids !'= NULL) && (gridX <= tgridX2))
{

gridY = tgridYl;
JLF(PPGidobj, *PPILYGids, gridyY);

while ((PPGridobj != NULL) && (gridY <= tgridY2))
{
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Al the objects in this grid are touches:

this is unnecessary.

rv = (*Processbjs) (*PPGridobj, PArgs);
if (rv) return(rv);

JLN(PPGri dobj, *PPILYGids, gridyY);
Y /1l Y grid |oop.
JLN(PPILYG ids, PILXGids, gridX);
Y/l Xgrid |oop.
} /'/ non-enpty |ayer O.
// FIND ALL TOUCHES | N LAYERS BETWEEN 0 AND TLAYER:
/1
/Il FIRST: check for conpletely enclosed rectangl es
/1 SECOND: check edges
// THI RD: check corners
/1
// Conpute starting and ending grid coordi nates:
tgridXl >>= 1;
tgridyl >>= 1;
tgridXx2 >>= 1;
tgridy2 >>= 1,
for (currlayer = 1;

currlayer < tlayer;
++currl ayer,

Note: The ProcessObjs() function may check all the rectangles for touches;
i

tgridXl >>= 1, tgridYl >>= 1, tgridX2 >>= 1, tgridY2 >>= 1)

gridX = tgridXi;
PILXGids = XGids_n(spatdb, currlayer);

if (! PILXGids) continue; // ignore unpopul ated | ayers.

Il F
/1t
JLN(PPILYG i ds, PJLXGrids, gridX);
/Il Get all the Y grids at this X coord:
?hile ((PPJLYGids !'= NULL) && (gridX < tgridX2))

gridY = tgridYl;
JLN(PPGri dobj, *PPILYGids, gridyY);

while ((PPGidobj != NULL) && (gridY < tgridY2))
{
Al the objects in this grid are touches:

this is unnecessary.

rv = (*Processbjs) (*PPGridobj, PArgs);
if (rv) return(rv);

JLN(PPGri dobj, *PPILYGids, gridyY);
Y /1l Y grid |oop.
JLN(PPILYG i ds, PJLXGrids, gridX);
} /1l Xgrid |oop.
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SECOND: Exami ne 4 edges:

~——
~——

TOP AND BOTTOM EDGES:

gridX
gridy

tgridXi;
tgridyyl;

JLN(PPILYGri ds, PILXGrids, gridX);
while ((PPILYGrids != NULL) && (gridX < tgridx2))
{

CGet all the grids at each of these X coords:

~——
~——

Check top edge:

JLY PPGi dobj, *PPJLYGids, tgridY2);
if (PPGidobj !'= NULL) { ProcessGid_m /* may return */ }

/1 Check bottom edge:
if (tgridyl !'= tgridY2)
JLZ PPGidobj, *PPJLYGids, tgridYl);

y if (PPGidobj !'= NULL) { ProcessGid m /* may return */ }

JLN(PPILYG ids, PILXGids, gridX);
} /1 X grid I oop.

/'l LEFT EDGE:

gridX
gridy

tgridXi;
tgridYl;

JLE PPILYGids, PILXGids, tgridXl);
if (PPILYGids != NULL)
{

/1 Get all the grids at this X coord:

JLN(PPG'i dobj, *PPILYGids, gridyY);
\{Nhile ((PPGridobj !'= NULL) && (gridY < tgridy2))

ProcessGid_m /1l may return.
JLN(PPGri dobj, *PPILYGids, gridyY);
}

Left edge, |ower corner:

~——
~——

CGet all the grids at this X coord:

JLE PPGidobj, *PPILYGids, tgridYl);
if (PPGridobj !'= NULL) { ProcessGid_m /* may return */ }

/1l Left edge, upper corner:
if (tgridyl !'= tgridY2)
JLE PPGidobj, *PPJLYGids, tgridY2);

y if (PPGidobj !'= NULL) { ProcessGid m /* may return */ }
Y I/ Xgrid.
/'l Rl GHT EDCE:
if (tgridXl !'= tgridX2) /'l left and right edges differ.
{
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gridX
gridy

tgridXi;
tgridyl;

JLE PRPILYG i ds, PILXGids, tgridX2);
if (PPILYGids != NULL)

{
/] Get all the grids at this X coord:

JLN(PPGri dobj, *PPILYGids, gridyY);
while ((PPGridobj !'= NULL) && (gridY < tgridY2))
{

ProcessGid_m /1 may return.
JLN(PPGi dobj, *PPILYGids, gridY);
}

/1l Right edge, |ower corner:

JLGE PPGidobj, *PPILYGids, tgridYl);
if (PPGidobj !'= NULL) { ProcessGid m /* may return */ }

// Right edge, upper corner:
if (togridyYl !'=tgridY2)

JLE PPGidobj, *PPILYGids, tgridY2);
if (PPGridobj !'= NULL) { ProcessGid_nm /* may return */ }

}
} /1 X ogrid.
} // left and right edges are not the sane edge.
} /] loop fromlayer O to tlayer.

FI ND ALL TOUCHES AT AND ABOVE TLAYER:

Since this | ooks at progressively larger grids, only a single parent grid
nmust be exam ned, but the whole rectangle (both corners) nust be checked.

~———
~———

for (currlayer = tlayer;
currl ayer < NUMLAYERS;
++currl ayer,
tgridXl >>= 1, tgridYl >>= 1, tgridX2 >>= 1, tgridY2 >>= 1)

PILXGids = XGids_n(spatdb, currlayer);
if (IPJLXGids) continue; /1 ignore enpty grids.

JLE PPILYGids, PILXGids, tgridXl);
if (PPILYGids != NULL)
{

/Il Get the grid at this X coord:

JLE PPGidobj, *PPILYGids, tgridYl);
if (PPGidobj !'= NULL) { ProcessGid m /* may return */ }
Y} /1 X ogrid.
} /'/ end of touches above test rectangle |ayer.

return(0);

Y /1 XYTouch()

// R I S O O O O R S O O I

/Il PRI NT STATS
int PrintStats(layers_ t * spatdb)
{

Word t obj count;
Word_t tlayer; /1 layer that would contain test coords.
Pvoid_ t PJLXGids; /1 JudyL array of grids in |ayer.

/1 key: X1 grid coord, val: PPJLYG i ds.
I

PPvoi d_t PPILYG i ds; JudyL array pointed to from PJLXG i ds.
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/1 key: Y1 grid coord, val: Pgridobj.
PPvoid t PPGi dobj; /] pointer to pointer to grid of objects.
Pbj ect PGidobj; /1 pointer to grid objects.
Word_t currl ayer; /]l current |ayer being exan ned.
Word_t gridX, gridy;
Word t objcnt, worst;
Word_t objtot, gridtot, l|ayertot;

printf("\n--- Stats ---\n");

/1 Conpute ending grids (same as coords in this |ayer):
wor st
obj t ot

gri dt ot
| ayert ot

©000

for (currlayer = 0, obj _count = 0; currlayer < NUMLAYERS; ++currl ayer)
PILXGids = XGids_n(spatdb, currlayer);

if (PILXGrids)
{
++| ayert ot ;
gridX = 0;
JLF(PPILYG i ds, PJLXGrids, gridX);

while (PPILYGids != NULL)
{

/Il Get all the Y grids at this X coord:

gridy = 0;
JLF(PPGidobj, *PPILYGids, gridY);
while (PPGridobj != NULL)
{
++gridtot;
objcnt = 0;

/1 Count all the objects in this grid:

for (PGidobj = *PPGidobj;
PGri dobj !'= NULL;
PG i dobj = PGidobj->sanme_bucket_|ink)

++obj cnt ;
if (worst < objcnt) worst = objcnt;
objtot += objcnt;
JLN(PPGri dobj, *PPILYGrids, gridy);
} /] object |oop.
JLN(PPILYGri ds, PILXGrids, gridX);
} /1 Y grid |oop.

Y /] X grids.
} /'] layer.
printf("Total |ayers = %d\n", layertot);
printf("Total grids = 9%d\n", gridtot);
printf("Total objects = 9% d\n", objtot);
printf("Avg objects/grid = 9%d\n", objtot / gridtot);
printf("Wrst objects/grid = %d\n", worst);

return(0);

} /] PrintStats().
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